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10.1 Fundamentals

 

10.1.1 Introduction

 

Commercial and military demands on the manufacturing industry con-
tinue to force product miniaturization, increased reliability, and pro-
ductivity. The advent of products such as home computers, cell phones,
and numerous other electronic devices have inspired us to refer to the
“high-tech” era or “computer age.” However, the selection of coatings
that guarantee customer satisfaction at a reasonable manufacturing
cost challenges the design engineer to discover improved resources and
coatings that perhaps are worthy of proclaiming this a “materials age.”
New concerns confront the design engineer’s decisions for coating
types and materials, including environmental effects, shelf life, prod-
uct and process certification, manufacturing facility location and work-
force, and the anticipation of future requirements. 

The need to change the outside surface of an object after it has been
formed is a factor of the part’s intended use. Seldom are we fortunate
enough to cast, stamp, extrude, mold, or fabricate by other methods
the exact object for the required purpose. For example, the rapidly
stamped and etched copper conductors used in the early designs of
commercial and military communication equipment were easily mass-
produced. The unprotected copper hardware functioned normally until
its conductivity was compromised by environmental and assembly fac-
tors such as corrosion and poor solderability. Protecting the copper
proved essential. Similarly, using cheap, lightweight plastics as elec-
tronic housings failed to prevent interference from electromagnetic ra-
diation. Addition of a metal coating solved the problem.
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10.1.2 Design Approach

 

To determine the proper coating for an object one must carefully con-
sider the following elements, generally in the following order:

 

�

 

Intended use or specifications for the part

 

�

 

Expected final cost (part quantity affects cost) for the part

 

�

 

Composition or material 

 

�

 

Part condition or finish

 

�

 

Part geometry

 

�

 

Process needed for coating (including coating options)

 

�

 

Part environmental and safety impact

 

10.1.3 Chassis Example

 

The design approach (D/A) based on an example part, such as a chas-
sis, begins with the review of the part specifications for its intended
use. Economics have a major influence on the choice of coating, coating
method, and the planned volume of parts. Often, the cost-per-part
value becomes the starting point, thus limiting the coating to a select
few processes or sending the designer on an extensive search for a
high-volume coating vendor who is willing to deal with limited part
volumes. Once the coating selection process is initiated based on a
known number of parts and cost, substrate geometry and surface fin-
ish may pose additional concerns about the part’s successful fabrica-
tion. Both the substrate geometry and surface finish must complement
the coating process. 

Environmental and safety concerns constitute the final portion of
the coating selection D/A. We must consider factors that range from
personnel contact to final disposal in a landfill, in the atmosphere, in
space, or at sea. In finalizing our selection of the coating process, we
must also consider any possible rework of the particular part and
changes in its intended use, specifications, substrate material, or ge-
ometry. When all of the D/A factors are considered simultaneously, the
overall success level is increased in terms of part performance and
customer satisfaction.

 

10.2 Metallic Finishes and Processes

 

During the late 1990s, emphasis on 

 

customer satisfaction

 

 became a
dominant manufacturing industry trend. 

 

Outsourcing

 

 and 

 

off-shoring

 

of repetitive operations to achieve lower costs increased company prof-
its and shareholder satisfaction. This increased accountability to cus-
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tomers’ needs resulted in an abundance of work for some companies,
and an overnight loss of product from the shop floor for others. Coat-
ing types and process selection served as cost cornerstones for cus-
tomer satisfaction and often determined a company’s success within a
highly competitive business environment. Time considerations also
magnified the importance of good coating decision-making, since the
coating operation was usually the final operation prior to shipment,
and speedy completion of this operation was generally required. Pre-
serving orders and workplace production required enhanced knowl-
edge of alternative coating methods, correct substrate materials,
surface preparation, knowledge of the coatings’ limitations, and an
understanding of what the competition was offering. The 1990s em-
phasized statistical process control (SPC), ISO standards, and yield
improvement as consequential factors for the success and prestige of a
business. Manufacturing during the twenty-first century will continue
to demand compliance with the highest standards, including “Six
Sigma” manufacturing industry excellence, certification to applicable
international standards, reliable computer traceability for all parts,
and robust manufacturing capabilities that target customer satisfac-
tion (which may be better defined as 

 

COSTomer satisfaction

 

). Econom-
ics and competition continue to reward companies that measure up,
and close businesses that do not. To remain in business, the “old reli-
able,” trusted coating operations must meet the growing competitive
challenges for lower-cost finishing and coating.

There are numerous reasons to require a metallic finish for commer-
cial or military hardware. The properties of the substrate are changed
for a desired end use, because seldom does the base material’s surface
meet the customers’ demands. Compare, for example, cast bronze dec-
orative fittings that undergo cleaning to remove core sand and mold-
ing and investment material from exterior and interior surfaces.
Compare this to steel plate that is punched, deburred, cleaned, and
bronze electroplated. When bubble packaged and displayed on store
shelves, both fittings the same customer-desired appearance but at
different prices. The solid bronze fittings normally carry a premium
price, and bronze-plated steel fittings are less expensive. Both prod-
ucts meet service weight limits and offer bright appearances and easy
installation. But the effects of exposure to indoor and outdoor environ-
mental conditions test both fittings. Customers trust the fitting manu-
facturer as a reliable supplier. They base their selection on the correct
size and bright appearance. Rarely do they have any knowledge of the
life expectancy values or technical specifications of the fittings. A
buyer may comprehend that the higher price for solid bronze reflects a
longer life expectancy, but the choice will depend on various consider-
ations in the purchaser’s mind, such as
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�

 

“Why pay the higher price if the fittings will be installed indoors?”

 

�

 

“Maybe the plated fittings will be good enough, since we will be mov-
ing next month.”

 

�

 

“The fittings are only for show, and who can tell the difference?”

 

�

 

“Maybe the solid fittings will be less likely to corrode in my ship’s
cabin.

Customer demands can be difficult to satisfy. “Lifetime” and
“money-back” guarantees can help to sell products to a hesitant cus-
tomer, but if the parts fail within a few months, the customer will still
be dissatisfied. Such catastrophic failures should be avoided by careful
design engineering, as today’s customer expects a reliable product at a
competitive price. It is therefore hoped that this chapter will be useful
to those who seek either a general or technical understanding of the
types of available metallic finishes, common specifications, and their
advantages and disadvantages.

 

10.2.1 Metallic Coating Characteristics

 

Part designers attempt to minimize the manufacturing steps to pro-
duce the ideal part in a manner that holds down manufacturing costs
and allows an affordable price. The intended function of the part is the
main consideration in the design effort, and so the part should not be
designed for any particular coating process. The part designer must
consider all of the requirements of the part, such as cosmetic appeal,
thickness, hardness, and wear resistance. Ideally, the fabricated sub-
strate or part should be suitable for its intended use, which requires
attention to the following, and related, coating characteristics:

1. Corrosion protection

2. Wear protection

3. Adhesion

4. Appearance (smoothness and brightness)

5. Thermal conductivity

6. Electrical and temperature resistance

7. Lubricity

8. Solderability

9. Weldability

10. Bondability

11. Contact and abrasion resistance
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12. Thickness uniformity 

13. Reflectivity

14. Absorbency

15. Radiation shielding

16. Diffusion barrier

17. Applicability as a base for other finishes

18. Hazardous qualities

19. Toxicity

20. Hardness, ductility, and tensile strength

21. Cost

These represent some of the most obvious surface properties that
must be considered when initiating a design approach selection pro-
cess for coating various types of substrate materials. The purpose of
this chapter is to aid the design approach for coating selection by re-
lating the coating requirements for a particular substrate to different
metallic finishing processes that meet the selected specification(s).

 

10.3 Aluminum Coatings

 

Aluminum finishes continue to gain acceptance as deposits that offer
corrosion resistance, wear resistance, and high purity, and they are ca-
pable of occluding particles such as aluminum oxide and can be alloyed
with zinc for special applications. The benefits of aluminum coatings
include alternatives to less environmentally desirable finishes such as
cadmium, lead, lead-tin, and chromium. The popularity of aluminum
finishes is increasing in aerospace hardware such as enclosures and
fasteners, for the protection of steel, and for electroforming and molten
salt dip brazing. Additional commercial applications include automo-
bile trim, home appliances such as washers and dryers, and agricul-
tural storage bins, livestock shelters, and fences. Aluminum coatings
are versatile enough to be used in sacrificial (cathodic) coatings and for
decorative, engineering, and protective finishes. Table 10.1 lists com-
mon aluminum coating methods and typical process cost indications
for a popular group of substrates.

 

10.3.1 Aluminum Clad Coatings

 

Aluminum clad coatings provide nearly the exact aluminum outside
coating composition desired for the substrate, including desired coat-
ing characteristics such as uniformity of thickness, thermal conductiv-
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ity, abrasion resistance, corrosion protection, electrical conductivity,
and weldability. The aluminum clad material is normally formed to an
exact thickness by rolling, extrusion, or pressing methods and then se-
cured to substrate materials using similar methods that may also
include hot stamping, adhesives, and detonation bonding. 

Aluminum clad coatings on substrates such as steel, copper base al-
loys, and high-strength aluminum alloys offer good corrosion protec-
tion in the atmosphere or neutral aqueous solutions, and they have
good electrical and thermal conductivity.

 

1

 

 Typically, aluminum sheets
greater than 10 µm thick are bonded to one or both sides of another al-
loy. The aluminum clad often serves as a sacrificial coating similar to
zinc coatings on carefully selected steel. Intermetallic growth is often
avoided by the inclusion of a minimum of 1.2% silicon within the alu-
minum. Alternative methods of intermetallic avoidance include the in-
troduction of a silver-plated coating onto the steel, followed by roll
bonding the aluminum clad at approximately 230°C.

 

2

 

 Aluminum clad
stainless steel serves well for certain types of cookware, household ap-
pliances, electronic housings, and heat exchangers. The demands of
aerospace applications for light weight, high strength, and corrosion
resistance rely on aluminum-to-aluminum clad sandwiching for sin-

 

TABLE 

 

10.1 Aluminum Coating Methods and Costs for Various Substrates

 

Substrate

Method S
te

el

C
op

pe
r

B
ra

ss

A
lu

m
in

u
m

N
ic

ke
l

S
il

ve
r

T
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m

C
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P
la
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ic

Cladding M M M M L L M H M

Diffusion M H H — — H — — —

Electrodeposition H H H H H H H — —

Electrophoretic deposition M M M — M — H — H

Hot dipping M — — — — — — — —

Sputtering PVD H — — M — — M — H

Evaporative PVD H — — M — — M — H

Ion plating PVD H — — M — — M — H

Spraying L L L — L L H — —

 

Est. cost ratings: H = high, L = low, M = modest, — = unknown or not applicable.
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gle-sided clad brazing sheets and double-sided clad aluminum struc-
tures. Single-sided clads normally have a hot- or cold-rolled corrosion-
resistant aluminum alloy bonded to a tempered, stronger aluminum
core. Double-sided cladding permits an additional selected clad
bonded to the opposite side. A typical single-sided aluminum clad
would include a series 6951 core with a 4045 (10% silicon), or 7075 (7%
silicon) cladding. Double-sided clad aluminum might offer a 7075 core
and 7072 series cladding, used to protect heat exchangers from corro-
sion by the internal aqueous coolant and exterior atmospheric expo-
sure (see Tables 10.2 and 10.3).

Aluminum cladding of organic materials represents a large segment
of manufactured products for commercial and military needs (e.g.,
laminates, composites, and electronic structures), all of which require
the cladding process technology but are beyond the scope of this dis-
cussion. 

Prerequisites for successful bonding include proper surface prepara-
tion, cleaning, and drying. Aqueous abrasive scrub cleaning and me-
chanical abrasion by blast, or brush, operations are the most popular
surface conditioning techniques. Dust and hazardous-chemical-free
cleaning operations should be considered for operator safety and envi-
ronmental impact. Acid and alkaline aluminum etching should be
avoided to minimize chances of cladding delamination by corrosive liq-
uids wicking between the core and clad alloys.

 

10.3.1.1 Advantages of aluminum clad coatings.

 

The advantages of alu-
minum clad coatings are as follows:

 

TABLE 

 

10.2 Example of Typical Single-Sided Aluminum Cladding

 

Core sheet alloy Cladding alloy

6951
Chemical

composition, % 4045 (10% Si)
Chemical

composition, %

Silicon
Iron
Copper
Manganese
Magnesium
Chromium
Zinc
Other elements
Aluminum

0.2–0.5
0.8

0.15–0.4
0.1

1.0–1.5
—
0.2

0.05
remainder

Silicon
Iron
Copper
Manganese
Magnesium
Chromium
Zinc
Other elements
Aluminum

9.0–11.0
0.8

3.3–4.7
0.15
0.15
0.15
0.2

0.05
remainder

Brazing temperature: 582–604°C (1080–1120°F)
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�

 

Uniformity of thickness, brightness, and exact alloy composition

 

�

 

Thickness ranging from 25 µm to >2,500 µm

 

�

 

Relatively inexpensive for large-volume requirements

 

�

 

Environmentally agreeable process and finish

 

�

 

Excellent adhesion 

 

�

 

Good ductility

 

�

 

Does not cause hydrogen embrittlement

 

�

 

Serves for excellent corrosion protection

 

�

 

Additional aluminum surface treatments may be added, e.g., anodiz-
ing and conversion coating 

 

10.3.1.2 Disadvantages of aluminum clad coatings.

 

The disadvantages
of aluminum clad coatings are as follows:

 

�

 

Complex shapes may be too difficult to clad.

 

�

 

Substantial deformations occur when the surface geometry changes.

 

�

 

Achieving the desired thickness often requires precise control and is
difficult to attain.

 

�

 

Considerable capital equipment expenses are involved.

 

�

 

Low volume runs are expensive.

 

�

 

They offer poor marine corrosion protection.

 

TABLE 

 

10.3 Typical Double-Sided Aluminum Alloy, Solution Heat Treated and 
Artificially Aged Aluminum Alloy (7075) Sheet with Cladding Layers of Aluminum Alloy 
(7072) on Both Surfaces; Intended for Exfoliation Resistance

 

Core sheet alloy Cladding alloy

7075
Chemical

composition, % 7072
Chemical

composition, %

Zinc
Magnesium
Copper
Chromium
Manganese, max.
Iron, max.
Silicon, max.
Titanium, max.
Others, each, max.
Others, total, max.
Aluminum

5.1–6.1
2.1–2.9
1.2–2.0

0.18–0.28
0.30
0.50
0.40
0.20
0.05
0.15

remainder

Zinc
Magnesium
Copper
Chromium
Manganese, max.
Iron + silicon, max.

Titanium
Others, each, max.
Others, total, max.
Aluminum

0.8–1.3
0.1 max.
0.1 max.

—
0.10
0.70

—
0.05
0.15

remainder

Brazing temperature: 582–604°C (1080–1120°F)
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10.3.2 Aluminum Diffusion

 

Diffusion methods force the aluminum atoms into the crystalline lat-
tice of the substrate. This penetration of aluminum requires a method
that may employ heat, pressure, time, chemical catalysts, and special
atmospheres, resulting in an enormous strength of adhesion between
the aluminum coating and substrate. Diffusion is an irreversible and
spontaneous reaction discussed in a comprehensive manner by Owen,

 

3

 

Pinnel,

 

4

 

 and Lewis.

 

5

 

Special parts demand maximum adhesion, and diffused aluminum
coatings can meet severe temperature cycling, corrosion, and oxida-
tion conditions without distortion in, for example, automotive engine
parts, venturis, aluminum and stainless steel tubing, honeycomb
structures, aircraft fasteners, and exhaust systems.

Aluminizing of steels and cast irons (often termed 

 

calorizing

 

) serves
as a popular example aluminum diffusion coating steel by mixing to-
gether certain powders in an enclosed vessel at an elevated tempera-
ture. Powdered aluminum, alumina, and ammonium chloride tumble
with the steel parts at 850–950°C for up to 6 hr, or up to 24 hr without
tumbling, followed by a post-bake at near the coating process temper-
ature.

 

2

 

 Here, small particles of aluminum join together and migrate
into the steel to reduce all pores to nonexistence provided time and
temperature are held for the proper duration. The mechanism for the
powder-to-metal bonding approaches a surface sintering process

 

6

 

 that
produces a porous and brittle deposit containing 50–60% aluminum at
25–125 µm thick (see Fig. 10.1).

 

10.3.2.1 Advantages of aluminum diffusion coatings.

 

The advantages of
aluminum diffusion coatings are as follows:

 

�

 

Excellent adhesion

 

�

 

Good corrosion and high-temperature oxidation resistance

 

�

 

Additions of chromium, boron and zirconium, and molybdenum offer
corrosion protection for nickel and cobalt-based high-temperature
alloys

 

 (superalloys)

 

�

 

Low risk of hydrogen embrittlement

 

�

 

Uniform thickness in the 25–100 µm range

 

�

 

Economical at high part volume

 

10.3.2.2 Disadvantages of aluminum diffusion coatings.

 

The disadvan-
tages of aluminum diffusion coatings are as follows:
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�

 

Unsuitable for fragile parts

 

�

 

Corrosion resistance limited by volume of sacrificial aluminum con-
tained in the coating

 

�

 

Expensive to control the various materials-processing techniques

 

�

 

Possibility of substrate degradation by the high-temperature diffu-
sion process

 

10.3.3 Electrodeposited Aluminum 
Coatings

 

Increased interest in aluminum-plated coatings has been driven by in-
dustry’s need to find replacements for heavy metals such as cadmium,
nickel, chromium, and zinc. Aluminum coatings have been used for
coating special parts used in nuclear reactors, for manufacturing alu-
minum mandrels used in electroforming, and for electroformed alumi-
num structures such as waveguides and parabolic mirrors.

 

7

 

 The
electrodeposition of aluminum employs several unique and successful
plating bath formulations that can avoid water because of the highly
electropositive nature of aluminum. Only special plating facilities at-
tempt this aluminum deposition process, because it requires critical

Figure 10.1 During sintering, high temperatures cause the aluminum particles
to join together and eventually reduce the voids between the grains. Here, alu-
minum ions begin to diffuse into grain boundaries where the particles touch to
form connections between the individual grains. Pores between the grains be-
come smaller, and the coating density increases. The steps are (a) initial points
of contact area decrease following solvent evaporation, and bridging of ions
connects grains, (b) grain boundaries diffuse, causing pores to decrease, and (c)
near total elimination of pores occurs.
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bath control and safety guidelines. The nonaqueous solvent requires
the use of organic solvents with soluble aluminum salts. Considerable
planning before the decision to electroplate aluminum is required to
measure the effects of the substrate material, geometry, and expected
coating results. The commercial or military need for an electroplated
aluminum finish must be very exceptional to justify the manufactur-
ing safety risks, processes, and costs. 

Before the processes are set up, or the parts are sent to a capable
plating establishment, a careful evaluation of the coating characteris-
tics described in Sec. 10.2.1 should establish the coating requirements.
Harper and Pinkerton

 

8

 

 and Durney

 

9

 

 discuss typical substrate geome-
try and material considerations that should be examined before the
type of plating process is selected. Safranek

 

7

 

 and Lowenheim

 

10

 

 dis-
cuss the electroplating processes and deposit characteristics of several
aluminum plating and electroforming bath formulations. Four candi-
date aluminum plating baths include a previously developed bath con-
sisting of aluminum halide salt dissolved in an aromatic solvent such
as benzene or toluene. 

A second bath, called the 

 

hydride bath,

 

 contains aluminum chloride,
lithium aluminum hydride, and lithium aluminum chloride dissolved
in tetrahydrofuran. This hydride, or REAL process 

 

(Room-temperature
Electrodeposition of ALuminum)

 

 permits the plating of aluminum at
room temperature.

 

11

 

 
The third or 

 

alkyl

 

 bath uses an aluminum organic salt and sodium
fluoride dissolved in toluene in what is called the Sigel process.

 

10

 

 Bath
operation requires soluble aluminum anodes, a dry nitrogen atmo-
sphere, and an operating temperature of 100°C. The popularity of the
these aluminum organic processes stems from their special corrosion
protection for steel, with a deposit thickness between 5 and 25 µm and
minimum hydrogen embrittlement. Typical deposits of the organic
baths have comparable or higher purity and greater hardness than
wrought aluminum. Additional literature describes the electrodeposi-
tion of aluminum

 

12–14

 

 and research on electroforming waveguides,
large parabolic mirrors, and aerospace components.

 

15

 

 
The fourth type of bath consists of a fused salt mixture of aluminum

chloride, lithium chloride, and sodium chloride with the option of adding
manganese chloride

 

7

 

 for higher corrosion resistance, hardness, and elec-
trical resistivity. Fused salt baths operate between 150 and 175°C and
have been used successfully for coating light-gage steel strip with coat-
ings up to 25 µm in thickness. Other complex part shapes may prove
challenging for fused salt aluminum deposition because of the limited
anode-to-cathode, 2–3 cm spacing and poor bath throwing power. 

Additional information on fused salt research appears in reports
from Murphy,

 

16

 

 Castle,

 

17

 

 and Couch and Brenner.

 

18

 

 Recent demands
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for aluminum coatings with improved cost and environmental benefits
center on candidate areas of electroforming, replacements for heavy
metal protective coatings, fastener and sheet steel corrosion protec-
tion, new alloy development from co-deposition of metals, co-deposi-
tion of fibers and alumina, aluminum composites for solar collectors,
and numerous other commercial applications. 

 

10.3.3.1 Advantages of electrodeposited and fused salt aluminum coat-
ings.

 

The advantages include the following:

 

�

 

Deposits from the organic and fused salt processes provide coatings
that are pure, smooth, fine-grained, nonporous and ductile.

 

�

 

Coating metallurgical values can equal or exceed those of wrought
aluminum with co-deposition of certain additives and by altering
process operations such as the application of periodic reverse-cur-
rent plating.

 

�

 

Electrical resistivity values are slightly higher for electrodeposited
aluminum than for wrought aluminum.

 

�

 

Thermal expansion values are nearly the same as for wrought alu-
minum.

 

�

 

Excellent corrosion resistance results when the coatings are applied
to steel, especially with the addition of a chromate conversion coat-
ing or an anodizing post-treatment.

 

19

 

�

 

Satisfactory adhesion of the organic coating to base metals of alumi-
num, titanium, copper-base alloys, silver, nickel, chromium, and
uranium has been reported.

 

20–22

 

10.3.3.2 Disadvantages of electrodeposited and fused salt coatings.

 

The
disadvantages include the following:

 

�

 

Both organic and fused salt processes require extensive financial
commitments for the process equipment, safeguards, control of the
high-purity chemicals, and normal operation.

 

�

 

The purity of the deposit can change because of co-deposition of im-
purities during aluminum plating.

 

�

 

Water serves as a contaminant for these processes and must be re-
moved by chemical additions and the use of a dry, inert atmosphere
and/or an enclosed system.

 

�

 

Preplating substrate surface preparation, after normal degreasing,
cleaning, and surface activation steps, is difficult and may require a
proprietary rapid water removal/drying step followed by nonaque-
ous plating.
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�

 

Adhesion loss is difficult to monitor and may occur between the sub-
strate and aluminum.

 

10.3.4 Electrophoretic Aluminum Coatings

 

Legend describes a discovery at the turn of the nineteenth century by
a Russian physicist, Reuss, who witnessed the movement of sus-
pended particles in water by electricity. This early observation of clay
particles moving toward the positive electrode led to experimental
depositions of metal oxides in colloidal suspensions that could be de-
posited onto cathodes.

 

23

 

 Electrophoretic deposition differs from elec-
troplating because particles of colloidal size (usually less than 1 µm)
are deposited with electric current instead of ions. The polar charge of
the particles depends on their molecular structure within an applied
electric field. The more positively charged particles migrate to the
cathode, and negatively charged particles toward the anode. Small
particles form thin films at the electrodes, and these compact against
each other to squeeze out the liquid media. Following the deposition,
the coated part is withdrawn from the bath for further processing,
such as compacting curing or baking and sintering to increase the
coating-to-substrate bond and to improve the adhesion.

Aluminum particles, or powder, dispersed in an aqueous organic
media have been deposited onto steel wire and sheet followed by pres-
sure rolling and sintering (see Fig. 10.1) at high temperature. Alumi-
num electrophoretic deposited coatings exhibit uniformly smooth and
even surfaces that offer good protection from atmosphere and expo-
sure to high temperatures.

 

24

 

 A process for applying aluminum by reel-
to-reel processed steel strip has been developed by the British Steel
Corporation (the Elphal process).

 

25

 

 Automobile and food storage con-
tainer manufacturers have used electrophoretic deposition of polar or-
ganic resins. Additional processes that deposit metal powders include
aluminum alloys,

 

26

 

 copper base alloys, barium-strontium oxide,

 

27

 

 bar-
ium titanate,

 

28

 

 chromium-nickel,

 

29

 

 and ceramic frits.

 

30,31

 

 Numerous
electrophoretic references have been published and include studies
from Raney,

 

32

 

 Yeates,

 

33 and Brewer,34,35 and much valuable informa-
tion and updates on recent progress can be obtained from the Electro-
coat Association.

10.3.4.1 Advantages of aluminum electrophoretic coatings. The advan-
tages of these coatings are as follows:

� It provides excellent salt spray resistance that can exceed 300 hr for
cold rolled steel.
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� It produces good bonding to the substrate from post-bake or cure
and/or sintering.

� Good corrosion protection results from uniform film thickness via
the good throwing power that deposits the coating into cavities and
corners, along edges, and in blind holes without sags, drips, or runs.

� The coating is uniform for parts with complex shapes.

� It offers a lower cost per part as compared to powder, dip, and spray
coating methods.36

� It has the ability to deposit various metal powders for special sur-
face requirements.

� It has the capability to deposit alloys that may be diffused for spe-
cial surface requirements.

� The processes are the most economical, avoiding labor-intensive op-
erations via automation.

� It is environmentally friendly, avoiding heavy and toxic metal pro-
cesses.

� There are no fire hazards involved.

� Water-borne organic media contain little or no hazardous air pollut-
ants (HAPs) or volatile organic compounds (VOCs).

� This is the process of choice for “bulk” coating fasteners and spring
metal stampings for the automotive industry. 

� It permits process flexibility for additional coatings, such as the ad-
dition of a sealant for increased corrosion resistance and reduced
friction.

10.3.4.2 Disadvantages of aluminum electrophoretic coatings. The dis-
advantages of these coatings are as follows:

� Large capital outlay is required for equipment.

� Considerable control over the bath chemistry may be required be-
cause of controlling “binders” and “activators.” 

� The bath life may require frequent new bath replacement.

� Shrink cracking of the coating may occur if metal oxide is used
nstead of a metallic powder.37,38

� Bulk processing of parts involves the same problems as “barrel” elec-
trodeposition.
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� Parts must be dried and baked separately to avoid sticking.

� Experimentation is required to meet certain coating thickness speci-
fications.

� Rinse waters may require waste treatment costs.

10.3.5 Hot-Dipped Aluminum Coatings

Hot dipping substrate surfaces by exposure to molten aluminum is
mostly limited to steel wire and fastener products, because alumi-
num’s high melting point increases the formations of oxide films that
tend to contaminate the coating. Commercial applications of hot-
dipped aluminum include continuous coating of steel wire and steel
strip. Products such as automobile exhaust systems and oven, fur-
nace, and engine parts have found uses for this type of coating. The
coating process requires temperatures above 700°C followed by rapid
cooling. Special techniques, additions of silicon, halogenated fluxes,
and particular substrate surface preparations improve the aluminum-
to-steel alloy bond and minimize oxide and formations of aluminum-
iron alloys. The expected coating thickness ranges from 25 to 100 µm.
The brittle, hard aluminum-iron intermetallic alloy restricts the me-
chanical properties of the product and is often minimized by the addi-
tion of silicon to the molten bath.39 Beryllium can be added to
accomplish the similar intermetallic thickness and hardness de-
creases, but toxicity hazards outweigh the benefits of its use. 

The primary uses for this type of coating include corrosion resis-
tance to industrial and nonalkaline moisture atmospheres. The coat-
ings are coarse and dull and are brightened by mechanical abrasion or
surface altering methods. Exposure to outside conditions favors alumi-
num hot-dipped coatings over similar zinc applied coatings, with cor-
rosion resistance decreasing with coating loss and less diffusion of
aluminum into the steel.

10.3.5.1 Advantages of hot-dipped aluminum coatings. The advantages
of these coatings include the following:

� These highly adherent aluminum coatings can be used as a replace-
ment for zinc and cadmium.

� This is a good, low-cost method for protecting certain steels that are
exposed to outside conditions where thermal cycling may be in-
volved.

� Coating adhesion is improved by diffusion.

� There is a low risk of hydrogen embrittlement.
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� Corrosion pits normally stop at the intermetallic alloy layer.
� It is economical for high-volume product coating needs.

10.3.5.2 Disadvantages of hot-dipped aluminum coatings. The disad-
vantages of these coatings include the following:

� Complex product shapes may be difficult to coat evenly.

� The process requires significant capital equipment investment.

� The process is best suited for automated high-volume coating opera-
tions.

� Corrosion resistance is limited by coating thickness.

� Substrate degradation may occur from the high coating process tem-
perature.

� Initial coating appearance is rough.

� Coating thickness is difficult to control.

10.3.6 Vacuum Deposited Aluminum 
Coatings

Vacuum deposition represents several widely accepted methods for
aluminum coating onto both metal and nonmetal substrates. Intro-
duced by electronics and aerospace industries during the 1960s, de-
mands for this form of metal deposition have created a dynamic
technological interest in numerous processes that deposit aluminum
to meet varied product requirements. The coating needs for thin film
decorative, high-temperature superconductor, and corrosion-resistant
finishes have advanced vacuum deposition methods to meet high-vol-
ume product demands using a more environmentally acceptable pro-
cess. The introduction of thin film aluminum (several millionths of an
inch in thickness) vapor deposited coatings, coated with a protective
resin, satisfied the need for large volumes of plastic automotive
parts,40 semiconductor materials, toys, housewares, commercial hard-
ware, jewelry, holiday decorations, compact discs, magnetic films, and
trophies. High volumes of compression and injection molded plastic
substrates have replaced electroplating processing via rapid racking,
primer coating, vacuum sputtering aluminum, and final resin coating. 

Significant research funding by industrial nations throughout the
world led to the development of numerous vacuum deposition pro-
cesses for aluminum deposits for the corrosion protection for steel
strip42 and aluminum coatings that visually duplicate bright chrome,

10Andersen  Page 16  Wednesday, May 23, 2001  10:39 AM



Metallic Finishes and Processes 10.17

gold, and copper surface appearances in multichamber operations.41

To be respectful of the numerous emerging vacuum deposition pro-
cesses and techniques for aluminum deposition, we must direct our at-
tention to the difference between methods of chemical vapor
deposition (CVD) and physical vapor deposition (PVD). CVD and PVD
differ from each other in the way by which the element is transferred
in a vaporized state to the intended substrate. CVD depends on reac-
tions such as pyrolysis (thermal decomposition), hydrolysis, oxidation,
and reduction of metal compounds to deposit metal coatings. Alumi-
num compounds such as alumina can be deposited by reacting gaseous
aluminum chloride, carbon dioxide, and hydrogen at a given tempera-
ture, pressure, and plasma enhanced to yield alumina, carbon monox-
ide, and hydrogen chloride. Numerous CVD processes are employed
for difficult-to-coat materials such as silicon from silicon tetrahydride,
titanium from titanium tetrachloride, carbon from methane, and bo-
ron from borontrichloride. However, CVD processes for aluminum
coatings have not gained wide acceptance, because of factors including
significant costs for materials, equipment, and process control. 

Many methods of aluminum deposition can be classified as PVD.
Aluminum coatings applied by vacuum deposition processes, as de-
scribed in this chapter, include sputter deposition, vacuum evapora-
tion, ion plating, or ion vapor deposition (IVD). 

Sputter deposition of aluminum coatings is performed in a vacuum
chamber by vaporizing aluminum particles from the surface of an alu-
minum source, or target, created by a volley of positive gas ions, usu-
ally from a plasma or ion gun. The ions are normally generated from
an inert gas such as argon, or they can be produced from an ion beam
or localized plasma surrounding the target. An electrical field is nor-
mally configured to set the target as the cathode coupled with a direct
current path to the substrate (conductive material). Groups and indi-
vidual atoms of aluminum are dislodged from the target by the volleys
of positive gas ions into the vapor phase, causing aluminum nucle-
ation sites to form on the substrate surface. Operating pressures can
be as high as 30 millitorr and as low as less than 5 millitorr. Figure
10.2 illustrates a typical planar electrode sputter coating process. The
introduction of magnetrons has served to increase the coating deposi-
tion rate by generating strong magnetic fields that confine the plasma
and increase the ionization, causing increased collisions on the target.
The bombarding ions now strike the target with energies from 100 to
1000 electron volts (eV), causing the sputtered atoms of aluminum to
strike the substrate surface at 10 to 50 eV.

Sputter aluminum deposition has been used to deposit thin alumi-
num films onto plastics, glass, and transparent electronic films, and
for numerous decorative applications.
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10.3.6.1 Advantages of thin film, sputtered aluminum. The advantages
are as follows:

� Nonconductors can be metallized, include plastics, glass, ceramics,
and all substrates that remain stable in vacuum conditions.

� Lightweight and inexpensive substrate materials can be used.
� Electroplating processes can be avoided.
� Polishing and buffing processes can be avoided.
� Once difficult-to-plate aluminum is easily deposited.
� Adhesion of aluminum to the substrate is good.
� Complex substrate geometries can be coated.
� Additional metals may be deposited.

Figure 10.2 Simplified sputtering process showing vaporization of aluminum by bom-
bardment of ions from a plasma. The ions dislodge aluminum particles, causing them to
coat the substrate. Typical aluminum coatings and thin and deposit at rates of 0.5 to
5 µm/hr.
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� Use of magnetrons can increase deposition to 100 µm/hour.2

� Very little radiant heat is generated.
� Substrate cleaning may be performed by equipment modifications

that reverse the current.

10.3.6.2 Disadvantages of thin film sputtered aluminum. The disadvan-
tages are as follows:

� Sputtering deposition rates are low, typically 0.5 to 5 µm/hr. 
� Abrasion and corrosion resistances have been problems because of

the thin deposit.
� Cleaning of the substrate surface must be thorough for good alumi-

num deposit adhesion.
� Decomposition and recombination of the aluminum must be free of

contaminants.
� Aluminum film thicknesses are low and depend on line-of-sight dep-

osition.
� Sputtering targets are expensive, and different shapes may be re-

quired for complex parts.
� Heat from the metal deposition may change or degrade the sub-

strate properties.
� Gaseous contaminant formations are possible.
� Equipment costs of $500,000 must be justified by high part volume.
� Highly trained personnel are required.

Vacuum evaporation of aluminum coatings has provided one of the
most popular PVD processes for industrial applications.42 Typical fin-
ishes include mirror coatings, decorative coatings, barrier coatings for
electronics, and corrosion-protective coatings. Aluminum’s low melting
point makes it an ideal element for a high deposition rate of more than
2000 µin/min (2 mils/min). During vacuum evaporation, one or more
thermally heated sources can be used, coupled with magnetron en-
hanced plasma and electron beam excitation. The aluminum source is
normally heated by a tungsten wire. Uniform thickness is often chal-
lenged by substrate geometry and may require locating multiple
sources in close proximity within the chamber to balance the line-of-
sight deposition. Figure 10.3 illustrates evaporation system basics.

The coating properties and rate of aluminum deposition depend on
the aluminum source temperature and the contact angles of the alu-
minum particles bombarding the substrate surface. Good bonding to
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the substrate and coating growth result from the high-kinetic-energy
particles, accelerated from the electric field, that collide on the sub-
strate surface.43

The actual deposit structure largely depends on the ratio of the sub-
strate temperature to the melting point of aluminum. As the alumi-
num deposition temperature ratio increases, small-grained deposit
structures are replaced with larger equiaxed or columnar grains. The
higher-temperature-ratio depositions are desired for aluminum physi-
cal properties that resemble pure aluminum, in contrast to lower-tem-
perature-ratio deposits that contain stresses.

10.3.6.3 Advantages of vacuum evaporated aluminum coatings. The ad-
vantages are as follows:

� Vacuum evaporation equipment is expensive, but it has good versa-
tility and is probably the least expensive of the PVD processes.44

� Control of the deposition process is not difficult.
� High-purity aluminum deposits are possible.

Figure 10.3 General illustration of a vacuum evaporating process showing the evapora-
tion of aluminum by resistance heating of ions from a plasma. The ions dislodge alumi-
num particles, causing them to coat the substrate. Typical aluminum coatings have
high deposition rates of greater than 200 µin/min (2 mils/min).
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� Good corrosion protection can be provided for steel as an alternative
to cadmium.

� A more environmentally acceptable process is involved.
� The aluminum deposition rate is high.
� Multiple sources permit a uniform coating thickness on complex

parts.

10.3.6.4 Disadvantages of vacuum evaporated aluminum coatings. The
disadvantages are as follows:

� Aluminum deposit properties depend on the direction of angle of the
depositing metal.

� Source material may be expensive and require early replacement.
� Elaborate fixturing may be necessary to achieve uniform thickness.
� Part size is limited by chamber dimensions.
� The porosity of the aluminum coating can be reduced by increased

deposit thickness.
� Highly trained personnel are required.

Ion vapor deposition (IVD) of aluminum offers alternative methods
to increase the energy of the aluminum deposition, affect the coating
distribution and composition and changing the deposit properties.45

Additionally, certain IVD advantages include inherent substrate
cleaning prior to aluminum deposition. IVD uses simultaneous and re-
peated energetic particle bombardment of the vaporized aluminum
from sputtering, evaporation, or other vaporization sources to change,
or maintain, the deposit composition, aluminum properties, and adhe-
sion to the substrate.46 The energetic aluminum atoms and groups of
atoms are ejected from the source by inert or reactive gas ions from a
plasma vacuum environment and are accelerated by an ion gun or
beam. Figure 10.4 illustrates an ion beam deposition system.

IVD aluminum coatings received an eclat status when a major aero-
space corporation developed an IVD process for commercial applica-
tions. IVD aluminum coating processes, developed during the 1960s,
were intended to replace cadmium and aluminum electroplating pro-
cesses and have been established successfully in more than 70 facili-
ties throughout the world.47 Production lines for large-scale IVD
incorporated multistage operations that included substrate cleaning,
abrasive blasting, masking, chamber loading, ion bombardment clean-
ing, aluminum coating, abrasive blast polishing, and chromate conver-
sion coating. 
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IVD aluminum coating properties depend on substrate surface prepa-
ration, cleaning, equipment operation, and effective process control.
Glow discharge cleaning constitutes an important advantage of IVD
substrate cleaning that improves coating adhesion. Adhesion of IVD
aluminum coatings on steel is good, as reported by Sebastian.47 This
good adhesion is attributed to highly energetic atom bombardment at
magnitudes greater than 50 times the energies of sputtered and evapo-
rated deposits. Corrosion resistance studies2,48–51 have supported IVD
aluminum as an alternative protective coating on ferrous, titanium,
and aluminum alloys without causing hydrogen embrittlement. In-
creased corrosion protection is offered by post-processes such as glass
bead peening, chromating, organic coatings, organic chelate coating, ca-
thodic arc deposition (CAP) of hard coatings,52 anodizing, and IVD alu-
minum-magnesium/zinc (less than 10%) alloy depositions.50,51

10.3.6.5 Advantages of ion vapor deposited aluminum coatings. The ad-
vantages are as follows:

Figure 10.4 Ion beam vapor deposition that uses an external beam of ions of the coating
material that bombard the substrate. The beam can be aimed at various locations. Ion
implantation processes are similar except that higher-energy ion beams and tempera-
tures are applied, which causes the metal to be driven into the substrate at a depth of
0.1 to 0.3 µm.
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� The process is accepted by U.S. Military Specification MIL-C-83488.
� High-energy atom bombardment improves aluminum-to-base adhe-

sion as compared to sputter and evaporative coatings.45

� Thick (normally less than 100 µm) and uniform coatings result.
� The deposition rate is rapid, typically similar to evaporative pro-

cesses. 
� The process provides protection for steel that is as good as, or better

than, that of cadmium.
� It will not cause hydrogen embrittlement.
� It can be used at higher temperatures (up to 950°F) than cadmium.
� Surface coverage is improved, as compared to sputtering and evapo-

rative coatings.
� Weakly adherent aluminum atom groups are removed along with

oxides and other surface gases during the deposition.
� The process combines well with electroplating processes when diffi-

cult-to-plate substrates such as titanium receive IVD aluminum fol-
lowed by electroplating.

� Aluminum deposit properties such as surface morphology, composi-
tion, density, and residual stress53 can be changed by controlling the
bombardment.

� Substrate heating temperature is low, permitting coating of poly-
meric materials.

� The process can be used for porous substrates (powered metal and
similar composites) where plating solutions may be absorbed.

10.3.6.6 Disadvantages of ion vapor deposited aluminum coatings. The
disadvantages are as follows:

� Substrate heating may affect some materials.
� Careful control is required to minimize deposit stresses.
� Avoidance of entrapped gasses during the deposition minimizes the

chances of forming compressive stresses.
� The porosity of the aluminum coating should be tested to ensure ad-

equate corrosion protection.
� Careful control of all process variables is necessary.
� Expect approximately 10% variability from the mean in aluminum

deposit thickness.
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� Expect similar and greater equipment costs as compared to evapora-
tive aluminum coating processes.

� Adequate coating coverage on complex parts may require equipment
modifications.

� Before aluminum coating, certain substrate surfaces may require
wet chemical cleaning and thorough drying.

� Highly trained personnel are required.

IVD aluminum coatings have an excellent reputation for adhesion
and corrosion protection of steel. Adhesion benefits from the sputter
cleaning are realized by contaminant removal, high-energy creation of
nucleation sites, enhancing diffusion, and increasing the substrate
temperature. Continuing aluminum deposition results in dense and
adherent structures.

10.3.7 Sprayed Aluminum Coatings

Thermal sprayed aluminum coatings have furnished manufacturing
with methods that add new coating versatility for hard, corrosion-
resistant, high-temperature, and abrasion-resistant coatings. Alumi-
num molten metal spraying is employed by arc metal spray, plasma
torch, and detonation gun. All of these processes involve deposition by
line-of-sight applications in which aluminum in powder or wire form is
heated to melting and propelled by gas pressure or detonation wave
onto the substrate. The angle of coating impingement is held as close
as possible to 90° (perpendicular to the substrate surface). The molten
sprayed aluminum deposits in layers on impact, forming a thick and
tenaciously bonded coating (see Fig. 10.5). Plasma thermal spraying
has advanced the technology via the use of high-temperature elec-
trodes, which are surrounded by an inert gas that aspirates the metal
powder into an ionized electrode arc between the electrodes to form a
plasma. The aspirated powdered metal from the flame increases the
energy of the deposition by accelerating the droplets onto the sub-
strate surface. Plasma arc temperatures can reach 2200 to 2800°C54

and may influence the deposit and substrate properties. Effects of the
plasma temperatures must be considered for the particular substrate
(see Fig. 10.6). Similarly, thermal spraying in a vacuum chamber,
called low pressure plasma spraying (LPPS), offers an alternative
technique for aluminum deposition. LPPS has gained acceptance for
metals such as tantalum and titanium and may be applicable for spe-
cial aluminum depositions. The d-gun process is a Union Carbide
Corp. development, and these coatings can be applied only via Union
Carbide products. Oxygen and acetylene gasses pass into a barrel that
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also contains the metal powder. Here, the ignition causes the gasses to
explode, heating the metal to its melting point and expelling the drop-
lets at a velocity greater than 700 m/s. The droplets deposit in a circu-
lar pattern averaging 25 mm in diameter from a barrel inside
diameter of 2.5 cm. The d-gun explosion is repeated 5 to 10 times per
second to produce another coating diameter of 2 to 5 microns thick.

Figure 10.5 Arc spray gun with feed wire introduction at “A”
and “C,” atomized by electric arc at “D” and gas “B,” sprayed
to deposit a fine, medium, or coarse pattern.

Figure 10.6 Plasma high-temperature gas is passed through
an electric arc with powder injected into the flame. Inert gas
reduces oxidation of the metal coating.
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Automation of this process has proven successful for industrial appli-
cations on large parts.

The more popular aluminum spray coatings deposit by wire and
powder spray technologies that are portable and inexpensive, seldom
heat the substrate above 150°C, and offer a deposit thickness ranging
between 0.05 and 5 mm. Complex shaped parts with edges, sharp an-
gles, and narrow grooves pose problems. Penetration of the coating in-
side tubular areas is limited in depth to roughly the tube diameter
unless special nozzles can be positioned in the tube interior. Detona-
tion gun (d-gun) applications are restricted to external part surfaces. 

Aluminum deposits from thermal spray processes offer good adhe-
sion, provided that the substrate surfaces are clean and roughened
from grit blasting or other surface abrasion operations. Mechanical in-
terlocking between coating and substrate governs adhesion. Deposits
are rough, porous, and contain oxides and entrapped gas. Some coating
stresses may be expected because of the layered deposition and rapid
cooling rate. Powder spray coatings are influenced by powder particle
size distribution, the carrier gas, and temperature. Finer powder parti-
cle size normally results in increased coating density and hardness. 

Wire and powder sprayed aluminum coatings are reported to pro-
duce nearly the same corrosion protection for steel (in distilled water),
provided a 75 to 100 µm thick coating is applied, with less than 50 µm
of metal deposited in a single pass. Protection of steel from seawater
has been demonstrated with a 200 µm thick aluminum coating that
was post-coated with a silicone material. Other applications include
high-temperature protection of steel and protection of high-strength
alloys, containing zinc.

Emphasis on aluminum thermal spray by wire and powder technol-
ogies for aluminum deposits dominates this discussion; moreover, nu-
merous publications dealing with refractory coatings report that
aluminum intermetallic coatings have provided unique high-tempera-
ture protection of aerospace hardware. Plasma sprayed coatings such
as aluminides (NiAl, Ni3Al, CbAl3, and TaAl3) have been used to pre-
vent high-temperature oxidation of space vehicle, rocket engine, and
nuclear reactor component surfaces.55 

10.3.7.1 Advantages of thermal sprayed aluminum coatings. The advan-
tages are as follows:

� The coatings are relatively inexpensive to apply with portable wire
and powder equipment.

� Good corrosion protection is provided for steel (normally large parts/
structures).
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� Rapid coating results in reduced labor.
� A good wear-resistant coating is achieved.
� Many post-coating treatments are available, such as lacquers and

sealants, for inexpensive protection.
� Good erosion resistance is provided for gas turbine blades.
� One may expect the lowest costs with wire and powder gas combus-

tion spraying, followed by plasma and d-gun processes, which in-
volve the highest cost.

10.3.7.2 Disadvantages of thermal sprayed aluminum coatings. The dis-
advantages are as follows:

� Adhesion of coating depends on mechanical keying or interlocking.
� Special cleaning is required, coupled with special blast medium for a

particular surface topography.
� There is a danger of the aluminum coating flaking at greater than

300 µm thicknesses.
� Porosity and contamination of the coating are possible.56

� Line-of-sight application limits part complexity.
� Expect variations in coating thickness, especially at edges, angles,

and grooves.
� Operator technique may influence results.
� Operator safety is a concern.

10.3.8 Thermal Sprayed Aluminum Oxide 
Coatings

Powders composed of aluminum oxide (Al2O3) can be sprayed by
plasma spraying, gas powder, and d-gun methods. Often, other pow-
ders are introduced, such as titanium dioxide and silicon dioxide, for
required surface properties (hardness, density, chemical and abrasion
resistance). Sprayed aluminum oxide coatings offer good electrical,
abrasion, and high-temperature resistance and high hardness. These
coatings tend to be brittle, lack the adhesion of the sprayed metals, and
are deficient in corrosion protection because of 1 to 10% porosity.

10.4 Cadmium Coatings

Cadmium coatings gained popularity from the 1940s through the 1980s
by providing sacrificial (cathodic) corrosion protection for mainly iron
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and steel, with an attractive silver or white metal appearance. Deposits
can be mirror bright, from electrodeposited cadmium cyanide or acid
baths, to a semibright or dull gray, from mechanical and vacuum tech-
nology methods. Major end users of the metal include the United
States, Japan, the German Democratic Republic, and the United King-
dom. These countries consume nearly 10,000 metric tons per year.2 De-
mand for cadmium finishes for corrosion protection of steel ranks
second behind zinc for industrial environmental protection and is supe-
rior for marine exposure. Cadmium challenges zinc for corrosion pro-
tection of steel and offers the following advantages and disadvantages
compared to zinc, regardless of the method of coating application.

10.4.1 Advantages of Cadmium versus Zinc 
Coatings

The advantages are as follows:

� Cadmium offers better protection for steel in marine environments,
given equal coating thickness.57

� Cadmium does not form bulky corrosion products that can contami-
nate or interfere with equipment mechanisms.58

� Solderability of cadmium (non-acid fluxes) is better than zinc.58

� Cadmium is resistant to alkalis (unlike zinc).
� Cadmium coatings have good lubricity and resist galling between

sliding surfaces.59

� Fasteners with cadmium coatings offer high tension with low
torque, which is preferred by aerospace, military, and automotive
manufacturers.

� Cadmium offers good galvanic compatibility with aluminum, pro-
vided the aluminum area is sufficiently larger.

� Heat treated cast iron and steel are easier to plate with cadmium
than with zinc.

� Cadmium is less sensitive to organic vapors such as formic acid from
paints, except with the addition of high humidity.

10.4.2 Disadvantages of Cadmium versus 
Zinc Coatings

The disadvantages are as follows:

� It is hazardous! Cadmium is extremely toxic and presents process,
environmental, and ecological concerns.
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� Cadmium and its compounds are highly toxic as compared to zinc.
� Cadmium should never be used for finishes that may contact food or

beverages.
� Cadmium sacrificial corrosion products are often dusts to which per-

sonnel should never be exposed.
� Corrosion products are often cadmium carbonates60 that become air-

borne or accidentally contacted by touch.
� Cadmium sublimes at relatively low temperatures (1.0 mm/yr @

99°C) and cannot be used for space applications.
� Cadmium hardware should not be designed for use at temperatures

greater than 225°C.61

� Hardware coated with cadmium should not be welded, spot-welded,
soldered, or greatly heated without adequate ventilation to remove
the toxic fumes.

� Most automobile manufacturers have replaced cadmium coatings.
� Cadmium coatings are more expensive than zinc.

10.4.3 Cadmium Coating Methods

Cadmium coatings normally serve as the outer or finish coating and
are rarely used as an undercoating for other metals. There are no ad-
vantages to using cadmium as an undercoat for nickel or silver; how-
ever, cadmium has provided a thin (approximately 2.5 µm) undercoat
for zinc when electroplated onto iron. Besides serving as a corrosion
protective coating for steel, cadmium coatings on brass and steel mini-
mize voltaic couple corrosion.62 Three popular methods to apply cad-
mium include electrodeposition, mechanical deposition, and vapor
deposition. Two of the three methods are capable of depositing cad-
mium thickness ranges of 2 to 12 µm for threaded fasteners and nor-
mal hardware, and 5 to 20 µm for marine exposed hardware.
Mechanical deposition is normally limited to a thickness maximum of
12 µm. 

10.4.4 Electrodeposition of Cadmium 
Coatings

Electroplated cadmium coatings dominate the application methods be-
cause of deposit thickness distribution on complex parts and overall
equipment and material costs that permit the inclusion of a cadmium
process into most plating companies. Cadmium deposit thickness
ranges from 5 to 25 µm; deposits are soft, smooth, and ductile and of-
fer moderate tensile strength (approximately 70 MPa). Popular plat-
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ing processes include cyanide (with and without additives), sulfate,
and fluoroborate. Cyanide processes are preferred over the other plat-
ing methods, since the bright, matte, and nonbrightened cyanide de-
posits have received strong industry support. Factors such as ease of
control, minimal equipment corrosion, room temperature operation,
high efficiency, excellent coverage of complex parts, dense fine-grained
deposit, and use of a single additive constitute some of the assets of
cadmium cyanide plating processes. Wide acceptance of the cyanide
process has placed it as the preferred procedure for commercial cad-
mium plating. 

Disadvantages include the hazards of cadmium and cyanide, car-
bonate increase and removal, and high alkalinity of the plating bath.
Of highest importance is the hydrogen embrittlement of certain
steels. Hydrogen embrittlement by absorbed hydrogen may be de-
fined as a latent brittle fracture, occurring during a loading condition
less than the steel ultimate strength. Certain steel alloys with
greater than 30 HRC are susceptible to hydrogen embrittlement.
Cadmium plating of steel parts must be carefully understood to pre-
vent hydrogen absorption by interstitial diffusion into the metal lat-
tices, or hydrogen embrittlement. Absorption of hydrogen into the
steel occurs in seconds, at room temperature, and most often from the
aqueous plating solutions. Platers must be careful to prevent their
cleaning, plating, and post-plating operations from allowing hydro-
gen to come in contact with the steel surface. Several mechanisms
that explain the brittle fracture theory include studies from Johnson
and Birnbaum.69 Cathodic cleaning, pickling, activating, strike plat-
ing, and finish plating can introduce atomic hydrogen into the surface
of the steel. Even small areas of corrosion can react to form hydrogen
that can enter the steel.70 Unfortunately, some metal fabrication op-
erations can cause hydrogen embrittlement. These include machin-
ing, cold working, use of a susceptible steel microstructure, moisture
contact following casting and furnace operations, and contaminated
lubricants. ASTM literature, Aerospace Industries Association guide-
lines, chemical supplier support documents, and numerous published
studies offer precautions to prevent hydrogen embrittlement before
and after plating.

Cadmium sulfate plating baths replaced the cyanide concerns by
early developments.63–66 Proprietary acid cadmium formulations have
found some commercial use, such as the Aldoa acid sulfate process67

and others.75 The acid sulfate cadmium bath formulations could lower,
but not eliminate, hydrogen embrittlement from certain steel alloys. 

Cadmium fluoborate plating baths similarly have removed cyanide in
the formulations71,76 and offered less embrittlement than the cyanide;
however, complaints included poor anode corrosion, difficult process
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control, uneven deposit thickness distribution, inferior appearance, and
higher cost than cyanide cadmium.

Acid-based cadmium baths have reduced hydrogen embrittlement
in steels, but not to the extent of the nonbrightened cyanide formula-
tions. A typical nonbrightened cyanide formulation is referenced in
ANSI/ASTM F519, Std. Method for Mechanical Hydrogen Embrittle-
ment Testing of Plating Processes and Aircraft Maintenance Chemi-
cals. Regardless of the plating bath use, given absolute minimum
hydrogen embrittlement on high-strength steel parts following clean-
ing, activation, and plating, a hydrogen embrittlement bake must be
administered within four hours of plating, at a temperature of 200 to
230°C, for a period of from 8 to 24 hr (time depends on tensile
strength).81 In spite of efforts to eliminate hydrogen embrittlement,
given a compromising situation when diffused hydrogen has entered
the steel at a critical concentration capable of initiating cracks, there
is no repair for the initiated crack formation, and strength is perma-
nently lost.82

10.4.5 Electrodeposition of Cadmium Alloy 
Coatings

Cadmium-titanium alloys. Cadmium alloy coatings aimed at the elimina-
tion of hydrogen embrittlement, absence of cyanide, and better deposit
protection at lower cost have received attention from a limited number
of customers. Cadmium-titanium (Cd-Ti) alloy cyanide baths that de-
posited cadmium with 0.1 to 0.7% titanium gained popularity for pre-
venting hydrogen embrittlement.72 High-strength steel parts used for
supporting aircraft components that perform under stress have been
coated with a Cd-Ti cyanide formulated bath.73 Mil-Std-1500B de-
scribes the requirements for a Cd-Ti cyanide bath that deposits 0.07 to
0.5% titanium. A noncyanide, neutral, ammonical, cadmium-titanium
bath74 produces higher corrosion protection, improved deposit cover-
age, and lower hydrogen embrittlement as compared to the cyanide
baths.

Cadmium-tin alloys. Alloy deposits of cadmium and tin can be deposited
individually or simultaneously and fused to produce a coating with
good salt spray corrosion protection.77 The ratio of cadmium to tin can
vary from 20/80 to 80/20, and various processes include fluoborate,77

sulfate,78 fluoride-fluosilicate,79] and cyanide-stannate.80 Two specifi-
cations for cadmium-tin plating include Mil-P-23408B, which de-
scribes requirements for a fused 25 to 50% tin deposit from a separate
or alloy plated Cd-Sn bath. In addition, FORD ESA-M1P72-A de-
scribes a Cd-Sn specification for automotive hardware needs.
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Cadmium-nickel diffused alloys. Electrodeposits from cadmium-nickel
(Cd-Ni) diffusion processes were designed to protect carbon, low-alloy,
and corrosion-resistant steels such as used for jet engine parts.83,84

Sulfamate nickel has served as the underplate between the steel and
cadmium finish plate. Careful control of the nickel thickness (5 to 10
µm) and cadmium coating (2.5 to 5 µm) achieved the desired thickness
ratio before the diffusion bake. Chromate conversion coating com-
pletes the plating for the 30 minute (air atmosphere) diffusion bake at
322 ± 6°C. Modifications of this process using electroless nickel im-
proved the metal thickness distribution, which proved beneficial for
complex shaped parts.85

10.4.5.1 Advantages of electrodeposited cadmium coatings. The advan-
tages include:

� Electroplating presents many reliable plating processes for cad-
mium.

� Excellent thickness distribution and throw are suitable for complex
parts.

� Low-cost operation is provided, suitable for a large array of part
shapes and sizes.

� The coatings have received military and commercial specification
approvals QQP-416F (1995), ASTM B-766 (1986), MIL-STD-870B
(USAF), (1986), ISO 2082-1986, AMS2400 (1999), AMS 2401 (1986),
NAS 672, and SAE AMS 2451/4, Brush Plating (1998).

10.4.5.2 Disadvantages of electrodeposited cadmium coatings. The dis-
advantages include:

� It is difficult to plate high-strength steel because of hydrogen em-
brittlement.

� The plating process exposes operators to toxic materials.
� Cadmium requires waste treatment equipment for environmental

regulation compliance.

10.4.6 Mechanical Deposition of Cadmium 
Coatings

Mechanical plating bonds powdered cadmium particles to other metal
surfaces by a cold-weld union that is formed by mechanical barrel
tumbling. This form of barrel finishing uses an aqueous slurry of cad-
mium metal, impact media such as glass beads, proprietary surface
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activators and wetting agents, and the weight of the plated hardware
to deposit cadmium following an extended tumbling period. Cadmium
deposit thickness normally ranges between 5 and 25 µm. Cadmium
coatings applied by mechanical plating benefit situations where large
volumes of small parts with nonintricate geometry (e.g., fasteners,
guide pins, nails, and stampings with insignificant hydrogen embrit-
tlement).86 High-strength steel parts still must avoid any preplate
cleaning processes, such as cathodic cleaning and acid activation, that
could introduce hydrogen embrittlement into the steel before mechan-
ical plating. Mechanical plating offers an alternative coating process
for electroplating used by vehicle part manufacturers and military
part suppliers for corrosion protection of steel.87,88 Other metal pow-
ders such as tin and zinc have been combined with cadmium for spe-
cial coating characteristics.89,90 Steel may be the most popular base
metal; however, other metals may be mechanically coated if we are
mindful of the rule of thumb that most successful mechanical pro-
cesses require the base metal to be harder than the coating metal.

10.4.6.1 Advantages of mechanical cadmium plating. The advantages
are as follows:

� Large volumes of parts can be coated more economically than with
electroplating or vapor deposition methods.

� There is less chances of hydrogen embrittlement as compared to
electroplating.

� The process avoids several corrosive and toxic chemicals.
� Operator safety is increased.
� Following slurry and media separation from the parts, additional

coatings may be applied.

10.4.6.2 Disadvantages of mechanical cadmium plating. The disadvan-
tages are as follows:

� The coating does not have an even thickness distribution.
� The coating has a rough appearance and may be porous.
� Small part volumes are not economical.
� Parts cannot be fragile or complex.
� Capital expenditure for automated equipment is necessary.
� Cadmium metal and powders are toxic and could pose handling and

disposal problems.
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� Barrel finishing techniques are difficult to control because of small
amounts of coating being removed by part-to-part abrasion, exact
slurry composition, and equipment wear. 

� Some steels require an electroplated flash plate of copper (approxi-
mately 1 µm) or other metal prior to mechanical plating.

10.4.7 Vapor Deposition (Ion Vapor 
Deposition) of Cadmium Coatings

Ion vapor deposition (IVD) cadmium coatings require vacuum condi-
tions that preclude the chances of hydrogen embrittlement. This ad-
vantage is important for plating high-strength steels. Positive ions
from inert gas plasma bombard the various parts as the evaporated
cadmium condenses on the part surfaces. Coating thickness is uniform
and ranges from 5 to 20 µm. 

10.4.7.1 Advantages of IVD cadmium coatings. The advantages are as
follows:

� Hydrogen embrittlement of cadmium-coated high-strength steel is
avoided.

� Some cleaning of the substrate is possible before coating using cer-
tain IVD techniques.

� IVD coatings offer good adhesion. 

� Proven acceptance exists per military specification MIL-C-8837B,
Coating, Cadmium (Vacuum Deposited) [refer to SAE AMS C8837
(1999)].

� IVD cadmium can be applied to other, difficult-to-plate substrate
materials.

� Substrate heating temperature is low.

10.4.7.2 Disadvantages of IVD coatings. The disadvantages are as fol-
lows:

� Cleaning of the substrate may be a problem, and care must be taken
to prevent hydrogen embrittlement before cadmium coating.

� IVD equipment costs are high, and metal targets are expensive.

� IVD coating of complex parts often requires special fixtures.

� Many process variables require control.

10Andersen  Page 34  Wednesday, May 23, 2001  10:39 AM



Metallic Finishes and Processes 10.35

� Porosity may be a problem because, under some conditions, the
chamber gas may become occluded within the coating.

� Highly trained personnel are required.

10.4.8 Cadmium Coating Alternatives

Cadmium’s toxic properties have drawn national and international
attention, with the result of cadmium and cadmium compounds be-
ing banned or restricted in a wide group of applications. Cadmium
carbonates and oxides constitute the sacrificial corrosion products
that permit unwelcome opportunities for exposure by intimate con-
tact and water leaching events. These examples account for the ma-
jority of cadmium concerns related to military hardware. Military
Standard QQ-P-416F warns that cadmium’s toxicity should disqual-
ify it as a finish for any part that might be used for food storage, in
cooking utensils, and as a part of any other object that may come in
contact with food. Cadmium-plated parts should never be heated by
soldering, brazing, or welding operations because of the danger of
poisonous vapors. 

Whenever possible, alternative coatings should be considered as re-
placements for cadmium finishes. Numerous publications have ex-
plored possible replacements for cadmium, but no one coating has
been an effective substitute. For example, cadmium’s toxicity prevents
fungus growth on critical components of military hardware. Here, a
cadmium alternate would need to remain toxic and environmentally
unfriendly. Several substitutes have been found that partially meet
the requirements.90–101 

10.5 Chromium Coatings

Chromium coatings serve as finishes that may be classified as decora-
tive and engineering types, often referred to as hard chromium and in-
dustrial chromium. Mirror-bright, tarnish- and corrosion-resistant
deposits characterize decorative chromium coatings. A subtle, blue-
colored haze or tint that is visible in a reflective mirror distinguishes
decorative chromium finishes. Hard chromium finishes lack the
brightness yet offer the special characteristics of chromium that in-
clude resistance to corrosion, heat, wear, and erosion, plus a low coeffi-
cient of friction. Chromium coatings have a special air passivity
property due to a tenacious thin film of chromic oxide that serves as a
self-healing, corrosion-resistant film. This ability to generate protec-
tive films is realized by small percentages of chromium added to iron
alloys to form heat- and corrosion-resistant steels. 
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Decorative chromium coatings retain their tarnish resistance and
mirror brightness out-of-doors, which explains their growing popular-
ity for automotive and marine metal and plastic trim. Other popular
contenders for chromium use include appliances, hardware, plumbing,
furniture, and motorcycle parts. 

Hard chromium deposits find uses on internal engine part surfaces,
cutting tools, hydraulic shafts, aircraft landing gear supports, press
and turbine shafts, and for dimension restoration on worn/undersize
parts. Surface properties offered by hard chromium include good wear
and abrasion resistance, increased corrosion resistance, and preven-
tion of galling and seizing.

Four popular methods for applying hard and decorative chromium
coatings exist: electroplating, diffusion, physical vapor deposition
(PVD), and flame spray. Whether it is more economical to use an out-
side chromium plating source or to establish an in-house operation de-
pends on many factors, including government regulations; part
material, size, quantity, and complexity; and the type of chromium de-
sired. Electroplating hard, or decorative, chromium by contracting an
outside plating source is generally the more economical approach.
Purchasing and installing a chromium plating plant may be cost pro-
hibitive under today’s standards because of municipal permits and re-
quirements to set up cleaning and underplating capability for copper
and nickel plating processes. Additionally, waste treatment equip-
ment, operator safety/medical monitoring, chemical handling liabili-
ties, insurance needs, and government monitoring at federal, state,
and local levels all increase the costs of operating a chromium plating
facility. OSHA also regulates in-plant worker exposure levels to chro-
mic acid, and the EPA restricts the amount of chromic acid mist f that
can leave the building.118 A regular review of applicable regulations is
necessary for all shops. The concept of adding a chromium plating ca-
pability to complement an existing plating operation deserves careful
study because of the aforementioned controls and safeguards that
unique for plating chromium. 

Diffusion is another alternative method for chromium coating. It
drives chromium into the surface of the substrate material, usually
steel, at a high temperature without loss of the substrate properties.
Here, chromium fulfills the need for protection from corrosion and
high-temperature oxidation. Chromising102 costs are moderate and
less than electroplating costs; however, coating appearance, substrate
limitations, and the nature of the process restrict this method to spe-
cial applications.

PVD chromium coatings are limited to thin (about 1000 Å), decora-
tive finishes that usually are coated with a special lacquer. Acceptance
for these thin finishes has been realized in automobile trim, bicycles,
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and appliances. Additionally, ion implantation has found success by
driving chromium ions into the surface of existing chromium coatings
to form a thin surface alloy that improves corrosion protection and
wear resistance. 

Unfortunately, chromium, like cadmium, is a toxic poison—a sus-
pected carcinogen that is dangerous to employees operating the pro-
cesses and is also a dangerous soil contaminant that must not be
allowed to contaminate groundwater. Even chromate conversion coat-
ings, chromate primers, and nearly all chromium-containing products
and finishes are currently under examination by commercial and mili-
tary investigators for replacement and total chromium recycling. De-
velopments to improve the safety of chrome plating operations have
included fume suppressants to prevent chromic acid droplets from en-
tering the shop atmosphere, exhaust system revisions, new waste
treatment equipment advances, and trivalent chrome plating develop-
ments that avoid the chromic acid formulations.

10.5.1 Decorative Chromium Electroplated 
Coatings

Conflicting with efforts to replace chromium and its coating processes
by other, more environmentally amiable coatings, vehicle manufactur-
ers want to satisfy a universal customer desire for the elegance, shine,
sparkle, distinction, and the beauty of chrome. Only gold finishes can
rival the pride that customers derive from the bluish-white dazzle
that chrome offers for cosmetic purposes. 

Decorative chromium finishes offer thin deposits that range in
thickness from 500 Å to 1 µm, often plated on nickel and copper bar-
rier electroplates or underplates and further protected with an ultra-
violet protective lacquer. Zinc die castings, aluminum, copper alloys.
and low-carbon steel served as some of the first substrates to be deco-
rated with chromium coatings. Following the early years of buffed
and polished nickel coatings (late 1800s to mid 1920s), chromium
coatings improved the surface of the polished nickel by eliminating
tarnishing problems. Further improvements in corrosion resistance
included developments such as high-leveling copper and nickel plat-
ing, semi-bright and bright nickel processes, crack-controlled and
crack-free chromium processes, and multilayer nickel and chromium
plating processes. 

Automobile industry efforts to combat the corrosion problems of
steel led to the understanding that corrosion resistance depends on
the underplate thickness and composition. The increased use of salt
on roads boosted research to prevent corrosion and led to the develop-
ment of multilayer nickel coatings coupled with crack-controlled (mi-
crocracked) chromium. Considerable published material is available
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concerning corrosion tests and multilayer copper-nickel-chromium
plating processes.103–106 One three-year, marine atmosphere corrosion
study found the best performance with double-layer nickel and micro-
cracked chromium.120 Manufacturers of automobile hardware soon di-
rected their attention to eliminating the corrosive potential of the
substrate. Beginning in the 1970s, plastic replacement parts employed
new chromium coating processes by electroplating, vacuum deposi-
tion, and flame spray. Chromium deposits of less than 1 µm were mir-
ror bright. Unfortunately, the porous character of this thin finish
offered little corrosion or abrasion protection until a clear top coat
added increased protection.

Bright chromium plate is unique because of the formation of visible
cracks observed when the thickness of the deposit exceeds 0.5 µm.107

The crack patterns often overlap with vestiges of plated-over cracks,
and the porosity of the deposit increases. Cross sections of thick,
cracked deposits show discontinuities of small separated layers
throughout the deposit. Elimination of the cracks has proven to be a
challenge, coupled with controlling stress, wear, and corrosion resis-
tance. Introduction of numerous improvements such as duplex chrome
plating, catalyst formulations,108–112 and pulsed current113,114 ad-
vanced decorative chromium plating to three types of decorative plat-
ing processes. The three processes that improved the traditional
chromic acid/sulfate bath include the standard mixed catalyst, self-
regulating mixed catalyst, and trivalent chromium baths.

10.5.1.1 Advantages of electroplated decorative chromium coatings. The
advantages are as follows:

� The thin chromium electrodeposit on nickel, coated with a protective
lacquer, provides a cheap, eye-pleasing, protective coating that nor-
mally endures for the intended life of the part.

� Large volumes of small or large, complex parts can be coated eco-
nomically.

� The hexavalent chromium/sulfate, or trivalent plating processes, of-
fer increased plating capabilities for existing plating businesses. 

� The self-regulated, mixed-catalyst chromium plating processes offer
less required catalyst control by providing a fluoride catalyst that
has limited solubility.

� The self-regulated mixed catalyst processes can provide the type of
microcrack-controlled deposit that causes the galvanic corrosion ef-
fect to be spread out evenly over the entire part surface103 instead of
at concentrated points.
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� Crack-free chromium deposits exhibit increased corrosion and wear
resistance.

� Trivalent chromium processes avoid the hazards of hexavalent chro-
mium plating and are one-tenth as concentrated as the hexavalent
processes, and trivalent chromium chemical storage avoids the fire
hazards of hexavalent chromium.

� Trivalent chromium deposits have a “whitish” decorative appear-
ance as opposed to the “bluish-white” appearance of hexavalent
chromium.

� Trivalent will not form “burned” deposits and offers the best throw-
ing power.

� Different heat treatments can be added to change the chromium de-
posit hardness and stress.

� Trivalent chromium bulk, or barrel, plating of small parts offers
good adhesion in the event of electrical current interruptions.

10.5.1.2 Disadvantages of electroplated decorative chromium coatings.
The disadvantages are as follows:

� Mist suppressants must be used for hexavalent chromium, coupled
with meeting all federal, state, and local chromium emission and re-
porting guidelines.

� The efficiency of chromium plating is quite low (5 to 20% for sulfate
and 20 to 25 percent for fluoride baths) as compared to the other
metals.

� Decorative chromium is a thin deposit that offers little or no protec-
tion without a underplating such as nickel and an organic top coat.

� Cracking of the deposit is a problem in spite of “crack-free” coatings,
because minor flexing or expansion of the substrate will cause the
chrome to crack.

� Throwing power is low, and special anodes are often necessary.
� Control of the processes can be difficult, especially for trivalent

chrome.
� Trivalent chromium is more sensitive to contamination.
� Tank ventilation with air scrubbing capability is necessary for

hexavalent chromium processes.
� Decorative chromium plating on plastics requires careful control of

the plastic materials for consistent polymer properties plus the costs
on an additional tank line for pre-chromium-plating processes.
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10.5.2 Hard Chromium Electrodeposited 
Coatings

Hard chromium plating is often referred to as industrial or functional
chromium plating, and it is used to apply extremely hard finishes that
offer moderate corrosion protection and surfaces with a low coefficient
of friction. Good wear properties rank hard chromium as one of the
best metal finishes for wear applications to extend the life of service
parts. Typical examples of commonly coated hard chromium items and
approximate thicknesses include: 

� Piston rings, cylinder walls, hydraulic shafts, rollers, and crank-
shafts (12 to 50 µm)

� Cutting tools and molding dies (12 µm)

� Car engine valves (5 to 8 µm)

Rebuilding worn parts, followed by processes such as remachining,
grinding, and polishing constitutes the primary purpose for hard chro-
mium coatings. Normally, 100 to 300 µm of chromium is deposited be-
fore grinding to size and polishing. Hard chromium plating serves
businesses in areas of overhauling aircraft landing gear equipment,
correcting mismachined and worn parts, and salvaging engine ex-
haust valves. 

Characteristics of hard chromium consist of (1) wear and corrosion
resistance, (2) hardness, (3) and anti-galling features that change the
decorative chromium electroplating processes by using slightly differ-
ent bath formulations, plating times, thickness, and pollution preven-
tion methods. The plating thickness for hard chromium ranges from 5
to 500 µm, as compared to a decorative thickness of less than 1 µm.
The thicker coatings require often >24 hr of plating time. Hard chro-
mium deposits may be applied directly over the base metal, often
without copper and nickel underplating. Hardness values of hard
chromium-plated deposits are comparatively the same as those of the
decorative chromium deposits;115 however, different bath formula-
tions, bath temperatures, current density, and heat treatments have
been reported to vary chromium deposit hardness from the 300s to
greater than 1200 kg/mm2. Most hard chromium deposits aim for 900
to 1200 kg/mm2. Numerous helpful studies of electrodeposited hard
chromium have been published (see Refs. 7 and 58). Also, Refs. 116
and 117 are helpful guides. 

Three popular hard chromium baths require chromic acid with a
sulfate catalyst. The conventional bath is the chromic acid and sulfate
catalyst (old standby). Fluoride salts, added to the conventional bath,
created the mixed catalyst bath for improved plating efficiencies. The
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third bath uses a proprietary nonfluoride catalyst. Trivalent chro-
mium baths are currently in development stages to permit the deposi-
tion of chromium coatings greater than 7 µm.

10.5.2.1 Advantages of hard chromium electroplated coatings. The ad-
vantages include the following:

� Economical process for salvaging worn, damaged, and mismachined
parts.

� Parts of varied size, volume, and complexity can be hard chromium
plated.

� Corrosion protection is improved with the >50 µm thick coatings
that are ground to desired size and polished.

� Hard chromium coating can be etched, creating pores for lubricant
retention purposes as needed for some engine piston rings and cylin-
der walls.

� Gun bore hard chromium coatings applied with pulsed current to
produce crack-free and porous deposits have performed well.119

10.5.2.2 Disadvantages of hard chromium electroplated coatings. Disad-
vantages include the following:

� The toxicity and pollution concerns of hexavalent chromium for hard
chromium are analogous to the concerns of decorative chromium
electroplating.

� The less-toxic trivalent chromium bath is not useful for the thicker
deposits.

� Plating efficiencies are low, similar to decorative plating.

� Trivalent hard chromium baths show promise for the near term.121

� Fluoride salts of the mixed-catalyst chromium plating bath will etch
iron from steel in the low-current-density areas, and these areas
must be masked.

� Iron contamination from steel limits the life of the chromium bath.

� Ductility is very low, with percent elongation values of below 0.1
percent.

� Careful monitoring of all plating parameters is necessary.

� Chromium plating of high-strength steels requires hydrogen embrit-
tlement relief.
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10.5.3 Physical Vapor Deposition 
Chromium Coatings

Thin coatings (300 to 1000 Å) of vacuum deposited chromium find ap-
plications for automobile exterior plastic surfaces. Both flexible poly-
esters and thermoplastic urethanes have been used for automobile
grilles, trim molding, and bumper strips that are metallized, followed
by a clear vinyl or UV-inhibited top coat.

Employment of physical vapor deposition (PVD) chromium has in-
creased for coating parts that were traditionally hard chromium
plated. Advancements in PVD offer ion implantation to form a thin
surface alloy122 that increases the wear, corrosion, and fatigue resis-
tance of the chromium coating. Nitrogen is implanted into the chro-
mium surface to improve wear resistance by forming Cr2N without
changing the chromium thickness dimension.123,124 Other ions have
been implanted into the chromium surface for similar property en-
hancements. Properties such as wear resistance, hardness, corrosion
resistance, low coefficient of friction, and abrasion resistance were im-
proved by PVD thin coatings (usually less than 10 µm) of carbon (dia-
mond and similar carbide coatings), molybdenum disulfide, titanium
nitride, and chromium nitride. 

Multilayer coatings have been used by combining a hard coating
such as chromium nitride with a soft finish coating for lubricity. The
hard PVD coating could be 40 µm or more of a nitride of chromium,
tungsten, or titanium, and the soft coating could be a low-coefficient-
of-friction coating consisting of 2 to 3 µm of a material such as molyb-
denum disulfide. Automotive engine parts such as turboshafts, fuel in-
jectors, and camshafts have avoided hard chromium electroplating,
replacing it with PVD of more than 40 µm thick chromium nitride,
overplated with tungsten that is then overplated with 2 to 3 µm of a
carbide-containing metal. Greater thickness involves a danger of
cracking. 

PVD coatings used to enhance or replace chromium require signifi-
cant investment in equipment that must be able to reproduce run af-
ter run of the desired product with a minimum reject rate. Large
chambers accommodate large volumes of small parts, or selected large
parts, and require additional investments for specialized cleaning pro-
cesses, monitoring equipment, specialized employee training, and
large magnetron sources. Deposits are limited to line-of-sight coating
coverage. Replacement of hard chromium electroplating by PVD con-
tinues where current costs are justified and by future advances in
PVD technology.

CVD (chemical vapor deposition) is a process in which the reactant
gas contains a metal such as chromous chloride that condenses on the
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part, which is enclosed in a special vacuum chamber. Other metals
such as nickel, tungsten, and titanium carbide may be deposited simi-
larly with a typical thickness of 1 µm. Advantages include the ability
to uniformly coat complex parts (which often contain internal cavities)
and bore interiors. Disadvantages include equipment and special
training costs. Special cleaning of the parts requires additional equip-
ment and the use of chemical cleaning processes. High process tem-
peratures often reach 1000°C, which may degrade the coated items.
Some safety issues are encountered, such as equipment noise level
and high temperatures. 

10.5.4 Sprayed Chromium Coatings

Sprayed chromium coatings, applied by thermal spraying and plasma
arc spraying, use solid and powdered chromium to coat substrates.
This “dry” alternative chromium coating process uses a spray gun to
deposit the powder or metal by heating it in a flame or plasma and al-
lowing pressurized gas to bombard the substrate. High deposit thick-
nesses can be obtained with chromium and many other alloys.
Normally, excess chromium is applied for a final machining-to-size op-
eration. Deposition temperatures for thermal spray can be lower than
200°C as compared to plasma arc spray temperatures, which can
reach greater than 10,000°C.127 Improved deposit properties, such as
corrosion and wear resistance, are offered by sprayed coatings, and
wastewater treatment is avoided. Disadvantages include operator
training and safety concerns. Capital investment is moderate, coating
is restricted to line-of-sight applications, and there are some machin-
ing problems with excess or uneven chromium deposits.

10.5.5 Other Chromium Coatings

Black chromium plate meets certain requirements for wear and tem-
perature resistance, high solar energy absorption, low emissivity (low
radiation back to the outside), and low reflectivity. Decorative applica-
tions include furniture and building, plumbing, and electrical hard-
ware. Solar energy collectors and anti-glare surfaces are some of the
more functional uses of black chromium. Proprietary formula modifi-
cations of hexavalent and trivalent chromium baths are required to
produce the black coating composed of chromium metal and chromium
oxide crystals. Normally, a nickel underplate is required to improve
the corrosion protection of the somewhat porous coating. Black chro-
mium and several other solar energy-absorbing coatings were tested
in outdoor tests, with black chromium producing highly favorable re-
sults.126
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Because of environmental concerns, continuing studies have aimed
to eliminate or replace the use of chromium coatings in automobiles.
This has led to the development of the trivalent chromium baths,
which have gained more acceptance among the environmentally con-
scious. Other alternate alloys are challenging the chromium coatings,
such as tin/nickel, tin/cobalt, nickel/tungsten, cobalt/tungsten,128

heat-treated electroless nickel, and physical vapor deposited coatings.
Hard chromium remains irreplaceable for its unique mechanical prop-
erties but it must be carefully and safely deposited, with all pollution
concerns in control.

10.6 Copper Coatings

Copper coatings receive most of their popularity because of their high
electrical and thermal conductivity and high melting point. The elec-
tronics industry requires copper for properties such as solderability,
low cost, high ductility, and corrosion resistance (which is often en-
hanced by corrosion-inhibited lacquers). Copper conductors for electri-
cal and microwave pathways consume significant quantities of copper.
Construction industry copper products that combine strength, ductil-
ity, and corrosion resistance find such uses as piping, building vias for
seawater, and pipes for fresh hot and cold water and soft or aerated
waters that are low in carbonic and other acids. Copper is in demand
for outdoor protective flashing, cooking utensils, jewelry, furniture,
and many other consumer products. The hazards of copper metal are
considered not very significant; however, compounds associated with
coating applications can be extremely hazardous. Federal, state, and
local regulations include restrictions for copper discharge.129

Copper coatings applied by cladding electrodeposition, electroless
deposition, or flame spray are richly colored and often reflective imme-
diately following deposition. Brightness is rapidly lost in most atmo-
spheres by oxidation, and slow corrosion occurs. Conversion coatings
such as benzotriazole and oxides are often necessary to preserve the
finish for copper appearance and for functional reasons such as solder-
ing or adhesive bonding. Seldom is copper used as a final finish, but
copper’s good corrosion resistance, excellent electrical and thermal
conductivity, good mechanical workability, and ease of bonding and
soldering widened its use as a supportive coating for nickel that is fin-
ished with an outer protective coating. 

10.6.1 Electrodeposition of Copper 
Coatings

Copper electroplating by acid, alkaline, and neutral formulations is
selected to meet the requirements for coating certain substrates while
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