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13.1 Introduction

 

Any product is an assemblage of various components, packaging and
interconnection materials, and technologies. The reliability of even a
“well designed” product is usually reduced by some finite number of
defects in materials imparted by “normal manufacturing processes.”
To achieve the level of reliability inherent in the design, these defects
must be detected and fixed before the product leaves the factory. If not
corrected, the defects will show up as fielded product failures, which
increase warranty costs and reduce the perceived quality and value to
the customer. Additionally, manufacturing production costs will in-
crease due to rework and repair if corrective actions are not taken. It
is for these reasons that manufacturers have a requisite interest in
the most effective means for the earliest elimination of defects.

Most manufacturers traditionally have depended on the final accep-
tance testing to catch manufacturing defects. They have learned over
time to add intermediate material tests, electrical tests, screens, and
inspections as part of the continuing course of manufacturing process
improvement. As parts fail, failure analysis can provide valuable feed-
back as to the type of test, inspection, or screen to use; duration or res-
olution required; and placement within the production process. The
optimization of the overall reliability program will effectively cover
the material, component, and assembly fault spectrum while prevent-
ing redundant coverage and maximizing the resulting cost savings. 

It must be emphasized that, for the purposes of testing, the materi-
als cannot be considered independent of the product or the production
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processes used to produce the product. Given the almost infinite num-
ber of material/product combinations, we cannot hope to cover all of
the possible materials tests. ASTM alone produces multiple volumes
of test procedures covering thousands of pages. Materials testing will
be the focus of this chapter, we will introduce some of the thought pro-
cesses that go into designing a test program and review some of the
more prevalent tests. 

For example, when trying to determine which test or inspection
technique is best, and most cost-effective, for identifying a particular
type of defect, the following points must be considered:

 

�

 

The complexity of the technology or material being tested/inspected

 

�

 

The volume to be tested/inspected

 

�

 

The per piece cost

 

�

 

The required accuracy for defect location

These ideas will be developed in the following section.

 

13.1.1 Designing a Test Regime

 

1

 

13.1.1.1 General considerations.

 

Paint and coating materials will be
used as an example of the materials and process considerations that
go into designing a test regimen. Painting and coating is a process in-
volving materials, surface preparation, and how the coating materials
are applied. All three of these are linked; a defect in one causes the en-
tire process to fail. 

Some reasons for the development of a new test program might in-
clude the following:

 

�

 

Development of a new process to apply a coating and selection of ap-
propriate materials

 

�

 

Problems with an existing process and/or existing materials

 

�

 

Changes in existing processes and existing materials because of new
environmental restrictions or unavailability of desired materials

 

�

 

Qualification or evaluation of a new product

Essentially, all four of these will require consultation with the process
personnel, end users, and testing personnel. The laboratory facilities
required can be in-house or outside sources but, either way, communi-
cation is essential. There are situations in which the problems can be
solved by consultation without doing any laboratory work. However, a
true solution usually involves both.
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There are three basic steps:

1. Define the problem or area of interest so that both you and the test
personnel clearly understand what is generally required. We want
to be able to clearly understand the objectives of the testing. This
involves discussions among the “experts” on all sides. We cannot
propose the best effort and minimize the costs until we have a mu-
tual understanding at this point. This may be very difficult ini-
tially, because of the backgrounds of the parties and the need of
the “customer” to not divulge essential information at this time.
There may be a need to sign nondisclosure agreements before the
free flow of information needed to attain this understanding can
begin.

2. Establish a general plan of effort. This may involve experimental
designs or some of the newer methods to gain the objectives at the
least cost. There can be substantial cost savings by utilizing one
“sample” for many tests and evaluations. If multiple test facilities
are being used, determine who will be prime, and manage the ef-
fort.

3. Cost out the plan, prepare proposals, describe a general overall
plan of effort, and submit it. The proposal should define what is in-
tended to be delivered.

If the “customer” has a shopping list of ASTM tests, there still needs
to be an understanding on these issues:

 

�

 

Just what does the customer provide in materials and test items?

 

 If
the customer provides a set of coated panels, then there may be
problems. Cutting up panels to meet ASTM test requirements is
poor practice, since the cutting up damages the panel. Some of the
ASTM tests are valid only when they are done on a certain type and
size of panel, and on panels that have been through a very specific
preparation process. The preferred method should always be to pre-
pare the panels in the test laboratory, where quality control can be
maintained on the whole process. 

 

�

 

Does the customer want strict adherence to the tests or just general
adherence? 

 

For certification, strict adherence is required. It should
be noted that there are some ASTM tests that are equipment and
equipment-procedure specific. If the customer is having problems
with an existing process or existing coating material, then “ad hoc”
tests are a better choice. Here, the intent is to use testing to solve
the problem, and conformance to a specific ASTM test is not impor-
tant.
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�

 

What does the test lab have to provide in terms of materials? What do
they have to buy? What do they have to deliver? Is it just a series of
simple test result sheets, or is it a comprehensive evaluation report?

 

Example: The Painting/Coating Process

 

13.1.1.2 Tests on coating materials.

 

There are three areas in which
tests on coating materials are made. Coating materials start off as liq-
uids and, after application, end up as hard cured films on some sub-
strate. You can’t do liquid tests on coated panels, and you can’t do
cured film tests such as corrosion resistance on the liquid paint. Also,
the 

 

reverse engineering

 

 process of trying to infer the process and the
coating materials used (e.g., formulations) from the final cured coating
is very expensive and, in most cases, is not successful.

Tests on coating materials are to some extent specific to a given in-
dustry. For example, coating materials used on automobiles and

 

Surface pretreatment and preparation

 

Removal of old coatings if required

Surface cleaning

Masking, barrier treatments

Prepaint substrate treatments

 

Application

 

Application equipment and tools

Cleanup and waste disposal

Mixing

Personal protective equipment

Area preparation

Environment control

Film thickness and coverage requirements

Personnel skills and qualifications

Application information, specifications, MSDSs, etc.

Inspection requirements

Curing, drying process requirements

 

Coating materials

 

Sealers, fillers, undercoaters

Primers

Topcoats

Thinners, reducers
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trucks are tested in accord with many automobile manufacturers’ pe-
culiar test methods. There are two general groups of coating material
test methods—those put out by the ASTM under part 6, and the Fed-
eral test methods put out under Federal Test Method Standard 141.
Most paint manufacturers have their own peculiar tests, which are
not often known outside the company.

Certain classes of coatings have their own set of such tests. For ex-
ample, tests on paints used on roadways have one set of tests, and
paints used for the outside of houses have different sets of tests. In
some cases, the tests may have similar names, but they are different.
That is why it is difficult to generalize a proposed test program.

In the next section, a long list of test capabilities are presented.
They are based on the ASTM and FTMS test sets. Not all of the ASTM
or FTMS tests are given. This is only a subset, representing some of
the more common ones. The list is divided into specific properties for
which we are testing.

 

�

 

FTMS is Federal Test Method Standard 141.

 

�

 

A (T) after an ASTM document listing indicates that it is a 

 

test
method.

 

�

 

A (P) after an ASTM document listing indicates that it is a

 

 recom-
mended practice.

 

�

 

A (G) after an ASTM document listing indicates that it is only 

 

guid-
ance

 

.

The list below is based primarily on architectural and industrial
maintenance coatings and the processes involved in their application.
The list 

 

does not

 

 comprehensively cover ASTM tests on the following;
however, the listed ASTM test may still be applicable in the special
area:

 

�

 

Materials used in graphic art applications

 

�

 

Cleaning applications

 

�

 

Exterior pavement and roadway coatings

 

�

 

Factory applied surface coatings of miscellaneous metal parts, furni-
ture, and wood products

 

�

 

Aerospace component manufacturing and assembly

 

�

 

Automotive, truck, and heavy equipment manufacturing and refin-
ishing operations

 

�

 

Pipeline coatings and applications

As needs develop in these other areas, the list can be expanded.
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Typical Paint and Coating Test Program

 

Liquid Coating Properties

 

This generally requires a quart to a gallon of the coating material, de-
pending on the extent of the testing.

 

Composition

 

ASTM D2369 Volatile content of coatings (T)
ASTM D4017 Water in paints by Karl Fisher method (T)
EPA Method 24 Volatile organic compound content
VOC content by headspace absorption and GC analysis

 

Physical properties

 

ASTM D5201 Calculating physical constants of coatings (P)
ASTM D1475 Density (T)
ASTM D3278 D1310, D3941, D3278, D3934 Flash point (T)
ASTM D6165 Odor (G)

 

Storage and aging

 

ASTM D869 Settling (T)
ASTM D1849 Package stability (T)
ASTM D2243 Freeze-thaw for waterborne (T)
ASTM D2337 Freeze-thaw for lacquers (T)
ASTM D154 Skinning (G)
ASTM D185 Coarse particles and foreign matter (T)
ASTM D2574 Emulsion paints attack by microorganisms (T)
ASTM D5588 Microbial conditions of coatings (T)
FTMS Method 3011 Condition in container
FTMS Method 3019 Storage stability at extreme temperatures
FTMS Method 3021 Skinning
FTMS Method 3022 Storage stability

 

Application and Film Formation Properties

 

This generally requires a quart to several gallons, depending on the
number of tests that are required. Spray and roller application takes a
lot of paint due to the size of the panels required.

 

Brushing properties

 

FTMS Method 4321 Brushing properties
ASTM D4958 Comparison of brush drag, latex paints (T)
ASTM D344 Visual evaluation of brushouts (T)
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Dry time

 

This can be done at any number of set environmental conditions of
temperature and relative humidity.

ASTM D1640 Drying, curing and film formation (T)
ASTM D5895 Times of drying using mechanical recorders (T)
FTMS Method 4061 Drying time

 

Flow/consistency characteristics

 

ASTM D562 Consistency by Stormer viscometer (T)
ASTM D1200 Ford cup (T)
ASTM D2196 Brookfield viscometer (T)
ASTM D4212 Dip-type viscosity cups (T)
ASTM D4287 ICI cone/plate viscometer (T)
ASTM D5125 ISO flow cups (T)
ASTM D5478 Falling needle viscometer (T)
FTMS Method 4287 Brookfield viscosity

 

Hiding power and spreading (wet) rate

 

We generally combine hiding power testing with spreading rate, be-
cause it can all be done on one chart. This determines a characteristic
S parameter of the coating and provides data on wet-film thickness re-
quired to achieve a specified dry-film thickness on coated panels.

ASTM D5007 Wet-to-dry hiding change (T)
ASTM D2805 Hiding power of paints by reflectometry (T)
Applicator height-wet-dry thickness relationships
FTMS Method 4122 Hiding power (contrast ratio)

 

Leveling

 

ASTM D4062 Leveling by draw-down (Leneta test) (T)
NYPC Leveling test (blade)

 

Pot life

 

This can be a simple flow/consistency measurement or a complete set
of application tests at periodic intervals during the pot life time pe-
riod.

 

Roller coating properties

 

FTMS Method 4335 Roller coating properties

 

Sag resistance

 

ASTM D4400 Using a multi-notch applicator (T)
FTMS Method 4493 Sag resistance, Baker method
FTMS Method 4494 Sag resistance, multinotch blade
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Spatter resistance

 

ASTM D4707 Paint spatter resistance from roller application (T)

 

Spraying properties

 

FTMS Method 4331 Spraying properties

 

Wet film thickness

 

ASTM D1212 Measurement (T)
ASTM D4414 By notch-type gages (P)

 

Dried/Cured Film Properties

 

These are all tests done on flat panels. The number, the size, and the
type of panel substrate are frequently dictated by the selected ASTM
test. The preferred method is to do the coating of the panels in the lab,
where the uniformity of film thickness can be controlled. In many
cases, a number of tests can be done on the same panel. This allows for
certain economies when tests are combined.

 

Adhesion to substrate

 

ASTM D2197 Scrape adhesion (T)
ASTM D3359 Tape test (wet) (T)
ASTM D4541 PATTI test (T)
ASTM D5179 Adhesion to plastic by direct tensile testing (T)
FTMS Method 6251 Lacquer lifting test
FTMS Method 6252 Self-lifting test
FTMS Method 6301 Wet tape test

 

Appearance and finish

 

These are done before and after any test that is likely to alter appear-
ance, when appearance following the test is an important criterion.
Outside of gloss and color, the tests are all subjective, using standards. 

ASTM D523 Specular gloss (T)
ASTM D610 Degree of rusting (T)
ASTM D660 Degree of checking (P)
ASTM D661 Degree of cracking (T)
ASTM D662 Degree of erosion (T)
ASTM D714 Degree of blistering (T)
ASTM D772 Degree of flaking (scaling) (T)
ASTM D1654 Evaluation of specimens subject to corrosion (P)
ASTM D1729 Color differences (P)
ASTM D1848 Reporting film failures (C)
ASTM D2244 Color differences (T)
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ASTM D2616 Color differences with a gray scale (T)
ASTM D3134 Color and gloss tolerances (P)
ASTM D3928 Gloss or sheen uniformity (T)
ASTM D4039 Reflection-haze of high gloss surfaces (T)
ASTM D4214 Degree of chalking (T) {Non-instrument Method}
ASTM D4449 Gloss differences from surfaces of similar appearance 

(T)
ASTM D5065 Condition of aged coatings on steel (G)
ASTM E284 Standard terminology of appearance (A)
ASTM E308 Computation of colors by CIE (P)
ASTM E313 Yellowness index (P)
ASTM E805 Identification of instrumental methods for color (P)
ASTM E1345 Reducing the effect of color measurement variability 

(P)
ASTM E1347 Color and color difference measurements (T)
ASTM E1349 Reflectance factor and color by spectrophotometry (T)
FTMS Method 4251 Color specification from spectrophotometric 

data
FTMS Method 4252 Color specification from tristimulus data
FTMS Method 6101 60 degree specular gloss
FTMS Method 6103 85 degree specular gloss
FTMS Method 6104 20 degree specular gloss
FTMS Method 6122 Lightness index difference
FTMS Method 6123 Color difference of opaque materials
FTMS Method 6131 Yellowness index

 

Chemical resistance, industrial

 

In general, there has to be an agreement with the customer on just
what chemicals that are to be used, the temperature of contact, and
the duration. A preferred test method is one that gives a large enough
area of contact so as to be able to make a good appearance evaluation.
Chemical resistance is to assess the ability of the coating to withstand
the chemical, not to protect the substrate against corrosion from the
chemical.

ASTM D2792 Solvent and fuel resistance (T)
ASTM D3023 Stain and reagent resistance (P)
ASTM D3260 Acid and mortar resistance (T)
ASTM D3912 Coatings used in light water nuclear plants (T)
ASTM D5402 Solvent rubs (P)
FTMS Method 6011 Hydrocarbon resistance (T)
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Modified Tnemec test for industrial chemical resistance

 

Corrosion resistance.

 

These are all laboratory tests done on test speci-
fied panels, inside specified special pieces of equipment and under
specified conditions. Customer has to specify the test duration in
hours, and any special test environments.

ASTM B117 Salt spray (T)
ASTM B287 Acetic acid-salt spray (T)
ASTM D2803 Filiform corrosion (G)
ASTM D5894 Cyclic salt fog/UV exposure, coated metal (P)
ASTM G85 Modified salt spray testing, annex Al, acetic acid-salt 

spray (P)
ASTM G85 Modified salt spray testing, annex A2, cyclical acidified 

salt fog (P)
ASTM G85 Modified salt spray testing, annex A3, acidified synthetic 

sea water fog (P)
ASTM G85 Modified salt spray testing, annex Al, salt/sulfur dioxide 

spray (fog) testing (P)
ASTM G85 Modified salt spray testing, annex Al, dilute electrolyte 

cyclic fog/dry test (P), prohesion test

 

Dirt resistance.

 

This is basically an outdoor test. It can be run in con-
junction with outdoor weathering tests.

ASTM D3719 Quantifying dirt collection (T)

 

Dirt removal ability (washability)

 

ASTM D3450 Washability properties (T)
ASTM D4828 Practical washability (T)
FTMS Method 6141 Washability
ASTM D2198 Stain removal from multicolor lacquers (T)

 

Environmental (atmosphere) resistance

 

ASTM D1211 Temperature change resistance (T)
ASTM D2246 Cracking resistance (T)
ASTM D2247 100% humidity (T)
ASTM D3459 Humid-dry cycling (T)
FTMS Method 6201 Humidity test

 

Film flexibility

 

ASTM D522 Mandrel bend test, method A (T)
ASTM D522 Mandrel bend test, method B (T)
ASTM D2370 Tensile properties (T)
ASTM D2794 Impact test (T)
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ASTM D4146 Formability of primers on steel (T)
FTMS Method 6221 Flexibility
FTMS Method 6304 Knife test

 

Film thickness

 

ASTM D1005 Measurement (T)
ASTM D1186 Measurement over ferrous substrate (T)
ASTM D1400 Nonconductive coatings over a nonferrous metal base 

(T)
ASTM D4138 Protective coatings by destructive methods (T)
ASTM D5235 Microscopic measurements on wood substrates (T)
ASTM D5796 By destructive means using a boring device (T)
ASTM D6132 Over concrete using an ultrasonic gauge (T)

 

Fire retardancy

 

ASTM D1360 Cabinet method (T)
ASTM D3806 Small scale evaluation of retardancy by two-foot tun-

nel (T)

 

Hardness

 

ASTM D1474 Indentation hardness (T)
ASTM D2134 By Sward type hardness rocker (T)
ASTM D3363 Pencil hardness (T)
ASTM D4366 Pendulum damping tests (T)

 

Heat resistance

 

ASTM D2485 High temperature surface coatings (T)
ASTM D5499 Heat resistance of polymer linings (T)
FTMS Method 6051 Heat resistance

 

Hiding of substrate surface

 

These are special tests to evaluate in a practical sense the ability of
the coating to hide the underlying surface.

ASTM D344 Visual evaluation of brushouts (T)
ASTM D2064 Print resistance of architectural paints (T)
ASTM D2091 Substrate print resistance (T)
ASTM D5150 Visual evaluation of roller applied coating (T)
FTMS Method 4121 Dry opacity
FTMS Method 6262 Primer absorption and topcoat holdout (re-

quires modification)

 

Household chemical resistance

 

In general, there has to be an agreement with the customer on just
what detergents and chemicals that are to be used, the temperature of

 

13Martin  Page 11  Wednesday, May 23, 2001  10:50 AM



 

13.12 Chapter 13

 

contact, and the duration. The preferred test method is one that gives
a large enough area of contact so as to be able to make a good appear-
ance evaluation. Drops do not give this.

ASTM D1308 Household chemicals (T)
ASTM D2248 Detergent resistance (T)

 

Mildew and fungus resistance 

 

ASTM D3273 Growth of mold resistance (T)
ASTM D3456 Microbiological attack (P)
ASTM D3623 Antifouling in shallow submergence (T)
ASTM D4610 Presence of microbial growth on coatings (G)
ASTM D5589 Resistance to algal defacement (T)
ASTM D5590 Resistance to fungal defacement (T)
MIL-STD-810 Method 508, Fungus
FTMS Method 6271 Mildew resistance

 

Penetration of water through coating

 

ASTM D5401 Clear water repellent coatings on wood (T)
ASTM D5860 Effect of water repellent treatments on mortar speci-

mens (T)

 

Permeability of cured film

 

ASTM D1653 Water vapor transmission (T)
ASTM D2354 Minimum film formation temperature (T)
ASTM D3258 Porosity (hydrocarbon) (T)
ASTM D3793 Porosity (hydrocarbon, 40 F and 70 F) (T)

 

Sanding properties

 

FTMS Method 6321 Sanding characteristics

 

Stain transfer blocking/staining resistance

 

ASTM D1546 Evaluation of clear wood sealers (P)

 

Surface contact transfer effects (blocking)

 

ASTM D2199 Plasticizer migration (T)
ASTM D2793 Block resistance (T)
ASTM D4946 Blocking resistance of architectural paints (T)
ASTM D3003 Pressure mottling and blocking resistance (T)

 

Traction properties

 

ASTM D5859 Traction of footwear on surfaces (T)

 

Water resistance

 

ASTM D870 Immersion (P)
ASTM D1735 Water fog water resistance (P)
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ASTM D4585 Controlled condensation (P)
ASTM D5860 Freeze-thaw resistance of water repellent treated 

mortar (T)

 

Wear, mar, and abrasion resistance

 

ASTM D968 Falling abrasive (T)
ASTM D2486 Scrub resistance (T)
ASTM D3170 Chipping resistance (Gravelometer) (T)
ASTM D4060 Tabor abrader (T)
ASTM D4213 Scrub resistance by weight loss (T)
ASTM D5178 Mar resistance (T)
ASTM D6037 Dry abrasion mar resistance of high gloss coatings (T)
FTMS Method 6142 Scrub resistance (T)
FTMS Method 6192 Abrasion resistance (Tabor)

 

Weathering resistance, accelerated, laboratory

 

ASTM D822 Filtered open-flame carbon arc exposure (P)
ASTM D2620 Light stability of clear coatings (T)
ASTM D3361 Unfiltered open-flame carbon arc exposure (P)
ASTM D4587 Using the QUV apparatus (P)
ASTM D5031 Enclosed carbon arc exposure (P)
FTMS Method 4561 Light fastness of pigments

 

Weathering resistance, outdoor, normal, and accelerated

 

Florida; Washington, DC; Eastern states; and Arizona are typical loca-
tions. 

ASTM D1006 Exterior exposure, coatings on wood (P)
ASTM D1014 Exterior exposure, coatings on steel (P)
ASTM D1641 Outdoor exposure (P)
ASTM D2830 Exterior durability (T)
ASTM D4141 Accelerated outdoor exposure tests (G)

 

13.1.2 A Note About Regulatory Testing for 
Equipment Safety

 

A variety of products require accredited testing to ensure that a manu-
facturer can make products that meet specified safety requirements ac-
cording to nationally recognized test standards. In the United States,
OSHA now runs the Nationally Recognized Testing Laboratories
(NRTL) program for accreditation of independent test laboratories. The
most widely known is Underwriters Laboratories (UL). Original equip-
ment manufacturers should note that having agency approvals on a
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product’s components or subassemblies can make the process of obtain-
ing approval for the entire system much easier. This is usually done un-
der the UL-recognized component program for use in a particular type
of equipment or application. The main point to keep in mind is that the
cost of obtaining all these certifications is relatively high, and it may be
prohibitive to production if the product volume is relatively low. An off-
the-shelf product that already carries the approvals may be the only vi-
able alternative.

There may also be product test requirements derived from where
the product is to be marketed (an example is the IEC standards) or
based on the type of equipment (FCC standards). An approval that
must be sought if the product is to be marketed in Canada is that of
the Canadian Standards Association (CSA), which is the Canadian
equivalent of the U.S. National Bureau of Standards. CSA product re-
quirements are usually quite similar to UL, and CSA may request a
copy of applicable UL reports. CSA has at least one facility that is a
member of the NRTL. It is important for managers to realize that
these tests are performed to meet government regulations concerning
product safety and only indicate a valid design. These tests usually
provide no insight into production anomalies, offer no protection from
product liability claims, and have no affect on warranty costs.

 

2

 

13.2 Chemical Characterization

 

3

 

13.2.1 Introduction

 

The materials engineer will deal with four major classifications of
chemical analysis: bulk analysis, microanalysis, thermal analysis, and
surface analysis. Bulk analysis techniques utilize a relatively large
volume of the sample and are used to identify the elements or com-
pounds present and verify conformance to applicable specifications.
Microanalysis techniques explore a much smaller volume of the sam-
ple and are typically used to identify the elements or compounds
present for studies of particles, contamination, or material segrega-
tion. Thermal analysis techniques are used to obtain thermomechani-
cal information on sample materials to identify the coefficient of
thermal expansion and other properties relevant to the failure ana-
lyst. Finally, surface analysis examines only the top few atomic layers
of a material. These techniques are used in microcontamination, adhe-
sion, and microelectronic studies. Surface analysis will not be covered
in this chapter, so the interested reader is advised to use the materials
in the recommended reading list.

Before deciding which technique(s) to use, the materials engineer
must ask a number of questions:
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�

 

What type of information is required—quantitative, qualitative, or a
mixture of both?

 

�

 

What analytical accuracy and precision

 

*

 

 are required?

 

�

 

What is the physical state of the material? Is the material a powder,
pellet, paste, foam, thin film, fiber, liquid, bar, gel, irregular chunk,
or tubing?

 

�

 

What is known about the material or samples?

 

�

 

What are the important properties of the material?

 

�

 

Is the sample a single component or a complex mixture?

 

�

 

What is the material’s future?

 

�

 

How much material is available for analysis, and is there a limita-
tion on sample size?

 

�

 

How many samples must be run?

 

�

 

What is the required analysis turnaround time?

 

�

 

Are there any safety hazards to be concerned about?

The ability to answer these questions, and the use of the answers, will
depend on the experience of the materials engineer and analyst and
the equipment available. The importance of chemical analysis for raw
material characterization is illustrated using the example of steel and
the effect of alloying elements presented in Table 13.1.

 

13.2.2 Techniques and Applications of 
Atomic Spectroscopy

 

Atomic spectroscopy is actually not one technique but three: atomic
absorption, atomic emission, and atomic fluorescence. Of these, atomic
absorption (AA) and atomic emission are the most widely used. Our
discussion will deal with them and an affiliated technique, ICP-mass
spectrometry.

 

13.2.2.1 Atomic absorption. Atomic absorption is the process that oc-
curs when a ground-state atom absorbs energy in the form of light of a
specific wavelength and is elevated to an excited state. The amount of
light energy absorbed at this wavelength will increase as the number of
atoms of the selected element in the light path increases. The relation-
ship between the amount of light absorbed and the concentration of an-

* Accuracy is the extent to which the results of a measurement approach the true
values, while precision is the measure of the range of values of a set of measurements.
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alyte present in known standards can be used to determine unknown
concentrations by measuring the amount of light they absorb. Instru-
ment readouts can be calibrated to display concentrations directly.

The basic instrumentation for atomic absorption requires a primary
light source, an atom source, a monochromator to isolate the specific
wavelength of light to be used, a detector to measure the light accu-
rately, electronics to treat the signal, and a data display or logging de-
vice to show the results. The light source normally used is either a
hollow cathode lamp or an electrodeless discharge lamp.

The atom source used must produce free analyte atoms from the
sample. The source of energy for free atom production is heat, most
commonly in the form of an air-acetylene or nitrous oxide-acetylene
flame. The sample is introduced as an aerosol into the flame. The

TABLE 13.1 The Effect of Alloying Elements in Steel
If incoming material does not have the specified amount of alloying element, the desired 
material properties will not be attained after processing.

Alloying element Effect on steel

Aluminum Deoxidation, ease of nitriding

Boron Hardenability 

Carbon Hardness, strength, wear 

Chromium Corrosion resistance, strength 

Cobalt Hardness, wear 

Columbium Reduction/elimination of carbide precipitation 

Copper Corrosion resistance, strength 

Lead Machinability 

Manganese Strength, hardenability, more response to heat treatment 

Molybdenum High-temperature strength, hardenability 

Nickel Toughness, strength, hardenability 

Phosphorus Strength 

Silicon Deoxidation, hardenability 

Sulfur Machinability

Tellurium Machinability

Titanium Reduction/elimination of carbide precipitation

Vanadium Fine grain, toughness
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flame burner head is aligned so that the light beam passes through
the flame, where the light is absorbed.

13.2.2.2 Graphite furnace atomic absorption. The major limitation of
atomic absorption using flame sampling (flame AA) is that the burner-
nebulizer system is a relatively inefficient sampling device. Only a
small fraction of the sample reaches the flame, and the atomized sam-
ple passes quickly through the light path. An improved sampling de-
vice would atomize the entire sample and retain the atomized sample
in the light path for an extended period to enhance the sensitivity of
the technique. Electrothermal vaporization using a graphite furnace
provides those features.

With graphite furnace atomic absorption (GFAA), the flame is re-
placed by an electrically heated graphite tube. The sample is intro-
duced directly into the tube, which is then heated in a programmed
series of steps to remove the solvent and major matrix components
and then to atomize the remaining sample. All of the analyte is atom-
ized, and the atoms are retained within the tube (and the light path,
which passes through the tube) for an extended period. As a result,
sensitivity and detection limits are significantly improved.

Graphite furnace analysis times are longer than those for flame
sampling, and fewer elements can be determined using GFAA. How-
ever, the enhanced sensitivity of GFAA and the ability of GFAA to an-
alyze very small samples and directly analyze certain types of solid
samples significantly expand the capabilities of atomic absorption.

13.2.2.3 Atomic emission. Atomic emission spectroscopy is a process
in which the light emitted by excited atoms or ions is measured. The
emission occurs when sufficient thermal or electrical energy is avail-
able to excite a free atom or ion to an unstable energy state. Light is
emitted when the atom or ion returns to a more stable configuration or
the ground state. The wavelengths of light emitted are specific to the
elements that are present in the sample.

The basic instrument used for atomic emission is very similar to
that used for atomic absorption, with the difference that no primary
light source is used for atomic emission. One of the more critical com-
ponents for atomic emission instruments is the atomization source,
because it must also provide sufficient energy to excite the atoms as
well as atomize them.

The earliest energy sources for excitation were simple flames, but
these often lacked sufficient thermal energy to be truly effective
sources. Later, electrothermal sources such as arc/spark systems were
used, particularly when analyzing solid samples. These sources are
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useful for doing qualitative and quantitative work with solid samples
but are expensive, difficult to use, and have limited applications.

Due to the limitations of the early sources, atomic emission initially
did not enjoy the universal popularity of atomic absorption. This
changed dramatically with the development of the inductively coupled
plasma (ICP) as a source for atomic emission. The ICP eliminates
many of the problems associated with past emission sources and has
caused a dramatic increase in the utility and use of emission spectros-
copy.

13.2.2.4 ICP. The ICP is an argon plasma maintained by the interac-
tion of an RF field and ionized argon gas. The ICP is reported to reach
temperatures as high as 10,000K, with the sample experiencing use-
ful temperatures between 5,500K and 8,000K. These temperatures al-
low complete atomization of elements, minimizing chemical
interference effects.

The plasma is formed by a tangential stream of argon gas flowing
between two quartz tubes. Radio frequency (RF) power is applied
through the coil, and an oscillating magnetic field is formed. The
plasma is created when the argon is made conductive by exposing it to
an electrical discharge, which creates seed electrons and ions. Inside
the induced magnetic field, the charged particles (electrons and ions)
are forced to flow in a closed annular path. As they meet resistance to
their flow, heating takes place, and additional ionization occurs. The
process occurs almost instantaneously, and the plasma expands to its
full dimensions.

As viewed from the top, the plasma has a circular, “doughnut”
shape. The sample is injected as an aerosol through the center of the
doughnut. This characteristic of the ICP confines the sample to a nar-
row region and provides an optically thin emission source and a chem-
ically inert atmosphere. This results in a wide dynamic range and
minimal chemical interactions in an analysis. Argon is also used as a
carrier gas for the sample.

13.2.2.5 ICP-mass spectrometry. As its name implies, ICP-mass spec-
trometry (ICP-MS) is the synergistic combination of an inductively
coupled plasma with a quadrupole mass spectrometer. ICP-MS uses
the ability of the argon ICP to efficiently generate singly charged ions
from the elemental species within a sample. These ions are then di-
rected into a quadrupole mass spectrometer.

The function of the mass spectrometer is similar to that of the
monochromator in an AA or ICP emission system. However, rather
than separating light according to its wavelength, the mass spectrom-
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eter separates the ions introduced from the ICP according to their
mass-to-charge ratio. Ions of the selected mass/charge are directed to
a detector that quantifies the number of ions present. Due to the simi-
larity of the sample introduction and data handling techniques, using
an ICP-MS is very much like using an ICP emission spectrometer.

ICP-MS combines the multielement capabilities and broad linear
working range of ICP emission with the exceptional detection limits of
graphite furnace AA. It is also one of the few analytical techniques
that permit the quantization of elemental isotopic concentrations and
ratios.

13.2.2.6 Overview of FT-IR microspectroscopy. Typical applications of
the technique include bulk composition, surface contamination, and
inclusions. The overall physical size of sample is restricted to what
can be accommodated by the stage of an optical microscope. Sample
thickness for transmission is generally limited to <0.5 mm for mid IR,
and a few millimeters for near IR. 

Detection is by fingerprints of individual chemical compounds or
characteristic absorptions of chemical functional groups organic or in-
organic. This is an absorption technique where the limit is determined
by a concentration × path length product. In absolute terms, this puts
the smallest amount detectable in the picogram range. Monomolecu-
lar layers are readily detectable on metal surfaces.

The measured signal is a ratio of the infrared energy detected in the
presence of a sample to that with no sample present. Indirectly, this
gives the amount of IR absorbed by the sample. Absorption arises from
molecular vibrations and can be associated with specific chemical
bonds that absorb at different frequencies (wavelengths). The mea-
surement can be by transmission (thin samples), reflection (reflective
surface), or by attenuated total reflectance (ATR). ATR is a near-field
technique that uses a crystal of a high refractive index material
brought into contact with the surface. It is used for opaque samples. 

The presence or absence of particular chemical functional groups is
detected. Using the identity of specific compounds by comparison with
libraries of spectra, the IR spectrum giving a unique fingerprint. Li-
braries with tens of thousands of spectra are available. Quantitative
information can be extracted on the amount of material present and
the composition of mixtures.

Reflection from a homogeneous material is that of the surface mole-
cules. Layers on a reflective substrate give transmission/reflection
spectra. These correspond to transmission through a layer of double
the actual thickness. It is useful from monolayers to hundreds of mi-
crometers. ATR spectra come from a thickness of less than the wave-
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length, the effective depth being proportional to the wavelength. In
the mid IR, this depth typically would be a few micrometers.

For transmission this is limited by diffraction, giving a typical limit
of 10 × 10 micrometers. The normal arrangement is to mask the region
to be measured by using an aperture at an image of the sample rather
than at the sample itself. Physical masking of the sample can give
spectra from smaller regions. Spectra can also be obtained from
smaller samples if they can be physically isolated.

Using an x-y stage, samples can be mapped automatically, pixel by
pixel. A full spectrum is obtained at each point. Maps can then be gen-
erated based on specific spectral features. Multiple maps can be cre-
ated from a single experiment to show the distribution of different
species.

IR is very versatile, being capable of obtaining spectra from almost
any surface. It is a very simple technique, operating in air. IR is the
best technique for identifying specific compounds. It provides very
good specificity for different chemical types. It has limited spatial res-
olution because of the wavelengths utilized. Because maps are gener-
ated sequentially, pixel-by-pixel mapping is fairly slow, occurring at a
rate of several seconds per pixel.

13.2.3 Selecting the Proper Atomic 
Spectroscopy Technique

With the availability of a variety of atomic spectroscopy techniques
such as flame atomic absorption, graphite furnace atomic absorption,
inductively coupled plasma emission, and ICP-mass spectrometry, lab-
oratory managers must decide which technique is best suited for the
analytical problems of their laboratory. Because atomic spectroscopy
techniques complement each other so well, it may not always be clear
which technique is optimal for a particular laboratory. A clear under-
standing of the analytical problem in the laboratory and the capabili-
ties provided by the different techniques is necessary.

Important criteria for selecting an analytical technique include de-
tection limits, analytical working range, sample throughput, interfer-
ences, ease of use, and the availability of proven methodology. These
criteria are discussed below for flame AA, graphite furnace AA
(GFAA), ICP emission, and ICP-mass spectrometry (ICP-MS).

13.2.3.1 Atomic spectroscopy detection limits. The detection limits
achievable for individual elements represent a significant criterion for
the usefulness of an analytical technique for a given analytical prob-
lem. Without adequate detection limit capabilities, lengthy analyte
concentration procedures may be required prior to analysis.
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Typical detection limit ranges for the major atomic spectroscopy
techniques are shown in Fig. 13.1 for six atomic spectroscopic tech-
niques: flame AA, hydride generation AA, graphite furnace AA
(GFAA), ICP emission with radial and axial torch configurations and
ICP-mass spectrometry.

Generally, the best detection limits are attained using ICP-MS or
graphite furnace AA. For mercury and elements that form hydrides,
the cold vapor mercury or hydride generation techniques offer excep-
tional detection limits.

Detection limits should be defined very conservatively, with a 98%
confidence level, based on established conventions for the analytical
technique. This means that, if a concentration at the detection limit
were measured many times, it could be distinguished from a zero or
baseline reading in 98% (3σ) of the determinations.

13.2.3.2 Analytical working range. The analytical working range can
be viewed as the concentration range over which quantitative results
can be obtained without having to recalibrate the system. Selecting a
technique with an analytical working range (and detection limits)
based on the expected analyte concentrations minimizes analysis
times by allowing samples with varying analyte concentrations to be
analyzed together. A wide analytical working range also can reduce
sample handling requirements, minimizing potential errors.

Flame AA

ICP emission—radial

ICP emission—axial

Hydride gen. AA

GFAA

ICP-MS

100 10 1 0.1 0.01 0.001

Detection Limit Ranges, µg/L

Figure 13.1 Typical detection ranges for the major atomic
spectroscopy techniques.
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13.2.3.3 Sample throughput. Sample throughput is the number of
samples that can be analyzed or elements that can be determined per
unit time. For most techniques, analyses performed at the limits of de-
tection or where the best precision is required will be more time con-
suming than less-demanding analyses. Where these factors are not
limiting, however, the number of elements to be determined per sam-
ple and the analytical technique will determine the sample through-
put.

Flame AA. Flame AA provides exceptional sample throughput when
analyzing a large number of samples for a limited number of ele-
ments. A typical determination of a single element requires only 3 to
10 s. However, flame AA requires specific light sources and determina-
tion of optical parameters for each element, and it may require differ-
ent flame gases for different elements. In automated multielement
flame AA systems, all samples normally are analyzed for one element,
the system is then automatically adjusted for the next element, and so
on. As a result, even though it is frequently used for multielement
analysis, flame AA is generally considered to be a single-element tech-
nique.

Graphite furnace AA. As with flame AA, GFAA is basically a single-ele-
ment technique. Because of the need to thermally program the system
to remove solvent and matrix components prior to atomization, GFAA
has a relatively low sample throughput. A typical graphite furnace de-
termination normally requires 2 to 3 minutes.

ICP emission. ICP emission is a true multielement technique with ex-
ceptional sample throughput. ICP emission systems typically can de-
termine 10 to 40 elements per minute in individual samples. Where
only a few elements are to be determined, however, ICP is limited by
the time required for equilibration of the plasma with each new sam-
ple, typically about 15 to 30 seconds.

ICP-MS. ICP-MS is also a true multielement technique with the same
advantages and limitations of ICP emission. The sample throughput
for ICP-MS is typically 20 to 30 element determinations per minute,
depending on such factors as the concentration levels and required
precision.

13.2.3.4 Interferences. Few, if any, analytical techniques are free of
interferences. With atomic spectroscopy techniques, however, most in-
terferences have been studied and documented, and methods exist to
correct or compensate for those that may occur. A summary of the
types of interferences seen with atomic spectroscopy techniques, all of
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which are controllable, and the corresponding methods of compensa-
tion are shown in Table 13.2.

13.2.3.5 Other comparison criteria. Other comparison criteria for ana-
lytical techniques include the ease of use, required operator skill lev-
els, and availability of documented methodology.

Flame AA. Flame AA is very easy to use. Extensive applications infor-
mation is available. Excellent precision makes it a preferred technique
for the determination of major constituents and higher concentration
analytes.

GFAA. GFAA applications are well documented, although not as com-
pletely as with flame AA. GFAA has exceptional detection limit capa-
bilities but within a limited analytical working range. Sample
throughput is less than that of other atomic spectroscopy techniques.
Operator skill requirements are somewhat more extensive than for
flame AA.

ICP emission. ICP emission is the best overall multielement atomic
spectroscopy technique, with excellent sample throughput and very
wide analytical range. Good documentation is available for applica-
tions. Operator skill requirements are intermediate between flame AA
and GFAA.

TABLE 13.2 Atomic Spectroscopy Interferences 

Technique Interference type Compensation method

Flame AA Ionization

Chemical
Physical

Ionization buffer
Releasing agent or nitrous oxide-acetylene 

flame
Dilution, matrix matching, or method of addi-

tions

GFAA Physical and chemical
Molecular absorption

Spectral

STPF conditions
Zeeman or continuum source background cor-

rection
Zeeman background correction

ICP emission Spectral

Matrix

Background correction or the use of alternate 
analytical lines

Internal standardization

ICP-MS Mass overlap

Matrix

Interelement correction, use of alternate mass 
values, or higher mass resolution

Internal standardization

SOURCE: Electronic Failure Analysis Handbook, Table 9.2, McGraw-Hill.
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ICP-MS. ICP-MS is a relatively new technique with exceptional multi-
element capabilities at trace and ultra-trace concentration levels and
the ability to perform isotopic analyses. Good basic documentation for
interferences exists. Applications documentation is limited but grow-
ing rapidly. ICP-MS requires operator skills similar to those for ICP
emission and GFAA.

13.2.4 Comparison Summary

The main selection criteria for atomic spectroscopy techniques, con-
centration range, and analytical throughput are summarized in Fig.
13.2. Where the selection is based on analyte detection limits, flame
AA and ICP emission are favored for moderate to high levels, while
graphite furnace AA and ICP-MS are favored for lower levels. ICP
emission and ICP-MS are multielement techniques, favored where
large numbers of samples are to be analyzed.

13.3 Thermal Analysis

The material physical properties that can be analyzed by thermal
analysis include:

� Softening point
� Effects of plasticizer
� Glass transition temperature
� Melting point
� Heat of fusion
� Specific heat
� Purity

Figure 13.2 General atomic spectroscopy
instrumentation selection guide based on
sample throughput and concentration
range. (From Electronic Failure Analysis
Handbook, Fig. 9.4, McGraw-Hill.)
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� Oxidative stability
� Rates of reaction, curing, and cross-linking
� Degree of cure
� Decomposition
� Crystallization temperature
� Pyrolysis
� Weight percent filler
� Weight loss vs. time
� Weight loss vs. temperature
� Loss of water, solvent, or plasticizer
� Impact properties
� Viscoelastic behavior as a function of stress, strain, frequency, and

temperature
� Mechanical behavior
� Long-term behavior such as creep and creep recovery
� Modulus vs. temperature
� Damping vs. temperature
� Chain branching
� Molecular weight
� Molecular weight distribution
� Coefficient of thermal expansion
� Liquidus temperature
� Solidus temperature

Many times, a combination of techniques is required to solve the prob-
lem, as enumerated below.

Multiple thermal analysis techniques

ASTM methods

D1525 Test Method for VICAT Softening Temperature of Plastics
D0256 Test Method for Impact Resistance of Plastics and Electrical 

Insulating Materials
D0789 Test Method for Determination of Relative Viscosity, Melting 

Point, and Moisture Content of Polyamide
Tables 13.3, 13.4, and 13.5 summarize the techniques of choice for
cured and uncured material identification and degree of cure analysis.
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13.3.1 Differential scanning calorimetry 
(DSC)

Differential scanning calorimetry (DSC) is the workhorse of the ther-
mal analysis laboratory. The DSC can examine materials between
–170 and +750°C. DSC is a technique upon which the heat flow to or
from a sample specimen is measured as a function of temperature or
time as it is subjected to a controlled temperature program in a con-
trolled atmosphere.

TABLE 13.3 Techniques for Degree-of-Cure Analysis (from Ref. 4)

Technique Description Use Value

Thermomechanical 
analysis (TMA)

Measure probe dis-
placement as a func-
tion of temperature

Determines glass tran-
sition temperature

Indication of degree of 
cure or environmen-
tal effects

Differential scanning 
calorimetry (DSC)

Performs enthalpy 
measurements

Determines glass tran-
sition temperature

Determines residual 
heat of reaction

Indication of degree of 
cure or environmen-
tal effects

Dynamic mechanical 
analysis (DMA)

Measures mechanical 
response to oscillat-
ing dynamic loading

Determines glass tran-
sition temperature

Observes mechanical 
transition due to 
additional cross-
linking

Indication of degree of 
cure or environmen-
tal effects

Indication of under-
cured condition

Infrared spectroscopy Measures IR spectrum Distinguishes between 
reacted and unre-
acted functional 
groups

Indicates amount of 
unreacted functional 
groups to determine 
extent of cure

Solvent extraction Exposure to an organic 
solvent

Removes unreacted 
material leaving 
reacted network 
behind

Indication of the degree 
of cure

TABLE 13.4 Techniques for Uncured Material Identification (from Ref. 4)

Technique Description Use Value

High-pressure liquid 
chromatography 
(HPLC)

Produces liquid chro-
matograms of any sol-
uble liquid

Identifies individual 
components of differ-
ing solubilities or size

Formulation verifica-
tion

Infrared spectroscopy Measures IR spectra Identifies functional 
groups attached to 
carbon backbone

Formulation verifica-
tion

Differential scanning 
calorimetry (DSC)

Performs enthalpy 
measurements

Determines heat of 
reaction

Formulation verifica-
tion

X-ray fluorescence Measures X-ray fluo-
rescence spectra

Determines sulfur con-
tent

Hardener content
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Some of the applications of DSC are listed below:

� Identify the softening point of the material (glass transition).
� Compare additive effects on a material.
� Identify the glass transition temperature.
� Identify the material’s minimum process temperature.
� Identify the amount of energy required to melt the material.
� Quantify the material’s specific heat.
� Perform oxidative stability testing (OST).
� Understand the reaction kinetics of a thermoset material as it cures.
� Compare the degree of cure of one material to another.
� Characterize a material as it cures under ultraviolet light.
� Characterize a material as it is thermally cured.
� Determine the crystallization temperature upon cooling.

Differential scanning calorimetry (DSC) methods

ASTM methods

D2471 Test Method for Gel Time and Peak Exothermic Temperature 
of Reacting Thermosetting Resins

TABLE 13.5 Techniques for Cured Material Identification (from Ref. 4)

Technique Description Use Value

Pyrolysis—gas chroma-
tography (PGC)

Determines gas chro-
matograms formed 
from nonvolatile 
organics by thermal 
decomposition

Qualitative and quanti-
tative analysis of 
cured epoxy

Formulation/impurity 
verification

Pyrolysis—gas chroma-
tography/ mass spec-
troscopy (PGC/MS)

Allows mass spectrome-
ter to act as a detec-
tor for the gas 
chromatograph

Qualitative and quanti-
tative analysis of 
cured epoxy

Formulation/impurity 
verification

Infrared spectroscopy Measures IR spectra Functional group anal-
ysis

Formulation verifica-
tion

Thermomechanical 
analysis (TMA)

Measures material 
thermal-mechanical 
response

Determines glass tran-
sition

Identify general resin 
system

X-ray fluorescence Measures X-ray fluo-
rescence spectra

Determines sulfur con-
tent

Hardener content

13Martin  Page 27  Wednesday, May 23, 2001  10:50 AM



13.28 Chapter 13

D5028 Test Method for Curing Properties of Pultrusion Resins by 
Thermal Analysis

D4816 Test Method for Determining the Specific Heat Capacity of 
Materials by DSC

D4565 Test Method for Determining the Physical/Environmental 
Performance Properties of Insulation and Jackets for Telecommu-
nications Wire and Cable

D4591 Test Method for Determining Temperatures and Heats of 
Transitions of Fluoropolymers by DSC

D3012 Test Method for Thermal Oxidative Stability of Polypropy-
lene Plastics Using a Biaxial Rotator

D4803 Test Method for Predicting Heat Buildup in PVC Building 
Products

D2117 Test Method for Melting of Semicrystalline Polymers by the 
Hot Stage Microscopy Method

D3417 Test Method for Heats of Fusion and Crystallization of Poly-
mers by Thermal Analysis

D3418 Test Method for Transition Temperature of Polymers by 
Thermal Analysis

D3895 Test Method for Oxidative Induction Time (OIT) of Polyole-
fins by Differential Scanning Calorimetry

D4419 Test Method for Determining the Transition Temperatures of 
Petroleum Waxes by DSC

E698 Standard Test Method for Arrhenius Kinetic Constants (of 
thermally unstable materials) Using DSC

E1559 Standard Test Method for Contamination Outgassing Char-
acteristics of Space Craft Materials by DSC

E537 Standard Test Method for Determining the Thermal Stability 
of Chemicals by DSC

E793 Standard Test Method for Determining the Heat of Crystalli-
zation (of solid samples in granular form) by DSC

E1269 Standard Test Method for Specific Heat Capacity by DSC
E1356 Standard Test Method for Glass Transition Temperature by 

DSC

13.3.2 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis (TGA) examines materials between am-
bient and +1500°C. TGA is a technique in which the mass of a sub-
stance is monitored as a function of temperature or time as the sample
specimen is subjected to a controlled temperature program in a con-
trolled atmosphere.
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Some plastics applications of TGA are listed below:

� Identify the filler content of a material by weight percent.
� Identify the ash content of a material by weight percent.
� Characterize the materials weight loss within a certain temperature

range.
� Characterize the material’s weight loss vs. time at a given tempera-

ture.
� Quantify the material’s loss of water, solvent, or plasticizer within a

certain temperature range.
� Examine flame retardant properties of a material.
� Examine the combustion properties of a material.

Thermogravimetric analysis (TGA) methods

ASTM Methods

D2288 Test Method for Weight Loss of Plasticizers on Heating
D4202 Test Method for Thermal Stability of PVC Resin
D2115 Test Method for Volatile Matter (including water) of Vinyl 

Chloride Resins
D2126 Test Method for Response of Rigid Cellular Plastics to Ther-

mal and Humid Aging
D3045 Recommended Practice for Heat Aging of Plastics Without 

Load
D1870 Practice for Elevated Temperature Aging Using a Tubular 

Oven
D4218 Test Method for Determination of Carbon Black Content in 

Polyethylene Compounds by a Muffle-Furnace
D1603 Test Method for Carbon Black in Olefin Plastics
D5510 Practice for Heat Aging of Oxidatively Degradable Plastics
E1131 Standard Test Method for Compositional Analysis by TGA
E1641 Standard Test Method for Decomposition Kinetics by TGA

13.3.3 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) examines materials between
–170 and +1000°C.

DMA is a technique in which a substance under an oscillating load is
measured as a function of temperature or time as the substance is sub-
jected to a controlled temperature program in a controlled atmosphere.

Some plastics applications of DMA are listed below:
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� Quantify the impact properties of a material.
� Examine the viscoelastic behavior of a material as a function of

stress, strain, frequency, time, or temperature.
� Examine a material’s mechanical behavior.
� Examine a material’s long term behavior with respect to creep or

creep recovery.
� Identify the material’s modulus vs. temperature.
� Identify the material’s damping qualities vs. temperature.
� Examine effects of temperature on molecular chain branching.
� Compare material’s molecular weight and molecular weight distri-

bution.
� Examine additive effects on a material’s mechanical properties.

Dynamic mechanical analysis (DMA) methods

ASTM Methods

D4440 Practice for Rheological Measurement of Polymer Melts Us-
ing Dynamic Mechanical Procedures

D4473 Practice for Measuring the Cure Behavior of Thermosetting 
Resins Using Dynamic Mechanical Properties

D5023 Test Method for Measuring the Dynamic Mechanical Proper-
ties of Plastics in Three Point Bending

D5024 Test Method for Measuring the Dynamic Mechanical Proper-
ties of Plastics in Compression

D5026 Test Method for Measuring the Dynamic Mechanical Proper-
ties of Plastics in Tension

D5418 Test Method for Measuring the Dynamic Mechanical Proper-
ties of Plastics Using a Dual Cantilever Beam

D0638 Test Method for Tensile Properties of Plastics
D0695 Test Method for Compressive Properties of Rigid Plastics
D1708 Test Method for Tensile Properties of Plastics by Use of Mi-

crotensile Specimens
D5296 Test Method for Molecular Weight Averages and Molecular 

Weight Distribution of Polystyrene by DMA
D3029 Test Method for Impact Resistance of Flat, Rigid, Plastic 

Specimens by Means of a Tup (falling weight)
D4508 Test Method for Chip Impact Strength of Plastics
D4812 Test Method for Unnotched Cantilever Beam Impact 

Strength of Plastics
D5083 Test Method for Tensile Properties of Reinforced Thermoset-

ting Plastics Using Straight-sided Specimens
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D0790 Test Method for Flexural Properties of Plastics
D0882 Test Method for Tensile Properties of Thin Plastics
D0952 Test Method for Bond or Cohesive Strength of Sheet Plastics 

and Electrical Insulating Materials
D0953 Test Method for Bearing Strength of Plastics
D1043 Test Method for Stiffness Properties of Plastics as a Function 

of Temperature by Means of a Torsion Test
D5420 Test Method for Impact Resistance of Flat, Rigid, Plastic 

Specimen by Means of a Striker Impacted by a Falling Weight
D5628 Test Method for Impact Resistance of Flat, Rigid, Plastic 

Specimen by Means of a Falling Dart (tup or falling weight)
D0671 Test Method for Flexural Fatigue of Plastics by Constant 

Amplitude of Force
D0747 Test Method for Apparent Bending Modulus Plastics by 

Means of a Cantilever Beam
D0785 Test Method for Rockwell Hardness of Plastics and Electrical 

Insulating Materials
D2990 Test Method for Tensile, Compressive, and Flexural Creep 

and Creep Rupture of Plastics
D2765 Test Method for Determination of Gel Content and Swell Ra-

tio of Cross-linked Ethylene Plastics
D4476 Test Method for Flexural Properties of Fiber Reinforced Pul-

truded Plastic Rods
D2343 Test Method for Tensile Properties of Glass Fiber Strands, 

Yams, and Rovings Used in Reinforced Plastics
D1939 Practice for Determining Residual Stresses in Extruded or 

Molded ABS
E1640 Standard Test Method for Glass Transition by DMA

13.3.4 Thermomechanical Analysis (TMA)

Thermomechanical analysis (TMA) examines materials between –170
and +1000°C.

TMA is a technique in which the deformation of a substance under a
nonoscillating load is measured as a function of temperature or time
as the substance is subjected to a controlled temperature program in a
controlled atmosphere.

Some applications of TMA are listed below:

� Determine a material’s coefficient of thermal expansion.
� Determine the volumetric growth of a material, dilatometry mea-

surements.
� Identify a material’s glass transition temperature.
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� Identify the material’s VICAT softening point.
� Measure a material’s heat deflection temperature (HDT).

Thermomechanical analysis (TMA) methods

ASTM Methods

D2566 Test Method for Linear Shrinkage of Cured Thermosetting 
Casting Resin During Cure

D0789 Test Method for Determination of Relative Viscosity, Melting 
Point, and Moisture Content of Polyamide

D2732 Test Method for Unrestrictive Linear Thermal Shrinkage of 
Plastic Film and Sheeting

D0696 Test Method for Determination of Coefficient of Linear Ther-
mal Expansion of Plastics

D3386 Test Method for Determination of Coefficient of Linear Ther-
mal Expansion of Electrical Insulating Materials by TMA

E1545 Test Method for Determination of Glass Transition Tempera-
tures Under Normal Range (–100 to +600°C)

E831 Test Method for Determination of Glass Transition Tempera-
tures of Solid Materials by TMA

13.4 Thermal Testing5

13.4.1 Vicat Softening Temperature, ASTM
D1525 (ISO 306)

This test gives a measure of the temperature at which a plastic starts
to soften rapidly. A round, flat-ended needle of 1 mm2 cross section
penetrates the surface of a plastic test specimen under a predefined
load, and the temperature is raised at a uniform rate. The Vicat soft-
ening temperature, or VST, is the temperature at which the penetra-
tion reaches 1 mm.

ISO 306 describes two methods:

� Method A—load of 10 N
� Method B—load of 50 N with two possible rates of temperature rise:

50°C/h and 120°C/h

This results in ISO values quoted as A50, A120, B50, or B120. The
test assembly is immersed in a heating bath with a starting tempera-
ture of 23°C (73°F). After 5 min, the load is applied: 10 or 50 N. The
temperature of the bath at which the indenting tip has penetrated by
1 ± 0.01 mm is reported as the VST of the material at the chosen load
and temperature rise. 
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13.4.2 Ball Pressure EC335-1

This is a softening temperature test, similar to the Vicat method. The
sample is horizontally positioned on a support in a heating cabinet,
and a steel ball of 5 mm diameter is pressed onto it with a force of 20
Newtons. After 1 h, the ball is removed, the sample is cooled in water
for 10 s, and if the remaining impression diameter is <2 mm, the ma-
terial is reported to meet the ball pressure test at the applied temper-
ature.

Depending on the application, the test temperature can be varied:

� 75°C (167°F) for non-current-carrying parts
� 125°C (257°F) for live parts

13.4.3 Heat Deflection Temperature and 
Deflection, Temperature under Load, ASTM 
D648 (ISO 75)

Heat deflection temperature (HDT) is a relative measure of a mate-
rial’s ability to perform for a short time at elevated temperatures
while supporting a load. The test measures the effect of temperature
on stiffness; a standard test specimen is given a defined surface stress,
and the temperature is raised at a uniform rate.

In both ASTM and ISO standards, a loaded test bar is placed in a
silicone-oil-filled heating bath.

The surface stress on the specimen is:

� Low—for ASTM and ISO 64 psi (0.45 MPa)
� High—for ASTM 264 psi (1.82 MPa) and for ISO 1.80 MPa

The force is allowed to act for five minutes; this waiting period may be
omitted with testing materials that show no appreciable creep during
the initial five minutes. After five minutes, the original bath tempera-
ture of 23°C (73°F) is raised at a uniform rate of 2°C/min.

The deflection of the test bar is continuously observed; the tempera-
ture at which the deflection reaches 0.32 mm (ISO) or 0.25 mm
(ASTM) is reported as rejection temperature under load, or heat de-
flection temperature.

Two acronyms are commonly used:

DTUL—deflection temperature under load

HDT—heat distortion temperature or heat deflection temperature

It is common practice to use the acronym DTUL for ASTM values and
HDT for ISO values.
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Depending on the applied surface stress, the letters A or B are
added to HDT—HDT/A for a load of 1.80 Mpa, and HDT/B for a load of
0.45 MPa.

13.4.3.1 HDT—Amorphous vs. semicrystalline polymers. In amorphous
polymers, HDT is nearly the same as the glass transition temperature
(Tg) of the material.

Because amorphous polymers have no defined melting temperature,
they are processed in their rubbery state above Tg. Crystalline poly-
mers may show low HDT values and still have structural utility at
higher temperatures. The HDT test method is more reproducible with
amorphous polymers than with crystalline polymers. With some poly-
mers, it may be necessary to anneal the test specimens to obtain reli-
able results.

Addition of glass fibers to the polymer will increase its modulus.
Since the HDT represents a temperature where the material exhibits
a defined modulus, increasing the modulus will also increase the HDT.
Glass fibers have a more significant effect on the HDT of crystalline
polymers than on amorphous polymers.

Although widely used to indicate high-temperature performance,
the HDT test simulates only a narrow range of conditions. Many high-
temperature applications involve higher temperatures, more loading,
and unsupported conditions. Therefore, the results obtained by this
test method do not represent maximum use temperatures, because in
real life, essential factors such as time, loading, and nominal surface
stress may differ from the test conditions.

13.4.4 Thermal Conductivity, ASTM E1530

The thermal insulating capacity of plastics is rated by measuring the
thermal conductivity. Plaques of plastic are placed on both sides of a
small, heated platen, and heat sinks are put against the free surfaces
of the plaques. Insulators positioned around the test cell prevent ra-
dial heat loss. The axial flow of heat through the plastic plaques can
then be measured. The results are reported in W/m°C.

13.4.5 Relative Thermal Index, RTI UL 746B

Formerly named the continuous use temperature rating or CUTR, the
RTI is the maximum service temperature at which the critical proper-
ties of a material will remain within acceptable limits over a long pe-
riod of time. As established by UL 746B, there can be up to three
independent RTI ratings assigned to a material:
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1. Electrical—by measuring dielectric strength

2. Mechanical with impact—by measuring tensile impact strength

3. Mechanical without impact—by measuring tensile strength

These three properties were selected as critical indicators due to their
sensitivity to the high temperatures as used in the test.

The long-term thermal performance of a material is tested relative
to a second control material, which already has an established RTI
and exhibits good performance. Hence, the term relative thermal in-
dex. The control material is used because thermal degradation charac-
teristics are inherently sensitive to variables in the testing program
itself. The control material will be affected by the same unique combi-
nation of these factors during the tests, thus providing a valid basis
for comparison with the subject material.

Ideally, long-term thermal performance would be evaluated by ag-
ing the subject material at normal operating temperatures for a long
time. However, this is impractical for most applications. Therefore,
accelerated aging is conducted at much higher temperatures. In the
aging process, samples of the subject and control materials are placed
in ovens maintained at set constant temperatures. Samples of both
materials are removed at predetermined times and then tested for re-
tention of key properties. By measuring the three mentioned proper-
ties as functions of time and temperature, the theoretical end of
useful service may be mathematically determined for each tempera-
ture. This end of service life is defined as the time at which a material
property has degraded to 50% of its original value. Through the Ar-
rhenius representation of the test data, the maximum temperature at
which the subject material can be expected to have a satisfactory ser-
vice life may be determined. This predicted temperature is RTI for
each property.

An understanding of how the RTI is determined enables engineers
to use the temperature index to help predict how parts molded from a
given material will work in elevated temperature end-use environ-
ments.

13.4.6 Coefficient of Linear Thermal 
Expansion, ASTM E831

Every material will expand when heated. Injection-molded polymer
parts will expand and change dimensions in proportion to the increase
in temperature. To characterize this expansion, engineers rely on the
coefficient of linear thermal expansion or CLTE to describe the
changes in length, width, or thickness of a molded part. Amorphous
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polymers will generally show consistent expansion rates over their
useful temperature range. Crystalline polymers generally have in-
creased rates of expansion above their glass transition temperature.

The addition of fillers, causing anisotropy, significantly alters the
CLTE of a polymer. Glass fibers will generally align in the direction of
the flow front; when the polymer is heated, the fibers restrict expan-
sion along their axis and reduce the CLTE. In directions perpendicular
to flow direction and thickness, the CLTE will be higher.

Polymers may be formulated with CLTEs to match those of metal or
other materials used in complex constructions.

13.5 Mechanical Testing5

13.5.1 Hardness Testing

Just some of the ASTM specifications for hardness testing are listed
below:

E140-97e2 Standard Hardness Conversion Tables for Metals (Rela-
tionship Among Brinell Hardness, Vickers Hardness, Rockwell 
Hardness, Rockwell Superficial Hardness, Knoop Hardness, and 
Scleroscope Hardness)

F1957-99 Standard Test Method for Composite Foam Hardness-
Durometer Hardness

E110-82(1997)e2 Standard Test Method for Indentation Hardness of 
Metallic Materials by Portable Hardness Testers

E18-00 Standard Test Methods for Rockwell Hardness and Rockwell 
Superficial Hardness of Metallic Materials

D2134-93 Test Method for Determining the Hardness of Organic 
Coatings with a Sward-Type Hardness Rocker

B647-84(1994) Standard Test Method for Indentation Hardness of 
Aluminum Alloys by Means of a Webster Hardness Gage

A833-84(1996) Standard Practice for Indentation Hardness of Me-
tallic Materials by Comparison Hardness Testers

B277 Standard Test Method for Hardness of Electrical Contact Ma-
terials (Discontinued 2000), Replaced By No Replacement 

F1151-88(1998) Standard Test Method for Determining Variations 
in Hardness of Film Ribbon Pancakes

E1842-96 Standard Test Method for Macro-Rockwell Hardness Test-
ing of Metallic Materials 

E448-82(1997)e1 Standard Practice for Scleroscope Hardness Test-
ing of Metallic Materials
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E384-99 Standard Test Method for Microindentation Hardness of 
Materials

E103-84(1996)e1 Standard Test Method for Rapid Indentation 
Hardness Testing of Metallic Materials

E92-82(1997)e3 Standard Test Method for Vickers Hardness of Me-
tallic Materials

E10-00a Standard Test Method for Brinell Hardness of Metallic Ma-
terials

D5873-95 Standard Test Method for Determination of Rock Hard-
ness by Rebound Hammer Method

D5230-00 Standard Test Method for Carbon Black-Automated Indi-
vidual Pellet Hardness

D4366-95 Standard Test Methods for Hardness of Organic Coatings 
by Pendulum Damping Tests

D3802-79(1999) Standard Test Method for Ball-Pan Hardness of Ac-
tivated Carbon

D3363-00 Standard Test Method for Film Hardness by Pencil Test
D3313-99 Standard Test Method for Carbon Black—Individual Pel-

let Hardness
D2583-95 Standard Test Method for Indentation Hardness of Rigid 

Plastics by Means of a Barcol Impressor
D2240-97e1 Standard Test Method for Rubber Property-Durometer 

Hardness
D1865-89(1999)e1 Standard Test Method for Hardness of Mineral 

Aggregate Used on Built-Up Roofs
D1474-98 Standard Test Methods for Indentation Hardness of Or-

ganic Coatings
D1415-88(1999) Standard Test Method for Rubber Property-Inter-

national Hardness 
D785-98 Standard Test Method for Rockwell Hardness of Plastics 

and Electrical Insulating Materials
C1327-99 Standard Test Method for Vickers Indentation Hardness 

of Advanced Ceramics
C1326-99 Standard Test Method for Knoop Indentation Hardness of 

Advanced Ceramics
C886-98 Standard Test Method for Scleroscope Hardness Testing of 

Carbon and Graphite Materials
C849-88(1999) Standard Test Method for Knoop Indentation Hard-

ness of Ceramic Whitewares
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C748-98 Standard Test Method for Rockwell Hardness of Graphite 
Materials

C730-98 Standard Test Method for Knoop Indentation Hardness of 
Glass

C661-98 Standard Test Method for Indentation Hardness of Elasto-
meric-Type Sealants by Means of a Durometer

B724-83(1991)e1 Standard Test Method for Indentation Hardness of 
Aluminum Alloys by Means of a Newage Portable Non-Caliper-
Type Instrument

B648-78(1994) Standard Test Method for Indentation Hardness of 
Aluminum Alloys by Means of a Barcol Impressor

B294-92(1997) Standard Test Method for Hardness Testing of Ce-
mented Carbides

As can be seen, there are a variety of methods and procedures for
hardness testing. An array of hardness testers is shown in Fig. 13.3.

13.5.1.1 Hardness testing of plastics. Since hardness testing covers a
large number of materials and methodologies, the area of hardness
testing of plastics will be used to illustrate this field of testing. For
plastics, the Rockwell hardness test determines the hardness after al-
lowing for elastic recovery of the test specimen. For both Ball and

Figure 13.3 From left to right, Rockwell C tester, Rockwell B
tester, Superficial Rockwell tester, and Vickers tester (on floor).
(Courtesy of Martin Testing Laboratories.)
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Shore hardness, hardness is derived from the depth of penetration un-
der load, thus excluding any elastic recovery of the material. Rockwell
values cannot, therefore, be directly related to Ball or Shore values.
Although the ranges for Shore A and D values can be compared to
ranges for Ball indentation hardness values, a linear correlation does
not exist.

Ball hardness. A polished hardened steel ball with a diameter of 5 mm
is pressed into the surface of a test specimen (at least 4 mm thick)
with a force of 358 Newtons (ISO 2039-1). After 30 s of load applica-
tion, the depth of the impression is measured, from which the surface
area of the impression is calculated. Ball hardness H358/30 is calcu-
lated as applied load divided by surface area of impression. Results
are reported in Newtons per mm2.

Rockwell hardness, ASTM D785 (ISO 2039-2). A Rockwell hardness number
is directly related to the indentation hardness of a plastic material:
the higher the number, the harder the material. Due to a short overlap
of Rockwell hardness scales, two different numbers on two different
scales may be obtained for the same material, both of which may be
technically correct.

The indentor, a polished hardened steel ball, is pressed into the sur-
face of a test specimen. The diameter of the ball depends on the Rock-
well scale in use. The specimen is loaded by a minor load, followed by
a major load, and then again by the same minor load. The actual mea-
surement is based on the total depth of penetration: this penetration
is calculated from the total penetration, minus the elastic recovery af-
ter removal of the major load, and minus the penetration resulting
from the minor load. The Rockwell hardness number is derived from
130 minus depth of penetration in units of 0.002 mm.

Rockwell hardness numbers should be between 50 and 115. Values
above this range are inaccurate: the determination should be repeated
using the next severest scale. The scales increase in severeness from R
over L to M (increasing material hardness). If a less severe scale than
the R scale is needed (for a softer material), the Rockwell test is not
suitable.

Shore hardness, ASTM D2240 (ISO 868). Shore hardness values are scale
numbers resulting from the indentation of a plastic material with a
defined steel rod. It is measured with durometers of two types, both
with calibrated springs for applying force to the indentor. Durometer
A is used for softer materials and durometer D for harder materials.

The specimen is placed in the durometer, the pressure base is ap-
plied to the specimen, and the scale of the indenting device is read af-
ter 15 s. Scale numbers are shown in terms of units, ranging from 0 for
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full protrusion of 2.5 mm, to 100 for nil protrusion (obtained by using
a flat piece of glass).

Shore values vary from 10 to 90 for Shore A—soft materials to 20 to
90 for Shore D—hard materials. No simple relationship exists be-
tween indentation hardness determined by this test method and any
fundamental property of the material tested.

13.5.2 Tensile Strength, Strain, and 
Modulus, ASTM D638 (ISO 527)

Fundamental to the understanding of a material’s performance is
knowledge of how the material will respond to any load. By knowing
the amount of deformation (strain) introduced by a given load (stress),
the designer can begin to predict the response of the application under
its working conditions. Stress/strain relationships under tension are
the most widely reported mechanical property for comparing materi-
als or designing an application (see Fig. 13.4).

Tensile stress/strain relationships are determined as follows. A dog-
bone-shaped specimen is elongated at a constant rate, and the load ap-
plied and elongation are recorded. Stress and strain are then calcu-
lated as follows:

Stress = 

Figure 13.4 Automated tensile testing equipment with a thermal cham-
ber for hot/cold testing of materials. Source: Courtesy of Martin Testing
Laboratories, Inc.

load
original cross-sectional area
------------------------------------------------------------------- Mpa (psi)

13Martin  Page 40  Wednesday, May 23, 2001  10:50 AM



Testing of Materials 13.41

Strain = 

Other mechanical properties determined from the stress/strain rela-
tionship are:

Modulus stress/strain MPa (psi)

Stress at yield initial max. stress MPa (psi)

Stress at break stress at failure MPa (psi)

Strain at break strain at failure or percent maximum elon-
gation

Proportional limit point of first nonlinearity

Elastic modulus modulus below the proportional limit MPa
(psi)

13.5.3 Flexural Strength and Modulus, 
ASTM D790 (ISO 178)

Flexural strength is the measure of how well a material resists bend-
ing, or the stiffness of the material. Unlike tensile loading, in flexural
testing, all force is applied in one direction. A simple, freely supported
beam is loaded at mid-span, thereby producing three-point loading.
On a standard testing machine, the loading nose pushes the specimen
at a constant rate of 2 mm/min.

To calculate the flexural modulus, a load deflection curve is plotted
using the recorded data. This is taken from the initial linear portion of
the curve by using at least five values of load and deflection.

The flexural modulus (ratio of stress to strain) is most often quoted
when citing flexural properties. Flexural modulus is equivalent to the
slope of the line tangential to the stress/strain curve, for the portion of
the curve where the plastic has not yet deformed. Values for flexural
stress and flexural modulus are reported in MPa (psi).

13.5.4 Impact Testing

In standard testing, such as tensile and flexural testing, the material
absorbs energy slowly. In real life, materials often absorb applied
forces very quickly: falling objects, blows, collisions, drops, etc. The
purpose of impact testing is to simulate these conditions. Izod and
Charpy methods are used to investigate the behavior of specified spec-
imens under specified impact stresses and to estimate the brittleness

elongation
original percent length
------------------------------------------------------ 

  100%×
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or toughness of specimens. They should not be used as a source of data
for design calculations on components. Information on the typical be-
havior of a material can be obtained by testing different types of test
specimens prepared under different conditions, varying notch radius
and test temperatures.

Both tests are performed on a pendulum impact machine. The spec-
imen is clamped in a vice;, and the pendulum hammer—with a hard-
ened steel striking edge with specified radius—is released from a
predefined height, causing the specimen to shear from the sudden
load. The residual energy in the pendulum hammer carries it upward,
and the difference in the drop height and return height represents the
energy to break the test bar. The test can be carried out at room tem-
perature, or at lower temperatures to test cold-temperature embrittle-
ment. Test bars can vary in type and in dimensions of the notches.

The test results of falling-weight impact, such as Gardner and
flexed plate, are dependent of the geometry of both the falling weight
and support. They should be used only to obtain relative rankings of
materials.

Impact values cannot be considered absolute unless the geometry of
the test equipment and specimen conform to the end-use requirement.
The relative ranking of materials may be expected to be the same be-
tween two test methods if the mode of failure and impact velocities are
the same.

Impact properties can be very sensitive to test specimen thickness
and molecular orientation. The differences in specimen thickness as
used in ASTM and ISO methods may affect impact values strongly. A
change from 3 to 4 mm thickness can even provide a transition in the
failure mode from ductile to brittle behavior, through the influence of
molecular weight and specimen thickness on Izod notched impact. Ma-
terials already showing a brittle fracture mode in 3 mm thickness,
such as mineral and glass filled grades, will not be affected. Neither
will impact modified materials.

It must be realized, however, that materials have not changed—only
test methods. The ductile/brittle transition mentioned rarely plays a
role in real life; part thicknesses are mostly designed as 3 mm or
lower.

13.5.4.1 Izod impact strength, ASTM D256 (ISO 180). The notched Izod
impact test has become the standard for comparing the impact resis-
tance of plastic materials. However, this test has little relevance to
the response of a molded part to an actual environmental impact. Be-
cause of the varying notch sensitivity of materials, this test will pe-
nalize some materials more than others. Although they have often
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been questioned as a meaningful measure of impact resistance (the
test tends to measure notch sensitivity rather than the ability of plas-
tic to withstand impact), the values are widely accepted as a guide for
comparison of toughness among materials. The notched Izod test is
best applied in determining the impact resistance for parts with
many sharp corners such as ribs, intersecting walls, and other stress
risers. The unnotched Izod test uses the same loading geometry with
the exception that there is no notch cut into the specimen (or the
specimen is clamped in a reversed way). This type of testing always
provides superior values over notched Izod because of the lack of a
stress concentrator.

The ISO designation reflects type of specimen and type of notch:

� ISO 180/IA means specimen type I and notch type A. The dimen-
sions of specimen type I are 80 mm long, 10 mm high, and 4 mm
thick.

� ISO 180/IU means the same type I specimen, but it is clamped in a
reversed way (indicating unnotched). The specimens as used in the
ASTM method have similar dimensions, same notch radius, and
same height, but they differ in length (63.5 mm) and, more impor-
tantly, in thickness (3.2 mm).

The ISO results are defined as the impact energy in joules used to
break the test specimen, divided by the specimen area at the notch.
Results are reported in kJ/m2.

The ASTM results are defined as the impact energy in joules, di-
vided by the length of the notch (or thickness of the specimen). They
are reported in J/m.

The difference in specimen thickness may result in different inter-
pretations of impact strength, as already discussed.

13.5.4.2 Charpy impact strength, ASTM D256 (ISO 179). The main dif-
ference between Charpy and Izod tests is the way the test bar is held.
In Charpy testing, the specimen is not clamped but lies freely on the
support in a horizontal position. The ISO designation reflects type of
specimen and type of notch:

� ISO 179/2C means specimen type 2 and notch type C.
� ISO 179/2D means specimen type 2, but unnotched.

ISO results are defined as the impact energy in joules absorbed by the
test specimen, divided by the surface area of the specimen at the
notch. Results arc reported in kJ/m2.
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13.6 Miscellaneous Testing

13.6.1 Taber Abrasion Resistance, ASTM 
D1044 (ISO 3537)

This test measures the quantity of abrasion loss by abrading a test
specimen with a Taber Abrasion machine (see Fig. 13.5). The specimen
is mounted on a rotating disc, turning at a speed of 60 rpm. A load is
applied by means of weights, which push the abrasive wheels against
the specimen. The abrasive wheels are available in different types, de-
pending on the test to be performed. After a specified number of cycles,
the test is stopped. The mass of abrasion loss is defined as the total of
the masses of test piece fragments that have dropped off. It is reported
in mg/1000 cycles.

13.6.2 Flammability Testing

13.6.2.1 UL 94 flammability. The most widely accepted flammability
performance standards for plastic materials are UL 94 ratings. These
are intended to provide an indication of a material’s ability to extin-
guish a flame after it is ignited. Several ratings can be applied, based
on the rate of burning, time to extinguish, ability to resist dripping,
and whether drips are burning.

Each material tested may receive several ratings, based on color
and/or thickness. When specifying a material for an application, the
UL rating should be applicable for the thickness used in the wall sec-
tion in the plastic part. The UL rating should always be reported with
the thickness; just reporting the UL rating without mentioning thick-
ness is insufficient. This test is not intended to reflect hazards pre-
sented by any material under actual fire conditions. Table 13.6
summarizes UL 94 rating categories.

Figure 13.5 Taber abrasion apparatus.
(Courtesy of Martin Testing Laboratories,
Inc.)
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13.6.2.2 UL 94 HB horizontal testing procedure. Where flammability is
a safety requirement, HB materials are normally not permitted. In
general, HB classified materials are not recommended for electrical
applications except for mechanical and/or decorative purposes. Some-
times this is misunderstood: non-FR materials (or materials that are
not meant to be FR materials) do not automatically meet HB require-
ments. UL 94 HB is (although the least severe) a flammability classifi-
cation and has to be checked by testing. This test is not intended to
reflect hazards presented by any material under actual fire conditions.

13.6.2.3 UL 94 VO, V1, and V2 vertical testing procedure. The vertical
tests take the same specimens as are used for the HB test. Burning
times, glowing times, when dripping occurs, and whether the cotton
beneath ignites are all noted. Flaming drips, widely recognized as a
main source for the spread of fire or flames, distinguish V1 from V2.

13.6.2.4 UL 94-5V vertical testing procedure. UL 94-5V is the most se-
vere of all UL tests. It involves two steps:

Step I. A standard flammability bar is mounted vertically and sub-
jected to each of five applications of a 127-mm flame, 5 s duration. To
pass, no bar specimen may burn with flaming or glowing combustion
for more than 60 s after the fifth flame application. Also, no burning
drips are allowed that ignite cotton placed beneath the samples. The
total procedure is repeated with five bars.

TABLE 13.6 Summary of the UL 94 Rating Categories

Category Description

HB Slow burning on a horizontal specimen, burning rate < 76 mm/min for 
thickness < 3 mm

V-0 Burning stops within 10 s on a vertical specimen; no drips allowed

V-1 Burning stops within 30 s on a vertical specimen; no drips allowed

V-2 Burning stops within 30 s on a vertical specimen; drips of flaming particles 
are allowed

5V Burning stops within 60 s after five applications of a flame—larger than 
used in V-testing each of 5 s, to a test bar

5VB Plaque specimens may have a burn-through (hole)

5VA Plaque specimens may not have a burn-through (hole)—highest UL rating
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Step 2. A plaque with the same thickness as the bars is tested in a
horizontal position with the same flame. The total procedure is re-
peated with three plaques. Two classifications result from this hori-
zontal test: 5VB and 5VA. 5VB allows holes (burn-through). 5VA does
not allow holes.

UL94-5VA is the most stringent of all UL tests, specified for fire en-
closures on larger office machines. For those applications with ex-
pected wall thickness of less than 1.5 mm, glass-filled material grades
should be used, These tests are not intended to reflect hazards pre-
sented by any material under actual fire conditions.

13.6.2.5 CSA flammability, CSA C22.2 no. 0.6, test A*. This Canadian
Standard Association flammability test is carried out in a similar way
to the UL 94 5V test. However, the test is more severe: each flame ap-
plication is of 15 s duration. In addition, during the first four flame ap-
plications, the sample must extinguish within 30 s and, after the fifth
application, within 60 s (compared to UL 94-5V with five flame appli-
cations of 5 s each).

13.6.2.6 Limited oxygen index, ASTM D2863 (ISO 4589). The purpose of
the oxygen index test is to measure the relative flammability of mate-
rials by burning them in a controlled environment. The oxygen index
represents the minimum level of oxygen in the atmosphere that can
sustain flame on a thermoplastic material.

The test atmosphere is an externally controlled mixture of nitrogen
and oxygen. A supported specimen is ignited with a pilot flame, which
is then removed. In successive test runs, the oxygen concentration is
reduced to a point where the sample can no longer support combus-
tion. Limited oxygen index or LOI is defined as the minimum oxygen
concentration in which the material will burn for 3 min or can keep
the sample burning over a distance of 50 mm. The higher the LOI
value, the less the likelihood of combustion. These tests are not in-
tended to reflect hazards presented by any material under actual fire
conditions.

13.6.2.7 Glow wire, IEC 695-2-1. The glow wire test simulates thermal
stresses that may be produced by sources of heat or ignition, such as
overloaded resistors or glowing elements. A sample of the insulating

* Test results complying with this CSA test should be considered to be in accordance
with UL 94-5V as well.
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material is held vertically for 30 s with a 1 Newton force against the
tip of an electrically heated glowing wire. The travel of the glow wire
tip through the sample is limited. After withdrawing the sample, the
time for extinguishing flames and the presence of any burning drops
are noted. The specimen is considered to have withstood the glow wire
test if one of the following situations applies:

1. There is no flame and no glowing.

2. Flames or glowing of the specimen, or the surroundings and the
layer below, extinguish within 30 s after removal of the glow wire,
and the surrounding parts and the layer below have not burned
away completely. When a layer of tissue paper is used, there shall
be no ignition of this paper and no scorching of the pinewood
board.

Actual live parts or enclosures are tested in a similar way. The tem-
perature level of the glow wire tip is dependent on how the finished
part is used:

Attended or unattended 

Continuously loaded or not

Used near or away from a central supply point

In contact with a current-carrying (live) part or used as an enclosure
or cover

Under less or more stringent conditions

Depending on the required level of severity for the final part environ-
ment, the following test temperatures are preferred: 550, 650, 750,
850 or 960°C (1020, 1200, 1380, 1560, or 1760°F). Estimating the risk
of failure due to abnormal heat, ignition, and spread of fire should de-
termine the appropriate test temperature.

13.6.2.8 Needle flame, IEC 695-2-2. The needle flame test simulates
the effect of small flames that may result from faulty conditions
within electrical equipment. To evaluate the likely spread of fire
(burning or glowing particles), either a layer of the subject material or
components normally surrounding the specimen, or a single layer of
tissue paper, is positioned underneath the specimen. The test flame is
applied to the sample for a certain time period, usually 5, 10, 20, 30,
60 or 120 s. Other levels of severity can be adopted for specific require-
ments. This test is not intended to reflect hazards presented by any
material under actual fire conditions.
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Unless otherwise specified in the relevant specification, the speci-
men is considered to have withstood the needle flame test if one of the
following four situations apply:

1. The specimen does not ignite.

2. Flames or burning or glowing particles falling from the specimen
do not spread fire to the surrounding parts or to the layer placed
below the specimen, and there is no flame or glowing of the speci-
men at the end of application of the test flame.

3. The duration of the burning is less than 30 s.

4. The extent of burning specified in the relevant specification has
not been exceeded.

13.6.3 Electrical Testing

13.6.3.1 Dielectric strength, ASTM D149 (IEC 243-1). Dielectric strength
reflects the electric strength of insulating materials at power frequen-
cies (48 Hz to 62 Hz) or the measure of dielectric breakdown resis-
tance of a material under an applied voltage. The applied voltage just
before breakdown is divided by the specimen thickness to give the
value in kV/mm. The surrounding medium can be air or oil. The thick-
ness dependence can be significant; all values are reported at speci-
men thickness.

Many factors influence the values:

� Thickness, homogeneity, and moisture content of the test specimen
� Dimensions and thermal conductivity of the test electrodes
� Frequency and waveform of the applied voltage
� Ambient temperature, pressure, and humidity
� Electrical and thermal characteristics of the ambient medium

13.6.3.2 Surface resistivity, ASTM D257 (IEC 93). When an insulating
plastic is subjected to a voltage, some portion of the resultant cur-
rent will flow along the surface of the plastic molding if there is an-
other conductor or ground attached to the same surface. Surface
resistivity is a measure of the ability to resist that surface current.
It is measured as the resistance when a direct voltage is applied be-
tween surface mounted electrodes of unit width and unit spacing. It
is reported in ohms (Ω) (sometimes referenced to ohms per square,
Ω/sq).

13Martin  Page 48  Wednesday, May 23, 2001  10:50 AM



Testing of Materials 13.49

13.6.3.3 Volume resistivity, ASTM D257 (IEC 93). When an electric po-
tential is applied across an insulator, the current flow will be limited
by the resistance capabilities of the material. Volume resistivity is the
electrical resistance when an electric potential is applied between op-
posite faces of a unit cube. It is measured in Ω-cm. Volume resistivity
will be affected by environmental conditions imposed on the material.
It varies inversely with temperature and decreases slightly in moist
environments. Materials with volume resistivity values above 1088 Ω-
cm are considered insulators. Partial conductors have values of 1033
to 1088 Ω-cm.

13.6.3.4 Relative permittivity, ASTM D150 (IEC 250). The relative per-
mittivity of an insulating material is the ratio of capacitance of a ca-
pacitor, in which the space between and around the electrodes is
entirely and exclusively filled with the insulating material in question,
to the capacitance of the same configuration of electrodes in vacuum
(see Fig. 13.6).

In ac dielectric applications, good resistivity as well as low energy
dissipation are desirable characteristics. The dissipation of electrical
energy results in inefficiencies in an electronic component and causes
heat buildup in the plastic part that acts as a dielectric.

In an ideal dielectric material, such as a vacuum, there is no energy
loss to dipole motion of the molecules. In solid materials, such as plas-

Figure 13.6 Automated, probe-based test equipment for measuring dielec-
tric constant. Courtesy of Martin Testing Laboratories, Inc.)
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tics, the dipole motion becomes a factor. A measure of this inefficiency
is the relative permittivity (formerly called dielectric constant).

It is a dimensionless factor derived by dividing the parallel capaci-
tance of the system with a plastic material by that of an equivalent
system with a vacuum as dielectric. The lower the number, the better
the performance of the material as an insulator.

13.6.3.5 Dissipation factor, ASTM D150 (IEC 250). The dielectric loss an-
gle of an insulating material is the angle by which the phase differ-
ence between applied voltage and resulting current deviates from π/2
rad, when the dielectric of the capacitor consists exclusively of the di-
electric material. The dielectric dissipation factor tan d of an insulat-
ing material is the tangent of the loss angle d.

In a perfect dielectric, the voltage wave and the current are exactly
90° out of phase. As the dielectric becomes less than 100% efficient,
the current wave begins to lag the voltage in direct proportion. The
amount the current wave deviates from being 90° out of phase with
the voltage is defined as the dielectric loss angle. The tangent of this
angle is known as the loss tangent or dissipation factor.

A low dissipation factor is important for plastic insulators in high-
frequency applications such as radar equipment and microwave parts;
smaller values mean better dielectric materials. A high dissipation
factor is important for welding capabilities.

Both relative permittivity and dissipation factor are measured us-
ing the same test equipment. Test values obtained are highly depen-
dent on temperature, moisture levels, frequency, and voltage.

13.6.3.6 Arc resistance, ASTM D495. When an electric current is al-
lowed to travel across an insulator’s surface, this surface will damage
over time and become conductive. Arc resistance is a measure of the
time in seconds required to make an insulating surface conductive un-
der a high-voltage, low-current arc. Or the arc resistance is the
elapsed time during which the surface of a plastic material will resist
the formation of a continuous conducting path when subjected to a
high-voltage, low-current arc under specific conditions.

13.6.3.7 Comparative tracking index, ASTM D3638 (IEC 112). The track-
ing index is the relative resistance of electrical insulating materials to
tracking when the surface is exposed, under electrical stress, to con-
taminants containing water. Comparative tracking index, or CTI, test
is undertaken to evaluate the safety of components carrying live parts;
insulating material between live parts must be resistant to tracking.
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CTI is defined as the maximum voltage at which no failure occurs at
50 drops of ammonium chloride in water. High values of CTI are desir-
able. Materials meeting the CTI requirements at 600 V are called
high-tracking resins.

The CTI test procedure is complex. Influencing factors are the condi-
tion of the electrodes, electrolyte, and sample surface, and of the ap-
plied voltage. Values can be lowered by additives such as

� Pigments, particularly carbon black
� Flame retardants
� Glass fibers

Thus, black, FR, and GF materials in general, are not recommended
when tracking resistance is a key requirement. Minerals (TiO2) tend
to raise CTI values.

The CTI test is carried out with two platinum electrodes of given di-
mensions placed with the slightly rounded chisel edge flat on the test
sample. A potential difference is applied between the electrodes, usu-
ally a minimum of 175 V. Where parts will be exposed to high electri-
cal stress, 250 V is specified. The voltage is applied in steps of 25 V,
with the maximum voltage being 600 V. The surface of the test speci-
men is wetted by 50 drops of a solution of 0.1% ammonium chloride in
distilled water (the so-called solution A) falling centrally between the
two electrodes. Both the size and frequency of the electrolyte drops are
specified. When no current is flowing at the chosen voltage, the test is
repeated with a 25-V higher voltage until there is a flow of current.
This voltage, decreased with one step of 25 V, is called the CTI. The
test is then repeated with a voltage of 25 V below the CTI value and
with 100 drops instead of 50. The voltage is determined at which 100
drops do not create a flow of current. This 100-drop value can be re-
ported in addition to the 50-drop CTI values between brackets ().

13.6.4 Optical Testing

13.6.4.1 Haze and light transmission, ASTM D1003. Haze is caused by
the scattering of light within a material, and it can be affected by a
molecular structure, degree of crystallinity, or impurities at the sur-
face or interior of the polymer. Haze is appropriate only for translu-
cent or transparent materials—not for opaque ones. Haze is
sometimes thought of as the opposite of gloss, which would properly be
absorption of an incident beam. However, the haze test method actu-
ally measures absorption, transmittance, and deviation of a direct
beam by a translucent material.
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A specimen is placed in the path of a narrow beam of bright light so
that some of the light passes through the specimen and some contin-
ues unimpeded. Both parts of the beam pass into a sphere equipped
with a photodetector. Two quantities can be determined:

� The total strength of the light beam
� The amount of light deviated by more than 2.5° from the original

beam

From these two quantities, two values are calculated:

� Haze, or the percentage of incident light scattered more than 2.5°
� Luminous transmittance, or the percentage of incident light that is

transmitted through the specimen

13.6.4.2 Gloss, ASTM D523. Gloss is associated with the capacity of a
surface to reflect more light in some directions than in others. Gloss
can be measured in a glossmeter. A bright light is reflected off a speci-
men at an angle, and the luminance or brightness of the reflected
beam is measured by a photodetector. Most commonly, a 60° angle is
used. Shinier materials can be measured at 20° and matte surfaces at
85°. The glossmeter is calibrated by using a black glass standard with
a gloss value of 100. Plastics show lower values; they strongly depend
on the method of molding.

13.6.4.3 Haze and gloss. Haze and gloss test methods measure how
well a material reflects and transmits light. They quantify qualifica-
tions such as clear and shiny. While haze is only appropriate for trans-
parent or translucent materials, gloss can be measured for any
material. Both gloss and haze tests are precise, but they are often
used to measure appearance, which is more subjective. The correla-
tion between haze and gloss values and how people rate the clarity or
shininess of a plastic is uncertain.

13.6.4.4 Refractive index, ASTM D542. A light beam is transmitted
through a transparent specimen under a certain angle. The deviation
from the beam, caused by the material when passing the specimen, is
the index of refraction found by dividing sin x/sin y. 

Test specimens are predried at 122°F (55°C) for 24 hr, cooled to room
temperature, and weighed before immersion in water for a specified
time and at a specified temperature. Water absorption may be mea-
sured as follows:
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� At 23°C (73°F). The specimens are placed in a container with dis-
tilled water at 23°C (73°F). After 24 hr, the specimens are dried and
weighed.

� At 100°C (212°F). The specimens are immersed for 30 min in boil-
ing water, cooled for 15 min in water at 23°C (73°F), and reweighed.

� Until saturation. The specimens are immersed in water at 23°C
(73°F) until full saturation is reached.

Water absorption may be expressed as

� The mass of water absorbed
� The mass of water absorbed per unit of surface area
� A percentage of water absorbed with respect to the mass of the test

specimen

13.6.5 Mold Shrinkage ASTM D955 (ISO 
2577)

Mold shrinkage is the difference between the dimensions of the mold
and of the molded article produced therein. It is reported in percent or
millimeters per millimeter.

Values for mold shrinkage are reported as parallel to the flow (in-
flow direction) and perpendicular to the flow (crossflow direction).
These values may differ significantly for glass-filled materials. Mold
shrinkage may also vary with other parameters such as part design,
mold design, mold temperature, injection pressure, and cycle time.

Mold shrinkage figures, as measured on simple parts such as a ten-
sile bar or disc, are typical data only for material selection purposes.
They should not be used for part or tool design.

13.6.6 Melt Mass-Flow Rate/Melt Volume-
Flow Rate, ASTM D1238 (ISO 1133)

The melt-flow rate (MFR) or melt volume-flow rate (MVR) test mea-
sures the flow of a molten polymer through an extrusion plastometer
under specific temperature and load conditions. The extrusion plas-
tometer consists of a vertical cylinder with a small die of 2 mm at the
bottom and a removable piston at the top. A charge of material is
placed in the cylinder and preheated for several minutes. The piston is
placed on top of the molten polymer, and its weight forces the polymer
through the die and on to a collecting plate. The time interval for the
test ranges from 15 s to 6 min to accommodate the different viscosities
of plastics. Temperatures used are 220, 250, and 300°C (428, 482, and
572°F). Loads used are 1.2, 5, and 10 kg.
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The amount of polymer collected after a specific interval is weighed
and normalized to the number of grams that would have been ex-
truded in 10 min; melt flow rate is expressed in grams per reference
time.

For example, “MFR (220/10) = xx g/10 min” refers to the melt flow
rate for a test temperature of 220°C (428°F) and a nominal load of
10 kg.

The melt flow rate of polymers is dependent on the rate of shear.
The shear rates in this test are much smaller than those used under
normal conditions of processing. Therefore, data obtained by this
method may not always correlate with polymers’ behavior in actual
use.

Recommended Readings
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Metals, 1986.
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