








Preface
The first edition of the Steel Heat Treatment Handbook was initially released in 1997. The

objective of that book was to provide the reader with well-referenced information on the

subjects covered with sufficient depth and breadth to serve as either an advanced under-

graduate or graduate level text on heat treatment or as a continuing handbook reference for

the designer or practicing engineer. However, since the initial release of the first edition of the

Steel Heat Treatment Handbook, there have been various advancements in the field that

necessitated the preparation of an updated text on the subject. However, with the addition of

new chapters and expanded coverage, it was necessary to prepare this updated text in two

books. Steel Heat Treatment: Metallurgy and Technologies focuses on steel heat treatment

metallurgy while this text addresses heat treatment equipment and processes. Steel Heat

Treatment: Equipment and Process Design contains updated revisions of the earlier Steel

Heat Treatment Handbook while other chapters are new to this book. The chapters included

in this book are:

SECTION I—EQUIPMENT

Chapter 1. Heat Treatment Equipment

Chapter 2. Design of Steel-Intensive Quench Processes

Chapter 3. Vacuum Heat Processing

Chapter 4. Induction Heat Treatment: Basic Principles, Computation, Coil Construction,

and Design Considerations

Chapter 5. Induction Heat Treatment: Modern Power Supplies, Load Matching, Process

Control, and Monitoring

Chapter 6. Laser Surface Hardening

SECTION II—TESTING METHODS

Chapter 7. Metallurgical Property Testing

Chapter 8. Mechanical Property Testing Methods

This book is intended to be used in conjunction with Steel Heat Treatment: Metallurgy

and Technologies. Together, both books provide a thorough and rigorous coverage of steel

heat treatment that will provide the reader with an excellent information resource.

George E. Totten, Ph.D., FASM

Portland State University

Portland, Oregon
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1.1 INTRODUCTION

Someof themost important decisions that the heat treater willmake are related to the selection of

furnaces and ancillary equipment. These decisions involve selection of the energy source, gas or

electricity, which is vital to the overall profitability of the heat treatment process. Another is the

selection of the furnace transfer mode, batch or continuous, and the particular furnace type. If a

furnace is rebuilt, the proper choice and installation of the refractory material are vital.

In this chapter, the selection and operation of heat treatment equipment are addressed.

The focus of the discussion is on the furnace, furnace atmosphere generation, and ancillary

equipment. Discussion subjects include:

Furnace part transfer mechanisms

Furnace heating (heat transfer principles and application to furnace calculations)
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Atmosphere generation (atmosphere sensors; thermocouples)

Refractory materials

Fans

Fixtures

Parts washing

Quenching systems

Furnace safety

Salt bath furnaces

Fluidized bed furnaces

1.2 FURNACE TRANSFER MECHANISMS

Heat treatment furnaces are classified as batch, semicontinuous, or continuous. In batch

furnaces, which are the most common and most versatile in the heat treatment industry, the

work is typically held stationary in the furnace vestibule. The furnace is loaded or unloaded in

a single (batch mode) operation.

In continuous furnaces, the load moves through different zones, usually with varying

temperatures as shown in Figure 1.1. Parts that are heat treated are moved through the

furnace in a continuous process.

In semicontinuous furnaces, parts move through in a continuous but stepwise manner.

For example, they may move through the furnace in a tray or a basket. As the tray or basket

is charged from the furnace, it is quenched. After the quench cycle is completed, the tray or

basket moves on, the next one is discharged from the furnace and quenched, and the process

continues in a stepwise manner. A comparison of the features of a few select examples of each

furnace is provided in Table 1.1.

For the purposes of this discussion, semicontinuous furnaces are considered to be con-

tinuous. Batch-type furnaces discussed include box, pit, integral quench (IQ), and tip-up

(both circular and car-bottom). Continuous-type furnaces discussed here include walking

beam, rotary hearth, pusher, roller hearth, conveyor, shaker hearth, screw conveyor, and

rotary retort. Table 1.2 provides a selection guide for these types of furnaces as a function of
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FIGURE 1.1 Temperature variation with distance through a continuous furnace. (From A.N. Kulakov,

V. Ya. Lipov, A.P. Potapov, G.K. Rubin, and I.I. Trusova, Met. Sci. Heat Treat. Met. 8:551–553, 1981.)



TABLE 1.1
Comparison of Types of Heat-Treating Furnaces for Small Parts

Class of

Equipment Furnace Type

Versatility

in Use

Labor

Needs

Atmosphere

Quality Quenchability

Batch Integral quench E F E G

Batch Salt pot F H F LD

Batch Rotary drum F F L G

Semicontinuous Pan conveyor G F F F

Semicontinuous Tray pusher G F G G

Continuous Belt shaker F L F E

Continuous Shaker hearth F L F E

Continuous Rotary retort LD L F E

E, excellent; G, good; F, fair; H, high; L, low; LD, limited.

Source: From T.W. Ruffler, Bulk heat treatment of small components, 2nd Int. Congr. Heat Treat. Mater.: 1st Natl.

Conf. Metall. Coatings, Florence, Italy, September 20–24, 1982, pp. 597–608.
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the heat treatment process. A comprehensive review of furnace applications and a summary

of suppliers are available in Ref. [4].

1.2.1 BATCH FURNACES

1.2.1.1 Box Furnace

The box furnace, such as the one shown in Figure 1.2, is the simplest heat-treating furnace. It

is used for tempering, annealing, normalizing, stress relieving, and pack-carburizing. It is

capable of operating over a wide range of temperatures, 95–10958C (200–20008F).
TABLE 1.2
Furnace Selection Guide

Function Production Process Atmosphere Furnace Types

Continuous Conveyor; pusher; rotary

hearth; shaker hearth;

roller hearth cast-link belt

Annealing steel Batch Car type

Normalizing steel Batch Semitype look-up

Spheroidizing steel Batch Semimuffle oven

Air Full-muffle oven

Vertical muffle ovena

Salt Round pot

Rectangular pot

Blueing steel Batch Steam or air Round pot

Rectangular pot

Bright annealing steel

(also copper, brass, etc.)

Continuous Air Conveyor atmosphere

controlled

Air Pusher atmosphere

controlled

Continued



TABLE 1.2 (Continued)
Furnace Selection Guide

Function Production Process Atmosphere Furnace Types

Batch Air Full-muffle oven

atmosphere controlled

Carburizing steel Continuous Pusher

Batch Car type

Semimuffle oven

Cyaniding steel (or

liquid carburizing)

Cyanide or salt Round pot

Forming and forging steels Continuous

(steel, brass, copper, etc.) Slugs, billets Rotary hearth

Billets Pusher type

Batch

End or center

heating of slugs

Open slot

Large billets, heavy

forgings, plates

structural steel

shapes, rods,

bars, etc.

Oven type, direct

fired

Hardening steel Continuous Conveyor; pusher; rotary

hearth; shaker hearth;

roller heart cast-link belt

Batch Air Car type; semimuffle oven;

full-muffle oven; vertical

muffle oven

Stress-relieving steel Continuous Conveyor air-recirculating;

pusher air-recirculating

Batch Car-type air-recirculating

Tempering=drawing Continuous Conveyor air-recirculating;

conveyor; pusher air-

recirculating;

Pusher

Batch Car-type air-recirculatingb;

basket air-recirculatingc

aThe vertical muffle oven furnace is not commonly encountered.
bUsed for high-temperature stress relieving and subcritical annealing.
cUsed for large quantities.

Source: From Heat Treating Furnacers and Ovens, Brochure, K.H. Hupper & Co. (KHH), South Holland, MI.
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1.2.1.2 Integral Quench (Sealed Quench) Furnace

IQ furnaces are among the most commonly used and most flexible furnaces for processing

small parts. They can be used for either neutral or atmosphere hardening processes in addition

to normalizing and stress relief.

IQ furnaces are similar to box furnaces except that the quench tank is located at the discharge

end of the furnace as shown in Figure 1.3. As the parts are removed from the furnace, the baskets

used to hold the parts that are heat treated are lowered into the quenchant with an elevator.

The attached quench tank can be a disadvantage because the bath loading and height of

the baskets restrict the size of the parts that can be quenched [2]. Another limiting factor is the

size of the heating chamber.



(a)

(b)

FIGURE 1.2 (a) Electrically heated box furnace. (Courtesy ofAFC-Holcroft, LLC,www.afc-holcraft.com.)

(b) Small ‘‘high-speed’’ laboratory box oven used to heat small parts and can also be controlled to

model heat-up, soaking and cool-down cycles to develop stress relieving and tempering processes

for production-scale continuous stress relieving ovens. (Courtesy of PYROMAÎTRE Inc., www.pyr-

omaitre.com.)
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Economics typically dictate that the largest furnace available with respect to the amount

of work to be treated be used. Furnace design developments have led to ever-greater auto-

mation, reduced cycle times, and greater fuel efficiency of these furnaces [5]. Cycle times at



FIGURE 1.3 (a) Sealed integral quench furnace. (Courtesy of AFC-Holcroft, LLC.) (b) Compact batch

integral quench furnace. (Courtesy of Fluidtherm Technology.)
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temperature are reduced even with newer furnace designs. High-temperature carburizing is

not practiced because of the limitations of materials engineering.

1.2.1.3 Pit Furnaces

Pit furnaces are circular furnaces that can be either floor- or pit-mounted. They are used for

such processes as annealing, carburizing, tempering, normalizing, and stress relieving. Some

of the advantages of the circular furnace are the smaller heat release areas in comparison to



FIGURE 1.4 Pit furnace with retort for steam tempering of PM parts. (Courtesy of Fluidtherm

Technology.)
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box or rectangular furnaces, more uniform atmosphere, improved temperature distribution,

and smaller furnace body weight [6]. A pit furnace is shown in Figure 1.4. Such furnaces may

also be used as pit carburizers or nitriders.

1.2.1.4 Car-Bottom Furnaces

Car-bottom furnaces are used for thermal processing of very large parts such as gears [11–12] and

forgings [5].Theymaybeused for carburizing, annealing,hardening,normalizing, stress relieving,

and tempering [3]. The bottom of the furnace is a refractory-covered flatbed railcar thatmoves on

rails in the shop. Some furnaces are loaded and unloaded from the same end. Others are loaded at

one end and unloaded at another. Still other furnaces may be loaded from the side to permit the

use of more than one railcar. Examples of car-bottom furnaces are shown in Figure 1.5.

1.2.1.5 Tip-Up (Lift-Off) Furnaces

Some heat treatment furnaces are designed so that the top can be hydraulically lifted over the

load to facilitate removal by a forklift or removal from a car-bottom railcar. These furnaces

may be circular [6,7] or a variation of the car-bottom furnace.

1.2.2 CONTINUOUS FURNACES

Continuous furnaces are particularly suited to continuous heat treatment processing of parts

that are the same or at least similar. A nomograph is provided in Figure 1.6 that interrelates

heating time, furnace load, furnace length, and production rate for a continuous furnace [8].

In this section, we give an overview of the features of different furnace designs. Figure 1.10

illustrates examples of various types of continous furnaces.

1.2.2.1 Walking Beam Furnaces

The movement of parts through a walking beam furnace, illustrated in Figure 1.7, is by repeated

lifting, moving, and lowering of the parts in the furnace in a walking action [4]. Walking beam

furnacesareparticularlysuitable forcontinuous thermalprocessingof largepartsandheavyloads.



FIGURE 1.5 Car bottom furnaces for heat treatment of castings and forgings. (Courtesy of L & L Kiln

Manufacturing Inc., www.hotfurnace.com; courtesy of Pyradia Inc., www.pyradia.com; courtesy of

Fluidthem Technology; courtesy of HTF, Inc., www.heattreatfurnaces.com.)
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1.2.2.2 Roller Hearth Furnace

In a roller hearth furnace, the load is moved through an externally driven heat-resistant alloy

rollers. This furnace is best suited for continuous heat treatment of large parts and plates [4]

and is illustrated in Figure 1.8 and Figure 1.9.

1.2.2.3 Pusher Furnaces

Pusher furnaces have one of the simplest furnace designs. The load is hydraulically or pneu-

matically mechanically pushed on rollers or skid rails inside the furnace. One variant of this
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furnace design is the tray pusher furnace [2], which can be used for both neutral carburizing and

carbonitriding in addition to annealing, normalizing, tempering, and stress relieving [9].

1.2.2.4 Mesh Belt Conveyor Furnaces

Belt conveyor furnaces may vary in size from very small to very large. They are similar to

roller hearth furnaces except that the load is continuously moved through the furnace on a

metal mesh, roller chain, or link chain as shown in Figure 1.11 [10]. The load may be moved

continuously through other process lines such as quenching and tempering. Figure 1.12

illustrates some of the designs of mesh belts that are available.

1.2.2.5 Shaker Hearth Furnaces

The shaker hearth furnace (Figure 1.13) is another example of a continuous furnace [2,10]

that is used primarily for heat treatment processing of small parts. Parts are moved through

the furnace by a mechanically induced vibrating mechanism that has the advantage of not

requiring a belt or chain to move back to the beginning.
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FIGURE 1.7 Illustration of a walking beam furnace mechanism.
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1.2.2.6 Screw Conveyor Furnace

In the screw conveyor furnace, parts proceed through the furnace on one or more screw mechan-

isms [2,10] as shown in Figure 1.14. These furnaces are suitable for hardening, tempering,

annealing, and stress relieving long, thin parts, which require careful handling during heating.

1.2.2.7 Rotary Hearth Furnace

The rotary hearth furnace differs from previously discussed furnaces in that the load is

transferred through the heating zone in a rotary motion on a moving furnace hearth. This

is illustrated in Figure 1.15, where the work to be heat treated is loaded into the furnace

near the discharge point. An example of a rotary hearth furnace is provided in Figure 1.16. In

the commercial design illustrated in Figure 1.17 several rotary hearth furnaces are connected

in sequence to obtain even greater furnace and floor-space flexibility. This type of furnace can

be used for a variety of processing methods such as atmosphere hardening or carburizing.
1.3 FURNACE HEATING: ELECTRICITY OR GAS

One of the first steps in furnace design is to select the energy source, typically electricity or

gas, which will be used to heat the furnace. The economics of gas and electricity vary with

availability and cost. In this section, the calculation of furnace heating economics is discussed,

followed by a brief overview of electric and gas furnace heating designs.

1.3.1 FURNACE HEATING ECONOMICS

The first step in determining the economics of heating a furnace is to perform an energy

balance [13]. The heat loss factors to be considered relative to total heat input [14,15] are
6400
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FIGURE 1.8 Heating=cooling zones and transfer mechanism in a roller hearth furnace.



FIGURE 1.9 Roller hearth furnace. (Courtesy of Can-Eng Furnaces, www.can-eng.com.)
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1. Wall losses

2. Heat to atmosphere

3. Heat to trays and fixtures

4. Heat to stock
Heat losses to the atmosphere such as fresh air, infiltration, and exhaust are calculated from

Btu=h ¼ scfm� 1:08DT

where Btu=h is the heat transfer rate, scfm is the standard cubic feet of air per minute, 1.08 is

the conversion constant, and DT is the change in temperature of air (8F).

Heat losses to materials passing through the furnace such as trays, fixtures, and steel are

calculated from [14]

Btu=h ¼WCpDT

where W is the weight of materials passing through the furnace in lb=h, Cp is the specific heat

of the material [Btu=(lb 8F)], and DT is the change in temperature between entry and exit of

the furnace (8F).

The heat loss through the furnace wall as shown in Figure 1.2 is calculated from [14]

Btu=h ¼ AUDT

where A is the surface area of the furnace (ft2) and U is the overall heat transfer coefficient

[Btu=(h ft2 8F)] and is calculated from
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U ¼ 1

1=h1 þ x=k ¼ 1=h2

where h1 is the inner film coefficient (Btu=h ft2 8F), h2 is the outer film coefficient (Btu=h ft

8F), k is the panel thermal conductivity (Btu=h ft2 8F), and x is the panel thickness (ft).

The heat input is calculated from the percent energy available, both latent and sensible:

Gross Btu=h ¼ Btu=h

% energy available

The total energy available from the fuel gas or oil will decrease with increasing furnace

exhaust temperature, although the amount of decrease depends on the combustion system

and raw material source for gas. This is illustrated in Figure 1.18.
FIGURE 1.10 Examples of continuous furnaces. (a) Walking beam furnace for high temperature

sintering. (Courtesy of Fluidtherm Technology P. Ltd www.fluidthem.com.) (b) Larger Walking beam

furnace. (Courtesy of AFC-Holcroft, LLC, www.afc.holcroft.com.)



FIGURE 1.10 (Continued) (c) Continuous batch pusher type tempering over. (Courtesy of L & L Kilm

Manufacturing Inc., www.hotfurnace.com.) (d) Pusher furnace for large steel billets. (Courtesy

of Bricmont Incorporated, www.bricmont.com.) (e) Fully automated pusher furnace. (Courtesy of

Schoonover Inc., www.schoonover.com.)
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FIGURE 1.10 (continued) (f) Screw conveyor furnace and (g) Slat conveyor furnace. (Courtesy of

AFC-Molcroft, LLC, www.afc-holcroft.com.)
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The first step in the selection of a gas or electric furnace can be made once these

calculations are performed for both energy sources.

1.3.2 ELECTRIC ELEMENT FURNACE HEATING

Electrical heat has a number of advantages over gas. These include lower furnace cost and

higher furnace efficiency because there are no exhaust losses, advantageous regulations that

permit unattended operation, lower maintenance costs, improved temperature uniformity,

the relative ease of replacing electric elements, and wider operating temperature range [16,17].

In this section, design recommendations and general properties of the most commonly

used heating elements are discussed.



FIGURE 1.11 (a) Continuous wire mesh belt hardening and tempering plants for bulk produced

components. (b) Continuous mesh belt austempering plant with molten salt bath quench. (c) Con-

tinuous mesh belt sintering furnace with controlled cooling rate module. (Courtesy of Fluidtherm

Technology.)
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FIGURE 1.11 (continued) (d) Continuous mesh belt frunace for manufacture of small parts. (Courtesy of

AFC-Holcroft, LLC, www.afc-holcroft.com.) (e) Electrically heated high-speed (rapid-heating) stress

relieving and tempering over.)
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Electrical heating is dependent on the ability of electric current to flow through a

conductor, which may be either metallic or nonmetallic. The heating rate of a material

depends on the current density and the specific resistance of the material. (Resistance is

inversely related to conductance.) The basic electricity equations that illustrate these concepts

are provided in Table 1.3.

When designing an electrically heated furnace, three variables that affect element per-

formance must be considered [19]:
1. Electrical characteristics of the element material

2. Watt loading of the elements

3. Furnace atmosphere
Currently, there are primarily four materials used for heating element construction: nickel–

chromium (80Ni, 20Cr) [17,20], iron–chromium–aluminum [17], silicon carbide [19,20], and

molybdenum disilicide (MoSi2) [21].



FIGURE 1.11 (continued) (f) Gas-fired high-speed (rapid-heating) stress relieving and tempering oven.

(Courtesy of PYROMAÎTRE Inc., www.pyromaitre.com.)
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Except in reducing atmospheres, plain carbon steel elements cannot be used at temperat-

ures above 8008F and therefore are rarely used in heat treatment operations. In reducing

atmospheres, they can be used up to 12008F [20]. Because of these limitations, elements

constructed from plain carbon steels are not used in heat treatment furnaces.

Electrical resistance alloys based on nickel–chromium (Ni–Cr) were developed for high-

temperature furnace heating [18]. Alloys of this type are suitable for use in furnaces at

temperatures up to 21908F (12008C) [17].

To obtain even greater lifetimes and higher maximum operating temperatures, alloys

based on iron, chromium, and aluminum (Fe–Cr–Al) were developed and are marketed

under the trade name Kanthal [17,20]. The aluminum alloying element is used to form a

chemically resistant protective layer in the furnaces [20]. Kanthal elements are the most

commonly used elements in electric furnaces employing reactive atmospheres. Table 1.4

lists the maximum recommended operating temperature for Kanthal elements in various

environments.

Kanthal elements can be used at temperatures up to 25508F (14008C) [17]. A comparison

of the use of Ni–Cr and Kanthal electric heating elements is provided in Table 1.5. There are

positive features to both materials. Kanthal provides greater high-temperature creep strength

and longer life at high temperatures and is more chemically resistant.

Watt loading increases with the cross-sectional area of the element. This is illustrated in

Figure 1.19 for a Kanthal element at 900 8C (1650 8F) furnace temperature.

The resistivity of a heating element increases with temperature, as illustrated in Figure 1.20

for a Kanthal element. These curves may vary with the material and even within a class of

materials and should be obtained from the manufacturer of the specific heating element

considered.
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Some materials such as graphite [16] and silicon carbide [19] that are used as refractories

become electrical conductors at high temperatures [14]. Although they are subject to

embrittlement, silicon carbide elements may be used in heat treatment furnaces [20].

Silicon carbide elements are known by the trade name Globar [18] and are constructed

from high-density silicon carbide crystals that are relatively chemically resistant. However,

Ni–Cr exhibits superior high-temperature mechanical properties [17]. Advantages of silicon

carbide elements include slowness of resistance changes with aging, wide use temperature

range (up to 30008F), suitability for use with high wattage density, and good lifetimes

(6 months to 2 years) [19].

The watt loading properties of Globar heating elements are summarized in Table 1.6.

Figure 1.21 shows that Globar elements exhibit higher watt loading in oxidizing

air environments. The Globar element may accumulate carbon when used with some

endothermic atmospheres. Excessive carbon can be removed by preventing replenishment

of the atmospheric gas and introducing air periodically to burn off-residual carbon [19].

The high-temperature zone should be kept free of excessive moisture and carbonaceous

vapors [19].

Electrical resistance properties of Globar elements are summarized in Figure 1.22. Electrical

resistance decreases with increasing temperature up to approximately 12008F (6508C). Above

this temperature it increases with temperature. The different negative resistance values shown in

Figure 1.22 are due to the effect of trace impurities in silicon carbide [19].

Another, less often used, heating element material is molybdenum disilicide, MoSi2.

These elements typically contain 90% of MoSi2 and 10% of metallic and ceramic additions

[21]. They are used in furnaces for both high- and low-temperature processes and are

suitable for use with atmospheres of pure hydrogen and cracked ammonia (with a very

low dew point) [16].

An electrical resistance curve for an MoSi2 element is provided in Figure 1.23. As with the

Kanthal and Globar elements shown earlier, electrical resistance generally increases with

increasing temperature [21].

Element watt loading with respect to temperature is plotted in Figure 1.24, which shows

that relatively high loadings at high temperature are possible [21].

In a furnace atmosphere, MoSi2 reacts with oxygen above 18008F (9808C) to form a layer

of silicon dioxide (SiO2), which protects these elements against further chemical attack.

The selection of electric elements in furnace design is carried out in 13 steps [28]. The

necessary equation for each step is given in Table 1.7. Although optimal furnace design is

considerably more complicated than this process and should be reviewed with an appropriate

engineering consultant, these calculations do provide a first approximation of the likely

design requirements for an electric furnace.

Thomonder [23] reviewed the design and construction recommendations for

electric furnace design using Kanthal elements. Some of these recommendations are as

follows:
1. Proper refractory material should be used for each part of the furnace. Generally a low

iron content brick or low fiber modulus (1 mcf) refractory material is used for an

electric furnace. Brick refractory should exhibit an electrical resistance of at least

4� 104 V cm at 12008C. The voltage drop through the brick section should be less

than 25 V=cm, if possible.

2. Wire element size depends on the watt loading, and the proper size should be used to

obtain optimal lifetime from the element. A wire thickness of at least 3 mm (0.12 in.) is

often used.

3. Wire is generally used for relatively low amperage applications.
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FIGURE 1.12 Examples of mesh belt types. (a) Balanced weave; (b) double balanced weave; (c)

compound balanced weave; (d) rod-reinforced; (e) double rod reinforced. (Courtesy of The Furnace

Belt Company Ltd.)
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4. Spiral diameter should be four to six times the wire diameter for furnace temperatures

greater than 10008C (18308F) and four to seven times the wire diameter at furnace

temperatures below 10008C (18308F).

5. Thickness for strip elements should be at least 1.5–2.5 mm (0.59–0.09 in.).

6. Terminal area should be approximately three times the area of the heating zone to

minimize the potential of wires breaking off. The area of the wall should be at least as

large as the heating zone.

7. Electric furnace efficiency can generally be assumed to be 50–80%. However, this

approximation may be insufficient for calculating power requirements with respect to

a small load and large chamber. In such cases, Figure 1.25 may be used to approximate

furnace power requirements [23].



FIGURE 1.13 Schematic of a vibratory retort continuous furnace.

FIG
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8. Element loading is dependent on furnace wall construction, atmosphere, temperature,

and load capacity (throughout per hour). Figure 1.26 may be used to determine element

temperature [24]. (This figure should be used only for unrestricted radiation.)
1.3.3 GAS-FIRED FURNACES

Although electrically heated furnaces may be much more efficient (>85%), they may also be

significantly more expensive to operate than a less efficient (50–70%) gas-fired furnace [16,25].

However, this depends on the cost of gas and on whether the natural gas is spiked.

For example, in a 1981 paper, the cost of operating a gas-fired surface combustion super all

case furnace was compared with the cost of operating an electric furnace performing the same

heat treatment operations. The results of this study showed that the gas-fired furnace cost

approximately 80% as much as the electric furnace to operate. The operational cost of the

gas-fired furnace could be further reduced to approximately 30% of that of the electric

furnace with a heat recovery process in which the combustion air was preheated with the

flue gases. Although this may be practical and cost-effective for large four-row pusher fur-

naces, that would not be the case for smaller batch, temper, and medium temperature

furnaces. An illustration of fuel savings of this process is shown in Figure 1.27. A nomogram

for the calculation of fuel savings by the combustion air preheating process is provided in

Figure 1.28.

In a more recent study, it was shown that the cost of operating a gas-fired furnace could

be reduced to approximately 8% of that of operating an electric furnace [25]. Furthermore, the

use of gas had a number of additional advantages. For example, (1) it is possible to use a more

useful heat input into the heating process, (2) the use of gas increases the heat treatment process

rate, (3) natural gas is reliable and burns cleanly, and (4) furnace conversions are fast and low

cost, and gas-to-electric conversions of any size of heat treatment equipment are readily
URE 1.14 Schematic of a rotary drum screw conveyor continuous furnace.
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FIGURE 1.15 A rotary hearth continuous furnace mechanism.
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performed [25]. Disadvantages of this conversion included: (1) conversion downtime causes

production loss, (2) it is necessary to install flue ducts, (3) temperatures are higher around

the equipment, and (4) it is necessary to install flame safety controls and train operators [25].

In this section, methods of improving gas-fired furnace efficiency through combustion

control and waste heat recovery are discussed.

1.3.3.1 Gas Combustion

Combustion is an oxidative chemical reaction between a hydrocarbon fuel source such as

methane (CH4) and oxygen. If sufficient oxygen is available, there are no impurities in the gas,

and the reaction is complete, then the sole reaction products are carbon dioxide (CO2) and

water (H2O) [25]. Figure 1.29 shows that increasing the combustion temperature increases the

degree of completion of the combustion reaction (increasing CO2) [27].

CH4 þ 2O2 ! CO2 þ 2H2O

Incomplete combustion will occur and insufficient oxygen is available, and carbon monoxide

(CO) will be produced.



FIGURE 1.16 Rotary hearth furnace. (Copyright 2005, O’Brien & Gere, www.obg.com)

26 Steel Heat Treatment: Equipment and Process Design
2CH4 þO2 ! 2COþ 4H2

If additional oxygen is added, the overall reaction can be driven to produce the products of

complete combustion [28].

2COþO2 ! 2CO2

2H2 þO2 ! 2H2O

To achieve the desired degree of combustion and combustion efficiency, excess air is used.

The completion of combustion and the percent available gross fuel input depend on the amount

of excess air (combustion ratio) as shown in Figure 1.30 [29,30] (see also Ref. [31]).
Holcroft
pusher type

multichamber
carburizing system

patented 1972

Holcroft
multichamber

rotary carburizing system
patented 1988

FIGURE 1.17 The Holcroft multichamber rotary carburizing system. (Courtesy of Holcroft—A

Division of Thermal Process System Inc.)
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(From S.N. Piwtorak, Energy conservation in low temperature oven, in The Directory of Industrial Heat

Processing and Combustion Equipment: United States Manufacturers, 1981–1982, Energy edition, Pub-

lished for Industrial Heating Equipment Association by Information Clearing House.)
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The effect of the combustion ratio on the amount of heat available from the combustion

process is determined from Figure 1.31 [29]. For example, if the excess air increases from 5 to

30% with a flue temperature of 15008F, available heat decreases from 58 to 50% [29]. The

percent decrease in available heat is

Available at 5% excess air

Available heat at 30% excess air

Available heat at 30%
¼ 58� 50

50
� 100 ¼ 16%

The decrease in available heat is due to the energy required to heat the additional air. Figure

1.32 provides an estimate of energy savings attainable by minimizing the excess of air used for

combustion [30]. It should be noted that any opening in the furnace wall produces a chimney
TABLE 1.3
Electricity Equations

W ¼ EI ¼ I2R ¼ E2

R

E ¼ IR ¼ ffiffiffiffiffiffi
WR
p ¼W

I

I ¼ E

R
¼

ffiffiffiffiffiffi
W
p

R
¼W

E

R ¼ E

I
¼ E2

W
¼W

I2

Btu ¼ kW� 3412

kW ¼ Btu

3412

W, heat flow rate (W); E, electromotive force (V); I, electric current (A), R, electrical resistance (V).

Source: From Hot Tips for Maximum Performance and Service—Globar Silicon Carbide Electric

Heating Elements, Brochure, The Carborundun Company, Niagara Falls, NY.



TABLE 1.4
Maximum Recommended Fe–Cr–Al (Kanthal) Element Temperatures with Different

Atmospheresa

Temperature

Atmosphere 8F 8C

Air 3090 1700

Nitrogen 2910 1600

Argon, helium 2910 1600

Hydrogenb 2000–2640 1100–1450

Nitrogen=hydrogen (95=5)b 2280–2910 1250–1600

Exogas (10% CO2, 5% CO, 15% H2) 2910 1600

Endogas (40% H2, 20% CO) 2550 1400

Cracked and partially burned NH3 (8% H2) 2550 1400

aThe values shown are for Kanthal Super 1700 and will vary with manufacturer and grade.
bThe useful element temperature varies with the dew point of the atmosphere.

Source: From Kanthal Super Electric Heating Elements for Use up to 19008C, Brochure, Kanthal Furnace Products,

Hallstahammer, Sweden.
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effect, which results in heat loss that may significantly perturb the air–fuel balance as shown

in Figure 1.33 [30].

The exit gas temperature will increase with the furnace temperature because the theoretical

combustion temperature increases with the amount of air (oxygen) as shown in Figure 1.34.

Figure 1.35 shows that the combustion efficiency is significantly improved by oxygen addition

(enrichment) into the combustion mixture [32].

Common fuel sources are city gas, natural gas (~85% CH4), propane, and butane. Table 1.8

provides burner combustion data for these gases.
TABLE 1.5
Comparison of Ni–Cr and Fe–Cr–Al Elementsa

Element

Process Variable Ni–Cr Fe–Cr–Alb

Furnace temperature, 8C (8F) 1000 (1830) 1000 (1830)

Element temperature, 8C (8F) 1068 (1955) 1106 (2025)

Hot resistance Rw 3.61 3.61

Temperature factor Ct 1.05 1.06

Cold resistance, R20 3.44 3.41

Wire diameter, mm (in.) 5.5 (0.217) 5.5 (0.217)

Surface load, W=cm2 (W=in.) 3.09 (19.9) 3.98 (25.7)

Wire length, m (ft), for three elements 224.9 (738) 174.6 (573)

Wire weight, kg (lb), for three elements 44.4 (98) 29.6 (65)

a120-kW furnace. Three elements at 40 kW each, 380V.
bThese are Kanthal AF elements.

Source: From Sintering Systems, Product Bulletin No. 901, C.I. Hayes, Cranston, RI.
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Specific gravity [(density gas)=(density air)] is used to calculate flow and combustion

products in gas mixing.

Air requirement is used for the calculation of total air required for the combustion of a

particular gas.

Flame temperature reflects the energy available in the combustion process. The flame

temperature is dependent on the amount of oxygen available during combustion as

shown in Figure 1.36 [33].

Flame propagation speed reflects the ability to obtain a stable flame.

Limits of inflammability are used to determine the safety of the use of a particular gas–air

mixture.

The combustion air=fuel ratio can be controlled either by precise metering of the fuel and

air entering the burner or by flue gas analysis. The preferred method of flue gas analysis is

usually to use an oxygen sensor [34].
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FIGURE 1.20 Resistivity of Kanthal Super 1700 and 1800. (From G.C. Schwartz and R.L. Hexemer,

Ind. Heat., March 1995, 69–72.)



TABLE 1.6
Recommended Operating Limits of Globar Elements and Effect of Various Atmospheres

Recommended Operating Limits

Atmosphere Temperature (8F) Watt Loading Effect on Elements

Ammonia 2370 25–30 Reduces silicon film; forms met

Argon Max Max No effect

Carbon dioxide 2730 25–25 Attacks silicon carbide

Carbon monoxide 2800 25 Attacks silicon carbide

Endothermic

188 CO Max Max No effect

208 CO 2500 25 Carbon pick-up

Exothermic Max Max No effect

Halogens 1300 25 Attacks silicon carbide

Helium Max Max No effect

Hydrocarbons 2400 20 Hot spotting from carbon pick-up

Hydrogen 2370 25–30 Reduces silicon film

Methane 2400 20 Hot spotting from carbon pick-up

Nitrogen 2500 20–30 Forms insulating silicon nitrides

Oxygen 2400 25 Oxidizes silicon carbide

Sulfur dioxide 2400 25 Attacks silicon carbide

Vacuum 2200 25 Below 7 millions, vaporizes silicon carbide

Water Reacts with silicon carbide to from silicon hydrates

Dew point 60 2000 20–30

50 2200 25–35

0 2500 30–40

�50 2800 25–45

Source: From G.C. Schwartz and R.L. Hexemer, Designing for most effective electric element furnace operation, Ind.

Heat., March 1995, pp. 69–72.
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Although perfect combustion is achieved by mixing the exact quantities of fuel and air to

produce only CO2 and water, this is often not practical. Typically the fuel–air mixture if either

rich or lean. A rich mixture contains excess fuel, and since CO and H2 are produced, it

produces a reducing atmosphere. If excess air is used, an oxidizing atmosphere will result. In

addition to the proper fuel=air ratio, it is important to provide sufficient time at temperature

for complete combustion of the fuel to occur, as shown in Figure 1.37 [35].

As an approximation for furnace calculations, it is often assumed that approximately 1 ft3

of air is required for each 100 Btu of heating value [36]. For 1 gal of fuel oil, approximately

1500 ft3 of air is required [36].

1.3.3.2 Burner Selection

The two most common types of burners for heat treatment furnaces are direct-fired, high

velocity (Figure 1.38) and indirect-fired, radiant tube (Figure 1.39). With direct-fired burners,

fuel combustion occurs in the furnace vestibule. The circulation of the hot gases, which may

be oxidizing or reducing, depending on the air=fuel ratio, provides the temperature uniform-

ity within the furnace.

Direct-fired burners are not favored in heat treatment processes such as carburizing where

atmosphere control is critical, and also the generation of reducing gases is not a very efficient
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FIGURE 1.21 Recommended loading for Globar heating elements.
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furnace heating process. In these cases, more efficient combustion may be attained inside a

protective radiant tube.

1.3.3.2.1 High-Velocity Burners
To obtain uniform microstructure and properties and to minimize undesirable residual stresses

that arise from thermal gradients, it is important to facilitate a uniform temperature distribu-

tion within the furnace. Some methods that have been used to accomplish this are [37,39]:
FIG
Sch
1. Use of high-temperature fans.

2. Use of baffled walls in both the upper and lower parts of the furnace.
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3. Utilizationoffewerheatingzones.Theuseoffewerburners insteadofthetraditionalarrayof

multiple burnersmayproduceexcellent thermaluniformity as shown inFigure1.40 [37,40].

4. Hot-charging and preheating steel with flue gases.

5. Utilization of high-velocity burners.
In high-velocity burners, fuel is burned either completely or partially in ceramic-

lined combustion chamber (see Figure 1.41). The exit velocity of the combustion products

is 50–200 m=s. The high-speed jet promotes gas mixing and temperature uniformity in the

vestibule. Depending on the design and type of gas–air mixing, high-velocity burners are

classified as parallel-flow, cross flow, cyclone, or turbulent jet designs. Examples of each are

illustrated in Figure 1.38.
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TABLE 1.7
Electric Element Furnace Design Equations

1 Process heat (kW)¼W � Cp � DT

3412

where W, load weight, DT, 8F heat-up=h, Cp, specific heat

(a)

2 Heat loss (kW)¼ (heat loss=ft2)� A

3412

where A, total furnace area

(b)

3 Heat storage (kW)¼ (heat storage=ft2)� A

3412

(c)

4 Total power requirement¼process heatþheat storage (d)

5 Watts=element¼ heating section area (in.2)�watts=in.2 (e)

6 Number of elements ¼ total power requirement (W)

W=element
(f)

7 Volts=element¼ [W=element)� (resistance=element)]1=2 (g)

8 Total volts¼ (volts=element)� (number of elements in series) (h)

9
Maximum amperes=element ¼ volts=element

resistance=element
� 1:56

(i)

10 Total amperes ¼ amperes
element

� number of elements in parallel circuit
(j)

11 Delta circuit:

Three-phase volts¼ 1.73� single-phase volts k (i)

Three-phase amperes¼ single-phase amperes k (ii)

12 Wye circuit:

Three-phase volts¼ 1.73� single-phase volts l (i)

Three-phase amperes¼ single-phase amperes l (ii)

Transformers with taps:

13 Total voltage¼ lowest tap m (i)

Voltage� 1.0¼ normal tap m (ii)

Voltage� 2.0¼ high tap m (iii)

Source: From G.C. Schwartz and R.L. Hexemer, Ind. Heat., March 1995, 69–72.
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Combustion efficiency varies with the rated furnace load of the combustion chamber, Q=V,

where combustion Q is the total quantity of heat released in the burner chamber and V is the

volume of the burner combustion chamber. In a recent study, Keller [38] reported that
1. As the specific load increases, combustion shifts from the burner toward the furnace.

2. Combustion efficiency decreases as the rated furnace load increases (see Figure 1.43a).

3. Specific load of the combustion chamber increases with fuel flow rate (see Figure

1.42b).

4. Burner with the largest rated load and largest inside diameter produces the lowest

specific load (see Figure 1.43).

5. Combustion efficiency and the mean load on the combustion chamber vary inversely

with the diameter of the combustion chamber (see Figure 1.43).
High-velocity burners have a number of advantages for use in heat treatment furnace

applications [42]:
1. Velocity of the exiting combustion products reentrains the existing furnace atmosphere,

maximizing the available heat.
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2. Depending on the type of furnace, the relatively short flame of a high-velocity burner

reduces the risk of flame impingement on the load.

3. Turbulence created by the burner combustion products facilitates temperature uni-

formity.

4. Turbulence of the furnace gases facilitates heat transfer from the atmosphere to the

load.
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Some general rules that have been proposed for a heat treatment combustion system are [43]:
1. There should be a maximum of two burners, one at each end of the furnace, with firing

occurring at a high position along the long walls.

2. All flues should be placed under the center of the load.

3. High-velocity discharge should be sufficient to provide temperature uniformity.
Note: The validity of these general rules is dependent on the particular furnace designed. For

example, exceptions to these rules include large furnace systems such as continuous carbur-

izing and continuous tempering furnaces.

When lower heating temperatures (<7008C (<13008F)) are required, it is often difficult to

obtain the necessary furnace uniformity with a low burner velocity. One method of improving

furnace uniformity in such cases is to use excess air [43]. A variable excess air furnace

combustion system has been described that achieves superior temperature control and

greater combustion efficiency. A 42% energy savings was reported [44].

Another method of increasing the heating performance and fuel efficiency of a high-velocity

burner at lower temperature is to use a computer-controlled pulse-firing system [42,45]. Since

high-velocity burners are more efficient when they are on, the idea is to turn them on or off with

a timed pulse. The burned firing frequency may vary from 3 to 6 s between pulses [35].

1.3.3.2.2 Radiant Tube Burners
When heat treatment processes requiring exclusion of combustion gases from the furnace

load and also requiring precise temperature control are carried out; the use of direct-fired

burners is unacceptable. These furnace applications generally require isolation of the burner

combustion process. This is accomplished by encasing the burner, often pulse-fired, in a

radiant tube such as the single-ended radiant (SER) tube design shown in Figure 1.39 [24].
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Currently, many manufacturers favor radiant tubes constructed of ceramic materials such as

reaction-bonded silicon carbide [38,41].

1.3.4 HEAT RECOVERY

Combustion efficiency can be significantly improved by preheating the incoming cold air with

the hot flue gas. The effect of the temperature of the flue gas and percentage of excess

combustion air on gas efficiency is illustrated in Figure 1.30 [39]. Alternatively, fuel savings

may be calculated using the nomogram provided in Figure 1.28 [26].

There are twoprincipalmethods for recoveringand reusingheat that is normally lost through

flue gas emission: recuperation and regeneration. Recuperation uses a heat exchanger to transfer

heat from the hot flue gas to the incoming cold combustion air. Regeneration increases com-

bustion efficiency by using the hot flue gas to both preheat combustion air and further increase

the burner flame temperature. Figure 1.44 shows the enhancement in combustion efficiency

gained by recuperation and regeneration. An overview of both those processes follow.

1.3.4.1 Recuperation

The use of recuperator systems to provide substantial improvement in both batch and

continuous heat treatment processes [13,46] has been reported for both new furnace systems

[25] and retrofitted older systems [47,48].

The improvement of combustion efficiency by preheating air for natural gas combustion is

illustrated in Figure 1.45. The recuperative process that increases combustion air temperature

through heat exchange with the hot exiting flue gas is illustrated in Figure 1.46.

There are three types of heat exchangers for gases: continuous flow, parallel-flow, and

cross-flow recuperators. These heat exchanger flue gas and airflow patterns are illustrated in

Figure 1.47.

Examples of commercial recuperator systems are provided in Figure 1.48 and Figure 1.49.

Convective heat transfer efficiency increases with flow rate through the heat exchanger (Figure
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1.50) and is nearly independent of gas temperature [50]. Larger heat exchanger surface areas are

required with increasing air preheat temperature as shown in Figure 1.51 [50].

Recuperators may be constructed either from high-temperature, corrosion-resistant me-

tallic materials or nonmetallic ceramics. However, the use of ceramic materials is much less

dependent on the service temperature and contact with corrosive flue gases [51].
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1.3.4.2 Regeneration

The performance of recuperator systems is generally limited by the surface area of the heat

exchanger [21] and the upper temperature of the preheated air due to potential oxidation of

the preheated recuperator surfaces [52]. These and other limitations are circumvented by the

more efficient regenerative combustion system.

Numerous publications have discussed the use of regenerators in both batch [52–54]

and continuous [40,55,56] systems to achieve substantial energy cost reductions [57].

This section provides an overview of the operation of regenerator burner combustion

systems.
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A regenerative combustion system generally consists of two regenerators, two burners,

a flow reversal valve, and the necessary control system [58]. (Note: Systems such as these

are not often encountered in heat treatment furnaces.) A schematic of a typical system

is shown in Figure 1.52. Pulse-firing burners are often selected to minimize the potential for

radiant tube burnout [34]. Temperature fluctuations are controlled by the mass of the radiant

tube.

The regenerator is a two-chamber system that contains firebrick [50] or a ceramic

material for heat storage. These materials may be in the form of balls [58], honeycomb

[50,55], or even a granular refractory [58]. The performance of a regenerator depends

on [36,47]:
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The size of the furnace and regenerator

Reversal time

Thickness of the firebrick or other refractory material

Conductivity of the refractory

Heat storage ratio

Geometry of the regenerator

Temperature and flow rate of the gases

The basic principle of operation of a regenerator system is that flue gas gives up its heat to the

refractory in one of the regenerators. At the same time, combustion air is heated by the hot
TABLE 1.8
Burner Combustion Data for Common Fuel Sources

Gas

Specific

Gravitya (Btu=ft3)

Air Required

(ft3 Air=ft3 Gas)

Flame

Temperature (8F)

Flame

Speed (in.=s)

Limits of Inflammability,

% Gas in Air

Low High

City gas 0.5 500 5 3600 60 5 40

Natural gas 0.6 1000 10 3550 25 4 13

Propane 1.52 2500 25 3650 30 2 10

Butane 1.95 3200 32 3660 30 2 9

aSpecific gravity¼ (density of gas)=(density of air).

Source: From R.G. Martinek, Eclipse Industrial Process Heating Guide, Brochure, Eclipse Fired Engineering Co.,

Dan Mills, ON, Canada.
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refractory material in the other regenerator. After approximately 20 min, the flows are

reversed, and the hot refractory in the regenerator that previously had hot flue gases passing

through it is used to heat the combustion air. Conversely, the cooled refractory in the other

regenerator chamber is then reheated by hot flue gases. Regenerator microprocessor-

controlled cycle times of 20 s have been reported [57].

The burner typically used for regenerator heat treatment furnace applications is of the

radiant tube type shown in Figure 1.53.

1.3.4.3 Rapid Heating

Rapid heating is any heating method that accelerates conventional furnace heating. It may be

accomplished in gas-fired furnaces by [59]:
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1. Lifting the stock off the furnace hearth

2. Rotating stock to eliminate cold surfaces

3. Separating stock in the furnace

4. Increasing the heat flux on the metal surface by increasing the furnace temperature
Gas

Air

Recuperator
housing

Combustion
gas

Endothermic
gas

Burner nozzleInner tube

Outer tube

Exhaust

Furnace
wall

URE 1.39 A single-ended radiant (SER) tube burner. (From T. Darroudi, J.R. Hellmann, R.E.

ssler, and L. Gorski, J. Am. Ceram. Soc. 75(12):3445–3451, 1992.)



FIGURE 1.40 Furnace gas flow patterns from one-sided burner firing arrangement.

FIG
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5. Increasing the flow velocity in the furnace heated by high-velocity burners by (a)

matching the internal shape of the furnace to the shape of the stock or (b) having the

burner jet impinge on the stock
The heat transfer rates attainable by these methods are summarized in Table 1.9.

The nomogram in Figure 1.54 is provided for the estimation of soaking times for

steel greater than 75 mm (3 in.) in diameter in the temperature range of 1000–12508C
(1830–22808F) following rapid heating to the soaking temperature [59]. Although rapid

heating is not often used in heat-treating furnaces, but it is used in forge-heating furnaces.
1.4 HEAT TRANSFER

The heat transfer process that occurs when a part is heated in a furnace is depicted in

Figure 1.55. Typically the heat transfer rate is rapid initially and decreases as the temperature

of the center of the part approaches the surface temperature, which achieves the furnace

temperature more rapidly. Ideal furnace design permits thermal equilibrium to be reached as

quickly as possible while minimizing thermal gradients within the past during the heating

process.

Heat transfer in furnaces occurs by convection, radiation, and conduction. The applica-

tion of these modes of heat transfer in furnace heating is illustrated in Figure 1.56.

1.4.1 CONVECTIVE HEAT TRANSFER

Heat flux (q) in a furnace is dependent on the change in temperature (dT ) with an incremental

change in distance (dx):
Air
Combustion Constricted (d)

outletchamber (c)(a) Gas

Mixing
chamber (b)

URE 1.41 Schematic of a high-speed burner. (From K. Keller, Formage Trait. Met., November

7, 39–44.)
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q ¼ �K
dT

dx

Heat flux q is related to total power Q by

Q ¼ Aq

where A is the total area of the part. Total power (Q) is often preferred because it accounts for

the variation of heat flux with total area. Figure 1.57 illustrates the calculation of total power

transferred through members of simple shapes that can be combined to approximate power

losses in the actual equipment.

The variation of thermal conductivity with temperature is shown in Figure 1.58. The

variation within the area bounded by abcda in Figure 1.58 can be approximated as
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FIGURE 1.46 Schematic of a recuperator process. (From F.M. Heyn, The Directory of Industrial Heat

Processing and Combustion Equipment: United States Manufacturers, 1981–1982, Energy edition,

Published for the Industrial Heating Equipment Association by Information Clearing House.)
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FIGURE 1.47 Recuperator heat exchanger processes. (a) Counterflow; (b) parallel flow; (c) cross flow.

(From W. Trinks, Industrial Furnaces, 4th ed., Vol. 1, Wiley, New York, 1950, pp. 220–262.)
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FIGURE 1.48 Comparison of (left) a recuperator and (right) a typical exhaust stack. (Courtesy of

Holcroft—A division of Thermo Process Systems Inc.)

Heat Treatment Equipment 47
Z Th

Tc

k(T) dT

Once the variation of thermal conductivity with temperature is known, the heat transferred

through a flat wall can be approximated as shown in Figure 1.59. Heat transfer through a

curved wall may be approximated from the flat wall expression as shown in Table 1.10.

The thermal conductivity of various metals and refractory materials with respect to tempera-

ture are shown in Figure 1.60 and Figure 1.61, respectively. The mean heat transfer coefficient

accounting for fluid flow properties in natural convection can be calculated from [62,63]

�hh ¼ k

L
C

gb(Ts � Tb)L
3

n2
NPr

� �
m ¼ k

L
C(NGrNPr)

m

where k is thermal conductivity, L is the length (for vertical planes and cylinders, L, height of

surface; for horizontal cylinder), L is the diameter (for horizontal squares, L, length of a side),

g is the gravitational constant, b is the coefficient of volumetric thermal expansion, Ts is the

surface temperature, Tb is the temperature of the boundary layer, v is the kinematic viscosity,

NPr is the Prandtl number (NPr, n=a), NGr is the Grashof number (NGr, gb(Ts– Tb)x
3=n2). C

and m are constants determined from Table 1.11 and Figure 1.62 for vertical planes and

cylinders, horizontal cylinders, and square surfaces [63]. When the mean value of the heat

transfer coefficient is calculated, it is assumed that



FIGURE 1.49 Side-mounted recuperators illustrate airflow both parallel and counter to the exhaust.

(Courtesy of Holcroft—A Division of Thermo Process Systems Inc.)
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Tf ¼
(Ts � Tb)

2
, b ¼ 1

T

where T is in kelvins.

For laminar (NPr< 2300) flow through smooth tubes, the equation for the mean heat

transfer coefficient is [62]

�hh ¼ k

d
3:66þ 0:0668(d=L)NReN

3
Pr

1þ 0:04[(d=L)NReNPr]
2=3

" #

where L is the tube length and d the inside diameter for circular tubes or d¼ 4� (area of cross

section)=(inside circumference) for noncircular tubes.

For turbulent flow through smooth tubes [62],

�hh ¼ 0:023
k

d
N0:8

Re N
n
Pr

where NRe> 4000 and 0.6 � NPr � 100; n¼ 0.4 for heating and 0.3 for cooling.

The equation for the mean heat transfer coefficient for gas flow across a cylinder is [64]
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�hh ¼ C
k

d
Nn

ReC
k

d

nd

n

� �n

where the mean film temperature (Tf) is

Tf ¼
Ts þ Tb

2

The values for C and n are given in Table 1.12 [64].

The constants for calculating the mean heat transfer coefficient for flow across non-

cylindrical shapes are provided in Table 1.13 [64].

Heat transfer coefficients for various furnace heating media used for heat treating are

provided in Table 1.14.

1.4.2 RADIANT HEAT TRANSFER

Radiant heat transfer is dependent on the amount of radiation emitted or absorbed, the

wavelength of the radiation, and the temperature and physical condition of the surface. The

rate of radiant heat transfer (Q) between two surfaces at T1 and T2 is [64]
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Q ¼ A1F12d(T4
1 � T4

2 )

where A is the area, d is the Stefan–Boltzmann constant, and F12 is a constant that depends on

emissivity and the geometry and is usually determined empirically.

The d radiative heat transfer coefficient (hr) can be calculated from

hr ¼ F12d(T3
1 þ T2

1 T2 þ T1T
2
2 þ T3

2 )

One of the greatest sources of radiative heat loss is when the furnace door is opened and

the rate of heat loss can be calculated from [66]

q ¼ 0:173Ae
T0

100

� �4

� Ta

100

� �4
" #

where A is the effective area of the door opening, e is the emissivity, and T0 is the absolute

temperature of the air.

Some illustrative values of surface emissivity are provided in Table 1.15.
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FIGURE 1.52 Schematic of a regenerative burner process. (From T. Martin, Ind. Heat., November

1988, 12–15.)
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1.4.3 CONDUCTIVE HEAT TRANSFER

The rate of conductive heat transfer (q) depends on thermal conductivity k, temperature T,

and the distance from the heat source X:

q ¼ k
dT

dX

For plane surfaces or thin layers,

q ¼ k

t
(T1 � T2)

where t is the thickness of the material.

Figure 1.63 provides an illustrative summary of these heat transfer processes for an

electrically heated furnace.

Heat transfer within the part heated may be modeled from the differential equation [61]

rC
@u

@t
¼ k

@2u

@x2

where r is the density, C is the specific heat, u is the temperature, k is the thermal conductivity,

and x is the distance.

It is important to note that these data are temperature-dependent. This dependence should

be accounted for when conducting any furnace thermal modeling.
TABLE 1.9
Typical Gas-Fired Furnace Rapid Heating Convective Heat Transfer Coefficients

Gas Velocity Convective Heat Transfer Coefficient

Heating Method m=s ft=s W=(m2 K) Btu=(ft2 h 8F)

Jet impingement 150 500 250–500 50–100

Furnace stock matching 50 150 100–250 20–50

Conventional furnace <5 <15 <25 <5

Source: From N. Fricker, K.F. Pomfret, and J.D. Waddington, Commun. 1072, Inst. Gas Eng., 44th Annu. Meeting,

London, November 1978.
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Furnace designers use computerized computational methods for the solution of these and

related equations. A detailed discussion of these methods is beyond the scope of this text.

However, the methods discussed here provide an excellent approximation to the solution of

many routine heat transfer problems encountered in heat treatment shops.

The temperature rise of a simple shape can be estimated using Heisler charts, which are

constructed with the following information [60].
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1. Diffusivity (a):
a ¼ k=Cr

where k is the conductivity, C is the specific heat, and r is the density of the material.
2. Fourier number (NFo):
NFo ¼ aT=L2
BLE 1.10
t Wall Thickness Equivalents for Curved Surfaces

pe of Wall Assume Flat Wall Thickness of Assume Flat Wall Area of

indrical ro – ri p(roþ ri)

erical ro – ri 4prori

rce: From AFS, Refractories Manual, 2nd ed., American Foundrymen’s Society, Des Plaines, IL, 1989.
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where T is the heating time and L is the critical dimension of the shape. The critical

dimension for slabs, cylinders, and spheres (assuming no end effects) is determined as

follows:
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TABLE 1.11
Equation Constants for Natural Convention

Surface NGrNPr C m Note

Vertical 10�1–104 Use Figure 1.57

10�4–109 0.59 1=4

109–1012 0.13 1=3

Horizontal cylinder 0–10�5 0.40 0

10�5–104 Use Figure 1.57

104–109 0.53 1=4

109–1012 0.13 1=3

Horizontal square surface 105 to 2� 107 0.54 1=4 Upper surface if heated; lower

surface if cooled

2� 107 to –3� 1010 0.14 1=3

3� 105 to –3� 1010 0.27 1=4 Lower surface if heated plate; upper

surface if cooled plate

Source: From W. Trinks, Industrial Furnaces, 4th ed., Vol. 1, Wiley, New York, 1950, pp. 220–262.

FIG
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3. Relative boundary resistance (m): 
m ¼ k=hL

where h is the boundary conductance.
4. Temperature function (TF): 
TF ¼ ( tf � t)=(tf � ti)

where ti is the initial temperature of the part, tf is the constant furnace temperature,

and t is the temperature at any point in the part.

The Heisler charts for spheres, cylinders, and slabs are shown in Figure 1.64 for short

times where NFo ¼ 0–0.2 and m < 100 and in Figure 1.65 for long times, where NFo > 0.2 and

m < 100. When m > 100, Figure 1.66 should be used. The relationship between the ratio of TF
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URE 1.62 Correlation of natural convection for vertical and horizontal surfaces.



TABLE 1.12
Constants for Gaseous Cylindrical Cross Flow

NRe C n

0.4–4 0.891 0.330

4–40 0.821 0.385

40–4,000 0.615 0.466

4,000–40,000 0.174 0.618

40,000–400,000 0.0239 0.805

TABLE 1.13
Constants for Calculation of Gaseous Cross Flow of Noncylindrical Tubes

Tube Shapes NRe C n

d
u∞ 5� 103–1� 105 0.222 0.588

u∞ d 5� 105–1� 105 0.092 0.675

u∞ d
5� 103–1.95� 104

1.95� 104–1� 105

0.144

0.0347

0.638

0.782

u∞ d 5� 103–1� 105 0.138 0.638

u∞ d 4� 103–1.5� 104 0.205 0.731
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on the surface (TFs) and in the center (TFc) of the heated object and m is shown in

Figure 1.67 [61].

Furnace temperature and heating time can be interrelated using the uniformity factor U,

which is defined as [61]

U ¼ ts � tc

ts � ti
TABLE 1.14
Heat Transfer Coefficients for Various Furnace Heating Media

Medium Heat Transfer Coefficient (Btu=(ft2 h 8F))

Air circulation furnace 2–8

Jet heating=cooling 20–50

Batch and pusher furnacesa 15–80

Gaseous fluidized bed 50–110

Stirred salt bath 200–600

Liquid fluidized bed 1300

Lead bath 1000–6000

aConvection=radiation.

Source: From J.P. Holman, Heat Transfer, 2nd ed., McGraw-Hill, New York, 1968.



TABLE 1.15
Total Emissivities of Selected Surfaces

Material Emissivity

Refractory 0.8

Carbon 0.9

Steel plate 0.95

Oxidized aluminum 0.15

Source: From R.N. Britz, Ind. Heat., January 1975, 39–47.
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where ts is the temperature at the surface of the part, tc is the temperature at its center, and ti is

its initial temperature. Uniformity factors for spheres, cylinders, and slabs are shown in

Figure 1.68.

1.4.4 FURNACE TEMPERATURE UNIFORMITY

The characteristic thermal flow patterns in a furnace may be significant and will cause nonuni-

form heating of parts. This nonuniformity may be due to various factors, including [62]:
FIG
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pp.
1. Interaction between burners

2. Unstable flow

3. Variation of mass circulation rates and thermal distribution within the load
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Two important criteria in considering appropriate furnace design are the variation of size

and type of the materials heated (see Figure 1.69) [65,66], if more than one, and the required

production rate [67]. Another factor that must be considered is the necessity for various

heat treatment processes such as austenitizing, normalizing, and stress relief in a single

furnace.

The first step in determining the best furnace design is to conduct an energy balance to

determine the relative efficiencies of different furnace designs considered. One method of

conducting this assessment is to model the various heat transfer processes in the furnace and

conduct an energy balance [68]. The energy balance may be illustrated using a Sankey

diagram such as the chart depicted in Figure 1.70, which shows that furnace efficiency [(useful

output)=(fuel input)� 100] is dependent on
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1. Thermal energy in the material

2. Structural losses

3. Waste gas losses

4. Heat recovery

5. Unaccounted losses
One method of improving furnace temperature uniformity is to use forced circulation of

the heated gaseous atmosphere [65,66]. The effect of increased flow velocity on furnace

temperature uniformity is shown in Figure 1.71. The required airflow to maintain a given

temperature tolerance, typically 5–158F, may be calculated from [65,66]
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Airflow (cfm) ¼ HA

625:7U
� TA

where H is the heat loss in Btu through 1 ft2 of furnace wall per hour, A is the furnace wall

area (ft2), TA is the absolute furnace temperature (4608þ 8F), and U is the maximum

allowable variation in furnace temperature (8F). This calculation assumes that the heated

air has the necessary Btu content to heat the load for the furnace cycles calculated and that

the heat losses through the furnace walls are included [65].

1.4.5 SOAKING TIME

Soaking time is dependent on (1) gas metrical factors relating to the particular furnace and

load, (2) type of load, (3) type of steel, (4) thermal properties of the load, (5) load and furnace
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emissivities, (6) initial furnace and load temperatures, (7) characteristic fan curves, and (8) the

chemical composition of the atmosphere [69,70].

Aronov et al. [69,70] modeled soaking times as a function of these parameters and

developed menu-driven software for predicting furnace soaking times based on load charac-

terization. Load characterization diagrams are provided in Figure 1.72. These models are

based on the generalized equation for soaking time (Ts),
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Ts ¼ TsbK

where Ts is the calculated soaking time (min), Tsb is the baseline soak temperature condition

selected from graphs such as those in Figure 1.73a through Figure 1.73d [69,70], K is the

correction factor for the type of steel (K¼ 1 for low-alloy steel and 0.85 for high-alloy steel).
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1.5 THERMOCOUPLES

Of the various methods of temperature measurement in the heat treatment shop, the use of

thermocouples is one of the most common. The thermocouple is based on the thermoelectric

effect that exists when two conductive wires (A and B) at different temperatures (t1 and t2) are

connected to form a closed circuit. An electromotive force (emf ) is developed whose magni-

tude and direction depend on the contacting materials and the temperature difference
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between the two points [71]. This is illustrated in Figure 1.74. When the wires depicted by

A and B are different, current will flow as long as the temperatures t1 and t2 are different. This

is called the Seebeck effect [73]. The Seebeck voltage (Deab) is defined [74] as

Deab ¼ aDT
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FIGURE 1.67 Surface to center temperature function ratio for spheres, cylinders, and slabs. (From

V. Paschkis and J. Persson, Industrial Electric Furnaces and Appliances, Interscience, New York, 1960,

pp. 14–25.)
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where a is the Seebeck coefficient (see Table 1.16) and D T is the difference in temperature

(t2�t1). Table 1.17 shows that in view of the small voltages involved, very sensitive measure-

ment instruments are required [74].

It is not possible to measure the voltage (DeAB) by simply connecting the two wires to a

voltmeter because the voltmeter itself introduces a significant junction potential. This

problem is solved by adding the junction potential to a reference potential, which is typically

taken as the freezing point of water (Tref¼ 08C). The measured junction potential now

becomes [74]

V ¼ a(T1 � Tref )

Most thermocouples use an external reference junction compensation with either hardware or

software compensation instead of an ice-water bath [74].
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Table 1.18 [76] summarizes the composition and maximum use temperature for various

standard thermocouples [75]. However, the maximum recommended use temperature is

dependent on the size of the thermocouple wire as shown in Figure 1.75 [75].

The voltage for a thermocouple may be read directly from voltmeter using either hardware

or software compensation or calculated from [74]

T ¼ a0 þ a1xþ a2x
2 þ a3x

3 þ � � � þ anx
n

where T is temperature, x is the thermocouple voltage, the a’s are thermocouple-dependent

polynomial coefficients (Table 1.19), and n is the maximum order of the polynomial; as n

increases, accuracy increases, e.g., when n¼ a, the accuracy is +18C.
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The thermocouple response times are also dependent on the size of the wire as shown in

Figure 1.75 [77] and the heat transfer medium as shown in Table 1.20.

There are three conventional styles of thermocouples as shown in Figure 1.76 [77].
FIG
1. Exposed. These thermocouples are used when very fast response times are necessary.

They are characterized by their exposed thermocouple junctions.

2. Grounded. These thermocouples are characterized by grounding to the thermocouple

sheath, which provides both excellent response time and protection of the thermo-

couple junction.
10

500

600

700

800

900

1000

1100

1200

1300

1400

1500

1600

20

Air circulation—thousand cfm per 100,000 Btu/h heat transmission

F
ur

na
ce

 o
f o

ve
n 

te
m

pe
ra

tu
re

,�
F

30 40 50 60 70 80

H
ea

tin
g 

un
ifo

rm
ity

 =
 1

0�
F

 ±
5�

F

 ±
21

/2
� F

URE 1.71 Effect of air circulation and oven temperature on furnace temperature uniformity.



Manolayer, horizontally oriented, ordered loads

Manolayer, horizontally oriented, random loads

Multilayer ordered and random loads

Vertically oriented loads

Packed

Packed Spaced Bulk

Spaced

FIGURE 1.72 Aronov load characterization diagram for soaking time calculations.

0

(a)

0
20
40
60
80

100
120
140
160
180
200
220
240
260
280
300

S
oa

k 
tim

e,
 T

sb
, m

in

0.5 1 1.5 2

Load characteristic size, in.

2.5 3 3.5 4 4.5 5 5.5 6 6.5 7

N = 4

N = 3 N  = 2

N  = 1

N —Number of trays

N  =  4

FIGURE 1.73 Soaking times for (a) packed load.

Continued

Heat Treatment Equipment 69



0

(b)

0.5 1 1.5 2

Load characteristic size, in.

2.5 3 3.5 4 4.5 5 5.5 6 6.5 7.57 8

S
oa

k 
tim

e,
 T

sb
, m

in

0
10
20
30
40
50
60
70
80
90

100
110
120
130
140
150
160

N = 10

N = 8

N = 4

N = 3

N = 2

N = 1

N —Number of trays

0
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7 7.5

10

20

30

40

50

60

70

80

90

100

(c)
Load characteristic size, in.

N —Number of rows

S
oa

k 
tim

e,
 T

sb
, m

in

N = 10

N  = 8
N = 5 N = 4

N = 3

N = 2
N = 1

S
oa

k 
tim

e,
 T

sb
, m

in

0

(d) Disk thickness, in.

0
25
50
75

100
125
150
175
200
225
250
275
300
325
350

0.125 0.25 0.375 0.5 0.625 0.75 0.875 1

N = 5

N = 4

N = 2

N = 1

N = 3

FIGURE 1.73 (Continued) Soaking times for (b) spaced load; (c) vertical load; (d) disks.

70 Steel Heat Treatment: Equipment and Process Design



t2

t1

A B

FIGURE 1.74 A thermocouple circuit. (From H.D. Baker, E.A. Ryder, and N.H. Baker, Temperature

Measurement in Engineering, Vol. 1, Omega Press, Stamford, CT, 1975.)
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3. Ungrounded (insulated). The thermocouple junction is electrically isolated from the

protective sheath (which is usually stainless steel or Inconel) and is used when electrical

noise hinders measurement of the thermocouple voltage. These thermocouples typically

have somewhat slower response times than grounded thermocouples.
Thermocouple assemblies can be constructed in various ways such as those depicted in

Figure 1.77. The most common types of insulation for high-temperature applications are

fiberglass, fibrous silica, and asbestos. Asbestos, because of its toxicity, is no longer

commonly used.

It is important that thermocouple measurement be both accurate and precise. It is

possible, as illustrated in Figure 1.78, for thermocouple readings to be reproducible and

precise but still wrong. Therefore, the temperature reading of a thermocouple should be

traceable to an NIST standard [75]. The uncertainty of the thermocouple calibration is

calculated from [75]

UTE ¼ [(UNIST)2 � (RTE)2]1=2

where UTE is the uncertainty of calibration in the user’s laboratory, UNIST is the uncertainty

of calibration at NIST, and R is the reproducibility in the user’s laboratory.

Ideally, thermocouples will be calibrated at temperatures between the use temperature and

room temperature. Thermocouples of types J, K, E, and N may be calibrated at temperatures

between ice water (328F; 08C), boiling water (2128F; 1008C), the melting point of tin (4498F;

2328C), and the melting point of zinc (7878F; 4208C) [73].
1.6 ATMOSPHERES

Furnace atmosphere selection, generation, and control are among the most important steps in

the heat treatment operation. For example, control of oxide formation, facilitation of the

formation of the desired steel surface chemistry, and prevention of decarburization are all



TABLE 1.16
Nominal Seebeck Coefficient (mV=8C) for Standard Thermocouples

Thermocouple Type

Temperature (8C) E J K R S T B

�190 27.3 24.2 17.1 — — 17.1 —

�100 44.8 41.4 30.6 — — 28.4 —

0 58.5 50.2 39.4 — — 38.0 —

200 74.5 55.8 40.0 8.8 8.5 53.0 2.0

400 80.0 55.3 42.3 10.5 9.5 — 4.0

600 81.0 58.5 42.6 1.5 10.3 — 6.0

800 78.5 64.3 41.0 12.3 1.0 — 7.7

1000 — — 39.0 13.0 1.5 — 9.2

1200 — — 36.5 13.8 12.0 — 90.3

1400 — — — 13.8 12.0 — 1.3

1600 — — — — 1.8 — 1.6
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critically important to ensure the overall success of the process, and all are integrally related

to the proper selection and operation of the heat treatment equipment.

Furnace atmosphere surface reactions will vary with steel chemistry, process temperature

and time, and the purity of the atmosphere itself. In some cases an atmosphere will be reactive

with a steel surface, and in other cases the same atmosphere will be protective (nonreactive).

Table 1.21 through Table 1.24 and Figure 1.79 provide a summary of some of the most

common furnace atmospheres used in heat treatment and their properties [70].

In this section, an overview of furnace atmospheres, both primary furnace gases and

controlled atmospheres, is provided, followed by classification, composition, properties, and

atmosphere generation.

1.6.1 PRIMARY FURNACE GASES

1.6.1.1 Nitrogen

Nitrogen (N2), an inert diatomic gas*, is the primary component (78.1%) of atmospheric

air as shown in Table 1.25. The remaining components of air are oxygen (20.9%) and other

gases in much lower concentrations (<1%). The physical properties of nitrogen and

other gases used in furnace atmosphere preparation are summarized in Table 1.26A

through Table 1.26D.

Nitrogen is considered to be chemically inert and is used as a carrier gas for reactive

furnace atmospheres, for purging furnaces, and in other processes requiring inert gases.

However, at high temperature, nitrogen may not be compatible with certain metals such as

molybdenum, chromium, titanium, and columbium [80].
*The term inert gas is often misleading to both heat treaters and furnace designers. It is incorrectly assumed that

furnace atmospheres of nitrogen will not undergo any reactions with steel surfaces. However, steel will be decarbur-

ized if it is held for extended periods of time at elevated temperature with a nitrogen atmosphere. To make

atmospheres nonreactive and neutral to steel, an enriching gas such as methane or propane that will generate the

same Cp as steel must be used with nitrogen. (These will be discussed subsequently.) If nonferrous materials are used,

then a reducing gas such as hydrogen is required, but not more than 10%.



TABLE 1.17
Required Voltmeter Sensitivity

Thermocouple Type Seebeck Coefficient (mV=8C at 208C) Voltmeter Sensitivity for 0.18C (mV)

E 62 6.2

J 51 5.1

K 40 4.0

R 7 0.7

S 7 0.7

T 40 4.0

Source: From Anon., The Temperature Handbook, Vol. 28, Omega Engineering Corp., Stamford, CT.
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Nitrogen of high purity (<1 ppm O2) can be produced by the oxidation of ammonia or in

somewhat less pure form by the combustion of hydrocarbons in insufficient air (which

removes O2) and subsequent purification of residual hydrogen and methane [82]. Table 1.27

illustrates the purity of nitrogen obtained by these processes.

High-purity nitrogen and other gases are also obtained by air liquefaction. A schematic

for this process is shown in Figure 1.80. The nitrogen thus obtained can be subsequently

purified by palladium-catalyzed hydrogen reduction of the residual oxygen, typically present

at a level of ~0.2%. Alternatively, residual oxygen can be removed by high-temperature

reaction with copper to form copper oxide, which eliminates the possibility of water vapor

contamination of the combustion process [81].

Residual water vapor, which is present as a by-product of this process, must be removed

both to minimize vaporization (flash-off) upon expansion, as shown in Figure 1.81, and to

ensure subsequent control of reactive gas chemistry in processes such as carburization.
TABLE 1.18
Standard Letter-Designated Thermocouples

Applications

Type Thermoelements Typical Alloy Base Composition Atmosphere Max Temperature

J JP Iron Fe Oxidizing 7608C

JN Constantan (J) 44Ni=55Cu Reducing 10008F

K KP Chromel 90N=9Cr Oxidizing 12608C

KN Alumel 94Ni=Al, Mn, Si Inert 23008F

T TP Copper OFHC=Cu Oxidizing 3708C

TN Constantan (T) 44Ni=55Cr Reducing 7008F

E EP Chromel 90Ni=9Cr Oxidizing 8708C

EN Constantan (T) 44Ni=55Cr Inert 16008F

N NP Nicrosil Ni=14.2Cr 1.4Si Oxidizing 12608C

NN Nisil Ni=4Si=15Mg Inert

R RP Pt=Rh 87Pt=13Rh Oxidizing 14808C

RN Pt Pt Inert 27008F

S SP Pt=Rh 90Pt=10Rh Oxidizing 14808C

SN Pt Pt Inert 27008F

B BP Pt=Rh 70Pt=30Rh Oxidizing 17008C

BN Pt=Rh 94Pt=6Rh Inert and vacuum 31008F



TABLE 1.19
NBS Thermocouple Polynomial Coefficients (av)

n

Type E

Ni-10%Cr (1)vs.

Constantan (2)

2100–10008C

+0.58C

Type J

Fe (1) vs.

Constantan (2)

08–7608C

+0.18C

Type K

Ni-10%Cr (1) vs.

Ni-5%

(2) 08 ~ 13708C

+0.78C

Type R

Pt-Rh (1) vs.

Pt (2)

08–10008C

+0.58C

Type S

Pt-10% Rh

(1) vs. Pt (2)

08–17508C

+18C

Type T

Cu (1) vs.

Constantan (2)

160+4008C

+0.58C

0 0.104967248 �0.048868252 0.226584602 0.26362917 0.927763167 0.100860910

1 17189.45282 19873.14503 24152.10900 179075.491 169526.5150 25727.94369

2 �282639.0850 �218614.5353 67233.4248 �48840341.37 �31568363.94 �767345.8295

3 12695339.5 11569199.78 2210340.682 1.90002Eþ 10 8990730663 78025595.81

4 �448703084.6 �264917531.4 �860963914.9 �4.82704Eþ 12 �1.635565Eþ 12 �9247486589

5 1.10866 Eþ 10 2018441314 4.83506Eþ 10 7.62091Eþ 14 1.88027Eþ14 6.97688Eþ 11

6 �1.76807 Eþ 11 �1.18452Eþ 12 �7.20026Eþ 16 �1.37241Eþ 16 �2.66192Eþ 13

7 1.71842 Eþ 12 1.38690Eþ 13 3.71496Eþ18 6.17501Eþ17 3.94078Eþ 14

8 �9.19278 Eþ 12 �6.37708Eþ 13 �8.03104Eþ19 �1.56105Eþ19

9 2.06132 Eþ 13 1.69535 Eþ 20
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Nitrogen can also be obtained by membrane separation from air based on the selective

permeability of a composite membrane fiber. In this process, atmospheric air is filtered,

compressed, and cooled and then passed through an air-separation membrane as shown
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FIGURE 1.75 Recommended upper temperature limits for Type K, E, J, and T thermocouples of

various sizes. (From Anon., Manual on the Use of Thermocouples in Temperature Measurement,

ASTM STP 470 B, American Society for Testing and Materials, Philadelphia, PA, 1968.)



TABLE 1.20
Thermocouple Response Time (s) Variation with Wire and Heat Transfer

Medium

Wire Size

(in.)

Still Air

(8008F=1008F)

Air at 60 ft=s

(8008F=1008F)

Still Water

(2008F=1008F)

0.001 0.05 0.004 0.002

0.005 1.0 0.08 0.04

0.015 10.0 0.80 0.40

0.032 40.0 3.2 1.6

Source: From Anon., The Temperature Handbook, Vol. 28, Omega Engineering Corp., Stamford, CT.
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in Figure 1.82 [83,84]. Oxygen, carbon dioxide, and water vapor permeate the hollow

membrane fibers and are then vented at low pressure to the atmosphere. Nitrogen is then

stored in the desired form.

Liquid nitrogen is also of value for its refrigeration or cooling capabilities as shown in

Figure 1.83 [81]. Liquid nitrogen (LN2) processes are summarized in Table 1.28. Liquid

nitrogen is subsequently vaporized to a gas before use [85]. On-site membrane separation

system are available from various suppliers in various gas separation capacities.

1.6.1.2 Hydrogen

In addition to being used as a quenchant, hydrogen is a highly reducing atmosphere that is

used both for preventing steel oxidation and for oxide reduction according to the surface

reactions

H2 þ FeO ! H2O þ 3Fe

and

H2 þ Fe3O4 ! H2O þ 3FeO

The thermal properties of hydrogen, relative to other heat treatment atmospheres, are

summarized in Table 1.26A through 1.26D. At temperatures greater than 1300 8F (700 8C),

hydrogen may cause decarburization to form methane by reaction with carbon:
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T-3
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Sensor elementSheath

Grouded

Insulated

FIGURE 1.76 Common thermocouple junction styles.



Bore thermocouple element, twisted and welded

Butt-welded thermocouple element

Thermocouple element, twisted and welded with asbestos 
insulation

Butt-welded thermocouple element with double-
bore insulatators

Butt-welded thermocouple element
with fish-spine insulators

Two butt-welded thermocouple elements with
four-hole insulators

FIGURE 1.77 Thermocouple element assemblies. (From Anon., Manual on the Use of Thermocouples in

Temperature Measurement, ASTM STP 470 B, American Society for Testing and Materials,

Philadelphia, PA, 1968.)
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Cþ 2H2 +( CH4

In some cases, hydrogen may be adsorbed by the metal at elevated temperatures, causing

hydrogen embrittlement [82].

Hydrogen is potentially an extremely explosive and flammable gas. However, if proper

safety precautions are followed, it can be used safely in heat treatment.

Hydrogen can be produced by electrolysis of water:

2H2O! 2H2 þO2
Not accurate
not precise

Accurate
not precise

Precise
not accurate

Precise
and accurate

FIGURE 1.78 Illustration of accuracy vs. precision. (From T.P. Wang, Heat Treating: Equipment and

Process (G.E. Totten and R.A. Wallis, Eds.), Proc. 1994 Conf., ASTM International Materials Park,

OH, 1994, pp. 171–174.)



TABLE 1.21
Heat Content of Various Gases above 778F (Btu=ft3 at 608F and 30 in. Hg)

Gas Temperature (8F) CO CO2 CH4 H2 N2 O2 H2O AXa DXb DXc

100 0.4 0.6 0.5 0.4 0.4 0.4 0.5 0.4 0.4 0.4

200 2.3 3.0 2.9 2.3 2.3 2.3 2.6 2.3 2.3 2.3

300 4.1 5.6 5.4 4.1 4.1 4.2 4.8 4.1 4.2 4.3

400 6.0 8.3 8.2 6.0 6.0 6.1 7.0 6.0 6.1 6.2

500 7.9 1.2 1.1 7.8 7.9 8.1 9.2 7.8 8.0 8.2

600 9.8 14.1 14.3 9.7 9.7 10.1 1.5 9.7 10.0 10.2

700 1.7 17.1 17.7 1.5 1.7 12.2 13.8 1.6 1.9 12.2

800 13.7 20.2 21.3 13.4 13.6 14.2 16.1 13.4 13.9 14.2

900 15.7 23.4 25.0 15.2 15.5 16.3 18.5 15.3 15.9 16.3

1000 17.7 26.6 29.0 17.1 17.5 18.5 21.0 17.2 18.0 18.4

1100 19.7 29.9

1200 21.8 33.2 37.4 20.9 21.6 22.8 26.0 21.0 22.1 22.7

1300 23.8 36.6 41.9 22.8 23.6 25.0 28.5 23.0 24.2 24.9

1400 25.9 40.1 46.5 24.7 25.7 27.2 31.2 24.9 26.3 27.1

1500 28.1 43.5 51.2 26.6 27.8 29.4 33.8 26.9 28.5 29.3

1600 30.2 47.1 56.1 28.5 29.9 31.6 36.5 28.9 30.7 31.6

1700 32.3 50.6 61.1 30.5 32.0 33.9 39.3 30.9 32.8 33.8

1800 34.5 54.2 66.2 32.5 34.1 36.1 42.1 32.9 35.0 36.1

1900 36.7 57.8 71.4 34.5 36.3 38.4 44.9 34.9 37.2 38.4

2000 38.9 61.4 76.7 36.5 38.4 40.7 47.8 37.0 39.5 40.7

2100 41.1 65.0 82.1 38.5 40.6 43.0 50.7 39.0 41.7 43.0

2200 43.3 68.7 87.6 40.5 42.8 45.3 53.6 41.1 44.0 45.4

2300 45.5 72.4 93.2 42.5 45.0 47.6 56.6 43.2 46.2 47.7

2400 47.8 76.1 98.9 44.6 47.2 49.9 59.6 45.3 48.5 50.1

2500 50.0 79.8 104.7 46.7 49.4 52.2 62.7 47.4 50.8 52.5

2600 52.3 83.6 110.5 48.7 51.7 54.6 65.7 49.5 53.1 54.8

2700 54.5 87.3 116.4 50.8 53.9 56.9 68.9 51.6 55.4 57.2

2800 56.8 91.1 122.4 53.0 56.2 59.3 72.0 53.8 57.7 59.6

2900 59.1 94.9 128.4 55.1 58.4 61.6 75.2 55.9 60.0 62.0

3000 61.3 98.7 134.5 57.2 60.7 64.0 78.3 58.1 62.4 64.5

3100 63.6 102.5 140.7 59.4 63.0 66.4 81.6 60.3 64.7 66.9

3200 65.9 106.3 146.9 61.5 65.2 68.8 84.8 62.4 67.1 69.3

3300 68.2 110.1 153.1 63.7 67.5 71.2 88.1 64.6 69.4 71.7

3400 70.5 114.0 159.4 65.9 69.8 73.6 91.4 66.8 71.8 74.2

3500 72.8 117.8 165.7 68.0 72.1 76.0 94.7 69.1 74.2 76.6

3600 75.2 121.7 172.1 70.2 74.4 78.4 98.0 71.3 76.5 79.1

3700 77.5 125.6 178.5 72.5 76.7 80.9 101.4 73.5 78.9 81.5

3800 79.8 129.4 185.0 74.7 79.09 83.3 104.7 75.8 81.3 84.0

3900 82.1 133.3 191.5 76.9 81.3 85.8 108.1 78.0 83.7 86.5

4000 84.4 137.2 198.0 79.1 83.6 88.2 11.5 80.3 86.1 88.9

4100 86.8 141.1 204.6 81.4 85.9 90.7 115.0 82.5 88.5 91.4

4200 89.1 145.0 21.1 83.7 88.3 93.2 118.4 84.8 90.9 93.9

4300 91.4 148.9 217.8 85.9 90.6 95.6 121.9 87.1 93.3 96.4

4400 93.8 152.8 224.4 88.2 92.9 98.1 125.3 89.4 95.7 98.9

4500 96.1 156.7 231.1 90.5 95.2 100.6 128.8 91.7 98.1 101.3

4600 98.5 160.6 237.8 92.8 97.6 103.1 132.3 94.0 100.5 103.8

4700 100.8 164.5 244.5 95.1 99.9 105.6 135.9 96.3 102.9 106.3

Continued
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TABLE 1.21 (Continued)
Heat Content of Various Gases above 778F (Btu=ft3 at 608F and 30 in. Hg)

Gas Temperature (8F) CO CO2 CH4 H2 N2 O2 H2O AXa DXb DXc

4800 103.2 168.5 251.2 97.4 102.2 108.1 139.4 98.6 105.4 108.8

4900 105.5 172.4 258.0 99.7 104.6 110.7 142.9 100.9 107.8 11.3

5000 107.9 176.3 254.8 102.0 106.9 113.2 146.5 103.2 110.2 113.8

aAX¼ 75.0% H2, 25.0% N2.
b12.0% H2, 72.8% N2.
c1.0% H2, 88.0% N2.

Source: From Atmospheres for Heat Treating Equipment, Brochure, Surface Combustion, Inc., Maumee, OH.
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Hydrogen produced in this way must be further purified to remove traces of contaminants,

CO2 and especially O2 that may be present. The dew point of hydrogen is dependent on the

degree of contamination as shown in Table 1.29.

The highest purity hydrogen is prepared by ammonia dissociation:

2NH3 ! 3H2 þN2

The most common impurities in hydrogen are O2 and H2O. Purification is performed by

filtration over palladium, which traps all gases except hydrogen, the smallest molecule.

Residual water vapor can be removed by passing hydrogen through either silica gel or a

molecular sieve column [82].

1.6.1.3 Carbon Monoxide

Carbon monoxide is also considered to be a reducing gas as it may reduce iron oxide:

COþ FeO +( Feþ CO2

Although CO is a reducing atmosphere, it is not as good a reducing agent as hydrogen.

The thermal properties of CO are given in Table 1.26A through Table 1.26D [78]. The

preparation of CO is discussed later.

1.6.1.4 Carbon Dioxide

Carbon dioxide is a mildly oxidizing gas. It will form oxides upon reaction with iron

at elevated temperatures. When the temperature is greater than 10308F (5408C), FeO is

formed [86]:

Feþ CO2 +( FeOþ CO

When the temperature is less than 10308F (5408C),

3FeOþ CO2 +( Fe3O4 þ CO

Decarburization may also result from the reaction of CO2 with carbides of iron or free

carbon [86]:



TABLE 1.22
Characteristics of Simple Gases

Limits of Inflammability Toxicity

Simple

Gases and

Compound

Critical

Temperature

(8F)

Critical

Pressure

(psia) Lower Upper

Ignition

Temperature

(8F)

Combustion

Velocity of

Maximum Speed

Mixture (ft=s)

Maximum Amt.

Inhaled for 1 h

Without Serious

Disturbance (ppm)

Dangerous in

30 min 1 h

(ppm)

Rapidly

Fatal

(ppm)

Solubility

H2O

at 608F,

30 in Hg

Thermal

Conductivity

[Btu=(ft28F

in 8s)]

Specific

Gravity

of the Liquid

at 608F

Heat of

Varporization

at 608F

(Btu=lb)

H2 �400 188 4.1 74 1,076–1,094 8.2 Simple asphyxiant 0.05167 3.05� 10�4 — —

O2 �181 731 — — — — — — — 0.0449 4.47� 10�5 — —

N2 �233 492 — — — — Simple asphyxiant 0.0422 4.38� 10�5 — —

CO �218 515 12.5 74 1,191–1,216 1.6 1,000–1,200 1500–2000 4,000 Very slight 4.12� 10�5 — —

CO2 88 1,073 — — — — 5–7% respiratory stimulant 0.090 2.63� 10�5 — —

CH4 �116 673 5.3 14.0 1,200–1,382 1.2 Simple asphyxiant — 5.64� 10�5 — 223

C2H6 90 717 3.2 12.5 968–1,166 — Simple asphyxiant — 3.46� 10�5 0.38 210

C3H8 204 632 2.4 9.5 ~965 — Anesthetic — — 0.51 183

n-C4H10 308 529 1.9 8.5 ~930 1.03 Anesthetic — — 0.58 166

iso-C4H10 273 544 — — — — — — — — — 0.56 159

n-C5H12 387 485 1.4 8.0 ~890 — Anesthetic, convulsive, irritant — 223� 10�5 0.63 153

iso-C5H12 370 482 — — — — Anesthetic, convulsive, irritant — — — —

C6H14 455 434 — — — — Anesthetic, convulsive, irritant — 1.98� 10�5 0.66 143

C2H5 49 748 3.3 34 1,000–1,020 2.1 Simple asphyxiant and

anesthetic

— 3.14� 10�5 — —

C3H9 198 662 2.2 10 — — Anesthetic — — — —

C4H3 — — 1.7 9 — — Anesthetic — — — —

C2H2 97 911 2.5 80 763–824 4.1 Simple asphyxiant and

anesthetic

— 332� 10�5 — —

C6H6 551 701 1.4 8.0 1,364 — 3,100–4,700 — 19,000 — 1.60� 10�5 0.88 —

C7H8 609 612 1.3 6.75 1,490 — 3,100–4,700 — 19,000 — — — —

C3H10 — — — — — — 3,100–4,700 — 19,000 — — — —

C10H5 — — — — — — — — — — — — —

NH3 270 1,639 16 27 — — 300–500 — 5,000–10,000 0.612 384� 10�5 — —

H2S 212 1,307 — — — — 200–300 500–700 1,000–3,000 0.00466 2.30� 10�5 — —

H2O 706 3,226 — — — — — — — — 4.17� 10�5 — 1058

Air �285 547 — — — — — — — — 4.28� 10�5 — —

Source: From Protective Atmospheres and Analysis Curves, Brochure, Electric Furnace Company, Salem, OH.
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TABLE 1.23
Proprties of Typical Commercial Gases

Constituents of Gas (% v=v)

Illuminants
Spec.

Air ref. for

Comb. of
Btu=ft3

Products of Combustion per Cubic

Foot of Gas (ft3)
Ultimate %

Btu

(net)=f 3

Prod. of

Flame

Temp., n

excess a

No. Gas CO2 O2 N2 CO H2 CH4 C2H4 C2H4 C2H4 grav. 1 ft3 gas (ft3) Gross Net H2O CO2 N2 Total CO2 Comb. (8F)

1 Natural gas

(Birmingham)

— — 5.0 — — 90.0 5.0 — — 0.60 9.41 1002 904 2.02 1.00 7.48 10.50 1.8 86.0 3565

2 Natural gas

(Pittsburgh)

— — 0.8 — — 83.4 15.8 — — 0.61 10.58 1129 1021 2.22 1.15 8.37 1.73 12.1 87.0 3562

3 Natural gas

(South

California)

0.7 — 0.5 — — 84.0 14.8 — — 0.64 10.47 1116 1009 2.20 1.14 8.28 1.62 12.1 87.0 3550

4 Natural gas (Los

Angeles)

6.5 — — — — 77.5 16.0 — — 0.70 10.05 1073 971 2.10 1.16 7.94 1.20 12.7 86.7 3550

5 Natural gas

(Kansas City)

0.8 — 8.4 — — 84.1 6.7 — — 0.63 9.13 974 879 1.95 0.98 7.30 10.23 1.9 86.0 3535

6 Reformed natural

gas

1.4 0.2 2.9 9.7 46.6 37.1 — 1.3 (C3H6 0.8) 0.41 5.22 599 536 1.30 0.53 4.16 5.59 1.3 89.6 3615

7 Mixed natural and

water gas

4.4 2.1 4.7 25.5 35.1 23.1 4.7 0.2 0.2 0.61 4.43 525 477 1.01 0.64 3.55 5.20 15.3 91.7 3630

8 Coke oven gas 2.2 0.8 8.1 6.3 46.5 32.1 — 3.5 0.5 0.44 4.99 574 514 1.25 0.51 4.02 5.78 1.2 87.0 3610

9 Coal gas

(continuous

verticals)

3.0 0.2 4.4 10.9 54.5 24.2 — 1.5 1.3 0.42 4.53 532 477 1.15 0.49 3.62 5.26 1.9 90.7 3645

10 Coal gas (inclined

retorts)

1.7 0.8 8.1 7.3 49.5 29.2 — 0.4 3.0 0.47 5.23 599 540 1.23 0.57 4.21 6.01 1.9 89.9 3660

11 Coal gas

(intermittent

verticals)

1.7 0.5 8.2 6.9 49.7 29.9 — 3.0 0.1 0.41 4.64 540 482 1.21 0.45 3.75 5.41 10.7 89.0 3610

12 Coal gas

(horizontal

retorts)

2.4 0.75 1.35 7.35 47.95 27.15 — 1.32 1.73 0.47 4.68 542 486 1.15 0.50 3.81 5.46 1.6 89.0 3600
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13 Mixed coke oven

and carbureted

water gas

3.4 0.3 12.0 17.4 36.8 24.9 — 3.7 1.5 0.58 4.71 545 495 1.04 0.62 3.85 5.51 13.9 90.0 3630

14 Mixed coal, coke

oven, and

carbureted

water gas

1.8 1.6 13.6 9.0 42.6 28.0 — 2.4 1.0 0.50 4.52 528 475 1.11 0.50 3.71 5.32 1.8 89.3 3640

15 Carbureted water

gas

3.0 0.5 2.9 34.0 40.5 10.2 — 6.1 2.8 0.63 4.60 550 508 0.87 0.76 3.66 5.29 17.2 96.2 3725

16 Carbureted water

gas

4.3 0.7 6.5 32.0 34.0 15.5 — 4.7 2.3 0.67 4.51 534 493 0.75 0.86 3.63 5.24 17.1 94.2 3700

17 Carbureted water

gas (low

gravity)

2.8 1.0 5.1 21.0 47.5 15.0 — 5.2 2.4 0.54 4.61 549 501 0.98 0.64 3.70 5.31 14.7 94.3 9690

18 Water gas (coke) 5.4 0.7 8.3 37.0 47.3 1.3 — — — 0.57 2.10 287 262 0.53 0.44 1.74 2.71 20.1 96.6 3670

19 Water gas

(bituminous)

5.5 0.9 27.6 28.2 32.5 4.6 — 0.4 0.3 0.70 2.01 261 239 0.47 0.41 1.86 2.74 18.0 87.2 3510

20 Oil gas (Pacific

coast)

4.7 0.3 3.6 12.7 48.6 26.3 — 2.7 1.1 0.47 4.73 551 496 1.15 0.56 3.77 5.48 12.9 90.5 3630

21 Producer gas

(buckwheat

anthracite)

8.0 0.1 50.0 23.2 17.7 1.0 — — — 0.86 1.06 143 133 0.22 0.32 1.34 1.88 19.4 70.5 3040

22 Producer gas

(bituminous)

4.5 0.6 50.9 27.0 14.0 3.0 — — — 0.86 1.23 163 153 0.23 0.35 1.48 2.06 18.9 74.6 3175

23 Producer gas (0.6

lb steam=lb

coke)

6.4 — 52.8 27.1 13.3 0.4 — — — 0.88 1.00 135 128 0.17 0.34 1.32 1.82 20.5 70.3 3010

24 Blast furnace gas 1.5 — 60.0 27.5 1.0 — — — — 1.02 0.68 92 92 0.02 0.39 1.14 1.54 25.5 59.5 2650

25 Commercial

butane

— C4H1093.0) — (C3H87.0) — — — 1.95 30.47 3225 2977 4.93 3.93 24.07 32.93 14.0 90.5 3640 —

26 Commercial

propane

— (C3H8100.0) — — — — — — 1.52 23.82 2572 2371 4.17 3.00 18.82 25.99 13.7 91.2 3660 —

Source: From Protective Atmospheres and Analysis Curves, Brochure, Electric Furnace Company, Salem, OH.
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TABLE 1.24
Gas Combustion Constants

No. Gas Formula

Molecular

Weight lb=ft
3

ft
3
=lb

Specific

Gravity

(Air = 1000)

Heat of Combustion

Btu=ft3 Btu=lb

Gross Net Gross Net

1 Carbon C 12.000 — — — — — 14,140 14,140

2 Hydrogen H2 2.015 0.005327 187.723 0.06959 323.8 275.1 61,100 51,643

3 Oxygen O2 32.000 0.08461 11.819 1.1053 — — — —

4 Nitrogen (atmos.) N2 28.016 0.07439 13.443 0.9718 — — — —

5 Carbon monoxide CO 28.000 0.07404 13.506 0.9672 323.5 323.5 4,369 4,369

6 Carbon dioxide CO2 44.000 0.1170 8.548 1.5282 — — — —

Paraffin series CnH2nþ 2

7 Methane CH4 16.031 0.04243 23.565 0.5543 1014.7 913.8 2,3912 21,533

8 Ethane C2H6 30.046 0.08029 12.455 1.04882 1781 1631 22,215 20,312

9 Propane C3H8 44.062 0.1196 8.365 1.5617 2572 2371 21,564 19,834

10 Isobutane C2H10 58.077 0.1582 6.321 2.06654 3251 2999 21,247 19,606

11 n-Butane C4H10 58.077 0.1582 6.321 2.06654 3353 3102 21,247 19,606

12 n-Pentane C5H12 72.092 0.1904 5.252 2.4872 3981 3679 20,908 19,322

13 n-Hexane C6H14 86.107 0.2274 4.398 2.9704 4667 4315 20,526 18,976

Olefin series CnH2n

14 Ethylene C2H4 28.031 0.07456 13.412 0.9740 631 1530 21,884 20,525

15 Propylene C3H6 42.046 0.1110 9.007 1.4504 2336 2185 21,042 19,683

16 Butylene C4H8 56.062 0.1480 6.756 1.9336 3135 2884 20,840 19,481

17 Acetylene C2H2 26.015 0.06971 14.344 0.9107 1503 1453 21,572 20,840

Aromatic series CnH2n� 6

18 Benzene C6H6 78.046 0.2060 4.852 2.6920 3741 3590 18,150 17,418

19 Toluene C7H8 92.062 0.2431 4.113 3.1760 4408 4206 18,129 17,301

20 Xylene C8H10 106.077 — — — 5155 — 18,410 —

21 Naphthalene C10H8 128.062 — — — 5589 — 17,298 —

Miscellaneous gases

22 Ammonia NH3 17.031 0.04563 21.914 0.5961 433 — 9,598 —

23 Hydrogen sulfide H2S 34.080 0.09109 10.979 1.189 672 — 7,479 —

24 Sulfur dioxide SO2 64.06 0.1733 5.770 2.264 — — — —

25 Water vapor H2O 18.015 0.04758 21.017 0.6215 — — — —

26 Air — 28.9 0.07655 13.063 1.0000 — — — —
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Fe3Cþ CO2 +( 3Feþ 2CO

Cþ CO2 +( 2CO

The properties of CO2 are listed in Table 1.26. The generation of CO2 is discussed in a

subsequent section.

1.6.1.5 Argon and Helium

Helium and argon are also considered to be inert gases for heat treatment processes because

they will not undergo gas–solid reactions, even at high temperatures.

Argon is a significant component of air as shown in Table 1.25 and is obtained in high

purity by an air separation process. High-purity argon (>99.999% Ar) contains less than

2 ppm O2 and less than 10 ppm N2 and has a dew point of �1108C.



Vol. Gas (ft3)=ft3 Mass Gas (lb)=lb

Required for Combustion Flue Products Required for Combustion Flue Products

O2 N2 Air CO2 H2O N2 O2 N2 Air CO2 H2O N2

— — — — — — 2.667 8.873 11.540 3.667 — 8.873

0.5 1.882 2.382 — 1.0 1.882 7.939 26.414 34.353 — 8.939 26.414

— — — — — — — — — — — —

— — — — — — — — — — — —

0.5 1.882 2.382 1.0 — 1.882 0.571 1.900 2.471 1.571 — 1.900

— — — — — — — — — — — —

2.0 7.528 9.528 1.0 2.0 7.528 3.992 13.282 17.274 2.745 2.248 13.282

3.5 13.175 16.675 2.0 3.0 13.175 3.728 12.404 16.132 2.929 1.799 12.404

5.0 18.821 23.821 3.0 4.0 18.821 3.631 12.081 15.712 2.996 1.635 12.081

6.5 24.467 30.967 4.0 5.0 24.467 3.581 11.914 15.495 3.030 1.551 11.914‘

6.5 24.467 30.967 4.0 5.0 24.467 3.581 11.914 15.495 3.030 1.551 11.914

8.0 30.114 38.114 5.0 6.0 30.114 3.551 11.815 15.366 3.052 1.499 11.815

9.5 35.760 45.260 6.0 7.0 35.760 3.530 11.745 15.275 3.067 1.465 11.745

3.0 11.293 14.293 2.0 2.0 11.293 3.425 11.935 14.820 3.139 1.285 11.395

4.5 16.939 21.439 3.0 3.0 16.939 3.425 11.395 14.820 3.139 1.285 11.395

6.0 22.585 28.585 4.0 4.0 22.585 3.425 11.395 14.820 3.139 1.285 11.395

2.5 9.411 11.911 2.0 1.0 9.411 3.075 10.231 13.306 3.383 0.692 10.231

7.5 28.232 35.732 6.0 3.0 28.232 3.075 10.231 13.306 3.383 0.692 10.231

9.0 33.878 42.887 7.0 4.0 33.878 3.128 10.407 13.535 3.346 0.783 10.407

10.5 39.524 50.024 8.0 5.0 39.524 3.168 10.540 13.708 3.318 0.849 10.540

12.0 45.170 57.170 10.0 4.0 45.170 2.999 9.978 12.977 3.436 0.563 9.978

— — — — — — — — — — — —

1.5 5.646 7.146 SO2 = 1.0 1.0 5.646 1.408 4.685 6.093 SO2 = 1.880 0.529 4.085

— — — — — — — — — — — —

— — — — — — — — — — — —

— — — — — — — — — — — —
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Helium concentration in air is insignificant, too little for air to be a commercial

source of this gas. Instead, natural gas, which contains 5–8% helium, is the commercial source

of helium. Air liquefaction is used to separate the helium, which has a dew point of �1008C.

Physical properties of argon and helium are provided in Table 1.30.

1.6.1.6 Dissociated Ammonia

From ammonia dissociation, which occurs at temperatures of more than 3008C in the

presence of a catalyst such as Fe or Ni, it is possible to obtain mixtures of hydrogen and

nitrogen that are free of oxygen contamination (see Figure 1.84) [79]. This may be a critically

important requirement for some heat treatment processes.

2NH3 ! N2 þ 3H2

The relative concentrations of nitrogen and hydrogen may be varied by subsequent burning

of the hydrogen. The most common atmospheres obtained by ammonia dissociation are

summarized in Table 1.31.



TABLE 1.25
Composition of Atmospheric Air

Gaseous Component

Concentration, Dry Basis

vol% ppm

Fixed

Nitrogen (N2) 78.084 —

Oxygen (O2) 20.9476 —

Argon (Ar) 0.934 —

Neon (Ne) — 18.18

Helium (He) — 5.24

Krypton (Kr) — 1.14

Xenon (Xe) — 0.087

Variable

Carbon dioxide (CO2) — 30–400

Nitrous oxide (N2O) — 0.5

Nitrogen dioxide (NO2) — 0–0.22

Water (H2O) 1.25a —

Hydrogen (H2) — 0.5 Type

Carbon monoxide (CO) — 1 Type

Methane (CH4) — 2 Type

Ethane (C2H6) — <0.1 Type

Other hydrocarbons (CnH2nþ 2) — <0.1 Type

aThe composition of water in atmosphere air can be highly variable ranging from 0.1- > 4 %.

However, a ‘‘typical’’ value is approximately 1.25%

Source: From Bulk Gases for the Electronics Industry, Brochure, Praxair Inc., Chicago, IL.
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Residual ammonia, typically less than 0.05%, is the primary impurity in dissociated

ammonia atmospheres [81]. Residual ammonia is removed using the same methods as those

used for water vapor removal. Refrigeration or adsorption in regenerative dryers are the most

efficient.

1.6.1.7 Steam

Water vapor (steam) is also an important component in heat treating. As originally reported

by Barff [87], steam will react with steel at 650–12008F (343–6508C) to produce a blueing

effect, which imparts a wear-resistant and oxidation-resistant surface furnish. This is due to

the formation of either Fe2O3, Fe3O4, or FeO, depending on the surface temperature of the

steel and the ratio of water vapor pressure to hydrogen pressure in the atmosphere as

illustrated in Figure 1.85.

The concentration of water vapor is quantified by the dew point, which is the temperature

at which a gas is saturated with water vapor (100% relative humidity) [86]. The relationship

between dew point and atmospheric temperature is shown in Figure 1.86. As discussed

previously, the concentrations of CO, CO2, H2O, and H2 in a furnace atmosphere are

interdependent as shown by the water gas reaction:

COþH2O +( CO2 þH2

The equilibrium constant for this process, which defines the actual concentration of these

gases in the furnace atmosphere, is written as



TABLE 1.26A
Viscosity (m) of Gasesa [mlb=(ft h)]

Temperature (8F) Air CO CO2 H2 N2 O2 Steam DX (Lean) DX (Rich) RX

100 0.0462 0.0432 0.0379 0.0223 0.0440 0.052 — 0.0432 0.0430 0.0427

200 0.0520 0.0487 0.0439 0.0249 0.0496 0.059 — 0.0488 0.0485 0.0480

300 0.0575 0.054 0.0497 0.0273 0.055 0.066 0.0359 0.0544 0.0539 0.0533

400 0.0626 0.059 0.055 0.0297 0.060 0.072 0.0408 0.0590 0.0587 0.0577

500 0.0675 0.063 0.060 0.0319 0.064 0.077 0.0455 0.0636 0.0635 0.0621

600 0.0722 0.068 0.065 0.0341 0.069 0.082 0.051 0.0681 0.0680 0.0665

700 0.767 0.072 0.070 0.0361 0.073 0.087 0.056 0.0727 0.0725 0.0708

800 0.0810 0.076 0.075 0.0380 0.077 0.092 0.061 0.0768 0.0765 0.0745

900 0.0852 0.080 0.079 0.0399 0.081 0.096 0.065 0.0809 0.0804 0.0784

1000 0.0892 0.083 0.083 0.0419 0.085 0.0100 0.069 0.0849 0.0844 0.0821

1100 0.0932 0.086 0.087 0.0438 0.088 0.105 0.073 0.0883 0.0878 0.0854

1200 0.0970 0.089 0.091 0.0458 0.092 0.109 0.077 0.0917 0.0912 0.0887

1300 0.101 0.093 0.095 0.0477 0.095 0.113 0.081 0.0952 0.0946 0.0921

1400 0.104 0.096 0.099 0.0496 0.099 0.117 0.085 0.0983 0.0977 0.0951

1500 0.108 0.099 0.103 0.051 0.101 0.120 0.089 0.1014 0.1008 0.0981

1600 0.111 0.102 0.107 0.053 0.104 0.123 0.093 0.1046 0.1039 0.1011

1700 0.115 0.105 0.110 0.055 0.108 0.126 0.097 0.1079 0.1072 0.1045

1800 0.118 0.108 0.113 0.056 0.111 0.128 0.101 0.1112 0.1104 0.1071

1900 0.121 0.111 0.116 0.058 0.114 0.130 0.105 0.1145 0.1137 0.1105

2000 0.124 0.114 0.119 0.059 0.117 0.132 0.109 0.1178 0.1170 0.1138

aDX, RX defined in Table 1.33.

Source: From Atmospheres for Heat Treating Equipment, Brochure, Surface Combustion, Inc., Maumee, OH.

TABLE 1.26B
Thermal Conductivity (k) of Gases [klb=(ft h)]

Temperature (8F) Air CO CO2 H2 N2 O2 Steam DX (Lean) DX (Rich) RX

100 0.0514 0.0142 0.0101 0.109 0.0151 0.0157 — 0.0150 0.0212 0.0404

200 0.0174 0.160 0.0125 0.122 0.0170 0.0180 — 0.0171 0.0239 0.0455

300 0.0193 0.0178 0.0150 0.135 0.0189 0.0203 0.0171 0.0191 0.0267 0.0506

400 0.0212 0.0196 0.0174 0.0146 0.0207 0.0225 0.0200 0.0210 0.0292 0.0549

500 0.0231 0.0214 0.0198 0.157 0.0225 0.0246 0.0228 0.0229 0.0318 0.0592

600 0.0250 0.0231 0.0222 0.0168 0.0242 0.0265 0.0257 0.0247 0.0342 0.0634

700 0.0268 0.0248 0.0246 0.178 0.0259 0.0283 0.0288 0.0266 0.0366 0.0677

800 0.0286 0.0264 0.0270 0.188 0.0275 0.0301 0.0321 0.0283 0.0388 0.0716

900 0.0303 0.0279 0.0294 0.198 0.0290 0.0319 0.0355 0.0300 0.0411 0.0754

1000 0.0319 0.0294 0.0317 0.208 0.0305 0.0337 0.0388 0.0317 0.0433 0.0793

1100 0.0336 0.0309 0.0339 0.219 0.0319 0.0354 0.0422 0.0333 0.0454 0.0832

1200 0.0353 0.0324 0.0360 0.0229 0.0334 0.0370 0.0457 0.0349 0.0475 0.0870

1300 0.0369 0.0339 0.0380 0.240 0.0349 0.0386 0.0494 0.0365 0.0497 0.0909

1400 0.0385 0.0353 0.0399 0.250 0.0364 0.0401 0.053 0.0381 0.0518 0.0946

1500 0.0400 0.0367 0.0418 0.260 0.0379 0.0404 0.057 0.0397 0.0538 0.0983

1600 0.0415 0.0381 0.0436 0.270 0.0394 0.0425 0.061 0.0413 0.0559 0.1020

1700 0.0430 0.0395 0.0453 0.280 0.0409 0.0436 0.064 0.0428 0.0579 0.1055

1800 0.0444 0.0408 0.0469 0.289 0.0423 0.0446 0.068 0.0443 0.0599 0.1090

1900 0.0458 0.0420 0.0484 0.298 0.0437 0.0456 0.072 0.0458 0.0619 0.1126

2000 0.0471 0.0431 0.050 0.307 0.0450 0.0466 0.076 0.0473 0.0638 0.1161

Source: From Atmospheres for Heat Treating Equipment, Brochure, Surface Combustion, Inc., Maumee, OH.
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TABLE 1.26C
Specific Heat (Cp) of Gases [Btu=(lb=ft 8F)]

Temperature (8F) Air CO CO2 H2 N2 O2 DX Steam DX (Lean) DX (Rich) RX

100 0.240 0.249 0.203 3.42 0.249 0.220 — 0.2449 0.2756 0.3938

200 0.241 0.250 0.216 3.44 0.249 0.223 — 0.2468 0.2770 0.3948

300 0.243 0.251 0.227 3.45 0.250 0.226 0.456 0.2487 0.2784 0.3957

400 0.245 0.253 0.237 3.46 0.252 0.230 0.462 0.2515 0.2808 0.3977

500 0.247 0.256 0.247 3.47 0.254 0.234 0.470 0.2542 0.2832 0.3996

600 0.250 0.259 0.256 3.48 0.256 0.239 0.477 0.2572 0.2862 0.4032

700 0.253 0.263 0.263 3.49 0.259 0.243 0.485 0.2602 0.2893 0.4069

800 0.256 0.266 0.269 3.49 0.262 0.246 0.494 0.2637 0.2927 0.4101

900 0.259 0.270 0.275 3.50 0.265 0.249 0.50 0.2672 0.2962 0.4133

1000 0.262 0.273 0.280 3.51 0.269 0.252 0.51 0.2708 0.2996 0.4164

1100 0.265 0.276 0.284 3.53 0.272 0.255 0.52 0.2739 0.3028 0.4201

1200 0.268 0.279 0.288 3.55 0.275 0.257 0.53 0.2770 0.3060 0.4238

1300 0.271 0.282 0.292 3.57 0.278 0.259 0.54 0.2800 0.3091 0.4276

1400 0.274 0.284 0.295 3.59 0.280 0.261 0.55 0.2831 0.3124 0.4314

1500 0.276 0.287 0.298 3.62 0.282 0.263 0.56 0.2862 0.3157 0.4352

1600 0.278 0.290 0.301 3.64 0.285 0.265 0.56 0.2893 0.3190 0.4390

1700 0.280 0.292 0.303 3.67 0.288 0.266 0.57 0.2915 0.3214 0.4424

1800 0.282 0.294 0.305 3.70 0.290 0.268 0.58 0.2938 0.3238 0.4457

1900 0.284 0.296 0.307 3.73 0.292 0.269 0.59 0.2960 0.3263 0.4491

2000 0.286 0.298 0.309 3.76 0.294 0.270 0.60 0.2982 0.3287 0.4524

Source: From Atmospheres for Heat Treating Equipment, Brochure, Surface Combustion, Inc., Maumee, OH.

TABLE 1.26D
Prandtl Number of Gases

Temperature (8F) Air CO CO2 H2 N2 O2 DX Steam DX (Lean) DX (Rich) RX

100 0.72 0.76 0.76 0.70 0.73 0.73 — 0.71 0.56 0.42

200 0.72 0.76 0.76 0.70 0.73 0.73 — 0.71 0.56 0.42

300 0.72 0.76 0.75 0.70 0.73 0.73 0.95 0.71 0.56 0.42

400 0.72 0.76 0.75 0.70 0.73 0.74 0.96 0.71 0.56 0.42

500 0.72 0.76 0.75 0.70 0.73 0.74 0.94 0.71 0.57 0.42

600 0.72 0.76 0.75 0.70 0.73 0.74 0.94 0.71 0.57 0.42

700 0.72 0.76 0.75 0.71 0.73 0.75 0.93 0.71 0.57 0.43

800 0.72 0.77 0.75 0.71 0.73 0.75 0.92 0.72 0.58 0.43

900 0.72 0.77 0.74 0.71 0.75 0.75 0.91 0.72 0.58 0.43

1000 0.73 0.77 0.73 0.71 0.74 0.75 0.91 0.73 0.58 0.43

1100 0.73 0.77 0.73 0.71 0.75 0.75 0.90 0.73 0.59 0.43

1200 0.74 0.77 0.73 0.71 0.75 0.75 0.88 0.73 0.59 0.43

1300 0.74 0.77 0.73 0.71 0.75 0.75 0.88 0.73 0.59 0.43

1400 0.74 0.77 0.73 0.72 0.76 0.75 0.87 0.73 0.59 0.43

1500 0.74 0.77 0.73 0.72 0.75 0.75 0.87 0.73 0.59 0.43

1600 0.74 0.78 0.74 0.72 0.75 0.76 0.87 0.73 0.59 0.44

1700 0.75 0.78 0.73 0.72 0.76 0.76 0.87 0.74 0.59 0.44

1800 0.75 0.78 0.73 0.72 0.76 0.77 0.87 0.74 0.60 0.44

1900 0.75 0.78 0.73 0.72 0.76 0.77 0.87 0.74 0.60 0.44

2000 0.75 0.79 0.74 0.72 0.77 0.77 0.87 0.74 0.60 0.44

Source: From Atmospheres for Heat Treating Equipment, Brochure, Surface Combustion, Inc., Maumee, OH.
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TABLE 1.27
Impurities in Pure Nitrogen

Source of Nitrogen

Impurity

O2 CO2 CO H2 CH4 Dew Point (8C)

Decomposition of air 0.0001 0.0005 0.001 0.001 0.001 �70

Hydrocarbon combustion 0.0001 0.005 0.001 0.002 0.002 �65
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K ¼ p H2 � pCO2

pCO� pH2O

where p is the partial pressure of the gas shown.

The temperature dependence of the equilibrium constant is shown in Figure 1.87.
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TABLE 1.28
Cooling Chamber Selection Chart for LN2 Processes

Cooling Application LN2 Immersion Bath

LN2 Cooled

Glycol Bath

LN2 Fluid

Bed

Indirect Cold

Gas Cooling

Direct Cold

Gas Cooling

Rapid cooling to 408F � �
Slow cooling to 408C � � �
Rapid cooling to 2008F � �
Slow cooling to 2008F � � �
Rapid cooling to 3208F � �
Slow cooling to 3208F �
Constant-temperature

soaking to �408F

� � �

Constant soaking to �2008F � � �
Shrink fitting (cool to �3208F) � � �
Metallurgical treatment

(�1408F)

� � �

Metallurgical treatment

(�3208F)

� �

Source: From Bulk Gases for the Electronics Industry, Brochure, Praxair Inc., Chicago, IL.
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1.6.1.8 Hydrocarbons

The hydrocarbons used to generate heat treatment atmospheres are most often derived from

methane (CH4), propane (C3H8), and natural gas. Natural gas contains approximately 85%

methane. The combustion of these gases provides the carbon required for heat treatment

processes.

The combustion of these gases and that of other potential sources of carbon result in

different furnace efficiencies and require different control procedures. For example, consider

the stoichiometry of the oxidation of methane and that of propane, hydrocarbons that differ

by only two carbons.

For methane:

2CH4 þO2 +( 2COþ 4H2
TABLE 1.29
Impurities of Pure Hydrogen

Method

Impurities (%)

Dew Point (8C)CO2 O2 CO2 O2

Electrolysis of H2 <0.003 <0.0001 <0.0004 �65

Electrolysis of H2 <0.03 <0.0001 <0.0301 �18

Diffusing through palladium — — <0.0001 �80

Source: From R. Nemenyi and G. Bennett, Controlled Atmospheres for Heat Treatment,

Franklin Book Co., 1995, pp. 22–1022.



TABLE 1.30
Physical Properties of Inert Gas Protective Atmospheres

Gas Specific Gravity Thermal Conductivity Relative to Air Thermal Content (Btu=ft3)

Nitrogen 0.972 0.999 0

Argon 1.379 0.745 0

Helium 1.137 6.217 0

Source: From Bulk Gases for the Electronics Industry, Brochure, Praxair Inc., Chicago, IL.

Heat Treatment Equipment 91
For propane:

2C3H8 þ 3O2 +( 6COþ 8H2

Propane provides more CO and less H2 than methane. In addition, propane may contain

small quantities of propylene or butylene, which may lead to soot formation [100].
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TABLE 1.31
Atmospheres Produced by Dissociation of Ammonia

AGA Class Atmosphere

Composition (%)

H2 N2

601 Dissociated ammonia 75 25

621 Substantial combustion 1 99

622 Partial combustion 1–20 99–80

Source: From R. Nemenyi and G. Bennett, Controlled Atmospheres for Heat Treatment,

Franklin Book Co., 1995, pp. 22–1022.
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Properties of various hydrocarbons are provided in Table 1.22 and Table 1.23, and gas

combustion constants are given in Table 1.24 [79].

1.6.2 CLASSIFICATION

Heat treatment furnace atmospheres have been classified by the American Gas Association

(AGA) and are summarized in Table 1.32. Selected AGA and European gas classifications are

compared in Table 1.33. The applicability of some of these gases to particular types of heat

treatment processes is illustrated in Table 1.34 and Table 1.35.

1.6.2.1 Protective Atmospheres and Gas Generation

1.6.2.1.1 Exothermic Gas Generators
Exothermic (exo) gas, as shown in Table 1.32 and Table 1.33, is essentially a mixture of the

reducing gases CO and H2 and the oxidizing gases CO2 and water, with nitrogen as an inert

carrier gas. Exogas is prepared by the combustion of a hydrocarbon such as methane or

propane in a deficiency of air. Lean exogas contains larger quantities of CO2 and smaller

quantities of CO and H2 than rich exogas. The composition of exogas with respect to the

air =gas ratio is shown in the combustion chart of Figure 1.88.

Exogas is used as a protective atmosphere to prevent decarburization, scaling, and other

undesirable surface reactions. To achieve the best results, the dew point must be minimized.

This is accomplished by drying the gas by water-cooled condensation or refrigeration or by

using a molecular sieve adsorbent (see discussion below). The relative effectiveness of these

forms of moisture removal is illustrated in Figure 1.89.

A schematic of an exogas generator is shown in Figure 1.90. The hydrocarbon–air fuel

mixture is metered into the water-cooled combustion chamber, which contains a catalyst.

The combustion products, which include CO, CO2, H2, and H2O (and in some cases residual

hydrocarbon gas), are then passed through a water-cooled condenser to remove most of the

water vapor. The exogas is further dried either by refrigeration or by using an adsorbent such

as activated alumina, activated silica, or a 3–4 Å molecular sieve. The dried exogas is then

piped directly to the furnace for use. An example of a commercial exogas generator is shown

in Figure 1.91.

1.6.2.1.2 Molecular Sieves
Activated alumina, activated silica, and activated carbon are common adsorbents with high

surface areas. The term activation refers to either vacuum or thermal surface desorption
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freeing the surface-active adsorption sites for subsequent adsorption. Although these mater-

ials possess porosity, it is not uniform.

Molecular sieves are aluminosilicates of elements of group I (potassium and sodium) and

group II (magnesium, calcium, and barium). These crystalline structures of Al3O4 and SiO4

which are interconnected through oxygen atoms through shared bonding to the metal cations.

They possess uniform microporosity with pore sizes varying from 3 to 10 Å, depending on

the particular zeolite. Table 1.36 lists commonly available commercial zeolites and their pore

sizes.

Zeolites characteristically possess very high internal surface area relative to their outside

surface area. Molecular separation is based primarily on zeolite pore size; molecules of

dimensions larger than the zeolite pore size are excluded. Table 1.37 and Table 1.38 provide
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various physical constants, including molecular size, for various adsorbate gases.

Molecular sieves provide excellent alternatives to other activated solid substrates such as

silica gel and activated alumina for atmosphere dehydration. Although all of the Type A

molecular sieves (Table 1.36) readily absorb water, Type 3A (3 Å ) molecular sieves are the
TABLE 1.32
AGA Classification of Heat Treatment Furnace Atmospheres

AGA Class Atmospheres Designation Notes

100 Exothermic base These atmospheres are derived from the exothermic reaction of partial

or complete combustion of various air–fuel mixtures and may

contain various amounts of ammonia or H2O

200 Prepared nitrogen base Class 100 with most of the CO2 and H2O vapor removed

300 Endothermic base These are the endothermic reaction products of various gas–fuel

mixtures over a catalyst

400 Charcoal base Formed by passing air through heated, incandescent charcoal. The

desired gases are removed at the maximum temperature zone and

purified

500 Exothermic–endothermic A mixture of air and fuel undergoes complete combustion, and most of

the water vapor is removed. The CO is then endothermically formed

from the CO2

600 Ammonia base Any atmosphere derived from ammonia; may include ammonia or

various forms of dissociated ammonia with water vapor and residual

ammonia removed

Source: From F.E. Vandaveer and C.G. Segeley, Prepared atmospheres, in Gas Engineering Handbook, Industrial

Press, New York, 1965, pp. 12=278–12=289.



TABLE 1.33
European and AGA Classification of Protective Atmospheres

Atmosphere

Classification

European AGA

Dew

Point

(8F)

Typical Gas Composition (% v=v)

CO2 CO H2 CH4 H2O N2

Exothermic DX, inert 101 100 10.4 0.5 0.5 0.0 6.5 82.1

40 1.0 0.5 0.5 0.0 0.8 87.2

100 4.7 9.4 9.4 0.4 6.5 69.6

DX, rich 102 40 5.0 10.0 10.0 0.4 0.8 73.8

NX 201 �40 0.05 0.5 0.5 0.0 0.0 98.95

HNX 223– �40 0.05 0.05 3.0 –10.0 0.0 0.0 96.9–89.8

224

302

Endothermic RX 30–45 0.1 20.7 40.6 0.4 0.3 37.9

SRX 323 100 5.2 16.8 71.1 0.4 6.5 0.0

ASRX 323 100 3.3 18.7 65.4 0.4 6.5 5.7

HX 325 �40 0.05–0.0 4.55–0.0 95.0–100.0 0.4–0.0 0.0 0.0

Dissociated ammonia AX 601 �40 0.0 0.0 75.0 0.0 0.0 25.0

Source: From F.E. Vandaveer and C.G. Segeley, Gas Engineering Handbook, Industrial Press, New York, 1965,

pp. 12=278–12=289.
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preferred zeolite for dehydration of hydrocarbon gases [90]. The 3 Å pore size excludes other

hydrocarbons such as ethylene and propylene that may catalytically undergo secondary

polymerization reactions on the zeolite bed.

Gas adsorption and desorption on molecular sieves are both pressure- and temperature-

sensitive and are the basis for the commercial highly efficient engineering practices called pressure

swing and temperature (or thermal) swing separations. These separation practices are illus-

trated schematically in Figure 1.92. For temperature swing processes, adsorption occurs at

lower temperatures and desorption at higher temperatures. Pressure swing adsorption is

assumed to be an isothermal process, and adsorption occurs at higher pressures and desorption

at lower pressures.
TABLE 1.34
Composition and Dew Point of Selected Protective Atmospheres

AGA Class Typical Atmosphere

Composition (%)
Dew

Point (8F)CO CO2 H2 N2 CH4

101 Exothermic (lean) 1.5 10.5 1.2 86.8 — 40a

102 Exothermic (rich) 10.5 5.0 12.5 71.5 0.5 40a

201 Prepared nitrogen (lean) 1.7 — 1.2 97.1 — �40

202 Prepared nitrogen (rich) 1.0 — 13.2 75.3 — �40

301 Endothermic (lean) 19.6 0.4 34.6 45.1 0.3 þ50

302 Endothermic (rich) 20.7 — 38.7 39.8 0.8 0 to �5

601 Dissociated ammonia — — 25 75 — �60

aIf tap water cooling, dew point is room temperature and is reduced to 408F using �508F refrigeration.
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TABLE 1.35
Selected Heat Treatment Processes Using AGA Classified Atmosphere

AGA Class Atmosphere Heat Treatment Process

101 Lean exothermic Forms an oxide coating on steel

201 Lean prepared nitrogen Neutral heating can cause decarburization of steel

202 Rich prepared nitrogen Annealing and brazing of stainless steel

301 Lean endothermic Clean hardening

302 Rich endothermic Carburizing (rich endogas is not usually used;

lean endogas and enrichment gas addition is

the preferred method)

501 Lean exothermic–endothermic Clean hardening

502 Rich exothermic–endothermic Carburizing

601 Dissociated ammonia Brazing; sintering

621 Lean combusted ammonia Neutral hardening
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FIGURE 1.91 Exothermic generators: (a) (Courtesy of Can-Eng Furnaces, www.can-eng.com.

(b) (Courtesy of AFC-Holcroft, LLC, www.afc-holcroft.com.)
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TABLE 1.36
Molecular Sieves

Product Typea Major Cation Pore Size (Å) Water Capacity (wt%)

3A Kþ 3 20

4A Naþ 4 22

5A Ca2þ 5 21.5

10X Ca2þ 8 31.6

aSource: From D.W. Breck, Zeolite Molecular Sieves—Structure, Chemistry and Use, Krieger, Malabar, FL, 1984.
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1.6.2.1.3 Monogas (Prepared Nitrogen) Generators
Monogas or prepared nitrogen atmospheres are nitrogen-rich gases (>90%) such as those listed

in Table 1.34 that are obtained by the combustion of a hydrocarbon in the presence of a slight

deficiency of air using the exogas generator discussed above. The residual CO2 may be removed

(to<0.05%) using a 4–5 Å molecular sieve [26,27]. A molecular sieve of this pore size will remove

both residual water vapor and CO2. (Previously, methanolamine gas scrubbers, which may

reduce CO2 content to 0.05%, were used, but this technology is rarely if ever used today.)

For optimal results in preventing decarburization, it is often important to use a dry, CO2-

free monogas protective atmosphere. This is illustrated using Gonser’s curves in Figure 1.93,

where increasing CO2 concentration in the exogas resulted in a corresponding increase in

decarburization.

1.6.2.1.4 Endothermic Gas Generators
As shown in the combustion chart of Figure 1.88, endothermic atmospheres are prepared by

the combustion of richer mixtures of hydrocarbons in air than those used for the preparation

of exogases [79]. Generally, the air=gas ratio is selected to favor the formation of CO2þH2
TABLE 1.37
Physical Constants of Adsorbate Gases

Gas

Boiling

Point (8C)

Critical

Temperature (8C) Polarizability (A3)

Ionization

Potential (V) Length (Å) Width (Å)

Kinetic

Diametera

Argon �187.8 �122.4 1.6 15.7 1.92 1.92 3.4

Oxygen �183.0 �118.8 1.2 12.5 2.0 1.4 3.46

Nitrogen �195.8 �147.1 1.4 15.5 2.1 1.5 3.64

Methane �161.4 �82.5 2.6 14.5 2.0 2.0 3.8

CO �192.0 �139 1.6 14.3 2.1 1.8 3.76

Ethylene �103.7 9.7 3.5 12.2 2.5 2.2 3.9

Ethane �88.6 32.1 3.9 12.8 2.6 2.5 3.8

CO2 �78.5 31.1 1.9 14.4 2.6 1.8 3.3

Propylene �47.6 92.0 3.5 12.2 3.4 2.2 —

Propane �42.3 96.8 5.0 12.8 3.3 2.5 4.3

aThe kinetic diameter is the intermolecular distance of closest approach for two molecules colliding with zero potential

energy.

Source: From D.W. Breck, Zeolite Molecular Sieves—Structure, Chemistry and Use, Krieger, Malabar, FL, 1984.



TABLE 1.38
Pressure and Temperature Sensitivity of Gas Adsorption on Molecular Sievea

Gas

Temperature

(K)

Pressure

(torr) x=m

Pressure

(torr) x=m

Pressure

(torr) x=m

Argon 77 100 <0.01

195 100 5 300 15 700 30

273 100 1 300 1.5 700 3.7

Oxygen 90 0.2 0.11 1 0.17 700 0.26

195 40 0.003 150 0.01 700 0.044

195 100 6 300 18 700 34

Nitrogen 97 700 <0.01

195 100 0.05 300 0.085 700 0.115

195 100 30 300 42 700 49

Water 298 0.025 0.16 0.1 0.20 4 0.25

373 1 0.06 4 0.13 12 0.17

Ammonia 298 3 0.090 10 0.11 100 0.15

CO2 198 10 0.25 700 0.30

298 2 0.070 10 0.12 100 0.165

423 100 0.034 700 0.105

CO 198 15 0.070 100 0.091 700 0.11

273 150 0.024 700 0.055

273 150 0.007 700 0.02

ax=m is grams of gas per gram of dehydrated crystalline zeolite.

Source: From D.W. Breck, Zeolite Molecular Sieves—Structure, Chemistry and Use, Krieger, Malabar, FL, 1984.
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and to be insufficient to form large amounts of CO2 and H2O. Endogases contain much

higher concentrations of CO and H2 than exogases and exhibit higher dew points, as shown in

Table 1.33. The relationship between the air =gas ratio and dew point for endogas is shown in

Figure 1.94. Nitrogen is used as the inert carrier gas.

Since very small amounts of air are used, a catalyst and heat are required to facilitate

combustion as shown in the schematic of an endogas generator in Figure 1.95. The endogas is

cooled immediately upon departure from the externally heated combustion chamber and before
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FIGURE 1.92 Illustration of temperature swing and pressure swing separation cycles. (From D.W.

Breck, Zeolite Molecular Sieves—Structure, Chemistry and Use, Krieger, Malabar, FL, 1984.)
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piped to the furnace for use. Rapid cooling is necessary to inhibit the formation of CO2 and soot

(carbon):

2CO +( CO2 þ C

The air =gas ratio required for endogas formation will vary with the source of combustion

gas as shown in Table 1.39. An example of an endogas generator is provided in Figure 1.96.

1.6.2 .1.5 Ammoni a Dissociat ors (Crac kers)
Ammonia dissociation (cracking) is the preferred method for preparing the highest purity,

oxygen-free nitrogen. This reaction is conducted in an ammonia dissociator such as the one

illustrated in Figure 1.97.

Ammonia dissociators typically have three essential parts: an instrument panel, a vapor-

izer, and a reaction chamber. Liquid ammonia is vaporized in a heat exchanger and is fed
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FIGURE 1.94 Effect of air=gas ratio on dew point. (From A.G. Hotchkiss and H.M. Weber, Protective

Atmospheres, Wiley, New York, 1963.)
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FIGURE 1.95 Schematic of an endothermic generator. (Courtesy of C.I. Hayes, Inc.)
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directly to the dissociator, which is a heat-resistant, electrically heated coiled pipe surrounded

by refractory material. Hot dissociated ammonia exiting the dissociator is used to heat liquid

ammonia entering the heat exchanger and is then piped to the furnace if no further purifica-

tion is required. The control panel permits control of the gas flows. Gaseous ammonia from

cylinders can also be used.

1.6.3 FURNACE ZONING

Traditionally, continuous heat treatment furnaces that use protective atmospheres such

as exogas, endogas, and dissociated ammonia were open-ended with an inlet, hot zone, cooling
TABLE 1.39
Air/Gas Ratio for Various Hydrocarbon Sources

Fuel Source Air/Gas Ratio

Propane 7.0

Butane 9.5

Natural gasa 2.5

aNatural gas typically contains 85% methane.

Source: From R. Nemenyi and G. Bennett, Controlled Atmospheres for Heat

Treatment, Franklin Book Co., 1995, pp. 22–1022.



Heat Treatment Equipment 103
zone, and exit (as shown in Figure 1.98) [92]. This was a relatively inefficient and limiting

process because a single reducing or nonoxidizing atmosphere must be used, the atmosphere is

typically fed into the hot zone, flammable atmospheres are burned at the ends of the furnace,

and a positive pressure is used to prevent atmospheric air from entering the furnace [92].

There is an increasing trend touse zoning to optimize atmosphere in different zones within the

furnace rather than using a control in a continuous furnace. Zoning permits the controlled use of

different atmospheres. Some advantages of zoning are that it improves atmosphere control

throughout the furnace, reduces the amount of gas readded, and improves atmospheric flow.

A schematic of a typical continuous furnace using zoning is shown in Figure 1.99.

Significant improvements in zoned temperature control and energy savings are achieved

with the use of furnace curtains. Furnace curtains can be fabricated to withstand temperatures

up to 2008F. Suitable materials include steel or silica-based or nonasbestos textiles [93].

1.6.4 IN SITU ATMOSPHERE GENERATION

Volatile organic liquids or hydrocarbons such as methanol, acetone, isopropanol, and ethyl

acetate are used for in situ furnace atmosphere generation [94–98]. Other liquids that have

been tried include higher alcohols, butane, diesel oil, and kerosene [97]. Comparisons of the

CO and CH4 content of in sit u generated atmospheres from selected volatile organic liquids

are shown in Figure 1.100 and Figure 1.101, and the reactive carbon availability of various

fuels is summarized in Table 1.40.

Atmosphere generation occurs either by direct injection of the liquid into the furnace,

usually onto a hot surface such as electric heating elements or gas-fired radiant tube heaters, or

by external furnace atmosphere preparation. An illustration of an external nitrogen–methanol

generator is provided in Figure 1.102. Furnace requirements for this process are [97]:
1. Furnace must be able to supply the additional energy required for in situ atmosphere

generation.

2. Gas reactions with air must be exothermic.

3. Flow must be strong and directed.

4. Gases entering the furnace must be thoroughly mixed and directed to the hot dissoci-

ating surface.
Similarly, there are some general guidelines for selection of the fuel source for in situ

atmosphere generation [82]:
1. Fuel cannot contain solid material.

2. Components of the fuel mixture must be mutually compatible, and the mixture must

have a freezing point above even the coldest use temperature.

3. Liquids with flash points greater than methanol should be avoided.

4. Use of water-immiscible liquids may be undesirable from the standpoint of fire safety.

5. Thermal decomposition should not produce tars or soot.

6. Liquids should not be corrosive or toxic.

7. No liquid should be introduced into the furnace at a temperature below 7508C because

of explosion hazards.
1.6.4.1 Nitrogen–Methanol

The most common fuel mixture used for in situ generation of furnace atmospheres is nitrogen–

methanol. High-purity nitrogen may be generated on site with a membrane separator such as

the one shown in Figure 1.82 and may be stored as liquid nitrogen or used as generated.



FIGURE 1.96 (a) Endothermic generator. (Courtesy of AFC-Holcroft, LLC, www.afc-holcroft.com.)

(b) Dual retort endothermic generator. (Courtesy of Can-Eng Furnaces, www.can-eng.com.)
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FIGURE 1.97 Drever nitrogen generator. (Courtesy of Drever Company.)
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Figure 1.103 presents a graph of the free energy released by the thermal decomposition of

methanol according to the following furnace atmosphere reactions [98]:

CH3OH +( Cþ 2H2 (1:1)

2CH3OH +( CH4 þ Cþ 2H2O (1:2)

CH3OH +( CþH2 þH2O (1:3)

2CH3OH +( CH4 þ CO2 þ 2H2 (1:4)

2CH3OH +( Cþ CO2 þ 4H2 (1:5)

The overall furnace atmosphere composition is determined by the water–gas equilibrium

CO2 þH2 +( COþH2O

The temperature dependence of methanol dissociation is shown in Figure 1.104 [96,99].

Methanol dissociation may be performed either in the furnace chamber or in an external

dissociator. To facilitate more complete decomposition, external liquid methanol dissociators

may be used that employ catalysts such as copper and zinc and somewhat lower dissociation

temperatures [99].
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FIGURE 1.98 Illustration of the use of a conventional atmosphere in a continuous furnace. (From M.J.

Hill, The efficient use of atmospheres in a continuous furnace using the concept of zoning, Int. Foundry

Heat Treat. Conf., Johannesburg, S. Africa, Vol. 2, 1985, pp. 1–30.)
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A comparison of the typical composition of atmospheres attainable with nitrogen–metha-

nol mixes and endogases from natural gas (which contains approximately 85% methane) or

propane is shown in Table 1.41.

The delivery of a nitrogen–methanol mixture to the furnace in a direct feed system is

shown in Figure 1.105. Proper flow control is critical to the success of the process.

The conversion from conventional endothermic gas to nitrogen–methanol is relatively

straightforward. The nitrogen–methanol injector pipe is introduced directly into the endogas

entry port [95]. The injector atomizes the nitrogen–methanol mixture and directs it to the

heated dissociation surface. When high dew points and poor control are encountered, it is

usually due to improper injection. Praxair [95] gives some additional guidelines:
FIG
1. To ensure safe operation, the inert gas purge line should enter the furnace through a

separate furnace port to minimize the possibility of plugging.

2. A methanol pipe that is oversized or excessively long increases the possibility of liquid gas

separation (Figure 1.106) and will lead to furnace puffing as shown in Figure 1.107.
1.7 ATMOSPHERE SENSORS

The primary constituents of furnace atmospheres are carbon monoxide (CO), carbon dioxide

(CO2), nitrogen (N2), hydrogen (H2), water (H2O), and hydrocarbon gases such as methane

(CH4). The ratio of these gases with respect to each other is critical to prevent decarburization,

oxidation, hydrogen embrittlement, surface blueing due to the low-temperature (400–7008F;

205–3708C) reaction of water vapor with steel, and soot formation. Therefore, it is necessary to

use various sensing devices to accurately monitor and control the concentration of these gases
N2 N2 N2 N2DA DAH2O

Hot
zone

Cooling zonePreheat
zone

1 1

URE 1.99 Illustration of atmosphere zoning.
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throughout the heat treatment cycle. A summary of the various options to analyze heat-treating

atmospheres is provided in Table 1.42.

The objective of the remainder of this section is to provide an overview of the various

measurement techniques that can be used to determine gas composition.

1.7.1 ORSAT ANALYZER

The analytical procedure followed with the Orsat analyzer is based on the relative gas adsorp-

tivity of different gases in selective reagents. A sample of the gaseous atmosphere is passed

through a series of liquids, each specific to one of the various gases analyzed: CO2, CO, O2, and

H2 (see Table 1.43). The concentration of nitrogen is obtained by difference [82]. The increase in

volume is proportional to the relative volume of the gas in the atmosphere analyzed.

Orsat analysis is not commonly used today. It has been replaced by significantly faster

and more sensitive methods such as gas chromatography, and dew-point and infrared

analyzers [82].

1.7.2 GAS CHROMATOGRAPHY

Gas chromatography is a relatively fast and accurate method for measuring the concentration

of the gaseous components in a heat treatment atmosphere [82,101–105]. Gas chromato-

graphic analysis is conducted by injecting the gas to be analyzed onto a column with a carrier

gas, typically helium or argon [106]. The separation is primarily dependent on how strongly

the adsorbed gases adhere to the column solid support. Gases, as they elute from the column,

are detected by flame ionization, thermal conductivity, or some other suitable detector. The

more weakly adsorbed gases will elute first, and the most strongly adsorbed gases will elute

last. Care should be taken when molecular sieves are used as the solid support because an

error due to coelution of argon, which is present in combustion air, with oxygen may inflate

the oxygen concentration by approximately 2% [101]. An illustrative gas chromatogram is

provided in Figure 1.108.
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1.7.3 THERMAL CONDUCTIVITY

The thermal conductivity of a gas is dependent on its composition, as illustrated by the data

presented in Table 1.44. The thermal conductivity of a gas is measured electrically using a Pt

or Pt-Rh wire in a heated chamber. The thermal conductivity is determined by the amount the

wire is cooled in the presence of the gas relative to the cooling provided by a known gas at

the same temperature.
TABLE 1.40
Primary and Secondary Carbon Availability and the Carbon Transfer Coefficient for Various

Carburizing Methods at 9258C

Carburizing Method

Primary Carbon

Availabilitya (g C=nm3)

Secondary Carbon

Availabilityb (g C=nm3)

Carbon Transfer

Coefficientc (N m=s)

Endothermic generator, propane 27 0.5 120

Methanol, generator gas 28 1.1 280

Endothermic–exothermic processor gas 27 0.5 120

Propane processor gas �400 0.5–1.5 —

In situ air–propane 25–30 0.5 120

In situ methanol–acetone 3–268 0.8–1.1 250

In situ methanol–ethyl acetate 3–178 1.1–1.2 280

Methanol–water–propane ~28 1.1 280

Nitrogen–methanol ~27 0.5 130

aPrimary carbon availability is the amount of carbon that 1m3 (NTP) of a gas carburizer can supply before the

carbon potential is reduced to 1.0% C.

bSecondary carbon availability is the amount of carbon absorbed at the steel surface by 1 m3 (NTP) of a gas

carburizer while its carbon potential is reduced from 0.9 to 1.0% C.

cCarbon transfer coefficient describes the kinetics of carbon flow from the gas phase near the steel surface to the steel surface.



FIGURE 1.102 Methanol dissociator. (Courtesy of Surface Combustion, Inc.)
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1.7.4 OXYGEN SENSORS

1.7.4.1 Paramagnetic Oxygen Analyzers

A unique feature of oxygen, relative to the other gaseous constituents of heat treatment

atmosphere gases, is its magnetic susceptibility [82,107]. This is illustrated in Table 1.45.

Three types of instruments are used to measure the paramagnetic properties of oxygen,

magnetodynamic (paramagnetic), thermomagnetic, and magnetopneumatic oxygen ana-

lyzers. A schematic of the magnetodynamic oxygen analyzer is shown in Figure 1.109.

When the gas to be analyzed is introduced into the instrument, oxygen is attracted to the
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point of greatest magnetic susceptibility, the dumbbell area. The magnitude of displacement

of the dumbbell by the oxygen gas is proportional to the amount of oxygen present in the gas.

The operation of the thermomagnetic analyzer is based on the temperature dependence of

the magnetic susceptibility c of oxygen [82]:

cT ¼ Z

where T is the absolute temperature and Z is the Curie constant.

The thermomagnetic analyzer consists of two tubes for gas entry that are connected by a

heated crossover tube with an electric heating filament at each end. Each filament is attached

to a Wheatstone bridge, so there is a magnetic field surrounding one of the heating filaments.

The gas is then introduced equally to both tubes. Because of its magnetic susceptibility,
TABLE 1.41
Comparison of the Composition Ranges Attainable with Nitrogen–Methanol

and Endothermic Gas

Analysis Nitrogen–Methanol Endothermic Gas from Natural Gas Endothermic Gas from Propane

% CO 15–20 19.8 23.8

% H2 35–45 40.4 31.2

% CO2 0.4 0.3 0.3

% CH4 0.3 0.5 0.1

N2 Remainder Remainder Remainder
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oxygen in the gas is attracted to the magnet where it is heated by the electric filament. As the

sample is heated, the magnetic susceptibility decreases until it is displaced by a cooler and

more magnetic oxygen from the gas.

This mechanism creates a magnetic wind, which cools the filaments. The difference in the

resistance of the two wire filaments is proportional to the amount of oxygen gas that is

present [107].

The third type of instrumentation that may be used, which is based on the paramagnetic

properties of oxygen, is the magnetopneumatic oxygen analyzer. This instrument uses a non-

homogeneousmagnetic field, and the oxygen in the gas is attracted toward the pole of the greatest

magnetic strength. A reference gas of known oxygen content is introduced into the unknown

sample and is also analyzed separately, creating a pressure differential. The pressure differential is

balanced by a measured flow from the unknown sample gas that is proportional to the differen-

tial pressure and is also proportional to the oxygen content of the unknown gas [101].

These types of instruments have not found widespread use in the heat treatment industry

because of the following reasons [101]:
FIG
wit

Bro
1. The magnetodynamic oxygen analyzer is too delicate an instrument for use in rugged

heat treatment shop environments.

2. The accuracy of the thermomagnetic oxygen analyzer may be unstable and unreliable

when used with high-temperature gases.

3. The magnetopneumatic oxygen analyzer is very sensitive to vibrations, which are often

present in the heat treatment shop environment.
1.7.4.2 Electrochemical Oxygen Analyzers

It is also possible to measure the oxygen content of a gas by measuring the electrochemical

potential (or voltage, emf) for electrons to flow between platinum electrodes in a known

reference cell and an unknown cell [107–113]. The two cells are separated by an electrolyte
Methanol
from
pressurized
supply

URE 1.106 Elevated piping handling methanol from pressurized supply can accumulate nitrogen

h resultant flow irregularities. (From Installation of Nitrogen Methanol Atmosphere Systems,

chure, Praxair Inc., Chicago, IL.)



FIGURE 1.107 Furnace puffing due to segregation of liquid and gas in piping. (From Installation of

Nitrogen Methanol Atmosphere Systems, Brochure, Praxair Inc., Chicago, IL.)
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that permits the transfer of electrons between the two half-cells (cathode and anode). The

most common electrolyte used for oxygen ions is zirconium oxide stabilized with calcium

oxide (ZrO2þ 4% CaO).

The electrochemical cell that is formed is represented as [82]:

Pt: O2

(unknown)

ZrO2

(electrolyte for oxygen ions)

O2: Pt

(unknown)

����
����

The emf potential (or voltage) between the two half-cell reactions is measured and is propor-

tional to the electron transfer between the two cells. The potential can be calculated by the

well-known Nernst equation [82]:

E ¼ RT

nF
1n

O2I

O2II

� �

where R is the gas constant, T is the absolute temperature, n is the number of electrons

transferred (n¼ 4 for O2 ! 2O�2), F is the Faraday constant, and O2I and O2II are the

reactivities of oxygen at either side of the electrolyte.
TABLE 1.42
Gas Composition Measurement Options

Measurement System Advantages Disadvantages

O2 only Most applicable because only one

instrument is needed and low O2

content indicates proper air/fuel ratio

Substoichiometric conditions are

not defined. Inefficient combustion

cannot be detected

O2þ total combustibles Preferable because there is an instrument

that will measure both O2 and total

combustibles. This defines total range

O2þCO2 Defines entire combustion range Two instruments required

O2þCO Defines entire combustion range Two instruments required

CO2 only One instrument required Particular information on equilibrium flue

gas products should be available

Complete gas analysis Stoichiometric composition gives better

information for troubleshooting

More complex. Requires carrier gas and

standard gas

Source: From T.J. Schultz, Portable flue gas analyzers for industrial furnaces, Inf. Letter No. 153, Catalog

No. C10877, American Gas Association, Arlington, VA.



TABLE 1.43
Liquid Adsorbents for Heat Treatment Atmosphere for Orsat Analysis

Gas Liquid Adsorbent

CO2 Aqueous potassium hydroxide

CO Ammoniacal cupric chloride

O2 Alkaline pyrogallol
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By combining constants, the Nernst equation for the oxygen probe can be written as [101]:

emf ¼ 0:0496 T log
PO2

(ref)

PO2

� �

A schematic of the electrochemical oxygen probe is provided in Figure 1.110. The

corresponding chemical reactions are

Anode:

2O2� ! 4eþO2(PO2
furnace)

Cathode:

O2(PO2
air)þ 4e� ! 2O2�

Sum:

O2(PO2
air)! O2(PO2

furnace)

The relationship between the emf for the oxygen probe and the carbon potential is shown in

Figure 1.11.
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FIGURE 1.108 Gas chromatographic analysis of furnace atmospheres. (From D. Schwalm, The Direc-
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Energy edition, Published for Industrial Heating Equipment Association by Information Clearing

House, pp. 147–153.)



TABLE 1.44
Thermal Conductivity of Heat Treatment Gases

Gas

Relative Thermal

Conductivity Gas

Relative Thermal

Conductivity

Air (1008C) 100 CO 97

H2 715 NH3 90

CH4 150 CO2 68

O2 102 H2S 54

N2 99 SO2 35

Source: From R. Nemenyi and G. Bennett, Controlled Atmospheres for Heat Treatment,

Franklin Book Co., 1995, pp. 22–1022.
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An alternative electrochemical oxygen sensor is the nondepleting coulometric sensor

illustrated in Figure 1.112. The advantage of the coulometric sensor is that the sensor does

not require replacement. An analysis of the oxygen concentration occurs in an electrochem-

ical cell where potassium hydroxide is used as the electrolyte. The half-cell reactions, which

are driven by an external emf of 1.3 V, are [107]:

Cathode:

O2 þ 2H2Oþ 4e� ! 4OH�

Anode:

4OH� ! O2 þ 2H2Oþ 4e�

The following recommendations have been made for oxygen sensor installation [108]:
1. Sensor should be installed in a separate protective tube.

2. Sensor should be installed to monitor the gas stream after it has passed through the

load.
TABLE 1.45
Relative Magnetic Susceptibility of Various Gases

Gas Relative Magnetic Susceptibility

Oxygen (O2) 100

Nitrogen oxide (NO) 43

Nitrogen dioxide (NO2) 28

Hydrogen (H2) 0.24

Carbon monoxide (CO) 0.01

Nitrogen (N2) 0.00

Methane (CH4) �0.20

Argon (Ar) �0.22

Ethylene (C2H4) �0.26

Ammonia (NH3) �0.26

Carbon dioxide (CO2) �0.27
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3. It is suggested that the sensor be located in the top one third of the heated zone and

away from the fan, halfway between the front and back of the heated zone and close to

the furnace thermocouple.

4. Sensor should be mounted to permit easy access.

5. A good source of reference air must be available, preferably at a flow rate of

0.5–2.0 scfh.
Some of the most common sources of oxygen probe errors are as follows [110,111]:
1. Improper operating conditions due to probe deterioration. For example, soot forma-

tion, which is due to the operation of the furnace outside of the austenite phase field

shown in Figure 1.111, will cause carbon to be deposited on the probe, leading to an

incorrect response.

2. Alteration of CO þCO2 content in the furnace atmosphere. As shown in Table 1.46,

there will be a significant error in the carbon content if CO varies outside the target

concentration.

3. Electrolyte failure may develop from cracks within the tube, making it possible for

reference air to leak into the sample, leading to an incorrect probe response.
Inner
electrode
(cathode)

Air

Outer
electrode

(anode)

Electrolyte

(−)  Anode

(+) Cathode

URE 1.110 Schematic of an oxygen probe.
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4. Platinum or nickel wire used in the probe assembly may catalytically degrade the CH4

gas into CO, producing erroneous results.

5. If the reference air sample that is necessary for correct operation of the probe becomes

contaminated with furnace atmosphere gases, the response will be erroneous.

6. Reference air may leak out of the probe due to probe cracking and other flaws.
The detection of most of these problems is aided by the use of a second independent

measurement of the furnace atmosphere [111].

1.7.4.3 Infrared Sensors

Infrared spectrophotometry provides an indirect measure of various atmospheric gases

including CH4, CO, and CO2. This method involves passing infrared light through a sample

of the gas as shown in Figure 1.113. The wavelength of infrared light characteristically varies

from 0.75 to 300 mm, although most applications are performed in the region of 2.5–5 mm.

The particular wavelength of infrared light selected depends on the gas analyzed. Figure 1.114

illustrates the infrared spectrum of a CO–CO2–H2O mix. Figure 1.115 illustrates the infrared

spectrum for CO, CO2, NH3, and CH4.
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When the proper wavelength of light is passed through the gas, it is absorbed, and the

amount of absorption is defined by Beer’s law,

A ¼ abc

where A is the absorption of light, a is the absorptivity (a characteristic value for each gas), b

is the path length of light through the sample, and c is the concentration of the infrared-active

material. Since the path length b is fixed and a is a constant for the gas analyzed, the amount

of light absorbed is proportional to the concentration.

Infrared analyzers are used continuously in the system with gas sampling rates of ap-

proximately 1 min [82,106,115,116]. They have the advantage of accuracy and speed. How-

ever, infrared analyzers are relatively expensive, and significant damage to the optics in the

infrared detector may be caused by contamination.

1.7.4.4 Dew-Point Analyzers

Another indirect measure of the carbon content of an atmospheric gas is the dew point. The

dew point is defined as the temperature at which gas is saturated with water vapor, that is, it

has a relative humidity of 100% [86]. The dew point varies with the temperature of the water
TABLE 1.46
Effect of CO Content on Carbon Potential for Constant Oxygen Probe Output of 1149 mV

CO Content (%)

15 17 19 20 21 23

wt% carbon 0.80 0.88 0.95 1.0 1.05 1.11
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FIGURE 1.113 Nondispersive infrared detector (NDIR) for gas analysis. (From data provided by

Teledyne Brown Engineering Analytical Instruments, City of Industry, CA.)
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vapor as shown in Figure 1.116. A summary of dew-point variation with temperature and

moisture is provided in Table 1.47

There are four principal types of apparatus for measuring dew point: (1) dew cup, (2) chilled

mirror (Peltier effect), (3) lithium chloride cell (electrode), and (4) adiabatic expansion [82,106].

1.7. 4.4.1 Dew Cup Apparat us
Although relatively inaccurate and unsuitable for continuous automated atmosphere control,

the simplest method of measuring the dew point is with the dew cup apparatus shown in

Figure 1.117 [82]. This method involves cooling a chromium-plated copper cup within a glass

enclosure containing a dry ice–alcohol bath. The gas to be measured enters the instrument,

and the cup is cooled until condensation is observed on its surface. The temperature at which

this occurs is the dew point.

1.7. 4.4.2 Chilled Mir ror—Th e Pe ltier Effect
A method of measuring the dew point that is based on the Peltier effect is shown schemat-

ically in Figure 1.118. The Peltier effect refers to the difference in the current intensity between

the two ends of a wire where one end is at the temperature of a reference cold junction and the

other is at a higher temperature.

When a chilled mirror is used, the surface of the metal mirror is scanned photoelectrically

while it is cooled in the gas to be analyzed. At the dew point, water vapor forms on the mirror.

A photoelectric cell will direct the intensity of light reflected from the surface of the mirror,

which is dependent on the amount of moisture in the gas. A schematic of a continuous chilled

mirror detector is shown in Figure 1.119.
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1.7.4 .4.3 Measur ement by Lithium Chl oride Cell (Elect rode)
The lithium chloride cell is themostwidely usedmethod for automaticmeasurement of dewpoint

[82]. This method is based on the variation in the conductivity of hydroscopic lithium chloride in

the presence ofwater vapor.An example of a lithium chloride cell is shown inFigure 1.120.Water

vapor from the gas atmosphere is absorbed by the lithium chloride, creating a conductive

electrolyte between the platinum wire electrodes. This process produces a temperature rise until

equilibrium is attained. The equilibrium temperature is proportional to the dew point.

1.7.5 ADIABATIC EXPANSION

When a gas cools adiabatically, the dew point is achieved only for a particular pressure drop,

temperature, and moisture content. The temperature at which this occurs corresponds to the

dew point.

1.7.6 CARBON RESISTANCE GAUGE

The electrical resistance of steel varies with carbon content as shown in Figure 1.121.

Instruments based on the measurements of continuous iron–nickel alloy wire expanded to

the atmosphere gases available.

1.7.7 WEIGHT MEASUREMENT OF EQUILIBRIUM SHIM STOCK

Blumenthal and Hlasny [118] describe a method for calibration of carbon sensors that uses a

test for true carbon potential, which is measured by equilibrating an AISI 1010 steel shim

sample, 0.003 in. thick and 2.5 � 3 in. in area in a furnace atmosphere and then determining

the carbon content of the shim by weight gain (or by chemical analysis). The shim-holding

device is illustrated in Figure 1.122. The test procedure is as follows [118]:
FIG
1. Wearing rubber gloves, clean the shim test specimen with acetone and weigh it on a

balance to the nearest 0.1 mg.

2. Roll the specimen into a cylinder approximately 3=4 in. in diameter, and insert it into

the shim holder as shown in Figure 1.122.
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3. Be sure the furnace is operating above 1600 8F (871 8C) and that there is a load in it.

Close the doors with the atmosphere circulation fan running; usually 30 min is

sufficient to attain equilibrium.

4. Remove the plug from the sample side of the furnace, and open the gate valve (see

Figure 1.122). Insert the shim holder to the same depth as the carbon–oxygen sensor,

usually approximately 20 in.

5. Leave the shim specimen in the furnace for 30 min.

6. Record the weight percent carbon from the carbon controller, average furnace tem-

perature, and average probe millivolt output during the test.

7. Move the shim-holder cartridge from the furnace to the cooling chamber.

8. Wearing rubber gloves, remove the steel shim from the shim-holder cartridge.

9. Clean the shim with acetone.

10. Reweigh the shim to the nearest 0.1 mg. Calculate the carbon potential:
Carbon potential ¼ final weight � original weight

final weight 
� 100 þ wt% C

where wt% C is the original weight percent carbon content.
1.8 REFRACTORY MATERIALS

Furnace refractories are materials that must withstand severe or destructive high-temperature

service conditions and resist attack by chemical substances, exposure to thermal shock,

physical impact, and other abuse [119]. Heating efficiency and temperature uniformity within

the furnace depend on the type of refractory material used to insulate the furnace. Examples

of refractory materials include metal oxides such as MgO, SiO2, and nonmetallic compounds



TABLE 1.47
Moisture Conversion Table

Dew Point

Vapor Pressure (Water=Ice

in Equilibrium) (mmHg)

Water Content

(ppm) on Volume

Basis at 760 mmHg

Relative

Humidity

at 708F (%)

Moisture (ppm) on

Weight Basis in Air8C 8F

�110 �166 0.0000010 0.00132 0.0000053 0.00082

�108 �162 0.0000018 0.00237 0.0000096 0.0015

�106 �159 0.0000028 0.00368 0.000015 0.0023

�104 �155 0.0000043 0.00566 0.000023 0.0035

�102 �152 0.0000065 0.00855 0.000035 0.0053

�100 �148 0.0000099 0.0130 0.000053 0.0081

�98 �144 0.000015 0.0197 0.000080 0.012

�96 �141 0.00002 0.0289 0.00012 0.018

�94 �137 0.000033 0.0434 0.0018 0.027

�92 �134 0.00048 0.0632 0.000026 0.039

�90 �130 0.000070 0.0921 0.00037 0.057

�88 �126 0.00010 0.132 0.00054 0.082

�86 �123 0.00014 0.184 0.00075 0.11

�84 �119 0.00020 0.263 0.00107 0.16

�82 �116 0.00029 0.382 0.00155 0.24

�80 �112 0.00040 0.562 0.00214 0.33

�78 �108 0.00056 0.737 0.00300 0.46

�76 �105 0.00077 1.01 0.00410 0.63

�74 �101 0.00105 1.38 0.00559 0.86

�72 �98 0.00143 1.88 0.00762 1.17

�70 �94 0.00194 2.55 0.0104 1.58

�68 �90 0.00261 3.43 0.0140 2.13

�66 �87 0.00349 4.59 0.0187 2.84

�64 �83 0.00464 6.11 0.0248 3.79

�62 �80 0.00614 8.08 0.0328 5.01

�60 �76 0.00808 10.6 0.0430 6.59

�58 �72 0.0106 13.9 0.0565 8.63

�56 �69 0.0138 18.2 0.0735 1.3

�54 �65 0.0178 23.4 0.0948 14.5

�52 �62 0.0230 30.3 0.123 18.8

�50 �58 0.0296 38.8 0.157 24.1

�48 �54 0.0378 49.7 0.202 30.9

�46 �51 0.481 63.3 0.257 39.3

�44 �47 0.0609 80.0 0.325 49.7

�42 �44 0.0768 101 0.410 62.7

�40 �40 0.0966 127 0.516 78.9

�38 �36 0.1209 159 0.644 98.6

�36 �33 0.1507 198 0.804 122.9

�34 �29 0.1873 246 1.00 152

�32 �26 0.2318 305 1.24 189

�30 �22 0.2859 376 1.52 234

�28 �18 0.351 462 1.88 287

�26 �15 0.430 566 2.30 351

�24 �11 0.526 692 2.81 430

�22 �8 0.640 842 3.41 523

�20 �4 0.776 1,020 4.13 633

�18 �0 0.939 1,240 5.00 770
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TABLE 1.47 (continued)
Moisture Conversion Table

Dew Point

Vapor Pressure (Water=Ice

in Equilibrium) (mmHg)

Water Content

(ppm) on Volume

Basis at 760 mmHg

Relative

Humidity

at 708F (%)

Moisture (ppm) on

Weight Basis in Air8C 8F

�16 þ3 1.132 1,490 6.03 925

�14 þ7 1.361 1,790 7.25 1,110

�12 þ10 1.632 2,150 8.69 1,335

�10 þ14 1.950 2,570 10.4 1,596

�8 þ18 2.326 3,060 12.4 1,900

�6 þ21 2.765 3,640 14.7 2,260

�4 þ25 3.280 4,320 17.5 2,680

�2 þ28 3.880 5,100 20.7 3,170

0 þ32 4.579 6,020 24.4 3,640

þ2 þ36 5.294 6,970 28.2 4,330

þ4 þ39 6.101 8,030 2.5 4,990

þ6 þ43 7.013 9,230 37.4 5,730

þ8 þ46 8.045 10,590 42.9 6,580

þ10 þ50 9.029 12,120 49.1 7,530

þ12 þ54 10.52 13,840 56.1 8,600

þ14 þ57 1.99 15,780 63.9 9,800

þ16 þ61 13.63 17,930 72.6 11,140

þ18 þ64 15.48 20,370 82.5 12,650

þ20 þ68 17.54 23,080 93.5 14,330

þ22 þ7135 19.827 26,088 16,699

þ24 þ75 22.377 29,443 18,847

þ26 þ79 25.209 33,169 21,232

þ28 þ82 28.349 37,301 23,877

þ30 þ86 31.824 41,874 26,804

Source: From R.W. Blumenthal and A.T. Melville, Hot gas measuring probe, U.S. Patent 4,588,493 (May 13, 1986).
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such as SiC and SiN. Other materials that are used as refractories include quartz, bauxite,

fireclay, chromite ore, magnesite, and zirconium oxide [119]. Refractory materials are avail-

able in various shapes such as brick and in bulk form.

Traditionally, the most common lining used in the heat treatment furnaces has been

firebrick. Although firebrick continues to be used, materials with significantly better chemical

properties such as ceramics and fiber are becoming popular.

The objective of this section is to provide a general overview of refractory materials and

their classification.

1.8.1 REFRACTORY CLASSIFICATION

1.8.1.1 Magnesium Compositions

Refractory materials are available in five classes of acid-resistant composition [119]:
1. Magnesia or magnesite (MgO).

2. Magnesia in combination with chromium-containing materials such as Cr2O3 [62]. If

chromium is the major component, then it is referred to as chrome-magnesite.

If magnesia is the predominant component, then it is referred to as magnesite-chrome.



Thermometer

Coolant

Gas
outlet

Gas
inlet

Glass
container

Cup

1 2

3
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3. Magnesia in combination with spinel (magnesium aluminum silicate).

4. Magnesia in combination with 2.5 or 4.5% carbon, where carbon is in the form of pitch,

which bonds refractory aggregates.

5. Dolomite, which is composed of approximately equal amounts of MgCO3 and CaCO3.
1.8.1.2 Compositions Containing Aluminum Oxide

Another class of refractory compositions is based on high alumina (Al2O3) materials that

contain more than 47.5% Al2O3. There are a number of these materials [82,119].
1. Mullite brick, which is compositionally 71.8% Al2O3 and 28% SiO2. This material has

excellent volume stability and strength at high temperatures.

2. Chemically bonded, normally phosphate-bonded, brick that reacts to form aluminum

orthophosphate (AlPO4).
1 2

4

URE 1.118 Dew-point measurement by the Peltier effect. (From R. Nemenyi and G. Bennett,

trolled Atmospheres for Heat Treatment, Franklin Book Co., 1995, pp. 22–1022.)
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3. Alumina-chrome brick, which is composed of a solid solution of chromium oxide

(Cr2O3) and a high-purity alumina.

4. Alumina-carbon brick, which is a resin-bonded high alumina graphite-containing

composition.
1.8.1.3 Fireclay Compositions

Compositionally, fireclay is a hydrated aluminum silicate (Al2O3�2SiO2�2H2O). After dehy-

dration at elevated temperatures, the residual material should contain 45.9% alumina and

54.1% silica. There are five standard ASTM classifications of firebrick [119]:
1. Super-duty fireclay contains 40–45% Al2O3. This is the refractory classification with

the greatest high-temperature volume stability and spalling resistance.

2. High-duty fireclay is slightly less refractory than the super-duty type but is still spalling-

or slag-resistant.

3. Medium-duty fireclay is suitable for moderately severe applications.

4. Low-duty fireclay is suitable for moderate temperature application only.

5. Semisilica brick contains only 15–18% alumina. It exhibits good high-temperature

load-bearing capacity and volume stability.
URE 1.120 Lithium chloride dew-point probe. (From M.J. Hill, The efficient use of atmospheres in

ontinuous furnace using the concept of zoning, Int. Foundry Heat Treat. Conf., Johannesburg, S.

ica, Vol. 2, 1985, pp. 1–30.)
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1.8.1.4 Silica Refractories

Silica refractories are used for high-temperature (3080–31108F) melting applications. They

are capable of withstanding pressures up to 50 psi and are chemically resistant to acid slag.

They do not undergo spalling at temperatures above 12008F. There are two ASTM classifi-

cations of silica firebrick: Type A and Type B.

1.8.1.5 Monolithic Refractories

Monolithic refractories are special mixes or blends of dry granular or cohesive plastic

materials that form a virtually joint-free lining [119]. They are classified as plastic refractories

[120]; ramming mixes, which are denser and stronger than plastic refractories; gunning mixes,

which may be pneumatically bonded to a furnace wall; and castables, or refractory concrete.

Plastic refractories are prepared from fireclay, high-alumina graphite, alumina-chrome, and

other materials.

Numerous other materials are developed, for example high-alumina fiber [121], glass

fiber [122], and microporous-insulating refractories [123], to provide greater resistance to

slag attack, low thermal expansion, increased resistance to spalling, reduced impurities,

improved hot strength, acceptable creep resistance, and improved resistance to thermal

shock and corrosion [119].
Furnace wall

Gate valve

Sample
holder ChamberChamber plugRod

FIGURE 1.122 Apparatus for determination of carbon content by shim-stock exposure and measure-

ment. (From R.N. Blumenthal and R. Hlasny, Heat Treating, August 1991.)
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1.8.2 DESIGN PROPERTIES

The dimensional change of a material with respect to changes in temperature is described by

DL0

L0

¼ a( T � T0)

where a is the coefficient of linear expansion. Table 1.48 provides viral coefficients to

calculate the percent of linear expansion with respect to its length at 20 8C (293 K) for various

materials.

The value of DL0=L0 is of considerable value when estimating the impact of a known

temperature change ( DT) across a wall [(hot face temperature) � (cold face temperature)] and

refractory deformation. If the modulus of elasticity (E) is known, it is possible to calculate the

stress s from

s ¼ E a(T2 � T1)

Thermal conductivity d is calculated from the heat capacity Cp:

d ¼ k=Cp r

where k is the thermal conductivity, d is thermal diffusivity, and r is 123 density.

Figure 1.123 and Table 1.49 provide heat capacity data as a function of temperature

for various simple refractory compositions [124]. Thermal conductivity as a function of

temperature is illustrated in Figure 1.124 [124]. Thermal conductivity data for firebrick and

alumina are provided in Figure 1.125 and Figure 1.126, respectively [124].

For firebrick, the thermal conductivity k is dependent on bulk density (BD) [124]:

k500 �F [Btu in:=(h ft2 8F)] ¼ 0:03455BD (lb =ft3) � 0:2545

k260 �C [W =(mK)] ¼ 0:3110 rb (g =cm3) � 0:0367

For insulating castables, the thermal conductivity may be calculated from [124]

k500 �F [Btu in:=(h ft2 8F)] ¼ 0:04375BD (lb=ft3) � 0:4250

k260 �C [W =(mK)] ¼ 0:3939 rb (g =cm3) � 0:0613

1.8.3 FURNACE REFRACTORY INSTALLATION

Traditionally, firebrick was used to reline heat treatment furnaces. Today, refractory mater-

ials can be installed in a number of ways. Furnaces may be lined with brick or refractory

blankets, or they may be lined with refractory modules as shown in Figure 1.127.
1.9 FANS

A fan, blower, or compressor may be selected to move air or gas. They differ from each other

in their operational pressure as shown in Table 1.50 [125].

This section presents an overview of the selection and operation of a fan that can be used

in heat treatment equipment.



TABLE 1.48
Virial Coefficient for Linear Thermal Expansion of Selected Solid Materials

100DLt=L293 ¼ Aþ B (10�4T )þ C (10�4T )2 þD (10�4T )3 (T ;K )

Material MP (K) A B C D Note

Al2O3 (hex.) 2327 �0.180 þ5.494 þ22.520 �22.940 1

C2O 3200 �0.321 þ10.590 þ13.100 �14.050

Cr2O3 (hex.) 2603 �0.280 þ10.380 �31.220 þ106.200 2

Fe2O3 (trig.) 1838 �2.537 þ7.300 þ49.640 �114.000 3

MgO 3125 �0.326 þ10.400 þ25.810 �28.340

SiO2 (lo qtz.) ~873 (tr.) �0.236 þ6.912 þ0.556 þ1312.00 4

SiO2 (hi qtz.) 1743 (tr.) þ1.040 þ0.068 þ1.660 þ18.000 Est.

SiO2 (vitr.) ~1273 (cryst.) �0.015 þ0.397 þ4.666 �34.460

ZrO2 (monocl.) 2988 �0.314 þ13.040 �90.920 þ408.400 5

Al6Si2O13 2193 �0.0929 þ2.580 þ21.530 �45.720

CaAl2O4 1873 �0.107 þ2.578 þ39.680 �90.770

Ca2SiO4 2403 �0.345 þ1.260 þ16.560 þ27.330

MgAl2O4 2408 �0.183 þ5.456 þ28.060 �41.810

Mg2Al4 Si5O18 ~1773 þ0.00911 �0.912 þ20.640 �3.921 6

MgCr2O4 2673 �0.176 þ5.822 þ55.80 þ23.360

MgFe2O4 2023 �0.218 þ6.003 þ52.560 �94.040

Mg2SiO4 2183 �0.238 þ7.166 þ33.810 �37.970

Mg2TiO4 ~2100 �0.249 þ8.294 þ4.074 þ94.300

ZrSiO4 2673 �0.136 þ5.337 �30.420 þ209.400

AIN (hex.) ~2500 �0.0809 þ1.806 þ31.760 �72.560

B4C (rhomb.) 2623 �0.114 þ3.523 þ12.660 �5.085 8

BN ~3273 (sub.) �0.00133 �1.278 þ49.110 �86.350

SiC ~2923 (dec.) �0.0991 þ2.970 þ13.880 �15.480

TiC ~3410 �0.177 þ5.710 þ1.740 þ2.412

C (graphite) ~3900 �0.0550 þ1.552 þ12.050 �10.330 9

C (graphite) ~3900 �0.1580 þ5.561 �8.850 þ35.550 9

C (vir.) ~2700 (cryst.) �0.890 þ3.015 þ1.285 þ17.240

Fe 1800 �0.289 þ7.350 þ93.300 �314.000 10

Notes:

1. Cryst. exp. c=a ~ 1.1.

2. Cryst. exp. a=c ~ 1.3.

3. Cryst. exp. a=c ~ 1.26.

4. Cryst. exp. a=c ~ 1.58.

5. Cryst. exp. c=b ~ 2.5.

6. Cordierite refractory.

7. Cryst. exp. a=c ~ 1.18.

8. Cryst exp. ~ isotrop.

9. Grade ATJ, parallel and perpendicular to the textural grain, respectively. Cryst. exp. c=a ~10.

10. Numerous steels and SS agree with Fe within ~+15%.
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1.9.1 CALCULATION OF FAN PERFORMANCE (THE FAN LAWS)

The work done by a fan is related to the volume change of the gas moved due to compression

(see Figure 1.128) and is calculated from
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Work ¼ Dp� V

where Dp is the pressure increase across the fan and V is the volume of the gas moved.

The pressure difference (Dp) is referred to as head and is usually quantified in inches of

water.

Static pressure (SP) is the pressure on the walls, ducts, and piping. The velocity pressure

required to move the gas is the difference between total pressure and the static head.

Air horsepower (Ahp) output is defined as

Ahp ¼ VH

6356

where V is the volumetric flow through the fan (ft3=min) and H is the head (Dp) across the fan.

The head may be static (Hs) or total (Ht):

Ht ¼ Hs þHs

Static air horsepower (Ahps) is the resistance that must be overcome and is related to static

head. Total air horsepower (Ahpt) or power output is based on total head.

The static and mechanical efficiency is calculated from

Es ¼
Ahps

power input

Et ¼
Ahpt

power input



TABLE 1.49
Molal Heat Capacity of Solid Substances [Cp in J=(mol K); T in K]

Cp ¼ a þ b (10�3T )þ c (10�3T )2 þ d/ (10�3T )

Formula a b c d Note

Al2O3 101.96 þ154.96 �16.168 þ7.120 �20.817

CaO 56.08 þ57.68 �1.324 þ1.560 �4.418

Cr2O3 152.00 þ137.14 �3.568 þ3.120 �9.585

Fe2O3 159.70 þ176.70 �24.000 þ7.200 �19.843 1

Fe0.95O 69.06 þ45.31 þ14.900 �2.600 �0.374 2

MgO 40.31 þ63.24 �7.632 þ2.880 �7.263

SiO2 60.09 þ77.09 þ3.384 �0.160 �10.558 3

ZrO2 123.32 þ60.88 þ22.320 �1.600 �3.370

Al6Si2O13 426.06 þ607.83 �42.752 þ22.880 �81.020 4

CaAl2O4 158.04 þ236.00 �39.240 þ14.360 �32.120

Ca2SiO4 172.25 þ182.73 þ3.768 þ1.580 �17.372

CaTiO3 135.96 þ149.08 �2.916 �0.360 �15.051

MgAl2O4 142.27 þ233.16 �39.244 þ14.360 �32.124 4

MgCr2O4 192.31 þ212.76 �18.404 þ8.360 �24.261

Mg2SiO4 140.71 þ191.48 �4.236 þ8.040 �21.790 5

MgTiO3 120.19 þ145.39 �3.128 þ3.520 �15.949

ZrSiO4 183.31 þ179.49 �21.380 þ12.200 �22.838

AlN 40.99 þ61.68 �7.344 þ2.560 �8.911

B4C 55.25 þ35.55 þ86.508 �16.920 �3.145

BN 24.82 þ37.02 þ19.324 �5.560 �6.814

SiC 40.10 þ55.08 �0.876 þ2.040 �8.312

TiC 59.89 þ65.44 �7.964 þ2.760 �8.911

C (graph.) 12.01 þ18.37 þ8.592 �2.480 �3.969 6

Notes:

1. Constants fit g-Fe2O3 Tr. ~6308C; mp 15658C.

2. Melting point 13698C.

3. Constants fit high-quartz. Tr. ~5778C; mp17238C.

4. Constants estimated as sum of CaOþAl2O3 and MgOþAl2O3.

5. Melting point 19108C.

6. No reference nongraphitic carbon exists.
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Head and horsepower vary inversely with absolute gas temperature T and absolute gas

pressure P. This is calculated from

Corrected head (Ha) ¼ Hb

Pa Tb

Pb Ta

Corrected horsepower ( Hpa) ¼ Hpb

Pa Tb

Pb Ta

where the subscript a indicates after and b indicates before.

The interrelationships of head, efficiency, volume, and horsepower are shown in Figure

1.129. A system resistance curve relates fan pressure and horsepower to flow as shown in

Figure 1.130. The fan supply equals the demand at the intersection point. To conserve energy,
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fan speed can be varied to match output pressure and system resistance for a given flow as

shown in Figure 1.131. From these curves, it is evident that fan capacity Q, pressure P, and

horsepower (hp) vary with speed and can be calculated as

Q1

Q2

¼ rpm1

rpm2

P1

P2

¼ rpm1

rpm2

� �2

hp1

hp2

¼ rpm1

rpm2

� �3

Fan capacity and speed vary with the square root of pressure:
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rpm1

rpm2

¼ Q1

Q2

¼ P1

P2

� �1=2

Horsepower varies with pressure:

hp1

hp2

¼ P1

P2

� �3=2

At constant pressure and density, for geometrically similar fans the capacity power and

speed are calculated from the wheel diameter (dia):

Q1

Q2

¼ hp1

hp2

¼ dia1

dia2

� �2

rpm1

rpm2

¼ dia1

dia2

If both the speed and diameter change, then

Q1

Q2

¼ rpm1

rpm2

� dia1

dia2

� �3

P1

P2

¼ rpm1

rpm2

� �2

� dia1

dia2

� �2

hp1

hp2

¼ rpm1

rpm2

� �3

� dia1

dia2

� �5

hp1

hp2

¼ Q1

Q2

� P1

P2

rpm1

rpm2

¼ Q1

Q2

¼ hp1

hp2

¼ d2

d1

� �1=2

and

rpm1

rpm2

¼ Q1

Q2

¼ hp1

hp2

¼ b2

b1

� �1=2
¼ T1

T2

� �1=2

where d is the density of the gas transferred, b is the barometric pressure, and T is the absolute

temperature.

At constant speed and capacity,

hp1

hp2

¼ p1

p2

¼ d1

d2

¼ b1

b2

¼ T2

T1

Transferring a constant amount of gas results in

Q1

Q2

¼ rpm1

rpm2

¼ P1

P2

¼ d2

d1

¼ b2

b1

¼ T1

T2
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FIGURE 1.127 Car-bottom furnace lined with power-lock1 modules. (Courtesy of The Carborundum

Company, Fibers Division.)
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hp1

hp2

¼ d2

d1

� �2

hp1

hp2

¼ b2

b1

� �2

¼ T1

T2

� �2

If both the temperature and pressure vary, then

Q1

Q2

¼ rpm1

rpm2

¼ P1

P2

� T1

T2

� �1=2

hp1

hp2

¼ P3
1

P3
2

� T1

T2

� �1=2
TABLE 1.50
Operational Pressures of Fans, Blowers, and Compressors

Machine Operational Pressure (psi)

Fan <1

Blower <50

Compressor >35
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For geometrically similar fans, the flow, speed, and head are related by specific speed and

specific diameter [125]. Specific speed (Ns) is that rpm at which a fan would operate if reduced

proportionately in size so that it delivers 1 ft3=min of air at standard conditions against a 1 in.

H2O SP [125].

Ns ¼
rpm(ft3=min)

1=2

SP
3=4

The specific diameter Ds is the fan diameter D required to deliver 1 ft3=min standard air

against 1 in. H2O SP at a given speed

Ds ¼
D(SP)1=4

(ft3=min)1=2

1.9.2 FAN SELECTION

The first step in selecting a fan is to determine the system requirements. First determine the

amount of gas to be moved, making appropriate corrections for temperature, density, and

barometric pressure. If multiple fans are to be sued, divide the total volume by the number of

fans.
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FIGURE 1.129 Fan performance curve. (From R.J. Aberbach, Power, New York, NY.)
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The second step is to determine SP where the fan will operate. This is done by plotting

specific speed vs. specific diameter and static efficiency for the number of fans to be con-

sidered as shown in Figure 1.132 [125].

The flow (ft3=min), SP, and specific speed (Ns) can be calculated from the nomogram

shown in Figure 1.133 from the Ns. The specific diameter (Ds) is determined by calculation,

and the type of fan required is identified from a graph such as Figure 1.132.

When selecting fans, consideration must be given to whether they will be installed in series

or in parallel. When installed in series, each fan handles the same amount of gas and the

volumetric capacity varies with the density of the gas. When installed in parallel, each fan

handles only part of the total volume of gas.

When determining the system resistance, one must account for flow losses due to duct

resistance and diameter (Figure 1.134), shape (Figure 1.135), and frictional losses in elbows in

the duct system (Figure 1.136) [125].

1.9.3 FLOW CALIBRATION

The flow rate of the fan system can be determined after initial installation or at any time by

placing a pitot tube in a straight length of duct at approximately 10 diameter lengths from

either the inlet or the outlet side of the fan. Velocity pressure (Hv) is then determined at 20

different positions in the duct as shown in Figure 1.137. The square root of each velocity is

determined and then averaged for the 20 readings.

The gas density ( D) is determined by correcting for temperature and pressure

D (lb =ft3) ¼ 0:075
530

460 þ local temperature ( �F)

� �
barometer reading

29:92

� �

The ratio of standard to actual gas (air) density (K ) is determined as

K ¼ 0:075

D

The average air velocity V (ft=min) is calculated from
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V ¼ 4000
ffiffiffiffiffiffi
Hv

p� 	
ave

The volume flow rate is determined by multiplying the linear flow rate by the cross-

sectional area of the duct.
1.10 FIXTURE MATERIALS

Heat treatment conditions such as corrosive and reactive atmospheres and high temperatures

provide an especially harsh environment for furnace fixtures: baskets, trays, chains, conveyor

belts, and radiant tubes. This section provides an overview of typical heat-resistant alloys that

are used for fixture construction.

1.10.1 COMMON HIGH-TEMPERATURE ALLOYS

The most common heat-resistant alloy materials used for furnace fixture construction are

wrought and cast materials of Fe–Cr–Ni, Fe–Ni–Cr, and Ni-based alloys. Data on the

composition of selected alloys are provided in Table 1.51.

A number of alloying elements are used for heat-resistant materials [127]:
Chromium (Cr) improves oxidation resistance at temperatures below 9508C, improves

resistance to sulfidation and carburization, exhibits poor nitriding resistance, increases

high-temperature resistance.

Silicon (Si) improves resistance to sulfidation, nitriding, oxidation, and carburizing. In

synergy with Cr, Si improves scale resilience.

Molybdenum (Mo) improves high-temperature resistance and creep strength and reduces

oxidation resistance.

Nickel (Ni) improves resistance to carburization and nitriding and reduces sulfidation

resistance.

Tungsten (W) has effects similar to those of Mo.

Carbon (C) improves strength, improves nitriding and carburizing resistance, reduces

resistance to oxidation.



20

Forward curved blade

radial blade

S
pe

ci
fic

 d
ia

m
et

er
, D

s

Ds—radial blade

E-radial blade

S
ta

tic
 e

ffi
ci

en
cy

, E
 %

20

30

30

40
Specific speed, Ns, thousands

40

50

50

60

60

70

70

80

80

90

90

100 20010

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

Ds—forward curved 
       blade

Ds—air foil blade

Radial tip blade

Ds—radial tip blade

E—forward curved
      blade

E—airfoil blade Airfoil blade

E—Vaneaxial blade

Vaneaxial blade

Ds—Vaneaxial blade

E—radial tip
     blade

FIGURE 1.132 Static efficiency curves for various fan blade configurations. (From R.J. Aberbach,

Power, New York, NY.)

138 Steel Heat Treatment: Equipment and Process Design
Yttrium (Y) and rhenium (Re) improve resistance to spalling, oxidation, carburizing, and

sulfidation.

Aluminum (Al) acts independently of and synergistically with Cr to improve oxidation

and sulfidation resistance and reduces nitriding resistance.

Titanium (Ti) imparts poor nitriding resistance.

Niobium (Nb) improves creep strength.

Manganese (Mn) improves high-temperature strength and creep but gives poor oxidation

and nitriding resistance.

Cobalt (Co) improves sulfidation resistance.

High-temperature alloys should be selected with regard to resistance to combustion

products (see Figure 1.138 and Figure 1.139), oxidation (Table 1.52), carburization

(Table 1.53), nitriding (Table 1.54), molten salts (Table 1.55), and other severe envir-

onments encountered in the particular heat treatment of interest [126].
1.11 PARTS WASHING

1.11.1 WASHING PROCESSES

Many parts enter the heat treatment shop with residual lubricants, coolants, or corrosion

inhibitor films on the surface. These surface contaminants may contain graphite, molyb-

denum, sulfide (MoS2), or compounds of chlorine, sulfur, silicon, phosphorus, or boron.

Their presence on the surface of parts to be heat treated may prevent uniform atmosphere

diffusion or heat transfer (on heating or cooling) and lead to soft spotting or increased

distortion before the heat treatment operation [129]. Degreasing may be performed before
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or after the heat treatment process, or both. A schematic illustrating the process is shown in

Figure 1.139.

Until recently, one of the most common parts cleaning operations was vapor degreasing.

The solvents that have been used for vapor degreasing include trichloroethane, carbon

tetrachloride, trichloroethylene, percholoroethylene, and tetrachloroethane (see Figure

1.140) [129,131]. Cleaning with such solvents is expensive, in many cases toxic; they are

often pollutants, and their use is accompanied by a high disposal cost.

An alternative to vapor degreasing using a chlorohydrocarbon is to use a hydrocarbon

solvent. Hydrocarbon solvents for these processes typically exhibit flash points of more

than 708C. The benefits of hydrocarbon-based parts cleaning processes include the follow-

ing [132]:
1. They have no detrimental impact on the ozone layer.

2. They provide high solvent efficiency.

3. Petroleum solvents are noncorrosive.

4. Hydrocarbon solvents are relatively nontoxic and easy to handle.

5. The solvents are reusable.

6. There is no need for drainage or exhaust gas facilities.
Currently, systems employ a combination of vapor degreasing with hydrocarbon solvents

and vacuum drying [132]. The relationship between the vapor pressure and the temperature of
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a typical hydrocarbon solvent used for this process and more traditional halogenated hydro-

carbons is shown in Figure 1.140.

Currently, the most commonly used alternatives to solvent-based vapor degreasing are a

water-based washing system. These systems include the following [129,131]:
FIG
duc
Emuls ion cleane rs. An organic solvent is emulsified in water that contains various addi-

tives such as surfactants to aid in the surface soil removal process.

Semia queous cleane rs. Parts may be cleaned using solvents such as terpenes, esters, or a

blend of hydrocarbons. Residual solvents are removed as an emulsion by subsequent

cleaning with water or surfactant.

Alkaline cleane rs. This process uses alkaline metal salts (also known as detergent builders)

(see Table 1.56) that include a mixture of silicates, phosphates, and surfactant. These

cleaning solutions are suitable for automated systems and heavily soiled parts.

Neutral cleane rs. These cleaning solutions are composed of water and are usually nontoxic

surfactants. They are suitable for lightly soiled surfaces and are considerably less

alkaline (neutral) than the alkaline cleaners described above.
A schematic of a water-based cleaning process is presented in Figure 1.141.
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t; (b) in round duct, keep pitot tube within +0.5% of R and +18 of indicated positions.



TABLE 1.51
Nominal Compositions of Alloys Used in Laboratory and Field Testsa

Composition (%)

Alloy (UNS No.) Ni Fe Co Cr Mo W Al Ti Si C Other

Cabot No. 214 75 2.5 2.0 16.0 0.5 0.5 4.5 — — — Y (present)

Hastelloy X (N06002) — 47 — 18.5 1.5 22.0 9.0 0.6 — — —

Alloy 600 (N06600) 72 8.0 1.0 15.5 — — 0.35b 0.3b — — —

Inconel 601 (N06601) Bal 14.0 — 25 — — 1.4 0.3 — — —

Cabot No. 625 (N06625) Bal 5.0 1.5 9.0 — 0.4 0.4b — — — CbþTa¼ 3.5

Haynes No. 230 57 3.0 3.0 22.0 2.0 14.0 0.3 — — — 0.03La

Hastelloy S 67 3.0 2.0 5.5 14.5 1.0 0.25 — — — 0.05La

Waspaloy (N07001) 58 2.0 13.5 19.0 4.3 — 1.5 3.0 — — 0.05Zr

RA 333 (N06333) 45 18.0 3.0 25.0 3.0 3.0 — — — — 1.25 Si

Haynes No. 188 (R30188) 22 3.0 39.0 22.0 — 14.0 — — — — 0.07 La

Alloy 800H (N08810) 32.5 44 2.0b 21 — — 0.4 0.4 — — —

Haynes No. 556 20.0 31 18.0 22 3.0 2.5 0.2 — — — 0.8 Ta, 0.02 La

Multimet (R30155) 20.0 30 20.0 21 3.0 25 — — — — ChþTa¼ 1.0

RA330 (N08330) 35.0 43 — 19 — — — — — — 1.25 Si

Type 304 SS (S30400) 9.0 Bal — — — — — — — — 2.0 Mn, 1.09 Si

Type 310 S (S31000) 20 — 25 — — — — — — — 2.0 Mn, 1.5 Mn

Type 316 SS (S31600) 12 — 17 2.5 — — — — — — 2.0 Mn, 1.0 Si

Type 446 SS (S44600) — — 25 — — — — — — — 1.5 Mn, 1.0 Si

RA 85 H (S30615) 14.5 — — 18.5 — — 1.0 — 3.5 0.2

HR 120 37 — — 25 — — 0.1 — 0.6 0.05 07 C, 0.2N

RA 309 (S30908) 13 — — 23 — — — — 0.8 0.05 —

RA 310 (S31008) 20 — — 25 — — — — 0.5 0.05 —

RA 446 (S44600) — — — 25 — — — — 0.5 0.05 07 Mn, 0.1 N

253 MA (S30815) 11 — — 21 — — — — 1.7 0.08 0.04 Ce, 17N

314 (S31400) 20 — — 25 — — — — 2.2 0.1 —

Alloy 800 (N08800) 31.8 Bal — 21.4 — — 0.35 — 0.35 0.04 0.79Mn, 0.44 Ti

Alloy 520 35.0 Bal — 21.0 — — NA — 2.0 — 1 Cb

Alloy DS 34.3 Bal — 18.0 — — <0.1 — 2.20 0.03 1.3 Mn, <0.05 Ti

253 11 Bal — 21 — — — — 1.7 — N, Ce

DS 36 Bal — 18 — — — — 2.2 0.06 —

45 TM Bal 23 — 27 — — — — 2.7 0.08 —

602 CA Bal 9.5 — 25 — — 2.1 — — 0.18 Y, Zr, Ti

X Bal 18 — 22 — — — — — 0.10 9 Mo, W, Co

625 Bal 3 — 22 — — — — — 0.10 9 Mo, 3.5 Cb

617 Bal 1.5 — 22 — — 1.2 — — 0.06 9 Mo, 12 Co

SS, stainless steel.

aCabot, Hastelloy, Haynes, and Multimel are registered trademarks of Cabot Corporation; Waspaloy is a trademark

of United Technologies. RA is a registered trademark of Rolled Alloys. Inconel is a registered trademark of the INCO

family of companies.

bMaximum.

Source: From D.E. Fluck, R.B. Herchenroeder, G.Y. Lai, and M.F. Rothman, Met. Prog. 128(4):35–40, 1985;

J. Kelly, Heat Treating, July 1993, 24–27.
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Themechanistic cleaning process of alkaline andneutral cleaners is illustrated inFigure 1.142.

The aqueous surfactant solution penetrates the oil filmon the metal surface and solubilizes it by a

micellation process. The micellized oil is then removed to the bulk of the aqueous cleaning fluid.

The detergent cleaning action is affected by time, temperature, concentration, contamination,

and additional additives, including surfactants and defoamants.

1.11.2 EQUIPMENT

Most parts washers used in heat treatment operations are classified as either dunk or spray-and-

dunk washers. Both processes enhance the mixing of the cleaning fluid with the part and facilitate
Oily parts, chlorinated
solvent, cold water, steam

Clean solvent

Degreasing
Vapor
degreaser

Clean parts

L

Distillation

Solvent recovery

Spent
solvent
and oil

Waste
cooling water
and steam

FIGURE 1.139 Anderson diagram for vapor degreasing. (From W.H. Michels, Heat Treating: Equip-

ment and Processes (G.E. Totten and R.A. Wallis, Eds.), Proc. 1994 Conf., ASM International,

Materials Park, OH, 1994, pp. 383–388.)



TABLE 1.52
Static Oxidation Behavior of Various Alloys—Metal Loss and Continuous Internal

Penetration, mils (mm) per sidea

Alloy 18008F (9808C) 20008F (10958C) 22008F (12058C)

Alloy 214 0.2 (5) 0.1 (3) 0.7 (18)

Alloy 600 0.9 (23) 1.6 (41) 8.4 (213)

Alloy X 0.9 (23) 2.7 (69) (672 h)b

Alloy 556 1.1 (28) 2.6 (66) (168 h)b

Type 310 1.1 (28) 2.3 (58) 10.3 (262)

Alloy 800H 1.8 (46) 7.4 (188) 13.6 (345)

Type 446 2.3 (58) 14.5 (368) (1000 h)b

RA 330 4.3 (109) 6.7 (170) 8.3 (211)

Type 304 8.1 (206) <23.0 (584) (336 h)b

Type 316 14.3 (363) <69.0 (1753) (168 h)b

aExposure at 1008 h in air. Cooled to room temperature weekly.
bAlloy element consumed in test.
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subsequent removal of the micellized soil from the part surface. Examples of these processes are

shown in Figure 1.143. A photo of a commercial washer is shown in Figure 1.144.

The washing process should [131,133]

Use hot water, 1608F minimum

Continually remove residual oil throughout the cycle

Employ a drying cycle to eliminate the possibility of water contamination of the furnace

Use the correct cleaner for the job and use it correctly
1.12 QUENCH SYSTEM DESIGN

Quenching is one of the most critical processes in the overall heat treatment operation. It is

essential to achieve the necessary heat transfer rates and optimal uniformity of the heat transfer
TABLE 1.53
Carburization Resistance of Various Alloysa

Alloy Carbon Absorption (g=cm2)

Alloy 214 0.6

RA 333 1.0

Alloy 800H 1.0

Multimelt 1.3

Alloy 556 1.3

Alloy X 2.5

Alloy 600 2.8

Alloy 625 5.3

Type 310 stainless steel Heavy localized attack

aCarburization conditions: in Ar, 5% H2, and 5% CH4 at 18008F (9808C) for 55h.

PO2
¼ 9� 10�22 atm, carbon activity 1.0.



TABLE 1.54
Nitriding Resistance of Selected Alloya

Alloy Nitrogen Absorption (mg=cm2) Depth of Nitrided Layer (mm)

Alloy 230 0.7 30

Alloy 600 0.8 33

Alloy 188 1.2 15

Alloy 214 1.5 38

Alloy X 1.7 38

RA 330 3.9 97

Alloy 800H 4.3 104

Alloy 556 4.9 89

Type 310 7.4 152

Type 304 9.8 213

aTested in ammonia at 12008F for 1 week.
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process if the desired steel transformation products are to be obtained and if thermal gradients

are to be minimized [134–136]. Optimizing the overall quenching process is interdependent with

quench system design, especially the direction, turbulence, and velocity of quenchant flow [136].

This is true for all quench systems, whether gas or liquid, including high-pressure gas quenching

and molten salt, fluidized-bed, brine, oil, and aqueous polymer quenchants.

In this section, an introduction is provided to quench system design criteria with

particular focus on vaporizable liquids. The design criteria include: (1) tank sizing, (2)

heat exchanger selection, (3) agitator selection, (4) chute design, (5) flood quench systems,

and (6) filtration.

1.12.1 QUENCH TANK SIZING

The sizing of the quench system depends on the thermal properties of the metal (Figure 1.145)

and on those of the quenchant. Heat (q) transfer rates depend on the heat transfer coefficient of

the quenchant film surrounding the heated metal (h), surface area (A), and the difference

between the temperature of the metal before quenching (Ti) and the bath temperature (Tb).
TABLE 1.55
Resistance to Molten Chloride Salts at 15508F (8458C)

Alloy

Metal Loss and Continuous

Internal Penetration (mm=side)

Alloy 188 0.69

Multimet alloy 0.76

Alloy X 0.97

Alloy s 1.0

Alloy 556 1.1

Waspaloy alloy 1.7

Alloy 214 1.8

Type 304 1.9

Type 310 2.0

Alloy 600 2.4
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q ¼ hA(Ti � Tb)

The amount of heat transferred from the hot metal to the cooler quenchant can be

estimated as [137]:

Q ¼ CpmWm(Ti � Tb)

where Cpm is the specific heat of the metal, Wm is the weight of the metal, including fixtures

such as trays, and Ti and Tb are the initial and final temperatures, respectively, of the metal.

The temperature rise (Tr) of the quenchant can be estimated from [137]:

Tr ¼ (Ti � Tb) ¼ QWqCpq

where Cpq is the heat capacity of the quenchant, Wq is the weight of the quenchant, and Ti

and Tb are as defined above.

Clearly the temperature increase of the quenchant is dependent on the initial temperature

of the metal; the volume, temperature, and heat capacity of the quenchant; and the heat

capacity and size of the load that is quenched.
TABLE 1.56
Summary of Alkaline Salts (Builders) Used for Aqueous Cleaning Solutions

Salt Class pH Comment

Caustics (NaOH, KOH) 2–14 Clean fats and oil may neutralize acid.

Not safe for soft metals such as aluminum and zinc

Silicates 11–12.5 Good detergency; attack soft metal and

become insoluble at pH< 10

Phosphates 9.5–1.5 Good detergency; safe for soft metal and suitable for hard water

Carbonates 9.0–9.5 Used to provide reserve alkalinity for other builders in products

Borates 8.0–10.5 Used when other more alkaline salts such as phosphates and silicates

cannot be used. Provides some rust protection
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FIGURE 1.141 Schematic of aqueous alkaline washing process. (From W.H. Michels, Heat Treating:

Equipment and Processes (G.E. Totten and R.A. Wallis, Eds.), Proc. 1994 Conf., ASM International,

Materials Park, OH, 1994, pp. 383–388.)
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Two general rules have been traditionally and successfully applied to oil and polymer

quenchant systems [138,139]:
FIG
Sec
1. The size of the load (including fixtures) quenched should not exceed 1 lb =gal (0.11 kg=l).
2. The temperature rise of the quenchant should not exceed 10 8F (58C).
It is recommended thatmild steel be used for quench tank construction.Cast ironmay be used

for pumps and agitators [140]. Soft metals such as zinc, lead, magnesium, and galvanized steel

should not be used for aqueous polymer quenchants that have a basic pH (pH > 7.0). Copper oil

and brass should not be used for mineral oil systems because they promote oxidation [140].

1.12.2 HEAT EXCHANGER SELECTION

There are four primary types of heat exchangers used in quenching systems: mechanical

refrigeration, shell-and-tube (or plate-and-frame), evaporative water-cooled spray towers,

and air-cooled radiators [134]. For small systems, submerged water cooling pipes and cooling

jackets around the quench tank may also be used [140].

Selection of the proper heat exchanger depends on the final temperature of the fluid. The

selection criteria are summarized Table 1.57. Examples of air-cooled and evaporative heat

exchangers, two of the more commonly used heat exchangers in larger heat treatment

processes, are shown schematically in Figure 1.146 and Figure 1.147.
Detergent and water

Detergent penetration Oil displacement Oil emulsification and removal

Metal

Oil Oil Oil Oil Oil

MetalMetal

URE 1.142 Detergency mechanism for alkaline washing process. (From Heat Treating Handbook,

o=Warwick Corp., Meadville, PA.)
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FIGURE 1.143 Schematics of (a) spray-and-dunk washer; (b) spray washer. (Courtesy of BeaverMatic.)
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Shell-and-tube heat exchangers typically contain copper cooling surfaces and are subject

to fouling and plugging, particularly when mineral oil quenchants are used. Plate-and-frame

heat exchangers have stainless steel plates on the heat exchange surface. Water contamination

problems may occur with both of these types of heat exchangers. These can be disastrous

for oil quenchants, ultimately leading to fires. This problem can be avoided by pressurizing

the quench oil side to prevent water from flowing into the oil. To avoid potential problems

in the event of pressurizing pump failure, it is recommended that a pressure-sensing device

(140–280 kPa) be installed [134].

Centrifugal pumps are generally recommended. The appropriate pipe size is dependent on

the required flow rate as shown in Table 1.58. Correct pipe size is essential to ensure the

necessary turbulent flow and to reduce the fouling potential. Maximum efficiency is obtained

by removing the heated quenchant from the top of the tank and returning the cooled fluid to

the bottom of the tank [140].

1.12.3 AGITATOR SELECTION

There are numerous possible design alternatives to provide the necessary agitation to opti-

mize the heat transfer rates and the uniformity of the quenching process. They may be used

either individually or in combination with each other. Some of the more common agitator

design options are briefly reviewed here.
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1.12.3.1 Sparging

Bubbling air or inert gases into the quenchant, a process known as sparging, may be used

either as the sole source of agitation [141,142] or to supplement other forms of agitation such

as pump agitation [143]. Air sparging can be readily used for water and brine. It is a relatively
FIGURE 1.144 (a) Continuous vapor degreasing line. (Courtesy of Fluid therm Technology P. Ltd.,

www.fluidtherm.com.) Aqueous alkaline washers (b) Open batch washer.

Continued



FIGURE 1.144 (continued) (c) Continous batch washer. (Courtesy of Universal Separators, Madison,
WI, www.smartskin.com.)
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poor choice for other vaporizable quenchants such as oil because the increased presence of air

will facilitate oxidative degradation. Although an inert gas such as nitrogen should be used, it

is significantly more expensive than air.

Agitation rates provided by gas sparging are dependent on the gas pressure. The pressure

required to provide the desired amount of agitation depends on the head of the fluid,

frictional losses in the delivery pipe, and the pressure difference required to force the gas

through the pipe orifice [142].

Airflow rate is a function of the pipe diameter:

Q ¼ 0:327VD2

where Q is the airflow volume (ft3=min), V is the linear velocity (ft=min), and D is the pipe

diameter (ft).

Pressure losses due to friction (P) can be calculated as

P ¼ Q2L

2690D5

where L is the length of the pipe (ft).
TABLE 1.57
Heat Exchanger Selection Guidelines

Final Fluid Temperature Heat Exchanger Type

<248C (<758F) Mechanical refrigeration

33–458C (95–1108F) Evaporation or water-cooled

<458C (<1108F) Air-cooled
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To determine pressure loss due to friction in flow through a pipe elbow, the equivalent

length of straight pipe is first determined by using a table such as Table 1.59.

The rate of airflow (Q) through a pipe orifice of known diameter (in.) is

Q ¼ 21:7D2C
ffiffiffiffiffi
H
p

where H is the head pressure (in H2O) and C is an orifice-dependent constant selected from

Table 1.60.
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1.12.3.2 Centrifugal Pumps

Centrifugal pump systems can be used to provide quenchant bath agitation and to transfer

the fluid to and from the heat exchanger. However, if centrifugal pumps are used, particular

attention must be given to the position of the sparge manifolds around the part, or load, that

is quenched. This is especially significant because the flow velocity drops rapidly at distances

greater than 10 diameters from the discharge point, as shown in Figure 1.148 [134].

A detailed description of centrifugal pump selection, use, and system design is beyond the

scope of this text. However, excellent information is provided in Refs. [146–148] and other

texts. Applied Process Desi gn for Chemic al and Petroch emical Plants [147], which is particu-

larly good, is available free of charge.

1.12.3.3 Impeller Agitation

Perhaps the most commonly used source of agitation, especially for larger quench tanks, is

the impeller. One of the earliest references to the selection and use of impeller agitation for

quench systems was a now-classic paper published by U.S. Steel [144]. The newer impeller

mixer technology is discussed in Refs. [145,149].
TABLE 1.58
Heat Exchanger Pipe Sizing Recommendations

Flow Rate Pipe Size

gal=min l =min in. mm

50–90 190–340 2 50

90–180 340–680 2.5 63

180–250 680–950 3 75



TABLE 1.59
Equivalent Straight Pipe Length for Elbows

Pipe Elbow Radius Equivalent Length of Straight Pipe

in. mm in. mm

0.5 12.7 121.0 3070

0.75 19.0 35.0 889

1.0 25.4 17.5 445

1.25 31.8 12.7 323

1.5 38.1 10.3 262

2.0 50.8 9.0 229

3.0 76.2 8.4 213

5.0 127.0 7.8 198

Source: From G.B. Tatterson, Fluid Mixing and Gas Dispersion in Agitated

Tanks, McGraw-Hill, New York, 1991.
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Many quench tanks are agitated using one or more open-impeller mixers or an impeller

encased in a tube for directing the flow. If a draft tube is not used, then flow must be directed by

the impeller itself or by flow-directing baffles in the quenching region of the tank.

A common impeller used for open systems is an axial flow impeller such as the marine

impeller shown in Figure 1.149b. An axial flow impeller directs flow parallel to the impeller

shaft. Axial flow impellers may be top-entering, side-entering, or angled top-entering as

shown diagrammatically in Figure 1.150.

Three-blade marine impeller mixers have traditionally been used for quench tank agita-

tion. The mixer power requirements for a marine impeller with a 1.0 pitch ratio operating at

420 rpm are summarized in Table 1.61 [144].

The impeller currently most often recommended for angled top entry or vertical top entry

is the airfoil type illustrated in Figure 1.150a. A comparison of the power requirements for a

marine and an airflow-type impeller is given in Table 1.62 [145]. The recommended power

requirements for an airfoil impeller in both open and draft tube configurations are provided

in Table 1.63.

The required power P is proportional to speed N and can be calculated for other output

speeds from

P / N4=3
TABLE 1.60
Gas Injection Orifice Constanta

Orifice Type Constant C

Conoidal mouthpiece (contracted vein) 0.97–0.99

Conoidal (converging mouthpiece) 0.90–0.99

Short (cylindrical mouthpiece rounded at inner end) 0.92–0.93

Short (cylindrical mouthpiece) 0.81–0.84

Thin circular plate 0.56–0.59

aFor equation Q ¼ 21:7D2C
ffiffiffiffiffi
H
p

; see text.
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FIGURE 1.148 Flow pattern as a function of nozzle diameter and distance from nozzle for a jet mixer.

(From G.E. Totten, C.E. Bates, and N.A. Clinton, in Handbook of Quenchants and Quenching Technol-

ogy, ASM International, Materials Park, OH, 1993, chap. 9.)
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The impeller blades used for a side-entry mixer (Figure 1.151c) have a different shape than

those used for top-entry mixers (Figure 1.151b) to balance the mechanical forces acting on the

impeller in the side-entry mode.

The sizing of the impeller diameter with respect to power is shown in Table 1.64. The

required power is taken from Table 1.63.
1.12.3.4 Draft Tubes

A draft tube agitator is used to provide directed airflow in many quenching system designs. A

schematic of a draft tube agitator is provided in Figure 1.151.

Marine impellers are normally used for smaller draft tube systems (<24 in.). Airfoil

impellers are better performing, lower cost alternatives for larger ( >24 in.) systems. When

airfoil impellers are used in draft tube applications, a lower tip-chord angle is used than for

side-entering mixers to avoid stalling under conditions of high heat resistance.

A draft tube should have the following characteristics [145,149]:
1. A down-pumping operation is used to take advantage of the tank bottom as a flow-

directing device.

2. A 30 8 entrance flow on the draft tube minimizes the entrance head losses and ensures a

uniform velocity profile at the inlet.

3. Liquid depth over the draft tube should be at least one-half of the tube diameter to

avoid flow loss due to disruption of the impeller inlet velocity profile.

4. Internal flow straightening vanes are used to prevent fluid swirl.

5. Impeller should be inserted into the draft tube a distance equal to at least one-half of

the tube diameter.

6. A steady bearing or limit ring is used to protect the impeller from occasional high

deflection. A steady bearing is the lower cost alternative but requires maintenance.

7. Impeller requires 1–2 in. (25–50 mm) of radial clearance between the blade tips and the

draft tube. When the draft tube must be minimized, an external notch can be used to

reduce the draft tube dimensions by 2–3 in. (50–75 mm).
1.12.3.5 Multiple Mixers

Ensuring uniform heat transfer throughout the quench zone often requires multiple mixers.

Although there are no simple quantitative prediction methods to determine the necessity of

using multiple mixers, there are two general guidelines:



FIG
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1. If the length =width ratio is 2, a single properly design mixer is usually sufficient.

2. If the length =width ratio is greater than 2, then multiple mixers are recommended.
Possible draft tube and side-entry mixer arrangements for rectangular tanks are shown in

Figure 1.152. Top-entry mixers may be arranged differently.
URE 1.149 Examples of impeller design: (a) lightnin A-310 airfoil-type impeller; (b) lightnin A-310

rine impeller.

Continued



FIGURE 1.149 (Continued) (c) lightnin A-312 side-entry impeller. (Courtesy of SPX Process Equip-

ment, Lightning Operation.)
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To size a mixer used in a multiple arrangement, it is first necessary to determine the total

power requirement for the tank using Table 1.63. The impeller sizing for each mixer is

determined from Table 1.64, and the power per mixer is determined from the relationship

Power per mixer ¼ total power

number of mixers

1.12.3.6 Cavitation

Cavitation occurs when the pumping action of the impeller creates localized zones of low

pressure, pressure below the vapor pressure of the fluid. Vaporization can lead to erosion of

the impeller and unstable operating performance. This should not occur with properly

designed systems.



Top-entering
mixer

Angled
top-entering

mixer

Side-entering
mixer

Side view:

Top view:

Baffles

10� 10�

10−20�

FIGURE 1.150 Examples of flow patterns and impeller arrangements for top-entering, angled top-

entering, and side-entering mixers.
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1.12.4 Computational Fluid Dynamics

Computational fluid dynamics (CFD) may provide greater understanding of the details of

fluid flow in the quench system and greater insights into how to determine the optimum

location and orientation of the part in the quench zone [150,151]. It can also assist in

troubleshooting fluid flow problems that can produce distortion or cracking [152].

An example of the use of CFD to model flow in a simple quench tank configuration using

a draft tube [149] is shown in Figure 1.153. The CFD model illustration shows that there is a

general flow pattern that sweeps across the bottom of the tank from left to right with a

rotational element around the axis of the general flow pattern. The flow is relatively quiet in

the corners of the tank except where the draft tube is located.
TABLE 1.61
Power Requirements for Propeller Agitationa

Power Required

Tank Volume Standard Quench Oil Water or Brine

gal l hp=gal kW=l hp=gal kW=l

50–800 2,000–3,200 0.005 0.001 0.004 0.0008

800–2,000 3,200–8,000 0.006 0.0012 0.004 0.0008

2,000–3,000 8,000–12,000 0.006 0.0012 0.005 0.001

>3,000 >12,000 0.007 0.0014 0.005 0.001

aAgitation at 420 rpm. Marine propeller with 1.0 pitch ratio.

Source: From U.S. Steel, Improved Quenching of Steel by Propeller Agitation, 1954.



TABLE 1.62
Equivalent Quench Tank Mixer Sizea

Impeller rpmb

Standard Quench Oil Water or Brine

hp=gal kW=l hp=gal kW=l

Marine 480 0.007 0.0014 0.005 0.001

Marine 280 0.004 0.0008 0.003 0.0006

Airfoil 280 0.003 0.0006 0.002 0.0004

aBased on a 3000 gal tank with an open-impeller mixer providing violent circulation. The recommended power

requirement for an airfoil impeller used in a draft tube application is 0.006 hp=gal for a quench oil and

0.0045 hp=gal for water or brine.

bThe power levels for other output speeds are adjusted using P/N4=3, where P is the required power level and N is speed.
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Similar studies were performed by Garwood et al. [150] and Wallis et al. [151]. Their work

also showed that even with considerable surface flow, there were substantial velocity gradi-

ents within the tank around the mixers positioned at all four corners of the tank.

These results show that CFD calculations have tremendous potential in the study of

existing quench tank flow problems and in assisting the design of new systems.
Impeller
insertion

0.5 D

30� entrance flare

Radial clearance

Notch

D

0.5 D
coverage

Limit ring or 
steady bearing 

Flow straightening
vanes

Direction of
fluid flow

FIGURE 1.151 Draft tube impeller design.



TABLE 1.63
Recommended Quench Tank Mixer Sizes

Mixer Type

Standard Quench Oil Water or Brine

hp=gal kW=l hp=gal kW=l

Open-impeller mixers—top-entry or

side-entry airfoil impeller at 280 rpm

0.004 0.0008 0.003 0.0006

Draft tube mixer—airfoil impeller at 280 rpm 0.006 0.0012 0.0045 0.0009
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1.12.5 CHUTE-QUENCH DESIGN

Illgner [153] conducted a study of chute quenching in the continuous heat treatment process

illustrated in Figure 1.154. The variables affecting quenching in the chute zone include effect

of the time to drop through the chute zone, cross-sectional size, and quenchant viscosity. The

conclusions of this study were that [153,154]:
1. The quenchant viscosity has only minimal effect on sinking speeds.

2. The position of the part as it enters the quenchant will significantly affect the sinking

speed.
TABLE 1.64
Size of Impeller Mixers

Motora,b Impeller Sizec,d

hp kW in. cm

0.25 0.19 13 33.0

0.33 0.25 14 35.6

0.50 0.37 15 38.1

0.75 0.56 16 40.6

1.0 0.75 17 43.2

2.0 1.49 20 50.8

3.0 2.34 22 55.9

5.0 3.73 24 61.0

7.5 5.59 26 66.0

10.0 7.46 28 71.1

15.0 1.19 30 76.2

20.0 14.92 32 81.3

25 18.65 33 83.8

aThe power requirements were calculated assuming 280 rpm, specific gravity 1.0, and

airfoil impeller with Np 0.33. (Airfoil and marine propeller power numbers are nearly

identical.)
bThe shaft horsepower (hps is equal to 80% of the motor horsepower (hpm) (0.8�hpm –

hps).

cThese are the power requirements for an open impeller operating at 280 rpm.

dWhen used in a draft tube, the impeller size should be reduced by 3%. Axial flow

impellers are used in draft tubes to more closely control the direction of the flow pattern.

Draft tube circulators have a higher resistance head that the impeller must pump against,

which is due to the fluid friction losses in the draft tube pipe. Velocity head losses also

occur at the entrance, exit, and at any angles in the draft tube. The higher head

conditions require a slightly different impeller for optimum pumping performance.

Impellers in both open- and draft tube configurations are provided in Table 1.58.
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FIGURE 1.152 Examples of draft tube mixer placement for tanks with L=W> 2.
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3. Even small (16� 100 mm) parts do not cool to the Ms transformation temperature in

the chute zone.
For optimal quench uniformity, both vigorous agitation and adequate quenchant turn-

over in the chute zone are necessary. If the temperature is allowed to vary, it may not be

possible to control hardness because quench severity depends on the quenchant temperature.

Quenchant temperature control in the chute zone is especially critical for aqueous poly-

alkylene glycol polymer quenchants, which will thermally separate from solution at elevated

temperatures, producing a heterogeneous quenching medium. These conditions will result in

nonuniform cooling, and the increased thermal gradients may be sufficient to increase

distortion or cracking.
(a) (b)

URE 1.153 Example of the utility of CFD analysis to model agitation uniformity in quench tanks.

Vectors in xz planes; (b) vectors in yz planes.
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FIGURE 1.154 Illgner continuous chute-quench design. (From K. Illgner, Harterei-Tech. Mitt.

41(2):113–120, 1987.)
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If thermal separation of the fluid is accompanied by poor agitation and fluid turnover in

the chute zone, the polymer may adsorb on the part and subsequently be removed before

polymer dissolution occurs. This will lead to a depletion of the polymer in the chute zone. If

sufficient polymer is removed with replenishment, the quenchant in the chute zone will

become almost entirely water.

Various chute-quench designs have been used to achieve the appropriate agitation and

quenchant turnover in the chute zone. The illustrative examples are shown in Figure 1.155 [154].

The systems include (a–c) impeller agitation in the chute zone, (d–f) up-flow and submerged

spray-quench designs, (h) the SECO-Warwick Whirl–Away countercurrent pump flow design,

and (i) a special roller-track design (which must also be accompanied by some form of agitation

such as the submerged spray). A rotating chute design has also been reported (Figure 1.155j)

[156]. The dual-belt chute-quench design (immersion time quenching system; ITQS) shown in

Figure 1.155g permits variable cooling rates during the quench [155].

A properly designed chute-quench system should incorporate the following features [139]:
TA
Pre

Typ

Ope

Sub
1. Sufficient agitation and turnover in the chute zone to provide adequate and uniform

heat transfer.

2. Cooling jacket for the chute above the quench zone to prevent oil and water vapor from

entering the furnace vestibule. Cooling can be achieved by routing the quenchant

returning from the heat exchanger through the chute zone cooling jacket.

3. Fume educator located in the chute zone above the cooling jacket to prevent vapor

contamination of the furnace atmosphere.

4. Perforated or screened opening in the chute area to allow heated quenchant to escape

during the quench. Solid chutes should never be used.

5. Mesh belt of sufficient porosity and length to permit quenchant agitation around the

part to facilitate completion of the quench.
BLE 1.65
ssure and Orifice Size for Indirect Spray-Quench Systems

Orifice Size

e of Spray Pressure (psig) in. mm

n <20 1=8 3.18

merged >40 1=4 6.35



TABLE 1.66
Interrelationship between Hole Cross Section and Flow Rate

Cross Section Hole Diameter
Flow Rate at 20 psi

(gpm=hole)in. mm in. mm

0.5 12.7 1=16 1.58 0.33

1.0 25.4 1=8 3.18 1.5

Source: From D.J. Williams, Met. Heat Treat., July=August 1995, pp. 33–37.
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1.12.6 FLOOD QUENCH SYSTEMS

Typically either spray or dunk quenching is used for induction hardening [136,138,157].

Polymer quenchants are the most commonly used quenchants for either process [157].

For dunk quenching, it is important that the reservoir be sufficiently large to allow the

foam head to dissipate before the quenchant is pumped back into the system [139]. Therefore,

the reservoir volume should be at least five to eight times the volume rate of flow. For

example, if the flow rate is 10 gal =min, then the reservoir capacity should be 50–80 gal.

One of the most common problems with dunk quenching systems is that the reservoir is

undersized. If the reservoir is too small, a mixture of the foam and quenchant will be used to

quench the part. This will often lead to increased distortion and cracking. Dunk quench

systems also require the use of filters and heat exchangers.

The major factors in the selection and design of spray quenching systems are the material

induction hardened, the area to be quenched, and the quenchant. Pressure and orifice size

recommendations for polymer quenchants are presented in Table 1.65.

The total flow of the quenchant onto the part depends on the size and number of holes in

the spray ring. Generally, the total quench hole area should be a minimum of 5–10% of the

area quenched [157]. The size of the holes in the quench ring is a function of the cross-

sectional size of the part (Table 1.66).

Mass flow vs. pipe size, effect of inlet =outlet ratio, and hole size on quenching size vs.

pressure are summarized in Figure 1.156 through Figure 1.158.

Ideally the rate of quench hole area to surface area of the lines feeding the coil will be 1:1

and no greater than 2:1 [157].

1.12.7 FILTRATION

Quenchants may contain various types of solid contaminants such as sludge and carbon. In

addition to causing excessive wear of pumps and seals, scale, and heat exchange fouling, the

presence of contaminants may affect the uniformity of the quenching process, resulting in

increased distortion and cracking frequency for the lifetime of the bath.

One method of solid contaminant removal is centrifugation. An example of a centrifugal

separator is shown in Figure 1.159. Solid contaminants may also be removed by filtration. Filters

can be divided into two classes: fixed-pore surface filters and nonfixed-pore depth filters. Fixed-

pore surfaces such as mesh or screen filters are suitable for removal of relatively large solids (or

small parts). Dimensions of commonly available mesh filters are given in Table 1.67.

Nonfixed-pore depth filters have a higher capacity than mesh filters and permit the

separation of smaller particles. They may be constructed from cotton, wool, cellulose, or

synthetic materials such as polyester, polyethylene, fiberglass, and Teflon. The best quenching

results are achieved using 3–5 mm filtration [158].
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Filters can be used in either full-flow or proportional flow mode. For proportional flow

filtration, only a portion of the pumped fluid stream is passed through the filter. For full-flow

filtration, the entire fluid stream pumped is passed through the filter.

Filter selection is dependent on the flow rate, the fluid composition, and the temperature.

The maximum flow rate and allowable pressure will dictate the filter element size that can be
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used. The filter selected must be compatible with the fluid type at the operating temperature.

Not e: Cellulosic filters should never be used with aqueous quenchants.

1.12.7.1 Membrane Separation

As illustrated in Figure 1.160, microporous membranes are capable of removing various

organic and inorganic materials from water [159]. The porosity of these membranes, which

are commonly manufactured from cellulose acetate, is selected to separate large molecules
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FIGURE 1.156 Correlation of volume flow rate and pipe size at quench flow of 10 ft=s. (From D.J.
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such as polymer from smaller molecules such as salt and water. If the porosity is sufficiently

small, everything larger than a water molecule can be removed.

Two of the most common membrane separation techniques for the removal of quenchant

polymers, salts, and additives from water are reverse osmosis (RO) and ultrafiltration (UF). The

primary differences between these methods are the system pressure and molecular size separated

(see Table 1.68). RO is more common because it provides the most complete separation.

The separation process is carried out by pumping the quenchant solution through an

array of membrane cartridges such as the one illustrated in Figure 1.161. Pure water passes

into the core of the filter cartridge, from which it is released to the environment or delivered to

a storage tank. The separated polymer is pumped to a storage tank, rediluted to the proper

concentration, and reused.

If the aqueous quenchant is contaminated with oil, the oil must be removed before

membrane separation. This can be accomplished by liquid–liquid surface coalescence of the

micrometer-size oil droplets, which are then separated by density difference as illustrated in

Figure 1.162. The agglomerated oil is then collected in a setting tank.

1.12.8 PRESS DIE QUENCHING

Manybatch and continuous processes call for the heat treatment of parts, such as gears and rings,

for which themaintenance of dimensional tolerances is critically necessary. Variousmetallurgical

and heat treatment process variables will affect the final part dimensions [160,161]:
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. Materials: Irregular grain structure (texture, grain size), hardenability, chemical com-

position

. Workpieces: Geometry of thickness variation, internal stress (machining=forming)

. Heat treatment: Thermal stress during heating and cooling, texture transformation (aus-

tenitizing=hardening), nonuniform carburizing, exterior stress (loading configuration, part

weight)
The variables that may potentially affect heat treatment, particularly quenching, are often

the processes that receive the most attention. (For a more complete discussion of this subject,

see Chapter 10 of St eel Heat Tr eatment: Me tallurgy and Tec hnologies.)

Previously, it was shown that to minimize thermal and transformational gradients, the

optimization of quench uniformity is critical. However, this may be insufficient to obtain
URE 1.159 Continuous centrifugal oil sludge separator. (Courtesy of SBS Corporation.)



TABLE 1.67
Standard Mesh Screen Sizes

Mesh Per Linear Inch U.S. Mesh No.

Sieve Opening

in. mm

52.36 50 0.0017 297

72.45 70 0.0083 210

101.01 100 0.0059 149

142.86 140 0.0041 105

200.00 200 0.0029 74

270.26 270 0.0021 53

323.00 325 0.0017 44
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the desired dimensional tolerances. In these cases, the use of press (die) quenching may be

required.

1.12.8.1 Press Quenching Machines

A simplified schematic of a press quenching machine is shown in Figure 1.163 [162,163]. The

part to be quenched is placed on a die that is custom manufactured for the particular part

processed. The press, which is either hydraulically or pneumatically actuated, closes over the

part and die. The part, pressed in the die at the minimum required pressure, is then either

submerged in or sprayed with the quenchant. After the quench, the press is opened and the

part is removed. (The die-pressing operation also holds the part to prevent distortion during

quenching.)

An example of a press quenching machine for a batch production process is illustrated

in Figure 1.164. However, press quenching may be part of either a batch or a continuous

process [27].

Symmetrical parts may be manufactured to the straightness relationship [160]

TIR ¼ k
l

d

where TIR is the total indicator reading or straightness, l length (in.), d diameter (in.), and

k¼ 10�4.
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TABLE 1.68
System Pressure and Solute Size Membrane Separation Techniques

Technique Size of Solute Separated (mm) Pressure (psig)

Ultrafiltration 0.001–2 —

Reverse osmosis 0.0001–0.001 200–1000
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1.13 FURNACE SAFETY

There are numerous examples of industrial accidents that have been caused by improper and

unsafe furnace operation [165]. Many of these incidents are related to the unsafe use of

furnaces with controlled atmospheres. For example, furnace explosions may occur with

sufficient force to literally blow the door off the furnace and propel it across the shop.

Unfortunately, these incidents occur with such frequency that it is commonly understood

that one should never stand in front of the furnace door.

The objective in this section is to provide an overview and summary of furnace safety

precautions. Note: The National Fire Protection Agency and the U.S. Occupational Safety

and Health Administration, insurance underwriters, and equipment manufacturers all pro-

vide guidelines for safe operation of industrial furnaces. The furnace operator should be well

versed in these regulations before operating any piece of equipment.

1.13.1 EXPLOSIVE MIXTURES

When combustible gas and air are mixed and the necessary source of ignition, such as a spark,

is present, combustion of the mixture will occur. There will be a corresponding volumetric

expansion due to the temperature rise of the gaseous combustion by-products that may lead

to the rupture of the container in which they are confined (an explosion).

Many furnace atmospheres, when combined with the proper amount of air, are explosive.

Some of those mixtures have been noted in Table 1.21. One of the first steps of safety is for the

furnace operator to be familiar with the explosive limits of all the gases used in the shop.

When positive ignition is necessary to facilitate combustion of a mixture containing more

than 4% combustibles, the minimum temperature for safe operations is 14008F (7608C).
Adhesive bond

Concentrate flow

Concentrate flow

Mesh spacer

Membrane

Permeate carrier
material

O-ring
Feed flow

 flow

Permeate

Permeate tube

Feed flow

FIGURE 1.161 Typical membrane assembly. (Courtesy of Despatch Industries.)
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FIGURE 1.162 Schematic of separation by coalescence. (Courtesy of Despatch Industries.)
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1.13.2 PURGING

The furnace must be purged of air with an inert gas, usually nitrogen, before a flammable

mixture is introduced. It is generally true that there is no residual oxygen if the furnace is

purged with a volume of N2 equal to at least five times the volume of the furnace [164].

1.13.3 SAFETY OF OPERATION TEMPERATURE

There are four variations of furnace temperatures. They include [164]:
FIG
1. Entire furnace temperature is above 14008F (7608C).

2. Part of the furnace is above 14008F with short cooler zones.

3. Part of the furnace is above 14008F (7608C) with longer cold zones.

4. The entire furnace is below 14008F (7608C).
When the furnace temperature is above 14008F (7608C), combustible gas ignites immediately

and is therefore relatively safe. However, if the furnace temperature is less than 14008F
Oil level

URE 1.163 Schematic of a press quench process.



FIGURE 1.164 (a) A press quench machine. (b) Die installation into press quench machine.
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(7608C), an explosive situation may result. In such cases, it is recommended that the furnace

be purged with an inert gas to remove the combustible gas.

If there are long hot zones, especially at the ends of the furnace, and relatively short cooler

zones, the inert purge gas needs to be added only in the cold zones. Care should be taken to

ensure that the atmosphere is added only to the hot zones. Batch furnaces below 14008F
TABLE 1.69
Prevention of Explosions of Furnace Atmospheres during Emergencies

Emergency Interruption

Power Fuel Gas Atmosphere

Protective system � � �
Inert gas storage � � �
Bottled inert gas � � �
Steam purging system � � �

Preventive method

Motor generator �
Manifold generator �
Natural gasa � �
Bottle LP fuel gas �

aNatural gas should be used only at temperatures greater than 14008F (7608C).
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(7608C) should be purged with the introduction of air when starting cold and at the end of the

cooling cycle, only after it is ensured that there can be no ignition source [164].

Large cold zones with short hot zones represent a potentially unsafe condition, and the

furnace must be operated only with special precautions such as with the use of an inert gas

production and storage system (Figure 1.165).

1.13.4 POWER FAILURES

If a power failure occurs, the atmosphere and heat will be lost, creating unsafe (<14008F
(7608C)) conditions. In such cases [164]:
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1. Flammable mixture should be burned out immediately if the burnout procedure is safe.

2. If the furnace is operated below 14008F, standby storage of an inert gas purge is

recommended.
BLE 1.70
mposition and Recommended Use Temperature Range for Steel Heat-Treating

t Mixture

cess

Composition (%) Melting Point Use Temperature

BaCl2 NaCl2 KCl CaCl2 NaNO3 KNO3 8C 8F 8C 8F

tenitizing

98–100 — — — — — 950 1742 1035–1300 1895–2370

89–90 10–20 — — — — 870 1598 930–1300 1705–2370

heating salts

70 30 — — — — 335 635 700–1035 1290–1895

55 20 25 — — — 550 1022 590–925 1095–1700

nch and temper

30 20 — 50 — — 450 842 500–675 930–1250

— — — — 55–80 20–45 250 482 285–575 545–1065
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Some common protective systems are summarized in Table 1.69 [164].

The following protective controls should be installed and interlocked for all atmosphere

furnace systems [165]:
FIG
1. Atmosphere supply line should have a safety shut-off valve.

2. Operator should be able to visually monitor the atmosphere gas supply to verify gas

flow.

3. Temperature of all zones in the furnace should be adequately monitored and inter-

locked to the atmosphere supply safety shut-off at (or below) 14008F (7608C).

4. An automatic safety shut-off valve for the flame curtain should be installed and

interlocked to prevent opening below 14008F (7608C).

5. Both audible and visual temperature atmosphere and gas flow alarms should be

installed.

6. It should be possible to open the door manually in the event of power failure.
1.14 SALT BATH FURNACE

There are three components to a salt bath furnace: the salt, hardware to melt the salt

and control temperature, and a means of reclaiming the salt. This section first provides an

overview of the use of molten salts in heat treatment and their selection. The second sub-

section reviews the furnaces (or salt pots) that are used to provide the necessary temperature
URE 1.168 A gas-fired radiant tube heating=circulation system. (Courtesy of Ajax Electric Company.)



FIGURE 1.169 An over-the-top electrical heating system. (Courtesy of Ajax Electric Company.)
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control. The third and fourth subsections deal with salt bath furnace safety and salt contam-

ination. Finally, salt reclamation is briefly discussed.

1.14.1 SALT BATHS

An alternative to heating a metal part in a conventional furnace is to heat it in a liquid such as

a molten salt. The advantages of using molten salts for heating include rapid heating, superior

temperature uniformity and control, and protection from air, thus eliminating surface oxi-

dation and scale formation. Heating processes where molten salt heating is used [166–169]

include neutral hardening, isothermal heat treating, annealing, tempering, descaling, cyanide

hardening, carburizing, and brazing.

Hardening of some distortion- and crack-sensitive steels requires cooling the steel at a

temperature at or near its martensitic temperature. The high-temperature cooling process

(martempering or austempering) can also be performed in a molten salt [167–171].

Figure 1.166 provides typical heat-up times for steel rods of various cross sections.

The use temperature of a salt bath is dependent on the melting point of the salt. Melting

points are controlled by blending mixtures, either binary or ternary, of different salts.

Table 1.70 lists some typical salt mixtures used for preheating, heating (austenitizing), and
FIGURE 1.170 A through-the-wall heating system. (Courtesy of Ajax Electric Company.)
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cooling [167]. (Preheating of crack- or distortion-sensitive parts may be required to minimize

thermal shock and to minimize heating time in the higher temperature furnace [167,172].)

Generally, higher melting chlorides are used for heating. Lower melting nitrates (and nitrite

ternary mixtures discussed in Chapter 9 of Steel Heat Treatm ent: Mett alurgy and Technolo -

gies) are used for martempering and austempering.

1.14.2 FURNACE (SALT POT) DESIGN

1.14.2.1 Gas- or Oil-Fired Furnaces

Molten salt furnaces and salt pots can be heated with a gas- or oil-fired radiant tube

combustion system as shown in Figure 1.167. The schematic of the heating system illustrated

in Figure 1.168 indicates that the pressurized burner fires into a radiant tube, which heats

the salt inside the baffled area. The molten salt is subsequently recirculated throughout the

furnace zone using mechanical agitators.
Infrared radiatorsAir inlet

Automatic
water feed

Solid salt
residues

Exhaust with
water vapor

FIGURE 1.172 Schematic illustration of a salt recovery system.
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Gas- or oil-fired burners provide significant energy savings in comparison with electrical

heating. Further savings can be achieved by recirculating the hot off-gases to provide

additional thermal energy to heat the salt [172].

1.14.2.2 Electrically Heated Furnaces

Molten salt furnaces may also be heated electrically. There are a number of advantages to

electrical heating: excellent temperature control (+58C compared to +10 8C for gas-fired

heating), ease of changing electrodes, faster heating, and more furnace flexibility.

There are three common designs used for electrical heating of molten salts: over-the-top

(see Figure 1.169), through-the-wall (see Figure 1.170), and submerged electrode (Calrod)

heating (see Figure 1.171).

1.14.3 SALT BATH FURNACE SAFETY

In addition to the potential hazards of overheating a salt, a number of additional furnace

safety concerns have been noted by Laird [172] and Becherer [167].
FIG
Pty
1. Some mixtures are subject to potential explosive degradation at temperatures above

600 8C (1110 8F) [173]. However, molten salts can be used safely if the manufacturer’s

use recommendations and hazard warnings, which are available on the product ma-

terial safety data sheets (MSDSs), are followed.

2. Care should be taken not to overheat the sidewalls or bottom during start-up to

prevent the salt from flowing from the pot.

3. A nitrate–nitrite salt mixture dripping on a hot refractory may present a fire hazard.

4. Chloride salts used at temperatures in excess of 650 8C (12008F), although nontoxic,

may produce fumes that require venting from the work area.

5. Flue gases must be vented from the work area.
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URE 1.174 Typical properties of a fluidized bed mixture. (Courtesy of Quality Heat Treatment

. Ltd.)
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1.14.4 SALT CONTAMINATION

A part may be austenitized in a chloride salt pot, withdrawn, and then austempered in molten

nitrite salt. In this situation, it is likely that some of the chloride salt will drag out on the

heated part and subsequently contaminate the nitrate salt. Since chloride salts are insoluble, a
10 50 100 500 1000 5000

D

B

A

C

(Spoutable dense)

Sandlike
(bubbly)

Aeratable

Cohesive

Mean particle size
� 106, μm

D
en

si
ty

 d
iff

er
en

ce
 b

et
w

ee
n 

pa
rt

ic
le

an
d 

flu
id

iz
in

g 
m

ed
iu

m

100

500

1000

5000

FIGURE 1.178 Geldart chart illustration of effect of selection of solid on fluidized bed properties.
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chloride sludge will be formed that must be removed by filtration. Conversely, contamination

of a chloride salt solution with even 600 ppm of a nitrate salt can result in severe damage to

the surface of the heated part.

Chloride salts may become contaminated with soluble oxides and dissolved metals. This

will produce an oxidizing environment that may lead to decarburization. When this occurs,

the salt solutions must be rectified, sometimes daily. Rectification can be accomplished in one

of the two ways. The first method involves the reaction of the soluble oxide to form an

insoluble compound. For example, silica or silicon carbide will react with a soluble metal

oxide to form an insoluble silicate that can be removed by filtration. A second method of

rectification is to react the soluble metal oxides with methyl chloride gas or ammonium

chloride, a solid. Either process results in the re-formation of the original chloride salt.

Soluble metals will be reduced at the surface of a graphite rod, thus facilitating their

removal.
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FIGURE 1.180 A gas (or electric) fluidized bed furnace.
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1.14.5 SALT RECLAMATION

Increasingly stringent environmental regulations reflect worldwide demand that salt contam-

inants not be released to the environment. This problem has been successfully addressed by

the use of an automatic surface evaporation scheme that permits salvaging the salt from the

waste cleaning water and its subsequent reuse [174]. One process used to accomplish this is

shown schematically in Figure 1.172 and is a schematic of a continuous salt recovery system

for use with a conveyorized wash system.
1.15 FLUIDIZED BED FURNACES

Fluidized bed furnaces employ one of the newer techniques for heat treating. They were first

developed in the early 1970s when the oil crisis caused designers to look at more energy-efficient

techniques for heating metals. Fluidized beds are formed by passing a gas, often air or nitrogen,

through solid particles such as aluminum oxide and silica sand, causing the particles to become

microscopically separated from each other and to behave like a bubbling fluid analogous to a

boiling liquid. Typical properties are shown in Figure 1.174. The particles in general are inert

(with a high melting point) and do not react with metal parts, but act purely as the mechanism

to improve heat transfer between the fluidizing gas and the part that is processed.

A broad range of heat transfer rates are possible, depending on bed particle size (particle

composition is relatively insignificant), fluidizing gas velocity, choice of fluidizing gas, and

bed temperature.

Apart from more energy-efficient than conventional furnaces [175], it was found that the

natural physical properties of the basic fluidized bed technique such as temperature uniform-

ity and heat transfer rates similar to those of salt and lead made it a safe and ecologically

sound alternatives to molten metal [176,177] and salt baths [178].

It is possible using fluidizing gases such as argon and nitrogen to perform conventional

neutral hardening processes such as austenitizing of all ferrous and nonferrous alloys [175]. In

addition, the natural characteristics of the fluidized bed allow the normal thermochemical



Defluidization—slump technique

Recirculation of gas

Reduction in particle size 

Computer control of all variables to optimize the
benefits of the technique

Jet
pump

Incipient or
minimum

fluidization

Aggregative
or bubbling
fluidization

Cycle

Gas

Comparison of atmosphere consumption
recycling vs. pulse

105 μ - pulse
177 μ - 80%

500

Pilot burner

Hood switch

Upper TC

Main TC

Lower TC

Scr.
Fluidheat
1800-1
controler

Cooling

H
ea

te
r Solenoid valve & power control board

Pressure
switch

Flow
control

solenoid
valves

Normally open
safety valve

By-pass

Flow
meters

Nitrogen

Ammonia

Carbon
dioxide

Air

600 700 800

G
as

 u
sa

ge
, n

m
3 /

h

900 1000

Temperature, °C
1100 1200

20

10

0

Gas

Lmf
Lf

Carborizing
gas

FIGURE 1.182 Procedures to reduce fluidization gas use. (Courtesy of Quality Heat Treatment Pty. Ltd.)

Heat Treatment Equipment 181



Input

What is quantity
of components

to be processed?
What is life cycle
of components?

What type
of process?

Fluidized bed
replacement
for existing

equipment type

Neutral salt
baths; box
furnaces;

atmosphere
furnaces

Cyanide salt
baths;

atmosphere
furnaces

Forced air
circulation
furnaces;
salt baths

Salt baths;
atmosphere

furnaces

Rotary retort;
shaker type;

mesh belt type;
pan type;

continuous strip
type

Mesh belt type;
rotary retort

type

Mesh belt type;
roller type;
salt baths

Mesh belt type;
roller type;

Continuous
processing

Surface
treatments
500 −750�C
930 −1380�F

Isothermal
and tempering

treatments
100 −750�C
212 −1380�F

Isothermal
and tempering

treatments
100 −750�C
212 −1380�F

Surface
treatments

750 −1050�C
1380 −1920�F

Surface
treatments

750 −1050�C
1380 −1920�F

Hardening
normalizing
annealing

750 −1050�C
1380 −1920�F

Hardening
normalizing
annealing

750 −1050�C
1380 −1920�F

Surface
treatments
500 −750�C
930 −1380�FComponent

requires
heat

treatment

Batch
processing

FIGURE 1.183 Decision model for applicability of fluidized bed furnaces. (Courtesy of Quality Heat

Treatment Pty. Ltd.)

182 Steel Heat Treatment: Equipment and Process Design
processes to proceed as well as newly developed processes, e.g., carbide-dispersed carburizing

[179], which cannot be performed in other atmosphere-based furnaces. The basic carburizing

and nitriding [178] surface treatments can be performed as well as hard surface coating [175]

of ferrous materials. The relatively high heat transfer characteristics of the fluidized bed can

also be used to cool or quench metal parts after austenitizing or solution treatment [5,6] under

certain circumstances [180], providing significant advantages over the more established

quenching techniques.

Heating and cooling rates approaching those for salt and lead baths as shown in Figure

1.175 can be achieved depending on temperature and choice of gas. For comparison, recom-

mended heat-up times for various types of heat transfer media are shown in Figure 1.176.

Similarly, when the fluidized bed is used for quenching, a broad range of cooling rates are also



FIGURE 1.184 Typical fluidised bed line for semi continuous processing of hot die steel tooling.

(Courtesy of Fluidtherm Technology.)
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possible, from gas quenching to those attainable with the slower quench oils. The primary

focus of this section is placed on the fluidized bed furnace rather than on the associated

process technology.

1.15.1 DESIGN OF FLUIDIZED BED FURNACES

An illustrative schematic of a fluidized bed furnace is provided in Figure 1.177. This section

discusses the main components of a fluidized bed furnace.

1.15.1.1 Heat Transfer Particles

The characteristic properties of fluidized bed media are based on their position in the Geldart

chart as shown in Figure 1.178. The Geldart chart permits characterization of solid media

based on their ability to form gas solid fluid. The greatest heat transfer rates occur with Type

B media, which include aluminum oxide. Of these media, aluminum oxide provides the best

heat transfer capacity, thermal stability, and uniformity [183].

In general, the optimum heat transfer on heating and cooling is achieved with particles in the

range of 100–125 mm. If the particle size is less than 100mm, the uniformity of fluidizing deteri-

orates, and if the particle size becomes greater than 250 mm, the use of gas becomes uneconomical.

The exception to the choice of aluminum oxide for the fluidized particles is where the

particles play a significant role in the thermochemical treatment. For example, ferrovanadium

particles are used in the hard surface or vanadium carbide coating of ferrous metals [175]. The

choice is based on the coating required and its reaction with the fluidizing gas.

1.15.1.2 Retort

The retort, which contains the particles, is generally fabricated from a high melting point

metallic alloy that determines the operating temperature limitations on the bed (i.e., safe
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working temperature). For some heating methods, e.g., internal gas combustion, refractory

containers have been used.

1.15.1.3 Fluidizing Gas Distributor

The design of the distributor, which controls fluidization characteristics, is critical to the

function of the bed in that it controls the temperature uniformity and distribution of the gas

phase. Many types of distributors have been used, ranging from perforated metal to ceramic

filters.

1.15.1.4 Fluidizing Gas

The type of gas used for fluidizing has an effect on the heat transfer rates, particularly at

temperatures below 600 8C (where radiation effects are minimal). Hydrogen and helium give

the highest rates of heat transfer (see Figure 1.179). A mixture of gases used for thermochem-

ical treatments can play a significant part not only in heat transfer but also in controlling the

rate of thermochemical reactions.

1.15.1.5 Heating Systems

1.15. 1.5.1 External Heati ng—El ectricit y or Gas
Externally resistance-heated systems are the most commonly used. For gas, natural draft and

flat flame burners with and without heat recovery systems have been developed (Figure 1.180).

One recent development has been the use of an externally heated fluidized bed as shown in

Figure 1.181, in which internal gas combustion is used to replace burners, resulting in

significant increases in heating energy utilization. Externally heated fluidized beds are limited

to maximum operating temperatures of 12008C, which in fact is the safe operating tempera-

ture for most heat-resistant alloys. With the development of alloys with higher operating

temperatures, fluidized bed furnaces could operate at much higher temperatures.

1.15.1.5.2 Internal Heating—Electricity or Gas
The use of internal or submerged combustion techniques using stoichiometric mixtures of gas

and air is very energy-efficient, as is direct resistance heating. However, separation of the

control of the fluidizing atmosphere and velocity from the control of heat input makes these

techniques more difficult to use than external heating.

1.15.1.6 Retort Support and Casing

The method of construction for supporting the fluidized bed uses conventional high perform-

ance insulation and heating element design.

1.15.2 DEVELOPMENT OF FLUIDIZED BED FURNACES—ENERGY AND FLUIDIZING

GAS UTILIZATION

As with all furnace designs, the development of the fluidized bed has occurred in discrete

stages since the early 1970s. After the initial signs with relatively large particles of aluminum

oxide, it was recognized that the use of a column of fluidizing gas was uneconomical. This led

to the development of various techniques.

Fluidizing gas recirculation

Smaller particle size (fluidizing gas use is proportional to the square of the diameter of

the particle)
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Slump techniques combined with controlled fluidization

Computer control

Today these techniques can be combined, making the furnaces (see Figure 1.182) not only

energy-efficient in the transfer of heat to the metal but also efficient in the use of fluidizing

gases.
1.15.3 APPLICATIONS OF FLUIDIZED BEDS FOR METAL PROCESSING

The applications of fluidized bed furnaces are rapidly increasing in number as the technology

becomes more widely accepted. The flowchart in Figure 1.183 can be used in choosing the

most suitable type of equipment. In continuous processing, such as wire heating and patent-

ing, fluidized bed furnaces have been used to replace lead and salt baths and should be

considered as a viable alternative processing technique for many types of materials.

Figure 1.184 illustrates typical commercial installations of a fluidized bed furnace.
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2.1 INTRODUCTION

The development of new technology of heat treatment based on the intensification of heat

transfer processes during phase transformations and on the existence of the optimal depth of

hard layer is of great interest. As is known, in the case of the intensification of the cooling

processes for machine parts to be quenched, great thermal and structural stresses appear,

which often results in the destruction of the material. For this reason, it is important to

investigate current and residual stresses with regard to cooling conditions and character
193



194 Steel Heat Treatment: Equipment and Process Design
of phase transformations that occur in accordance with CCT or TTT diagrams for the

transformation of overcooled austenite.

Here there are results of numerical investigations of current and residual stresses made on

computers based on well-known methods, and the main attention is paid to the optimal layer.

On the basis of investigations made, common recommendations have been given, which can be

used for the improvement of the technology of heat treatment of machine parts and equipment

and can be applied in machine construction and other fields of engineering. Besides, the main

attention is paid to the maximum compressive stresses which are formed at the surface. These

data are based on the work done in 1979–1983, results of which published in 1983 [1]. This

chapter also discusses the advantages of using controlled-hardenability steels, the so-called

shell hardening. The practical use of controlled-hardenability steels and their great advantages

have been provided by Professor Ushakov, which are described in detail in Refs. [2–4].

Additional calculations have been made, which prove the existence of optimal hard layer

corresponding to the maximum compressive stresses at the surface.

It should be noted that different authors dealing with intensive quenching at which the

surface hard layer is formed introduced different names: shell hardening [5] and through-

surface hardening (TSH) [3].

Regularities of intensive quenching using controlled-hardenability steels are also dis-

cussed, which are described in detail in Ref. [6]. The optimal hard layer corresponding to

maximum compressive stresses at the surface is also related to shell hardening or TSH.

The chapter has the following plan:
1. Study of the effect of the intensification of the cooling process upon the value of

residual stresses during quenching. Determination of the notion of optimal depth of

hard layer.

2. Investigation of the effect of size upon thermal and stress–strain state of parts to be

quenched. Similarity in the distribution of residual stresses.

3. Some recommendations concerning the heat treatment of machine parts.
2.2 MATHEMATICAL MODELS AND METHODS OF CALCULATION
OF THERMAL AND STRESS–STRAIN STATE

The coupled equation of nonstationary thermal conductivity, as known, is given in the form

[1,7,8]:

cr
@T

@t
� div(l grad T)� sij _««p

ij þ
X

rI lI _««I ¼ 0 (2:1)

with corresponding boundary conditions for film boiling

@T

@r
þ af

l
(T � Ts)jr¼R ¼ 0 (2:2)

and initial conditions:

T(r,0) ¼ T0: (2:3)

The transition from film boiling to nucleate boiling is made when the following is fulfilled:

qcr2 ¼ af (Tper � Ts) (2:4)

where qcr2¼ 0.2qcr1.
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At the stage of the nucleate boiling, the boundary conditions have the following form:

@T

@r
þ bm

lT

(T � Ts)
mjr¼R ¼ 0, (2:5)

T(r,tf ) ¼ w(r): (2:6)

Finally, at the area of convection heat transfer, the boundary conditions are analogous to

those for film boiling.

@T

@r
þ acn

lT

(T � Tc) ¼ 0, T(r,tnb) ¼ c(r): (2:7)

At intensive quenching, the film boiling is absent and the main process is nucleate boiling and

convection; that is, boundary conditions (2.5) and (2.7) are used.

For the determination of current and residual stresses, plasticity theory equations are

used, which are presented in detail in Refs. [9–11] and have the following form:

_««ij ¼ _««p
ij þ _««e

ij þ _««T
ij þ _««m

ij þ _««c
ij , (2:8)

where

«e
ij ¼

1� n

E
sij �

n

E
skkdij; «T

ij ¼ aT(T � T0)dij ;

«m
ij ¼

XN
I¼1

bIjIdij ,

_««p
ij ¼ L

@F

@sij

¼ ĜG
@F

@skl

_sskl þ
@F

@T
T þ

XN
I¼1

@F

@jI

_jjI

 !
@F

@sij

:

Here F¼F(sij, «p, k, T, jI),

1

ĜG
¼ � @F

@«
p
mn

þ @F
@k

smn

� �
@F

@smn

:

The creep strain rate is as follows:

_««c
ij ¼

3

2
A1=m

c s(n�m)=m«c(m�1)=mSij: (2:9)

2.2.1 KINETICS OF PHASE TRANSFORMATIONS AND MECHANICAL PROPERTIES OF MATERIAL

Kinetics of phase transformations is described by CCT or TTT diagrams; therefore in our

program, when temperature fields were computed at each step by the space and time, results

of calculations were compared with thermal-kinetic diagrams with regard to the location, and

the corresponding law of phase transformations was chosen at the plane of diagram.

In other words, the program is constructed in such a way that the data entered into

computer include the coordinates of all areas of main phase transformations, and for each
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separate area, the corresponding formulas are provided for the description of the process of

the phase transformations. As for this approach, there is a good agreement between data

computed and results of experiments.

The regularities of phase transformations are considered in detail in the works of many

authors [12–16].

It should be noted that the determination of mechanical steel properties is a quite difficult

and serious problem since phases are not stable and the process is fast at high temperatures.

Let us note that the coefficient of linear expansion aT is negative within the martensite range

since the expansion of the martensite is observed, which is presented in Figure 2.1b. Within

the martensite range, superplasticity is also observed, which is reflected in Figure 2.1a in the

form of decline of plasticity. In calculations, these declines result in oscillations and this

causes difficulties such as lower precision of numerical calculations.

The phase distribution was calculated on the basis of CCT diagram, presented in Figure 2.2.
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FIGURE 2.2 Diagram of the martensite–austenite transformations for steel 52100: 1—austenite,

2—martensite, 3—intermediary phase, and 4—perlite.
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The process of the calculation is divided into time steps. At each time step, a heat conduct-

ivity problem is solved. The resulting temperature field determines mechanical characteristics

and temperature load for the thermal plasticity problem. The initial conditions for thermal

conductivity and thermal plasticity problems are taken from results of solving the correspond-

ing problems at previous steps. Besides, at each time step, the calculation results are compared

with the diagram of the supercooled austenite transformations, and new thermal, physical, and

mechanical characteristics for the next step are chosen depending on the structural compon-

ents. In every separate region of the diagram, a specific transformation law is established, if

necessary. The calculations are made until the part is cooled.

The time of reaching the maximum compressive stresses at the surface is sought by solving

the same problem, in intensive quenching conditions, while the temperature of the core

reaches a certain low value. Then, stress distribution fields are analyzed by computer or

visually and the time is found when the stress distribution is optimal. After reaching max-

imum compressive stresses, self-tempering is made by air-cooling and it is conducted until the

temperature fields are equalized at cross sections.

2.3 BASIC REGULARITIES OF THE FORMATION OF RESIDUAL STRESSES

The calculation was fulfilled by the thermal and stress–strain states of steel parts on the basis

of finite element methods using software ‘‘TANDEM-HART’’ [8].

At each time and space step, the calculation results were compared with the CCT or TTT

diagrams of the supercooled austenite transformation, and new thermophysical and mech-

anical characteristics for the next step were chosen depending on the structural components.

The principal block diagram of the computing complex TANDEM-HART is shown in

Figure 2.3 [8]. The calcul ation resul ts are tempe ratur e field , mate rial pha se co mposition,

migration of points in the volume which is calculated, components of stress and strain

tensors, intensities of stress and strain, and the field of the safety factor, which means the

relation of stresses for which the material will be destroyed. These values are presented in the

form of tables and isometric lines that allow to observe the kinetics of phase changes in

the process of heating and cooling.

Using the potentialities of the computing process mentioned above, the current and

residual stresses were determined depending on the cooling intensity for cylindrical specimens

made of different steel grades. Similar calculations were fulfilled for quenching the parts of

complex configuration.

The most important results used at developing the intensive methods of quenching were as

follows.

It has been stated [1] that with the quench intensity increase, the residual stresses grow at

first, then lower, with the further increase of Biot number and transfer to compression stresses

(Figur e 2.4).

The dependence of residual stresses on the cooling rate of the specimen core at tempera-

ture of 3008C is readily represented.

It appeared that the maximum probability of quench cracks formation and maximum

tensile stresses, which depend on the specimen’s cooling rate, coincided [17–20].

The absence of quench cracks at quenching alloyed steels under intensive heat transfer can

be explained by high compression stresses arising at the surface of the parts being quenched.

The mechanism of arising high compression stresses in the process of intensive heat

transfer is described in Refs. [1, 20, 21].

The results obtained were confirmed experimentally by measuring residual stresses

at the surface of quenched parts (specimens) with the help of x-ray crystallography

technique [22].
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The intricate character of the dependence of residual stresses on the cooling rate can be

explained by ‘‘super-plasticity’’ and variation of the phase specific volume at phase changes

[23]. Under the conditions of high-forced heat transfer (Bi ! 1), the part surface layer is

cooled down initially to the ambient temperature, while the core temperature remains prac-

tically constant.

In the process of cooling, the surface layers must compress. However, this process is

hampered by a heated and expanded core. That is why compression is balanced out by the

surface layer expansion at the moment of superplasticity. The higher the temperature gradient

and the part initial temperature are, the greater the surface layer expansion is. At the further

cooling, the core is compressed due to which the surface layer begins to shrink towards the

center and compression stresses arise in it. At the core cooling, transformation of austenite
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into martensite takes place. The martensite specific volume is higher than that of austenite.

For this reason, the core swelling is taking place that causes the surface layer extension at

moderate cooling.

At Bi!1, the surface layer is stretched to a maximum and therefore despite swelling, it

cannot completely occupy an additional volume formed due to the external layer extension. It

is just under the conditions of high-forced heat transfer that compression stresses occur in the

surface layer. More detailed information about the calculation results can be found in Refs.

[23–25].

2.3.1 MODELING OF RESIDUAL STRESS FORMATION

The mechanism of the formation of compressive stresses on the surface of steel parts is very

important to the development of new techniques for thermal strengthening of metals, such as

intensive quenching.

The reason why intensive quenching results in high compressive stresses can be explained

using a simple mechanical model (Figure 2.5) consisting of a set of segments (1) joined

together by springs (2) to form an elastic ring. The segments are placed on a plane surface

and connected with rigid threads (3), which pass through a hole (4) in the center of the ring

and are attached to the opposite side of the plane surface.
1. Segment

2. Spring

3. Rigid
    thread

4. Hole

5. Core

FIGURE 2.5 Mechanical model that can be used to explain the formation of hoop stresses at the surface

of a cylindrical specimen during intensive quenching.
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Now consider the process es that take place while quen ching a cylin drical steel specimen and

how they woul d affe ct the behavior of the mod el. Ass ume that the specim en is being quen ched

unde r conditio ns of intensive coo ling. In this case, the cyli nder’s surface layer is cooled to a

certa in de pth, while the co re remai ns at almost the au stenizing tempe rature and consider ably

expan ded in volume . Let the cooled surface layer corres pond to the model’s segme nted ring.

Because meta ls co ntract when coo led, the ring’ s segme nts (1) also will contrac t. The

spring s (2) will then extend by an amou nt that corres ponds to the increa se in tangent ial

tensi le stre sses. How ever, when the surfa ce layer is furt her cooled, austenite trans forms to

mart ensite, which has a high specific volume . That is why the cooled layer en larges or swells.

Now imag ine that the segme nts exp and. In this case, resul ting co mpression of the spring s

corres ponds to the appearance of tangent ial compres sive stre sses on the surfa ce of the part.

With a dditional time, the temperatur e of the spec imen’s co re drops, and its diame ter

decreas es. In the mo del, the co re is repres ented by the smaller blank circle, whi ch is he ld in

tensi on by the rigi d threads.

When the threads are taut, the springs also will compres s. The level of hoop co mpressive

stre sses will increa se until the austeni te in the core of the part trans form s to martensite. The core

will then start to swe ll becau se the specific volume of marten site is greater than that of austeni te,

whi ch causes the compres sive stresses to decreas e. In the model, this would be reflected by an

enlarg ement of the blank circle an d a resulting de crease in the springs’ co mpressive power .

2.3.2 WHY C OMPRESSIVE STRESSES R EMAIN IN THE C ASE OF T HROUGH -HARDENING ?

At intensive quen ching, the tempe ratur e of the co re almost does not chan ge at the first period

of time, and the tempe rature at the surface instantl y dr ops to the mart ensite start temperatur e

Ms . At the surface, tensile stre sses are form ed. At the be ginning of martensit e trans form-

ations , the phe nomenon of supe rplastic ity takes place. Due to tensi le stresses an d super-

plast icity, the surface stre ss layer obtains the shape of the part, for exa mple, a cy linder; that is,

the surface layer becomes essentially extended. Then, martensite transformations take place,

as a result of which the surface layer has increased volume. The core cools to the martensite

start temperature, and because of great specific volume of the martensite, the core starts to

expand. However, this volume is not enough to fill that initial volume formed by the shell. It

looks like the formation of the empty space between the core and shell, and the core pulls this

surfa ce layer to itself . In Figure 2.38, showin g segme nts, this process can be illustr ated by

threads pulling the shell to the core. Due to it, compressive stresses are formed at the surface.

In the case of conventional slow cooling, the difference of temperatures between

the surface and core at the time of reaching martensite start temperature is not large.

Therefore the initial volume of the shell is not big either. In this case, when the core expands,

the volume of the core becomes greater than the initial volume of the shell, and the core

expands the surface layer and it causes fracture. It is similar to ice cooling in a bottle, which

leads to cracking due to the expansion of the ice. The calculations of the linear elongation

factor and changes in the surface layer and volume of the core support this fact. It is

accounted that the specific volume of the martensite is greater than those of austenite by 4%.

2.3.3 SIMILARITY IN THE DISTRIBUTION OF RESIDUAL STRESSES

2.3.3.1 Opportunities of Natural and Numerical Modeling of Steel Part

Quenching Process

The numerical calculation of current and residual stresses in accordance with the method

described above was made for cylindrical bodies of different sizes, i.e., for cylinders having

diameter of 6, 40, 50, 60, 80, 150, 200, and 300 mm. Besides, the calculations were made for 45
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steel and for cases when CCT diagram is shifted to the right by 20, 100, and 1000 s. This

allowed to simulate the quenching process for alloyed steels, where the martensite formation

is observed on all cross sections of parts to be quenched.

After making investigations, it has been established that in the case of fulfillment of

certain conditions, the distribution of current and residual stresses is similar for cylinders of

different sizes. This condition meets the following correlation:

u ¼ F (Bi, Fo, r=R), (2:10)

where

u ¼ T � Tm

T0 � Tm

; Bi ¼ a

l
R ¼ idem; Fo ¼ at

R2
¼ idem:

For this case, average values of heat conductivity and thermal diffusivity of the material

within the range from Tm to T0 are used. Despite of this, there is a good coincidence of the

character of the distribution of current stresses in cylinders of different sizes.

Thus Figure 2.6 represents the results of computations made for a cylinder of 6- and 60-mm

diameter. In both, cases the martensite was formed through all cross section of the cylinder,

which was fulfilled through the shift of the CCT diagram by 100 s. For the comparison of

current stresses, the first time moment was chosen when compressive stresses on the surface of

the cylinder to be quenched come to their maximum values. For cylinder of 6-mm diameter, this

time was 0.4 s, and for the cylinder of 60-mm diameter, the maximum compressive stresses on

the surface are reached after 40 s provided that Bi¼ (a/l)R¼ idem. The latter was reached

due to calculating current and residual stresses for 6-mm-diameter cylinderwith a¼ 300,000W/

m2 K, and for 60-mm-diameter cylinder, with a¼ 30,000 W/m2 K. For both cases, Bi¼ 45.

Correspondingly, for both cases, maximum compressive stresses were reached at Fo¼ 0.24, i.e.,

for 6-mm-diameter cylinder at t¼ 0.4 s and for 60-mm-diameter at t¼ 40 s.

The same values of hoop and tangential values are reached at the same correlation of r/R

(Figure 6). Thus hoop stresses for both cases are zero at r/R¼ 0.65; that is, for 6-mm-diameter

cylinder, hoop stresses are zero at r¼ 1.95 mm, and for 60-mm-diameter cylinder, hoop

stresses are reached at r¼ 19.5 mm correspondingly.
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FIGURE 2.6 The distribution of stresses on the cross section of cylindrical sample of diameter of 6 and

60 mm at the time of reaching maximum compressive stresses on the surface (e1¼ 7; Fo¼ 0.7);

1—sample of 6-mm diameter; 2—sample of 60-mm diameter.
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More accurate modeling of the hardening process can be fulfilled with the use of water–air

cooling, which allows to change the heat transfer coefficient by a law set in advance. Knowing

the cooling conditions, for example, for a turbine rotor, one can make them so that for the

rotor and its model, the function Bi¼ f(T) has the same value. In this case, there will be

similarity in the distribution of residual stresses. In practice, it is advisable to investigate

the distribution of residual stresses in large-size power machine parts by models made in

accordance with theorems of similarity with regard to necessary conditions of cooling and

appropriate CCT diagrams.
2.4 REGULARITIES OF CURRENT STRESS DISTRIBUTION

It is of high practical interest to study the character of stress distribution in the case when the

end phase through all sections is martensite. Calculations showed that at the initial moment

of time on the surface, tensile stresses appear, which, while moving to the core, are changed to

compressive ones Figure 2.7. While martensite appears in the surface layer, tensile stresses

start to reduce, and while martensite moves to the core of the part, they become compressive.
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FIGURE 2.7 Stress distribution on the cross section of a cylindrical sample quenched thoroughly of 60-

mm diameter at different moments of time (a¼ 25,000 W/m2 K): (a) 1 s, (b) 10 s; (c) 40 s, (d) 100 s.
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In some time, compressive stresses on the surface reach the maximum (Figure 2.8), at that

time inside the part tensile stresses are in force. When the part cools completely, depending on

the Biot number, tensile or compressive stresses appear.

The characteristic feature of the residual stress distribution in parts quenched thoroughly

is that on surface layers, there are always tensile stresses, although on the surface itself,

tangent ial and hoop stre sses are compres sive. Fig ure 2.7 sho ws results of the stress distribu-

tion calculation in a cylinder at different moments of time which prove the above-said

statement (Figur e 2.9) .

In the case of thoroughly heating of samples or parts in which the martensite layer is

formed after full cooling at a not big depth, a completely different situation is observed. On

the surface of part or sample, high compressive tangential and hoop stresses appear, which

change gradually to tensile stresses only while moving to inner layers.

It becomes obvious when high-alloy steel parts are quenched into water leading to quench-

cracking. However, no cracking is observed for carbon steel parts quenched in the same

manner.

In this connection, it is of great practical interest to study the characteristics of stress

distribution of parts with different configurations as a function of the conditions of heat

transfer and depth of hardness. Analyses of these results permit the development of advanced

steel quenching technology.

It is well-known that one of the factors having effect on residual stress distribution is the

depth of hard layer. In practice, steel grades of controlled hardenability have become widely

used. Parts made out of these steel grades have longer service life for the account of the

creation of high compressive stresses on the surface of bodies quenched. For this reason, it is

of great practical interest to investigate the regularities of the distribution of current and
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residual stresses at parts made out of the mentioned steel grades. The depth of the hard layer

can be regulated in two ways. One can either enlarge the part or shift the CCT diagram by

time. In both first and second cases, a different depth of hard layer is observed, which is

regulated, in practice, for the account of changes in the chemical composition of the steel. At

modeling, one must consider the relative depth of hard layer. With regard to these facts, the

calculation of current and residual stresses was made for cylinders of different sizes with

appropriate time shifts in CCT diagrams. As a result, it has been established that at the initial

moment of cooling on the surface of parts, tensile stresses appear, and in inner areas,

compressive stresses appear. As the part cools and martensite begins to form in the surface

layer, stresses begin to reduce and become negative. Continued martenite formation moves to

the core, compressive stresses gradually increase, and if the Biot number is sufficiently large,

they may be as large as �1400 MPa. It has been noted that while the Biot number

increases, the compressive stresses increase. However, there is an optimal depth of hard

layer for which compressive stresses on the surface of part reach maximum values. It is well

known that compressive stresses on the surface of parts to be quenched have greater strength

and resistance to wearing, and as a result, they have longer service life in the case of cyclical

loads. For this reason, machine parts, for example, car axles, should be made out of such steel

grade that provides optimal depth of hard layer. The calculations given above show that

compressive stresses in parts can be reached while using simple carbon steels without using

steels of controlled hardenability like 47GT, melting of which is a very complicated process.

In particular, at plant ‘‘GAZ’’ (Gorkogo, Russia), half-axles for GAZ cars are made out of

40G steel. The quenching process of those axles is made in intensive water flows under not big

superfluous pressure.
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The results obtained can be also used for making machine parts, in which it is necessary to

create high compressive stresses in surface layers of the steel, which essentially prolongs the

service life.

In addition to creating high compressive stresses on the surface of parts to be quenched,

it is important to know the character of stress distribution on cross sections of parts

(Figure 2.10). As one can see from this figure, in inner layers, quite high compressive stresses

are observed, which change to compressive stresses while moving to the surface. This is a

distinctive feature for axial s22 and hoop s33 stresses. Radial stresses on the surface of

quenched samples are zero; on the axis of cylinder, they are equal to hoop stresses.

The investigations made show that when quenching parts such that the Biot number is

large (this is usually done for large-size machine parts), quench cracks can form inside parts.

To avoid quench cracks, for example, while quenching large-size turbine rotors, a hollow

is formed at the axis of rotor, through which the quenchant penetrates in some time. In this

case, in inner layers, compressive stresses appear, which are the factor preventing the quench

cracking. The shortcoming of this method is essential costs for drilling hollows in large-size

parts. For this reason, it is of great practical interest to develop the technology of hardening

large-size parts preventing quench cracking in solid parts without axial hollows.

Joint investigations have been started between various companies for the introduction of

intensive quenching methods.
2.5 SOME ADVICE ON HEAT TREATMENT OF MACHINE PARTS

It is of practical interest of investigate the effect of the heat transfer intensification process

while austenite is transformed into martensite. Such investigation can be used in two-step

quenching, when at the first step, the transformation of austenite into martensite is

delayed because parts are quenched in hot oils or liquid medium under pressure, or in high-

concentration aqueous salt solutions having high temperature of boiling.

The second step of cooling is made in the area of convective heat transfer, where the

transformation of austenite into martensite mainly takes place. The process of the transform-

ation during the convective heat transfer can occur in cases of high (large Biot numbers) and

low cooling rates. During the transformation of austenite into martensite, the cooling process
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is usually slowed down in practice because of the fear that in the case of high cooling rates in

the martensite range, there will be the fracture of material and big distortions. The investi-

gations made earlier have shown that the heat transfer intensification in the martensite

transformation range has a good effect upon the distribution of residual stresses and even

results in the reduction of distortions. In particular, the example of two-step cooling of

bearing rings made out of ShKh15 steel has shown that during the intensive cooling in the

martensite range, the cone distortion of rings is significantly reduced [26]. The result obtained

is practically important not only because the cooling intensification results in increase in cost

and time savings, but also because in the case of intensive cooling in the martensite range, one

can get high mechanical properties of material, the strength becomes higher, and plastic

properties of material are improved [13].

For further proving the truth of the established fact, the simulation of carburized pin

hardening has been made for a pin made out of 14KhGSN2MA steel. The carburized pin was

firstly cooled at slow cooling rate in hot oil MS-20 to temperature of 2208C, and then after

allowing temperature to become even on the cross section, it was quenched in quenchants

having different heat transfer coefficients.

In accordance with the described technology, the simulation has been made for hardening

process with setting different heat transfer coefficient at the second stage of cooling. By results

of investigations, it has been established that while cooling is intensified, compressive stresses

in the carburized layer grow and conical distortion of the pin is reduced. In this case, tensile

stresses are changed insignificantly. Thus it has been established that cooling intensification in

the martensite range has a good effect upon the distribution of residual stresses and reduces

the distortion of parts quenched. This can be used for the development of advanced technol-

ogy of bearing ring hardening allowing to reduce the oval distortion of rings and conical

distortions while the heat transfer process is intensified; it can be also used for the develop-

ment of advanced technology of heat treatment for tools and machine parts, in particular,

cooling treatment. Thus, for example, carburized pins of gasturbine aviation engine after their

oil quenching were treated by cooling at temperature of 708C. This treatment is usually made

by air cooling in special refrigerators. It is advisable in the case of cooling treatment to cool

carburized parts as intensively as possible, which will have a positive effect for the reasons

mentioned above.
2.6 SHELL HARDENING OF BEARING RINGS (THROUGH-SURFACE
HARDENING)

The material given above proves the existence of the optimal depth of hard layer for bodies of

simple shape. It has been emphasized that there is a similarity in the distribution of hardness

on the cross section for bodies of simple shape with regard to the size, i.e., Dr/R¼ const, where

Dr is the depth of the martensite layer (shell) and R is the radius of cylinder or ball (or half-

width of the plate). It should be noted that the optimal hard layer corresponds to the best

stress distribution on the surface. In this case, compressive stresses are much higher than at

hardening for martensite on all the cross section. In this paragraph, we will show that the

same regularities are true for the bodies of complicated shape. In particular, we will consider

the process of quen ching for three different bearing rings present ed in Figure 2.11 and

Figure 2.12a through Figure 2.12c.

Let us investigate the stress distribution of these rings made of steel 52100, using mech-

anical properties steel as initial data. At the same time, the hardenability controlling we will

make for the account of the shift on the diagram. In our case, we shifted the CCT diagram by

22 s to the left, whi ch is shown in Figu re 2.13.
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The results of calculations of the stress state in the case of through-surface hardening and

shell que nching for the bearing ring sho wn in Figure 2 .11 are present ed be low.

So Figure 2.14a sho ws the charact er of the pha se dist ribution in the case of through-

surface hardening and shell quenching. Besides, the through-surface hardening was made in

oil where heat transfer coefficient a¼ 1800 W/m2 K. In the case of shell quenching

(Figur e 2.14b), the que nching was made by intens ive coo ling with a¼ 60,000 W/m 2 K.

Now consider the character of hoop stress distribution for these two cases, namely,

though -surface ha rdening in oil (Figur e 2.14a) and shell ha rdening (Figur e 2.14b) . In the

case of through-surface hardening in oil at the surface of bearing rings, residual hoop stresses

are formed reaching the following values: 180 (on the left) and 260 (on the right) (see the

middl e of the cross secti on in Figu re 2.15) .

In the case of shell quenching with a¼ 60,000 W/m2 K, the stress distribution at the

corres pondi ng time is as foll ows: � 800 (left) and �900 (right) , so they are co mpressive, an d in

the core, þ 500 (tensil e) (Figur e 2.16).

Now consider the residual hoop stresses for bodies of complicated shapes for two cases:

intensive through-surface hardening and intensive shell quenching. In both cases, a¼ 40,000

W/m2 K. Let us study the difference between the stresses at the surface.

Phase distribution fields for through-hardening and shell quenching for part shown in

Figure 2.12b are pre sented in Figure 2.17.

In the case of through-surface hardening of bearing ring (Figure 2.17a) at a¼ 40,000

W/m2 K at the surface (in the middle of the cross section at the left and at the right), not big

compres sive stre sses are formed, whi ch are a bout � 120 at the left and � 160 at the right

(Figur e 2.18).
(a) (b)

FIGURE 2.14 Phase distribution fields: (a) through-hardened, a¼ 1800 W/m2 K; (b) shell-hardened,

a¼ 60,000 W/m2 K.
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FIGURE 2.16 Residual hoop stresses S33 (MPa), a¼ 60,000 W/m2 K.
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FIGURE 2.17 Phase distribution fields: (a) through-hardened, a¼ 40,000 W/m2 K; (b) shell-hardened,

a¼ 40,000 W/m2 K.
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At the same time, in the case of shell quenching, huge compressive stresses are-formed at

both sides in the middl e of the cross secti on (Figur e 2.19) . Thes e compres sive stre sses reach

the value �1050 at the left and �1450 at the right.

Thus through-surface hardening results in not big compressive stresses at the surface,

while shell quenching results in huge compressive stresses at the surface. The calculations

show that when the hard layer is closer to the optimum, higher compressive stresses are at the

surface.

Consider one more example illustrating this very important regularity. Let us show this

fact wi th the rings shown in Figure 2.20.
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FIGURE 2.18 Residual hoop stresses S33 (MPa) through-hardened, a¼ 40,000 W/m2 K.
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FIGURE 2.19 Residual hoop stresses S33 (MPa) shell-hardened, a¼ 40,000 W/m2 K.
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The cooling is in the same conditions: a¼ 40, 000 W/m2 K, but in the first case, it is through-

surface hardening, and in the second case, it is shell quenching. In the case of through-surface

hardening, hoop stresses in the middle are not big tensile: þ80 (at the left) and þ480 (at the

right) (Figur e 2.21) . At the same time, in the case of shell quench ing, these stresses are big

compres sive: from � 1200 to � 1500 MPa (Figur e 2.22).
(a) (b)

FIGURE 2.20 Phase distribution fields: (a) through-hardened, (40,000 W/m2 K); (b) shell-hardened

(40,000 W/m2 K).



−500

−250

250
250

0

0

−250

−250

−500

FIGURE 2.21 Residual hoop stresses S33 (MPa), through-hardened (40,000 W/m2 K).

212 Steel Heat Treatment: Equipment and Process Design
It sh ould be noted that in the case of intens ive throu gh-harde ning for bodies of big size

and not comp licated shape, it is possible to reach unifor m comp ressive stresses a t all the

surfa ces (F igure 2.23) .

As one can see from calculations presented above, in the case of intensive cooling, if

the steel is hardened through to lesser degree, higher compressive stresses are formed at the
−1500
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500500 00−1000 −1000

FIGURE 2.22 Residual hoop stresses S33 (MPa) at shell hardening (40,000 W/m2 K).
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FIGURE 2.23 Residual hoop stresses S33 (MPa), through-hardened (40,000 W/m2 K).
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surface. This factor must have effect upon the increase in the service life of the part. To prove

the above-mentioned, inner rings of railway bearing were made of different steel grades,

namely, ShKh15SG, 18KhGT, and ShKh4:
1. Steel ShKh4 (GOST 801-78) contains 0.95–1.05% C, 0.15–0.30% Si, 0.15–0.30% Mn,

0.35–0.50% Cr, 0.015–0.050% Al, <0.020% S, <0.027% P, <0.25% Cu, <0.30% Ni, and

(NiþCu) <0.50% . The steel is intended for bearing rings with wall thickness of 18 mm

and more and rollers with diameter of more than 30 mm.

2. Steel ShKh4 (TU 14-19-33-87) is distinguished from the previous version by the

regulation of alloying chromium addition depending upon the real content of nickel

which is not added especially but comes to the steel from scrap at smelting. The

regulation proceeds by the use of the following ratios of nickel and chromium

contents:
Ni (% )
 <0.10
 0.08–0.20
 0.18–0.30
Cr (% )
 0.35–0.50
 0.27–0.42
 0.20–0.35
These ratios were obtained on the basis of the following equation inferred by statistical

treatment of data on hardenability for 80 industrial heats of ShKh4 steel:

D ¼ 13:213[1þ (Ni)]0:764[1þ (Cr)]0:895

where D¼ ideal critical diameter (mm) and Ni and Cr¼ percentage of nickel and chromium,

respectively.

The steel has a little lower and more stable hardenability level and is used for rings of railway

bearings with wall thickness of 14.5 mm; steel ShKh2 has been elaborated and tested in labora-

tory conditions. The steel contains 1.15–1.25% C, 0.15–0.30% Si, 0.15–0.30% Mn, 0.015–

0.030% Al,<0.020% S,<0.027% P,<0.15% Cr,<0.10% Ni,<0.12% Cu, and<0.03% Mo.
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2.6.1 HEATING DURING THROUGH-SURFACE HARDENING

For TSH, comparatively slow induction heating with isothermal holding at the hardening

temperature was used. The required specific high-frequency generator power is usually about

0.05–0.2 kW per 1 cm2 of surface area of heated parts. For example, for rings of railway car

bearings, total heating time is about 3 min including isothermal holding at hardening

temperature (820–8508C) for 50–60 s.

The heating procedure provides nearly uniform heating of rings of complex shape,

required degree of carbides dissolution, and saturation of austenite by carbon (0.55–0.65%),

the fine austenitic grain being the same (not worse than No.10, GOST 5639-82—the diameter

of grains is an average of 0.01 mm).

2.6.2 QUENCHING DURING THROUGH-SURFACE HARDENING

The quenching is carried out in special devices by intense water stream or shower from pumps

with pressure 1–4 atm. Total water consumption is not large because the closed-circuit water

cycle is used (water tank–water pump-quenching device–water tank). A small amount of cold

water is added into the tank to prevent water from heating above 508C.

The design of quenching devices should guarantee velocity of water with respect to the

surface of quenched parts in the order of 10–15 m/s. Water inside the devices should be under

pressure (1.5–3 atm.). Time of intense water quenching should be limited to allow self-

tempering of parts at 150–2008C. One of typical designs of the device for quenching of

bearing rings is shown in Figure 2.24.

2.6.2.1 Through-Surface Hardening of Inner Rings of Bearings for the Boxes

of Railway Cars

In the past, the bearing rings were made of traditional bearing steel ShKh15SG (1.0%C,

1.5%Cr, 0.6%Si, and 1.0%Mn) and hardened by a standard method to obtain HRC 58–62.

After a short period in service, some rings failed because of brittle cracking and fatigue.

Since 1976, TSH has been used for bearings. The inner rings are made of steel ShKh4.

Dimensions of the rings and the typical configuration of hardened layer after TSH are given

in Figure 2.11.
Bearing ring

Upper movable cover

Lower stationary support

FIGURE 2.24 Schematic design of a quenching device for inner rings of railway bearings (water stream

is shown by arrows).
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At present, several millions of such bearings are successfully used in operation on car

boxes in the rail-roads of Russia and other states of CIS. Automatic machine for TSH of the

inner rings is sho wn in Figure 2.26.

In order to show advantages of TSH for bearings, the results of mechanical tests are given

below for the inner rings of railway bearings made of different steels and strengthened by

various heat treatments including:
TA
Str

Par

1. N

tr

2. S

3. D

H

H

4. C

5. M

6. P

a

7. N

g

aGO
1. Standard steel ShKh15SG (52100 Grade 4) with electroslag refining, traditional

through-hardening with furnace heating and quenching in oil; low tempering.

2. Standard carburized steel 18KhGT (GOST 4543–71) containing on the average 0.2%C,

1.1%Cr, 1.0%Mn, and 0.05%Ti, carburizing, quenching, low tempering.

3. Steel ShKh4, TSH, low tempering.
These numbers of steels and heat treatment variants are referred in Table 2.1 which

contains some structural characteristics and hardness of the rings. Characteristic curves of

residual stresses in the cross section of hardened rings and their strength under static, cyclic,

and impac t loads are given in Figure 2.25 an d Figure 2 .26.

The technology developed has been implemented at GPZ-1 plant (Moscow).
2.6.2.2 Through-Surface Hardening of Rollers

Through-Surface hardening is very suitable and profitable for bearing rollers. It allows to

obtain roller properties similar to those of carburized rollers made of expensive chromium–

nickel steels, but at lower steel cost and production expenses.
BLE 2.1
ucture and Hardness of Inner Rings of Railway Bearings Made of Various Steels

Values for Rings Made of the Following Steels

ameters ShKh15SG 18KhGT ShKh4 ShKh4

umber of steel and heat

eatment variant

1 2 3 4

urface hardness (HRC) 60–61 59–61 62–64 62–64

epth of hardened layer, mm: Through-

hardening

RC> 58 0.7–0.9 1.5–2 2.5–4

RC> 55 1.8–2.1 2.4–2.7 3–4.5

ore hardness (HRC) 60–61 32–35 36–40 40–45

icrostructure in the core Martensite,

carbides

Low-carbon

martensite

Sorbite,

troostite

Troostite

ercentage of retained

ustenite in surface

14–16 8–10 6–8 6–8

umber of austenitic

rain sizea

9–10 9 10–11 10–11

ST 5639–82.
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FIGURE 2.25 Fatigue testing results for inner rings of railway car bearings made of various steels (the

numbers of the curves correspond to numbers of steel and heat treatment variants in Table 2.1).

FIGURE 2.26 Automatic machines for TSH of inner rings for railway car box bearings designed and put

into operation at GPZ-1 (Moscow) in 1995.
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FIGURE 2.27 Macrostructure of through-the-wall sections of hollow rollers for railway car box bearings.
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Through-surface hardening was successfully used at GPZ-9 for tapered rollers of 40–50-mm

diameter made of ShKh4 steel.

Recently, new technology of TSH was developed for hollow rollers of railway car box

bearings. Application of a design of hollow rollers with a central hole is a promising direction

in bearing production. In this case, contact area between the ring and the roller increases

because of a small elastic deformation of the rollers, contact stresses decrease, and durability

of the bearing increases by several times.

According to service tests, durability of railway bearings with hollow rollers increases by

2.8 times. The rollers had the following dimensions: external diameter of 32 mm, length of 52

mm, and diameter of the central hole of 12 mm. Macrostructure and hardness of the rollers

hardened by TSH are shown in Figure 2.27. While zones on the surface correspond to the

martensitic structure, the dark core has a troostite and sorbite structure.

The primary condition for heat treatment of hollow rollers consists in providing surface

hardening on the external and internal surfaces. This leads to high compressive internal

stresses in the hardened layers which prevents formation of fatigue cracks in service. It should

be noted that through-hardening is dangerous for hollow rollers. This is demonstrated

by fatigue tests of the rollers under maximum load of 200 kN. Through-hardened rollers

made of 52100 steel were destroyed after 15,000–30,000 cycles, while TSH-hardened

rollers made of ShK h4 steel survived afte r 10 milli on cycles (Figur e 2.28).

More detailed information about results of experimental studies can be found in Refs.

[2, 27–33].
2.7 DESIGNING OF STEEL-INTENSIVE QUENCH PROCESSES IN MACHINE
CONSTRUCTION

2.7.1 THROUGH-SURFACE HARDENING OF SMALL-SIZE DRIVING WHEELS MADE OUT OF 58
(55PP) STEEL

The original technology of through-surface quenching has been developed for driving wheels

with module of 4–6 mm, which are typical for construction and road machines, metal-cutting

machines, transport devices, and other machines. They are produced in big varieties but in

small lots. The peculiarities of the technology are the use of carbon steel with the low content

of admixtures, and thus, low hardenability; untraditional choice of current frequency and



65

60

55

50

H
ar

dn
es

s,
 H

R
C

45

40

35

30
0 2

Distance from external surface, mm
4 6 8 10

FIGURE 2.28 Hardness of through-the-wall sections of hollow rollers for railway car box bearings.
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conditions of induction heating; performance of high-quality quenching of driving wheels of

various kinds and sizes with the use of a single inductor and cooling device; minimum

quenching distortion; and ecological purity of the quenching process. The design of universal

easily readjustable quenching installment has been developed.

In modern engineering, a great number of driving wheels are used that have diameter of

80–120 mm and module of 4–6 mm. A part of them, satellite driving wheels, require

hardening for only teeth crown, while the other body and the hole cannot be hardened.

The greatest number of driving wheels having a hole, according to operation conditions,

must be hardened to high hardness on all surfaces, including teeth crown, flange surface, and

surface of hole.

At present, such driving wheels are hardened by either surface induction under a layer of

water, when they are produced out of medium-carbon construction steels, or carburizing with

the further quenching and low tempering with the use of carburized steels.

Quenching under a layer of water very often results in the appearance of quench cracks

on the surface, with which one can do nothing but allow; however, it is very difficult to

determine and control the limits of such allowance. The use of carburizing and nitrocarbur-

izing on many plants is prevented by the absence and high cost of modern thermal

equipment and automatic regulation devices, especially as for the regulation of components

of gaseous saturating atmosphere. Making carburizing and nitrocarburizing at out-of-date

universal equipment does not guarantee the required level and stability of the quality of heat

treatment.

Due to the stated above, one of the processes having high prospects for hardening driving

wheels is through-surface quenching with induction heating. The advantages of this method

are as follows:
1. Opportunity of high-quality and reliable hardening of steel parts

2. Opportunity to produce equipment for through-surface quenching directly at machine-

construction plants
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3. Electric power saving, absence of quench oil in the production process, and gaseous-

controlled atmospheres, which cause ecological problems

4. Lesser production area in comparison with chemical heat treatment, better labor

conditions, and opportunity to place induction installments in shops of mechanical

treatment
In a laboratory of Moscow State Evening Metallurgic University, engineers developed the

technology of through-surface quenching for driving wheels with module of 4–6 mm. The

wheels have been made out of 58 (55PP) steel having the following chemical content: 0.56% C,

0.30% Si, 0.09% Mn, 0.10% Cr, 0.08% Cu, 0.04% Ni, 0.004% S, 0.006% P, and 0.008% Al. The

low content of admixtures in the steel is due to production at Oskolskyi Steel Works, which is

the main producer of this steel.

For production of driving wheels, rolling 130-mm diameter circle was used. The specimens

were obtained through forging, further cutting, and preparation for induction. Five kinds of

driving wheels presented in Figure 2.29 were used in tests, which are used at excavator plants

and having a module of 4.6 mm.

Heating of all wheels has been made at one-spiral cylindrical inductor with the inner

diameter of 150 mm and height of 110 mm; cooling has been performed by quick water flows

provided at outer, inner, and flange surfaces of driving wheels.

In the experiment, heating induction was at current frequencies of 2.5 and 8 kHz from

machine generators of 100-kW power.

On the basis of traditional principles of current frequency selection for teeth crowns of

driving wheels with module of 4–6 mm, with regard to uniform heating of teeth and holes

while heating in ring inductors, the optimal current frequency must be as follows:

fopt ¼ 600=M2 ¼ 600=(4� 6)2 ¼ 40 . . . 20:

where fopt is optimal current frequency (kHz) and M is a module of a driving wheel (mm).

For this reason, making a choice out of available industrial induction devices for such

driving wheels, more preferable are devices for 8 kHz than 2.5 kHz.
URE 2.29 Macrostructure of driving wheels with module of 4–6 mm after through-surface quench-

: light surfaces are the surface hard layer having martensite structure and hardness greater than

C 60; dark surfaces are areas with the structures of troostite or sorbite of quenching and hardness

RC 45–30.
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This was proved to be true for satellite driving wheels for which surface quenching of hole

is not necessary, in connection with which the through-surface quenching is fulfilled with not

thorough heating but quite deep induction heating of teeth crown only.

The induction heating of such cylindrical driving wheels of 115-mm diameter on the circle

of teeth tips and 48-mm height has been performed at the current frequency of 8 kHz for 30 s,

and the teeth have been heated thoroughly, and cavities at the depth of 3.4 mm. The cooling

time, cooling being performed by intensive water flows, was 4 s. After quenching on the

surface of teeth and cavities, the uniform hardness within the range of HRC 63–66 has been

received. The macrostructure of driving wheels after through-surface quenching with detected

hard-l ayer by itchin g with ‘‘triple’’ agent is given in Fig ure 2.29 (low er line of wheel s).

Tempering of hard driving wheels was made in electric furnace equipped with ventilator, at

temperature of 1658C, for 3.5 h.

The results of measuring dimensions of driving wheels on the mean line of the common

normal and diameter of the hole in the original state before quenching, after quenching, and

after quenching with tempering are given in Figure 2.30. The reduction of mean length of

common normal is in average as follows: 0.014 mm in quenching, 0.021 mm in tempering, and

the total change in quenching and tempering is 0.035 mm in comparison with the original

state after mechanical treatment. The diameter of the hole reduced in average by 0.019 mm in

quenching, 0.026 mm additionally in tempering, and the total reduction in quenching and

tempering was 0.045 mm. The values of distortion obtained are quite small and completely

meet the requirements for the heat treatment of satellite driving wheels.

The majority of standard driving wheels are driving wheels with inner-gear hole, where it

is necessary to harden at high hardness not only teeth crown, but also surface of inner-gear

hole, and in this case, the allowance of distortion on the diameter of inner-gear hole is quite

severe and usually it is not more than 0.12 mm.

It has been noticed earlier that proceeding from conditions of uniformity of heating for

cavities and teeth of outer teeth crown for driving wheels with module of 4–6 mm, it is more

preferable to use induction heating with the current frequency of 8 kHz. However, experi-

ments fulfilled showed that for such driving wheels with regard to their geometry and

peculiarities of the work conditions, the use of 2.5-kHz frequency gives a number of advan-

tages and allows to expand the range of effective application of through-surface quenching

and 58 (55PP) steel for the production towards the reduction of module of driving wheels to

4 mm while providing the clearly expressed effect of outline quenching of teeth crown.
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of satellite wheels in the case of through-surface quenching (m is a group frequency); 1—sizes of driving

wheels in the original state after mechanical treatment; 2—after through-surface quenching; 3—after

through-surface quenching and tempering.
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FIGURE 2.31 Thermal curves of induction heating for driving wheels with module of 4 mm at current

frequency of 8 kHz (a) and 2.5 kHz (b). Specifications of the driving wheel: outer diameter is 91.1 mm,

inner diameter is 45 mm: 1 is the tip of a tooth; 2 is the cavity of teeth crown; 3 is the surface of inner-

gear hole.
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This is explained by the following circumstances:
FIG
sur
1. Using the current frequency of 8 kHz, even in the case of the computer step-by-step

control of the voltage generator and time of heating of 3 min, since it is necessary to

reach the minimum quenching temperature of 790–8008C on the surface of inner-gear

hole, the result is the considerable overheating of teeth crown to 850–8808C
(Figure 2.31a), due to which the teeth are hardened to high depth or even thoroughly

(Figure 2.32). Although such quenching can be done in many cases, outline quenching

is more preferable.

2. Using current frequency of 2.5 kHz, the heating is more uniform with respect to

thickness of driving wheels, and by time of finishing heating, the temperature in cavities

of teeth crown is 8508C (Figure 2.31b), which provide the 1.7-mm thickness of hard

layer in cavity with up to HV600 hardness. At the same time, the temperature on the tip

of teeth is essentially lower, 790–8008C, which is allowed for quenching with regard to

constructive hardness of driving wheels since the tips of teeth are areas with the lowest

load. The specified difference of temperatures on the outline of teeth crown gives
URE 2.32 Macrostructure of cross section of a driving wheel with module of 4 mm after through-

face quenching with induction heating at the current frequency of 8 kHz.
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advantages for receiving the optimal configuration of hard layer as for the height of the

teeth (see Figure 2.29, upper line of drivin g wheel s).
With heating at current frequency of 8 kHz, through-surface quenching has been per-

formed for batches of three types of driving wheels, macrostructure of which after quenching

is presented in Figure 2.29 (upper line of driving wheels). The time of heating for different

driving wheels was within the range of 2–2.5 min; cooling was performed directly in inductor

by quick water flows within 4–8 s, providing self-tempering at temperature of 150–2008C. The

driving wheels after quenching were tempered at 1658C for 3.5 h.

Figure 2.33 presents results of hardness measurement in various zones on the cross section

of a driving wheel with module of 4 mm after through-surface quenching and tempering in

comparison with driving wheels made out of 18KhGT steel after carburizing and heat

treatment by serial technology of TEQ. As one can see, through-surface quenching through

one session of thorough heating and cooling has provided efficient hardening of both teeth

crown and zone of inner-gear hole with the hardness of HRC 58–60 and thickness of hard

layer within 2–5 mm in different cross sections and, at the same time, hardening of the wheel

core to HRC 30–40. This combination of properties is advantageous for high service life and

ope rational reliabil ity.

Table 2.2 gives resul ts of measur ing the distorti on of wheels in the case of throug h-surface

quenching with low tempering. As one can see, the technology of through-surface quenching

of driving wheels provided quite low values of distortion not exceeding 0.05 mm on the mean

length of common normal and 0.075 mm on the diameter of inner-gear hole, which meets the

highest requirements for the distortion.

Batches of driving wheels hardened by this through-surface quenching technology were

used in the serial production of excavators. The design of industrial induction heating

inst allment for through -surface quen ching of drivi ng wheels is out lined in Figure 2.34 and
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URE 2.33 Hardness in different zones on the cross section of a teeth crown and inner-gear hole:

is for a driving wheel made out of 58 (55PP) steel after through-surface quenching and tempering; (b)

or a driving wheel made out of 18KhGT steel after carburizing and heat treatment; (c) is for cross

ion of a teeth crown and inner-gear hole; 1–4 are zones of the cross section.



TABLE 2.2
Distortion Characteristics for Driving Wheels with Inner Inner-Gear Hole after Through-

Surface Quenching

Dimensions of Driving

Wheels (mm)

Mean Length of

Common Normal (mm)

Diameter of Inner Hole

(Size of Inner Gear for Rolls) (mm)

OD¼ 91.1, ID¼ 45, H¼ 37, M¼ 4 31.77–31.84 31.805 31.27–31.30 31.285

31.78–31.84 31.81 31.14–31.28 31.28

OD¼ 91.1, ID¼ 51, H¼ 52, M¼ 4 31.80–31.84 31.82 40.13–40.17 40.15

31.80–31.85 31.825 40.07–40.11 40.09

OD¼ 89.6, ID¼ 45, H¼ 50, M¼ 5 39.78–39.80 39.79 40.12–40.17 40.145

39.80–39.81 39.805 40.06–40.14 40.10

ID is the inner diameter; OD is the outer diameter; H is height of the wheel; M is the module of teeth crown. The data

above line are sizes of wheels in the original state after mechanical treatment; and data below line are sizes of those

wheels after through-surface quenching with low tempering.
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Figure 2.35. The inst allment is univers al for a wide range of drivi ng wheels of different sizes

and easily readjusted for different kinds of driving wheels through changing upper and lower

mandrel s (Ta ble 2.3) .

Thus the typical technology of through-surface quenching of driving wheels with diameter

of 80–120 mm and module of 4–6 mm includes as follows:
FIG
1—

hyd
1. Production of driving wheels out of 58 (55PP) steel at Oskolskyi Steel Works.

2. Deep (for satellitewheels) or thorough (forwheelswith inner-gear hole) inductionheating

for0.5–3min incylindrical one-spiral inductor.Theoptimal current frequency is8kHzfor

satellite wheels and 2.5 kHz for wheels with an inner- gear hole, which are to be ha rdened.

3. All-side intensive cooling at a quenching device linked directly to the inductor by quick

water flows fed to outer, inner, and flange surfaces of driving wheels.

4. Low tempering at 160–1708C for 3–4 h.
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URE 2.34 Installation for through-surface quenching of driving wheels through induction heating:

water tank; 2—control panel; 3—quenching block; 4—case of quenching device; 5—pneumatic-

raulic valve; 6—valve; 7—pump; and 8—hydraulic station.
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FIGURE 2.35 Quenching device: 1—changeable mandrel; 2—driving wheel to be quenched; 3—cone;

4—removing device; 5—hydraulic cylinder for vertical movement and wheel fixing; 6—receiver of parts,

changeable; 7—hydraulic cylinder for wheel feeding; and 8—inductor.

224 Steel Heat Treatment: Equipment and Process Design
The technology developed provided the optimal configuration of hard layers on all work

surfa ces (F igure 2.29) , providi ng high constru ctive durabil ity of drivi ng wheels with the

minimum quench distortion of no more than 0.1 mm along the common normal and diameter

of inner-gear hole.
TABLE 2.3
Installation Specifications

Dimensions of driving wheels to be quenched:

Maximum outer diameter 145

Maximum height 90

Parameters of frequency transformation:

Power (kW) 100

Current frequency (kHz) 2.5–10

Specific consumption of electric power (kWh/Mt) 300–500

Quenching water-supply pump:

Output (m3/hr) 300

Pressure (MPa) 0.1 . . . 0.4

Water consumption (m3/h):

For cooling electrical elements 3–4

For cooling wheels during quenching 1–1.5

Type of work drives Hydraulic

Dimensions (mm):

Length 3000

Width 2800

Height 2600



TABLE 2.4
Mechanical Properties at the Core of Conventional (Oil) and Intensive (Chloride Medium)

Quenched Steels (Cylindrical 50-mm Diameter Specimen Used)

Steel Quenchant

Tensile

Strength,

Rm (MPa)

Yield

Strength,

Rp0.2 (MPa)

Elongation,

A (%)

Reduction

in

Area, Z (%)

U-Notch Impact

Energy, KSU

(J/cm2)

Hardness

(HRB)

40� Oil 780 575 21 64 113 217

Chloride 860 695 17 65 168 269

35�M Oil 960 775 14 53 54 285

Chloride 970 820 17 65 150 285

25� 1 M Oil 755 630 18 74 70 229

Chloride 920 820 15 68 170 285

Source: Mukhina, M.P. Kobasko, N.I.; Gondejeva, L.V. Metalloved. Term. Obrab. Metall. 1989, (9), 32–36.
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The cooling rate of the core of the specimen also is high under these conditions, but will

drop when the compressive stress reaches its maximum value. The core’s microstructure

consists of bainite or tempered martensite, and its mechanical properties are higher than

those of oil-quenched steel (Table 2.4).

The work of Shepelyakovskii and Ushakov [35] supports these observations. They devel-

oped steels: 58 (55PP), 45C, 47GT, and ShX4—having limited hardenability (LH) and

controlled hardenability (CH). These steels contain small amounts of aluminum, titanium,

and vanadium. They are less expensive than conventional alloy grades because they use two to

three times less total alloying elements. The researchers emphasize that the depth of the hard

layer is determined by steel hardenability.

One of the new steels is first induction through-surface hardened, and then slowly heated

(2–108C/s) either through the section or to a depth beyond that required for a fully martensitic

layer. The slow-heating time is usually 30–300 s. Parts are then intensively quenched in a water

shower or rapidly flowing stream of water. Production parts heat-treated using this method are

listed inTable 2.5.Note that the durability of intensive-quenched, noncarburized low-alloy steel

parts is at least twice that of carburized and conventionally oil-quenched alloy steel parts.
TABLE 2.5
Production Applications of Intensive-Quenched Limited-Hardenability Steels

Applications

Former Steel

and Process

New Steel

and Process Advantages

Gears, modulus, m¼ 5–8 mm 18KhGT 58 (55PP) No carburizing; steel and part costs

decrease; durability increases.

Large-modulus gears, m¼ 10–14 mm 12KhN3A ShKh4 No carburizing; durability increases

2 times; steel cost decreases 1.5 times.

Truck leaf springs 60C2KhG 45S Weight decreases 15–20%; durability

increases 3 times.

Rings and races of bearings

thicker than 12 mm

ShKh15SG and

20Kh2N4A

ShKh4 No sudden brittle fracture in service;

durability increases 2 times;

high production rate.

Source: From Shepelyakovski, K.Z.; Ushakov, B.K Induction surface hardening—Progressive technology of XX and

XXI Centuries. Proceedings of the 7th InternationalCongress on Heat Treatment and Technology of Surface Coatings,

Moscow, Russia 2(11–14), 33–40, 11–14 Dec., 1990.
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Other production applications for these new low-alloy steels include [35]:

. Gear, 380-mm diameter and 6-mm modulus, steel 58 (GOST 1050-74). Note: modu-

lus¼ pitch diameter/number of teeth
. Cross-head of truck cardan shaft, steel 58 (GOST 1050–74)
. Bearing for railway carriage, 14-mm ring thickness, steel ShKh4 (GOST 801–78)
. Truck axle, 48-mm bar diameter, steel 47GT

The optimum depth of hard layer is a function of part dimensions. Therefore it is

recommended that the steel (and its hardenability) be tailored to the part to ensure that it

will be capable of hardening to this depth [36], making reaching the optimum depth a

certainty.

With the right steel, this method can provide an optimum combination of high surface

compressive stress, a high-strength, wear-resistant quenched layer of optimum depth, and a

relatively soft but properly strengthened core. The combination is ideal for applications

requiring high strength and resistance to static, dynamic, or cyclic loads.
2.8 NEW METHODS OF QUENCHING

There are two methods of reaching the optimal depth of hard layer at the surface:
1. For each specific steel part, a special steel grade is selected, which provides the optimal

hard layer and maximum compressive stresses at the surface. When the sizes of the part

are changed, different steel grades are selected providing meeting the condition

Dr/R¼ const.

2. Steel part quenching is made so that 0.8 � Kn � 1 and the process of intensive cooling

is interrupted at the time of reaching maximum compressive stresses at the surface. In

this case, the optimal depth of hard layer is reached automatically. This method

was protected by inventor’s certificate in 1983, which became a patent of Ukraine in

1994 [36].
In order to confirm the above statements, one can refer to Ref. [37] where a method of IQ-

quenching steel parts by using intensive jet cooling is described. The author points out that

the method of intensive cooling is applied to superficial hardening of small parts (shafts, axes,

pinions, etc.) made of alloy steels. Here a very high intensity of cooling is achieved that allows

to obtain a 100% martensite structure in the outer layer and high residual compression

stresses. It should be noted that under the conditions of very intensive cooling, the strain

decrease is observed. While treating the parts of complex configuration, it is necessary to use

several combined jets in order to prevent the steam jacket formation. A disadvantage of this

method is a high cost of the equipment.

Let us consider in more detail the character of changes in the current stress at the surface

of the parts being quenched depending on various intensities of cooling. It has been stated

that in the course of time, small tensile stresses occur at first at the surface of the specimen to

be quenched, and then during the martensite layer formation, these stresses transform into the

compressive ones that reach their maximum at a certain moment of time and then decrease

(Figur e 2.36) . The current stresses become the resi dual ones that can be eithe r tensile or

compressive depending on the cooling intensity. The maximum tensile stresses correspond

to the maximum compressive stresses in the control layer of the part being quenched

(Figur e 2.37).
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The mechanism of the current stress formation is as follows. When the part is completely

in the austenite state, there arise tensile stresses that transfer into the compressive ones in

the process of the martensite phase formation and due to increase of its specific volume. The

larger part of austenite is transformed to martensite and the larger the martensite layer is,

the higher the compression stress is. The situation goes on until a sufficiently thick martensite

crust is formed resembling a rigid vessel that still contains the supercooled austenite in

the supercooled phase. The further advance of martensite inside the part causes the effect
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FIGURE 2.37 Maximum compressive hoop stresses at the surface (2) and tensile stresses in the center

(1) of the cylindrical specimen of 6 mm in diameter vs. Biot number.
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of water freezing in a glass vessel [23]. Due to the core volume increase at martensite

transformations, either decrease of compressive stresses in the surface layers or destruction

of the external layer will take place if the phase specific change is large enough and the

external layer is insufficiently stretched and strong. Under such conditions, compression

stresses in the surface layer change over to stress state that cause destruction in the surface

layer.

Reduction of compressive stresses at the further advance of martensite into the part to be

quenched is caused by the parting action that is attributed to variation in the phase specific

volume in the core.

If the process of intensive cooling is stopped at the moment of achieving the maximum

compression stresses, and isothermal holding is realized at the temperature of the martensite

start (Ms), then the martensite phase advance will cease and sufficiently high compression

stresses can be fixed. They will slightly decrease due to the isothermal holding at which stress

relaxation takes place.

An optimal depth of the quenched layer that depends on part dimensions corresponds to

maximum compression stresses.

Using the calculation methods developed and the potentialities of the software package

TANDEM- HART [1,8], it is easy to find with the help of computer the time of achieving the

maximum for bodies of arbitrary axisymmetric form being quenched under various heat

transfer conditions.

The degree of intensive cooling can be characterized by Biv number or by Kondratjev

number Kn. There is a universal interconnection between these numbers

Kn ¼ CBiv ¼
Bivffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Bi2v þ 1:437Biv þ 1

q , (2:11)

which is valid for bodies of various configurations.

The author of the well-known handbook, Theory of Heat Conduction, Lykov [38] has

call ed Equat ion 2.1 an important relation of the theory of regular conditio ns. Criter ion

Kn ¼CBiv is the main value determining the heat transfer mechanism of the body. It was

named Kondratjev number (criterion) in honor of the outstanding thermal scientist G.M.

Kondratjev.

It appeared that the curves Kn¼ f(Biv) for geometrically different bodies (sphere, paral-

lelepiped, cylinder, etc.) were located so close to each other that practically all the family

could be replaced by a single averaged curve [38].

The parameter criterion C characterizing the temperature field nonuniformity is equal to

the ratio of the body surface excess temperature to the mean excess temperature over the body

volume. If the temperature distribution across the body is uniform (Biv!0), then C¼ 1. The

higher is the temperature nonuniformity, the less is C. At C¼ 0, the temperature distribution

non-uniformity is the highest (Bi!1, while T ! T1).

Thus Kondratjev number characterizes not only the temperature field nonuniformity, but

also the intensity of interaction between the body surface and the environment.

Kondratjev number is the most generalizing and the most universal value, which may

serve to describe the cooling conditions under which compression stresses occur at the surface

of various bodies.

For rather high compression stresses to occur at the surface of the part being quenched, it

is sufficient to meet the following condition:

0:8 � Kn � 1:
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On the basis of regularities mentioned above, a new method of quenching was elaborated.

The essence of the new method is that alloy and high-alloy steel parts are cooled under the

conditions of high-intensive heat transfer (Kn � 0.8) up to the moment of reaching maximum

compression stresses at the surface with the following isothermal holding under temperature

Ms [39]. A year later, similar quenching method was proposed in Japan [40].

In accordance with the method mentioned, alloyed steel parts are quenched in such a way

that a very hard surface layer of the given depth and an arbitrarily hard matrix are obtained.

An example of such method realization is given below. An alloy steel specimen containing

0.65–0.85% C, 0.23–0.32% Si, 0.4–0.9% Mn, 2% Ni, 0.5–1.5% Cr, and 0.1–0.2% Mo is heated

up to 800–8508C and spray-quenched with water fed under pressure of 0.4–0.6 MPa during

0.2–0.8 s. The specimen is subject further to isothermal heating at 150–2508C for 10–50 min

[40].

It is obvious that the spray quenching under high pressures provides intensive cooling

(Kn> 0.8) that is completed when a certain depth of the composition-quenched layer is

achieved.

For the steel composition cited, the temperature of the martensite start is within the range

of 150–2008C.

The isothermal holding time at this temperature (about 10–15 min) is chosen from CCT

diagrams of supercooled austenite dissociation in such a way to provide this dissociation into

intermediate components in the part central layers.

The analysis of the methods described shows that various authors have come independ-

ently to an identical conclusion that is a rather pleasant coincidence because it testifies to

urgency and authenticity of the technology being studied.

Structural steel transformations during quenching are accounted through dependencies of

thermal–physical and mechanical properties of the material on the temperature and time of

cooling in accordance with CCT diagram for the transformation of overcooled austenite. The

method has been proved by a number of test problems [41]. The error of calculations was

�3% for temperature and �12% for stresses, which provides grounds for using this method

for the study of regularities of changes in thermal and stress–strain state of parts to be

quenched with regard to cooling conditions and character of structural steel transformations.

The calculation of current and residual stresses for cylindrical sample of 6-mm diameter

made out of 45 steel was made for different heat transfer coefficients, so that Bi changed from

0.2 to 100. The temperature of sample heating is 1300 K.

The investigations have shown that as far as the process of cooling is intensified, the

residual stresses on the surface of cylindrical sample firstly increase reaching the maximum

value at Bi¼ 4, and then when Bi¼ 18, they become negative, and as far as Bi grows, they

become compressive. At Bi¼ 100, the hoop stresses s33 reach the value of 600 MPa.

The facts observed can be grounded as follows: when Bi is small, there is insignificant

temperature gradient in the body. As far as austenite is transformed into martensite, due to

the great specific volume of martensite, the stresses appearing first on the surface are not big

and compressive. However, when the martensite forms at the center of the sample, big forces

moving aside appear, which result in the tensile stresses on the surface. In the case of intensive

cooling (Bi> 20), martensite transformations start in thin surface layer of the sample, while

the temperature at its other points is high. The greater the Bi number is, the greater the

gradient in the surface layer is, and the further from the axis the layer of freshly formed

martensite is. As far as inner layers become cooler, two processes fight against each other:

process of shrinking for the account of the temperature reduction and process of expansion of

the material for the account of the formation of martensite having big specific volume in

comparison with austenite. In the case Bi> 20, the process of shrinking prevails in inner

points of the sample. Thus in the cooled sample, the surface layer appears to be shrunk
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FIGURE 2.38 Relative amounts of microstructural phases present at the optimal hard depth in a steel

specimen at the beginning and end of intensive quenching, and at the time when the surface compressive

stress reaches its maximum value.
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because shrunk inner layers of the sample try to move initially formed layer of martensite

closer to the axis. In the case of not big temperature gradient (Bi � 18), the outer layer of

freshly formed martensite, in comparison with cold state, is lesser shifted from the axis; for

this reason, in this case, tensile residual stresses will appear for the account of increase in the

specific volume of the material during martensite transformations in inner layers. It is obvious

that there exist such values of Bi that forces connected with material shrinking compen-

sate each other. In this case, on the surface of quenched sample, residual stresses are zero

(Bi¼ 18–20).

Let us note that the quenching method [36,42] provides the optimal depth of the hard

layer for any alloy steel.

The optimum depth of hard layer is that which corresponds to maximum surface com-

pressive stresses.

To obtain very high surface compressive stresses, it is sufficient to meet the condition

0.8 � Kn � 1, where Kn is the Kondratjev number. This condition can be satisfied by

intensive quenching using water jets or rapidly flowing water. Additional strengthening

(superstrengthening) of the surface layer will also result. The high compressive stresses and

superstrengthening both help enhance the durability and prolong the service life of machine

parts (Figure 2.38).
2.9 DISCUSSION

The results of investigations made evidence that shell hardening is one of the advantageous

directions since it brings big economical savings for the account of the following.

Reaching the optimal depth of hard surface layer can be done with lesser amount of

alloying elements, and, in this case, the cost of the steel is reduced. For shell hardening, simple

water is used. Since in the case of optimal hard layer, optimal compressive stresses are reached

at the surface, the cyclical durability of ready steel products increases, which is proved in

Ref. [2].

Despite all of these facts and that idea of the existence of the optimal hard layer has been

published in 1983 [1], by the present time, this issue has not been studied carefully yet.

Probably this is because of the lack of software and databases for these calculations.

Experimental way of studying this is almost impossible since it is a huge load of work and

requires a lot of finances. Only on the basis of our software TANDEM-HART and general-

ization of big experimental data of many authors it became possible to ground the existence of
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the optimal hard layer, which can be widely used in practice for designing of steel-intensive

quench processes.

In our opinion, designing of steel-intensive quench processes should be done as follows:
1. Depending on the shape and size of the part, conditions of intensive quenching are

selected by calculating the water flow speed or intensity of the shower cooling at the

surface of the part to be quenched.

2. The proper steel grade is selected which provides the optimal depth of hard layer and

maximum compressive stresses at the surface or the intensive cooling process is inter-

rupted at the time of reaching this optimal depth.

3. On the basis of software TANDEM-HART, calculations of parameters of intensive

cooling and thermal and stress–strain state are made.

4. Special equipment and devices are designed for the implementation of intensive

cooling.
The final steps after designing are as follows:
1. The equipment and devices designed are produced.

2. The quenching conditions and equipment are adjusted in industrial conditions on site

to prevent possible failure with the full automation of the whole industrial hardening

process. The automation is very important because the work of the line must be stable.

Cracks can be formed in the case of failure to meet all the conditions designed.
A steel quenching method where the depth of the quenched surface layer is controlled,

which increases the service life, is described in publication [43]. The above-mentioned steels

have the following characteristics: low depth of hardened layer and fine grain with arrested

growth of austenite grains at high temperatures. Due to limited hardenability, on the surface

of parts, residual compressive stresses appear and the fine grain has the effect of high strength

of-material. In addition to the increase in the service life, there is an opportunity to replace

expensive materials with cheaper materials and fire-dangerous quench oils with simple water.

Steel quenching where the depth of the hardened surface layer is controlled is made in

intensive water jets. The service life of parts made of steels where the depth of the hardened

surface layer is regulated increases by some times [43] in comparison with oil quenching. The

weak aspect of this quenching method where the depth of the hardened surface layer is

regulated is that steel having the effect of optimal depth of hardened surface layer must be

chosen each time for definite shape and dimensions. In the case of the change in the shape or

dimensions, it is necessary to change the steel grade to have the effect of high compressive

stresses on the surface. As known, the changes in the dimensions of the part and the optimum

depth have the following correlation [13]:

Dd

D
¼ idem,

where idem means constant. When the depth of the hardened layer is greater or less, the

compressive stresses are lower. If the layer is thin, in the transition zone, high extensive

stresses can appear, which results in cracking. In this quenching method, there are no criteria

allowing to calculate the rate of water flow for each concrete part. High water flow rate is

chosen for all kinds of parts which is not always justified and results in unnecessary energy

spending and makes the industrial process more complicated. The high service life of parts

where the depth of hardened surface layer is regulated is considered as an advantage of these
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steel grades; however, for various steel grades, the effect of superstrengthening and high

residual compressive surface stresses can be reached. In this method, the induction heating is

mainly used and there are no data regarding oven heating, including such data for carburized

parts. The industrial regimes are not optimized. In the method mentioned above, it is advised

to use only those steels where the depth of the hardened surface layer is regulated; however,

there are some engineering problems related to melting of such steels where the depth of the

hardened surface layer is regulated.

There is a steel quenching method [5] dealing with shell hardening, which means uniform

quenching of all the surface to the insignificant depth until reaching high hardness on the

basis of using intensive jet cooling. In this method, the examples of the application of

meanalloy steel 45 are given. The main advantage of this method is the opportunity to

increase the service life of steel parts while using usual carbon steels, not using steels where

the depth of the hardened surface layer is regulated. This method also has weaknesses the

same as in the method above, namely, no consideration is given to conditions optimizing the

depth of the hardened surface layer, and the following correlation is ignored:

Dd

D
¼ idem,

(that is, in the case of the change in dimensions of parts, the depth of the hardened surface

layer should be changed correspondingly). This method does not have criteria allowing to

calculate the rate of cooling quench flow which would prevent the development of self-

regulated thermal process. The technological process is not optimized.

An intensive steel quenching method has been also developed in Japan [40]. In accord-

ance with this method, alloyed steel parts are quenched in such a way that a very hard

surface layer of the given depth and an arbitrarily hard matrix are obtained. For given steel

grades, according to this method, ranges for hardening regimes are found by experiments to

increase the service life of such parts. An example of such method realization is given below.

An alloy steel specimen containing 0.65–0.85% C, 0.23–0.32% Si, 0.4–0.9% Mn, 2% Ni, 0.5–

1.5% Cr, and 0.1–0.2% Mo is heated up to 800–8508C and spray-quenched with water fed

under pressure of 0.4–0.6 MPa during 0.2–0.8 s. The specimen is subject further to isother-

mal heating at 150–2508C during 10–50 min [40]. The weakness of the method above is that

it considers just high-carbon alloyed steels. The depth of the hard surface layer is not

optimal for various dimensions of parts. Because of this steel, superstrengthening is not

reached. It does not consider conditions of the optimization of the quenchant circula-

tion rate.

The analysis of the existing methods of steel quenching used in various countries (in

Russia, United States, Japan, and Ukraine) shows that the intensive steel quenching with the

formation of hard surface layer of the given depth has greater advantages than for thorough

quenching. The common weakness of all these methods is that there is no change in the

optimum depth of the hard surface layer in cases of the changes in dimensions of parts, and

that the quenchant circulation rate is not optimized for the prevention of the development of

self-regulated thermal process and reaching material superstrengthening.

The intensive steel quenching method [36] has been chosen as a prototype of this inven-

tion, including heating, intensive cooling until the appearance of maximum compressive

surface stresses, isothermal heating, and tempering. The method is based on the following:

intensive cooling is formed in the range of 0.8 �Kn � 1, where Kn is the Kondratjev number,

until reaching maximum compressive surface stresses, and then it is isothermally heated at

martensite start temperature Ms until the complete transformation of the overcooled auste-

nite of the matrix, then it is tempered.
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The basic weakness of this method is that it deals just with alloyed steels. To reach the

maximum compressive stresses on the surface, the intensive cooling is stopped and due to it,

the effect of superstrengthening does not show itself in full. There is no concrete method of the

calculation of optimal rate of quenchant flow to ensure reaching material superstrengthening.

The proposed quenching method is new since in the part quenched for any steel grades,

alloyed and not alloyed, high, mean, and low carbon, the depth of the hard surface layer

reached is optimal that the maximum compressive stresses are formed. If the depth of the

hard surface layer is greater or less, the compressive stresses are lower.

The creation of conditions to reach maximum compressive stresses is reached due to

greater effect of additional strengthening (superstrengthening) of material. In the compressed

surface layer during the quench process, martensite transformations take place. Due to greater

specific volume of martensite plates (than for the resulting phases), the plastic deformation of

austenite occurs which is located between the martensite plates. The higher the compressive

surface stresses in the layer being hardened and the higher the cooling rate is in the martensite

area, the greater the deformations in the austenite which is between martensite plates. In this

case, martensite plates function like ‘‘microhammers’’ due to which high density dislocations

are reached under high pressure. While cooling is fast, these dislocations are ‘‘frozen’’ in the

material.

In such conditions, the effect of low-temperature mechanical heat treatment is present.

After this treatment, the material hardened can have higher mechanical and plastic properties

in comparison with usual hardening. Thus the optimal depth of the quenched layer is

necessary for not only reaching maximum compressive surface stresses, but also for the

formation of optimal conditions under which the effect of additional material strengthening

(superstrengthening) is present in full. The additional strengthening (superstrengthening) of

material and high compressive stresses in the surface layer quenched result in the increase in

their service life.

In conclusion, it should be noted that the main idea of this chapter is the existence of the

optimal depth of hard layer for which the maximum compressive stresses are reached at the

surface. In our opinion, it is a principally new approach which can be used for designing of

steel-intensive quench processes. By the present time, the progress has been made in two ways.

One of them is through-surface hardening, at which special steel grades are used that provide

shell hardening [2–4,46]. In this case, it does not deal with the consideration of the optimal

depth of hard layer, and when changing to other sizes with the same steel grade, the

optimal depth of hard layer is never reached.

The other way lies in the interruption of intensive cooling when maximum compressive

stresses are formed at the surface, as mentioned above [36,39]. In this case, the optimal depth

of the hard layer is reached automatically.

The first method was used with induction heating and steel grades of controlled hard-

enability. In found wide application in Russia [2–4,6,46]. The second method was used with

furnace heating and interrupted cooling at the time of reaching maximum compressive

stresses at the surface. It is widely used in Ukraine, other countries of the former Soviet

Union, and the United States [36,39,49–51]. The purpose of this chapter is to unite efforts of

these two methods for the optimization of intensive quenching processes. For the optimiza-

tion of these processes, TANDEM-HART software has been developed, which belongs to

Intensive Technologies Ltd. and distributed by it. The software package consists of two parts:

TANDEM-HART package and TANDEM-HART ANALYSIS. TANDEM-HART pack-

age makes numerical calculations of fields of temperature, stress, deformation, and safety

factor. TANDEM-HART ANALYSIS finds the time of reaching optimal stress distribution

and makes quick calculations of quenching conditions. For this software to produce good

results, it is necessary to acquire data of mechanical properties, CCT and TTT diagrams for
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new steel grade of controlled hardenability, and boundary conditions. We believe that uniting

efforts of many specialists will help in solving these problems.

Thus the application of the proposed steel quenching method allows as follows:
1. To reach the effect of material superstrengthening and high compressive surface

stresses when using arbitrary steel grade.

2. Alloyed and high-alloyed steels can be replaced with simple carbon steels that has the

effect that the depth of the hard layer is optimal. In this case, the effect of material

superstrengthening is greater. Due to it, the service life of such parts increases.

3. Expensive and fire-dangerous oils can be replaced by water and water solutions.

4. The labor efficiency increases.

5. The ecological state of the environment is improved.
2.10 CONCLUSIONS

As a result of investigating the kinetics of phase transformations in bodies of complicated

configuration, the following regularities have been found:
1. When the Biot number increases, the axial and hoop residual stresses on the surface of

a part to be quenched firstly grow reaching the maximum at Bi¼ 4 and then reduced

and become negative at Bi � 20.

2. The distribution of residual stresses in parts with full and partially controlled hard-

enability while the heat transfer is highly forced (Bi> 20) has different character. In

parts of controlled hard-enability on the surface, high compressive stresses appear,

which gradually change to tensile stresses at the center of the part. In the case of

thorough hardening, while Bi> 20 in the surface layer, there are high tensile stresses

changing to compressive stresses on the surface. With the elapse of the time, parts made

out of steel of controlled hardenability have compressive residual stresses on the surface

growing all the time, while parts hardened thoroughly have stresses that are compres-

sive and grow until a certain moment of time at which they reach the maximum, then

they are reduced.

3. Methods of numerical investigation of the kinetics of phase transformation in bodies of

arbitrary shape have been developed. Having CCT diagrams with physical and mech-

anical properties of structural components for these diagrams, one can determine the

structure, hardness, and hardenability of parts having a complicated configuration

and forecast the mechanical properties of the material [26,44–48]. For this purpose,

TANDEM-HART software has been developed.

4. It has been established that there is optimal depth of hard layer for a part at which

compressive stresses on the surface reach the maximum.

5. There is similarity of the distribution of current and residual stresses in bodies having

different sizes and the conditions when this similarity is observed are given above.

6. The practical application of shell hardening for car box rollers and wheels is described.

7. For the wide application of these methods, it is necessary to improve further the

software and to develop databases of initial data for solving the problem of calculating

the optimal depth of hard layer for various steel grades, which would provide the

optimal distribution of compressive stresses at the surface and in the core.

8. The optimal depth of the hard layer can be reached for the account of either proper

selection of steel grade or interrupting the cooling at the time of reaching the optimal

maximum compressive stresses at the surface.
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3.1 INTRODUCTION

The term vacuu m he at process ing refers to heat treatment process es in whi ch ferro us and

nonferr ous compon ents are subject ed to the application of therm al heat en ergy in a vacuum

environm en t [1].

What is a vacuum? The word vacuum origi nates from Latin an d means empty or empty

space. By empty spac e one thinks of a space entir ely de void of matter. Such a sp ace does not

exist nor can it be prod uced. In techni cal terms a vac uum can be consider ed a space with

highly redu ced gas den sity. Such a space is prod uced by removin g the air (and other g ases)

from a gasti ght con tainer using, for exampl e, a vacuum pumping syst em.

The quality of a vacuu m is descri bed by the degree of redu ction of gas densit y, i.e., gas

pressur e. Gas pressur e is commonl y measur ed in torr, wher e 1 torr ¼ 1.33 millibar (mbar ).

Atmo spheri c pressure at standar d tempe rature an d sea level is 760 torr (1013 mbar).

The co nversio ns be tween common vacuum units such as torr, bar, and pa scal are sh own in

Table 3.1.

One distinguis hes four differen t vacu um levels or qua lities a s sh own in Table 3.2. The heat

treatment of steel is carried out in three qualities of vacuum—rough, fine, and high. The

majority of applications are processed in the fine vacuum range.

What is the purpose of util izing vacu um for heat process ing? The he at treatment of metal

compo nents such as steel in air leads to surfa ce ox idation. The type and thickne ss of oxide

layer s prod uced are dependent on the tempe ratur e of the heat treatmen t, the duration of

exposure, and, also on the type of steel.

To avoid surface oxidation there are several options available. The air in the heat

treatment furnace must be replaced by an atmosphere that does not contain oxygen. The

use of an inert atmosphere, such as nitrogen (N2), is one method. Another is the use of a

protective atmosphere that utilizes nitrogen in combination with reducing elements such as

hydrogen (H2) and carbon monoxide (CO). Either method requires the furnace to be purged

completely of air, especially when using protective atmospheres, as they are typically com-

busti ble. Figu re 3.1 shows the redu ction of the oxygen level , through pur ging, in a gastight

furnace with increasing numbers of volumetric changes.

Another way to avoid surface oxidation is to reduce the amount of air surrounding the

workpieces during the thermal processing by evacuation to such a low level that the remaining

oxygen is below the oxidation level of the material. From the known temperature dependence

of formation energies of oxides [2], the oxidation boundaries of iron and typical alloying

elements have been calculated and are shown in Figure 3.2 [3]. These curves, for example,
TABLE 3.1
Conve rsion of Pressur e Units

Pressure Unit torr bar Pa

1 Pa¼ 1 N/m2 7.5006 � 10 �3 10�5 1

1 bar 750.06 1 105

1 torr ¼ 1 mm Hg 1 1.3332 � 10�3 133.32

1 m/H2 O 73.56 9.807 � 10�2 9807

1 atm 760.0 1.0133 1.0133 � 105

1 mm 10�3 1.3332� 10�6 0.13332

1 in. Hg 25.4 3.3864� 10�2 3386.4

1 lb/ft2 0.3591 4.788� 10�4 47.88



TABLE 3.2
Classification of Vacuum

Quality of Vacuum Pressure Range (torr)

Rough 1–760

Fine 10�3–1

High 10�7–10�3

Ultrahigh <10�7
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show that to avoid the oxidat ion of iron at 1832 8 F (1000 8 C), the partial pressur e of oxygen in

air has to be reduced from 1.5 � 10 2 torr (0.2 bar) to be low 1 � 10 �15 torr (1.3 � 10 � 15 mb ar).

This is not only impos sible, but it is also not requir ed.

Practical experien ce shows that fine vacuum of 10 � 2 to 10 � 3 torr (1.3 � 10 � 2 to 1.3 � 10 � 3

mbar) suff ices to produ ce bright surfa ces on most steel s. Thus, even tho ugh the oxygen in fine

vacuum oxidiz es the steel surfa ce, the degree is insuf ficient to produ ce a visib le effe ct. Also,

certa in furnace mate rials getter ox ygen (by pro ducing oxides thems elves ) and thus redu ce the

partial pressur e of oxygen within the furnace even furt her. All materials that have low er oxide

form ation energi es than iron suc h as carbon, chromiu m, and manganes e contribu te to this

effect if they are suff iciently hot .
3.2 COMPARISON TO ATMOSPHERIC PROCESSES

Almost all heat treatment processes carried out at normal pressure in protective atmospheres

have an equival ent co unterpar t in vacuum process ing. Tabl e 3.3 gives an overvi ew.
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FIGURE 3.1 Reduction of oxygen level in a furnace through purging with a protective atmosphere.
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If atmosphere furnaces have no separate purge chambers, an inert atmosphere is not

sufficient to produce bright surfaces. Therefore, protective atmospheres usually contain

certain amounts of reducing gases, like H2 and CO, to counter the oxidizing and decarburiz-

ing effects of constituents such as water vapor (H2O) and oxygen (O2) that enter the furnace

during door openings.

A general difference between atmospheric and vacuum processes is given by the cleanli-

ness and the substantially reduced environmental impact of vacuum heat treatments. Vacuum

furnaces produce no fumes or exhaust gases, possess no flames, and are usually cold. They

behave more like machine tools than like furnaces. In addition, the visual appearance of the

treated steel workpieces differs. Pieces treated in atmospheric furnaces usually exhibit a light

gray color even in reducing atmospheres, whereas the surfaces of vacuum heat-treated

components remain bright and shiny. This is due to the evaporation effect of residues and

the reduction of oxides on the surfaces at the low-pressure levels achieved in vacuum. In some

cases it may also be advisable to employ multiple pump down cycles or feed hydrogen at low

partial pressures into the vacuum furnace to counter the effect of water vapor adsorbed on the

inside of the cold-furnace walls or insulation during door openings.

Low pressures, i.e., high vacuum, will not only evaporate adsorbed material from the

surface, they also cause the volatilization of those alloyed elements in the steels that have a

high vapor pressure. Manganese and chromium are particularly susceptible.

Carrying out thermochemical processes like carburizing and nitriding in vacuum furnaces

at low pressures can be done using gases that produce high mass transfer rates where the

thermal dissociation of the process gas yields large amounts of reactive elements. In vacuum

carburizing, for example, this is done only by the use of acetylene [4]. Other gases such as

propane, ethylene, and methane dissociate on first contact, resulting in both soot formation

and a higher mass transfer on the outside of a dense load than in the load center. An

alternative is activating and ionizing these process gas molecules by applying an electric

field of high voltage that will overcome their weakness by substantially increasing the number



TABLE 3.3
Comparison of Atmospherica and Vacuum Heat Treatment Processes

Atmospheric Processes Vacuum Processes

Process

Common Gas

Constituents Process Pressure (torr) Gas Type

Annealing N2 Annealing 10�3–10�1 None

N2þCH4 (C3H8) N2

N2þCH3OH N2þH2

Exothermic gas,

endothermic gas

Hardening See annealing Hardening 10�3–10�1 See annealing

Tempering See annealing Tempering 10�2–103 See annealing

Carburizing N2þCH3OH

þCH4(C3H8)

Low-pressure

carburizing

3–300 C2H2, C3H8,

CH4, C2H4

Endothermic gas

þCH4 (C3H8)

Plasma

carburizing

1.5–7.5 CH4(þH2),

C3H8þH2(þAr)

Carbonitriding CarburizingþNH3 Low-pressure

carbonitriding

1.5–102 C2H2, C3H8, CH4,

C2H4, þNH3

Plasma

carbonitriding

1.5–7.5 Plasma

carburizingþN2

Nitriding NH3 or NH3þN2(H2)

or NH3 þO2(þN2)

Plasma nitriding 0.4–7.5 N2þH2

Nitrocarburizing NH3þ endothermic

gas N2þH2þCO2

Plasma

nitrocarburizing

0.4–7.5 N2þH2þCH4(CO2)

Brazing H2, exothermic or

endothermic gas

Brazing 10�4–10�2 None or H2

Sintering H2 or N2þH2 or

endothermic gas

Sintering 10�3–10�2 None or N2 (þH2)

aAt normal (760 torr) pressure.
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of react ive gas specie s and distribut ing them uni formly througho ut the load. Pr ocesses

that include electric activati on of the gases are call ed plasm a process es, an d are shown in

Table 3.3.
3.3 VOLATILIZATION, DISSOCIATION, AND DEGASSING

Duri ng vacu um heat treat ment of steel, it is alwa ys necessa ry to co nsider the evap oration or

subli mation of the alloying constituent s. For exampl e, mangan ese and chromi um have

relative ly high vap or pressur es (Table 3.4) . It is known that operatin g a vacuu m furnace at

higher pressur e causes more frequent co llisions of ga s mo lecules, resul ting in fewe r meta l

atoms escapi ng from the meta l surface. Hence, the vapo rization rate is direct ly relat ed to the

furnace pressur e.

Elements wi th very high vap or pressur es, such as zinc and cadmiu m, will evaporat e very

rapidl y when heated even at low v acuum levels. Allo ys with high concen trations of these

volat ile e lements, such as brass and certain brazing alloy s, are seldom heat treated in va cuum

because of the risk of dealloying the brass and contaminating everything inside the furnace

with condensed zinc.



TABLE 3.4
Temperatures at Which Common Elements Exhibit Specific Vapor Pressures

Element

Temperature (8C) at Which Vapor Pressure Is

1 3 1024 torr 1 3 1023 torr 1 3 1022 torr 1 3 1021 torr 750 torr

Aluminum 808 890 997 1124 2058

Antimony 525 595 678 780 1441

Arsenic — 220 — 310 610

Barium 544 626 717 830 1404

Beryllium 1030 1131 1247 1396 —

Bismuth 537 609 699 721 1421

Boron 1141 1240 1356 1490 —

Cadmium 180 220 264 321 766

Calcium 463 528 605 701 1488

Carbon 2290 2473 2683 2928 4831

Cerium 1092 1191 1306 1440 —

Cesium 74 110 153 207 691

Chromium 993 1091 1206 1343 2484

Cobalt 1363 1495 1650 1834 —

Copper 1036 1142 1274 1433 2764

Gallium 860 966 1094 1249 —

Germanium 997 1113 1252 1422 —

Gold 1191 1317 1466 1647 2999

Indium 747 841 953 1089 —

Iridium 2156 2342 2558 2813 —

Iron 1196 1311 1448 1604 2737

Lanthanum 1126 1243 1382 1550 —

Lead 548 620 718 821 1745

Lithium 378 439 514 608 1373

Magnesium 331 380 443 515 1108

Manganese 792 878 981 1021 2153

Molybdenum 2097 2297 2535 3011 5573

Nickel 1258 1372 1511 1680 2734

Niobium 2357 2541 — — —

Osmium 2266 2453 2669 2922 —

Palladium 1272 1406 1567 1760 —

Platinum 1745 1905 2092 2295 4411

Potassium 123 161 207 265 643

Rhodium 1816 1973 2151 2359 —

Rubidium 88 123 165 217 679

Ruthenium 2040 2232 2433 2668 —

Scandium 1162 1283 1424 1596 —

Silicon 1117 1224 1344 1486 2289

Silver 848 921 1048 1161 2214

Sodium 195 238 291 356 893

Strontium 413 475 549 639 1385

Tantalum 2601 2822 — — —

Thallium 461 500 607 661 1485

Thorium 1833 2000 2198 2433 —

Tin 923 1011 1190 1271 2272

Titanium 1250 1385 1547 1725 —
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TABLE 3.4 (continued)
Temperatures at Which Common Elements Exhibit Specific Vapor Pressures

Element

Temperature (8C) at Which Vapor Pressure Is

1 3 1024 torr 1 3 1023 torr 1 3 1022 torr 1 3 1021 torr 750 torr

Tungsten 2769 3019 3312 — 5932

Uranium 1586 1731 1899 2099 —

Vanadium 1587 1726 1889 2081 —

Yttrium 1363 1495 1630 1834 —

Zinc 248 290 343 405 908

Zirconium 1661 1818 2003 2214 —
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Consider another example: a stainless steel with 14% chromium shows no discernible

chromium loss at 18008F (9908C) and a vacuum level of 10�2 torr (1.3� 10�2 mbar) after

2.5 h. However, at 10�4 torr (1.3� 10�4 mbar), with identical time and temperature condi-

tions, a surface chromium loss of 0.5% was measured.

Most ferrous and nonferrous materials can be processed in vacuum by using a partial

pressure, which exceeds the vapor pressure of the volatile alloying elements at the temperature

involved. It is common practice to use a partial pressure of inert gas sometimes blended with a

small percentage of hydrogen between 10�1 torr (1.3� 10�1 mbar) and 7.5 torr (10 mbar) at

temperatures above 14758F (8808C) to preclude the vaporization of elements such as chro-

mium, copper, and manganese from steels in their normal heat treatments.

Like the pure metals, metal–hydrogen, metal–oxygen, and metal–nitrogen compounds

will also decompose when heated to sufficiently high temperatures at correspondingly low

pressures. For this reason, vacuum treating can be used both to dissociate these compounds

and to evacuate the evolved gases, leaving an undisturbed and clean base metal behind.

Gas incorporated in steel during manufacturing or posttreatment such as pickling and

welding can also be removed in vacuum. To degas a metal, the pressure in the furnace vessel

must be lower than the pressure of the gas in the metal. Under these conditions, the gas will

diffuse out of the metal into the vacuum. As the outer layer of the metal degasses, a gradient is

set up effecting gas desorption from the interior to the surface. The desorption rate is

accelerated by higher temperatures. In the degassing of thicker parts, the gas diffusion rate

through the mass becomes a limiting factor. Gases are removed from the metal surface into

the vacuum surrounding the workload and are finally evacuated by the vacuum pumps and

exhausted from the system.

The degassing of oxygen, nitrogen, and hydrogen from refractory metals is particularly

important in view of the improvements in properties, including ductility and fatigue, that can

be achieved as a result of reducing the interstitial alloy content in these materials.
3.4 VACUUM FURNACE EQUIPMENT

Heat treatment in vacuum furnaces is characterized by special conditions with regard to the

design of the furnaces as well as the control of temperature and vacuum level during the heat

treatment. The design of the furnaces generally depends on the size of the load, pressure, and

temperature to be attained, and the medium to be used in cooling the load.

The main parts of a vacuum furnace are the vessel, pumping system, hot zone, control

system, and cooling system. Each of these will be discussed below.
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3.4.1 VESSEL

Vacuum furnace vessels can be grouped into so-called hot-wall and cold-wall designs. A

typical hot-wall furnace has a retort that is commonly metallic or ceramic depending on the

temperature (Figure 3.3a). The heating system is usually located outside of the retort and

consists of resistive heating elements or an induction coil. Limitations of this retort-type

furnace are the restricted dimensions of the heating zones and the restricted temperature

range of the metallic retort, usually limited to 20008F (11008C) maximum arising from low

mechanical strength, gas permeability, evaporation of alloying elements, and slow cooling

rates. Other designs employ ceramic fiber insulation attached directly to the interior vessel

walls. These avoid the temperature limitation concerns but the insulation tends to be hydro-

scopic (water absorbing), causing extended pumping times.

The demands of the heat treatment industry are for higher temperatures, lower pressures,

rapid heating and cooling capabilities, and higher production rates. The cold-wall vacuum

furnace has become the dominant design for high-temperature furnaces since the late 1960s.

With cold-wall furnaces, the vacuum vessel is cooled with a cooling medium (usually

water) and is kept near ambient temperature during high-temperature operations (Figure

3.3b). In comparison to the hot-wall furnace, the features of the cold-wall furnace are:

. Higher operating temperature ranges between 24008F (13158C) standard and 30008F
(16508C)

. Lower heat losses and less heat load released to the surroundings

. Faster heating and cooling performance

. Greater temperature uniformity control

A disadvantage over the retort design is the greater adsorption of gases and water vapors on

the cooled furnace walls and in the insulation after opening of the furnace.

3.4.2 PUMPING SYSTEM

The construction of the pumping system depends on the following factors:

. The volume of the vessel

. The surface area of the vessel and the type of furnace internals

. The outgassing of the workload and related fixturing

. The time required for evacuation down to the final pressure
Hot zone

Hot wall Heaters

Cold wall

VesselHeaters

Retort

Insulation Insulation

(a) (b)

Water

FIGURE 3.3 Vessel design for (a) hot-wall and (b) cold-wall vacuum furnaces.
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FIGURE 3.4 Typical vacuum system with mechanical and diffusion pumps, connection valves and lines.

1, Main valve; 2, butterfly valve; 3, needle valve; 4, solenoid valve; 5, Pirani gauge; 6, ball valve; 7, roots

pump; 8, rotary vane pump; 9, holding pump; 10, diffusion pump.
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It is impor tant to note that the pumping syst em must maintain the pr ocess vacuum level

without being ov erwhelme d by the outgass ing of the worklo ad. Pump ing syste ms are usuall y

divide d into two subsyst ems, pumps for rough vacuu m (mi cron range) and pumps for high

vacuum (subm icron range) . For certa in applications a singl e pum ping syst em can hand le the

entire range and cycle. A typical system is illustrated in Figure 3.4. Pumps are usuall y

classif ied into two general categor ies, mechani cal pum ps and diffu sion pum ps. There are

other specialize d types of vacuum pumps for use in achievi ng higher vacu um rang es such as

ejecto rs, ion pumps, cryo pump s, turbom olecul ar pum ps, and ch emical getter pumps.

Table 3.5 gives a survey of the types of pumps, or pump comb inations, for achievi ng

various final vacuum levels. The various vacu um ranges are grouped in Tabl e 3.6 toget her

with their specific applic ation in the heat treat ment of steel in vacu um.
3.4.3 HEATING CHAMBER

For the insulation of the hot zone the following designs and materials are in common use (see

Figure 3.5):
TABLE 3.5
Final Vacuum Levels for Certain Pump Combinations

Pressure (torr)

Pump 1–1023 1023–1024 1024–1027 <1027

Rotary vane piston pump Required Required Required Required

Roots pump Recommended Required Recommended Required

Oil diffusion pump Unsuitable Recommended Required Unsuitable

Turbomolecular pump Unsuitable Unsuitable Unsuitable Required



TABLE 3.6
Pressure Ranges Used in Vacuum Heat Treatment of Steel

Pressure Range (torr) Applications

Rough vacuum, 760–1 Unalloyed steel

Medium vacuum, 1–10�3 Alloyed steels; stainless steel (non-Ti-alloyed)

High vacuum, 10�3–10�7 Stainless steel (Ti-alloyed); CVD-coated tools; critical brazing treatments
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. All metallic (radiation shields)

. Combination of radiation shields and other (ceramic) insulating material

. Multiple-layer (sandwich) insulation

. All graphite (board, fiber, carbon–carbon composite)

Radiation shields are manufactured from:

. Tungsten or tantalum having a maximum operating temperature of 43508F (24008C)

. Molybdenum having a maximum operating temperature of 31008F (17008C)

. Stainless steel or nickel alloys having a maximum operating temperature of 21008F
(11508C)

Mostly all metallic designs consist of a combination of materials, for example, three molyb-

denum shields backed by two stainless steel shields would be typical for 24008F (11508C)

operation. Radiation shields adsorb only small amounts of gases and water vapors during
Cr−Ni sheet

Steel support

Inconel

Molybdenum

Radiation shield type

Steel support

Aluminum oxide fiber

Molybdenum radiation shields

Metal shield/fiber insulation type

Steel support

Graphite board

Graphite foil

Graphite insulation type

FIGURE 3.5 Vacuum insulation.
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opening of the furnace. They are, however, expensive to purchase and maintain, and often

require greater pumping capacity to remove any moisture trapped between the shields.

Compared with other types of insulation, their heat losses are high and become higher with

loss of emissivity (reflectivity) due to the gradual contamination of the shields.

Sandwich insulation is composed of one or more radiation shields typically with ceramic

insulation wool between them. Combinations of graphite fiber sheets and ceramic insulation

wool are also used. These versions are cheaper to buy and maintain but adsorb higher levels

of water vapor and gases (due to the very large surface area of the insulation wool). Their heat

losses are considerably lower than those of radiation shields.

Graphite fiber insulation designs cost a little more than sandwich insulation. However, as

their heat losses are lower, a smaller thickness is sufficient. In these designs, the adsorption of

gases and water vapor is considerably reduced. Furthermore, the heating costs are lower, and

the lifetime of this type of insulation is much longer. The maximum operating temperature is

around 36308F (20008C). The lifetime depends strongly on the purity of the graphite. In some

applications such as brazing, a sacrificial layer is used to protect the insulation beneath.

For most heat treatments in vacuum furnaces, graphite insulation is used.

3.4.4 HEATING SYSTEM

In general, the heating elements for heating systems in vacuum furnaces are made from one of

the following materials:

. Nickel–chromium alloys that can be used up to 21008F (11508C). Above 14758F (8008C)

there is a risk of evaporation of chromium.
. Silicon carbide with a maximum operating temperature of 22008F (12008C). There is a

risk of evaporation of silicon at high temperatures and low vacuum levels.
. Molybdenum with a maximum operating temperature of 31008F (17008C). Molyb-

denum becomes brittle at high temperature and is sensitive to changes in emissivity

brought about by exposure to oxygen or water vapor.
. Graphite can be used up to 36308F (20008C). Graphite is sensitive to exposure to oxygen

or water vapor, resulting in reduction in material thickness due to the formation of

carbon monoxide (CO) that will be evacuated by the pumps. The strength of graphite

increases with temperature.
. Tantalum has a maximum operating temperature of 43508F (24008C). Tantalum, like

molybdenum, becomes brittle at high temperatures and is sensitive to changes in

emissivity brought about by exposure to oxygen or water vapor.

Uniformity of temperature is of great importance to heat treatment results. The construc-

tion of the heating system should be such that temperature uniformity in the load during

heating is optimal; it should be better than +108F (58C) after temperature equalization. This

is realized with single or multiple temperature control zones and a continuously adjustable

supply of heating power (using thyristor or transductor control) for each zone.

In the lower temperature range, below 15508F (8508C), the radiant heat transfer is low and

can be increased by convection-assisted heating. For this purpose, after evacuation the

furnace is backfilled with an inert gas up to an operating pressure of 1–2 bar, and a built-in

convection fan circulates the gas around the heating elements and the load. In this way, the

time to heat different loads, especially those with large cross-section parts to moderate

temperatures, for example 10008F (5508C), can be reduced by as much as 30–40%. At the

same time the temperature uniformity during convection-assisted heating is much better,

resulting in less distortion of the heat-treated part.
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3.4.5 CONTROL SYSTEM

One of the requirements of industrial furnaces is to achieve certain metallurgical, mechanical,

or physical properties in the part such as hardness or a hardness profile with minimal

energy consumption and by a method that is exactly reproducible from cycle to cycle.

Microprocessor-controlled programming systems have become indispensable for satisfying

this requirement.

A temperature sensor attached to the workpiece is an additional safeguard against

unacceptable process deviations between the workpiece and the furnace temperature. The

fundamental advantage of a process control system with a load thermocouple is that the user,

when preparing the cycle recipe, does not need to consider any temperature–time lags between

furnace and load and need only to input the duration of soaking times for the load at the

various stages. Also, the varying mass of different loads is rendered unimportant even if it

significantly influences the actual heating up rate.

Thermocouple breakage can also be detected by computer program control followed by

an automatic thermocouple changeover so that the continuity of the automatic cycle is not

interrupted. Hence, microprocessor-controlled programming systems make it possible to

prevent unacceptable temperature differences between the furnace and the workpieces and

also within the workpiece and related areas during heat-up phase. This feature, coupled with

uniform gas quenching, enables reduced distortion in the heat treatment process.

3.4.6 THERMOCOUPLES

The thermocouples usually used in vacuum applications are manufactured from:

. Nickel–nickel and chromium (type K) used up to 21508F (11758C)

. Nickel–chromium–silicon and nickel–chromium (type N) used up to 22808F (12508C)

. Nickel–nickel and molybdenum used up to 24508F (13508C)

. Platinum–platinum and rhodium (type S) used up to 29008F (16008C)

. Tungsten–tungsten and rhenium (type W) used up to 49008F (27008C)

At higher temperatures the platinum–platinum and rhodium can only be used in the form of a

compacted ceramic thermocouple because rhodium evaporates at these temperatures. These

elements are also sensitive to the adsorption of contaminants, resulting in deviations.

A growing number of temperature control systems, either stand-alone or integrated into a

combination equipment and process control scheme are used today to achieve precise and

uniform heating of the workload.

3.4.7 COOLING SYSTEM

The following media (listed in order of increasing intensity of heat transfer) are used for the

cooling of components in vacuum furnaces:

. Vacuum

. Subatmospheric cooling with static or agitated inert gas (typically Ar or N2)

. Pressurization (up to 20 bar or more) cooling with a highly agitated, recirculated gas

(Ar, N2, He, H2, or mixtures of these gases)
. Oil, still or agitated

After heating in vacuum, the bright surface of the components must be maintained during the

cooling. Today, sufficiently clean gases are available for cooling in gas. Permissible levels of

impurities amount to approximately 2 ppm of oxygen and 5–10 ppm of water by volume.

Normally nitrogen is used as a cooling medium because it is inexpensive and relatively safe.
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With mu ltichamber furnace s such as a vacuum furnace wi th an integ ral oil quen ch, an

additio nal cooling medium , na mely oil, is also avail able. These oils are specia lly form ulate d

(evapor ation- resistant) for vacu um ope ration .

3.4.8 WORKLOAD SUPPORT

Mater ials such as stai nless steel, nickel -based alloy s (such as Incon el), molybd enum, an d

graphit e are very often used for ba skets, trays, and fixtures . Under vacuum cond itions and at

high temperatur es, these mate rials might react with the workloa d; for exampl e, graph ite an d

stainles s steel form a eutectic that melts at 20 57 8F (11258 C).

Table 3.7 shows the maximum permissible temperature for selected materials in mutual

contact under vacuum. These materials must be separated, typically by using ceramic materials,

if the working temperature in the furnace exceeds these maximum permissible temperatures.

3.4.9 T YPES OF VACUUM FURNACES

Vacuum furnace s can be class ified, accordi ng to the mode of loading , into horizont al an d

vertical furnace s. A large numb er of config uration s exist that are described in detai l in the

literature [5]. Here the description of these furnaces is restricted to some of the latest

developments in cold-wall furnaces.

3.4.9.1 Horizontal Batch Furnaces

Figure 3.6a and Figure 3.6b show typical horizont al vacuum furnace s having inter nal an d

external cooling systems.

As vacuum furnaces have evoked a great deal of importance emphasis was originally

placed on increasing the speed of cooling and this is achieved by the use of highly reliable

high-gas pressure quench systems. Today, vacuum furnaces with gas-quenching capabilities

of up to 20 bar gas pressure and more exist. With high-pressure gas cooling, the influencing

factors are well known, enabling the cooling rate to be controlled.
TABLE 3.7
Maximum Temperature (8F) of Materials in Mutual Contact under Vacuum

W Mo Al2O3 BeO MgO SiO2 ThO2 ZrO2 Ta Ti Nia Fea C

W 4600 3500 3310 3200 2500 2500 4000 2900 2300 2200 2700

Mo 3500 3310 3200 2500 2500 3450 3450 3500 2300 2300 2200 2700

Al2O3 3310 3310

BeO 3200 2500 3200 3200 2900 3200

MgO 2500 2500 2500 2500 2500

SiO2 2500 2500

ThO2 3600 4000 3450 3600

ZrO2 3700 2900 2900

Ta 4250 2300 2300 2200 3500

Ti 2300 1700 1900 2300

Ni 2300 2200 2300

Fe 2200 2000

C 4000

aAlso for Ni, Fe, Cr alloys.



FIGURE 3.6 Horizontal vacuum furnace with (a) internal and (b) external gas cooling system. (From

Segerberg, S. and Truell, E., High pressure gas quenching using a cold chamber to increase cooling

capacity, HTM, 1997, pp. 21–24.)
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However, it has become eq ually if not more impor tant to recogni ze that a balance is

requir ed be tween achievi ng the requ ired hardness by employ ing a sufficien tly high rate of

coo ling, and minimiz ing the dist ortion of the que nched componen t. Thi s means that high

pressur e is not always the answer. In the first place, dist ortion is not strictly a fun ction of the

speed of cooling its elf, but by the uniformit y of cooling . The uni formity of cooling in every

sectio n of the comp onents depen ds on the de sign of the furnace , i.e., the design of the cooling

syst em and the way the compo nents are posit ioned in the charge. Figure 3.7 shows severa l

cooling systems in use with today’s vacuum-hardening furnaces.



(a) (b)

FIGURE 3.7 Gas cooling system alternatives (a) 3608 cooling and (b) alternating directional cooling.
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The all-aro und jet syst em (Figur e 3.7a) directs stre ams of gas onto the workl oad from all

sides . With large , heavy workpi eces, this leads to unifor m cooling . Howeve r, with a dense

load of many smal l components , such a jet syst em creat es a zon e of less movem ent of the

coo ling gas in the center of the load, con sequentl y with a reduced coo ling rate in this area.

Cooling systems with straight -throu gh gas flow (Figur e 3.7b) realized by the opening of

two oppos ite dampers in the heatin g chamb er provide a good coo ling rate in the cen ter of a

load of many smal l componen ts. The disadva ntage is the dist ortion of large compon ents,

whi ch recei ve the flow from one side only. Howe ver, by alterna ting the direction of flow (e.g .,

10 s from above, 10 s from be low) and oscillat ing the jet stream horizont ally , this disadva n-

tage is reduced to a mini mum. Similarly, the ab ility to use horizont al gas flow, in c ertain

workl oad config uration s, dramat ically impr oves unifor mity.

Figure 3.8 shows a schema tic of a horizon tal vac uum furnace with a dual dynami c gas

coo ling system. Thi s design also illustrates the aforem entione d co nvectio n-assisted heati ng

system designed to improve the heating rate and temperature uniformity in the lower

temperature ranges up to 15508F (8508C).

Anothe r v ariation is the plasm a or ion furnace s. The basic differences , as sho wn in Figure

3.9, are the electrica l isol ation of the load from the furnace vessel via load support isol ators;

the plasma current feed-through; the high-voltage generator, which creates the plasma; and

the gas dosage and distribution system. Plasma furnaces also utilize conventional vacuum

furnace chamber and pumping systems.

Plasma furnaces exist in all variations, horizontal in single or multiple chamber configur-

ations, as well as vertical designs such as bell furnaces and bottom loaders. Depending on the

specific application, they are either low-temperature furnaces up to 14008F (7508C) for

plasma (ion) nitriding or high-temperature furnaces up to 24008F (11008C) for plasma (ion)

carburizing. Low-temperature furnaces for plasma nitriding are constructed as cold-wall or

hot-wall furnaces. High-temperature furnaces are usually cold-wall furnaces with water-

cooled double walls. They can be equipped either with a high-pressure gas-quench system

or an integrated oil quench tank.

The generator needed to create a plasma glow discharge inside a plasma furnace has to be

a high-voltage DC generator (up to 1000 V). Currently there are two types of generators in

use; one type has continuous-current outputs and the other has pulsed-current outputs.
FIGURE 3.8 Horizontal vacuum furnace with directional vertical gas cooling sytstem and convection

heating fan.
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FIGURE 3.9 Schematic of a plasma heat treatment installation and components.

Vacuum Heat Processing 255
3.4.9.2 Horizontal Multichamber Furnaces

To increase the throughput, multichamber furnaces can be used. Figure 3.10 shows a three-

chamber furnace. The heating chamber module is in the middle and is separated from the

loading chamber and gas–oil quench chamber by vacuum-sealed doors. The heating chamber

remains constantly evacuated and normally maintained at operating temperature.
FIGURE 3.10 Three-chamber vacuum furnace with integrated gas and oil quench.
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Furnaces like this can also manage to successfull y quench co mponents with low hard-

enab ility or whose cro ss-section al thickne ss is such that they cannot be fully hardened in

singl e-cham ber vac uum furnace s by gas que nching. Oil or gas can be cho sen as a cooling

medium . In this way, various furnace mod ules can be combined to achieve great er versatil ity

in vacuum heat process ing for a wide variety of applic ations. Figure 3.11 [6] shows data that

compa re resul ts achieve d in a hot chamber (single- chamber ba tch furnace ) and cold chamber

(mul tichamber) quench arrange ment.
3.4. 9.3 Vertical Fu rnaces

The previous ly de scribed high -pressure gas-que nch technol ogy of horizont al furnace s ha s also

been applie d to vertical vacuum furnace s. Figure 3.12 shows schema tically a vertical vacuum

furnace for the ha rdening of long and large tools (e.g., bro aches) with weights up to 2200 lb

(1000 kg ) and length s up to 10 ft (3 m). Agai n, these furnace s are equipped with a con vection-

assi sted he ating syst em to reduce he ating time an d increa se tempe ratur e unifor mity during

heati ng, thereby mini mizing disto rtion.
3.5 HEAT TREATMENT PROCESSES

3.5.1 ANNEALING

Anneal ing treat ments are undertaken pr imarily to soften a mate rial, to relieve internal

stre sses, and to modify the grain structure. These ope ration s are carried out by heati ng to

the req uired tempe rature and soaking at this tempe ratur e for suff icient time to allow the

requir ed changes to take place, usuall y foll owed by a slow cooling at a prede termined rate.

The choice of vacuum annealing is primarily influenced by the cleanliness and high quality of



FIGURE 3.12 Cross section of a vertical vacuum-hardening furnace with convection heating and over-

pressure gas quenching.
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surfa ce fini sh that can be obtaine d relative ly easily compared to control led atmos phe re hea t-

treatment operatio ns.

3.5.1 .1 Stai nless Steel

Althou gh many grades of stain less steel ha ve been success fully a nnealed in low-dew -point

hydroge n atmos pheres for many years, there is now a con siderab le quantity of all grades of

stainles s steel ann ealed in vacuum furnace s. Processi ng of stainles s steel compo nents in v acuum

furnace s is often specified not only because of the cleanl iness of the finished pro duct, but also

because the fast inert gas-que nch cap ability supports a high pro duction rate. Aust enitic an d

ferritic stainles s steel s are usu ally gas quen ched in nitro gen for g eneral commer cial applica tions.

How ever, austeni tic steel grade s stabili zed with titan ium and niobium are argon quen ched,

particu larly for nuc lear energy and aerospac e applications so as to avoid nitrogen pickup in the

surfa ce of the mate rial, which degrades the corrosi on resi stance .

Some ch romium evaporat ion can take place during the ann ealing of stain less steel s, but

normally the amount lost is not significant because of the short time at heat and the slow

diffusion rates of chromium in steel. The annealing parameters for a range of stainless steels

are presented in Table 3.8.

3.5.1.2 Carbon and Low-Alloy Steels

Increasing use is made of vacuum annealing of carbon and low-alloy steels where it is

economically justifiable because of the cleanliness of the products and the prevention of

carburization or decarburization of the part surface.



TABLE 3.8
Annealing Parameters for Stainless Steels

Type Typical Analysis (%)

Annealing Temperature

Range (8F)

Vacuum

Range (torr)

Ferritic 12–27% Cr, 0.08% C maximum 1150–1600 10�3–10�4

Martensitic 12–14% Cr, 0.2% C and 16–18% Cr, 0.9% C 1525–1650 10�3–10�4

Austenitic unstabilized 18% Cr, 8% Ni 1850–2050 10�3– 10�4

Stabilized 18% Cr, 8% Ni, 1% Nb or Ti 1750–2050 10�5– 10�6
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3.5.1.3 Tool Steels

The vacuum environment that surrounds a part typically does not react with the materials in

process, so it is possible to anneal tools that have already been hardened, modify their design

to meet required changes, and reharden them in vacuum. This is impractical with other types

of furnace equipment, as all working surfaces of the tools could be affected to the extent that

they might have to be reground, thus losing the dimensional precision required.

3.5.2 HARDENING BY OIL QUENCHING

Liquid quenching in vacuum furnaces is usually done in an integral oil quench design (Figure

3.13). Occasionally parts such as large dies are transferred, through air, into a salt quench

tank sitting next to a vacuum furnace. The economics of high-pressure gas quenching is a

stumbling block yet to be overcome. Changes in material chemistry as well as component

design and fixturing will help to achieve this goal.

The design of an oil quench tank in a vacuum furnace is very similar to its atmosphere

counterpart. There are oil circulation agitators or pumps on one or both sides of the tank and
Vertical 
vacuum door

Internal 
load transfer

Oil tank

Quench chamber
Vacuum-tight 
intermediate door

Heating 
chamber

Maintenance 
door

FIGURE 3.13 Schematic of a horizontal chamber plasma carburizer with integrated oil quench.
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baffles to guide the respective oil flow be low the load (Figur e 3 .14). The oil is heated and its

tempe rature is controlled. It is co oled via an exter nal oil cooler, usu ally employ ing air as

cooling medium (for safet y reasons ).

The pe culiarit y of quen ching in vacuu m furnace s is the low pressure above the oil, whi ch

causes standar d que nch oils to degas viole ntly. The dur ation of this de gassing pro cess

depen ds on the amount of air or nitr ogen absorb ed by the oil dur ing the loading and

unloading of the furnace . Vacuum oils have be en creat ed to minimiz e these prob lems. Oils

that are not de gassed pro perly have a worse quench ing severi ty and prod uce discol ored

compon ents. Vacuum quen ch oils are distilled and fractionat ed to a higher purit y than

normal oils, which is impor tant in produ cing the be tter surface ap pearance of quench ed

parts . In prac tice, the quenching in vacu um furnace s is frequent ly done with a pa rtial pressur e

of nitr ogen above the oil. Pr essures between 35 torr (50 mbar) an d 150 torr (200 mbar) are

very common. This pressur e increa se just before initiating the que nch serves mainly to reduce

the evaporation of the oil. It is well known, however, that such a pressure increase also

changes the oil co oling charact eristic s of the quen ch oils . As Figure 3.15 [7] demon strates, the

pressure increase shortens the vapor blanket phase, thus increasing the quench severity at

high temperatures (in the pearlite–ferrite transformation). On the other hand, it lowers the

quench rate in the convective cooling phase, i.e., in the lower temperature range of the bainite

or martensite transformation. Thus, high partial pressures above the oil can be advantageous

in producing full hardness on unalloyed or very low alloy materials, whereas low nitrogen

pressures above the oil produce higher hardness and lower distortions on components of

alloyed steels.

Very low pressures above the oil <35 torr (<50 mbar) and very high quenching temper-

atures in the area of 22008F (12008C) can lead to carbon deposition and pick-up on the
FIGURE 3.14 Schematic of an oil quench tank in a horizontal vacuum chamber furnace.
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surface of the workpieces. This is due to the thermal decomposition of the quench oil as has

been experienced in hardening high-speed steels [8]. The carbon originates from the oil vapor

in contact with the hot surface of the load in the initial phase of the quench process. High

nitrogen pressures >150 torr (>200 mbar) tend to reduce or eliminate this effect.

3.5.3 HARDENING BY GAS QUENCHING

The emphasis today is on finding alternatives to the use of oil quenching by substituting for

high-pressure gas quenching. The capabilities of vacuum furnaces are continually examined

to improve their productivity by reducing cycle time and to improve the metallurgical

applications by improving the quenching capability. In recent years, great attention has

been paid to obtaining more rapid gas quenches [9].

3.5.3.1 Cooling Properties of Gases

With the advent of rapid gas-quenching systems in vacuum furnaces, it was recognized that

the flow rate and density of the cooling gas blown onto the surface of the load were the

decisive factors for reaching high heat transfer, i.e., high cooling rates. In addition to high-gas

velocities, high-gas pressures are needed to through-harden a wide variety of steel parts with

appreciable dimensions. The first vacuum-quenching furnace to operate at a pressure of 2 bar

was developed in 1975, and furnace pressures have been increasing ever since. Today,

commercial designs up to 20 bar are available.

Calculations of heat transfer show that the heat transfer coefficient alpha (a) is propor-

tional to the product of gas velocity and gas pressure as given in the equation below:

a � (vP)n (3:1)

where v is the gas velocity and P the pressure of the gas. The exponent n depends on the

furnace design, the load, and the properties of gas. It lies typically in the range of 0.6–0.8. The

exponential behavior of the heat transfer makes it clear that the difference in the increase of

heat transfer is considerable with the first few bars of pressure but decreases with increasing

pressure.



TABLE 3.9
Correlation of Material Requirements and Cooling Rates or a-Values

Steel

Core Hardness

(HRC)

Cooling Rate 1475–9308F Heat Transfer Coefficient a Diameters (in.)

(8F/s) l 1.00 1.25 1.50

4118 �30 72.0 0.13 1250 1800 >2000

4140 �54 140.0 0.05 >2000 >2000 >2000

4140 Modified �54 7.0 0.80 350 460 600

4320 �30 7.2 0.75 200 320 400

5120 �30 27.0 0.20 800 1150 1500

D3 �64 8.9 0.63 260 370 480

Vacuum Heat Processing 261
The critical trans form ation range for most steels is betw een 1475 8 F (8008 C) an d 93 08F
(500 8 C). The lambda ( l) value, a number that repres ents the tim e requ ired to pass throu gh

this tempe rature range divided by 100 s, is a relat ive measur e of the coo ling rate achieva ble

and is sho wn in Table 3.9 [10] .

The increa se of cooling speed with higher gas veloci ty (highe r flow rate) is shown in

Figure 3.16.

Figure 3.17 shows , for diff erent types of cooling gas, that argon gives the slowest coo ling,

followed by nitrogen, helium, and hydrogen, in the order of increasing cooling rate.

Theoretically, there is no limit to the improvement in cooling rate that can be obtained by

increasing gas velocity and pressure. Practically, however, very high pressure and very high

velocity systems are difficult and costly to construct. In particular, the power required for gas
1200

1000

800

600

400

T
em

pe
ra

tu
re

 (
�C

)

200

0
0 2 4 6 8

Time (min)
10 12

11.5 ft/s

6.9 ft/s

M2 tool steel quenched
in 2 bar nitrogen 

(1 in. diameter 3 4 in. long) 

10
0 

m
m

diameter 25 mm

14 16

FIGURE 3.16 Effect of gas velocity on cooling speed.
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recirculation increases faster than benefits accrue. On the other hand, there are pressure–gas

combinations that provide heat transfer coefficients within the range of those produced by

agitated oil quenchants (Table 3.10). Naturally, the power requirements for gas circulation
TABLE 3.10
Effects of Quenching Parameters on Heat Transfer Coefficient

Medium and Quenching Parameters Heat Transfer Coefficient [W/(m2 K)]

Air, no forced flow 50–80

Nitrogen, 6 bar, fasta 300–400

Nitrogen, 10 bar, fasta 400–500

Helium, 6 bar, fasta 400–500

Helium, 10 bar, fasta 550–650

Helium, 20 bar, fasta 900–1000

Hydrogen, 6 bar, fasta 450–600

Hydrogen, 10 bar, fast 750b

Hydrogen, 20 bar, fast 1300b

Hydrogen, 40 bar, fast 2200b

Oil, 70–1758F, no flow 1000–1500

Oil, 70–1758F, agitated 1800–2200

Water, 60–808F, agitated 3000–3500

aFan speed of 3000 rpm.
bCalculated values.



TABLE 3.11
Guidelines for a-Values of Different Gas-Quenching Systems

Furnace Loading 6 bar N2 10 bar N2 10 bar He

Single-chamber furnacea Maximum 300–400 450–600 600–700

Half 350–450 500–650 700–800

Cold chamber: high-gas volume flow Maximum 600–750 750–900 1000–1200

Half 600–750 750–900 1000–1200

Cold chamber: nozzle field Single layer Approx. 2000 — —

aNote: Above data apply to a furnace having a workload size of 24 in. wide� 24 in. high� 36 in. long

having a 1200 lb gross load capacity.
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decrease dramatically when less dense gases such as helium or hydrogen are used. Thus, gas

quenching can be used to produce full hardness in many oil-hardening steels.

Gas quenching has certain advantages over liquid (oil and salt bath) quenching. Because

the cooling rate can be easily changed by altering gas velocity or pressure, the same vacuum

furnace and gaseous cooling medium can be used to quench a wide variety of materials.

A furnace using nitrogen at 6 bar, for example, can quench a variety of tool steels, stainless

steels, and high-alloy steels in production-sized load configurations. With an increase in

pressure and a change of cooling gas to one less dense, medium, and even low-alloy steels

can be properly transformed as shown in Table 3.11.

The effect of load weight on the resultant cooling speed during gas quenching is more

pronounced than, for example, in liquid or salt bath quenching. Figure 3.18 shows the cooling

speed for similar load weights obtained with similar part dimensions during gas quenching

with 6 bar nitrogen. This type of data will vary from furnace to furnace depending on design

and loading capacity. However, the data provide an indication of the magnitude of the

parameters involved. The determination of such data for any particular furnace is of consid-

erable use to a heat treater who needs to obtain the maximum performance from a furnace.

The heat treater should also consider the largest section size that can be through-hardened

and compare this to the appropriate continuous cooling diagram for the material to be

processed, with respect to the data obtained above.
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It is also possibl e in gas que nching to chang e the cooling rate during a singl e c ycle,

wher eas multiple baths are required in liquid -quenching syst ems. Fi gure 3.19 shows the

con trolled cooling with an isothermal hold in vacuu m furnace s. The isothe rmal hold requ ires

two load therm ocoup les. The cooling speed of the workpiece is con trolled by variation in gas

speed and pressur e coup led with rehea ting of the furnace if nece ssary. This ability to pe rform

inter rupted quenching is pa rticular ly impor tant in applic ations wher e parts can disto rt or

crack if coo ling occurs too rapidly over the entire quench ing range.

3.5. 3.2 Tool Steel s

The ad vantage s of vacuum furnace s for the heat treat ment of tool steels are well known

today. Vacuum furnace s provide nonr eactive condition s for the mate rials unde r treatment

that ensu re developm ent of the optim um pr operties desired. Parts process ed in this way have

surfa ces that are neithe r carburized nor decarburi zed and co nsequentl y exhibit superi or

perfor mance. Such a conditio n is practicall y impossibl e to obtain when using protective

atmos pheres generat ed by cracki ng some types of hy drocarbon s, because their carbon poten-

tial cannot be kept in balance with the carbo n con tent of the material unde r process ing over

the total range of tempe ratures exp erienced in the he at treatment cycle. Even dry hy drogen

atmos pheres pre sent problem s in maint aining the de w points necessa ry to prevent some

degree of decarburi zation in the furnace .

The bright hardening of tool steels from the air-harden ing categor y has proven in many

situations to be economically viable relative to salt bath treatments and is the most important

application of gas-quench hardening in vacuum furnaces. The ability to minimize shape

distortion and in many situations to virtually eliminate finishing costs on complex shapes

through the use of vacuum furnaces is particularly advantageous.

Table 3.12 present s da ta on tool steels that have been success fully treated in vacu um for

many years now. In general, the air-hardening tool steel parts are hardened in much the same

way as in atmosphere furnaces. They are preheated, heated to a high austenitizing tempera-

ture, and cooled at a moderate rate. The medium-alloy air-hardening steels in the A series and

the high-carbon, high-chromium steels in the D series are regularly hardened in gas-quench

furnaces (nitrogen up to 6 bar).

Today many grades of hot-work tool steels such as H13 are high-pressure gas quenched.

Specifications that once called for cooling rates of 508F/min are revised upward since vacuum

furnace designs today can achieve cooling rates of greater than 1008F/min. Oil quench rates of

3008F/min can be reached but distortion issues negate any positive benefits achieved.

Also tungsten and molybdenum high-speed steels can be hardened by a high-pressure

nitrogen quenching without any loss of essential properties in comparison to salt bath heat



TABLE 3.12
Types of Tool Steels Successfully Treated in Vacuum

Furnaces with Gas Quenching

A series Air-hardening medium-alloy cold-work tool steels

D series High carbon, high chromium tool steels

H series Hot work tool steels (Cr, Mo, W)

T series Tungsten high speed steels

M series Molybdenum high speed steels.
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treatment . Figure 3.20 shows no difference with relation to carb ide pr ecipitat ion on grain

bounda ries be tween milling cutters (M2 steel), whi ch were hardene d in salt ba th an d in

vacuum with high-g as pressur e.

It sh ould be noted that only a rough vacuum of 10 �1 to 1 torr (1.3 � 10�1 to 1.3 mbar)

should be used dur ing the heat treatment of tool steel s. This level of vacuum is requir ed

mainly becau se of the relat ively high vapor pressur es of chromi um, manganes e, and other

easily vaporiz ed elem ents in the tool steel. The values of the vapor pressur es of these alloy ing

elem ents in pure form can be seen as a function of tempe rature in Table 3.4. The v apor

pressur es of the elem ents in solid solut ion should be somewhat lower than these values , but

the actual values will depen d on the alloy concentra tion in the steel.

3.5.3 .3 Mart ensitic Stai nless Steels

The mart ensitic stai nless steels can be ade quately harden ed in vacuum furnace s. Vacuum

furnace proce ssing ha s eliminat ed many hea t treat ment variab les, particu larly with atmos -

phere control, whi ch previous ly often resulted in high rejec tion rates with these heat

treatment -sens itive materials.

All grades of mart ensitic stai nless steel s have be en process ed in vacuum furnace s using the

same austeni tizing temperatur es an d con siderati ons as those used in atmos phere furnace s.

Since the austeni tizing tempe ratures are usua lly below 2000 8 F (1100 8 C), va cuum levels in the

range of 10 �3 torr (1.3 � 10 � 3 mb ar) are very often used, whi ch resul t in clean an d bright

parts upon unloading from the vacuum furnace. To avoid evaporation of alloying
FIGURE 3.20 Electron microscope image (magnification 4550�) of milling cutters (M2 steel) after

(a) salt bath hardening and (b) vacuum hardening with high-pressure gas quenching.



TABLE 3.13
Gas Quenching of Some Oil-Hardening Steels in Vacuum Furnaces

with 6 Bar Nitrogen

Hardness HRC

SAE/AISI Maximum Value Attained 20 mm Diameter 40 mm Diameter

4130 50 28

4135 55 39 38

300M 59 59 59

4340 58 57 56

431 51 51 51
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elements, processing is also done at vacuum levels ranging from 10�3 to 10�1 torr (1.3� 10�3

to 1.3� 10�1 mbar), but the lower levels resulting in cleaner and brighter workpieces. Due to

the differences in the hardenability of the various martensitic stainless alloys, there is a

limitation on the section sizes that can be fully hardened by recirculated nitrogen gas

quenching. Other types of cooling gases can be used but the economic benefits must be

carefully considered. The actual values of section size limits depend on the type of cooling

system and the capability of the specific furnace employed.

3.5.3.4 Heat-Treatable Construction Steels

Parts for the automotive and aerospace industry are very often made of heat-treatable steels

that are normally oil hardened. Table 3.13 shows that at least some of these steels can also be

successfully hardened with gas pressure quenching. Further applications of gas quenching

involve an increase in quenching speed obtained by using a higher gas pressure (up to 20 bar)

and gases other than nitrogen (e.g., helium). This enables some low-to-medium alloy steels

and case-hardening steels to be hardened.

3.5.4 CASE HARDENING BY CARBURIZING AND CARBONITRIDING

Over 180 chemical equations are necessary to describe the reactions occurring during atmos-

phere carburizing. One of the most important is the water gas reaction, which can be written as

COþH2O$ CO2 þH2 (3:2)

Control of the atmosphere carburizing process is done by looking at the CO/CO2 and H2O/H2

ratios of this equation using instruments such as dew point analyzers, infrared analyzers, and

oxygen (carbon) probes. In atmospheres containing CO and H2, the carbon transfer is

dominated by the CO adsorption reaction

CO! COad ! [C]þOad (3:3)

and the oxygen desorption reaction

Oad þH2 ! H2O (3:4)
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that together yield an alternate form of the water gas reaction, namely

COþH2 $ [C]þH2O (3:5)

Thus the transfer of carbon in atmospheres containing CO and H2 is connected with a transfer of

oxygen, giving rise to anoxidation effect in steelwith alloying elements suchas silicon, chromium,

and manganese. This phenomenon is known as internal or intergranular oxidation of steel.

A popular alternative carburizing method used today is low-pressure vacuum carburizing

using various hydrocarbon gases as the source of carbon to be absorbed by the steel. In this

case the carburizing gas contains no oxidation-producing constituents resulting in surfaces

free of internal oxidation (Figure 3.21a and Figure 3.21b).

Low-pressure carburizing can be defined as carburizing under 7.5 torr (10 mbar) typically

at temperatures between 14758F (7908C) and 19008F (10408C).
Magnification: 10003

FIGURE 3.21 Internal oxidation of steel occurring during (a) atmosphere carburizing but not during

(b) low-pressure carburizing.
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Hydroca rbon gases current ly used for vacuu m carburi zing are metha ne (CH4), ethyl ene

(C2H 4), pro pane (C 3H 8), and acetyl ene (C 2H 2). At normal atmos pheric pressur es they deliver

carbon via react ions such as

CH4 ! [C] þ 2H 2 (3 :6)

C3 H 8 ! 3[C] þ 4H 2 (3 :7)

Thes e reaction s come into equilib rium only at very high hydrog en levels. Thus undilut ed

hyd rocarbons will pro duce excess carbon and wi ll therefo re quick ly soot up the furnace s. To

con trol their carbon ava ilability, one eithe r dilutes the hy drocarbons wi th nitrogen or hydro-

gen, thus reducing their partial pressur e, or lowers the total pressur e in the furnace . The latter

techni que is know n as vacuu m carbu rizing.

Produ ction of vacuu m c arburizing beg an in the 1970s an d over the years ha s ch anged

from high-pr essure vacuu m carb urizing, done in the range of 50 torr (65 mbar) to 6 00 torr

(800 mbar) to the low-pres sure pro cess done today. The need for this chan ge was due to

excess ive sooti ng of the furnace s and the a ssociated low uptime producti vity and higher

maint enance costs . In the past, propan e was the prim ary hydrocarbon gas used for vacuum

carburi zing. Devel opmenta l work done in the last few years ha s demon strated that the best

perfor ming gas for low-pres sure carb urizing is acetyl ene.

This is due to the vast difference in the chemi stry of acetylen e an d propan e. Pro pane

dissoc iation can occur before the gas has come in co ntact with the surfa ce of the steel to be

carburi zed produ cing free carbo n, or soot. This uncon trolled soot form ation resul ts in poor

carbon trans fer to the part.

The idea of injec ting propane into the vacuu m furnace at such a high rate, i.e., high-g as

veloci ty, that the thermal dissociati on of prop ane into metha ne and ethylene and furt her into

metha ne, carbon, and hydrogen ,

C3 H 8 ! CH 4 þ C2 H 4 ! CH 4 þ 2C þ 2H 2 (3 :8)

would not occur before the propane gas reached the workpieces of the load, does not work for large

and dense loads. The limitation in load size anddensity is necessary for the propane gas to reach the

central part of the load in sufficient time and quantity. Soot formation, however, still occurs.

Hydrocarbon gas dissociation is given in Table 3.14 [11]. An example of the efficiency of

acetylene low-pressure vacuum carburizing can be seen in Figure 3.22a, which illustrates the

limited penetrating power of propane or ethylene into holes and gaps.
TABLE 3.14
Dissociation of Hydrogen Gases Used in Low-Pressure Carburizinga

Gas Symbol Dissociation Equations

Acetylene C2H2 C2H2! 2CþH2

Ethylene C2H4 C2H4! CþCH4

Methane CH4 CH4 ! CH4 (no reaction)

Propane C3H8 C3H8! Cþ 2CH4

C3H8! C2H4þCH4 ! Cþ 2CH4

C3H8! C2H2þH2þCH4 ! Cþ 2CH4

aT¼ 16508F (9008C)–19008F (10408C).

P � 15 torr (�20 mbar).
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The control of the low-pressure vacuum carburizing process can be realized on a time

basis to control the carbon transfer and the diffusion phases. The carbon transfer rates are

usually found empirically as a function of temperature, gas pressure, and flow rate and

applied to the respective kinetic and diffusion models to determine the boost and diffuse

times of the cycle. Simulation programs have been created for this purpose.

Ammonia can be added in addition to the selected hydrocarbon gas or in the diffusion

phases in a process known as carbonitriding. Plasma (ion) carburizing is also a low-pressure

technique that can be used. The main advantage is the capability of using simple mechanical

masking techniques for selective carburizing, while at the same time applying methane (or

propane) as carburizing gas.

3.5.5 CASE HARDENING BY NITRIDING

In vacuum, plasma (ion) nitriding is a widely utilized process. Improvements to range

of application and economics of operation of the process have been achieved by the

use of pulsed power generators and insulated furnace workload designs.
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Plasm a nitr iding uses nitr ogen gas at low pressur es in the range of 0.75–7 .5 torr

(1–10 mbar) as the source for nitrogen trans fer. Nitrogen is a ne utral gas that doe s not

react with steel surfaces at tempe ratur es below 1832 8 F (1000 8 C), and becomes react ive when

an electric field of a few hundr ed volts (300–1 200 V) is applied . The electric field is

establ ished in such a way that the workl oad is at the ne gative potential (cat hode) an d the

furnace wall is at ground potenti al (anode) . The nitrogen trans fer is cau sed by the attracti on

of the positivel y charged nitr ogen ions to the catho de (workpiece s), with the ioniza tion and

excit ation pr ocesses taking place in the glow discha rge ne ar the ca thode’s surfa ce. The rate

of nitrogen trans fer can be adjust ed by dilut ing the nitrogen gas wi th hyd rogen. The

add ition of hy drogen to the gas mixture ha s to be abo ve 75% in orde r for a reductio n of

the nitrogen trans fer rate to take place. This infl uences the thickne ss of the compoun d layer

(wh ite layer ) as Table 3.15 shows . The higher the nitro gen concen tration, the thicke r the

compo und layer .

The compoun d layer con sists of iron an d alloy nitrides that de velop in the outer region of

the diffusion layer after saturati on with nitr ogen. Accord ing to the iron–ni trogen phase

diagra m basica lly two iron nitrides are pos sible, the nitr ogen-poo r g’ phase (Fe4N) an d the

nitr ogen-rich e phase (Fe2–3 N).

The tempe ratur e of the workpi ece is another impor tant con trol varia ble. The de pth of the

diffu sion layer also de pends strong ly on the nitr iding temperatur e, part unifor mity, and time.

For a given tempe rature the case de pth increa ses with the square root of tim e.

A third proce ss variab le is the plasm a power or current den sity, whic h ha s a c ertain

influ ence on the thickne ss of the compo und layer [12]. Adding smal l amounts (1–3% ) of

methane or carbon dioxide gas to the nitrogen–hydrogen gas mixture will produce a carbon-

containing e compound layer (Fe2–3CXNY). This process is called plasma nitrocarburizing. It

is normally used only for unalloyed steels and cast irons.

The different possible layer structures and large number of process variables make it

difficul t to make the correct choice for each applic ation. Table 3.16 gives some ind ications of

which layer structure to choose for certain applications and steels [13]. Guidelines for case

depths, expected surface hardness, white layer thickness, and applicable nitriding temperat-

ures for some typic al steels and cast irons are present ed in Table 3.17 [13] . Table 3.18 presen ts

typical treatment cycles and results for a variety of steels.

Plasma nitriding increases the wear resistance and sliding properties of components, as

well as their load-bearing capacity, fatigue strength, and corrosion resistance. Corrosion
TABLE 3.15
Thickness and Structure of the Compound Layer after Plasma Nitriding of AISI 4140

Steel at 10508F in N2–H2 Gas Mixtures with Varying N2 Contents

Amount of Nitrogen in the

N2–H2 Gas (vol%)

Thickness of Compound Layer

(mm) after Plasma Nitriding at 10508F for

Structure of Compound Layer2 h 5 h

2 0 0 None

5 2.5 3 g

25 6.5 8 g

50 7 9 g þ e
100 7 3.5 g þ e



TABLE 3.16
Choice of Surface Layers for Different Steels and Applied Stresses

Unalloyed Steels,

Cast Irons,

Annealed Alloy Steels

Alloy Steels

(Hardened),

Nitriding Steels,

Hot-Work Steels

Stainless,

Heat-Resistant,

Precipitation

Hardening

High-Chromium,

High-Speed

Tool Steels

Adhesive wear

Low load e g g g

High load N/A g g or diffusion Diffusion

Abrasive wear

Low load e g diffusion Diffusion

High load N/A g Diffusion Diffusion

Pitting or impact

Low load N/A Diffusion Diffusion Diffusion

High load N/A Diffusion N/A Diffusion

N/A, not applicable.
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resistance can be especially enhanced by a plasma postoxidation treatment. Dimensional

changes are minimal; the masking method is simple and effective.

The process is nonpolluting and creates excellent working conditions. It is used in many

applications in the automotive industry, gearing, machinery (plastic extrusion, agricultural,

food, etc.), chemical apparatus, and tooling (dies, molds, drills, punches, etc.). Also, the

plasma nitriding of sintered iron materials is very effective. The nitriding effect is limited to

the surface area, keeping the growth of the components very small.
TABLE 3.17
Typical Property Ranges for Plasma-Nitrided Materials

Steel

Nitriding Temperature

Range (8F)

Surface Hardness

(HRC) Case Depth (in.)

Compound Layer

Thickness (in. 3 1024)

Alloy

1045 1025–1075 35–49 0.012–0.031 1.6–6.0

4150 925–1025 52.5–58 0.008–0.024 1.6–3.1

6150 925–1025 52.5–58 0.008–0.024 1.6–3.1

9310 975–1025 49–58 0.012–0.028 1.6–3.1

Nitralloy 135 950–1025 67 to >70 0.008–0.020 0.8–3.9

Tool steel

H13 840–1060 67 to >70 0.004–0.012 0.8–2.4

A2 840–1025 64–63.5 0.004–0.012 0.8–2.7

D2 900–1025 67 to >70 0.004–0.008 0.0–1.2

M2 900–950 69 to >70 0.001–0.002 None

Stainless steel

304 1025–1075 69 to >70 0.002–0.008 None

430 1025–1060 69 to >70 0.004–0.008 None



TABLE 3.18
Representative Treatment Cycles and Results for Plasma Nitriding

Steel

Temperature/

Time (8F/h) Gas

Core Hardness

(HRC)

Surface

Hardness

(HV)

Case Depth

(in.)

Compound

Layer (in. 3 1024)

Ductile iron 1000/6 N2–H2–CH4 29 370 0.006 2.4–4.3 (e)
1045 1040/6 N2–H2–CH4 <20 350 — 3.1–3.9 (e)
4140 1025/15 N2–H2 30 600 0.016 1.6–3.2 (Y)

9310 990/14 N2–H2 — 640 — —

Nitralloy 135 950/10 N2–H2 30 >1100 0.013 1.2–2.0 (Y)

H13 990/10 N2–H2 48 970 0.009 0.8 (Y)

D2 1025/10 N2–H2 — 930 0.003 0.4–1.2 (Y)

M2 925/0.33 N2–H2 60 840 — None

304 1025/16 N2–H2 <20 >1180 0.006 None
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3.5.6 VACUUM BRAZING

The dollar volume of work produced by vacuum brazing probably far exceeds that of any

other process in which vacuum furnaces are utilized. The development of heat-resisting alloys

containing aluminum and titanium, which are difficult if not impossible to braze in very dry

hydrogen gas atmospheres, promoted vacuum brazing as the first large commercial applica-

tion of vacuum furnaces. The transportation industry has provided the impetus for the

increasing use of vacuum furnaces for brazing, as the use of lightweight, high-strength

materials such as titanium has expanded. It also has inspired the development of the

multichamber vacuum furnaces for high-production, fluxless brazing of aluminum heat

exchangers.

Vacuum furnaces have many advantages, some of which are as follows:

. Process permits brazing of complex, dense assemblies with blind passages that would

be almost impossible to braze and adequately clean using atmospheric flux brazing

techniques.
. Vacuum furnace processing at 10�4 to 10�5 torr (1.3� 10�5 to 1.3� 10�4 mbar)

removes essentially all gases that could inhibit the flow of brazing alloy, prevents the

development of tenacious oxide films, and promotes the wetting and flow of the braze

alloy over the vacuum conditioned surfaces.
. Properly processed parts are unloaded in a clean and bright condition that often

requires no additional processing.

Today a wide variety of steels, cast irons, stainless steel, aluminum, titanium, nickel alloys,

and cobalt-base heat-resisting alloys are brazed successfully in vacuum furnaces without the

use of any flux. In fact, flux would contaminate the vacuum furnace and degrade the work

results.

Many different types of nickel-base, copper, copper-base, gold-base, palladium-base,

aluminum-base, and some silver-base brazing alloys are used for the filler metal. Generally,

alloys that contain easily vaporized elements for lowering the melting points are avoided.

With respect to the heat treatment of steel, the copper and the nickel-base brazing alloys are

the most widely used filler metals.
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3.5.6.1 Brazing with Copper

Copper filler metal applied either as paste, foil, or clad copper to the base metal, can be

vacuum brazed recognizing that the high vapor pressure of copper at its melting point causes

some evaporation and undesirable contamination of the furnace internals. To prevent this

action, the furnace is first evacuated to a low pressure 10�2 to 10�4 torr (1.3� 10�2 to

1.3� 10�4 mbar) to remove residual air. The temperature is then raised to approximately

17508F (9558C) to allow outgassing and to remove any surface contamination. Finally, the

furnace is heated, usually between 20008F (11008C) and 20508F (11208C) brazing tempera-

ture, with a partial pressure of up to 7.5� 10�1 torr (1 mbar) to inhibit evaporation of copper.

When brazing is completed, usually within minutes once the setpoint temperature has been

reached, the work is allowed to slow cool to approximately 18008F (9808C) so that the filler

metal will solidify, then the parts can be rapidly cooled by gas quenching.

3.5.6.2 Brazing with Nickel-Base Alloys

Brazing with nickel-base alloys is usually done without any partial pressure at the vacuum

levels attainable by the furnace 10�3 to 10�4 torr (1.3� 10�3 to 1.3� 10�4 mbar). Normally a

preheat soak at 17008F to 18008F (9208C to 9808C) is used to ensure that large workloads are

uniformly heated. After brazing, the furnace temperature can be lowered for additional

solution or hardening heat treatments before gas cooling and unloading.

3.5.6.3 Brazing with Aluminum and Aluminum Alloys

In the brazing of aluminum components it is important that vacuum levels be maintained in

the 10�5 torr (1.3� 10�5 mbar) range or more. Parts are heated to 10708F (5758C) to 11008F
(5908C) part temperature depending on the alloy. Temperature uniformity is critical and

multiple zone temperature-controlled furnaces are common. Cycle times are dependent on

furnace type, part configuration, and part fixturing. Longer cycles are required for large parts

and very dense loads.

3.5.7 SINTERING

Vacuum furnaces are used for an ever-expanding range of powder metal applications and

materials. Vacuum sintering and secondary heat treatment operations are used on both

conventional P/M materials as well as metal injection molded (MIM) components. This

transition away from controlled atmosphere sintering arises not only from the increased

volume of production of sintered parts, but also from factors such as:

. The purity of the vacuum environment and its effect on part microstructure

. The use of subatmospheric pressure to improve the efficiency of the sintering reactions

especially with highly alloyed materials that require elevated sintering temperatures
. The ability of the vacuum process to reduce pore size and improve pore size distribution
. The higher furnace temperature capabilities that permit faster sintering reactions carried

out much closer to the melting point and with alloys of higher melting point interstitial

elements

The limitation on the application of sintering in vacuum furnaces is the vapor pressure of the

metals processed at the sintering temperature. If the vapor pressure is comparable with the

working pressure in the vacuum furnace, there will be considerable loss of metal by vapor-

ization unless a sufficiently high partial pressure of a pure inert gas is used. In certain
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instances the partial pressure gas will react with the surface of the part creating a surface layer

that may need to be removed.

3.5.7.1 Stainless Steel

Vacuum sintering of stainless steel powder metal parts is a common process, employed for the

AISI 410, 420, 303, 316, and 17-4PH grades of stainless steel. These products are very often

superior to those sintered in hydrogen or dissociated ammonia atmospheres with respect to

their corrosion resistance and mechanical properties.

3.5.7.2 High-Speed Steel

Powder metallurgy manufacturing methods have been developed for producing finished and

full-density cutting tools of high-speed tool steel. Applications include such items as complex

geometry hobs, pipe taps, and reamers. Special isostatic compacting techniques have

been developed that use neither lubricants nor binders for these types of components. The

pressed compacts are sintered in vacuum furnaces under precise control of heating rate,

sintering time, temperature, and vacuum pressure in order to eliminate porosity. The result

is predictable densification of the pressed compact with final size tolerances of +0.5–1.0%.

Full-density, sintered high-speed steel tools have been shown to be at least equivalent to

conventional wrought material in cutting properties. Grindability is dramatically improved,

in particular for the high-alloy grades such as M4 and T15. This is attributed to the finer and

more uniform carbide distribution.

3.5.8 TEMPERING AND STRESS RELIEVING

Where surface finish is very critical and clean parts are desired to avoid any additional

processing, heat treaters now employ vacuum furnaces for tempering and stress relief. At

temperatures below which radiant energy is an efficient method for heating, the furnace is

evacuated and backfilled with an inert gas such as dry nitrogen or argon to a pressure slightly

above atmospheric but below 2 bar. A fan in the furnace recirculates this atmosphere, and

parts are heated by both convection and conduction. This process is used when tempering

high-speed steel components and a variety of other items made from many types of steels.

Also, special furnaces have been designed to combine the tempering treatment with other

hardening or case hardening treatments in the same equipment.
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4.1 INTRODUCTION

As modern technology has changed from the abacus to the computer, a similar change has

occurred in the field of induction heat treatment (IHT). In modern industry the requirements

for the induction heating process have become quite strict. Some of these requirements could

not possibly have been satisfied 15 or even 10 years ago. In order to provide a successful

design for modern induction heating it is now necessary to take into account many details of

the process. Many years ago a basic knowledge of electromagnetic fields, a calculator, and an

engineering intuition were all that were available to create an induction heating system. Now

they are not enough. The designer of induction heating systems today must have special

software tools that allow effective simulation of the process. The designer must also be aware

of new developments in theory and practice in the area of IHT.

Several useful books and lessons have been published on the basic principles of induction

heating design [1–12]. This material is very useful for the first-time designer with limited

experience in induction heating. A significant portion of the reference material describes

various aspects of induction heating, such as mass heating for forging, extrusion, and rolling.

IHT has many features that make it a unique process from the standpoint of coil design as

well as computational methods, process operation, and equipment maintenance.
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Traditional methods of calculation for the induction heating process (e.g., Baker’s

method) were based on the equations for an infinitely long coil and workpiece. Unfortu-

nately, this assumption is not always valid in induction heat treating, where induction coils

typically have no more than a few turns and cannot be considered infinitely long.

During the last decade a considerable amount of experience has been accumulated on the

computation of induction heating and heat treatment problems by using numerical tech-

niques. Unfortunately, the descriptions of particular methods are contained in a variety of

internal reports, scientific journals, or special literature concerned with numerical methods.

They are usually presented in a form almost inaccessible to engineers who have limited

experience in numerical analysis. Also, the textbooks on numerical analysis usually emphasize

the mathematical methods. They do not get into the details of the physical aspects of the

problem that are often crucial to the success of a simulation. It is not our aim to describe all of

the available numerical methods. However, in order to make the right choice, one should have

some knowledge of the possibilities as well as the limitations of the methods that are most

suitable for the heat treatment process.

In most previous publications, induction heating was introduced as a so-called uncoupled

process without emphasis on the interrelated features of electromagnetic and heat transfer

phenomena. The studies often consider the two phenomena separately. Such an approach

could lead to substantial errors in predicting the required power, frequency, and heat

treatment pattern. The nature of IHT is a combination of the two phenomena, which are

tightly interrelated because physical properties depend strongly on both magnetic field

intensity and temperature; therefore, this effect should be taken into account in contemporary

design. Besides that, today’s heat treater should consider the nonconstant behavior of the

thermal and electromagnetic properties of the workpiece such as specific heat, thermal

conductivity, magnetic permeability, and electrical resistivity during the heating cycle.

In addition, some induction heating coils can work very effectively with certain types of

power supplies and ineffectively with others. Therefore, the optimal design of a modern IHT

system should consider the features of IHT not as a physical stand-alone process but as a

combination of the inductor, load-matching station, and power supply (i.e., solid-state

inverter).

The major goal of this chapter is to embark upon the next step in the study and design of

the modern IHT process and equipment. We concentrate on the features of modern IHT

design and introduce advanced methods used in the study and evaluation of different types of

heat treatment processes. The study includes the systematization of new knowledge accumu-

lated in recent years at INDUCTOHEAT Inc., and by our colleagues around the world. Some

materials presented here are new and have never been published before. Others have existed

only in the articles or internal reports of the INDUCTOHEAT Group.

Many useful and practical recommendations are presented in this chapter as well as a

description of some subtle aspects of the electromagnetic and heat transfer phenomena that

are imperative for modern heat treatment practitioners and engineers to know.

Upon completion of this chapter, readers will have an orientation in modern computa-

tional methods for electroheat problems encountered in IHT. They will be able to evaluate the

important features of the induction process and have knowledge that will help to avoid many

of the unpleasant surprises one might encounter in the design of IHT systems. A basic

knowledge of electrical engineering and understanding of basic induction heating principles

should be essential to grasping some of the modern computation introduced in this chapter.

Current information will be presented on the use of magnetic field plots, temperature profiles

as well as sketches, drawings and photographs of practical applications. An attempt will be

made to bridge the gap between purely theoretical information and that which is of practical

use to the heat treatment specialists.
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A reader with great experi ence in the field of induction heatin g and he at treatment will a lso

find this chap ter useful because he or she will discove r the reasons for intui tive engineer ing

decisi ons made in the past. Col lege students prep aring for a career involv ing inductio n

heati ng or metal heat treating will see how the theory an d mathemati cal method s they are

studyi ng are used to solve the prob lems encountere d in everyday practice. This chapter

con sists of informat ion that will be useful to a manager as well, becau se he or she wi ll better

unde rstand the complex ity of the proce ss and the atte ntion to detai l requir ed to obtain cost-

effe ctive, high -quality IHT resul ts.

This ch apter is not intende d to descri be in detail the specif ic mathe matical method s or

deep theoretical aspect s of electrod ynamic s, therm odyn amics, and opt imal control involv ed

in the process of designi ng modern inducti on heatin g eq uipment . For that the read er woul d

need to be well versed in many advanced theoret ical subject s. As we menti oned above, a ba sic

knowl edge of elect rical engineer ing princi ples and co mmon sense will be enou gh to under-

stand the materials presented here. How ever, if someone finds this mate rial too advanced and

too difficul t to underst and or desir es only a very basic or intui tive intr oduction to the subject,

we woul d recomm end the book Bas ics of Induct ion Heating by Ches ter Tudbur y [2], whi ch is

avail able from INDUC TOHEA T Inc.

Finally, it is a most comforting discovery for most engineers that someone has actually built

a production system to accomplish the same task they are trying to perform. Plots of electro-

magnetic fields and photographs of a variety of production installations are provided to show

not only that the task has been previously accomplished but also how it has been done.

For those who would like to acquire more infor matio n about certain subject s, we have

provided severa l refer ences. Reader s are also welcome to contact the authors of this chap ter

direct ly at INDUC TOHEA T Inc., in Madison Heigh ts, Michigan .
4.2 PRELUDE TO DISCUSSION OF INDUCTION HEAT TREATMENT

Indu ction heatin g is often one of the most e ffective heat treatment proce sses avail able for a

varie ty of applic ations includi ng:

. Surface harden ing

. Thr ough harden ing

. Tem pering and stre ss reli ef (low-te mperature)

. Anneal ing and normal izing (high- temperatur e)

. Weld seam annealin g

. Sinter ing of powder ed meta ls

In mo st of these applications , inducti on he ating is used to selec tively heat only the porti on of

the part that requires treatment. This usually means that the process can be accomplished in a

relatively short time and with high efficiency because energy is applied to the part only where

it is needed. The ability to heat treat in-line, as opposed to batch processing, with high

productivity, less distortion, and a clean environment is an obvious benefit of IHT.

IHT is a segme nt of the much larger techni cal field of indu ction heati ng (F igure 4.1),

which combines many other industrial processes using the phenomenon of heating by induc-

tion. Examples of these processes are:

. Heat treating

. Melting

. Levitation of molten metal



Heat treatment

Induction melting Induction welding

Mass heating Special applications

– Hardening
– Tempering
– Stress relieving
– Annealing
– Normalizing
– Spherodizing
– Sintering, etc.

– Billet and bar heating
– Slab and bloom heating
– Strip and plate heating 
– Wire and cable heating
– Tube and pipe heating 
– Slug heating for
   semisolid forming, etc.

– Joining, brazing, bonding,
   and soldering 
– Shrink annealing
– Seam annealing
– Banding
– Automotive and cap sealing 
– Food and chemical industry 
– Paper making and die heating 
– Motor rotor heating
– Friction welding 
– Miscellaneous

FIGURE 4.1 Industrial applications of induction heating.
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. Thro ugh heatin g for forgin g, rolling, extrusion , etc.

. Brazing, soldering, and welding

. Shrink fitti ng

. Mold core meltou t

. Adhesi ve c uring

. Seali ng

. Inducti on plasm a

This han dbook is de voted to heat treatment . Therefor e, this chapter focuses specifical ly on

the features of mod ern he at treatmen t by inducti on.

Any electrica lly c onductiv e mate rial can be indu ction heated. The ability to coup le energy

into a specif ic part of a workpi ece by inducti on and obtain the de sired heat treatment dep ends

on many fact ors that are explore d in detail in this chap ter. Some of the mo re impor tant

facto rs are:

. Thermal and electromag ne tic propert ies of the mate rial

. Power applie d

. Frequ ency selected

. Rate of heatin g

. Cool ing pro cess

. Abilit y of the material to respond to heat treat ment

. Workp iece shape

. Inductor and que nch design

Process steps used to accomplish the heat treatment of a part (workpiece) by induction are

usually considerably fewer than are required by alternative processes [13–15]. For example, the

induction contour-hardening process is accomplished in a much shorter time with less energy and

also results in far less part distortion and grain size growth than carburizing. Figure 4.2 shows the

pattern obtained by induction contour hardening of gear teeth.

IHT is well suited to in-l ine process ing an d flex ible manufa cturin g cell s. In many cases, the

IHT mach ine recei ves the part by conveyo r from an automa tic grindi ng machi ne and includes

part was hing, a go an d a no-go qua lity check of critical dimens ions, indu ction harde ning an d

tempe ring, ed dy current check of the heat treatmen t, part markin g, an d data loggi ng. The part

is then transferr ed au tomatica lly by a con veyor or a rob ot to the next cell . Du e to its uniq ue

featu res, IHT is very flex ible and has been success fully us ed in a variety of heat- treatment

process es. Figure 4.3 shows inductor for pro cessing au tomative front wheel drive parts.

Let us brief ly exami ne the most popular applic ations of heat treat ment by inducti on.



FIGURE 4.2 Pattern obtained by induction contour hardening of gear teeth.
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4.2.1 SURFACE HARDENING

Surface ha rdening of carbon steel an d iron is the most common form of IHT because the

heati ng can be local ized to the areas wher e the meta llurgical chan ges are desir ed. This process

is a complex combinat ion of elect romagne tic, heat trans fer, and metallur gical phen omena

that oc cur when a workpi ece is heated rap idly to a tempe rature above that requir ed for a

pha se trans formati on to austeni te and then rapidly quen ched. As shown in Chapter 3

through Chapter 5, during the heati ng and quench ing of the workpi ece the meta l actually

undergoes a change in crystalline structure. The goal in surface hardening is to provide a

martensitic layer on specific areas of the workpiece to increase hardness and wear resistance

while allowing the remainder of the part to be unaffected by the process [6,11,12,18–20].
FIGURE 4.3 Induction heat treatment machine for automotive front wheel drive part.
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Figure 4.4 shows a constant-velocity automotive front wheel drive component that has been

cut and etched to show the pattern obtained by induction heat treating [93]. This component

requires two areas of hardness with different strengths, loads, and wear requirements. The

stem needs torsional strength as well as a hard outer surface, whereas the soft core must be

ductile and therefore able to handle the mechanical shock from constant pulsing. The inner

surface of the bell needs hardness for wear purposes, as ball bearings ride in the track or

raceways. The thread of this component holds the wheel on. For heavy-duty applications the

thread is also hardened and then annealed to produce a very tough thread. The annealing is

almost always done with induction, using a separate inductor.

Surface hardening to increase wear resistance requires a shallow-hardened case [6,18–24].

Case depth (hardness depth) is typically defined as the surface area where the microstructure

is at least 50% martensite. Below the case depth the hardness begins to decrease drastically.

This depth is measured in a cut section of the hardened workpiece using a hardness tester to

determine the hardness at various distances from the surface. The distance below the part

surface where the hardness drops to 10 HRC lower than the surface hardness is often called

the effective case depth. Hardness distribution along the workpiece radius depends primarily

on the temperature distribution, the microstructure of the metal, its carbon content, quench-

ing conditions, and the hardenability of the steel.

Bearings, rocker arms, pump shafts, and skid plates are examples of parts that require a

shallow-hardened case for wear resistance. Case depths for these parts that will enable them

to handle light loads are usually in the range of 0.25–1 mm (0.010–0.040 in.). In the following

sections of this chapter, control of the depth of induction heating by selection of frequency,
FIGURE 4.4 Constant-velocity automotive front wheel drive component.
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power de nsity, and workpi ece and coil geomet ry is discus sed in detail. Genera lly speaking ,

heati ng for sha llow case dep ths requir es high frequency , low energy, an d high power density.

In some cases of shallow case depth su rface hardening (les s than 1 mm) , it is pos sible to use

self-qu enching or mass que nch. Bec ause the heated surface layer is very fine an d its mass is

negli gibly small co mpared to the mass of the co ld core, it is possibl e to have rapid surfa ce

coo ling due to heat con ducted toward the co ld core. In this case, the mass of the cold core a cts

as a large heat sink. Ther efore, self -quenching excludes the use of fluid que nchan ts except as a

coo l down to a llow ha ndling of parts .

The parts that requ ire both wear resi stance and moderat e loading such as c amshafts and

cranksh afts are usua lly inductio n-hardened to case dep ths of 1–2.5 mm (0.040–0. 1 in.).

Deeper ca se depths stren gthen the pa rt dramat ically be cause load stre sses drop exp onentia lly

from the surfa ce. The ind uction heatin g frequency that is requir ed to obtain this case depth is

usuall y between 8 and 50 kHz.

Parts that must withst and a hea vy load requir e greater case de pths; these include axle

shaft s, wheel spindl es, an d large he avy-dut y gears. The cross-sect ional areas of the part and

the magni tude of the load they must handle determine the appropri ate case dep th.

In many of these applications the inducti on heating patte rn can encompa ss a signi ficant

part of the cross-sect ional area. As a resul t, some dist ortio ns may appear. Where dist ortion is

present , it may be ne cessary to provide add itional stock an d case dep th to allow for a final

grindi ng after harden ing. These hea vy workpi ece applic ations usu ally requir e a case dep th in

the rang e from 3.5 mm to as much as 12 mm (0.125–0. 47 in.). Here a higher ene rgy at 500 Hz

to 3 kHz is usually calle d for.

Inducti on surfa ce hardening also causes resid ual co mpressive stre sses induced by the

trans formati on harden ing of the su rface. In the great major ity of heat- treating applications

it is desira ble to have co mpressive stresses at the surfa ce. However, when it is nec essary the

effe cts of these stresses may be eliminat ed by a sub sequent stress- relief process for whi ch

inducti on is also quite a popul ar cho ice.

Inducti on surfa ce hardening is characteriz ed by high dimensiona l stabi lity of the he at-

treated parts. The ability to keep part distortio n as low as possible afte r the heat treatment

process is due to the fact that inducti on heating is a very fast process and concentra tes the

heat sources in a thin su rface layer called the current penetra tion de pth. An ana lysis of this

feat ure is given in Secti on 4.4.

Surface harden ing is accompl ished by raising the requir ed dep th of mate rial ab ove the

trans formati on tempe ratur e (Ac3 from Fe– C on the pha se diagram) to the point where it is

trans formed to austeni te an d then cooling the workpi ece rapidly to produ ce martensite. This

rapid coo ling or que nching is co vered in detail in Chapt er 9 of Steel Heat Treatment :

Metal lurgy and Technolo gies . The heati ng tim e to complet e this proce ss normal ly ranges

from 1 to 8 s per compon ent. The en d use of the pa rt to be harden ed, as discus sed briefly

abo ve, wi ll determ ine the depth of harden ing and may also indica te the sp ecific type of

material to be selected based on hardenability. The hardenability of metals is covered in

detai l in Chapte r 5 of this handbo ok.

The general classification of steels surface-hardened by induction is as follows:

High-carbon steels are used primarily for tools such as drill bits and other cutting tools due to

theirability toachievehighhardness.Commonlyusedsteelsare intheAISI1050–1080range.

Medium-carbon steels are often used in the automotive industry; they are used, for

example, for front wheel drive components and drive shafts. These steels may be in

the range of AISI 1035–1050.

Low-carbon steels are used where toughness rather than high hardness is required such as

in clutch plates or pins for farm equipment. These may be AISI 1020–1035.
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Alloy steel s are used in bearing s and automot ive transmis sions. Thes e compo nents may

have severa l function s and therefore require a co mbination of mate rials. More informa-

tion about alloy steels is present ed in Chapt er 4.

When discussing surface hardening by induction it is necessary to mention the phenom-

enon that is usually called superhardening. Due to this phenomenon, for a given carbon steel

the surface hardness of the part that has been heat treated by induction is typically 3–4 HRC

higher than that for a furnace-hardened steel. Superhardening can be attributed to the finer

grain size of steel that has been induction-hardened. This occurs because the steel is at the

austenizing temperature for a very short time, which results in finer grain sizes [6,12]. Another

factor that is involved in superhardening is the higher lattice strain from residual compressive

stresses at the surface of the part when its internal regions and the core remain underheated

or even cold [12]. This phenomenon is particularly true for steel with a carbon content of

0.35–0.6%.
4.2.2 THROUGH HARDENING

Through hardening may be needed for parts requiring high strength such as snowplow blades,

springs, chain links, truck bed frames, and certain fasteners such as nails or screws. In these

cases the entire workpiece is raised above the transformation temperature and then quenched.

Selection of the correct induction heating frequency is very important to achieve uniform

temperature surface-to-core in the shortest time with the highest efficiency. The factors

related to frequency selection are discussed in detail later in this chapter. Depending on the

workpiece, the inductors may be in any of three stages: preheat, midheat, and final heat. The

different stages, sometimes with different heating frequencies, allow the heat to soak into

the workpiece. Induction heating for through hardening and for forging or extrusion are very

similar; they all are accomplished by heating the entire workpiece uniformly to the desired

temperature and at the required process time.

It is necessary to mention that the cooling intensity of the surface layers during quenching

of a surface-hardened workpiece is greater than the intensity of cooling of a through-

hardened workpiece. This is so because in surface hardening, additional cooling of the surface

layers takes place due to the cold core, which plays the role of a heat sink. This greater cooling

rate results in the ability to obtain a deeper martensitic structure after induction surface

hardening. Consequently, the surface compressive stresses and hardness of through-hardened

parts are typically lower than the hardness of a surface-hardened workpiece.

4.2.3 TEMPERING

The tempering process takes place after steel is hardened, but is no less important in metal

heat treatment. Tempering temperatures are usually below the lower transformation tem-

perature. The main purpose of tempering is to increase the steel’s toughness, yield strength

and ductility, to relieve internal stresses, to improve homogenization, and to eliminate

brittleness [6,11,18,19,21,149–151]. The transformation to martensite through quenching

creates a very hard and brittle structure. Untempered martensite is typically too brittle for

commercial use and retains a lot of stresses. As discussed above, in surface hardening, only a

thin surface layer of the workpiece is heated. The surface is raised to a relatively high

temperature in a short period of time. A significant surface-to-core temperature difference

and steel transformation phenomena results in the buildup of internal stresses. Reheating the

steel for tempering after hardening and quenching leads to a decrease or relaxation of these

internal stresses. In other words, because of tempering it is possible to improve the mechanical
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properties of the workpiece and to reduce the stresses caused by the previous heat treatment

stage without losing too much of the achieved hardness.

Tempering temperatures are usually in the range of 120–6008C (248–11128F). If the steel

is heated to less than 1208C (2488F), there is no change in the metal structure, and tempering

will not take place. Low-temperature tempering is typically performed at temperatures of

120–3008C (248–5728F). The main purpose of low-temperature tempering is stress relieving.

Hardness reduction typically does not exceed 1–2 points HRC. If the tempering temperature is

higher than 6008C (11128F), essential changes in the structure of the steel may result that can

lead to a significant loss in hardness. Hardness reduction exceeds 15 points HRC and maximum

hardness is typically in a range of 36–44 HRC. Therefore, tempering is always a reasonable

compromise between maintaining the required hardness and obtaining a low-stress and ductile

microstructure in the metal.

There is a common misconception that tempering removes all the internal stresses. It does

not, but tempering significantly decreases stresses. Tempering makes the steel softer and reduces

the chance of distortion and the possibility of cracking. It is important that the time from quench

to temper be held to a minimum. If this transient time is long enough, the internal stresses may

have enough time to allow shape distortion or cracking to take place. Therefore, a long transient

time between quenching and tempering will decrease or eliminate the tempering benefits. The

soaking time of the tempering is much longer than both the heating times of hardening and

quenching. It may take seconds to induction harden and minutes to induction temper.

If tempering has been done correctly, there will be only a slight loss in hardness. The

benefits obtained, such as internal stress relief, the creation of the required ductility or

toughness, shifting of the dangerous maximum of tensile stresses, which is located under

the hardened surface layer further down toward the core of the workpiece, and improvement

in the machinability of the steel, will offset the slight reduction in hardness.

4.2.4 NORMALIZING

Normalizing can be done by heating the steel above the upper transformation temperature

and then allowing it to cool to room temperature. Normalizing usually takes a very long time

(much longer than tempering), and can take as much as several hours. Normalizing is done to

return the metal structure to a state in which the next heat treatment application can take

place. Some parts are spheroidized to make them easier to form. It is often necessary to

normalize them before hardening.

4.2.5 ANNEALING

Annealing is very similar to normalizing except that the soak time during cooling is even

longer than in the normalizing process. Annealing temperatures are usually 750–9008C (1350–

16508F). The purpose of annealing is much like that of tempering in that the hardness is

decreased and the ductility is increased [12,19,25]. This can be done by applying higher

temperature and results in a more ductile structure. A good example is the annealing of the

thread of a pinion. The entire pinion surface is hardened to approximately 58 HRC, and then

the thread is annealed to 35–40 HRC to produce a thread that is harder than the core material

and is very ductile. This results in production of a very strong part without the possibility of

thread breakage when a heavy torque is applied.

Normalizingandannealing reducehardnessandstrengthwhileproviding the followingbenefits:
1. Improved formability and machinability

2. Refined steel structure

3. Significant relief of internal stresses
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4.2.6 S INTERING

Sintering i s t he bonding of the molecular structure i n a powdered metal. I t i s done by

heating t he metal to a high temperature tha t i s below its melting point to produce r ecrys-

tallization. High-temperature sintering produces a more consistent st ructure than c asting

or forging and provides added ha r denability wi th more consistent heat treatment results.

Sintering powdered m etal is like normalizing carbon steel and is recommended if a subse-

quent heat treatment i s to be performed. The process of powder m etallurgy i s discussed in

detail in Chapter 1 3 of Steel Heat Treatment: Metallurgy and T echnologi es.

There are many ways to heat treat metal parts including the use of gas-fired furnaces,

fluidizing bed furnaces, salt baths, lasers, plasma systems, infrared heaters, electric- and fuel-

fired furnaces, etc. Each method has its own advantages as well as disadvantages. There is

obviously no universal method that is the best in all cases of metal heat treating.

In the past two decades heat treating by induction has become more and more popular. A

major reason is the ability to create high heat intensity very quickly at well defined locations

on the part. This leads to low process cycle time (high productivity) with constant quality.

Induction heating is also more energy efficient and environmentally friendly than most other

heat sources used for heat treatment such as carburizing systems or gas-fired furnaces. It

usually requires far less start-up and shutdown time and a lower labor cost for machine

operators. In many cases, IHT will require a minimum floor space and produce less distortion

in the workpiece.

IHT is a complex combination of electromagnetic, heat transfer, and metallurgical phe-

nomena involving many factors and components. The main components of an IHT system

are an induction coil, power supply, load-matching station, quenching system, and the

workpiece itself. The induction coil or inductor is usually designed for a specific application

and is therefore found in widely varying shapes and sizes. The features involved in the design

and operation of modern IHT processes are discussed later in this chapter.
4.3 THEORETICAL BACKGROUND AND MATHEMATICAL MODELING

OF MODERN INDUCTION HEAT TREATMENT PROCESSES

Mathematical modeling is one of the major factors of successful IHT design. Theoretical

models may vary from a simple hand-calculated formula to a very complicated numerical

analysis, which can require several hours of computational work using modern supercom-

puters. The choice of a particular theoretical model depends on several factors, including the

complexity of the engineering problems, required accuracy, time limitations, and cost.

Before an engineer starts to provide a mathematical simulation of any process he or she

should have a sound understanding of the nature and physics of the process. Engineers should

also be aware of the limitations of applied mathematical models, assumptions, and possible

errors and should consider correctness and the sensitivity of the chosen model to some poorly

defined parameters such as boundary conditions, material properties, or initial temperature

conditions. One model can work very well in certain applications and give absolutely unreal-

istic results in another. An underestimation of the features of the process or overly simple

assumptions can lead to an incorrect mathematical model (including chosen governing

equations) that will not be able to provide the required accuracy. It is very important to

remember that any computational analysis can at best produce only results that are derived

from the governing equations. Therefore, the first and most important step in any mathemat-

ical simulation is to choose an appropriate theoretical model that will correctly describe the

technological process or phenomena. Let us briefly look at the basic physical concepts related

to the IHT process.
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As mentioned above, an IHT is a complex combination of electromagnetic, heat transfer,

and metallurgical phenomena. The metallurgical aspects have been discussed in the previous

chapters. Therefore, in this chapter we will concentrate on the first two phenomena. Heat

transfer and electromagnetics are closely interrelated because the physical properties of heat-

treated materials depend strongly on both magnetic field intensity and temperature. In

conventional induction heating, all three modes of heat transfer—conduction, convection,

and radiation—are present [26–36]. Heat is transferred by conduction from the high-tem-

perature region of the workpiece toward the low-temperature region. The basic law that

describes heat transfer by conduction is Fourier’s law,

qcond ¼ �� grad(T)

where qcond is the heat flux by conduction, l the thermal conductivity, and T the temperature.

As one can see, according to Fourier’s law, the rate of heat transfer in a workpiece is

proportional to the temperature gradient (temperature difference) and the thermal conduct-

ivity of the workpiece. In other words, a large temperature difference between the surface and

the core (which, for example, typically takes place during surface hardening), and a high value

of thermal conductivity of the metal result in intensive heat transfer from the hot surface of

the workpiece toward the cold core. Conversely, the rate of heat transfer by conduction is

inversely proportional to the distance between regions with different temperatures.

In contrast to conduction, heat transfer by convection is carried out by fluid, gas or air

(i.e., from the surface of the heated workpiece to the ambient area). Convection heat transfer

can be described by the well-known Newton’s law. This law states that the heat transfer rate is

directly proportional to the temperature difference between the workpiece surface and the

ambient area,

qconv ¼ a(Ts � Ta)

where qconv is the heat flux density by convection, W/m2 or W/in.2; a is the convection surface

heat transfer coefficient, W/(m28C) or W/(in.28F); Ts is the surface temperature, 8C or 8F; and

Ta is the ambient temperature, 8C or 8F. The subscripts s and a denote surface and ambient,

respectively.

The convection surface heat transfer coefficient is primarily a function of the thermal

properties of the workpiece, the thermal properties of the surrounding fluids, gas or air, and

their viscosity or the velocity of the heat-treated workpiece if the workpiece is moving at high

speed (e.g., induction heat treating of a strip or spinning disk). It is particularly important to

take this mode into account when designing low-temperature induction heating applications

(i.e., tempering, stress relieving, paint curing or other processes with a maximum temperature

<5008C (9328F)). This heat transfer mode plays a particularly important role in the quench-

ing process where the surface heat transfer coefficient describes the cooling process during

quenching.

In the third mode of heat transfer, which is heat radiation, the heat may be transferred

from the hot workpiece into a nonmaterial region (vacuum). The effect of heat transfer by

radiation can be introduced as a phenomenon of the electromagnetic energy propagating due

to a temperature difference. This phenomenon is governed by the Stefan–Boltzmann law of

thermal radiation, which states that the heat transfer rate by radiation is proportional to a

radiation loss coefficient Cs and the value of Ts
4�Ta

4. Due to the fact that radiation losses are

proportional to the fourth power of temperature, these losses are a significant part of the total

heat losses in high-temperature applications (for example, surface hardening, through hard-

ening, induction heating before forging, rolling, etc.). The radiation heat loss coefficient



TABLE 4.1
Emissivity of Metals

Aluminum Carbon Steel Copper Brass and Zinc

Polished 0.042–0.053 0.062 0.026–0.042 0.03–0.039

Commercial 0.082–0.40 0.71–0.8 0.24–0.65 0.21–0.50
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includes emissivity, radiat ion shape factor, a nd surface cond itions. For ex ample, polish ed

meta l will radiate less heat to the surroundi ngs than a nonpol ished metal. The radiat ion heat

loss coeff icient c an be determ ined ap proximatel y as Cs ¼s s« 1, where «1 is the emissivity of

the metal and ss is the Stefan–Boltzmann constant (ss ¼ 5.67 � 10� 8 W/(m2 K4)). The values

of «1 for metal that are typically used in the heat treatment are given in Table 4.1.

The above-des cribed de terminat ion of rad iation heat loss is a vali d assum ption for

mathe matical modelin g of a great major ity of inducti on heatin g an d heat treat ment prob lems.

How ever, there are a few applica tions where the radiation heat transfer phenomen on can be

compli cated and such a simp le approach woul d not be vali d. Complete detai ls of all the three

modes of heat trans fer can be found in severa l refer ences [26–36 ]. In a typic al inductio n

heati ng and heat treatment , heat transfer by con vection an d radiation refl ects the value of

heat loss. A high value of heat loss redu ces the total efficie ncy of the inducti on heater .

In gen eral, the transient (time-de pendent) heat trans fer pro cess in a metal workpi ece can

be descri bed by the Four ier equ ation

C g
›T

›t
þ div( �l grad T ) ¼ Q (4: 1)

wher e T is the tempe ratur e, g is the de nsity of the meta l, C is the specif ic heat, l is the therm al

cond uctivity of the metal, a nd Q is the heat source density indu ced by eddy current s per unit

time in a unit volume (so-called heat generation). This heat source density is obtained by

solving the electromagnetic problem.

The values of specific heat and thermal conductivity of some typical metals commonly

used in heat treat ing are sho wn in Fig ure 4.5 [37, 38]. As one may not e, the specif ic he at a nd

thermal conductivity are functions of temperature. Both specific heat and thermal conduct-

ivity have not only pure mathematical meaning but also a concrete engineering interpretation.

The value of specific heat indicates the amount of energy that would have to be absorbed by

the workpiece to achieve the required temperature change. A high value of specific heat

corresponds to a higher required power.

Thermal conductivity l designates the rate at which heat travels across the workpiece. A

material with a high l value will conduct the heat faster than a material with a low l. In

choosing a material for an inductor’s refractory, a lower value of l is required and will

correspond to higher efficiency and lower heat loss. Conversely, when the thermal conduct-

ivity of the metal is high, then it is easier to obtain a uniform temperature distribution along

the workpiece thickness, which is important in through-hardening processes. Therefore, from

the point of view of obtaining temperature uniformity, a higher thermal conductivity of metal

is preferable. However, in surface- or selective-hardening applications, a high value of l is

quite often a disadvantage because of its tendency to equalize the temperature distribution

within the workpiece. As a result of temperature equalization the temperature rise will take

place not only in the surface layer of the workpiece, which is to be hardened, but also in

internal areas as well, which are not. The temperature increase in the internal areas of the
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workpiece results in cooling of its surface and therefore requires more power to heat the

surface layer to the desired final temperature. A large amount of heated mass in the workpiece

can also cause a distortion of the workpiece geometry.

Our experience shows that in the great majority of tempering, stress relieving, annealing

and normalizing applications, a rough approximation of thermal conductivity in simulations

of the heat treatment process will not lead to significant errors in temperature distributions.

However, in surface hardening and through hardening a rough approximation of l can create

unacceptable results. At the same time, regardless of application, a rough approximation of

specific heat could create significant errors in obtaining the required coil power and tempera-

ture profile within the workpiece.

Equation 4.1, with suit able bounda ry an d init ial co nditions, rep resents the three-d imen-

sional temperature distribution at any time and at any point in the workpiece. The initial

condition refers to the temperature profile within the workpiece at time t¼ 0; therefore, that

condition is required only when dealing with a transient heat transfer problem where the

temperature is a function not only of the space coordinates but of time also. The initial

temperature distribution is usually uniform and corresponds to the ambient temperature.

However, the initial temperature distribution is sometimes nonuniform due to the previous

technological process (i.e., preheating, quenching, or continuous casting applications).

For most engineering induction heating problems, boundary conditions combine the

convective and radiative losses. In this case the boundary condition can be expressed as

�l
›T

›n
¼ a(Ts � Ta)þ Cs(T

4
s � T4

a )þQs (4:2)

where @T/@n is the temperature gradient in a direction normal to the surface at the point

under consideration, a is the convection surface heat transfer coefficient, Cs is the radiation
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heat loss co efficient, Qs is the surface loss (i.e., dur ing quenching) , and n deno tes the normal

to the bounda ry surfa ce.

As one may see from Equation 4.2, the heat losse s at the workpi ece surface are highly

varia ble because of the nonc onstant behavior of con vection and the radiat ion losse s. The

analys is shows that conv ection losse s are the major pa rt of the he at loss in low -temperat ure

inducti on heatin g ap plications (i.e., alumin um, lead, zinc, tin, magnes ium, steel at a tempe ra-

ture lower than 350 8 C (or 662 8 F)). In high-t empera ture app lications (such a s indu ction

hardening and he ating of steels, titan ium, tungst en, nickel , etc.), radiat ion losses are much

more signific ant than conve ction losse s (Figur e 4.6).

If the heated body is geomet rically symmetrica l along the axis of symm etry, the Neu mann

bounda ry conditio n ca n be form ulate d as

›T

›n
¼ 0 (4: 3)

The Neuma nn bounda ry conditio n impl ies that the tempe rature gradie nt in a direct ion

normal to the axis of symm etry is zero. In other words , there is no heat exchange at the

axis of symmetry. This boundary condition can also be applied in the case of a perfectly

insulated workpiece.

In the case of hea ting a cylindrical workpi ece, Equation 4.1 ca n be rew ritten as

Cg
›T

›t
¼ ›

›Z
l

›T

›Z

� �
þ 1

R

›

›R
lR

›T

›R

� �
þQ(Z,R) (4:4)

The same equation (4.1) can be shown in Cartesian coordinates (i.e., heat transfer in slab,

strip, or plate) as

Cg
›T

›t
¼ ›

›X
l

›T

›X

� �
þ ›

›Y
l

›T

›Y

� �
þ ›

›Z
l

›T

›Z

� �
þQ(X ,Y ) (4:5)

Equation 4.4 and Equation 4.5 with boundary conditions (4.2) and (4.3) are the most popular

equations for mathematical modeling of the heat transfer processes in conventional heat

treatment.
100

Heat
loss

qradiation   =  Cs(Ts
4 − Ta

4)

qconvection =  a (Ts − Ta)

350

Temperature

500 T, 8C

212 662 932 T, 8F

FIGURE 4.6 Convection and radiation heat losses in typical induction heating.



292 Steel Heat Treatment: Equipment and Process Design
The technique of calculating the electromagnetic field depends on the ability to solve

Maxwell’s equations. For general time-variable electromagnetic fields, Maxwell’s equations

in differential form can be written as [39–52]

curl H ¼ Jþ ›D

›t
(from Ampere’s law) (4:6)

curl E ¼ � ›B

›t
(from Faraday’s law) (4:7)

div B ¼ 0 (from Gauss’ law) (4:8)

div D ¼ r (from Gauss’ law, magnetic) (4:9)

where E is the electric field intensity, D is the electric flux density, H is the magnetic field

intensity, B is magnetic flux density, J is the conduction current density, and r is the electric

charge density.

Maxwell’s equations not only have a purely mathematical meaning, but also have a

concrete physical interpretation as well. For example, Equation 4.6 shows that the curl of H

always has two sources: conductive (J) and displacement (@D/@t) currents. A magnetic field

is produced whenever there are electric currents flowing in surrounding objects. From

Equation 4.7 one can conclude that a time rate of change in the magnetic flux density

always produces the curling electric field. In other words, a changing magnetic field always

produces induced current in the surrounding area, and therefore it produces an electric field

in the area where such changes take place. The minus sign in Equation 4.7 determines the

direction of that induced electric field. This fundamental result can be applied to any region

in space.

Let us consider how Equation 4.6 and Equation 4.7 can be used to explain the basic

electromagnetic process that takes place in IHT. The application of alternating voltage to the

induction coil will result in the appearance of an alternating current (AC) in the coil circuit.

According to Equation 4.6, an alternating coil current will produce in its surrounding area an

alternating (changing) magnetic field that will have the same frequency as the source current

(coil current). That magnetic field’s strength depends on the current flowing in the induction

coil, the coil geometry, and the distance from the coil. The changing magnetic field induces

eddy currents in the workpiece and in other objects that are located near that coil. By

Equation 4.7, induced currents have the same frequency as the source coil current; however,

their direction is opposite to that of the coil current. (This is determined by the minus sign in

Equation 4.7.) According to Equation 4.6, alternating eddy currents induced in the workpiece

produce their own magnetic fields, which have opposite directions to the direction of the main

magnetic field of the coil. The total magnetic field of the induction coil is a result of the source

magnetic field and induced magnetic fields.

As one would expect from an analysis of Equation 4.7, there can be an undesirable heating

of tools or other electrically conductive structures that are located near the induction coil.

From another perspective, Equation 4.7 can partially explain the undesirable existence of the

magnetic field at the operator (the concern about the effects of electromagnetic field exposure

on human beings). Both electric and magnetic fields induce weak electric currents in the

operator’s body.

In induction heating and heat treatment applications, an engineer should pay particular

attention to such simple relations as (4.8) or (4.9). The popular saying ‘‘The best things come in

the smallest packages’’ is particularly true here. The short notation of Equation 4.8 has real

significance in induction heating and the heat treatment of metals. To say that the divergence of
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magnet ic flux density is zero is equ ivalent to saying that B lines have no so urce points at whi ch

they or iginate or end , in other words B lines always form a continuous loop. A clear under-

standi ng of such a simp le statement will allow one to explai n and avoid many mis takes in

deali ng with IHT and the indu ction heating of workpiec es with compli cated geomet ry.

The ab ove-des cribed Maxw ell’s equatio ns are in indefin ite form because the num ber of

equati ons is less than the num ber of unknow ns. Thes e equati ons become definite when the

relations between the field qua ntities are additio nal and hold true for a linea r, isot ropic

medium .

D ¼ ««0 E (4: 10)

B ¼ mm0 H (4: 11)

J þ s E (Ohm’s law) (4: 12)

wher e the parame ters «, m, and s de note, respect ively, the relat ive permi ttivity, relative

magnet ic pe rmeabili ty, and elect rical cond uctivity of the mate rial; s¼ 1/ r, wher e r is elect rical

resisti vity. The constant m0 ¼ 4p� 10 �7 H/m (or Wb/( A m)) is called the permea bility of free

space (the vacuum), and similarly the constant «0 ¼ 8.854 � 10� 12 F/ m i s c al le d t he p e rm it ti vi ty

of free space. Both relat ive magn etic permea bility m an d relative permitt ivity « are nondimen-

sional parame ters and hav e ve ry sim ilar meani ngs. The relative magnet ic pe rmeabili ty indi-

cates the ability of a material to con duct the magnet ic flux bette r than v acuum or air. This

parame ter is very impor tant in choosing mate rials for magnet ic flux con centra tors. Relati ve

permi ttivity (or dielectri c constant) indica tes the ability of a mate rial to c onduct the electric

field bette r than vacuu m or air.

By taking Equat ion 4 .10 and Equat ion 4.12 into acco unt, Equat ion 4.6 can be rewritten as

curl H ¼ s E þ ›( «0 «E)

›t 
(4: 13)

For most practi cal applic ations of the IHT of metals, where the frequency of current s is less

than 10 M Hz, the induce d condu ction cu rrent den sity J is much greater than the displ acement

current densit y @ D / @ t , so the last term on the right-han d side of Equation 4.13 can be

neglect ed. Ther efore, Equation 4.13 can be rewritten as

curl H ¼ s E (4: 13a)

After some vector algebra an d using Equation 4.6, Equation 4.7, and Equation 4.11, it is

possibl e to show that

curl
1

s
curl H

� �
¼ �mm0

›H

›t 
(4: 14)

curl
1

m
curl E

� �
¼ �sm0

›E

›t 
(4: 15)

Since the magnet ic flux de nsity B sati sfied a zero diverg ence conditio n (Eq uation 4.8) , it can

be expressed in terms of a magnetic vector potential A as

B ¼ curl A (4:16)



294 Steel Heat Treatment: Equipment and Process Design
and then, from (4.7 ) and (4.1 6), it follows that

curl E ¼ �curl
›A

›t 
(4 :17)

Ther efore, after integ ration, one can obtain

E ¼ � ›A

›t
� grad w (4 :18)

wher e w is the elect ric scala r poten tial. Equat ion 4.12 can be written as

J ¼ �s
›A

›t
þ Js (4 :19)

wher e Js ¼�s grad(w ) is the source (excitat ion) current density in the ind uction coil.

Taking the mate rial pr operties as piecew ise co ntinuous and neglecting the hy steresis and

magnet ic satur ation, it can be sho wn that

1

mm0

(curl cu rl A ) ¼ Js � s
›A

›t

It sho uld be mentio ned here that for the great major ity of induction heat- treating applications

(such as through hardening) a heat effe ct due to hyster esis losses does not exceed 7%

compa red to the heat effect due to ed dy current losse s. Ther efore, an a ssumption ne glecting

the hyster esis loss is valid. Howe ver, in some c ases, such as inductio n tempering, paint cu ring,

heati ng be fore galvani zing and lacquer coati ng, hyster esis losses c an be quite signifi cant

compa red to eddy current losses. In these cases, hyster esis should be consider ed.

It can be shown that for the great majorit y of IHT app lications it is possibl e to furt her

sim plify the mathe mati cal model by assum ing that the current s hav e a steady -state quality.

Ther efore, with this assum ption we can co nclude that the elect romagne tic field quantit ies in

Maxw ell’s equ ations are harmoni cally os cillating functions with a singl e frequency . Thus a

time-harmonic electromagnetic field can be introduced. This field can be described by the

follo wing eq uations, whi ch are de rived after some v ector algebra from Equation 4.14,

Equation 4.15, and Equation 4.20, respectively:

1

s
r2H ¼ jvmm0H (4:21)

1

m
r2E ¼ jvsm0E (4:22)

1

mm0

r2A ¼ �Js þ jvsA (4:23)

wherer2 is the Laplacian, which has different forms in Cartesian and cylindrical coordinates.

In Cartesian coordinates,

r2A ¼ ›2A

›X 2
þ ›2A

›Y 2
þ ›2A

›Z2
(4:24)
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In cylind rical coordinat es (axi symmetri c case) ,

r  
2 A ¼ 1

R

›

›R
R

›A

›R

� �
þ ›2 A

›Z 2 
(4: 25)

In othe r words , it ha s be en a ss um ed t ha t h a rmonic s a re a bs en t i n both the im pr es se d and the

induc ed curr ents and fi elds . T he g ove rn ing E qua tion 4 .21 thr ou g h Equa tion 4. 23 , f or the tim e-

har monic fie ld with the a ppr opr ia te bounda ry c onditi on c an be s ol ve d with r es pe ct to H, E, or A.

Equation 4.21 throu gh Equat ion 4.23 are vali d for gen eral three- dimens ional fields an d

allow one to find all of the requir ed parame ters of the ind uction syst em su ch as current ,

power , coil impeda nc e, and heat source density induced by eddy current s. Altho ugh there is

consider able practical interest in three- dimension al problem s, a great major ity of engineer ing

problem s in inductio n heati ng tend to be han dled with a combinat ion of two-dim ensional

assum ptions . Several factors discour age three-dim ensional fiel d consider ation:
1. Comp uting costs are muc h higher for three-d imensional cases (especiall y taking into

account tightly inter related feat ures of electromag ne tic and heat transfer phen omena in

inductio n heating).

2. User must have specia l knowl edge in many theoretical subjects and sho uld have specific

experi ence working with three-d imensional softwar e.

3. Repre sentation of both resul ts and geo metric input da ta cou ld creat e a well-k nown

problem of worki ng with a three- dimens ional imag e.
For many IHT app lications the quantities of the magnet ic field (such as magn etic vector

potenti al, elect ric field intensit y, and magnetic fiel d intens ity) may be assum ed to be entirely

directed . For exampl e, in the longitud inal cross secti on of the induc tion co il, both A and E

vector s have only one componen t, which is entirely Z-dir ected. In the case of a trans verse

section , H and B vector s have only one compo nent. This allow s one to reduce the three-

dimens ional fiel d to a combinat ion of two-dime nsional form s. For exa mple, in the case of

magnet ic vector potenti al, Equation 4.23 c an be exp ressed as shown below:

For a tw o-dimen sional Cartesi an system,

1

mm0

›2A

›X 2
þ ›2A

›Y 2

� �
¼ �Js þ jvsA (4:26)

For the axisymmetric cylindrical system,

1

mm0

›2A

›R2
þ 1

R

›A

›R
þ ›2A

›Z2
� A

R2

� �
¼ �Js þ jvsA (4:27)

The boundary of the region is selected such that the magnetic vector potential A is zero along

the boundary (Dirichlet condition) or its gradient is negligibly small along the boundary

compared to its value elsewhere in the region (Neuman n co ndition @ A/ @ n ¼ 0). Therefor e,

Equation 4.4 and Equat ion 4.27 wi th their initial and bounda ry con ditions fully descri be the

electrothermal processes in a great majority of conventional cylindrical IHT systems.

By using analogous vector algebra manipulations it is possible to obtain governing

equations similar to Equation 4.26 and Equation 4.27 that can be formulated with respect

to E, B, or H. Therefore, any given electromagnetic problem in IHT may be worked in terms

of either A, E, B, or H. Part of the art of mathematical modeling of electromagnetic fields
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derive s from the right ch oice of field repres entation, which could be different for different

app lications .

Partial different ial equatio ns that are form ulated with respect to A or E are very conv eni-

ent for describ ing the elect romagne tic field in a long itudinal cross section of the inducti on

heati ng system. How ever, the electromag netic field dist ribution in a trans verse cross secti on

of the workpi ece can be more convenient ly de scribed by the governi ng equati ons formulat ed

with respect to B or H [49, 50]. Field repres entat ions that are typic ally use d by the IHT

designe r for describing elect romagne tic process es in the co nventi onal ind uction su rface or

through ha rdening of cyli ndrical workpi eces are shown in Figu re 4.7.

As mention ed abov e, the contem porary de sign of IHT equ ipment requires that several

feat ures of the process be taken into account, whi ch makes its a nalysis quite compli cated.

One of the major difficul ties in elect romagne tic filed and he at trans fer computa tion is the

nonlinear ity of material prop erties. As menti oned earlier, this exist s because the therm al

conductivity, specific heat, and electrical conductivity of metals (i.e., steel) are functions of

the temperature but their relative magnetic permeability is a function of two parameters:

magnet ic field intens ity and tempe ratur e. Figu re 4.8 shows electrica l resi stivities of typical

metals as functions of temperature. The relative magnetic permeability as a function of

tempe ratur e and magnet ic field intens ity is shown in Figure 4.9. In everyday engineer ing

language, the induction heating specialists often call the relative magnetic permeability simply

as magnetic permeability. In this chapter we will refer to it also as magnetic permeability.
Induction heat treatment: Part A
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FIGURE 4.7 E, A, and H, B field representations in cylindrical system.



0
0

0.4

0.8

1.2

400

E
le

ct
ric

al
 r

es
is

tiv
ity

 μ
Ω

, m

Temperature, 8C

800 1200

Carbon
steel

Stainless steel

FIGURE 4.8 Electrical resistivity of steels.

Induction Heat Treatment: Basic Principles, Computation, Coil Construction 297
Even a cursory look at the be havior of the mate rial prop erties in Figure 4.5, Figure 4.8,

and Fi gure 4.9 reveals the dan ger in us ing the method s (e.g., a nalytical or equival ent circuit

coil design methods ) that cann ot take into account the total varia tion of pro perties. Ow ing to

their nature, these methods can co nsider only average values , whi ch can lead to unpred ictable

and often erroneou s resul ts, with possibl e financial loss to both the custom er and the

produ cer of the heat treatmen t equipment .

Anothe r difficulty in the analys is and compu tation of the IHT proc ess is related to the fact

that the shapes of the workpi ece and inducti on coil can be compli cated. Ther efore, to provide

the requir ed accuracy of evaluation it is necessa ry to reformulat e the compu tational model for

almos t every problem .

Besides the consider ations menti oned a bove, the inductio n heater config uration can

consis t of severa l coils , flux concentra tors, flux robbers, shunts, and shells, and finally,

there are tight ly coup led (interre lated ) effects of the electromag netic and heat trans fer

phen omena. This requir es the de velopm ent of special compu tational algorithm s that are

able to deal with these coupled effects. The highly prono unced varia tion of the phy sical

propert ies makes the IHT pr oblem nonlinear . There are several ways to cou ple electromag -

netic and heat transfer pr oblems. One of the most co mmon ap proaches is called the ind irect

coup ling method . Thi s method call s for the iteratio n process . An iterati on proce ss co nsists of

an elect romagne tic computa tion and then recal culat ion of heat sou rces in order to pro vide a

heat transfer computation. This assumes that the temperature variations are not significant,

which means that the material properties remain approximately the same, and during certain
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temperature T¼ 10–7508C (T¼ 50–13828F).
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times the heat transfer process continues to be solved without correcting the heat sources. The

temperature distribution within the workpiece obtained from the time-stepped heat transfer

computation is used to update the values of specific heat and thermal conductivity at each

time step. As soon as the heat source variations become significant (due to the variations of

electrical conductivity and magnetic permeability), the convergence condition will no longer

be satisfied, and recalculation of the electromagnetic field and heat sources will take place.

For most induction heating applications, an indirect coupling approach is valid and very

effective. However, there are situations (i.e., intensive induction heating of carbon steel just

above the Curie point, high power density induction contour-hardening applications, or low-

power density strip annealing) where this approach could lead to significant errors. In these

cases, only the direct coupling method should be applied [51,53].

The analytical methods and equivalent circuit coil design methods popular in the 1960s

and 1970s no longer satisfy the modern designer because of the inherent restrictions outlined

above. The designer must be aware that in many applications, very erroneous and inadequate

results can be obtained when such methods are used. The development of modern computers

and the increasing complexity in most modern induction heating applications have signifi-

cantly restricted the solution to the application of simple formulas, analytical and seminu-

merical methods. These methods can be useful only in obtaining approximate results in simple

cases. Rather than use simple computation techniques with many restrictions, modern IHT

specialists are currently turning to highly effective numerical methods such as finite-difference

method (FDM), finite-element method (FEM), impedance boundary element (IBE), and

integral equation methods that are widely and successfully used in the computation of

electromagnetic and heat transfer problems in heat treatment. Each of these methods has

certain advantages and has been used alone or in combination with others.

Because of the extraordinarily large amount of information that is available in special

scientific literature, even an experienced engineer can be easily confused if too many of the

nuances of computer modeling of IHT problems are introduced. Therefore, we decided to

discuss the state of the art of the subject of modern electroheat numerical computation while

simplifying the materials so that they are understood by IHT specialists who have limited

experience in numerical modeling. Thus our goal is to provide the reader with a general

orientation in advanced numerical simulation methods.

Before we discuss the features and applications of the most popular numerical methods it is

necessary to point out one of their important qualities: all numerical methods give an approxi-

mate solution to the modeled problem (i.e., heat transfer or electromagnetic). Therefore, there is

always a danger of obtaining inappropriate results when those methods are used. The fact that

the solution is approximate, and is not absolutely accurate, should not discourage engineers

from using numerical methods. On the contrary, it should stimulate them to carefully study the

features of these methods and transform them into a powerful computational tool that will

allow heat treatment analysts to control accuracy of simulation and to produce information

that cannot be measured or obtained by using analytical, semianalytical, or other kinds of

methods, including physical experiments. It is wise to remember that the correct use of

numerical methods will provide approximate, but acceptable, engineering solutions that will

satisfy the requirements of modern technology from a practical standpoint.

Many mathematical modeling methods and programs exist or are under development.

Work in this field is done in universities, research institutes, inside large companies such as

INDUCTOHEAT Inc., and by specialized software companies such as MacNeal-Schwendler

Corp., Integrated Engineering Software Inc., Infolytica Inc., Ansoft Corp., Structural Research

and Analysis Inc., Cosmos Corp., Vector Fields Inc., and others.

For each particular problem or family of similar problems, certain numerical methods or

software are preferred. It is obviously quite difficult if not impossible to find a single medicine
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th at w il l b e equall y e ff ect i ve for both constipation and d iarrhea. The m edicine w ill m ost likely s top

diarrhea or it will help constipation but not both. The s ame r easoning holds when searching f or an

efficient and universal computational tool. There is no cure-all or single universal computational

method that fits all the cases and is optimum for solving all the induction heatin g problems. Our

experience in the use of different numerical methods has s hown t hat i t i s preferable to have a

number of m ethods an d programs rather than s earching for one universal program for s olving a

wide variety of tasks. The r ight choice of compu tational m ethod and so ftware depends on the

application and features of the s pecific problem or phenomenon. It is important for the IHT

designer to know the advantages and limitation s of a variety of computational t echn iques. This will

allow the analyst t o s elect an appropriate tool that will provide an accurate evaluation of t he

problem and allow the engineer to predetermine th e t emperature distribution w ithin the work piece

in al l stages of the process cycle, w hich includes heating, s oaking, and quenching. This will result i n

obtaining the r equired heating co nditions and the desired m etallurgical properties of the work-

piece.

Because of space lim itations , this chap ter doe s not give an exhaust ive list of the methods

availab le for elect romagne tic field and heat trans fer calcul ations . There are many publica -

tions that descri be the features and ap plications of mathemati cal mod eling methods . An

interest ed reader can study the descri ption of the most popular compu tational techni ques

used for simu lation of heat trans fer and electromag netic process es in Ref s. [5,3 0,47–9 2]. Here

we brief ly analyze and describe some of the methods that are success fully used at IND UC-

TOHEA T. We hope that knowl edge obtaine d will affor d engineer s and designe rs an under-

standi ng of how the numeri cal method s work and what kind of numeri cal method can be the

most suit able for a particular IHT a pplication.

4.3.1 F INITE-DIFFERENCE METHOD

The FDM was the earliest numeri cal techni que [27,49,51 –59] used for mathe matical modeli ng

of hea t treatment process es. The FDM has been use d extens ively for solvin g both heat

trans fer an d electromag ne tic prob lems. It is parti cularly easy to ap ply when the modeli ng

area ha s cyli ndrical or recta ngular shapes. The area of study is represe nted by the mesh of

lines that are parallel to the c oordinat e axes (so-call ed or thogonal grid of mesh nodes). The

orthogon al mesh discretiz es the area of mod eling (i.e., indu ction coil, workpi ece, flux con-

centra tor, etc.) into a finite number of node s (Figur e 4.10) .

Because of the orthogonal mesh, the discretization algorithm is quite simple. An approximate

solution of the governing equation is found at the mesh points defined by intersections of the

lines. The computation procedure consists of replacing each partial derivative of the governing

Equation 4.4, Equation 4.5, Equation 4.26, or Equation 4.27 by a finite-difference stencil that

couples the value of the unknown variable (i.e., temperature or magnetic vector potential) at a

node of approximation with its value in the surrounding area. This method has universal

application because of its generality and its relative simplicity.

By Taylor’s theorem for two variables, the value of a variable at a node on the mesh can

be expressed in terms of its neighboring values and separation distance (space step) h as in the

following expressions (stencils):

›T

›X
) Tiþ1 � Ti

h
þO(h) (forward difference) (4:28)

›T

›X
) Ti � Ti�1

h
þO(h) (backward difference) (4:29)

›T

›X
) Tiþ1 � Ti�1

2h
þO(h) (central difference) (4:30)
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Here the notation O(h) is used to show that the error involved in the approximation is on the

order of h. Similarly, O(h2) is for the approximation error on the order of h2, which is more

accurate than one on the order of h.

Substituting the finite-difference stencils into the electromagnetic and heat transfer partial

differential equations gives the local approximation. By assembling all local approximations

and taking into account the proper initial and boundary conditions, one can obtain a set of

linear algebraic equations that can be solved with respect to unknown variables (i.e., T, A, E,

H, or B) at each node of the mesh, either by iterative techniques or by direct matrix inversion

methods. Since the matrices are sparsely occupied (nonzero only in the neighborhood of the

diagonal), some simplification in the computational procedure is used.

In FDM, it is important that the boundaries of the mesh region coincide with the

boundaries of the appropriate regions of the IHT system. Experience in using FDM in IHT

computations has shown that noncoincidence of the boundaries has a strong negative effect

on the accuracy of the calculation.

4.3.2 FINITE-ELEMENT METHOD

As with FDM, the FEM is a numerical technique for obtaining an approximate solution

for different technical problems, including those encountered in IHT. FEM has had a

particularly great deal of success in engineering practice and has become one of the most

popular numerical tools for a variety of scientific and engineering tasks.
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In the last tw o decades, severa l varia tions of finite- elemen t mod els have been de veloped.

Here a re some of them:

. Weight ed residu al method (weak form of the governi ng equati ons)

. Differ ent kin ds of the Ritz method

. Differ ent types of the Gale rkin method

. Pseud ovaria tional methods

. Method s based on mini mization of the energy functi onal, etc.

Those mod els are us ed in applic ations such as elect ric mach ines, motor s, circuit breakers ,

trans formers, magnet ic recordi ng syst ems, test equ ipment, elect rical he ating, an d IHT. Eve n

among the FEM only, there are situati ons wher e one type of FEM works just fine and in

another case will not be able to do a good job at all.

As de scribed above, the FD M prov ides pointwis e approx imations; howeve r, FEM pro-

vides an elem entwise approxim ation to the go verning equ ations. The FEM does not requ ire a

direct calculati on of the governi ng equati on. Due to the general postul ate of the variationa l

princi ple, the solut ion of elect romagne tic field computa tion is typic ally obt ained by minim-

izing the ene rgy functio nal that corres ponds to the gove rning equati on (e.g., Equation 4.26 or

Equation 4.27) inst ead of solving that equ ation directly. The energy functi onal is minimiz ed

for the integ ral over the total area of modelin g, which includes workpi ece, coil, flux co ncen-

trators, and the surrou nding area.

The well- known princip le of minimum energy [55,60–64, 66,68, 71,75,80–82 ] requir es that

the vector potential distribut ion corres pond to the mini mum of the stored field energy per

unit lengt h. As a result of that a ssumption, it is necessa ry to solve the global set of resulting

simu ltaneou s algebraic equ ations wi th respect to the unknow n, for exampl e, magn etic vector

potenti al at each node in the region of evaluat ion. The form ulatio n of the en ergy functiona l,

its minimiz ation to obtain a set of finite- elemen t equ ations, and the solution techni que s (the

solver) were created for both two-dimensional and axisymmetric heat treatment problems.

Many geometric arrangements and shapes of finite elements are possible. Their deform-

ability allows them, in fact, to satisfy regions of any shape, i.e., any geometry of workpiece,

inductors, flux concentrators, flux robbers, etc. The most common two-dimensional finite

elem ent is the fir st-order tria ngle (Figure 4.11). In the axisy mmetric cyli ndrical c ase, such a

finite-element mesh may be represented as a set of rings. Each ring revolves around the axis of

symmetry and has a triangular cross section (so-called triangular torus element).

The following are some general remarks concerning the finite-element discretization (mesh

generation):

. The area of study is subdivided into nonoverlapping finite elements (so-called finite-

element mesh, Figure 4.11). The sides of finite elements intersect at nodes. The number

and location of these elements are matters of personal judgment, but to obtain reasonable

accuracy of the numerical solution, the finite-element mesh has to be relatively fine (sizes of

finite elements must be smaller) in the regions where the rate of change of the unknown (i.e.,

the magnetic vector potential) is high. Experience in using finite-element software at

INDUCTOHEAT Inc., has shown that special effort should be made to obtain a fine

mesh within three penetration depths in the workpiece. A higher frequency requires a finer

mesh.
. All the finite elements should have the same unit depth in the Z-direction.
. The current density, flux density, conductivity, magnetic permeability, and other ma-

terial properties are postulated to be constant within each element. At the same time,

they can be different from element to element.
. The designer should take advantage of the symmetry involved in the system geometry,

for example by disappearing normal derivative values of A along the symmetry.
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In mo st typic al cases, when it is necessa ry to obtain the elect romagne tic field dist ribution and

tempe ratur e profile along the length of a cylind rical workpi ece, the FEM has been used in

solvi ng the governi ng equati on with respect to magnet ic vector poten tial for the electromag -

netic prob lem (Equati on 4.26 and Equat ion 4.27) , and with respect to the tempe ratur e for the

heat transfer problem (Equatio n 4.4 and Equat ion 4.5).

After solving the system of algebraic equations and obtaining the distribution of the

magnetic vector potential in the region of modeling, it is possible to find all of the required

output parameters of the electromagnetic field.

Induced current density in conductors:

Je ¼ �jvsA (4:32)

Total current density in the conductor:

J ¼ Js � jvsA (4:33)
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Magnetic flux density components Bx and By can be calculated from relationship (4.16) as

follows [63,64]:

›A

›Y
¼ �Bx;

›A

›X
¼ By

Therefore, flux density can be obtained as

B ¼ B2
x þ B2

y

h i1=2
(4:34)

For the axisymmetric case of a cylindrical workpiece, the magnetic flux density components

BR and Bz can be calculated as

BR ¼ �
›A

›Z
; Bz ¼

›A

›R
þ A

R

Magnetic field intensity:

H ¼ B=mm0 (4:35)

Electric field intensity:

E ¼ �jvA (4:36)

Electromagnetic force density in current-carrying conductors and the workpiece can be

computed from the cross product of the vector of total current density and the vector of

magnetic flux density:

Fx ¼ J� By; Fy ¼ �J� Bx

From a vector potential solution it is possible to compute the other important quantities

of the process such as stored energy, flux leakage, total power loss, and coil impedance.

Many worthwhile texts, conference proceedings, and articles have been written on the

subject of finite-element modeling [55,60–83]. The large number of papers on the subject of

FEM applications for electromagnetic field computations makes it impossible to mention all

of the contributions. At the same time, some of the proposed finite-element models are similar

in form. However, we would like to mention here that the first general nonlinear variational

formulation of magnetic field analysis using FEM was presented by Chari [60] and Chari and

Silvester [61]. Essential input into the development of FEM was provided by Lord, Udpa,

Lavers, and many others [63–66,69,70,72,81,83]. The software that was developed and is in

use at INDUCTOHEAT Inc., is based on the finite-element concept proposed by Lord

[63,64] and Udpa and coworkers [72,73]. This concept was adapted to IHT needs and

successfully used for several years.

4.3.3 A COMPARISON

Superficially, the FDM and FEM appear to be different; however, they are closely related. As

outlined above, FDM starts with a differential statement of the problem of interest, and

requires that the partial derivative of the governing equation be replaced by a finite-difference

stencil to provide pointwise approximation. FEM starts with a variational statement and
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provides an elementwise approximation. Both methods discretize a continuous function (e.g.,

magnetic vector potential or temperature) and result in a set of simultaneous algebraic

equations to be solved with respect to its nodal values. Therefore, the two methods are, in

fact, quite similar.

Finite-difference stencils overlap one another, and in the case of complicated workpiece

geometry they could have nodes outside the boundary of the workpiece, coil, or other

components of the induction heating system. Finite elements do not overlap one another,

do not have nodes outside the boundaries, and fit the complicated shape boundary perfectly.

As shown above, in electromagnetic field computation finite elements are usually introduced

as a way to minimize a functional. In fact, FDM can also be described as a form of functional

minimization (so-called finite-difference energy method).

Therefore, FDM and FEM are different only in the choice of mesh generation and the

way in which the global set of algebraic equations is obtained. They have approximately the

same accuracy; however, required computer time and memory are often less when FDM is

used. For example, the computer time needed to form global matrices is usually four to nine

times greater with FEM than with FDM. As one would expect, a comparison of the efficiency

of the two methods depends on the type of problem and program organization. Experience

with both methods at INDUCTOHEAT shows that FDM is not well suited for an IHT

system with complicated boundary shapes or in the case of a mixture of materials and forms

(e.g., heat treating of camshafts, crankshafts, gears, and other critical components). In this

case, FEM has a distinct advantage over FDM.

As shown above, both FDM and FEM require a network mesh of the area of modeling.

That network includes induction coils, the workpiece, flux concentrators, etc. Unfortunately,

to suit the condition of smoothness criteria and continuity of the governing differential

equation it is also necessary to take into general consideration the airspace regions. Electro-

magnetic field distribution in the air, in most cases of coil designs, can be considered useless

information, of interest only during the final design stage when evaluating electromagnetic

field exposure of the induction heater. The need to always compute the electromagnetic field

distribution in air can be considered a disadvantage of both the FDM and FEM. Another

difficulty, which appears when using FDM or FEM for electromagnetic field computation, is

how to treat an exterior region that extends to infinity. This deals with an infinite nature of

electromagnetic wave propagation. Several methods have been used taking into account this

phenomena of the infinite exterior region. Some of the methods are ballooning method,

mapping technique, and combination of finite and infinite elements. However, each of the

above-mentioned methods has certain shortcomings.

Therefore, one of the important improvements in using FDM or FEM in computation of

IHT problems is the use of IBE. The theory of IBE is not easily explained. The mathematics

required is more advanced than that needed for FDM or FEM. The interested reader will find

several texts, conference proceedings, journal articles, and surveys [49,51,83–90] that describe

various modifications of IBE. Here we will just mention that IBE will allow one to consider

only conductive bodies in the computation. This significantly simplifies mesh generation, and

decreases the computation time and required computer memory. Such improvements make

this numerical software significantly more efficient.

4.3.4 SUMMARY

We may summarize our introduction into numerical methods used for the simulation of IHT

problems very simply. Each of the above-described methods has certain advantages. In many

applications it is effective to use a combination of methods. The right choice of method

depends on the specific application and features of the induction heat-treating process.
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The use of modern software does not guarantee correct computational results. It must be

used in conjunction with experience in numerical techniques and engineering knowledge to

achieve the required accuracy of mathematical modeling. This is especially so because even in

modern commercial software, regardless of the amount of testing and verification, a compu-

tation program may never have all of its possible errors detected. The engineer must conse-

quently be on guard against various kinds of errors. The more powerful the software, the

greater the probability of errors. Common sense and engineering gut feeling are always the

analyst’s helpful assistants.

Computer modeling provides the ability to predict how different factors may impact the

transitional and final heat-treating conditions of the workpiece and what must be accom-

plished in the design of the induction heating system to improve the effectiveness of the

process and guarantee the desired heat-treating results. As an example, Figure 4.12 shows the

results of the magnetic field computation in the selective hardening of a workpiece with a

complicated shape (e.g., a section of a camshaft or crankshaft). The proper choice of the coil

and magnetic flux concentrator geometry, frequency, and power density allows the heating of

the selected areas of the workpiece. Without using the flux concentrators, the electromagnetic
Workpiece Workpiece

Workpiece Workpiece

(a)

(b)

Axis of
symmetry

Single-turn
induction coil

Power density distributionMagnetic field

Power density distributionMagnetic field

Magnetic flux
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FIGURE 4.12 Results of numerical simulation of magnetic vector potential in selective hardening.

Shown are field distributions (a) without and (b) with flux concentrator.
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field dist ribution wi ll cause the e ddy current to be indu ced not only in the desir ed areas of the

workpi ece but also signifi cantly in the adjacent a reas. Heat pro duced in these areas as a result

of the ind uced current co uld cau se unde sirable meta llurgical chan ges.

The c orrect choice of flux concentrators, their location, and properties allows t he

designer to avoid undesirable he a ting of ad jacent areas of the workpiece. Furthermore,

as a result of using flux concentrators, the heat s ource intensity i n t he adjacent areas

decreases because t he concentrator provides the preferred pa th for t he magnetic field. We

show this magneti c fi eld d istribut ion (Fi gu re 4.12) as an example of the use of numerical

techniques for modeling the heat treatment process and obtaining a desired heating pattern.

Later we discuss in detail the use of magnetic flux concentrators, their advantages and

disadvantages. It will also be shown that in order to increase coil efficiency the flux

concentrator should have a C shape. This will provide a preferred magnetic path in the

sides and in the area external to the coil.

By combining the most advanced software with an outstanding computational and

engineering background, modern IHT specialists possess a unique ability to analyze in a

few hours complex induction heating problems that could take days or even weeks to solve

using other methods including physical experiment. This leads to the saving of prototyping

dollars and facilitates the building of reliable, competitive products in a short design cycle.
4.4 BASIC ELECTROMAGNETIC PHENOMENA IN INDUCTION HEATING

As shown earlier, an alternating voltage applied to an induction coil (e.g., solenoid coil) will

result in an AC in the coil circuit. An alternating coil current will produce in its surrounding a

time-variable magnetic field that has the same frequency as the coil current. This magnetic

field induces eddy currents in the workpiece located inside the coil. Eddy currents will also

be induced in other electrically conductive objects that are located near the coil. Induced

currents have the same frequency as the coil current; however, their direction is opposite

to the direction of the coil current. These currents produce heat by the Joule effect (I2R).

A conventional induction heating system that consists of a cylindrical load surrounded by a

multiturn induction coil is diagrammed in Figure 4.13.

Due to several electromagnetic phenomena, the current distribution within an inductor

and workpiece is not uniform. This heat source nonuniformity causes a nonuniform tem-

perature profile in the workpiece. Nonuniform current distribution can be caused by several
Axis of symmetry
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FIGURE 4.13 Current distribution in coil–workpiece induction heating system.
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electromag ne tic pheno mena, includi ng (1) the skin effect, (2) the proximity e ffect, and (3) the

ring effect. Thes e effects play an impor tant role in underst anding the induction heati ng

phen omena [1–12,40, 50–53, 92,118 –121].

4.4.1 S KIN EFFECT

As one may know from the basics of elect ricity, when a direct current (DC) flows throu gh

a conduc tor that stands alone (bu s bar or cable), the current distribut ion wi thin the con-

ductor’ s cross secti on is uniform. How ever, when an AC flows through the same conductor,

the current distribut ion is not unifor m. The maxi mum value of the current den sity will

always be locat ed on the surface of the co nductor; current density wi ll decreas e from the

surfa ce of the condu ctor toward its cen ter. Thi s phen omenon of nonuni form current dist ri-

bution wi thin the cond uctor cross section is called the skin effect. The skin effe ct always

occurs when there is an AC. Therefor e, the skin effe ct will also be found in the workpi ece

locat ed inside the inductio n coil (Figur e 4.13). Thi s is one of the major factors that cause the

concen tration of eddy cu rrent in the surfa ce layer (ski n) of the workpi ece. Due to the

circum ferential na ture of the eddy current induced in the workpi ece, there is no current

flow in its cen ter.

Because of the skin effe ct, approxim ately 86% of the power will be concentra ted in a

surfa ce layer of the con ductor. Thi s layer is called the refer ence (or penetra tion) de pth (d).

The degree of skin effect depend s on the frequency and material pro perties (elec trical

resisti vity and relative magnet ic permea bility) of the cond uctor. Ther e wi ll be a pr onounc ed

skin effect when a high frequency is applie d or when the rad ius of the workp iece is relative ly

large (Figure 4.14) . The distribut ion of the current density along the workpi ece thickne ss

(radiu s) can be calcula ted by the equati on

IR ¼ I 0 e 
� y =d  (4: 37)

wher e IR is current de nsity a t distance R from the surfa ce, A/m 2; I 0 is cu rrent density at the

workpi ece surfa ce, A/m 2; y is the dist ance from the surfa ce tow ard the co re, m; and d is

penetra tion de pth, m.

Penetration dep th is described as

d ¼ 503( r=mF ) 1 =2 [m] (4: 38)

wher e r is the elect rical resistivit y of the metal, V m; m is the relative magnet ic permea bility;

and F is the frequency , Hz (cycl es pe r secon d), or

d ¼ 3160( r=m F ) 1 =2 [in : ] (4: 39)

wher e elect rical resistiv ity is in V in.

Mathem atically spe aking, the pen etration depth d in Equation 4 .37 is the distance from

the su rface of the condu ctor toward its core at which the current decreas es exponen tially to

1/exp its value at the surface. The power density at this distance will decrease to 1/exp2 its

value at the surfa ce. Fi gure 4.15 shows the percent age reductio n of cu rrent den sity and power

density from the surface toward the core. As one can see from Figure 4.15, at one penetration

depth from the surface ( y¼ d), the current will equal 37% of its surface value. However, the

power density will equal 14% of its surface value. From this we can conclude that 63% of the

current and 86% of the power in the workpiece within a surface layer of thickness d, will be

concentrated.
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An an alysis of Equation 4.38 and Equat ion 4.39 shows that the penetra tion de pth has

different values for different material s an d is a functi on of frequency . The magnetic permea -

bility m of a nonm agneti c workpi ece is equival ent to that of a ir an d is assign ed a value of 1.

The electrica l resi stivity of meta ls r is a fun ction of tempe ratur e (Figur e 4.8). Duri ng the

heati ng cycle r can increa se to four to five times its initial value. Therefor e, even for

nonmag netic meta ls, during the he ating cycle the pen etration dep th can increa se signifi cantly.

Table 4.2 shows some pe netration depths of meta ls that are most co mmonly used with

inducti on heatin g.

In co ntrast to nonm agneti c meta ls, the permea bility of magnet ic steels commonl y us ed

in heat treat ing ca n vary from 1 to more than 500, depend ing on the magnet ic field intensit y

H and tempe rature. The magnet ization curve descri bes the nonlinear relationshi p betw een

magnet ic flux de nsity B and magnet ic field intens ity H. The nonlinear variation of m¼ B/

( H m0) for a typical carbon steel is sho wn in Figure 4.16. Permeabi lity is given by the rati o

B/ H . The maxi mum permea bili ty oc curs at the knee of the curve. The magnetic field intensit y

H cr that corres ponds to the maxi mum permea bility is called a c ritical value of H . When

H > H cr , the magnet ic permea bility will decreas e with increa sing H. If  H !1, then m! 1. In

conven tional inducti on heat treat ing, the magnet ic field intens ity H surf at the workpi ece

surfa ce is much great er than H cr . How ever, there are some he at treatmen t app lications

wher e this is not true and this phe nomeno n wi ll play a n impor tant role.

Because of the items discus sed above, the same kind of carbon steel at the same tempe ra-

ture and frequency can have diff erent penetra tion dep ths due to differences in the intens ity of

the magnet ic field. Similar to the cu rrent dist ribution , the magnet ic field intens ity is at its

maxi mum value at the surfa ce of the homogeneo us workpi ece and falls off expo nentially

toward the core (Figure 4.17). As a result, the magnet ic permea bility varie s within the

magnet ic body . At the surface, msurf corres ponds to the surfa ce magnetic field intensit y

H surf. In quick calcul ations H surf can be consider ed as the field intens ity in the air gap betw een

the coil an d the workpiece . With increa sing distance from the surface, m increa ses and a fter

reachi ng its maximum value at H ¼ H cr begins to fall off (Figur e 4.17).

While discus sing the behavior of m wi thin the ferr omagnet ic workpiece, it is necessa ry to

mentio n that a definiti on of pe netration depth of current into a magnetic body in its classical

form s (Eq uation 4.38 an d Equation 4.39) , doe s not have a fully determ ined meani ng because of

the nonc onstant distribut ion of m wi thin the workpiece. In en gineering pr actice, the value of

relative magnet ic permea bili ty at the surface of the workpi ece is typic ally used to give a

determ ination of those equ ations in definite form . Here we will also use the value of msurf to

determ ine the pen etration depth in the magnet ic workpiece. Figure 4.18 an d Table 4.3 sho w the

value of the penetra tion depth in carbon steel (1045) at an ambie nt tempe ratur e (21 8 C or  708 F)

as a functi on of frequen cy and magn etic field intensit y H at the workpi ece surfa ce.

From another perspective, penetration depth is a function of temperature as w ell. At the

beginning of the he ating cycle, the c urrent penetration into the carbon steel workpiece will

increase slightly (Figure 4.19) becaus e of the incr ease in electrical resistivi ty of the m etal

wi th tem pe r ature. Wi th a f urt h er ri se of temperature (at approx imatel y 5508 C or 10228 F), m

starts to decrease more and more. Near a critical temperature Tc known as t he Curie

temperature or C urie point , permeabi lity drastically drops to unity because t he metal

becomes nonmagnetic.

As a result, the penetra tion depth will increa se signi ficantly (Table 4.4) . After heati ng

above the Curie temperature, the penetration depth will continue to increase due to the

increase in electrical resistivity of the metal (Figure 4.19). However, the rate of growth will

not be as significant as it was during the transition through the Curie temperature.

Typically, the variation of d during the induction heating of a carbon steel workpiece

drastically changes the degree of skin effect. It is especially important to take this phenomenon



TABLE 4.2
Penetration Depth of Nonmagnetic Metals (mm)

T r Frequency (kHz)

Metal 8C 8F mV m mV in. 0.06 0.5 1 2.5 4 8 10 30 70 200 500

Aluminum 20 68 0.027 1.06 10.7 3.70 2.61 1.65 1.30 0.92 0.83 0.48 0.31 0.18 0.12

250 482 0.053 2.09 15.0 5.18 3.66 2.32 1.83 1.29 1.16 0.67 0.44 0.26 0.16

500 932 0.087 3.43 19.2 6.64 4.69 2.97 2.35 1.66 1.48 0.86 0.56 0.33 0.21

Copper 20 68 0.018 0.71 8.81 3.05 2.16 1.36 1.08 0.76 0.68 0.39 0.26 0.15 0.10

500 932 0.050 1.97 14.5 5.03 3.56 2.25 1.78 1.26 1.12 0.65 0.43 0.25 0.16

900 1652 0.085 3.35 19.3 6.67 4.72 2.98 2.36 1.67 1.49 0.86 0.56 0.33 0.21

Brass 20 68 0.065 2.56 16.6 5.74 4.06 2.56 2.03 1.43 1.28 0.74 0.48 0.29 0.18

400 752 0.114 4.49 21.9 7.60 5.37 3.40 2.69 1.90 1.70 0.98 0.64 0.38 0.24

900 1632 0.203 7.99 29.3 10.1 7.17 4.53 3.58 2.53 2.27 1.31 0.86 0.51 0.32

Stainless steel 20 68 0.690 27.2 53.9 18.7 13.2 8.36 6.61 4.67 4.18 2.41 1.58 0.93 0.59

800 1472 1.150 45.3 69.6 24.1 17.1 10.8 8.53 6.03 5.39 3.11 2.04 1.21 0.76

1200 2192 1.240 48.8 72.3 25.1 17.7 11.2 8.86 6.26 5.60 3.23 2.12 1.25 0.79

Silver 20 68 0.017 0.67 8.34 2.89 2.04 1.29 1.02 0.72 0.65 0.37 0.24 0.14 0.09

300 572 0.038 1.50 12.7 4.39 3.10 1.96 1.55 1.10 0.98 0.57 0.37 0.22 0.14

800 1472 0.070 2.76 17.2 5.95 4.21 2.66 2.10 1.49 1.33 0.77 0.50 0.30 0.19

Tungsten 20 68 0.050 1.97 14.5 5.03 3.56 2.25 1.78 1.26 1.12 0.65 0.43 0.25 0.16

1500 2732 0.550 21.7 48.2 16.7 11.8 7.46 5.90 4.17 3.73 2.15 1.41 0.83 0.53

2800 5072 1.040 40.9 66.2 22.9 16.2 10.3 8.11 5.74 5.13 2.96 1.94 1.15 0.73

Titanium 20 68 0.500 19.7 45.9 15.9 11.3 7.11 5.62 3.98 3.56 2.05 1.34 0.80 0.50

600 1112 1.400 55.1 76.8 26.6 18.8 11.9 9.41 6.65 5.95 3.44 2.25 1.33 0.84

1200 2192 1.800 70.9 87.1 30.2 21.3 13.5 10.7 7.54 6.75 3.90 2.55 1.51 0.95
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FIGURE 4.16 Magnetic field density (B) and relative magnetic permeability (m).
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into account when designing for induction through hardening of carbon steel where the core-to-

surface temperature difference is primarily a result of the skin effect.

4.4.2 E LECTROMAGNETIC P ROXIMITY EFFECT

When we discus sed the skin effe ct in co nductors or cables , we assum ed that a con ductor

stands alone an d that there were no other current -carrying condu ctors in the surroun ding

area. In most practi cal applic ations this is not the case. Mo st often there are other co nductors

in close proxim ity. These co nductors have their own magnet ic fields, which inter act with

nearby fields, and as a resul t the current an d power den sity distribut ion wi ll be distorted.

An analys is of the effect on current distribut ion in a condu ctor when another c onductor is

placed nearby is given below . Figure 4.20a shows the skin effe ct and magnet ic field distribu-

tion in a condu ctor (i.e., cylind rical ba r) that stands alone. When ano ther condu ctor is placed

near the fir st one, the current s in both con ductors wi ll redistri bute. If the current s flowing in

the ba rs have oppos ite direction s, then both current s (Figur e 4.20b) will be co ncentra ted in

the areas faci ng each other (internal areas). However, if the currents have the same direction,

then these current s wi ll be co ncentra ted on oppos ite sides of the con ductors (Figur e 4.20c).

The same will be true with bus ba rs (Figur e 4.21).
Core
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H

H
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mm

FIGURE 4.17 Distribution of magnetic field intensity (H) and relative magnetic permeability (m) along

the radius of a carbon steel homogeneous cylinder.
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When the current s flow in oppos ite direct ions, a strong magnet ic field form s in the area

betw een the bus bars (Figure 4.21) . This occurs because in this area the magn etic field lines

that are produced by each bus bar ha ve the same direct ion. Ther efore, the resulting magn etic

field be tween the bus ba rs wi ll be very strong . How ever, becau se the current is concen trated in

the internal areas, the extern al magnet ic field will be weak. The extern al magnet ic fields wi ll

have opposit e directions and will tend to can cel e ach other. This pheno menon is used in

coaxial cables. The opposite is true if the currents have the same direction, for then the

magnetic field lines will have opposite directions in the area between bus bars, and therefore

they will cancel each other in that area. Because of this cancellation, a weak magnetic field

will exist between the bus bars. However, the external magnetic field will be quite strong

because the magnetic lines produced by the two conductors will have the same direction in the

external area.
TABLE 4.3
Pen etration Depth in Car bon Steel 1040 at Ambient Tempera ture of 218C (70 8 F)

Frequency (Hz)

60 500 3,000 10,000 30,000 100,000

Magnetic Field

Intensity Penetration Depth

A/mm A/in. mm in. mm in. mm in. mm in. mm in. mm in.

10 250 2.5 0.100 0.88 0.034 0.36 0.014 0.2 0.008 0.11 0.004 0.06 0.002

40 1,000 4.7 0.185 1.63 0.064 0.67 0.026 0.36 0.014 0.21 0.008 0.12 0.005

80 2,000 6.3 0.249 2.2 0.086 0.9 0.035 0.49 0.019 0.28 0.011 0.16 0.006

120 3,050 7.76 0.306 2.69 0.106 1.1 0.043 0.6 0.024 0.35 0.014 0.19 0.007

160 4,050 8.76 0.345 3.03 0.119 1.24 0.049 0.68 0.027 0.39 0.015 0.21 0.008

200 5,100 9.63 0.379 3.33 0.131 1.36 0.054 0.75 0.029 0.43 0.017 0.24 0.009

280 7,100 11.2 0.442 3.89 0.153 1.59 0.062 0.87 0.034 0.50 0.02 0.27 0.011
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FIGURE 4.19 Typical variation of current penetration depth during induction heating of carbon stee

workpiece.

TABLE 4.4
Penetration Depth in Carbon Steel 1040 at Ambient Temperature of 621˚C (1,150˚F)

Frequency (Hz)

60 500 3,000 10,000 30,000 100,000

Magnetic Field

Intensity Penetration Depth

A/mm A/in. mm in. mm in. mm in. mm in. mm in. mm in.

10 250 5.6 0.337 2.97 0.117 1.21 0.048 0.66 0.026 0.38 0.015 0.21 0.008

40 1,000 15.5 0.611 5.38 0.212 2.20 0.086 1.20 0.047 0.69 0.027 0.38 0.015

80 2,000 20.9 0.824 7.25 0.285 0.96 0.117 1.62 0.064 0.94 0.037 0.51 0.02

120 3,050 24.5 0.966 8.50 0.335 3.47 0.137 1.9 0.075 1.1 0.043 0.60 0.024

160 4,050 27.4 1.08 9.48 0.373 3.87 0.152 2.12 0.083 1.22 0.048 0.67 0.026

200 5,100 29.8 1.17 10.3 0.406 4.2 0.166 2.31 0.091 1.33 0.052 0.73 0.029

280 7,100 33.5 1.32 11.6 0.457 4.74 0.187 2.60 0.102 1.50 0.059 0.82 0.032
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l

If the dist ance be tween bars increa ses, then the stre ngth of the pro ximity effe ct will

decreas e. Pr oximity effect in the case of nonsy mmetric al systems is shown in Figure 4 .22.

The phe nomeno n of pro ximity effect can be direct ly applie d in indu ction heatin g. Induc-

tion syst ems con sist of two cond uctors [41] . One of these co nductors is an inductor that

carries the source cu rrent (Figur e 4.23), an d the other is the workpiece that is located near the

inductor . Eddy c urrents are induced in the workpi ece by an external alte rnating magnet ic

field of the sou rce current (Figur e 4.23b) . As shown above, due to Far aday’s law (Equatio n

4.7), eddy current s ind uced within the workpi eces ha ve a direct ion opposit e to that of the

source current of the inductor . Ther efore, due to the proxim ity effect, the coil current an d

workpi ece eddy current s will con centra te in the areas facing each oth er (Figur e 4.23a) . Thi s is

the seco nd factor that causes a current red istribution in an indu ction heati ng syst em as shown

in Figure 4.13.

Figure 4.24 sh ows how the electromag ne tic proxim ity effe ct pro duces different heati ng

patte rns. A carb on steel cylind er is locat ed nons ymmetri cally inside a single-t urn inductor . If

the cylinder is static (does not spin), then two different patterns will develop in its cross section.

The appearance of these patterns is caused by a difference in the eddy current distribution in the

cylinder. As shown in Figure 4.24, the eddy currents have a higher density in the workpiece area



(a)

(b)

(c)

FIGURE 4.20 Proximity effect in cylindrical conductors: (a) single cable; (b) cables with opposite

currents; (c) cables with similar currents.
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where the coil–workpiece air gap is small (good coupling). Therefore, there will be intense

heating due to the Joule effect. As a result, the heat pattern will be relatively narrow and deep.

A lower frequency will result in a wider heat pattern and vice versa.
Opposite currents

Similar currents Magnetic field intensity

Magnetic field intensity

FIGURE 4.21 Current distribution in bus bars due to proximity effect.



Opposite currents Similar currents

FIGURE 4.22 Proximity effect in nonsymmetrical systems.
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In the area with the larger air gap (poor coupling) the temperature rise will not be as

significant as in the case of good coupling. Also, the heat pattern will be much wider and more

shallow.

In the case of an unequal coil–workpiece air gap, an almost identical heat pattern can be

obtained by rotating the workpiece.
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FIGURE 4.23 (a) Current distribution in a straight conductor. (b) Current redistribution due to the

proximity effect. (c) The slot effect.



Workpiece
Single-turn

coil
Single-turn

coil

Coil axis of 
symmetry

Coil axis of 
symmetry

Heating
pattern

Eddy
current

FIGURE 4.24 Proximity effect in nonsymmetrical single-turn inductors.
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An underst anding of the physics of the electromag ne tic proxim ity effe ct and skin effe ct is

impor tant not only in inducti on heati ng but also in power supply and bus bar design. The

prop er design of a bus ba r netw ork will signifi cantly decreas e its impeda nce.

There is a nother elect romagne tic effect that is related to the pro ximity effect. This is call ed

the slot effect.

4.4.3 ELECTROMAGNETIC S LOT E FFECT

Wh en we discus sed the prox imity effect, we first introd uced the cu rrent dist ribut ion in a

stand- alone condu ctor (Figur e 4.23a) and then observed the current red istribution when a

con ductive load (workpiece ) was located near this condu ctor (Figur e 4.23b) . As shown in

Figure 4 .23b, a significan t pa rt of the c onductor’ s current will flow near the surfa ce of the

con ductor that faces the load. The remaind er of the current will be co ncentra ted in the

sides of the condu ctor [141] .

Continuing our study, let us locat e an externa l magnetic flux concentra tor (e.g ., C- shaped

lamin ations) arou nd this cond uctor as shown in Fi gure 4.23c. As a result, practi cally all of the

con ductor’s current will be concen trated on the surfa ce facin g the workpi ece. The magn etic

con centrator will sq ueeze the cu rrent to the open surfa ce of the cond uctor, in other words to

the open area of the slot. It is necessa ry to mentio n he re that the slot effe ct will also take place

withou t the workpi ece. In this case, the current wi ll be sligh tly red istributed in the condu ctor,

but most of it will still be concentrated in the open surface area. This effect always occurs

when there is a conductor located within the magnetic slot. The actual current distribution in
x x x

FIGURE 4.25 Ring effect in rectangular conductors.
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the con ductor depen ds on the frequency , magnet ic field intens ity, geo metry, and electromag -

netic pro perties of the cond uctor and the conc entrator.

Slot and proxim ity effe cts play a particular ly impor tant role in the proper design of co ils

for selective inducti on harden ing including channel, hairpin , odd- shaped, spira l–helical , an d

pancak e types of inductor s.

The slot effe ct is widely used not only in connecti on with inducti on heati ng but also in the

design of other indust rial machi nes su ch a s motor generat ors and AC an d DC machin es.

4.4.4 E LECTROMAGNETIC R ING E FFECT

Up to now we ha ve discus sed current density dist ribution in stra ight co nductors . One such

cond uctor, a rectangu lar bus bar, and its current distribut ion are shown in Figure 4.25. If that

bar is ben t to shape it into a ring, then its current will be redis tributed also. M agnetic flux lines

will be concen trated insi de the ring, and theref ore the densit y of the magnet ic fiel d will be

higher insi de the ring. Outs ide the ring, the magnet ic flux lines will be disse minated. As a

resul t, most of the current wi ll flow within the thin insid e surfa ce layer of the ring [5]. As one

can see, this ring effe ct is so mewhat simila r to the proxim ity effect. Figu re 4.26 also sh ows the

appearan ce of the electro magnetic ring effe ct in cylind ers. As one can see, this effe ct leads to a

concen tration of current on the insi de surfa ce of the inducti on coil. The ring effe ct takes place

not onl y in singl e-turn inductor s but also in mult iturn coils. Ther efore, it is the third

electromagnetic effect that is responsible for the current distribution in an induction system

shown in Figu re 4.13.

The appearance of the ring effect can have a positive or negative effect on the process. For

example, in conventional induction heating of cylinders, when the workpiece is located inside

the induction coil this effect plays a positive role because in combination with the skin and

proximity effects it will lead to a concentration of the coil current on the inside diameter (I.D.)

of the coil. As a result, there will be close coil–workpiece coupling, which leads to good coil

efficiency.

The ring effect plays a negative role in the induction heating of internal surfaces (so-called

I.D. heating), where the induction coil is located inside the workpiece. In this case, this effect

leads to a coil current concentration on the I.D. of the coil. This makes the coil–workpiece

coupling poor and therefore decreases coil efficiency. However, despite the ring effect, the

proximity effect here tends to move the coil current to an outside surface of the coil.

Therefore, the coil current distribution in such application is a result of two counteracting

phenomena: the proximity and ring effects. It should be mentioned here that in order to help

the proximity effect dominate the ring effect, in a great majority of I.D. heating applications,

a magnetic flux concentrator is located inside of the coil. This allows a slot effect to appear
FIGURE 4.26 Ring effect in round conductors.
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and assist the proximity effect to increase the coil efficiency and overcome the ring effect. The

ring effect plays an important role in power supply design also. Because of this effect, the

current is concentrated in areas where bus bars are bent, which leads to undesirable over-

heating of certain areas of the bus bar. To avoid local overheating it is necessary to take this

effect into account when designing the cooling circuit for the bus bar.

4.4.5 HEATING AND COOLING DURING INDUCTION HEAT TREATMENT

Up to this point we have been describing the electromagnetic process that takes place in

induction heating. This must now be combined with the generation of heat that is produced

by the Joule effect in the workpiece (I2R). To obtain a complete picture of the induction

heating process, we must also examine the heat transfer process. To simplify this, let us

discuss the features of induction heating of a carbon steel cylinder located inside a solenoidal

coil. The process of induction heating of a magnetic cylinder from an ambient temperature or

a temperature below the Curie point to a temperature above it has several features that should

be taken into account when designing a modern induction system.

Figure 4.27 shows the dynamics of the change of surface and core temperatures with

constant current applied to the coil. As shown above, if the temperature of carbon steel

is changed, some of the properties that affect the electroheating process also change. The
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FIGURE 4.27 Change of coil parameters with time during surface hardening of carbon steel cylinder.
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most signi ficant of these are specific heat, electrica l resi stivity, and magnetic permea bility

(Figur e 4.5, Figure 4.8, and Figure 4.9) . At the first stage of the heating cy cle the entir e

workpi ece is magnet ic, magnet ic permea bility is quite large , cu rrent penetra tion depth is very

small (accor ding to Equat ion 4.38 and Equation 4.39) , and theref ore the skin effect is pro-

nounc ed. At the same tim e, because of the relative ly low tempe rature, the heat losse s from the

cylin der surface at this stage are relative ly low. Because of the pr onounc ed skin effect, the

induced power ap pears in the fine surfa ce layer of the workpi ece. Thi s leads to a rapid increa se

in tempe ratur e at the surfa ce with no change at the co re. Figure 4.28a shows the tempe ratur e

and he at sou rce dist ribut ion along the radius of the workpi ece at this stage . The maxi mum

tempe rature is locate d at the surface. Thi s stage is charact erize d by intens ive heatin g and the

existenc e of a large temperatur e different ial wi thin the workpi ece. As one can see from Figure

4.28a, the tempe rature profile doe s not matc h the he at so urce profi le be cause of therm al

cond uctivity l, whi ch spreads the heat from the surfa ce toward the core.

During this stage , the elect rical efficienc y (Figur e 4.27b) increa ses due to an increa se in

electrical resistivity r of the metal with temperature (Figure 4.8). At the same time, the

magnetic permeability m remains high, and a slight reduction of m does not affect the rise

in electrical efficiency. After a short time, electrical efficiency reaches its maximum value and
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heating of 2 in. cylinder (frequency is 25 kHz).
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then star ts to decreas e. The surface will reach the Curi e temperatur e first, and after that the

heat intens ity at the surfa ce will signifi cantly decreas e. Thi s will take place primaril y for two

reasons :
1. Specif ic heat has its maximu m value (a peak) ne ar the Curie point (Figur e 4.5). The

value of the specific he at deno tes the amo unt of energy that must be absorbed by the

meta l to achieve the requ ired he at. There fore, that peak leads to a decreas e in heat

intens ity in the surfa ce.

2. Steel in the surfa ce area loses its magnet ic prop erties and m drops to 1 . As a result, the

surfa ce power densit y an d he at sources also wi ll decreas e.
Figure 4.28b shows the tempe rature profi le an d heat so urce dist ribut ion along the radius

of the cyli nder after the surfa ce tempe ratur e passes the Curie poi nt (second stage ). At this

stage , the elect rical resisti vity of the carbon steel increa ses appro ximatel y two- to threef old

compa red to its value in the initial stage . A decreas e of m and an increase of r cause a six- to

tenfol d increa se in penetra tion de pth from its value in the init ial stage [93] . Mo st of the power

is now induced in the surfa ce and the intern al layer s of the workpi ece. This stage can be

charact erize d as the bipropert ies stage of steel. The workpi ece surface beco mes nonm agnetic;

howeve r, the internal layers of the bar remai n magnetic. Thi s stage takes place until the

thickne ss of the nonm agnetic layer is less than the pen etration depth in hot steel . Heat sources

have a unique wavesha pe (wavefor m) that is different from the classical expo nential dist ri-

bution. Figure 4.28b shows that at the cylinde r surfa ce there is a maxi mum of the heat

sources . Then the he at sources decreas e tow ard the core. How ever, at a dist ance of 1.4 mm

from the su rface, the he at sources star t to increa se again. This takes place becau se of the

remai ning magnet ic prop erties of the steel at this dist ance. It is necessa ry to mention he re that

in some ap plications , due to the bipropert ies phen omenon, the maxi mum value of heat

sources can be locat ed in an intern al layer of the workpiec e and not on its surfa ce.

It is parti cularly impor tant to take into account the existen ce of the biproperties structure

in designin g the con tour-harden ing pro cesses.

Finally, the thickne ss of the surface layer wi th nonm agnetic propert ies exceed s the

pen etration depth in hot steel and the biprop erties phe nomeno n is not pro nounce d an d wi ll

finally disappea r. The power den sity will then have its class ical ex ponentia l distribut ion

(Figur e 4.28c).

Time an d tempe ratur e are the two major facto rs responsi ble for establis hing the requir ed

meta l struc ture and providi ng efficie nt control of process pa rameters su ch as distorti on.

Rapid heating will tend to heat only the outer surface layer; in effect the hardened depth is

approximately equal to the heated depth. This results in a very small transition area. As time

is increased and power density is reduced, the temperature within the required depth of

hardening will remain approximately the same; however, the temperature of internal areas

of the workpiece will increase.

As seen in Fi gure 4.29a, a he ating time of 1.5 s shows no rise in core tempe rature and a slight

increase in temperature in the internal areas of the workpiece. A heating time of 3.0 s (Figure

4.29b) leads to a small rise in core temperature, while a heating time of 10.0 s (Figure 4.29c) leads

to a significant rise in core temperature. In all the three cases, the required temperature at the

hardened depth (2 mm from the surface of the workpiece) is approximately the same. Below the

hardened depth is where the difference is seen as the temperature of internal layers begins to

increase. Physics indicates that the more heat induced in the workpiece, the greater the mass

heated and the greater the expansion, thus leading to more distortion.

From the point of view of decreasing part distortion, it is desirable to have the heating

time as short as possible. However, there are more limitations. First, the material must reach

the minimum required temperature at the depth to be hardened. If the frequency or surface
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FIGURE 4.29 Temperature profiles during different stages of induction hardening (10 kHz). T2 mm

internal temperature (2 mm below surface).
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power density is too high and the skin effect is pro nounced when the tempe ratur e at this depth

reaches the requir ed v alue, then the surface could overheat or even melt. Seco nd, as a resul t of

the sho rt cycle time, large tempe ratur e g radients will be presen t and thermal stre sses can reach

their crit ical value. Chapter 10 of Steel Heat Tr eatment : M etallurg y and Technolo gies of

consis ts of a de tailed analys is of the crackin g, dist ortio n, a nd resid ual stresses that ap pear

during heat treatment of the metals.

As one can see, the choice of frequency is not as easy a task as it woul d seem to be at first

glance an d requ ires a detai led evaluat ion of the en tire pro cess. Practical reco mmendat ions in

choo sing the frequency and other design pa rameters are present ed in the nex t section .

Up to now, we have discussed the heating process during IHT. However, as shown in

Chapter 9 of Steel Heat Treatment: Metallurgy and Technologies, quenching is also one of the

most important components of the heat treatment process. As an example, Figure 4.30 shows

the dynamics of the induction heating of a carbon steel cylinder and its cooling during

quenching [93]. As discussed later in this chapter, with IHT of carbon steel, the quenching

must typically begin immediately after the required heating temperature is reached. As shown in

Figure 4.30, after 4.1 s of induction heating the surface layer reached its required final

temperature (approximately 10508C or 19228F). The core temperature did not rise significantly

because of several factors such as a pronounced skin effect, the quite intensive heating process,
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and short heating time. Because of these factors the heat soak from the surface of the workpiece

toward its core was not sufficient.

After the heatin g stage is comp lete, the quench ing process be gins. In the first stage of

que nching the high tempe ratur e of the workpi ece su rface layer be gins to lesse n. Figure 4.30

shows that afte r 2 s of que nching the surfa ce tempe rature wi ll be reduc ed by as much as

450 8 C. This resul ts in a workpi ece surfa ce tempe ratur e of 6 00 8C (1112 8 F). At this point, the

maxi mum tempe rature wi ll be locat ed at a distan ce of 3 mm inw ard from the su rface. It is

necessa ry to note that at this stage two heat transfer phenomen a will take place. First , the

surfa ce layer s will co ol as discussed above. The second phe nomenon is the he ating (soaki ng)

effe ct of the core. After 5 s of quen ching the surface tempe ratur e will dec rease almos t to the

tempe ratur e of the que nchan t. At the same tim e, the core is still quite war m. Core tempera-

ture is less than 400 8 C (7528 F). In some cases, hea t treat ers do not cool the part complet ely.

After the pa rt is unload ed from the ind uction coil, it is ke pt for some tim e on the shop floor at

an amb ient tempe ratur e. Du ring that time, the heat of the warm core soak s toward the

surfa ce. In time, the temperatur e distribut ion within the pa rt will eq ualize. In this case, the

remai ning heat is us ed for slight tempe r-back, whi ch gives the pa rt a nonbrit tle struc ture.

The rate of cooling during the quench ing process dep ends on severa l factors, includi ng the

type of quench ant, tempe ratures, flow rate, geomet ry, and mate rial prop erties of the meta l.

The design features of quenching are discussed in the following section.
4.5 COIL CONSTRUCTION AND DESIGN CONSIDERATIONS

The terms inductor, coil, or work coil refer to a current-carrying conductor near a part or

workpiece to be heated. The AC in this inductor creates a time-variable magnetic field that

links the inductor and the workpiece.

As sh own earlier, by Farad ay’s law (Equati on 4.7) , this varyi ng magnet ic field

causes a voltage to be induced or magnetically coupled from the inductor to the workpiece.

The magnitude of this induced voltage is determined by the rate of change of the magnetic

flux in the workpiece as well as the number of turns in the induction coil (e¼�N dF/dt). The

presence of voltage or potential difference in the workpiece leads to the flow of current and

subsequent I2R loss or power dissipated in the workpiece. This power loss depends on the

workpiece resistivity and manifests itself in the heating of the workpiece. This is the unique

process referred to as induction heating.
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The heat-trea ting co il is usually mounted to a trans form er for impeda nc e matc hing.

Impedance (load) matching in IHT is discus sed in Chapter 5. In this section we discus s the

basics of inductor design and some of the thought processes it involves. The major intent of

this section is to discuss some principles of coil design and to share experience and knowledge

in building IHT equipment. We also discuss cases in which workpieces or parts can only be

heat treated by induction and others in which induction can be considered an option along

with other kinds of heat treatment. Practical advice and recommendations are presented here

as well.

Inductors or coils are typically made of copper because of its high electrical conductivity

and therefore low-power loss. Other important reasons for using copper in coil manufacture

are that copper is relatively inexpensive and has good thermal and mechanical properties.

Oxygen-free high-conductivity (OFHC) copper is commonly used for high-power or high-

frequency applications. Coils made of OFHC copper are expected to have a longer life than

coils constructed of commercial grade copper. Inductors are constructed of tubing or solid

machined blocks and are almost always water-cooled. The tubing may be as small as 1/8 in. in

diameter and is usually no longer than a rectangular size of 0.5� 1.5 in. Tubing can be

wrapped or brazed together to produce wider turns. It must be large enough to permit

adequate flow of water for cooling. In cases where water passages will not allow adequate

flow, a high-pressure booster pump is required. With machined coils, water passages must be

smooth and free of burrs.

The formula that expresses adequate flow in the coil is

gpm ¼ PK1K2

K3DT
(4:40)

where gpm is gallons per minute, P is the total coil power, kW; K1 is a tubing coefficient (for

the great majority of high-frequency induction heat-treating applications K1¼ 0.5); K2¼ 3415

is a convention constant that is derived from Btu/kWh; K3 is a conversion constant that

represents the heat capacity of water (typically K3¼ 500); and DT is the permissible tempera-

ture rise in the cooling water, normally 408F or less, to allow for proper cooling of the copper.

DT can be measured by installing an in-line thermometer as close to the water outlet as

possible. However, it is necessary to keep in mind that some coil designs in heat treatment

applications are dictated by the required heat treatment pattern. Therefore, there could be

situations where adequate water flow is not obtained, thus the coil life will be limited.

In past years, IHT equipment was cooled by using process water from cooling towers or

from a local source such as city water. Water quality would vary widely from facility to

facility. It was found that electrolysis can occur in power equipment with high DC voltage

potentials in the water paths, which can result in corroded water pipes and plugged circuits.

This problem is compounded greatly by the presence of any ferrous metals in the water. Thus

there was a need for a closed-loop water system, in which water quality can be controlled very

closely. The entire loop can be constructed of nonferrous metals. Once the closed-loop system

is charged with nonconductive, acid-free water it will stay relatively nonconductive with very

little maintenance. Sometimes slightly alkaline water can be used.

In applications that require a water-recirculating system, that system can be bolted

directly to the power supply or it can be a stand-alone unit. It may also cool more than one

induction system, including coils and solid-state power supplies. Usually closed-loop water-

recirculating systems have a plate heat exchanger, which allows heat to be removed quickly

and efficiently. Typically, the heat exchanger is made with carefully selected, well-engineered

components that resist corrosion and ion contribution, ensuring a long life and trouble-free

operation. Plumbing requires a special consideration. Ferrous metals or aluminum should not

be used for plumbing. Copper, brass, polyvinyl chloride (PVC), or certain types of stainless
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steel are good choices for pipes, tubes, hoses, etc. Because ionized water or any magnetic

particles in the system can cause electrolysis or arcing, deionized water is used to protect the

electronic devices within the power supply. However, in newly designed power supplies (i.e.,

IGBT and FET styles) the water does not come in contact with high AC voltage potentials,

thus eliminating the electrolysis problem. The water system, if used, should be sized for the

entire induction system (i.e., based on the total heat dissipation required). Two of the most

popular compact closed-loop water-cooling and -recirculating systems are shown in Figure

4.31 along with some data on three models of each [95,96].

Coil-cooling design is a very important part of induction heater design. Because of

electromagnetic phenomena discussed earlier (skin effect, proximity effect, and ring effect),

the current distribution in the conductors can be significantly nonuniform. Therefore, in some

applications the location of cooling is critical. It is obvious that the coil cooling should be as
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FIGURE 4.31 (a) INDUCTOHEAT’s stand-alone closed-loop water-cooling and-recirculating systems.
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close as possible to the heating face. The heating face wall thickness should increase as the

frequency decreases. This fact is directly related to the penetration (reference) depth of

current in the copper and holds for both solid machined and tubing coils. For quick

estimation of the penetration depth in the copper, d1 can be calculated with the formulas

d1 ¼
70ffiffiffiffi
F
p [mm] or d1 ¼

2:75ffiffiffiffi
F
p [in:] (4:41)

where F is frequency, in Hz.

The most effective thickness of the conductive part of the tubing wall (d1) can be

calculated as d1 ffi 1.6d1. A tubing wall of the induction coil smaller than 1.6d1 results in a

reduction in coil efficiency.

In some cases the tubing wall may be thicker than the calculated penetration depths.

This is because it may be not mechanically practical to use a tubing wall thickness of 0.01 in.

(e.g., in the case of high or radio frequency). Some guidelines for wall thickness are shown

in the following table (where RF, radio frequency; AF, audiofrequency, and LF, low

frequency).



Copper Wall Thickness (in.) Frequency (kHz)

0.032–0.048 450–50 (RF)

0.065–0.090 25–8.3 (AF)

0.125–0.156 10–3 (AF)

0.156–0.250 3–1 (LF)
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As shown above, the penetration depth is the actual depth at which the current flows on the

copper surface. The rest of the coil serves other mechanical purposes such as cooling, quench

pocket design, and support against mechanical flexing caused by electromagnetic forces. At

higher frequencies, coil currents are typically lower. As frequency is lowered, more attention

must be paid to coil support and brazed joints. There is also more vibration at lower frequen-

cies, especially at the turns near both ends of the multiturn solenoidal coil or split-return

inductor. Nonmagnetic metal studs held together with an insulator can be added for support.

Brazed joints and copper may work harder and develop fatigue from the on–off cycling of

power. The clearance in silver solder joints should be held to a minimum. The silver should flow

from capillary action in joints that are critical. The areas that do not participate in the actual

heating can be less precise. These include cooling tubes, covers for water pockets, studs for coil

support, and any other items that are not expected to carry current. Commonly used silver

solder contains 35–45% silver. Experience in using silver solder with this silver content has

shown that it flows well and has relatively low electrical resistance.

4.5.1 FOREWORD TO INDUCTOR DESIGN

Before the indu ctor design can begin, some design parame ters must be establ ished. The first

woul d be the style of inductor . Several things must be analyze d such as cu rrent path,

workpi ece geomet ry, cycle time, power, and frequenc y. Electr ic cu rrent, like water in a

stre am, takes the pa th of least impeda nc e. This is true in the workpiece as well as the indu ctor.

The workp iece must pro vide a complet e path for current (Figur e 4.32). Care must be taken to

avoid current paths that cancel each other (Figure 4.33, left), because the current cancellati on

can lead to a signi ficant decreas e in elect rical efficienc y.

Typical ly, frequenci es used in surfa ce-har dening applic ations result in a pronou nced skin

effe ct, whi ch preven ts ed dy current s indu ced within the workpiece from cancelin g each oth er.

Ther efore, in su rface hardening, current can cellation typicall y doe s not take place.

In heat treatmen t a pplications such as through ha rdening, tempe ring, normal izing , and

ann ealing, applied frequenci es are much low er than in surfa ce-har dening applic ations, and

care sho uld be taken to avoid current cancell ation. Tabl e 4.5 lists the recomm end ed frequen-

cies for induction heating of steel cylinders above the Curie temperature.

If the workpiece has an irregular shape (e.g., C-shaped tubes, odd-shaped parts, or slotted

cylinders, Figure 4.32), the eddy current will flow on the inside area of the part in order to
Coil Part Coil Part

FIGURE 4.32 C-shaped and slotted parts.
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FIGURE 4.33 Current cancellation in induction heating of C-shaped parts.
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provide an unin terrup ted current loop and current can cellation can take place. The basic rule

of thumb that will allow one to avoid current cancell ation is that the current penetra tion

depth should be no more than one third of the thickne ss of the current -condu cting path.

In some applic ations, it is very effecti ve to use a dual-frequen cy de sign. This requires the

use of a low freque ncy during the stage when workpi ece surfa ce layer s retain their magnet ic

propert ies (below the Curie point) . In the secon d stage , when the workpi ece becomes non-

magnet ic and pen etration dep th is increa sed up to two to five times, it is more efficie nt to use

a higher frequen cy.

Workpiece geomet ry and hardn ess patte rns are two of the major fact ors that can de ter-

mine the ind uctor sha pe and style. For inst ance, so me pa tterns may be obtaine d only with a

single-s hot inductor . Along the same line of thinki ng, the desir ed cycle time may be obtaine d

only with a pa rticular styl e of inductor . The coil geomet ry is affected by the frequency also.

In ind uction su rface harden ing the requ ired frequency is primaril y dictated by the har-

dened depth and hardness patte rn and is direct ly related to the refer ence dep th. As a basic rule

of thumb, the required frequency can be found from the condition

4

Xhd

� �2

< frequency <
16

Xhd

� �2

where Xhd is required hardened depth in mm (1 mm < Xhd < 4 mm).

Required power can be approximated by using 5–15 kW/in.2 of workpiece surface area

(Table 4.6). High power de nsity will prod uce a shall ow patte rn; con versely, low power den sity

will produce a deep pattern. When higher power density is used, the life of the inductor is

limited.

The data in Table 4.5 and Table 4.6 are very useful for quick ballpark estimates of

inductor parameters. The entire machine concept and material handling are based on the
TABLE 4.5
Frequency for Deep Heating Steel Cylinders above Curie

Frequency (kHz) 0.06 0.5 1 3 10 30

Outside diameter (in.) > 12 3.5–7.5 2.5–5 1.5–3.5 1–2 0.5–1.5



TABLE 4.6
Heating Frequency and Power Density to Obtain Various Hardening Depths in Carbon Steel

Frequency (kHz) Hardened Depth (in.)

Power Density (kW/in.2)

Low High

450 0.015–0.045 7 12

0.045–0.090 3 8

10 0.060–0.090 8 15

0.090–0.160 5 13

3 0.090–0.120 10 17

0.160–0.200 5 14

1 0.200–0.280 5 12

0.280–0.350 5 12

Contour gear hardening

450–200a 0.015–0.045 15 25

aA low power density preheat at 3 or 10 kHz is recommended for contour gear hardening.
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coil style selec ted for the pa rticular app lication. For this reason, it is important to establis h

the above featu res before the first line is drawn on pa per.

4.5.2 TYPICAL P ROCEDURE FOR DESIGNING INDUCTOR -TO -WORKPIECE C OUPLING GAPS

The first step in designi ng an inductor is to draw an outli ne of the workpi ece to be heated.

This must be draw n accurat ely and must show the mini mum and maximu m case dep ths.

Spe cial atte ntion sho uld be given to feat ures such as holes, fillet s, sharp corners , snap -ring

groove s, and keywa ys. Thes e areas have a tendency to ov erheat or underh eat due to heat

con duction and elect romagne tic edge effe cts. The feat ures of ind uction heati ng a part with

such elem ents are discus sed later.

The inductor can then be drawn to con form to the workpi ece, depen ding on the requir ed

heat pattern. If the inductor is machi ned, the copper wall may be made thicke r to allow for

some shaping of the inductor in the test or dev elopment stage . Once the coil is developed,

the wal l thickne ss should be sized acco rding to the refer ence de pths. The coupling gap s should

be he ld to a mini mum. Ho wever, they are sometime s dictated by mate rial ha ndling, workpi ece

toler ances, an d thermal expan sion of the workpi ece during heati ng. Frequenc y is also a

con siderati on in establis hing c oil-to-workpi ece coup ling gaps. With higher frequency the

cou pling gap is more critical and more sensi tive. Any ch ange in the coup ling gap has much

less effe ct at lower frequency than in higher frequency applic ations . This is be cause the flux

lines stay closer to the coil at higher frequen cies. In cases where high frequenci es (10–45 0 kHz)

are used , it is extre mely important that the relat ionshi p betw een the workpi ece an d the

inductor remain the same from cycle to cycle.

Figure 4.34 shows the influen ce of coil-to- workpiece air gap on the hard ness pattern.

Choosi ng a prop er coup ling gap an d ke eping the necessa ry tool toler ances wi ll ensure

con sistent resul ts. Othe rwise, severe changes can occur in the heat treatment patterns.

Coupl ing gap s may be as smal l as 1/16 in. (1.5 mm) to as large as 1 in. (25.4 mm), de pending

on the frequency and the type of heati ng. Table 4.7 gives the recommen ded co upling gaps for

three frequency ranges. However, as mentioned above, these gaps may vary for different

applications.
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FIGURE 4.34 Heat patterns with a proper coupling gap compared to an improper one.
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Inductor s intende d to he at fillet areas such as those found on axle shaft s sho uld have a

large r gap on the shaft diame ter and be co upled closely to the perpen dicular flang e surfa ce.

Scan indu ctors in general should have sli ghtly more clear ance becau se of the possibi lity of

workpi ece warping. This possibi lity increa ses as the part length increases becau se mo re he at is

put into the part and more material is transform ed into mart ensite. In the case of throu gh

heati ng, the cou pling usually has to be large r than reco mmended in Table 4.7. Ther e are

severa l reasons for this. First of all, a low frequency is typicall y used for inducti on throu gh

hardening. Usual ly this type of indu ctor has a refr actory cast liner to protect the coil from

the high -temperat ure workpi ece. The coil may also have a water- cooled stainles s steel

liner. Thes e liner s are req uired to protect the coil from wear a nd mechan ical damage from

moving workpieces. Bec ause of these feat ures, through hardening, an nealing, or tempe ring

inductor s could have a relative ly large co il coupling (i.e., more than 0.5 in.). These types

of coils are typic ally multitu rn, relative ly long, and use low er power densit y than surfa ce-

hardening coils .

4.5.3 MOUNTING STYLES

The electrica l connecti on is somet imes refer red to as the mo unting foot. Ther e are severa l

basic styles for this connec tion. A standar d ke yed foot has bee n developed to ensure goo d

electrica l co ntact. It is usuall y fast ened with four 3/8- 16 stai nless steel bolts . The bolts should

be tighten ed to approxim ately 35–40 ft lb. Overtig htening of these bolts will pull the threads

from the so ft coppe r, and unde rtigh tening wi ll not produ ce a good elect rical con tact. Stainless

steel-t hreaded inserts shou ld always be used where the electrica l contact is made. Wh en fast or

frequent coil changeo ver is req uired, a quick-c hange type of moun ting foot may be recom-

mended . This can be in the form of a toggle clam p (Figur e 4.35) [97], dovetai l, or pne umatic.

It can also be keyed for accurate location. One of the main advantages of this design is that no
TABLE 4.7
Typical Coil-to-Workpiece Gap with Various Heating Frequencies

Frequency (kHz)

1–3 10–25 50–450

Coupling gap

mm 6–3 3–2 1.5

in. 0.23–0.12 0.12–0.08 0.06



FIGURE 4.35 Quick-change coil design.
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tools are requir ed. The major shortc oming is that there are power an d frequency limit ations.

For example , the toggl e clamp and dov etail type should be lim ited to 300 kW with a

frequency range of 3–450 kHz. All electrica l contact areas must be clean and free of nicks

or burrs, an d they theref ore req uire add itional care and cleani ng.

4.5.4 SPRAY QUENCH

The spray que nch design can be just as impor tant as the coil design. The quench must be

designe d for rap id heat remova l to develop the desir ed hardn ess and meta l structure.

Nonint ensive que nching resul ts in soft pea rlite-type an d bainite-t ype meta l struc tures.

Uneven quench ing makes the dist ortion problem more pro nounce d. The intensit y of

que nching depends upon the flow rate, the angle at which the quench ant strikes the

workpi ece surface, tempe rature, purity, and type of que nchant. There are three main

con siderati ons for que nch design: heat treatment pattern requ irements, styl e of the indu ctor,

and workpiece geo metry. Spray quen ching works be st if the workpi ece is rotat ed during the

que nching operati on. This will ensure unifor mity in que nching. The poi nt of impi ngement

will ha ve a faster rate of co oling than an area that is quenched from a flood of que nching

fluid . Rota ting the workpiece sim ulates a constant impi ngement rather than many small

impingements. Small orifices are required to agitate quench, to prevent steam pockets from

developing.

Various fluids, such as aqueous polymer solutions, salt water, oils, and even plain water,

are used in que nching. The features of the quen chants wer e discus sed in detail in Chapt er 9 of

Steel Heat Treatment: Metallurgy and Technologies. Here we will just mention that plain

water is seldom the best choice for quenching. Typically, steels with very low hardenability

require the use of plain water. However, the use of water results in rust, and the workpiece

distortion and cracking also become more pronounced. Polymer fluids are usually used as
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quenchants in IHT. Using a small percentage of polymer can make quenching even faster

than plain water. The polymer helps to eliminate a vapor barrier that can occur with plain

water.

The quench pattern is generally conformed to the part, just as the inductor is. When using

a single-shot inductor it is preferable to quench from two sides of the workpiece. The quench

holes should be placed facing the part at 3/16–1/4 in. intervals and have a staggered pattern.

The orifice size is related to the shaft or workpiece diameter.
Shaft Diameter (in.) Orifice Size (in.)

0.25–0.50 0.046–0.063

0.50–1.50 0.063–0.094

>1.50 0.125–0.156
For inductors where quench holes are drilled through the heating face, the holes should not

occupy more than 10% of the heating face area. To control the direction of the stream, the wall

thickness must be at least 1.5 times the orifice diameter. The inlet–outlet ratio should be at least

1:1. Baffles or deflectors should be added in the area of the inlet. These will help to obtain a more

uniform pressure distribution. The baffle hole area should also have at least a 1:1 ratio. The total

quench flow may need to be estimated for pump sizing and flowmeter sizing. This can be

approximated by finding the flow of one quench hole from the chart shown in Figure 4.36.

The flow found from this chart should be multiplied by the number of holes in the inductor.

The temperature of the quenchant can be critical. A great majority of induction-hardening

applications require quench temperatures of 24–358C (75–958F). Therefore, with start-up of

the equipment, some warm-up time can be required. Otherwise, start-up with cold quenchant

can cause cracking and part distortion. On the other hand, the use of hot quenchant results in

a reduction in hardness.
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FIGURE 4.36 Flow of a single-quench orifice. Example: at 15 psi, with seventy-two 1/8 in. holes,

gpm¼ 0.87� 72¼ 62.64.
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4.5.5 INDUCTOR STYLES —SCAN INDUCTORS

Ther e are many types of indu ctors. Three of the most common are scanning , static, and

singl e-shot. Scan ning is somet imes called pro gressive heati ng becau se either the workpi ece

moves through the inductor or the inductor mo ves and the workpi ece is station ary [98–10 2].

With a static inductor , neithe r the workpi ece nor the inductor move, except when the

workpi ece is moved in an d out of the indu ctor. Thus during he ating the workp iece remai ns

in a static position. Sin gle-shot ind uctors are also said to be static in the same way [103]. The

main difference lies in the inductor design and con struction. Single -shot inductor s are

discus sed in Se ction 4.5. 6.

The main advantag e of the scanning type of inductor is its flexibil ity in ru nning various

lengt hs of parts. This type of inductor provides a repeat able, easil y automa ted process

that can quickly adapt to new heat treatment tasks an d be easily integ rated into the work

cell .

Scan indu ctors are usu ally singl e turn (Figur e 4.37) or have two or three turns. The

numb er of turns is determ ined by the coil calculati on. From ano ther pe rspective, the number

of co il turns plays an important ro le in the tuning of the he at station and co il wi th the power

source. This problem is discussed in detai l in Chapter 5.

The more turns there are, the faster the scan rate will be. Single -turn inductor s are used

wher e a sharp pattern runout is requ ired, as is often the case, ad jacent to a snap-r ing groove.

Single -turn indu ctors can be mach ined from a solid coo per ba r, thus making them very rigid

and dur able.

Quench hole s can be integrate d into a single-tu rn scan indu ctor. Thi s type of inductor

is somet imes called a machi ned integral que nch (MIQ) inductor (see Figure 4.38) . The

quench spray should hit the part approximately 3/4 in. from the heating face and be angled

down to prevent the quench from washing back into the inductor. This dimension will vary

with different types of steel and with different scan rates [98–102]. An additional quench

follower must be added to inductors designed to run parts with varying diameters and

grooves. This ensures a good quench in the fillet and radius areas that otherwise might be

shadowed from the primary quench. A quench follower may also help to eliminate the barber

pole effect. A narrow heating face is required for a sharp cutoff in pattern. A wider heating

face or more coil turns can be used where a faster scan is desired. The main disadvantage to

this is that it will produce a gradual pattern runout and may not meet some pattern

specifications.
FIGURE 4.37 Scan inductor.
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Scan inductors that are intended to heat a fillet area as well as the shaft and the perpendicular

flange must be focused into the fillet area. They typically have flux intensifiers (flux concentrators)

to aid in focusing into the fillet. These are critical applications that require careful design to make

the inductor work because the current will try to take the shortest path and stay in the shaft area.

Ther efor e, al l e ff or ts must be m ade to focus it into t he f ille t. Sca n inductor s ha ve a good c ha nce of

working without c oil m odi fic ati on s. This is due to the fle xibil ity tha t r esult s f rom be in g able t o

v ary pow er , sc an ra te , and dela y o f quenc h t o a ch ie ve the de sir ed har dne ss pa tte rn. They a re a ls o

a ble to r un va ri ous le ngths . A d is ad v anta ge o f this induct or t yp e is tha t it is g en er al ly li mite d t o the

shaft type of parts. Scanning is recommended for shafts where power is limited and shaft length is

over 12 in.

Applicatio ns may call for horizont al or vertical scan ning syst ems. As an example , Fig-

ure 4.39 shows a Stati scan verti cal inducti on scanner with dual sp indles. Thi s system has be en

used for harden ing and tempe ring a wide variety of parts such as shafts, bars, axles, and hubs.

Parts are locat ed and held betw een center s whi le they are scan ned dur ing the cycle. The part is

rotated during the cycle by using a varia ble-speed motor . Thi s pa rticular model is pro vided

with several power rating s: from 50 to 250 kW at frequencie s from 3 to 200 kHz. A user-

friend ly keyboard on the Stati scan provides quic k setup, changeo ver, an d diagnost ics cap-

ability. To simp lify setup, uppe r tooli ng center s can be a djusted without tools . A selec tion of

standar d quick-c hange inductor mounti ngs are also helpful in minimiz ing ch angeover time.

4.5.6 I NDUCTOR STYLES —SINGLE -SHOT

Single -shot inductor s [103] are made of tub ing or machi ned from a so lid, but unlike scan

inductor s they produce an axial rather than radial current pa th. Typical ly, they have tw o

horseshoe- shaped loops that join the two legs. Thi s type of inductor require s the most care in

manufa cturin g be cause of the high power densities it must accomm odate. Bec ause of this , the

brazed joints must acc urately mate . Tongue -in-g roove joint s are prefer red. The flux fields can

usually be shaped to produce the exact hardness pattern desired; however, altering that shape

is not always easy. Sometimes a completely new inductor head must be made.

Single-shot inductors are designed for a specific heat treatment pattern on a specific

workpiece. The heat cycle for single-shot inductors is usually much shorter than for other
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inductor styles. This leads to higher prod uction rates. At high rates of produ ction, a single-

shot inductor typicall y ha s a shorte r life than scan coils.

Electrically speaking, it is always important to keep in mind that the inductor is the weak link

in an induction system and should be likened to a fuse. The inductor will fail if power is increased

to the point at which water cannot adequately cool it. Additional cooling passages may be needed

with single-shot coils, and a high-pressure booster pump is almost always required. Single-shot

inductors should be used where the workpiece has varying diameters, radii, and fillets.

4.5. 6.1 Striping Phe nomenon

Wh en discus sing specifics of induction hard ening, it is necessa ry to mentio n an effect that,

becau se of its complex ity, is not usually discus sed in IHT publica tions : the striping pheno m-

eno n. Strip ing typic ally occurs during intens ive indu ction harden ing of carbon steels wher e

high power de nsities are used. Bec ause of this effe ct, the workpiece a rea under the co il may

une xpectedl y star t to heat nonuni formly. The striping can be seen even in the case of a single-

turn c oil wi th a co nventio nal cylin drical load (Figur e 4.40) . Shortl y after the heati ng cycle

begins, altern ating hot bright areas (bright stripes) and cold areas (dark strip es) be come

visib le. These bright an d dark stripes en circle the cyli nder and thus have the shap e of rings .

The ba rber pole effect and the striping phe nomenon have never bee n obtaine d by math-

emat ical modeli ng. They ha ve be en view ed only in practical applica tions or dur ing laborat ory

experi ments on the indu ction he ating of magnet ic steels. In some applic ations striping

suddenly occurs and then disappears. There is no single explanation of this phenomenon.

The only attempt to explain it was made by Lozinskii [3] in the early 1940s. It was a very

simple description based on the knowledge available to IHTs at that time. It should be
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FIGURE 4.40 Striping phenomenon in induction heating of carbon steel cylinder.
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mentioned that Lozinskii’s hypothesis concerning striping has a certain logic and can be

accepted as an introduction to this effect. However, from our point of view, that explanation

oversimplifies the mechanism of the striping phenomenon. Since that time, there have been no

further attempts to explain this effect. Therefore, here we will briefly introduce Lozinskii’s

hypothesis along with our own point of view, which is based on modern experience and new

theoretical knowledge accumulated at INDUCTOHEAT during the development of various

IHT processes.

Assume that a magnetic cylinder is located inside a single-turn inductor (Figure 4.40). As a

result of the electromagnetic field produced by the induction coil, eddy currents will flow

within the workpiece. Due to the skin effect, these eddy currents will appear primarily in the

surface layer of the workpiece located inside the coil and cause the surface temperature of the

workpiece to increase.

Realistically speaking, any workpiece has certain nonuniformities, microscopic defects,

impurities, and nonhomogeneities. This includes structural and mechanical nonuniformities,

metallurgical nonhomogeneities, etc. As a result, different surface regions of the workpiece

will be heated slightly differently. Some will reach the Curie temperature first and lose their

magnetic properties. The relative magnetic permeability of these areas will dramatically drop

to unity (m¼ 1). This leads to a significant increase in the penetration depth in those areas.

The resistance of these nonmagnetic regions will drastically decrease compared to neighbor-

ing surface areas that retain their magnetic properties. As a result, the density of induced

currents in the low-resistance regions will increase. This leads to an increase in power density

and an increase in heat sources in these areas. At the same time, there will be a redistribution

of eddy currents in the workpiece surface. Eddy currents induced in areas that retain their

magnetic properties (dark rings) will have a tendency to rush to complete their loops through

the low-resistance paths (bright rings). This current redistribution leads to a further heat

source reduction in the magnetic areas with low temperature (dark rings) and appears as

additional heat sources in the nonmagnetic areas with high temperature (bright rings).

Therefore, positive feedback will occur. As a result, one can view in the workpiece a mixture

of ring-shaped stripes. Hot bright stripes will alternate with the relatively cold dark stripes.

Experience shows that usually the thickness of the bright and dark stripes depends primarily

on the frequency and power density and equals 1–3 current penetration depths in hot steel.

Besides the current redistribution, the striping phenomenon is a result of several other

electromagnetic and heat transfer effects, including the electromagnetic edge effect of joining

materials with different properties (i.e., magnetic and nonmagnetic metals). The electromag-

netic edge effect of joining materials with different properties (EEJ effect) occurs when two

different metals are located in a common magnetic field. To simplify the study of this effect,
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FIGURE 4.41 Sketch of the induction heating system.
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let us consider the electromagnetic process in a conventional solenoidal induction coil with

two workpieces, for example, two cylindrical billets (Figure 4.41). Assume that the billets have

different material properties (e.g., different electrical resistivity r or magnetic permeability m).

When two billets with different material properties are joined together and are located inside

an induction coil, the electromagnetic field in the joint area (so-called transition area)

becomes distorted [10,50,51]. For example, if one billet has been heated above the Curie

point (has become nonmagnetic) and the other still maintains its magnetic properties, then the

distribution of the electromagnetic field will be as shown in Figure 4.42. If the billets are long

enough, then the magnetic field intensity at their central areas will be approximately the same

and correspond to the coil current. At the same time, the power densities at the surface of the

magnetic and nonmagnetic billets will be rather different (Figure 4.42).

At the left tail end of the nonmagnetic billet (billet 1) and at the right tail end of the magnetic

billet (billet 2), there will be a nonuniform power density distribution due to the end effects of the

nonmagnetic and magneticworkpieces. At the transition area of the billets, the field distribution is

quite complicated. At the right end of the nonmagnetic cylinder (billet 1), the magnetic field

intensity and power density sharply increase. At the left end of the magnetic cylinder (billet 2),

thoseparameters sharplydecrease.This phenomenon is called theEEJ effect.Obviously, this effect

plays an important role in the appearance of the striping phenomenon and leads to a significant

redistribution of the electromagnetic field in the area of the dark rings (which retain their magnetic

properties) and in the bright high-temperature rings (which have become nonmagnetic). As one

might expect, this electromagnetic effect will cause the heat source distribution to differ from the

classical form that is traditionally assumed in the study and design of IHT processes.
Transition
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FIGURE 4.42 Electromagnetic field distortion at joint of magnetic–nonmagnetic steels.
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When discussing the EEJ effe ct, it is ne cessary to menti on that it also oc curs when bot h

workpi eces are nonm agneti c but ha ve differen t electrica l resistivit ies ( r). Figu re 4.43 shows

the power density dist ribution wi thin bill et 1 for the inducti on syste m sho wn in Figu re 4.41.

Both billets are nonm agnetic, but they have diff erent electrica l resisti vities ( r1 and r2). Wh en

the electrica l resisti vity of billet 1 ( r1) is three tim es that of bill et 2 (Figure 4.43a), then power

densit y is reduced in the joint area of billet 1. W hen r1 ¼ 0.33r 2 (Figur e 4.43b) , there is an

increa se in power density (heat sou rce).

The effect of joini ng material s wi th differen t propert ies sho uld be taken into account when

designi ng other IHT a nd inductio n heatin g syst ems a lso. For exampl e, it may ha ve a

signifi cant influence not only on the striping pheno menon but also on the final tempe ratur e

distribut ion, which sho uld be consider ed when designi ng the billet he ater, especi ally when the

inducti on equipment will operate below or just abov e the Curie point [50,51,10 8].

Experience sho ws that striping can app ear in severa l different ways. How ever, in the great

major ity of cases, v ery na rrow bright stripes (rin gs) will appear at the beginni ng of the heati ng

cycle (Figur e 4.40). W ith time, the narrow stripes will widen . At this stage, the maxi mum

tempe ratures wi ll move from the center of each ring tow ard the edges of each bright hot ring.

Duri ng the heati ng process , the stripes so metimes move back and fort h along the workpi ece

surfa ce area under the coil. W hen the lengt h of the heatin g cycle is increa sed, typicall y the

striping effect will not be pronou nced and tempe ratures will equ alize in the workpi ece su rface.

The appearance of the stripes depend s on a complex functi on of the frequency , magnet ic

field intens ity, and thermal, electrica l, an d magnet ic propert ies of the steel . It can oc cur only

when high power density is applied. If the power density is relatively low, then the temperature
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will equalize between the neighboring bright (high-temperature) and dark (low-temperature)

rings because of the thermal conductivity of the steel.

4.5.7 GEAR HARDENING

In recent years, gear manufacturers have increased their technological knowledge of the

production of quality gears. This knowledge has led to many improvements including lower

noise, lighter weight, and lower cost as well as increased load-carrying capacity to handle

higher speeds and torque with a minimum amount of generated heat [1].

Not all gears and pinions are well suited for induction hardening. External spur and

helical gears, worm gears, and internal gears, racks, and sprockets are among the parts that

are typically induction-hardened. Conversely, bevel gears, hypoid gears, and noncircular

gears are rarely heat treated by induction.

In contrast to carburizing and nitriding, induction hardening does not require heating the

whole gear. With induction the heating can be localized only to the areas where metallurgical

changes are desired (e.g., flank, root, and gear tip can be selectively hardened) and the heating

effect on adjacent areas is minimum. Depending upon the application a tooth hardness

typically ranges from 42 to 60 HRC.

One of the goals of induction gear hardening is to provide a fine-grained fully martensitic

layer on specific areas of the gear to increase hardness and wear resistance while allowing the

remainder of the part to be unaffected by the process. The increase in hardness improves

contact fatigue strength as well. A combination of increased hardness, wear resistance, and

the ability to provide a fine martensite structure, often allows the substitution of inexpensive

medium- or high-carbon steel or low-alloyed steel for more expensive highly alloyed steels.

It is not always possible to obtain a fully martensitic case depth. Depending upon the kind

of steel and prior microstructure, the presence of some amount of retained austenite within

the case depth is unavoidable (unless cryogenic treatment is used). This is particularly true for

steels with high-carbon content and cast irons.

Up to a certain point, some amount of retained austenite do not noticeably reduce the

surface hardness. However, it brings some ductility and provides better absorption of impact

energy, which is imperative for heavily loaded gears. In addition, having an unstable nature,

retained austenite has a tendency with time to transform into martensite. It introduces

additional compressive residual stresses and increases the surface hardness. From this per-

spective, a small amount of retained austenite is not only harmless but may even be con-

sidered beneficial in some cases. However, an excessive amount of retained austenite can be

detrimental because it may noticeably reduce the surface hardness, weaken bending fatigue

properties, and can result in the appearance of a crucial amount of brittle untempered

martensite during gear service life.

Another goal of induction gear hardening deals with the ability to provide significant

compressive residual stresses at the surface. This is an important feature, since it helps to

inhibit crack development as well as resist tensile bending fatigue.

The kind of steel used, its prior microstructure, and gear performance characteristics

(including load condition and operating environment) dictate the required surface hardness,

core hardness, hardness profile, gear strength, and residual stress distribution.

4.5.7.1 Material Selection and Required Gear Conditions before Heat Treatment

Steel selection depends upon features of the gear working conditions, required hardness, and

cost. Low-alloy and medium-carbon steels with 0.4–0.55% carbon content (i.e., AISI 4140,

4340, 1045, 4150, 1552, 5150) are quite commonly used for gear heat treatment by induction.
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When discussing induction hardening it is imperative to mention the importance of

having favorable metal conditions before gear hardening. Hardness repeatability and the

stability of the hardness pattern are grossly affected by the consistency of the microstructure

before heat treatment (referred to as microstructure of a green gear) and the steel’s chemical

composition [1].

Favorable initial microstructure, including a homogeneous fine-grained quenched and

tempered martensitic structure with hardness of 30–34 HRC leads to fast and consistent metal

response to heat treating with the smallest shape and size distortion and a minimum amount

of grain growth. This type of initial microstructure results in higher hardness and deeper

hardened case depth compared to the ferritic–pearlitic initial microstructure.

If the initial microstructure of the gear has a significant amount of coarse pearlite and

most importantly coarse ferrites or clusters of ferrites, then these microstructures cannot be

considered favorable because gears with such structures will require longer austenization

time and higher austenizing temperatures to make sure that diffusion-type processes are

completed and homogeneous austenite is obtained. Ferrite is practically a pure iron and

does not contain the carbon required for martensitic transformation. Pure ferrite consists of

less than 0.025% carbon. Large areas (clusters) of free ferrite require a long time for carbon

to be able to travel and diffuse into the poor carbon area of the ferrite. Otherwise, clusters of

ferrites will act as one huge grain of ferrite that will be retained in the austenite and upon

quenching a complex ferritic–martensitic microstructure with scattered soft and hard spots

will take place.

In opposition to quenched and tempered prior microstructure, steels with large carbides

(i.e., spheroidized microstructures) have poor response to induction hardening and also

require in the need for prolonged heating and higher temperatures for austenization. Longer

heat time leads to grain growth, the appearance of coarse martensite, data scatter, an

extended transition zone, and essential gear shape distortion. Coarse martensite has a nega-

tive effect on tooth toughness and creates favorable conditions for crack development.

As opposed to other heat-treating techniques, heat treatment by induction is appreciably

affected by variation in the metal chemical composition. Therefore, favorable initial metal

condition also includes tight control of the specified chemical composition of steels and cast

irons. Wide compositional limits cause surface hardness and case depth variation. However,

tight control of the composition eliminates possible variation of the heat treat pattern,

resulting from multiple steel and iron sources. Segregated and banded initial microstructures

of green gears should be avoided.

The surface condition of the gear is another factor that can have a distinct effect on gear

heat-treating practice. Voids, microcracks, notches, and other surface and subsurface discon-

tinuities as well as other stress concentrators can initiate crack development during induction

hardening when the metal goes through the expansion–contraction cycle; thermal gradients

and stresses can reach critical values and open notches and microcracks. Conversely, a

homogeneous metal structure with a smooth surface free of voids, cracks, notches, and the

like improves the heat-treating conditions, and positively affects important gear character-

istics such as bending fatigue strength, endurance limit, gear durability, and gear life.

Medium and high frequencies have a tendency to overheat sharp corners; therefore, gear

teeth should be generously chamfered if possible for optimum results in the heating process.

Because gears provide transmission of motion and force, they belong to a group of the

most geometrically accurate power transmission components. A gear’s geometrical accuracy

and ability to provide a required fit to its mate greatly affect gear performance characteristics.

Typical required gear tolerances are measured in microns, therefore the ability to control such

undesirable phenomena as gear warpage, ovality, conicality, out-of-flatness, tooth crowning,

bending, growth, shrinkage, and the like plays a dominant role in providing quality gears.
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This is why hardness pattern consistency, minimum shape and size distortion, and

distortion repeatability are among the most critical parameters that should be satisfied

when heat-treating gears.

4.5.7.2 Overview of Hardness Patterns

The first step in designing an induction gear heat treatment machine is to specify the required

surface hardness and hardness profile. Figure 4.44 shows typical locations of gear profile

measurements. In some cases, depending upon the type of gear and its application, some

customers create specific procedures for gear profile measurements.

Insufficient hardness as well as an interrupted (broken) hardness profile at tooth contact

areas will shorten gear life due to poor load-carrying capacity, premature wear, tooth bending

fatigue, rolling contact fatigue, pitting, and spalling, and can even result in some plastic

deformation of the teeth.

A through-hardened gear tooth with a hardness reading exceeding 60 HRC is too brittle

and will often experience a premature brittle fracture. Hardened case depth should be

adequate (not too large and not too small) to provide the required gear tooth properties.
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FIGURE 4.44 Typical locations of gear profile measurements. Depending on type of gear and its

application, specific procedures are created for these measurements. (From V. Rudnev, D. Loveless,

R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With

permission.)
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There is a common misconception that a uniform contour profile is always the best

pattern for all gear-hardening applications. It is not. In many cases, a certain hardness

gradient profile can provide a gear with better performance.

Operating load condition (whether there are occasional, intermittent, or continuous loads)

has a pronounced effect on the type of gear, tooth geometry, and hardness profile.

Let us briefly evaluate a variety of hardening patterns (Figure 4.45) and their effect on

gear load-carrying capacity and life [1,16]. Pattern A is a flank-hardening pattern that has

been used since the late 1940s for hardening large gears (with teeth modulus of eight and

larger). The hardened pattern occupies the tooth flank area and ends before the tooth fillet.

This pattern provides the required wear resistance, but the typical failure mode of gears with

this type of pattern is a bending fatigue caused by repeated loading. A crack typically initiates

in the tooth root and fillet area. In the harden–nonharden transition region, the residual

stresses change from compressive in the hardened area to tensile in the nonhardened area. The

maximum tensile residual stresses are located just below the end of the hardened pattern. A

combination of applied tensile stresses with tensile residual stresses creates a favorable

condition for early crack development in the root and fillet area particularly for heavily

loaded gears. Therefore, when pattern A is obtained, a mechanical hardening (i.e., roll or ball

hardening) is typically required to harden the fillet area and develop within that area useful

compressive residual stresses that will resist bending fatigue. When mechanical hardening is

not used, it is typically recommended that one uses a pattern that hardens the root areas as

well, such as that pictured in pattern I.

Pattern B is a flank and tooth-hardening pattern. This pattern has a shortcoming similar

to the previous one, featuring a poor load-carrying capacity yet can be used in cases where

wear resistance is of prime concern. Patterns E, F, and G provide better results when a

combination of wear, tear, and bending fatigue resistances is required.
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FIGURE 4.45 Induction-hardening patterns of gears. (From V. Rudnev, D. Loveless, R. Cook, and

M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)
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Pattern C is a tooth tip-hardening pattern. In this case, the gear has minimum shape

distortion. In addition, the application of gears with this pattern is extremely limited because

the two most important tooth areas (flank and root) are not hardened. As a matter of fact,

due to unfavorable residual stress distribution, the bending fatigue strength of a gear with this

pattern, as well as patterns A and B, can even be 25% lower compared to gear strength before

hardening (green gear) [17]. In most cases, patterns F and G would be better choices.

Pattern D is a root-hardening pattern. The maximum bending stresses are located in the

tooth fillet area, therefore this pattern provides good fillet and root strengthening, meaning a

combination of hard surface, sufficient case depth, and compressive stresses. The root is

essentially reinforced, thus the maximum tensile residual stresses are shifted far away from the

root and fillet surface to a depth where tensile residual stresses will not complement tensile

applied stresses during service and create bending fatigue fracture. However, the application

of this pattern is quite limited. Since the tooth flank is not hardened, this pattern provides

poor wear resistance that may result in the removal or displacement of metal particles from

the gear surface. Theoretically, it is possible to imagine the necessity of using this pattern as

well as the previous one; however, it is more practical to use another pattern, such as pattern I.

Pattern E is one of the most popular induction-hardening patterns, particularly for small-

size gears and sprockets. Because the body of the tooth is through hardened, some quench

cracking may occur. In addition, there is a danger of having a brittle fracture in gears with

through-hardened teeth, particularly those subjected to shock loads. The core should be able

to withstand impact loads and prevent plastic deformation of the gear teeth. It should also

have some ductility. This is why a low-temperature tempering is often applied. The core

strength is measured by its hardness. Low-temperature tempering lowers the final hardness

down to 52–58 HRC and provides some ductility and toughness to the gear teeth. This

pattern offers good resistance to wear and pitting.

Patterns F and G are popular patterns for medium-size gears in many applications.

According to pattern F, a case depth in the tooth root area is typically 30–40% of the depth

in the tooth tip. Slightly larger hardness depth at the tooth pitch line compared to the root is

beneficial as a preventive action against spalling and pitting. It is very important to harden the

entire gear perimeter, including the flank and root areas. An uninterrupted hardened pattern

of all contact areas of the tooth indicates good wear properties of the gear, and in addition

typically ensures the existence of an uninterrupted distribution of desirable compressive

stresses at the gear surface. Because gear teeth are not hardened through, a relatively ductile

tooth core (30–44 HRC) and a hard surface (56–62 HRC) provide a good combination of

such important gear properties as exceptional wear resistance, toughness, and bending

strength, and provide superior gear durability.

Pattern I is one of the most popular choices for induction hardening of large gears and

pinions (i.e., gears with 300 mm and even larger outside diameter, O.D.) with coarse teeth

(modules greater than eight). This pattern provides an exceptional combination of fatigue and

wear strengths as well as resistance to shock loading and scuffing (severe adhesion wear where

metal particles transfer from one tooth to another tooth), which is very important for heavily

loaded gears and pinions experiencing severe shock loads. It is recommended that for these

applications surface hardness should not be very high, typically in the range of 55–59 HRC. If

surface hardness exceeds 61–62 HRC, the gear might be too brittle and could experience some

tooth bending failures.

4.5.7.3 Gear Coil Design and Heat Mode

The variety of required hardness profiles requires different coil designs and heat modes.

Development, including coil design, is largely based on induction principles, the result
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FIGURE 4.46 Frequency influence on hardness profile with encircling induction coil. (From V. Rudnev,

D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003.

With permission.)
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of mathematical evaluation, and experience with previous jobs. The development estab-

lishes not only process parameters, including cycle times and power levels, but also coil

geometry.

4.5.7.3.1 Tooth-by-Tooth and Gap-by-Gap Inductors
Generally speaking, gears are induction heat-treated by either encircling the part with a coil

(so-called spin hardening, Figure 4.46) or, in larger gears and pinions, heating them tooth-by-

tooth or gap-by-gap (Figure 4.47) [1].

Tooth-by-tooth and gap-by-gap techniques require a high level of skill, knowledge,

and experience in order to obtain the required hardness pattern. These techniques can be

realized by applying a single-shot or scanning mode. Scanning rates can be quite high,

reaching 15 in./min and even higher. Both tooth-by-tooth and gap-by-gap techniques are

typically not very suitable for small- and fine-pitch gears (modules smaller than six).
Hardness in
root only

Hardness in
tooth only

Inductor Inductor

Flux
concentrator

Flux
concentrator

Gap-by-gap hardening of a gear Tooth-by-tooth hardening of a gear

FIGURE 4.47 Gap-by-gap and tooth-by-tooth induction hardening. (From V. Rudnev, D. Loveless,

R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With

permission.)



FIGURE 4.48 Gap-by-gap inductor and gear. (Courtesy of INDUCTOHEAT Inc.) (From V. Rudnev,

D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003.

With permission.)
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Coil geometry depends upon the shape of the teeth and the required hardness pattern.

According to the tooth-by-tooth technique, an inductor encircles a single tooth or is located

around it. Such an inductor design provides patterns B and C.

Gap-by-gap techniques require the coil to be symmetrically located between two flanks of

two adjacent teeth. This inductor can be designed to heat only the root and flange of the tooth,

leaving the tip and tooth core soft, tough, and ductile. There are many variations of coil designs

applying these principles. Probably one of the most popular is the inductor shape shown in

Figure 4.48. This type of inductor was originally developed in the 1950s by the British firm,

Delapena. Figure 4.49 shows the pattern profile for gap-by-gap induction hardening.
FIGURE 4.49 Gap-by-gap pattern profile. (From V. Rudnev, D. Loveless, R. Cook, and M. Black,

Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)
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As one can see from Figure 4.50, the path of the induced eddy current has a butterfly-

shaped loop. The maximum current density is located in the tooth root area (the center

part of the butterfly). In order to further increase the power density induced in the root, a

magnetic flux concentrator is applied. A stack of laminations or powder-based magnetic

materials are typically used as flux concentrators here. Laminations are oriented across

the gap.

Although the eddy current path has a butterfly shape, when applied with a scanning

mode, the temperature is distributed within gear roots and flanks quite uniformly. At the

same time, since the eddy current makes a return path through the flank and, particularly

through the tooth tip, proper care should be taken to prevent overheating the tooth tip.

Overheating of the tip can substantially weaken the tooth.

Gears heat treated by using the tooth-by-tooth or gap-by-gap techniques can be

fairly large, having outside diameters of 100 in. or more, and can weigh several tons. These

techniques can be applied for external and internal gears and pinions. There is a limitation to

applying these methods for hardening internal gears. Typically, it is required that the I.D. of

the internal gear exceeds 8 in. and in some cases 10 in. or more.
FIGURE 4.50 (a) Current flow on gap-by-gap inductor; (b) path of induced eddy currents has butterfly-

shaped loop. (From V. Rudnev, D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating,

Marcel Dekker, New York, 2003. With permission.)
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Both tooth-by-tooth and gap-by-gap hardening are time-consuming processes with low

production rates. Power requirements for these techniques are relatively low and depend

upon the production rate, type of steel, case depth, and tooth geometry. Modest power

requirements can be considered an advantage, because if spin hardening is used a large gear

would require an enormous amount of power that could diminish the cost-effectiveness of the

heat-treating process.

Applied frequencies are usually in the range of 1–30 kHz. At the same time, there are some

cases when a frequency of 70 kHz and even higher frequencies have been used. For example,

the NATCO submerged technique [18] applied a radio frequency of 450 kHz.

Pattern uniformity is quite sensitive to coil positioning. The coil should be symmetrically

located in the gap between the two teeth. Asymmetrical coil positioning results in a nonuni-

form hardness pattern. For example, an increase in the air gap between the coil copper and

the fillet surface on one side will result in a reduction of hardness and shallower case depth

there. Shallow case depth can diminish the bending fatigue strength of the gear. Excessive

wear of the working (contacting) side of the gear tooth can also occur.

A decrease of the air gap can result in local overheating or even melting of the gear

surface. Some arcing can occur between the coil and the gear surface. Precise coil fabrication

techniques, rigidity of the inductor, and careful alignment are required. Special locators

should be used to ensure proper inductor positioning in the tooth space. Thermal expansion

of metal during heating should be taken into consideration when determining the proper coil-

to-gear-tooth air gap.

There can be an appreciable shape and size distortion when applying tooth-by-tooth or

gap-by-gap techniques for hardening large gears and pinions. Shape distortion is particularly

noticeable in the last heating position. The last tooth can be pushed out 0.1–0.3 mm. In some

cases, distortion can also be minimized by hardening every second tooth or tooth gap.

Obviously this will require two revolutions to harden the entire gear. Therefore, final grinding

is often required. There is a linear relationship between the volume of required metal removal

and the grinding time. Thus excessive distortion leads to a prolonged grinding operation and

increases the cost. Heat treat distortion can also be compensated for previous stages of gear

design and manufacturing.

Even though there might be appreciable distortion when applying induction hardening

to large gears and pinions (e.g., mill, marine, and large transportation gears, etc.), this

distortion is not as significant compared to carburizing or nitriding. Both carburizing and

nitriding operations require soaking of gears for many hours (in some cases up to 30 h or

longer) at temperatures of 8508C (15628F) to 9508C (17428F). At these temperatures the

large masses of metal expand to a much greater extent compared to a case when only the

gear surface layer is heated. The expansion of a large mass of metal during heating and

soaking and its contraction during cooling and quenching after carburizing results in much

greater gear shape distortion compared to the distortion after induction hardening.

In addition, large gears held at temperatures of 8508C (15628F) to 9508C (17428F) for

many hours have little rigidity; therefore, they can sag and have a tendency to follow the

movement of their supporting structures during soaking and handling. During induction

hardening, areas unaffected by heat as well as areas with temperatures corresponding to the

elastic deformation range serve as shape stabilizers and lead to lower, more predictable

distortion.

It is necessary to mention here that due to small coil–workpiece air gaps (0.5–1.5 mm) and

harsh working conditions, these coils require intensive maintenance and have a relatively

short life compared to inductors that encircle the gear.
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When designing this type of indu ction heatin g process , parti cular attention sh ould be paid

to electromag netic end or edge effe cts and the ability to provide the required pattern in the

gear face areas (gear ends) as wel l as along the tooth perim eter.

When a single-s hot mo de is used, an activ e coil lengt h has approxim ately the same lengt h

as the gear width. A single-s hot mod e is more limit ed in providi ng a uniform face-to- face

hardness patte rn co mpared to the scanning mode.

For the scan ning mode, the co il lengt h is typic ally a t least twice as sho rt a s the gear

thickne ss. In order to obtain the required face-to- face tempe rature uniformit y, it is necessa ry

to use a co mplex co ntrol algorithm , power , and scan rate versus co il position . A short dwel l at

the init ial and final stage s of coil trave l is often used. Thanks to preheat ing due to therm al

cond uctivity , the dwell at the en d of coil trave l is usually shorter c ompared to the dwell at the

beginni ng of travel.

When a pplying the scanning mode for ha rdening gears with wide teet h, two techniq ues

can be used: a design con cept where the inductor is stat ionary and the gear is movabl e, and a

concep t that assum es the g ear is stat ionary an d the indu ctor is movab le.

Tooth-by- tooth and gap-by- gap techniq ues c an ha rden gears sub merged in a tempe rature-

control led tank of the quench ant. This techn ique was app lied in the original Delapen a

inducti on-hardening process. In this case, quenching is practically instantaneous and both

controllability and repeat ability of the hardness pattern are impro ved, althoug h add itional

power is req uired. The fact that the gear is submer ged in a que nchant also helps to prevent the

tempe ring ba ck problem as wel l as crack developm ent in the tooth root. In a ddition, the

quen chant serves as a coolant to the ind uctor. Therefor e, in submer ged hardening a n

inducti on coil doe s not have to be water-co oled.

4.5.7 .3.2 Gear Spin Harden ing (Encircl ing Induct ors)
Spin harden ing of gears utilizes a singl e- or mult iturn indu ctor that encirc les the part an d

usuall y req uires gear rotation. It is typicall y used for gears with fine- and medium -sized teet h

and is co nsider ed less time con sumin g and more cost-eff ective than the previous ly

discus sed process es. Ther efore, it is strong ly recomm ended to use spin harden ing whenev er it

is pos sible. Unfortun ately, spin ha rdening is not a cure-a ll and somet imes cann ot be easil y used

for med ium-size d he lical and bevel gears and large mod ule gears due to an en ormously large

amount of req uired power and diff iculties in obtainin g the desir ed hardne ss pa ttern.

Gears are rotat ed during hea ting to ensure an even distribut ion of energy acro ss their

perim eter. Rota tion rates are chosen to suit process requir ement s. W hen app lying en circling

coils, there are five parame ters that play a dominant role in obtainin g the required hardness

patte rn: frequency , power , cycle time, co il geomet ry, and que nching conditio ns. A pr oper

control of these parame ters can resul t in totally diff erent harden ed profiles.

Figure 4.51 illu strates a diversit y of ind uction-h ardening patterns that were obtaine d on

the same carbon steel shaft with varia tions in tim e, frequency , an d power . As a basic rule,

when it is necessary to harden the tooth tips only, a higher frequency and high power density

should be applied (Figur e 4.46, left). When ha rdening the tooth root, a lower frequency an d

lower power density should be used (Figure 4.46, right). A high power density generally gives

a shallow pattern; conversely, a low power density will produce a deep pattern.

In addition to the process parameters mentioned above, hardness pattern uniformity and

repeatability depend strongly upon the relative positioning of the gear and coil and the ability

to maintain gear concentricity to the induction coil.

There are several ways to accomplish quenching for spin hardening of gears. One tech-

nique is to submerge the gear in a quenching tank. This technique is applicable for large-size



FIGURE 4.51 Diversity of induction-hardening patterns, with variations in time, frequency, and

power. (Courtesy of J. LaMonte, INDUCTOHEAT Inc., Madison Heights, MI.) (From V. Rudnev,

D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003.

With permission.)
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gears. Small and medium gear sizes are usuall y que nched in place, using an integrate d quench.

The third techni que requir es the use of a sep arate co ncentric que nch blo ck (quench ring)

locat ed below the inductor .

As a general remark, it has been repo rted that more favora ble compres sive stresses within

the tooth ro ot wer e ach ieved with the gear spin- harden ing techni que than with the too th-by-

tooth or gap-by- gap approaches.

Figure 4.52 shows three of the most popul ar de sign con cepts of the indu ction gear

heat- treating proc esses that employ en circling-type coils: conven tional singl e-frequen cy con-

cept (C SFC), pulsing single-f requency concept (PS FC), and pulsi ng dua l-frequency concept

(PDFC ). All three co ncepts ca n be used in eithe r a single-s hot or scanning mode.
4.5. 7.3.2.1 Conve ntion al Single-F requency Conce pt
The CSFC is used for hardening gears wi th medium and small teet h. As one can see in

Figure 4.45 (Patt erns B and E), the teeth are often through hardened. Quite frequen tly

CSFC can also be success fully used for medium -size gears. As an exampl e, Figure 4.53

shows an indu ction gear-ha rdening machi ne that applie s this co ncept. The gear he at treated

in this applic ation is an au tomotive trans mission comp onent with helic al teeth on the I.D.

and large teeth on the O.D. for a pa rking brake . Both the I.D. an d O.D . requir e hardening

(Figur e 4.54). The hardening of the I.D. gear teeth requ ires a higher frequency than the

O.D. Therefore, a frequency of 10 kHz was chosen for O.D. heating and 200 kHz was

chosen for I.D. heating. After the heat is off, quenchant is applied to the hot gear in place;
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FIGURE 4.52 Concepts of gear hardening by induction. (From V. Rudnev, D. Loveless, R. Cook, and

M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)
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that is, no reposi tioning is req uired. Thi s practicall y insta ntaneous que nch pro vides a

consis tent meta llur gical response. Duri ng quen ching there is mini mal or no rotat ion to

ensure that the que nchant penetra tes all the areas of the gear evenly. Quen ching reduces

the gear temperatur e to the que nchant tempe ratur e or tempe rature suitable for gear

hand ling.

On the machi ne referred to abo ve (Figur e 4 .53) gea rs are conv eyed to the machi ne, wher e

they are then trans ferred by a cam-o perated robot to the heat- treating stat ion. Parts are

monit ored at each station an d accepte d or rejec ted based on all the major fact ors that affect

gear qualit y. Thi s includes energy input into the part, quen ch flow rate, temperatur e, quen ch

pressur e, a nd heat time. An advanced co ntrol and monitoring syst em verifies all machi ne

settings to provide confide nce in the qua lity of process ing for each indivi dual gear. The

precis e control of the hardening operatio ns and caref ul atten tion to the co il de sign minimiz e

part dist ortion an d pr ovide the desir able resi dual stre sses in the fini shed gear. The harden ed

gear is inspect ed and moved to the next operatio n.

Although CSFC is the most suit able for small- and medium -size gears, there are cases

when this concept can be succ essfully used for large gears as well. As an exampl e, Figu re 4.55



FIGURE 4.53 Equipment used to harden O.D. and I.D. of gear. (From V. Rudnev, D. Loveless, R. Cook,

and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)
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shows an induction machine for hardening large gears. A multiturn encircling inductor is used

for hardening gears with a major diameter of 27.6 in. (701 mm), root diameter 24.3 in. (617

mm), and thickness 3.125 in. (79 mm). In this particular case, it was in the customer’s best

interest to harden and temper in the same coil using the same power supply. In other cases it

might not be the best solution.

Quite often, in order to prevent problems such as pitting, spalling, tooth fatigue, and

endurance, hardening the contour of the gear (contour hardening) is required. In some cases,

this can be a difficult task due to the difference in current density (heat source) distribution

and heat transfer conditions within a gear tooth.
FIGURE 4.54 Some gears require hardening both O.D. and I.D. (From V. Rudnev, D. Loveless, R. Cook,

and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)



FIGURE 4.55 Induction equipment for hardening large gears. (Courtesy of INDUCTOHEAT Inc.)

(From V. Rudnev, D. Loveless, R. Cook, and M. Black, Handbook of Induction Heating, Marcel

Dekker, New York, 2003. With permission.)
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Two main facto rs compli cate the task of obtaini ng the requir ed contour hardness profile.

With encirc ling-type coils , the root area does not have good coupling with the inductor

compared to the coup ling at the gear tip. Therefor e, it is more difficul t to indu ce energy

into the gear roo t. In ad dition, there is a signifi cant heat sink locat ed under the gear root

(below the base circle, Figu re 4.46) .

4.5.7 .3.2.2 Pulsing Single-F requen cy Conce pt
In order to overcome these diff iculties and to be ab le to meet custom er specif ications,

the PSFC was de veloped (Figur e 4.52b) . In many cases, PSFC allows the user to avo id

the sho rtcomings of CSFC and obtain a contour- hardening pr ofile. Pulsing pro vides the

desir able he at flow tow ard the root of the gear witho ut not iceable overhe ating of the tooth

tip. A well-d efined , cris p, ha rdened profi le that follo ws the gear contour (Patt erns F and G)

can be obtaine d using high power densit y at the final he ating stage .

A typic al dua l pulse co ntour- hardening system, which a pplies a PSFC has been discus sed

in Ref. [1]. Thi s machin e is de signed to provide gear con tour heat treatment (includ ing

preheat ing, final heati ng, quench ing, an d tempe ring) wi th the same coil using one high-

frequency power supp ly. Fi gure 4.52 ill ustrates the process cycle with moderat e-pow er

preheat, soaking stage, short high-power final heat, and quench followed by low-power

heat for temper.

Preheating ensures a reasonable heated depth at the roots of the gear, enabling the

attainment of the desired metallurgical result and decreasing the distortion in some materials.
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Preh eat times are typica lly from severa l seco nds to a minut e, depen ding on the size and

shape of the gea r. Obvi ously, preheat ing red uces the amou nt of energy requir ed in the final

heat.

After preheat ing, there might be a soak time ranging from 2 to 10 s to ach ieve a more

unifor m tempe ratur e dist ribution across the teet h of the gear. Final he at times can range from

less than 1 s to severa l secon ds.

As a general rule, for both CSFC and PSFC techn iques the higher frequency is call ed for

by finer pitch gears, whic h typic ally requ ire a smaller case depth.

4.5. 7.3.2.3 Pulsin g Dual -Freque ncy Concep t
A thir d co ncept, the PDF C, is not new. The idea of using two diff erent frequenci es to pro duce

the desired con tour pa ttern has be en a round since the late 1950s. Thi s conce pt was prim arily

developed to obtain a contour-hardening profile for helical and straight spur gears. Several

companies, have pursued this idea.

Accor ding to PDF C (Figur e 4.52c) , the gear is preheat ed within an inducti on coil to a

temperature determined by the process features. This temperature is usually 350–1008C below

the critical temperature Ac1. Preheat temperature depends upon the type and size of the gear,

tooth shape, prior microstructure, required hardness pattern, acceptable distortion, and the

available power source. It should be mentioned that the higher the preheat temperature, the

lower the power required for the final heat. However, high preheat temperatures can result in

an increased distortion.

As in previous gear spin-hardening concepts, PDFC can be accomplished using a single-

shot mode or scanning mode. The scanning mode is typically applied for longer gears.

Preheating is usually accomplished by using a medium frequency (3–10 kHz). Depending

upon the type of gear, its size, and material, a high frequency (30–450 kHz) and high power

density are applied during the final heat stage. For the final heating stage, the selected

frequency allows the current to penetrate only to the desired depth. This process gives

excellent repeatability.

Depending upon the application, two coil design arrangements can be used when

applying the scanning or single-shot modes. In the first arrangement (Figure 4.56), one coil

and two power supplies are utilized to harden the gear. The sequence of operations is as

follows:
FIG
and
1. Gar is located within the induction coil.

2. Gear rotation is started.

3. Low-frequency voltage is applied to the induction coil.

4. Coil begins to move along the gear length and preheats the full length of the gear.
Inductor

Medium
frequency
Low power

density

High
frequency

High power
density

URE 4.56 Using one coil and two inverters for gear hardening. (FromV.Rudnev,D. Loveless,R.Cook,

M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003. With permission.)
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5. After completion of the preheating stage, the coil is disconnected from the low-fre-

quency source.

6. Upon returning to the initial position, a high-frequency voltage is applied to the coil

and a second scanning cycle begins.

7. Gear is heated to the hardening temperature and quenching is applied simultaneously

or the gear is quenched after completion of the heating stage.
The first approach has many limitations including low reliability and complexity, there-

fore in a great majority of cases, the PDFC process utilizes another type of coil arrangement.

For the second coil arrangement (Figure 4.57), two coils and two power supplies are

utilized. One coil provides preheating and another coil, final heating. Both coils work

simultaneously if the scanning mode is applied. In the case of a single-shot mode, a two-

step index-type approach is used.

Quenching completes the hardening process and brings the gear down to ambient tem-

perature. In some cases, dual-frequency machines produce parts with lower distortion and a

more favorable distribution of residual stresses compared to other techniques.

As mentioned above, when applying high frequency (i.e., 70 kHz and higher) it is

important to pay special attention to gears with sharp corners. Due to the electromagnetic

edge effect, high frequency has a tendency to overheat sharp edges and corners. This results in

weakened teeth due to decarburization, oxidation, grain growth, and sometimes even local

melting of sharp edges. Therefore, in order to improve the life of a gear, the sharp edges and

corners should be broken and generously chamfered.

The main drawbacks of the PDFC process are its complexity and high cost, as it is

necessary to have two different power supplies. In some cases, it is possible to use one dual-

frequency power supply instead of two single-frequency inverters; however, the cost of these

variable frequency devices is high.
Quench ring

Medium frequency
Low power density

High frequency
High power density

URE 4.57 One coil is used for preheat and the second coil is for final heat. (From V. Rudnev,

Loveless, R. Cook, and M. Black, Handbook of Induction Heating, Marcel Dekker, New York, 2003.

th permission.)
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4.5. 7.4 Lightening Holes

Gears are often produ ced with holes to red uce the weight of the gear. In indu ction hardening

of gears with inter nal light ening holes, includi ng hubless spu r gears an d sprock ets, cracks can

develop below the case depth in the interho le areas. Thi s crack developm en t resul ts from an

unfavo rable stre ss distribut ion during or after que nching. Proper mate rial selec tion, im-

proved quen ching techni que, and modif ication in gear design and required hardness pa ttern

can preven t crack developm ent in the lightening hole areas.

4.5.8 POWDER METALLURGY GEARS

Spe cial atte ntion should be pa id when designin g inductio n-hardeni ng machi nes for powder ed

steel gears. Thes e gears are affe cted to a much large r extent by varia tions in the mate rial

prop erties of powder ed meta ls as compared to gea rs manufa ctuere d by casting or forming.

This is be cause the elect rical resistivit y, therm al con ductiv ity, an d magnetic permea bility

strong ly depend on the density of the powder ed meta l. Var iations in the porosity of the

powder ed steel lead to scattered hardness , case de pth, and resi dual stre sses data [1]. A detailed

discus sion on powder metallur gy pa rts can be found in Refs. [1,2 0].

4.5.9 THROUGH AND SURFACE HARDENING TECHNOLOGY FOR GEAR HARDENING

Impre ssive resul ts can be achieve d not only by developi ng a sop histicat ed pro cess, but also by

using existing process es with a co mbination of ad vanced steels. Thr ough and surface hard-

ening (TSH technol ogy) is a synergist ic comb ination of advanced steels and specia l indu ction-

harden ing techni ques [21]. Thes e steels were invent ed by Dr. She peljak ovskii [21] and dist rib-

uted by ERS Engineeri ng [22]. The ne w low-al loyed c arbon steels are charact erized by very

littl e grain grow th during heatin g into the hardening tempe ratur e range. They can be substi-

tuted for more expe nsive steels that are typic ally ha rdened by conven tional inducti on or

carburi zing.

The main features of TSH technol ogy include the followi ng:

. TSH steels are relative ly inexpen sive, incorp orating signific antly smaller amoun ts (three

to eight tim es less) of alloying elemen ts su ch as man ganese, molybdenum , ch romium,

and nickel.
. They require a lower induction-hardening frequency (1–10 kHz), which reduces power

supply cost.
. They exhibit high surface compressive residual stresses (up to 600 MPa/85 ksi).
. The hardened depth is primarily controlled by the steel’s chemical composition and

initial microstructure. This makes the heat-treating process repeatable and robust.
. They exhibit fine grain size (see Figu re 4.58) .
. They show a reduced chance of overheating part edges and sharp corners due to end

effect.

One of the unique features of TSH gears is that instead of using a two-step approach (first

O.D. heat and then I.D. heat or vice versa) that gear has been heated and quenched in a single

step using only one inductor. O.D. and I.D. teeth have fine-grained martensite with a

hardness of 62 HRC. The microstructure of the core is a combination of very fine pearlite

and bainite having a hardness of 30–40 HRC.

TSH technology gears are stronger and more durable than some made of conventionally

heat-treated standard steels. Typical applications include gears, bushings, shafts, bearings,

and coil and leaf springs.
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4.5.10 INDUCTOR S TYLES —SPECIALTY INDUCTORS

Some specia l types of inductor s include I.D. coils , pancak es, split retur ns, clam shells, an d

hairpi n inductor s. Genera lly speaking , internal heatin g inductor s a re not very efficie nt,

mainly be cause the current travels on the I.D . of the inductor . This phen omenon au tomat-

ically leads to the fact that the real co il coupling is larger than the actual air gap between the

intern al surfa ce of the workpi ece and the co il O.D. The phy sics of behind pheno menon has

been previous ly explain ed in our discus sion of elect romagne tic ring effect.

I.D. coils almost always requir e the use of flux concentra tors that are located insi de the

coil. If the frequency is less than 15 kHz, efficient heating can be provided for a workpi ece

I.D. great er than 1 in. (25. 4 mm). Slight ly smaller diame ters may work with radio frequenci es

(Figur e 4.59).

Pancake induc tors have been used for selective su rface heati ng of flats, disks, or plates.

This type of inductor has the ap pearance of an electric stove burner. In fact , ind uction

cook top stoves are co mmercial ly avail able, all using the pancake coil (Figur e 4.60).

Split-re turn inductor s offer a uniqu e distribut ion of current. The cen ter leg of the inductor

carries tw ice as much cu rrent as the side legs. This type of inductor prod uces a narrow ba nd of

heati ng.

Clamshell indu ctors are gene rally used for crankshaf ts, wher e part geomet ry will not allow

close coupling or for unusu ally shaped cams (i.e., cams for racing en gines). This type of

inductor has a hinge on one side and ope ns an d c loses when the part is in position.

Hairpin inductor s are usuall y in the form of bent tubing and con form to a workpi ece to

heat a selected area. This type is usually used with radio frequency. Hairpin inductors are

often shaped during manufacturing using the workpiece as a pattern.



FIGURE 4.59 Inner diameter type of inductor.
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4.5.11 TEMPER INDUCTOR STYLES

The decision to induction temper should be carefully considered. It may not be optimal in all

the cases. Surprisingly, in many cases the parts can be successfully induction tempered. The

main purposes of tempering have been discussed in the introduction of this chapter.

Before we discuss the features of induction tempering, let us examine how stresses appear

during induction hardening. Detailed analyses of the nature of residual stresses are presented

in Refs. [6,12,19,146–151]. Because of certain aspects of induction hardening, the mechanism

of formation of residual stresses here is slightly different than in other heat treatment

processes such as carburizing. Substantial work in developing a commercial induction-

tempering system and study of the mechanism of residual stresses has been done by HWG

(Germany) [149–151], VNIITVCh (Russia) [12], and Colorado School of Mines. Here we

give only a short description of the features of induction tempering.

Generally speaking, there are two different types of stresses: thermal stresses and trans-

formation stresses. Thermal stresses are caused by different magnitudes of temperature and
FIGURE 4.60 Pancake inductor.
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tempe rature gradien ts. Transfor mation stresses occur due to microstr uctural changes taking

place as a result of the form ation of austeni te or mart ensite. The total stre ss is a combinat ion

of both comp onents. At different stage s of he at treat ing the impac t of both componen ts into

total stresses is different .

Figure 4.61 is a sketch of an inducti on-heat ed pa rt (i.e., a steel cylin der). As a resul t

of heati ng, the secti on of the part locat ed under the coil will try to expand . At the first stage of

the heating cycle, the tempe rature of the workpi ece is relative ly low (less than 500 8 C or

932 8 F). At this stage, carbo n steels have a nonplast ic conditio n and cann ot easily exp and. As a

result of that, stresses build up within the workpiece. The temperature rise will result in the

appearan ce of high compres sive stresses at the surface (Figur e 4.62). In the tempe ratur e range

580–7508C (1076–13828F) the steels become more elastic and start to expand. As a result, the

stresses start to decrease, and since the temperature exceeds 8508C (15628F) the steel attains a

plastic condition, the diameter of the heated area becomes slightly greater than its initial

diameter, and stresses at the surface significantly decrease.

After the quenching fluid is sprayed onto the heated surface of the part, an intensive

surface cooling will take place. Quite quickly, the surface layer loses its elastic properties
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and tensi on stresses appear at the surface of the workpi ece. Ther e is a pro nounc ed maxi mum

of tensile stresses at the surfac e of the workpiece . This maxi mum typic ally takes place at a

surfa ce tempe ratur e from 380 8 C (716 8 F) to 200 8 C (392 8 F). In time, the austeni te trans forms

to martensit e or pearlite depending on the co oling cond itions. This results in the ap pearance

of compres sive stre sses at the surfa ce (F igure 4.62) .

Figure 4.61 shows the appearance of the thin surface layer where the austenite-to-martensite

transformation takes place. Two mutually opposite stresses act in this layer. Because of

the drastic temperature decrease in that surface layer, it tries to reduce its volume during

the austenite-to-martensite transformation. As the process of quenching continues and

martensite forms in the internal layers below the surface of the cylinder, stresses occur due to

the fact that the outer layers are already hardened and in nonplastic condition. Finally, when

the part is cooled, a combination of compression and tension stresses exists in the workpiece

(Figure 4.61).

The co mpression stre sses in the surfa ce may show higher hardness values than are

normal ly achieve d wi th the given steel an d also afford some protect ion agains t cracks caused

by micr oscopic scratches. The overal l stress condition , howeve r, increases brittle ness and

notch sen sitivity, whi ch reduces part reliabil ity. Therefor e, it is necessa ry to reli eve stress on

the part.

A co nventi onal way of relieving stre ss is to run the parts throu gh a tempe ring furnace ,

whi ch is typic ally locat ed in a separat e produc tion area and theref ore requ ires extra space,

labor, and time for parts trans portation. In additio n, tempe ring in the furnace s is a time-

con suming process that may take up 2–3 h. To ov ercome these disadva ntages , in-l ine

inducti on tempe ring was de veloped.

Basically, there are tw o ways to perfor m ind uction tempe ring: self-t emperin g (or tempe r-

ing by residu al heat) an d induction tempe ring.

4.5. 11.1 Self-Tem pering

The princi ples of self-temp ering after inductio n ha rdening are illustr ated in Fi gure 4.63.

As described in Secti on 4.4, during the initial stage of induction he ating of the steel cylind er,

an intens ive heatin g of the surfa ce layer s takes place (Figur e 4.63a) . On co mpletion of the

heating cycle, the temperature profile as shown in Figure 4.63b is obtained. In this case,
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the tempe ratur e within the surface layer that is requir ed for hardening should be within

the lim its of the harden ing tempe ratures for the given steel. At the same time, the co re

tempe rature of the cylinde r will be a little diff erent from its initial tempe ratur e. After the

heati ng stage is complet e, the que nching begins. A hardened layer app ears on the surface as

a resul t of the intens e coo ling. The maxi mum tempe ratur e of the workpi ece wi ll be in the

intern al layer below the surfa ce. At the same time, be cause of the therma l conductiv ity of the

steel there wi ll be an increa se in the core tempe ratur e (the heat soa ks from the surfa ce tow ard

the core). When the surfa ce layer has been hardened and the temperatur e at the surfa ce is

reduced be low the marten sitic tempe ratur e, a co nsidera ble amou nt of he at is still retain ed

insid e the cyli nder (Figure 4.63d) . If at this moment the sup ply of que nching flui d is cu t off,

the part wi ll begin to be heated through due to the acc umulation of inter nal he at. After a

certa in time, the surfa ce tempe ratur e will be increa sed to a value higher than it had when the

quen ch was cut off. With prop er selec tion of the quen ching co ndition , the heat that is retain ed

inside the part can be used for carrying out the tempering. Typically, self-tempering temper-

atures do not exceed 260–2908C (500–5548F). At the same time, in the case of surface

hardening of selected areas of the workpiece, the self-tempering temperatures usually do

not exceed 210–24 08C (410–4 64 8 F). Fig ure 4.64 sho ws a typic al tempe ratur e–time diagra m

of this process for carbon steel shaft hardening (shaft O.D. is 1 in.).
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To ensure that the process is always pe rformed correctly, severa l precaut ions must be

taken. The en ergy intro duced to the part as well as the he ating time ha s to be monito red to

ensure a constant amount of residual heat. The quen ch flow, que nch time, and quen ch

tempe ratur e should be monit ored and he ld wi thin close toler ances to ensure that the same

surfa ce tempe rature afte r reheat ing is always ach ieved. Mo reover, in many ca ses an infrared

pyromet er is used to mon itor the surface -temperi ng tempe rature. More detai ls of process

monit oring are discus sed in Se ction 5.1 (see Chapt er 5).

Typically, self-tempering is used when the part has a large mass and single-shot induction

hardening is applied. In the case of scan hardening, it is more complicated to use this type of

tempering because the core temperatures are different over the scanning length. The amount

of heat stored as well as the heat sink underneath each section of the hardened case must be

the same; otherwise, the temperatures achieved after heating will be different and the temper-

ing result will be unacceptable.

Sometimes a quench–soak cycle is used. This includes the heating stage, first quenching

stage, first self-tempering, second quenching stage, and final self-tempering. Such a method

allows one to obtain unique properties of the workpiece.
4.5.11.2 Induction-Tempering Method

For those parts that cannot be self-tempered, the induction-tempering method can be

applied. Typically, it is not recommended to use the same inductor for hardening and

tempering. There are three reasons for this. The first reason has to do with the fact that in

order to obtain the required hardness pattern of the workpiece, because of the workpiece

shape, it is necessary to introduce more energy within certain areas. Second, the power

densities during hardening are much higher than with tempering. With tempering it is

necessary to heat the surface at a much slower rate to achieve a low-temperature gradient

from the surface to case depth for otherwise the surface could exceed the required tempering

temperature, which would result in an unacceptable soft surface. The third reason has to do

with the fact that quite often it is preferable use of lower frequency for tempering because the

tempering temperatures are below the Curie point. As a result, the heated part retains its

magnetic properties and the skin effect is pronounced. Therefore, in induction tempering, in



FIGURE 4.65 Induction tempering of a part that has been hardened on the inside surface.
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order to increase the current penetration depth in the part, it is more effective to use a lower

frequency compared to induction hardening. The temper inductor should heat the entire

workpiece, not just the selected hardened area. A loosely coupled multiturn inductor can be

used for this purpose. Because of the physics of the tempering process, the total tempering

cycle is usually much longer than the hardening cycle.

In the case of induction tempering of complex-shaped parts, such as gears or other critical

components, the choice of frequency, power density, and coil geometry is dictated by a need

to apply enough energy into certain areas of the part. For example, in gear-tempering

applications, it is necessary to induce enough energy into the root area of the tooth without

overheating its tip. The root of the gear is the most critical area because the maximum

concentration of residual stress is located there. As a result, cracks and distortion occur

primarily in the root area. Therefore, this area needs to be stress relieved in the first

order. However, there are three factors that make this task quite complicated. First of

all, the root area does not typically have a good coupling with the induction coil compared

to the gear tip. Because of that, it is more difficult to induce energy there. Secondary, the

tempering temperatures are below the Curie point, therefore the gear is magnetic and the

skin effect is pronounced. The use of high frequency will result in power surplus in the tip

of the tooth compared to its root. The third factor deals with a fact that there is a significant

heat sink located under the gear root (under the base circle). In order to overcome the

above-mentioned difficulties, IHT manufacturers have developed several new design con-

cepts, which have resulted in the development of advanced induction gear-tempering

machines.

Figure 4.65 and Figure 4.66 show two of the most typical examples of induction

tempering. Figure 4.65 shows a part that has been hardened on the inside surface. This is

the most effective use of induction tempering. The tempering coil is located around the part, so
FIGURE 4.66 Induction tempering of a part that has been hardened on the outside surface.
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the tempe ratur e can slow ly increa se from the outsi de surfa ce tow ard the hardened layer on

the insi de surfa ce. By using the power energy con trol, this is a very effe ctive method to carry

out the tempering wi thout the dan ger of overheat ing the harden ed surfa ce. The same idea can

be applie d for a hollow workpiece that has been harden ed on the outsi de su rface. In this c ase,

it is very effe ctive to locat e the tempe ring coil insi de the hollow workpi ece.

Figure 4.66 sho ws a hub. Thi s kind of workpi ece requir es a spec ially developed inducti on

coil that will allow the predete rmi ned amou nt of en ergy to be induced into each section.

This allows one to bring each hardened section to the required tempering temperature. It

will not be possible to design an inductor that heats only the hardened case like the induction-

hardening inductor does because of the wide variation of mass distribution in the hardened

area, which results in a different heat sink effect. This inductor for such a workpiece should

also induce the heat into areas that are not heat treated such as the flange. These areas will then

act as a heat buffer and may be at a temperature slightly above the tempering temperature.

This will allow for inconvenient areas to also be heated. With these types of inductors it is

possible to induction temper workpieces with complicated shapes and mass distributions

such as constant-velocity (CV) joints, which are hardened inside the bell and on the outside

of the shaft.

Typical ly, the tempe ring inductor is loosel y cou pled to the workp iece. This allows the

tempe ring coils the ab ility to heat light ly even the edges, groo ves, and other critical regions .

Often a he at–soa k cyc le is used. This allows the heat to soak all the way through the

workpi ece. The number of heat cycles can be determined by taking hardness reading s in the

sectio ned workpi ece.

As a rule of thumb, the he ating tim e for tempe ring is at least twice the hardening cycle

time (heat ing and quen ching) . This means that an IHT machin e c an have one station for

harden ing (heat and que nch) a nd two stations for tempering. In this case, the indexi ng time

betw een the two tempe ring stations acts as soak tim e. As mention ed above, the frequency

selec ted for inductio n tempe ring is quite often lower than the frequency for ha rdening, thus

resul ting in a de eper penetra tion of the elect romagne tic field in the pa rt.

A maximu m of tensio n stre sses is typic ally locate d below the ha rdened area, somew here

within the trans ition zo ne. This requir es expanding the hea ted a rea not only to the case depth

(hardene d de pth) but into the trans ition zone as well.

A cooling cycle may follow completion of the tempering cycle. A cooling station may be

located just after tempering. Another practice is to have a cooling station separate from the

tempering machine. In this case, the cooling station is located on an exit conveyor. This

reduces the number of stations involved in the machine design.

The correct process parameters for induction tempering should be found by hardness

measur ement s. Table 4.8 shows resi dual stre sses in steel 1045 after su rface hardening and

tempering [151]. As the transformation from the tetragonal martensite to a tempered mar-

tensite is a function of time and temperature, one can see from the data that for the same drop

in hardness it is necessary to have a higher temperature when using induction tempering.

However, at the same time it will have better reduction in residual stresses.

Induction tempering can be commercially successful primarily because it offers the

following advantages:
1. Less tempering time than furnace tempering

2. Time and labor savings

3. Low floor space requirements

4. Savings in investment cost

5. Can be incorporated in-line or in a work cell

6. Environmentally friendly



TABLE 4.8
Effect of Induction Tempering on 1045 Steel

Maximum Residual Stresses (kg/mm 3 mm)

Heat Treatment after Surface
Shearing Axial

Hardening Hardness (Rc) Compressive Tensile Compressive Tensile

Ordinary tempering

At 1008C (2128F) 60 70 45 48 28

At 2008C (3928F) 55 48 35 35 23.5

Induction tempering

At 2008C (3928F) 60 63 38 32 23

At 3008C (5728F) 55 40 26 25 28

Source: From K. Weiss, Industrial Heating, December, 1995.
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Fatigue and failure testing for inducti on tempe ring should be compared to that in furnace

tempe ring of individ ual workpi eces. It is impor tant to rememb er that the entir e workpi ece,

not just the hardened area, usuall y needs to achieve the desire d tempe ratur e for prop er

tempe ring. The surfa ce tempe rature alone is not a valid indica tion of a proper tempe r.
4.5.12 END AND EDGE E FFECTS, LONGITUDINAL AND T RANSVERSE HOLES , KEYWAYS

4.5.1 2.1 End and Edge Effects

The coil– workpiece geomet ry has a signifi cant influe nce on the he at treatment patte rn.

Nonun iformity of the heati ng pa ttern at the co il or workpi ece ends is related to the distortio n

of the e lectromagne tic fiel d in those areas. This distortio n is call ed the elect romagne tic en d

effect. Electr omagnet ic end effe ct can resul t in eithe r overheat ing or unde rheatin g of the

workpi ece end. Basical ly, it is a func tion of frequen cy, co il–workpi ece geomet ry, an d mate rial

propert ies. This effe ct will be discus sed in the foll owing subsect ion. Here we briefly discuss its

appearan ce in the case of the singl e-turn co il.

Figure 4.67 shows the distribut ion of the coil current an d induced eddy cu rrent for

different c oil locations relative to the end of the part. W hen a low frequency is applie d, the

eddy current distribut ion and heat pa ttern will be differen t compared to high frequency .

Genera lly speaking , elect romagne tic end effects are con sidered one of the most co mpli-

cated problem s in IHT. Ele ctromagneti c end effects c an be studi ed by using advanced

computa tional techn iques such as finite- element analys is or IBEs.

As mentioned earlier, IHT is a very flexible process and has been used successfully in a

variety of applications. However, in applications where it is required to heat-treat parts

(camshaft, crankshaft, axle, transmission shafts, etc.) that contain longitudinal and transverse

holes, sh arp corners , and ke yways (Figur e 4.68), it present s certain difficul ties. The exist ence

of these features can result in an undesirable appearance of hot and cold spots, cracks, and

shape distortion. In these cases, it is necessary to make a careful evaluation of the eddy

current and temperature fields in order to achieve the required heat uniformities and meet

process specifications.
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4.5. 12.2 Longit udinal Holes

The exist ence of longitu dinal holes (Figure 4.69) or longitud inally orient ed hollow areas

within the pa rt can cause a redis tribu tion of the edd y current flow that can result in ove r-

heati ng of certa in regions (hot spo ts). The left-hand part of Figu re 4.70 shows a segme nt of a

cyli ndrical part and the normal current flow within it. If a longitud inal hole is locat ed within

the current pe netration depth, then it block s the normal ed dy c urrent path and leads to a

current red istribution (Figur e 4.70, right ). Bec ause of that redistrib ution, areas betwee n the

part’ s surfa ce and the hol e can bec ome ov erheated or even melt.

Actuall y, there are two facto rs that cause the ov erheating effect. The first is an increa se in

the power density in that area due to the redistrib ution of induced current. The secon d is a

lack of adjacent mass in that area. As a resul t, less heat wi ll soak from the surfa ce of the pa rt

tow ard its core. The decreas e in this heat soaking is due to the fact that the therm al

con ductivity of the air is mu ch smaller than the therm al cond uctivity of the metal. As one

can see, these tw o fact ors may coinci de a nd resul t in the overh eating of certa in areas of the

part. In different applications the influenc e of the two may be diff erent. If a longitudinal hole

is located near the part surfac e within one pen etration dep th, then the fir st fact or typic ally

prevai ls and is prim arily respo nsible for the he at surplus in that area (Figur e 4.71, hole A).
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FIGURE 4.68 Induction heat treatment parts with holes, keyways, and sharp corners.
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Intens e he ating with higher power density makes this ov erheating more pronoun ced. Wh en

the hole is located wi thin one or two cu rrent pe netration dep ths (ho le B), then both fact ors

have ap proxim ately the same influ ence on the heat surplus . If the longit udinal hole is locat ed

within two or three penetra tion depths and the heat cycle time is relat ively long (8–12 s or

more) , the second fact or makes a major con tribution to the ov erheat ing of the area. W hen the

hole is located wi thin three to five cu rrent pen etration depths or more unde r the surfa ce of the

part (Figure 4.71, hole D), the he at surplus due to the e xistence of a lon gitudinal hole is minor

and the probabil ity of overheat ing is very smal l.
4.5.1 2.3 Transver se Hol es, Keywa ys, Various Ori ented Hol low Areas

Transver se hol es can also cause a redistri bution of ed dy current flow (Figur e 4.69) . Unlik e the

case of longit udinal holes, eddy current redistri bution due to trans verse holes can resul t in

both an unde rheating and an overh eating of the hole ed ges (Figur e 4.72a) . Because of

the current con centra tion, overheat ing can occur at the hole edges, whi ch are pa rallel to the

eddy current flow [12,107]. On the other hand, the hole edges that are perpendicul ar to

the e ddy current flow will be unde rheated . With an increa se of both the I.D. of the trans verse

hole and the frequency, the nonuniformity of the temperature distribution along the

perimeter of the hole will be more pronounced. These heat nonuniformities can cause cracks

and distortion in the vicinity of the hole edges.
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It is possible to obtain a relative ly unifor m tempe ratur e dist ribution along the hole

perim eter by putting a plug in the hole. If the plug is made of the same metal as the part,

the he at nonuniform ities wi ll be negligible an d the tempe ratur e dist ribution can be consider ed

unifor m (Figur e 4.72b). Despite their use in avoidi ng overheat ing and unde rheating at the

hole edges, steel plugs present pr oblems because it is often difficul t to inser t them and remove

them after heat treat ment beca use they may become welded in the hol e.

An alternati ve to the use of steel plugs is the use of copp er plu gs. In this case, a nonuni-

form current dist ribution still occurs, which can lead to local overheat ing and unde rheating.

How ever, the ov erheating an d underhea ting phe nomenon is oppos ite to that seen with steel

plugs. Figure 4.72c shows that the edd y cu rrent will gather in the copper plug from the

neighb oring carbo n steel regions . This takes place beca use the elect rical resistivit y of the

cop per is much less (approxi mately a facto r of 10) than the resi stivity of an y steel and it

is muc h easie r for the eddy current s to flow through the low -resist ance copper than through

the high-r esistance steel. Therefor e, when copper plugs are used, the hol e edges that are

parall el to the edd y current flow are underhea ted a nd the hole edges that are perpend icular

to the cu rrent flow are overheat ed. An actual distorti on of the ha rdness patterns due to the

use of cop per plugs is shown in Ref. [107] . It is necessa ry to mention that when using

cop per plugs (Figur e 4.72c) , overheat ing of the hole edges is much less pronoun ced com-

pared to the case when plugs are not used (Figur e 4.72a) . At the same time, the c opper

plugs eliminat e the appearanc e of cracks in the hole areas during indu ction heati ng and

quenching.

In some applications, instead of metal plugs, water-soaked wooden plugs have been used.

Because wood is not electrically conductive, the wooden plugs do not change the eddy

current distribution in the hole edge areas. Therefore, there will still be regions with high
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FIGURE 4.70 Eddy current redistribution due to presence of longitudinal hole.
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and low current densities as shown in Figure 4.72a. However, the use of water- soaked

wooden plugs allow s one to de crease the ov erheat ing of the hole edges up to a certa in

point due to the heat transfer from the high-temper ature regions into the wat er-soak ed

wood by therm al con ductiv ity. Ther e is a benefit in using any plug that limit s exposu re of

the hole to quenching.

Special care should be taken in the case when the heat-trea ted part con tains an gled

holes or when there is a combinat ion of closel y located trans verse hol es. The tempe ratur e

field in angled hole areas combines the feat ures of nonuni form tempe ratur e distribut ion

along the perimeter of the hole and an ov erheating effe ct due to the increa se of current

densit y an d the lack of mass on one side of the hole. The last two effe cts are typic al for

longitu dinal holes.

Certain diff iculties can ap pear when the part consists of several closely locat ed holes

(Figur e 4.72d) . Apply ing IHT in such cases could cause a sequ ence of cold spots (poorl y

heated areas) an d very hot spo ts (almo st melted areas) . In such cases, quite often, alternati ve

heat treatment pr ocesses can be recomm ended .

Keyways can be consider ed a s extreme cases of longit udinal holes. The size, shape, an d

orient ation of the keywa ys have a substa ntial effect on the ability to obtain the requir ed

tempe rature profiles within the keywa y area and to avoid unde sirable hot and cold spots in

these a reas (Figur e 4.72e).

Inserting plu gs into holes and taking them out are very delicate and time-cons uming

process es. A popular saying amo ng heat treat ers who deal wi th parts contain ing holes is that

if there is a pos sibility of avoidi ng nonuni form heati ng of the hole edges without using plugs

(e.g., by using a specia l heati ng regim e or coil design) , then the extra develop ment effort

requir ed is justifie d. Ther efore, plugs should be used only as a last resort.

When discus sing hea t nonuni formities due to electromag netic end and edge effects,

longitu dinal and trans verse holes, and tempe ratur e field nonuni form ities due to ke yways,

sharp edges, and corners , it is necessa ry to menti on that smooth chamf ers on edges an d

round ing of sha rp corners can be a great help in decreas ing the possibili ty of ov erheating or

cracki ng.

Experience at INDUCTOHEAT Inc., during heat treating of different parts with the

above-mentioned features shows that, surprisingly, the proper choice of design parameters

(applied frequency, power density, coil geometry, etc.) allows the heat treater to obtain the

required heat-treating pattern even in cases that seem unsuitable for heat treating by induction.

For example, in some cases, even such complex-shaped parts as a ball bearing cage, which
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consis ts of a number of closel y locat ed large holes, can be surface-har den ed, or contour-

hardene d, by induction instead of using time- and space- con suming carbu rizing process es.

4.5.13 INDUCTION B AR END HEATER

The major ity of the inducti on heatin g ap plications discus sed so far in this chapter ha ve dealt

with complex shap es. How ever, a significan t por tion of the he at treat ment a pplications deals

with the class ical cylin drical workpieces such as bars and tubes. Although many of the

cylin drical workpi eces manufa ctured today lend thems elves to au tomatic process es in whi ch

a ba r or tube can be fed into a ro ll form er or oth er types of form ing syste ms, certa in parts

requir e the form ing of only the end of the bar. Some exampl es of these types of parts are

sucker rod s for oil cou ntry goods or various structural linkag es in which an eye or a thread

may be added to one or both ends of the bar [104,106, 115–117] .

Inductio n bar en d heating is g enerally accompl ished by placing the end of the ba r into a

multit urn coil and heati ng it for a specif ied amo unt of time. M ultiple bar ends can be heated

in a channel type of co il, a singl e mult iturn oval co il, or a two-, three- , or four- coil arrange -

ment that is con figured out of indivi dual conventi onal solenoi dal coils [1].

In the case of the oval coil de sign shown in Figure 4.73, ba rs are loaded into a magazi ne

from which they are pushed, one at a time, into the uppe r end of an inclined oval coil. They

roll down as previous bars are remove d. By the time they reach the bot tom posit ion they have

reached the desired tempe ratur e and are pushed out for de livery to the form ing machi ne. In

the case of a chan nel coil (Figur e 4.74), typic ally the magazi ne-loa ded ba rs are remove d by

carriers on a belt, and the end of the ba r to be heated passes throu gh the chan nel co il. Up on

leavin g the co il, the en d of ba r is at the requ ired tempe rature, an d the ba r moves to the next

operati on.

The choice of a particular type of inducti on ba r end heater arrange ment depe nds on the

custom er’s requir ement s. Besides the variety of coil arrange ments , the loading an d unlo ading

operati on can be fully automa ted or semi automa ted, the choice depending on the requir ed

produ ction rate and the cost of equipment . The least e xpensiv e is the semi automa ted design

wher e the ope rator simply remove s the hottes t bar and replac es it with a co ld bar be fore it is

moved to the form ing hamme r, press, or upsett er.

Although there are a varie ty of bar en d he ating coil designs , the ba sic princip les and rules of

thumb in obtaining the required temperature profile within the bar end are quite similar.

Consequently, we will discuss the features of the design and operation of the induction bar end

heater by analyzi ng a co nventio nal multitu rn solenoi dal coil de sign (Figur e 4.75) [104,115] .

However, the reader should again bear in mind that the principles and recommendations that
Oval coil inductor

FIGURE 4.73 Oval coil bar end heater.
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will be discussed for the conventional solenoidal heater can be extended to other types of

induction bar end heater designs.

In progressive induction heating applications (e.g., in-line inductors), it is easier to predict

the expected temperature distribution and obtain the required temperature profile in the bar

than in the case of bar end heating applications. Basically, this is so because each part of the

bar in a progressive induction heater [50,104,105,115,116] experiences the same magnetic flux

with respect to time. On a bar end heater it is a much different story, and more variables are

involved in obtaining the required temperature profiles within the bar. The large number of

design parameters makes the design process quite complicated. Let us have a closer look at

the features of the induction bar end heating process.

Typically, in the induction bar end heater the bar may be only partially inserted in the

heating coil (Figure 4.75). This shows the difficulty of using analytical and equivalent circuit

coil design methods [1–4,6–11] to calculate this process, because those methods are based
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on the assum ptions of an infi nitely long coil and symm etricall y located workpi ece within the

coil. Unfortun ately, such assump tions are not vali d for the inductio n bar end he ater, whi ch

canno t be consider ed an infinitely long system. Nor, in mo st cases, is the bar located

symm etrically within the coil. As a result of such lim itations , those computa tion techni ques

canno t be used to ac curately predict the power den sity an d tempe ratur e dist ribution within

the bar en d.

From another pe rspective, a differen ce in the effecti ve coil– workpiece resistance and

react ance may affe ct the tuned frequency of the load and the avail able power . It also

causes a much diff erent situa tion for an analys is of the workpieces therma l conditio n an d

tempe rature distribut ion because the extreme end of the workpiece (Figur e 4.75) offer s no path

for the con duction of he at, while its cold end provides a ready heat sink and easy con duction

path.

For the designe r, all of the ab ove-me ntioned varia bles usuall y cause unpleasa nt surp rises

and resul ts in them trying a method of coil design rather than a true ability to predict what

will actual ly ha ppen.

The requir ed temperatur e distribut ion within the bar end depen ds on the frequency , the

coil and bar geomet ry (includ ing the pa rt-to-c oil air gap and co il overhan g), the mate rial

propert ies of the bar, emis sivity, refr actory , power density, and cycle time. Obviou sly, only

modern num erical methods can be applie d as a compu tational techni que that allows accurat e

calcul ations of the results, saves protot yping time and dollar s, and faci litates the manufa cture

of reliable, compe titive prod ucts with short de sign cycles .

In the case of the inducti on ba r end heater , the tempe rature distribut ion within the bar is

affected, among other fact ors, by a dist ortion of the electromag ne tic field in the extre me e nd

of the bar and inductio n coil end zone (Figure 4.75). This field dist ortion and co rrespondi ng

distribut ion of induced current and power are refer red to as electromag ne tic en d effe cts.

These end effe cts may be illu strated by the curves in the low er diagra m of Figure 4.75, zon e a

[5,49–53 ,104,115, 118]. Basical ly, the electromag netic en d effect in the extreme end of the

cylindrical bar is defined by three variables, R/d, the skin effect; s, the coil overhang, and

the ratio Ri/R, where R is the radius of the bar and Ri is the inside radius of the coil; d is the

current penetra tion dep th whi ch can be de fined by Equat ion 4.38 or Equation 4.39.

An incorrect combination of these factors can lead to underheating or overheating the

extreme end of the bar. Studies show that typically the electromagnetic end effect area extends

toward the central region of the bar (Figure 4.75) no further than 1.5 times the bar diameter.

Higher frequency and large coil overhang will lead to a power surplus in the extreme end of

the bar. As a result, significant overheating may take place in that area. A low frequency and

small coil overhang will cause a power deficit at the extreme end of the bar, which will

therefore be underheated.

It should be pointed out here that a uniform power distribution along the extreme end

of the bar will not correspond to its uniform temperature profile because of the additional

heat losses (radiation and convection losses) at the bar end area compared to its central

part. By the proper choice of design parameters, it is possible to obtain a situation where

the additional heat losses at the end of the bar are compensated by the additional

power (power surplus) due to the electromagnetic end effect. This will allow the designer to

obtain a reasonably uniform temperature distribution within the bar at the end as well as at

the center.

The magnetic field distribution in the bar near the right end of the coil in Figure 4.75 (zone

b) depends primarily on the radii ratio Ri/R and the skin effect, which is most prominent. Due

to the physics of the electromagnetic end effect in that area, there is always a power deficit

under the coil tail end at any frequency. It is possible to show that in the case of a long

multiturn induction coil with a long homogeneous bar (zone b), the density of the induced
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edd y current in the ba r area unde r the coil tail en d is onl y half that in the central part [1].

Ther efore, the power de nsity in that area is only one fourth of the power in its centra l part.

Typica lly, the length of zo ne b is equ al to 0.5–3. 5 time s the co il rad ius. High frequency and

pron ounced skin effe ct lead to a sh orter end effect zo ne. An exter nal magn etic flux concen-

trato r will also give a sho rter length of zone b.

It shou ld be emphasi zed that in order to compensat e for the power de ficit within the bar

area locat ed near the co ld en d of the bar (zone b), the extre me en d of the coil should be

extended further tow ard the bar cold end . In othe r words , the coil lengt h sho uld be longer

than the require d uni formly heated area of the ba r.

Anothe r impor tant feat ure that define s the coil lengt h is the fact that in zone b, whi ch is

often called the trans ition zo ne, there is a signific ant tempe ratur e gradie nt a long the lengt h of

the bar. As a result, heat is condu cted from the high-temper ature region of the bar toward its

cold area, which is the he at sink phe nomenon . This in turn results in a cooling e ffect at the

other end of the requir ed he ated area (zone b). The proper c hoice of co il geo metry (pri marily

coil lengt h), power de nsity, an d frequen cy will allow one to co mpensat e for this co oling effect

and obtain the requir ed uni form tempe rature profi le for the ba r.

Typical ly, there is a lim itation on the permi ssible lengt h of the trans ition zone. Ther efore,

the choice of co il length is always a reasona ble compro mise between obtaini ng the

requir ed heati ng profi le and the mini mum length of the trans ition zone. A short cycle time,

high power den sity, small coil–workpi ece air gap, and high frequency help to make this zone

shorte r.

It is important to underst and that the choice of frequen cy is define d not only by the

requir ed tempe ratur e profi le in the ba r, but also by the req uirement for high elect rical

efficie ncy.

Figure 4.76 shows a sketch of an induction bar end heater for a carbon steel bar (AISI-

SAE 1035, bar O.D. is 1 in.) that has been heated at a frequency of 9000 Hz. Frequently, the

need for a bar end heater involves equipment that can be used for a wide range of part sizes.

This particular coil arrangement can provide satisfactory results in induction end heating for

bar diameters as small as 3/8 in. The dynamics of an induction carbon steel bar end heating

process (bar O.D . 1 in.) are sh own in Figure 4.77.

The analysis shows that in the first heating stage the whole bar is magnetic (cycle time

<3 s); therefore, the value of relative magnetic permeability is high. As a result, the skin
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effect is pronounced (R/d> 20). At the same time, because of the relatively low temperature,

the heat losses from the bar surface are relatively low. Because of the pronounced skin effect,

the induced power appears in the fine surface layer of the bar. No power is induced into its

inner layers. The core of the bar is heated from the surface only by thermal conductivity.

Consequently, the surface of the bar is heated much faster than the core. This stage is

characterized by a high-temperature gradient along the radius of the bar, which can cause

cracks in steels with 0.5% or more carbon.

With time (cycle time <5 s), as a result of surface temperature rise, the surface of the bar

starts to lose its magnetic properties and the relative magnetic permeability in the surface

layer drops to 1. Furthermore, because of the temperature rise, the electrical resistivity of the

carbon steel increases to approximately 1.5–2.5 times its initial stage value. The decrease of

relative magnetic permeability and increase of electrical resistivity cause an increase in the

penetration depth. As a result, the essential portion of power is now induced in the internal

layers of the bar. This stage can be characterized as the biproperties stage of the bar

[5,51,93,104,152]. In this stage the bar surface becomes nonmagnetic; however, the internal

area of the bar and its core remain magnetic. The surface-to-core temperature difference here

is not as significant as it was in the first stage.
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Finally (cycle time ffi 15 s), the total bar area under the coil, including the core of the bar,

becomes nonmagnetic. The penetration depth becomes quite large. Skin effect becomes less

pronounced (R/d< 2.5). As a result, a significant amount of energy is induced within the

internal area of the bar, and the core starts to heat much more intensely than in the previous

two stages. Furthermore, the heat losses from the bar surface become relatively high

(primarily due to radiation losses). Because of the large penetration depth, increased heat

losses from the surface of the bar, and thermal conductivity within the bar, the temperature

profile within the bar thickness will equalize.

The correct choice of induction coil geometry, power density, and frequency allows the

induction heating designer to obtain the required temperature uniformity, high efficiency,

short transition zone, small equipment space requirements, less scale, and high production

rate for a variety of stock sizes.

One of the most successful developments of an induction bar end heater is shown in

Figure 4.78 [106,115,116]. This portable induction system (Unipower UPF) is produced by

INDUCTOHEAT and can be used in forging applications as well as for bright annealing

stainless steel tubing, stress-relieving pipe and wire, and other induction heating applications.

Machines with output frequencies of 1–30 kHz providing output power of 25–400 kW are

available. Unipower UPF systems have a built-in control, output transformer (depending on

the application), and heat station for stand-alone operation. Unipower and Uniforge types of

heaters (both produced by INDUCTOHEAT Inc.) are actually a de facto standard for use in

a large variety of induction heating applications including bar end heating. They have a broad

power-matching capability to deliver full power throughout the heating cycle. Precise power

settings are ensured within +2% accuracy with +10% line variance. All the controls neces-

sary for independent operation are built into machines or located on an optional remote
FIGURE 4.78 Portable induction bar end heating system Unipower UPF.
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operator ’s pa nel. Cont rols include a single mete r wi th a selec tor swi tch for monit oring

kilowat ts, vo lts, or frequency ; light-em itting diodes to indica te heat on, kilowat ts, capacit or

volts, outpu t vo lts, and output current limit s; a manu al–time d–auto selec tor switch; an d built-

in digital timer. Option al eq uipment includes diagn ostic indica tor lights for door ope n, water

tempe rature, water pressur e, capacity pressur e, and side-mo unted wat er-recirc ulating system.

Addition al he at levels and specia l coil assem blies can be added. Inp ut power factors of su ch

systems are 0.94 unde r all ope rating cond itions.

Utilizing the Unipow er and Uniforge design co ncept, the power supp ly, matching com-

pone nts, and hea ting coil are all grouped toget her in a single pack age that can easily be moved

from place to place. The secret of the success of both machin es is that their design combines

outst anding practical experi ence, modern theoret ical knowl edge, and a full underst anding of

the intr icacies of the process . Unipow er and Unifo rge machi nes offer the ulti mate inductio n

heati ng technol ogy in the most econ omica l package.

4.5.14 INDUCTION STRIP HEATING

As shown ab ove, the ind uction phen omenon applie s to hea t treatment of a varie ty of

meta lworking pro cesses. In duction strip heatin g is ano ther area in whi ch ind uction heati ng

has bee n success fully used . This includes full a nd parti al annealin g, galvanizing an d galvan-

neali ng, preheat ing before furnace he ating, tempe ring, paint curing, lacqu er coating , an d

drying. A particular applic ation requir es determinat ion of the optim al coil de sign. There are

three ba sic inducti on strip heatin g co il designs [119–1 21]:
1. Longitudi nal flux inductor

2. Transver se flux inductor

3. Travelin g wave inductor
Genera lly speaking , these designs are dist inguis hed by the orient ation of the main magnet ic

flux. Eac h design has its ad vantage s, and all have be en used eithe r alone or in combinat ion

with others .

Due to several electromagnetic phenomena (end and edge effects), the distribution of heat

sources (power density) induced in a rectangular workpiece (i.e., slab, plate, strip) is not uniform

[51,53,73,92,104,119–121]. As a result, there is a problem obtaining the required temperature

profile. However, unlike the case of the induction heating of slabs or thick plates [92,104,119–

121], the heat source nonuniform distribution along the strip thickness will not typically cause a

surface-to-core nonuniform temperature profile. This is because the thermal conductivity of the

metal is able to quickly equalize the temperature nonuniformities within the strip thickness.

From another perspective, unlike the inducti on heatin g of round ba rs, strip heating will

lead to temperature nonuniformity along the strip surface (width). The temperature distribu-

tion along the strip width is primarily affected by a distortion of the electromagnetic field in

its edge areas. This is another instance of the electromagnetic edge effect, which can cause a

major problem in developing effective induction strip heating equipment.
4.5.14.1 Longitudinal Flux Inductor

A longitud inal flux inductor can be describ ed as a solenoi dal heater (Figur e 4.79) sim ilar to

that used in the induction heating of cylinders. The strip is surrounded by the induction coil.

An AC flows through the coil turns and produces a longitudinally oriented time-variable

magnetic field that induces eddy currents to circulate within the strip thickness. These

currents produce heat by the Joule effect.
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Traditionally, longitudinal flux induction heaters have high efficiency and uniform tem-

perature distribution within the strip. There will be high coil efficiency when the ratio of strip

thickness dst to penetration depth d is 2.5 or more. The optimal value of frequency that

corresponds to the maximum coil efficiency can be determined as follows:

Nonmagnetic strip:

dst

d
ffi 3�3:3

Magnetic strip:

dst

d
ffi 2:7�2:9

The use of a frequency higher than the optimal will change the coil efficiency only slightly. At

the same time, the use of very high frequencies tends to decrease the total electrical efficiency

due to higher power losses in the coil and bus bars. If the chosen frequency is lower than the

optimal value, the efficiency dramatically decrease. This is due to cancellation of the induced

currents circulating in the opposite sides of the strip cross section.

This type of induction heating does not normally demand a very tight air gap, and it does

not require big adjustments of the heater for strips with different widths and thicknesses.

Longitudinal flux inductors are effectively used for low-temperature induction heating of thin

magnetic strips when the final temperature of the strip is below the Curie point. However, in

the case of nonmagnetic thin strip heating (i.e., aluminum, stainless steel, etc.) or for heating

of magnetic strips above the Curie point, this type of inductor will require sufficient power at

high frequencies of up to several hundred kilohertz or even megahertz and sufficient power. A

new family of solid-state power supplies developed by INDUCTOHEAT can produce

1.5 MW at 800 kHz. In some applications this frequency is not high enough. The use of

tube generators in the megawatt range of power can lead to well-known problems, such as

concern for safety, low reliability, and low efficiency, yet they are the only choice until higher

frequency solid-state power supplies are developed.

The process of induction heating of magnetic strips from an ambient temperature, or a

temperature below the Curie temperature, to a temperature above the Curie point has several

features that could call for a special design of the induction system. At the first stage, the

whole strip is magnetic and the heating process is very efficient and intensive. After the strip is

heated above the Curie point, the heat intensity will significantly decrease and the heating

process will be inefficient. To avoid this, one could use a dual inductor. In the second stage

when the load becomes nonmagnetic it is more efficient to use another type of inductor, such

as the transverse flux inductor.
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As mentioned earlier, one of the major difficulties in obtaining uniform temperature

distribution within the strip is caused by the various geometries of the products (i.e., thickness

or width) that are heated in the same coil. However, this problem is not as pronounced with

the longitudinal flux inductor as with other types of induction coils (i.e., transverse flux or

traveling wave inductors).

4.5.14.2 Transverse Flux Inductor

The transverse flux inductor (Figure 4.80) is one of the oldest induction heating techniques,

having been developed for use in the induction aluminum alloy strip heating industry in the

early 1940s. The principles of the process, simulation procedures, and experience of industrial

utilization of transverse flux induction heaters were reported by Baker and Lamourdedieu as

early as 1950 [122–125]. This process was established as a way to overcome the problems of

induction heating of thin nonmagnetic strips in longitudinal flux inductors.

In the conventional transverse flux coil design, the strip passes through induction coil

pairs that are located on both sides of the strip, and they create a common magnetic flux. This

magnetic flux passes perpendicularly through the strip width. Unlike the longitudinal flux

induction heater, in the transverse flux induction heater the induced eddy currents are

circulated in the plane of the strip but not within the strip thickness. This allows induction

heating of the thin strip to be carried out with high power densities using low and sometimes

even line frequency. The transverse flux inductor often uses external magnetic flux concen-

trators (i.e., laminations or other high-permeability, low-reluctance materials). This type of

inductor does not strictly require a small coil–strip air gap. However, electrically efficient

heating can be provided only when strip thickness is 1.5–2 times the penetration depth or less.

Without satisfying this condition, the transverse flux effect will disappear and typical prox-

imity heating will take place.

The most difficult problem in using transverse flux inductors is in obtaining temperature

uniformity along the width of the strip. The eddy current paths in the strip match the shape of

the induction coils. When current reaches the edge area it must flow along the strip edge. As a

result, the strip edges become overheated. Because of this natural phenomenon, the current’s

concentration will be higher in the strip edge area than in the central area of the strip. This

undesirable effect can be corrected by the proper choice of inductor design parameters, such

as pole step (pole pitch), coil opening, and frequency. Frequency that allows high electrical

efficiency in the use of transverse flux induction heating of a nonmagnetic strip can be

determined as
Coil pair 1

Coil pair 2

Coil pair 1
Flux

paths
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FIGURE 4.80 Conventional transverse flux induction heater.
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F ¼ 2� 106 rh

t2t

where r is the electrical resistivity, V m; h is the coil opening, m; t is the pole step of the coil

(pole pitch), m; t is the strip thickness, m. This formula is valid when

h=t ¼ 0:2�0:55

One of the transverse flux inductor design parameter that has a significant influence on

current and therefore on the heat source distribution in the plane of the strip is the shape

of the induction coil. Over the last three decades, different three-dimensionally distributed

transverse flux coils have appeared quite regularly [126–140]. In practice, most coil pairs have

certain limitations in providing precise and effective induction heating when the strip width

and thickness varies widely.

4.5.14.3 Traveling Wave Inductor

The traveling wave inductor is not as commonly used for strip heating applications as any of

the heaters already discussed. The main reasons are probably the complexity of the process

and the fact that there has not been enough experimental and research work done in

developing the traveling wave induction heating process. The fundamental concept of that

process is quite simple [10,119] and is similar to that of the conventional three-phase electric

machine where the strip takes the place of the rotor and the induction coil can be considered a

stator (Figure 4.81). The inductor turns are located quite close to each other and carry

different phase currents. The inverse connections of the middle phases and the external

magnetic flux concentrator have been used to eliminate current cancellation in the neighbor-

ing coils. The coils are located in the slots of the flux concentrator. The three-phase current

flows through the coil turns, producing an electromagnetic field and heat sources in the strip.

One of the main advantages of this system is its low level of vibration and industrial noise

compared to other types of inductors. This is primarily important when induction heating

nonmagnetic (aluminum, copper, etc.) thin strips. However, there are several difficulties that

prevent common use of this type of heater.

First, the traveling wave heater strictly requires a small air gap between the coil and load.

This can lead to difficult mechanical design problems. Second, even with the use of magnetic

flux concentrators, because of the closeness of multiphase turns, there is a certain magnetic tie

between the turns with different phases, and therefore magnetic fields still cancel in adjacent
Strip
Y

A C B−B −A −C

Z

Three-phase induction coils

Flux concentrator

FIGURE 4.81 Traveling wave inductor.
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section s. Thi s leads to an overal l decreas e in the electrica l efficie ncy of the indu ctor co mpared

to the trans verse flux or longit udinal inducti on heater. Fin ally, there is still the difficul ty of

produ cing a unifor m tempe ratur e profile for strip s of various wi dths.

No singl e type of coil will provide accepta ble heatin g resul ts in all strip heatin g ap plica-

tions . Therefor e, the selection of the best type of coil and its specific de sign must rely on a

detai led analys is of the application.

4.5.15 MAGNETIC F LUX C ONCENTRATORS (FLUX INTENSIFIERS , FLUX C ONTROLLERS )

Magneti c flux concentra tors (flux intens ifiers) have become an ack nowledg ed standar d in the

IHT de sign. Modern, high -permeabil ity, low -power-l oss mate rials are now routin ely used in a

manner simila r to that of magnet ic flux diverters (cores ) in power trans form ers or motor s. A

traditi onal functi on of flux conce ntrators in IHT has been to impr ove the magnetic coupling

efficie ncy (by loss reducti on) and to obtain effecti ve selective he ating in workpi ece areas that

are diff icult to he at. The suc cessful dev elopment of powder ed metal co ncentra tors based on

Fe, Ni, Co, an d other elem ents have dramat ically increa sed the popul arity of magn etic flux

concen trators [1].

Let us exami ne what ha ppens when a magnet ic flux con centra tor is applie d. W ithout a

concen trator, the magnet ic flux woul d spread arou nd the coil or current -carrying con ductor

and link with the electrically conductive surroundings (i.e., auxiliary equipment, metal

support, tools, etc.). The flux concentrator forms a magnetic path to channel the main

magnet ic flux of the inductor in a well-d etermined area outsi de the coil. Figu re 4.23a shows

the current distribution in an isolated conductor. The current redistribution within this

conductor after locating a conductive load (i.e., workpiece) near the conductor can be

observed in Figure 4.23b. Due to the proximity effect, a significant part of the conductor’s

current will flow near the surface of the conductor that faces the load. The remainder of

the current will be concentrated in the sides of the conductor.

When an external magnetic flux concentrator is placed around the conductor (Figure

4.23c), practically all of the conductor’s current will be concentrated on the surface facing the

workpiece. The magnetic concentrator will squeeze the current to the open surface of the

conductor—in other words, to the open area of the slot (slot effect).

Current concentration within the coil surface facing the workpiece results in good coil–

workpiece coupling and therefore improves the coil efficiency.

The actual current distribution in the conductor (Figure 4.23c) depends on the frequency,

magnetic field intensity, geometry, and material properties of the conductor, the workpiece,

and the concentrator.

There is a common misconception that the use of flux concentrators automatically leads

to an increase in efficiency. Flux concentrators improve the efficiency of the process partly by

reducing the coupling distance between the conductive part of the coil and the workpiece but

also by reducing the stray losses (by reducing the reluctance of the air path). However,

because the flux concentrator is an electrically conductive body and conducts high-density

magnetic flux, there is some power loss generated as heat within it due to the Joule effect. This

phenomenon could cause a reduction of electrical efficiency and the need to design a special

water-cooling system to remove the heat from the concentrator. The first two factors will

counteract the third, and the change in electrical efficiency will be a result of all three factors.

In some applications, efficiency can actually be reduced. However, the appropriate use of a

magnetic flux concentrator will typically allow an increase in process efficiency to be

achieved. This can also result from the flux concentrator’s ability to localize the magnetic

field in a specific area. Because of this, the major portion of the magnetic field will not

propagate behind the concentrator and the heated area will be localized. As a result, the
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heated mass of meta l will be smaller, and therefo re less power will be required to acco mplish

the desired he at treatment .

In most cases an applic ation of magn etic flux concentra tors does not requ ire reengi neering

of the inducti on syst em. How ever, when a concentra tor is used, higher power densit ies wi ll be

generat ed on the I.D . of the coil (Figur e 4.23c). If the origi nal co il design woul d be susceptible

to stre ss cracki ng ov er time due to the copp er work hardening, this con dition will occur

soon er. Ther efore, consider ation must be given to the coil I.D. wall thickne ss and the locat ion

of que nch holes, which are frequen tly locat ed near the coil surface ed ges. The propagat ion of

stre ss fractures can almos t always be minimiz ed or eliminat ed by a well though t-out co il

design. From ano ther side, impeda nce of the straight coil can be much different compared to

the coil with a flux co ncentra tor. Therefor e, after the flux concentra tor has been inst alled in

the straight coil it is ne cessary to ch eck that the load properl y matc hes to the power supp ly.

The pr oblem of load match ing will be discus sed in Chapter 5.

Using a magnet ic flux concentra tor leads to an increase in power de nsity not only in the

inducti on coil but also in the workpi ece areas that must be heated selec tively. Bec ause of this,

the slot effe ct plays a particu larly impor tant role in the prop er de sign of coils for selec tive

inducti on hardening, includi ng ch annel, hairpin , odd-shaped , spiral–hel ical, and panc ake

inductor s. Special care shou ld be taken when app lying flux concentra tors to a multit urn

coil. With this type of coil the voltage across the coil turns can be significan t, an d a short

current path can develop through the concentra tor. In this case, the reliabil ity of the elect rical

insulation of concen trators plays an essent ial role in the coil design.

One of the major problem s in the indu ction hardening of steel up to the austenite

tempe ratur e rang e is that of unde sirab le heati ng of the adjacent areas that hav e previous ly

been harden ed (the so-cal led tempe r-back or ann ealing effect of adjacent parts ). This is

particularly important in the induction hardening of crankshafts, camshafts, gears, and

other critical components [152]. The complexity of this problem arises from the fact that,

due to electromagnetic field propagation, the eddy currents are induced not only in the

workpiece that is located under the inductor but also in adjacent areas as well. A sketch of

the indu ction carbon steel camsha ft-harden ing system is sho wn in Figure 4.82. Figure 4.83

shows the magnetic vector potential field distribution around a two-turn cylindrical induction

coil. Without a concentrator, the magnetic flux would spread around the coil and link with

electrically conductive surroundings, which include neighboring areas of the part (i.e., cam

lobes, journals) and possibly areas of the machine or fixture. As a result of induced eddy

currents, heat will be produced. This heat can cause undesirable metallurgical changes in these
Workpiece

A

B
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Two-turn
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FIGURE 4.82 Sketch of induction surface-hardening system.
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areas. At different stage s of the heati ng cycle, the pro nunciat ion of the heating rate of the

adjacent areas can vary.

At the first stage of the heatin g cycle, the entire workpi ece is magnet ic, the inductor has

good efficie ncy, and intens ive heati ng of the areas locat ed unde r the coil takes place. Bec ause

of bette r co upling, an y surface areas of the workpi ece locat ed unde r the coil (Figur e 4.82,

regions A or B) wi ll have much more intens e heatin g than any other areas in the coil

surround ings (for exampl e, region C).

After a short time, the surface reaches the Curie tempe rature, the magn etic permea bili ty m

drops to 1 , the su rface layer beco mes nonmagnet ic, and its heating intensit y drast ically

decreas es. At this stage , the coil will not hav e as goo d a coupling facto r as it ha d during the

first stage , when the whole workpi ece was magnetic. Although the surface of the part has lost

its magnet ic propert ies, the adjacent areas retai n theirs. Conse quently , the co upling fact or of

these areas will not de crease , and a great er por tion of the electromag netic field will link with

the adjacent areas.

In addition, in order to have a short cycle time an d to keep the heat intensit y of the surfa ce

areas locat ed unde r the co il wi thin the same range as during the first stage of heati ng, the

system can automa tica lly increa se the coil power after the surface tempe rature passes the

Curie point. Thi s also will result in ad ditional heatin g of magnet ic parts locat ed in the coil

surround ings, which leads to the tempe r-back of these areas.

After a magnet ic flux con centrator is locat ed around the inductor (Figure 4.84), a small

porti on of the elect romagne tic field of the c oil will link with adjacent areas. For exampl e, in

the inducti on surfa ce hardening of carbo n steel camsha fts , ap propria te use of magnetic flux

concen trators allows a 4- to 12-fo ld reducti on in the power density induced in adjacent cams

compared to using a bare coil.

Therefor e, magnet ic flux con centrators allow decoup ling of the indu ction co il and the

adjacent electrica lly con ductive areas. This eliminat es unde sira ble he ating of these areas an d

as a result the temper-back (annealing) effect.

As one can see from Figure 4.12, Figure 4.83, and Figure 4.84, because of the magnet ic

field redistribution, a bare induction coil cannot provide the required heating pattern in the

workpiece. The areas with high power density are observed in adjacent areas of the part but
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FIGURE 4.83 Electromagnetic field distribution in two-turn cylindrical coil without magnetic flux

concentrator.
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FIGURE 4.84 Electromagnetic field distribution in two-turn cylindrical coil with magnetic flux con-

centrator.
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not in the requir ed area. W ith the add ition of a flux co ncentra tor at the coil ed ges, practi cally

all of the coil’s current will be concentra ted on the surfa ce facing the workpi ece. The magn etic

flux conc entrator wi ll squ eeze the current to the open internal face of the coil. Curr ent

con centration within the coil surfa ce facin g the workpi ece resul ts in good coil–workpi ece

cou pling, wi th a con sequent impr ovement in pro cess efficie ncy. At the same time, the co rrect

cho ice of flux concentra tors and their locat ion, geomet ry, mate rial propert ies, and frequency

allows the designe r to decreas e the he at intens ity in the ad jacent areas of the workpi ece and

theref ore avoid their unde sirable heatin g. In con trast to locat ing concentra tors only at the end

areas of the coil (Figur e 4.12), the ap plication of a C- shaped flux concen trator, which warps

aroun d the coil will lead to some coil efficie ncy impro vement . However, this wi ll of course

increa se the cost of the design.

In some heat treatment app lications , several coils are involv ed. Because of the relat ively

smal l dist ances between co ils, strong magnet ic ties can form be tween coils . This can lead to

some ne gative electromag netic effects (i.e., power trans fer between coils). Fro m another

perspect ive, the stray flux might cause an unde sirab le tempe ratur e profi le in the workpiece.

In these applications , magnet ic concentra tors can be used as electromag netic shield s, whi ch

will allow undesir able coil interacti ons and their negative results to be eliminat ed. In general,

the effecti veness of magnet ic flux shiel ds de pends on various parame ters such as frequency ,

magnet ic field intensit y, mate rial propert ies, and the geomet ry of the inducti on system. Care

shou ld be taken at the co rners of flux conc entrators be cause of their tenden cy to ove rheat due

to electromag netic end effects.

Manufact urers of IHT equipmen t ha ve found the de velopm ent and use of flux con trol

techno logy increa singl y important in reducing the size and impr oving the quality of IHT

syst ems. Befo re beginni ng a pr oject, detai led mathe matical modeli ng and laborat ory tests

shou ld be con ducted to determ ine the cost- effectiven ess of using flux concentra tors in a

parti cular app lication. Dif ferent applic ations may call for different flux conce ntrator mater-

ials (i.e., Laminat ions, Alpha flux, Fluxtr ol, Ferro tron, Alpha form, etc.). Inter ested readers

will find an analysis of the use of various materials for flux concentrators in Refs. [141–152].

Here we give only a short description of the features of using flux concentrators based on the

materials obtained from Fluxtrol Manufacturing Inc., IHS, HWG, Alpha 1, and many years

of experience using flux concentrators at INDUCTOHEAT Inc.
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The choice of the concentrator material depends on several factors where the higher the

value, the better the situation, including relative magnetic permeability, electrical resistivity,

thermal conductivity, Curie point, saturation flux density, and ductility [152]. Other import-

ant factors rely on lower values for a better situation including hysteresis losses and eddy

current losses [1].

Additional factors that should be considered include the ability to be cooled and to

withstand high temperatures; resistance to chemical attack by quenchants; machinability;

formability, ease of installation and removal and cost, which is dependent on the concentrator

material, frequency, power density, and geometry of the heat-treating system.

In heat treating, the materials typically used as magnetic flux concentrators are

soft magnetic in nature, meaning that they are magnetic only when an external magnetic

field is applied. In an electromagnetic field these materials can change their magnetization

rapidly without much friction. They are characterized by a tall and narrow hysteresis loop of

small area.

Magnetic materials that are soft magnetic usually have a uniform structure, low anisot-

ropy, and magnetic domains that are randomly arranged. A random arrangement corres-

ponds to a minimum energy configuration when the magnetic effects of the domains cancel

each other. Therefore, the overall result is zero magnetization. The magnetic domains can be

easily rearranged by applying an external magnetic field. The direction of domain rearrange-

ment corresponds to the direction of the applied field. In this case, the magnetic materials

behave as a temporary magnet [40,44–46].

As mentioned above, magnetic materials used for flux concentrators should have both a

high slope of magnetic permeability and a high saturation flux density. Besides the magnetic

permeability there are other important material properties of the concentrator material such

as electrical resistivity and thermal conductivity. Magnetic materials with high electrical

resistivity and reduce the eddy current losses of the flux concentrator, thereby reducing its

temperature increase. High thermal conductivity flux concentrators usually have a longer life

because they are not subject to local overheating. Local overheating can be caused by heat

radiation from the heated workpiece or the high-density flux in certain areas of the magnetic

concentrator.

One of the most important magnetic properties of concentrator materials is hysteresis loss.

This quality is derived from the magnetization curve [40]. A typical magnetization curve,

representing the magnetization process of a magnetic material, shows
1. Cycle of magnetization in one direction

2. Reversal of the applied magnetic field, which results in demagnetization of previously

magnetized material and its magnetization in the opposite direction

3. Another reversal process resulting in magnetization in the original direction
Hysteresis loss is characterized by the conversion of electromagnetic energy into thermal

energy due to the rearrangement of the magnetic domains during the hysteresis cycle. This

loss should be as small as possible because it signifies a temperature rise in the flux concen-

trator, which can cause a loss of its magnetism, and therefore a reduction in coil efficiency.

Hysteresis loss is proportional to the area of the hysteresis loop and the frequency.

Materials used for flux concentrators should have a coercive force as small as possible.

A perfect flux concentrator with maximum efficiency would have no magnetization remaining

after the external magnetic field has decreased to zero. A wide opening in the magnetization

curve and a high frequency correspond to a high value of hysteresis loss. The flux concen-

trator properties can be determined from the manufacturer’s data sheet or can be measured

with the appropriate test equipment.
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The materials most commonly used in IHT for flux concentrators and flux diverters are of

the following types:
1. Laminations

2. Electrolytic iron-based materials

3. Carbonyl iron-based materials

4. Pure ferrites and ferrite-based materials

5. Soft formable materials
Laminations have been adapted for use in heat treatment from the motor and trans-

former industry. Grain-oriented magnetic alloys used in laminations are nickel–iron alloys

and cold-rolled and hot-rolled silicon–iron alloys. Packets of laminated steel punchings are

used effectively from line frequency to 30 kHz. However, there are cases where laminations

have been successfully used at higher frequencies (i.e., 100 kHz plus). Laminations must be

electrically isolated from each other and used at the proper frequency. Laminations are

insulated with mineral and organic coatings. The thickness of the individual laminations

should be held to a minimum to keep eddy current losses in the concentrators low.

Generally, laminations are 0.06- to 0.8-mm thick. Thin laminations are used for higher

frequencies. Laminations with a thickness greater than 0.5 mm are typically used for

frequencies below 3 kHz. Compared to most available magnetic flux concentration mater-

ials, laminations have the highest relative magnetic permeability and saturation flux dens-

ity. This is considered an important advantage. When laminations are applied, there are

some problems that can occur. Laminations are particularly sensitive to aggressive envir-

onments such as quenchants, which leads to rust and degradation problems. Degradation of

the magnetic properties of laminations are caused by an increase of coercive force and

hysteresis loss. If the laminations are not firmly clamped, the punchings could start vibrat-

ing, resulting in mechanical damage, noise, and subsequent failure of the coil or process.

Care should be taken with the corners of laminations because of their tendency to overheat

due to electromagnetic end effects.

One of the main advantages of using laminations is that they are relatively inexpensive

and can withstand high temperatures better than other materials. Lamination packets can

also be used to support the induction coil while remaining insulated from it.

Electrolytic iron-based materials [143] were developed in the 1980s and early 1990s

specifically for IHT applications. They can be machined by conventional methods, come in

different sizes, and are available in two types of alloys with permeability up to 56. Some alloys

are rated for higher frequencies (50–450 kHz) and others for lower frequencies (50 Hz to

50 kHz). They do not significantly degrade over time and can be easily removed and replaced

for coil repairs.

Carbonyl iron-based materials were adapted to the induction industry from the products

developed for the radio industry in the 1960s. They are easily machined but are available in

only a few sizes having a low permeability (m¼ 15). These products were developed for the

higher frequencies (200–450 kHz) and are easy to machine because of their high plastic

content [143]. They cannot be soft soldered and must be acid etched. They have temperature

characteristics similar to those of the electrolytic products but usually produce case depths

about 10–20% less than the electrolytic products and laminations.

Other materials are pure ferrites or ferrite-based. Ferrites are dense ceramic structures

made by mixing iron oxide (Fe2O3) with oxides or carbonates of one or more metals such as

nickel, zinc, or magnesium. They are pressed, then fired in a kiln at high temperature and

machined to suit the coil geometry. In relatively weak magnetic fields ferrites have very high

magnetic permeability (m¼ 2000 plus). Ferrites are quite brittle materials and this is their
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main drawback. Other disadvantages of ferrites deal with the low saturation flux density

(typically 3000–4000 G), low Curie point (approximately 2208C or 4508F), poor machinabil-

ity, and the inability to withstand thermal shocks. Because of their high resistance, ferrite-

based magnetic concentrators are particularly attractive for use in high power density mag-

netic fields or with high frequencies (50 kHz and higher).

Some concentrator materials are provided in a soft formable state (e.g., Alphaform [145])

that can be easily molded to a desired shape for developmental purposes and later machined,

if desired, to exact tolerances. Alphaform is an advanced composite of insulated iron micro-

particles, space-age polymers, and a thermally sensitive catalyst.

In some applications, magnetic flux concentrators can be made from a single material.

Others may be constructed of several materials. For example, in a split-return coil, lamin-

ations can be located in the middle area of the coil and iron- or graphite-based materials can

be placed at the coil ends. Such designs are cost-effective and electrically efficient because they

take into account the field distortion due to the electromagnetic end effect that results in

additional losses within laminations at the coil ends.

As stated earlier, the properly used magnetic flux concentrators delivers substantial profits

to the modern heat treater, such as:

. Reducing the operating power levels required to obtain the desired heating of the

workpieces
. Improving the electrical efficiency of the process and decreasing the amount of energy

used
. Making it possible to selectively heat specific areas of the workpiece
. Obtaining a superior heat pattern (i.e., more consistent hardness of the workpiece or

more uniform heat patterns) and improving the physical and metallurgical properties
. Minimizing geometric distortion of the workpiece
. Preventing undesirable heating and annealing of adjacent parts
. Reducing the number of rejected parts, rework, and scrap
. Improving equipment life
. Reducing cycle time
. Eliminating the negative biological effects of electromagnetic field exposure on humans

Adding a flux concentrator to an existing inductor will result in an additional expense.

A common saying among people who deal with induction is that if a good part can be

produced without a flux concentrator, there is no reason to add to the coil cost.

One of the major concerns regarding the use of magnetic flux concentrators is the

reliability of their installation. Typically, flux concentrators are soldered or screwed or

sometimes simply glued to the induction coil. With time, due to different factors, there can

be an unexpected shifting or movement of the concentrator to an improper position. Usually,

magnetic concentrators are located in the areas with high magnetic flux density. Because of

this, concentrators are affected by electromagnetic forces. Over time, as a result of those

forces, the concentrator can become loose.

In addition to electromagnetic forces, this looseness can take place due to unstable

temperature conditions. During the operation cycle, the flux concentrator could be heated

to 2508C (4828F); then during quenching it could be cooled to the ambient temperature. In

typical surface-hardening applications, heating–cooling cycles can be repeated up to 200–600

times per hour. After a series of such heating–cooling cycles an expansion–reduction of the

volume of the flux concentrator takes place. Unstable temperature conditions can also result

in the flux concentrator moving or relocating itself in an improper position. As a result, the

heating and hardening patterns will change.
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Unexpect ed changes in the harden ing patte rn can cause very serio us damage. For

exampl e, in the automot ive indu stry this ca n result in the car being recal led for replac ement

of the defective pa rt. To prevent such a situ ation, the flux concentra tors should be exami ned

from time to time and repaired if necessa ry. In some cases, special monitoring systems can be

inst alled to indica te ch anges in concentra tor ope ration; howeve r, such monitoring systems

substa ntially increa se the cost of the equipment .

In order to choose the right c oncentra tor material , a heat treat er can be confused by a

wid e variety of offerings avail able in today’ s market . Some manu facturers of magnet ic flux

con centrators may claim that their pr oducts are better suit ed to a certain indu ction he at-

treating app lication than an other.

The foll owing exampl es illustra te some of the practical benefi ts and feat ures of using flux

con centrators in various heat treatment a pplications [142].

4.5. 15.1 Applic ation 1. S ingle-Shot Har dening of Long Shafts

Pur pose: To increa se the torsion al stre ngth of the shaft by case harden ing to a depth of one

fourt h of the shaft diame ter (one half the radius ).

Single -shot applic ations can increa se producti vity by heati ng the en tire hardened area

at onc e. This app lication will requir e a larger power supply. When the power inpu t is too low,

the he at is condu cted too de ep; when power is too high, the surface overheat s. By using a flux

con centrator, the power requir ement is minimiz ed and be tter con trol is establ ished

over process parame ters such as cycle time an d patte rn term ination at the ends of the heated

zon e. Lower power also increa ses the life of the inductor . The sh aft shown in Figu re 4.85

(a dummy for test purpo ses only) was he ated wi th less than 200 kW. Quench block s ha ve been

remove d to permit viewing of the heated area.

4.5. 15.2 Applic ation 2. Chann el Coil for Continuo us Pro cessing

Pur pose: To anneal parts that are moving through a lon g ch annel on a ch ain con veyor.

In multiple -statio n process es where co nveyor speed is constant through all stat ions, the

inducti on process ing operati on can be tuned to the con straints of the system by ad justing

eithe r the power input or the lengt h of the inductor s. Applicati ons such as shell case an d spark

plug annealin g are aided by flux concentra tors on the channel coils (Figur e 4.86), whi ch

increase the amount of energy that actually reaches the workpieces. Thus both the power

requirement and coil length can be reduced.
FIGURE 4.85 Single-shot induction hardening of long shafts.
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FIGURE 4.86 The use of flux concentrators in channel-type induction coils, multistation steps.
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4.5.1 5.3 Applicati on 3. Singl e-Shot Har dening of the Drive Stem

Purp ose: To increa se stre ngth of torque- trans mitting compo nent; to ha rden into fillet area

and up to, but not into, the snap-r ing g roove.

Traditiona l scanning methods for indu ction harden ing ha ve creat ed severa l prob lems,

includi ng (1) ov erheating of the corner of the large diameter near the fillet; (2) form ation of a

shallo w and weak pa ttern in the fillet; and (3) a long, tapered pattern term inating below the

snap-r ing gro ove.

The singl e-shot ind uctor enhanced heatin g charact eristics but still did not consistentl y

harden to specified depths over the en tire pa rt. Hot ban ds wer e observed at each end of the

stem, and underheati ng occu rred on the corner of the large diame ter, in the fillet , a nd in the

shank. With the add ition of flux concen trators, the shank, large diame ter, and fillet betw een

them are heated at the same rate to produ ce the requir ed hardness patte rn. W ith the flux

concen trators placed correctly at the top of the indu ctor, the pattern terminat ion near the

snap-r ing groove is sharper a nd more co ntrollable . The improved heati ng patte rn was clearly

visible in the parts as they were heated. Figure 4.87a shows the cut samples, the effects of

impr oper heati ng (thr ough heating at the top of the stem), and the impr oved pattern

produ ced by the induc tor after adding flux co ncentra tors.

As inductor designers gain experience and f amiliarity with families of workpiece

configurations , inductors can be designed w ith flux c oncentrator materials i nstalled

during i nitial fabrication ( Figure 4.87b). Minor changes are all that m ay be required

for a final pattern development. Typical heat ti me f or short st em s li ke t his, a t 1 0 kHz, is

6 s at 100 kW.

4.5.1 5.4 Applicati on 4. Har dening a Valve Seat

Purp ose: To impr ove surfa ce wear to avo id marki ng by the valve.

Using a magnetic concentra tor in this case turned an almos t impos sibl e deve lopment task

into a fairly reasonab le one . There wer e two obv ious complex ities. First, the diame ters

adjacent to the seat are the same size as the seat’ s O.D . The heat patte rn produced by a

simp le inductor smal l enough to pass through these bores will not reach the O.D. on the

surfa ce of the valve seat. Secon d, the tube inside the seat must not be hard ened, yet the field

intens ity in a roun d ind uctor is greatest wi thin the bore of the coil.

Magnetic flux concentrator material a pplied i n t he center and top of t he inductor

prot ects the center t ube. It causes the heated pattern to f latten out across the s eat and

pushes the pattern across the entire surface. The p attern shown w as accom p li shed wi th a

400-kHz unit at 6.0 kW in 4.0 s . Figure 4.88 s hows the placement of the powde red iron

concentrator.



(a)

(b)

FIGURE 4.87 Single-shot hardening of the drive stem.
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4.5.15.5 Application 5. Surface Hardening of Rocker Arm Tip

Purpose: To improve surface wear on nodular iron rocket arm.

The previous methods of heating rocker arm tips usually involved a circular inductor that

heated the entire end of the rocker arm. The pattern was not optimal, and the time required to

conduct heat to the center of the wear surface was excessive. A split-return type of inductor

improved results, and the use of flux concentrators allows the wear surface to reach the

hardening temperature before the remainder of the workpiece is appreciably heated. Heating

time for this application was 1.0 s at 27 kW at a frequency of 25 kHz.

From the examples described above, one can conclude that when choosing a magnetic flux

concentrator for a particular application, the selection factors discussed here should be carefully

considered.At the same time, major attention should be given to the location of the concentrator,

its shape, and applied frequency. When many factors are involved in obtaining the required

heating pattern, the computational ability of the IHT manufacturer becomes an ultimate

advantage over companies that rely on intuition and the experience of past mistakes.
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FIGURE 4.88 Placement of powdered iron-based concentrator for induction heat treatment of complex-

shaped part.
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4.6 SUMMARY

To briefly summ arize the chap ter, IHT may be viewed as a very sp ecialized area of inducti on

heati ng. Well -know n basic princi ples of heat trans fer an d elect romagne tics that ap ply to IHT

are discus sed, althoug h no atte mpt was is made to provide an exhaust ive analysis because of

space limitations .

Modern techn ology requir es a deep er study of the pro cesses invo lved in IHT. The use of

the most advanced computa tional methods and soft ware allow s e ngineer s to obtain a more

detai led knowl edge of the process . This knowl edge he lps them to generat e inno vative ideas,

discove r new process es, an d better underst and the unique indust rial technol ogies.

As menti oned in the intro duction, one of the goals of this chapter has been to emphasi ze the

interrela ted feat ures of elect romagne tic and he at transfer phe nomena. How ever, the meta llur-

gical aspect is the thir d but no less impor tant pa rt of the heat treat ing. We specifical ly did not

discus s the meta llurgical aspect here because it is discus sed in previous cha pters an d in [1].

The varie ty of IHT applic ations necessi tates the use of many diff erent comb inations of

power sup plies, load match ing, process co ntrol, an d mon itoring equipment . Some inductio n

coils can be very effec tive with certain invert ers and ineff ective with others . Ther efore, the

optim al design of a modern IHT system must take into con siderati on not onl y the featu res of

the physical stand-alone process but also a combination of the inductor, load-matching station,

and inverter. The operational characteristics of the power supply must properly match the coil

requir ement s to obtain the desir ed resul ts. These subject s are discus sed in Chapt er 5.

Should further details be required or questions arise regarding particular applications, the

authors welcome any reader inquiries or suggestions at INDUCTOHEAT Inc.
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5.1 POWER SUPPLIES FOR MODERN INDUCTION HEAT TREATMENT

Induction heating power supplies are frequency changers that convert the available utility line

frequency power to the desired single-phase power at the frequency required by the induction

heating process. They are often referred to as converters, inverters, or oscillators, but they are

generally a combination of these. The converter portion of the power supply converts the line

frequency AC input to DC, and the inverter or oscillator portion changes the DC to single-

phase AC of the required heating frequency.

Many different power supply types and models are available to meet the heating require-

ments of a nearly endless variety of induction heating applications [1–10]. The specific

application will dictate the frequency, power level (Figure 5.1), and other inductor parameters

such as coil voltage, current, and power factor (cos w) or Q factor.

For purposes of efficient communication, it is best at this point to provide a brief glossary

of terms commonly used by induction heat treatment specialists that may be encountered in

this section.

Buttons/Taps/Studs: The individual terminal connections on the load-matching capacitors

above the porcelain insulators. The connection of a button involves installing a conduct-

ing copper strap or washer between an existing copper bus and a capacitor terminal, thus

making an electrical connection between a section of the capacitor and the bus.

Cans: Load-matching capacitors.

Efficiency: Ratio of the actual power output of the power supply or coil to the required

input power.

kVAR: Kilovolt ampere reactive (kVAR) is a rating term for capacitors that specifies the

amount of reactive volt–amperes that the capacitor can supply to the circuit when run at

a specified voltage and frequency.

Power factor: The cosine of the phase angle between the voltage and the current of a given

circuit. This is most often of interest to the user of induction heating as the ratio of

kilowatts to the actual volt–ampere product required to produce that power. A higher

power factor (cos w) generally means a lower volt–ampere product required from the

selected frequency converter.

Reactance and Q factor: Inductive reactance is the opposition to the flow of AC current by

a pure inductance. A mechanical analogy would liken the inertia of a flywheel to the

inductive reactance of a coil while the friction of the shaft and bearing of the flywheel is
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FIGURE 5.1 Typical induction heat treatment applications.
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like the resi stance of the co il. Using the same an alogy, a high- Q coil is like a large

flywh eel wi th lit tle shaft fri ction, and a low- Q coil is like a smal l flywh eel wi th mu ch

fri ction. Q is the rati o of inducti ve reactance to the resi stance of the coil.

Reson ance : For a seri es circui t, resonance is the frequenc y at whi ch the vector sum of

ca pacitive and inductive react ances is e qual to zero, the power fact or (cos w) is equ al to

1, and the impeda nce is at its mini mum value. For a parallel circuit contai ning resistance

in eithe r or both of the circuit paths, resonance may be define d as the frequency at whi ch

the vector sum of capacitive and inductive reactan ce is equ al to zero, cos w¼ 1, or the

impeda nce is at its maximu m value. For a low -Q circuit, these poin ts may be slightl y

diff erent from one an other, but at higher Q values they are essent ially the same. For

pr actical pur poses, in inducti on heatin g it is possible to consider them equival ent.

Over the hump : Refers to a con dition where a swept frequency power supply is operati ng

be yond the resonant frequency of the oscillat ing circui t.

Tank circuit : The co mponents in the resonant portion of the induction he ating circuit,

us ually consis ting of capacito rs, transform ers, an d the induc tion coil. Thes e co mponents

may be con nected in series or parallel, de pending on the type of power supply used.

Trombo ne bus : A bus that is de signed to slide in and out of a spec ified recei ving bus. As the

trom bone bus is moved in and out of the receiving bus, the circui t inducta nce will vary to

allow ad justment of the running frequency , voltage, and power .

Tuning or matching the load: The process of adjusting the circuit capacitance, inductance, and

impedance in order to heat the workpiece most effectively with the hardware available.

Diode or rectifier : A semi conductor device that allows the current to flow in only one

direct ion. Its function and symbo l are illustrated in Figure 5.2.

Thyris tor or silicon-cont rolled rectifi er ( SCR ): A semicon ductor de vice that allows current

to flow in one direction but only after a firing signal or posit ive vo ltage is applie d to its

ga te term inal. It turns off or blocks the current flow, only after the cu rrent sup plied to it

has stopped for a certain minimum period of time. This period is called the turn-off time.

Its function and symbo l are illustrated in Figure 5 .3.

Transistor: A semiconductor device that will control current flow from its input terminal to

its output terminal by the application of a control signal to its gate or base terminal. The

transistor can be switched on or off at any time. Its function and symbol are illustrated

in Figure 5.4.
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FIGURE 5.2 Symbol and waveshapes of diode.
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Frequency is a very important parameter in induction heat treatment because it is the

primary control over the depth of current penetration and therefore of the depth and shape of

the resulting heat pattern. Frequency is also important in the design of induction heating
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FIGURE 5.4 Symbol and waveshapes of transistor.
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power supplie s beca use the power compon ents must be rated for ope ration at the specif ied

frequency . The power circui t must ensure that these co mponents are operate d with ad equate

margin to yield high reli ability at this frequency . The inverter circui ts that c onvert DC to AC

use solid -state switchin g devices such as thyristor s (SCRs) an d trans istors. For high power

and lowe r frequenci es, large thyristor s are commonl y used. For frequenc ies above 25 kHz, or

low power , transisto rs are used becau se of their ab ility to be turned on and off very fast with

low-swit ching losses.

Vacuum-t ube oscil lators have been used extens ively for many years at frequenci es ab ove

300 kHz . How ever, the tube oscillato rs have a low co nversion efficie ncy of typic ally 50–60%

compared to 83–95% for an inverte r using transist ors. Power vacuum tubes have a use ful life

of 2,000– 4,000 h and are therefore a co stly mainte nance item. The high volta ge (over

10,000 V) requir ed for tube operati on is more dangerous than 1,000 V or less present in

typic al trans istorized invert ers. These negati ve feat ures of tube oscil lators have brought about

a dr amatic mo ve tow ard the use of transist orized power sup plies in most heat treatment

applic ations that require a frequency of less than 1 MHz.

Figure 5.5 shows in graph ical form the various power and frequency combinat ions that

are co vered by thyristor , trans istor, and vacuum- tube power supplie s. Ther e are obviousl y

large areas of ov erlap wher e more than one type of power supp ly can be used.

The power requir ed for a given ap plication depen ds on the vo lume an d kind of meta l to be

heated, the rate of he ating, and the efficienc y of the heating process . Small areas heated to a

shallow depth may require as little as 1 or 2 kW, whereas heating wide, fast-moving steel

strips to temperatures above their Curie point may require many megawatts of induction

heating power. It is therefore necessary to define the process and its power requirements by

using the num erical techni ques described in the computa tion secti on of c hapter 4 or by a

careful extrapolation from similar applications.

The part and coil geometry and the electrical properties of the material to be heated

determine the specific coil voltage, current, and power factor. Defining these parameters is

necessary to ensure that the output of the power supply is capable of matching the require-

ments of the coil. Most induction heating power supply systems have the ability to match a

reasonable range of heating-coil parameters.

Physical constraints imposed by the environment, in which the induction heat treatment is

to be carried out, can also play an important part in the selection or application of the power

supply. Each type of power supply, described in detail later in this section, has specific

advantages that may directly affect its suitability in the overall heat treatment system.
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Floor space, machine design, and plant layout are important factors in many induction

heat treatment installations. For example, in highly automated machines with a number of

hardening and tempering stations, the very compact unitized construction of a transistor-

based power supply with self-contained load-matching transformer and capacitors is a

definite advantage. On the other hand, for installations requiring a long distance between

the power supply and the work coil, the heat station or load-matching portion should be

separated from the rest of the power supply and located at the work coil.

5.1.1 TYPES OF INDUCTION HEATING POWER SUPPLIES

An understanding of the various types of power supply circuits used for induction heating is

necessary to select the best type for a given application or to assess the suitability of an

available power supply to the application. A very basic block diagram that applies to nearly

all induction heating power supplies is shown in Figure 5.6. The input is generally three-phase

50 or 60 Hz at a voltage that is between 220 and 575 V. The first block represents the AC to

DC converter or rectifier. This section may provide a fixed DC voltage, a variable DC

voltage, or a variable DC current. The second block represents the inverter or oscillator

section, which switches the DC to produce a single-phase AC output. The third block

represents the load-matching components, which adapt the output of the inverter to the

level required by the induction coil. The control section compares the output of the system

to the command signal and adjusts the DC output of the converter, the phase or frequency of

the inverter, or both to provide the desired heating.

5.1.1.1 Full-Bridge Inverter

The most common inverter configuration is the full bridge as shown in Figure 5.7. Often

referred to as an H bridge, it has four legs that each contains a switch. The output is located in

the center of the H so that when switches S1 and S2 are closed, current flows from the DC

supply through the output circuit from left to right. When switches S1 and S2 are opened and
+

−
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DC
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FIGURE 5.7 Basic full-bridge inverter.
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switche s S3 an d S4 are closed, current flows in the oppos ite direct ion, from right to left. As

this process is repeat ed, an AC is generat ed at a frequency determined by the rate at which the

switche s are ope ned and closed.

5.1.1 .2 Hal f-Bridge Inverter

The half-bri dge inverter, as its name impl ies, requ ires onl y two switche s and two-filt er

capacit ors to pro vide a ne utral con nection for one side of the output circui t as shown in

Figure 5.8. The othe r side of the output circuit is then switche d between pos itive DC supply

by S1 an d the negative supply by S2, thu s generat ing an AC voltage across the outp ut. This

config uration is used in place of the full bridge wher e low er outp ut voltage or outp ut power is

desir ed.

Many books an d technical papers have been writt en about the detailed design and theory

of ope ration of the various types of inducti on he ating power supplie s [1–10,24] . Inclus ion of

such detai l woul d likely to be of little help to the heat treater. Ther efore, the followin g

paragra phs will only categor ize the commonl y used power circui t and c ontrol co mbinations.

This will give some insi ght into the advan tages and disadva ntages of mod ern induction

heati ng power supp lies and their applic ations and feat ures.

Figure 5.9 shows the princi pal design feat ures of the invert er con figuratio ns most com-

monly use d in induction heati ng power suppli es. The two major types are the voltage-f ed an d

the current -fed. The figure further sub divides each of these by the DC sou rce (fixed or

varia ble), the mod e of inverter control , an d the load-c ircuit connec tion (series or parallel).

5.1.1 .3 Direct -Current Section

All of the power suppli es outli ned in Figure 5.9 ha ve a con verter section that convert s the line

frequency AC to DC [2,3]. Nearl y all inducti on heatin g power supp lies use one of the three

basic convert ers. The sim plest is the unco ntrolled rectifi er sho wn in Figure 5.10. The output

voltage of this converter is a fixed value relative to the input line-to-line voltage, and no

control of the output is provided by the converter section. The uncontrolled rectifier must

therefore be used with an inverter section capable of regulating the power supply output.

The phase-c ontrol led recti fier, shown in Figu re 5.11, has thyristor s that can be switche d

on in a manner that provides control of the DC output relative to the input line voltage. This

relatively simple converter can be used to regulate the output power of the inverter by

controlling the DC supply voltage. The circuit has two disadvantages. First, the input line

power factor is reduced to values that are not acceptable to modern power quality specifica-

tions when the DC output voltage of the converter is less than maximum [11,12]. Second, the

control response time is necessarily slower because it is not able to respond faster than the

frequency of the input line it is acting upon. There are, however, schemes that require

additional power components for alleviating both of these disadvantages [2,11].
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The third convert er type has an uncon trolled recti fier foll owed by a switch mode regu lator

as shown in Figure 5.12. The switch mode regula tor shown in the diagram is one of the

sim plest forms and is call ed a buc k regula tor [2]. The level of DC volta ge or current at the

outpu t is regulated by rapidl y switchin g the pass trans istor on and off. The greater the on-

time/of f-tim e ratio , the higher the outpu t voltage or current. This con verter can theref ore

regula te the out put power of the inverter by co ntrolling the supply of DC . The input line

power fact or is maxi mum at all power levels, and the respon se time can be very fast due to

the relative ly high switchi ng rate of the buck regula tor. Therefor e, this co nverter overcome s

the disadva ntages of the sim ple control led recti fier while remain ing more co mplex, more

costl y, and sligh tly less efficie nt [2].

All of the con verters just discus sed draw non- sine wave current from the input AC line.

This means that there are harmoni cs or mu ltiples of the line frequency present in the current
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FIGURE 5.10 Uncontrolled rectifier.
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wave shape. The harmoni c distortio n of the current wave shape can adve rsely affect supply

trans formers and other electronic equipment con nected to the same line. In most heat

treatment situati ons where the power supply rating is less than 600 kW and the plant

power distribut ion system provides a low-sour ce impeda nce or stiff line, a six-p ulse recti fier

as de scribed abo ve is accepta ble. For higher power syst ems or where utilit y requ irements

requir e red uced harmoni c content , a 12-pul se rectifi er, which requ ires a six- phase input an d

12 rectifiers, can be used. The table be low compares the typical line current harmoni cs as a

percent of the fundame ntal for these rectifier config uration s.
Input
three-phase

line
frequency

FIGURE 5.12 Uncontrolled
Harmonic 6-Pulse (%) 12-Pulse (%)
VAC

rectifier with sw
itch mode regulato
5th 
17.5 
2.6
7th 
11.1 
1.6
11th 
4.5 
4.5
13th 
2.9 
2.9
17th 
1.5 
1.5
As shown in the table , the 5th an d 7th harmoni cs are nearly e liminated in the 12-pu lse case,

resul ting in a dramatic red uction of the total harmoni c dist ortion of the line current . Use of

higher pulse config uration s su ch as 18 or 24 would lead to a furt her reducti on but at a

consider able expense.

5.1.1 .4 Invert er Section

5.1.1 .4.1 Volta ge-Fed Inverters with Sim ple Series Load
Voltage- fed invert ers are dist inguish ed by the use of a fil ter capacitor at the input of the

inverter and a seri es-connec ted output circuit as sh own in the simplified power circuit of

Figure 5.5. The volta ge-fed inverter is used in inducti on heating to generat e frequenci es from

90 Hz to as high as 1MHz. Thyristors, which are also called SCRs, can be used to switch the

current at frequencies below 10 kHz. Below 50 kHz, insulated gate bipolar transistors
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FIGURE 5.13 Voltage-fed series-connected output.

404 Steel Heat Treatment: Equipment and Process Design
(IGBTs) are commonly used. Above 50 kHz power, MOSFET transistors are chosen for their

very fast switching speeds.

The voltage-fed inverter can be switched below resonance as illustrated by the bridge

output voltage (Figure 5.14, trace 1) and the output current waveshape (trace 2). This must be

the case when thyristor switches are used because diode conduction must follow thyristor

conduction for sufficient time to allow the thyristor to turn off. This minimum turn-off time

requirement limits the practical use of thyristors to frequencies below 10 kHz. The INDUC-

TOHEAT Statipower 6 is an example of this type of inverter [4].
Trace 1
Bridge output
voltage A to B

Trace 2
Below resonance

output current
leading

Trace 3
At resonance
output current

Trace 4
Above resonance

output current
lagging

FIGURE 5.14 Voltage-fed inverter waveshapes with series-connected output.
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Transistors do not require turn- off time and theref ore can be ope rated at resonance as

illustr ated by the output current wave shape (Figur e 5.14, trace 3). In this case, there is little or

no diode c onduction, and the trans istor is switche d whi le the current is at zero, thus

minimiz ing switchi ng losses and maximizin g invert er power ratin g and efficie ncy. Opera tion

at resonance means that the output power facto r is unity and maxi mum power is transferr ed

from the DC source to the load. To regula te power in this case, this DC supply volta ge must

be control led. The Lepe l Solid State (LSS) family of inducti on heatin g power supp lies

(produced by Lepe l Corp. ) is an exampl e of this type; they are operate d at reson ance with

power controlled by varia ble DC sup plied by a switch mode regula tor [5].

Transistors can also be switche d ab ove resonanc e as illustrated by trace 4 in Figure 5.14.

In this case, the co nducting switche s (S3 and S4) are turned off before the current reaches

zero. This forces the current to flow in the diodes (D1 and D2) that are across the non-

cond ucting switche s (S1 and S2). Thes e switche s (S1 an d S2) can then be turned on and will

cond uct as soo n as the load current changes direction. This mode of ope ration minimiz es

trans istor- and diode-s witchin g losse s while allowi ng the inverte r to operate off resonan ce to

regula te power . The regula tion of output power by control of the invert er frequency relative

to the natural resonant frequen cy of the load will be discus sed in Secti on 5.2.

The volta ge-fed inverter supp lies a square wave volta ge at the out put of the bridge, an d

the impeda nce of the load de termines the current draw n through the bridge to the series load

circuit. In nearly all heat treatment ap plications , an output trans former is required to step up

the current available from the invert er to the high er level requir ed by the inducti on heati ng

coil. The secon dary of this trans form er is connected direct ly to the heati ng coil when the

heati ng frequency is 30 kHz or less and the coil volta ge is less than 250 V. In higher frequency

applic ations wher e the coil vo ltage is necessa rily greate r, the series resonan t capacit or is

usuall y placed in the secondary circui t of the trans former and in seri es with the he ating coil.

Figure 5.15 shows Lepe l’s mo del of a solid-st ate por table RF power supply. Thi s low-

power (15 kW), high-f requency (HF) (50–20 0 kHz) unit is specifical ly de signed for such heat

treatment applic ations a s preh eating, soft solder ing, brazing , sh rink fitti ng, anneali ng,

through ha rdening, and epoxy c uring of smal l parts. While capable of functio ning as a low-

power , in-pl ace unit, the generat or’s light weight enables it to be hand-car ried to wherever it is

needed . A built-i n electronic digit al timer allows automa tic timing of the heat cycle to a preset

interval and syste m shutof f.

The salient features of the voltage-fed inverter with a simple series resonant induction

heating load are compared to those of the current-fed bridge inverter and summarized in

Figure 5.16.

5.1.1.4.2 Voltage-Fed Inverter with Series Connection to a Parallel Load
A popular variation of the voltage-fed inverter for induction heating has an internal series-

connected inductor and capacitor that couple power to a parallel resonant output or tank

circuit as sho wn in Fi gure 5.17. The values of the inter nal series induc tor an d capacit or are

selected to be resonant above the operating or ‘‘firing’’ frequency of the inverter with an

impedance at this firing frequency that will allow sufficient current to flow from the bridge to

permit full-power operation. A very important feature of this style of inverter is that the

internal series circuit isolates the bridge from the load. This protects the inverter from load

faults caused by shorting or arcing and from badly tuned loads, making it one of the most

robust thyristor-based induction power supplies available for heat treatment.

A second feature of this series–parallel configuration is realized when the internal series

circuit is tuned to the third harmonic of the firing frequency. The power supply is then

capable of developing full power into the parallel tank circuit tuned to either the fundamental

firing frequency or the third harmonic. For example, the INDUCTOHEAT Statipower 5



FIGURE 5.15 Air-cooled portable radio-frequency solid-state induction heating power supply.
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family of inductio n heat- treating power sup plies are pr oduced in three dual-freq uency

models , 1 and 3 kHz, 3.2 an d 9.6 kHz, and 8.3 and 25 kHz [6] with a power range of

10–1500 kW (F igure 5.18). Bec ause load cu rrent is not used for co mmutati on, this system

can be ope rated with the output shorted for easy troublesho oting. Solid- state accuracy

ensures outp ut power regula tion of +1% with a line varia nce of up to +10%. Rel iability is

furt her enhanced by placem ent of 95% of all circui try on one control boa rd that is accessible

withou t enteri ng the high-v oltag e secti on of the power supply.

The vo ltage-f ed inverter wi th seri es conne ction to a pa rallel load commonl y uses thyri stors

for power switchi ng in the bridge and has an unregu lated DC input sup ply. The regula tion of

output power is accomplished by varying the firing frequency relative to the parallel load
Bridge  inverter  features

Voltage fed Current fed

DC filter capacitor
Square wave voltage
Sine wave current
Series resonant output
Load current = output I.
                        voltage x Q
Best for low-Q loads

DC inductor
Sine wave voltage
Square wave current
Parallel resonant output
Load voltage = output V.
                         current x Q
Best for high-Q loads

FIGURE 5.16 Bridge inverter features.
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resonant frequency . The waveshap es pr esent in this style of inverter are sho wn in Figure 5.19.

Trace 1 shows the volta ge waveshap e at the output of the bridge. Trace 2 shows the bridge

current to the load . Trace 3 is the load current an d the current when the load is tun ed to the

fundame ntal or firing frequency . The corres pondin g waveshap es for ope ration with the load

tuned to the thir d ha rmonic of the firing frequency are shown in Figure 5.19 (trace 4).

5.1.1 .4.3 Current -Fed Inverters
Curren t-fed invert ers are distinguis hed by the use of a varia ble volta ge DC source follo wed by

a large inductor at the input of the inverter bridge and a parallel resonant load circuit at the
FIGURE 5.18 Solid-state induction heating power supply Statipower BSP 5 and 7.
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FIGURE 5.19 Waveshapes of voltage-fed inverter with series connection to parallel load.
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outpu t as shown in the sim plified power circui t of Figure 5.20. Current- fed invert ers are

avail able in mod els that cover the entire 90 Hz to 1 MHz range of frequenci es used for

inducti on heat treatmen t. Thyr istors are commonl y used be low 1 0 kHz, wher eas trans istors

are chosen for the higher frequenci es.

When the power switchin g is done wi th thyristor s, the cu rrent-fe d invert er must be

ope rated above the reson ant frequency of the pa rallel resonant load. As illustr ated by the

wave shapes of Figure 5.21, the volta ge across the outpu t of the bridge is a sine wave (trace 1)

and the current (trace 2) is a squ are wave . It is interest ing to note that this is just the reverse of

the voltage-f ed invert er, wher e the voltage is a squ are wave and the c urrent is a sine wave. The

DC bus voltage across the bridge after the large inductor LDC (trace 3) resem bles a full -wave

rectifi ed sine wave . The bus voltage is forced negative from the time the bridge is switche d

until the load volta ge reach es zero. This time must be suff iciently long to provide turn-o ff
�
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supply
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BA
lo
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FIGURE 5.20 Current-fed full-bridge inverter.
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FIGURE 5.21 Current-fed inverter waveshapes above resonance.
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time to thyristor s that are no longer conducting . The volta ge across the thyristor switche s is

shown in trace s 4 and 5 of Figure 5 .21 with the ne gative portio n of the wavesha pe not ed

as turn- off time. TG a re very high power 1.5 to 4 megawat t cu rrent-fe d thyri stor power

suppli es. TC are medium power 100–3000 kW current -fed thyri stor power sup plies. The TG

and TC family of inductio n heat treatment power sup plies (prod uced by Radyne Limited,

U.K.) a re of this design (Figure 5.22) an d have been in use since 1970 [7].

For operatio n of the current -fed inverter at frequen cies above 10 kHz, trans isto rs are used

in the inverter bridge because they can be switche d very fast and do not requir e turn- off time.

In this case, the inverter can be operate d at the reson ant frequency of the parallel resonant

tank circuit as shown in Figure 5.23. One diagonal of the bridge contai ning trans istors T1 an d

T2 is turned on as trans istors T3 and T4 of the other diago nal are turned off. This switchi ng

or co mmutati on is done at a tim e when the volta ge across the load, invert er bus, an d

trans istors is ze ro. The invert er wave shapes obt ained in this mod e of operatio n are shown

in Figure 5.24. Switchi ng at zero voltage mini mize s the switchin g losses in the trans isto rs an d

therefo re allows for high er frequen cy operati on. When the invert er frequency is locked to the

natural reson ant frequen cy of the load, the outpu t power must be regula ted by control ling the

input cu rrent to the inverter. This is accompl ished by using one of the varia ble volta ge DC

suppli es descri bed earlier. The Statitr on 3 (produced by Inducto Elp hiac, Belgium ) uses

MOSFET transistors in a current-fed inverter configuration for heat-treating at frequencies

from 15 to 800 kHz with power levels up to 1 MW [8].



FIGURE 5.22 Radyne TG-type solid-state power supply.
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Anothe r inverter co nfigurati on that has been used extens ivel y for heat-trea ting at 10 and

30 kHz uses only one thyri stor and is referred to as a cho pper or quarter bridge. Figure 5.25

shows a simp lified circuit diagra m. It is class ified as a current -fed inverter becau se it has a

large indu ctor in seri es with the DC supply to the invert er. Unlik e the co nventi onal full-bri dge

current -fed invert er, the ch opper has a series-conne cted outpu t circuit. Wh en the thyristor is

switche d on, current flow s bot h from the DC source through the large inductor and from the

seri es load-tu ning capacit or, dischar ging it through the load co il. The resul ting load current

pulse (Figur e 5.26, trace 20) is nearly sinusoid al, with the fir st half-cycl e of c urrent passi ng

through the thyristor and the second half-cycl e through the diode. Duri ng this pa rt of the

period, current is rising in the input inductor. When the current stops flowing in the diode, the
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FIGURE 5.23 Current-fed full-bridge transistor inverter.
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energy stored in the input inductor causes DC to flow in the output circuit, recharging the series

load-tuning capacitor.The frequencyof the output sinewave is determinedby the series capacitor

and the load coil inductance. It is this frequency that determines the penetration depth of the

inductionheating current.The firing rate of the inverter regulates the output power, and therefore

a simple fixed voltage DC source may be used. The INDUCTOHEAT Unipower 9 and Uniscan

induction scan hardening machine both make use of this simple inverter [2,9,13–15].

Operational considerations that impact on the suitability of each type of power supply

include initial cost, operating cost or overall efficiency, reliability, maintainability, flexibility,

cooling water availability, and the power supply’s impact on utility power quality.

The initial cost is important but should be a deciding factor only when all of the inverter

types considered meet the other operational requirements. In general, the chopper or quarter-

bridge power supply has the lowest purchase price. For power levels below 750 kW, the voltage-

fed inverter with series resonant load is the next choice based on cost. The current-fed inverter

has a low cost per kilowatt when high power at low frequency is required. The most expensive is
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FIGURE 5.24 Current-fed inverter waveshapes at resonance.
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usually the voltage-fed inverter with a series connection to a parallel load. It has more power

components per kilowatt than any other type of inverter in its frequency range but is the most

robust and flexible for induction heating applications.

Operating cost, which is usually determined by the power conversion efficiency, is also a

consideration. Modern semiconductor-based induction heat treatment power supplies, how-

ever, all have reasonably high conversion efficiency compared to their motor generator and

vacuum-tube predecessors. Most of them have a conversion efficiency of 80–93% when

running at rated output power. The conversion efficiency referred here is that of the power

supply from the input power connection to the output terminals and therefore does not

include, in some cases, the output-matching transformer and load-tuning capacitors. The

measurement and the specification of power conversion efficiency can be accomplished in

many ways with differing results. At one extreme, only the losses in the inverter portion are

used in the calculation of efficiency. At the other extreme, all the losses from line to load

are used by taking the ratio of the output power delivered to a calorimeter load to the input

line power to the system. This method includes the losses in the inductor coil, which can be

relatively high, resulting in a much lower stated efficiency. It is therefore essential to know

specifically what portions of the system are included in the specified efficiency to make direct

comparisons of power supply efficiency.

The reliability and the maintainability and a power supply’s tolerance to input and load

perturbations is more a function of power component design margin and control circuit

design than the general type of power supply circuit used. Without carrying out a detailed

analysis of a power supply, it is very difficult to assess its reliability. Without this analysis, the

best guide to equipment reliability is an assessment of the manufacturer’s reputation, how
Trace 2
Output
 load current

Trace 1
Thyristor
voltage

Trace 3
Output
load voltage

FIGURE 5.26 Current-fed chopper or quarter-bridge waveshapes.
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long it has been in the business of producing induction heating power supplies, and the

amount of its equipment in field use. Maintainability is affected by many features of power

supply design, including the level of self-diagnostics provided, accessibility of components for

inspection and measurement, and ease of component and subassembly removal and replace-

ment. When power components, subassemblies, and control boards are interchangeable

without adjustment or modification, troubleshooting and repair can be quickly and effect-

ively accomplished by electrical maintenance personnel with only minimal training. Self-

diagnostic systems can be very helpful in locating failures in a power supply. However, the

inclusion of diagnostic circuitry, which can also fail, has a negative impact on reliability, and

therefore a balance between the level of fault diagnostics and power supply reliability is

necessary. A very reliable power supply design should require only very basic fault indicators,

while more failure-prone designs should be equipped with more extensive diagnostics to speed

up the repair process even though an incremental decrease in reliability will result.

The flexibility or the ability of a power supply to operate under varying load conditions or

in different applications is an important factor in some situations. If the heat treatment

machine is a general purpose equipment such as a scan-hardening machine used in a job

shop, the ability to match a wide range of coils at more than one frequency is attractive if not

essential. In this case, a dual-frequency power supply with a versatile load-matching system,

including both transformer tap switches and dual-frequency capacitor banks, is recom-

mended. The relatively new transistorized power supplies with external transformer tap

switching are also attractive where their small size, light weight, and minimal cooling water

requirements allow them to be portable and used by multiple machines. The Unipower 12

shown in Figure 5.27 is an example of such a multiple-application power supply [10].
FIGURE 5.27 Multiple application solid-state power supply Unipower 12.
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5.2 LOAD MATCHING

5.2.1 PRELUDE TO DISCUSSION OF LOAD MATCHING

A very important facet of induction heat treatment that is often overlooked in the initial

design stages is the ability to successfully deliver to the workpiece the maximum available

power from a given power supply at the minimum cost. Circumstances do not always allow

for an optimal design of a complete induction heat treatment system in which the power supply

design is based on the application including the specific induction coil parameters. Quite often,

the induction coil is designed to achieve the desired induction heat treatment pattern without

regard for the power supply that will be used. When this is the case, a flexibile interface

is required to match the output characteristics of the power supply to the input characteristics

of the induction coil and workpiece combination [11]. If this match is not provided, the power

supplywill not be able to develop its rated power if the coil requiresmore voltage or current than

the supply can deliver.

There are many factors involved, any of which can cause complications in arriving at the

stated goal. Variable ratio transformers, capacitors, and sometimes inductors are connected

between the output of the power supply and the induction coil. The adjustment of these

components is commonly referred to as load matching or load tuning.

5.2.2 FOUR STEPS IN UNDERSTANDING LOAD MATCHING

FOR SOLID-STATE POWER SUPPLIES

5.2.2.1 Step One

The most common example of matching a power source and load would be a simple lighting

circuit application, where a 6-V light bulb is available for use on a 120-VAC power line (Figure

5.28). Obviously, there is a need for some type of interface hardware to prevent 120 VAC from

destroying the light bulb. This would commonly be accomplished by inserting a transformer

between the light bulb and the power line.

Induction heating circuits have not only a resistive element but also considerable inductance.

As part of the electric circuit, any inductor can be introduced as a combination of resistance and

reactance (inductance). Both the resistance and the reactance of the inductor are nonlinear

functions of several parameters such as coil–workpiece geometry, material properties, and
6 V

6 V

Matching capacitor

Inductor
30 V

120 V

Matching
transformer

Power
supply
800 V

120 V

Transformer
20:1
ratio

FIGURE 5.28 Load tuning—impedance matching.
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frequency. Furthermore, the electrical resistivity and magnetic permeability of metals are non-

linear functions of the temperature (see Figure 4.8 and Figure 4.9 of Chapter 4). As shown in

Chapter 4, electrical resistivity and magnetic permeability vary during the heating cycle. In

addition, modern metalworking processes require that workpieces of different sizes are heated

in the same inductor. The combinations of production mix and variations of material properties

result in changing coil resistance and reactance, which affects the tuning and performance of the

power supply. Generally speaking, a change in coil resistance and reactance results in a change of

the phase angle between the coil voltage and coil current of a given circuit. Such a change can be

characterized by the coil power factor, which refers to the cosine of the phase angle (cos w). Power

factors of different types of inductors are affected differently by the various factors. At the same

time, for different frequencies, the power factor can be significantly different (i.e., from cos

w¼ 0.02 up to cos w¼ 0.6), which makes the Q-factor range from Q¼ 50 down to Q¼ 1.7.

In addition to these factors, the process itself usually requires that the part be heated at

some frequency other than the line frequency. In conventional heat treatment, the applied

frequency typically ranges from 200 Hz to 400 kHz. Since a relatively large current is required

to successfully heat a workpiece, it is necessary to build power sources with extremely high

output current capability or to use a simple resonant circuit to minimize the actual current or

voltage requirement of the frequency converter. A simple example may help at this point.

Example: Given a work coil that requires 100 kW, 40 V, and 10,000 A at 10 kHz and a

power source that is rated at 100 kW, 440 V, and 350 A, are the two incompatible?

By using an isolation transformer, we might select a ratio of 440/40 or 11:1 to match the

work coil to the power source. This would leave us with a current requirement of 10,000/11 or

909 A, which is too high for the given power source.

By the addition of a specific capacitance to the load circuit, it is possible to lower the current

requirement and still accomplish the heating task. The addition of sufficient capacitance to tune

the circuit to unity power factor (cos w¼ 1) would result in a required current from the power

source of 100 kW/440 V or 227 A, well within the limitations of our selected power source. This

relaxes the requirements not only on the power source but also on interconnecting cables,

contactors, and transformers operating in the area of the improved power factor.

As shown in the previous section, there are two basic types of resonant frequency

converters that use parallel and series resonant circuits. Figure 5.29 shows the characteristics

of series and parallel resonant circuits. Looking first at the parallel circuit, it is easy to see that

if the capacitor value is equal to zero, then a given voltage applied to the circuit at a fixed
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FIGURE 5.29 Resonance at series and parallel circuits.
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frequency wi ll resul t in a specific amount of power depen dent on the circui t impeda nc e. W hen

suff icient capacitan ce is added to the c ircuit to tune the load c ircuit ne ar resona nce, the circuit

impeda nce rise s dramat ically and the amount of cu rrent draw n from the power source falls

off dramat ically. The circui t volta ge requir ed to achieve a specific power level is the same as it

was in the initial case of zero capac itance, but now the higher current req uired by the load is

supp lied by the capacitors rather than the power sou rce.

In a parallel-tuned load circuit, we have a Q rise in curre nt in the tank cir cui t compare d wi th t he

input line from the power source (Figure 5.30). This analogy can be repeated for the case of the

series circuit to realize that with the calculated change in circuit impedance; the circuit current will

be much hig he r for a give n input voltag e w he n the cir cuit is tun ed ne ar the re son ant frequency

bec aus e the impedance is approac hing z ero. Th e load coil curre nt re qu ired for a giv en power is the

sa me fo r t he give n l o ad c irc uit re gar dle ss of wh eth er t h e co nn ec ti on is ser ies o r pa ralle l, bu t bec au se

the ov era ll im pe da nc e has fa llen a nd the re qu ired cur rent i s fix ed , the re qu ired driv ing v olta ge is

approximately a factor of Q lowe r t ha n the c oil v olta ge. He nc e, we ha ve a Q ris e in curre nt in the

para llel circ uit and a Q rise in voltage with the series-connected circuit (Figure 5.29). It is therefore

imper ativ e to h av e a n unde rsta nding of what type of c ircuit c onnection ex ists in order to under-

sta nd the effe ct tha t tuning changes w ill ha ve on the power sourc e and worksta tion c ompone nts.

5.2. 2.2 Step Two

Tur ning now to look at the outpu t power ch aracteris tic for a given load circuit versus the

circuit-operating frequency (Figure 5.31), it is easy to see that if we begin at a low frequency

and gradually increase the operating frequency to the point of resonance, we will have an

increase in output power. Beyond the point of resonance, an increase in the operating
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frequency will result in a decrease in the output power. This characteristic is often used to

accomplish the required regulation mode for the power source. The goal in tuning the

workstation is to deliver the required power to heat the workpiece without exceeding any of

the power source parameters. Figure 5.32 illustrates a typical workstation with capacitors, an

autotransformer, and an isolation transformer.

Ausefulway to approach the tuning of aworkstation is first to determine the ratings of power

source and record the available workstation hardware. The next step would be to make an

estimate of the required coil voltage for the desired output power.Thismaybedonewithprevious
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data or rule-of-thumb extrapolations. Then select an isolation transformer ratio to yield the

proper voltage match. The next step would be to set up the load in the work coil as it will be heated

and use a load frequency analyzer or a signal generator to determine the resonant frequency of the

load circuit [12]. Figure 5.33 shows the load frequency analyzer, which is a solid-state portable

instrument that quickly determines the resonant frequency of the induction heater without

heating the workpiece. This analyzer eliminates hours of setup time and prevents the waste of

production parts. Instead of guesswork, the load frequency analyzer can easily and precisely

determine the resonant frequency for any induction heating or heat treatment system.

After obtaini ng a resonant frequency , it is necessa ry to add or sub tract capacit ance from

the circui t to match the tuned frequency of the works tation to the rated frequency of the

power sou rce. At this time, it is useful to run a cycle and record data for use in extrap olating

to the de sired setup. Figure 5.34 gives a sim ple Ma thcad she et for us e in extra polation s when

tuning the works tation. Variabl es are present ed for power , volta ge, coil lengt h, co il turns,

frequency , and co il diame ter. The varia bles P1, V1, L1, N1, F1, and D1 are the initial values

recorded . The remai ning va riables are the desired values except for one varia ble that is chosen

as the one to solve for. The eq uation ca n be so lved manu ally for any of the given varia bles. An

example at this point might prove helpful.

From previous data:

P1 ¼ 100 kW; V1 ¼ 30 V; F ¼ 9:6 kHz

N1, L1, D1 ¼ 1

Desired: What voltage is required for the same power at 1.2 kHz?

P2 ¼ 100 kW; V2 ¼ ? F ¼ 1:2 kHz

N2, L2, D2 ¼ 1(same as above)

Solve for V2.



Solver routine for the extrapolation equation:
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Answer: 15 V (approximately).

Note: For most load-matching calculations, an answer within 10% is close enough to

accomplish the job. Although not pleasing scientifically, it is very practical and will save

considerable time probing for exact answers.

It may be profitable at this point to consider the effect of changes in various components

or component values in the workstation. The induction coil may be varied in shape and size

with respect to the workpiece that is heated. The effect of changing a simple cylindrical coil

and workpiece is shown in Figure 5.35. The value of circuit Q is directly affected by the part-

to-coil coupling and will cause a need for increased capacitive volt–amperes to balance the

inductive portion of the circuit. The larger the gap between the part and the coil, the greater

the required value of heat station capacitance (Figure 5.35).
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The heat station isolation transformer can also be varied by physically changing tap

connections to change the turns ratio. A change in this transformer will produce a significant

change in the circuit inductance reflected to the primary side of the circuit and subsequently

the amount of capacitance required to balance the load property.

The amount of capacitance connected in the circuit can also be changed. Increasing the

circuit capacitance will lower the resonant frequency of the circuit, and a decrease in

capacitance will result in an increase in the load resonant frequency. There is sometimes

confusion in recording the actual amount of capacitance in a given load circuit due to the use

of the terms kVAR and microfarads to describe the quantity of capacitance. The term kVAR

can be expressed by the following formula:

kVAR ¼ 2pFCV 2

1000

which is obviously a function of the frequency F, microfarad value C, and operating voltage V

of the capacitor. For a given capacitor, the kVAR is at the nameplate frequency and voltage.

If the capacitor is used at another voltage or frequency, the actual required microfarad value

(C ) will change according to the formula mentioned above.

One might ask what the real benefit of the kVAR term is. It can facilitate calculations when

transformers are installed between the coil and the capacitor bank. As shown in Figure 5.36, if

we have a load that has a Q value of 8, the required value of the load or tank capacitor is

approximately the Q value multiplied by the required kilowatts. For a 150 kW unit, this load

would require 1200 kVAR kilovolt Ampere Reactive of heat station capacitance at the rated

voltage and frequency. This is true regardless of the position of the capacitor in the circuit. If the

microfarad valuewere usedhere, then the effectivemicrohenry value of the coilwouldhave to be

calculated through each of the transformer connections and then the capacitor microfarad

value would be calculated.

One of the major causes of misapplication of this information is that most users assume

that the kVAR value of the capacitor is constant, but, in fact, it changes its value as the

operating frequency and voltage change. It is then necessary to specify the kVAR at the

operating voltage and select the capacitors so that they provide the required kVAR value at

the desired voltage and operating frequency. For example, using the information above, if the

circuit requires 1200 kVA at 600 V and 10 kHz, then the nearest standard capacitor that

would be acceptable would probably be a 2133 kVAR, 800 V, and 10 kHz capacitor.

Manufacturers for many years have standardized on 220, 400, 440, and 800 V operating

voltages to reduce the variety of capacitors produced and to match the existing standard

output ratings of motor generators.
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Another component that can be changed in the matching process is the autotransformer.

A change in the tapping of this transformer will, for all practical purposes, affect the output

voltage of the circuit but not the operating frequency. This is stated with the qualifier ‘‘for all

practical purposes’’ because with solid-state power supplies the leakage reactance of the auto-

transformer may sometimes be significant. Care should be taken in choosing the placement of the

autotransformer because it can greatly affect the required kVAR of the transformer. As shown in

Figure 5.37a, if the transformer is installed between the power supply and the capacitor bank it is

operating at the power factor of the power source with relatively low current. If this same

transformer is installed between the capacitor bank and the isolation transformer or work coil

(Figure 5.37b), the current is much higher and the required kVAR of the transformer is much

hi ghe r, r ou gh ly Q times the kilowatt-operating point of the power supply.

5.2.2 .3 Step Three

Histori cally, for the motor gen erator set, tuning was approach ed by tryi ng to ad d enou gh

capacit ance to read unity power facto r or zero-pha se an gle on the pa nel meters. With soli d-state

power sup plies, the power so urce often operate s at less than uni ty power fact or, and any

inducta nce ad ded in the trans mission lines beco mes more of a facto r. Often a react ance locat ed

in the power supp ly must be consider ed part of the tuned circui t. To co mplicate matters further,

each type of power source has a variety of limit ing cond itions that could preven t deliv ery of

maxi mum power to the workpi ece. It is ad visable, be fore purch asing a power sup ply, to ch eck

with the manu facturer as to how muc h reser ve capacity is avail able in the power supply. More

than one user ha s been cu t short by buy ing a 150 kW power su pply only to find out that the

maxi mum power it will de liver into the load circuit is 90 kW . Figure 5.31 shows a typical tuning

curve for a swe pt frequency power supply operati ng into a parallel tank circuit. Thi s type of

power supply most often begins at a low er freque ncy, call ed the low frequency limit (LF in

Figure 5.31) and begins sweep ing up in frequency until the present power level is atta ined or a

limit is reach ed. Typical limit s would include a HF limit, a pha se or low impeda nce limit , output

volta ge limit , output cu rrent limit, maxi mum power limit, e tc.

One complication that can arise as a result of mistuning the load is that the frequency may be

increased beyond the resonant frequency of the tuned circuit. This results in confusing the control

circuit, which is normally in a mode of increasing the frequency to increase the output power.

Since the power will decrease for an increase in frequency beyond the load resonant frequency, the

power supply frequency will continue to increase until it reaches the HF limit. This condition is

referred to as ‘‘going over the hump.’’ The remedy is generally to reduce the value of the heat

station capacitor or vary the inductance to produce an increase in the load resonant frequency.

It should be noted that on power supplies with an output series capacitor this ‘‘over the

hump’’ condition will result when the series capacitance is too small relative to the kilowatt
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ratin g of the power supply. By ad justing the tank circuit capacitor and trans former or co il

turns, it is pos sible to shift the curve in Figure 5.31 to the left or right to move a way from

expected limiting conditions. It should be noted that the power delivered is that shown on the

curve and that if the curve is shifted too far to the left, a higher power than that desired may

be delivered with no apparent control by the power potentiometer. Some solid-state con-

verters will not run at a zero power output even though the potentiometer may be set to zero.

A current-fed power supply operating into a parallel tank circuit operates at a fixed

frequency by phase locking itself to the tank circuit resonant frequency. One might think

that this would eliminate the need for tuning. Unfortunately this is not the case. The problem

of matching impedances still exists. On many current-fed units, the maximum allowable

current is only slightly higher than that calculated for unity power factor at full voltage.

This means that unless the impedance of the tank circuit is exactly right to deliver full current

at full voltage, the power supply will deliver less than full power to the load. This sometimes

requires the insertion of a special tuning bus to adjust the impedance for the correct value. If

the current as a percent of maximum is higher than the percent of voltage, more inductance is

required in the circuit. If the voltage is higher than the current, then inductance must be

removed from the circuit. Another solution provided by the control of some current-fed

inverters is to operate the inverter above the resonant frequency of the tank circuit. This

reduces the load impedance to better match the output of the inverter.

The effort spent on load matching can be reduced by using a power supply that has more

rated capacity than required or one that can demonstrate the capacity to run at 120% of its

power rating. This will ensure ease of tuning when the applications call for 100% power or less.

Another general guide in load matching is to aim approximately for a voltage match as

outlined in the following table:
% Voltage
 % Power
10
 1
20
 4
30
 9
40
 16
50
 25
60
 36
70
 49
80
 64
90
 81
100
 100
Since the power varies as the square of the output voltage, striving for these values will

give a setting that will allow easy adjustment to higher or lower values without continual

limiting conditions.
5.2.2.4 The Final Step

A final caveat in load matching has to do specifically with the transmission lines from the

power source to the load-matching (or heat) station and those from the load-matching

capacitors or output transformer to the heating coil. Large inductances in these areas can

cause considerable problems because much of the voltage generated by the power supply is

dropped across the high-inductance elements of the circuit and not across the load itself. This

can result in a considerable reduction in allowable output power and possibly in the inability
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to complete the desired heating task. This inductance is particularly critical in the higher kVA

portion of the circuit (between the matching capacitors and the coil), especially at higher

frequencies and higher currents. A good practice is to minimize the transmission line induct-

ance within the required cost and size constraints.

5.2.3 MEDIUM- AND HIGH-FREQUENCY TRANSFORMERS FOR MODERN HEAT TREATMENT

A transformer is an important part of the induction heating machine. Different types of

transformers are used in inverters and heat stations. The total efficiency of the power supply is

primarily affected by the transformer’s efficiency. Years ago, when motor generators were

widely used, the design of isolation transformers was a straightforward process. Some basic

information, such as frequency, kilowatts, kilowatt–amperes, and input–output voltages, was

all that was required. Today, with many different types of solid-state inverters and heat

stations, the task of designing efficient transformers becomes more complex. The successful

design of contemporary transformers should involve such features as the current–voltage

waveforms, which can be square, sinusoidal, or sawtooth and often contain harmonics.

In 1955, the Jackson Transformer Company first started to manufacture transformers for

induction heating applications. Since that time, thousands of different transformers have been

developed to match the variety of applications. Here, we briefly introduce some basic types of

medium- and high-frequency transformers for modern heat treatment based on the materials

provided by the Jackson Transformer Company [16,17].

The transformer’s main purpose is to change one voltage to another, making it possible to

operate a great variety of loads at suitable voltages. In a transformer, the turns of the primary

and secondary coils are coupled closely together so that their respective turns ratios determine

very closely the output voltages and volt–ampere characteristics. The coils are usually wound

on a laminated core of a magnetic material, and the transformer is then known as an iron-core

transformer. Sometimes, as in many radio-frequency (RF) transformers, there is no magnetic

core; the transformer then may be described as an air-core transformer.

Transformer manufacturers provide the induction heating industry with a wide range of

transformers and other magnetic products from line frequency to 800 kHz, from a few volt–

amperes to over a megawatt, and with water- and air-cooled designs. Products include

isolation, auto, current, potential, and RF transformers, along with AC–DC reactors and

integrated magnetic devices. As a general rule, most of the magnetic devices are water-cooled.

This is because of size limitations, cost factors, power requirements, and frequency ranges.

5.2.3.1 AC–DC Reactors

AC reactor designs take into consideration any DC component, from a few hertz to several

hundred kilohertz, water-cooled or dry, open construction or encapsulated. The legs of the

inductors have distributed gaps to minimize flux leakage and to reduce noise. The legs are

normally encapsulated to minimize vibrations. They are available from a few microhenries to

several millihenries, and from a few amperes to several thousand amperes.

DC reactors are designed to handle an AC ripple component that may be present. They

are available in both dry and water-cooled designs. Typically, they have a shell-type con-

struction, whereby the gaps are distributed in the center leg to reduce fringing. The center leg

is encapsulated to minimize noise and vibrations. They are available from a few microhenries

to several millihenries and from a few amperes to several thousand amperes.

5.2.3.2 Variable Impedance Transformer

The variable impedance transformer (VIT) is an integrated magnetic device in which the

primary windings and the magnetic amplifier windings are placed on common cores. Its
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purpose is to provide stepless power to electric furnaces that have silicon carbide elements,

vacuum furnaces for deposition of metal, plating power supplies, and load banks. The VIT is

a current-control device that requires minute signals to control a large amount of power. The

VIT can operate with large unbalanced loads or with an open-circuit phase. The VIT can

withstand short circuits for prolonged periods of time without incurring component failure.

VITs are available in single-, two-, or three-phase designs that provide from a few hertz to

200 kHz, from a few volts to 2,000 V up to 500 kVA.
5.2.3.3 Heat Station Transformers

Jackson heat station transformers such as 52V1, 51V1, and 531V1 have been used in the

heating, hardening, and annealing industry. The 52V1 transformers are normally used where

the voltage needs to be stepped down anywhere from 5:1 to 22:1 or from 5:2 to 22:2 or other

ratio combinations depending on customer requirements. The input voltages are anywhere

from 220 to 1,200 V, and frequencies from 500 Hz to 10 kHz. The kVA values can range from

50 to over 10,000 kVA.

The construction of the windings can be either opened or epoxy-encapsulated. The output

connections (secondary terminals) are generally referred to as fishtails. The input side of the

transformer, which is referred to as the primary winding, is tapped to cover the required turns

ratio. The windings use rectangular copper tubing of the thin wall because of the skin effect of

the current at medium frequency. A typical profile of the tubing used would be 0.25� 1� 0.048

wall. The primary and secondary windings are of an interleaved design to take advantage of the

shape of the tubing and to reduce the resistance and impedance of the transformer. One of the

unique features of this design is that the losses in the primary and secondary windings are equal.

For a typical 22:1 ratio transformer, there are 22 primary turns in a series and there are 22

secondary turns connected in parallel in a one-turn construction. Therefore, the secondary

resistance reflected to the primary is 222 times the secondary resistance. The total resistance is

the primary resistance plus the reflected secondary resistance.

The construction of the core uses thin electrical steel (0.006 or 0.007 in. thick) of EE- or EI-

type laminations. The core is water-cooled by means of copper-cooling plates sandwiched

between the steel laminations. It has been concluded after many tests that the flux generated

by the ampere turns in the magnetic circuit flows along the inside legs of the laminations just as

current in a circuit takes the least resistive path. Therefore, the width of the outside leg of a shell-

type transformer operated at medium frequencies can be less than one-half the tongue (center

leg), as is required for low-frequency designs. The core loss of the transformer varies as the

square of the input voltage, inversely as the square of the input turns, and approximately as the

fourth root of the frequency.
5.2.3.4 Toroidal Transformers

Typically toroidal transformers are totally encapsulated and are used in through hardening,

tempering, forging, and annealing. Normally, the output voltages are higher in the heat

station transformers, and in many instances the output voltage is equal to or much higher

than the applied voltage. Input voltages can be from 100 to 2000 V or higher. The output

voltage can range from 50 V to several thousand volts. Taps are provided within the voltage

range. The frequencies can be anywhere from 200 Hz to 10 kHz. The kVA can range from 50

to 3000 kVA or higher. They are more efficient than laminated transformers and have

virtually no air gaps. A disadvantage of remaining encapsulated is that they are not easily

repaired and in most cases must be replaced.
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Toroidal autotransformers usually are smaller in size and have lower exciting current,

better regulation, and higher efficiency than an isolation transformer. The reason for this is

that in an isolation transformer all of the kVA is transferred to the secondary, whereas in an

autotransformer only a portion of the total kVA is transformed, the rest flowing directly from

the primary to the secondary without transformation. The windings in an autotransformer

are wound around the same core and are used to step up or step down the input voltage. The

core of toroidal transformers consists of thin steels wound in a cylindrical or toroidal form.

Water-cooled copper heat sinks are used on the flat surface of the cores to carry away the heat

generated by the core. Without water cooling, the physical size of the core would increase

drastically. The windings are hand-wound over the core, using round copper tubing, and its

size determined by the design current.

5.2.3.5 Integrated Magnetic Transformers

Jackson Transformer Company has developed and patented a method of combining a

transformer and inductor in a single package whereby the inductor and the primary of the

transformer have a common core. This product is referred to as a transinductor and can be

designed to provide a fixed inductance in the primary or secondary or both. Variable ratios

can be provided on the transformer portion. By combining the two components the size of the

product is reduced, the overall efficiency is increased, and the leakage flux of the magnetic

device is minimized.

5.2.3.6 Rectangular (C-Core) Transformers

The construction of a rectangular transformer uses a C-core and interleaved windings.

Normally, the unit is epoxy-encapsulated. The design of the rectangular core transformer is

usually at low to medium frequencies with input voltages from a few hundred to a few

thousand volts, output voltages from a few hundred to a few thousand volts, and input

power up to several thousand kilovolt–amperes. Specific requirements for this type of

transformer are low-leakage inductance and high efficiency.

5.2.3.7 Narrow-Profile Transformers

Narrow-profile transformers are designed to deliver high power at medium frequencies within

narrow physical constraints. A typical example is the induction heating bearing surfaces of an

engine crankshaft. The construction of this style of transformer uses the interleaved winding

design and ferrite cores and is epoxy-encapsulated. This allows the transformer to achieve its

narrow-profile, high-efficiency, low-leakage inductance and be completely protected from its

harsh environment and physical abuse.

5.2.3.8 Ferrite-Core Transformers

Ferrite-core transformers are similar toheat station transformers in that theyhave an interleaved-

windingconstruction.Oneof thedifferences is that inplaceof the steel laminationused in the core,

ferritematerial is used. Ferrites offer advantages over steel laminations in that they have low eddy

currents and high permeability over a wide frequency range. Having a homogenous ceramic

structure and inherent low core loss, the ferrites become very attractive at frequencies above

10kHz for transformer applications. In some cases, even though the ferrite core loss is low, they

may still need to be water-cooled because of the frequencies at which they are used. In applica-

tions, when the output power from the power supply is fairly low and the frequency may be under

10kHz, ferrites are more advantageous than steel because of the lower loss of the ferrite.
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5.2.3.9 Radio-Frequency Transformers

The RF transformer is normally referred to as a current transformer and is designed without

any core material. The critical element in the design is to obtain the highest current transfer

ratio from primary to secondary. Generally, the primary winding is encapsulated silicon

rubber, which is a moisture-resistant material. This is required because of the high dielectric

strength needed between the primary and the secondary windings and also to protect the

windings from the environment. Great care must be taken in the construction and the selection

of the material. A clean room environment is highly recommended.

5.2.3.10 Maintenance, Sizing, and Specification of Transformers

As a general rule, when transformers are water-cooled, most failures occur because of a break-

down of the insulation between the windings. Normally, this is due to lack of water, poor-quality

water, too high water inlet temperature, or operation of the transformer outside its designed

rating. Sometimes, insulation breaks down because of the harsh environment to which the

transformer is subjected. Another failure that commonly occurs is the melting of the output

connection (fishtail), which is caused by improper tightening or poor maintenance of the inductor

(e.g., dirty and oxidized surfaces on the mating inductor or fishtail). Sometimes the core fails.

Again, thismaybedue to lackofwater, poor-qualitywater, toomany inputvolts per turn (voltage

per turn exceeds core loss temperature limitation), and improper use of frequency. A well-

designed water system will pay for itself with reductions in component failures and downtime.

A proper maintenance of the inductor and transformer connections will also help greatly.

To properly size or specify a transformer, the following information is generally required:

input voltage to the transformer, power source wattage, the frequency range of the power

source and the frequency at which the transformer will operate, the turns ratio or the output

voltage required at full load (or no load), the input kVA at the minimum and maximum turns

ratios, and expected efficiency (based on the kilowatt rating of the power source), or loss of

the transformer. It is also helpful to know any unique characteristics of the power source, type

of waveform, and if any DC will be present. The more information the designer has available,

the more assurance the customer has of getting the proper, most efficient transformer.
5.3 PROCESS CONTROL AND MONITORING

5.3.1 PRELUDE TO DISCUSSION OF PROCESS CONTROL AND MONITORING

One of the most important features of a modern induction heat treatment machine is that it

has an effective control and adequate monitoring system. The monitoring system provides an

operator with information about what is actually happening during the process and whether

the heat treatment of the workpiece has been successful [18,19].

In earlier years, controls as simple as dual set-point meters were used to determine whether a

given parameter was running between two preset points at the time the circuit was interrogated.

With the advent of the Programmable logic controller (PLC), a much larger number of points

could be monitored in real time during the heat treatment cycle. In the early 1980s, HWG, in

Germany (this company is now a part of the INDUCTOHEAT Group), developed the coil

signature system, which was sold on many commercial machines and has been effectively applied

for repeatable heat treatment processes.

The general idea of the signature concept is rather simple and can be described as follows.

The monitoring system observes one of the unregulated variables related to the process and

stores the most important parameters during the machine cycle. These values are compared to

set points stored in the information bank within the PLC (ideal signature), and an output
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indication is given on the graphics display. In normal performance, all subsequent signatures

of cycles are compared to the ideal one and must remain between the upper and lower limits

(Figure 5.38). If any signature goes outside the area of limits, then the operator can see exactly

during which part of the heat treatment cycle the signature was not repeated and the process

exceeded the set limits. The operator can determine immediately what the problem is and

what should be done to adjust the machine to get the cycle signature back into the correct

setup. It is not necessary for the operator to know in detail the electromagnetic, heat transfer,

or quenching features of the process. The operator merely needs to know how to adjust the

machine to get the signatures back to the ideal shape.

As microprocessor technology continued to grow, this signature technology was employed

by manufacturers of strain-measuring equipment and eddy current testers. Modern signature

systems will allow the measurement of many variables at once with corresponding real-time

graphing of the function within the preset set points as well as any required SPC analysis.

The question always remains as to which are the most significant variables to monitor to

ensure that the process has been successfully repeated and what the correlation is between the

variables and the heat treatment process. A list of variables for induction hardening would

include the following:
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One manufacturer, who was purchasing a number of machines, took the refreshing

approach of performing a design of experiments (DOE) for his particular process. The

DOE determined that there were relatively few parameters that significantly affected the

process. The decision was made to control the significant parameters rather than focusing on

the larger number of insignificant items usually pursued.

During workpiece induction heating, there is a large variation in the material properties,

including electrical resistivity and the relative magnetic permeability of ferromagnetic metals.

These changes result in a significant redistribution of heat sources within the workpiece
e
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FIGURE 5.39 Depth of current penetration in cold and hot steel.
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during heat treatment . Var iation in electrica l resi stivity and magnet ic pe rmeabili ty during the

heati ng cycle leads to chan ges in the refer ence depth of current in the workpi ece. These

chan ges c an be observed by mon itoring the coil vo ltage, current , and phase angle (cos w ) at

the inducti on coil (Figur e 5.39 and Figu re 5.40) .

Although at first glance the changes may appear to be very dramat ic, there are some

fact ors that may mask the ex pected effect. For a mass heati ng syst em running at relative ly low

field intens ity (i.e., inductio n he ating before forgi ng, ro lling, or extrusion ), the relative

magnet ic pe rmeabili ty of the workpi ece surfa ce may change from 200 to 1 during the

trans ition from cold to hot. For a surfa ce-har dening application running a t 10 kW /in. 2 or

more, the chan ge of m will typic ally be only from 8 to 1. Since the refer ence de pth v aries as the

invers e squa re root of the permea bility chan ges, the actual change in inducta nce from cold to

hot load may be relative ly small. In many cases of induction hardening, the actual change in

inducta nce and impeda nce is relative ly small an d is great ly reduced for strong er magn etic

fields and higher power de nsities (see Figure 4.16 of Chapte r 4).

Differ ent types of mon itoring syst ems are avail able in the market. The choice of a particu lar

monit oring system is a matt er of ope rationa l feat ures of the process , cycle tim e, techno logical

requir ement s, an d cost. In some app lications , a relat ively simp le en ergy mo nitor will be

suff icient. Othe r applic ations, howeve r, may requir e adv anced signat ure-m onitoring devices .

5.3.2 ENERGY MONITOR

The sim ple energy monitor is shown in Fi gure 5.41 [18, 20]. This monit or measur es a nd

displ ays the actual energy de livered to the ind uction coil in kilowat t–secon ds. It is a relat ively
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FIGURE 5.40 Monitoring of induction heat treatment system.



FIGURE 5.41 Energy monitor.
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inexpensive device. Once a workpiece-heating pattern is developed and the correct power and

heating time are established, this information is preset into the monitor. The acceptable lower

and upper kilowatt–second limits are then entered by the user. If insufficient or excessive

energy is applied to the load, the display will show REJECT/UNDER or REJECT/OVER,

respectively. Auxiliary contacts can be used to reject the part in automated lines or sound an

alarm in manual operations. If the count falls within the present range, the ACCEPTABLE

indicator will be displayed. The energy monitor can be used as an induction process controller

to turn off the power automatically when the desired amount of energy is delivered to the

load. The energy monitor circuitry accurately measures and displays the output of the power

supply. While most-earlier RF monitoring was on the input, fiber optics make it possible to

monitor the high voltages and frequencies on the output safely.

5.3.3 ADVANCED MONITORING

In many cases, energy or coil monitors can monitor the heating cycle effectively. However, in

some applications, these monitors give only a partial picture because the quenching phase is

as critical to the proper hardening of the part as the heating phase. It would be desirable to

have more advanced monitoring equipment available. This equipment could monitor several

parameters simultaneously in real time and indicate which parameters may cause an improp-

erly hardened part.

The Stativision concept has been used extensively in developing advanced monitoring

devices [21,22]. Monitors that use this concept have a real-time interface that monitors the

energy into a workstation and checks it against the ideal system set points. The signature of

load parameters is polled, varying from 30 ms to 2 s, and 75 readings are taken. The ideal



430 Steel Heat Treatment: Equipment and Process Design
signature, which is based on previous successful laboratory developments and the history of

operations, is stored online. During each successive machine cycle, a new signature is

compared to the stored ideal signature. The difference in the two is displayed along with

the actual running signature. If the two do not match, a fault is logged, and a signal is sent to

the machine control.

Operator screens also display process data. The main screen has several graphs represent-

ing major process parameters such as power, frequency, and current. The fault screen displays

a list of system problems, including faults as well as limits. From this screen, the operator or

maintenance personnel can move the cursor to the fault or limit displayed. A keystroke will

bring up a help screen developed specifically for the item indicated. These help screens

provide user-friendly diagnostic routines that improve system-up time and provide the tuning

needed for a particular load.

It is wise to remember that each parameter that is monitored adds cost to the machine.

For a great majority of induction hardening applications, four signatures are sufficient to

define the process [19].

Scanning induction surface hardening typically requires the following signatures: scan

speed, quench pressure, rotation speed, and load power. As an example, scan speed and load

power signatures are shown in Figure 5.42.

Single-shot heat treatment processes will require parameters such as rotation speed,

quench pressure, load power, and quench flow. Since the part is not moving during the

heating cycle, the scan speed is irrelevant to the process, although monitoring these param-

eters might indicate a tendency toward a failure of the machine index. Therefore, for

maintenance scan speed could be monitored.
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Other parame ters that a re advisa ble to be mo nitored with a signatu re syst em are shown in

Figure 5.43. Wo rkpiece tempe rature can be monito red during the c ycle using an infr ared

monit or. In some applic ations, in additio n to the parame ters shown in Figure 5.42, signat ures

can involve other parameters that are essential to particular processes and change during each

cycle.

An adv anced commer cial system such as INDUC TOHEA T’s QA Ultra 8000 (Figur e 5.44)

is capable of producing four or eight simultaneous process parameter signatures. This system

verifies all machine settings to provide confidence in the quality of processing for the part. It can

detect high/low power, high/low rotation speed, excessive/slack quench, high/low heat time, etc.

The features and benefits of this and other similar monitoring systems are:

. Machine repeatability on every component

. Real-time parameter sample monitoring

. Cost savings through reduced destructive testing

. Immediate test results

. Easy setup and operation with user-friendly software

. Help in troubleshooting, allowing identification of the fault condition and the point in

the cycle where the problem occurred
. Trend analysis
. Data collection for SPC software

Advanced monitoring systems provide precise verification of the real process parameters. As

with most processes, it is advantageous to use a number of techniques to manage the process.

The combination of a reliable power supply, an efficient induction coil, and a full process

monitoring system ensures a proper hardening profile.
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FIGURE 5.43 INDUCTOHEAT’s monitoring parameters for signature concept.



FIGURE 5.44 Quality assurance monitor (signature monitor) QA Ultra 8000.

432 Steel Heat Treatment: Equipment and Process Design
5.4 SUMMARY

The unique viewpoint presented in this chapter is that of the integration of modern power

supply selection, load matching, process control and monitoring, and contemporary inductor

design techniques. Current information has been presented on the use of different types of

solid-state power supplies with their basic block diagrams, waveshapes, and resonant charac-

teristics as well as photographs of practical applications. An attempt has been made to bridge

the gap between induction coil design information and power supply, load matching,

and process control and monitoring. This information is truly useful to the modern heat

treatment engineer.

Should further details be required or questions arise regarding different types of induction

heat treatment power supplies in particular applications, the authors welcome any reader

inquiries or suggestions at INDUCTOHEAT, Inc.
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6.1 INTRODUCTION

Lasers represent one of the most important inventions of the 20th century. With their

development it was possible to get a highly intensive, monochromatic, coherent, highly

polarized light wave [1,2]. The first laser was created in 1960 in Californian laboratories

with the aid of a resonator from an artificial ruby crystal. Dating from this period is also the

first industrial application of laser which was used to make holes into diamond materials

extremely difficult to machine. The first applications of laser metal machining were not

particularly successful mostly due to low capabilities and instability of laser sources in

different machining conditions. These first applications, no matter how successful they

were, have, however, led to a development of a number of new laser source types. Only

some of them have met the severe requirements and conditions present in metal cutting. As

the most successful among them, CO2 laser should be mentioned. The high-intensity CO2

lasers have proved to be extremely successful in various industrial applications from the point

of view of technology as well as economy. A great number of successful applications of this

technique have stimulated the development of research activities which, since 1970, have

constantly been increasing.

Laser is becoming a very important engineering tool for cutting, welding, and to a certain

extent also for heat treatment. Laser technology provides a light beam of extremely high-

power density acting on the workpiece surface. The input of the energy necessary for heating

up the surface layer is achieved by selecting from a range of traveling speeds of the workpiece

and/or laser-beam source power.

The advantages of laser materials processing are as follows [3–7]:

. Savings in energy compared to conventional surface heat treatment welding or cutting

procedures.
. Hardened surface is achieved due to self-quenching of the overheated surface layer

through heat conduction into the cold material.
. As heat treatment is done without any agents for quenching, the procedure is a clean

one with no need to clean and wash the workpieces after heat treatment.
. Energy input can be adapted over a wide range with changing laser source power, with

having focusing lenses with different focuses, with different degrees of defocus (the

position of the lens focus with respect to the workpiece surface), and with different

traveling speeds of the work-piece and/or laser beam.
. Guiding of the beam over the workpiece surface is made with computer support.
. It is possible to heat-treat small parts with complex shapes as well as small holes.
. Optical system can be adapted to the shape or complexity of the product by means of

different shapes of lenses and mirrors.
. Small deformations and/or dimensional changes of the workpiece after heat treatment.
. Repeatability of the hardening process or constant quality of the hardened surface layer.
. No need for/or minimal final machining of the parts by grinding.
. Laser heat treatment is convenient for either individual or mass production of parts.
. Suitable for automation of the procedure.
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The use of laser for heat treatment can be accompanied by the following difficulties:

. Nonhomogeneous distribution of the energy in the laser beam

. Narrow temperature field ensuring the wanted microstructure changes

. Adjustment of kinematic conditions of the workpiece and/or laser beam to different

product shapes
. Poor absorption of the laser light in interacting with the metal material surface

Engineering practice has developed several laser processes used for surface treatment

. Annealing

. Transformation hardening

. Shock hardening

. Surface hardening by surface layer remelting

. Alloying

. Cladding

. Surface texturing

. Plating by laser chemical vapor deposition (LCVD) or laser physical vapor deposition

(LPVD)

For this purpose, besides CO2 lasers, Nd:YAG and excimer-lasers with a relatively low

power and a wave-length between 0.2 and 1.06 mm have been successfully used. A charac-

teristic of these sources is that, besides a considerably lower wavelength, they have a smaller

focal spot diameter and much higher absorption than CO2 lasers.

In heat treatment using laser light interaction, it is necessary to achieve the desired heat

input, which is normally determined by the hardened layer depth. Cooling and quenching of

the overheated surface layer is in most cases achieved by self-cooling as after heating stops,

heat conducted into the workpiece material is so intensive that the critical cooling speed is

achieved and thus also the wanted hardened microstructure. Figure 6.1 illustrates the

dependence of power density and specific energy on laser light interaction time and on the
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work-piece surface in order to carry out various metalworking processes. Diagonally there are

two processes, i.e., scribing and hardening, for which quite the opposite relationship between

power density and interaction time has to be ensured [5–6]. In scribing material vaporization

at a depth of a few microns has to be achieved, ensuring the prescribed quality and character

resolution. On the other hand, for hardening a considerably lower power density per work-

piece surface unit is required, but the interaction times are the longest among all the

mentioned metalworking processes.

Thus different power densities and relatively short interaction times, i.e., between 10�1

and 10�3 s, are related to transformation hardening and remelting of the material. This group

thus includes the processes in which either the parent metal alone or the parent metal and the

filler material are to be melted. The highest power densities are applied in the case that both

the parent metal and the filler material are to be melted. Such processes are laser welding and

alloying. With cladding, however, the lowest power densities are required as the material is to

be deposited on the surface of the parent metal and only the filler material is to be melted. The

power density required in both welding and alloying of the parent metal, however, depends on

the materials to be joined or alloyed. In hardening of the surface layers by remelting it is

necessary, in the selection of the power density, to take into account also the depth of the

remelted and modified layer. In laser cutting a somewhat higher power density is required

than in deep welding. In the cutting area the laser-beam focus should be positioned at the

workpiece surface or just below it. In this way a sufficient power density will be obtained to

heat, melt, and evaporate the workpiece material. The formation of a laser cut is closely

related to material evaporation, particularly flowing out of the molten pool and its blowing

out due to the oxygen auxiliary gas, respectively.

Lasers produce a collimated and coherent beam of light. The almost parallel, single-

wavelength, light rays that make up the collimated laser beam have a considerably higher

power density profile across the diameter of the beam and can be focused to a spot size

diameter on the workpiece surface [8–10].

Various types of lasers are classified with reference to a lasing medium [15–19]. In laser

treatment processes, the most frequently used gaseous lasers are CO2 lasers [20].

The transverse power density distribution emerging from the laser source is not uniform

with reference to the optical laser axis. It depends on the active lasing medium, the maximum

laser power, and the optical system for transmission and transformation of the laser beam

[10–14].

Figure 6.2 shows different mode structures of the laser beam, i.e., TEM00 (a, Gaussian

beam), and multimode beam structures TEM01 (b), TEM10 (c), TEM11 (d), and TEM20 (e),

respectively [11].

The transverse power density distribution of the laser beam is very important in the

interaction with the workpiece material. The irradiated workpiece area is a function of

the focal distance of the convergent lens and the position of the workpiece with reference

to the focal distance. The transverse power density distribution of the laser beam is also called

the transverse electromagnetic mode (TEM). Several different transverse power density distri-

butions of the laser beam or TEMs can be shaped. Each individual type may be attributed a

different numeral index. A higher index of the TEM indicates that the latter is composed of

several modes, which makes beam focusing on a fine spot at the work-piece surface very

difficult. This means that the higher the index of the TEM the more difficult it is to ensure

high power densities, i.e., high energy input. For example in welding, mode structures TEM00,

TEM01, TEM10, TEM11, TEM20, and frequently combinations thereof are used. Some of the

laser sources generate numerous mode structures, i.e., multimode structures [8–12].
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The most frequently used lasers are continuous lasers emitting light with the Gaussian

transverse power density distribution, TEM00. A laser source operating 100% in TEM00 is

ideal for cutting and drilling. A TEM00 beam can be focused with a convergent lens to a very

small area thus providing a very high power density. In practice TEM01, having energy

concentrated at the periphery of the laser beam with reference to the optical axis, is used as

well. This mode is applied primarily to drilling and heat treatment of materials because it

ensures a more uniform elimination of the material in drilling and a uniform through-

thickness heating of the material in heat treatment. For welding and heat treatment,

very often mixtures of multimode structures giving an approximately rectangular, i.e., top-

hat-shaped, energy distribution in the beam are used [13–20].

Heat treatment requires an adequate laser energy distribution at the irradiated work-

piece surface. This can be ensured only by a correct transverse power density distribution

of the laser beam. The power density required for heat treatment can be achieved by the

multimode structure or a built-in kaleidoscope or segment mirrors, i.e., special optical

elements.

Heating of the material for subsequent heat treatment requires an ideal power density

distribution in the laser beam providing a uniform temperature at the surface, and below the

surface to the depth to which the material properties are to be changed.

Figure 6.3 shows different shapes of transverse power density distribution which can be

accomplished by both the defocusing of the laser beam and the laser-beam transformation

through the mirrors or differently shaped optical elements [21]. When the focused laser beam

with the Gaussian power density distribution is used, the irradiated spot (a) is smaller than the

one obtained with the defocused beam (b). To fulfill the requirements of a uniform power

density distribution, the top-hat mode of the power density should be ensured. Figure 6.3

shows two solutions both giving a rather uniform power density distribution. Such a power

density distribution can be accomplished by the unidirectional (c) or bidirectional (d) oscil-

lating laser beam that is obtained by being guided through appropriately shaped optical

elements showing adequate kinematics [21]. It is characteristic of the two basic shapes of the

laser beam that they are suitable for heat treatment and can be applied to heating of larger

areas. Thus with the unidirectional oscillating laser beam, heating of the material is relatively

fast whereas with the bidirectional oscillating beam heating is less intense, but it provides a

larger and rectangular heated surface. Both types of laser beam are very suitable for fast
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hardening of larger areas. In any case it should be taken into account that such a transform-

ation of the laser beam is feasible only with a laser source of sufficiently high maximum

power.
6.2 LASER SURFACE HARDENING

6.2.1 LASER HEATING AND T EMPERATURE C YCLE

A prerequisite of efficient heat treatment of a material is that the material shows phase

transformations and is fit for hardening. Transformation hardening is the only heat-treat-

ment method successfully introduced into practice. Because of intense energy input into the

workpiece surface, only surface hardening is feasible. The depth of the surface-hardened

layer depends on the laser-beam power density and the capacity of the irradiated material to

absorb the radiated light defined by its wavelength. Laser heating of the material being

characterized by local heating and fast cooling is, however, usually not suitable to be applied

to precipitation hardening, steroidization, normalizing, and other heattreatment methods

[3–6,22].

Kawasumi [23] studied laser surface hardening using a CO2 laser and discussed the

thermal conductivity of a material. He took into account the temperature distribution in a

three-dimensional body taken as a homogeneous and isotropic body. On the basis of derived

heat conductivity equations, he accomplished numberous simulations of temperature cycles

and determined the maximum temperatures achieved at the workpiece surface.

Figure 6.4 shows temperature cycles in laser heating and self-cooling. A temperature

cycles was registered by thermocouples mounted at the surface and in the inside at certain
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workpiece depths [23]. In this case the laser beam with its optical axis was traveling directly

across the centers of the thermocouples inserted in certain depths. A thermal cycle can be

divided into the heating and cooling cycles. The variations of the temperature cycles in the

individual depths indicate that:

. Maximum temperatures have been obtained at the surface and in the individual depths.

. Maximum temperature obtained reduces through depth.

. Heating time is achieved at the maximum temperature obtained or just after.

. The greater the depth in which the maximum temperature is obtained the longer is the

heating time required.
. In the individual depths the temperature differences occurring are greater in heating

than in cooling.
. Consequently, in the individual depths the cooling times are considerably longer than

the heating times to obtain, for example, a maximum temperature.

Figure 6.5 shows two temperature cycles in laser surface heating [23]. In each case the

maximum temperature obtained at the surface is higher than the melting point of the

material; therefore remelting will occur. The remelting process includes heating and melting

of the material, fast cooling, and material solidification. The maximum temperature at the

surface being higher than the melting point, a molten pool will form in the material

surrounding the laser beam. Because of a relative travel of the laser beam with reference

to the workpiece, the molten pool travels across the workpiece as well, whereas behind it

the metal solidifies quickly. The depth of the remolten material is defined by the depth in

which the melting point and the solidification temperature of the material have been

attained.

The depth of the remelted layer can be determined experimentally by means of optical

microscopy or by measuring through-depth hardness in the transverse cross section.

Figure 6.6 shows the dependence of the maximum temperature attained at the workpiece

surface in laser heating on the given power density and different traveling speeds n [23]. The

four curves plotted indicate four different power densities Qi, i.e., 2, 4, 6, and 8 kW/cm2. With

the lowest power density Q1, transformation hardening can be performed if the traveling
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speed is varied between 0.3 and 0.5 m/min. With the highest power density Q4, hardening by

remelting of the thin surface layer can be efficiently performed as the traveling speed v of the

workpiece does not exceed 2.0 m/min. With the power densities between the highest and the

lowest, Q2 and Q3, it is the transformation hardening which can be efficiently performed

because the wide range of the traveling speeds, i.e., from 0.4 up to 2.0 m/min, makes it

possible to obtain a hardened microstructure. The wide range of traveling speeds of the

workpiece and/or the laser beam enables hardening of the surface layers of different

thicknesses.
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6.3 METALLURGICAL ASPECT OF LASER HARDENING

Prior to transformation hardening, an operator should calculate the processing parameters at

the laser system.The procedure is as follows. Someof the processing parameters shall be chosen,

some calculated. The choice is usually left to operators and their experience. They shall select an

adequate converging lens with a focusing distance f and a defocus zf taking into account the size

of the workpiece and that of the surface to be hardened, respectively. Optimization is then

based only on the selection of power and traveling speed of the laser beam. The correctly set

parameters of transformation hardening ensure the right heating rate, then heating to the right

austenitizing temperature TA3
, and a sufficient austenitizing time tA. Consequently, with regard

to the specified depth of the hardened layer, in this depth a temperature a little higher than

the transition temperature TA3
should be ensured. Because of a very high heating rate the

equilibrium diagram of, for example, steel does not suit; therefore it is necessary to correct the

existing quenching temperature with reference to the heating rate. Thus with higher heating

rates a higher austenite transformation temperature should be ensured in accordance with a

time–temperature-austenitizing (TTA) diagram. The left diagram in Figure 6.7 is such a TTA

diagram for 1053 steel in the quenched-and-tempered state (a) whereas the right diagram is

for the same steel in the normalized state (b) [24]. As the steel concerned shows pearlitic–

ferritic microstructure, a sufficiently long time should be ensured to permit austenitizing. In

fast heating, austenitizing can, namely, be accomplished only by heating the surface and

subsurface to an elevated temperature. For example with a heating time t of 1 s, for total

homogenizing a maximum surface temperature Ts of 8808C should be ensured in the first

case and a much higher surface temperature Ts, i.e., 10508C, in the second case. This indicates
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that around 170 8C higher surface temperature D Ts should be ensured in the second case

(normalized state) than in the first case (quenched-and-tempered state).

Figure 6.8 shows a space TTA diagram including numerous carbon steels with different

carbon contents. The TTA diagram gives particular emphasis to the characteristic steels, i.e.,

1015, 1035, 1045, and 1070 steels, and their variations of the transition temperature TA3
with

reference to the given heating rate and the corresponding heating time [24].

When the laser beam has stopped heating the surface and the surface layer, the austenitic

microstructure should be obtained. Then the cooling process for the austenitic layer begins.

To accomplish martensite transformation, it is necessary to ensure a critical cooling rate that

depends on the material composition. Figure 6.9 shows a continuous cooling transformation

(CCT) diagram for EN 19B steel including the cooling curves. As carbon steels have different

carbon contents, their microstructures as well show different contents of pearlite and ferrite.

An increased carbon contents in steel decreases the temperature of the beginning of martens-

ite transformation TMs
as well as of its finish TMF

. Figure 6.10 shows the dependence between

the carbon content and the two martensite transformations. Consequently, the increase in

carbon content in steel results in the selection of a lower critical cooling rate required. In

general, the microstructures formed in the surface layer after transformation hardening can

be divided into three zones, that is:

. A zone with completely martensitic microstructure

. A semimartensitic zone or transition microstructure

. A quenched-and-tempered or annealed zone with reference to the initial state of steel

Sometimes, particularly in the martensitic zone, retained austenite occurs too due to

extremely high cooling rates and the influence of the alloying elements present in steel.
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Figure 6.11 shows three calculated depths of the hardened layer of C45 heat-treatment

steel obtained with three different shapes of the laser beam, i.e., square, tophat, and Gaussian

distributions [25]. Different energy inputs selected permitted to achieve different maximum

temperatures at the material surface. In the calculatiions two cases of laser heating, i.e., a

steady beam, the traveling speed n being 0 mm/s (Fig. 6.11a), and a beam traveling with a

speed n of 20 mm/s (Fig. 6.11b), were taken into account. The greatest depth of the hardened

layer was obtained with the square power density distribution in the beam cross section. It

was followed by the depths of the hardened layer with the top-hat and Gaussian distributions.

With the stationary hardening, the depth of the hardened layer was by approximately 30%

greater than with the top-hat distribution. In kinematic or scan hardening, i.e., when the laser

beam is traveling at 20 mm/s, and with the square energy density distribution, a 2.3-times

smaller depth of the hardened layer was obtained at the maximum surface temperature TSmax,

i.e., 1420 8C, a temperature just below the melting point of the given steel.

Figure 6.12 shows a through-depth variation of themaximum temperature of transformation-

hardened SAE 1045 steel [26]. Two heating conditions were selected, they were defined

by different power densities and different traveling speeds of the laser beam across the

material surface. It is true in both cases that with the same transformation temperatures,

TA1
in TA3

, different depths of the hardened layer and different widths of the transition

zone consisting of the hardened microstructure and the microstructure of the base metal

were obtained. The results of measurements indicated that the depth of the transition zone

amounted to around 20% of the depth of the hardened layer. This relationship between

the depth, i.e., the width of the transition zone and the depth of the hardened layer depends

primarily on thermal conductivity of the material. The materials with higher thermal con-

ductivity require a higher energy input so that the same maximum temperature in the same

depth may be obtained, which, however, results in greater depths of the hardened layers and a

larger transition zone. Figure 6.13 shows a complete diagram including possible processing

parameters and the depths of the hardened layers obtained in transformation hardening [26].

The data are valid only for the given mode structure of the laser beam (TEM), the given area

of the laser spot ( A), and the selected absorption deposit. In this case the processing

parameters are selected from the laser-beam power P [W] and the traveling speed of the

laser beam n [mm/s]. The upper limit is a power P of 8 kW. This is the limiting energy input
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which permits steel melting. Although the data collected are valid only for a very limited

range of the processing parameters, conditions of transformation hardening with the absorp-

tivity changed due to the change in the deposit thickness of the same absorbent, or other

type of absorbent, can efficiently be specified as well. Greater difficulties may occur in the

selection of the laser trace that can be obtained in different ways and can be varied too. In

case the size of the laser spot changes due to optical conditions, it is recommended to

elaborate a new diagram of the processing conditions of transformation hardening.
6.4 MICROSTRUCTURAL TRANSFORMATION

In transformation hardening of steel we start from its initial microstructure, which is ferritic–

pearlitic, pearlitic–ferritic, or pearlitic. In steel heating, transformation into a homogeneous

austenitic microstructure should be ensured.

We have thus a controlled diffusion transformation of the microstructure in the surface

layer of the work-piece material of a certain thickness. The thickness of the hardened layer

required can be obtained if the heating process is well known. Heating is, namely, defined by

the heating rate, the maximum temperature attained at the surface, heating to the depth

required, and the time of heating of the material above the austenitizing temperature TA3
. The

time required for homogenizing of austenite depends on the type of the initial microstructure

and the grain size. It is a basic prerequisite to ensure a homogeneous distribution of carbon in

austenite, which results in homogeneous martensite showing a uniform hardness after

quenching and self-cooling, respectively. Account should be taken that the martensite trans-

formation is a nondiffusion transformation occurring during the cooling process only at a

sufficiently high cooling rate.

Figure6.14shows twothermal cycles, i.e., theoneat the surface,z¼ 0.0mm,and theonebelow

thesurface,z¼ 0.5mm,inlaserheatingofC45heat-treatmentcarbonsteel [25].Figure6.14ashows

two thermal cycles of a laser beam with a spot diameter D of 6.0 mm traveling at a speed n of

25 mm/s. Figure 6.14b shows the operation of a static laser beam of the same diameter.
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For efficient homogenizing, the temperature difference DT is important. It is defined as a

difference between the maximum temperature Tmax and the austenitizing temperature TA3

occurring in a depth z of 0.5 mm. Such a temperature difference ensures, with regard to the

heating and cooling conditions of the specimen, the time required for austenite homogenizing

ta in the given depth.

Figure 6.15 shows a shift of the transformation temperature, which ensures the formation

of inhomogeneous and homogeneous austenite within the selected interaction times [25].

A shorter interaction time will result in a slightly higher transformation temperature TA1

and also a higher transformation temperature TA3
. To ensure the formation of homogeneous

austenite with shorter interaction times, considerably higher temperatures are required.

Figure 6.15a shows a temperature–time diagram of austenitizing of C45 steel. The isohard-

nesses obtained at different interaction times in heating to the maximum temperature that

ensures partial or complete homogenizing of austenite are plotted. Figure 6.15b shows the

same temperature–time diagram of austenitizing of 100 Cr6 hypereutectoid alloyed steel. The

diagram indicates that with short interaction times, which in laser hardening vary between 0.1

and 1.0 s, homogeneous austenite cannot be obtained; therefore the microstructure consists of

austenite and undissolved carbides of alloying elements that produce a relatively high hard-

ness, i.e., even up to 920 HV0.2. After common quenching of this alloyed steel at a tempera-

ture of homogeneous austenite, a considerably lower hardness, i.e., only 750 HV0.2, but a
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relatively high content of retained austenite was obtained. Retained austenite is un-wanted as

it will produce unfavorable residual stresses and reduce wear resistance of such a material.

6.5 MATHEMATICAL MODELING

6.5.1 MATHEMATICAL PREDICTION OF HARDENED DEPTH

The classical approach to modeling the heat flow induced by a distributed heat source moving

over the surface of a semi-infinite solid starts with the solution for a point source, with

integrations over the beam area [27]. This method requires numerical procedures for its

evaluation. These solutions are rigorous, so their computations are complex and the results

difficult to be applied. Bass [28] gives an alternative approach by presenting temperature field

equations for various structural beam modes. Analytical results show good response to various

materials. Ashby and Easterling [29] and Li et al. [30] developed further analytical approach

and an approximate solution for the entire temperature field. Comparison of the analytical

results with numerical calculations shows adequate description of laser transformation hard-

ening. Variability of laser transformation hardening parameters and changing material prop-

erties with temperature result in some scatter. With the use of dimensionless parameters to

simplify computation, results general to all materials are obtained. There exist many such

examples in the analysis of welding [31] and in laser surface treatment [32–34].

In mathematical modeling the following assumptions were considered:

. The surface absorptivity A is constant.

. The latent heat of the a- to g-transformation is negligible.

. The thermal conductivity l and the thermal diffusivity of steel are a constant.

. The eutectoid temperature TA1
is as given by the phase diagram.

. The radius of Gaussian beam rB is the distance from the beam center to the position

where the intensity is 1/e times the peak value.

The origin of the coordinate system is the beam center. The laser of total power P moves

in the x direction with traveling speed n, with the y axis across the track, and z axis is the

distance below the surface.

The temperature field equation from Ashby and Easterling [29] is valid for the Gaussian

line source:

T � To ¼
Aq

2pln[t(tþ t0)]
1=2
� exp � 1

4a

� �
(zþ z0)

2

t
þ y2

(tþ t0)

" #

The equation contains two reference parameters, defined by t0¼ rB
2 /4a and z0 is a character-

istic length, as a function to limit the surface temperature.

Shercliff and Ashby [33] define the following dimensionless parameters:

T*¼ (T�T0)/(TA1�T0) is the dimensionless temperature rise,

q*¼Aq/rBl (TA1
�T0) is the dimensionless beam power,

n*¼ nrB/a is the dimensionless traveling speed,

t*¼ t/t0 is the dimensionless time, and (x*, y*, z*)¼ (x/rB, y/rB, z/rB) is the dimensionless

x,y,z coordinates.

The distance z0 is normalized as follows:

z0
* ¼ z0=rB
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and dimensionless temperature parameter is then

T � ¼ (2=p) (q*=n*)

[t*( t* þ 1)]1 =2 
exp � (z* þ z0*)2

t*
þ y*2

(t* þ 1)

" #

The time-to-peak temperature tp* at an (x*, y*, z*) position is found by differentiating with

respect to the time.

tp* ¼ 1

4
2( z* þ z0*)2 � 1 þ [4(z* þ z0*)4 þ 12( z* þ z0*)2 þ 1]1 =2
h i

At stationary laser beam of uniform intensity Q produces a peak surface temperature given by

Bass [28]:

Tp � T0 ¼
2Aq

p1 =2 l
( at)1=2

The average intensity of a Gaussian beam is Q ¼ q/p rB
2 so the previous equation can be

rewritten:

Tp � T0 ¼
2Aq

p3=2 r2
B l

(at)1 =2

or in dimensionless form t being 2rB/ n and

(Tp*)
z*¼0

¼ (2 =p)3 =2 q*=( n*)1=2 :

The conditions for the first hardening Tp ¼ TA1
* or the onset of melt Tp ¼ Tm are thus defined

by a constant value of the process variables as follows:

q*=Tp*( n*)1 =2 ¼ ( p=2)3 =2 ¼ constant

with Tp* taking the value appropriate to the peak temperature of interest TA1
or Tm.

Bass [28] gives a more general solution for the peak surface temperature at stationary

Gaussian beam acting in dimensionless form

( Tp*)
z*¼0

¼ (1 =p)3 =2 q* tan �1 (8 =n*)1=2

A constant value of a single dimensionless parameter defines the first hardening and the onset

of melt as follows for all n*:

( q*=Tp*) tan �1 (8=n*)1=2 ¼ p3 =2 ¼ constant :

Four dimensionless parameters define laser hardening with a Gaussian beam. The aim is to

produce a diagram from which process variables may be readily selected. A convenient plot is

of the dependent variables zc*, n*, q*, and Tp*¼ 1 which give Tp¼TA1
as shown in Fig. 6.16a.

As surface melting is generally undesirable, the contours are dashed if the surface melts

Tp*¼ (Tm�T0)/(TA1
�T0) at z* ¼ 0. Figure 6.16a shows the depth at which surface melt

commences for a 0.4-pct carbon steel at Tp*� 2.12.
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A non-Gaussian source may be simulated by super-posing a number of Gaussian sources.

The total power is shared between the Gaussian sources, to give the best fit to true energy

profiles. For particular location and given time the temperature rises due to each source

contribution to heating. This is valid if the thermal properties of the material are independent

of the temperature, meaning that the differential heat flow according to the equation is linear.

This method will be presented by the same authors for laser-beam heating with rectangular

sources defined as laser beam spot ratio. A laser-beam ratio R is defined by length l in travel

direction x, and the width w, of track in cross direction y (R¼ 1/w). In practice fixed width is



Laser Surface Hardening 453
normally used and the length is varied, so it is sensible to normalize the process variables

using the beam width as follows:

qR* ¼ Aq=w lq (TA � T0)

nR* ¼ n w =a

zR* ¼ z =w

where the subscript R refers to rectangular laser beam.

Figure 6.16b shows a dimensionless diagram for medium carbon steel according to

various ratio power to track width q/w [W/mm] and spot ratio R¼ 1/w [�].

The diagram shows the nondimensional ratio of the hardened-layer depth to the laser-spot

width for a rectangular laser beam as a function of a product of the traveling speed and the

laser-trace length. Three characteristic power densities per unit of laser-spot width, i.e.,

q/w¼ 50, 200, and 800 W/mm, were chosen, which equals a ratio of 1 to 4 to 16. In the

diagram there are curves plotted for individual power densities q/w valid with certain ratios of

the laser-spot dimensions of the rectangular beam, i.e., l/w¼ 0.2, 1.0, and 2.0. In the individ-

ual cases laser-hardening conditions and boundary conditions of laser hardening, i.e., laser

remelting, were known too. The individual curves in the diagram indicate that by increasing

the laser-beam power density per unit of laser-spot width the boundary conditions will be

achieved with smaller depths of the hardened layer. The diagram shown is of general validity

and permits the determination, i.e., prediction, of the hardened-layer depth based on the

variation of the power density per unit of laser-spot width and the traveling speed.

It can be summarized that the approximate heat flow model of Ashby and Easterling [29]

for laser transformation hardening has been presented, describing Gaussian and non-

Gaussian sources over a wide range of process variables.

The following advantages can be noted:

. Simplification by choosing dimensionless parameters.

. Surface temperature calibration, extending the approximate Gaussian solution to all

laser-beam traveling speeds.
. High traveling speed solutionwas found tobe acceptable for rectangular, uniformsources.
. General Gaussian solution and enabling extension of the model to non-Gaussian sources.
. Identification of constant dimensionless parameters containing all of the process variables

forbothsources,whichdetermine thepositionof the firsthardeningor theonsetofmelting.
. Process diagrams for rectangular sources allow the choice of the process variables such

as the beam power, track width, traveling speed, and spot dimensions.

6.5.2 MATHEMATICAL MODELING OF MICROSTRUCTURAL CHANGES

Ashby and Easterling [29] presented their results as laser-processing graphs, which show the

microstructures and hardnesses regarding process variables.

In their experiments they studied two steels, i.e., a Nb microalloyed and a medium-carbon

steel. They varied the laser power P, the beam spot radius rB, and its traveling speed n.

They carried out laser surface heat treatments using a 0.5- and a 2.5-kW continuous wave

CO2 laser using Gaussian and ‘‘top hat’’ energy profiles.

The microhardness of individual martensitic and ferritic regions in the low-carbon steel

could be estimated fairly well from a simple rule-of-mixtures

Hp(mean) ¼ fmHm þ (1� fm)Hf

where Hm is the mean microhardness of the martensite and Hf that of the ferrite at that depth.
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Figure 6.17 shows the hardness profiles for the two steels with different energy densities

q/nrB and interaction time rB/n. It can be noted that worse hardening is obtained when the

carbon content of the steel is low. For the high-carbon steel, complete carbon redistribution

occurs within the austenitization process, which gives a uniform high hardness.

They developed simple models for pearlite dissolution, austenite homogenization, and

martensite formation.

Theheat cycleT(t) at the depth causesmicrostructural changes if high enough temperature is

achieved. Some of the microstructure changes are diffusion controlled such as the transform-

ation of pearlite to austenite and the homogenization of carbon in austenite. Themicrostructure

changes depend on the total number of diffusive jumps that occur during the temperature cycle.

It is measured by the kinetic strength, I, of the temperature cycle, defined by

I ¼
ð1

0

exp � QA

RT(t)

� �
dt

where QA is the activation energy for the typical microstructural transformation and R is the

gas constant. It is more convenient to write it as

I ¼ at exp � QA

RTp

� �

where Tp is the maximum temperature and t is the thermal constant. The constant a is well

approximated by

a ¼
ffiffiffiffiffiffiffiffiffiffiffi
RTp

QA

:
3

s
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At rapid heating, the pearlite first transforms to austenite, which is followed by carbon

diffusion outward and increases the volume fraction of high-carbon austenite.

If the cementite and ferrite plate spacing within a colony distance is l, it might be thought

that lateral diffusion of carbon to austenite occurs. In an isothermal heat treatment, this

would require a time t given by l2 ¼ 2Dt, which is

l2 ¼ 2D0 at exp � QA

RTp

� �

where D is the diffusion coefficient for carbon. In a temperature cycle T( t) the quantity Dt is

where the maximum temperature (Tp) is found to cause the transformation.

The most important to the understanding of laser transformation hardening is the modeling

of the carbon redistribution in austenite. When a hypoeutectoid, plain-carbon steel with carbon

content c is heated above the TA1
temperature, the pearlite transforms instantaneously to

austenite. The pearlite transforms to austenite containing ce ¼ 0.8% carbon and the ferrite

becomes austenite with negligible carbon content cf. Thereafter, the carbon diffuses from the

high to the low concentration regions, to an extent which depends on temperature and time. On

subsequent cooling of steel from austenitic temperature, the austenite with carbon content

greater than the critical value of 0.05 wt% C transforms to martensite and the rest of austenite

with carbon content less than 0.05 wt% C transforms into pearlite.

The volume fraction occupied by the pearlite colonies is as follows:

fi ¼
c � cf

0:8 � cf

� c

0:8

where cf is the carbon content of the ferrite.

The volume fraction of the martensite is as follows [29]:

f ¼ fm � (fm � fi) exp � 12 f
2=3
iffiffiffiffiffiffi
p g
p ln

ce

2Cc

� � ffiffiffiffiffiffi
Dt
p

" #

where g [m] is mean grain size.

The hardness of the transformed surface layer depends on the volume fraction of mar-

tensite and its carbon content. The authors [29] calculated the hardness of the martensite and

ferrite mixture by using a rule of mixtures

H ¼ fHm þ (1 � f ) Hf

and suggested the following formula for calculating hardness

H ¼ 1667 c � 926 c2 =f þ 150 :

Figure 6.18 shows three measured hardness profiles for different energy parameters (full lines)

and the calculated profiles (dashed lines). Figure 6.19 shows a laser-processing diagram for a

0.6 wt% plain carbon steel. The horizontal axes present energy density q/nrB and beam spot

radius rB. These variables determine the temperature cycle in the transformed layer. The

vertical axis is the depth below the surface. Within the shaded region, melting occurs and

outside the transformation hardening process. The diagram also shows the contours of

martensite volume fraction. The volume fraction and carbon content of the martensite are

used to calculate the hardness HV after laser surface transformation hardening.
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The author [29] showed that:

. Steels with a carbon content below about 0.1 wt% do not respond to transformation

hardening.
. Optimum combination of process variables gives maximum surface hardness without

surface melting.

The method could be used for laser glazing and laser surface alloying.
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6.6 COMPUTING METHOD FOR CALCULATING TEMPERATURE CYCLE

Several methods exist to solve the heat conduction equations for various conditions; inter-

esting descriptions are given by Carslaw and Jaeger [27]. Most of the computing method to

calculate temperature cycles are based on one of the many cases which are modified to suit the

particular case [35].

Gregson [36] discussed a one-dimensional model using a semi-infinite flat-plate solution

for idealized uniform heat source which is constant in time. Expressions used for temperature

profile separated for heating and cooling are as follows.

Heating temperature–time profile:

T(z, t) ¼ «zQAV

l

ffiffiffiffiffi
at
p
� ierfc z

2
ffiffiffiffiffi
xt
p

� �
, Q(t) ¼ Q for t > 0

0 for t < 0

�
:

Cooling temperature–time profile:

T(z, t) ¼ 2QAV

ffiffiffi
a
p

l

ffiffi
t
p
� ierfc z

2
ffiffiffiffiffi
at
p �

ffiffiffiffiffiffiffiffiffiffiffiffi
t� tL
p

� ierfc z

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a(t� tL

p
 !( )

f (t) ¼ Q for 0 < t < tL

0 for 0 > t > tL

�

where T [8C] is the temperature, z [cm] is the depth below the surface, t [s] is the time, « ffi 1 is

the emissivity, QAV [W/cm2] is the average power density, l [W/cm 8C] is the thermal

conductivity, a [cm2/sec] is the thermal diffusivity, t0 [s] is the time start for power on, tL [s]

is the time for power off, and ierfc is the integral of the complementary error function.

These equations for description of laser heating and cooling process are valid if the

thickness of the base material is greater than t �
ffiffiffiffiffiffiffi
4at
p

and they could be approximately

described for the hardened layer.

These one-dimensional analyses may be applied to laser transformation hardening process

with idealized uniform heat sources, which are produced by using optical systems such as

laser-beam integrator or high-power multimode laser beam with top-hat power density

profile. These equations present one-dimensional solutions and provide only approximate

temperature–time profile. For better description of thermal conditions, a two- or three-

dimensional analysis considering actual input power density distribution and variable ther-

mophysical properties treated material is required.

Sandven [37] presented the model that predicts the temperature–time profile near a

moving ring-shaped laser spot around the periphery of the outer or inner surface of a cylinder.

This solution can be applied to the transformation hardening processes using toric mirrors.

Sandven [37] developed his model based on a flat-plate solution and assumed that the

temperature time profile T(t) for cylindrical bodies can be approximated by

T ¼ uI

where u depends on workpiece geometry and I is the analytical solution for a flat plate. The

final expression for a cylindrical workpiece, which is derived from this analysis, is
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T � (1	 0:43
ffiffiffiffi
f

p
)
2Q0a

pln

ðxþB

x�B

eu � K0(z
2 þ u2)1=2du

where the þ sign means the heat flow into a cylinder, the – sign means the heat flow out of a

hollow cylinder, Q0 is the power density, n is the laser-beam traveling speed in thexdirection, K0

is the modified Bessel function of the second kind and 0 order, u is the integration variable, 2b is

the width of the heat source in the direction of motion, and z is the depth in radial direction,

B ¼ nb

2a
, Z ¼ nz

2a
, X ¼ nx

2a

where f¼ at/R2, and R is the radius of the cylinder.

Sandven [37] provided graphical solutions for Z¼ 0 for various values of B. To estimate

an approximate depth of hardness, maximum temperature profile across the surface layer is

the only item to be interested.

Cline and Anthony [38] presented most realistic thermal analysis for laser heating. They

used a Gaussian heat distribution and determined the three-dimensional temperature distri-

bution by solving the equation:

@T=@t� ar2T ¼ QAV=cp

where QAV is the power absorbed per unit volume and cp is the specific heat per unit volume.

They used a coordinate system fixed at the workpiece surface and superimposed the

known Green function solution for the heat distribution; the following temperature distribu-

tion is

T(x, y, z) ¼ P(cParB)�1f (x, y, z, n)

where f is the distribution function

f ¼
ð1

0

exp (�H)

(2p3)1=2(1þ m2)
dm and H ¼

X þ tm2

2

� �2

þY 2

2(1þ m2)
þ Z2

2m2

where m2¼ 2at0/rB, t¼ nrB/a, X¼ x/rB, Y¼ y/rB, Z¼ z rB, P is total power, rB is the laser-beam

radius, t
0
is the earlier time when laser was at (x

0
, y

0
), and n is the traveling speed.

The cooling rate can be calculated as follows:

@T=@t ¼ �n[x=g2 þ n=2a(1þ x=g)]T

where g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2 þ z2

p
.

The given cooling rate is calculated only when point heat source is used.

This three-dimensional model is a great improvement over one-dimensional models

because it includes temperature-dependent thermophysical properties of the material used

for numerical solutions.

Grum and Šturm [39] obtained a relatively simple mathematical model describing the

temperature evolution T(z,t) in the material depending on time and position, where we

distinguished between the heating cycle and the cooling cycle.

For reasons of simplifying the numerical calculations, it is necessary to make certain

assumptions:
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. Latent heat of material melting is neglected.

. Material is homogeneous with constant physical properties in the solid and liquid phase.

So we assume that material density, thermal conductivity, and specific heat are inde-

pendent of temperature.
. Thermal energy is transferred only through transfer into the material; thermal radiation

and transfer into the environment are disregarded.
. Laser light absorption coefficient to workpiece material is constant.
. Limiting temperatures or transformation temperatures are assumed fromphase diagrams.
. Remelted surface remains flat and ensures a uniform heat input.

Thus we obtained a relatively simple mathematical model describing the temperature

evolution T( z,t) in the material depending on time and position, where we distinguished

between the heating cycle and the cooling cycle.
1. The heating cycle conditions in the material can be described by the equation:
T( z, t) ¼ T0 þ
AP

2pAnB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t(ti þ t0)

p e 
� ( zþ z0)2

4at

� �
þ e 

� ( z� z0)2

4at

� �" #
erfc

z þ z0ffiffiffiffiffiffiffi
4at
p

� �

for 0 < t < ti
2. The cooling cycle conditions in the material can be expressed by the equation:
T(z, t) ¼ T0 þ
AP

2p A nB

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
t( ti þ t0)

p e 
� (z þz0)2

4at

� �
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� (z� z0)2

4at

� �
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� (z � z0)2

4 a(t� t1)

� �" #

erfc
z þ z0ffiffiffiffiffiffiffi

4at
p

� �

for t > ti

where variable t0 represents the time necessary for heat to diffuse over a distance equal to the

laser-beam radius on the workpiece surface and the variable z0 measures the distance over

which heat can diffuse during the laser-beam interaction time [29]. C is a constant, in our case

defined as C ¼ 0.5. Figure 6.20a presents the time evolution of temperatures calculated

according to equations at specific depth of the material in the nodular iron 400–12 at a

laser-beam traveling speed nB ¼ 12 mm/s. Figure 6.20b illustrates the variation of heating and

cooling rates during the process of laser remelting in the remelted layer and in deeper layers of

the material. The temperature gradient is at the beginning of the laser-beam interaction with

the workpiece material, i.e., on heating up, very high, on the surface achieving values as high

as 48,000 8C/s. The results show that the highest cooling rate is achieved after the beam has

passed by half the value of its radius rB across the measured point. Knowing the melting and

austenitization temperatures, they can successfully predict the depth of the remelted and

modified layer (see Figure 6.21). Considering the fact that on the basis of limiting temperat-

ures it is possible to define the depth of particular layers and that these can be confirmed by

microstructure analysis, we can verify the success of the proposed mathematical model for the

prediction of remelting conditions. Thus a comparison is shown in Figure 16.22a and Figure
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16.22b between the experimentally obtained results for the depth of particular zones of the

modified layer and the results calculated according to the mathematical model. We can

see that the calculated depths of the remelted and hardened zones correlate well with the

experimentally measured values. Large deviations in the depth of the modified layers

are found only in gray iron at insufficient workpiece traveling speeds, and they are probably

due to the occurrence of furrows on the workpiece surface.
6.7 LASER LIGHT ABSORPTIVITY

With the interaction of the laser light and its movement across the surface, very rapid heating

up of metal workpieces can be achieved, and subsequent to that also very rapid cooling down
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or quenching. The cooling speed, which in conventional hardening defines quenching, has to

ensure martensitic phase transformation. In laser hardening the martensitic transformation is

achieved by self-cooling, which means that after the laser light interaction the heat has to be

very quickly abstracted into the workpiece interior. While it is quite easy to ensure the

martensitic transformation by self-cooling, it is much more difficult to deal with the condi-

tions in heating up. The amount of the disposable energy of the interacting laser beam is

strongly dependent on the absorptivity of the metal. The absorptivity of the laser light with a

wavelength of 10.6 mm ranges in the order of magnitude from 2 to 5%, whereas the remainder

of the energy is reflected and represents the energy loss. By heating metal materials up to the

melting point, a much higher absorptivity is achieved with an increase of up to 55%, whereas

at vaporization temperature the absorptivity is increased even up to 90% with respect to the

power density of the interacting laser light.

Figure 6.23 illustrates the relationship between laser light absorptivity on the metal

material surface and temperature or power density [40,41]. It is found that, from the point

of view of absorptivity, laser-beam cutting does not pose any problems, as the metal takes the

liquid or evaporated state, and the absorptivity of the created plasma can be considerably

increased. Therefore it is necessary to heat up the surface, which is to be hardened, onto a

certain temperature at which the absorptivity is considerably higher and enables rapid

heating-up onto the hardening temperature or the temperature which, for safety reasons, is

lower than the solidus line. This was successfully used in heat treatment of camshafts [42].

The heating-up of the workpiece surface material by the laser beam is done very rapidly.

The conditions of heating-up can be changed by changing the energy density and relative

motion of the workpiece and the laser beam.

In surface hardening this can be achieved without any additional cooling and is called self-

quenching. The procedure of laser surface hardening is thus simpler than the conventional

flame or induction surface hardening as no additional quenching and washing is required.

Absorptivity always depends on the wavelength of light and the surface preparation of the

material that interacts. In Table 6.1 typical values of reflectivity of polished surfaces of a

titanium alloy, aluminum, 304 austenitic stainless steel, and soft steel in interaction with CO2

laser light are stated [43]. The reflectivity of the polished surface of the given materials
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depends on the temperature and wavelength of the incident light. Bramson [44] defined the

dependence between electric resistance and emissivity «l ( T) for the light radiation striking the

material surface at a right angle.

«l( T) ¼ 0:365
rr T

l

� �1 =2

þ 0:0667
rr T

l

� �
þ 0:006

rr T

l

� �3 =2

where rr [ V cm] is the electrical resistivity at a temperature T [8C], «l ( T) is the emissivity at

T [ 8C], and l [cm] is the wavelength of incident radiation. Reflectivity depends on the incident

angle of the laser beam with reference to the polarization plane and the specimen surface [45–

53]. Figure 6.24 shows the reflectivity of CO2 laser light from a steel surface at different

incident angles and different temperatures [43,53,54]. The diagram combines experimental

data (plotted dots) on reflectivity and absorptivity, and theoretically calculated values or

reflectivity (uninterrupted lines). The variations of absorptivity indicate that absorptivity

strongly increases at elevated temperatures due to surface oxidation and at very high tem-

peratures due to surface plasma absorption.

Figure 6.25 shows the influences exerted on absorptivity of CO2 and Nd: YAG laser light

in the interaction with specimens made of Ck45 steel [53]. The steel specimens were polished,



TABLE 6.1
Typical Values of Surface Reflectivity for Various Materials

and Surface States

Material Surface State Reflectivity R [%], l5 10.6 mm

Titanium 6A1-4V Polished 300C 85

Aluminum Polished 98

Stainless steel 304 Polished 85

Steel, mild Polished 94

Roughened with sand

paper

to 1 mm

to 19 mm

92

32

Source: From Stern, W.M. Laser cladding, alloying and melting. In The Industrial Laser Annual

Handbook 1986; Belforte, D., Levitt, M., Eds.; Penn Well Books, Laser Focus: Tulsa Oklahoma,

1986, 158–174.
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ground, turned, and sandblasted. To Ck45 heat-treatment carbon steel, various methods of

surface hardening, and particularly laser hardening, are often applied.

From the column chart it can be inferred that absorptivity of steel specimens subjected to

different machining methods is considerably lower with CO2 laser light than with Nd:YAG

laser light. The lowest absorptivity was obtained with the polished specimens. It varied

between 3 and 4% with reference to the laser-light wavelength. Absorptivity was slightly

stronger with the ground and then turned surfaces. It turned out in all cases that the
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absorptivity of Nd:YAG laser light is 7 times that of CO2. If absorptivity of the two

wavelengths is considered, smaller differences may be noticed with the sandblasted surfaces.

The oxidized and graphitized surfaces showed the same absorptivity of laser light regardless

of its wavelength. The latter varied between 60 and 80%.
6.8 INFRARED ENERGY COATINGS

To increase laser-beam absorptance at metal surfaces various methods were used:

. Metal surface painted with absorbing coatings followed by laser processing

. Chemical conversion coatings

. Uncoated metal surfaces processed by a linearly polarized laser beam [55]

Infrared energy coatings having high absorptance must have the following features for

increased efficiency during laser heating at heat treatment:

. High thermal stability

. Good adhesion to metal surface

. Chemically passive to material heat conduction from coating to material

. Proper coating thickness referring to type of material and the way of heat treatment
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. High heat transfer coefficient for better heat conduction from coating to material

. Easily applied and removed

. As lower expenses for coatings as possible

6.8.1 P AINT AND S PRAY C OATINGS

Several commercially available paints exhibit low normal spectral reflectance for CO2 laser

with wavelength l¼ 10.6 mm. These paints in general contain carbon black and sodium or

potassium silicates and are applied to metal surfaces by painting or spraying. Thicknesses of

paint coatings range from 10 to 20 mm.

6.8.2 C HEMICAL C ONVERSION C OATINGS

Chemical conversion coatings, such as manganese, zinc, or iron phosphate, absorb infrared

radiation. Phosphate coatings are obtained by treating iron-base alloys with a solution of phos-

phoric acidmixedwith other chemicals.Through this treatment, the surface of themetal surface is

converted toan integrallybonded layerof crystallinephosphate. Phosphate coatingsmay range in

thickness from 2 to 100 mm of coating surface. Depending on the workpiece geometry, phosphat-

ing time can range from 5 to 30 min regarding temperature and concentration of solution.

Phosphate coatings on the metal surface can be prepared with a fine or coarse microstructure.

In terms of chemical passiveness and ease of coating application on metal surfaces, sili-

cates containing carbon black are more effective than the phosphate coatings. Figure 6.26

schematically illustrates the reaction of manganese phosphate with metal surface and subse-

quent formation of low melting compounds, which can penetrate along the grain boundaries

over several grains below the surface of metal material. This reaction can be prevented by using

chemically inert coatings.

6.8.3 L INEARLY POLARIZED LASER BEAM

Metals have lower reflectance for linearly polarized electromagnetic radiation. The basis of

this optical phenomenon has been applied to the CO2 laser heat treatment of uncoated iron-

base alloys. An unpolarized laser beam can be linearly polarized by using proper reflecting

optical elements. Figure 6.27 shows unpolarized laser beam with specific incident angle

referring to metal mirror and reflected beam is linearly polarized. This angle of incidence is

called the polarizing angle. When the laser beam is linearly polarized, the dominant vibration
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FIGURE 6.26 Potential reaction of infrared energy-absorbing coating after laser-treated metal material.

(From Guanamuthu, D.S.; Shankar, V. Laser heat treatment of iron-base alloys. In Laser Surface

Treatment of Metals. Drapper, C.V., Mazzoldi, P., Eds.; NATO ASI, Series-No. 115, Martinus Nijhoff

Publishers. Dordrecht, 1986; 413–433.
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direction is perpendicular to the plane of incidence. The plane of incidence is defined as the

plane that contains both the incident laser beam and the normal to the reflecting surface.

The electric vector E of the linearly polarized beam has components parallel Ep and

perpendicular Es to the plane of incidence. Figure 6.28 illustrates absorptance as a function
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of the angle of incidence for iron [55]. At an angle of incidence between 708 and 808, the

absorptance is between 50 and 60% for Ep and 5 to 10% for Es. Thus by directing a linearly

polarized laser beam at an angle of incidence greater than 458, substantial absorptance by

iron-base alloys is possible. Possible weakness of this method is the important laser-beam

power loss during conversion of an unpolarized to a linearly polarized laser beam.
6.9 INFLUENCE OF DIFFERENT ABSORBERS ON ABSORPTIVITY

Rothe et al. [56] determined absorptivity of metal surfaces on the basis of calorimetric

measurements. Kechemair et al. [57] studied the influence of the graphite absorption deposit

on the surface of the specimens of 35 NCD 16 steel.

Woo and Choo [58] analyzed the general effects of coating thickness of absorber on the

depth and width of hardened layer. Hardening experiments were carried out at various laser

energy input. Trafford et al. [59] studied absorptivity in the case when the traveling speed of

the laser beam across the workpiece surface varied. They studied various absorption deposits,

e.g., carbon black and colloidal graphite, zinc and manganese phosphates, which were

deposited on carbon steel with a carbon content of 0.4%. The first two absorbents behaved

very favorably at lower surface temperatures, but at higher temperatures their effect wea-

kened. Another deficiency of depositing carbon black or colloidal graphite is that in the

manipulation of articles the deposit will get damaged and its effect will therefore be somewhat

poorer. Consequently, it can show in a nonuniform depth of the hardened layer.

Phosphate deposits are wear and damage resistant and quite easy to apply to the surface.

Consequently, they are considered to be better and more useful. They absorb both the light of

the IR spectrum and visible light; therefore these deposits look black as well. When hardening

was performed only at a limited area of the workpiece surface, it could be assessed from the

rest of the absorption deposit at the boundary between the hardened and unhardened surfaces

how the heating process proceeded.

Figure 6.29 shows the results obtained in calorimetric measurements of absorptivity

shown by steel with the carbon content of 0.4%, when coated with the respective four

deposits, as a function of the traveling speed of the laser beam. The other laser-hardening

parameters were a square power density distribution of the laser beam Q of 4.5� 103 W/cm2,
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which allows both transformation hardening and hardening by remelting. A difficulty

encountered in hardening by remelting is that temperatures occurring are very high and the

absorption deposit will get damaged, which will deteriorate the absorption effect. In the figure

there is a hatched area separating low traveling speeds of the laser beam across the workpiece

surface that in connection with the other parameters ensures surface hardening by remelting.

The boundary zone of the traveling speeds is comparatively wide, i.e., n ¼ 20 + 1.5 mm/s,

which confirms how difficult it is to ensure the repeatability of the depth of hardening in both

transformation hardening and hardening by remelting. The zone at the extreme left end of the

hatched area corresponds to low traveling speeds that produced temperatures at the surface

exceeding the melting point suitable for remelting. The traveling speed can thus be used to

control the depth of the remelted and hardened layer. The zone at the extreme right corres-

ponds to the temperatures exceeding the limiting speed with which no remelting but only

transformation in the solid state could be obtained. The traveling speed defines the through-

depth heating conditions and thus determines the depth of the hardened layer and the size of

the transition zone. The size of the transition zone and the variation of hardness in it are

extremely important as they permit to fulfil requirements set for dynamically loaded parts.

Inagaki et al. [60] studied various types of deposits in order to increase the depth of the

hardened layer and reduce laser-beam energy losses by means of improved absorption in the

interaction. Relevant tests were performed with a CO2 laser with a maximum power of 2.0

kW and the square power density distribution ensuring a uniform depth of the hardened layer

after the interaction. A quantitative analysis of absorptivity and the conditions of transform-

ation hardening showed that the most fit-for-purpose absorption deposit was a blend of mica

and graphite powder, which provided a 1.8-mm-deep and 10.0-mm-wide single hardened

spot. The following substances were used: graphite, mica, and various oxides, e.g., SiO2, TiO2,

Al2O3, which were added to graphite. The binder was acrylic resin. The different ratios

between the absorbent and the binder were tested too. A ratio between the contents of

‘‘powder’’ and ‘‘binder’’ was selected among the ratios of 2 : 1, 1 : 1, 1 : 2, 1 : 3, and 1 : 4.

The authors focused their studies on a relationship between the size of the graphite particles

and its content and the content of binder. The graphite particles were defined by their average

size, which amounted to around 0.5 mm, around 4.0 mm, and around 10.0 mm.

With the graphite-oxide type of deposit, the particles were very fine and showed an

average size of graphite particles of 0.5 mm and an average size of oxides of 1.0 mm. In this

case, the grains being very tiny, the ratio between the content of the two substances and the

binder was very limited. Thus only the ratio of 2 : 1 was selected.

Figure 6.30 shows the testing of graphite deposited on SK3 tool steel with a carbon

content of 1.1%, taking into account all the above variables in the deposit composition [60].

It turned out that the absorbent having smaller graphite grains had a better effect, while a

higher ratio between the graphite particles and the binder had no particular influence and the

largest particles even diminished the effect. At the extreme right end the effect of zinc

phosphate as absorbent on the depth of the hardened layer is shown. The tests showed that

with lower traveling speeds of the laser beam, i.e., with a higher surface temperature, the zinc-

phosphate-based deposit was more efficient than the graphite one.

Figure 6.31 shows the effect of the second type of absorbents consisting of graphite

particles with an average grain size of 0.5 mm and an oxide with an average grain size of

1.0 mm [60]. The ratio of the two constituents was 1 : 1 and the ratio between the solid

substances and the binder 2 : 1. Testing of the absorptivity of laser light was performed with

different graphite deposits with oxides or mica deposited on the same steel surfaces. The

depth and the area of the obtained hardened layer, respectively, were somewhat greater with

graphite than with the mica-based deposit. The absorptivity was somewhat lower with the

deposits consisting of different oxides. Testing was performed using SK3 tool steel with a
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carbon content of 1%, a laser-beam power of 1.7 kW, and different traveling speeds n of the

laser beam, i.e., 33.8 and 5 mm/s.

Figure 6.32 shows a comparison of the depth of a single hardened trace obtained with

different surface preparations, i.e., with mica and graphite, the binder, and a zinc-phosphate

coating [60]. As this comparison of absorptivity was made using the same tool steel, it can

be stated that in laser transformation hardening the best results were obtained with the

graphite deposit with the addition of mica.

Grum et al. [61] studied microstructures of various aluminum–silicon alloys after casting

and the influence of laser hardening by remelting on the changes in microstructure and

hardness of a modified surface layer. Their aim was to monitor changes in the thin, remelted

surface layer of a specimen material in the form of thin plates with regard to remelting

conditions. The authors gave special attention to the preparation of specimen surface by an

absorbent.
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Aluminum and its alloys absorb laser light poorly; therefore it is needed that the surface of

the aluminum alloys be suitably prepared prior to laser remelting. This can be done by surface

treatment or by deposition of a suitable absorbent. To this end a high-temperature coating

medium based on silicon resin with the addition of metal pigment was applied. It was a

sluggish resin. The silicon resin containing pigment was applied to the surface as an about

10- mm-thick layer. The absorbing coating permitted a considerable increase in laser light

absorption and energy input, which almost agrees with the calculated values [62–65].

Hardening of the coating medium was carried out at different temperatures, i.e., at the

ambient temperature ( TAM) and temperatures of 100, 150, 200, and 250 8C. In accordance

with recommendations of the manufacturer, a single hardening time was selected, i.e., 1 h

at the temperature selected. The aim of the different hardening conditions for the thermo-

stable resin coating was to study its absorptivity regarding laser light and thus establish the

influence on the size of the remelted layer after remelting. The surface appearance seemed not

to change after hardening. In accordance with the manufacturer’s assurance, the absorbent

evaporates during the remelting process and does not affect formation of the remelted layer.

Figure 6.33 shows the influence of hardening temperature of absorbent on the width and

depth of the remelted layer, which is different with different alloys. The largest remelted trace

is obtained after absorbent hardening at a temperature between 100 and 150 8C. With alloys

AlSi12 and AlSi8Cu the largest trace is obtained, provided the absorbent has been hardened,

at a temperature of around 100 8C and with alloys AlSi5 and AlSi12CuNiMg at a hardening

temperature of the absorbent of around 150 8C.

Gay [66] conducted an investigation on the absorption coefficients obtained with various

surface treatment processes, including different absorbents and different fine machining

processes.
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The investigations were conducted on SAE 1045 heat-treatment steel. An absorption

coefficient was determined by the calorimetric method [67,68].

Guangjun et al. [69] studied exacting laser transformation hardening of precision V-

slideways. Experiments with conventional hardening and laser hardening were performed.

For this purpose four steels were selected, i.e., 20, 45, 6Cr15, and 18Cr2Ni4WA. Table 6.2

refers to all the steels concerned and both heat-treatment methods and gives detailed data on

the preliminary heat treatment and execution of surface hardening. Data on the hardness

achieved with the two heat-treatment methods are given as well. In order to improve the

absorptivity of laser light by the individual steels, carbon ink and manganese phosphate

Mn3(PO4)2 were used as coatings.

Laser irradiation of metal surfaces is a very complex phenomenon, which is described by

the three-dimensional thermal conductivity in the material. There are several equations

available for simple calculations of the effects of heat conduction in terms of the temperature

obtained inside the hardened layer or the heat-affected zone. It is known from the theory of
TABLE 6.2
Comparison between Laser-Hardened and Various Conventional Heat-Treated

Structural Steel Hardness

Material Laser Hardened

Conventional Heat-Treated

Hardness Structure

Heat Treatment prior

to Laser Transformation

Hardening

Steel C20 547-529 HK, 51–54 HRC <40–45 HRC Annealing

Steel C45 712-889 HV, 60–66 HRC HRC 45–50 (oil-quenched)

HRC 52–60 (water quenched)

Steel 6Cr15 880-939 HK, 66–68 HRC HRC 64–66 (oil-quenched) Quenching and tempering

Steel 18Cr2Ni4WA 524-620 HV, 51–56~HRC HRC 37–39 (air-quenched)

HRC 41–42 (oil-quenched)
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thermal conductivity that the heating temperature of the irradiated material is, in approxi-

mation, dependent on the incident laser-beam power and the irradiation time. Thus it can be

presumed that the depth of the hardened layer depends on parameter P=
ffiffiffiffiffiffiffiffiffi
DB n
p

, which is valid

only in the case that no melting of the surface occurs. In the equation, P is the power, DB is

the laser-spot diameter at the specimen surface, and n is the laser-beam traveling speed. The

laser-beam diameter is defined as a diameter with which the power is exponentially reduced by

a factor of 1/e. It turned out that the hardness achieved was in direct proportion to H aP
ffiffiffiffiffi
nn
p

.

Figure 6.34 indicates that the strongest influence on surface heating and the temperature

variation was exerted by the incident laser-beam power, and a reverse influence by the laser-

beam traveling speed [69]. Both parameters of laser transformation hardening affect the

changes of microstructure and, consequently, changes in hardness. The dependence shown

in the diagram can generally be valid only with the same defocus and the same surface

preparation preceding laser hardening. Meijer et al. [70] studied the possibility of hardening

smaller workpieces or smaller workpiece surfaces by a CO2 laser delivering a continuous

energy, (CW) of low power in the TEM00 mode structure. Two ways of line hardening, i.e.,

the one with parallel hardened traces and the other with crossing hardened traces including an

unhardened space, were selected. Hardening was applied to C45 heat-treatment carbon steel

by (1) transformation hardening and (2) hardening by remelting. The authors [70] discussed

the behavior of the colloidal graphite as an absorbent from the viewpoint of

. Deposits of different thickness, i.e., ranging between 2 and 14 mm

. Different traveling speeds of the laser beam

. Influence of the absorbent condition, i.e., wet (immediately after deposition), partially

dried, and dry

Based on calorimetric measurement a relation between absorptivity and the thickness of

the absorbent deposited as well as different traveling speeds of the beam defining surface

temperature was determined. Figure 6.35 shows the absorptivity achieved with reference to

the deposit thickness and the temperature obtained at the specimen surface [70]. The results

obtained in measurements made after line transformation hardening confirmed that the

differences in absorptivity were generally amounting up to 20%, that the optimum deposit

thickness of colloidal graphite was 8 mm with the higher traveling speeds n, i.e., 4 or 8 mm/s,

and as much as 14 mm with the lower speeds. The optimum absorbent deposit with lasers of
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greater powers amounted even up to 50 mm, which meant that the deposit had to be made in

several layers, depending on the absorbent used, to obtain the thickness required.

For the determination of the deposit thickness they used the optical method, i.e., by

measurement of the light transmitted through the absorbent and glass to a photocell. This was

accomplished simultaneously with the deposition of absorbent on the specimen and glass

under the assumption that a uniform deposit thickness was obtained. Figure 6.36 shows the

results of the transmission of light of a certain intensity (U0) through the absorbent and glass

( U) showing a dependence U ¼ U0 e 
�at [70]. For colloidal graphite, it follows that 1/ a¼ 1.06

mm, which is valid during or after drying of the deposited absorbent.

Arata et al. [71] state that phosphate coating from zinc-phosphate—Zn3(PO4)2—and

manganese phosphate—Mn3(PO4)2—have outstanding absorptive properties, extreme heat

resistance, and good adhesion with a constant thickness of the deposit on the base material.

Therefore phosphate coatings are widely used in industry. In testing phosphates in terms of

absorption, the optic conditions were chosen so that, using a laser source P ¼ 1.5 kW, the spot

ran in the direction of the y axis and had a size of Dy ¼ 3 mm.

The absorptivity was analyzed in the air and argon atmosphere in different kinematic

conditions defined by the traveling speed of the workpiece or the laser beam. The results have

confirmed that the absorptivity is almost independent of the atmosphere, which immediately

brought about a simplification of the conditions to be maintained during hardening.

The absorptivity dependence on the workpiece traveling speed was more significant. The

tests were carried out at traveling speeds of 1 and 8 m/min. The results have confirmed that at

lower traveling speeds the absorptivity is less due to heat transfer to the cold workpiece

material and also into the surrounding area. When the traveling speed is increased from 1 to 8

m/min, an absorptivity increase from 40 to almost 70% is achieved (Figure 6.37).

Arata et al. [71] also studied the effects of optical conditions on phosphate absorptivity.

The starting point for this study was the spot size in the direction of the y axis, which was

denoted by Dy. The spot size was changed from 1 to 6 mm for the purpose of studying the

absorptivity dependence on different workpiece traveling speeds. Thus at the spot size of

Dy¼ 6 mm and traveling speed of 1 m/min, the absorptivity was A¼ 65%; at the traveling
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speed of 8 m/min, it was A¼ 80% (Figure 6.38). The absorptivity of metal surfaces coated

with phosphates is essentially bigger than that of metal surfaces that are only polished.

Research by Grum and Žerovnik [72] has confirmed that laser-beam hardening can be

successfully carried out despite the laser source’s extremely low power.

The effects they had chosen to study include the following:

. Influences of alloying elements on heat treatment results

. Influences of different kinds of absorbers on heat treatment results

. Influences of energy input on the microstructure and on the magnitude of residual

stresses and their nature
. Influences of various laser-beam paths on heat treatment results and the magnitude of

residual stresses

Therefore four different types of surfaces prepared in various ways were chosen:

. Surface machined by grinding

. Surface treated with absorber A

. Surface treated with absorber B

. Surface treated with (Zn3PO4)2

Absorber A—Miox, a PVK medium is made from polymer base with additions. It was

applied by submersion to a thickness of not more than 20 mm, which was achieved by

hardening at room temperature.

Absorber B—Melit Email was deposited by submersion, and hardening was carried out at

a temperature between 120 and 1508C for 30 to 40 min. This product is made from an alkaline

base and alumina resins that have to be air-dried for 10 to 15 min before hardening for the

solvents to evaporate and the paint deposit to set. The instructions given by the manufacturer

must be strictly observed, and special attention should be paid to the cleanliness of the

surface, paint deposition technique, and drying method [72].

The zinc-phosphate absorber—Zn3(PO4)2—was deposited on the workpiece surface sim-

ply and efficiently. The specimens for laser hardening were first degreased in alcohol or

trichloroethylene and then submerged in a zinc phosphate bath at a temperature of 508C
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(1228F) for 4 to 5 min. This was followed by flushing in hot water and drying. We obtained a

uniform and high-quality zinc phosphate coating with good absorptivity.

Grum and Žerovnik [72] show in Figure 6.39 and Figure 6.40 differences in microhardness

at a given measurement position for all kinds of steel, using absorber A or B after hardening

with a laser beam traveling along a square spiral line.

Figure 6.39 shows the microhardness profiles subsequent to heating with an energy input of

the laser sourcewith apowerofP¼ 350Wandworkpiece traveling speed n¼ 1000mm/min.The

optical conditions are defined by laser-beam diameter (d¼ 8 mm) before the focusing lens,

distance to the focus ( f¼ 63.5 mm) and by the defocusing degree (w¼ 11 mm). The defocus-

ing degree describes the distance of the lens focus from the workpiece surface. The micro-

hardness was measured in the middle of the hardened track and into the depth until the

hardness of the base material is reached. As expected the highest hardness profile is displayed

by W–Cr–V tool steel with the highest proportion of carbon and alloying elements having a

positive effect on hardenability or hardness. The lowest hardness on the surface, ranging

between 500 and 600 HVm, was achieved on AISI 4142 steel with the shallowest hardened

track. This surprising finding points to the disturbances in heating, which may have been

caused by the laser source or the poor quality of the absorber deposit. The steels were chosen

carefully to permit the study on the effects of alloying elements in terms of their kind and

amount. According to heat treatment instructions, the chosen steels have equal harden-

ing temperatures; therefore the effects due to these differences might be excluded. Heat
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conductivity might have exerted a certain influence on the surface as well as on the differences

in the depth and width of the hardened track.

Figure 6.41 shows the microhardness profile for different hardness track depths on AISI

1045 steel using the zinc-phosphate absorber, with the beam traveling via a square spiraling

path. The workpiece traveling speeds were considerably higher than when absorber A or B

was used. These tests have shown that the workpiece traveling speed when using zinc

phosphate was up to three times higher than those with absorber A or B.

Gutu et al. [73] studied transformation hardening of large gears made of alloyed

34MoCrNi15 steel and two heat-treatment steels, OLC45 and OLC60, respectively. The

absorbents used were carbon black and colloidal graphite. The effects of the absorbents

used were monitored by measuring the depth and the through-depth hardness of the relevant

hardened layers.

Ursu et al. [74] studied the influence of the irradiation of a copper surface by CO2 laser

light. During irradiation, the temperature of the specimen was measured with a thermocouple

positioned at the back side of the specimen. The irradiation test was performed twice on the

same specimen. Prior to and after the irradiation of the same specimen, the absorptivity, A0

and A1, was determined and analyses of the surface with transmission electron microscope

(TEM) and scanning electron microscopes (SEMs) were made. Some zones at the specimen

were chosen for crystallographic analysis by x-ray diffraction as well.

6.10 LASER-BEAM HANDLING TECHNIQUES

At laser transformation hardening the laser beam passes over the surface so fast that melting

cannot occur [75]. Traveling speed or scan speed is one of the important laser transformation

hardening parameters. There are two scanning methods:

. Linear traverse using a defocused beam and

. Transversely oscillating a focused beam and moving to the direction of traverse.

When the laser beam is defocused to a spot dimension according to the surface of the

workpiece, a compromise between hardened depth and traveling speed at surface hardening

has to be achieved [75]. Figure 6.42a shows the general shapes of the cross section of the

hardened tracks produced in the metal by this method. The center of the hardened track

represents the deepest area at the cross section for laser beam with Gaussian energy distri-

bution. To increase the width of the heat-treated single track, multiple overlapping tracks

may be used. However, as shown in Figure 6.42b this method still does not give uniform
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hardened depth and interface soft streaks named heat-affected zone (HAZ) may develop at

the overlap region [75]. Figure 42 8c shows the desirable heat-treated shape [75]. The hardened

depth is uniform where the surface width represents the width of the hardened track and the

HAZ is comparatively small.

The method of oscillating a laser beam requires more hardware, the added expense, and

the increase in the number of process parameters. Figure 6.43 illustrates the general principle

of the laser-beam oscillating method [75]. In the simplest case, the beam is oscillated trans-

verse to the direction of part or beam traverse, as shown in the right side of the figure. The

temperature time diagram is the combination of the heating and cooling cycle as superim-

posed on transformation curve. The laser beam is focused to produce power densities of at

least 105 W/in.2. This power density assures high heating rate or fast temperature rise times.

The oscillating frequency and traveling speed are selected so that the temperature of a given

laser-beam spot on the surface varies between the melting temperature ( Tm) and the austenitic

transformation temperature ( TA3
). This condition is allowed to exist until the required volume

of metal below the surface reaches the transformation temperature. At transformation

temperature the bulk of the material provides the necessary heat sinking to transform

austenite to a hardened matrix of martensite. Uniform hardened depth is achieved when
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the beam oscillates so fast that the metal, because of its relatively slow conductivity, sees the

oscillating tracks as a solid line of energy. Appropriate overlapping of the single tracks

will produce a minimum of overtempered zone in the hardened depth, as shown in Figure

6.42c [75].

If the oscillating frequency is too slow at transformation surface hardening for a given

laser power density, the surface temperature will be driven into the melting region [75]. If the

power density is too low for a given frequency, the material will not be heated up to its

transformation temperature and no hardening will be produced. If the beam is allowed to

oscillate too long in a given area in an attempt to increase hardened depth, the temperature in

the surface layer will be raised to the point where efficient self-quenching no longer takes

place. The cooling curve will then cross the ‘‘nose’’ of the transformation curve resulting in

the transformation of austenite into pearlite (annealed, soft microstructure) rather than

martensite.
6.11 PRESENTATION OF CO2 LASER MACHINING SYSTEMS

Considering numerous practical applications of laser in electrical, metal working, and chem-

ical industry, we can see that laser technology offers several advantages over the previously

known technologies. Let us just mention one of the special plus factors which is contactless

machining where there is no tool in the conventional sense but just the laser beam that never

wears off. Thus frequent problems caused by tool wear such as workpiece deformation,

surface layer damage, and damage of vital machine tool elements have all been avoided.

However, there are other requirements that have to be considered in laser machining, as for

example the quality of the laser source, modes of guidance of the workpiece or laser beam. All
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this requires interdisciplinary research and development work if we want to meet the needs of

end users. The high investments required for machining systems have to be justified by high-

quality products, increased productivity and possibilities of integration into manufacturing

cells. The need to integrate laser machining systems into a manufacturing cell requires further

development of mechatronic and electronic systems which would, together with computer

and systems engineering, enable a more intensive introduction of this technology into the

factories of the future. Considering the difficulties encountered in microdrilling, cutting,

welding, and heat treatment, laser technology is the only technology that can, in the near

future, as part of an integrated system, provide all sorts of manufacturing possibilities: from

the blank to the end product. Laser technology will no doubt play an important role in the

development of the factory of the future. This has already been recognized by a number of

leading producers, e.g., in car industry, where it is impossible to imagine the assembly of car

body parts without laser cutting and welding [76,77].

Up to now the development of laser technology has dealt with the following technological

innovations:

. Guidance of the laser beam to different working locations in the space

. Guidance of the laser beam over larger distances

. Possibility of dividing the laser beam into several working places

. Timing of the laser beam

. Kinematic conditions within the workpiece laser–beam relation

These technological innovations offer extreme possibilities of adaptation and flexibility

and allow machining of geometrical elements that previously could not be machined by

conventional technologies and processes. Among the machining advantages we can mention:

. Possibility of welding thin parts

. Possibility of drilling small holes

. Adaptation of heat conditions to parts geometry in heat treatment

In addition to that, the high flexibility of laser technologies is supported also by high

machining capabilities of the laser beam on a variety of materials with very different prop-

erties, that is:

. Possibilities of machining plastics

. Possibilities of machining ceramics

. Possibilities of machining metal parts

. Possibilities of machining different composite materials

Figure 6.44 shows the main components of a CO2 laser machining system manufactured

by Toshiba, type LAC 554 with a power of 3 kW [76]. By guiding the laser beam and by

guiding the workpiece in x–y plane we can achieve a great variety of machining by cutting and

produce very different geometric elements. The maximum length of the laser beam is 18 m and

is led through an optic system of prisms and mirrors along the longitudinal and traverse

direction. A given configuration of optic and kinematic systems allows machining to go on

only on one place. Previous laser machining systems only allowed the possibility of moving

the operating table or the workpiece, which also required very large working areas, higher

investment, and resulted in lower product quality. Technologies based on ‘‘time sharing

method’’ were also known allowing the possibility of guiding the laser beam to different

working places where activities are going on (Figure 6.45) [77].
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Figure 6.46 shows the production line equipped with transport belts supplying parts

with a device for prepositioning and positioning within the reach of the laser beam [78].

This is followed by removal, deposition, and further transport on the belt until the next

station. The whole equipment enables continuous running of the machining process. In

Figure 6.46, we can see a laser machining system illustrating a special aspect of guidance of

the laser beam through a prism to the working place. The working place rotates, in this way

enabling that the work is done in sequences, e.g., inserting, laser machining, cooling, taking

off, and deposition on the conveyer belt. To achieve a higher utilization rate of the laser

system and increase of productivity, it is possible to introduce another working place by

redirecting the laser beam.

Another technological change is introducing robots for guiding the laser beam. New types

of devices for dividing/guiding the laser beam have been developed known as ‘‘Robolasers.’’

Type 1 in Figure 6.47 illustrates a robot for feeding the workpiece/product under a fixed laser
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FIGURE 6.45 Guiding the laser light to five working positions. (From Schachrei, A.; Casbellani, M.

Application of high power lasers in manufacturing. Keynote papers. Ann. CIRP 1979, 28, 457–471.)
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beam [78]. In order to achieve a constant focal distance from the workpiece surface, the laser

system has to have a suitable degree of freedom with a corresponding software provided by

mechatronic and electronic systems. Type 2 (Figure 6.47) shows a robotized system which

separately guides the laser beam and the nozzle for guiding the assistant gas. The third type,
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by using a special design, ensures a coordinate motion of the laser beam and auxiliary gas to

the working place.

In Figure 6.48 we can see a system for guiding the laser beam, manufactured by Spectra-

Physics, having the base plate fixed at the exit of the system/laser beam [78]. The laser beam
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Optical shoulder

Adjustable base
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FIGURE 6.48 Laserflex for guiding the laser beam to the working place. (Spectra Physics; From Carroz,

J. Laser in high rate industrial production automated systems and laser robotics. In Laser in Manufac-

turing, Proceedings of the 3rd International Conference, Paris; IFS: France, Bedford, 1986, Quenzer, A.,

Springer-Verlag, Berlin, 1986; 345–354.)
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travels through the optic shoulder to the optic joint and further to the focusing lens and goes

out through the symmetric nozzle. On the upper side of the robot there is a gas tube through

which the assistant gas is led from the gas station. The whole system is highly upgraded and

flexible, enabling a very successful machining on very complex products as well as on large

products. Because it is so highly flexible the system got the name Laserflex.

Figure 6.49 shows a laser machining system enabling a line-surface hardening of cam-

shafts for the car industry [79]. Because of problems with absorptivity, the laser system was

added in place of induction heating or pre- heating of parts on to the temperature of 400 8C.

This is followed by heating up with the laser beam to the hardening temperature. After

hardening follows the cooling down of parts in the cooling chamber and their deposition

on the conveyer belt leading to the next working place.

Figure 6.50 shows a line-beam of laser light, obtained from a system of optic elements

such as a prism and a spherical, concave mirror [79]. A convex mirror ensures a constant

distance of the optic system focus from the object surface/camshaft. The entire operation of

surface heat treatment takes 2 to 5 s for one camshaft assembly and at the maximum 29 s for

one camshaft depending on the size and kind of the latter.

A most important place in building laser machining systems with computer support is now

given to mechatronic and electronic systems as the quality of the whole system depends on

them [80]. Modern highly flexible laser technology represents a universal tool suitable for

small and large products of simple or complex shape. Another fact which strongly favors this

new technology is the possibility of guiding the laser beam to different, even very distant

working places. Finally, using the same tool but in different working conditions it is possible

to carry out different heat processes from heat treatment to welding. Thus we can establish

that the advent of laser technology will finally solve the problems of conventional heat

treatment and welding and will ease the transition to the manufacturing systems structure

necessary for the factory in the future [81–83].

6.11.1 POSSIBILITIES OF KALEIDOSCOPE USE FOR LOW-POWER LASERS

Laser surface hardening is desirable to utilize the available energy distribution for heating and

microstructural changes; however, the Gaussian distribution with large differences in energy
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distribution across the laser beam does not provide this possibility. In practice, therefore, we

tend to use other laser-beam energy distributions, namely, the square top-hat and rectangular.

A very simple device, kaleidoscope, is therefore suitable for practical use. A kaleidoscope is a

device in the form of a chimney that is a hollow body with a square or rectangular cross

section [84,85]. It is necessary for the beam to reflect at least two or three times along the

length of the kaleidoscope. To achieve this high reflectivity, a material of high heat conduct-

ance and mirror-smoothed material should be used. Reflectivity depends on the wavelength

of the laser light and the material from which the kaleidoscope is made [86].

To assess the uniformity of beam intensity, the relative change in beam power density is

considered irrespective of the effect of interference. Figure 6.51a shows the influence of kaleido-

scope length and cross section on the relative change in beam intensity [84]. Figure 6.51b [84]

shows the uniformity of beam power density distribution for different kaleidoscope lengths.

It is evident from the figure that with the increase in kaleidoscope length l and decrease in

cross-dimensions ‘‘axa’’ or ‘‘axb,’’ the uniformity of the beam increases. In the case of the

rectangular cross section, it then follows that the kaleidoscope length must be chosen

according to the magnitude of the longer side, which means larger length of the kaleidoscope

than in the case of the square cross section. The size of the kaleidoscope depends also on the

focal length of the lens at its entrance side. Figure 6.52 shows the dependence of focal length

of the entrance lens and the kaleidoscope dimensions 1/a on the uniformity of the laser-beam

power density at the exit side. From the focal length of the entrance lens, the kaleidoscope

dimensions can therefore be determined and this also ensures the highest uniformity of the

beam power density at the exit side.

In the experiments, a longer than the minimum length necessary for the square cross

section was chosen in order to enable the use of the same kaleidoscope for both types of cross

section [87]. A kaleidoscope with a length of 75 mm was applied, which is more than the

recommended length of the rectangular cross section (Figure 6.53). This proved disadvanta-

geous later as the interference raster was not distinct. The too long kaleidoscope for the
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square cross section of 3� 3 mm2 enabled an interference of most of the elementary laser light

beams despite the fact that the optical axes of the laser system and the kaleidoscope may not

have fitted due to the assembly error.

On the upper side of the kaleidoscope with a cross section of 4 � 2 mm2, an opening was

made for the laser light to enable the best possible interference of elementary laser beams. The

kaleidoscope consists of perpendicular copper walls, polished to a high gloss, thus enabling

the creation of mirroring surfaces reflecting laser light. The walls are fastened to one another

by bolts, which enables dismounting of the kaleidoscope and repeated polishing.

In the experimental part of the research, Grum [87] tried to choose such laser surface

hardening conditions that may have shown the advantages of using a kaleidoscope in laser
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heat treatment with a low-power source. The main feature of the kaleidoscope is that it

considerably lowers the traveling of the workpiece, still granting the desired uniformity of

heating and also uniformity of hardening depth.

Figure 6.54 presents the hardened tracks and the measured microhardness on heat-

treatable carbon steel AISI 1042. The hardening was carried out with the aid of a kaleido-

scope with a defocusing degree defined by the size of the bright spot on the workpiece surface,

which was 1.65 mm. The workpiece traveling speeds changed in the same way as those in the

treatment of tool steel, i.e., 0.10, 0.12, and 0.14 m/min [87].
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0.65% Mn) steel, using a kaleidoscope, traveling speed n¼ 0.10 m/min (a), n¼ 0.12 m/min (b), n¼ 0.14

m/min (c), and beam dimension a¼ b¼ 1.65 mm. (From Grum, J. Possibilities of kaleidoscope use for

low power lasers. In Conference Proceedings Heat Treating: Equipment and Processes; Totten, G.E.,

Wallis, R.A., Eds.; ASM International: Materials Park, Ohio, 1994; 265–274.)
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6.12 RESIDUAL STRESS AFTER LASER SURFACE HARDENING

From the technology viewpoint, various surface hardening processes are very much alike as

they all have to ensure adequate energy input and the case depth required. In the same

manner, regardless of the hardening process applied, in the same steel, the same microstruc-

ture changes, very similar microhardness variations, and similar variations of residual stresses

within the hardened surface layer may be achieved.

Normally, the surface transformation hardening process also introduces compressive

stresses into the surface layers, leading to an improvement in fatigue properties. Hardened

parts—always ground because of their high hardness—require a minimum level of final

grinding. This can only be achieved by a minimum oversize of a machine part after hardening,

thus shortening the final grinding time and reducing cost of the final grinding to a minimum.

With an automated manufacturing cell, one should be very careful when selecting individual

machining processes as well as machining conditions related to them. Ensurance of required

internal stresses in a workpiece during individual machining processes should be a basic

criterion of such a selection. In those cases when the internal stresses in the workpiece during

the machining process exceed the yield stress, the operation results in workpiece distortion

and residual stresses. The workpiece distortion, in turn, results in more aggressive removal of

the material by grinding as well as a longer grinding time, higher machining costs, and a less-

controlled residual stress condition. The workpiece distortion may be reduced by subsequent

straightening, i.e., by material plasticizing, which, however, requires an additional techno-

logical operation, including appropriate machines. This solution is thus suited only to

exceptional cases when a particular machining process produces the workpiece distortion

regardless of the machining conditions. In such cases the sole solution seems to be a change of

shape and product dimensions so that material plasticizing in the machining process may be

prevented.

It is characteristic of laser surface hardening that machine parts show comparatively high

compressive surface residual stresses due to a lower density of the martensitic surface layer.

The compressive stresses in the surface layer act as a prestress which increases the load

capacity of the machine part and prevents crack formation or propagation at the surface.

The machine parts treated in this way are suited for the most exacting thermomechanical

loads as their susceptibility to material fatigue is considerably lower. Consequently, much

longer operation life of the parts can be expected.

Residual stresses are the stresses present in a material or machine part when there is no

external force and/or external moment acting upon it. The residual stresses in metallic

machine parts have attracted the attention of technicians and engineers only after manufac-

turing processes improved to the level at which the accuracy of manufacture exceeded the size

of deformation, i.e., distortion, of a machine part.

The surface and subsurface layer conditions of the most exacting machine parts, however,

are monitored increasingly by means of the so-called surface integrity. This is a scientific

discipline providing an integral assessment of the surface and surface layers and defined at the

beginning of the 1960s. More detailed information on the levels of surface integrity descrip-

tion may be obtained [88,89].
6.13 THERMAL AND TRANSFORMATION RESIDUAL STRESSES

Yang and Na[90] proposed the model for determination of thermal and transformation

residual stresses after laser surface transformation hardening. Thermal stresses were induced

due to thermal gradient and martensitic phase transformation causing prevailing residual

stresses. The dimensions of the specimen for simulation were 6 mm in length, 2 mm. in
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thickness, and the width of the sliced domain was 0.2 mm. To carry out heat treatment laser

power P ¼ 1 kW, traveling speed n¼ 25 mm/s, absorptivity A ¼ 0.15, and characteristic radius

of heat flux r ¼ 1 mm were chosen. At rapid heating austenitic transformation temperature

started at 830 8C and ended at 950 8C. Cooling rate was also high enough in the heated

material and austenite transformed to martensite in the temperature range from 360 to

140 8C. In the simulation the volume changes at phase transformation base microstructure

to austenite at heating ( aF þP ! A ¼ 2.8 � 103) and then also volume changes at phase

transformation of austenite to martensite at cooling ( aA ! M ¼ 8.5 � 10 �3) were considered.

Figure 6.55 shows longitudinal stress profiles in the direction of the laser-beam travel at

various time moment at heating, namely, at t1 ¼ 1.35 � 10 �2 s, t2 ¼ 2.85 � 10 �2 s, and

t3 ¼ 4.65 � 102 s [90]. From the graph it can be seen that the compressive stresses are in

immediate vicinity of the laser beam. Nevertheless, the thermal stresses at heating change to

tensile stresses according to the distance from the laser beam.

As the laser provides more energy according to the heating time, the temperature

increases, so that the compressive thermal stresses become progressively lower in the vicinity

of the laser-beam center.

Figure 6.56 shows longitudinal stress profiles in the direction of the laser-beam travel at

various cooling times during laser surface hardening [90]. The residual stress in laser surface

hardening is induced from temperature gradient and phase transformations. During cooling

process longitudinal stresses are always tensile and change to compressive during phase

transformation. This means that longitudinal residual stress is always of compressive nature.

As shown in Figure 6.56 the compressive residual stress was generated in the hardened depth

within 0.5 mm from the center line of the exposed laser beam.
6.14 MATHEMATICAL MODEL FOR CALCULATING RESIDUAL STRESSES

Li and Easterling [91] developed a simple analytical model for calculating the residual stresses

at laser transformation hardening. Following the temperature cycle of the laser beam travel, a

certain volume of the heat-affected material expands as a result of the martensitic transform-
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ation. The created martensite microstructure has higher specific volume than matrix micro-

structure, which causes residual stresses in the surface layer.

The magnitude of this residual stress is calculated as a function of the laser input energy

and the carbon content of the steel.

To simplify the calculations, the following assumptions can be made:

. Stresses induced by thermal expansion near the surface can be neglected.

. Plastic strains caused by the martensitic transformation can be considered negligible.

. Dilatation in the HAZ is completely restrained along the x and y directions during laser

transformation hardening.

From the author’s equations, different factors and parameters are influential on residual

stress calculations, despite the simplifying assumptions made. These factors include:

. The dimensions of the specimen

. The properties of the material and composition

. The laser processing variables

. The residual stress sxx should equal

sxx ¼ �
bfE

1� n
þ 1

bc

ðc

0

dz

ðþb=2

�b=2

bfE

1� n
dyþ 12(0:5c� z)

bc3

ðc

0

dz

ðþb=2

�b=2

bfE

1� n
(0:5c� z) dy

This equation is a complete description of the residual stress in the x direction, where the first

term is negative and decreases with depth below the surface, and the second and third terms

are both positive. It shows that these terms resulted in a compressive residual stress at the

surface and changed to a tensile residual stress at some depth below the surface.

The y component of the residual stress syy can be expressed as

syy ¼ �
bfE

1� n
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As several laser runs overlap in the y direction there is some stress relief in the overlapping

zone. The maximum syy given by the equation is still valid.

Assuming that expansion in the z direction proceeds freely, the z component of residual

stress szz is zero

szz ¼ 0

It is impossible to change the volume because of phase transformation, therefore shearing

strains do not occur, and the shear components of residual stresses are zero

sxy ¼ s yz ¼ s  zx ¼ 0:

The given equations present a simplified way of calculating residual stresses at laser trans-

formation hardening.

Figure 6.57 shows the effect of carbon content on sxx through depth residual stress

profile [91].

It can be seen that the value of the compressive residual stress is very dependent upon

carbon content, increasing by about 200 N/mm2 for each 0.1% C. The crossover from

compressive to tensile residual stress in the x direction occurs approximately at the depth

where the steel has been heated to the TA1
temperature. The figure shows also the profile for

syy in the steel with 0.44% C. As can be seen s yy lies at slightly higher compressive stresses

than the corresponding profile for the x direction. The effect of changing the input energy

density of the laser process on residual stress profile sxx is shown in Figure 6.58. It can be seen

that, for the 0.44% C steel, changes in laser input energy do not substantially affect the value

of the compressive residual stress but do affect the depth d0 of the compressive layer. Figure

6.59 shows changes in compressive residual stress sxx and depth of compression laser d0 as a

function of laser input energy density. In practical laser transformation hardening, a surface
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may be hardened not by a single laser track but by a number of overlapping tracks.

This obviously results in local stress relaxation in the y directions in the overlapping

zones, although the residual stresses calculated at the center of each laser track will not

be affected and remain as presented above. If the overlapping tracks cover the entire surface,

end effects, as discussed in conjunction with sxx, should be included in the calculation of syy

for completeness.
6.15 INFLUENCE LASER SURFACE TRANSFORMATION HARDENING
PARAMETERS ON RESIDUAL STRESSES

Solina [92] presented residual stress distribution below the surface after laser surface trans-

formation hardening at various heating and cooling conditions of different steels.

For experimental laser surface transformation hardening they used a CO2 laser. The

absorptivity of the material for the laser light with a wavelength of l¼ 10.6 mm was increased

by an absorption coating of Zinc phosphate. In the tests two types of steel were used, i.e.,
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carbon steel AISI 1045 and a low-alloy steel AISI 4140, both in normalized state. The

specimen was self-cooled (mode 1) and quenched with liquid jet (mode 2).

The ranges for laser hardening parameters were 10 to 38 W/mm2 s for the energy density

and from 0.024 to 1.12 s for the beam–metal interaction time. From residual stress profiles in

the surface layer, it is found that the residual stresses in the more superficial layers may vary,

with changing laser hardening conditions, from compressive residual stress values þ200 MPa

to strong tensile residual stress values up to þ800 MPa.

Figure 6.60 shows the residual stress profiles as a function of the depth below the surface

in two specimens of carbon steel AISI 1045 (C43) and AISI 4140 (40CoMo4) alloyed steel

[92]. The specimens were heated with the same power density Q ¼ 27.5 W/mm2 and at

interaction time ti ¼ 0.56 s at beam spot area 14 � 14 mm2 and self-quenched (mode 1). The

residual stress profiles for both steels show the same laser surface hardening results in very

similar changing residual stresses from the hardened layer. Maximum values of the compres-

sive residual stress are about �200 N/mm2, and very similarly residual stress droops to neutral

plane with small shift for alloyed steel:

Figure 6.61 shows residual stress profiles through the surface layer after laser surface

hardening of alloyed steel AISI 4140 at very high power density Q1 ¼ 121.9 W/mm2, at

interaction time ti1 ¼ 0.16 s and Q2 ¼ 418.7 W/mm2, at interaction time ti2 ¼ 0.024 s, with

cooling in liquid jet (cooling mode 2) [92]. In both laser surface conditions very drastic tensile

residual stress profiles are obtained. Residual stress profiles differ only in absolute values. At

laser surface hardening conditions for both steels tensile residual stresses were found on the

surface layer from þ200 to þ450 N/mm2.
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Com-Nogue and Kerrand [93] analyzed the through-depth variations of residual

stresses and microhardness of a laser-hardened layer on S2 chromium steel. Heating was

carried out by a laser beam with a power P of 2 kW and a traveling speed n of 7 mm/s. A

semielliptical power density distribution in the laser beam with defocusing was chosen so

that a constant depth of the hardened layer d, i.e., 0.57 mm, was obtained with a width W

of 10.8 mm. Figure 6.62 shows the through-depth variations of the measured hardness and

experimentally determined residual stress in the hardened layer. The variations of both

hardness and residual stresses in the surface hardened layer depended on the microstruc-

ture of the latter. Microstructural changes can be affected by the heating conditions which,

in laser heating, can be determined by the selection of the laser power and the area of the

laser-beam spot diameter dB or AB with a given mode structure. The traveling speed of the

laser beam was then suitably adapted. The measured average surface hardness was 725

HV. It slowly decreased to around 300 HV, i.e., hardness of steel in a soft state, in a depth

d of 0.57 mm.

The variation of microhardness permitted an estimation that heating was correctly chosen

to achieve the maximum surface hardness and a very distinct width of area with the transition

microstructure (a mixture of hardened and base microstructure).
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The through-depth variation of residual stresses of the hardened layer depended

on the residual stresses occurring in the material prior to heating. Then followed relaxation

of the existing stresses due to laser heating for further hardening. Finally is the variation

of the residual stresses after laser heating affected also by the initial microstructure and

the cooling rate of steel. A higher austenitizing temperature and an ensured homogeneity

of carbon in austenite and as long as possible heating of the material for the given depth of

the hardened layer ensured efficient tempering of the preceding residual stresses and intro-

duced new low-tensile stresses. Thus after laser surface hardening, comparatively high

compressive residual stresses could be ensured. They could be confirmed by computations

as well. The through-depth variation of residual stresses of the hardened layer was, as

expected, coordinated with the variation of hardness. It was very important that the max-

imum residual stress occurred just below the surface and amounted to �530 N/mm2. Then it

changed the sign in a depth of 0.57 mm and became the maximum tensile stress in a depth of

0.9 mm. In the range between the maximum compressive and compressive tensile residual

stresses, i.e., between the depths of 0.57 and 0.9 mm, a linear variation of the residual stresses

occurred.

Mor [94] studied measurement of residual stresses in laser surface hardened specimens

made of AISI 4140 steel using the x-ray diffraction method. Figure 6.63 shows the results of

the measurements performed with two power densities Q, i.e., 10 and 14 W/cm2, and three

respective times of interaction ti, i.e., 2.0, 1.8, and 1.0 s. The residual stresses were measured in

the direction perpendicular to the hardened traces. Microhardness of the base material, i.e.,

200 HVm, increased up to around 700 HVm in the hardened trace and reduced to around 400

HVm in the zone of overlapping of two adjacent traces. The residual stresses in the hardened

traces showed the compressive character due to an increased specific volume of the martensi-

tic microstructure formed, but at the edge of the hardened traces their character gradually

turned into the tensile one. Tensile residual stresses occurred also in the case of two parallel

laser-hardened traces. In the hardened traces the maximum compressive residual stresses

amounted to �300 N/mm2, whereas in the zone of overlapping of the hardened traces they

varied between 220 and 300 N/mm2. At the edge of the hardened traces the tensile residual

stresses amounted on the average up to 1 to 0 N/mm2. The variations of residual stresses-

obtained in the hardened traces were as expected. However, the variation of residual stresses

having the tensile character in the zone of overlapping of two adjacent traces, which may be a

critical zone with dynamically loaded parts is surprising.
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6.16 RESIDUAL STRESSES, MICROSTRUCTURES,
AND MICROHARDNESSES

Ericsson et al. [95] studied residual stresses, the content of retained austenite, and the

microstructure supported by microhardness measurements. The experiment consisted in

making a laser-hardened trace on a cylinder with a diameter of 40 mm and a length of 100

mm. In the experiment AISI 4142 and AISI 52100 steels in quenched and tempered (320 HV)

and fully annealed conditions (190 HV) were used. Laser surface hardening was carried out

with a CO2 laser with a power of 3 kW in continuous-wave mode. Several laser surface

hardening parameters were chosen. The laser power, the laser-beam spot diameter, and the

traveling speed of the workpiece, however, were varied. Figure 6.64 shows the results of

calculations in laser surface hardening with reference to through-depth distribution of auste-

nite in the heated layer after 24 s and then the through-depth variations of martensite and

residual stresses in the hardened layer after quenching. In the calculations of the austenite and

martensite contents and the variation of residual stresses in surface hardened AISI 4142 steel

with 55.2 mm in diameter, a power density Q of 6.6 MW/m2, a traveling speed n of 0.152 m/

min, and width of hardened trace W of 8.175 mm were taken into account. After hardening,

up to 35% of martensite was found in the surface layer to a depth of 0.5 mm. Then the

martensite content was decreasing in a linear manner to a depth of 1.0 mm. Very similar was

the through-depth variation of residual stresses of the compressive character with a maximum
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value of around �150 N/mm2 in the axial and tangential directions. This is followed by a

transition to tensile residual stresses in the unhardened layer amounting to 350 N/mm2. This

was followed by a transition to the central part of the specimen with a constant stress of

around �200 N/mm2. The radial residual stresses were almost all the time constant, i.e.,

sr¼ 0, from the surface to a depth z of 20 mm, then they increased to around �200 N/mm2 in

the center of the cylinder. An efficient indicator of the variation of residual stresses was the

martensite content. The martensite content showed the variation of the residual stresses

occurring in the axial and tangential directions, which means that the martensite transform-

ation had a decisive role in the determination of the variation of residual stresses.

Cassino et al. [96] studied the variation of residual stresses after laser surface hardening of

55 CI heat-treatment carbon steel with a carbon content of 0.52%.

The investigations were conducted using flat specimens of 100� 80� 20 mm in size and a

square spot area of 5� 15 mm. Heating was carried out with a laser power varying between

3.0 and 3.4 kW, and a traveling speed of the workpiece n of 5 mm/s. The specimen surfaces

were coated with absorbents such as graphite and manganese phosphate that ensured

absorptivity in the range from 65 to 85%. The specimens were subjected to forced cooling

with argon (A) and water (W). Residual stresses were measured in the longitudinal and

transverse directions using the x-ray diffraction method.

X-ray of 2A wavelength from synchrotron radiation was employed to obtain diffraction

peaks from (211)-lattice planes of martensite at nine different c angles (the angle between the

normal to the diffracting planes and the normal to the surface of the specimen) in the range of

�40.08 to 35.08. The strains were measured in the regions corresponding to the center of the

laser traces and along the directions parallel and perpendicular to them. The elastic constants

E¼ 0.21 TPa and n¼ 0.28 were used for stress calculations.

Table 6.3 shows residual stress values along longitudinal and transverse direction. For

quenching of the workpieces with argon (A3, A4), the longitudinal compressive residual stress

ranged between 540 and 610 to N/mm2, whereas the transverse one ranged between 230 and

350 N/m2. With forced quenching of the specimens with water (W2, W4, and W5), the

longitudinal compressive residual stress ranged between 200 and 400 N/mm2 and the trans-

verse one between 200 and 100 N/mm2.

The dissipation of the measured longitudinal and transverse stresses was exceptionally

strong and represented up to 50% of their measured value. The results of measurement of the

residual stresses confirmed that in the given case a sufficient cooling rate was achieved by

cooling with argon. It was necessary to use any more strong cooling medium.
TABLE 6.3
Residual Stress Values Along Longitudinal and Traverse Directions

Specimen s [f 5 0] MPa s [f¼p/2] MPa Peak Width [8]

A3 �610+ 230 �230+ 160 �2.1+ 0.6

A4 �540+ 370 �350+ 100 �2.3+ 0.3

W2 �200+ 130 �100+ 150 �2.0+ 0.2

W4 �300+ 160 �60+ 20 �2.2+ 0.2

W5 �440+ 1200 �100+ 120 �2.2+ 0.3

Source: From Cassino, F.S.L.; Moulin, G.; Ji, V. Residual stresses in water-assisted laser

transformation hardening of 55C1 steel. In Proceedings of the 4th European Conference on

Residual Stresses ‘‘ECRS4’’; Denis, S. Lebrun, J.L., Bourniquel, B., Barral, M., Flavenot,

J.F., Eds.; Vol. 2, 839–849.
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6.17 SIMPLE METHOD FOR ASSESSMENT OF RESIDUAL STRESSES

Grevey et al. [97] proposed a simple method of assessment of the degree of residual stresses

after laser hardening of the surface layer. The method proposed was based on the knowledge

of the parameters of interaction between the laser beam and the workpiece material taking

into account laser power and the traveling speed of the laser beam across the workpiece and

the thermal conductivity of the material concerned. The authors of this method maintained

that in the estimation of residual stresses with low-alloy and medium-alloy steels, the expected

deviation of the actual variation from the calculated variation of residual stresses in the thin

surface layer did not exceed 20%.

On the basis of the known and expected variation, the authors divided the residual-stress

profiles through the workpiece depth into three areas as shown in Figure 6.65 [97]

. Areas I and II make up a zone from the surface to the limiting depth with compressive

stresses defined in accordance with a TTA diagram (Orlisch diagram) for the given steel.
. Area III is the zone extending from the limiting depth, thus being an adjoining zone

where the specific volume of the microstructure is smaller than that at the surface and,

consequently, acts in the sense of relative contraction, which produces the occurrence of

tensile stresses in this zone. The zone showing tensile residual stresses is strongly

expressed in the specimens that were quenched and tempered at 400 or 6008C and

then laser surface hardened. Because of a thermomechanical effect occurring during

surface heating and fast cooling, certain residual stresses persist in the material after

cooling as well. This thermomechanical effect was related to the state of the material

prior to laser surface hardening.

Area III is known as the retempered zone of the material at the transition between the

laser-hardened surface layer and the base metal, which is in a quenched-and-tempered state in

the given case. The thermal effects in laser heating occurring in the retempered zone were

calculated by the authors from the variation of the temperature in the individual depths of the

specimen on a half infinite solid plate:
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T(z) ¼ Ts 1 � erf
z
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where Ts [ 8C] is the surface temperature, T( z) is the temperature at depth z, Ts ¼ rP0a
1/2 ti

1/2/ S

l, r [%] is total energy efficiency, P0 [W] is the average power required, S [cm2] is the spot area

of the beam, a [cm2/s] is the thermal diffusivity, ti [s] is the interaction time, and n [cm/s] is the

traveling speed.

An error function was approximated with (1 �exp (
ffiffiffiffiffiffi
p u
p

)), which, with 0.2 < u < 2.0,

provided a favorable agreement between the theoretical and experimental results. The

depth in which the transition from compressive residual stresses to tensile residual stresses

occurred was calculated using the following equation:

z ¼ � 4

p

ffiffiffiffiffiffi
ati
p

ln
T(z) n1=2 p r

3 =2
0 l

r a1 =2 P0

The mathematical description of the variation of thermal cycle permitted them to predict the

depth in which the austenite transformation TA3
occurred and the temperature range in which

retempering occurred.

The difficulty of the theoretical method consists in the requirement for knowledge of three

parameters: thermal conductivity l [Wcm/ 8C], thermal diffusivity a [cm2/s], and total energy

efficiency r [%].

Concerning the first two parameters they depend on the type of material used, on its initial

microstructural state, and also on its temperature. They are linked by the relationship:

a ¼ l=dcp

where d ¼ 7.8 [g/cm3] is the material density and cp [J/gm/ 8C] is the specific heat which

depends on the temperature.

In the calculations only the effective energy was taken into account; therefore the effi-

ciency of material heating and the global coefficient r [%], including optical losses along the

hardened trace and the reflection of the laser beam from the specimen, were taken into

account. Thus they treated the display power P0 and calculated, by means of the global

coefficient of efficiency r, the so-called effective power, Pe ¼ rP0. The authors experimentally

verified the effective power and confirmed the linear relationship as shown in Figure 6.66a

and Figure 6.66b.

Figure 6.67 shows the results of calculations and measurements of longitudinal residual

stresses. The deviations could be defined with reference to the depth of the transition of the

compressive zone into the tensile zone (Dh¼ hEXP� hEST) and the deviation of the size of the

maximum tensile stress in the subsurface (DsmaxT¼smaxEXP�smaxEST< 4%).

In the calculations the deviation between the experimental and estimated powers

(DP¼PEXP�PEST< 3%) was taken into account.

A very simple and practical method of determination of the through-depth variation of

longitudinal residual stresses in the laser-hardened trace was proposed. The procedure was

based on measurement of longitudinal residual stress at the surface ss and measurement of

different characteristic depths by means of metallographic photos or from the through-depth

hardness profile, which are defined by e, p, and h, that is:

sm ¼ �
pþ e

h� p
ss:
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6.18 INFLUENCE OF PRIOR MATERIAL HEAT TREATMENT
ON LASER SURFACE HARDENING

Chabrol and Vannes [98] analyzed the variations of hardness and residual stresses in the

thin surface layer of alloyed heat-treated steels, i.e., steel A (Cr–Ni), steel B(Cr–Mo), steel

C(Cr–Ni–Mo), and micro-alloyed steel D (V). All steels were quenched and tempered at
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FIGURE 6.67 Comparison of the experimental and estimated longitudinal residual stress profiles.
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temperatures of 400 and 5008C. First measurements of hardness and residual stresses were

made at a single trace. The specimens showed a variation of Vickers hardness HV0.5 of steel B

that was annealed and then laser transformation hardened in the first case, and quenched and

tempered at 400 and 5008C and then laser surface hardened in the second case. They represent

dissipation of hardness, which varied with different specimens between 610 and 750 HV0.5,

after laser surface hardening. The initial state of steel was soft.

In the second case steel was quenched and tempered and then laser surface treated, which

produced a considerable change of variation of hardness in the surface layer. Dissipation of

hardness in the thin surface layer was reduced too to vary between 640 and 695 HV0.5.

The depth of the hardened layer thus increased by approximately 30%. The variation of

hardness at the transition between the hardened layer and the quenched-and-tempered base

metal where softening, i.e., quenching and tempering, of the material occurred was interesting

as well.

This study is based on the identification of residual stresses on the relaxation method,

which consists of measuring specimen strain. The relaxation was induced by electro-chemical

removal of the stresses surface layer, causing a breakdown in the existing equilibrium state.

The restoration of the equilibrium is accompanied by specimen strains. The strains were

measured by means of resistance strain gauges and calculated into residual stresses using a

mathematical model.

Figure 6.68 shows the variations of the longitudinal and tangential residual stresses in the

hardened trace on steel A that was preliminarily annealed. The two variations are very

similar, that is:

. Compressive residual stresses of 330 N/mm2 to a depth of 0.15 mm

. Then follows an almost linear variation of the residual stresses up to 200 N/mm2 in a

depth of 1.5 mm including a transition from the compressive zone to the tensile one

occurring in a depth of 1.10 to 1.20 mm
. In the depths exceeding 1.5 mm the two stresses are of the tensile character and almost

constant
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FIGURE 6.68 Longitudinal and traversal residual stress distribution in annealed steel A at given laser

hardening parameters. (From Chabrol, C.; Vannes, A.B. Residual stresses induced by laser surface
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The variation of residual stresses in multipass laser surface hardening was very similar to

the one obtained with a single trace. The variations of the longitudinal and tangential residual

stresses were very similar as well.

The measurement of residual stresses in the x-ray diffraction method showed surface

stresses in the hardened traces as well as at the transition between the hardened traces.

Based on the experimental results, it is possible to make some conclusions on laser surface

transformation hardening without melting of hypoeutectoid steels:
1. Microstructures observed in the hardened layer are martensitic, characteristic of

conventional hardening but with some peculiarities:
. Martensite is heterogeneous as a result of the nonuniform austenite. This heterogen-

eity is related to the initial microstructure and the transformation curves which are

displaced to higher temperatures.
. It is impossible to dissolve all the carbides with a heat treatment not involving

melting process. Incomplete dissolution of carbides changes the hardenability.

Nevertheless, undissolved carbides can be considered hard inclusions which are

favorable in wear applications.
2. The analysis of residual stress profiles through the hardened layer confirms micro-

structural observations. Their profiles change with the type of steel and laser surface

hardening conditions, but they correlate with microstructural transformations.
Compressive stresses, always observed in the laser surface hardened layer, improve the

mechanical behavior. Tensile residual stresses that appear below the hardened layer are

heterogeneous. Quenched-and-tempered steels, however, are more homogeneous and the

tensile residual stresses much more pronounced and potentially dangerous because they

facilitate crack initiation. Based on the microstructural and residual stress analysis, laser

surface transformation hardening leads to better results in a plain medium carbon steel than

in alloyed steel. Multipass laser surface hardening shows softening and tensile residual stresses

at the surface. Both the softening effect and tensile residual stresses should be avoided in

practice with a chosen higher overlapping degree.
6.19 INFLUENCE OF LASER SURFACE HARDENING CONDITIONS
ON RESIDUAL STRESS PROFILES AND FATIGUE PROPERTIES

Ericsson and Lin [99] presented the influence of laser surface hardening on fatigue properties

and residual stress profiles of notched and smooth specimens.

The authors studied the effect of laser surface hardening on two Swedish steels, SS 2225

(0.26% C, 1.13% Cr, 0.1% Mo) and SS 2244 (0.45% C, 1.02% Cr, 0.16% Mo). Both steels were

delivered as hot rolled bars in quenched and tempered condition with a hardness of 300 HV.

Smooth and notched fatigue specimens in quenched and tempered condition were laser

surface hardened. By using x-ray diffraction technique residual stress profiles in the hardened

layer were measured.

Figure 6.69 shows axial residual stress profiles in the center of the laser-hardened track.

For laser-hardened smooth specimen of SS 2225 steel, compression residual stress profiles

were found in both axial and tangential directions. Compressive residual stresses were also

found in the hardened layer of smooth specimen of SS 2244 steel. The values of axial and

tangential residual stresses are very similar. Figure 6.69 shows that residual stress profiles in
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the track center were more compressive in comparison to those at the overlap track. The

difference became much larger at depth between 0.4 and 0.6 mm, which could be explained by

the difference in microstructures.

Figure 6.70 shows that the compressive residual stress profiles were found in the hardened

notches specimen of SS 2225 steel and the some shape specimen of SS 2244 steel. The value of

axial residual stress was higher than that of tangential residual stress especially for SS 2225

steel. This might be due to the different constraint to deformation at the notch. Although the

input heat from hardening the second track had little tempering effect, relaxed the first track,

and changed residual stress profiles. As shown in Figure 6.70, the value of residual stress was

lower in the first track.
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TABLE 6.4
Bending Fatigue Limits and Notch Sensitivity

Material Specimen Type Condition Fatigue Limits [MPa] Notch Sensitivity Index

SS 2225 Smooth Q&T 480+ 41 0.66

Notched Q&T 350+ 62

SS 2225 Smooth Q&TþLaser hard 627+ 10 0.16

Notched Q&TþLaser hard 575+ 21

SS 2244 Smooth Q&T 481+ 7 0.71

Notched Q&T 343+ 10

SS 2224 Smooth Q&TþLaser hard 621+ 33 0.13

Notched Q&TþLaser hard 581+ 29

Source: From Ericsson, T.; Lin, R. Influence of laser surface hardening on fatigue properties and residual stress

profiles of notched and smooth specimens. In Proceedings of the Conference ‘‘MAT-TEC 91’’, Paris; Vincent, L.,

Niku-Lari, A., Eds.; Technology Transfer Series, Published by Institute for Industrial Technology Transfer (IITT)

Int.; Gowruay-Sur-Marne, France, 1991; 255–260.
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As can be seen, the fatigue strength of quenched and tempered specimens was greatly

improved after laser surface hardening. Both low and high cycle fatigue lives were increased.

The evaluated bending fatigue limits are summarized in Table 6.4, together with the values of

notch sensitivity index q. Notch sensitivity index q is a measure of the effect of a notch on

fatigue and is defined as (Kf –1)/(Kt – 1), where Kf is the ratio of the fatigue limit of smooth

specimen to that of notched specimen.

Figure 6.71 shows the S–N curves for smooth and notched specimens. The curves 1 and 2

represent fatigue strength for smooth specimens after quenched-and- tempered (Q&T) con-

ditions, curves 3 and 4 represent fatigue strength for smooth and notched specimens after

laser surface hardening. It can be concluded that:
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. Bending fatigue limits of smooth specimens were increased by 31%for SS 2225 steel and

29% for SS 2244 steel, while those of notched specimens were increased by 64% for SS

2225 steel and 69% for SS 2244 steel.
. Notch sensitivity index q decreased from 0.66 to 0.16 for SS 2225 steel and from 0.71 to

0.13 for SS 2244 steel.
. Important increase in fatigue properties was caused by compressive residual stresses in

the surface layer after laser surface hardening.

Bohne et al. [100] analyzed X 39 CrMo17 1 (1.4122) steel which was quenched and

tempered at temperatures of 520 and 2008C. The hardened specimens were rapidly reheated

with a Nd:YAG laser under such conditions that a maximum surface temperature ranging

between 860 and 13908C was obtained, and then quenched with a cooling rate ranging

between 480 and 11608C/s. Depending on the conditions of the preceding heat treatment

and various parameters of laser processing, differences in the microstructure of a laser trace,

in the hardness, and in the profile of residual stresses in the laser-hardened trace were

obtained. Depending on the heating conditions, different contents of retained austenite, i.e.,

between 2 and 62%, were found in the laser-hardened traces. These great differences in the

measured contents can be attributed to the height of the maximum surface temperature, the

cooling rate, and the preceding heat treatment, i.e., tempering. It was found that the major

influence on the formation of retained austenite was exerted by the tempering temperature in

the preceding hardening so that a lower tempering temperature resulted in a higher content of

retained austenite. The content of retained austenite, however, increased with an increase in

the maximum temperature in laser surface heating as well as by an increase in the rate of laser

heating.

In Table 6.5 the results of microhardness measurements obtained in a depth of 30 mm

below the surface of the laser-hardened trace are stated in dependence of the maximum
TABLE 6.5
Microhardness and Retained Austenite (RA) Content after Laser Surface Hardening

in Tempered Steel at 5208C

Specimen Tmax [8C] T/t [8C/s] RA [%] Microhardness [HV0.05]

Tempered at 5208C
520-2r 860 620 <2 540+ 14

520-3r 900 620 3 451+ 7

520-3l 980 775 7 700+ 18

520-4r 1020 670 9 706+ 13

520-2l 1100 700 6 700+ 17

520-1l 1125 920 24 653+ 12

520-5r 1399 1160 62 636+ 19

Tempered at 2008C
200-6l 800 480 <2 397+ 10

200-7l 840 5202 20 487+ 14

200-7r 980 665 24 480+ 9

200-6r 1399 1050 60 646+ 14

Source: (From Bohne, C.; Pyzalla, A.; Reimers, W.; Heitkemper, M.; Fischer, A. Influence of Rapid Heat Treatment

on Microstructure and Residual Stresses of Tool Steels. Eclat—European Conf. on Laser Treatment of Materials,

Hanover, 1998; Werkstoff - Informationsgesellschaft GmbH: Frankfurt, 1998; 183–188).
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surface temperature TSmax [8C] and the rate of laser heating, n¼DT/Dt [8C/s]. It is worth

mentioning the difference in the microhardness attained after steel tempering at the temper-

atures of 520 and 2008C, respectively. In the case of steel tempering from 5208C and then laser

hardening, the microhardness decreased from 700 to 636 HV0.05 with the increase in the

content of retained austenite. In case of steel tempering from 2008C the microhardness

increased with the increase in the content of retained austenite, which was to be attributed

to precipitates that additionally hardened austenite and martensite.

Residual stresses were measured in the longitudinal and transverse directions in the

central part of the hardened trace. The variation of the residual stresses is shown for the

previously hardened steel that was tempered at 5208C and then rapidly laser heated to TSmax,

which provided lower contents of retained austenite, i.e., between 2 and 7%.

Figure 6.72 shows the variation of the residual stresses in the longitudinal direction with

reference to the orientation of the hardened traces and Figure 6.73 the variation in the
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transverse direction. The specimens were, prior to surface hardening, quenched and tempered

at 520 8C. Both the longitudinal and transverse residual stresses show the compressive char-

acter at the surface and then get balanced through depth where they finally obtained the

tensile character. The through-depth variations of the longitudinal and transverse residual

stresses are similar. The compressive residual stresses can be attributed to austenite–martens-

ite transformation whose magnitude and variation depend on the content of retained auste-

nite and the precipitates that could additionally harden the surface layer. The magnitude and

variation of the residual stresses were affected also by internal stresses occurring in the

cooling process. If the latter were higher than the yield stress at the given temperature, plastic

deformation and certain internal stresses accompanied by transformation stresses occurring

in further cooling was obtained. The stresses occurring during the cooling process are called

residual stresses after hardening. They are accompanied by specimen deformation. Account

should be taken also of the residual stresses due to the preceding conventional hardening of

the specimen.

Mordike [101] reported on several applications of laser transformation hardening, laser

remelting, laser nitriding, and carbonitriding as well laser cladding and alloying. The results

show the variation of residual stresses in the longitudinal and transverse directions in pearlitic

gray cast iron, for two sets of conditions after laser remelting of the surface layer. Both

through-depth profiles of the residual stresses confirmed great differences in the energy input

obtained by varying the power density and the traveling speed of the laser beam. Although the

two profiles of the residual stresses were very similar, it was found that the depths of the

remelted layers differed, i.e., d1 ¼ 0.2 mm and d2 ¼ 1.0 mm. In both cases there were com-

pressive residual stresses in the surface layer. They differed, however, in the depth in which the

transition from compressive to tensile stresses occurred. In the first case the transition was

outside the remelted depth whereas in the second case it was within the remelted zone. The

compressive stresses at the surface amounted to around 400 N/mm2 under the conditions of

shallow remelting and to around 700 N/mm2 in the subsurface, i.e., in a depth z of 0.3 mm,

under the conditions of deep remelting.

Grum and Žerovnik [102] presented the experimental results of residual stress analysis

after previously mentioned laser transformation hardening of various steels by using different

absorbers. Their study based the identification of residual stresses on the relaxation method,

which consists of measuring specimen strain. The relaxation was induced by electrochemical

removal of the stressed surface layer, causing a breakdown in the existing equilibrium state.

The restoration of the equilibrium is accompanied by specimen strains. The strains were

measured by means of resistance strain gauges and calculated into residual stresses using a

mathematical model.

Figure 6.74 through figure 6.76 show the variation of residual stresses as a function of depth,

the distance of the observed location from the surface. In laser transformation hardening,

tracks have very small widths and depths that are dependent on the optical and kinematic

conditions and laser source power. In the investigation the specimen traveling speed was

changed with respect to the absorber. Figure 6.74 shows three residual stress profiles of the

investigated W–Cr–V tool steel, and 4140, 1045 structural steels with the laser beam traveling

along a zigzag path and the ground surfaces were free from any of the absorbers. The residual

stress profiles are very similar to one another, displaying the following characteristics:

. In all three cases, the surface is subjected to compressive residual stresses.

. At a depth between 300 and 600 mm, the compressive stresses transform themselves into

tensile residual stresses.
. Tensile residual stresses are present in deeper layers and have an almost constant value

around 500 N/mm2.
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From the residual stress results, it can be seen that both the heat treatable steels have low

compressive stresses on the surface and a less explicit transition into tensile stresses. The

alloyed W–Cr–V tool steel has a considerably greater content of carbon than the heat

treatable steels; therefore we can maintain that carbon plays a decisive role in residual stresses

size and transformation.

Residual stresses W–Cr–V in tool steel, to which absorbers A and B were applied and the

laser traveled a square-spiral path, are further illustrated in Figure 6.75. Thanks to light

absorption, shorter interaction times are necessary, and as a result, the compressive residual

stresses on the surface are lower. In addition, the depth of the transition from compressive

into tensile stresses is lower using absorber A. The latter yields lower compressive residual

stresses and a steeper transition into tensile stresses. Both features increase the sensitivity of

parts to dynamic loads. Therefore the better choice is absorber B.

Figure 6.76 illustrates the variation of residual stresses with an intermittent laser trace

[103]. The residual stresses in the compressive and tensile zone are low, a special feature being

a thin surface layer with tensile stresses. Because after laser heat treatment grinding should be

applied, in each of the discussed cases compressive stresses in the surface are a usual result.
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An interesting study was made by Yang and Na [104] in his paper titled ‘‘A study on residual

stresses in laser surface hardening of a medium carbon steel’’ by using two-dimensional finite

element model. By using the proposed model, the thermal and residual stresses at laser surface

hardeningwere successively calculated. Thephase transformationhada greater influence on the

residual stress than the temperature gradient. The simulation results showed that a compressive

residual stress region occurred near the hardened surface of the specimen and a tensile residual

stress region occurred in the interior of the specimen. The maximum tensile residual stress

occurred along the center of the laser track in the interior region.

The compressive residual stress at the surface of the laser-hardened specimen has a

significant effect on the mechanical properties such as wear resistance, fatigue strength, etc.

The size of the compressive and tensile regions of the longitudinal residual stress for

various spot ratios of the square beam mode is shown in Figure 6.77. It should be observed

that with increasing beam width the compressive region becomes wide but shallow. From the

comparison of the results, it is recommended that wide laser-beam spots are used for obtain-

ing the desirable heat-treated region.

Figure 6.78 shows the sizes of the compressive and tensile regions of the longitudinal

residual stress for various laser-beam power and traveling speed at a given input energy.

Although the input energy is constant, the compressive residual stress region increases

according to increased laser power and traveling speed. That means that it is desirable to

use the high power beam and high traveling speed at laser surface hardening.

Estimation and optimization of processing parameters in laser surface hardening was

explained by Lepski and Reitzenstein [105]. Optimum results were obtained if the processing

was based on temperature cycle calculations, taking into account the material properties and

input energy distribution. A user-friendly software is required in industry application of laser

surface hardening. The software should fulfill the following criteria:

. Ability to check any given hardening problem

. Ability to estimate without experiments which laser power beam shaping or beam

scanning system is selected
. Ability to predict the laser hardening results at a given application
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. Ability to calculate the processing parameters with minimum cost at desired hardening

and annealing zone size
. Graphically present the relationship between the processing parameters and the hard-

ening zone characteristics.

The integration of laser hardening in complex manufacturing systems requires hardening

with high traveling speeds. In order to get a sufficient hardening depth neither the surface

maximum temperature nor the laser interaction time must fall below certain limits even for
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high traveling speeds. This may be achieved to a certain degree by laser spot stretching along

the traverse direction. In Figure 6.79 the track depth as well as the track width is represented

for the steel C45 as functions of the spot axis ratio (SAR) (SAR ¼ y/x ¼ 1 . . . 10) for various

values of the traveling speeds ( n¼ 1–10 m/min and a laser power of 10 kW). Values less than

unity of the ratio SAR correspond to a spot stretched along the traverse direction.

Meijer et al. [106] presented a very interesting and practical subject of transferability of the

same testing parameters in laser hardening using different laser systems used in several

laboratories.
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The chosen experimental conditions show that the same material was tested, the same

absorption deposit and the same working method in a shielding atmosphere were applied, but

different degrees of defocus, small power densities, different interaction times, and different

mode structures of the laser beam were used.

The deviations occurring are relatively strong; therefore it is dubious whether with

different laser systems the same and reproducible results with the hardened surfaces can be

obtained. As the machining conditions were uniformly selected, the same depths of the

hardened traces could be assumed, yet this was not the case. The differences were exception-

ally strong. They can be attributed to the chosen mode structure of the laser beam and other

characteristics selected such as the degree of defocus and the travel speed of the laser beam.

Consequently, the results of the investigation should serve only as a proof that the influence

of energy input is strong. As far as the energy input is concerned, not only the mode structure

of the laser beam but also the selected and interdependent parameters such as the travel speed

and the degree of defocus should be taken into account.

Results of the second set of joint measurements are given in dependence of the width of a

single hardened trace on the material surface and the depth of the hardened trace. The

deviations occurring can be attributed only to the mode structures selected in the individual

laboratories. The differences in the measured widths and depths of the hardened single traces

are, as expected, smaller with shorter interaction times. They gradually increase with increas-

ing interaction times.

The deviation occurring in hardening of carbon steel can be attributed to the available

mode structures of the laser beam and the selection of different interaction times.

Kugler et al. [107] reported on the latest developments of powerful diode lasers permitting

the manufacture of new laser hardening systems. Advantages of the diode laser are as follows:
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. Optics adjustable and adaptable to the workpiece shape.

. Adjustable optics permits shallow or deep heating of the surface layers.

. Absorptivity of laser light with a double wavelength, l1¼ 0.808 and l1¼ 0.94, ranges, as

assessed, between 50 and 70%, which means that no particular preparation of steel

surface is required for heat treatment.
. It has a pyrometer mounted to measure the temperatures at the workpiece surface

surrounding the laser beam.
. A computer-aided system for temperature setting makes a comparison with the refer-

ence temperature and automatically sets a higher or lower laser-source power in the very

course of heat treatment.
. A robotic hand and optical transmission of laser light to the workpiece make it possible

to perform heat treatment of large parts simply and efficiently.
. It is suitable for both small-scale and large-scale productions.

Such a way of temperature monitoring, i.e., by changing the power input, is extremely

important at the workpiece edge, along the notches in the workpiece, or at the transition from

a larger diameter to a smaller one.

Figure 6.80 shows the dependence between the power density distribution across the beam

diameter, the specific energy, and the depth of the modified layer. In the diagram, different

distributions, i.e., Gaussian (A), cylindrical (B), prismatic (C), and sharp-edged (D) distribu-

tions, are shown. The individual characteristic power density distributions across the beam

diameter ensure, with the same heating conditions, small differences in the energy input, and

great differences of the depth of the hardened layer attained. The lowest specific energy is
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obtained with the cylindrical (B), prismatic (C), and sharp-edged (D) power density distribu-

tions. It ranges between 13.0 and 15.0 J/mm3. The highest specific energy is attained with the

Gaussian power density distribution. On the average, it is 100% higher than the lowest one.

A more important piece of information is the one on the depth of the hardened layer attained.

The latter equals 0.75 mm with the Gaussian power density distribution, 1.17 mm with the

cylindrical distribution, and over 2.10 mm with the prismatic and sharp-edged distributions.

This proves that the distributions most suitable for heat treatment are the prismatic and

sharp-edged power density distributions.
6.20 PREDICTION OF HARDENED TRACK AND OPTIMIZATION PROCESS

Marya and Marya [108] reported about prediction hardened depth and width and optimiza-

tion process of the laser transformation hardening. They used a dimensionless approach for

Gaussian and rectangular sources to find laser heating parameters at given dimensions of the

hardened layer.

The laser transformation hardening has been performed on a 0.45% carbon steel, coated

with a carbon to maintain the surface absorptivity to about 70%. Figure 6.81 shows the

author’s results according to their model of predicted dimensions of the hardened layer and

process optimization. The diagram shows that decreasing power and laser-beam traveling

speed at Gaussian distribution of laser power density in cross section which defines inter-

action times are required to obtain specific data. Thus any useful combination of laser

processing parameters must maximize heat diffusion to required depth of hardened layer. It

is necessary that surface melting temperature is reached. Figure 6.81 and figure 6.82 show a

low dimensionless traveling speed n* that is necessary to allow the heat conduction in depth

and achieve high dimensionless depth Zh*¼Zh/R and dimensionless width Wh*¼Wh/R. The
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dimensionless power parameter ( q*) is determined with respect to (n*) to reach the melting

on set.

If the laser beam moves faster, greater values ( q*) must be selected to reach surface

melting. Similar calculations were realized for square laser-beam power density. Hardened

widths should correspond rather well to beam spot diameter because the step energy gradient

of the beam edge should produce an evenly steep temperature gradient.

Results in stationary laser-beam hardening show that melting cannot be achieved at

dimensionless power below 7.6. Similar conclusions have already been drawn for Gaussian

beams. Indeed, as the beam speed approaches zero, the beam profile contribution decreases as

heat tends to dissipate more uniformly.

Figure 6.83 shows optimized beam spot dimensions at the surface which are very well

predicted by the theoretical analysis. Moreover, the results show that hardened depth in-

creases with heat input energy. They experimentally verified that melting conditions are

proportional to the spot dimension. Although increasing powers and beam spot diameter

produced wider hardened layer the heating rates decreased significantly. Figure 6.83 shows

the variation in surface hardness according to the hardness of base material (HV ¼ 205). In an

optimization process, a compromise between a high quenched depth and a significant hard-

ness increase must therefore be found.
6.21 MICROSTRUCTURE AND RESIDUAL STRESS ANALYSIS AFTER
LASER SURFACE REMELTING PROCESS

Ductile iron is commonly used in a wide range of industrial applications because of its good

castability, good mechanical properties, and low price. By varying the chemical and micro-

structure composition of cast irons, it is possible to change their mechanical properties as well

as their suitability for machining. Ductile irons are also distinguished by good wear resistance,

which can be raised even higher by additional surface heat treatment. With the use of

induction or flame surface hardening, it is possible to ensure a homogeneous microstructure

in the thin surface layer; however, this is possible only if cast irons have a pearlite matrix. If
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they have a ferrite–pearlite or pearlite–ferrite matrix, a homogeneous microstructure in the

surface hardened layer can be achieved only by laser surface remelting.

After the laser beam had crossed flat specimen, a microstructurally modified track was

obtained, which was shaped like a part of a sphere (Figure 6.84). To achieve a uniform

thickness of the remelted layer over the entire area of the flat specimen (Figure 6.85), the

kinematics of the laser beam were adapted by 30% overlapping of the neighboring remelted

traces [109].

The microstructure changes in the remelting layer of the ductile iron are dependent on

temperature conditions during heating and cooling processes. In all cases of the laser surface

remelting process two characteristic microstructure layers were obtained, i.e., the remelted
200μm

FIGURE 6.84 Cross section of a single laser-modified trace; remelting condition: P¼ 1.0 kW, zs¼ 22

mm, and nb¼ 21 mm/s. (From Grum, J.; Šturm, R. J. Mater. Eng. Perform 2001, 10, 270–281.)
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FIGURE 6.85 Laser surface modified layer at 30% overlap of the width of the remelted traces; remelting

conditions: P¼ 1.0 kW, zs¼ 22 mm, and nb¼ 21 mm/s. (From Grum, J.; Šturm, R. J. Mater. Eng.

Perform. 2001, 10, 270–281.)
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layer and hardened layer. Figure 6.86 shows that the microstructure in the remelted surface

layer is fine grained and consists of austenite dendrites, with very fine dispersed cementite,

together with a small portion of coarse martensite. X-ray phase analysis of the remelted layer

showed the average volume percentages of the particular phases as follows: 24.0% austenite,

32.0% cementite, 39.0% martensite, and 5.0% graphite. Figure 6.87 shows the microstructure

of the hardened layer consisting of martensite with a presence of residual austenite, ferrite,

and graphite nodules. Graphite nodules are surrounded by ledeburite and/or martensite shells

[109].

Grum and Šturm [109] showed the results (Figure 6.88) of the calculations of principal

residual stresses in the flat specimen after laser remelting with the zigzag laser beam guiding at

the 0 and 30% overlapping degree of the remelted layer. Different modes of guiding the laser

beam over the specimen surface were selected, i.e., zigzag (A), square-shaped spiral toward

the center (B), and square-shaped spiral away from the center (C), with the laser beam turning

round outside the specimen to achieve more uniform thermal conditions in the material. In

this way, it was possible to achieve different thermal conditions in the thin flat specimen

during the remelting process as well as during cooling, which influence the preheating of the

specimen prior to remelting and the tempering of the created modified microstructure. They

stated the following:
50μm

FIGURE 6.86 Microstructure of the remelted layer. (From Grum, J.; Šturm, R. J. Mater. Eng. Perform.

2001, 10, 270–281.)



30μm 

FIGURE 6.87 Microstructure of the hardened layer. (From Grum, J.; Šturm, R. J. Mater. Eng. Perform.

2001, 10, 270–281.)
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. Residual stresses s1 are directed in the longitudinal direction and s2 directed in the

transverse direction of the flat specimen.
. During the process of laser surface remelting, the specimen bends more in the longitu-

dinal direction causing additional lowering of tensile residual stresses.
. At 0% overlapping of the remelted layer, the compressive residual stresses were achieved

between þ100.0 and �5.0 MPa. A 30% higher overlapping degree induces the occur-

rence of tensile residual stresses of þ90 MPa in the remelted layer and compressive

stress of 50 MPa in the hardened layer.

The same authors in Figure 6.89 showed the results of principal residual stresses in the

thin surface layer with a laser beam guiding in the shape of a square spiral at a given laser-

remelting conditions, without overlapping traces.

They showed the calculated principal residual stresses profiles through the depth and the

direction angles of the principal residual stresses. The residual stresses were measured to the

depth of 0.9 mm, which means that they were measured to the transition into the matrix.

From the results of calculated residual stress profiles the following conclusions can be

drawn:

. Principal residual stresses s1 are directed perpendicularly to the direction of the laser

path.
. Principal residual stresses s2 acting in the direction of laser remelting and being of

tensile nature are much higher than the residual stresses s1.
. Principal residual stresses s1 are reduced because of the temperature field, and lowering

the yield strength of the material.
. Residual stresses in the modified surface layer in the longitudinal direction of the

specimen are compressive and range between 80.0 and 5.0 MPa when, in the transition

area from the hardened layer to the matrix, they change into tensile residual stresses.
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. In the transverse direction of the specimen, residual stresses are always tensile and range

from þ50.0 to þ200.0 MPa in the modified layer.

All of these laser-remelting conditions, each in its own way, change the amount of the

energy input and can have an important effect on the size and quality of the modified layer

and residual stresses. A greater amount of input energy into the specimen results in a higher

increase of temperature in it and higher over-heating of the specimen, which, on the other

hand, lowers the cooling rate in the modified layer and gives rise to the occurrence of small

microstructure residual stresses in this layer.

6.21.1 DIMENSIONS OF THE REMELTED TRACK

Hawkes et al. [110] studied laser-remelting process on ferrite and pearlite gray iron at various

melting conditions. The results are presented by microstructure, microhardness analysis, and

size data of the remelted tracks. Figure 6.90 shows remelted depth according to traveling

speed and beam diameter. Depth of remelting layer increased significantly by approaching the

focussed beams at lower traveling speed of 100 mm/s due to the keyholing mechanism

operating in the molten pool. This occurred at sufficient laser-beam power density to vaporize

the metal under the beam center. The pressure of the expanding vapor held the cavity open

forming a black body, thus transferring more energy deeper into the material.
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The remelting width was greater at smaller areas of beams at low traveling speeds due to

the intense vapor and liquid convection. Figure 6.90a shows the dependence of melting depth

according to traveling speed at various beam spot diameters. Figure 6.90b shows the depth of

remelting, assuming depth/width is constant, proportional to P/ DB
2VB.

Greater depth of remelting was achieved in the ferritic gray iron as compared to the

pearlitic gray iron with higher beam spot diameters at lower traveling speeds. Figure 6.91

shows microhardness profiles across overlapping tracks at two different laser-remelting

conditions. Laser track B shows a much wider HAZ at increased microhardness, and laser

track A shows a greater HAZ at increased microhardness. The differences in HAZ width and

microhardness profiles depend on the austenite decomposition temperature in the center of

overlapping tracks.

6.21.2 MATHEMATICAL MODELING OF LOCALIZED MELTING A ROUND GRAPHITE NODULE

Roy and Manna [111] described in their paper mathematical modeling of localized melting

around graphite nodules during laser surface hardening of austempered ductile iron. Similar

findings were presented by Grum and Šturm [112] at laser surface remelting in the transition

zone, while heating at low power beam P ¼ 700 W and traveling speed n of 60 mm/s, where

dissolution of the graphite nodules at depth z ¼ 100 mm below the surface occurred. At

heating process in the region with dissoluted graphite in austenite, lowering melting tempera-

ture was reached which resulted in local remelting. Figure 6.92 gives the variation of carbon

concentration as a function of the graphite nodule distance from the surface. From the
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diagram it can be concluded that carbon concentration in the matrix is higher on the surface

and lower with decreasing depth below the surface. The dashed line shows 1.6 wt% carbon,

which determines the minimum level of carbon enrichment and maximum width ym of the

localized remelted zone around the graphite nodule.

Figure 6.93 gives the matrix carbon concentration and maximum temperature as a

function of graphite interface distance dy, the dashed horizontal line denotes the effective

temperature and maximum carbon solubility 1.6 wt% for austenite, and the vertical one

represents the given remelt width (ym) from the graphite surface.

Figure 6.94 shows the changing of remelt width ( ym) as a function of the depth below the

surface (z) at given laser surface hardening conditions. Solid symbols in the diagram show

theoretically predicted maximum melt width ym around the graphite nodule as a function of
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the depth below the surface. The open symbols note the experimental data at given laser

hardening conditions and depth below the surface as well.

6.21.3 TRANSITION BETWEEN THE REMELTED AND HARDENED LAYERS

Grum and Sturm [112] studied rapid solidification microstructure in the remelting layer and

microstructure changes in the hardened layer.

The application of laser surface remelting to nodular iron 400–12 causes the material to

undergo microstructural changes. A newly created austenite–ledeburite microstructure with

the presence of graphite nodules in the remelted layer and a martensite–ferrite micro-structure

with graphite nodules in the hardened layer have been observed. Microscopy of the hardened

layer was used to analyze the occurrence of ledeburite shells and martensite shells around the

graphite nodules in the ferrite matrix. The thickness of the ledeburite and martensite shells

was supported by diffusion calculations. The qualitative effects of the changed microstruc-

tures were additionally verified by microhardness profiles in the modified layer and micro-

hardness measurements around the graphite nodules in the hardened layer.

The tests involved the use of an industrial CO2 laser with a power of 500 W and Gaussian

distribution of energy in the laser beam. The optical and kinematic conditions were chosen so

that the laser remelted the surface layer of the specimen material. The specimens were made

from nodular iron 400-12 with a ferrite–pearlite matrix that contained graphite nodules.

A characteristic of the transition area between the remelted and the hardened layer is that

local melting occurs around the graphite nodules. Grum and Šturm [112] showed in Figure

6.95 a schematic representation of the sequence of processes occurring in the phases of

heating and cooling:

. Matrix transforms into a nonhomogeneous austenite.

. Diffusion of carbon from graphite nodules into austenite.

. Increased concentration of carbon in the austenite around the graphite nodule lowered

the melting-point temperature in local melting of part of the austenitic shell around the

graphite nodule.
. After rapid cooling, a ledeburite microstructure is formed locally. This is then further

surrounded by a martensite shell.
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The transition area is very narrow and very interesting from the microstructural point of

view. However, it is not significant in determining the final properties of the laser-modified

surface layer.

Figure 6.96 shows the measured and calculated thickness of martensite shells around

graphite nodules with respect to their distance from the remelted layer. Our estimation is that

the differences between the measured and the predicted martensite shell thickness are within

the expected limits as the data on heat conductivity and diffusivity were chosen from the

literature. The calculations confirmed the validity of the mathematical model for the deter-

mination of temperature T and time t remaining in a given temperature range, which enabled

us to define the diffusion path of the carbon or, in other words, define the thickness of the

martensite shell.

6.21.4 C IRCUMSTANCES FOR R APID SOLIDIFICATION P ROCESS OF C AST IRON

Three features are significant for the rapid solidification process after laser remelting [113]:

. The cooling rate «_¼ dT/d t

. The solidification rate R ¼ dx/d t, which characterizes crystal grain growth per unit time

in the liquid–solid interface
. The temperature gradient G ¼ d t/d x across the liquid solid interface to a given

location
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These parameters are connected by the equation

_«« ¼ RG

Depending on the values of the above variables, different microstructures can be produced

after solidification process. It is important that different microstructures can be obtained in

the same material at various solidification conditions. In Figure 6.97, one set of parallel lines

represent lines equal to G/R ratios and the other rectangular to the former one, which

represents RG products (equal to «_) [113].
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The G/R parallel lines give similar solidification conditions before solidification increases

with «. Therefore an increasing nucleation frequency is obtained resulting in a finer micro-

structure of the same morphology. For the set of lines where « is constant, the same grain size

occurs, with changed solidification. At laser remelting it is difficult to verify experimentally

the two limiting cases of solidification. Therefore special conditions must occur at rapid

solidification:

. Substantial superheating of the melt which influences the heterogeneous nucleation

. Extreme temperature gradients which assure rapid, directional solidification

. Epitaxial growth on substrate crystals

In Figure 6.98, cooling rate, remelted depth, and dendrite arm spacing are correlated

[113].

6.21.5 E VALUATION OF R ESIDUAL STRESSES AFTER LASER R EMELTING OF C AST IRON

Domes et al. [114] gave estimation of microstructure, microhardness, and residual stress

distribution after laser surface remelting of gray cast iron and nodular iron.

The authors carried out experiments with an 18-kW CO2 laser. The laser beam was shaped

by a line integrating mirror to the laser spot area of 2� 15 mm. The residual stresses were

measured by x-ray diffractometer.

Figure 6.99 shows the microstructure of laser-remelted nodular iron consisting of primary

austenite dendrites, which can solve more carbon at increasing solidification rate and eutectic

ledeburite. Therefore with increasing solidification rate the ledeburitic portion decreases

because of the formation of supersaturated austenite solid solution. A portion of austenite

transforms, depending on the cooling rate, into martensite with residual austenite (RA),

bainite, or pearlite. Figure 6.99a shows the microstructure of laser-remelted nodular iron

after remelting with different preheating temperatures (T¼ 500 or 6008C). The non-preheated

specimens are characterized by a high content of residual austenite at preheating temperature,

while after preheating to 4008C the microstructure consists mainly of martensite and bainite.

Further raising of Tp generates higher portion of bainitic and/or pearlitic microstructure. The
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formation of residual austenite can be observed at preheating temperature up to a Tp of 5008C
and at traveling speed of 1 m/min (Figure 6.99e). The residual austenite can be avoided either

by further increasing Tp or by decreasing the traveling speed or by a post-heat treatment.

The surface hardness of laser-remelted nodular iron is about 700 to 800 HV. As shown in

Figure 6.99b and Figure 6.99c, higher traveling speed and a lower preheating temperature Tp

increase the microhardness. The microhardness of ledeburitic surface layers results from a law

of mixture, where the hardness of the transformed austenite dendrites and eutectic ledeburite

contributes at a given solidification rate. The microhardness in the remelted layer increases

with raising temperature gradients and quenching solidification rate, respectively.
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The formation of cracks in the remelted layers depends strongly on the process parameters

as well as on melt depth and preheating treatments, respectively. To achieve crack-free

surfaces a martensitic transformation in the remelted or heat-affected zone has to be avoided.

Figure 6.99e shows that preheating to more than 600 8C at traveling speed n¼ 1 m/min is

necessary to avoid retained austenite and therefore martensitic transformation. A smaller

traveling speed allows a lower preheating temperature Tp, because the specimen is heated

during surface remelting, so that the critical cooling rate is not achieved. A similar effect can

be reached by preheating on temperature T > TMS
if post-heat treatment is added.

Figure 6.100a and Figure 6.100b show the influence of a preheat treatment on the

longitudinal and transversal residual stress profiles at the surface after remelting of nodular

iron. Because of high contents of retained austenite for low preheating temperatures only the

residual stress after preheating to 500 and 600 8C is analyzed. In both cases, compressive

residual stresses in the modified layer can be observed, which reach higher values for higher

preheating temperature. The reasons for this are as follows:

. The martensitic transformation in the HAZ can be avoided.

. The difference in heat expansion coefficient is rising because of the higher content of

cementite in the remelted layer with increasing preheating temperature Tp.

The influence of the specimen geometry on the resulting longitudinal residual stress

profiles in the modified layer is shown in Figure 100b and Figure 100c. After laser remelting

of the flat specimens tensile residual in longitudinal direction can be found, while remelting of

the web specimens leads to compressive residual stresses. A possible explanation for the

difference in residual stress profiles is the stress relaxation during the laser-remelting process.

The compressive residual stresses reach into the depth of the remelted layer and into the HAZ,

which leads to tensile residual stresses (Figure 6.100d).

Figure 6.100e and Figure 6.100f show the deviations of the residual stresses in the center

of the modified track. These specimens were preheated to Tp ¼ 500 8C and post-heat treated at

the same temperature. For both types of specimens compressive residual stresses of about

�100 MPa are measured at the surface. Differences between longitudinal and transversal

residual stresses can only be observed for both types of specimens.

Pre- and post-heat treatment of the laser-treated materials has an influence on the portion

of residual austenite in the layers as well as on the portion of martensite in the HAZ, which

causes tensile residual stresses and the possible formation of cracks in the modified layer. To

create a complete compressive residual stress profiles in the modified layer a suitable heat

treatment has to be applied considering the specimen geometry.

Grum and Šturm [115] gave estimation of residual stress distribution after laser-remelting

gray cast iron Grade 250 at different laser-beam guiding. Heating and cooling conditions in a

relatively thin workpiece are very much dependent on laser-beam power, laser-beam diameter

on the workpiece surface, interaction time, and the degree of overlapping of the remelted layer.

Heating and cooling conditions are also very much dependent on the paths along which

the laser beam travels over the flat specimen surface. Figure 6.101 shows the variation of

residual stresses as a function of the depth of the modified layer for gray iron Grade 250 after

different paths of laser-beam travel [115,116]. The graphs present two measured curves, i.e.,

main stresses s1 and s2.

From the graphs we can conclude the following:

. Residual stresses have, in all cases of different laser-beam travel paths, a very similar

profile differing only in absolute values (Figure 6.101a through Figure 6.101c). In the

surface remelted layer, tensile residual stresses were found in the range 50 to 300 MPa.
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. The change from tensile to compressive residual stress takes place in the transition area

between the remelted and hardened zones. Maximum compressive residual stress values

were found in the middle of the hardened zone in the range 25 to 150 MPa. But there is

one exception. In the case when the laser-beam travel path starts in the center of the

workpiece (Figure 6.101c) no compressive stresses were found.
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. By x-ray diffraction the amount of constituents present in the remelted layer was

analyzed. From the above results it can be concluded that in the case when it is possible

to produce the remelted surface layer without any residual austenite in the microstruc-

ture, tensile residual stresses are minimized. The higher the amount of martensite in the

remelted layer the lower the tensile residual stresses.
. The remelted surface layer cracked in the direction of graphite flakes in the gray iron. It

is believed that during the cooling process, owing to high temperature differences,

extremely high tensile stresses were generated which exceeded the yield point of the

material at increased temperature in the remelted surface layer.

With laser-remelting procedure a sufficient depth of the modified layer is achieved, in

addition to desirable microstructure changes and good microhardness profiles of the modified

layer. Surface remelting a cast microstructure with under-cooled graphite results in an

extended HAZ in which the carbon diffuses into the ferrite. Success of the carbon penetration

depends on the temperature or the distance from the surface. In the remelted layer crystals are

supersaturated and grow initially epitaxially and with a planar front. This is then followed by

dendritic growth of crystals. Depending on the cooling rate, carbide particles or carbide

eutectic can remain between the dendrites. The graphite eutectic is completely dissolved in the

short heating cycle.

After rehardening, the fine dendrites in the remelted layer at overlapping regions coalesce

and the striped appearance of cementite is replaced by a random arrangement of martensite

between the cementite regions. In the transition zone, the microstructure consists of finely

dispersed carbides and martensite. Great attention has to be given to the selection of optimal

laser remelting as different structure of the microstructure matrix and the size of flaky

graphite can substantially affect the thermal condition of the material.

After laser remelting of gray and nodular irons, the measured residual internal stresses

show a similar variation as well as absolute values at different kinds of guiding of the laser

beam across the surface. Residual stresses are in all the cases of tensile type on the surface and

then decrease to the depth of 0.3 mm where they transform into compressive stresses. The

relatively great depths of transformation of tensile into compressive internal stresses confirm

that even after finish grinding it is not possible to achieve the desired stress state in the

material with more or less high compressive residual stresses on the surface.
6.22 ASSESSMENT OF DISTORTION AND SURFACE CHANGES

Careful assessment is being made of component distortion in view of the attractions of

treating finish-machined components and of the stringent dimensional specifications. The

present indications are that dimensional changes resulting from laser treatment are minimal,

provided that a high-temperature stress relief is employed at the appropriate stage in ma-

chining and that the volume of transformed material is low.

Grum and Šturm [117] presented a new method of simultaneous measuring of the strain

on the bottom side of the flat specimen during laser surface remelting process.

In the experiment, the chosen thickness of the specimen was 5.5 mm and was such that the

maximum achieved temperature on the bottom side of the flat specimen was always less than

3508C. This temperature was dictated by strain measuring rosette used to measure the

specimen strain.

Figure 6.102 shows the experimental system for continuous measurements of the strain

and temperature on the bottom side of specimen during the process of laser remelting,

going on the top side of the flat specimen. On the bottom side of the specimen were placed
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a three-legged, 45 8 high-temperature self-compensating resistance-measuring rosette and two

thermocouples.

The thermocouples, placed in the longitudinal direction of the specimen on the left and

right sides next to the high-temperature resistance-measuring rosette, continuously measure

the temperature and thus define the temperature cycles on the bottom side of the flat

specimen induced on the specimen’s top side. This kind of placement enables the continuous

monitoring of the strain and specimen temperature during the remelting process.

The measurements of specimen strains during the remelting and cooling process and

subsequent calculations of the main residual stresses were made on the nodular iron 500-7

(ISO) with a pearlite–ferrite matrix.

Figure 6.103 presents the results of the measured temperature cycles in the middle of the

specimen bottom side during the remelting process for three different laser traveling ways.

The temperature gives information on the temperature changes in heating and cooling of the

material on the bottom side of the specimen. To measure the effects of different laser-beam

traveling ways and the different number of laser-beam passes across the surface, thermo-

couples registered partial temperature during the heating process. In the phase of heating

the specimen, partial temperature occurs with a period of laser-beam passage across the

specimen surface. Partial temperature occurs with a period of laser-beam passage across

the specimen surface. In the phase of heating, the highest peaks of partial temperature can

be noted with the zigzag laser-beam traveling ways. The process of cooling can be described in

general from the moment the maximum temperature in the specimen material on the bottom

side was reached. It is possible to conclude that the time at maximum temperature depends on

the laser-beam traveling way. For the chosen three laser-beam traveling ways at 0% overlap,

the same amount of energy E ¼ 14.4 J/mm2 was provided. Each laser-beam passage across the

specimen surface induces gradual heating of the material, the result of which is preheating of

the material before the next laser-beam passage. The increased temperature of the specimen

material makes the yield point of the material slightly lower, which may, with the given

internal stresses, result in strain of the specimen. How much the specimen will preheat

depends on laser-beam traveling way. Considering the three different laser-beam traveling

ways across the specimen surface, the following can be stated:
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. Lowest maximum temperature is reached at circular beam traveling way, starting in the

middle, of the remelted area. In this case, a considerable high cooling rate in the

remelted layer is ensured, which has influence on the amount of the residual austenite.
. Higher temperatures are achieved at laser-beam traveling way. From known volume

changes in phase transformations, a smaller amount of residual austenite has an

influence on the size of tensile residual stress profiles in the modified layer.
. Maximum temperature in the material on the bottom side of the specimen is achieved at

circular mode of laser-beam traveling way beginning on the edges of the remelted area

of the specimen. On completion of cooling, the remelted layer contains a smaller

proportion of residual austenite, which strongly lowers the residual stress profiles.

In cooling, the just-remelted surface layers solidify, and cooling is continued in solid state

involving phase transformations, which are reflected in a characteristic microstructure in the

lower area of the modified surface layer. As a result of microstructural changes in solid state,

i.e., due to the austenite–martensite transformation, an increase in the volume of the layer

takes place. The volume of the remelted layer decreases slightly, which causes the occurrence

of tensile stresses in it during the process of cooling or at ambient temperature. The decrease

in the volume of the remelted surface layer is greater than the increase in the volume of the

hardened layer. Therefore the result is the strain of the specimen.

In Figure 6.104, results of strain measurements with different traveling directions are

presented. The following can be seen:

. A very different progress of strain changes in the particular directions.

. Largest strain «a is found in the direction of the longer side of the specimen.

. In thedirectionof the shorter sideof the specimen, i.e., in the transversedirection, the strain

«c is at first of tensile nature but after six passes it changes into a compressive one.
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A very important conclusion is that the size of tensile strain on the bottom side of the

specimen is increasing with the increase in temperature of the specimen material.

Continuous measurement of specimen strain during laser surface remelting with a

resistance-measuring rosette is a new method, not yet reported in the literature, of describing

the strain events in the specimen. It has been found that the information about the time-

dependent changes in specimen strain contributes to better knowledge of the conditions

during laser remelting and thus better process of optimization.
6.23 OPTIMIZATION OF THE LASER SURFACE REMELTING PROCESS

For making decisions in determining the optimal conditions Grum and Šturm [118] worked

out a set of descriptive evaluation criteria regarding the condition of the remelted layer,

hardened layer, and the surface. This enabled them to define the highest and lowest possible

specimen traveling speed which will still ensure a sufficient thickness of the modified layer of

acceptable quality.

Optimization of the laser surface remelting process is related to the selection of the

remelting conditions such as laser power, the spot diameter at the surface of the workpiece,

and the relative speed of movement between the laser beam and the workpiece. If the power of

laser radiation is directed to the surface of the workpiece, then the radiated area is defined

with the spot diameter and power density. The calculated power density can represent a

satisfactory relative comparison of the remelting processes, which occur at different remelting

conditions. Actually, it is the energy input that is important for the evaluation of remelting,

which is dependent on the power density as well as on the traveling speed of the laser beam.

The effect of the input energy is related to material absorptivity.

Optimization of the laser surface-remelting process for a thin-surface layer can be accom-

plished in four ways, that is:
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. Selection of heating conditions for a given remelting depth

. Selection of heating conditions and the mode of guiding the laser beam by minimizing

the strain of the machine parts
. Selection of heating conditions for the formation of compressive or minimum tensile

residual stresses at the surface and in the thin-surface layer
. Selection of heating conditions for the formation of compressive or minimum tensile

residual stresses at the surface and in the thin-surface layer and a requirement for a

minimum strain of the machine part

The optimization of the laser-remelting process has to be performed for the lamellar and

nodular iron separately [119].
6.24 FATIGUE PROPERTIES OF LASER SURFACE HARDENED MATERIAL

The fatigue properties of ferritic S.G. iron were studied with the pull–pull test [113,120]. The

mean tensile stress was 50% of the yield point, i.e., � 150 N mm2. A 10-Hz frequency of various

amplitudes was then applied to the specimens and the fatigue limit determined. Untreated

specimens were ground after machining. As there is no relevant data in the literature, optimized

processing parameters for laser surface hardening had to be defined. This was done by keeping

the depth of the hardened layer as a constant at about 10% of the thickness. Compared to the

untreatedS.G. iron, a decrease in fatigue limitwas foundat laser surface hardened specimens. In

addition, a spiral laser track gives better results than a longitudinal multitrack. Grinding the

surface, i.e., smoothing small amounts of roughness produced at laser surface hardening

specimens, leads to a small decrease in fatigue limit as compared with untreated specimens.

The most favorable values (Figure 6.105) were found when the specimens were annealed

at 240 8C for 2 h after laser surface hardening with helium and subsequently ground [113,120].

It can be seen that the untreated specimens for a medium mean load can carry a higher

amplitude. However, with increasing load the advantage of strengthening due to laser

remelting allows operation at mean loads over the yield point of the untreated material.

In Figure 6.106 the corresponding Smith diagram gives the fatigue life as a function of the

mean load [120]. Pure fatigue behavior was found in laser surface hardened specimens, which

may partly depend on the surface finish and partly on residual stresses. Grinding at the
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surface improves the fatigue behavior but is not able to give properties equivalent to the

untreated specimens.
6.25 WEAR PROPERTIES OF LASER SURFACE HARDENED MATERIAL

The advantage of laser-remelted S.G. iron was demonstrated for rolls which run dry against

each other with a fixed relative slip, one wheel being driven and the other partially braked

(Figure 6.107). Various stresses were applied (e.g., 500 and 1000 N/mm2) and the humidity

was controlled. For comparison, ~1% slip was used. It is obvious that the wear properties of

laser-remelted cast iron are superior to those of conventional hardened steels. Combinations

of lasered irons and steels must be avoided, as significant deformation of the steel occurs.

When laser treatments were carried out under He, better results were found than with other

gases. Excellent results were obtained when laser-remelted S.G. irons were used in combin-

ation with TiN- or TiC-coated, hardened steels, the TiN/TiC surface exposed to the wear.

After the tests, no deformation is visible on the ledeburitic surface. Good wear properties are

obtained in the combination of laser-treated S.G. iron with nitrided or borided steels.

A comparison between laser-treated and TIG-remelted ledeburitic surfaces favors the laser

hardening process.

Grum and Šturm [121] presented research results of laser surface remelting on different

qualities of gray and nodular irons. The effects of laser hardening are expressed in the

qualitative changes in the microstructure resulting in higher hardness and better wear resist-

ance of the modified machine part surface [122,123].

In the gray iron, an extremely high hardness around 1000 HV0.1 on the surface of the

remelted area can be noted, which is falling uniformly to the value 620 HV0.1 in the transition
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layer. The drop in microhardness then reoccurs at a depth of 250 mm (depth of the remelted

area), which is attributed to changes in size and concentration of the residual austenite. Then

follows hardened layer with a predominantly martensitic microstructure ensuring an in-

creased hardness ranging from 700 to 830 HV0.1. On the other hand, in the nodular iron,

the remelted area displays a rather homogeneous distribution of the austenite and ledeburite

giving very uniform profile of the measured microhardnesses ranging from 730 to 880 HV0.1.

In the heat-affected or hardened layer there is a fine-grained martensitic microstructure with a

ferrite surrounding, the microhardness ranging from 540 to 680 HV0.1.

Figure 6.108 presents a comparison of microhardness values subsequent to surface remelt-

ing by a single trace and by several overlapping traces. The results of microstructure and the

measured microhardness in the heat-affected layer confirm that in surface remelting by over-

lapping, the remelted traces of tempering martensite into the fine bainite microstructure in the

nodular iron come into effect. This effect is seen in Figure 6.108b in the lowering of microhard-

ness values. In the gray iron, on the other hand, the overlapping of the remelted traces leads to

the effect of material preheating, and for this reason we can achieve greater depth of the heat-

affected area. A comparison of the graphs in Figure 6.108a and Figure 6.108b shows that the

effect of preheating is significant only in case of unfavorable flaky graphite.

In laser surface remelting, traces of heat treatment remain on the specimen. Their dimen-

sions depend on laser-beam parameters, conditions of rotational and translatory motion of

the specimen, and kind of material. Table 6.6 shows the average values of the measurements

of the depth of the remelted and heat-affected layer measured from the workpiece surface, as

shown on the right side of the table.

The wear resistance test was performed on an Amsler machine, the specimens being made

of gray and nodular irons with the remelted surface in sliding lubricated contact with a
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hardened heat-treatable steel C55 (ISO). The normal loading force was 700 N at a sliding

pressure of 700 N/cm2. The wear resistance of the discussed casts with a laser-remelted surface

was determined by the measurements of mass losses and by defining the wear coefficient k,

which is expressed as [124,125]:

k ¼ W

FnL
[mm3 =Nm]

where W [mm3] is the volume of wear, Fn [N] is the applied load, and L[m] is the operating

path.

Figure 6.109 is a graphical presentation of the results of cumulative loss of mass and

calculated values of wear coefficient versus operating path. From the bar chart, we can see



TABLE 6.6
Measured Depths of Remelted and Modified Layer

Depth z [mm]

Remelted Layer Modified Layer

Material ZR min
ZR max

ZM min
ZM max

Grade 200 0.12 0.29 0.37 0.57

400-12 0.19 0.30 0.47 0.62

Source: From Grum, J.; Šturm, R. Laser surface melt-hardening of gray and nodular iron. In

Proceedings of the International Conference on Laser Material Processing, Opatija; Croatian

Society for Heat Treatment, 1995; 165–172.
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that the nodular iron wears down more than the gray iorn and that the wear coefficient after

the initial running-in period drops significantly in all materials Figure 6.109a. Considering the

recommendation in the literature, we can, however, say that the wear coefficient is, in all the

cases, substantially lower than the one allowable for machine parts ( k < 10 �6 mm3/Nm) [125].

This shows that the conditions of the discussed sliding pair are very favorable.

The cumulative loss of mass (Figure 6.109b) presents the growing loss of mass after

different operating paths chosen as measuring spots. The remelted surface of the flake

graphite gray iron has, by almost 100 HVm, higher hardness on the surface than the nodular

iron, which is reflected, as the test results have shown, in the wear resistance. Therefore the

loss of mass on nodular iron specimens is much bigger, even by two or three times. On the

other hand, from the experimental results of microhardness measurements and structure

analysis of the different qualities of nodular iron, we can note no differences in the quality

of the remelted layer. However, it was found that a bigger loss of mass on nodular iron

specimens may be due to the following reasons:

. A fall-out of graphite nodules of the surface of the remelted layer during wear test.

. A smaller amount of chemically bound carbon in the cementite or ledeburite, which

results in a lower hardness of the remelted layer.
. A higher ductility under the remelted layer, which results in higher deformation of the

surface layer in loaded condition during the wear test.

The experimental results have confirmed that with a low-power laser source it is possible

to achieve a sufficient thickness of the modified layer if surface remelting is applied. Because

of the morphology of its graphite, gray iron is a very demanding material for heat treatment

even at suitably chosen machining conditions, the obtained surface was uneven, and had

small craters, cracks, and gaseous porosity in the remelted layer. On the other hand, in

nodular iron no such irregularities could be observed. Yet it should be mentioned that,

because of incomplete dissolution of graphite nodules, a ledeburite microstructure is obtained

with a slightly lower hardness and thus a lower wear resistance compared to gray iron.

Fukuda et al. [126] carried out the wear test on the pin-and-disc machine (Figure 6.110). It

was found that laser-treated iron shows remarkable wear resistance by comparison with non-

heat-treated steel, and also good wear resistance compared to induction surface hardened cast

steel. There exists a quantitative relationship between the surface hardness of laser-treated

nodular iron and its martensite portion. The surface hardness of laser-treated nodular iron is

lower than that of induction surface hardened cast steel.
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Transformation hardening of steels or cast irons having the pearlitic microstructure is very

efficient despite the comparatively short interaction time in laser heating. Cementite lamellae

in the ferritic matrix disintegrate very fast. The change into the face-centered cubic lattice with

the austenitic microstructure takes a very short time, too. Moreover, some time is available

for the migration of carbon atoms. The migration of carbon atoms increases in alloyed steels

with carbides of alloying elements and in gray or nodular cast irons having a larger content of

carbon that will dissolve in austenite when heated and contribute to an increased hardness of

the surface layer after cooling. Thus it often occurs that the hardness at the surface and in the

surface layer obtained in transformation hardening is higher than that obtained after induc-

tion hardening of the same steel. Many authors monitored the variations of hardness in the

hardened surface layer after laser hardening and induction surface hardening. It is extremely
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TABLE 6.7
Conditions Used in the Dry Wear Tests

Type of Specimen Pin Type Load F [daN] Surface Preparation

As cast Steel* 2.5 As received (ground) *Hardness 927 HV grid 1000

Hardened SI3N4 5.0 Ground on SiC paper

Remelted SI3N4 5.0 As received (ground)

Source: From Magnusson, C.F.; Wiklund, G.; Vuorinen, E.; Engström, H.; Pedersen, T.F. Creating tailor-made

surfaces with high power CO2-lasers. In Proceedings of the 1st ASM Heat Treatment and Surface Engineering

Conference Mater. Sci. Forum; 1992, Vol. 102–104, 443–458.
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important that in laser hardening a higher hardness of the hardened surface layer is achieved.

Then follows a very fast variation of hardness in the transition zone from the hardened to the

unhardened layer. In induction hardening this transition from the hardened to the unhar-

dened zone is very gentle, which allows a better behavior of the material of dynamically

loaded parts. This indicates that induction hardening provides more favorable hardness

profiles in the hardened layer and thus also a better inoperation behavior of machine parts.

It seems that the martensite surrounding the graphite nodules and in the matrix, which has

been transformed by the laser hardening, prevents the ferrite and the graphite nodule from

deforming under the wear.

Magnusson et al. [127] in his paper titled ‘‘creating tailor made surfaces with high power

CO2-lasers’’ connected various types of surface modification on wear resistance. They inves-

tigated laser hardening, remelting, and alloying of cast irons and the influence on micro-

structure, wear properties, and resistance to tempering.

Untreated specimens and specimens with laser-hardened single circular tracks were ex-

posed to dry sliding wear in a conventional pin-on disc machine. Additional specimens were

treated with overlapping hardened as well as remelted tracks. Test conditions are given in

Table 6.7.

For laser-treated specimens, the wear rates are in all cases small but lower for surface

remelted than for surface hardened specimens. The results of the wear tests are presented in

Figure 6.111. For the laser-treated specimens, the wear process leads to tempering of the

surface layer, which gives a decrease in hardness of 100 HV.

The wear rate as well as the wear mechanism depends on the type of cast iron. The lowest

wear rate of the surface hardened and surface remelted condition was found out. On surface

hardened gray cast iron and also in the case of ferritic–pearlitic nodular iron, the wear loss

appears to take place by brittle fracture in the material at the graphite flakes or nodules.

The surface hardness of cast irons can be increased from about 200 to 500–800 HV by

surface hardening, remelting, and alloying by a CO2 laser. The wear rate of different cast

irons will decrease by a factor of approximately 10 after surface hardening or remelting.

Finally, results have shown that it is possible to combine wear resistance and tempering

resistance by an appropriate selection of cast iron and laser hardening process.
6.26 REMELTING OF VARIOUS ALUMINUM ALLOYS

Coquerelle and Fachinetti [128] presented friction and wear of laser-treated surface, i.e., laser

remelting at various aluminum alloys. Hypoeutectic, eutectic, and hypereutectic aluminum

silicon alloys have been tested for identification of tribological properties at assuring the
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lowest possible thermal expansion coefficient. All mechanical properties were desired for such

application as cylinder blocks and piston for automotive industry.

Before laser treatment the face of the flat specimens was phosphated or blacked with a

graphite, so that the laser-beam absorption could be increased. The single track is larger at

blacked surface conditions than after phosphatation. The remelted surface layer of the alloys

when the power density was reached 105 W/cm2 at only 1-mm laser-beam spot. The remelted

depth increases with the portion of added silicon in the alloy at the same power density but

decreases with higher traveling speed. The microstructure was determined with interdendritic

space, which depends on the interaction time and chosen traveling speed. Figure 6.112 is the

influence of the traveling speed on the interdendritic spaces in eutectic alloy (12% Si)

presented. A substantial reduction of the silicon particle size has been achieved on hypereu-

tectic alloy at traveling speed n¼ 1 cm/s below 5 mm, and at traveling speed n¼ 100 cm/s it

was smaller than 1 mm.

Figure 6.113a and Figure 6.113b show the influence of laser-beam traveling speed on

surface hardness after remelting alloy with 12% Si or 17% Si. For the tribological test the

remelted surface at different degrees of overlapping was made. Table 6.8 shows the Vickers

microhardness value at loading 3 N for eutectic aluminum silicon alloy after remelting with

given conditions. The microhardness of AlSil2 alloy is 83 HV0.3 before treatment and after

single-track remelting is 160 HV0.3. The hardness of the overlapping tracks is always lower

than that of the single track.

Coquerelle and Fachinetti [128] conducted sliding and wear experiments by a pin-on-disk

machine at ambient temperature. Figure 6.114 shows the wear rate for three aluminum silicon

alloys before and after laser remelting. Wear rate depends on the silicon portion and silicon

particle size. The wear rate is determined by volume mass loss of the particle [mm3] on sliding

path [km]. The wear rate in mm3/km is about two times greater at soft material than at fine-

grained microstructures after remelting in hypoeutectic alloy. With the increase of the silicon
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TABLE 6.8
Vickers Hardness Values

Surface Generation

Eutectic Alloy Before Treatment Single Scan Mode a/2 Mode a/2 Mode b

Power: 3.0 kW 83 HV0.3 160 HV0.3 140 HV0.3 100 HV0.3 150 HV0.3

Speed: n¼ 1.0 cm/s 93% 70% 20% 80%

Source: From Coquerelle, G.; Fachinetti, J.L. Friction and wear of laser treated aluminium–silicon alloys. Paper

Presented at the European Conf. on Laser Treatment of Materials, Bad Nauheim, 1986. In Laser Treatment of

Materials; Mordike, B.L., Ed.; DGM Informationsge sellschaft Verlag: Oberursel, 1987; 171–178.
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portion in the alloy, wear rate decreased. Figure 6.115 shows the influence of silicon particle size

on wear rate at various remelting conditions for hypereutectic alloy. If the silicon particle

size decreases from 100 to 2 mm, the wear rate decreases 4 times. The authors presented also the

significant wear mechanisms for various types and states of alloys, such as the following:

. A work-hardened layer can be observed on hypoeutectic alloys (5% Si) at soft state. The

depth of this layer is about 25 mm and transverse cracks are often present.
. The wear mechanism in eutectic alloy is not the same as in hypoeutectic alloy. Before

laser surface remelting, three phases—Si, Al8Si6Mg3Fe, and Al3Ni—are very large and

harder than a matrix. Under Hertzian pressure, the harder phases were fractured and

they additionally hardened the soft matrix in the surface layer. Subsequently, the wear

rate is reduced. Meanwhile, the harder phases in contact with other surface react

abrasively and the wear rate is still high.
. After laser remelting the size of the dendrites is lower than in the alloy or the soft state.

For the eutectic alloy, almost all the phases of silicon have been melted again and after

solidification the size of the particles is lower than 2 to 4 mm. The wear rate decreases by

about 100%.
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For the hypereutectic alloy the mechanism is similar to the one observed in the eutectic

alloy. The wear rate in hypereutectic alloy is lower than that in eutectic alloy. The wear rate

increases with the size of the silicon particles because fracture is more often found on

specimens at higher particle size.

Antona et al. [129] tested AlSi7Cu3 aluminum cast alloy at various remelting conditions.

The surface layer of the individual flat specimens was assessed on the basis of metallographic

inspection to point out the maximum depth, hardness, and microstructure. Figure 6.116

shows the depth of the remelted single laser track with three rectangular laser spot sizes and

three amounts of traveling speeds. The remelted depths were measured at the center of the

section taken at 20 and 40 mm from the starting point of the laser remelting. From micro-

structure analysis it can be concluded that the most remarkable effect of rapid solidification is

the refinement of the dendritic microstructure. Figure 6.117 shows a micro-structure at a

typical area of the remelted layer.

In general the authors distinguished three areas with different microstructure in the

remelted surface layer as follows:

. An interface between remelted area and base material with partially coarse microstruc-

ture and microporosities
. An area with a very fine microstructure near the surface with typical equiaxial growth of

the dendrites
. An intermediate area between the two previously mentioned areas with column type of

dendrites

Luft et al. [130] reported on laser surface remelting of eutectic aluminum alloys.

In the past, surface remelting was researched only using eutectic or near eutectic Al–Si

alloys for automotive pistons. It was observed that rapid remelting resulted in a very fine

grained microstructure. Much research on rapid solidification has shown that many other

alloys can have mechanical properties improved. In general nonferrous alloys were investi-

gated in which the solubility in solid state was limited or where at high melting temperature

point intermetallic compounds could be formed. Typical promising solute elements are Fe,
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Cr, Mn, and Ni, which have influence on the refining mechanical properties of alloys. Rapid

solidification at remelting surface layer shows that the range of solid solubility can be

extended. The second method for improving mechanical properties is precipitation hardening

of remelted surface layer. The electron beam heat treatment must be carried out in a vacuum,

which limits the size of the workpiece.

In Table 6.9 the composition of the investigated aluminum alloys after laser surface

remelting process and the melting point of the intermetallic compounds are presented.

The laser conditions for the microstructural investigations were the same for all alloy:

focused beam with 2-kW power and laser-beam traveling speed rate of 4 mm/min. The influence

of the traveling speed on the remelted area for laser and electron beam is given in Figure 6.118.

As would be expected, laser-beam heating is less efficient than electron beam heating.

The microstructures showed fractured intermetallic compounds aligned in the rolling

direction in an aluminum matrix. At laser surface remelting process these depend on the

size of the melting point of the interme-tallic compound and the interaction time, which have
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TABLE 6.9
Various Compositions of Aluminium Alloys and Specific Data About Solubility, Type of

Intermetallic Compounds, and Melting Temperature

Solute Element Content [wt%] Solubility [wt%] Intermetallic Compounds Tm [8C]

Cr 6 0.72 CrAl7 725

CrAl11 940

CrAl4 1010

CrAl3 1170

Mn 6 1.40 MnAl6 710

MnAl4 822

MnAl3 880

Fe 6 and 8 0.00 FeAl3 1160

Ni 6 0.00 NiAl3 854

Ti 1.5 0.20 TiAl3 1340

Zr 1.5 0.28 ZrAl3 1580

Si 11.8 1.65 — —

Source: From Luft, U.; Bergmann, H.W.; Mordike, B.L. Laser surface melting of aluminium alloys. In Paper

Presented at the European Conference on Laser Treatment of Materials, Bad Nauheim, 1986. Mordike, B.L., Ed.;

Laser Treatment of Materials; DGM Informationsgesellschaft Verlag: Oberursel, 1987; 147–161.
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influence on the degree of dissolving, and their redistribution depends on the size of the

hardened layer.

In general, segregation lines can be observed, reflecting solidification conditions and the

stepwise control of the specimen movement. The degree of solubility extends according to
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traveling speed at given remelting conditions. In Figure 6.119 the microhardness profiles

across the remelted layer of various types of aluminum alloys are presented.

Based on given data for laser surface hardening by remelting various nonferrous alloys at

given laser-remelting conditions the following can be concluded:

. The alloys of aluminum and transition metals such as Ti and Zr form intermetallic

compounds with the highest melting point. The high melting point of ZnAl3 or TiAl3
prevents complete solution in the matrix. The small amount of precipitated intermetallic

compounds on point boundary or segregation line does not offer an improvement of the

hardness after laser remelting.
. The aluminum–cromium alloys after remelting and subsequent cooling include pre-

cipitates of CrAl7 that took place in the matrix, which improve the hardness from 45

to 100 HV. The size of the dendrites was about 1 to 2 mm, but it is finest at the

substrate.
. The aluminum manganese alloys appear to consist of a relatively coarse lamellar eutectic

with a spacing in the range from 0.3 to 0.5 mm. Close to the base material intermetallic

compounds MnAl7 can be found as interdendritic eutectic phase. After laser surface

remelting of the thin surface layer, a hardness of 120 HV was obtained.
. Dissolution of Al3Fe in Al–Fe alloys at laser surface remelting was complete in

the remelted layer; only near the base material, i.e., in the transition layer, could it

be incompletely dissolved; fine intermetallic dendrites and interdendritic eutectic are

found in the transition layer. The hardness of the remelted material was 90 to 100 HV

and the hardness of the base material is about 40 HV. After laser remelting by

overlapping single laser tracks a microstructure is formed in eutectic crystals of the

size between 8 and 12 mm, which contains Al3Fe particles of the size between 1 and 2

mm. Fine intermetallic dendrites and interdendritic eutectic are found. The hardness in

the remelted layer is 90 to 100 HV and in the base material about 40 HV.
. The aluminum and nickel alloys could only be remelted using graphite absorber coat-

ings. The microstructure consists of fine feathery eutectic with grain size from 4 to 10
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mm and lamellar spacing of 0.3 mm. Measured hardness is approximately 80 HV of the

remelted layer. After annealing of the remelted specimen at 5008C for 1 h there is no

effect on changing the hardness profile through the remelted layer. After annealing of

the remelted specimen at 5808C for 1 h in Al–Fe and Al–Ni alloys a reduction in

hardness was obtained.

Vollmer and Hornbogen [131] investigated various aluminum silicon as follows:

. Hypoe alloy with 8.0% Si

. Eutec with 12.5% Si

. Hypereutectic alloy with 17.0% Si.

Remelting process was realized with two remelting conditions. At various interaction times,

i.e., in the first case ti¼ 7.4� 10�3 sec and in the second case ti¼ 0.4� 103 s. Rapid solidifi-

cation occurred during subsequent cooling by a eutectic reaction, giving a much finer eutectic

spacing as from the base material. This investigation has clearly shown that the laser-remelting

process depends on energy density, on the duration of laser treatment, and, finally, on

chemical composition and type of base material microstructure.

The various base microstructures may be exposed to different laser heating conditions as

follows:

. The temperature at the liquid–solid interface may be higher than the melting tempera-

ture of eutectic TE¼ 5778C.
. The interface temperature may be higher than the melting temperature of aluminum

TA1¼ 6608C.
. The interface temperature may be higher than the melting temperature of silicon

TSi¼ 14108C.

Surface remelting is of special interest for possibilities of improving surface wear resistance.

The main purpose of this research was to describe melting and rapid solidification with special

attention to liquid–solid interface at various heating conditions. For various heating condi-

tions, various temperature cycles were achieved, i.e., maximum temperature solidification

rate.

However, if an alloy with primary crystallization of silicon or aluminum is exposed to a

temperature above TE but below the melting temperature of pure components, mixing of

aluminum and silicon is required to acquire the low melting temperature of the eutectic.

Consequently, long-range diffusion is necessary until the front of melting can propagate.

As a result of this the authors expected a high velocity Vm of the melting zone according to

vm 

Df

b

for the first mentioned case, the mobility is determined principally by one atomic hop of

about the atomic spacing b. The last mentioned case requires high velocity of the melting zone

Vm ¼Df/S long-range diffusion, which implies a diffusion path S of the order of magnitude of

the size of primary crystallized particles.

The second process occurred during the melting of the hypo- and hypereutectic alloy

with subsequent laser treatment. As a consequence, an inhomogeneous liquid containing

undissolved crystals has formed. Evidently, there is no formation of glasses and only small



554 Steel Heat Treatment: Equipment and Process Design
amounts of supersaturated homogeneous phase form surface are present by given laser

treatment conditions and alloy compositions.

Grum et al.[132] studied microstructures of various aluminum–silicon alloys after casting

and the influence of laser hardening by remelting on the changes in microstructure and

hardness of a modified surface layer. Their aim was to monitor changes in the thin, remelted

surface layer of a specimen material in the form of thin plates with regard to remelting

conditions. With the selected remelting conditions for the thin surface layer, a sufficiently

high energy input into the surface of individual specimen was ensured. It varied between 165

and 477 J/mm2. A comprehensive study provides a good insight into the circumstances of

laser remelting of aluminum alloys and permits an efficient prediction of the microstructure,

hardness level, and residual stresses in the remelted surface layer of the specimen in different

remelting conditions.

As it is known, the magnitude and variation of residual stresses exert a decisive influence

on the operating performance of machine parts; therefore constructors very often set require-

ments regarding the magnitude of residual stresses in the most stressed surface layer. To this

end it is necessary to study the influences producing residual stresses, particularly in

the surface layer. In order to be able to ensure the wanted properties of the surface layer,

the influences on the generation of residual stresses are to be known. In the hardening of the

thin surface layers by laser remelting, the following should be additionally taken into

account [132]:

. Control mode for the laser-beam travel across the workpiece surface.

. Separate influences of the laser-beam power density and travel speed across the work-

piece surface are to be known. By changing each of the parameters the same energy

input can be ensured. Energy input may influence the size of the remelted trace and,

which is even more important, overheating of both the remelted and the non-remelted

specimen parts.
. Because of a relatively small width of the remelted trace on the surface in comparison to

the workpiece size, laser beam has to travel across the workpiece surface several times.

With regard to the Gaussian distribution of energy in the beam, overlapping of

the remelted traces has to be ensured so as to ensure also a uniform depth of the

remelted layer across the entire workpiece. Consequently, in a relatively narrow range

also the degree of overlapping between two neighboring remelted traces may be varied.

In our case a 30% degree of overlapping of the two neighboring remelted traces was

selected.

The graph in Figure 6.120 presents the main stresses and the depth of the remelted layer of

AlSi12CuNiMg alloy, defined by measurements of strain in a given direction and by calcu-

lating the main stresses and defining the directions of the main axes.

In the conditions of unbalanced state, i.e., at higher cooling rates, copper remains

dissolved in the aluminum with a concentration higher than the balanced concentration.

After laser remelting, the aluminum crystals are oversaturated with atoms of copper, which

results in the segregation of copper in the form of fine inclusions and thus higher hardness of

the matrix.

Residual stresses are a result of temperature and microstructural stresses occurring in the

workpiece material directly after the process of remelting a thin surface layer. During

the process of rapid cooling, when the process of solidification is going on, the volume of

machine parts contracts, resulting in temperature stresses. However, the variation and size of

residual stresses in the remelted layer depend also on the composition and homogeneity of the

melt and conditions of cooling. The cooling conditions are very important because, at higher
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NiMg alloy. (From Grum, J.; Boẑiĉ, S.; Šturm, R. Measuring and Analysis of Residual Stresses after

Laser Remelting of Various Aluminium Alloys. In Proceedings of the 7th International seminar of IFHT,

Heat Treatment and Surface Engineering of Light Alloys, Budapest, Hungary; Lendvai, J., Réti, T., Eds.;
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cooling rates, it is possible to achieve an ever finer distribution of silicon in the matrix, i.e., in

the solid solution of aluminum and silicon.

Hardening of the thin surface layer may be influenced by:

. As fine as possible distribution of the silicon particles in the oversaturated solid solution

of aluminum and silicon with other alloying elements
. As fine as possible and uniform distribution of intermetallic compounds such as Al2Cu

and Ni3Al. Regarding the nature of laser-remelting process, in which there is a melt

pool, which mixes due to hydrodynamic and electromagnetic forces, around the laser

beam, a rather homogeneous melt and, after rather rapid cooling, quite uniform

hardness in the remelted specimen layer may be established.

Measurements of residual stresses were made on the specimen on which laser beam was

led at a 15% overlapping of the remelted layer. After laser surface remelting, residual stresses

of a magnitude of 20 to 60 MPa were identified at a depth of 0.2 mm. In the depth greater

than 0.2 mm from the specimen surface, compressive and tensile residual stresses were

intermittently present ranging up to 10 MPa. The variation and size of residual stresses
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depend on the cooling rates or time necessary for the remelted layer to cool down to ambient

temperature.

Microhardness of aluminum alloys prior to laser remelting ranged, depending on the

content of silicon and other intermetallic compounds, between 52 HV0.1 with AlSi5 alloy and

10 HV0.1 with AlSi12NiCuMg alloy. Figure 6.121 shows the variations of microhardness as a

function of the depth of the laser-remelted layer of the four aluminum alloys under the same

remelting conditions [132].

The diagram indicates the following findings:

. The lowest microhardness in the remelted layer was obtained in AlSi5 alloy and

ranged between 60 and 65 HV0.1. The microhardness of the hypoeutectic alloy

increased from 52 HV0.1 in the soft state to 62 HV0.1 in the hardened condition. The

microhardness increased only by around 20% with reference to the initial soft state of

the alloy.
. After remelting of AlSil2 and AlSi8Cu3 eutectic alloys, very similar variations of

microhardness were obtained although the microhardnesses of the two alloys differed

in the soft state, i.e., it was 63 HV0.1 with AlSi12 alloy and 76 HV0.1 with AlSi8Cu3

alloy. In the remelted layer a microhardness of around 100 HV0.1 was achieved, i.e., the

microhardness of the alloys increased by 30% to 40% with reference to their initial soft

state. The important increase in microhardness is attributed to both fine distribution of

silicon in the solid solution and Al2Cu intermetallic compound.
. In AlSi12NiCuMg compound a maximum microhardness of up to 160 HV0.1 was

obtained after remelting of the thin surface layer. Other intermetallic compounds

(Al3Ni, Mg2Si), which were present in the matrix in a relatively fine form, contributed

to a major increase in microhardness as well.

The microhardness measurements performed at specimens of different materials con-

firmed that the increase in microhardness depended on the type of aluminum alloy. Laser
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surface hardening by remelting of the thin surface layer provides a homogeneous fine-grained

microstructure consisting of finely distributed silicon and intermetallic compounds in the

solid solution of aluminum and silicon.
6.27 CORROSION PROPERTIES OF LASER SURFACE REMELTED IRON

During metallographical preparation it is a common feature that laser-remelted iron in the as-

quenched condition etches less than the substrate. This indicates that the remelted material

exhibits better corrosion properties [120].

From the current–density–potential curves one can derive that the remelted material is

more noble than the unremelted one. The fact that this is true even for white cast substrates

can only be interpreted by the fact that the higher supersaturation and small grain size prevent

the g!a transformation almost completely so that the difference in the potential corresponds

to the difference in g- and a-iron [120]. This would explain the etching behavior in the as-

quenched condition and is consistent with the fact that corrosion behavior does change when

the laser-treated material is annealed. The second thing that is obvious is that for all

potentials the current density is about a factor 3 to 6 times smaller than for the untreated

material [120].

De Damborena et al. [133] studied the elimination of intergranular corrosion susceptibil-

ity of austenitic stainless steel 304 after laser surface remelting.

The typical composition of a given austenite steel is 18% Cr, 8% Ni, 0.03–0.20% C.

The chromium content and crystal lattice are responsible for its good anticorrosion

characteristics.

The use of this type of steel is limited by sensitization, which results in intergranular

corrosion. The sensitization of stainless steel is due to the precipitation of chromium carbides

at grain boundaries at temperatures of 450 to 900 8C. The corrosion process is accelerated due

to the formation of galvanic couples in affected areas, which has influence on the corrosion

rate.

The solutions to this problem are as follows:

. Use of a steel with low carbon content

. Stabilization of the steel material with titanium and niobium

. Solution of the carbides at � 1050 8C, followed by a cooling rate which assures a typical

microstructure.

Before the laser-remelting application of the beam the specimens were shot peened to

remove any impurities and to minimize laser-beam reflection from the metal surface.

The microstructures after laser remelting are a typical rapid solidification process, mainly

composed of dendritic cellular growth of austenite.

Three typical types of solidified microstructure are stated:

. The dendritic cellular microstructure of remelted austenite.

. The precipitates of chromium carbides at austenitic grain boundaries in HAZ have

disappeared in it.
. The last region contains a fully sensitized microstructure.

Figure 6.122 shows the polarization curve for the austenitic stainless steel 304 before laser

remelting. The Ir/Ia quotient is 0.0031, which means that the given austenitic steel is immune

to intergranular corrosion.
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Figure 6.123 shows curves obtained following laser surface remelting, showing that the

remelted surface has better resistance to corrosion than that of the sensitized state of steel,

and also better than the one in the received state.
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TABLE 6.10
Results of Corrosion Tests

Condition Ecorr. [mV] Ir/Ia

As received �429 0.0031

Sensitized �432 0.60

Sensitized and laser treated �400 6.6� 10�5

Single track �420 0.0032

Double track: overlap 100% �410 0.0011

Triple track: overlap 50% �443 0.0011

Double track: overlap 75% �405 0.0032

Source: From de Damborena, J.; Vazquez, A.J.; Gonzalez, J.A.; West, D.R.F.

Surf. Eng. 1989, 5, 235–238.
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Table 6.10 includes the data about corrosion potentials, which are similar in each case,

and the Ir/Ia quotient for each case investigated.

From the research it can be concluded that conditioning the surface of a given previously

sensitized austenitic stainless steel after laser remelting has a beneficial effect on intergranular

corrosion resistance properties.
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7.1 INTRODUCTION

Various testing methods may be selected to verify the quality of heat-treated parts or

specimens. Hardness testing is perhaps the most commonly used testing method for heat-

treated parts; however, additional tests (such as impact and tensile tests) are required for some

critical parts. In some cases, the microstructure of heat-treated parts should be examined

under a metallurgical microscope because any property change during heat treatment is

closely related to the microstructural change. Sometimes microstructural measurements are

needed in order to obtain a more informative and quantitative result. These can be done

manually, however, people often rely on an image analyzer to accomplish the quantitative

analysis of microstructures during the last three decades. This chapter provides an overview

of the various metallurgical testing methods, how they are carried out, and the physical

principles involved in testing. Helpful testing strategies are also provided.

7.2 METALLOGRAPHIC TECHNIQUE FOR STEELS

The true microstructure of a steel specimen can be observed under a microscope only when

the necessary preparation procedures are properly performed. In the past, the quality of a

prepared metallographic specimen depended on the experience and skillfulness of the oper-

ator. This metallographic technique was actually an art, not a science. Besides, traditional

methods of specimen preparation involve many superfluous and lengthy steps creating an

excessive expenditure of consumables and time.

There has recently been tremendous progress in the understanding of the physical nature

of specimen preparation. The principles and techniques of specimen preparation are now

scientifically established. Based on extensive work, Nelson [1] developed a new concept of

specimen preparation producing superior polished surfaces on all types of materials, with the

least number of steps and in the shortest possible time. This is based on the following premises:
1. Each stage of preparation is important. Any mistake at one stage is difficult to correct

during subsequent steps, as each stage relies on the quality of the previous stage.

2. It is very important to attain a proper balance between the material removal rate and

the depth of the deformed layer that remains at the end of each step.
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3. Preparation parameters (surface, abrasive type and size, and lubricant) should be

selected and optimized according to the physical properties of the sample material.

4. Other parameters such as pressure, rotation direction and speed, and time should also

be carefully optimized and controlled at each step.
Generally, specimen preparation can be divided into several stages, i.e., sampling, section-

ing, mounting, planar grinding, integrity, and polishing. The first three stages may be

regarded as preliminary stages of specimen preparation. The last three stages are the main

stages of specimen preparation through which a damage-free, scratch-free, and smooth

surface is obtained. A true microstructure can then be revealed by etching suitable reagents,

although in certain cases, the true microstructure of a specimen can be revealed without any

etching under the microscope using different illumination methods, i.e., brightfield, darkfield,

polarized light, uncrossed polarized light, or differential interference contrast (DIC).

7.2.1 PRELIMINARY STAGES OF SPECIMEN PREPARATION

7.2.1.1 Sampling

Although random sampling sounds more reasonable, it is usually impractical. In many cases,

the top priority is convenience in sectioning. For some important heat-treated parts, e.g., the

turbine axis of a jet engine, test specimen locations are usually specified at critical sites. For

the examination of wrought materials, it is important that the orientation of the prepared

surface be chosen in accordance with the appropriate specification. Information about metal

flow patterns and inclusion deformability can be easily seen on longitudinal sections and is

not obtainable on transverse sections. The microstructure often appears more uniform and

the grain structure more equiaxed on transverse sections. Sometimes separate test specimens

are loaded into the furnace together with the parts to be treated. In this case, the test

specimens should be of the same heat and located in the same temperature zone as the

parts to be treated. This is because steels of the same grade but different heats differ slightly

from each other in chemical composition; although still within allowable limits, their

responses to heat treatment may not be the same.

7.2.1.2 Sectioning

The surface condition of a metallographic specimen after sectioning can be considered as the

starting point for specimen preparation. The quality of this initial surface condition is often

overlooked. If sectioning is done on a handsaw or dry-cutting machine, a very rough surface

with a deep deformed layer as large as several hundred micrometers and, in many cases,

excessive surface damage due to overheating will be produced. This in turn will lead to

extended preparation time, higher consumption of consumables, and incorrect microstruc-

ture. Therefore, proper sectioning is critical in specimen preparation. Two basic requirements

must be fulfilled: flatness of the resultant surface and minimal depth of the damaged or

deformed layer. The sectioning operation must be fast, easy, and inexpensive.

The cutoff wheel usually consists of suitable abrasive particles and bonding material. The

common abrasives used for sectioning are aluminum oxide and silicon carbide, the former is

used mainly in the 95% pure state, i.e., the so-called brown alumina, a tough abrasive and

is used on most ferrous materials. Although silicon carbide can also be used for ferrous

materials, its use is limited because of its friability. When the conventional aluminum oxide

wheels fail to cut alloy tool steels, cubic boron nitride (CBN) can be chosen as the alternative

although CBN is expensive. During sectioning, the worn-out abrasive particles should wear

away with the binding material, at the same time, unused, sharp abrasive particles should be
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showed up for continued sectioning. Therefore, the bond strength of the wheel should be

compatible with the abrasion of abrasive particles, which in turn, is material dependent. For

example, a rubber–resin-bonded aluminum oxide (Al2O3) cutoff wheel is suitable for section-

ing tool steels with a hardness of 60 HRC and above, carburized steels, and medium hard

steels with a hardness from 35 to 50 HRC. To minimize kerf loss and sectioning deformation,

rubber-bonded aluminum oxide cutoff wheels are suitable for sectioning soft or annealed

steels with a hardness of 15 to 35 HRC (46 to 90 HRB). For delicate cutting, ultrathin rubber-

bonded aluminum oxide cutoff wheel (10-in. diameter) with a thickness of only 1.0 mm is

available. During sectioning, effective cooling of the specimen must be maintained.

After selecting the appropriate cutoff wheel for the specific material, efforts should also be

made to make use of the abrasive particles in the wheel most efficiently, i.e., the area of

contact between the wheel and the sample cut should be kept constant and low. This is the

so-called principle of minimum area of contact cutting (MACC).

The simplest way to section a sample is by chop cutting, this is the traditional form of

machine operation. As long as the sample size is small, chop cutting will not bring about any

problem because the area of contact between the wheel and the sample is kept relatively small.

However, as the size of the sample increased, the wheel contact area is increased more and

more when the wheel feeds deep into the cut, therefore, causing the wheel to slowdown or

even stall. Under such circumstances, the sectioning is of course not efficient; moreover, the

induced deformation damage increases significantly.

In order to overcome the shortcomings of chop cutting, measures have been proposed and

adopted in some models of commercial production, and the orbital cutting developed recently

by Buehler seems to be the most successful one [2]. Figure 7.1 shows the DELTA automatic

orbital cutter. During orbital cutting, as the wheel is fed into the sample, the arbor of the

wheel is also rotated in a small ellipse planar with the wheel once per second. This allows the

wheel to cut a strip of material out of the sample, and the wheel is ready to begin to cut on

the original side. Because of the elliptical orbit in conjunction with the controlled wheel feed,

MACC is maintained regardless of part size, and the cutter needs only to be told the overall

cut depth and desired feed rate if the part size is changed.

Test results showed that, for low hardness (around 20 HRC) materials, the cut times for

chop cutting and orbital cutting were nearly identical; however, at a sample hardness of 60

HRC, chop cutting took over 50% longer than orbital cutting. Wheel life can be measured by

a parameter called material=wear ratio, which measures the area of material cut relative to the

area of wheel wear encountered. Higher material=wear ratio, or M=W ratio, means longer

wheel life. As the sample hardness increases from 20 to 60 HRC, the M=W ratio for orbital

cutting is 40–600% higher than that for chop cutting, which means that the wheel life

for orbital cutting is much longer than that for chop cutting. The deformation created by

chop cutting and orbital cutting can be compared by a metallographic examination of the

prepared surface perpendicular to the cut surface. For a sample of 0.4%C carbon steel, the

surface roughness of the part sectioned by chop cutting was approximately 12 mm, while

the surface roughness of the part cut on the DELTA orbital cutter was only 1 to 2 mm.

Moreover, the subsurface deformation measured on the chop cut part was 28 mm compared

with 12 mm depth of deformation for the orbital cut part, this means a 57% reduction in

damage depth.

Another type of cutoff machine is the precision cutoff machine or precision saw. This

machine is suitable for sectioning medium-sized (up to 50 mm in diameter) to very small

samples. The diameter of the wafering blades and abrasive cutoff wheels varies from 3 to 8 in.

(76 to 203 mm). The wafering blades are of the nonconsumable type, and are made of copper-

plated steel with diamond or CBN abrasive bonded only to the periphery of the blade. The

thickness of the wafering blades varies from 0.006 to 0.030 in. (0.15 to 0.76 mm). The abrasive



FIGURE 7.1 The DELTA automatic orbital cutter. (Courtesy of Buehler Ltd. With permission.)
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cutoff wheels are of the consumable type using rubber-bonded alumina or silicon carbide

abrasives. Since blades used in precision saws are much thinner, and the applied load during

cutting is much less, the deformed layer of the surface cut is much thinner. For example, the

depth of the deformed layer is 25 mm for carbon steel at a low cutting speed of 150 rpm as

compared with 120 mm for the same material using a conventional abrasive wheel [3]. The

wheel speed may be increased to 5000 rpm. A fivefold increase in the cutting speed reduces

cutting time by one fifth withou t increasing the deform ation depth by more than 10%. Figure

7.2 sho ws the Isome t 5000 linear precision saw .

Table 7.1 shows so lutions for pro blems encou ntered in the abrasive cutoff secti oning [4].
7.2.1.3 Mounting

The mounting of metallographic specimens is necessary in several cases, i.e.:
1. Small parts or specimens such as thin sheets and coil springs that are difficult or

impossible to handle during preparation

2. When edge retention is needed (e.g., case-hardened or decarburized parts), otherwise

edge rounding will result

3. Central force type specimen holders of certain semiautomatic and automatic grin-

ding=polishing machines require the use of mounted specimens

4. Mounted specimens are especially suitable for storage
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There are two mounting techniques, i.e., hot mounting and cold mounting. Hot mounting

or compression mounting requires heat (around 1708C) and pressure (around 290 bar) during

molding, whereas cold mounting is conducted at room temperature. Hot mounting is the

fastest and most efficient mounting method. It provides the best quality and allows the use of

less expensive mounting resins, among which Bakelite or phenolics is most popular and least

expensive. There are two types of hot mounting resins, i.e., thermosetting resins that cure

at elevated temperatures (e.g., Bakelite and epoxy) and thermoplastic resins that soften at

elevated temperatures and harden during cooling (e.g., acrylics). Each resin has its specific

characteristics and application, for example, epoxy with higher hardness has better edge

retention characteristics (e.g., Buehler’s Epomet F and Epomet G). Moreover, conductive

resins are necessary for specimens using electrolytic polishing during preparation or for

specimens examined under a scanning electron microscope (SEM) (e.g., Buehler’s Probemet

and Konductomet with copper in the former and graphite in the latter as filler material).

During hot mounting, the applied heating time, molding temperature and cooling time, which

are different for different resins, can be accurately adjusted. In certain models, the parameters

of the whole mounti ng cycle can be preset an d con trolled au tomatica lly. Figu re 7.3 shows an

automatic mounting press.

Table 7.2 sho ws solutions for typic al problem s of compres sion mountin g mate rials [5].

Cold mounting or castable mounting is used when the specimen cannot withstand any

heat or pressure during mounting, e.g., as-quenched martensite, which would transform to

tempered martensite. Materials for cold mounting consist of fluid or powdered resin (e.g.,

epoxies) and fluid hardener, which are mixed thoroughly at a given proportion before casting.



TABLE 7.1
Solutions for Problems Encountered in Abrasive Sectioning

Fault Cause Remedy

Wheel does not cut or cutting

ceases after a short time

Incorrect abrasive Use alternative abrasive or softer

grade of wheel

Wheel has become blunted or glazed Reduce coolant contact with wheel

Wheel wears rapidly Wheel is too soft Use harder grade of wheel

Wheel breaks Excessive cutting force Reduce cutting pressure

Sample moved during cutting Clamp sample more securely

Wheel not clamped securely Tighten wheel flanges more securely but

do not overtighten

Uneven wear on wheel rim causing

deflection of cut

Coolant flow not equal on both sides of

wheel—check for blockages

Wheel pinched in cut by sample a. Sample clamping arrangement causing

pinching action on cut when partially

complete—reduce pressure on one vice

b. Internal stresses in sample causing

pinching—take step or intermittent cuts

Wheel vibration Check wear on cutting shaft bearings

Overheating and burning of

cut surface

Abrasive blunted causing

excessive friction

Use softer grade of wheel

Partial or complete failure of

coolant supply

Check coolant flow to wheel and sample

Cutting rate too high Reduce cutting pressure and feed rate

Stressed component pinching in on

wheel sides

Use softer wheel or use a reciprocating

wheel action

Excessive wheel vibration

during cutting

Worn cutting shaft bearings Replace bearings

Air in hydraulic system (where fitted) Bleed air from hydraulic system

Mechanical damper too loose

(where fitted)

Tighten mechanical damper

Wheel too hard Use softer wheel

Coolant froths Antifrothing agents in coolant have

deteriorated

Clean out coolant system and refill with

fresh coolant

If coolant is new and frothing occurs Wrong type of coolant used—replace

with recommended grade

Cutting motor overheats

and lacks power

Excessive cutting pressure causing

overloading

Reduce cutting pressure

One or more of phase voltage low Check voltages on each phase of

three-phase supply to machine

Failure of one of motor windings Check motor windings for each phase

Wheel too hard Use softer wheel
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The specimen is placed in a plastic or rubber mold, and the mixed mounting material is

poured over the specimen, an exothermic reaction takes place and cures the resin. After

curing, the mount is removed from the mold.

An embedding mold called Monoform from Struers is developed for fast cold mounting.

Monoform is a plastic tube with a number of rims on the inside to ensure maximum adhesion

between the embedding an d the mold (Figur e 7.4). Such a mold is prep ared toget her with



FIGURE 7.3 SIMPLIMET 3000 automatic mounting press. (Courtesy of Buehler Ltd. With permission.)
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the specimen. Like hot-mounted specimens, specimens embedded in Monoform can be fit

perfectly into specimen holders of a semiautomatic grinding and polishing machine.

It is important that the cold-mounting medium adheres well to the specimen and be free of

hardening shrinkage; otherwise cracking will occur [6]. Also, the hardness of the mounting

medium should be matched with that of the specimen, as a harder specimen will result in edge
TABLE 7.2
Solutions for Typical Problems of Compression Mounting Materials

Problem Cause Solution

Thermosetting resins

Radial split Too large a section in the given mold

area; sharp corners specimens

Increase mold size; reduce specimen size

Edge shrinkage Excessive shrinkage of plastic away

from sample

Decrease mold temperature; cool mold slightly

before ejection

Circumferential splits Absorbed moisture; entrapped gasses

during molding

Preheat powder or premold; momentarily release

pressure during fluid state

Burst Too short a cure period; insufficient

pressure

Lengthen cure period; apply sufficient pressure

during transition from fluid state to solid state

Unfused Insufficient molding pressure;

insufficient time at cure

temperature; increased surface area

of powdered materials

Use proper molding pressure; increase cure time;

with powders, quickly seal mold closure and

apply pressure to eliminate localized curing

Thermoplastic resins

Cottonball Powdered media did not reach

maximum temperature; insufficient

time at maximum temperature

Increase holding time at maximum temperature

Crazing Inherent stresses relieved upon or after

ejection

Allow cooling to a lower temperature before

ejection; temper mounts in boiling water



FIGURE 7.4 Embedding molds (Monoform) for fast cold mounting. (Courtesy of Struers, Inc.)
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rounding during preparation. A series of sintered aluminum oxide pellets dispersed in the

resin will match the hardnesses of a wide range of materials [6].

Table 7.3 shows the solut ions for problem s of casta ble mo unting mate rials [5].

If a specimen with quenching cracks or with porous plasma spray coating is to be

examined, then vacuum impregnation is a necessary step to remove the air from the cracks

or porosity during mounting, thus allowing the epoxy to enter so that complete bonding is

effected. Otherwise the crack or porosity may be enlarged and crack or porosity edges may

become rounded during later preparation steps [6]. Abrasives, solvent, and etchants may also

be entrapped in open cracks, causing staining problems. Resins for vacuum impregnation

should be of low viscosity (<250 cP), e.g., Buehler’s EPO-THIN, to ease the entering into

cracks and porosit y. Figure 7.5 sho ws the vacu um impregnati on system from Buehl er.

7.2.2 MAIN STAGES OF SPECIMEN PREPARATION

7.2.2.1 Planar Grinding Stage

The aim of planar grinding stage is threefold:
1. When specimen holder of the central loading type is used in semiautomatic grinder and

polisher, planar grinding is to make the surface of all the specimens clamped on the

holder situated in a common plane with uniform flatness. Planar surface should

be achieved in the shortest possible time with minimum residual damage. When multiple

individually loaded specimens are prepared, planar grinding is not necessary. When

sample has been carefully sectioned this stage can also be omitted for hand preparation

2. When the cut surface is rough.

3. When preset material removal is needed.
In the past, planar grinding was usually accomplished by using 180 or 240 (P180 or P280)

grit SiC waterproof abrasive paper for specimens sectioned by an abrasive cutoff wheel. For

specimens with rougher cut surfaces, e.g., sectioned by hacksaw, coarser grit size of 120 to 180

grit should be used instead.



TABLE 7.3
Solutions for Problems of Castable Mounting Materials

Problem Cause Solution

Acrylics

Bubbles Too violent agitation while blending resin and

hardener

Blend mixture gently to avoid air entrapment

Polyesters

Cracking Insufficient air cure before oven cure; oven

cure temperature too high; resin-to-

hardener ratio incorrect

Increase air cure time; decrease oven cure

temperature; correct resin-to-hardener ratio

Discoloration Resin-to-hardener ratio incorrect; resin has

oxidized

Correct resin-to-hardener ratio; keep

containers tightly sealed

Soft mounts Resin-to-hardener ratio incorrect; incomplete

blending of resin-hardener mixture

Correct resin-to-hardener ratio; blend mixture

completely

Tacky tops Resin-to-hardener ratio incorrect; incomplete

blending of resin-hardener mixture

Correct resin-to-hardener ratio; blend mixture

completely

Epoxies

Cracking Insufficient air cure before oven cure; oven

cure temperature too high; resin-to-

hardener ratio incorrect

Increase air cure time; decrease oven cure

temperatures; correct resin-to-hardener

ratio

Bubbles Too violent agitation while blending resin and

hardener mixture

Blend mixture gently to avoid air entrapment

Discoloration Resin-to-hardener ratio incorrect; oxidized

hardener

Correct resin-to-hardener ratio; keep

containers tightly sealed

Soft mounts Resin-to-hardener ratio incorrect; incorrect

blending of resin-to-hardener mixture

Correct resin-to-hardener ratio; blend mixture

completely

FIGURE 7.5 Vacuum impregnation equipment I, excluding the vacuum pump and filtering flask.

(Courtesy of Buehler Ltd. With permission.)
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TABLE 7.4
USA=European Grit Equivalency Guide

FEPA (Europe) ANSI=CAMI (USA)

Grit Number Size (mm) Grit Number Size (mm)

100 148.0 P100 162.0

120 116.0 P120 127.0

180 78.0 P180 78.0

220 66.0 P240 58.5

240 51.8 P280 52.2

P320 46.2

280 42.3 P360 40.5

320 34.3 P400 35.0

360 27.3 P500 30.2

400 22.1 P600 25.8

P800 21.8

500 18.2 P1000 18.3

600 14.5 P1200 15.3

800 12.2 P1500 12.6

1000 9.2 P2000 10.3

1200 6.5 P2500 8.4

P4000a 5.0a

aFEPA grades finer than P2500 are not standardized and are graded at the discretion of the

manufacturer. In practice, the above standard values are only guidelines and individual

manufactures may work to a different size range and mean value.

The chart shows the midpoints for the size ranges for ANSI=CAMI graded paper according to

ANSI standard B74.18-1996 and for FEPA graded paper according to FEPA standard 43-GB-1984

(R-1993). The ANSI=CAMI standard lists SiC particles sizes ranges up to 600 grit paper. For finer

grit ANSI=CAMI papers, the particles sizes come from the CAMI booklet, Coated Abrasive (1996).

Source: From Buehler Consumables Buyer’s Guide, Buehler Ltd., IL, 2000.
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The SiC papers manufactured in the United States and Europe have different grit size

numbering systems, Table 7.4 shows U.S.–European grit equivalency guide [7].

Grinding is defined as a process in which abrasives are either fixed within a matrix, e.g.,

abrasive paper, or alternatively charged into, for example, resin of a composite preparation

surface. The main factor is abrasive and will be fixed into a substrate during the material

removal process. An observation of the ground surface will reveal a series of scratches caused

by each individual abrasive as it passes over the specimen. It is important to distinguish

between a good scratch pattern and a poor one because the former corresponds to least

residual structural damage depth under the ground surface. A good scratch pattern, when

observed under a microscope at 100�, will reveal a three-dimensional clear-cut scratches, i.e.,

one scratch on top of another, irrespective of the direction. However, when grinding abrasives

become blunt, scratches appear to be on the same plane and no longer clear; although the

surface looks more reflective, the damage depth has increased two to three times than that of

specimens with good scratch pattern. When abrasive size becomes finer and finer, the scratch

pattern can be barely seen even under a microscope using brightfield illumination, neverthe-

less, this can be overcome by using darkfield illumination where a good scratch pattern

appears very thin but with clear, bright lines in a dark background.
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Although SiC paper has been used successfully over many years, its service life is quite

short. Especially when used on semiautomatic equipment, it lasts only 1 to 2 min, so even

more than one sheet may be needed for specimens clamped on a holder in a single step. This

renders the method inconvenient.

During the past two decades, new preparation surfaces have been developed to replace

silicon carbide abrasive papers in planar grinding, some of which can also be used in

subsequent integrity stage:
FIG
1. Aluminagrinding stone, several specimens ina specimenholder are ground simultaneously

on a high-speed (�1500 rpm) grinding stone. A special purpose and expensive machine is

required, like Struers Abraplan high-capacity, automatic grinding machine for rapid and

reproducible planar grinding of all kinds of materials (Figure 7.6). The wheel speed is

1500 rpm, the specimen holder run at 140 rpm, and the pressure on the specimens can be

adjustedbetween0 and700N.Although thematerial removal rate of suchgrinding stone is

high, the damage depth is also substantial. Besides, in order to maintain the flatness of the

grinding stone, its grinding surface must be dressed regularly with a diamond tool.

2. Alumina grinding paper where the abrasive was manufactured by a new process, like

Buehler’s PLANARMET AL planar grinding disk with 120 grit size, the abrasive is

firmly attached to a heavy paper backing to enhance cutting rate and cutting life [8].

Steel specimens with wide range of hardness can be well planar ground on fully

automatic and semiautomatic grinding machines. Tests have been conducted on A2

tool steel quenched and tempered to 60 HRC and 4340 alloy steel tempered to 40 and
URE 7.6 Struers Abraplan for planar grinding. (Courtesy of Struers, Inc.)
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50 HRC, as well as 1045 carbon steel at 20 to 25 HRC and 1018 carbon steel. The

results clearly show that PLANARMET AL grinding disk outperforms silicon carbide

paper substantially, both in removal rate and life.

3. Metal- or resin-bonded diamond disk with grit sizes from about 70 to 9 mm, the

diamond abrasives are spread uniformly over its entire surface. However, cutting

efficiency is greatly reduced as swarf is accumulated during grinding.

4. Unlike the metal-bonded diamond disks, some grinding disks have surfaces partially

covered by disk surface for lessening the surface tension and improving the removal rate.

This new type of disk has small surface pads that contain diamond abrasive of a specified

size. An example of such a disk is Buehler’s ULTRA-PREP grinding disks, both metal- and

resin-bonded disks are available [9]. The metal-bonded disks are available in six diamond

sizes from 125 to 6 mm while the resin-bonded disks are available in three diamond sizes

from 30 to 3 mm. Planar grinding could be performed using a 45-mm metal-bonded, or a

30-mm resin-bonded ULTRA-PREP disk, depending on the hardness of the specimen.

5. A stainless steel woven mesh cloth on a platen can also be used for planar grinding. The

abrasive used is water-based coarse diamond suspension, when sprayed onto the cloth,

and as the specimen passes over the cloth, diamond abrasives are impressed into the

stainless steel mesh. This kind of cloth can only be used for hard materials, and is an

inexpensive alternative to a diamond grinding wheel. An example of such a cloth is

Buehler’s ULTRA-PLAN cloth.

6. New rigid grinding disk consisting of a thick stainless steel disk upon which a number

of approximately 12-mm diameter pads of epoxy are bonded. The epoxy pads

contain filler metal and some porosity. The pads cover only a portion of the surface,

so that surface tension can be controlled and optimized to achieve optimal removal rate.

Since swarf can be easily removed, deformation damage is minimized. Diamond

abrasive is added during grinding, rather than embedded, and polycrystalline suspen-

sions are preferred rather than monocrystalline suspensions because of higher removal

rates [9]. Examples are BUEHLERHERCULESy H and S rigid grinding disks

from Buehler (Figure 7.7). The H disk is suited for the preparation of nearly all types of
URE 7.7 BUEHLERHERCULESy H and S rigid grinding disk. (Courtesy of Buehler Ltd. With

mission.)
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steels, while the S disk is designed for soft metals and alloys, it can also be used to prepare

harder materials although its wear rate is higher. Struer’s Allgro and Largo rigid grinding

disks are similar products to BUEHLERHERCULES H and S disks.
7.2.2.2 Integrity Stage

This stage is a progressively structural damage-reducing stage targeting for specimen integrity,

i.e., faithful reproduction of the microstructure. Integrity stage is the most important stage of

the entire preparation sequence, and any residual structural damage is likely to remain to the

end that may cause misinterpretation of the microstructure. Theoretically, integrity is achieved

at nil residual structural damage, but in practice this can never be attained, as any material

removal process by mechanical means is always accompanied by certain structural damage no

matter how small it is. Therefore, during the actual operation, specimen integrity is achieved

when the residual structural damage is less than recognizable.

The integrity stage is usually completed by a series of fine grinding steps through which

the structural damage of the specimen is minimized to a level adequate for true microstruc-

tural analysis. One may ask why not just call the integrity stage the fine grinding stage? The

answer is that, traditionally, fine grinding does not mean achieving specimen integrity, at least

rough polishing steps should be included in the integrity stage as long as the material removal

occurred and scratches produced during these operations.

Due to the introduction of new efficient grinding surfaces using charged diamond abra-

sives in recent decade, only one to two steps (or at most three steps) are generally required to

achieve integrity. This is equivalent to a four-step fine grinding stage plus a one-step rough

polishing stage when traditional preparation techniques are employed.

Figure 7.8 schematically shows the behavior of SiC abrasive papers during grinding. As

grinding progresses, the initial depth of residual damage (z0) gradually reduces until a
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URE 7.8 Behavior of SiC abrasive papers during grinding.
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threshold value (z1) is reached where abrasives break and become blunt. If grinding is

continued further, supplementary damage will be induced into the specimen although a

brighter shiny smooth surface results. Such abrasives are called degradable abrasives [4].

For low-carbon steels, the threshold positions for 320 and 600 grit SiC abrasive papers are

30 and 20 mm, respectively, while for high-carbon steels, the corresponding values are 25 and

15 mm, respectively. Therefore, the finer the abrasive and the harder the material, the lower

the threshold positions. This idea shows that if we want to control the preparation process,

grinding should be terminated at the threshold position and not beyond. It is difficult to find

the threshold position according to the corresponding time as it will vary with many other

factors. However, as mentioned before, the simplest way is to grind the specimen as long as it

has a good three-dimensional scratch pattern.

If a second SiC abrasive paper of finer grit is used starting from t1, then a similar curve will

be obtained where a lower new threshold value of z2 will appear at t2.

If the first SiC abrasive paper has been used too long beyond t1, then the time to reach z2

for the second SiC abrasive paper would increase considerably. Moreover, the downtime

needed for changing SiC abrasive papers is not considered yet. Therefore, the drawback of

using SiC abrasive papers for grinding is evident, especially when semiautomatic or automatic

preparation equipment is used.

Figure 7.9 schematically shows the behavior of diamond-charged preparation surfaces

during grinding. It can be seen that when the depth of damage reduces from z0 to its optimum

value of z1 at t1, there will be no degrading of the surface after prolonged use. Hence, the

advantage of such surface is also evident.

Another term frequently encountered in specimen preparation is lapping, a process in

which abrasives can roll across the platen surface as the specimen is passed over, and this kind

of surface would, for example, be glass or metal. Because the abrasive is rolling as it removes

material, the resultant force exerted on the specimen surface is more to the vertical than is the

case in grinding. It is for this reason that this technique must not be used for ductile materials

since it would induce impressed abrasives. Lapping therefore is an appropriate technique only
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FIGURE 7.9 Behavior of diamond-charged preparation surfaces during grinding (schematic).
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for brittle materials. Structural damage caused by lapping is less than an equivalent size

abrasive used in the grinding mode. An observation of the lapped surface of a brittle material

would give a matte or diffused finish. It is interesting to note that some preparation surfaces

bear the name of lapping, but actually the function of these surfaces is to grind and not to lap.

An easy way to identify the actual function of such surfaces is to examine the appearance of

the specimen surface under a microscope after operation.

Some of the above-mentioned preparation surfaces (also called platens), using embedded

or charged diamond abrasives, can also be used in the integrity stage. A napless, acetate

woven cloth, e.g., Buehler’s Trident Polishing Cloth, is an excellent preparation surface for

maintaining edge flatness.

The use of diamonds as a grinding medium has revolutionized metallographic prepar-

ation; diamonds are the abrasives most often used for metallographic specimen preparation.

There are two different types of synthetic diamonds, i.e., monocrystalline and polycrystalline.

Polycrystalline diamonds are far superior because individual polycrystalline diamond

grains are produced from a number of very small crystals that are sintered together to form

a single grain. Therefore, each grain has many minute cutting edges, resulting in a surface

with much finer scratches than can be achieved with monocrystalline diamonds of the same

grain size, although the rate of material removal is the same for both types. Figure 7.10 shows

a SEM micrograph of 15-mm polycrystalline diamonds. Note the very even grain size.

There are many models of grinder–polisher available, although manual operating grinder–

polisher is very easy to operate and inexpensive, consistent results usually cannot be obtained

because of the nonreproducibility of the operating parameters. Therefore, semiautomatic

grinder –polis her is gett ing popular nowaday s. Figure 7.11 shows (a) the PHOENI X BETA

semiautomatic grinder–polisher with VECTOR power head; (b) close-up view of the VECTOR

power head with single force specimen holder; and (c) close-up view of the VECTOR power

head with central force specimen holder.

The Buehler’s PHOENIX BETA grinder–polisher offers the versatility of continuously

variable wheel speed from 30 to 600 rpm (Figure 7.11a), and the VECTOR power head

enables the grinder–polisher to prepare specimens using either individually or centrally

applied pneumatic loading. When a specimen holder with an individual force loading is

used (Figure 7.11b), the specimens are held in place loosely. Loading is applied to each
FIGURE 7.10 SEM micrograph of 15-mm polycrystalline diamonds. 300�. (Courtesy of Struers, Inc.)
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specimen from above by a piston rod, and the applied force can be adjusted from 0 to 75 N.

When the specimen holder with a central force loading is used (Figure 7.11c), all the specimens

are held in place rigidly. During operation, the specimen holder with the clamped specimens

is pressed downward against the preparation surface, the applied force can be adjusted from

20 to 300 N.

Both specimen-holding systems have advantages and disadvantages. The advantages of

loose specimen-holding system are as follows: (a) One or more specimens can be prepared at

one time; (b) planar grinding is not necessary; (c) internal stress due to clamping is avoided;
(a)

(b)

FIGURE 7.11 (a) The PHOENIX BETA semiautomatic grinder=polisher with VECTOR power head.

(b) Close-up view of the specimen holder with individual force loading.
Continued



(c)

FIGURE 7.11 (Continued) (c) Close-up view of the specimen holder with central force loading. (Courtesy

of Buehler Ltd.)
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and (d) no need of using inverted type microscope or special object stage for the examination

of specimens held on specimen holder between preparation steps. The disadvantages are as

follows: (a) loss of planarity; (b) individual cleaning of specimens after every step is necessary

including the specimen holder; and (c) mounted specimens are needed to fit the space of the

specimen holder.

The advantages of clamped specimen holding system are as follows: (a) planarity

of specimens is obtained after planar grinding; (b) specimens can be cleaned in situ with the

specimen holder; (c) greater control can be attained during preparation; (d) irregular-shaped

specimens and unmounted specimens can be clamped. The disadvantages are as follows: (a) at

least three specimens are needed to reach balance; (b) a planar grinding step is required; and (c)

if the quality of the prepared specimens after dismounting is found unsatisfactory, the speci-

mens must be placed back in the holder again and the entire preparation procedures repeated.

The PHOENIX series of grinder–polisher is compatible with PRIMET Modular Dispens-

ing System, which delivers different forms of grinding and polishing abrasives at preset time

interval and amount, thus specimen consistency increased and waste reduced.

7.2.2.3 Polishing Stage

Polishing is the last stage of specimen preparation, according to the new concept of specimen

preparation. Polishing is not used to achieve specimen integrity. At the polishing stage, the

integrity has been achieved, therefore, any cosmetic or esthetic requirement beyond the specimen

integrity is to be called a polishing stage [4].

During polishing the abrasives charged to a nap type cloth will rise and fall as the

specimen passes over, offering a low stress action that takes off the sharp corners of

previously left scratches. The result is a scratch free and shiny surface.

The most important parameters during polishing are time, speed, and pressure. Polishing

should be completed within the shortest possible time to avoid relief. When diamond is used

for polishing, in general 240 rpm for a 300-mm (12 in.) wheel is satisfactory. The pressure

used for polishing is generally the half for grinding.

There are many polishing cloths available from various manufacturers. In general, they

can be divided into two groups, namely those having a plain smooth surface and those having

a plain short nap. The former cloths are suited for hard materials, and the latter with varying

degrees of nap are suited for all other materials.
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The general usage abrasives for polishing steel specimens are nonagglomerated alumina

(0.05 mm) suspensions and colloidal silica (0.06 mm) in basic solution.

Colloidal silica is an extremely useful polishing suspension that is suitable for nearly all

materials [10]. Although it has been used for polishing single crystals of silicon for many

years, it was not popular with metallographers until recently [11]. With colloidal silica,

polishing of almost any material will result in a surface without any scratches, and problems

related to edge rounding and poor planarity will not occur due to the short duration, usually

from a few seconds to about 3 min of this polishing step.

Colloidal silica contains very fine amorphous, rather than crystalline, particles that

remain in suspension for such a long time that shaking or stirring before use is never needed.

Figure 7.12 shows a transmission electron micrograph (TEM) of amorphous silica particles,

which are nearly spherical in shape, with a mean diameter of 27.2 nm.

Schwuttke and Oster [12] suggested that polishing with colloidal silica involves a combin-

ation of chemical and mechanical action due to the high pH (about 9.5) activation. Owing to

the development of additives to minimize evaporation, silica crystallization, and freezing

problems, colloidal silica is much easier to use. Although the polishing rate is not high,

colloidal silica is indispensable for those metallographers who seek the highest quality

micrographs [10].

Table 7.5 throu gh Table 7.7 present four- or three-st ep practi ces for prepari ng steels,

colloidal silica may be substituted for the Masterprep alumina suspension if preferred [9].

Maraging steels are easily prepared with a four-step method as described in Table 7.5 through
FIGURE 7.12 A TEM micrograph of amorphous silica particles in Syton HT-40. 135000�. (Courtesy of

GF Vander Voort, Buehler Ltd. With permission.)



TABLE 7.5
Four-Step Practice for Steels

Stage Surface Abrasive=Size Load, N (lb)

Speed, rpm

Direction Time, min

Planar

grinding

SiC paper disk 120 grit (water

cooled)

27 (6) 240–300 comp Until

plane

Integrity BUEHLERHERCULES

Rigid grinding disk

Metadi Supreme 9-mm

polycrystalline

diamond

27 (6) 120–150 comp 5

Trident cloth Metadi Supreme 3-mm

polycrystalline diamond

27 (6) 120–150 comp 3

Polishing Microcloth pad Masterprep 0.05-mm

alumina suspension

27 (6) 120–150 contra 2

Note: Comp means specimen holder and platen rotate in same direction. Contra means specimen holder and platen

rotate in opposite directions.

Source: From GF Vander Voort, Adv. Mater. Process. 158:February (2000).
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Table 7.7. The three preparat ion stage s ado pted in this book are added to each table by the

author.

7.2.3 ETCHING

When a properly prepared as-polished specimen is examined under a metallurgical micro-

scope, it appears essentially featureless. Only features with a 10% or greater difference in

reflectivity, such as nonmetallic inclusions, cracks, pores, and scratches, can be detected

without etching under brightfield illumination. However, the microstructure of many

unetched specimens can be clearly revealed under other illumination conditions like darkfield

illumination, crossed polarized illumination, uncrossed polarized illumination, and DIC

illumination. All the above-mentioned illumination methods can be reached quite easily by
TABLE 7.6
Three-Step Practice for Steels

Stage Surface Abrasive=Size Load, N (lb)

Speed, rpm

Direction

Time,

min

Planar

grinding

SiC paper disk 120 grit (water cooled) 27 (6) 240–300 comp Until

plane

Integrity BUEHLERHERCULES

Rigid grinding disk

Metadi Supreme 3-mm

polycrystalline diamond

27 (6) 120–150 comp 5

Polishing Microcloth pad Masterprep 0.05-mm

alumina suspension

27 (6) 120–150 contra 5

Source: From GF Vander Voort, Adv. Mater. Process. 158:February (2000).



TABLE 7.7
Four-Step Practice for Superalloys and Stainless Steels

Stage Surface Abrasive=Size Load, N (lb)

Speed, rpm

Direction

Time,

min

Planar

grinding

SiC paper disk 120 grit (water cooled) 27 (6) 240–300 comp Until

plane

Integrity BUEHLERHERCULES

Rigid grinding disk

Metadi Supreme 9-mm

polycrystalline diamond

27 (6) 120–150 comp 5

Trident cloth Metadi Supreme 3-mm

polycrystalline diamond

27 (6) 120–150 comp 5

Polishing Microcloth pad Masterprep 0.05-mm

alumina suspension

27 (6) 120–150 contra 5

Source: From GF Vander Voort, Adv. Mater. Process. 158:February (2000).
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simply pushing certain accessories into the optical path of the microscope. Therefore, it is wise

to rely on optical methods to reveal the microstructure before etching of the specimen.

A vast number of microstructures are visible only after suitable etching, and therefore the

purpose of etching is to produce a structure with sufficient contrast to delineate as much

detail as possible. Before a specimen is ready for etching, its surface must be flat and free of

deformed layers, scratches, pullout, and edge rounding.

7.2.3.1 Chemical Etching

Chemical etching is the oldest and most commonly used etching method in which the

specimen is usually immersed in the etchant. Microstructural contrast is produced through

selective dissolution among various constituent phases due to differences in the electrochem-

ical potential. When etching occurs, local cells are formed where the more positive constituent

phase acts as anode and reacts more strongly with the etchant than the more negative

constituent. Potential differences arise chiefly from differences in composition; however,

differences in the physical state may also cause potential differences. For example, grain

boundaries are etched more easily than bulk grains; also, deformed metal reacts more

strongly with the etchant than undeformed metal.

Most etchings is performed at room temperature. As etching proceeds, the surface becomes

less reflective or duller, and the appropriateness of etching can be judged by the appearance of

the surface that is etched. Owing to the empirical nature of chemical etching, it is difficult to

reproduce a distinctive etching contrast.

After etching has been done, the specimen should be rinsed first in distilled water and then

in alcohol, which accelerates drying and avoids the formation of water spots. The specimen is

then dried in a stream of warm air. For mounted specimens, the use of ultrasonic cleaner is

recommended to more effectively clear away the etchant remaining in the pores, cracks, or

interfaces between specimen and the mount. Specimens can then be stored in desiccators.

The most widely used general-purpose etchants for steels are nital and picral. The

former consists of a 0.5–10% (usually 2–3%) solution of HNO3 in ethanol or methanol, and

the latter consists of a 4% solution of picric acid in ethanol, sometimes with about 0.25–1%

zephiran chloride (wetting agent) added to improve structure delineation, etching rate,

and uniformity. Nital attacks both ferrite grain boundaries and ferrite–cementite phase
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boundaries, but picral attacks the latter only. Accordingly, for mild steels, nital should be

used, whereas for spheroidized carbide structures, use of picral is preferable because the

sensitivity of nital to orientation often produces faint etching at the ferrite–carbide interface

within certain grains.

Table 7.8 through Tabl e 7.10 list etchant s for micr oscopic exami nation of carbon and

alloy steels, microetchants for wrought stainless steels, and special-purpose etchants for tool

steels [13]. More information can be obtained in Refs. [6,14] and in ASTM Standard E407.

7.2.3.2 Tint Etching

Tint etching produces microstructural contrast through selective coloration rather than select-

ive dissolution as in chemical etching, due to deposition of a thin film of oxide, sulfide, complex

molybdate, etc., on the polished surface of the specimen. The deposited film generally has a

thickness of 40–500 nm. Coloration is produced by interference, which is visible under bright-

field illumination. The color contrast can be enhanced further with the use of polarized light.

Film thickness controls film color, which varies with the orientation of the substrate phase and

etching time. Tint etching is performed at room temperature by immersing the specimen, never

by swabbing. Often the surface is not etched beneath the interference film, therefore, a light

pre-etch with nital or picral to reveal phase boundaries is recommended.

Beraha and Shpigler [15] developed a series of tint etchants for steels and many other

metals and alloys. The tint etching system can be classified as anodic, cathodic, or complex

depending on the nature of film precipitation. Most tint etchants are anodic systems that

color the anodic phases only. They are usually acidic solutions using either water or alcohol as

the solvent, and sodium metabisulfite (Na2S2O5), potassium metabisulfite (K2S2O5), and

sodium thiosulfate (Na2S2O3�5H2O) as common ingredients. Tint etchant based on sodium

molybdate (Na2MoO4�2H2O) generally colors the cathodic phase, such as cementite in steels

[16] . Some tint etchant s for steels are lis ted in Table 7.8 an d Table 7.9.

When preparing the tint etchants, the formula and the order of mixing should be followed

strictly, and caution in handling hazardous reagents should be carefully adhered to. The

specimen undergoing a tint etch should be prepared very carefully, since even very light

scratches undetectable after polishing will be visible after tint etching. For better results,

automatic polishing or vibratory polishing is preferable [17].

7.2.4 ELECTROLYTIC POLISHING

As a specimen preparation method, electrolytic polishing for quality control and research

work has been employed in many laboratories. In this method, the specimen surface is leveled

by anodic solution in an electrolytic cell consisting of a tank for the electrolyte, a direct

current source, an anode (specimen), and a cathode. It is interesting to note that true integrity

with zero residual damage can only be achieved by electrolytic polishing.

Although the detailed micromechanism of electropolishing is not clearly understood, the

operating conditions of a specific specimen–electrolyte combination can be evaluated

by plotting the current density versus the applied voltage curve as shown schematically in

Figure 7.13. Etching occurs at the initial segme nt (A–B) of the curve, polis hing occu rs at the

plateau (C–D) of the curve, and gas evolution and pitting occur at the final part (D–E) of the

curve. Optimum polishing effect usually occurs at C.

A desirable electrolyte should be a somewhat viscous solution, a good solvent

during electrolysis, and simple to mix, stable, and safe. It should contain one more large

ion, e.g., PO4
3�, Cl4

4�, or SO4
2�, or large organic molecules. It should be operable at room

temperature and insensitive to temperature changes and should not attack the specimen

with the current off.



TABLE 7.8
Etchants for Microscopic Examination of Carbon and Alloy Steels

No. Etchant Purpose or Characteristic Revealed

1 Nital: 1 to 5 ml HNO in 99 to 95 ml ethanol

(95%) or methanol (95%)

Develops ferrite grain boundaries in low-carbon steels;

produces contrast between pearlite and a cementite or

ferrite network; develops ferrite boundaries in structures

consisting of martensite and ferrite; etches chromium-

bearing low-alloy steels resistant to action of picral.

Preferred for martensitic structures

2 Picral: 4 g picric acid in 100ml ethanol (95%)

or methanol (95%)

Reveals maximum detail in pearlite, spheroidized carbide

structures, and bainite; reveals undissolved carbide

particles in martensite; differentiates ferrite, martensite,

and massive carbide by coloration; differentiates bainite

and fine pearlite; reveals carbide particles in grain

boundaries of low-carbon steel. Addition of about 0.5 to

1ml zephiran chloride wetting agent increases speed of

attack

3 Vilella’s reagent: 5ml HCl, 1 g picric acid,

100ml ethanol (95%) or methanol (95%)

For contrast etchinga; may reveal prior austenite grains in

tempered martensite and in austempered steels; reveals

pearlite colonies

4 1 to 1.5ml HCl (conc); 2 to 4 picric acid

100ml ethanol (95%)

Reveals pearlite coloniesb

5 30 g K2Cr2O7 in 225ml hot distilled water;

and 30 ml acetic acid (glacial)

Reveals lead inclusions, causing them to appear yellow or

gold when specimen is examined under polarized lightc

6 16 g CrO3 in 145ml distilled water; add 80 g

NaOHd

Reveals intergranular oxidation due to overheating before

hot workinge

7 10 g potassium metabisulfite, 100ml water For resolution of hardened structures. Should be preceded

by an etch in nital or picral

8 Howarth’s reagent: 10 ml H2SO4, 10ml

HNO3, 80ml water

For detection of overheating and burning, and for

examination of steel forgings

9 8 g sodium metabisulfite in 100ml water Produces good contrast in as-quenched martensitic

structures

10 1 g KCN in 100ml water mixed with 0.25 g

diphenylthiocarbazone in 10 ml chloroform

Reveals lead inclusions by coloring them red; coloration is

most visible when specimens are viewed under polarized

light

11 Saturated aqueous picric acid plus 1 g=100ml

sodium tridecylbenzene sulfonate

Most successful etch for revealing prior austenite grain

boundaries in medium- or high-carbon martensitic steels.

Steels should be untempered, or tempered below 5408C
(10008F). Immerse or swab for up to 20 min

12 2 g picric acid, 25 g sodium hydroxide, 100ml

water

Alkaline sodium picrate. Use boiling for 30 s or more to

darken cementite. Solution will attack mounts made from

Bakelite

13 50 ml cold saturated aqueous sodium

thiosulfate, 1 g potassium metabisulfite

Klemm’s tint etch; colors ferrite. Immerse for 40 to 100 s

until surface is colored. A light pre-etch with nital or

picral improves sharpness

aSpecimen should be tempered for 20 to 30min at 3158C (6008F).

bImmerse specimen for 5 to 10 s in solution at room temperature.

cEtch for 10 to 20 s in solution at room temperature, rinse in hot water and dry.

dSodium hydroxide (NaOH) must be added slowly, with constant stirring.

eImmerse specimen in boiling solution for 10 to 30 min, rinse in hot water, dry in air blast.

Source: From Adv. Mater. Process. 159(12):204–206 (2001).
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TABLE 7.9
Microetchants for Wrought Stainless Steels

No. Composition Comments

1 1 g picric acid, 5 ml HCl, 100ml

ethanol

Vilella’s reagent. Use at room temperature to 1min.

Outlines second-phase particles (carbides, sigma phase,

delta ferrite), etches martensite

2 15 g CuCl2 (cupric chloride), 33 ml

HCl, 33 ml watera
Kalling’s No.1 reagent for martensitic stainless steels. Use at

room temperature. Martensite dark, ferrite colored,

austenite not attacked

3 5 g CuCl2, 100ml HCl, 100ml ethanol Kalling’s No.2 reagent. Use at room temperature. Ferrite

attacked rapidly, austenite slightly attacked, carbides not

attacked

4 5 g CuCl2, 40ml HCl, 30 ml H2O, 25 ml

ethanol

Fry’s reagent. For martensitic and precipitation-hardenable

grades. Use at room temperature

5 4 g CuSO4, 20ml HCl, 20ml H2O Marble’s reagent. Primarily for austenitic grades. Use at

room temperature to 10 s. Attacks sigma phase

6 3 parts glycerol, 2–5 parts HCl, 1 part

HNO3

Glyceregia. Popular etch for all stainless grades. Higher HCl

content reduces pitting tendency. Use fresh, never stored.

Discard when reagent is orange colored. Use with care

under a hood. Add HNO3 last. Immerse or swab few

seconds to a minute. Attacks sigma phase, outlines

carbides. Substitution of water for glycerol increases

attack rate

7 45ml HCl, 15ml HNO3, 20 ml

methanol

Methanolic aqua regia. For austenitic grades to reveal grain

structure, outline ferrite and sigma phase

8 15ml HCl, 5ml HNO3, 20ml

methanol

Dilute aqua regia for austentitic grades. Uniform etching of

austenite, outlines carbides, sigma phase, and ferrite

(sometimes attacked)

9 4 g KMnO4, 4 g NaOH, 100ml H2O Groesbeck’s reagent. Use at 60–908C (140–1958F) for 1 to

10min. Colors carbides dark, sigma phase gray in duplex

alloys. Austenite not attacked

10 30 g KMnO4, 30 g NaOH, 100ml H2O Modified Groesbeck’s reagent. Use at 90–1008C (195–

2128F) for 20 s to 10min color ferrite dark in duplex

alloys. Austenite not affected

11 10 g K3Fe(CN)6, 10 g KOH or 7 g

NaOH, 100ml H2O

Murakami’s reagent.Roomtemperature for 7 to 60 s to reveal

carbides; sigma phase faintly revealed by etching to 3min.

Use at 808C (1768F) to boiling for 2 to 60 min to darken

carbides. Sigma may be colored blue, ferrite yellow to

yellow-brown, austenite not attacked. Under a hood only

12 30 g KOH, 30 g K3Fe(CN)6, 100ml

H2O

Modified Murakami’s reagent. At 958C (2038F) for 5 s.

Colors sigma phase reddish brown, ferrite dark gray,

austenite unattacked, carbide black. Use under a hood

13 10 g oxalic acid and 100ml H2O Popular electrolytic etch, 6V dc, 25mm spacing. 15–30 s

reveals carbides; grain boundaries revealed after 45–60 s;

sigma phase outlined after 6 s. Lower voltages (1–3V dc)

can be used. Dissolves carbides. Sigma strongly attacked,

austenite moderately attacked, ferrite not attacked

14 10 g NaCN (sodium cyanide) and

100ml H2O

Electrolytic etch at 6V dc, 25mm spacing, 5min, platinum

cathode. Sigma darkened, carbides light, ferrite outlined,

austenite not attacked. Good for revealing carbides. Use

with care under a hood

15 10ml HCl and 90ml methanol Electrolytic etch at 1.5V dc, 208C (708F) to attack sigma

phase. Use at 6V dc for 3–5 s to reveal structure

Continued
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TABLE 7.9 (Continued)
Microetchants for Wrought Stainless Steels

No. Composition Comments

16 60 ml HNO3 and 40ml H2O Electrolytic etch to reveal austenite grain boundaries (but

not twins) in austenitic grades. With stainless steel

cathode, use at 1.1 V dc, 0.075–0.14 A=cm2 (0.48–

0.90A=in.2), 120 s. With platinum cathode, use at 0.4 V

dc, 0.055–0.066 A=cm2 (0.35–0.43A=in.2), 45 s. Will reveal

prior austenite grain boundaries in solution-treated (but

not aged) martensitic precipitation-hardenable alloys

17 50 g NaOH and 100ml H2O Electrolytic etch at 2 V dc, 5–10 s to reveal sigma phase in

austenitic grades

18 56 g KOH and 100ml H2O Electrolytic etch at 1.5–3V dc for 3 s to reveal sigma phase

(red-brown) and ferrite (bluish). Chi-phase colored same

as sigma

19 20 g NaOH and 100ml H2O Electrolytic etch at 20V dc for 5–20 s to outline and to color

delta-ferrite phase tan

20 NH4OH (conc) Electrolytic etch at 1.5–6V dc for 10–60 s. Very selective. At

1.5V, carbide completely etched in 40 s; sigma unaffected

after 180 s. At 6 V, sigma phase etched after 40 s

21 10 g (NH4)2 S2O8 and 100ml H2O Use at 6V for 10 s to color carbide dark brown

22 200ml HCl and 1000ml H2O Baraha’s tint etch for austenitic, duplex, and precipitation-

hardenable grades. Add 0.5–1.0 g K2S2O5 per 100ml of

solution (if etching is too rapid, use a 10% aqueous HCl

solution). Immerse at room temperature (never swab) for

30–120 s until surface is reddish. Austenitic phase colored,

carbides not colored. Longer immersion colors ferrite

lightly. If coloration is inadequate, add 24 g NH4FxHF

(ammonium bifluoride) to stock reagent at left

23 20 g picric acid and 100ml HCl Etch by immersion. Develops grain boundaries in austenite

and delta ferrite in duplex alloys

24 Saturated aqueous Ba(OH)2 (barium

hydroxide)

Attacks carbides well before sigma phase in austenitic grades

at 1.5V dc, but attacks both equally at 3–6V dc. Has been

used to differentiate chi phase and Laves phase (use at

4.3V dc, platinum cathode, 20 s). Chi is stained mottled-

purple, Laves is not colored, ferrite is stained tan

25 50 ml each H2O, ethanol, methanol,

and HCl; plus 1 g CuCl2, 3.5 g FeCl3,

2.5ml HNO3

Ralph’s reagent. Use by swabbing. Can be stored. General-

purpose etchants for most stainless steels. Does not attack

sulfides in free-machining grades

aWhen water is specified, use distilled water.

Source: From Adv. Mater. Process. 159(12):204–206 (2001).
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The advantages of electrolytic polishing are as follows:
1. Fastest and most reproducible specimen preparation method once the polishing param-

eters have been established and can be precisely controlled.

2. Very suitable for homogeneous materials such as pure metals or single-phase alloys.

3. Eliminates all forms of residual damage or stress or scratches from the observed top

surface after completion of the operation.



TABLE 7.10
Special-Purpose Etchants for Tool Steels

Feature Etchant Comments

Cementite 2 g picric acid, 25 g NaOH, 100ml H2O Immerse in boiling solution or use electrolytically (6V dc,

208C, 30–120 s). Will not darken cementite if it contains

substantial amounts of chromium

M6C, Mo2C 4 g KMnO4, 4 g NaOH, 100ml H2O Immersion only

MC, M7C3 1 g CrO3, 100ml H2O Electrolytic at 2–3V dc, 30 s

Source: From Adv. Mater. Process. 159(12):204–206 (2001).
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4. In some cases, once electropolishing has been done, the cell with the same electrolyte can

be immediately switched to the etching condition by simply reducing the applied voltage

to about 10% of that required for polishing and continuing electrolysis for a few seconds.
However, one should be aware of the following limitations of electropolishing in order to

make full use of its advantages:
1. Only microscratches can be removed. The specimen must undergo grinding with fine

grit abrasives before electropolishing.

2. Specimens with multiphase or heterogeneous structures such as nonmetallic inclusions

in steels or carbides in stainless steel are not well suited for electropolishing because of

the differences in electrochemical potentials among the constituent phases.

3. Some of the electrolytes are toxic, highly corrosive, or otherwise hazardous and can

even be explosive. Therefore, precautions for the safe use of the electrolytes should be

strictly observed.

4. Edge retention cannot be maintained during electropolishing unless the side of the

specimen is protected by a nonconductive epoxy resin.

5. The size of the area that can be polished successfully is limited because of a potential

change from the center to the edge of the area to be polished. For example, the polished

area is limited to 0.5–2 cm2 for stainless steel and some high-alloy steels, but up to 5 cm2

of some carbon steels can be polished.
The mechanical and electrolytic polishing methods each have merits and specific applica-

tions. They are complementary and not mutually exclusive. One should select the methods

that will give the best result for each specific specimen.
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URE 7.13 Typical plot of current density versus applied voltage of an electropolishing solution
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Table 7.11 provides a listing of electrolytic polishing solutions for steels selected from

Ref. [6].

7.2.5 VIBRATORY POLISHING

The vibratory polishing method was first introduced by Krill [18] and Long and Gray [19] in

the 1950s. A vibratory polisher is a torsional vibrational system in which the helical motion of

the polishing bowl is produced approximately at resonance by electromagnetic force from a
TABLE 7.11
Electrolytic Polishing Solution for Steels

Electrolyte

Composition

Current Density

(A=cm2)

Voltage

(V, dc)

Temp.

(8C)

Time

(min) Comments

185ml H3PO4, 765ml

acetic anhydride

0.04–0.06 50 (ext.) <30 4–5 Wide applicability.

Age solution 24 h before use.

Use Fe or Al cathode, 20

times as large as sample.

For gamma stainless steel,

use 0.1A=cm2

54ml perchloric acid,

146ml H2O, 800ml

ethanol plus 3% ether

4 110 (ext.) <35 15 s Good for many metals. Use Fe

or austenitic stainless steel

cathode. Pump electrolyte.

Cool

420ml H3PO4, 470ml

glycerol, 150ml H2O

1.5–2.0 100 8–15 For stainless steel

25 g CrO3, 133ml acetic

acid, 7ml H2O

0.09–0.22 20 17–19 6 Wide applicability. Dissolve CrO3

in solution using water bath at

60–708C. Samples mounted in

Bakelite can be safely

electropolished. Grind to 600

grit.Cool bath during use. Will

attack minclusions and cracks.

Etch stainless steel samples at

0.025A=cm2 for 5–20min.

Store solution in airtight bottle

1000ml acetic acid, 50ml

perchloric acid, 5–15ml

H2O (optional)

0.01 45 (ext.) 25 Wide applicability. Best polishing

without water. Can produce

preferential attack in

two-phase alloys

650ml H3PO4, 150ml H2SO4,

150ml H2O, 50 g CrO3

66–100 40–60 3–7 For carbon steels up to 1.1% C

62ml perchloric acid, 700ml

ethanol, 100ml butyl

Cellosolve, 137ml H2O

1.2 20 s Wide applicability, including

high- and low-carbon steels

and high-speed steels. Add

perchloric acid carefully to

ethanol and water. Add butyl

Cellosolve immediately after

electropolishing

40% H2SO4, 46% H3PO4,

4% dextrose, 10% H2O

23–70 28–40 5–10 For carbon steels. Etch at

12–16A=cm2 for 10min

Source: From GF Vander Voort, Metallography—Principles and Practice, McGraw-Hill, New York, 1984.
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solenoid pulsed with a half-wave rectified current. Weighted or unweighted specimens are

placed in the polishing bowl. The vibrations cause the specimens to move around the

periphery of the bowl and about its own axis, producing a material removal action. The

vibrational amplitude of the polishing bowl must be adjusted to ensure smooth movement of

the specimen around the bowl without bouncing. The speed of the specimen around the bowl

is usually 18–20 rpm, which is much slower than that of a conventional polishing machine.

When the specimen is placed on this vibrating preparation surface, it undergoes a

continual series of minute cutting movements by the abrasives, which results in a fairly

delicate material removal action and much lower residual damage.

Due to the inherently low polishing rate, vibratory polishing often lasts for many hours.

On the other hand, as many as eighteen 40-mm diameter specimens, or specimens of other

diameters comprising an equivalent area, can be prepared simultaneously in a single polishing

bowl. Once the specimens are loaded, little operator attention is needed, and any specimen

can be removed and inspected while others are still prepared. Therefore, the vibratory

polisher behaves as a semiautomatic polishing machine.

Figure 7.14 illustrates VIBROMET 2 vibratory polisher. It utilizes a powerful drive

mechanism that produces nearly 100% horizontal vibratory motion, the only component of

motion causing material removal, with virtually no vertical motion. As compared with its

previous model, the vibration frequency is doubled, which results in an exceptional flatness

across the entire specimen surface.

The polishing quality obtained on the vibratory polisher is very good when measured in

terms of a scratch-free surface, retention of inclusions, specimen flatness, and minimal depth

of dist urbed layer [20]. Figu re 7.15 shows a phot omicro graph of an ann ealed medium -carbon

steel specimen, vibratory polished for 20 min after ground with 600 grit SiC abrasive paper,

and then etched with 2% nital.

Vander Voort [10] showed that a brief (less than 30 min) final vibratory polish with

colloidal silica may be used for carbon and low-alloy steels. The same procedure with longer

duration for AISI type 52100 bearing steel (1% C–1.5% Cr) is the only effective way to

eliminate minor staining problems around inclusions. Another example is boronated stainless

steels that undergo image analysis measurements. A final vibratory polish with colloidal silica
FIGURE 7.14 VIBROMET 2 vibratory polisher. (Courtesy of Buehler Ltd.)



FIGURE 7.15 Photomicrograph of an annealed 0.45% C carbon steel, vibratory polished and etched

with 2% nital, 200�. (Reduced 15% in reproduction.)
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is also adapted. It seems that vibratory polishing is a useful complement to conventional

mechanical polishing.
7.3 THE METALLURGICAL MICROSCOPE

It is well known that the behavior of a steel part depends strongly on the volume fraction, size,

and distribution of its constituent phases. During heat treatment, various changes among

constituent phases or microstructural constituents may occur. Therefore, the examination of

the microstructure of a steel part is a very important and effective measure in both quality

inspection of heat-treated parts and related research work. Owing to ease of operation, its

larger field of view and relatively lower cost, the optical metallurgical microscope is still one

of the most commonly used instruments for routine inspection and research work.

7.3.1 IMAGE FORMATION OF METALLURGICAL MICROSCOPE

The principle of image formation of a metallurgical microscope during visual observation is

essent ially the same as that of an ordinar y microscop e, as shown in Figu re 7.16. Magnifica-

tion is accomplished by an objective with very short focus and an ocular or eyepiece with

somewhat longer focus. To minimize various aberrations, both objectives and eyepieces are

highly corrected compound lenses, with the former far more complicated. For simplicity, both

the objective and the eyepiece are treated as simple thin lenses as shown in Figure 7.16. The

object (ab) is located just outside the front focal point of the objective (Fob) so that a real

magnified image (a’b’) can be formed. The intermediate or primary image is located within the

focal point of the eyepiece (Foc), which functions as a magnifier and forms a further enlarged

but virtual image (a’’b’’). This image becomes the object for the eye itself, which forms the

final real image on the retina (a’’’b’’’).
The overall magnification (M ) of a microscope is the product of the linear magnification

(m1) of the objective and the angular magnification (m2) of the eyepiece:

M ¼ m1 �m2 (7:1)
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FIGURE 7.16 Image formation of a microscope during visual observation.
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From geometrical optics,

m1 ¼ �L=f1 and m2 ¼ 250=f2 (7:2)

where f1 and f2 are focal lengths of the objective and eyepiece, respectively; L is the so-called

optical tube length of the microscope, which is measured from the back focal point (b.f.p) of

the objective to the position where the intermediate image stands; and 250 is the distance of

most distinct vision, in mm. f1, f2, and L are all expressed in mm. The negative sign of the

magnification m1 signifies an inverted image.

The overall magnification is therefore

M ¼ m1 �m2 ¼ �
(L� 250)

( f1 � f2)
(7:3)

The optical tube length is inconvenient in practical use. Therefore, the mechanical tube

length, which is defined as the distance from the screw flange of the objective to the end of

the eyepiece tube, is commonly used instead. The mechanical tube length is normally 160 to

250 mm. Because even a slight deviation from the correct tube length will result in a notable

reduction of image quality, it is not advisable to use an objective designed for a different tube

length from another manufacturer.

Actually, the principle of image formation of a microscope is not as simple as described

above. Owing to the fineness of the structure to be resolved by an objective, diffraction and

interference must be considered in the theory of image formation first put forward by E. Abbé
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over a century ago, which shows that the object of the image is the result of interference of

direct or undiffracted and diffracted beams [21].

7.3.2 OBJECTIVES

The image quality of a microscope is determined, to a great extent, by the quality of the

objective, which forms the primary image of the specimen. Therefore, the objective is the most

important part of a microscope.

7.3.2.1 Numerical Aperture

The numerical aperture (NA) of an objective is a measure of its light-collecting ability and can

be expressed by the equation

NA ¼ n sin a (7:4)

where n is the refractive index of the medium between the specimen and the front lens of the

objective and a is half the aperture angle of the most oblique rays entering the front lens of

the objective (see Figure 7.17).

Equation 7.4 shows that the larger the angle a, the greater the light-collecting ability of the

front lens of the objective. The magnitude of angle a depends on the size of the front lens and

the working distance of the objective, i.e., the distance between the specimen and the front

surface of the objective when the image is in sharp focus. Since the angle a cannot exceed 908,
the NA of a dry objective cannot exceed 1, and normally it is within 0.95. The NA of oil

immersion objectives can be as high as 1.4.

7.3.2.2 Resolution

The resolution or resolving power of an objective is defined as the nearest resolvable distance

between two parallel lines or separated points in the object. The smaller the resolvable

distance, the higher the resolution. The resolution can be expressed by the equation

d ¼ l

2NA
(7:5)
a

Optical axis

Front lens of
the objective

Specimen
surface

FIGURE 7.17 Aperture angle of an objective (schematic).
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where d is the resolution, l is the wavelength of the light used, and NA is the numerical

aperture of the objective as described earlier.

From Equation 7.5 it can be seen that with a n incident light of known wave length , the

resolution of an objective is totally determined by its NA. The larger the NA, the higher the

resolution. As an example, an objective with the highest attainable NA of 1.4, using yellow-

green light of a wavelength of 550 nm, the resolution is about 200 nm or 0.2 mm.

The role of the eyepiece is to magnify the intermediate image formed by the objective.

Accordingly, any unresolvable structural details cannot be resolved through the magnifica-

tion of the eyepiece. Therefore, the resolving power of a microscope is governed chiefly by the

resolution of the objective.

To fully utilize the resolution of the objective so that the already resolved structural detail

can be viewed clearly by the human eye, hence, suitable magnification of the microscope

should be incorporated. According to Abbé’s theory, the limit of resolving angle of the

human eye under the best illuminating conditions is about 1 min of arc, but more realistic

upper and lower limits are 4 and 2 min of arc, which correspond to a separation of about 0.30

and 0.15 mm, respectively, at a distance of 250 mm, i.e., the distance of most distinct vision.

Using l¼ 550 nm, the approximate range of magnification M necessary for the microscope

can be obtained:

550 NA < M < 1100 NA (7:6)

Equation 7.6 is also called the useful range of magnification. Below the lower limit, the

human eye cannot clearly see the structural detail already resolved by the objective; above the

upper limit, no more structural detail can be observed, and blurring of the image may even

occur. This latter kind of magnification, often called empty magnification, should be pre-

vented during observation.

However, Vander Voort [6, p. 282] argued that Equation 7.6 is derived using an ideal

contrasting image with an ideal eye and should not be adhered to dogmatically. In fact,

resolution depends on both resolving power and image contrast. Besides, illumination,

magnification, lens quality, and observation conditions also affect image contrast and there-

fore resolution. It is suggested that the lowest useful magnification for maximum resolution

should be four times greater than under optimum conditions, i.e.,

Meff � 2200 NA ð7:7Þ

and the use of photographs with magnifications up to 4000� or more is fully justified.

Owing to the improved resolution, oil immersion objectives are useful in metallography.

However, such lenses should be cleaned with a special solvent after every use, which is incon-

venient. Therefore, high-power dry objectives (such as 100=0.95 and 150=0.95) are used more

frequently. Recently, dry objectives with even higher magnifications, e.g., 200�, are available

from Nikon. With the same NA of 0.95 as the 100� and 150� dry objectives, an overall

magnification well above the old criterion (1100 NA) can be easily attained with this 200�
objective during visual observation. This further justifies the above viewpoint.

7.3.2.3 Common Types of Objectives

Plano-achromatic and apochromatic objectives are the most commonly used objectives in

metallurgical microscopes. The prominent characteristic of a plano-objective is its significantly

enlarged flatness of the image field, which is due to an extensive correction of the image field

curvature. During visual observation with plano-objectives, fewer fields of view are needed for

a given area than during observation with conventional objectives. As a result, eyestrain is
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notably lessened. Besides, it is self-evident that plano-objectives are particularly useful for

photomicrography. However, the accuracy of the sliding mechanism in the object stage and the

quality of specimen preparation should be better when plano-objectives are used.

Plano achromatic objectives are corrected spherically for red and blue colors. Therefore,

there are still residual chromatic aberrations, but they can be minimized by the use of yellow-

green filters.

Plano-apochromatic objectives are corrected chromatically in the range of red, green, and

blue colors, i.e., over almost the entire range of visible light. The correction of spherical

aberration can reach the range of green and blue colors.

Plano-objectives have more lens elements and are therefore more expensive.

7.3.3 EYEPIECES

As stated earlier, the function of an eyepiece is to magnify the intermediate image formed by the

objective so that the resolved structural detail of the specimen can be viewed clearly by the human

eye.Wide-field compensating eyepieceshavebeendeveloped toaccommodate theplano-objectives.

With a significantly larger field of view number (diameter of field diaphragm), such eyepieces can

fully utilize the enlarged flat area of the intermediate image.As plano-objectives are undercorrected

with respect to lateral chromatic aberration, compensating eyepieces are overcorrected.

Ordinary eyepieces do not suit eyeglass wearers, especially those with astigmatic eyes,

because the designed eye clearance (the distance between the eye lens of the eyepiece and the

eye) of 10 mm is inadequate for eyeglass viewing. As a result, the image size would be severely

limited due to increased eye clearance. If the eyeglass wearer views without eyeglasses, the

image quality will be affected by astigmatism. High-eyepoint eyepieces are specially designed

for eyeglass wearers. With such eyepieces, the entire field of view can be obtained at a distance

of about 20 mm from the eye lens, which is sufficient for viewing with eyeglasses.

7.3.4 PARFOCALITY

Microscopes are often provided with parfocal lens system so that there is no need to refocus

after changing the objectives or the eyepieces except for minor adjustment of the fine focusing

knob. The optical–mechanical dimensions of both the objectives and the eyepieces should

meet the following requirements of parfocality:
1. The distance between the specimen and the intermediate image should be identical for

all objectives; for a given mechanical tube length, the distance between the specimen

and the screw flange of the objective, also called the parfocal length of the objective,

should be held constant. A length of 45mm is generally taken as the parfocal length.

2. The distance between the intermediate image and the end of the eyepiece tube should be

the same for all objectives.

3. The focal plane of all eyepieces must always coincide with the intermediate image plane.
Obviously, parfocality is not an intrinsic property of an objective or an eyepiece, but

rather a measure adopted in the design of modern microscopes to ease manipulation and to

prevent possible damage to the objective lens or the specimen surface during operation.

7.3.5 ILLUMINATION SYSTEM

7.3.5.1 Principles of Köhler Illumination

Due to the opaqueness of a metal specimen, it is necessary that an incident light illumination

system, also called a vertical illuminator, be used in a metallurgical microscope (see the
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left-hand portion of Figure 7.18). It primarily consists of the following parts: (a) a light source

with a collector lens; (b) several auxiliary lenses that provide the desired path of the beam; (c)

an aperture diaphragm for controlling the illumination aperture; (d) a field diaphragm for

controlling the illuminated area of the object; (e) a plane glass reflector that inclines toward

the direction of the beam with an angle of 458 and reflects part of the beam toward the

objective; and (f) an objective that acts as a condenser in the illumination system.

Illumination according to Köhler’s principles is used in most metallurgical microscopes. To

obtain the best image that a given microscope is capable of providing, the requirements of Köhler

illumination should be fulfilled. The left-hand portion of Figure 7.18 shows the illuminating

beam path, and the right-hand portion shows the part of the imaging beam path that ends at the

intermediate image plane. The light source is centered and imaged at the aperture diaphragm,

which is then imaged together with the light source image at the b.f.p. of the objective. By

adjusting the setting of the aperture diaphragm, the illumination can be matched with the

aperture of each objective, bringing the resolution of the objective into full play. However,

glare and marginal lens aberrations still exist at this setting. Therefore, one should strive for an

ideal compromise between the optimum resolution and the best possible contrast; the aperture

diaphragm should be as open as possible to achieve the best resolution and as closed as necessary

to achieve the contrast essential for observation of the resolved detail [22].

The aperture diaphragm setting can easily be adjusted by viewing down the eyepiece tube

with the eyepiece removed. If there is a built-in Bertrand lens in the microscope, after

swinging it into the light path and properly focusing it, a magnified image of the b.f.p. can

be seen through the eyepiece, and the aperture diaphragm setting can be adjusted more easily.

Although it is usually recommended that the setting of the aperture diaphragm should be such

that its image covers about two thirds to three fourths of the rear surface of the objective, this

should not be regarded as a hard and fast rule.
Light
source Collector

lens Auxiliary
lens

Aperture
diaphragm

L'

Field
diaphragm L"= = L"

Plane
glass

reflector

Obj.

Object Object

Stage

= b.f.p.=

Intermediate image
of stage object

Illuminator

FIGURE 7.18 Ray path in an illumination system according to Köhler’s principles. (Courtesy of

W. Heffer & Sons, Ltd.)
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It should be kept in mind that the aperture diaphragm can never be used to adjust the

brightness of the image, which can be done by using neutral density filters. Figure 7.19 shows

the effect of aperture diaphragm setting on the image quality of pearlite in steel. In Fig-

ure 7.19a, the aperture diaphragm is in its optimum setting, producing the best contrast and

good resolution. In Figure 7.19b, the aperture diaphragm is fully open. The contrast is

inferior because of excessive glare, and although the resolution is expected to be the best, it

is almost the same as in Figure 7.19a. In Figure 7.19c, the aperture diaphragm is closed to its

minimum position. Structure with interference fringes can be seen in many places. The

impairment of resolution is most clearly illustrated in a pearlite nodule located at the lower

right of the figure.
FIGURE 7.19 Effect of aperture diaphragm setting on the image quality of pearlitic structure (600�). (a)

Optimum setting; (b) maximum setting; (c) minimum setting. (Reduced 20% in reproduction.)
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The field diaphragm is imaged at the object surface, which is then imaged at the inter-

mediate image plane. The field diaphragm should be so adjusted that the image of its edges is

located just outside the field of view, thus cutting off unnecessary light and minimizing image

glare. With the field diaphragm correctly adjusted, the object field observed is evenly illu-

minated up to its edge and can be matched exactly with the field of view.

7.3.5.2 Brightfield Illumination

In the above-described method of illumination, the light beam strikes the specimen surface

vertically. If the specimen surface has a mirror polish, it will appear bright, because nearly all

the reflected light can enter the objective again. After etching, depressions or grooves with

sloping surfaces are produced along the grain or phase boundaries, and at the same time, the

surface of certain phases becomes somewhat roughened. Part of the reflected light beam from

these regions cannot enter the objective. Dark constituents of various gray levels against a

bright background are now seen. This kind of illumination is called the brightfield illumin-

ation and is the most commonly used illumination method.

7.3.5.3 Darkfield Illumination

Figure 7.20 shows schematically the optical path in darkfield illumination. The objective

shown in this figure is of infinit e optics, whic h will be describ ed in Sectio n 7.3.6. With
Annular
stop

Incident
ray

Objective

Concave reflector

Specimen surface

Annular
mirror

Tube lens

Intermediate
image plane

FIGURE 7.20 Optical path of darkfield illumination (schematic).
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darkfield illumination, a ring of light, which is produced after passing an annular stop with

the aperture fully open, falls on the annular mirror that is located around the plane glass

reflector. Thus, the light beam does not pass through the objective but traverses outside the

objective and is directed rather obliquely onto the specimen surface by a concave reflector.

If the specimen surface has a mirror polish, it will appear dark because the reflected light

does not enter the objective. Structural constituents with sloping surfaces, such as grain and

phase boundaries, will appear light because the reflected light may enter the objective, at least

partly. The image contrast is completely reversed with darkfield illumination as compared

with brightfield illumination. Figure 7.21 shows the prior austenite grain structure of a high-

strength low-alloy steel under darkfield illumination.

The advantages of darkfield illumination are as follows:
FIG
illu
1. Higher resolution. Under darkfield illumination, transparent particles within the speci-

men that are undetectable under brightfield illumination become self-luminous and are

detectable even at 0.006 mm (6 nm).

2. Higher image contrast. The objective no longer acts as a condenser in the illumination

system, reducing glare.

3. Transparent inclusions can be identified accurately according to their inherent colors;

e.g., silica (SiO2) in steels appears dark in brightfield illumination but bright yellow in

darkfield illumination.

4. As already shown in Figure 7.21, grain boundaries are more easily delineated in

darkfield than in brightfield illumination and can be used for rating grain size when

compared with standard charts.
However, there are disadvantages of employing darkfield illumination. Image brightness

is much lower, making exposure during photomicrography significantly longer and necessi-

tating high-intensity light sources and automatic exposure devices. A very well prepared

surface is necessary for darkfield observation because even the slightest scratches, undetect-

able under brightfield illumination, will be evident.
URE 7.21 Prior austenite grain structure of a high-strength low-alloy steel under darkfield

mination (200�). (Reduced 20% in reproduction.)
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7.3.6 THE INFINITY-CORRECTED OPTICAL SYSTEM

There is a tendency to use objectives designed for infinite image distance instead of conven-

tional objectives computed for finite image distance, and the color correction of such object-

ives is also made for infinite image distance. Such optical systems are called infinity-corrected

optical systems or simply infinite optics [23]. When the incident light beam is reflected from

the specimen surface and passes through an infinite objective, it does not converge and

remains a parallel light ray until it passes through the tube lens; then an intermediate image

is formed, as shown in Figure 7.22.

The main advantage of infinite optics is that modules of various contrasting modes (such

as incident light beam splitter for bright- and darkfield, polarizing beam splitter, Wollaston

prisms for interference contrast, analyzers, additional filters, and so on) can be engaged in

the extended space of the infinite light path between the flange of the objective and the

tube lens. As there is no additional lens system to disturb the part of the light path that is

used for both imaging and incident light illumination, the quality of the optical image will not

be impaired. Moreover, when infinite optics is used, the tube length coefficient remains at

unity, and a fixed lens relay system is not necessary no matter how far the objective is from the

eyepiece.
Objective

Specimen surface

Incident
light

Plane glass
reflector

Tube lens

Intermediate
image plane

FIGURE 7.22 Formation of intermediate image in a microscope with infinite objective (schematic).
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7.3.7 POLARIZED LIGHT ILLUMINATION

Polarized light has been used in metallography to identify inclusions. This method has been

replaced by electronic microprobe analysis and energy-dispersive spectroscopy. Polarized

light is also very useful for the examination of noncubic anisotropic metals such as beryllium,

titanium, zinc, and zirconium. The use of polarized light for the examination of heat-treated

specimens is rather limited; therefore, only a brief introduction of polarized light and its

characteristics will be given.

Natural lights and most artificial lights are transverse waves vibrating in all directions at

right angles to the direction of propagation (Figure 7.23a). Light passing through a polarizer

vibrates in only a certain plane along the direction of propagation (Figure 7.23b) and is called

plane-polarized or linearly polarized light.

Although both Nicol prisms and polarizing filters can be used as polarizers in

microscopes, the latter are most commonly used because of their lower cost. In a polarizing

filter, polyvinyl alcohol film is stretched to line up the complex molecules and then impreg-

nated with iodine. This film is usually mounted between two thin plates of optical glass.

Polarized light illumination is attained by placing the polarizer and analyzer, which are

made of the same material, into the optical path of the microscope under brightfield illumin-

ation. The polarizer is situated ahead of the plane glass reflector and is usually nonrotatable,

while the analyzer is placed after the objective and is usually rotatable. When the polarizing

direction of the analyzer is at right angles to the polarizer, no light will be observed if a

polished optically isotropic metal specimen, e.g., a metal with cubic structure, is used. This

condition is known as cross-polarized illumination. However, if a polished optically aniso-

tropic metal specimen is used instead, an image of microstructures such as grain structure,

twinning, and the distribution of phases can be delineated.

If an optically isotropic metal specimen is anodized in a standard electropolishing cell, a

thin oxide film is deposited on the polished surface of the specimen. The optical anisotropy and

surface irregularities of the film may exhibit birefringence, so that the same effect can be

produ ced as wi th a n optically anisotrop ic meta l. Figure 7.24 shows the micr ostructure of a

sand-cast Al–1 wt% Ni aluminum alloy, electropolished and anodized. Figure 7.24a was

obtained under brightfield illumination. The specimen shows a typical dendritic structure with

an intermetallic phase NiAl3 located at the dendritic arm interface, but the extent of individual

grains can hardly be differentiated. Figure 7.24b shows the same field under polarized light

illumination. In this case grains with different orientations can easily be recognized according

to their gray levels. Figure 7.24c shows grain boundaries of the same field traced out according

to Figure 7.24b; the four grains within the figure are denoted by numbers. It can be seen that a

dendritic cell of grain 2 is isolated within grain 3, while another dendritic cell of grain 3 is mostly

within grain 2 except for a small segment of its boundary neighboring with grain 1.
(a) (b)

FIGURE 7.23 Vibration of (a) ordinary light and (b) plane-polarized wave.
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FIGURE 7.24 Microstructure of a sand cast Al–1 wt% Ni aluminum alloy, electropolished and ano-

dized. (a) Brightfield illumination; (b) polarized light illumination; grain boundaries traced out accord-

ing to (b). (165�) (Reduced 20% in reproduction. Courtesy of Shun-Xian Tang.)
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7.3.8 PHASE CONTRAST ILLUMINATION

Although the phase contrast method was developed first and primarily for transmitted light

microscopy, it has also found application in incident light microscopy. When both phases in a

specimen have similar etching and reflection characteristics, the resulting microstructure

shows a lack of intensity contrast. Such a specimen is called a phase object as compared

with an amplitude object, in which sufficient contrast is obtained owing to a difference in

amplitude or intensity of the reflected light from different phases. For example, in a hyper-

eutectoid plain carbon steel containing 1.2% C after spheroidizing, both cementite particles

and ferrite matrix appear bright after etching with nital under brightfield illumination, as

shown in Figure 7.25a. However, cementite is much harder than ferrite and is less attacked by

the etchant; therefore, cementite particles protrude slightly over the surrounding ferritic

matrix after polishing even without etching. As a result, there is a path or phase angle

difference between the light reflected from cementite and ferrite.
(a)

(b)

FIGURE 7.25 Photomicrograph of a plain carbon steel containing 1.2% C after spheroidizing annealing

(500�). (a) Brightfield illumination; (b) phase contrast illumination. (Reduced 30% in reproduction.)
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Light with only a slight difference in phase angle cannot be differentiated by the human

eye directly. However, under phase contrast illumination, it is possible to transform such a

phase angle difference into an amplitude or intensity difference in the final image, so that the

image contrast can be enhanced significantly and thus can be detected readily by the human

eye. Figure 7 .25b shows the photomi crograph of the same sp ecimen and same field of view as

in Figure 7.25a but under phase contrast illumination. The bright particles are the protruded

cementite phase, while the dark background is the ferritic matrix.

When the height difference between two phases on the specimen surface is around 500 nm,

good contrast can be obtained under phase contrast illumination. Usually a light etch of the

specimen is needed to attain this condition. Besides, for best results, a higher quality of

specimen preparation is required under phase contrast illumination, as even a very light

scratch that is undetectable under brightfield illumination will be clearly revealed.

The phase contrast method in metallurgical microscopes has been gradually replaced by

the DIC technique, which reveals height differences among phases as a variation in color or

gray level over a much wider range. Therefore, we shall not go further into the details of the

phase contrast method.

7.3.9 DIFFERENTIAL INTERFERENCE CONTRAST ILLUMINATION

The principles of DIC illumination were set forth by G. Nomarski about 50 years ago. This

method uses a modified Wollaston prism located ahead of the objective in conjunction with

polarized light at extinction, i.e., the polarizer and the analyzer are in the 908 crossed position

as shown in Figure 7.26.

A Wo llaston prism [24] is made of a biref ringent, uniaxial material such as quartz and

con sists of two wedge -shaped prisms cemen ted togethe r (Figure 7.27). The optic axes of the

two prisms are at right angles to each other. When a plane-polarized light wave with its

vibration plane inclined by 458 to the plane of drawing reaches the Wollaston prism perpen-

dicularly, it will be split into two plane-polarized waves in the lower prism. Each of their

vibration planes makes an angle of 458 with the incident wave. At the cemented interface of

the Wollaston prism, these two component waves are deflected in two directions at a

relatively small angle (less than 0.5 min) and encounter different indices of refraction so

that their wave fronts travel at different speeds. It is impossible to locate the interference

plane of the Wollaston prism in the image-side focal plane of the objective, at least with
Analyzer

Plane galss reflector
Polarizer

Wollaston prism

F0

Objective

Specimen

FIGURE 7.26 Beam path in reflected light DIC. (Courtesy of Carl Zeiss.)
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FIGURE 7.27 Beam splitting of plane-polarized light at the interface of the Wollaston prism. (Courtesy

of Carl Zeiss.)
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high-power objectives. Therefore, a modified Wollaston prism with its interference plane

outside the compound prism is used instead and can be located relatively farther from the

objective.

The beam from the light source is plane-polarized after passing through the polarizer; then

it is deflected to the Wollaston prism by the plane glass reflector of the vertical illuminator as

shown in Figure 7.26. After emerg ing from the object ive the two comp onent wave s be come

parallel to each other and with a slight lateral separation. The light rays reflected from the

specimen are then recombined by means of the objective and the Wollaston prism, pass

through the plane glass reflector, and, with the aid of the analyzer, are brought to travel in

one plane again, making them capable of interference. The interference contrast image of the

specimen can then be formed in the intermediate plane (not shown) and can be viewed

through the eyepiece.

The path difference can be altered by moving the Wollaston prism laterally, i.e., perpen-

dicular to the optical axis. Using white light to illuminate a structureless object, e.g., an

optically flat polished surface, the image field (also called the background image) appears

dark when the Wollaston prism is at a position with zero path difference. However, once there

is a path difference, a colored background image appears; every path difference is associated

with a characteristic interference color.

With regard to a phase object, the path difference depends on the geometrical profile of

the object. The phase retardation resulting from reflection of the waves from the opaque

object, and the relative lateral position of the Wollaston prism.

Figure 7.28 shows schema tically the profi le of the obje ct, the wave fronts of the DIC

image before and after reaching the analyzer, and the resulting intensity distribution. Let

phase B be the matrix of the object; then the color of the interference background image

depends on the path difference (d0). Assuming that the difference in phase retardation

resulting from reflection of the waves from the two phases is negligibly small, then the DIC

image color of phase A is nearly the same as that of the background (phase B). However, the

path differences at phase boundaries vary with d0; therefore, by adjusting the path difference

d0, it is possible to observe images similar to darkfield (when d0¼ 0), relief-like, and color

images. Thus, the best result can be obtained by selecting the type of image suitable for the

object to be observed, and the contrast of the object is increased by interference colors.

Figure 7.29 shows a c omparison of photomi crographs of a commer cial pure iron specim en

under (a) brightfield illumination and (b) DIC illumination. The specimen has undergone

impact loading at low temperature, and the deformation twins or Neumann bands are more

clearly delineated under DIC illumination.
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FIGURE 7.28 Schematic representation of the formation of DIC image. (a) Profile of the specimen; (b)

and (c) wave fronts of the DIC image before and after reaching the analyzer; (d) resulting intensity

distribution.
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Under phase contrast illumination, the relief of the specimen surface for producing an

image with optimal contrast varies within relatively narrow limits, because the phase shift and

absorption of direct light are fixed by the phase contrast accessories and cannot be adjusted.

In contrast, by moving the Wollaston prism laterally, DIC images with excellent contrast can

be obtained over a far greater range of path differences in the object. As the DIC method is

obviously superior to the phase contrast method in incident light microscopy, modern

metallurgical microscopes are equipped predominantly with DIC illumination, and phase

contrast microscopy can be found only in some older models.
(a) (b)

FIGURE 7.29 Photomicrographs of a commercial pure iron specimen that had undergone impact

loading at low temperature (600�). (a) Brightfield illumination; (b) DIC illumination. (Reduced 15%

in reproduction.) (Courtesy of Shun-Xian Tang.)
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7.3.10 PHOTOMICROGRAPHY AND PHOTOMACROGRAPHY

Photomicrography is the reproduction of microstructures observed under a microscope. Photo-

macrography is the reproduction of macroetched section or broken parts such as castings,

forgings, and heat-treated parts at a magnification from less than 1 to 20 or so with the aid

of a camera or stereomicroscope. The aim of photomicrography and photomacrography for

heat treaters is to faithfully reproduce what has been observed in heat-treated specimen or parts

for reporting, archiving, or publication.

7.3.10.1 Photomicrography

7.3.10.1.1 Equipment for Photomicrography
Every modern metallurgical microscope is equipped with either a camera built into the

micro scope stand as shown in Figure 7.30 or exits for camer as as sho wn in Figure 7.31.

With even the simplest bench-type microscope, a camera attachment can be fitted onto the

binocular tube, form ing a rigid link with the micr oscope as shown in Figure 7.32. The field of

view on the film plane of the camera is usually the same as that of the eyepiece, and images at

both places are in sharp focus simultaneously so that no special focusing eyepiece is necessary.

However, the intermediate image must be located just outside the focal plane of the photo-

eyepiece so that a real final image can be formed on the film plane. Two types of cameras are

used in photomicrography: large format (4� 5 in.) and 35 mm.

During recent years, high-resolution digital camera has been introduced to modern

meta llurgical microscop es. Figu re 7.33 shows the GX7 1 invert ed meta llurgical microsco pe

from Olympus, the digital camera is attached to the side port below the binocular tube.

Besides digital and video cameras, conventional still cameras (large format or 35 mm) can also

be attached to the microscope. When both ports are used simultaneously, up to three camera

backs can be attached. Another advantage of the GX71 is its erect images, i.e., observed

images are not reversed as in old-type microscopes. The specimen’s positional characteristics

(right–left, up–down) are the same in a photomicrograph as they are in real-time observation

of the viewing field. This presents specimen movement in an intuitive and natural way.

However, the digital images are still reversed.
FIGURE 7.30 The Reichert MEF4A wide-field metallograph. (Courtesy of Reichert Division of Leica

Aktiengesellschaft.)



FIGURE 7.31 Leica DM RXE with DM RD and PC. (Courtesy of Leica Mikroskopie und

Systeme GmbH.)
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7.3.10.1.2 Films Used in Photomicrography
One variety of Polaroid instant film that produces a negative and a positive print simultan-

eously is perhaps the most extensively used large format film because of its availability,

efficiency, and convenience (no darkroom work is necessary), especially in the United States.

The negative can be kept for future use when more copies are needed. If only one instant

positive print is produced per exposure, the photographic process must be repeated for each

copy needed before the specimen is removed from the microscope.
FIGURE 7.32 The MC 80 microscope camera incorporated with Zeiss Axiovert 100A. (Courtesy of

Carl Zeiss.)



FIGURE 7.33 The GX71 inverted metallurgical microscope with digital camera, Polaroid large format

camera and 35 mm camera attached. (Courtesy of Olympus America, Inc. With permission.)

Metallurgical Property Testing 615
Increasingly, 35-mm film is used because of lower processing cost and time, but enlarge-

ment is necessary for obtaining a print. For best quality of a positive print, large format sheet

film is recommended although it is more expensive and requires more darkroom time.

Black-and-white films are more commonly used than color films in photomicrography

due to their lower cost. The two major types of black-and-white film used are panchromatic

and orthochromatic. Panchromatic films are sensitive to the entire visible spectrum and

should be developed in total darkness, whereas orthochromatic films are sensitive to all colors

except orange and red and can be developed under dark red safelight. As yellow-green filter is

often used with plano-achromatic or achromatic objectives to minimize lens aberrations,

orthochromatic films are useful for photomicrography.

Increasingly, color films in photomicrography are used because more information can be

obtained in a color photomicrograph. It is known that the human eye can distinguish more

than 1000 different colors but can recognize no more than 20 to 30 tonnes of gray. Color

photomicrographs are useful for the identification of inclusions and carbides in steels and for

the identification of phases in some stainless steels [17].

The speed of a film is an indication of its sensitivity to light and is expressed as a number

intended to be used to determine the exposure needed to produce an image of satisfactory

quality. The International Organization for Standardization (ISO) adopted both the American

Standards Association (ASA), formerly the American National Standards Institute (ANSI),

and Deutsche Industrie Norm (DIN) systems for rating the film speed. For example, ISO

100=218 corresponds to an ASA rating of 100 and a DIN rating of 218.
In the arithmetic expression used by the ASA, the film speed value varies inversely with

the exposure required to produce the specified density. For example, films with values of 25,

50, 100, and 200 ASA each require half the exposure of the preceding film; in other words, a

speed of 200 ASA is double that of 100 ASA.

In the logarithmic expression used by the DIN, the film speed numbers increase by 3 as the

speed is doubled. For example, values of 188, 218, and 248 DIN represent materials that each

requires half the exposure of the preceding material. In other words, a speed of 248 DIN is

double that of 218 DIN.

ASA and DIN numbers can be easily interconnected from the following expressions:

DIN ¼ 10 log10 ASAþ 1 (7:8)

ASA ¼ 10(DIN�1)

10
(7:9)
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It is desirable that the size of silver grains in the photographic emulsion after development be

as small as possible so that it will not mask the details of the image. Higher speed films are

always accompanied by coarser grains than lower speed films. Therefore, lower speed films

are preferred for photomicrography, where very fine detail is required and slow shutter speeds

are possible. There has been tremendous progress in the film emulsion technology so that very

fine-grained color print film with a speed of ISO 400=278 is available now. Hence, if

the negative is not going to be enlarged substantially, good prints with sufficient resolution

can be obtained from normal to moderately high-speed film (ISO 100=218–ISO 200=248),
which are more easily available on the market.

There are two types of color films: color slide or reversal films and color print or negative

films. Positive color slides are obtained from a color reversal film after processing and are

used primarily for illustrating lectures or demonstrations. True color reproduction of

the original microstructure can be obtained only at a specific color temperature, which is a

scale for rating the color quality of illumination expressed in kelvins (K). Therefore, it is

important to choose a type of film to suit the light for which it is balanced. For a xenon light

source, daylight film balanced for a color temperature of about 5600 K should be used, and

for a halogen light source, artificial light film balanced for a color temperature of about 3200

K should be used. If daylight film is used in halogen light, a suitable filter known as a

conversion filter (e.g., Kodak 80B) should be added to alter the color temperature of the

incident light and render it suitable for daylight film.

Color print film produces a negative with complementary colors. For example, a blue

object is recorded as yellow, but the complementary relationship is partly obscured by the

presence of color-masking dyes often used in color negatives. For the same reason as for color

reversal film, daylight or artificial light film should be chosen according to the light source

used in photomicrography; otherwise, a suitable conversion filter should be used. True color

reproduction in the prints of photomicrographs from negatives is not as easy as for ordinary

prints because the photolab technicians are not familiar with the subject matter and as a

result, proper correction cannot often be made in printing. It would be best if metallographers

could do the processing themselves, but this depends much on the volume of work and

available funds.

It should be kept in mind that when color film is used in photomicrography, the light

source should be operated at its rated voltage so as to attain the correct color temperature.

Therefore, lamp voltage must not be used as a means of adjusting the image intensity. In such

a case, neutral density filters, which reduce the intensity of incident light without altering its

color temperature, with various transmissivities should be used instead.

7.3.10.1.3 Photographic Exposure and the Reciprocity Failure Effect
Correct exposure is an important step for obtaining a negative with all necessary details and

good contrast. Photographic exposure (H) is defined as the quantity of light per unit area

received by the photographic emulsion of the film and is commonly expressed as the product

of illumination (E ) and time (t):

H ¼ E � t (7:10)

The correct exposure is determined by a light-metering system. The most frequently used

system in photomicrography is integrated metering, which measures the light reaching the

film, giving an average reading over the entire format area. Sometimes it is desirable to obtain

an extremely accurate exposure in a very localized area of the image, which may be darker or

brighter than the average reading. In such a case, spot metering can be used in which the angle

of acceptance is to narrow that the size of the measured area can be as small as 1% of the total
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image area. For ordinary photography, however, a center-weighted metering system is used in

most single-lens reflex (SLR) cameras. That is, light from all parts of the image field is

measured by the silicon photocell, but the influence of the central zone is greatest.

Experiments show that equal exposures do not produce photographic images of equal

densities and equal contrast if the time of exposure is extremely long or extremely short (and

the corresponding light level is too weak or too strong). This is known as the reciprocity

failure effect or Schwartzschild effect. This effect must be taken into account when taking

photomicrographs under darkfield, polarized light, differential contrast interference, and

phase contrast illumination where a longer or even a much longer exposure is needed.

Fortunately, modern automatic photographic systems are capable of correcting for the

reciprocity failure effect automatically.

7.3.10.2 Photomacrography

Some metallurgical microscopes are provided with special accessories for photomacrography

at magnifications of around 1–10�. In some models, the magnification is continuously

adjustable by altering the zoom setting and the object distance, and separate macro illumin-

ation is required.

Photomacrography with 35-mm SLR camera at an image ratio of about 1:10 (1=10 life

size) or larger is rather easy and convenient. Figure 7.34 shows the cutoff view of a 35-mm

SLR camera [25]. Light entering the lens (A) falls on a movable reflex mirror (B), which

reflects it upward onto a ground glass screen (C), then enters the pentaprism (D) and reflects

twice, so that an upright and correctly oriented image is produced for viewing through the

eyepiece (E). The through-the-lens (TTL) light-metering system has a light-sensitive cell (G)

that measures the amount of light entering through the lens. When the shutter release button

is pressed, the reflex mirror swings upward, allowing the incident light to fall on the film

frame (F) and expose the film once the shutter (H) is released.

The focal length of the lens and its maximum aperture, e.g., 50 mm 1:2, are shown on the

front of the lens. The focal length of a standard lens of a 35-mm camera is 50 mm, and the

angle of view is 468, roughly the same as that of the human eye. The shorter the focal length,

the wider the angle of view, and vice versa.

The brightness of the image on the film is controlled by aperture size expressed by

f number, which is defined as the quotient of the lens focal length and the effective aperture.

The effective aperture of a lens is the diameter of the light beam entering the lens and just

fillin g the open ing in the diap hragm of a camer a lens as sho wn in Figure 7.35.
A

B

C

D

E

F

G

H

FIGURE 7.34 Cutoff view of a 35-mm SLR camera. (Courtesy of Fountain Press Ltd.)
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FIGURE 7.35 Effective aperture and actual aperture of a camera (schematic).

618 Steel Heat Treatment: Equipment and Process Design
The maximum aperture of a lens corresponds to its smallest f number. For example, if the

maximum aperture of a 50-mm lens is 25 mm, the corresponding f number is f 2 or f=2, which

is usually marked as 1:2.

The f numbers for any lens are engraved on the lens mount in a series as follows: f 1.4, 2,

2.8, 4, 5.6, 8, 11, 16, 22. The series is so arranged that as the f number is increased by one step,

the amount of light allowed to enter is halved. In other words, the image illuminance is

inversely proportional to the square of the f number, and the required exposure time is

directly proportional to the square of the f number.

Lenses of the same f number are said to have the same speed. That is, they produced

images of essentially equal luminance.

Aperture size can also be used to control the depth of a field, which is defined as the range

of object distances within which objects are imaged with acceptable sharpness [26]. The depth

of the field increases as the focal length decreases and as the f number increases.

Several equipment options have been devised for taking close-up photomacrographs with

SLR cameras. The basic options are close-up lens, extension tubes or bellows, reversing ring,

and macro lens [27,28].

7.3.10.2.1 Close-Up Lens
The close-up lens is by far the cheapest accessory for photomacrography. It works rather like

a magnifying glass and can be screwed onto the front rim of the camera lens. It focuses the

lens at a closer distance than normal so that a larger image can be formed on the film plane.

The close-up lens is inferior optically to the expansive camera lens, so image quality may be

slightly compromised. Normally this is hardly noticeable, especially when a large f number,

e.g., f 8–f 16, is used.

The strength of a close-up lens is expressed in diopters, which is defined as 1 m divided by

the focal length of the lens. Its usual range is 0.4–5 diopters. The larger the number, the closer

the lens can focus.

When a close-up lens is not used in photomacrography, something is needed to extend the

distance between lens and camera body. For example, in order to get a life-size reproduction

(1:1) of a small object with a standard 50-mm lens, an extension of 50 mm between lens and

film plane is needed. An extension tube is a tube or set of tubes that can be fitted between lens

and camer a body as sh own in Figure 7.36. The so-cal led automa tic extens ion tubes are so

designed that the action of the fully automatic diaphragm works normally. As extension tubes

are not optical devices, no deterioration in lens performance will result.

An extension bellows is basically a continuously variable extension tube mounted on

special focusing rail and allowing a full range of extension between 30 and 200 mm as shown

in Figure 7.37.



FIGURE 7.36 One or more extension tubes can be fitted between the camera and lens. (Courtesy of

AMPHOTO.)
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7.3.10.2.2 Reversing Ring
The reversing ring is screwed into the filter ring of the lens and allows the lens to be mounted

backward on the camera. As the normal lens is not highly corrected in close-up positions,

turning the lens backward changes the optical corrections in the lens and results in

better definition of the close-up pictures; hence, the lens behaves as though it were really a
FIGURE 7.37 Camera fitted with extension bellows and focusing rail. (Courtesy of AMPHOTO.)
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macro lens (see next paragraph). However, when the lens is mounted backward, the fully

automatic diaphragm ceases working, and consequently the aperture must be adjusted

manually.

7.3.10.2.3 Macro Lens
A macro lens is so designed and highly corrected as to focus an object closer than normal

lenses without special attachments. For example, a 50-mm macro lens can be extended to such

a length that an object located about 10 cm from the lens can be focused. Most macro lenses

can produce at least an image ratio of 1:2, and some can even produce an image ratio of about

1:1. Macro lenses with focal lengths of 50 and 100 mm are most commonly used. A macro lens

usually has maximum aperture of about f=3.5 or f=4, which is about three to four times slower

than an f=2 lens. When used with extension tubes or bellows, a macro lens still performs

better than normal lenses.
7.4 QUANTITATIVE METALLOGRAPHY

Metallography has long been a means of obtaining qualitative or semiquantitative descrip-

tions of microstructures for quality control in production and research. However, the rapid

progress of science and technology over recent decades has placed more stringent demands on

the mechanical properties of heat-treated parts and requires a more accurate quantitative

description of microstructures. Quantitative metallography deals with the quantitative rela-

tionships between measurements made on the two-dimensional plane of polish and the

magnitudes of the microstructural features in the three-dimensional metal or alloy [29]. It is

an important branch of stereology applied specifically to metals and alloys.

7.4.1 SOME STEREOLOGY BASICS

According to Elias [30], stereology is a system of methods to obtain information about the

three-dimensional structure from two-dimensional images, whether sections or projections.

Although easily understood and accepted by most practical stereologists and microscopists,

this definition is limited because it considers only the procedures from a two-dimensional

image to a three-dimensional structure. As indicated by Miles [31] in 1972, all basic stereological

equations are special cases of equations in a generalized n-dimensional space. This implies

that any n-dimensional structure can be studied by sectioning it with any s-dimensional

section (s< n), and the principles involved are always the same. It follows that the increasing

attention of mathematicians to the problems in stereology is indispensable for the establish-

ment of a solid foundation for this interdisciplinary field of study.

The basic symbols used in stereology are P, L, A, S, V, and N, which represent point, line,

plane surface, curved surface, volume, and number of features, respectively. Compound

symbols are used to represent stereological parameters, in which the capital letter refers to

the microstructural quantity and the subscript pertains to the test quantity. For example, the

symbol PP refers to point fraction, which is equivalent to P=PT, with P the number of points

(in area features) and PT the number of test points used during measurement; the symbol SV

refer s to surfa ce a rea per uni t test vo lume. Table 7.12 is a list of basic symbol s used in

stereology and their definitions quoted from Ref. [32].

Equation 7.11 through Equation 7.13 show statist ically exact express ions that relat e

points, lines, surfaces, and volumes in three-dimensional structures to measurements made

on two-dimensional sections [29].

VV ¼ AA ¼ LL ¼ PP (7:11)



TABLE 7.12
List of Basic Stereological Symbols and Their Definitions

Symbol Dimensionsa Definition

P Number of point elements or test points

PP Point fraction. Number of points (in real features) per test point

PL mm�1 Number of point intersections per unit length of test line

PA mm�2 Number of points per unit test area

PV mm�3 Number of points per unit test volume

L mm Length of lineal elements or test line length

LL mm=mm Length fraction. Length of lineal intercepts per unit length of test line

LA mm=mm2 Length of lineal elements per unit test area

LV mm=mm3 Length of lineal elements per unit test volume

A mm2 Planar area of intercepted features, or test area

AA mm2=mm2 Area fraction. Area of intercepted features per unit test area

SV mm2=mm3 Surface area per unit test volume

V mm3 Volume of three-dimensional features, or test volume

VV mm3=mm3 Volume fraction. Volume of features per unit test volume

N Number of features (as opposed to points)

NL mm�1 Number of interceptions of features per unit length of test line

NA mm�2 Number of interceptions of feature per unit test area

NV mm�3 Number of features per unit test volume

L mm Average lineal intercept, LL=NL

A mm2 Average areal intercept, AA=NA

S mm2 Average surface area, SV=NV

V mm3 Average volume, VV=NV

aArbitrarily shown in millimeters.

Source: From EE Underwood, Quantitative Stereology, Addison-Wesley, Reading, MA, 1970.
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SV ¼ (4=p)LA ¼ 2PL (7:12)

LV ¼ 2PA (7:13)

The derivation of the above equations is beyond the scope of this book and can be found in

standard textbooks on stereology [32–34]. Stereological parameters with subscripts other than

V are measurable and are called measured quantities; stereological parameters with subscript

V cannot be measured and are called calculated quantities. However, the measured para-

mete rs in Equation 7.11 an d Equation 7.12, i.e., AA, LL, and LA, can also be calculated.

The exactness of Equation 7.11 through Equation 7.13 signifies that in the derivation

of these equations, no simplified assumptions on the size, shape, distribution, spacing, etc., of

microstructural constituents are required. The microstructure under investigation should be

representative of the bulk specimen, as microstructures of different fields of view in the same

specimen can in no way be identical. Measurements of stereological parameters should be

made randomly or with statistical uniformity.

7.4.2 VOLUME FRACTION

Volume fraction is one of the most important and most commonly used stereological

measurements. From Equation 7.11 it can be seen that the volume fraction of a phase or

microstructural constituent in a microstructure can be obtained by measuring area, lineal, or



FIGURE 7.38 A 16-point (4� 4) test grid.
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point fraction, but for manual operation the use of point counting is most effective and has

sufficient accuracy. Usually the intersections of a test grid are used as test points. Figure 7.38

illustrates a 16-point (4� 4) test grid. The grid can be inserted in the eyepiece of the

microscope or superimposed on a photomicrograph. The number of points (Pa) that falls

within a certain phase (say a) is counted, the point fraction (PP) of phase a is Pa divided by

the number of grid points PT. Points that fall on phase boundaries are counted as 1/2 [35].

This process is repeat ed severa l times so as to obtain requ ired accuracy (see Sectio n 7.4. 3).

Figure 7.39 shows an example of point counting, with a 4� 4 test grid superimposed on a

granular microstructure (schematic) with phase a randomly dispersed in a matrix. There are

two test points that fall within phase a and five points located on phase boundaries. There-

fore, the point fraction of phase a in this field of view is (2þ 5� 1/2)=16¼ 0.281 or 28.1%.

Low-density test grids, such as 3� 3, 4� 4, or 5� 5, are usually employed for point

counting. Test grids with more than 100 test points are seldom used because of operator

eye fatigue. Generally, higher density test grids should be used for microstructures with lower

volume fraction. The magnification of the microstructure should be so chosen that no more

than one grid point falls on a given particle of interest [6, p. 427].

Point counting can be used to estimate the carbon content of fully annealed hypoeutectoid

carbon steels. For example, in low-carbon steels, pearlite is the minor constituent compared

with proeutectoid ferrite. The volume fraction of pearlite can be easily calculated by point

counting of pearlite in the microstructure. Let (PP)P be the measured point fraction of the

pearlite. Then, according to the lever rule, the carbon content x in mass percent of the steel

can be obtained from the expression

x ¼ 0:77 (PP)P (7:14)
FIGURE 7.39 An example of point counting.
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wher e 0.77 is the mass fraction of carb on in an e utectoid steel. In deriving Equat ion 7.14, the

very small amount of carbon in ferrite is neglected.

Similarly, the mass fraction of carbon in a spheroidized steel can be calculated. Let (PP)cem
be the measured point fraction of cementite particles. Then, according to the lever rule, the

mass fraction of carbon in this steel can be obtained from the expression

x ¼ 6:69 (PP)cem (7:15)

where 6.69 is the mass fraction of carbon in cementite. The mass fraction of carbon in ferrite

is also neglected in deriving Equation 7.15.

Volume fraction is such an important stereological measurement that the first standard on

quantitative metallography developed by the American Society for Testing and Materials

(ASTM) deals with volume fraction. ASTM E562 (Standard Test Method for Determining

Volume Fraction by Systematic Manual Point Count) was first adopted in 1976.

7.4.3 STATISTICAL ANALYSIS*

As stated earlier, there is no possibility of having two identical microstructures in a specimen.

Therefore, no stereological measurements can be exact, and stereology is deeply statistical in

nature [34, Vol. 1, p. 2]. Thus, without proper statistical analysis, stereological measurements and

calculations cannot be regarded as complete. We shall not go into details on statistics; interested

readers may refer to Ref. [36]. Following the example of the determination of volume fraction by

point counting given below, the basic procedures of statistical analysis will be shown.

Suppose the point count for phase a in a specimen were performed on 20 fields of view

using a 4 � 4 test grid like that shown in Fi gure 7.39. The resul ts of 20 co unts of Pa are as

follows (the numbers in parentheses are number of occurrences): 3(1), 3.5(3), 3(5), 4.5(5), 5(3),

5.5(3). The mean volume fraction of phase a can be obtained by averaging the 20 counts:

VV ¼ PP ¼
SPa

SPT

¼ 87:5

(20� 16)
¼ 0:273 or 27:3%

7.4.3.1 Standard Deviation

The standard deviation s of the data is expressed as

s ¼ S(xi � �xx)2

(n� 1)

" #1=2

(7:16)

where �xx is the mean value of the individual counts xi and n is the number of counts. In this

example, �xx and xi correspond to Pa and (Pa)i, respectively, and n¼ 20.

Standard deviation is an absolute measure of data dispersion. It can be easily obtained by

using a pocket scientific calculator in the statistical calculation (STAT) mode. In this example,

s¼ 0.7232. The standard deviation of point fraction of phase a is s=PT¼ 0.7232=16¼ 0.0452 or

4.52%.

7.4.3.2 Coefficient of Variation

When the mean values of various measurements differ substantially, the comparison of

standard deviation among those measurements seems difficult. Therefore, it is more useful
*This section is derived from Ref. [6, pp. 428–432].
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to use a new parameter, i.e., the coefficient of variation (CV), obtained by normalizing the

standard deviation and expressed in percent:

CV ¼ s

x

� �
(7:17)

In this example, CV¼ (0.0452=0.273)¼ 0.166 or 16.6%.

7.4.3.3 95% Confidence Limit

For the nominal 95% confidence limit (95% CL) of the mean,

95%CL ¼ 2s�xx (7:18)

where s�xx is called the standard deviation of the mean,

s�xx ¼
s

(n� 1)1=2
(7:19)

Therefore,

95% CL ¼ 2s

(n� 1)1=2
(7:20)

This means that if the test data exhibit a normal distribution about the mean and counting is

repeated more times, then 95% of the mean value of the counts will be within 95% CL about

the mean. In this example,

95% CL ¼ 2� 4:52ffiffiffiffiffi
19
p ¼ 2:07%

The final volume fraction determination of this example is

27:3%� 2:07% (95% CL)

7.4.3.4 Percent Relative Accuracy

The percent relative accuracy (% RA) of the test is obtained by using the equation

% RA ¼ 95% CL

�xx

� �
� 100 (7:21)

Percent relative accuracy is also called 95% relative confidence limit or 95% RCL. In this

example, we have

% RA ¼ 2:07

27:3

� �
� 100 ¼ 7:58%

If higher accuracy (i.e., lower % RA) is needed, then the required number of tests

can be computed. Substituting n for n – 1 in Equation 7.20, we have 95% CL¼ 2 s=n1=2;
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then by substitut ion in Equat ion 7 .21, a sim ple form ula proposed by DeHof f [37]

can be obtained:

n ¼ 200

% RA

� �
� s

�xx

� �� �2

(7:22)

As long as n is not too small, the difference between (n – 1)1=2 and n1=2 is negligible and the

above approximation is allowable.

In our example, if a % RA of 5% is desired, the required number of tests can be found

from Equation 7.22:

n ¼ 200

5

� �
� 4:52

27:3

� �� �2

¼ 43:86 � 44

That is, 24 more tests are required to attain a % RA of 5% instead of 7.58% for 20 tests.

7.4.4 SURFACE AREA PER UNIT TEST VOLUME AND LENGTH OF LINEAL TRACES PER UNIT

TEST AREA*

Equation 7.12 is the combinat ion of two impor tant eq uations requ iring a PL measurement.

SV ¼ 2PL (7:23)

LA ¼
pPL

2
(7:24)

When the surface area per unit volume (SV) is of interest, Equation 7.23 is used. Figure 7.40

[38] shows a plot of Brinell hardness of a 0.8% C pearlite steel versus SV. After austenitizing,

specimens of the same steel were held isothermally at different temperatures below A1 in the

pearlitic transformation region. As a result, pearlite structures with different lamellar spacing

can be obtained. It follows from Figure 7.40 that the Brinell hardness of pearlite is propor-

tional to SV, the lamellar interface area between ferrite and cementite per unit test volume.
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FIGURE 7.40 Brinell hardness of a 0.8% C pearlitic steel as a function of SV.

*This section is based on material in Ref. [29].
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The stereological parameter SV can also be used for analyzing the grain boundary

precipitates or transformation products, because grain boundaries are the preferred nucle-

ation sites at a certain stage of precipitation of phase transformation in the solid.

When linea l traces in the plan e of pol ish are of inter est, Equation 7.24 is useful . In

corrosion studies, for example, grain boundaries are more easily attacked by the corroding

medium owing to their higher free energy with respect to their neighboring grains. The

magnitude of LA of the surface exposed to the corroding medium is important.

7.4.5 GRAIN SIZE

During heat treatment of the steels, grain sizes may undergo various changes due to phase

transformation or recrystallization. It is well known that the mechanical properties and the

behaviors of steels depend strongly on their grain sizes, and in most cases fine grain size is the

preferred because of higher strength, ductility, and toughness. Therefore, grain size measure-

ment is indispensable for quality control of heat-treated parts.

7.4.5.1 Grain Size Characterization

Up to now, there has been no statistically exact relationship for the determination of three-

dimensional grain size from its two-dimensional sections. Although the first standard chart

for rating grain size appeared in 1930, the basic equation used to define the ASTM grain size

was not introduced until the adoption of ASTM E91 in 1951 in the form

NAE ¼ 2G�1 (7:25)

where NAE is the number of grains per square inch at 100�magnification. To obtain the num-

ber of grains per square millimeter at 1�, denoted by NA, simply multiply NAE by 15.50, i.e.,

NA ¼ 15:50� 2G�1 (7:26)

Equation 7.26 can also be expressed as

G ¼ (3:321928 log10 NA)� 2:954 (7:27)

ISO 643 defined grain size with the two equations

m ¼ 8� 2G (7:28)

or

G ¼ �3:0000þ 3:3219 log10 m (7:29)

where m is the number of grains per square millimeter at 1� and G is the ISO grain size

number. It follows that G¼ 1 when m¼ 16.

Comparing Equation 7.27 and Equation 7.29, we have

G (ASTM) � G (ISO) ¼ 0:0458 (7:30)

That is, the ISO grain size number is smaller than the ASTM grain size number by 0.0458.

This difference is insignificant and hence can be neglected in practice.
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To facilitate testing in production, test standards on grain size measurements were first

developed by ASTM in the early 1930s. Since then it has been revised more than ten times.

The adoption of ASTM E112 (Method for Estimating the Average Grain Size of Metals) in

1961 merged all previous test standards into a single one. It is one of the most extensively

quoted ASTM standards [39]. Many other countries have their standards for determining

grain size; all are based on ASTM E112 with only minor differences.

Table 7.13 gives grain size relat ionshi ps comp uted for uni form, ran domly orient ed,

equiaxed grains from ASTM E11 2-96. For macrog rain size scale, Equat ion 7.26 is also

used, but represents number of grains per square inch at 1�. Macrograin size number is

designated as, for example, M-6. For macrograin size numbers higher than M-14, micrograin

size number should be used. Micrograin size numbers may be converted to macrograin size

numbers by adding 13.288 or 4� (1 =log10 2).

Table 7.14 g ives macrosco pic grain size relat ionship s computed for unifor m, randoml y

oriented, equiaxed grains from ASTM E112-96.

7.4.5.2 Comparison Method for Rating Grain Size

The simplest way to estimate grain size is to compare the grain structure under a microscope

or a photomicrograph with the standard charts at magnification of 100� provided by ASTM

and select the one that tallies most with that of the specimen or interpolate between two

standard charts. Estimations should be made on three or more representative areas of the

specimen.

When grain size estimations are made by the more convenient comparison method,

repeated checks by individuals as well as by interlaboratory tests have shown that unless

the appearance of the standard reasonably well approaches that of the sample, errors may

occur. To minimize such errors, four categories of standard charts are available from ASTM.

Figure 7.41 sho ws two standar d ch arts having the same ASTM grain size num ber (G ¼ 3)

but from different periods. Chart (a) is from ASTM E19-46; (b) is from ASTM E112-63 and is

still in use. The grain size in (a) looks more uniform but too idealized. Grain size distribution

in (b) is more realistic and stereologically correct, because when a single-phase grain structure

is sectioned randomly the sectioning plane can cut through the grain anywhere between

maximum section and extremely small corners but with different probabilities. Therefore, it

is natural that a range of grain sizes will be observed even in a specimen composed of

extremely uniform grains.

Sometimes mixed grain sizes, i.e., grains with two distinctly different sizes or the so-called

bimodal or duplex grain structures, do exist, particularly in hot-worked metals. Averaging

from measurements of duplex grain structures is meaningless, because such grain size does not

exist in the specimen. In such cases, two ranges of sizes should be reported, e.g., 40% of

ASTM Nos. 8–10 and 60% of ASTM Nos. 3–4. Interested readers may refer to ASTM E1181

(Standard Test Methods for Characterizing Duplex Grain Sizes).

There appears to be a general bias in that comparison grain size ratings claim that the grain

size is somewhat coarser (1=2 to 1G number lower) than it actually is. The repeatability and the

reproducibility of comparison chart ratings are generally within +1 of the grain size number.

When grain structure of a specimen at magnification other than 100� is compared with

the standard charts, the following correction should be made:

G ¼ G0 þQ (7:31)

where G is the actual grain size number after correction, G’ is the apparent grain size

number obtained by comparing the grain structure as viewed at magnification M with the



TABLE 7.13
Grain Size Relationships Computed for Uniform, Randomly Oriented, Equiaxed Grains from ASTM E112-96

Grain Size No.
NA Grains=Unit Area A Average Grain Area d Average Diameter �ll Mean Intercept NL

G No=in.2 at 1003 No=mm2 at 13 mm2 mm2 mm mm mm mm No=mm

00 0.25 3.88 0.2581 258064 0.5080 508.0 0.4525 452.5 2.21

0 0.50 7.75 0.1290 129032 0.3592 359.2 0.3200 320.0 3.12

0.5 0.71 10.96 0.0912 91239 0.3021 302.1 0.2691 269.1 3.72

1.0 1.00 15.50 0.0645 64516 0.2540 254.0 0.2263 226.3 4.42

1.5 1.41 21.92 0.0456 45620 0.2316 213.6 0.1903 190.3 5.26

2.0 2.00 31.00 0.0323 32258 0.1796 179.6 0.1600 160.0 6.25

2.5 2.83 43.84 0.0228 22810 0.1510 151.0 0.1345 134.5 7.43

3.0 4.00 62.00 0.0161 16129 0.1270 127.0 0.1131 113.1 8.84

3.5 5.66 87.68 0.0114 11405 0.1068 106.8 0.0951 95.1 10.51

4.0 8.00 124.00 0.00806 8065 0.0898 89.8 0.0800 80.0 12.50

4.5 11.31 175.36 0.00570 5703 0.0755 75.5 0.0673 67.3 14.87

5.0 16.00 248.00 0.00403 4032 0.0635 63.5 0.0566 56.6 17.68

5.5 22.63 350.73 0.00285 2851 0.0534 53.4 0.0476 47.6 21.02

6.0 32.00 496.00 0.00202 2016 0.0449 44.9 0.0400 40.0 25.00

6.5 45.25 701.45 0.00143 1426 0.0378 37.8 0.0336 33.6 29.73

7.0 64.00 992.00 0.00101 1008 0.0318 31.8 0.0283 28.3 35.36

7.5 90.51 1402.9 0.00071 713 0.0267 26.7 0.0238 23.8 42.04

8.0 128.00 1984.0 0.00050 504 0.0225 22.5 0.0200 20.0 50.00

8.5 181.02 2805.8 0.00036 356 0.0189 18.9 0.0168 16.8 59.46

9.0 256.00 3968.0 0.00025 252 0.0159 15.9 0.0141 14.1 70.71

9.5 362.04 5611.6 0.00018 178 0.0133 13.3 0.0119 11.9 84.09

10.0 512.00 7936.0 0.00013 126 0.0112 11.2 0.0100 10.0 100.0

10.5 724.08 11223.2 0.000089 89.1 0.0094 9.4 0.0084 8.4 118.9

11.0 1024.00 15872.0 0.000063 63.0 0.0079 7.9 0.0071 7.1 141.4

11.5 1448.15 22446.4 0.000045 44.6 0.0067 6.7 0.0060 5.9 168.2

12.0 2048.00 31744.1 0.000032 31.5 0.0056 5.6 0.0050 5.0 200.0

12.5 2896.31 44892.9 0.000022 22.3 0.0047 4.7 0.0042 4.2 237.8

13.0 4096.00 63488.1 0.000016 15.8 0.0040 4.0 0.0035 3.5 282.8

13.5 5792.62 89785.8 0.000011 11.1 0.0033 3.3 0.0030 3.0 336.4

14.0 8192.00 126976.3 0.000008 7.9 0.0028 2.8 0.0025 2.5 400.0

Note: A calculated G value of �1 corresponds to ASTM G¼ 00.

The average grain area, A, is the reciprocal of NA, that is, 1=NA, while the mean grain diameter, d, is the square root of A. This grain diameter has no physical significance because

it represents the side of a square grain of area A, and there is no grain with square cross section.
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TABLE 7.14
Macroscopic Grain Size Relationships Computed for Uniform, Randomly Oriented, Equiaxed Grains from ASTM E112-96

Macro Grain
NA Grains=Unit Area A Average Grain Area d Average Diameter l Mean Intercept

NL N

Size No. No=mm2 No=in.2 mm2 in.2 mm in. mm in. mm21 100 mm

M-0 0.0008 0.50 1290.3 2.00 35.9 1.41 32.00 1.2 0.031 3.13

M-0.5 0.0011 0.71 912.4 1.41 30.2 1.19 26.91 1.0 0.037 3.72

M-1.0 0.0016 1.00 645.2 1.00 25.4 1.00 22.63 0.89 0.044 4.42

M-1.5 0.0022 1.41 456.2 0.707 21.4 0.841 19.03 0.74 0.053 5.26

M-2.0 0.0031 2.00 322.6 0.500 18.0 0.707 16.00 0.63 0.063 6.25

M-2.5 0.0044 2.83 228.1 0.354 15.1 0.595 13.45 0.53 0.074 7.43

M-3.0 0.0062 4.00 161.3 0.250 12.7 0.500 11.31 0.44 0.088 8.84

M-3.5 0.0088 5.66 114.0 0.177 10.7 0.420 9.51 0.37 0.105 10.51

M-4.0 0.0124 8.00 80.64 0.125 8.98 0.354 8.00 0.31 0.125 12.50

M-4.5 0.0175 11.31 57.02 0.0884 7.55 0.297 6.73 0.26 0.149 14.87

M-5.0 0.0248 16.00 40.32 0.0625 6.35 0.250 5.66 0.22 0.177 17.68

M-5.5 0.0351 22.63 28.51 0.0442 5.34 0.210 4.76 0.18 0.210 21.02

M-6.0 0.0496 32.00 20.16 0.0312 4.49 0.177 4.00 0.15 0.250 25.00

M-6.5 0.0701 45.26 14.26 0.0221 3.78 0.149 3.36 0.13 0.297 29.73

M-7.0 0.099 64.00 10.08 0.0156 3.17 0.125 2.83 0.11 0.354 35.36

M-7.5 0.140 90.51 7.13 0.0110 2.67 0.105 2.38 0.093 0.420 42.05

�10�3 �10�3 �10�3

M-8.0 0.198 128.0 5.04 7.812 2.25 88.4 2.0 78.7 0.500 50.00

M-8.5 0.281 181.0 3.56 5.524 1.89 74.3 1.68 66.2 0.595 59.46

M-9.0 0.397 256.0 2.52 3.906 1.59 62.5 1.41 55.7 0.707 70.71

M-9.5 0.561 362.1 1.78 2.762 1.33 52.6 1.19 46.8 0.841 84.09
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TABLE 7.14 (Continued)
Macroscopic Grain Size Relationships Computed for Uniform, Randomly Oriented, Equiaxed Grains from ASTM E112-96

Macro Grain
NA Grains=Unit Area A Average Grain Area d Average Diameter l Mean Intercept

NL N

Size No. No=mm2 No=in.2 mm2 in.2 mm in. mm in. mm21 100 mm

M-10.0 0.794 512.0 1.26 1.953 1.12 44.2 1.00 39.4 1.00 100.00

M-10.5 1.122 724.1 0.891 1.381 0.994 37.2 0.841 33.1 1.19 118.9

M-11.0 1.587 1024.1 0.630 0.977 0.794 31.2 0.707 27.8 1.41 141.4

M-11.5 2.245 1448.2 0.0445 0.690 0.667 26.3 0.595 23.4 1.68 168.2

M-12.0 3.175 2048.1 0.315 0.488 0.561 22.1 0.500 19.7 2.00 200.0

M-12.3 3.908 2521.6 0.256 0.397 0.506 19.9 0.451 17.7 2.22 221.9

M-12.5 4.490 2896.5 0.223 0.345 0.472 18.6 0.420 16.6 2.38 237.8

M-13.0 6.349 4096.3 0.157 0.244 0.397 15.6 0.354 13.9 2.83 282.8

M-13.3 7.817 5043.1 0.128 0.198 0.358 14.1 0.319 12.5 3.14 313.8

M-13.5 8.979 5793.0 0.111 0.173 0.334 13.1 0.297 11.7 3.36 336.4

M-13.8 11.055 7132.1 0.091 0.140 0.301 11.8 0.268 10.5 3.73 373.2

M-14.0 12.699 8192.6 0.097 0.122 0.281 11.0 0.250 9.84 4.00 400.0

M-14.3 15.634 10086.3 0.064 0.099 0.253 9.96 0.225 8.87 4.44 443.8

Note: Macroscopically determined grain size numbers M-12.3, M-13.3, M-13.8, and M-14.3 correspond, respectively, to microscopically grain size numbers (G) 00, 0, 0.5, and 1.0.
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(a) (b)

FIGURE 7.41 Standard charts of untwinned grains (flat etch) at 100� (G¼ 3) (a) from ASTM E19-46

and (b) from ASTM E112-63. (Reduced 45% in reproduction.)
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standard chart at the basicmagnificationMb (100�), andQ is the correction factor that shouldbe

added to G’,

Q ¼ 2 log2

M

Mb

� �
¼ 6:6439 log10

M

Mb

� �
(7:32)

In actual practice, the alternative magnifications are usually selected as simple multiples of

the basic magnification, and consequently the correction factors are also simple integers.

Thus, for magnifications of 400� and 50�, the corresponding values of Q are 4 and –2,

respectively.
7.4.5.3 Planimetric (or Jefferies’) Method

For more accurate rating of grain size, planimetric method was introduced by Jefferies. In this

method, the number of grains within a circle or rectangle of known area (usually 5000 mm2 to

simplify the calculations) is counted. The ASTM grain size number can then be computed

from Equat ion 7.27, in whi ch NA is obtained from the expression given below:

NA ¼ f
Ninside þNintercepted

2

� �
(7:33)

where f is the Jefferies’ multiplier ( f ¼ 0.0002M2, M is the magnification used), Ninside is the

number of grains completely inside the test circle or rectangle, Nintercepted is the number of

grains that intercept the test circle or rectangle. Experience suggests that a magnification that

produces about 50 grains within the test area is about optimum as to counting accuracy per

field. However, when the number of grains within the test area exceeds about 100, counting

may become tedious and inaccurate. To ensure a reasonable average, a minimum of three

fields should be counted. Fields should be chosen at random without bias. Since it is necessary

to mark off the grains to obtain an accurate count, planimetric method is less efficient than

intercept method described in the following section.
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7.4.5.4 Intercept Method

In the intercept method, the number of grains intercepted by test lines of known length is

counted, and the average intercept length of grains can be obtained from the expression:

L3 ¼
1

NL

¼ 1

PL

¼ LT

N �M
(7:34)

where L3 is the average intercept length of grains in mm at 1� (this symbol is proposed by

Underwood [32], the corresponding symbol used in ASTM E112 is l ); NL is the number of

grains intercepted by unit length of test line in mm�1; PL is the number of intersections of

grain boundaries cut by unit length of test line in mm�1 (for closed test lines, PL¼NL); LT is

the total length of test lines in mm; N is the number of intersections of grain boundaries cut by

test lines of length LT; and M is the magnification used.

Since the ASTM grain size number was initially computed from NA, and no exact

relationship exists between L3 and NA (or A), a formal relation between L3 and average

grain area A was assumed:

L3 ¼
pA

4

� �1=2

(7:35)

Hence,

NA ¼
1

A
¼ p

4L3

(7:36)

Subs tituting into Equation 7.27,

G ¼ �3:3027� 6:643856 log10 L3 (7:37)

Equation 7.37 is precise only for spheres and practically exact only for uniform equiaxed

grains. To eliminate the problem of variable conversion factors, the relationship between

ASTM grain size number and average intercept length was redefined by ASTM E112 in 1980:

G ¼ 2 log2

L0

L3

� �
(7:38)

where L0 is the average intercept length for G¼ 0.

For the macrograin size scale,¼L0 = 32mm at 1�. Substituting into Equation 7.38 we have

G ¼ 10:0000 � 6:643856 log10 L3 (�LL3 in mm at 1�) (7:39)

For the micrograin size scale, L0¼ 32 mm at 100� or 0.32 mm at 1�. Then, substituting into

Equation 7.38 we have

G ¼ 10:0000� 6:643856 log10 L3 (L3 in mm at 100�) (7:40)

or

G ¼ �3:2877� 6:643856 log10 L3 (L3 in mm at 1�) (7:41)



FIGURE 7.42 The three-circle test pattern for intercept count. (Reduced 40% in reproduction.)
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Com paring Equation 7.41 with Equat ion 7.37, it can be seen that for the same value of L3, the

ASTM grain size numb er G accordi ng to the redefi ned Equation 7.38 is only 0.015 smaller

than that calculated from Equation 7.37. The difference is again insignificant.

Based on an experimentally finding that a total of 500 counts per specimen normally yield

acceptable precision, a test pattern most appropriate for manual operation was developed by

Abrams [40]. It consists of three concentric and equally spaced circles having a total circum-

ference of 500 mm as shown in Figure 7.42. The magnification needed is so selected that the

test pattern will make from 40 to 100 intercepts or intersection counts per placement of the

three-circle test grid over the microstructure or photomicrograph.

When the three-circle test pattern is used, the measured value of L3 is greater than that

using the straight-line test pattern. This is because a straight line connecting two neighboring

intercepts is always shorter than a circular arc. For example, when N¼ 4, 6, and 10, the

measured values of L3 are 10, 4.7, and 1.7% larger, respectively. However, as N increases, the

difference decreases significantly. For example, when N¼ 18, L3 is only 0.5% larger.

When the test pattern meets a triple point, i.e., the junction of three grains, a score of 1.5

intersections should be recorded. However, when a tally counter is used, score any intersec-

tion of the circle with the junction of three grains as two rather than the correct value of 1.5,

the error introduced is very small. A tangential intersection with a grain boundary should be

scored as 1 intersection.

7.4.5.5 Statistical Analysis of the Grain Size Measurement Data

Usually five randomly selected and widely spaced fields should be measured for every

specimen with the three-circle test pattern, and the count of intercepts should be recorded

separately for each of the five tests. Then, determine the mean lineal intercept, its standard

deviation, 95% confidence limit, and percent relative accuracy. For most work, a relative

accuracy of 10% or less represents an acceptable degree of precision. If the calculated

relative accuracy is unacceptable for the application, additional fields should be counted

until the necessary percent relative accuracy is attained.

Let the measured count of intercepts be denoted by N1, N2 . . . , Ni, . . . , Nn. Then the

standard deviation (s) and CV of the counts and the 95% confidence limit (95% CL) of the

mean N can be calculated from Equat ion 7.16 through Equation 7 .20, wher e xi, x, and s N are

replaced by Ni, N, and sN, respectively. Since grain size is usually characterized by average
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intercept length L3 and ASTM grain size number G, the following procedures of statistical

analysis should also be carried out.

7.4.5.5.1 Calculation of the 95% Relative Confidence Limit on L3

Since the limiting values of N are N + 2 sN (95% CL), substitut ing into Equat ion 7.34 the

limiting values of L3 (denoted by L3�) can be obtained:

L3� ¼
LT

MN(1� 2s
N
=N)
¼ L3

(1� 2s
N
=N)

(7:42)

Averaging the difference on the limiting values of L3 and dividing by L3, the 95% RCL on L3

is obtained:

�L3

2L3

¼
L3þ � L3�
	 


2L3

¼
2 s

N
=N

1� 2sN=N
	 
2 (7:43)

Fro m Equat ion 7.17 and Equat ion 7.19, we have

sN

N
¼ CV

(n� 1)1=2
(7:44)

Substituting into Equation 7.43, we can get 95% RCL on L3 in terms of the CV of the count

and number of tests:

95% RCL on L3 ¼
2 (n� 1) (CV)

(n� 1)� 4 (CV)2
(7:45)

7.4.5.5.2 Calculation of the 95% Confidence Limit on G (DG)
Subs tituting the lim iting values of (95% CL) into Equat ion 7.41, the lim iting values of G

(denoted by G+) can be obtained:

G� ¼ �3:2877� 6:6439 log10

LT

M(N � 2s
N
)

" #
¼ Gþ 6:6439 log10

1� 2sN

N

� �
(7:46)

Hence, the 95% CL on G can be obtained:

DG ¼ (Gþ � G�)=2

¼ 3:3219 log10 [(N þ 2sN )=(N � 2 sN )]

¼ 3:3219 log10

(n� 1)1=2 þ 2CV

(n� 1)1=2 � 2CV

" # (7:47)

Equation 7.44 is also used in obtaining the final form of Equation 7.47.

7.4.5.5.3 Calculation of Necessary Number of Tests According to Required 95% CL on G
If the calculated value of 95% CL on G is larger than required, it is possible to calculate

the number of tests n from Equation 7.47 at a given value of CV and required 95% CL

on G.
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From Equat ion 7.47, the num ber of tests n can be express ed as a functio n of G (95% CL)

and CV:

n ¼ 4� Z þ 1

Z � 1

� �2

� (CV)2 þ 1 (7:48)

where Z¼ 10 DG=3.3219.

For example, if the required accuracy of grain size scale is 0.5G, then DG (95% CL) should

be 0.25, and substituting into Equation 7.48 yields

n ¼ 23:14� (CV)2 þ 1 (7:49)

7.4.5.5.4 Illustrated Example
An example is given to illustrate procedures for the determination of confidence limit from

grain size measurements.

The five intercept counts using a three-circle test pattern at a magnification of 100 are

N¼ 84, 73, 94, 100, and 79. It follows that

�Ni ¼ 470 and �NN ¼ �Ni=n ¼ 94:0
*Th
1. From Equation 7.34, the average intercept length L3 ¼ 0.0234 mm or 23.4 m m, and

the c orrespon ding ASTM grain size number c an be obtained f rom Equation 7.41,

i.e.,
G ¼ 7:5649 � 7:6
2. Using Equat ion 7.16 or a poc ket calcul ator, the standar d de viation of the co unts

s ¼ 10.98, and from Equat ion 7.17 the CV ¼ 0.1277 or 12.77% .

3. From Equation 7.20, the 95% confide nce limit of the mean is 10.98. Ther efore, the

limiting values of N (95% CL) are 86.0+ 10.98.

4. From Equat ion 7.45, the 95% relative co nfidenc e limit on L3 is found to be 0.1298

or 12.98% . Ther efore, the lim iting values of L3 (95% CL) are: 0.0234 (1+0.1298)¼
0.02340+0.0030 mm.

5. From Equation 7.47, the 95% c onfidence lim it on G is fou nd to be 0.3705 . Henc e, the

limiting values of G (95% CL) are 7.6+0.4.

6. If the required accuracy of grain size is 0.25G, then DG (95% CL) should be 0.125, and

substituting into Equation 7.48 yields n¼ (46.20 CV)2þ 1. Using this expression for

CV¼ 0.1277, and the necessary number of tests is found to be n¼ 35.81� 36; i.e., 31

more tests are needed.
7.4.6 AUTOMATIC IMAGE ANALYSIS*

As described in earlier sections, quantitative metallography using manual methods has the

advantage of convenience at much lower cost because no sophisticated instrument other than

a microscope is needed. Besides, the feature recognition ability of the human eye is far

superior to that of an image analyzer. However, manual operation is much slower, and it is

also tedious, causing operator fatigue.
is section is based on Refs. [41,42].



FIGURE 7.43 The OMNIMET1 Modular Image Analysis System. (Courtesy of Buehler Ltd. With

permission.)
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With the advent of the automatic image analyzer and its continuous improvement and

perfection over recent decades, this computer-aided alternative to manual image analysis has

occupied a firm and increasingly important place in research, quality assurance, and process

control. Figure 7.43 shows a modern image processing and analysis system. Automatic image

analysis consists of four main steps: image acquisition, image processing, detection of image

details, and quantitative measurements.

7.4.6.1 Image Acquisition

The image to be analyzed usually comes from an optical microscope. To obtain the best image

contrast from different types of specimens, various methods of illumination, e.g., brightfield

and darkfield, polarized light, DIC, and phase contrast illumination, should be provided.

It is of utmost importance that proper specimen preparation to reveal the true structure

for image analysis. It would be best that only microstructural features of interest be revealed

so that other microstructural constituents would not obscure the analysis and measurement,

for example, during evaluation of inclusions in steel or graphite in cast iron, specimen in the

as-polished condition should be used. If etching is necessary, then one should keep in mind

that over-etching should be prevented. An over-etched specimen makes the surface nonpla-

nar, however, the basic and many equations for stereological measurement are based on the

assumption of a planar surface. Although there are equations for stereological measurement

of nonplanar surface (e.g., fractured surface) and projected images of microstructural features

obtained from thin foils, films, and slices (e.g., specimens for transmitted light microscopy or

TEM), they are much more complicate and difficult to employ.

The video or digital camera attached to the optical microscope converts the optical image

into a digitized image, which has a discrete number of pixels (picture elements), each contain-

ing an intensity value, usually scaled from 0 (black) to 255 (white). Camera resolution is

determined by the number of pixels, the more the number of pixels, the higher the resolution.
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High-resolution cameras can be used for analyzing large and small features at the same time.

It is evident that the resolution of the microscope is also a vital importance in determining the

overall resolution of the imaging system. Digitized images can be saved on disk for later

processing and analysis or just for archival purposes.

7.4.6.2 Image Processing

Image processing, or image enhancement, is employed to enhance the image details and thus

improve the image contrast. To extract maximum information from the image, it is necessary

that an image analyzer be equipped with a rich library of image processing capabilities, so

that the image can be modified in a controlled manner. Any image processing operation can

be shown on the screen and the results displayed in a window. The one operation that is

applied to almost every image is the removal of noise and nonuniformity of illumination.

Although the image is changed to some extent as a result of image processing operations,

no additional information can be gained that was not present in the original image.

The following is an example of image processing procedures used for grain sizing.

Although it is quite easy to determine the ASTM grain size number of an etched single-

phase specimen using the manual intercept method as described in earlier sections, automatic

grain sizing does encounter difficulties so that some of the following image processing

procedures are needed before automatic image analysis [42]:
FIG
(Co
1. Grain boundary detection. Pixels are identified as grain boundary or grain based on

local image characteristics. If the grains are lighter or darker than the boundaries as in

the case of bright- or darkfield illumination, respectively, thresholding defines the

boundary. If contrast etch is used to delineate grains, then edge-enhancement algo-

rithms must be used before thresholding.

2. Inclusion removal. Inclusions may be mistaken for incomplete segments of grain

boundaries. Therefore, inclusions smaller than a specified size should be eliminated.

3. Grain boundary completion or reconstruction. This is the most important procedure in

automatic grain sizing. The absence of even a single grain boundary pixel may result in

erroneous counting. For example, two neighboring grains may be regarded as one grain

if a pixel of their common grain boundary is absent. Figure 7.44 shows the microstruc-

ture of a cold-rolled ferritic steel (a) before and (b) after image processing. The

measured average grain areas in (a) and (b) are 35.21 and 25.01 mm2, respectively,

which correspond to ASTM grain size number of 11.8 and 12.3, respectively. Using the

intercept method, the manually measured ASTM grain size number of the same field is

12.4, which is very close to that of automatic image analysis after image processing.
(a) (b)

URE 7.44 Microstructure of a cold-rolled ferritic steel (a) before and (b) after image processing.

urtesy of Gamma-Tech, Inc.)
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4. Grain boundary thinning. This is an operation for minimizing the area fraction of grain

boundaries. It is well known that grain boundaries are only a few atomic diameters in

width, but the etched grain boundaries observed under the microscope are much thicker.

During manual grain sizing the intersections of test lines with grain boundaries are

considered points; hence, the thickness of grain boundaries is not a problem. However,

in a digital image, the area occupied by grain boundaries cannot be ignored, particularly at

small grain sizes. The goal of grain boundary thinning is to minimize the boundaries to a

width of 2 pixels. For example, in a grain structure of G¼ 6, the area fraction of the grain

boundaries can be reduced from 19 to 8% by a boundary-thinning routine. According to

Vander Voort and Friel [43], under these conditions each grain will still be undersized,

causing an insignificant increase of about 0.2 in ASTM grain size number.

5. Detection and removal of twin boundaries. Annealing twins are often found in certain face-

centered cubic metals and alloys, e.g., austenitic stainless steels. During automatic grain

sizing, the twin boundaries should not be mistaken for grain boundaries. They should be

detected and removed before measurements are made. In austenitic stainless steels most

of the twin boundaries can be detected according to the straightness of the boundary and

its length, and hence can be removed. However, such straight twin boundaries become

curved after cold deformation and cannot be identified. Likewise, lenticular deformation

twins such as Neumann bands in ferritic grains (see Figure 7.29) cannot be detected.
7.4.6.3 Detection of Image Details

Image details or features to be measured are selected by applying thresholds to highlight the

features of interest. In the case of a multiphase specimen, several thresholds are set, one for

each phase. Two phases can be differentiated only if they have different gray levels; therefore,

the etching step during specimen preparation is critical.

As stated earlier, the human eye can discriminate only about 20 levels of intensity at the

same time, but it can distinguish hundreds of different shades of color. Therefore, pseudoco-

lor can be used in an image to show details that would be lost in the gray scale image. Also, a

pseudocolor display of the image gives more visual comfort; even detection on the basis of

gray level is satisfactory. However, true color facilities should be used when color is used as

the basis for the identification and detection of features. At present image analysis system

with true color facilities is available but, of course, at a higher cost.

7.4.6.4 Quantitative Measurements

Usually an image analyzer is capable of providing a generous range of measurement param-

eters that covers a wide spectrum of applications. In field measurements, each individual

feature is measured separately, and the results are summed for each field of view. In feature

measurements, multiple features are measured, and a cumulative statistical distribution of

results for all features in the measured fields is presented. Results can be printed or filed to

disk in the most suitable format.

The following are three ASTM metallographic test standards using automatic image

analysis [39]:

1. ASTM E1112-86: Standard Practice for Obtaining JK Inclusion Rating Using Auto-

matic Image Analysis

2. ASTM E1245-00: Standard Practice for Determining the Inclusion or Second-Phase

Constituent Content of Metals by Automatic Image Analysis

3. ASTM E1382-91: Standard Test Methods for Determining the Average Grain Size

Using Semiautomatic and Automatic Image Analysis
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8.1 INTRODUCTION

Mechanical testing is necessary to ensure that components will not fail in service. Testing is

performed so that the designer can predict the performance of a part or a component in the

field. In this chapter, a brief description of design theories and selected testing methods that

are available to the designer to predict component serviceability under realistic conditions are

provided. Often, mechanical testing is done for quality control. As mechanical testing is a

dynamic field, new tests are continually devised, and older tests are revised, and reinterpreted,

for cost or performance reasons. Therefore, a review of the literature should be conducted to

conserve materials, achieve reliability, and minimize environmental impact.

The prediction of the behavior of a stressed material is dependent on the applied loading

and the relative magnitudes of the principal stresses and strains. The material can fail in either

a ductile or a brittle fashion. The predictive theory used is dependent on the type of loading

and the expected response.

When a component is loaded, it responds either elastically or plastically depending on the

material, amount of stress, strain rate, and geometry.

In elastic deformation, there is a temporary change in the distances between atoms or

crystallographic planes. In plastic deformation, there is a permanent change in the relative

position of the atoms. This is caused by the displacement of atoms within the crystal lattice.

If the loads are sufficiently high to cause failure or fracture, the material behaves in either

a brittle or a ductile fashion. Gensamer [1] summarized the terms used to characterize

fracture. These terms and the described behavior are shown in Table 8.1.

8.1.1 TYPES OF LOADING

The method of loading affects the manner in which a body reacts under stress. A body can

experience four types of loading:
1. Static load, short time: The load is gradually applied until failure occurs. The loads on

the body are in equilibrium. A tensile test is typical for this type of loading.

2. Static load, long duration: The load is applied gradually until it reaches a maximum and

is then maintained. Creep testing is done in this manner.
TABLE 8.1
Terms Used to Describe Fracture Surfaces

Crystallographic mode Shear, cleavage

Appearance Fibrous, granular

Strain to fracture Ductile, brittle
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3. Dynamic loading: The load is applied rapidly, and the loads do not have time to reach

equilibrium within the body. The part momentum is considered as the part is acceler-

ated. The stresses are considered static but are applied in a short-time impulse. Charpy

impact testing is typical for this type of loading.

4. Repeated loading: Loads are applied to the body repetitively, with the load remaining

either completely or partially removed after each cycle. There are also two main types

of loading: high stress applied for a few cycles or low stress applied for more cycles.
Loadings of various types may be applied at the same time or sequentially. The order is

unimportant unless it is necessary to determine the source of failure. The local stress distri-

bution and the relative magnitudes of the stress and strain present are also important.

8.1.2 STRESS AND STRAIN

8.1.2.1 Plane Stress

If a small differential body is stressed (Figure 8.1), there are three main stresses normal to the

faces of the cube (sx, sy, and sz) and six shear stresses along each face (txy, txz, tyz, tyx, tzx,
sy

sxz

sx

syx

sxy

sx

sz ≅ 0

ez ≅ 0

sy

eyx

exy

ex

ey

tzx
y

x

z

(a)

(b)

(c)

URE 8.1 (a) Principal stresses on a small differential element. (b) Plane stress. (c) Plane strain.
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and tzy ). If sz is mu ch smaller than sx and s  y, then the stre ss stat e is a con dition call ed plane

stre ss, because the nor mal stre sses of signi fican t magni tude lie in only one plan e.

Assume that a tri axial stre ss state occurs at a uniaxi ally loaded notched plate (Figure 8.2).

Bec ause no load is applie d to the surfa ce or at the root of the notch , the stress in the z direction is

zero. Stress in the z direction rises to a maxi mum at the center of the plate . If the plate is thin,

then the increa se in this stre ss is small relative to stre ss in the other direct ions. A plane stress

con dition exist s (Figur e 8.1b) . Thi s is very common in thin material s such as sh eets.

While the stress in the z direction is smal l compared to that in the x and y directions, there

is a large maxi mum shear stre ss that lied at a 45 8 C angle to the load direct ion. Plast ic

deform ation occurs by she ar along this inclin ed plane, creat ing a shear lip or slant fractu re.

8.1.2.2 Plane Strain

If the strain « in one direction ismuch smaller than in the other two directions, then a condition of

plane strain exists (Figure 8.1c). If the notched plane is thick, then the strain in the z di re ct io n i s

constrained, resulting in a plane strain condition. Because strain in the z direction is limited, the

plastic zone at the notch tip is small. Therefore the axial stresses at the notch tip are large, and the

shear stresses are small. As the axial stresses are much larger than the shear stresses, the axial

stresses control the fracture. A flat fracture results that is normal to the axial stresses.
8.2 PLASTICITY AND DUCTILE FRACTURE

When a material behaves in a ductile or plastic manner, gross deformation occurs. This may

manifest as a failure to obey Hooke’s law throughout the load history or as plasticity in an

initially elastic region, as is typical in a common tensile test. It occurs by portions of grains

sliding over one another. Energy is absorbed by the plastic deformation. Ductile fractures are

characterized by yielding along the edges of the fracture. The final fracture is usually at 458 to

the original plane of fracture.

8.2.1 DUCTILE FRACTURE APPEARANCE

On a macroscopic scale, a ductile fracture is accompanied by a relatively large amount of

plastic deformation before the part fails. After failure, the cross section is reduced or
Direction of
uniform load

Magnitude
of stress in
z direction

JJU

FIGURE 8.2 Stress distribution in a notched thin plate, showing stress distribution at notch.
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FIGURE 8.3 Schematic representation of the creation of dimples in a loaded member by (a) simple

tension, (b) shear loading, and (c) tearing.
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disto rted. Shear lips are observed at the latter part of the fract ure and indica te the final failure

of the part. The fracture surfac e is dull, with a fibr ous appearance.

Microsco pically, a ductile fracture surfa ce is characte rized by dimples. Thes e are voids

that join internall y unde r load. The formati on of dimpl es is associated with slip along

crystall ographic planes, with decoh esion at secon d-phase particles such as inclus ions or

precipi tates. This is shown schema tica lly in Figure 8.3. Dim ples can be detected only by

using electronic microsco py (see Figure 8.4).
8.2.2 T HEORIES OF P LASTICITY AND DUCTILE FRACTURE

Many theorie s have be en put forth in an attempt to ex plain plastici ty and duc tile fract ure, but

only a few have survived rigor ous examin ation. Three of these are discus sed below.
8.2.2 .1 Maxi mum Norm al Stress Theo ry

Accor ding to the maximu m normal stress theory, the failure of a part oc curs when the

large st princi pal stress equals the yiel d stren gth. Consi der a smal l material elem ent that is

loaded as in Figure 8.5. If s1 > s2 >s3, then failure occurs when s1 ¼sy, where sy is the

yield strength of the material . This is illustrated schema tica lly in Figure 8.6. Thi s theo ry is

applicable for simple stress states such as tension. It is not applicable to torsion. In

torsion, this theory implies that failure occurs when tmax¼sy. This does not fit the

experimental data.



FIGURE 8.4 Scanning electron photomicrograph of dimples in a high-strength steel (5000�).
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8.2. 2.2 Maximum Sh ear Stres s The ory

The maximum shear stre ss theo ry is easy to use and errs on the conserva tive side. It has been

used as the ba sis for many design codes an d adeq uately predicts yielding. Thi s theory says

that yielding oc curs whenev er the maxi mum shear stress in a small elem ent is equ al to the

maxi mum shear stre ss in a tensi le specim en at the onset of yiel ding.

If Moh r’s circle for a tensi le test is con sidered (Figur e 8.7), then yielding occurs when

tmax ¼
sy

2
(8:1)
s1

s2

s3

s1

FIGURE 8.5 Principal stresses on a small differential element.
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FIGURE 8.6 The maximum normal stress theory of failure based on the yield strength of a material.
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For a three-d imensional mechani cal elem ent, the shear stresses are

t12 ¼
s1 � s 2

2
, t23 ¼

s2 � s 3

2
, and t13 ¼

s1 � s  3

2 
(8: 2)

The largest of the above stresses is de signated as tmax ; whenev er t  max ¼s y, then yielding wi ll

occur. This is illustr ated in Figu re 8.8. The maxi mum normal stre ss theory and the maxi mum

shear stress theory are identical when the princi pal stresses ha ve the same sign.

8.2.2 .3 Distor tion En ergy The ory (von Mic es–Hen cky The ory)

The vo n Mices –Hencky theory is the best theory to use for ductile mate rials because it define s

accurat ely the beginni ng of yiel ding. This theory was or iginally proposed by von M ices [2] in

1914. In essence, the von M ices yiel d criteri on states that all the princi pals (tensil e and shear)

must be considered to create the von Mices stress, s0:

s0 ¼
1ffiffiffi
2
p ½(s1 � s2)

2 þ (s2 � s3)
2 þ (s3 � s1)

2 þ 6(t2
12 þ t2

23 þ t2
13)�

1=2
(8:3)
T

S

s

Sy or Su

FIGURE 8.7 Mohr’s circle for a tensile test.
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FIGURE 8.8 The maximum shear stress theory of failure.

648 Steel Heat Treatment: Equipment and Process Design
Yie lding is predict ed whenev er the von M ices stre ss s0 ¼sy. If the stress state is biaxial

( s3 ¼ 0) and the member is in torsio n ( s2 ¼�s  1 and t¼s1), then Equation 8.3 sh ows that

tmax ¼ 0: 577 s  y (8 :4)

This definiti on of yiel ding is not depende nt on any normal stress or shear stress but de pends

on all compo nents of the stress. Bec ause the terms are squ ared, it is ind ependent of the

direct ion of the stre ss. It is also not ne cessary to know the large st princi pal stre ss to learn if

yiel ding wi ll occur.

8.2. 2.4 A Compari son

The three yielding criteri a are shown schema tica lly in Figure 8.9. Com paring Equat ion 8.4

from the distorti on energy theory an d the maximum shea r stre ss theory (Equati on 8.1), the

dist ortion energy theo ry predict s that signifi cantly higher stre sses must be exp erienced before

yiel ding occurs. The maxi mum normal stress theory pre dicts resul ts equivale nt to those

predict ed by the maxi mum shear stress theo ry whenev er the directions of the princi pal stre sses

are the same but fails to accurately predict yielding when the signs of the stre sses are oppos ite.

The maxi mum shear stre ss theory always gives conserva tive resul ts. Of the three theori es, the

dist ortion en ergy theory predict s yielding with the greatest accuracy in all four quadrants . The

maxi mum normal stre ss theory should not be used in the design of a compon ent.
8.3 ELASTICITY AND BRITTLE FRACTURE

Since the early 19 40s, there has been tremen dous grow th in the number of large wel ded

struc tures. Man y of these structures have failed catastroph ically in service—m ost notably the

Libert y ships [3] used to trans port war mate rials during World W ar II. Anal ysis of the

fracture surfaces of the failures [4] indicated that they initiated at a notch and propagated

with no plastic deformation. These notches were of three types:
1. Design features: Structural members that were rigidly joined at angles less than 908 and

then welded.
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FIGURE 8.9 Comparison of the distortion energy theory and the maximum shear stress theory.
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2. Fabrica tion detai ls: Pr ocedures used during the manufa cture of the pa rt cau sed the

formati on of notches. Weldi ng arc strikes, go uges, an d fitting proc edures created

physica l notches. Weld pro cedures and heat treatmen t caused meta llurgical or micr o-

structural notche s to occur from abrupt chan ges in micr ostructure or the prod uction of

microstr uctures that were brittle . Features such as porosit y from weld ing or casti ng

also caused brit tle fracture initiat ion.

3. Mater ial flaws : Thes e flaws resul ted from melt practice at the mill and ap peared as

large inclus ions, inter nal oxidat ion, porosity, or segreg ation.
In br ittle fractu res, limit ed energy is absorbed by the fract ure. Ener gy is absorbed throu gh

the regions of small plast ic deform ation. Individ ual grains are separat ed by cleava ge along

specific crystall ographic planes.

8.3.1 B RITTLE F RACTURE A PPEARANCE

Visuall y, brit tle fract ures are characteriz ed by little or no plastic deform ation or distorti on of

the shape of the part. The fractu re is usu ally flat an d pe rpendicul ar to the stre ss axis. The

fracture surface is shiny, with a grainy appea rance. Failur e occu rs rapidly, often with a loud

report . Bec ause the brittle cleava ge is cryst allog raphic in na ture, the fractu re appearance is

faceted (Figur e 8.10). Often other feat ures are present , such as river pa tterns [5]. Thes e are

shown in Figu re 8.11.

8.3.2 THEORIES OF ELASTICITY AND BRITTLE FRACTURE

When calculating stresses on a body, it is assumed that the body is elastic and homogeneous

and that it conforms to Hooke’s law,



FIGURE 8.10 Fracture surface of AISI 1020 steel broken by impact at �738C.
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« ¼ s

E
(8:5)

where « is the strain (in.=in.), s is the stress (lb=in.2), and E is Young’s modulus. However,

a material is not completely elastic or completely homogeneous. It is a combination of a

collection of fibers or microstructures, either randomly aligned or with an organized orien-

tation. This orientation can provide a directionality to the properties of a material. A material

is isotropic (no directionality of properties) if the component is much larger than the

constituent parts. If the organization of the constituent parts is nonrandom, the material is
Twist boundary

FIGURE 8.11 Schematic of river patterns formed in brittle materials. (After J. McCall and P. French,

Metallography in Failure Analysis, Plenum Press, New York, 1978, p. 6.)
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anisotropic and will show directionality in properties such as tensile, impact, or electrical

conductivity.

If a material is perfectly elastic, there is no permanent deformation, and fracture occurs at

the maximum stress, sUTS, where UTS is the ultimate tensile strength. The characteristics of

brittle materials include the following: (1) they do not undergo plastic deformation, i.e.,

sy¼sUTS; (2) they follow Hooke’s law until fracture; (3) their compressive strength is

much greater than their tensile strength; and (4) their torsional strength is equal to their

tensile strength. Most of the theories proposed to explain brittle fracture make the assump-

tion that the material is perfectly elastic. A few of the more important theories explaining

brittle fracture are described below.

8.3.2.1 Coulomb–Mohr Theory

The Coulomb–Mohr theory, proposed by Coffin [6], is based on tensile properties and

compressive strength. It says that failure will occur for any stress state for an elastic material

whenever

s1

sUTS

þ s3

sUCS

� 1 (8:6)

This theory was confirmed by Grassi and Cornet [7], who stressed gray cast iron tubes

biaxially until failure. Note that the maximum normal stress theory produces similar results

when both of the principal stresses, s1 and s2, are positive. This theory was modified by

Burton [8], who produced similar results. The results are not as conservative as the Coulomb–

Mohr theory in that fracture was more closely predicted. These theories are shown schemat-

ically in Figure 8.12.
Maximum normal stress theory

Sut

Sut

−Sut

Suc

Suc

Coulomb−Mohr theory

Coffin
Grassi and Cornet (adjusted)

Modified
Mohr theory

s2

s1

s2

s1

s2
s1

= −1

FIGURE 8.12 Coulomb–Mohr theory and maximum normal stress theory.
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8.3.2.2 Griffith Microcrack Theory

The theoretical strength of a material is based on the cohesive force between atoms. If the

cohesive strength is a sine curve, the following is obtained:

s ¼ smax sin
2px

l
(8:7)

where smax is the maximum theoretical cohesive strength, x is the atomic displacement due to

the applied force, and l is the wavelength of the lattice spacing. As the changes in the atomic

displacement are small, sin x� x, resulting in modification of Equation 8.7:

s ¼ smax

2px

l
(8:8)

As only brittle materials are considered,

s ¼ E« ¼ Ex

l
(8:9)

Combining Equation 8.9 and Equation 8.8 gives

smax ¼
l

2p

E

a0

� �
(8:10)

When the part fractures, two surfaces are created. Each of these surfaces has a surface energy

gs, so that the work done per unit area in creating the fracture surface is the area under the

stress–displacement curve:

U0 ¼
ð1=2

0

smax sin
2px

l
dx ¼ l

smax

p
(8:11)

As energy is required to create two fracture surfaces,

l ¼ 2pgs

smax

(8:12)

The maximum theoretical stress from atomic cohesive forces is

smax ¼
Egs

a0

� �1=2

(8:13)

Using typical values for the variables above and expressing results in terms of the

elastic modulus E, estimates of smax vary between E=4 and E=15. Engineering steels

rarely exceed fracture stresses above 300,000 psi, or E=100. Common construction steels

typically have a fracture stress of approximately E=1,000. The only materials that approach

the theoretical values are defect-free metallic whiskers or ceramic fibers. Therefore, this

shows that small flaws or cracks are responsible for the tremendous decrease in the theoretical

strength. These small flaws or cracks reduce the fracture strength due to stress concentra-

tions [9].
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Griffith [10] proposed that the difference between the theoretical strength and the strength

realized in practice was due to a population of fine cracks that produce stress concentrations.

These stress concentrations cause the theoretical cohesive strength to be achieved in local

regions. Griffith crated the criterion that ‘‘a crack will propagate when the decrease in strain

energy is at least equal to the energy required to create a new crack surface’’ [11]. This

statement is used to establish when a flow of specific size exposed to a tensile stress will

propagate in a brittle fashion.

Using the crack model in Figure 8.13, the flaw or crack is assumed to have an elliptical

cross section of length 2c. This shape is typical of many types of flaws. The thickness of the

plate is very small when compared to the width and length of the plate (conditions of plane

stress predominate). Using the stress concentration of this elliptical crack (determined by

Inglis [12]), the maximum stress at the tip of the crack is

smax ¼ s 1þ 2
c

rt

� �1=2
" #

� 2s
c

rt

� �1=2

(8:14)

where rt is the radius of the crack tip. The reduction of the elastic strain energy is

equivalent to

UE ¼
�pc2s2

E
(8:15)

where s the applied tensile stress normal to the crack. As energy is released by propagation of

the crack, the right-hand side term is negative. The theoretical stress between the atomic

planes needs to be exceeded at only one point, and the applied stress will be significantly lower

than the theoretical stress. If the crack has a length of 2c, and it is elliptical in shape and is

relieved of stress in a roughly circular area of radius c, the increase in surface energy is made

up for by the decrease in strain energy. The condition when elastic strain energy equals the

increase in surface energy due to propagation of the crack is provided by
G~
g

G~
g

G~
x

2c

txy
q

y

r

x

FIGURE 8.13 Griffith crack model used to determine the stress required to propagate a crack.
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dD U

dc
¼ 0 ¼ d

dc
4c gs �

p c 2 s 
2

E

� �
(8 :16a)

wher e

4 gs �
p c 2 s 

2

E
¼ 0 (8: 16b)

This leads to the Griffith form ula,

s ¼ 2E gs

p c

� �1 =2

(8 :17)

whi ch is the stre ss required to prop agate a crack of size c in a brit tle mate rial. If the mate rial is

thick in relation to the crack, and plane strain co nditions predomi nate, then the Griffith

equ ation is

s ¼ 2E gs

(1 � v )2 p c

� �1 =2

(8 :18)

wher e n is Poisson’ s ratio .

8.4 FRACTURE MECHANICS

Metal s that fail in a brittle manner experi ence plastic deform ation before failure [13–15 ].

There are three types of loading, common in most engineering structures. They are shown in

Figure 8.14. Mo de I is the most common an d is discussed here. Because of plastic de formati on

before fracture in metals (even when failing in a brittle manner), the Griffith microcrack

theory does not apply to metals. One method of making the Griffith criterion of brittle

fracture, compatible with the plastic deformation evident in metals, was suggested by Orowan

[16]. He suggested the inclusion of a surface energy term due to the plasticity at the crack tip,

gp. This results in a modification of the Griffith equation:

s ¼
2E(gs þ gp)

pc

� �1=2

�
2Egp

c

� �1=2

(8:19)

The elastic surface energy term, gs, is neglected because gp >> gs.

Irwin [17] proposed that stress at the crack tip were a function of the applied stress and the

crack size. He developed the relationship:

K ¼ s
ffiffiffiffiffiffi
pc
p

(8:20)

where K is the stress intensity factor. K is completely defined by the crack geometry, applied

stress, and specimen geometry. The value of the stress intensity factor when unstable crack

growth occurs is the critical stress intensity factor, KIc (for mode I), where the value of KIc is a

material property. While the above is for an elliptical flaw, other flaw shapes have also been

calculated [18,19].

This assumes that plane strain conditions have been realized. If plane stress conditions are

present, then the stress is relaxed by the increased plastic zone at the crack tip. Further, the
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FIGURE 8.14 Types of loading typically experienced by engineering materials.
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state of stress is no longer triaxial and is diminished. The cases of plane stress and plane strain

for modes I, II, and III are fully described by Hertzberg [20] and Rolfe and Barsom [21].

Toughness is a measure of the energy required to resist fracture in a material. Often this

property is more important than the actual tensile properties, particularly if the part is to be

used in a dynamic environment. The term impact strength is used to denote the toughness of

the material. This term is actually a misnomer; it should really be impact energy. However,

the term impact strength is so established that it makes little sense to change it. Toughness is

strongly dependent on the rate of loading, temperature, and the presence of stress concentra-

tions. Several standardized tests have been developed since World War II to measure the

resistance to brittle fracture, notably the Charpy V notch test [22], the dynamic tear test [23],

and the plane strain fracture toughness test [24]. Essentially, these tests are attempts to

quantify the behavior of the material in service and how the material is expected to fail in

service. The first two tests are discussed elaborately in the later section of this chapter.

Under impact loading, there is a limited time for uniform plastic flow to occur. Locally,

the deformation may exceed the fracture stress required at the grain boundaries, geometric

irregularities, or other discontinuities. Once the crack has initiated, the crack itself becomes a

stress riser, propagating until it is blunted or complete failure has occurred. Fracture tough-

ness of steels is dependent on a variety of variables that affect the mechanical properties such

as test, temperature, chemistry and melt practice, strain rate, section size, notch acuity.
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As these variables are changed, the transition temperature between ductile and brittle behav-

ior may change. An excellent review of the effect of processing variables on high-strength

steels was conducted by Thurston [25]. Over 100 papers were reviewed, and 77 references are

provided.

8.4.1 EFFECT OF TEST TEMPERATURE

In body-centered cubic (bcc) metals, during impact loading, a transition from ductile to brittle

fracture occurs that is dependent on temperature. The temperature at which it occurs is called

the transition temperature. Other variables such as geometry, grain size, and alloying elem-

ents affect the ductile to brittle transition temperature, but only within a given alloy. The

toughness versus temperature curve (Figure 8.15) has three basic regions: the upper shelf, the

lower shelf, and the transition region. The upper shelf is characterized by primarily ductile

fracture. High impact energies are associated with this regime. The lower shelf is a region

where fracture is brittle; low impact energies are found in this region. The third region is the

transition region, which displays a reduction in impact energies required to fracture the

specimen. It is in this region that the fracture changes from ductile to brittle. Because this

transition often occurs over a wide temperature range, various criteria have been developed to

define the transition temperature.

One criterion of the ductile to brittle transition temperature that has common acceptance

is the ductility transition temperature [26]. This standard criterion was developed because of

spectacular failures of World War II Liberty ships mentioned earlier. This standard criterion

established the acceptance criteria of Charpy V notch energy, Cv, greater than 15 ft lb. It was

learned that this value would not result in a brittle fracture at a test temperature of �408F.

However, it is not applicable for many materials that have lower shelf impact energies greater

than 15 ft lb when tested at �408F. The transition temperature is often much lower. For

example, AISI 4340 steel quenched and tempered to HRC 35 exhibits a transition tempera-

ture of approximately �1508F and at 408F has a Cv of 60 ft lb.
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FIGURE 8.15 Typical Charpy impact curves for high-strength steels.
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Another definition of the ductile to brittle transition temperature, and the one used in this

chapter, is the fracture appearance transition temperature (FATT). For a given test, the

ductile to brittle transition temperature is proportional to the plastic zone at the crack tip. As

the test temperature is decreased, increasing amounts of cleavage occur. When the tempera-

ture is increased, increasing amounts of dimpled rupture occur. At the temperature at which

there are equal amounts of cleavage and dimpled rupture, the temperature is known as the

50% FATT, T50. This temperature is determined by plotting the amount of brittle or ductile

fracture as a function of temperature. The amount of brittle or ductile fracture is usually

decided by looking at the fracture surface either with the naked eye or with a low power (5�)

magnifying glass. Ductile or shear fractures appear dull, and brittle fractures usually appear

bright and shiny. A schematic example of the fracture surface of an impact test is shown in

Figure 8.16.

The percentage of shear fracture in an impact test can be determined by any of several

methods. The first method involves measuring the length and width of the cleavage portions

of the fracture surface. The amount of ductile fracture is determined from a series of tables

(assuming a standardized test geometry), depending on the type of measurement used. The

amount of shear can be also measured by magnifying the fracture surface and comparing it to

a calibrated overlay, or by photographing the fracture surface and measuring the ductile
100% 80%

60%70%

50% 40%

20%30%

10% 0%

FIGURE 8.16 Schematic of Charpy impact fracture surfaces showing change in percentage of brittle

fracture.
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fracture by means of a planimeter. Another method compares the fracture surface of the

specimen with a comparative fracture appearance feature chart. Because of the subjective

nature of the measurements, the transition temperature, defined by the above methods, is not

recommended for acceptance testing, material specifications, or procurement documents.

8.4.2 EFFECT OF CHEMISTRY, MELT PRACTICE, AND GRAIN SIZE

Changes in the ductile to brittle transition temperature of up to 1008F can be made by simple

changes in the chemistry of the steel [27,28]. The greatest chemical changes are due to the

addition of carbon (Figure 8.17) and manganese. It has been found that the transition

temperature will increase by 258F, for each additional 0.1% carbon added to the steel. Cotrell

et al. [29] tested a very controlled chemistry 1% Cr–Mo steel and found that the Charpy

impact strength sharply decreased as the carbon content was raised from 0.30 to 0.44% C.

These findings are similar to tests performed on a 43XX steel [30]. However, for an H-11 steel,

the notch strength ratio increased carbon contents up to 0.43% contrary to the results of

Cotrell (Espey). Increases in the manganese content will decrease the transition temperature

by 108F for each 0.1% increase of manganese. However, these limits must be kept in mind

because of hardenability constraints and the presence of retained austenite in the steel.

Other alloying additions also tend to change the ductile to brittle transition temperature in

steels. Nickel decreases the transition temperature, whereas chromium has little effect. Silicon

raises the transition temperature, as does phosphorus. Phosphorus in excessive amounts will

also tend to form grain boundary precipitates, further increasing the transition temperature.

Additions of columbium and vanadium in small amounts to the alloy decrease the transition

temperature by forming carbide precipitates. These precipitates play a role in dispersion

strengthening and act to pin the grain boundaries, preventing grain growth.

Sulfur greatly affects the fracture toughness of steel. Wei [31] measured the fracture

toughness in a 4745 steel under controlled melting conditions at several different sulfur levels

and strengths. He found that the fracture toughness decreased smoothly as the sulfur level

was increased from 0.008 to 0.049%. This is shown schematically in Figure 8.18. Interestingly,

in this study, silicon was found not to increase the fracture toughness.
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The oxygen content of the steel also plays an important part in determining the ductile to

brittle transition temperature. Rimmed steel with a high content of oxygen shows a high

transition temperature. Silicon-deoxidized (semikilled) steels have lower transition temperat-

ures, and the oxygen is tied up as inclusions. Fully killed steels with aluminum and silicon

have even lower transition temperatures.

Vacuum melting produces alloys with excellent fracture toughness. This is accomplished

by reducing the gas content and the number of nonmetallic inclusions. The effect varies with

the composition and the heat-treated tensile strength of the alloy. It is not always beneficial.

Gilbert and Brown [32] reported an improvement of 100% in the transverse fracture strength,

with the longitudinal fracture strength increasing by 50% over that of conventional air-melted

4340 steel heat-treated to 280 ksi UTS. They also found that the property directionality was

almost completely removed. Cottrell [33] investigated consumable electrode vacuum melting

on 3% Cr–Mo–V steel (yield strength greater than 250 ksi). The fracture strength was

increased by almost 20 ksi. Different results were found with HP9-4-30 maraging steel

(0.30% C, 9% Ni, and 4% Co). Vacuum remelting reduced directionality, but showed no

increase in the notch strength over that of a conventional silicon- and aluminum-deoxidized

heat. However, a vacuum carbon deoxidation showed significant improvements in notch

strength. Tests on vacuum-remelted 4340 steel showed in excess of 100% improvement over

conventional air melting when the steel was heat-treated to the 280 ksi UTS range [34]. The

fracture toughness of vacuum-remelted H-11 steel was found to increase by 10% over air-

melted H-11 steel heat-treated to 250 ksi ultimate strength. No effect was found when it was

heat-treated to 300 ksi ultimate strength.

Grain size of the steel plays an important role in the temperature of the ductile to brittle

transition. Decreasing the grain size significantly decreases the transition temperature [35].
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Changes in processing that create or promote fine ferrite grain size, such as normalizing, with

subsequent tempering will decrease the transition temperature. The rolling temperatures and

other processing variables all play important roles in the finished grain size of the product and

therefore the grain size. Careful manipulation of the process will yield a low-transition

temperature.

Decarburization has a negative influence on fatigue properties and fracture toughness in

high-strength steels. Warke and Elsea [36] conducted an extensive review and found decar-

burization to be advantageous in some materials (due to reducing the yield strength, while

significantly reducing the fatigue strength). Banding and segregation effects have been found

[37] to have serious detrimental effects, with cracks forming and propagating along segrega-

tion bands.

Finally, significant variation in the fracture toughness in connection with chemistry has

been found [38] between heat lots and between vendors of the same alloy. Charpy V notch

testing was found insensitive to these subtle changes. The KIc testing was incorporated into

the procurement specifications.

8.4.3 MICROSTRUCTURE

The propagation of a crack is impeded by changes in the orientation of the cleavage plane at

the grain boundary. This change in orientation is accomplished by Smallmann [39] creating

cleavage steps, localized deformation, or tearing near-grain boundaries. These changes in

orientation cause additional energy to be expended by the crack tip, slowing the propagation

of the crack.

8.4.4 EFFECT OF STRAIN RATE

An increase in the strain rate increases the transition temperature in low-strength steels. This

is because the yield point in low-strength steels is dependent on the strain rate. In addition, the

transition between ductile and brittle becomes sharper as the strain rate is increased. In high-

strength steels (above 200 ksi), the yield strength is not as dependent on the strain rate,

primarily due to the presence of additional alloying elements.

There has not been a significant amount of literature regarding the effects of strain rate on

the toughness of high-strength steels. A martensitic grade stainless, 422M, with a tensile

strength of 250 ksi was tested [40], using center-cracked specimens over a range of temperat-

ures, and it was found that the fracture strength transition temperature was not affected.

However, when the material was tested at room temperature, it showed a slight decrease in

strength. Marshall [41] found that decreases of up to 43% in a similar steel heat-treated to a

higher strength (290 ksi UTS).

8.4.5 EFFECT OF SECTION SIZE

The measurements of transition temperature obtained in different types of tests do not

coincide. This is partially because there is no single definition for the transition temperature.

For example, for the Charpy V notch test, the ductile to brittle transition can be defined as the

temperature at which some specific energy is absorbed or the FATT, where 50% ductile and

brittle fracture appears. A ductile to brittle transition temperature occurs because the yield

stress sy lowers as temperature is increased. The size of the plastic zone surrounding the crack

tip also increases as the testing temperature increases. Because of the larger plastic zone

surrounding the crack tip, there is a corresponding loss of constraint.

For a given test, the ductile to brittle transition temperature, TDB, is proportional to the

thickness B and the size of the plastic zone. In ferritic or martensitic steels, the transition
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temperature is an increasing function of temperature. To obtain a correlation between the

results of the various fracture tests and the size of the plastic zone, Francois [42] defined the

parameter b, where

B ¼ b
KIc

sy

� �2

(8:21)

For a given thickness B and a chosen value of b, a particular temperature on the KIc transition

curve can be defined as the transition temperature. If b is taken to be equal to 2.5 (the ASTM

limit of validity of KIc specimen), then there will be a certain temperature where plane strain

conditions predominate and the test is valid. The transition temperature is then defined in

terms of both thickness B and the chosen value of b. The KIc transition curve can be

approximated by various empirical formulas. Ikeda and Kihara [43] developed a good

correlation of experimental data,

KIc ¼ AeT=T0 (8:22)

Eliminating the fracture toughness between Equation 8.22 and Equation 8.21 leads to a

formulation for the transition temperature:

TDB ¼
T0

2
ln

B

b

sy

A

� �2
� �

(8:23)

This approach has its limitations: it does not make sense that the transition temperature,

TDB, disappears when the thickness B becomes smaller or that the transition temperature

increases to infinity when B becomes very big. Based on these assertions, the validity of this

equation is limited to thicknesses between 5 and 500 mm.

Using the 50% FATT as the basis for the measurement of the ductile to brittle transition

temperature, Francois found that the dynamic tear test has a b¼ 0.6. For the Charpy V notch

test (discussed later), a lower value of b¼ 0.4 was determined. This is expected because of the

smaller size of the Charpy V notch specimen. Francois showed a reasonable correlation

between the observed transition temperatures and those calculated from Equation 8.23.

However, the scatter is large, yielding a variation of +208C.

The transition temperatures of different tests are related to the logarithm of the thickness

ratio by the expression

TDB1
� TDB2

¼ T0

2
ln

b1

b2

� �
(8:24)

The transition temperature for a particular test and section thickness can be obtained if the

transition temperature has been learned already for two different thicknesses, B1 and B2:

TDB � TDB1
ln b=b1ð Þ

TDB2
� TDB1

ln b2=b1ð Þ ¼ 1 (8:25)

For a given steel, the transition temperature of one test can be used to determine the transition

temperature of a different test (e.g., Charpy V notch and dynamic tear test) by using
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TDB1
� TDB2

¼ T0

2
ln

B1 b2

B2 b1

� �
(8 :26)

If the trans ition temperatur e from KIc testing is unknow n, the trans ition tempe ratur e for

plane strain fracture co uld be estimat ed from knowled ge of the transiti on tempe ratur e from

other tests, using

TK Ic
� Tt1

Tt2 � Tt1

¼ ln B b1=B bð Þ
ln B2 b1=B1 b2ð Þ  

(8 :27)

In this case, b1 ¼ 0.4 (Ch arpy) and b2 ¼ 0.6 (dynam ic tear). Thi s method is very useful in

determ ining KIc v alues and crit ical flaw sizes that, bec ause of size limitations , might preclude

KIc testing (such as a field failure) .

Other ap proaches ha ve been taken to correla te sim pler impac t tests to KIc . Hertzb erg [20]

and Rolfe and Bar som [21] showe d that for steel exhibiting 100% brittle fracture, the fracture

toughn ess KIc can be estimat ed from the yield stre ngth at the test ing tempe ratur e:

KIcest
¼ 0: 45 sys (8 :28)

wher e KIc is in the cu stomary units of
ffiffiffiffi
in
p 

. and sys is the yiel d stre ngth at the testing

tempe ratur e. If the yiel d stre ngth is not avail able at the testing tempe ratur e, room tempera-

ture prop erties can be used with con servative resul ts. For material s sh owing 100% duc tile

failure, the foll owing express ion can be used:

KIc

sys

� �2

¼ 5
CVN

sys

� �
� 0: 05 (8 :29)

wher e CVN is the Char py V notch impac t en ergy (ft lb).

This correl ation is useful for learning the effects of different variab les such as thickne ss,

micr ostructure, and trans ition tempe ratures from diff erent kinds of tests or for determ ining the

KIc trans ition curve from different test s. It should not be used for procurem ent sp ecification s.

8.5 FATIGUE

Parts are subject ed to varying stre sses dur ing service. These stre sses are often in the form of

repeat ed or cyclic loading . Afte r eno ugh applic ations of load or stre ss, the co mponents fail at

stre sses signi ficantly less than their yiel d stren gth. Fatigue is a measur e of the decreas e in

resi stance to repeat ed stresses .

Fatigue failures are brittle ap pearing , wi th no gross deformati on. The fract ure surfac e is

usually normal to the main principal tensile stress. Fatigue failures are recognized by

the appearance of a smooth rubbed type of surface, generally in a semicircular pattern. The

progress of the fracture (and crack propagation) is generally suggested by beach marks.

The initiation site of fatigue failures is generally at some sort of stress concentration site or

stre ss riser. Typical fract ure appearance is sho wn schema tically in Figu re 8.8.

Three factors are necessary for fatigue to occur. First, the stress must be high enough

that a crack is initiated. Second, the variation in the stress application must be large

enough that the crack can propagate. Third, the number of stress applications must be

sufficiently large that the crack can propagate a significant distance. The fatigue life of a

component is affected by a number of variables, including stress concentration, corrosion,

temperature, microstructure, residual stresses, and combined stresses.
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8.5.1 FATIGUE MECHANISMS

The struc tural feat ures of fatigue failures are generally divide d into four distinct areas [44] :
FIG
A.H
1. Crack init iation, the early de velopm ent of fatigue damage.

2. Slip band crack grow th, the e arly stage s of crack propagat ion. This is often called stage I

crack grow th.

3. Stable crack growth, which is usually normal to the ap plied tensi le stre ss. This is ca lled

stage II crack growth.

4. Unst able crack grow th with final failure from ove rload. This is called stage III crack

grow th.
Fatigue us ually occurs at a free surfa ce, with the init ial features of stage I grow th, fatigue

cracks, init iated at slip-band extrusion s and intrusions [45, 46]. Cottrel and Hull [47] pro posed

a mechani sm for the formati on of these extrus ions and intrusions (show n sch ematical ly in

Figure 8.20) that dep ends on the presence of sli p, with slip systems at 45 8 angles to each othe r,

operating sequentially on loading and unloading. Wood [48] suggested that the formation of

the intr usions and extrusions was the resul t of fine slip and buildup of not ches (Figur e 8.21).

The notch created on a microscopic scale would be the initiation site of stable fatigue crack

growth.

In stage II, stabl e fatigu e crack grow th, striati ons (Figur e 8.22) often sho w the su ccessive

position of the crack front at each cycle of stress. Fatigue striations are usually detected using

electron microscopy and are visual evidence that fatigue occurred. The absence of fatigue

striations does not preclude the occurrence of fatigue, however.

Striations are formed by a plastic-blunting process [49]. At the end of the stage I crack tip,

there exist sharp notches due to the presence of slip. These sharp notches cause stress to be

concentrated at the crack tip. The application of a tensile load opens the crack along slip planes

byplastic shearing, eventually blunting the crack tip.When the load is released, the slip direction

reverses, and the crack tip is compressed and sharpened. This provides a sharp notch at the new

crack tip wher e propagat ion can occur. This is shown schema tically in Figure 8.23.

An alternative hypothesis on striation formation was presented by Forsyth and Ryder

[50]. In their model, the triaxial stress state at the crack tip forms a dimple ahead of the crack

front. The material between the crack tip and the dimple contracts eventually ruptures,

form ing a fatigu e striati on. This is shown sch ematical ly in Figure 8.24.

In mild steel, striations are observed, but not as well-defined or as spectacular manner as

in aluminum. This was first assumed to be due to the crystal lattice structure, as face-centered

cubic austenic steels show well-defined striations, and mild steels (base-structured cubic) do

not [51]. Other alloys, such as titanium alloys [52], with a hexagonal close-packed (hcp) crystal

structure show very defined striations. However, b-titanium alloys (bcc) [53] show strongly
Slip

Compressive stress

Crack advance
during one cycle

URE 8.20 Schematic representation of the mechanism of fatigue intrusions and extrusions. (After

. Cottrel and D. Hull, Proc. R. Soc. London 242A:211, 1953.)
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FIGURE 8.21 Mechanism of intrusions and extrusions. (After W.A. Wood, Bull. Inst. Met. 3:5, 1955.)

FIGURE 8.22 Typical fatigue striations, these in 7075 aluminum. Striations in steels, particularly high-

strength steels, are difficult to observe.
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define d stri ations. Ther efore, attr ibuting defined striatio ns to crysta l latt ice alone was dis-

cou nted as a viable theory.

Deformat ion and av ailable slip syst ems wer e presum ed to be more signifi cant [54].

How ever, this doe s not allow, because mild carbo n steel s are more ductile than austeni tic

steels. It is now gen erally ac cepted that fati gue stria tions form by the plast ic-blunti ng

process .
8.5.2 DESIGN FOR FATIGUE

Fatigue is caused by a series of loading and unloading, in a variety of wave form s. The load

app lication can be sinusoi dal, triangular (sawtoot h wave form ), or spectr al (random ) loading .

The ran ge of stress applic ation, sr , is suggested by

sr ¼ s  max � s min (8 :30)

and the alternati ng stress, sa, is repres ented by

sa ¼
sr

2 
(8 :31)

The mean stre ss, sm , is calcul ated as

sm ¼
smax þ s min

2 
(8 :32)

Wh en repres enting the fatigu e da ta, two qua ntities , the stre ss ratio R and the stre ss ampli tude A,

completely describe the stress applied. The stress ratio is given by

R ¼ smax

smin

(8:33)

and the amplitude is

A ¼ sa

sm

(8:34)

Engin eering fatigu e da ta are usually displ ayed graphic ally in an S–N cu rve (Figur e 8.25),

where the applied stress s (or S’) is plotted against logarithm of the number of cycles. As the

stress is increased, the number of cycles until failure decreases. For steels, the S–N curve

becomes horizontal at some low-stress level. This is called the fatigue limit. Aluminum alloys

do not show a fatigue limit, and failure occurs at some extended number of cycles at low-

applied stress.

For steels, the fatigue limit sc depends on the UTS [55] in a rotating, reversed fatigue test:

se ¼
sUTS

2
(8:35)

In other loading types, the endurance limit or alternating axial loading (completely reversed)

is [56]

se ¼ 0:35sUTS (8:36)
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FIGURE 8.23 Mechanism for striation formation.

Ductile Brittle

FIGURE 8.24 Striation formation from ductile dimple formation ahead of crack front.
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and for reversed torsi onal testing, the torsion al endu rance lim it is

te ¼ 0: 3s UTS (8 :37)

The fatigue lim it and fati gue tests show consider able varia tion [57–59]. Becau se of this

varia bility, the fatigue life must be exami ned in terms of probabil ity. Thi s requ ires testing

of many sampl es so that the mean an d standar d deviat ion can be determined . In one study

[60] , 200 steel specim ens were tested, and it was found that fatigue lif e followe d a Gauss ian

dist ribution when it was examin ed using a log scale . The fati gue endu rance limit was

exami ned by Ransom [61]. In this study, ten S–N curves wer e developed using ten specim ens

of each, for a total of 100 fatigue specim ens. The specimens wer e prepared identically and

wer e from the same bar of material . Ransom foun d that there was a 20% scatt er a round the

fatigue lim it.

When designi ng for cyclic loading , it is ne cessary to a llow for the fact ors that infl uence

fatigue . One such method was proposed by Shi gley [62] . In this method, co rrection term s for

each of the impor tant deleterious effects are mult iplied toget her to obtain a maximum design

stre ss, s ’e , for the mach ine elem ent. Thi s maxi mum design stre ss is obtaine d from data

repres enting a smoot h polis hed rotating beam specim en at the endurance limit , se , as

s0e ¼ k a k b kc kd k e Kk n s e (8 :38)

The c orrection terms ki are related to the stre ss conc entration factor by

ki ¼
1

Ki

(8 :39)

wher e Ki is the stre ss co ncentra tion.

8.5. 2.1 Surface Treatment s

As fatigu e failures usually begin at the su rface, the surfa ce con dition is very impor tant. Surface

roughness is a key factor influencing fatigue. Highly polished specimens exhibit the longest

fatigue life, with increa singly rougher surfa ces yiel ding decreas ed fati gue life. Figure 8.26 sho ws



40
0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

60 80 100 120 140

Tensile strength, St, 103 psi

160 180 200 220 240

S
ur

fa
ce

 fa
ct

or
, k

a

Surface finish AA (microinches) 2000
1000

500
250

125

63
32

16
8

42
1

FIGURE 8.26 Fatigue stress concentration due to surface finish and surface roughness. (After J.H.
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the correction factor for surface roughness as a function of strength. As the measurement of

surface roughness is statistical in nature, extremes of machine grooves can occur. Typical

depths of surface grooves from machining [63] are shown in Table 8.2. These extremes, as

well as the stress concentrations they create, must be considered for fatigue.

The surface treatment of a steel must be accounted for in determining its fatigue life.

Electroplating is considered detrimental to fatigue life. Chrome plating has been found [64] to

reduce the fatigue strength according to the formula

k ¼ 1þ Y (8:40)

where Y is the correction factor, which can be given as

Y ¼ 0:3667� 9:193� 10�3se (8:41)

If the part is nickel-plated, the correction factor Y¼�0.01 for 1008 steel and Y¼�0.33 for

1063 steel [65]. If shot peening is carried out after nickel or chromium plating, then the fatigue

strength is often increased beyond that of the base metal [66]. Cadmium plating is not

considered to affect the fatigue life of steels because it is very soft and ductile. The plating

conditions can greatly affect the fatigue properties of a steel. A comprehensive review of the

effect of plating on fatigue life is given by Hammond and Williams [67].
TABLE 8.2
Machine Grooves Commonly Found on Machined Surfaces

Method Surface Roughness (rms) Groove Depth (in. 3 1023)

Polished 8 0.04

Fine grind 10 0.08

Rough grind 70 0.2–0.4

Fine turn 70–90 0.4–0.8

Rough turn 90–500 0.8–2

Source: From J.H. Faupel and F.E. Fisher, Engineering Design, Wiley-Interscience, New York, 1981.



TABLE 8.3
Values of Y from Surface Hardening

Flame and Induction Hardening Carburizing Nitriding

Layer thickness 0.125–0.500 (induction) 0.03–0.1 0.004–0.02

� 0.125 (flame)

Steel 0.66–0.80 0.62–0.85

Alloy steel 0.06–0.64 0.02–0.36 0.30–1.00

Source: From J.H. Faupel and F.E. Fisher, Engineering Design, Wiley-Interscience, New York, 1981.
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Surface treat ments of steel are not limited to elect roplating. Othe r surfa ce treat ments such

as carburi zing and nitr iding are used to impac t surfa ce hardn ess an d impro ve wear charac-

teristi cs [68] . Improv ement s in fatigue life are also obtaine d. These effects are due to the

increa sed hard ness of the surface (with increased endurance limit) and the creation of a

favora ble resi dual stre ss at the surfa ce. Flame hardening a nd indu ction hardening have

sim ilar effects. Usi ng Equation 8.40 as a basis for determ ining the surfa ce impro vement s,

values of the correction factor Y for surface treatments have been determined [69]; these are

shown in Table 8.3. Because of the compressive residual stress fields at the surface, surface-

hardened steels generally do not initiate fatigue at the surface but at the case–core interface.

8.5.2.2 Residual Stresses

As indicated above, residual stresses at the surface can improve or decrease the fatigue life of

a steel. Residual stresses occur when a part is plastically deformed nonuniformly over its cross

section. If a part is plastically deformed at only the surface (by rolling or peening),

a compressive surface stress results. This compressive stress constrains the interior of the

part, placing it under a tensile stress. These stresses are superimposed on the applied stress

field, reducing the total stress. Unfortunately, a uniform compressive stress field is difficult to

produce on a complex geometry and difficult to measure. It is measured using strain gauges

on x-ray diffraction or by noting part displacement when material is removed.

Typically, shot peening is used to impart a compressive residual stress at the surface.

Again, using Equation 8.40, the correction factor improvement in the fatigue life from shot

peening is shown in Table 8.4. Surface rolling creates a thicker compressive residual stress

layer (0.040–0.5 in.) and therefore creates a larger improvement in the fatigue life. For steel

shafts, Y� 0.2–0.8, while for polished steel parts, Y� 0.06–0.5 (Faupel). This is further
TABLE 8.4
Value of Y from Shot Peening for Steels

Surface Y

Polished 0.04–0.22

Machined 0.25

Rolled 0.25–0.5

Forged 1–2

Source: From J.H. Faupel and F.E. Fisher, Engineering Design,

Wiley-Interscience, New York, 1981.
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discussed by Lipson and Juvinall [70]. It has been shown [71] that grinding produces tensile

residual stresses at the surface.
8.5.2.3 Size Effect

In fatigue, the larger the part tested, the lower the fatigue limit. Fatigue starts at the surface,

and as part diameter increases the surface area also increases, providing more sites for fatigue

initiation. Also because of the larger diameter, the stress gradient across the plastic zone at the

crack tip decreases, making it difficult to model larger structures on small specimens.

A correction for fatigue in larger parts is provided by Juvinall [72]. For parts with diameters

less than or equal to 0.030 in., the correction factor is k¼ 1. If the part diameter is greater than

0.3 in. but less than 2 in., then k¼ 0.85. For parts larger than 2 in., in diameter, the decrement

in fatigue strength is [73]:

kb ¼ 1� d � 0:03

15
(8:42)

It has also been found [74] that the thicker the test piece, the faster the crack propagation rate.

It is likely that the propagation rates for thicker pieces are due to increased plane strain

conditions, with a small plastic zone at the crack tip. Because for a small plastic zone there is a

greater stress gradient, a faster crack propagation rate might be expected. Also, in thicker

panels there is a higher state of triaxial stress, which would also tend to increase crack

growth rates.
8.5.2.4 Stress Concentrations

The fatigue life of a component is seriously affected by the presence of stress concentrations.

Often, it is found that fatigue initiates at the site of a stress concentration. Stress concentra-

tions are determined from geometry effects and are either calculated from elasticity theory

[75] or with numerical methods or determined experimentally using stress analysis techniques.

A very comprehensive set of stress concentration factors has been collected by Peterson [76]

and Young [77]. Besides the stress concentration, the notch sensitivity of the material is

necessary to calculate the effect of the stress concentration. The notch sensitivity of a material

is related to the stress concentration by

q ¼ Kf � 1

Kt � 1
(8:43)

where q is the notch sensitivity, Kt is the theoretical stress concentration, and Kf is the stress

concentration for fatigue. This is related to the correction factor k for the fatigue endurance

limit by

Kf ¼ 1þ q(Kt � 1) (8:44)

or

k ¼ 1

Kf

(8:45)
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The not ch sensi tivity, q, of a material ha s been determ ined for many mate rials [78] , and some

data are plotted in Figure 8.27. The notch sensi tivity varies with the type of notch an d notch

sensitivity. The notch sensitivity increases with increasing tensile strength.

An alternative approach was taken by Neuber [79], who suggested that the stress concen-

tration for fatigue be expressed as

Kf ¼ 1þ Kt � 1

1þ p=ðp � vÞð Þ a=rð Þ1=2
(8:46)

where r is the root radius of the notch, v is the angle of the notch, and a is the elementary

block size. The elementary block size idea has no real basis but is a convenient empirical tool.

The above is one approach for determining the fatigue life of a component. Fracture

mechanics has also been used to study crack propagation [80,81]. The crack propagation rate

in a material follows an equation of the form

da

dN
� Cs m

a aN (8:47)

where C is a constant based on the geometry of the crack and test, sa is the alternating stress,

a is the crack length, m is a material constant found during testing, and N is the number of

cycles to failure. The growth of a crack can be expressed also as a function of the stress

intensity factor K from fracture mechanics,

da

dN
� C(DK)n (8:48)

where C and n are material constants found during testing. For martensitic steels, it has been

found [82] that
0
0 0.02 0.04 0.06 0.08

Notch radius, r, in.

Notch radius, r, mm

0.10 0.12 0.14 0.16

0.2

0.4

0,6

0.8

1.0

N
ot

ch
 s

en
si

tiv
ity

, q

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

60

100

150
Sut = 200 kpsi

Steels
Alum. alloy

(0.4)

(0.7)
(1.0)
(1.4 GPa)

FIGURE 8.27 Notch sensitivity of steels as a function of strength. (After G.E. Dieter, Mechanical

Metallurgy, McGraw-Hill, New York, 1976, p. 496.)



Mechanical Property Testing Methods 673
da

dN 
� 0: 66 � 10 � 8 DK 2 :25 (8: 49)

and for ferritic–pear litic steels

da

dN
¼ 3:6 � 10 � 10 D K 3: 0 (8: 50)

Equation 8.48 is illustrated in Figure 8.28. This ha s been found to be an extremely useful

concept in high-strength steels.

While the above equation provides information regarding how a crack propagates in a

solid, it can also be used to predict fatigue life. Assume a solid, with some elliptical flaw. The

critical size of the flaw is given by Broek [83] as

acr ¼
K2Q

1:21ps2
(8:51)

where acr is the critical flaw depth, K is the critical stress intensity, and s is the applied stress.

The growth rate of a crack is expressed in Equation 8.48 and in its simplest form as

da

dN
¼ CKn

1 (8:52)

where da=dN is the growth of a flaw per cycle, a is the depth of the flaw, N is the number of

cycles sustained, and K1 is the stress range,
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FIGURE 8.28 Schematic crack growth, da=dN, curve.



TABLE 8.5
Comparison of Notch Analysis and Fracture Mechanics in Fatigue Analysis

Fracture Mechanics Notch Analysis

Fundamentals Elastic energy Stress concentration

Equivalent stress

Concentration

Applied theory Linear elastic theory Linear elastic theory, elastic–plastic

behavior

Principles s
ffiffiffi
a
p
¼ constant Size effect

Correction for plastic zone at crack tip

Source: From G. Jacoby, Application of Microfractography to the Study of Crack Propagation

Under Fatigue Stress, AGARD Rep. 541, NATO, 1966.
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K1 ¼ s
1: 21 p a

Q

� �1 = 2

(8 :53)

The stre ss rang e is obtaine d using specia lly designe d specim ens related to a specif ic geo metry

[84–86 ]. The material constant s, c and n, are obtaine d through fatigu e crack growth testing.

The value of the flaw shape fact or is obta ined from the refer ences cited above as wel l as others

[87–89 ]. In this instan ce, the stress ran ge is for an elli ptical flaw in the insid e diame ter of a

tube. By co mbinin g Equation 8.52 and Equat ion 8.53 and rearr anging, the followi ng equati on

is obtained:

dN ¼ da

c s 1:21pa=Qð Þ1=2
h in (8:54)

The cycle life is obtained by integrating Equation 8.54 between the limits of the initial flaw

depth ai and the critical flaw depth acr:

N ¼
Z acr

ai

da c s
1:21pa

q

� �1=2
" #n( )�1

(8:55)

The initial flaw depth ai could be either the detectable flaw size from nondestructive testing or

an assumed flaw size.

There are very important differences between the two fatigue prediction methods

described above. Each has found a home according to the industry served. For the most

part, the aerospace industry, because of its use of ultrahigh-strength steels, relies on the

fracture mechanism approach, while most other industries tend to use the notch analysis

approach. A brief comparison of the two methods is presented in Table 8.5 [90]. A more

complete review of the differences is found in Ref. [91].
8.6 CREEP AND STRESS RUPTURE

The effects of elevated temperature on mechanical properties and material behavior are

commonplace in everyday living. Examples include pipes bursting in the middle of winter,
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the expansion of a bridge in the middle of summer, and the sagging of a fireplace grate. Each

of these examples is an indication that properties change with temperature. In addition, the

discussion above indicated that steels become more brittle as the temperature is decreased.

There are many other effects of temperature that have been cited [92]. Even the concept of the

elevated temperature is relative [93]. What is considered hot for one material may be

considered cold for another; for instance, gallium has a melting point of 308C and tungsten

has a melting point of about 34008C.

Creep is the continuous deformation of a material as a function of time and temperature.

This topic is treated very thoroughly by Finnie and Heller [94]. The creep of a material

is shown in Figure 8.29. It can be seen from the figure that creep in a material occurs in

three stages:
FIG
lurg
1. Stage I, where a rapid creep rate is seen at the onset of load application, then gradually

decreasing

2. Stage II, where creep remains at a steady-state rate

3. State III, where the creep rate shows an increasing rate until failure occurs
The behavior and the creep rate are sensitive to the temperature to which the material is

exposed, the surrounding atmosphere, and the prior strain history. Andrade and Chalmers

[95] were pioneers in the study of creep and proposed that creep followed the equation:

« ¼ «0(1þ bt1=3)eKt (8:56)

where b and K are material constants that can be evaluated by several different methods [96].

A better fit for the creep of materials was proposed by Garofalo [97]. He indicated that

« ¼ «0 þ «t(1� e�rt)þ d«

dt
t (8:57)

where d«=dt is the steady-state creep rate, «0 is the strain on loading, r is the ratio of the

transient creep rate to the transient creep strain, and «t is the transient creep strain.

Very early it was recognized that fractures at elevated temperatures occurred intergranu-

larly [98]. In stage III creep, intergranular wedge cracks and cavities form. Wedge-shaped

cracks and creep cavities usually initiate at or near-grain boundary triple points and propagate
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URE 8.29 Creep of a material showing the stages of creep. (After G.E. Dieter, Mechanical Metal-

y, McGraw-Hill, New York, 1976, p. 496.)



FIGURE 8.30 Creep cavities and wedges forming at grain boundaries.
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along grain boundaries normal to the applied tensile stress. Creep cavities form at higher

temperatures and lower working stresses. These structural features are shown in Figure 8.30.

Creep testing is usually performed for 1,000–10,000 h with strains of up to 0.5%. Stress

rupture testing, or testing to failure, uses much higher loads and temperatures, and the test is

usually terminated after 1000 h. In stress rupture testing, the time to failure is measured at a

constant stress and constant temperature. This test has gained acceptance for elevated

temperature testing of turbine blade materials in jet engines.

Using a tensile machine and high-temperature furnace (Figure 8.31), the strain is meas-

ured in creep testing by special extensometers suited for elevated temperatures. In stress

rupture testing, simple apparatus such as dial calipers are used, because only the overall

strain at constant time and temperature are needed.
FIGURE 8.31 Typical creep testing apparatus.
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8.7 TENSILE TESTING

Tensile testing is the most generally useful of all mechanical tests. Both the strength and a

measure of ductility are obtained. In this test, a specimen is loaded axially and the load is

increased continuously until failure occurs. The load and elongation are continuously plotted

during testing and then converted to engineering stress s,

s ¼ P

A0

(8:58)

and engineering strain e,

e ¼ d

L0

(8:59)

where P is the load applied, A0 is the original cross-sectional area, d is the measured

elongation, and L0 is the original gauge length. The resulting data are plotted as engineering

stress and strain, schematically shown in Figure 8.32. For a rigorous mathematical treatment

of the tensile test and the changes that occur, the reader is referred to Nadai [99].

At the beginning of the test, there is a linear region where Hooke’s law is followed. The slope

of this linear region is the elastic modulus E (for steels, the elastic modulus is about 30� 106 psi).

The yield stress, sys, which is the limit of elastic behavior, is defined as the point at which a small

amount of permanent deformation occurs. This deformation is defined in the United States as a

strain of 0.002 in.=in. or 0.2% strain [100]. Loading past this point causes plastic deformation. As

the plastic deformation increases, strain hardening occurs, making the material stronger. Even-

tually, the load reaches a maximum value and failure occurs. The UTS in sUTS is determined by

taking the maximum load experienced and dividing it by the original area:

sUTS ¼
Pmax

A0

(8:60)
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FIGURE 8.32 Schematic of tensile test.
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In ductile materials, the strain may increase after the maximum load is reached and the

applied load is decreased. At this point is the onset of necking.

The ultimate strength is the most quoted property but is the least useful of all the

properties determined from the tensile test. In ductile materials, ultimate strength is a measure

of the maximum load that the material can experience in uniaxial loading. However, in brittle

materials, the UTS is valid design information. The UTS used to be the basis for many

designs and design codes (with a margin of safety), but now design codes rely on the yield

strength instead. Because of its reproducibility, the UTS is often used for procurement,

specifications, and quality documents.

The yield strength, sys, is the stress required to obtain a small (0.2%) permanent strain. In

other words, if the specimen were unloaded at the yield stress, it would be 0.2% longer than

original strain. The yield strength is now the basis for many design codes and is used

extensively in the determination of many other properties such as fracture toughness and

fatigue strength.

Ductility in the tensile specimen is measured and reported in two different ways: in terms

of elongation,

%Ef ¼
Lf � L0

L0

� 100 (8:61)

and in terms of the reduction in area,

%RA ¼ A0 � Af

A0

� 100 (8:62)

where Lf is the final gauge length after fracture, L0 is the original gauge length, A0 is the

original cross-sectional area, and Af is the final cross-sectional area after fracture. As the final

strain will be concentrated in the necked region, the elongation is dependent on the gauge

length L0. For that reason, in reporting elongation, the gauge length is always provided. The

change in elongation as a function of gauge length is provided in Figure 8.33.
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FIGURE 8.34 Screw-type tensile machine.
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Testing machines used for tensile are generally simple. Either screw-type (Figure 8.34) or

hydraulic (Figure 8.35) machines are used. The load is measured by a load cell, composed of

strain gauges or a linear velocity displacement transducer (LVDT). This is recorded by a chart

recorder as a plot of load versus strain.
FIGURE 8.35 Hydraulic tensile machine.
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The strain is measured by extensometers, which measure in situ the strain experienced by

the tensile specimen. Modern extensometers use strain gauges to provide strain measure-

ments. This is an advantage because it sends an electric signal proportional to the experienced

strain to the chart recorder.

The shapes of tensile specimens are standardized by ASTM. Their configurations are

shown in Figure 8.36, and their dimensions are given in Table 8.6. Care in fabricating the

tensile specimen is necessary to preclude faulty or inaccurate results. Heating and cold

working of the specimens must be minimized during fabrication, or inaccurate yield and

ultimate stress values may result. The specimens must be straight and flat; otherwise,

a distortion of the elastic region and an inaccurate yield strength may result. During machin-

ing, the tensile specimens must be symmetrical about the load axis. If not, bending may occur,

leading to erroneous results because of the combined stresses of tension and bending.

The tensile specimen is held during testing by either hydraulic or mechanical grips. Both

methods grip the specimen by wedges with serrated surfaces. In mechanical grips, the load

applied to the specimen forces the wedges tighter against the specimen by inclined surfaces inside

the grip. With hydraulic wedges, hydraulic pressure is used to force the wedges against the

specimen and hold it in place. For high-strength steels or steels that have hard or highly polished

surfaces, hydraulic grips are preferred to prevent the specimen from slipping in the grip.
TABLE 8.6
Dimensions of Full-Size Tensile Specimens per ASTM E8

Specimen Dimensions (mm)

1 2 3 4 5

G, gauge length 50 50 50 50 50

D, diameter 12.5 12.5 12.5 12.5 12.5

R, fillet radius 10 10 2 10 10

A, length of reduced section 60 60 100 60 60

L, overall length 125 140 140 120 240

B, length of end section 35 25 20 13 75

C, diameter of end section 20 20 18 22 20

E, length of shoulder — 16 — 20 16

F, diameter of shoulder — 16 — 16 15
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The tensile properties of annealed and normalized steels are dependent on the flow char-

acteristics of ferrite. The strength of ferrite is a function of the alloying elements in solid

solution in it and the ferrite grain size [101]. The percent carbon in the steel has a strong effect

because it influences the amount of cementite (Fe3C) present as pearlite or spherodite. As a

general rule, the strength increases and the ductility decreases as the percent carbon is increased.

Normalized steels tend to show higher strengths than annealed steels, as a finer pearlite

spacing results from the faster cooling rate in normalizing. Expressions for the UTS, yield

strength, and reduction in area have been published [102] and are reproduced here:

sUTS [ksi] ¼ 42:8þ 4(%Mn)þ 12(%Si)þ 5:64Vp þ 0:224d�1=2 (8:63)

sys [ksi] ¼ 15þ 4:73(%Mn)þ 12:2(%Si)þ 0:55�1=2 (8:64)

%RA � 78:5þ 5:39(%Mn)� 0:53Vp � 8:399d (8:65)

where alloying elements are expressed as weight percent, Vp is the volume percent pearlite,

and d is the grain intercept in inches.

Quenched and tempered steels, heat-treated to tempered martensite, offer the best balance

of strength and ductility. For a given composition, the properties are altered by changing the

tempering temperature. Composition plays a minor role, with the function of alloying

elements to increase the hardenability of the steel or to increase the depth to which a fully

hardened structure can be obtained. Relationships for the strength of steel as a function of

quench rate, tempering temperature, and composition are published elsewhere [103,104].
8.8 HARDNESS TESTING

Hardness testing is probably the most common type of mechanical test performed in the

United States, perhaps the most common worldwide. The term hardness is poorly defined and

is relative to the measuring device. There are three basic types of hardness tests: the scratch

test, the indenter, and the dynamic rebound test. The scratch test is familiar to mineralogists,

who use the Mohs scale.

The Mohs scale is the relative hardness of ten minerals arranged in order. Talc is the

softest (Mohs 1), and diamond is the hardest (Mohs 10). Most hard metals fall in the range of

Mohs 4–8. There is inadequate differentiation along the scale to be of much use to a

metallurgist. In dynamic tests, an indenter is dropped on the material, and hardness is defined

as the energy of impact. The Mohs scale is commonly used for rubbers and polymers. One

exception is the Shore sceleroscope, which is used for metals. The indenter type of hardness

test is the most widely accepted for metals.

In the indenter type of hardness test, an indenter is pressed into the material and released,

and either the diameter or the depth of the impression is measured. The load and the

impression measurement determine the hardness. As a hardness impression is made, there is

a plastic zone around the hardness indentation that is surrounded by undisturbed elastic

material. This elastic zone hinders plastic flow. As the plastic region is constrained by the

elastic region, the compressive strength of the material in the area of the hardness impression

is higher than the value of simple compression. This is a classic problem in plasticity and

should be able to be explained by slip line theory. The load required to indent a specific

distance d by a punch is given by Hill [105] as
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P ¼ 4asysffiffiffi
3
p 1þ p

2
� d

2R

� �1=2
" #

(8:66)

where R is the radius of the punch, P is the applied load, and a is the resulting radius after

punching. Nadai [99] determined the pressure to indent, using slip line theory, and found

p ¼ 2sysffiffiffi
3
p 1

2
þ p

4
þ aþ cot a

2

� �
(8:67)

where a is the included angle of the conical indenter.

In hardness testing, the impression is asymmetric, so that the slip line theory is not

applicable [106,107], but an elastic–plastic boundary problem, best explained from the

Hertz theory of contact stresses [108]. This model accounts for the material displaced by

the indenter by the decrease (by compression) in volume of the elastic underlying material. No

upward flow around the indenter is predicted, which agrees with observation. This explan-

ation is the basis for all indention hardness tests used for metallic materials.

8.8.1 BRINNELL TEST

The Brinnell test was first proposed in 1900 and has since become widely accepted throughout

the world. It is accomplished by indenting the surface with a 10-mm steel ball with a 3000 kg

load. For soft metals a 500 kg load is usually used because otherwise the impression is too

deep. For hard metals, a tungsten-carbide ball is used to prevent distortion of the indenter.

The diameter of the round indentation is measured with a low power microscope after

loading. At least two measurements of the diameter are made, and the results are averaged.

To ensure that accurate measurements are made, the surface must be free from dirt and scale.

The hardness expressed as a Brinnell hardness number (BHN) is determined from the

equation

BHN [kg=mm
2
] ¼ P

pD=2
[D� (D2 � d2)1=2] (8:68)

where P is the applied load (kg), D is the diameter of the indenter (10 mm), and d is the

measured diameter of the impression. The BHN could also be calculated by measuring the

depth of the impression, t:

BHN ¼ P

pDt
(8:69)

or

BHN ¼ P

p=2ð ÞD2(1� cos f)
(8:70)

as d¼D sin f, where f is the included angle of the chord of the impression.

Because of the large size of the impression made in the Brinnell test, it averages out any

local inhomogeneities. It also precludes the testing of small objects or objects in which the

Brinnell impression can be a site of crack initiation. Therefore, it is commonly used for

castings, forgings, or raw stock. The size of the piece tested for Brinnell hardness should be

at least ten times the depth of the impression. Because of the plastic zone surrounding the
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impression and the elastic constraint, additional Brinnell hardnesses should not be measured

any closer to the impression than 4 times the impression diameter. The distance from an edge

when taking a hardness reading should also be at least 4 times the impression diameter.

8.8.2 VICKERS HARDNESS OR DIAMOND PYRAMID HARDNESS

In the Vickers hardness test, a square-based pyramid-shaped diamond penetrator is used. The

included angle of the pyramid is 1368 between opposite faces. The test is taken by indenting,

under load, with the penetrator, and after release of the load, measuring the width of the

diagonals. The Vickers hardness number or diamond pyramid hardness (DPH) is calculated as

DPH ¼ 2P sin u=2ð Þ
L2

(8:71)

where P is the load (kg), L is the average length of the diagonals, and u is the angle between

opposite faces (1368).
The Vickers hardness test has gained wide acceptance in the world for research because

the loads can be varied between 1 and 120 kg. It is a continuous scale of hardness that is

internally consistent; i.e., hardness numbers determined from one test with one load can be

compared to those determined in another test using a different load (except for very light

loads) because the impressions are geometrically similar. Other tests require changing loads

and indenters, and the hardnesses obtained cannot be strictly compared with others.

This test has not been widely accepted in the United States because it is slow and requires

careful surface preparation. In addition, the opportunity exists for operator error when

measuring the diagonals.

Sometimes, impressions are obtained that are not perfectly square. These fall into two

categories: pincushion-shaped impressions and barrel-shaped impressions (Figure 8.37). The

pincushion-shaped impression is caused by the tested metal sinking in around the flat faces of

the pyramid. This often occurs when testing very soft or annealed metals, with the result that

inaccurate low hardness numbers are obtained by overestimating the diagonal lengths.

Barrell-shaped impressions are usually found when testing highly cold worked materials

and are caused by the piling up of material around the indenter. This produces low diagonal

values, with the hardnesses erring on the high side.

8.8.3 ROCKWELL HARDNESS TEST

The Rockwell hardness test is very widely used in the United States because of its speed and

its freedom from errors by operating technicians. The impression is small, making it possible

to test a wide variety of parts.

In this test, a minor load of 10 kg is applied to the part to seat the indenter and part; then

the major load is applied. After 30 s the depth of the impression is measured and exhibited on
FIGURE 8.37 Vickers indenter defects. (After G.L. Kehl, The Principles of Metallographic Laboratory

Practice, McGraw-Hill, New York, 1949.)



TABLE 8.7
Description of Standard Rockwell Hardness Scales

Rockwell A Rockwell B Rockwell C

Indenter Brale 1=16 in.-diameter ball Brale

Major load (kg) 60 100 150

Application Very hard materials;

tungsten carbide, hard

thin materials, etc.

Rolled steel sheet, brass,

aluminum, annealed steels, etc.

Fully hardened steels,

quenched and tempered

steels, etc.
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a rotar y dial or, in newer machi nes, on a digital readou t. Some machi nes are eq uipped with

print er por ts or RS-232C interfaces for communi cati ng with a compu ter.

The scale used in Rockwell test ers is ba sed on 100 divis ions, with each division equal to a

dep th of 0.00008 in. The scale is reversed , so that a smal l impressi on resul ts in a high hardness

numb er. The number from the Rockw ell test is an arbit rary num ber that is only consistent

within the same scale . This is unlike the Brinnel l an d Vickers hardn ess test s, whi ch provide

numb ers that are based on mass per uni t area (kg =mm2).

More than one indente r can be used wi th the Rockw ell test. The most common is the Brale

indente r, which is a 120 8 diamond con e and is used for the Rock well C test. Othe r inden ters

used are 1=16- and 1=8 in.-diam eter steel ba lls. Major load s can be varied from 60 to 150 kg.

Table 8.7 lis ts the app lication, indente r, and major load used for the three types of Rockw ell

hardn ess tests.

If a carburi zed su rface is measur ed , the hardness read ing may be lower than expecte d

becau se of a great er depth of impr essio n. The mate rial su pportin g the test piece may also

influ ence the hard ness reading . As a rule of thumb, it is wise to test only test pieces that are at

least 10 times as thick as the depth of the impr ession [109]. If the impr essio n of the hardness

indente r shows on the other side of the test ed piece, the test is obviousl y invalid.

Because the scale on a Rock well hard ness machi ne is arbitrary , it is necessa ry to ensure

that one machi ne records the same hardn ess as ano ther machi ne. This is accompl ished by the

use of standar dized test block s cali brated by the manufa cturer. Genera lly, three test blocks of

values throughou t the range are adeq uate to maintain the hardness machin e in calib ration.

8.8.4 ROCKWELL SUPERFICIAL HARDNESS T EST

The superficia l test er ope rates in an identic al fashi on to the Rockw ell hard ness test er. In fact,

they look very sim ilar. Two types of indente rs are used : a 1=16 in.-diam eter steel ball (used for

surfa ce hardness es of brasse s, alumi num sheet, etc. ) and the Brale penetra tor. This Brale

pen etrator is simila r to the one used in the Rock well ha rdness test s excep t that its sp herical

end is shaped to high er toler ances. This pene trator is designa ted the N-Bra le ind enter.

The minor load used to seat the ind enter and sp ecimen is 3 kg. The major loads used are

15, 3 0, and 45 kg . The major load is app lied for 30 s, and the dep th of the pen etration is

measur ed. The scale of the superficia l Rockw ell test is arbitrary like that of the Rockwell test,

except that each division represents 0.001 in. in depth. The scale is reversed, so deeper

impressions mean lower hardness numbers. As the loads used on the superficial Rockwell

tester are different from those used for the Rockwell tests, different scales were established

define d by the load an d indente r as shown in Table 8.8.

As the impression left by the superficial test is not very deep, it is important that the test

surface be smoother than is necessary for the standard Rockwell test. The superficial hardness

test is more accurate when the part has a good surface finish. The test is sensitive to dirt and



TABLE 8.8
Indenters and Major Loads for the Rockwell Superficial Hardness Test

Scales

Scale Penetrator Major Load (kg)

15-N N Brale 15

30-N N Brale 30

45-N N Brale 45

15-T 1=16 in.-diameter steel ball 15

30-T 1=16 in.-diameter steel ball 30

45-T 1=16 in.-diameter steel ball 45
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hard particles under the test piece or the indenter, giving unusually high readings. Soft

particles underlying the test piece would provide lower readings.

8.8.5 TUKON MICROHARDNESS TEST

The Tukon or Knoop microhardness test was developed in 1939 [110] by the National Bureau

of Standards as a method of measuring the hardness of very small constituent phases,

segregation effects, and hard and brittle materials. With proper selection of the load, the

depth of the impression will not exceed 1 mm.

The Knoop penetrator is a pyramidal diamond, cut to have an included transverse angle

of 1308 and an included longitudinal transverse angle of 1708 30’. The resulting impression is

rhombic, with the long diagonal approximately 7 times the length of the transverse diagonal,

as shown in Figure 8.38.

The test is conducted by placing the prepared metallographic specimen on a microscope

stage, and the desired location for the impression is determined with the aid of a metallographic

microscope. Once located, the indenter stage is located over the desired area, and the tester is

actuated. The specimen is moved upward automatically by means of an elevating screw until it

makes contact with the indenter. The preload is applied for approximately 20 s, then the

selected major load is applied gradually, reaching maximum load in approximately 20 s.

The load is removed, and the specimen is lowered. The operator moves the microscope to

view the impression, and the impression’s long diagonal is measured.
170 �30 � 130 �

w

d

FIGURE 8.38 Schematic of Knoop indenter. (After G.L. Kehl, The Principles of Metallographic

Laboratory Practice, McGraw-Hill, New York, 1949.)
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The longitud inal diago nal of the Kno op impr essio n is measur ed wi th a filar eyep iece,

whi ch is part of the micr ohardn ess teste r. This eyepiece has a fixed micr omete r scale with a

movab le verti cal ha irline. The micr ometer screw is divide d into 100 divis ions, wi th each

divis ion co rrespondi ng to a lateral move ment of 0 .01 mm. Movement is maintained in one

direct ion to eliminat e any errors due to backlas h in the micr ometer gear train.

Using the filar eyepiece , the long diagonal is measur ed, and the Knoop hardne ss number

(KH N) is calcul ated:

KHN ¼ P

0: 7028 l 2 
(8 :72)

wher e P is the app lied load a nd l is the length of the long diagonal (mm ). As the impressi on

left by the micr ohardness tester is very smal l, it is necessa ry that the surfa ce to be measur ed be

prepared metallogr aphical ly an d be free of any surfa ce scratch es or other detriment al defect s.

The surfa ce may be either etched or unetched. It is very impor tant that the specimen

be perpendicul ar to the pen etrator. If the impressi on is lopsi ded, the measur ement s of the

long diago nal wi ll be inaccu rate be cause of asymmetr ic elastic recover y. The spec imen must

be remove d and releveled an d orient ed prop erly so that a ccurate measuremen ts can be taken.
8.9 TOUGHNESS TESTING

8.9.1 CHARPY V NOTCH T EST

The Charp y V notch test is a test for measuring impac t stren gth in whi ch a smal l not ched bar

is loaded dynami cally in three- point ben ding. The specim en has a square cross sectio n of

10 mm an d a lengt h of 55 mm. The ba r contai ns a sharp notch wi th an included angle of 45 8
and a depth of 2 mm. The notch radius is small, 0.25 mm. The use of sub size specim ens is

permi tted provided that they co nform to ASTM E23-88.

Europ ean spec ifications for Char py-typ e impac t testing include the ISO-U and ISO-V

specif ications. The ISO- U specif ication calls for a U-s haped notch, whi ch sho ws a gradual

degrad ation in the impact energy a bsorbed as the test ing temperatur e is lowered. The ISO-V

test is iden tical to the U.S. standar d ASTM E23-88. There have been studies [111]

that ind icate that in the uppe r shelf area the absorbed energy is directly propo rtional to the

width of the specimen. In other words, a specimen 5 mm across with a 10-mm depth will show

50% of the impact strength exhibited by the full-size specimen [112]. This is applicable to both

transverse and longitudinal loading. There is very little difference in the lower shelf region.

Details of the testing procedure are covered in ASTM E23-88 [113]. In this test, the test

specimen is removed from its cooling (or heating) bath and placed on the specimen fixture

(Figur e 8.39) . The pend ulum is released, a nd the specimen is broken within 5 s after remova l

from the bath. The calibrated dial of the impact machine is read, and the broken specimen is

retrieved. If high-strength, low-energy specimens are tested at low temperatures, the speci-

mens have a tendency to leave the machine perpendicular to the swing of the pendulum. This

may cause errors in reading (as well as pose hazards to the operator) from the specimens

hitting the pendulum. Because of conservation of energy, the specimens may leave the

machine at speeds in excess of 50 ft=s. If the specimen hits the pendulum with sufficient

energy, the pendulum will slow down and the machine will record a higher impact energy

absorbed than truly occurred. This has been cited in ASTM E23-88 as the cause of much of

the scatter in Charpy V notch testing in the 10–25 ft lb range.

Being hit by the pendulum forces the specimen tobend and fracture. The strain rate of loading

is high, approximately 103 s�1. Because of the high-strain rate, a considerable plastic constraint
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W

Anvil
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Center of
strike
(W/2)

Anvil

90� ± 9'
(2.5:1000)

40 mm (1.574 in.)

8-mm radius (0.315")

30� ± 2�

80� ± 2�

0.25-mm radius (0.010")

4 mm (0.157")

Specimen

B

DC

Center of
strike1-mm radius

(0.039 in.)

A

Striking edge

FIGURE 8.39 Fixture used for holding Charpy impact specimens.
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exists at the notch. This plastic constraint yields a triaxial stress state at the notch tip. Dieter [26]

indicates that the maximum plastic stress concentration at the notch tip is given by

Ks ¼ 1 þ p

2
þ v

2 
(8: 73)

wher e v is the included a ngle of the notch. Because of the high-stra in rate, sectio n thickne ss,

and not ch radius , a large amoun t of plane stra in loading and tri axial stresses exist. Ther e have

been numerous correlati ons of the Char py V notch and plane stra in fract ure toughn ess KIc

testing [114,115] .

8.9.2 I ZOD T EST

The Izod notched bar test was developed at the beginni ng of this century for measur ing notch

toughne ss. It was assum ed origi nally that the impac t energy of a mate rial was propo rtional to

its notch tough ness an d that there was advan tage to testing at tempe ratures other than room

tempe rature. Because the Izod specimen is held in a large vise (see sch ematic, Figure 8.40),

there is a large heat sink present, making testing at tempe ratures other than roo m tempe ratur e

problem atic. Now the test is used primaril y for the plast ics indust ry. It is rarel y used for the

testing of meta llic mate rials.
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FIGURE 8.40 Izod device.
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8.9.3 DYNAMIC TEAR TEST

The dynamic tear test was developed to measure the transition temperature of the steels used

in the pipe industry. It is an ASTM standard [116] and is essentially a large-scale Charpy V

notch test. ASTM E604 has established the width of the specimen to 0.625 in., but thicknesses

as great as 12 in. have been tested. Typical specimen dimensions are shown in Figure 8.41.
W

B

L

+

+

+

Striker tipRadius
0.500 in. ± 0.031 in.

12.7 ± 0.8 mm

6.500 in. ± 0.031 in.
165.0 ± 0.8 mm

Anvil radius
0.500 in. ± 0.031 in.

12.7 ± 0.8 mm

Radius
0.500 ± 0.03199
12.7 ± 0.8 mm

a

a

Anvil

FIGURE 8.41 Dynamic tear test specimens.
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The test involv es the dynami c tear specim en being impact loaded in three-p oint bending,

and the en ergy abso rbed is measu red. Other measur ement s perfor med include the percent age

of brittle or duc tile failure to determ ine the FATT tempe rature. The testing mach ine can

eithe r be as pend ulum-type like a Char py V notch mach ine or a drop -weight type with the

capacit y to break the specim en in a single blow. For most steels, wi th a 0.625-in. (16 mm)

thick specimen, the capacity necessa ry to conduct the dynami c tear test is app roximatel y

2700 J (2000 ft lbf).

The notc h on the specimen is prepared by machi ning a notch 0.475 in. deep wi th a radius

of 0.0625 in. The an gular root section of the notch is usuall y made by a precis ely groun d saw

or an electric dischar ge machi ne. The notch if furt her sharpen ed by pressing a harden ed high-

speed tool steel (HRC 60 min) knife blade into the machi ned not ch to a dep th of 0.130 in.

Notche s have also been made with an elect ron beam wel der. The high-e nergy den sity of the

beam creat es a very sharp, brittle , a nd well- define d heat- affected zo ne. The notch is also

embri ttled by the use of alloying elem ents.

The dyna mic tear test is cond ucted at a varie ty of tempe ratur es, and the pe rcentage

of brittle failure is plott ed as a function of tempe rature. Thi s determines the trans ition

tempe rature (FAT T) of the mate rial being tested. The en ergy a bsorbed during fractu re is

also plo tted, yielding simila r infor mation .
Dimensions and Tolerance for Specimen Blank

Parameter Units Dimension Tolerance

Length L in. 7.125 0.125

mm 181.0 3.2

Width W in. 1.60 0.10

mm 38.0 2.5

Thickness B in. 0.625 0.033

mm 15.8 0.8

Angularity a deg. 90 2
The stra in rate of the dy namic tear test is sim ilar to that of the Charp y V notch test at

approxim atel y 1 0�3 s � 1. Bec ause of the greater section thickne ss, a higher state of triaxial stress

exists in the specim en during testing than in the Char py V notch test. A plan e strain conditio n

will be reached earlier than in the Charp y test as the testing temperatur e is decreas ed.

8.9.4 F RACTURE TOUGHNESS (KIC ) TESTING

As indica ted abo ve, the use of fracture mechani cs is impor tant in determ ining the maxi mum

flaw size that a mate rial can withstand before failing catastroph ically. As has bee n noted,

cracki ng in a thick plate is worse than in a thin plate . Thi s is because of plane stra in

cond itions. At the crack tip, the plastic zone is small, with a high-s tress gradie nt across the

plastic zone. A schema tic of the plast ic zone is shown in Figu re 8.42. In additio n, very high

triaxial stresses are present . Bec ause of this, the fractu re appearance ch anges with specim en

thickne ss. This is shown in Figure 8 .43.
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FIGURE 8.42 Plastic zone at crack tip.
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In thin plates, the fracture is characterized by a mixed mode ductile and brittle fracture,

with the presence of shear lips. Under plane strain conditions, when the plate is thick enough

the fracture is flat, and the fracture stress is a constant with increasing thickness. The

minimum thickness for plane strain conditions to occur is given by

B ¼ 2:5
KIc

sys

� �2

(8:74)
Test specimen
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Medium

Thick
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fracture Plane  strain fracture
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ct
ur

e 
st

re
ss

FIGURE 8.43 Thickness of specimen and resulting fracture surface.
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Differ ent co nfigurati ons are used to determine the plan e stra in fract ure tough ness, KIc . Thes e

are shown in Figu re 8.44. Othe r specim ens include the cen ter-cracked plate [117] . The cen ter-

cracked plate is also used in determini ng the fatigue crack growth rate.

The not ch is machi ned in the specimen and made sharper by fatiguing at low cycle, high

strain until the crack is about the wi dth of the test specim en. The initial crack length is

measur ed by includin g the lengt h of the fatigue crack and the notch.

Testing of the specim en is accompl ished by loading the specim en in tensi on, with the

load an d crack ope ning displ acement continuou sly reco rded until failure. In general , there

are three types of load responses to the testing, shown in Figure 8.45. Type I load ing is

characteristic of ductile materials, with no onset of unstable brittle fracture. For this type of
P

P

S

a = B

w = 2B

S = 8B

a = B

w = 2B

(b)

(c)

(a)

P

a

a

B

B

W

P

W

d

P

D

FIGURE 8.44 Typical KIc specimens: (a) compact tension specimen, (b) bend specimen, and (c) notched

round specimen. (After G.E. Dieter, Mechanical Metallurgy, McGraw-Hill, New York, 1976, p. 496.)
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FIGURE 8.45 Typical KIc load responses to determine fracture toughness.
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response, the KIc value is difficult to obtain, and very thick specimens must be used before

plane strain conditions occur. Type II response shows a sharp drop in the load with some load

recovery. In this mode, the crack becomes unstable and propagates partially through

the material until the crack front is blunted by plastic tearing. For this response, PQ is

considered the maximum load for KIc determination. In type III loading, a maximum load is

reached, with brittle crack propagation occurring rapidly. In this response, plane strain

conditions exist.

A conditional value of fracture toughness, KQ is calculated using (for the compact

specimen)

KQ ¼
PQS

Bb
2:9

a

b

� �1=2

� 4:6
a

b

� �3=2

þ 21:8
a

b

� �5=2

� 37:6
a

b

� �7=2

þ 38:7
a

b

� �9=2
� �

(8:75)

For the three-point bending specimen,

KQ ¼
PQ

Bb1=2
2:9:6

a

b

� �1=2

� 185:5
a

b

� �3=2

þ 655:7
a

b

� �5=2

� 1017
a

b

� �7=2

þ 638:9
a

b

� �9=2
� �

(8:76)
TABLE 8.9
Typical Fracture Toughness KIc of Some Steels

Steel Yield Strength sys (ksi) Fracture Toughness K Ic(ksi
ffiffiffiffi
in
p

:)

SAE 4340 230 60

Cr–Mo–V 101 100

Ni–Mo–V 89 80

304 Stainless 30 100

HP9-4-20 (9%Ni–4%Co–20%C) 180 170
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For the notched roun d spe cimen,

KQ ¼
P

D 3 =2
1: 72

D

d
� 1: 27

� �
(8: 77)

To determ ine the fract ure tough ness, KIc, the crack lengt h is measur ed and B is calcul ated:

B ¼ 2: 5( KQ =s ys )
1 = 2 (8: 78)

If both B and a are less than the wi dth b of the specimen , then KQ ¼ KIc . If not , then a thicke r

specim en is requir ed, and KQ is used to determ ine the new thickne ss using Equation 8.78.

Typical KIc values for steels are shown in Tabl e 8 .9.
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