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PREFACE 

This book is a collection of articles written to provide 
the student, technician, engineer, or researcher with de­
tailed information on the nature and application of a num­
ber of important metallographic techniques and subjects 
critical to physical metallurgy studies, materials develop­
ment, and failure analyses. Consequently, this text should 
be a valuable extension to basic text books on light and 
electron microscopy because it emphasizes the application 
of these procedures as well as describes the basic method­
ology of their use. 

The first five chapters describe important advanced 
metallographic techniques for revealing the microstruc­
ture of materials, usually selectively. For example, Vander 
Voort's chapter reviews the more traditional selective 
etching methods, whereas the other four are devoted to 
more specialized techniques. Stansbury reviews the tech­
nique of potentiostatic etching, which represents the ulti­
mate in control of the etching process. Biihler and Aydin 
describe the interference layer method, perhaps the only 
universally applicable etching procedure. Gray describes 
the magnetic etching used to study domain structure and 
for revealing ferromagnetic phases in paramagnetic mate­
rials. Ondracek's chapter details the newly developed gas­
contrasting technique, another procedure that employs 
interference effects. 

Three other chapters deal with the use of metallo­
graphic techniques with specific materials-stainless 
steels, low-carbon free-machining steels, and titanium al­
loys-all very interesting subjects for the metallographer. 
Crouse and Leslie have reviewed procedures for revealing 
the structure of stainless steels, which, by the nature of 
their inherent corrosion resistance, are difficult to etch. 
Watson has prepared a comprehensive review that shows 
how microscopy is fostering the development of better 
free-machining steels, whereas Rhodes shows how vital mi-

croscopy has been in the development of titanium alloys. 
Quantitative metallography, or stereology, has grown 

in importance substantially in the past three decades. De­
Hoff has prepared a review of basic measurement proce­
dures and has shown how they are applied to generate 
meaningful data. Underwood's paper provides a compre­
hensive, up-to-date review of procedures for quantifying 
fracture features. Application of these techniques should 
produce further advances in our ability to control frac­
tures. 

Blau has written a review of microindentation hardness 
testing and shows that much more can be done with this 
technique than merely determining the hardness of mate­
rials. 

Two chapters deal with electron metallographic tech­
niques. In a mere two decades, the scanning electron mi­
croscope has become one of the most important metallo­
graphic tools for examining fractures and microstructures. 
A second chapter by Vander V oort demonstrates how 
natural and artificially produced contrast is used to reveal 
microstructures. Williams provides a detailed review of 
the scanning transmission electron microscope, perhaps 
the most powerful new tool for fine structure analysis. 

Cross et al. have surveyed the use of metallography 
for the control of welding processes. Metallography has 
been the cornerstone of the development of strong, safe 
weldments. 

Three chapters deal with the use of metallography in 
failure analysis. LeMay provides an overview of this im­
portant topic. Glaeser and White provide excellent de­
tailed descriptions of the use of metallography for diagno­
sis of wear and corrosion failures, respectively. 

GEORGE F. VANDER VOORT 

Editor 
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1 
PHASE IDENTIFICATION BY SELECTIVE ETCHING 

George F. Vander Voort 

R&D Laboratory, Carpenter Technology Corp. 

The identification of phases or constituents in metals and 
alloys is a common metallographic problem. Metallogra­
phers can often predict which phases are likely to be 
present in a given alloy from a knowledge of its sample 
chemical composition, processing history, previously pub­
lished information on its characteristics, or by reference 
to phase diagrams. Guided by such information, the met­
allographer examines the microstructure to identify the 
phases present. Even when one is possessed of such infor­
mation, however, the task is often far from trivial, even 
for well-documented alloy systems. Only after the phases 
have been identified should a quantification of the amount 
and morphological characteristics of the phases be at­
tempted. 

Many techniques can be used to obtain a qualitative 
description of the microstructure of materials. Some 
methods require expensive X-ray or electron metallo­
graphic devices, but light microscopy remains the corner­
stone of the analytical procedure. Conventional general­
purpose etchants that outline the phases are often 
adequate, but errors are possible. Etchants selective to 
a particular phase provide positive, unambiguous phase 
identification and are ideal for image-analysis measure­
ments that depend on gray-level image differences for 
phase detection. These etchants are also valuable for man­
ual measurements. This chapter will present information 
on selective etching solutions and their implementation 
for a variety of commercial materials. 

PHASE IDENTIFICATION METHODS 

Phases are identified by means of known differences in 
composition, crystal structure, optical reflectance, mor­
phology, or corrosion behavior. This information can be 
obtained for most systems in the literature. When one 
is dealing with unfamiliar systems, compilations of phase 
diagrams make a good starting point. Basic aids to phase 
identification will be described in the following sections. 

Quantity or Morphology 

In some instances, phase identification may be aided by 
differences in quantity of constituents or morphology. In 
simple two-phase systems with essentially equilibrium mi­
crostructures, the matrix (major) phase can usually be 
distinguished from isolated, dispersed, second-phase con­
stituents of lower volume fraction. When approximately 
equal amounts of two phases are present with no obvious 
continuous-matrix phase, however, identification becomes 
more difficult. 

Reflectance 

Some phases of alloys in the as-polished condition, can 
be detected reliably by means of reflectance differences. 
Well-known examples include graphite in cast iron, inclu-

Fig. I-\. CU2Sb in as-cast Sb-lO%Cu revealed in the as-polished condi­
tion by reflectivity differences (at l00X). 
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sions, and certain nitrides and intermetallic phases. Figure 
1-1 presents a less common example: TJ phase (Cu2Sb) 
in as-cast Sb-lO%Cu in the as-polished condition revealed 
solely by reflectance differences. Beta phase in alpha-beta 
brass can be detected in the as-polished condition because 
it appears as a dark yellow compared to the light yellow 
of the alpha phase. Reflectance differences are important 
because they are the basis of phase detection by image 
analyzers.l 
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Polarized Light Response 

Phases with noncubic crystallographic structure can be 
detected by their positive response to crossed polarized 
light. Alpha phase in titanium alloys responds to polarized 
light, whereas beta phase does not. Sigma phase in stain­
less steels also responds to polarized light. CU20 in tough­
pitch copper can be discriminated from copper sulfide 
in the as-polished condition by the use of polarized light; 
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Fig. 1-2. In the as-polished condition, the 12 phase in aluminum bronze is faintly visible, whereas the iron particles are somewhat darker. Relief 
cannot be developed between these phases and the matrix because of inadequate hardness differences and etching must be employed. (All at 
SOOx.) 
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,. 

Fig. 1-3. In the as-polished condition, porosity and graphite can be observed on WC-Co samples (left). Relief polishing outlines the cobalt binder 
phase (right). (Both at lOOOx.) 

it appears ruby red under such illumination whereas the 
sulfide is dark. 

Relief 

In some systems, a minor phase may exhibit little or 
no difference in reflectivity from the matrix, but the differ­
ence in hardness, if appreciable, can be used to reveal 
the phase by introducing relief during final polishing. Al­
though the relief effect can be observed with bright-field 
illumination, it can be enhanced by using oblique lighting 
or differential-interference contrast illumination. 

The following two figures illustrate the use of reflec­
tance and relief effects for phase discrimination. Figure 
1-2 shows the microstructure of aluminum bronze (Cu-
10.5%AI-3.8%Fe-O.3%Ni) heat-treated to produce 12 
(AI4Cu9) in an alpha matrix with insoluble iron particles. 
In the as-polished condition, the iron particles appear 
light blue whereas the 12 particles are only faintly visible. 
Relief cannot be developed between these particles, and 
the matrix and etching must be utilized as shown to reveal 
them clearly. Figure 1-3 shows an as-polished WC-Co 
sintered-carbide cutting tool. In this condition, its poros­
ity and graphite can be detected. After relief polishing, 
the cobalt binder phase appears to be outlined as a result 
of the very high difference in hardness between Co and 
We. 

ANALYTICAL METHODS 

If these simple methods are inadequate for positive identi­
fication, other procedures must be utilized. In general, 
the preceding methods have limited, if important, applica­
bility. The availability of more sophisticated tools simpli-

fies phase identification for the metallographer. For exam­
ple, X-ray diffraction can be employed to identify phases 
that are present in amounts greater than 1 to 2 percent. 
Although this technique tells the metallographer what 
phases are present, each must be identified on a polished 
cross section of the sample. 

Because phases usually exhibit compositional differ­
ences, energy-dispersive or wavelength-dispersive detec­
tors in scanning electron microscopes (SEM) or in elec­
tron microprobe analyzers (EMP A) can provide means 
for phase identification. Since energy-dispersive detectors 
cannot detect lightweight elements such as carbon, oxy­
gen, and nitrogen, their value is somewhat limited. Nei­
ther instrument is suitable for identification of particles 
smaller than about 2 J.L in diameter. For such particles, 
it is necessary to use electron diffraction of extracted parti­
cles or other advanced techniques. Identification proce­
dures for fine particles exceed the scope of this chapter 
(but see Chap. 11). 

Selective Etching 

Many metallographers who do not have access to X-ray 
and electron metallographic instruments for routine work 
can utilize the etching response to specifically chosen re­
agents for phase identification, except in the case of very 
fine particles. Prior to the development of the SEM and 
the EMP A, the response to selected etchants was widely 
used to identify inclusions in steels and intermetallic con­
stituents in aluminum alloys, but such procedures are 
rarely employed for these purposes today. 

The use of selective etch ants is invaluable for quantita­
tive metallography, a field of growing importance. To 
detect features by image analysis, the desired phase must 
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be darker or lighter than all other phases present. l Unfor­
tunately, etchant selection is empirical in nature and often 
requires considerable trial-and-error. Selection of poten­
tial etchants is aided by referring to published compila­
tions of standard and specialized etchants.2- 4 A list of 
typical etchants sufficiently specific in action to be suitable 
for phase identification appears in Table 1-1. 

phase identification: chemical solutions (for immersion 
or swabbing), tint etchants, anodizing and electrolytic 
etchants, and potentiostatic etching. Additionally, related 
methods--e.g., heat tinting, gas contrasting, magnetic col­
loids, and vapor-deposited interference films-are very 
effective. The simpler methods will be discussed in this 
chapter. Some of the more specialized methods will be 
described elsewhere. A wide variety of etching methods may be used for 

Table 1-1. Etchants for Selective Phase Identification. 

METAL 

I. Aluminum 
alloys 

2. Copper 

3. Iron and 
Steel 

PHASE 

DETECTED 

(a) FeAl3 

(b) AJ,Mg2 

(c) CuAJ, 

(d) CuAJ, 

(a) /'2 

(b) Alpha 

(c) Beta 

(d) Beta 

(a) Ferrite 

(b) Martensite 

(c) Ferrite 

(d) Fe3C 

(e) Fe3C 
Ferrite 

ETCH COMPOSITION 

0.1-10 ml HF 
90--100 ml water* 

1-2 ml HN03 
98-99 ml ethanol 

20 ml water 
20 ml HN03 
3 g ammonium molyb­
date 

200 ml water 
I g ammonium molyb­
date 
6 g NH.Cl 

100 ml water 
10 g sodium thiosulfate 

One part water 
One part H20 2(3%) 
One part NH.OH 

50 ml saturated aq. 
sodium thiosulfate 

I g potassium 
metabisulfite 

10 g cupric ammonium 
chloride 

100 ml water 

50 ml saturated aq. 
sodium thiosulfate 

I g potassium 
metabisulfite 

8-15 g sodium 
metabisulfite 

100 ml water 

(I) 8 g sodium thiosulfate 
6 g ammonium nitrate 
100 ml water 

(2) I ml HN03 
2.5 ml H 3PO. 

100 ml water 
I g sodium molybdate 
0.1--{).5 g ammonium 

biftuoride 

1000 ml Water 
240 g sodium 

thiosulfate 
20--25 g cadmium 

chloride 
30 g citric acid 

COMMENTS 

Attacks FeAJ,; other constituents outlined. 

Colors AJ,Mg2 brown (Al-Mg alloys). Immerse for 15 
min for I-percent solution. 

Mix one part of reagent with four parts ethanol. Immerse 
until surface is colored. CuAJ, blue. 

Immerse for 2 min. CuAJ, violet. (Lienard and Pacque.) 

Colors /'2 in aluminum bronze. Immerse 90 to ISO sec. 
(Aldridge.) 

Swab etch. Colors alpha in alpha-beta brass. 

Colors beta in alpha-beta brass. Immerse about 3 min. 
(Klemm's I reagent.) 

Add NH.OH until solution is neutral or slightly alkaline. 
Colors beta in alpha-beta brass. 

Colors ferrite (blue and red), martensite (brown), austenite 
and carbide (not affected). Immerse 60 to 120 sec after 
light pre-etch with nital or picral. (Klemm's I reagent.) 

Pre-etch lightiy with nital. Immerse for about 20 sec. 
Darkens as-quenched martensite; carbides unaffected. 

To 100 ml of (I) heated to 70°-75°C, add 0.5 ml of 
(2). Pre-etch lightly with picral. Immerse in solution 
for about I min. Etch only good for IS min. Colors 
ferrite; cementite unaffected. (Beraha.) 

Add HN03 to decrease the pH to 2.5-3.5. Pre-etch lightly 
with picral. Immerse in solution about IS sec. Colors 
Fe3C yellow-orange; ferrite unaffected. (Beraha.) 

Dissolve in order given. Allow each to dissolve before 
adding next. Age 24 hr at 20°C in dark bottle. Filter 
100 ml of solution; good for 4 hr. Pre-etch with picral. 
Immerse 20 to 40 sec; colors ferrite. After 60 to 90 
sec, ferrite is yellow or light blue, Fe3P brown, carbides 
violet or blue. (Beraha.) 
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Table 1-1 (continued) 

PHASE 

METAL DETECTED ETCH COMPOSITION COMMENTS 

(f) Ferrite I g potassium Pre-etch lightly with picral. Immerse in solution until 
metabisulfite surface is colored. Colors ferrite. (Beraha.) 

I mlHCI 
100 ml water 

(g) M3C 2 g picric acid Immerse in boiling solution I to 15 min, or use electrolyti-
M6C 25 g NaOH cally at 6 V dc, 20°C, 0.5-2 A/in2, 30 to 120 sec. 

100 ml water Colors M3C and M6C brown to black. 

(h) Ferrite 1000 ml water Mix and age in same manner as etch No. 3e. Add 0.2 
Fe3C 240 g sodium thiosulfate g sodium nitrite to 100 ml of solution; good for 30 
MnS 24 g lead acetate minutes only. Pre-etch with picral. Immerse in solution 

30 g citric acid until surface is colored. Cementite will be darker than 
ferrite; MnS white. (Beraha.) 

(i) Oxygen 145 ml water Alkaline chromate etch to detect oxygen enrichment dur-
16 g cr03 ing or before hot working. Heat to 118° to 120°C; 
80 g NaOH immerse for 7 to 20 min. Enriched areas are white. 

(Fine.) 

(j) Fe3P 100 ml water Immerse at 20°C; M7C3 is attacked; M02C turns brown 
Fe3C 10 g K3Fe(CN)6 to black; Fe3C is unaffected. Bring to boil. Fe3P darkens 
Alloy carbides 10 g KOH in 10 sec; Fe3C is lightly colored after 2 min. For stain-

Sigma 
less steels, immerse at 20°C to reveal carbides, sigma 

Delta ferrite 
after 3 min. At 80°C to boiling for 2 to 60 min, carbides 
turn dark; sigma, blue; delta, yellow to brown; austenite 
is unaffected. (Murakami's reagent.) 

(k) Sigma 100 ml water For stainless steels, use cold to boiling: carbides turn dark; 
Carbides 20 g K3Fe(CN)6 delta, yellow; sigma, blue; austenite is unaffected. (Le-
Delta ferrite 20 g KOH May and White.) 

(I) Sigma 100 ml water For stainless steels, use at 95°C for IS sec: sigma turns 
Carbides 30 g K3Fe(CN)6 reddish brown; delta, dark gray; carbide, black; austen-
Delta ferrite 30 g KOH ite is unaffected. (Kegley.) 

(m) Austenite Heat tint in air at 500 to For stainless steels: austenite colors before delta ferrite. 
700°C, up to 20 min. 

(n) Sigma 10 N KOH For stainless steels, use electrolytically at 2.5 V dc, 20°C 
Delta ferrite (56 g KOH in 100 ml for 10 sec to color sigma orange and delta light blue 

water) and brown; austenite is unaffected. 

(0) Sigma 100 ml water For stainless steels, use electrolytically at 5 V dc, 20°C 
Delta ferrite 20 g NaOH for 20 sec to color sigma orange and delta tan; austenite 

is unaffected. 

(p) Carbide NH.OH (Conc) For stainless steels, use electrolytically at 1.5 V dc; carbide 
completely revealed in 40 sec and sigma unaffected after 
180 sec. At 6 V dc, sigma is etched after 40 sec. 

4. Magnesium (a) Mg17AI12 90 ml water Immerse for 3 to 30 sec. Darkens Mg17Ah2; Mg2AJ,Zn3 
alloys 10 ml HF unetched. (George.) 

(b) MgZn 1000 ml water For Mg-Zn alloys, a 2-sec immersion severely attacks 
50 g cr03 MgZn; Mg7Zn3 is slightly attacked. (Clarke and 
4 g Na2S0. Rhines.) 

5. Nickel (a) "I' 50 ml HCI For superalloys, immerse 10 to IS sec to attack gamma 
alloys I to 2 ml H20 2(30%) prime. 

(b) "I' 100 ml ethanol Tint etch for superalloys. Immerse I to 4 min at 20°C. 
Carbides I to 3 ml selenic acid Colors carbides and gamma prime, matrix unaffected. 

20 to 30 ml HCI (Beraha.) 

6. Titanium (a) Retained beta 10 ml 40% Aq. KOH Swab up to 20 sec or immerse for 30 to 60 sec at 70° 
alloys 5 ml H20 2 (30%) to 80°C. Stains alpha and transformed beta; retained 

20 ml water beta remains white. 
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Table 1-1 (continued) 

METAL 

PHASE 

DETECTED ETCH COMPOSITION COMMENTS 

(b) Retained beta 
Alpha 
Martensite 
Carbides 

Heat tint in air at 400° to 
700°C 

Tint until surface is colored red-violet. After 60 sec at 
6()(JOC, retained beta turns deep violet to bright blue; 
alpha, dull to golden yellow; martensite, yellow with 
violet coloring from fine retained beta; carbides, bril­
liant bright blue or yellow. 

7. Sintered 
carbide 

(a) Cobalt binder 

(b) Eta 

HCI saturated with 
FeCl, 

100 ml water 
10 g K3Fe(CN)6 
10 g KOH 

Immerse 1 to 5 min at 20°C to blacken the cobalt binder 
phase. (Chaporova.) 

Immerse 2 to 10 sec at 20°C to darken eta; longer times 
attack eta. TiC attacked; WC unaffected (outlined). 
(Murakami's reagent.) 

(c) Cobalt binder Heat tint at 316° to 593°C 
in air 

Tint in air at 316°C for 5 min to color cobalt brown; 
carbides are unaffected. At higher temperatures, car­
bides are colored, TiC before We. 

* Use distilled water in all reagents where water is required. 

CHEMICAL ETCH ANTS 

Successful use of etching solutions requires development 
of controlled corrosive action between areas of different 
electrochemical potential. Etching is a result of electro­
lytic action at structural constituents caused by chemical 
or physical differences on the sample surface. Under the 
imposed conditions, these variations cause certain areas 
to be anodic and others cathodic. 

Contrast between similar constituents may be devel­
oped as a result of variations in etch rate produced by 
differences in crystallographic orientation. Such etchants 
produce reflectivity differences and, hence, grain contrast. 
When more than one phase is present, an etch may attack 
one phase preferentially, thereby producing elevation dif­
ferences between the constituents. If this attack is uni­
form, little reflectance difference will be noted between 
the constituents, but the phase boundaries will be visible. 
Such behavior is encountered when annealed steels con­
taining ferrite and carbide are etched with either picral 
or nital. Both these etch ants attack the ferrite phase, leav­
ing the carbide in relief. 

In some instances, the phase being attacked is rough­
ened during etching, and this roughness produces reflec­
tance differences. Figure 1-4, for example, shows an as­
cast Zn-15%Sn sample whose zinc-rich proeutectic phase 
has been preferentially attacked by etching with a solution 
containing 82 ml water, 1 ml HF, and 15 ml H 2S04 at 
about 38°C for 30 sec. At low magnifications, the zinc­
rich primary dendrites appear dark and vividly revealed 
in contrast to the tin-rich, unetched continuous-eutectic 
constituent. High magnification reveals the roughening 
of the zinc-rich phase. Such an etching response is un­
suitable for high magnification work. 

Examples 

Two examples of two-phase alloys in which either phase 
can be selectively attacked by simple chemical etchants 

will be given here. The first, an unfamiliar example, is 
an as-cast Cd-37%Cu alloy that consists of two interme­
tallic compounds, o(CdgCus) and y(Cd3Cu4)' Figure 
1-5 shows the microstructure of this alloy-primary 0 
containing precipitated excess y in a matrix of eutectic 
o plus y. Etching with a solution consisting of equal parts 
of la-percent aqueous FeCb and HCl attacked and dark­
ened the y phase, whereas etching with la-percent aque­
ous ammonium persulfate attacked and darkened the 0 
phase. 

A more common example of such dual etching behavior 
is shown in Fig. 1-6 where a//3 brass (Cu-40%Zn) (/3 
phase is ordered) has been etched with four different re­
agents. Etching with lO-percent aqueous ammonium per­
sulfate attacked the /3 phase, but it was not roughened, 
and only the phase boundary is visible, producing an 
outlining of each /3 grain. Kehl and Metlay5 have shown 
that nearly all chemical etchants are specific to the /3 
phase. Only one etchant-equal parts of water, H20 2 (3 
percent), and NH40H (swab)-will attack the a phase 
preferentially. This etch produces vivid grain contrast. 

Several etchants have been commonly employed to 
darken the /3 phase preferentially. A commonly used 
etchant is lO-percent aqueous cupric ammonium chloride 
made neutral or slightly alkaline by adding NH40H (the 
solution has a pH of 2.5; addition of 6 ml NH40H to 
100 ml of etch increased the pH to 7.25). This etch (No. 
2d in Table 1-1) roughens the /3 phase. Tint etchants, 
such as Klemm's I reagent (No. 2c in Table 1-1), will 
color the /3 phase after a short immersion. After about 
an hour in this solution, the alpha matrix is slightly re­
vealed. 

For pure metals and single-phase alloys, etching re­
sponse is due to potential differences between differently 
oriented grains or between grain boundaries and grain 
interiors or is due to concentration gradients within solid­
solution phases. For two-phase and multi-phase alloys, 
there are also potential differences between phases of dif-



Fig. 1-4. Bottom: the primary zinc-rich dendrites in an as-cast 
Zn-15%Sn alloy and the zinc-rich portion of the Zn-Sn continuous 
eutectic were attacked and roughened by etching in a solution containing 
82 ml water, I ml HF, and IS ml H 2S04 (at 500X). Top: this attack 
produced good contrast for low magnification examination (at lOOX). 

ferent composition. Impurity segregation to grain bound­
aries also promotes selective grain-boundary etching. 
Such potential differences control the nature of etch disso­
lution, thus producing differences in the rate of attack 
that reveal the microstructure. 

In a two-phase alloy, one phase will be higher in poten­
tial than the other phase; i.e., it is anodic to the other 
(cathodic) phase in a particular etchant. The more electro­
positive (anodic) phase is attacked, whereas the electro­
negative (cathodic) phase is attacked superficially or not 
at all. Duplex alloys etch more readily than pure metals 
or single-phase alloys because of the greater potential dif­
ference between the two phases. 

The unetched cathodic phase will stand in relief and 

PHASE IDENTIFICATION BY SELECTIVE ETCHING 7 

Fig. 1-5. Simple immersion etchants can reveal either phase in as­
cast Cd-37%Cu. Top: etching with equal parts lO-percent aqueous 
FeCI, and HCI colors the y phase (Cd3Cu4)' Bottom: etching with 
lO-percent aqueous ammonium persulfate colors the 0 phase (CdsCu5)' 
(Both at 200x.) 

appear bright, whereas the anodic phase is recessed below 
the plane-of-polish and will appear either light or dark 
depending on whether or not its surface was roughened. 
Simple chemical etchants work in this manner. For most 
two-phase alloys, nearly all etchants will attack one 
phase-the anodic phase-producing either phase-bound­
ary etching only or darkening of the anodic constituent. 
For most two-phase alloys, it is rather difficult to find 
a simple etchant that will attack the other phase; i.e., 
for most chemical immersion etchants, the same phase 
will be anodic. 

TINT ETCHANTS 

Considerable progress has been made in the development 
of simple immersion solutions that produce selective color 
contrast by film formation, substantially because of the 
work of Beraha. 6 Such reagents, generally referred to as 
tint etchants, are usually acidic solutions with either water 
or alcohol as solvents. They are chemically balanced to 
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deposit a thin (40 to 500 nm) film of oxide, sulfide, com­
plex molybdate, elemental selenium, or chromate, on the 
sample surface. Coloration is developed by interference 
between light rays reflected at the inner and outer film 
surfaces. Recombination of two light waves with a phase 
difference of 180 degrees causes light of a certain wave­
length to disappear so that the reflected light is of a com­
plementary color. Crystallographic orientation, film 
thickness, and refractive index of the film control the 
colors produced. 

Tint etchants are either anodic reagents that precipitate 

10% aqueous ammonium persulfate 

10% Aqueous Cupric Ammonium 
Chloride (NH.OH to 7.25 pH) 

a thin film on the anodic constituents to color only these 
areas, cathodic reagents that precipitate a thin film on 
the cathodic constituents to color only these areas, or 
complex reagents where the film is precipitated from a 
complex reaction.6 

Some of the most common ingredients of tint etchants 
are sodium metabisulfite (Na2S20S), potassium metabisul­
fite (K2S20 S), and sodium thiosulfate (Na2S203' 5H20). 
When dissolved in water, the metabisulfite salt decom­
poses during etching, producing S02, H2S, and H2 (pro­
ducing a characteristic odor). When etching passivated 

NH.OH!H20 2(3%)/H20 (swab, etch 3b) 

Klemm's I Reagent (etch 2c) 

Fig. 1-6. Influence of different etchants on the microstructure of alpha-beta brass (Cu-40%Zn). Top left: beta phase outlined but not roughened. 
Top right: alpha phase contrast etched; beta not affected. Bottom left: beta phase attacked and darkened. Bottom right: beta phase colored by tint 
etch. (All at 100x.) 



surfaces-e.g., stainless steel-S02 depassivates the sur­
face, and the H2S provides sulfur ions that combine with 
metallic ions from the sample to produce the sulfide stain­
ing film. The addition of HCI to tint etchants extends 
their use to the corrosion-resistant alloys. 

In tint etchants based on these compounds, anodic con­
stituents-e.g., ferrite, martensite, and austenite-are col­
ored, whereas the cathodic constituents-e.g., carbides 
and nitrides-are unaffected and appear bright. A variety 
of hues are produced in the anodic constituents as a result 
of differences in crystallographic orientation. In most 
cases, coloration can be further enhanced by observation 
with polarized light. 

Tint etchants based on selenic acid (a dangerous chemi­
cal) produce film deposition on cathodic areas by reduc­
tion of the acid to elemental selenium, which deposits 
on the cathodic features. Tint etchants containing sodium 
molybdate also color cathodic constituents by precipita­
tion of a complex molybdate film on these features. 

Beraha6 also developed a complex thiosulfate tint 
etchant containing lead acetate and citric acid. This 
etchant (No. 3h in Table 1-1) is useful for tint etching 
copper-based alloys (see Fig. 1-2) and for staining cement­
ite or phosphide in cast-iron or sulfide inclusions in steels. 
The film produced is due to the deposition of lead sulfide. 

Mixing of these etchants should be done strictly accord­
ing to the instructions provided by the developer (see 
References 4 and 6 and also Table 1-1). Some of these 
reagents must be aged in a dark bottle before use. Al­
though selenic acid is highly corrosive and toxic and 
should be handled with extreme care, most of them are 
relatively safe to use and some can be stored as stock 
solutions. In most work, a light pre-etch with a general­
purpose etch that produces uniform attack without rough­
ening of the constituents improves image sharpness after 
tinting. 

The sample is immersed in a suitable quantity of the 
tint etch ant for the recommended time (not necessarily 
correct for all samples), usually long enough to produce 
a red-violet macroscopic color. After tinting, do not touch 
the sample surface. Polishing must be of a very high qual­
ity to obtain best results since tint etchants will reveal 
vividly even the most superficial surface scratches, even 
when none appear to be present before tinting. Final pol­
ishing with colloidal silica-aided in some cases by attack­
polishing solutions4-is usually very effective for such 
work. When successfully performed, tint-etch results can 
be remarkedly beautiful as well as technically valuable. 

Examples: Nonferrous Alloys 

Figure 1-6 illustrated the use of Klemm's I tint etch 
(etch 2c in Table 1-1), a very versatile reagent. Klemm's 
I will tint etch all-alpha, copper-based alloys, but the 
rate of film formation varies with sample composition 
and processing. For example, single-phased cartridge 
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brass (Cu-30%Zn) may require up to an hour or more 
to tint etch, whereas single-phase phosphor bronze (Cu-
5%Sn-O.2%P) etches in a few minutes. Cold-rolled car­
tridge brass etches much more quickly than annealed car­
tridge brass. 

Figure 1-7 shows the microstructure of an annealed 
(790°C; cool 25°C/hr to 590°C; air cool), as-cast Cu­
lO%Sn-lO%Ni alloy. Etching with aqueous 3-percent 
ammonium persulfate, I-percent ammonium hydroxide 
outlined and slightly colored the y phase (Cu, Ni)3Sn 
in the a plus y lamellar structure. Tinting with Klemm's 
I reagent colored the a phase. Figure 1-8 shows the micro­
structure of an as-cast Ag-28%Cu eutectic alloy, a mix­
ture of essentially pure copper and pure silver. Etching 

Fig. 1-7. Microstructure of annealed, as-cast Cu-lO%Sn-lO%Ni re­
vealed by two etchants. Top: y phase (Cu, NihSn outlined with aqueous 
3-percent ammonium persulfate, I-percent NH.OH. Bottom: alpha ma­
trix phase colored by Klemm's I reagent. (Both at 500x.) 
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Fig. 1-8. Eutectic microstructure of Ag-28%Cu revealed by two 
etchants. Top: copper phase outlined with 500 ml H 20, 7.5 g Cr03, 
4 ml H 2SO •. Bottom: copper phase colored with Klemm's I reagent. 
(Both at 500x.) 

with a solution contammg 500 ml water, 7.5 g CrOa, 
and 4 ml H2S04 outlined the copper phase, which is visible 
because of the reflectance difference between copper and 
silver. Tint etching with Klemm's I reagent darkened 
the copper grains producing strong color contrast. 

Several etchants will selectively color () phase (CuAb) 
in AI-Cu alloys. Figure 1-9 illustrates the use of etchants 
to outline or color CuAb in an as-cast eutectic AI-33%Cu 
alloy. Keller's reagent (95 ml water, 1.5 ml HCI, I ml 
HF, 2.5 ml HNOa) outlines the CuAb phase, which ap­
pears darker than the matrix as a result of reflectance 
differences. Two reagents (etchants Nos. Ic and Id in 
Table I-I)-both based on ammonium molybdate-were 
used. Etch No. Ic, from Anderson's compilation,2 colored 

Fig. 1-9. Eutectic structure in as-cast AI-33%Cu revealed using three 
reagents. Top: Keller's reagent outlines CuA!.. Middle: CuA!. colored 
blue with etch No. Ic. Bottom: CuA!. colored violet with etch No. 
Id. (All at 5OOx.) 



CuAb blue, whereas etch No. 1d7 colored CuAh vio­
let. 

Examples: Ferrous Alloys 

Figure 1-10 shows eight examples of how spheroidized 
cementite in a ferritic matrix (AISI W2 tool steel, Fe-
1 %C-O.3 % Mn-O.1 % V) can be revealed. Nital or picral 
are commonly used to etch such a structure. Both attack 
the anodic ferrite phase, leaving the carbide standing in 
relief. Nital, however, is sensitive to crystallographic ori­
entation, and the carbides within some grains are poorly 
delineated. Nital also reveals the ferrite grain boundaries, 

4% Picral 
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an undesirable result if the amount of cementite is to 
be measured by image analysis. Strong contrast between 
these phases can be obtained by using selective etchants. 
Klemm's I reagent (etch No. 3a) colors the ferrite red 
and blue, leaving the cementite white. Boiling or electro­
lytic alkaline sodium picrate (etch No, 3g) colors cement­
ite preferentially. Several of Beraha's tint etch ants can 
be used to color either ferrite or cementite, Beraha's so­
dium thiosulfate-ammonium nitrate solution (etch No. 
3c) and his potassium metabisulfite-HCI reagent (etch 
No. 3f) both color the ferrite, although the former pro­
duced pitting', Beraha's sodium-molybdate reagent (etch 
No. 3d) and his cadmium sulfide-reagent (etch No. 3e) 

2% Nital 
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Boiling Alkaline Sodium Picrate 
(etch 3g) 

Fig. 1-10. Examples of selective etching of ferrite or cementite in spheroidized annealed AISI W2 tool steel compared to etching with standard 
nital and picral immersion etchants. (All at lO00x.) Tint etchants provide selectivity required for image analysis. See Table 1-1 for etch compositions. 
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Potassium Metabisulfite-HCI 
(etch 3f) 

Fig. 1-10 (continued) 

both preferentially color the cathodic cementite phase. 
Tint etch No. 3d colored the ferrite yellow and white 
and the cementite orange-brown. Longer etch times (30 
to 45 sec) darkened the ferrite and reduced the contrast. 
Etch No. 3e colored the ferrite yellow and blue and the 
carbide brownish violet. Although Beraha recommended6 

nital as the pre-etchant, the orientation sensitivity of this 
etch degrades tint-etch results, and picral is preferred 
for these structures. 

Figure I-II shows the microstructure of gray cast iron 
(Fe~%C-O.l %P-1.2%Si) containing the ternary ferrite­
cementite-phosphide eutectic. Etching with picral and 
nital (sequentially) revealed the pearlite matrix and out­
lined the ferrite in the eutectic. There was no distinction, 
however, between cementite and phosphide. Boiling alka­
line sodium picrate (etch No. 3g) colored the cementite 
only. Murakami's reagent (etch No. 3j, not illustrated) 
darkened the phosphide after about 10 sec and lightly 



4% Picral!2% Nital 
Outlines ferrite but does 

not attack Fe3C/Fe3P interface 

Lead Sulfide Tint Etch 
(etch 3h) Fe3C pale blue 
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Alkaline Sodium Picrate (etch 3g) 
40 sec boiling, Fe3C brown 

Cadmium Sulfide Tint Etch 
(etch 3e) Fe3C yellow-tan 

Fig. 1-11. Examples of selective etching techniques for phase delineation of ternary ferrite-cementite-phosphide eutectic in gray cast iron. (At 
500x.) See Table 1-1 for etch compositions. 

colored the cementite after about 2 min in the boiling 
solution. Beraha's lead-sulfide reagent (etch No. 3h) col­
ored both ferrite and cementite (darker of the two). Ber­
aha's cadmium-sulfide reagent (etch No. 3e) colored all 
three phases: Phosphide shows up quite dark; cementite 
and ferrite are light with little contrast difference in black 
and white photography. 

Beraha's lead-sulfide reagent (etch No. 3h) is exception-

ally useful for preferentially coloring manganese-sulfide 
inclusions. Figure 1-12 shows an as-polished sample of 
an alloy steel containing MnS inclusions and one darker 
oxide inclusion. The sample was etched with nital and 
then with the lead-sulfide tint etch, which deposited a 
white film on the sulfides. 

Two alkaline chromate etchantsB•9 have been developed 
to detect and reveal oxygen enrichment associated with 
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Fig. 1-12. Manganese sulfide can be positively identified and discrimi­
nated by the use of Beraha's lead-sulfide tint etch (etch No. 3h). Top: 
as-polished. Bottom: 2-percent nital pre-etch, lead-sulfide tint etch for 
90 sec. (Both at 500x.) 

defects in steels present at hot-working temperatures. One 
such etchS (etch No. 3i) was used to reveal oxygen enrich­
ment at a forging lap in an alloy steel, as shown in Fig. 
1-13. The oxygen-enriched area is white, whereas the ma­
trix was colored light green and pink. 

ELECTROLYTIC ETCHING 

Although many electropolishing solutions can be used 
as etch ants by reducing the applied voltage at the end 
of the polishing cycle, none of these are noted for selectiv­
ity. A number of electrolytic etchants have been developed 
that do provide excellent selective etching action, but none 
of these are useful for polishing. Electrolytic etching solu-

Fig. 1-13. Oxygen enrichment at a forging lap in an alloy steel revealed 
by Fine's alkaline chromate etch (etch No. 3i), (At lOOX.) 

tions are often rather simple in composition as the applied 
potential replaces the oxidizer component in immersion 
etchants. 

In nearly all work, the sample is the anode, and direct 
current is employed. Greater control of the etching pro­
cess is achievable by selection of the electrolyte composi­
tion, etching time, voltage, temperature, and current den­
sity. Generally speaking, an underetched sample can be 
placed back into the electrolyte to strengthen the attack 
without repolishing. After some familiarity is gained, 
etching conditions can be easily reproduced. 

Stainless Steels 

Electrolytic etchants have been widely used in the study 
of stainless steels. The classic study of Gilman10 provided 
a clear understanding of selective etching of such steels. 
Simple hydroxide solutions will selectively color certain 
constituents. The stain can be removed by light repolish­
ing, leaving the constituent outlined. The colors produced 
pass through a well-defined sequence: yellow, green, red, 
blue, and reddish brown. These colors are produced by 
interference effects. Strong hydroxide solutions--e.g., 
KOH-attack sigma phase more readily than carbides, 
whereas weak hydroxides--e.g., NH40H"':"-attack car­
bides but not sigma. For hydroxides of intermediate 
strength, changing the voltage controls the attack, car­
bides being stained at low voltages and sigma and carbide 
being stained equally at high voltages. To identify phases 
in austenitic stainless steels, Gilman10 recommended that 
samples be pre-etched with Vilella's reagent (100 ml etha­
nol, 1 g picric acid, 5 ml Hel) to outline the phases. 
Next, the sample should be electrolytically etched with 
ION KOH at 3 V dc for 0.4 sec; doing so colors sigma 
but not carbide. Then, the sample is electrolytically etched 



in concentrated NH40H at 6 V dc for 30 sec to color 
the carbides. 

Delta ferrite in martensitic or austenitic stainless steels 
can be preferentially revealed by electrolytic etching in 
20-percent aqueous NaOH at 20 V dc for 20 sec (etch 
No. 30).11 Coloration is more uniform than with ION 
KOH (etch No. 3n), which also colors delta ferrite (2.5 
V dc for 10 sec). Figure 1-14 shows delta ferrite in solution 
annealed and aged 17-4PH stainless steel (Fe-O.03%C-
16.5%Cr-4%Ni-3%Cu-O.3%Nb). Since electrolytic 20-
percent NaOH colors only the delta ferrite, the latter is 
easily observed at any magnification. Immersion etching 
with Fry's reagent (40 ml HCI, 5 g CuClz, 30 ml water, 
25 ml ethanol) revealed the martensitic microstructure 
very well and outlined the delta ferrite, but the results 

- ' --
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were not as good as the electrolytic etch. Most simple 
immersion etches attack only the martensite in this sam­
ple. 

Carbides in austenitic stainless steels are often selec­
tively revealed by electrolytic etching with either lO·per­
cent aqueous oxalic acid (6 V dc for 15 to 30 sec) or 
lO-percent aqueous sodium cyanide (6 V dc for up to 5 
min). Since oxalic acid will also outline matrix phases 
in austenitic stainless steels and etch out the sigma phase, 
its action must be carefully controlled. 

The electrolytic etchants are simpler and more reliable 
for phase identification in stainless steels than the Mura­
kami-type reagents ( etchants Nos. 3 j to 31). Etching re­
sults with Murakami-type reagents vary with etch compo­
sition, temperature, time, and phase orientation. When 

Fig. 1-14. Delta ferrite stringers in 17·4 PH stainless steel revealed (top) with 20-percent aqueous NaOH (20 V dc for 21 sec) and (bottom) by 
matrix etching with Fry's reagent. [WaX (left) and SOOX (right).] 
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using such reagents, conditions must be rigorously con­
trolled, and it is wise to compare etch results with those 
from control samples of known phase composition. These 
reagents are quite popular, but the sharpness and unifor­
mity of etching is not always as good as with electrolytic 
etchants. The latter are preferred for image analysis 
work. 1 

ANODIZING 

Anodizing is an electrolytic etching process used to pro­
duce an oxide film on the sample surface to develop inter­
ference colors selective to the mirostructure. Although 
the technique is most commonly associated with grain 
structure development in aluminum, it has also been used 
for phase identification in titanium,12-16 niobium,17 and 
zirconium. 1s,19 The solutions used for these alloys are 
rather complex compared to the electrolytes discussed 
previously. 

HEAT TINTING 

Heating polished samples in air at relatively low tempera­
tures will oxidize the surface. The oxidation rates of con­
stituents vary, depending on their composition, and pro­
duce variations in oxide film thickness that generate colors 
characteristic of the constituents, Films greater than 30 
nm thick will produce visible interference colors,20 Oxida­
tion rates also vary with crystallographic orientation as 
demonstrated by heat tinting of single-crystal spheres,21 

Heat tinting is a very simple process. Prior to heating, 
the sample should be lightly pre-etched with a general­
purpose etchant that does not roughen any of the phases 
present. Pre-etching yields sharper definition of the struc­
ture after heat tinting. Next, the sample is placed face 
up on a hot plate or in a laboratory furnace. The latter 
produces more consistent results because of the difficulty 
in controlling heating on a hot plate. Contrary to some 
pronouncements, heat tinting results can be quite repro­
ducible. 

Examples: Ferrous Alloys 

For carbon steels, heat tinting provides no advantage over 
standard etchants. However, for cast irons, alloy steels, 
and stainless steels, heat tinting is very useful. 4 For cast 
irons, temperatures from 300 to 400°C are employed with 
times up to about 10 min (sufficient to produce red-to­
purple macroscopic coloring). 

Heat tinting is used with alloy steels, such as tool steels, 
to darken the matrix but not the carbides (alloy carbides) 
for image analysis measurements. Figure 1-15 shows the 
microstructure of AISI D2 tool steel (Fe-1.5%C-
12%Cr-O.9%Mo--O.8%V) in the quenched and tempered 
condition. Etching with 1O-percent nital revealed the 
prior-austenite grain boundaries, carbides, and the mar­
tensitic matrix. Heat tinting at 538°C for 5 min darkened 
the matrix so that the carbide phase was vividly revealed. 

Fig, 1-15. Use of heat tinting to reveal carbides in AISI D2 tool steel. 
Top: lO-percent nital. Bottom: heat tinted at 538°C for 5 min after 
nital pre-etch. (Both at lOOOX.) 

The retained austenite is more clearly observed after heat 
tinting. 

Heat tinting is also useful for phase discrimination in 
stainless steels. 22,23 If a polished sample is heated at 
649°C, austenite is colored first, then delta ferrite, sigma, 
and carbides. For example, a 25%Cr-20%Ni alloy heated 
for 20 min at 649°C was colored as follows: austenite, 
mottled green; sigma, orange; carbides, white (i.e., unaf­
fected). Optimum heating conditions increase with in­
creasing chromium content. 23 Heat tinting has also been 
used for phase identification in wrought Co-based alloys.24 

As an example of the use of heat tinting to reveal the 
structure of austenite stainless steel, Fig. 1-16 shows the 
microstructure of a stainless steel weldment containing 
austenite and delta ferrite. The structure has been revealed 



Vilella's Reagent 

Modified Murakami's Reagent 

Fig. 1-16. Example of the use of heat tinting and etching to reveal 
the microstructure of an austenitic stainless steel weldment containing 
delta ferrite. (All at 500x.) 
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Heat Tinted 

by etching and by heat tinting. Vilella's reagent (1 g picric 
acid, 5 ml HCI, 100 ml ethanol) outlined the delta ferrite 
(uniformly attacks the austenite), whereas modified Mura­
kami's reagent (etch No. 31) attacked and colored the 
delta ferrite reddish-brown. This is only one of several 
modifications of Murakami's reagent that will preferen­
tially color delta ferrite. 4 Heat tinting was conducted after 
a light pre-etch with Vilella's reagent. The sample was 
placed in a laboratory furnace at 593°C until the surface 
was colored red, after about 20 min. This colored the 
austenite red, but the delta ferrite stayed unaffected. 

Examples: Titanium Alloys 

Heat tinting produces excellent color development in tita­
nium alloys and is useful for phase identification. The 
grain structure of all alpha alloys is difficult to reveal 
by etching, and polarized light is used to improve the 
image. Heat tinting is helpful with all alpha alloys and 
has been used to distinguish between primary and second­
aryalpha. 

Osadchuk et al. 25 heat tinted polished titanium samples 
in air at 260°C until the surface was golden pink. Carbides 
were bright blue and darkened with additional heating. 
Alpha remained white for some time but gradually dark­
ened, although not so quickly as carbide. Transformed 
beta darkens quickly during heat tinting. 
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Fig. 1-17. Microstructure of Ti-6%A 1-4% V revealed by heat tinting 
at 704°C for 2 min after a light pre-etch with Kroll's reagent. Alpha 
platlets colored; retained beta unaffected. (At 500x.) 

Figure 1-17 shows the microstructure of Ti-6%AI-
4% V given a light pre-etch with Kroll's reagent. (100 
ml water, 2 ml HF, 5 ml HN03) and heat tinted at 704°C 
for 2 min; this treatment colored the alpha platelets, but 
the retained beta was unaffected. Coloration of the alpha 
phase varied with orientation. 

Examples: Sintered Carbides 
Heat tinting has been widely used to reveal constituents 
in sintered carbides. 26-29 Franssen26 heat tinted samples 

.... 
:--

at 800°C for 90 to 120 sec which colored WC blue, TiC 
brown to red, and the cobalt binder reddish black. 
Chaporova27 used a lower temperature, 399°C, for 15 
min to outline and color the cobalt binder, which left 
the carbides unaffected or lightly colored. Bleecker28 heat 
tinted WC-TiC-Co samples at 260 to 316°C for 10 min 
to darken the Co binder, color the TiC yellowish brown, 
and leave the WC unaffected. Separation of WC from 
TiC by etching is difficult. 

Figure 1-18 shows preferential darkening of the cobalt 
binder in a WC-Co carbide sample by heat tinting at 
316°C for 5 min. The cobalt binder can also be preferen­
tially darkened by etching in HCI saturated with FeCb, 
as shown. 27 

SUMMARY 

This chapter has shown how different etching techniques 
can be used to attack a desired phase in multiphased 
alloys preferentially. These methods are rather simple to 
employ and extremely useful for phase identification or 
quantitative microscopy. Generally speaking, some exper­
imentation will be required, aided by published etchant 
compilations2-4 •6 and Table 1-1. 
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POTENTIOSTATIC ETCHING 

E. E. Stansbury 
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University of Tennessee-Knoxville 

Potentiostatic etching is the selective corrosion of one 
or more morphological features of a microstructure result­
ing from the metal to be etched being held in a suitable 
etching electrolyte at a controlled potential. Independent 
control of potential is accomplished by potentiostats. 
These are instruments capable of holding the potential 
of a metal to prescribed values relative to a reference 
electrode placed in the environment solution. The selected 
potential determines if dissolution can occur. Measuring 
the current density, moreover, can establish the depen­
dence of the etching or corrosion rate on the potential. 
In alloys, the etching rate dependence on the potential 
may differ significantly for different phases and other mi­
crostructural details such as grain boundaries and etch 
pits. Thus, once a correlation has been established between 
potential, environment, and selectivity of attack on micro­
constituents, potentiostatic etching becomes an additional 
tool for revealing alloy morphology. Representative early 
applications of the potentiostat to etching are described 
by Edeleanu1 and Cihal and Prazak2; the use of the 
method for color metallography was recognized by 
Lichtenberger3 and Jeglitsch4. 

ELECTROCHEMICAL BACKGROUND 

Understanding of the potentiostatic etching process re­
quires a knowledge of the corrosion processes involved 
in chemical etching with an extension to another varia­
ble-control of potential. To use this variable effectively, 
however, requires an understanding of how the chemical 
etching process may be altered by changing the potential 
of a metallographic specimen relative to its environment. 
It will be shown that conventionally used etchants may 
not be suitable under potential control and that a single 
etchant may lead to a range of selective attacks on micro­
constituents, depending on the potential. As a background 
to the selection of potentiostatic etching conditions, the 
electrochemical processes involved in chemical etching 
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are reviewed. These concepts provide the basis for under­
standing the factors involved in selection of environments, 
potentials, instrumentation, and procedures for potentio­
static etching. 

Consider the simple model of a metal (M) in contact 
with a solution containing its ions (Mz+) or an inert metal 
such as platinum in contact with a solution containing 
dissolved hydrogen gas (H2) and hydrogen ions (H+). 
Reactions such as M = MZ+ + ze or H2 = 2H+ + 2e 
are referred to as half-cell reactions and designated M/ 
Mz+ and H2/H+. Electrical charge separation--electrons 
in the metal and ions in the solution-occurs at the metal! 
solution interface, resulting in a difference in electrical 
potential (in volts) across the interface. This difference 
cannot be measured experimentally since the probe from 
the measuring instrument contacting the solution intro­
duces another metal!solution interface and, hence, the 
instrument indicates only the difference in potential be­
tween the metal under investigation and the metal of 
the probe. A practical solution is provided by a number 
of metal!aqueous environment combinations that give 
highly reproducible potentials and thereby function as 
standard-reference electrodes. More specifically, these are 
referred to as standard-reference half-cells since they must 
be used in conjunction with the metalletchant combina­
tion to produce an electrochemical cell offering metal 
leads between which a difference in potential can be deter­
mined. 

The accepted primary-reference electrode consists of 
platinum in contact with a solution saturated with hydro­
gen gas at a pressure of 1 atmosphere and containing 
hydrogen ions at pH = 0 (unit effective concentration). 
In practice, the major use of the standard hydrogen elec­
trode (SHE) is for calibration of secondary-reference elec­
trodes, which are more convenient. Two common refer­
ence electrodes are the calomel or mercury/saturated 
mercurous-chloride half-cell with potential +241 mV 
relative to the SHE and the silver/saturated silver­
chloride half-cell with relative potential of + 196 m V. Both 
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of these are also saturated with potassium chloride to 
provide constant chloride ion concentration. 

The potential difference between the reference electrode 
and a simple M/Mz+ electrode or freely etching sample 
should be measured with an electrometer; the high im­
pedance of this instrument limits current flow through 
the cell during measurement to values having negligible 
influence on the electrochemical reactions. If, on attaching 
the electrometer leads to the electrode of the cell, a posi­
tive reading is shown when the positive lead is attached 

to the SHE and the negative lead to the M/Mz+ electrode, 
then the half-cell potential of the M/Mz+ electrode is 
assigned a negative value, or, EM,Mz+ < O. Otherwise, the 
half-cell connected to the SHE will be given a positive 
value. In principle, this scheme is followed for all half­
cell reactions, and the values so obtained (for unit effective 
concentration of dissolved species and for gases at l-atm 
pressure) constitute the standard electrochemical series. 
For reactions such as Fe3+ + e = Fe2+ and O2 + 4H+ 
+ 4e = 2H20, these species, which are dissolved in the 
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Fig. 2-1. Ranges of half-cell potentials of some electrochemical reactions of importance in corrosion and etching. 



aqueous solution, are placed in contact with platinum 
to allow electron exchange between species in solution 
and an electron conductor. The half-cell potential is then 
given as the potential difference between the platinum 
of the SHE and the platinum in contact with the species 
whose half-cell potential is being measured; thus 
EOFe2+.Fe3+ = +0.77 V. 

A convenient overview of relative positions of half-cell 
potentials of several common metals and half-cell poten­
tials of several possible etchant species is given in Fig. 
2-1. To the left, is the scale of potentials in volts relative 
to the standard hydrogen electrode. The solid vertical 
lines identified by a metal give the range of half-cell poten­
tials for the metal, extending from unit concentration 
in moles per 1000 grams of water at the top to a concentra­
tion of approximately 1 ppm at the bottom. The dotted 
extension to lower potentials apply when precipitating 
or complexing reagents are added that reduce the metal 
ion concentration below 1 ppm. Reactions that might 
support corrosion are hydrogen ions, dissolved oxygen 
and cupric, ferric, and dichromate ions. The potential 
of the hydrogen ion reaction depends on the pH and is 
given for the pH range 0 to 14. The potential of the 
oxygen reaction depends on pH and oxygen concentra­
tion; ranges are given for pH of 0 to 10, for 10 ppm 
oxygen, the approximate concentration in contact with 
air, and for deaeration to 1 ppb. The other ions will have 
a range of potentials depending on concentration, as 
shown by the solid vertical lines on the right. 

An electrochemical cell consists of two half-cells, 
which, for present purposes, would be made up of one 
of the metals considered as undergoing corrosion and 
one of the reactions capable of supporting corrosion. If 
the half-cell potential of the metal is designated as EM 
and for a possible etchant reaction as Ec, then defining 
Ece\l as 

Ece\l = Ec - EM (1-1) 

provides a means of predicting if etching will actually 
tend to occur. It can be shown that if Ece\l is positive, 
then etching or spontaneous corrosion tends to occur; 
otherwise, attack is not possible. To illustrate, consider 
iron with Fe2+ ion concentration of 1 ppm in contact 
with a completely deaerated environment (all dissolved 
oxygen excluded) of pH = 2. The cell potential is given 
by 

Ece\l = -0.1 - (-0.6) = +0.5 V (1-2) 

These are approximate values within limits of reading 
values from the figure. Since the cell potential is positive, 
however, chemical attack should occur. In contrast, ap­
plying the calculation to silver in contact with the same 
solution leads to a negative cell potential, and silver is 
not attacked at pH = 2. It is emphasized at this point 
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that the cell potential determined in this manner is a 
limiting maximum value. It does indicate whether or not 
attack will occur. As will be shown, however actual attack 
must be associated with current passing between sites 
on the metal surface where the two reactions occur and, 
depending on the current density, actual potential differ­
ences will be less than indicated here. Where these reac­
tions are occuring across the surface, moreover, move­
ment of a reference electrode across the surface mayor 
may not be able to distinguish where the reactions are 
occuring; in this case, a single composite potential known 
as the corrosion potential is measured with a value relative 
to a reference electrode that lies between the values for 
the individual reactions identified above. 

ETCHING AS A CORROSION PROCESS 

A schematic representation of the corrosion of a metal, 
e.g., iron, in an environment containing the symbolic ca­
thodic reactant, C+, is shown in Fig. 2-2. Electrons from 
the metal at an anodic site (oxidation) are consumed at 
cathodic sites by the reduction of species supporting the 
cathodic reaction, for example, the reduction of H+, O2, 

or Fe3+. Any structural dissimilarities on the surface can 
give rise to local anodic and cathodic sites. Inhomogene­
ities in the solution contacting the surface can also give 
rise to these sites, although this is usually not a controlling 
factor over small surfaces unless the formation and spread 
of corrosion products change the local composition of 
the solution. For pure metals, any relatively localized 
positions of higher energy are potential anodic sites; these 
include grain and twin boundaries, dislocations intersect­
ing the free surface, scratches, smeared surface layers 
resulting from mechanical grinding and polishing, and 
differences of crystal lattice orientation between grains 
intersected by the free surfaces. In segregated solid-solu­
tion alloys, differences in composition may result in rela­
tive anodic sites. In multiphase alloys, local anodes and 
cathodes result from differences in composition, crystal 
structure, and lattice orientation of the phases. In all of 
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Fig. 2-2. Representation of a local corrosion cell resulting in the etch­
ing of a second-phase particle (anodic reaction) with a supporting ca­
thodic reaction on the matrix pi}ase. (I) Anodic reaction-symbolic: 
M = Mz+ + ze; specific: Fe = Fe2+ + 2e, and (2) cathodic reaction­
symbolic: C+ + e = C; specific: H+ + e = 1/2 H 2 , O2 + 4H+ + 
4e = 2H20, and Fe3+ + e = Fe2+. 



24 APPLIED METALLOGRAPHY 

these cases, selected areas, such as specific phases, may 
exhibit high kinetic activity for the cathodic reaction and 
thereby become cathodes that induce other areas to be 
anodic and hence corrode or etch relatively. In the limit­
ing case, the electrochemical reactions may be insensitive 
to these variable interface conditions, in which case the 
anodic and cathodic reactions would occur homoge­
neously over the surface with intersite distances approach­
ing atomic dimensions, and the attack becomes uniform 
to these dimensions. 

The electron transport in the metal and the conven­
tional current, I, in the metal and in the solution are 
also shown in Fig. 2-2. Current in the solution is carried 
by ions, positive ions moving from anodic to cathodic 
sites and negative ions in the opposite direction. If the 
metal were iron and the solution contained hydrogen ions 
at pH = 2 and ferrous ions at 1 ppm, then E cell would 
be +0.5 V, as concluded previously, and the iron would 
spontaneously corrode. 

If, as shown in Fig. 2-3, a reference electrode such 
as the calomel half-cell is placed in the solution, then 
the potential of the corroding metal relative to this elec­
trode can be measured using an electrometer. If the size 
of the local anodic and cathodic sites is large relative 
to the size of the reference electrode, then movement of 
the reference electrode permits detection of these sites. 
Limiting examples are the use of very small reference 
electrodes to measure variations in potential over grains, 
phases, and interfaces. If the sites are small relative to 
the size of the reference electrode probe, however, or if 
the reference-electrode to metal-interface distance is large 
relative to the dimensions of the local anodic and cathodic 
sites, a single potential is measured regardless of the posi­
tion of the reference electrode. In either case, the mea­
sured potential will lie between the equilibrium or open­
circuit potentials for the anodic and cathodic reactions; 
interpretation is more complex if two or more anodic 
and/or cathodic reactions occur simultaneously. For ex­
ample, in an aerated acid environment in contact with 
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Fig. 2-3. Representation of local corrosion cell established by differ­
ently oriented grains. Relative anodic and cathodic areas are detected 
using an electrometer and moving a reference electrode to measure 
corrosion potential as a function of position. 

iron, both the reduction of hydrogen ions and of dissolved 
oxygen are cathodic reactants supporting corrosion. 

RELATIONSHIP OF HALF-CELL 
POLARIZATION TO CORROSION 
AND ETCHING 

The observation that actual half-cell potentials do not 
agree with those estimated from Fig. 2-1 is a result of 
current passing through the interface, which, for small 
values of current density, upsets the charge distribution 
across the interface. For large current density, an addi­
tional influence is the change in composition occuring 
in the solution near the interface as a result of reactions 
at the interface that produce or consume ions faster than 
the bulk solution concentration can be maintained by 
diffusion. This deviation of the measured potential from 
the equilibrium potential is defined as the polarization, 
'Y/(i) = Eeq - Epo1(i), where Eeq is the half-cell potential 
calculated from the standard half-cell potential and 
E pol(i) is the actual or polarized potential that is a func­
tion of the current density, i. On a corroding surface, 
the polarization of the cathodic reaction is negative and, 
for the anodic reaction, it is positive. As a consequence, 
the corrosion current is associated with a decrease in 
the potential at cathodic sites and an increase at anodic 
sites. These shifts continue until at steady-state corrosion, 
with the total anodic current (electrons released) equal 
to the total cathodic current (electrons consumed), the 
potential difference is equal to that required to maintain 
the current through the resistance of the metal-solution­
interface path. For relatively high conductivity solutions, 
t:..E may be less than a millivolt, and the anodic and 
cathodic reactions polarize to essentially the same poten­
tial value. This is then the single corrosion potential that 
is measured by a reference electrode. If the conductivity 
of the solution is low and the anode-cathode areas are 
separated, a measurable potential drop exists between the 
areas. 

The only information obtained by using a reference 
electrode and electrometer for measurement on freely 
etching (corroding) metals is the corrosion potential. A 
single measurement, however, does not provide any quan­
titative information on either the rate or mode (film form­
ing, faceting, etc.) of etching. Rather, it is necessary to 
alter the electrochemical reactions on the metal surface 
by passing current either to or from the specimen under 
external current control or external potential control. The 
former is referred to as galvanic polarization and the latter 
as potentiostatic polarization. The former can be accom­
plished with relatively simple equipment but is not appli­
cable to certain types of polarization. For investigation 
of corrosion phenomena, and, in particular, controlled 
corrosion for metallographic etching, the potentiostatic 
polarization technique has advantages; for many alloys, 
it is the required method. 



POTENTIOSTATIC POLARIZATION 

Experimental Method 

A schematic representation of the arrangement for poten­
tiostatic polarization or etching is shown in Fig. 2-4. The 
four components are (1) the cell containing the sample 
to be studied or etched, a reference electrode, and an 
auxiliary; (2) an electrometer; (3) the potentiostat, and 
(4) an ammeter (A) to measure the current to or from 
the sample. The metallograhically polished sample to be 
etched, frequently referred to as the working electrode, 
must be immersed in such a way that the conducting 
leads are insulated from the solution. When a cathodic 
reaction is being studied-such as the reduction of hydro­
gen ions, dissolved oxygen, or Fe3+ to Fe2+ -the working 
electrode is platinum, on which the reaction permits trans­
port of electrons to or from the potentiostat. The auxiliary 
must be a material essentially inert to the environment, 
usually either platinum or high-density pyrolytic graphite. 
Its function is to complete the circuit through the cell, 
and although electrochemical reactions occur at its inter­
face, these frequently are of little consequence. The refer­
ence electrode is usually a calomel half-cell or a silveri 
silver-chloride half-cell, although others may be used, par­
ticularly when chloride ion contamination of the 
environment may be a problem. When the switches from 
the cell and electrometer to the potentiostat are open, 
the electrometer is used to measure the "open circuit" 
or corrosion potential of the working electrode or speci­
men to be etched. 

A schematic representation of the major components 
of the potentiostat circuit are shown in Fig. 2-5, in which 
the specimen is shown in an alternative position with 
the polished surface up. The potentiostat is basically an 
electronic device, one component of which is an internal 
reference (set-point) potential that is adjusted to the po­
tential to be maintained at the working electrode, the 
metallographically polished sample that is to be etched. 
Any potential difference between the reference and work­
ing electrodes, as detected by the electrometer, is sensed 
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etching. 

POTENTIOSTATIC ETCHING 25 

.----~---.(+l 

SELECTED 
POTENTIAL 

L-----~----~( _ l 

SPECIMEN ELECTROMETER 
POTENTIAL 

:------ ---I 
I c:~~~A~UX~.-=EL~E~C~T~RO~D~E~ 
I 
I REF . ELECTRODE 
II 
I SPECIMEN 
I 
I L __ 

AMMETER 

ERROR 
DETECTION 

FEEDBACK 
S!GNAL 

POWER 
SUPPLY 

Fig. 2-5. Representation of potentiostat circuit in relationship to refer­
ence electrode and specimen undergoing etching. 

by an operational amplifier that functions as an error 
detector to output a feedback signal to a power supply. 
The response of the power supply is to pass electrons 
to the working electrode if the potential is to be lowered 
and removing electrons if the potential is to be raised. 
Under steady state, the specimen potential is detected 
by the electrometer, and the current through the working 
electrode interface is determined by an ammeter. This 
external current, I ex, is always the difference between 
the sum of all anodic currents and the sum of all cathodic 
currents across the interface-a net anodic current pass­
ing if anodic currents exceed cathodic currents or con­
versely. Specifically, 

I ex.anodic = ~I anodic - ~I cathodic 

or (1-3) 

I ex. cathodic = ~I cathodic - ~I anodic 

The demand or set-point potential at the potentiostat can 
be adjusted manually or changed either incrementally 
or continuously to provide a potential-current scan of 
the working-electrode behavior. The results are usually 
recorded by direct plotting of potential as a function of 
log current or log current density. 

INTERPRETATION OF POLARIZATION 
CURVES FOR APPLICATION TO 
ETCHING 

The dependence of dissolution rate of a metal or alloy 
on the electrochemical potential is represented by the 
polarization or potential vs current density curve. A repre­
sentative, experimentally determined curve for a metal 
that forms corrosion-product films in a deaerated acid 
environment is shown in Fig. 2-6. Sections of the curve 
are identified as potential ranges of net cathodic, net active 
anodic, passive anodic, and transpassive anodic behavior. 
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Fig. 2-6. Representative relationship between potential and current 
for a metal exhibiting active, passive, and transpassive potential ranges 
of electrochemical reaction. 

Dashed extensions of the curves indicate the potential 
and current-density ranges over which cathodic and an­
odic reactions occur when the net current density is an­
odic and cathodic, respectively. In the net cathodic poten­
tial range, the rate of metal dissolution may be small 
with little etching. On increasing the potential, the current 
reverses at E corrosion-the natural corrosion potential of 
the specimen in the absence of a potentiostat-and further 
increase is accompanied by a net removal of electrons. 
The entire anodic curve is the potential range of anodic 
dissolution (oxidation) of the metal to either soluble or 
insoluble corrosion products. In the cathodic potential 
range, there is a net flow of electrons to the specimen, 
with the predominant effect of reducing hydrogen ions 
to hydrogen gas. In the active anodic region, the dissolu­
tion rate increases as the potential increases; etching may 
occur but corrosion product films may not form. A maxi­
mum in the current density results from the initiation 
and growth of films that cause a reduction in that density 
until such time as an adherent oxide film characteristic 
of the passive state forms. Increasing the potential in 
the passive range results in progressive thickening of the 
film in such a way that the current density remains rela­
tively constant. In the transpassive range, the passive film 
becomes unstable relative to soluble species in solution 
such as Cr04=; the film disappears and the current density 
increases. 

The polarization curve is sensitive to the composition 
of the environment, for present purposes, to the etchant 
composition. Representative examples for AISI type 304 
stainless steel are shown in Fig. 2-7. The reference curve 
is for IN H 2S04, the environment most commonly used 
for comparison of the corrosion behavior of various mate­
rials. The pH is a major variable, and since much of 
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Fig. 2-7. Representative examples of effects of several variables on 
polarization of AISI 304 stainless steel. Base curve is for 1 N H 2S04. 

Effects of eNS- and S~ (6) in 1 N H 2S04 and of ION NaOH (5). 

the reported work on potentiostatic etching relates to 1-
10 N NaOH, a curve is shown in the figure for a strongly 
alkaline environment. The curves for IN H 2S04 with ad­
ditions of S= and CNS- ions are examples of additives 
to the IN H2S04 to increase the dissolution rate in the 
active range-an important consideration in increasing 
the current density to accomplish etching in a reasonable 
time. Chloride ions have a major influence on the polari­
zation of most active/passive alloys; these and other ha­
lide ions increase the current density and may cause 
breakdown of the passive film at potentials below the 
transpassive range. This breakdown occurs as localized 
attack on the passive film in the form of pitting, and, 
in the limiting case for some alloys, high halide-ion con­
centrations cim prevent formation of the passive film. 
Therefore, enhancement of potentiostatic etching by chlo­
ride ions may be uncertain and difficult to control. 

The polarization curve is usually determined by a con­
tinuous scan of potentials from the cathodic range or 
from E corrosion at 6V /hr. The experimental curve is sensi­
tive to the scan rate and surface topology, and films at 
any potential may be very sensitive to the potential-time 
history, i.e., whether a specimen is scanned to, or is ini­
tially set at, the given potential. Because of this sensitivity, 
reference to polarization curves in the literature as guides 
for conditions for potentiostatic etching may be limited 
to their qualitative value since etching will usually be 
carried out by directly setting the potential and holding 
it for a specified time to produce the desired etching re­
sponse. They do, however, indicate potential ranges of 
dissolution with and without film formation and readily 
reflect changes in etchant composition. 



PRINCIPLES OF POTENTIOSTATIC ETCHING 

An initial assumption in potentiostatic etching (identified 
by Kurosawa et aU as SPEED, Selective Potentiostatic 
Etching by Electroclytic Dissolution) is that any micro­
region on the surface has a dissolution rate (current den­
sity) that is the same as that observed in a bulk sample 
identical in composition to the micro-region when ex­
posed under the same conditions--e.g., environment and 
potential. Thus, microconstituents of different composi­
tion and structure, regions of different composition within 
a solid solution (e.g., dendritic segregation), and regions 
oflocal composition differences such as those encountered 
in sensitized stainless steels, all pass into solution at differ­
ent current densities at a given potential. In principle, 
these characteristic current densities, as a function of po­
tential, are given by the polarization curves derived from 
macrosamples representative of the micro-region of con­
cern. 

During etching, the external current, which is measured 
under potentiostatic control, is the difference between the 
anodic and cathodic currents given by the polariL:ation 
curves of the respective reactions as described previously. 
As a consequence, measurement of the external current 
can be related to the rate of etching of a single microcon­
stituent only if one anodic process is occurring and current 
densities associated with cathodic reactions are negligibly 
small. In the usual case of several simultaneous anodic 
processes, differentiation of microstructural detail will de­
pend on the mode and amount of reaction at each site. 
The reaction rate is given by the current density, and 
whenever two microstructural details, A and B, are to 
be differentiated, Prazak and co-workers2•8 have defined 
a differentiation ratio as follows: 

(2-4) 

where DA is the differentiation ratio with respect to struc­
tural detail A and iA and iB are the current densities 
characterizing the reaction rate over the respective sites 
at potential E. The ratio has also been used by Greene 
and Teterin. 9 In using a current density criterion for total 
reaction, as would be required for etching, time must 
also be specified. Since the current density may vary, 
usually decreasing, with time, Gruetzner and Schueller5 

have found specification of difference of charge density­
q = fIdt in units of C cm-2-to be a better criterion 
for satisfactory etching in that the difference in charge 
density relates directly to relative total dissolution of each 
microconstituent. Application of either of these criteria 
relates to the selection of environments that result in po­
larization curves from which potentials at which preferen­
tial etching can be expected may be specified. 

Insight into the factors determining this mode of attack 
and to the time required for acceptable etching is obtained 
by examining four metal/solution interface interactions 
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that may be singularly responsible for the etching attack 
or involved in combination to reveal the microstructure. 
These are (1) relative uniform etching, (2) localized etch­
ing of grain boundaries and dislocations, (3) film and/ 
or irregular corrosion product formation, and (4) film 
deposition from solution. 

General Etching 

Uniform attack will be defined as a non-film-forming dis­
solution that results in the differentiation of grains for 
purposes of revealing grain size and shape. Development 
of morphology, therefore, depends upon differences in 
dissolution rate as a function of lattice orientation of the 
individual grains relative to the viewed surface and/or 
relative faceting or other surface roughening leading to 
grain contrast. The current density required to produce 
resolvable grain contrast based on differences in elevation 
can be estimated under several simplifying assumptions. 
Consider the current density-time interrelationship for 
removal of a monolayer of atoms. For each atom passing 
into solution in time t, the charge transferred, q', is 

q' = z(1.6 X 10-19) = It (2-5) 

where z is the number of electrons transferred per ion 
formed (valence change of z); I, the current, in amperes 
(C S-l); and t, the time, in seconds; the constant is the 
charge on the electron in coulombs. The charge transfer 
per unit area is 

q = Nsz(1.6 X 10-19) = it (2-6) 

where Ns is the number of surface atoms per unit area 
and i is the current density. The number of surface atoms 
per unit area depends on the atom radii and planar density 
of atoms for the lattice plane exposed to the environment. 
For example, with FCC metals, Ns (100, FCC) = 1/(4r 2) 

and Ns (111, FCC) = 1/(20 r 2) for (100) and (111) 
planes of FCC metals with atom radius r. For close­
packed planes of atoms [(111) in FCC], the relationship 
becomes 

q = 4.62 X 1O-4z/r 2 C cm-2 (2-7) 

per atom plane with r in angstroms. 
To use the above relationship qualitatively for purposes 

of referring to potential-current density curves that char­
acterize the dissolution rate, a value for the difference 
in elevation of adjacent grains required for useful contrast 
and the related ratio of dissolution charge densities of 
adjacent grains providing the differential height must be 
established. Using a measuring microscope, Greene et 
al. lO concluded that a difference in elevation of about 
2.5 /-Lm is required to provide metallographic contrast 
at 100X when areas to be differentiated are not stained. 
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Resolution of the microstructure depends upon the optical 
properties of the surface/microscope combination that 
are critical to the differentiation in elevation-specifically, 
whether it is a contrast relating to the depth of focus 
or the ability to resolve the geometry of the grain bound­
ary as the transition from one elevation to the other. 
Reference may be made to Vander Voort,ll who discusses 
the significance of these two factors in limiting the ability 
to resolve microstructural detail. For an objective with 
a numerical aperture of 0.4, consideration of both depth 
of field and resolving power indicates that a difference 
of elevation of 1 to 2 JJ-m is required for adequate contrast, 
a figure in general agreement with the experimental obser­
vation of Greene et al. 10 Smaller differences in elevation 
may be sufficient if phase contrast optical methods are 
used. 12 

The effect of grain orientation on relative rates of disso­
lution can be estimated from polarization measurements 
on single crystals, with exposed surfaces having different 
lattice orientations. Mauvais et al. 13 determined the polar­
ization response in IN H2S04 of nickel single crystals 
sectioned to expose (100), (110), and (111) planes. The 
curves shown in Fig. 2-8 were determined from scans 
in the positive potential direction starting at the corrosion 
potential. Large differences in dissolution rate are indi­
cated in the active range where etching would be carried 
out; for example, near +0.25 V (SCE), the current density 
for the (111) exposed face is almost two orders of magni­
tude greater than for the other two faces. Large differences 
also occur in the passive range of potentials, but passive 
film formation may prevent useful development of grain 
contrast by differences in elevation; the current densities 
are also much smaller, and, in the passive range, the 
(111) face exhibits the smaller value. Although these dif­
ferences in dissolution rate have not been correlated with 
differential attack on polycrystalline nickel, the curves 
can be used as a guide for potentiostatic etching for grain 
contrast. Applying Eq. 1-7 to nickel with an atom radius 
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Fig. 2-8. Polarization curves for single nickel crystals with indicated 
planes in contact with IN H2S04 (13). 

of 1.24 angstroms and etching to produce divalent ions, 
removal of one atom layer from a square centimeter of 
surface requires 6 X 10-4 C cm-2. The 2.5-JJ-m difference 
in elevation required for the resolution of adjacent grains 
corresponds to the removal of approximately 1014 layers 
of nickel atoms or to a charge transfer density of 6 C 
cm-2• 

According to Fig. 2-8, the etching rate of (111) oriented 
grains dominates over other orientations and is respon­
sible for essentially the total current. Assuming that 25 
percent of a polycrystalline sample contains grains suffi­
ciently close to the (111) orientation to etch at the (111) 
orientation rate of 60 rnA cm-2 [corresponding to a poten­
tial of +0.2 V(SCE)], then the etching time would be 
25 sec. This value is in general agreement with a criterion 
adopted by Greene et al.10 that a dissolution current of 
10 rnA cm-2 for 180 sec is adequate for a reasonable 
etching of nonstaining microconstituents, the exact cur­
rent density-time relationship being governed by the po­
larization curve for the material. The selectively etched 
grains will be sharply outlined against the surrounding 
faintly etched matrix of grains having orientations of low 
dissolution rate. Further reference to Fig. 2-8 reveals that 
the selective attack should reverse at potentials below 
o V (SCE), although the etching rate would be very slow. 
Systematic studies of the effects of additives to the etchant 
to alter the magnitude and relative rates of dissolution 
as a function of lattice orientation have not been reported. 

Grain contrast can also be developed by conditions 
of potential and environment that cause uniform faceting 
of the surface. Under these conditions, regardless of the 
orientation of the crystal lattice at the specimen interface, 
dissolution is preferable to removal of atoms parallel to 
a particular lattice plane, usually the higher atom density 
planes such as (100), (110), or (111). Attack initiates uni­
formly over the surface but propagates along the selected 
plane, thereby producing a serrated surface. The geometry 
of the serrations depends upon the angle of intersection 
of the selected planes with the surface. As a consequence, 
light is scattered differently from each grain as a function 
of the orientation of the facets. Representative faceted 
microstructures developed in the active region for an AISI 
type 304 stainless steel have been published by Sato14; 
etch pitting on nickel single crystals, by Mauvais.13 

Color differentiation of microconstituents by etching 
in the active and high transpassive potential ranges de­
pends on the development of a surface topology that con­
tains irregularities such as facets, etch pits, and differences 
in elevation, as discussed previously. If the dissolution 
is uniform, then, within a factor of about 2, a current 
density of 1 rnA cm-2 will remove surface at the rate 
of 50 nm per minute, and since films do not form, this 
dissolution rate is relatively constant with time. Optical 
features of the microscope such as sensitive tint and quar­
ter-wave plates and phase-contrast devices can develop 
color for surface irregularities with widths and depths 



of the order of one-quarter of a wavelength or less. For 
wavelengths at the lower end of the visible range (violet, 
40 nm), the dimension of the irregularities can be in the 
range of 10 nm. Considering that the exposed surface 
area per unit of sample increases rapidly as the surface 
topology becomes progressively irregular, these approxi­
mations lead to current densities on the order of I rnA 
cm-2 for 1 min to produce surfaces with irregularities 
capable of producing color. Whether the desired surface 
topology develops depends on the etchant, and, unfortu­
nately, systematic investigations of the interrelationship 
of these factors in producing useful microstructural con­
trast, particularly in color, have not been reported. 

The potential-current combination to give satisfactory 
potentiostatic etching of solid-solution alloys is more com­
plex than for pure metals. As a first approximation, the 
dissolution rate of each component is taken as the one 
observed for the pure component of the solid solution 
at the same potential. This approach ignores the effects 
of interaction between component atoms and the fact that 
the atoms of one component may exist in a crystal struc­
ture differing from the pure metal. More importantly, if 
the dissolution rates for the component atoms differ signif­
icantly, either as a result of a large difference in half­
cell potential or response to polarization, then surface 
enrichment of the component having the smaller current 
density will occur. Effectively, the latter is functioning 
as the more noble component, and the effect is greater, 
the greater the difference in the current densities exhibited 
by the component atoms. 

This enrichment effect has been treated by Mueller15 

and by Steigerwald and Greene. 16 As enrichment pro­
gresses, the polarization behavior of the alloy moves to­
ward that of the more noble component, and this change 
must be taken into account in relating polarization behav­
ior with development of the microstructure. As an exam­
ple of the magnitude of the effect, consider that if the 
dissolution rate of the more noble A atoms is negligible 
compared to that of the B atoms, then the number of 
atom layers that must be removed to accumulate a layer 
of the more noble metal is fB/fA' or the atom fraction 
ratio of the component atoms. Thus, for a solid solution 
of 10 atom percent of the noble metal, total enrichment 
will occur after dissolution of the more active atoms from 
nine atom layers. This leads to the conclusion that when­
ever the development of the microstructure of solid-solu­
tion alloys depends on the development of differences 
of elevation of 104 atom layer as concluded earlier, then 
significant changes in the surface composition of adjacent 
grains will have occurred. 

Localized Etching 

If the attack is preferential to the grain boundaries, the 
overall sample current density required to reveal the 
boundaries as a function of grain size is approximately 
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as follows. For a simplified model of square grains, 0.01 
cm on a side, the exposed grain boundary length is 2 X 

102 cm/cm2 of exposed specimen surface. Taking the limit 
of resolution of the optical microscope as approximately 
3 X 10-5 cm and assuming that dissolution of the grain 
boundary occurs to this depth, the volume of material 
to be removed is 1.8 X 10-7 cm3/cm2 of surface. Since 
the volume per atom is M/dNo-where M is the atomic 
weight, d the density, and No Avogadro's number-then 
the number of atoms to be removed from grain boundaries 
per unit area of surface is 1.8 X 1O-7(dNo/M). The charge 
density to accomplish this removal is 

q = it = (1.6 X 1O-19)Z(1.8 X 1O-7)dNo/M 

= 1.7 X 1O-2zd/M C cm2 
(2-8) 

For divalent nickel, this relationship gives q a value 
of 5 X 10-3 C cm-2. Since etching of grain boundaries 
usually occurs along the active dissolutions section of 
the polarization curve, reference to the polarization curve 
will give the current density in this section of the curve, 
and an estimate can be made by use of the above relation­
ship of the time required to reveal the grain boundaries. 
With the assumptions made for a potential associated 
with a current density of 1 rnA cm-2, etching should 
be accomplished in 5 sec. Actual times would be longer, 
since uncertain amounts of general dissolution will occur 
simultaneously, and the amount of grain boundary attack 
desired may depend on the purpose for which etching 
is being conducted. 

In both of the previous cases-general attack to provide 
difference in grain elevation and in preferential grain­
boundary etching-formation of passive films may be un­
desirable in that the rate of attack may be both very 
slow and nonpreferential. To avoid this possibility, the 
potential may be restricted to the active region as previ­
ously discussed or attempts made to etch in the trans pas­
sive region of the polarization curve. The latter conditions 
are realized in the oxalic etch test specified by ASTM 
A26217 for susceptibility of stainless steels to intergranular 
corrosion, although the test is specified in terms of a 
current density that places the steel in the transpassive 
region. In particular, if the current densities in the active 
range are too small, changes in the etching medium should 
be investigated to prevent passive film formation and 
move the polarization curve to higher current densities, 
as has been described in relation to Fig. 2-7. 

Reference has been made to the influence of several 
anions on the polarization curve. Prazak and co­
workers2.8 used additions of CNS= in early work, and 
additions of various kinds have been used more recently 
for both the electrochemical and metallographic examina­
tion of stainless steels for intergranular precipitation of 
carbides. 18 The use of organic complexing agents to in­
crease the current density for etching of copper and brass 
in alkaline solutions has been reported by Greene and 
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Teterin.9 The influence of chloride ions in destroying pas­
sive films is well established in the literature of pitting 
and stress-corrosion cracking. For example, nickel cannot 
be passivated in IN H2S04 above 0.33 N NaCI,19 and 
iron with less than lO-percent Cr, even in neutral solution, 
cannot be passivated above 0.1 N NaCl.20 With higher 
chloride-ion concentrations, dissolution rates may be too 
high to control for effective etching; in fact, polishing 
rather than etching may tend to occur. At lower concen­
trations of chloride, pitting may occur rather than desired 
etching although critical adjustment of conditions can 
lead to dislocation etch pitting as a desired morphology. 
Because of these problems, few chloride-containing aque­
ous potentiostatic etching solutions have been reported. 
Schwabe and Schmidt21 have provided evidence that pas­
sive film formation depends on the presence of water in 
the etchant. They show, by means of polarization curves, 
that as water is replaced by alcohol, for example, the 
current in the passive range increases, and eventually the 
polarization curve is continuous from the active range. 
Similar behavior tends to occur in high concentrations 
of H2S04 and H 3P04 . In limiting cases, dissolution rates 
become governed by diffusion of dissolving cations 
through a surface layer, and polishing rather than etching 
occurs. Further modifications to bring about etching un­
der these conditions have been limited but should be inves­
tigated. A combination of the effects of chloride ions and 
non-aqueous media is the prevention of film formation 
through the use of alcoholic hydrochloric acid solutions 
as potentiostatic etching media.21.22.23 

Polarization of Multiphase Alloys 

When the potential of a multi phase alloy is established 
by potentiostat control, the high electrical conductivity 
of the phases and their close proximity cause each phase 
to have the potential established on the alloy. The dissolu­
tion rate of each phase is then given by the current density 
characteristic of the pure phase at the given potential. 
As a consequence, each phase makes a contribution to 
the current density, which, for the particular environ­
ment, depends on the mode and associated current density 
of dissolution (e.g., active or passive) at the potential. 
Since phases are usually multi component, surface compo­
sition changes of the nature discussed previously for sin­
gle-phase solid solutions can occur. 

The polarization curve for a multiphase alloy may be 
approximated by the volume-fraction weighted sum of 
the current densities of the phases at each potential. For 
example, a stainless steel consisting of fa volume fraction 
of the a-phase, f (T volume fraction of the CT-phase, and 
I y volume fraction of austenite, the current density of 
the alloy is as follows : 

(2-6) 

where i{b i(T, and if' are the current densities of the indi­
vidual phases derived from polarization curves for the 
pure phases. The versatility of the potentiostat to differen­
tiate phases by their dissolution rate was recognized by 
Edeleanu1 and by Cihal and Prazak,2 whose curves for 
the individual phases-austenite, ferrite, and sigma-are 
shown in Fig. 2-9. Three things from an experimental 
standpoint should be noted in these curves. First, as pre­
ferred by some investigators, cathodic current densities 
are assigned negative values and anodic current densities 
positive values. Second, the current densities are plotted 
on a linear coordinate scale in units of A cm-2. These 
plotting methods obscure detail in the curves associated 
with dissolution current densities below 1 rnA cm-2 and, 
in particular, the nature of the passive potential range, 
here shown as a vertical line. Since potentiostats capable 
of measurement of currents in the /-LA range have been 
available for a number of years, plotting polarization 
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curves as a function of log of current density more clearly 
shows the broad dissolution behavior. Third, it should 
be noted that the curves are for the individual pure phases. 
Thus, in an alloy containing lO-vol-percent alpha and 
lO-vol-percent sigma phase, the polarization curve for 
the alloy would reflect contributions from the dissolution 
of these two phases of only 10 percent of the values shown 
by the polarization curves of the individual phases. As 
a consequence, polarization curves of multiphase alloys 
may show only small irregularities associated with prefer­
ential dissolution of a phase even though the current den­
sity of the pure phase may be sufficient to cause significant 
attack. For this reason, small irregularities that might 
be ignored in experimentally determined polarization 
curves may indicate potentials at which useful preferential 
etching may occur. 

Steigerwald and GreeneI6 and Greene et al. IO have ex­
amined the validity of constructing polarization curves 
of alloys from curves for the component phases. Polariza­
tion curves for pure tin and zinc in IN NaOH are shown 
in Fig. 2-12(a); in Fig. 2-12(b) the calculated curve is 
shown in comparison to experimental curves for a 51-
wt-percent zinc in tin alloy. The alloy is two-phase, the 
phases being essentially pure metals. It is evident that 
reasonable agreement is obtained when the polarization 
curve is calculated based on the relative amounts of the 
two phases. Some of the factors determining the circum­
stances under which such agreement may be expected 
are discussed by Steigerwald and Greene. I6 

Greene et al.lO reported that zinc etched at -1.45 V 
(SCE) and -0.60 V and tin at -0.95 V: "Etched tin 
appears dark due to light refraction from a roughened 
surface. Tin, which does not form colored corrosion prod­
ucts, may be selectively etched at differentiation ratios 
of 5 or more.. . . At ratios of less than 5, metallographic 
contrast decreases to such an extent as to be considered 
unsatisfactory. Zinc, because of its dark colored corrosion 
products, may be etched at ratios less than 5, possibly 
as low as 2." 

Film Formation 

Development of morphology by etchants that produce 
corrosion-product films depends on differences of optical 
properties of the films formed on different phases, the 
films formed as a consequence of gradients of composition 
within phases, and the films formed on grains of different 
orientation. Reference to polarization curves provides in­
dications of ranges of potential and of etch ant composition 
that are conducive to the formation of oxide or other 
type of films. Optically active films useful in metallogra­
phy include (1) corrosion-product films that provide inter­
ference effects, (2) corrosion-product films with an inter­
nal structure that responds to polarized light, and (3) 
corrosion-product films with a surface topology that re­
sponds to polarized light. 
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Interference effects associated with differences in film 
thickness relate to the structure of a film, particularly 
whether it is single-crystal, polycrystalline, or amorphous, 
and to other optical characteristics such as sensitivity 
to polarized light. When electromagnetic radiation (for 
present purposes, with wavelengths in the visible range) 
impinges on a thin, transparent, adherent film, reflection 
occurs at the film/air interface and at the film/metal inter­
face. Phase shifts also occur at either or both of these 
interfaces. As a consequence, selected wavelengths are 
cancelled between the incident and reflected light, result­
ing in the reflected light having colors characteristic of 
those wavelengths that have not been cancelled. Within 
a good approximation, cancellation of a specific wave­
length, A, occurs for the thickness, t = N(A/4n), where 
n is the refractive index of the film and N is the integer 
order of the interference (see, for example, References 
24 and 25). If the incident light is monochromatic, then 
areas of the microstructure having films of thickness given 
by this relationship will appear dark because of cancella­
tion; other areas will appear light. 

As a film thickness is increased, and with incident unfil­
tered light of all wavelengths, interference occurs first 
for the shorter wavelengths of the blue limit of the visible 
wavelength range. The longer wavelengths are reflected, 
giving a first color of red-yellow. With progressive thick­
ening of the film, the color passes through the spectral 
range to blue and then repeats for successive values of 
the order, N. For N greater than 3 or 4, excessive film 
thickness leads to absorption and poor color development. 
Considering that light passes into and from the film at 
an angle, interference for violet light with a wavelength 
of 400 nm starts to occur for films that are approximately 
40 nm thick; these films produce a yellow color. The 
first blue will occur for films somewhat thinner than 70 
nm. Successive color sequences occur for progressively 
thicker films, but clarity of color based on interference 
decreases for films thicker than 500 nm. Color enhance­
ment of interference films is frequently accomplished by 
using polarized light, sensitive tint plates, and phase­
contrast devices. These either rely on the ability of some 
films to alter the plane of polarization or provide a phase 
shift that is sensitive to wavelength (see References 11, 
12, and 25-28). 

For color to develop as a result of interference, films 
40 to 500 nm thick must be produced. Film thickness 
is directly proportional to charge density, Q, the integra­
tion of the time-current density product to a given time 
expressed in coulombs cm-2 , but only if all metal ions 
oxidized by the anodic current density remain in the film 
and do not pass into solution. Otherwise, a correction 
must be made for this loss. A relationship for film thick­
ness D based on Muller15 is as follows: 

M' 
(2-9) 
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where the primes refer to average values of the quantities: 

M' = molecular weight of the oxide 
m ' = metal atoms per molecule of oxygen 
z' = metal ion valence 
d' = density of the oxide 
F = the Faraday constant 

and a is the fraction of the metal that is retained in 
the film and allows for the preferential loss of selected 
metal atoms to the environment, such as iron and nickel 
relative to chromium in an austenitic stainless steel that 
results in an oxide approaching Cr203. For this steel, 
the above relationship reduces to approximately the fol­
lowing: 

D=0.5Qa (2-10) 

with D in nm and Q in milliamp sec cm-2 or, the equiva­
lent, millicoulombs cm-2. 

Theoretical and empirical investigations indicate that 
the time dependence of the current density during film 
formation is frequently of the form, 

log i = A + 10g(1/tn) (2-11) 

where values of n have been evaluated in the range of 
0.6 to l.5,15 Further analysis leads to thickening of the 
films as cubic, parabolic, or logarithmic functions of time, 
the parameters of the functions depending on the alloy, 
environment, and potential range in which dissolution 
occurs. The rate of thickening therefore decreases with 
time and may lead to excessively long etching times to 
form films capable of giving interference effects. A limiting 
thickness may also be reached if the growth rate becomes 
sufficiently slow for additional growth to be balanced by 
dissolution of the film into the etchant. These growth­
rate characteristics make it difficult to estimate from a 
conventional polarization curve the time required to form 
a film of the thickness, in the range of 40 to 500 nm, 
that is required for interference contrast. 

In the passive potential range of most stainless steels 
and nickel-base alloys, the passive film in acid environ­
ments usually attains a steady thickness less than 10 nm 
and therefore too thin to produce interference colors. In 
general, as will be shown, good color contrast has been 
developed by etching in strong NaOH (5- to 4O-percent) 
in potential ranges just above the current density peak 
or in the early stages of the transpassive potential range. 
Since the rate of dissolution of the film increases with 
the increase in potential in the transpassive range, careful 
control of potential and time is required to obtain the 
desired film properties. A significant factor that correlates 
with the formation of thicker films on stainless steel in 
strongly alkaline solutions is the preferential loss of chro­
mium and the formatio~ of iron- and nickel-rich films 

that are in contrast to the chromium-rich films that are 
observed in acid solution. 

As an example of these variables, Grutzner and 
Schuller5 •29 potentiostatically etched a 27.7-wt-percent Cr 
in iron alloy at 540 m V (SHE) and obtained in 20 sec 
a yellow color with an estimated thickness of 35 nm; in 
60 sec a brown, at 38 nm; in 2 min an orange, at 40 
nm; in 6 min a purple, at 44 nm; and in 20 to 60 min 
a blue, at 48 nm. They relate in detail the interrelationship 
between several stainless steels in terms of composition, 
potential, charge density, and current density as a function 
of time and developed color for a ION NaOH etching 
solution. Observations were correlated with potentiostatic 
polarization curves obtained by holding the alloys at suc­
cessive potential intervals for 5 min. Based on the polari­
zation curve so derived, a 27.7 -percent Cr ferritic steel 
developed a golden yellow at 440 m V (SHE) in 5 min, 
corresponding to a charge density of 106 rnA sec cm-2. 
As an example of the decay of the current density with 
time (during the time required to produce this charge 
density), the decrease was from 10 rnA cm-2 at 10 sec 
to 0.1 rnA cm-2 at 5 min. Grutzner and Schuller5 also 
discuss the difference in charge density required to give 
color contrast between the ferrite and austenite phases 
in a two-phase alloy. They observe that after 5 min at 
+240 mV (SHE), the charge density of a 44.77-percent 
Cr cr-phase alloy is 208 rnA sec cm-2 greater than that 
for the 27.7-percent Cr a-phase alloy. In a two-phase 
alloy of 60-percent ferrite and 4O-percent sigma, the ferrite 
was blue and the cr-phase was brown (a carbide phase 
was light yellow). These observations are consistent with 
the polarization curves shown in Fig. 2-10, in which the 
current density for the cr-phase is greater than for the 
a-phase and therefore would produce a thicker film. The 
curve for the two-phase (a/cr) alloy (Fig. 2-10) usually 
lies between the curves for the individual phases. The 
effect of the higher chromium content of the cr-phase 
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in lowering the potential for the onset of transpassivity 
is evident when curves for the high- and low-content al­
loys are compared in the potential range of 200 to 400 
m V. Thus, at 250 m V the difference in current density 
is large and corresponds to excessive attack of the (1"­

phase in the 5-min holding time used in generating these 
data. The curves do suggest that useful etching might 
result for shorter times but that the selection and control 
of the potential becomes critical. 

Deposit Films 

Although films can be produced by the deposition of cor­
rosion products, color differentiation can be obtained from 
films that produce interference contrast by means of the 
controlled potential oxidation or reduction of species in 
the etch solution. The method depends on depositing films 
with thicknesses and/or properties that are sensitive to 
the substrate phase and to its crystal-lattice orientation. 
Again, for interference color development, these films 
must attain thicknesses of 40 to 500 nm, although films 
that are optically active may be thinner. Examples are 
the anodic (oxidation) deposition of Pb02 and Mn02 ac­
cording to the following reactions: 

(2-12) 
and 

(2-13) 

For example, Grutzner and Schuller29 obtained a yel­
low film in 1 min at 660 m V (SHE) in a lead-acetate 
solution; blue was developed in 3 min, and the next order 
of yellow at 4 min. Potentiostatic deposition of Mn02 
from a lO-percent MnS04 solution has been reported by 
Helbach and Bullock.30 Soluble species of higher valence 
can be reduced (cathodic deposition) to insoluble film­
forming species such as Mo02 in accordance with the 
reaction, 

Mo04= + 4H+ + 4e ~ Mo02 + 2H20 (2-14) 

Although the formation of deposit films by immersion 
using similar reagents, including the formation of sulfide 
films, has been described (see Reference 31), any investiga­
tion of deposition by control of potential appears to be 
limited. Since the film-forming species are in solution, 
an advantage of the technique is that the growth occurs 
at the film/solution interface without the necessity of dif­
fusing cations or anions through the film. As a conse­
quence, the current density, and hence film growth rate, 
is constant and does not decrease with time as it does 
during thickening of corrosion-product films. 

Problems may be encountered if the potential required 
for the formation of deposit films lies in the range of 
rapid dissolution of the substrate. The problem is allevi­
ated by the fact that solutions used for deposit films may 
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be relatively neutral and hence not as aggressive in the 
required potential range as they would be if film formation 
required extreme values of pH. 

COMMENTS ON EXPERIMENTAL PROCEDURE 

The major advantage of potentiostatic etching is that the 
electrochemical potential of the metallographic specimen 
is an additional independent variable. With this added 
variable, many etchants that are not effective as, and fre­
quently less aggressive than, chemical etchants can ac­
complish comparable results and are therefore easier to 
use. In fact, the use of the potentiostatic technique to 
enhance conventional chemical etchants is frequently un­
successful, and if the latter act rapidly, the time to estab­
lish the potential for etching potentiostatically and remove 
the specimen may permit unwanted chemical attack. 

A typical arrangement for potentiostatic etching was 
shown in Fig. 2-4. The specimen should be mounted in 
epoxy polymer, with particular care given for good adher­
ence between the metal specimen and mounting material. 
Otherwise, under some etching conditions, crevice attack 
along the poor bond will lead to uneven etching; in the 
extreme case, the attack will be confined to the crevice. 
Various arrangements for electrical contact have been 
used, the two most common being a screw soldered or 
projection welded to the sample and the sample/screw 
combination embedded in the mounting material with 
the screw projecting from the back. Alternatively, the 
mount can be drilled and threaded to make contact with 
the back of the specimen. In both of these arrangements, 
a thick-walled glass rod with gasket seal and enclosed 
threaded rod or cylinder is used to compress the gasket. 
This type of specimen holder can be configured for a 
sample face down in the etchant or face up, the latter 
being convenient for observation of the progress of the 
etching. In general, allowance must be made for quickly 
inserting and removing the specimen from the etchant, 
and, under some conditions, this must be accomplished 
while providing reasonable purging of oxygen from the 
solution by an inert gas. Whatever the arrangement, it 
is critical to avoid contact between the electrical connec­
tion to the specimen and the etchant solution. If the metal 
of the electrical contact exhibits a large current density 
in the etchant at the selected potential, then its dissolution 
rate from a small exposed area can dominate the current 
demand on the potentiostat and lead to a large underesti­
mate of the time required to etch the specimen. 

Several precautionary factors should be recognized in 
selecting the potentiostat. The choice depends on the 
range of applications and performance required. The char­
acteristics to be specified include the range of set-point 
potentials; the range of current that will be demanded 
to attain the potentials; the accuracy, stability and repro­
ducibility of the set-point potentials; and the response 
time to changes in set-point potential and to variations 
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in potential caused by electrochemical changes occurring 
in the specimen. The response characteristics may be criti­
cal for those applications requiring that a specimen attain 
quickly and then hold a closely specified potential. Slow 
response in attaining and maintaining the required poten­
tial may allow the specimen to pass through potential 
ranges that can cause adverse attack. A large range of 
laboratory applications can be satisfied by an instrument 
with a set-point range of ±5 V and a current range from 
1 JLA to 5 A. Many applications are satisfied with smaller 
potential and upper current ranges, but, in particular, a 
larger capacity instrument will be required when large 
specimens and electrolytic polishing applications may be 
involved. Instruments with wider set-point potentials and 
larger maximum current are available. 

Although a potentiostat set manually to the required 
potential for a particular metalletchant combination is 
sufficient for routine etching, the ability to scan prescribed 
potential ranges for any combination is usually a necessity 
to establish the polarization curve from which the poten­
tial or potentials may be determined that provide the 
desired selective etching. This is accomplished by either 
mechanical or electronic components that are integral 
with or external to the potentiostat proper and that allow 
selection of scan starting and stopping potentials and scan 
rates. The results of the measurement are recorded graphi­
cally in terms of the potential and usually in terms of 
the log of the current or current density. Reference is 
again made to problems that relate the polarization curves 
from single potential scans to etching conditions. Scan­
ning is frequently practiced over large potential ranges, 
including both net cathodic and anodic regions of poten­
tial. This may lead to observed current densities at a 
given potential that are significantly influenced by the 

potentialltime history of the specimen before reaching 
this potential, and therefore a current density/etching 
effect is observed that differs from that resulting from 
direct exposure at the same potential. Polarization curves 
established by observing the current density as a function 
of time at a series of preset potentials are needed, but 
few measurements of this type have been reported. 

SURVEY OF ETCHANTS USED 
FOR POTENTIOSTATIC ETCHING 

Table 2-1 lists etchants reported in the References as being 
applicable to potentiostatic etching of the indicated mate­
rials. The wide range of potentials, times, and tempera­
tures reported precludes reasonable inclusion of these 
variables in tabular form. Frequently, multiple potentials 
or multiple etchants have been used to differentiate micro­
constituents. The information in the table provides an 
overview to the etchants that have been used, and the 
foregoing discussion provides a guide to the variables that 
should be investigated to establish proper techniques. 

EXAMPLES OF POTENTIOST ATICALL Y ETCHED 
MICROSTRUCTURES 

Examples of potentiostatic etching to enhance microstruc­
tural detail are shown in Figs. 2-11 through 2-15. Figure 
2-11 shows the influence of potential on the etching of 
a 50 wt-percent Zn-Sn alloy in 1 N NaOH.9 This is a 
two-phase alloy of essentially pure zinc and pure tin. The 
potential dependence of the etch attack is consistent with 
Fig. 2-12 and the previous discussion relating to this fig­
ure. The zinc is the dispersed phase in a tin matrix. At 
-1.45 and -0.60 V (SeE), the curve for the zinc phase 

Table 2-1. Potentiostatic Etching: Solutions, Materials, 
and Morphology Developed. 

SOLUTION 

I N H2S04 

10% H 2S04 

20% H2S04 

50% H2S04 

5% H 2S04 + 0.1 gil NH4SCN 

20% H 2S04 + NH4SCN 

IN NaOH 

2 N NaOH + complex. agents 

MATERIAL 

Ni:5-32AI 

Fe: I 8Cr,8-IONi 
Fe 
Fe:18Cr,8Ni 

Fe: I 8Cr,9Ni,3Mo 

Fe:18Cr,IONi 
Fe:0-43Cr,0-42Ni,Mo, Ti 

Fe:0--25Cr,0--20Ni,N 

SS304,316 welds 

Fe:0.45C 
Sn:0,15,50,75,IOOZn 
Cu:5-30Zn 

MORPHOLOGY DEVELOPED 

'Y and /3 phases 
Dislocation etch pits 

Martensite formed by subcooling 
Dislocation etch pits 
Austenite grain bdry. 

<T-phase, Cr23CS 

Austenite grain bdry. 
a-ferrite, Cr depletion 

Intergranular ppt. Cr23CS 

Austenite grain bdry. 
I)-ferrite, <T-phase 

a, I)-ferrite, <T-phase, 
P'-phase 

Weld and heat affected, 
zone etched 

Phosphide inclusions 
Primary Sn, Zn, and eutectic 
Grain boundary, dendritic 

segregation 

REF. 

32 

33 
34 
35 

36 
2 

38 

37 

23 
16,10 

9 



SOLUTION 

5 N NaOH 

10 N NaOH 

10% NaOH 

20% NaOH 

40% NaOH 

10 N KOH 

10% NH.OH 

Pb(Ac )2,sat 
1% Cr03 

10% Na2C03 
10% H3PO. 

85% H3PO. 

5M citric acid 

IN Na2S203 
IN (NH.hSO. 

10% MnSO. 

10% Oxalic acid 
MeOH-3HN03-2HCIO. 
MeOH-I % Me.NCl, 

10% acetyl acetone 
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Table 2-1 (continued) 

MATERIAL 

Fe:18Cr,8Ni 

Fe:var C and N 
Fe:0--62Cr,4--8C 

Fe: 18Cr,8Ni 

Fe:38.7-44.7Cr 
Fe:25Cr,2Mo,9Ni 
Fe: 18-41 Cr,2. 5-39Ni 

Fe:0.32C 

Fe:0.1-4.8C,0--7.85N 
Fe:25-45Cr,2Mo,6.4Ni 

Fe: l3Cr, I.5Ti,4V 
Fe: 17-45Cr,0--IONi, 

0--2Mo 
Al:Cu 
Co:20Cr,20Ni,4 

(Nb,W,Nb) 
Co:31 Cr, 13W,2.2C 

(cast) 
Fe:2.6Si 
Fe:4.42C,2.6Si(cast) 

Fe:lowalloy 

Fe:27Cr 
Co:20Cr,20Ni 

(Mo,W,Nb,Fe) 
Fe: 17-34Cr,24--30Ni 

0--3Al,0--2Ti 
Fe:6-17Cr,1.9-7C 

(cast) 
Fe: 13Cr,4V 
Aluminum alloys 

Fe:Cr,Ni,Mo 
Fe: 18Cr,8Ni 

Cu:Be,Zr,Ni 

U:3Nb 

Fe:Si 
Zinc 
Copper 
Fe:low carbon 
Fe:0.45% C 
Fe:25Cr,20Ni 

Fe:18Cr,8Ni 
Fe:25Ni,19Cr,5Al 
Stainless steel 

Ni-base 
Fe: 19Cr,2Mo,O,09Nb 

MORPHOLOGY DEVELOPED 

Austenite grain bdry., 
<T-phase, Cr23C6 

Fe3C, E-nitrides 
Fe3C,M23C6 and 

M7C3 distinguished by color as 
pure phases and as dispersed in 
austenite 

Austenite grain bdry., 
<T-phase, Cr23C6 

Same 
Same 
Martensite, austenite 

a-ferrite, <T-phase, color 
Fe3C, nitrides in carbonitrided 

steel 
Fe3C, nitrides 
Cr23C6, a-ferrite, 

<T-phase, color 
TiC, M7C3 
Austenite, a-ferrite, 

<T-phase 
Grain contrast, segregation 
Color differentiation of 

M6C,NbC, color 
Color differentiation of 

M6C,M23C6, color 
Grain orientation 
Si segregation; nodular and flake 

graphite, interference colors 
Differentiation of bainite and 

martensite, color 
Ferrite, <T-phase, color 
M6C, color 

Austenite, ferrite, <T-phase, 
color 

M3C, M7C3, M23C6 

VC and TiC versus M 7C3 
Si, AlgMg5 , Mg2Si AI-Fe-Si, 

AJ,Ni, Al6Cu3Ni 
M23C6, color 
Austenite grain bdry. 

<T-phase, Cr23C6 
Grain bdrys., dendritic 
Segregation, dispersed phases, 

color 
a-martensite, dislocation 

etch pits 
Segregation, color 

Grain boundaries 
Pearlite 
M7C3, M23C6 

Mn02, color, stain 
Cr23C6, <T-phase 
NiAI,I>-ferrite, austenite 
Cr23C6(TiP-TiC) 

Cr7C3 
AlN, Ti(C,N), z-phase 

REF. 

35 

39 
42 

35 

35 
35 
41 

39 

39 
40 

3 
5 

4 
43 

43 

23 
44 

3,43 

43 
43 

45 

40 

3 
46 

43 
35 

47 
48 

49 

23 
23 
23 

23,50 
23,50 

30 

35 
51 
52 

52 
53 
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(a) 

(b) 

(c) 

Fig. 2-11. 50 wt-percent Zn-Sn alloy potentiostatically etched in IN 
NaOH at: (a) -1.45 V (SeE) (zinc in dark dispersed phase); (b) -0.90 
V (SeE) (tin is dark continuous phase); (c) -0.60 V (SeE) (zinc is 
dark dispersed phase). (Taken from Ref. 9; all at lOOx.) Effect Of pot en­
tial relates to polarization curves of Fig. 2-12. 

lies at a higher current density than for the tin phase; 
as a consequence, it is preferentially attacked and appears 
dark in a light matrix of tin. At -0_90 Y, the polarization 
curves predict that the tin phase should be preferentially 
attacked and thus appear as a dark matrix in which the 
light, unetched zinc phase is dispersed. 

The effects of carbon content on the tendency toward 
intergranular attack in two cast stainless steels are shown 
in Figs. 2-13(a) and 2-13(b). The steel (Fe: 19Cr,9Ni), con­
taining about lO-percent ferrite in an austenite matrix, 
was quenched after 1 hr at 1 120°C and reheated to 650°C 
for 1 hr. Chromium depletion near the ferrite/austenite 
interface tends to occur because of Cr23C6 precipitation. 
Because of the lower carbon content of the CF3 steel 
(0.03% C max), the interface in Fig. 2-13(a) has under­
gone slight chromium depletion, and etching has lightly 
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(b) 

Fig. 2-12. (a) Polarization curves for pure zinc and tin in IN NaOH, 
and (b) comparison of calculated and experimental polarization curves 
for an alloy of 51 wt-percent zinc containing two phases with essentially 
the composition of pure metals. (Redrawn from Ref. 16.) 

delineated the ferrite regions. The depletion is greater 
in the higher carbon CF8 steel (0.08% C max) in Fig. 
2-13(b), and the interface is significantly attacked. Austen­
ite/austenite grain boundaries are not etched under these 
circumstances since the chromium depletion is not large 
enough relative to the austenite/ferrite interface to make 
them subject to attack. It is noted that the charge density 
producing the etching in Fig. 2-13(a) was 8 mC cm-2, 
which is to be compared to the much larger charge density 
of 900 mC cm-2 that etched the higher carbon steel. 
KCNS was added to the etchant in this case to move 
the polarization curve to larger current densities, as was 
shown in Fig. 2-7. 

Figures 2-14 and 2-15 are taken from the publication 
of Gahm and Jeglitsch26 on general color methods in 
metallography. Figure 2-14 shows the results of potentio­
static etching in NaOH to produce gradations in color 
correlating with silicon segregation in a nodular cast iron. 
The same technique was used to produce the microstruc­
ture of the aluminum alloy in Fig. 2-15. Again, gradations 
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Fig. 2-13. CF3 and CF8 cast stainless steels (Fe:19Cr,9Ni) quenched 
and reheated I hr at 650°C to induce precipitation of Cr23C6 in austenite 
grain boundaries and potentiostatically etched near +0.05 V (SHE) 
in IN H 2S04 + 0.05 M KSCN. (a) CF3 with 0.03-percent max., 8 
mC cm- 2 ; and (b) CF8 with 0.08-percent C max., 900 mC cm- 2• (See 
text for details; from S. J. Pawel, Univ. of Tenn.) 
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Fig. 2-14. Silicon segregation in nodular graphitic cast iron, potentio­
statically etched in NaOH. (Reproduced from Ref. 26; original source, 
Ref. 54.) 

Fig. 2-15. Aluminum-copper alloy showing primary segregation and 
grains with dispersed phase. (Reproduced from Ref. 26; original source, 
Ref. 55.) 
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in color reveal segregation as well as grain contrast and 
structural detail within grains. 
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OBJECTIVES OF METALLOGRAPHY 

The objective ofmetallographic examination is to classify 
all phases of the microstructure of a material according 
to their shape, distribution, and size (1) in a good light/ 
dark or color contrast, and (2) in a true geometric repre­
sentation. In addition, contrast development should be 
reproducible. Of the chemical and physical methods uti­
lized in microstructure development, only the latter fulfill 
the requirements for contrast, contrast reproducibility, 
and true geometric representation. The interference layer 
method is especially suited to meet these requirements. 

Figure 3-1 presents a survey of the standard preparation 
methods in metallography (chemical etching, potentio­
static etching, ion etching, interference layer coating). 

OPTICAL CHARACTERISTICS OF METALLIC 
AND NONMETALLIC PHASES 

The various materials and phases that are to be identified 
in metallographic polished sections exhibit conspicuously 
deviating optical behavior in the wavelength zone of vis­
ible light. As examples, Fig. 3-2 schematically illustrates 
the optical characteristics of (1) a-iron and ,),-iron, (2) 
aluminum and gold, and (3) oxides and sulfides. 

One will notice that the metallic materials (aluminum, 
a-iron, and ,),-iron) have a very high reflectivity (60 to 
above 90 percent). With the exception of copper and gold, 
the reflectivity of metals is almost constant in the range 
of the visible spectrum (0.4 to 0.7 /Lm), a fact that pro­
duces the metallic sheen characteristics of most of them. 
Nonmetallic phases, for example, sulfides and especially 
oxides, have less reflectivity than metals and consequently 
can be clearly distinguished from the other phases on a 
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polished section without any additional preparation to 
intensify the light/dark contrast. On the other hand, the 
human eye cannot clearly distinguish reflection differences 
of approximately 4 percent between a-iron and ')'-iron 
(58- and 62-percent reflectivity, respectively). 

Because the a- and ')'-phases cannot be distinguished 
by observing the polished metal surface under a light 
microscope, their contrast must be enhanced by etching 
methods. As can be seen in Fig. 3-1, the etching methods 
used do not always present sufficient light/dark contrast 
between the various phases present. In addition, the true 
appearance of the shape and size of individual phases, 
especially those in fine-grained microstructures, may be 
distorted. This fact is clearly illustrated once again in 
Fig. 3-3, using an austenitic-martensitic microstructure 
as an example. The microstructure area of Fig. 3-3(a) 
is also shown after etching and coating in Fig. 3-3(b). 
In the latter case, the residual austenite stands out light 

PREPARATION CONTRAST CONTRAST TRUE GEOMETRIC 

METHOD REPRODUCIBILITY APPEARENCE 

I 
ETCHING 

+ - I -

POTETIOSTATIC + 1+ i -
ETCHING 

ION ETCHING + + i+i 

INTERFERENCE + I + + 
LAYER METHOD 

I 

Fig. 3-\. Preparation methods in metallography. 
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Fig. 3-2. Optical characteristics of different materials (steel, aluminum, 
gold, sulfides, oxides). 

against the transformation structure, and differentiation 
between the austenite and the martensite is easily made. 
The true shape and size of the individual microstructure 
components are not changed by the preparation. 

BASICS OF THE INTERFERENCE LAYER 
METHOD (CONTRAST ENHANCEMENT) 

Interference layer metallography is based on the presump­
tion that a polished and smooth material surface is usually 
available for microscopic observation. On this polished 
and undisturbed surface, a thin layer of a refractive coat­
ing material that permits light penetration (nonabsorbent) 
is placed by a suitable method, either vaporization or 
sputtering. 

The effect of this interference layer can be described 
by reference to Fig. 3-4. Light ray E falls on a coated 
material surface and is refracted at the surface air/layer 
interface. The ray penetrates the layer and is once again 
refracted at the second interface, i.e., at the layer/material 
interface. The light ray is partially reflected at this point. 
Depending on the absorption capability of the phase, the 
ray will penetrate the material surface to a certain degree. 
The wave P coming out of the surface at the air/layer 
interface is composed of the wave trains reflected at both 
border surfaces. These interfere in such a way that the 
amplitude of wave P becomes significantly smaller than 
the amplitude of incident wave E. This, however, indicates 
that the reflectivities of the individual phases are drasti­
cally lowered by the coating. Figure 3-5 shows the mea­
sured reflectivity of two phases in hot-dip aluminum­
coated sheet steel (a-iron and the carbide Fe3AlCx) after 

(a) 

Fig. 3-3. Light/dark contrast between austenite and ferrite (steel with 
I-percent C and 2-percent Mn): (a) etched in 3-percent alcoholic nitric 
acid, and (b) coated with ZnSe. (Both at 500x.) 

p 
~ 

Fig. 3-4. Reflection of a light ray, E, at a coated metal surface. 
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interference layer coating with ZnTe. One notices that 
the high reflectivity at the onset-between 60 and 70 per­
cent for the a-iron--drops to values below 1 percent. 
The same behavior is exhibited by the carbide. It is also 
remarkable that the reflectivity shows a distinct minimum 
in contrast to the polished metal surface (see Fig. 3-2). 

The location of the reflectance minimum differs from 
phase to phase. As a result, because of the effects of the 
interference layer, a different part of the visible wave­
length spectrum is eliminated for each phase. As Fig. 
3-6 shows, this explains why various colors become visible 
under the light microscope after an interference layer is 
applied (color contrast). In Fig. 3-7, the color develop­
ment from an uncoated material with high reflectivity 
(a) to a coated material with little reflectivity (b) is clearly 
illustrated. (See color insert for Figs. 3-6 and 3-7.) 

The occurrence of a good light/dark contrast is illus­
trated in Fig. 3-8. The contrast of the a-iron and y-iron 
phases in Fig. 3-3 is defined (where R 1 > R 2) as follows: 

In the polished condition, this becomes 

62 - 58 4 
K polished = = - = 0 06 62 62 . 

After coating with ZnSe, the following, however, results: 

K 5.8 - 3.5 2.3 
coated = = - = 0.4 

5.8 5.8 
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Fig. 3-8. Reflectivity as a function of observed wavelength both in a 
specimen's uncoated condition and after being coated with a vacuum­
deposited ZnSe layer (light! dark contrast between austenite and mar­
tensite). 

In this case, the light/dark contrast is improved as a 
result of coating by a factor of about 10, and the phases 
can be clearly seen by the human eye. Ifboth requirements 
for contrast improvement prevail (color contrast and 
light/dark contrast), then the possibilities of a quantitative 
and reproducible metallography exist because the physical 
characteristics of the metal surface, applied coating mate­
rial, and polychromatic light used do not change. 

PREPARATION OF SPECIMENS 
(GRINDING AND POLISHING) 

To obtain optimum results with the interference layer 
method, an intensified effort is necessary to guarantee 
that the specimen surface is as physically clean as possible. 
Very careful work when preparing the surface is an abso­
lute must. Figure 3-9 shows the spectral reflectivity of 
a-iron and Fe3C after polishing with different methods. 
Electrolytically polished and diamond-polished surfaces 
have a significantly higher reflectivity. 

In agreement with Fig. 3-9, Fig. 3-10 shows the results 
of the influence of different polishing methods on the 
reflectivity of Cu, Au, Ag, Bi, Ni, and Sb2S3. Here, too, 
it is obvious that an Ab03 polish will often provide unfa­
vorable results. The best results are obtained with an 
electrolytic polish. Planing the specimen with a micro­
tome will produce excellent reflectivity, but this method 
cannot be utilized with many materials. 

The high reflectivity of electrolytically polished surfaces 
shows that all types of smeared layers, deformation layers, 
passive coats, and residual humidity must be avoided. 
The following examples give a clear illustration of charac­
teristic mistakes made during specimen preparation. 



44 APPLIED METALLOGRAPHY 

60 

59 

58 

57 

~ 56 f---L------r 

>-
:> 55 1--___ ~-----P~----L----L.----J-____1 -u 
~ 
~ 
0:: 54 

53 

52 

51 

/ , 1--eleClrOlytic polish 

~~ --diomondpol ish m - --AIZOJ-polish 

Wl~~ - ,X - AIZ03-polish with 
I intermediote etching 

50L-------~--~---------------

480 500 5Z0 540 560 580 600 6Z0 
Wavelength -,... in nm 

Fig. 3-9. Influence of polishing techniques on the reflectivity of 
a-iron and Fe3C. 

Polishing and grinding scratches on a specimen surface 
will become noticeable in a particularly unpleasant man­
ner after an interference layer is applied. The shade effect 
of scratches will be intensified decisively by the reduction 
of the reflectivity of a polished surface. 

Smeared layers, deformation layers, and long hygro­
scopic exposure of layer materials to air are also typical 

20~--------------------------, 

15 I-

~ 
<>: 10 I-
<J 

51- --_e 

S=::'8 2==::2 
0 

Cu Au 

.0.-.0. electrolytiC swab polish 

e-e diamond polish 

r---' 6-6 microtome cut . : L ___ ", 

0-0 electrolytic polish 

... _-_ .. C:::l _. 
&---6 &---6 

0--0 

Ag Bi Ni SbZ S3 

Fig. 3-10. Influence of polishing techniques on the relative change 
in reflectivity (t.R = 0 for ideal surface). 

Fig. 3-11. Chill-cast chromium steel with 2-percent C and 17-percent 
Cr, coated with ZnSe, and photographed at 540 nm (at 500X). 

Fig. 3-12, Same microstructure area of same alloy with same prepara­
tion as in Fig. 3-11, but with a smeared surface layer as a result of 
improper polishing (at 500X). 

preparation mistakes. Smeared layers can consist of oxida­
tion products that form on a specimen surface during 
its preparation if it has a high affinity for oxygen, or 
they can consist of a very thin layer of deformed surface 
particles. In both cases, the presence of these layers 
changes the optical characteristics of the specimen sur­
face. The same microstructure area in a chill-cast chro­
mium steel is shown after careful specimen preparation 
in Fig. 3-11 and with the presence of a smeared layer 
in Fig. 3-12. 

Too forceful pressure on a specimen during preparation 
can cause a strong degree of cold deformation of the 
surface. In some cases, phase transformation will occur, 
together with a change of optical characteristics. A typical 
example is the transformation of residual austenite to 
martensite in chromium-nickel stainless steels. Figures 
3-13 and 3-14 show the microstructure of an austenitic 
steel with 18-percent Cr and 9-percent Ni. Because of 
excessive deformation, the surface regions have been 
transformed to martensite in Fig. 3-13 (see color insert). 
In contrast, a flawlessly polished section after etching 
reveals only austenite in Fig. 3-14. In Fig. 3-13, the surface 
is deformed to such an extent that the microstructure 
bears no resemblance to the actual microstructure. 

Some of the materials used for the interference layer 
method react hygroscopically after short exposure to hu­
mid air, causing drops to appear on the surface. These 
drops have a very fine distribution. An example occurs 
in the evaporation treatment with zinc selenide illustrated 
in Fig. 3-15 (see color insert). In addition to zinc selenide, 
zinc telluride is also a hygroscopic layer material and 



Fig. 3-14. Steel X5 CrNi 18 9, austenite, etched with a solution of 
80 g HCI, 5 g HN03 , 20 g glycerin, and 1 g CuCIz (at 200X). 

should consequently not be stored over a long period, 
especially if exposed to moist air, 

Drying stains can result if a specimen has not been 
carefully cleaned and dried, The microscopic picture can 
be substantially distorted, Figure 3-16 shows the micro­
structure of an Armco iron specimen that was not prop­
erly cleaned and then received evaporation treatment with 
zinc selenide. In most cases, after the completion of the 
grinding and polishing work, the cracks and pores on 
the specimen surface contain residual moisture that will 
spread over the surface after drying. The presence of this 
moisture will produce false interference colors after coat­
ing. An example is shown in Fig. 3-17. Here a hot-alumi­
nized thin sheet is shown embedded in synthetic resin. 
Because of the shrinkage of the resin, a gap was formed 
that caused the moisture ring. Rainbow colors are charac­
teristic of drying stains and moisture. (See color insert 
for Figs. 3-16 and 3-17.) 

APPLICATION OF INTERFERENCE LAYERS 

Interference layers can be produced by evaporation treat­
ment or by sputtering. 

The evaporation treatment to produce interference lay­
ers takes place in a vacuum at approximately 10-5 bar. 
Figure 3-18 shows a schematic illustration of the appara­
tus required. The vapor source consists of one or more 
holders for boats or simple sheets made from metals with 
a high melting point, e.g., tungsten or molybdenum (these 
metals are heated by resistance). Such apparatus is avail­
able on the market in a wide variety of models. To imple­
ment the evaporation treatment, the clean and dry pol­
ished specimen is mounted in the specimen chamber 
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A = Sheet 

B = Layer material 

C = Evaporated layer 

D = Specimen 

E = Sample holder 

F=Pump 

Fig. 3-18. Schematic illustration of apparatus for coating a specimen 
by vaporization treatment. 

vertical to the vapor source in order to obtain uniform 
layer thickness. It is possible to interrupt the treatment 
to observe the layer thickness on the specimen surface. 
Visual inspection during the treatment is likewise possible. 
There are also several layer thickness measurement sys­
tems that permit automatic and continuous measurement 
of the layer thickness. 

The interference color will depend on the layer thick­
ness. Favorable conditions for contrast are usually ob­
tained when the specimen surface appears to have a pur­
ple-violet interference color. 

The evaporation equipment must always be kept clean. 
When it is opened, the layers deposited during evapora­
tion treatment can easily absorb water. This moisture is 
very hard to remove by evacuation. The result can be a 
deterioration of the vacuum or even reactions with the 
layer materials. The apparatus should be kept under vac­
uum when not in use. The equipment should not b~ 
cleaned with acids (for example, etching solutions). Reac­
tions with zinc selenide or zinc telluride can lead to toxic 
reactions. After one or two evaporation treatments, the 
glass cylinder should be cleaned with a dry leather cloth. 

On first looking at a specimen, it can be useful to pro­
duce a variable layer thickness in order to make a prelimi­
nary estimation of good light/dark contrasts or color 
contrasts. In such cases, a wedge-shaped evaporation 
treatment is recommended. The specimen should not be 
positioned vertically to the vapor source as in Fig. 3-18 
but in an inclined position. The various interference colors 
that will result from an inclined position are shown in 
Fig. 3-19 (see color insert). 

In addition to the evaporation process, interference lay­
ers for creating contrasts can be produced by sputtering. 
The sputtering treatment consists of atomizing material 
by bombarding its surface with highly energetic particles. 
Figure 3-20 is a schematic of the sputtering apparatus. 
The specimen that is to receive the interference layer 
functions as the anode and the target as the cathode. 
Between cathode and anode there is a dc voltage of 1 
to 5 kV. During atomization, it is usually not possible 
for the cathode material to react with the atmosphere 
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Fig. 3-20. Schematic of a sputtering apparatus. 

because of the presence of inert gases. Such reactions 
are consciously utilized in the metallographic contrast 
procedure, however. The layers produced very often have 
good optical characteristics. Oxygen is used (in most cases 
air is sufficient) so that the atomized target material 
(cathode material) will be oxidized. Oxidized layers will 
be produced whose optical characteristics are known. 

The sputtering equipment must be of such design that 
it is possible to maintain a specific pressure of reaction 
gas during the reaction, for example, via a needle valve 
with fine regulation. Constant test conditions must be 
maintained at all times because changing the voltage or 
gas volumes will alter the optical characteristics of the 
oxide layers and consequently the desired contrast. Iron, 

6 

lnTe 
" ! Z ~/ 

Cr 
PI - Oxide 

0 

I i / IPd -OXide ., I. 

A9\ 
V !( 

c 
NV.. CO 

a, ~ I 
J t ~ Pb-Ox ide 

U oMn ov - 3 leu V 
p -a, 

0 
u 

\ 0 ~ c ~ --~ 0 2 -
\ I 1£ D.. 

'-
0 i-'" til 

~ .D 
<.( 1 

~~ \no 

~~ 
0 

~ Na,A\F~ThFi l~bF2 
C 1 2 3 l. 

Refractive index np 

-
~ 

copper, platinum, palladium, lead, and other metals have 
been used as cathode materials. The interference layers 
then consist of the oxides of these metals. 

The materials that have been used to date in interfer­
ence layer metallography for the evaporation treatment 
and the cathode materials used for sputtering are listed 
in Table 3-1. Tables 3-2 and 3-3 provide a survey of the 
optical characteristics of the layer materials. 

CHARACTERISTICS OF LAYER 
MATERIALS AND LAYERS 

Table 3-1 shows that the layer materials used for evapora­
tion have a refractive index range between 1.35 and 3.25 
and an absorption coefficient between a and 0.5. 

For light/dark contrast and color contrast, the choice 
among the various layer materials will depend on the 
corresponding specimen material. For highly reflecting 
metallic materials, one will need layer materials that either 
have a high refractive index and are nonabsorbing or 
have a suitable ratio of refractive index to absorption 
coefficient as a result of their optical characteristics. For 
low-reflecting materials with weak absorption (oxides or 
sulfides), layer materials with a refractive index less than 
2.5 are used. In Fig. 3-21, two optical constants-the 
absorption coefficient, k, and the refractive index, n­
of various pure metals are listed. The circular arcs in 
this figure mark those areas in which the reflectivity of 
a material is decreased to zero. A coating with zinc tellu-

Layer ns .!2 -

Pd-Ox ide 2.75 0,6 
PI -Oxide 2,75 0,25 
Pb-Ox lcJe 2 .n7 0,1 
ZnTe 3.25 0.1, 
ZnSe 2.65 -

ZnSe - ZnS 2,36 

~ 
-

ZnO 2, 0 -
PbF2 1,7 -
ThFL 1,0 -

i\S 
NCl:JAIF6 1,3 5 -

\ A = 500- 550nm 

5 6 

Fig. 3-21. Optical constants of pure metals (A = 550 nm). 
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Fig. 3-13. Excessive defonnation during polishing of an X5 CrNi 18 
9 austenitic steel produced stress-induced martensite. This sample was 
mated with znSe and examined with bright-field illumination (at 200X) 

Fig. 3-15. Armco iron with drying stains; coated with ZnSe and ex­
amined with bright field illumination (at lOOX). 



Fig. 3-16. Annco iron with drying 
stains as a result of moisture from 
cracks; coated with znSe and examined 
with bright-field illumination (at 200X). 

Fig. 3-17. Hot-aluminized sheet em­
bedded in a synthetic resin and ex­
hibiting drying stains from moisture 
seeping out of the gap between the 
specimen and the embedment; coated 
with ZnSe and examined with bright­
field illumination (at 200X). 

Fig. 3-19. Specimen coated with 
wedge-shaped, vaporization-treatment 
layer (5X). 
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(a) (b) (c) 

Fig. 3-26. Carbides in austenitic cast-alloy steel X45 CrNiSi 25 30 after 45,000 hours in a nitriding atmosphere: (a) sputtered with iron cathode in 
oxygen (under bright field; austenite matrix, light brown), where (I) is M23 C6 (yellow-red), (2) is M2 (C,N) (red), and (3) is M6 (C,N) (violet­
red); (b) same material and same area of microstructure but coated with ZnSe, where phase 1 is M Z3 C6, phase 2 is Mz (C,N), and 
phase 3 is M6 (C,N); and (c) same material and same area of microstructure but sputtered with copper cathode in argon, photographed 
at 570 nm. (All at 500X.) 

(a) (b) 

Fig. 3-28. Color contrast (a) and light/dark contrast (b) of sulfides in specimen of IN 7l3LC coated with ZnS and corroded in 0.9 
Na, 0.1 KzS04' (Both at 500X.) 

(a) (b) 

Fig. 3-29. Color contrast in aluminum alloys: (a) aluminum alloy with 7.5-percent Ca, 0.8-percent Si, and D.2-percent Ti, chill cast 
and coated with ZnTe, where CaSiz is red-violet and Al4Ca is blue; and (b) aluminum alloy with 2.3-percent Ti and 1.4-percent Si, 
sand cast and coated with ZnTe, where Al3Ti is violet and silicon is pale green. (Both at 540X.) 
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Table 3-1. Characteristics of Materials for the Production of Evaporated Layers. 

MATERIAL 

NaJAIF6 

MgF2 
ThF. 

LaFJ 

CeFJ 
PbF2 

ZnS 
ZnSe 
Ti02 

ZnTe 
Sb2S3 

CdS 

CdSe 

CdTe 
InP 

GaAs 
GaP 

REFRACTIVE 

INDEX N, 

(A = 550 NM) 

1.35 

1.38 
1.52 

1.6 
1.6 
1.75 

2.4 
2.65 
2.7 

3.25 
2.3-2.4 

2.4 

~2.6 

3.3 
3.4--3.5 

3.4 
3.45 

ABSORPTION 

COEFFICIENT K, 

(A = 550 NM) 

o 
o 
o 

o 
o 
o 
o 

>0 
0.04 

0.4 
0.07 
0.14 

>0.05 

0.2 
>0.2 

1.6 
o 

EV APORA TION 

TEMPERATURE 

RANGE (OC) 

900--1200 
1200--1600 
1300--1600 

1300--1600 
1300--1600 
800--1100 
800--1200 
500--800 
>1500 

800--1200 
300-400 
800--1200 

800--1000 

800--1000 

SUPPORT 

SHEET 

MATERIAL 

Mo 
Mo, Ta 
Mo, Ta 

Mo, Ta 
Mo, Ta 

W, AI20 J 

Mo 
Mo, W 

W 

Mo, Ta 
Mo, Ta 

W, Mo, Ta 

Mo, Ta 

Mo, Ta 
W 

REMARKS 

Very suitable 
Evaporates from the melt; very suitable 
Suitable, but radioactive, care needed with han-

dling 
Evaporates from the melt; suitable 
Evaporates from the melt; very suitable 
Evaporates from the melt; very suitable 
Reproducible refractive index; very suitable 
Very suitable; slightly hygroscopic 
Suitable, but evaporation not possible directly; 

very high evaporation temp.; white heat 
Very suitable; slightly hygroscopic 
Strong absorp. at <600 nm; otherwise suitable 
Does not condense well on polished surface; 

not so suitable 
Decomposition can be avoided by careful evapo­

ration; in this case suitable 
Partial decomposition possible; unsuitable 
Evaporates from the melt; partial decomposi­

tion; unsuitable 
Decomposes on evaporation; unsuitable 
Decomposes on evaporation; unfortunately un­

suitable 

Note: Care must be taken when working with compounds of cadmium because of their toxic nature. 

A (nm) 

400 
450 
500 
550 
600 
650 
700 

ZnO 

2.11 
2.06 
2.02 
2.0 
1.99 
1.90 

o 
o 
o 
o 
o 
o 

Table 3-2. Optical Constants of Metallic Oxide Layers 
Produced by Sputtering in Oxygen. 

OXIDE 

Hg 
Pb 
Fe 
Pt 
Au 
Cu 
Ni 
Error 

450 nm 

N, 

2.77 
2.68 
2.55 
2.50 
2.28 
2.03 
1.88 
±3% 

K, 

0.21 
0.25 
0.30 
0.24 
0.34 
0.44 
0.22 

±20% 

550 nm 

N, 

2.66 
2.55 
2.42 
2.45 
2.25 
2.09 
1.87 
±2% 

K, 

0.04 
0.06 
0.10 
0.12 
0.23 
0.37 
0.19 

±15% 

650 nm 

N, 

2.66 
2.43 
2.32 
2.40 

2.22 
2.11 
1.87 

±I% 

K, 

0.01 
0.01 
0.02 
0.06 
0.12 
0.31 
0.18 

±1O% 

Table 3-3. Optical Constants of Evaporated Layers. 

CdS ZnS 

K, 

2.01 0.54 
2.04 0.48 2.48 
2.28 0.33 2.42 
2.13 0.14 2.4 
2.01 0.12 2.36 
2.0 0.1 
1.96 0.1 2.33 

Sb2SJ 

K, 

o 2.5 0.07 

2.5 0.01 

ZnSe 

2.74 
2.65 
2.61 

Ti02 

K, 

0.05 
2.99 0.06 
2.7 0.05 
2.73 0.04 
2.75 0.03 
2.72 0.01 
2.69 0.01 

ZnTe CdTe 

N, K, N, 

3.48 l.l 3.9 
3.37 0.75 3.63 
3.31 0.54 3.43 
3.24 0.4 3.33 
3.2 0.28 3.3 
3.06 0.21 3.23 
2.98 0.19 3.18 

Ks 

0.6 
0.32 
0.2 
0.12 
0.08 
0.05 

GaAs 

N, 

2.45 
2.92 

3.29 
3.4 
3.45 
3.48 
3.5 

K, 

2.36 
2.26 
1.94 
1.63 
1.42 
1.2 
1.05 

GaP 

N, 

3.44 
3.35 
3.29 
3.24 

o 
o 
o 
o 
o 
o 
o 

InP 

3.7 
3.5 

3.4 
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Fig. 3-22. Optical constants of carbides and carbonitrides in sieels (A = 550 nm), 

ride, for example, decreases the reflectivity of zinc and 
copper. A coating with platinum oxide effects a reduction 
of the reflectivity of nickel and cobalt to zero. The coating 
of lead oxide has the same effect for vanadium. 

Figure 3-22 lists the measured optical constants of car­
bides and carbonitrides. As a supplement to Fig. 3-21, 
it is noticed that a coating with platinum oxide or lead 
oxide (sputtering) or the evaporation treatment with zinc 
telluride will provide the best light/dark contrast. All 
those materials and phases for which optical constants 
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have been measured are listed in the bibliography. These 
include the steels, phase groups of borides, carbides, ni­
trides, sulfides, and oxides. In addition, several aluminum 
compounds have been measured. If the optical character­
istics of these compounds are known, it will be possible 
to select those layer materials listed in Tables 3-1 to 
3-3 that will guarantee the best contrast. In addition to 
Figs. 3-21 and 3-22, Figs. 3-23 and 3-24 list the results 
for sulfides in steels and for some aluminum compounds 
in aluminum. 
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Fig. 3-23, Optical constants of sulfides in steels (A = 550 nm). 
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Fig. 3-24. Optical constants of aluminum phases (II. = 550 om). 

APPLICATIONS OF THE INTERFERENCE 
LAYER METHOD 

In the following discussion, some examples of the applica­
tion of the interference layer method are given, as well 
as advice for obtaining the largest possible light/dark 
contrast and ways to attain color contrast. In order to 
deal with the various alloy systems in a representative 
manner, we will present examples in the following fields: 

1. Steels 
2. Nonmetallic inclusions (sulfides) 
3. Aluminum alloys 

APPLICATIONS INVOLVING STEELS 

The separation of retained austenite from the transforma­
tion microstructure of a sample after etching and coating 
with a layer capable of interference was shown in Fig. 
3-3. The separation of fine grained retained austenite, 
transformation microstructures, and carbides is shown 
once more in the case of steel 14 NiCr 14 carburized 
to a carbon content of 1.5 percent. The specimen shown 
in Fig. 3-25 was subjected to heat treatment at 830°C 
for 15 minutes and then quenched in oil. It was coated 
by evaporation with zinc selenide [Fig. 3-25(a)] and finally 
etched in 3-percent alcoholic nitric acid [Fig. 3-25(b)]. 
It is clearly noticeable that after evaporation the retained 
austenite appears white, and the transformation micro-

structure plus carbides are dark grey to black. In the 
etched picture, the martensite is white or black, depending 
on the carbon content. Within the martensitic areas, the 
retained austenite cannot be seen after etching. At this 
point, it must be mentioned that austenite and ferrite-­
both of which are modifications of iron--appear only in 
a light/dark contrast and not in a color contrast. The 
reason for this is revealed by Fig. 3-8. After a specimen 
has been coated, it can be seen that the minima of the 
measured reflective curves of both phases are at the same 
wavelength. This does mean, however, that the phases 
do not differ in regard to interference color. The same 
is true of carbide M 23C6 (M = metal) and carbide Fe3C. 
Both these phases have almost the same interference min­
ima as a-iron and y-iron and, consequently, can hardly 
be distinguished from them in a color contrast. 

Matters are different for carbides with a different struc­
tural and chemical composition. Figure 3-26 (see color 
insert) shows the differentiation of austenite: M 23(C,N)6, 
M 2(C,N), and M6(C,N). The steel X45 CrNiSi 25 30 failed 
after 45,000 service hours in an atmosphere rich in nitro­
gen. The three mentioned carbonitrides can be clearly 
distinguished from one another. In the color micrograph, 
the M 23(C,N)6 appears yellow-red (phase 1); the M 2(C,N), 
dark red (phase 2); and the M6(C,N), a typical violet 
color (phase 3). In the color contrast and light/dark con­
trast, all three carbonitrides can be contrasted very well. 
The same is true for the matrix of austenite. For both 
black/white micrographs, different evaporation layers 
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(a) (b) 

Fig. 3-25. Case-hardening steel 14 NiCr 14, carburized to 1.5-percent C: (a) with vacuum-deposited ZnSe (under bright field), and (b) same 
specimen and microstructure area etched in 3-percent alcoholic nitric acid (martensite, white and dark; carbides, light grey). (Both at 500x.) 

were used. Both an evaporation treatment with zinc sele­
nide and sputtering with a copper cathode in argon with 
low oxygen content (copper-oxide formation on specimen 
surface) will give good results for the contrast work. This 
example shows that both processes--evaporation and 
sputtering-make sense and can be utilized side by side. 

APPLICATIONS INVOLVING NONMETALLIC 
INCLUSIONS (SULFIDES) 

The sulfides will be taken as the example for this phase 
group. Sulfides belong to those compounds that have a 
reflectivity between 20 and approximately 45 to 50 per-
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cent. Consequently, they have different optical character­
istics so that the choice of the best layer material appears 
to be more difficult than it is for metallic materials. 

Figure 3-27 shows the reflectance curves for the sulfides 
Ni3S2, (Nb,Ta)S2, (Mo,Al,CrhS4, (Cr,Ti)3S4, (Ni,CrhS4, 
and the reflectance behavior of a nickel-base alloy, IN 
713 (y-Ni solid solutions). Furthermore, an unknown 
phase X was noticed and its optical behavior also re­
corded. The results show that the reflectance minima are 
located at different wavelengths, a fact that again points 
to a different interference color after coating. Figure 
3-28 proves that this is actually the case. In the color 
contrast and light/dark contrast, a total of seven phases 

o~--~-----------+--~--~----~--~--~ 
1.00 1.1.0 1.80 520 560 600 61.0 680 720 

Wellenliinge (Wavelength) A I nm I 

Fig. 3-27. Reflectivity of sulfides after coating with ZnS. 



are clearly seen. The grey-scale values of the black/white 
micrographs agree with the reflectance measurements. 
(See color insert for Figs. 3-28 and 3-29.) For all measured 
sulfides, the optical constants, refractive index, and ab­
sorption coefficient are recorded in Fig. 3-23. Here, the 
different character of the various sulfides can be observed. 
Maximum light/dark contrasts can be obtained for Ni3S2, 

for example, by coating with platinum oxide. 
The sulfides M3S4 (M = metal) require layer materials 

with a significantly lower refractive index. For example, 
zinc sulfide (ZnS) or zinc oxide (ZnO) will be sufficient. 
The manganese sulfides or iron sulfides MnS and FeS, 
usually found in steels, are contrasted best by selecting 
thorium fluoride (ThF 4), zinc oxide (ZnO), or zinc sulfide 
(ZnS). 

APPLICATIONS INVOLVING ALUMINUM ALLOYS 

Aluminum and aluminum compounds often have very 
high reflectance values, e.g., between 55 and above 90 
percent. In Fig. 3-24, the optical constants of several alu­
minum compounds are recorded in an n-k diagram. Lead 
oxide, platinum oxide, zinc telluride, and palladium oxide 
must be used for achieving the best contrast. 

Aluminum compounds are ideal objects for good color 
contrast. Figure 3-29 shows aluminum alloys with 7.5-
percent Ca, 0.8-percent Si, and 0.2-percent Ti (chill cast­
ing) or 2.3-percent Ti and 1.4-percent Si (sand casting). 
In the first alloy, the metallic compound CaSi2 has a 
red-violet color, whereas Al4Ca is blue after coating with 
ZnTe. In the alloy with 2.3-percent Ti and 1.4-percent 
Si, an intermetallic aluminum-titanium compound has 
formed (Ab Ti). This appears in the form of rods and 
has a violet color after being coated with ZnTe. The pale­
green phases are pure silicon, whereas the aluminum 
solid-solution matrix appears as a light violet. The good 
color contrasts show the possibility of obtaining a very 
good light/dark contrast because of the variable location 
of the interference minima. With the assistance of inter fer­
ence-Iayer metallography, there will be no difficulties in 
contrasting aluminum compounds. 

SUMMARY 

This chapter has described the application possibilities 
of the interference layer method in the metallographic 
preparation of materials with different optical characteris­
tics. After a brief description of the objectives of metallog­
raphy and a characterization of the optical behavior of 
metallic and nonmetallic phases, the basics of the interfer­
ence layer method to improve contrasts were described. 
Next, the preparation problems caused by grinding, pol-
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ishing or application of interference layers were presented, 
and, finally, a number of applications were examined. 
Selected contrast possibilities were also shown in the field 
of steels, nonmetallic inclusions (sulfides), and aluminum 
compounds. 

This chapter has made it plain that with the assistance 
of interference layer metallography, all phases of a pol­
ished section, independent of shape and size, can be re­
vealed by a sufficient light/dark contrast and also by color 
contrast. This statement is generally valid for all materi­
als. Color contrasts cannot be expected, however, if the 
reflectivity of a material is very low (as in glasses or 
oxides). 

Because the interference layer method has a purely 
physical basis, the parameters of specimen surface, layer 
material, layer thickness, and wavelength of the observing 
light must all be kept constant. The operator creates re­
producible observation conditions that will produce con­
trast reproducibility so long as the preparation method 
is unchanged. In contrast to all other preparation methods 
used in metallography, this method achieves not only 
good contrast and true geometric appearance, but the 
question of quantitative metallography with sufficient con­
trast reproducibility receives a definitely positive answer 
as well. The attached bibliography will provide the inter­
ested reader with additional details. 
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MAGNETIC ETCHING 

R. J. Gray 
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In the application of magnetic etching as a metallographic 
tool, we should be aware that magnetism is, in its most 
basic form, an atomic phenomenon. * The atoms in most 
materials have electrons that are paired and spinning in 
opposite directions so that the net magnetism is cancelled. 
In some materials, however, there are atoms with one 
or more unpaired electrons, and these produce a net mag­
netic moment. 

Materials that exhibit strong magnetism are classified 
asferromagnetic; materials that display significant magne­
tism are classified as ferrimagnetic. Materials showing 
weak magnetic response are paramagnetic; materials hav­
ing no net magnetism are antiferromagnetic (diamag­
netic ). 

The origin of magnetic etching must be attributed to 
the efforts of Bitter1 and independently of von Ramos 
and Thiessen2 during the same year-193 1. The original 
"Bitter patterns" were obtained by sprinkling magnetic 
powder on the surface of a material in a magnetic field 
and observing the distribution of the particles. The con­
cept remains valid today, but many advances have been 
made. Although Bitter3 improved his methods in 1932, 
real progress in the early development of microscope tech­
niques for the observation of magnetic patterns was made 
by McKeehan and Elmore. 4 Utilizing magnetic particles 
in colloidal suspension, they successfully observed well­
defined and reproducible magnetic domain patterns on 
the faces of iron crystals. In the words of the Handbook 
of Chemistry and Physics, "The magnetization of a ferro­
magnetic or a ferrimagnetic material tends to break up 
into regions called domains, separated by thin transition 
regions called domain walls."5 Magnetic etching offers 
a technique for the microscopic observation of these do­
main patterns. 

Further progress has been reported during the interim 
years6 - 11 in the use of the colloid technique for observing 

• Research for this chapter was sponsored by the U.S. Department of 
Energy under Contract Number DE-AC05-840R21400 with Martin 
Marietta Energy Systems, Inc. 
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magnetic domain patterns and ferromagnetic phases and 
constituents in microstructures, although several prob­
lems have continued to hamper progress in the field of 
magnetic etching. Nearly every report has presented a 
recipe for making the colloid, but the anticipated stability 
of those made in the laboratory has generally not been 
fulfilled. Since the lab procedure for making colloids is 
quite time-consuming, satisfactory colloids may not be 
readily available. Magnetic etching has not been as popu­
lar as it might have been had a more suitable colloid 
been easily obtained. In addition, metallographers have 
reported that specimens have corroded after being treated 
with certain formulas of laboratory-prepared colloids. 

Improvements in magnetic etching have been 
reported. 12- 16 These have included the use of a commercial 
colloid, Ferrofluid,17 and the use of a larger coil magnet 
to separate the coil heat from the specimen and also pro­
vide a larger central area where the flux is normal to 
the specimen surface. (The magnetic coils previously in 
use for magnetic etching have had a diameter that just 
fit the 1- or 1\4 -in.-diameter right-cylindrical specimen 
mount. Since the observation of a specimen often extends 
to 30 minutes or more, the heat generated in the coil 
could thus evaporate the aqueous carrier and terminate 
the examination.) This chapter offers some suggestions 
for simplifying the use of this technique and applying it 
in the metallographic studies of several materials. 

RESULTS 

Ferrofluid and Its Application 

We continue to find Ferrofluid to be an extremely stable 
colloid. With its water base and saturation magnetization 
of 200 gauss, it is highly recommended. This saturation 
measurement is an indication of the colloid concentration, 
which we have found to be two to four times the particle 
density most suitable for magnetic etching. A 50- to 100-
gauss-concentration work solution is achieved merely by 
diluting the 200-gauss stock solution with distilled water. 
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COVE R SLIP 

Fig. 4-1. Application of ferrofluid: Less than one-quarter drop (approximately 5 microliters) of the iron colloid is applied to the specimen. The 
cover glass is positioned over the colloid to form a thin fluid layer between the glass and specimen surface. 

The lower colloid density has usually been the most satis­
factory since it reduces "clouding" over the microstruc­
tural details by the colloid particles, thus allowing the 
true chemically etched microstructure (substrate) to be 
observed through the colloid and the analog colloid pat­
terns to be related to the microstructure. Dilution of only 
about 1 milliliter of the Ferrofluid is strongly recom­
mended for two reasons: (1) There is a possibility that 
the less dense colloid particles might not remain in suspen­
sion and settle, and (2) there is always the possibility of 
accidentally contaminating or losing the diluted solution. 
Our experience, however, has been that the particles in 
the diluted solution remain in suspension for several 
months. 

Application of the Ferrofluid on the specimen follows 
the technique shown in Fig. 4-1. We have found the most 
desirable specimen size to be \-2 to 2 cm square. The 
specimen should be mechanically polished so as to be 
free of detectable scratches, then lightly electropolished 
to provide a scratch-free, undisturbed surface. The best 
mechanically polished specimen retains a sufficiently dis­
turbed surface to preclude sharp magnetic patterns. Since 
a mechanically polished surface is usually in slight relief 
to the surrounding mount, a light (10--15 sec) electropol­
ish must be limited to removing only the relief effect 
and any evidence of the mechanically polished surface. 
A specimen profile that is lower than the specimen mount 
will cause the colloid layer to be too thick to allow the 
colloid pattern to be related to the substrate. The recom-

mended specimen size is a distinct advantage when follow­
ing these very important preparation steps. The specimen 
mount should be very dense. An epoxy resin is very suit­
able, but Bakelite is too porous and will absorb the colloid 
carrier. 

The dispensing syringe (see Fig. 4-1) should have a 
small volume. The plastic tuberculin-type syringe with 
a l-cc capacity is easily controllable for dispensing the 
required small volume-less than one drop, or approxi­
mately 5 microliters. We have found that the cover glass, 
or cover slip, should be the No. a type (22 mm2 X 0.085 
to 0.12 mm thick). An objective (lens) specifically de­
signed for viewing a specimen through a cover glass might 
be more desirable for this application. Although metallo­
graphic objectives are usually not classified or designed 
for this use, our work has been conducted on a Bausch 
and Lomb Research metallograph with very satisfactory 
results. 

After the ultrasonically cleaned cover glass has been 
positioned over the colloid and specimen, the colloid layer 
should remain within the perimeter of the cover glass. 
If the colloid fluid boundary extends beyond the perimeter 
and collects on top of the cover grass, the glass should 
be removed, the specimen surface cleaned with detergent, 
and the process repeated. By confining the colloid within 
the perimeter of the glass, the fluid surface tension secures 
the cover glass in place on the specimen mount. Generally 
speaking, microscopic examinations of magnetic patterns 
are made at high magnifications using immersion oil. If 
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Fig. 4-2. (A) Magnetic etching coil with iron filings display, and CB) coil and specimen in position on metallograph stage. The aluminum spool-
1/8 in. wall, 4\.-2 in. rD, 2Ys in. high-has SOO turns of # IS A WG, double glass-covered copper wire. The coil, energized by direct current 
supplied from a rectifier, is operated at 4.0 A, 37 V. Current polarity is controlled by a switch. 

the cover glass is not held in place by the surface tension 
of the colloid, the glass will float between the two fluids 
and the examination becomes difficult. 

Optical Examinations 

An iron-filings display of the flux pattern of a magnet 
coil with an 11.5-cm inside diameter and the position 
of the coil on a metallograph are shown in Fig. 4-2. A 
schematic display is shown in Fig. 4-3, with the various 
components in place for the examination. 

In conventional etching, a metallographic microstruc­
ture is in a static state. A very noticeable difference is 
observed by the metallographer in the use of magnetic 
etching. Although the colloid particle size is less than 
300 A and is not resolvable with the optical microscope, 

COVER GLAS 

motion can be faintly observed at lOOOX. This motion 
is due to Brownian movement-the random thermal agi­
tation produced by impact of colloid particles with the 
molecules of the liquid. A gross motion is also observed 
if the magnet is energized and de-energized with speci­
mens that are fully or partially ferromagnetic . Masses 
of colloid particles collect over a ferromagnetic phase 
or constituent in a magnetic field and then disperse in 
a variety of patterns when the magnet is de-energized. 
This particle mobility can offer a most interesting and 
informative display. 

An example of magnetic domain patterns as observed 
on delta ferrite in an austenitic matrix is shown in Fig. 
4-4. 

Interpretations of the response of the colloid to a ferro­
magnetic phase or constituent in a paramagnetic matrix 

° °0 
SPECIMEN 

____ MOUNT 

SPECIMEN 

MICROSCOPE 
STAGE 

° °0 o 

O IL 

LEN S 

Fig. 4-3. Schematic display of specimen and coil in position on the metallograph stage. 
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Fig. 4-4. "Coral" type domain patterns on delta ferrite. The magnetic 
delta ferrite in paramagnetic austenite offers an ideal display of the 
sensitivity of magnetic etching. Note the pattern is reversed with change 
in polarity of the direct current to the coil. 

must not be based merely on the respective activity or 
non activity of the particles. If the matrix is paramagnetic 
austenite with some ferromagnetic ferrite or martensite 
present, the relative amounts of these two constituents 
are quite important. If the principal microstructure is 
paramagnetic austenite with a minor amount of a ferro­
magnetic constituent, the colloid response will follow the 
pattern seen in Fig. 4-5. Although the austenite is para­
magnetic, the colloid particles respond to form "colloid 
colonies." The inexperienced eye might first misinterpret 
this activity over the austenite to indicate a ferro- or ferri­
magnetic substrate. The four photomicrographs of Fig. 
4-5 show the colloid attracted to a ferromagnetic ferrite 
stringer, with a majority of the colloid collected in colo­
nies over the paramagnetic austenite. These colloid colo­
nies display restricted Brownian movement in the mag­
netic field. The size of the colonies and the confinement 
of the colloid over a paramagnetic area are inversely re­
lated to the magnetic flux. 

An example of the colloid sensitivity is shown in Fig. 

4-6. This microstructure represents a sufficient distribu­
tion and size of delta ferrite to cause the colloid particles, 
in the absence of a magnetic field, to line up from one 
phase to another in ribbon-like patterns. By rotating the 
metallograph stage 90 degrees, the colloid bands would 
break up and regroup in the north-south direction as a 
result of the magnetic attraction of the earth. 

Magnetic etching is a very sensitive technique that will 
detect the formation of strain-induced martensite in some 
types of austenitic stainless steel. A type 304 stainless­
steel tensile specimen tested to failure was magnetically 
examined from the undeformed shoulder area to the 
highly deformed area near the fracture, and photomicro­
graphs were made of selected areas, as shown in Fig. 
4-7. The heterogeneous transformation of the austenite 
to martensite in the form of bands is vividly displayed 
even very near the fracture. Although the deformation 
is very severe near the fracture, some austenite can be 
seen. 

The presence of 3- to 7-percent delta ferrite is known 
to be beneficial for preventing hot cracking in welds of 
some austenitic stainless steels. Various tools can be used 
to measure gross amounts of delta ferrite or other mag­
netic phases extremely well, including: the Magne Gage, 
Elcometer, Ferritescope, and Severn Gage.l~ X-ray dif­
fraction can also be used to detect the presence of different 
phases, such as delta ferrite or martensite in austenite. 
All of these methods have serious limitations, however, 
in that only gross segregations of the ferromagnetic 
phase(s) can be detected, and amounts of delta ferrite 
under 1 percent are only marginally detected. The 
X-ray method is questionable even under lO-percent vol­
ume. In addition, none of these methods can relate the 
ferromagnetic phase to the microstructure. 

With the magnetic etching technique, however, a metal­
lographer can observe delta ferrite or martensite in an 
austenitic matrix that makes up as little as 0.5 percent 
of the microstructure. This technique is particularly useful 
in evaluating ferromagnetic conditions in amounts of 5 
to 10 percent. An example of the sensitivity of this method 
has been reported19 and is shown in Fig. 4-8. The results 
from use of a conventional chemical etchant on a commer­
cial-grade type 316 stainless-steel sheet are shown in Fig. 
4-8(a), which reveals the grains and the cellular structure 
in a gas tungsten arc-weld pass; a crack can be seen at 
the grain boundary. Magnetic etching [Fig. 4-8(c)] shows 
that the amount of delta ferrite in this centerline area 
of the weld pass is very low (much under 3 to 7 percent) 
and helps explain the probable cause of the grain­
boundary crack formation. 

Although magnetic etching is not accurate in quantita­
tive evaluation, because of the halo effect of the colloid 
[Fig. 4-8(b)], this technique can be a useful complemen­
tary tool with the other magnetic measuring devices de­
scribed above. 
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CONCLUSIONS 

Magnetic etching is one of the more potent tools in the 
metallography laboratory. The availability of a commer­
cial colloid and the use of a larger magnetic coil greatly 
increase the potential for this application over that for 
previous ones. The observations of microscopic ferromag­
netic phases and constituents are now limited to the reso­
lution of the optical microscope. Delta ferrite, strain­
induced martensite, and several other ferromagnetic 
constituents can be seen in a totally different mode, one 
that is complementary to conventional chemical and elec­
trolytic etching techniques. 

Magnetic etching is a very fascinating tool. Much of 
its attraction is the dynamic display generated as the col­
loid patterns are formed. As metallographers become 
more aware of this method, it will assume its rightful 
place in the laboratory. 

Acknowledgements. The author is grateful to 
R. S. Crouse for his suggestions and to C. A. Valentine 
for her assistance in preparing the manuscript. 

Fig. 4-8. The use of magnetic etching to reveal minute amounts of 
delta ferrite in a weld centerline, type 316 stainless steel sheet, 0.025 mm 
thick: (a) Conventional chemical etch, glyceregia; (b) same as (a), colloid 
applied, magnet off; (c) same as (a), colloid applied , magnet on. 
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a 

Fig. 5-3. Gas-contrasting chamber on microscopic cross stage (in action). 

b 

(a) unetched (b) chemically etched (c) 12 min gas-etched 02 (d) 16 min 

Fig. 5-6. Gas-contrasted Cu-W infiltration alloy (for example: Cu = violet, W = orange; oxide = blue) 
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Fig. 5-7, Gas-contrasted U,Si,-U,Si intermetallic two-phase material: U,Si is the matrix phase and U,Si, is the included phase (oxygen as con­

trasting gas; steel cathode; l.05kY). 
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Fig. 5-8. Gas-contrasted HfC-Co hard metal (HfC = brown; Co matrix phase = gold). 

unetched 5 min 10 min 

15 min 20 min 

Fig. 5-9. Color sequence in HfC-Co hard metal by gas contrasting (oxygen as contrasting gas; steel cathode; l.05kY). 
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Fig. 5-10. Gas-contrasted porous iron-glass microstructures: pores, black; glass, grey; iron, white when unetched 
(oxygen as contrasting gas; steel cathode; 0.9 KY). 

20 min 25 min 35 min 

Figure 5-11. Gas-contrasted porous Al,o,--ceramic (carbon dioxide as contrasting gas; steel cathode; 1.5kY) 
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Fig . 5-12. White-light reflection on different phases . a and!1 : (a) 
without and (b) with layers of constant . and (c) with different 
thicknesses. 

Fig . 5-14. Simplified color chart after Maxwell-Newton-Ostwald 
(numbers in nm). 



5 
THE GAS CONTRASTING METHOD 

Dr. Gerhard Ondracek 
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It is essential to the qualitative and quantitative micro­
scopic analysis of a material's microstructure that its con­
stituents be distinguishable. Distinctions between the 
phases, crystallites, and boundaries of the polished section 
are based on their differential interaction behavior-re­
flection and absorption-with optical light rays in optical 
microscopy or with electron beams in electron micros­
copy. To obtain an image that can be analyzed microscop­
ically-i.e., which is rich in contrast-these differences 
in the reflection or absorption behavior of the microstruc­
tural constituents must be "intensified." The relevant 
methods of preparation are classed under the term, con­
trasting. Especially in quantitative microstructural analy­
sis, as schematically summarized in Fig. 5-1 this contrast­
ing step is of particular importance. 

The microstructural constituents in the microscopic 

image can be differentiated either by a bright/dark con­
trast or by a color contrast. The bright/dark contrast is 
based on intensity differences of the light waves (ampli­
tude condition); the color contrast, on differences in wave 
length (phase condition). Methods of contrasting are 
based either on the formation or removal of surface layers 
or on the simple use of optical aids. The use of optical 
aids (polarized, bright field and darkground illumination, 
filters, etc.) is restricted, however, to certain properties 
of the specimens (e.g., polarizability of phases), but it 
has the advantage of keeping the surface of the specimen 
unchanged. 1.2 

The removal of surface layers-as, for example, by ca­
thodic ion etching3 •4•5-changes the polished surface but 
may bring out an even more "true image" of the micro­
structure, since deformed surface parts disappear. On the 
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Fig. 5-1. Elements of Quantitative Microstructural Analysis (QMA). 
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other hand, however, the contrasting effect remains re­
stricted. This is the reason why layer formation is usually 
the most effective way to contrast. Contrasting layers are 
produced either by vapor phase deposition,6.7.8 where 
practically no interaction occurs between the layer and 
the sample surface, or by chemical or electrochemical 
etching. In the latter case, interaction between the etching 
agent and the polished section surface takes place. 9 .10.11 

Gas contrasting, as described in the next section, belongs 
to the layer forming methods.12.13.14.15 

THE GAS-CONTRASTING APPARATUS 

Gas contrasting takes place in a vacuum chamber that 
is externally similar to a hot stage attached to the mechan­
ical stage of a microscope. The working principle is illus­
trated in Fig. 5_214.15; the chamber, in Fig. 5-3 (see color 
insert). The sample is handled in one of three ways: 

1. It is connected separately between two electrodes 
(cathode, anode). 

2. It serves itself as anode if it is a conducting material. 
3. It is directly fixed on the adjustable anode, which 

can be swiveled and therefore alternatively moved 
into the position opposite the cathode or below the 
microscope objective (see Fig. 5-2). Doing so permits 
the contrasting process to be controlled directly by 
tilting the specimen below the microscope objective 
for in-situ observation. 

The gas-contrasting chamber prototype (Fig. 5-3) takes 
normal-sized, mounted metallographic specimens (- 25 
mm in diameter).16.17 Its airtightness is increased by the 
pneumatic tilting device because the latter is operated 
by the same gas used for etching. Figure 5-2 illustrates 
its mode of operation. In the upper diagram, two needle 
valves (1 and 2) are shut and one (3) is open. This disposi­
tion sets up an excess pressure in the cylinder that moves 
the piston and lever system. The specimen is pneumati­
cally tilted under the objective and automatically seated 
by resting against the cover glass. The piston stroke and, 
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Fig. 5-2. The gas-contrasting chamber. 
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hence, the specimen height (11 to 15 mm) and diameter 
« 27 mm) can be varied by means of adjusting screws. 
If the position of the valves is altered to correspond with 
the lower diagram in Fig. 5-2, the piston falls. Since the 
specimen with its holder is attached to the piston eccentri­
cally through a ball joint, it tilts back under its own 
weight into a vertical position opposite the cathode. 

THE PRINCIPLE OF GAS CONTRASTING 

After the pumping unit connected to the pump nozzle 
is used to evacuate the gas-contrasting chamber, as shown 
in Fig. 5-2, it is filled via the needle valves with the etching 
gas or gas mixture. The ignited electron beam between 
the electrodes may be focussed by direct observation be­
cause the chamber (see Fig. 5-3) is transparent (it is made 
of quartz glass); the focussing additionally prevents dis­
charging of the beam to chamber parts if they are noncon­
ducting and different from the anode (quartz). 

While the etching gas is being ionized by the electron 
beam, elements of the cathode material evaporate and 
mix into the gaseous etchant. The degree of ionization 
and evaporation-and with them, indirectly, the duration 
of contrasting-depends on the variable electrical data 
of current intensity and potential as well as on the distance 
between the sample anode and cathode and the gas 
pressure. 12 The gaseous ions may be produced either by 
accumulation of electrons on the neutral gas molecules­
that is, by surface ionization (negative ions)18--or by im­
pact ionization when accelerated electrons transfer their 
kinetic energy to neutral gas molecules via impact pro­
cesses. In the latter case, positive ions are formed that 
are accelerated in the electrical field. They hit the cathode, 
causing sputtering of the cathode material.19.20.21 The re­
sult is a mixture of atoms and/or ions of the etching 
gas and the cathode material; the mixture sublimates on 
the specimen's surface and forms interference layers that 
color different microstructural constituents differently. 
This effect is well known.3 

373 
I I 

;,c 

'Ill), ~ 323 :;) 
+-
0 ~ c.... 
Q) 
Cl.. 
E 
QJ 298 ..... 

o 20 40 60 

THE GAS CONTRASTING METHOD 65 

Basically, no restriction exists with respect to various 
groups of materials for this type of layer formation. It 
takes place on the surfaces of the following: 

1. Metallic materials, including intermetallic com­
pounds 

2. Composites, induding hard metals 
3. Ceramic materials, including glasses 

The interaction tendency between the various materials 
and the etching gas is different, however, and this is why 
layer formation occurs in one of the following ways: 

1. By interaction (reaction, solid solution) between the 
gaseous etchant and the material's constituents on 
the specimen's surface ("interaction layers") 

2. By adsorption or sublimation of the gas atoms, ions, 
or molecules onto the material's constituents on the 
specimen's surface without interaction ("adsorption 
layers") 

If the layer formation is based on interaction, it is con­
trolled by the free energies of reaction or solution and 
their temperature dependencies, and these differ for the 
various microstructural constituents. In this case, differ­
ences in chemical composition and X-ray structure and 
differences in layer growth rate on the different micro­
structural constituents have to be taken into account. In­
teractions promote temperature increases in gas contrast­
ing (Fig. 5_4).14 

If the specimen is not directly connected to the anode, 
sublimation might be especially favored because heating 
of the specimen will not then occur, thereby promoting 
adsorption layer formation. Adsorption layers for all mi­
crostructural constituents should have approximately 
identical chemical composition, structure, and thickness 
because their growth rate is constant across the specimen 
surface. 

80 100 120 140 

etching time [min] 

Fig. 5-4. Surface temperatures during gas contrasting. 
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Fig. 5-5. Layer composition of gas-contrasted HfC-Co hard metal. 

A study of gas-contrasted HfC-Co hard-metal micro­
structures using Auger electron spectroscopy22 recently 
demonstrated the following: 

1. A layer grows on the original, uncoated surface 
("grown zone") that is predominantly formed by 
the elements of the gaseous etch ant (etching gas 
and evaporated atoms from the cathode material). 

2. Elements of the original specimen material may mi­
grate into the growing layer, but this depends on 
the type of constituent. 

3. Elements of the etching gas penetrate the interface 
between the layer and the original, uncoated surface, 
thereby altering its nature at least slightly ("diffusion 
zone"). 

Subsequently, a layer formed by gas contrasting is sub­
divided into, and is inhomogeneous within, two zones­
a grown zone and a diffusion zone. The layer may be 
composed differently on different phases or constituents. 

These results are summarized graphically and schemat­
ically in Fig. 5-5. Similar information about an inhomoge­
neous and nonstoichiometric layer structure was formerly 
obtained by Auger analysis of layers after chemical 
etching. 23 

GAS-CONTRASTED MICROSTRUCTURES 

In order to get a more general assessment about gas con­
trasting, experiments have been performed with various 
classes of materials, as follows: 



1. Single and multiphase metals, including intermetal­
lic compounds 

2. Composites, including hard metals 
3. Ceramic materials 

The microstructures of some of these have been selected 
to serve as examples. Others are shown in the quoted 
literature. 

During the experiment for contrasting the polished 
structure of an austenitic steel by means of oxygen ions, 
a certain color sequence occurred with increasing con­
trasting time. 14 An improvement of the original contrast 
between crystallites and grain boundaries produced by 
chemical etching did not occur. 

The same phenomenon occurs in the example shown 
in Fig. 5-6 of a two-phase infiltrated alloy of copper and 
tungsten. Figure 5-6(a) shows the polished microstructure 
as it appeared under the microscope. Chemical etching 
(lO-percent aqueous ammonium-persulphate solution) 
leads to a negligible increase in the contrast differentiation 
between the two phases [Fig. 5-6(b)], which, however, 
is not comparable with the color contrast obtained by 
means of gas contrasting in oxygen [Figs. 5-6(c) and (d)]. 
In addition, this color contrast can be controlled with 
the contrasting duration. It is true that the same charac­
teristic color sequence as in steel is produced for both 
phases, but the same color sequence occurs in copper 
after a different contrasting duration than that for tung­
sten. The color sequence is also present at the oxide inclu­
sions [Figs. 5-6(c) and (d), blue]. (See color insert for 
Figs. 5-6 through 5-11.) 

Differentiation of the phases is considerably improved 
by means of gas contrasting, but grain boundaries or crys­
tallites do not become visible. Figure 5-7 shows interme­
tallic phases of uranium and silicon (U3Si2, U3Si) together 
in one microstructure, where U3Si is the matrix phase 
and U3Si2 are the discrete second-phase particles. As made 
clear by Fig. 5-7, gas contrasting provides definite contrast 
distinction between the phases. The bright and dark con­
trast distinction required for quantitative microstructural 
analysis may be easily obtained by use of color filters. 24 

All phases again traverse (after differential contrasting 
time) the characteristic color sequence as in the other 
examples, finally entering an achromatic state that is no 
longer subject to change. 

Hard metals form an important group among compos­
ites, for which gas contrasting usually provides satisfying 
contrast. Figure 5-8 illustrates the microstructure of HfC­
Co hard metal, which was the subject for the investigation 
of the layer structure (see Fig. 5-5). As demonstrated 
in Fig. 5-9, both phases-the metal binder as well as 
the carbide phase-traverse the characteristic color se­
quence but shift mutually in time. This statement also 
holds true for oxide cermets (Fig. 5-10) as well as single­
phase ceramics (Fig. 5-11), where the complete color se­
quence occurs slower than it does in metals. The results 
of these experiments can be summarized as follows: 
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1. Gas contrasting produces a characteristic color se­
quence with increasing contrasting duration, and 
this is independent of the material, the structure, 
the type of gas, and other contrasting conditions. 

2. The colors assumed by the various phases or consti­
tuents of a microstructure after a certain duration 
of contrasting under otherwise identical conditions 
differ; i.e., the relative speed with which the various 
constituents traverse the characteristic color se­
quence depends on the material. 

3. For "two-dimensional" features, such as grain or 
phase boundaries, gas contrasting does not provide 
contrast improvement. 

4. The absolute speed of sequence of the colors depends 
on the etching conditions such as the type and pres­
sure of gas, intensity and potential of current, and 
distance between electrodes. 

5. The color sequence always ends in an achromatic, 
unchangeable state. 

6. The relatively different speed of the color sequence 
in various constituents permits their contrasting 
through reproducible and controlled color contrast. 

7. For the purpose of quantitative microstructural 
analysis, the color contrast may be converted into 
bright-dark contrast by using interference filters at 
the microscope. 

THE INTERPRETATION OF THE 
GAS-CONTRASTING EFFECT 

As mentioned at the beginning of this Chapter, it is a 
necessary presupposition for the optical differentiation 
and quantitative microscopical description that sufficient 
contrast exist between the various constituents of a mi­
crostructure. Bright-dark contrast is mathematically de­
fined to be 

K = _R....:a::....-_R---t;;.f3 

Ra 
(5-1) 

where reflectance is defined as the ratio between reflected 
and incident (original) radiation intensity, and the reflec­
tion coefficient, r (see Eqs. 5-2, 5-3, and 5-4), is defined 
by the root of the reflectance, R (r a = ~; r f3 = ..,jJ[f;). 
R a and R f3 are the reflectances of constituents a and 
{3, respectively. 

With the limiting condition, 

Eq. 5-1 establishes the following: 

o ~ K ~ 1 

Maximum bright-dark contrast is obtained with minimum 
reflectance of microstructural constituent {3, or 
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or 

K ----> K max for R (3 ----> R min 

limK=1 
R{l'O 

Taking into account that contrast enhancement by gas 
contrasting is based on layer formation, the theoretical 
consideration has to start with the reflectance of the 
"coated" constituent {3, that is, R {3S, which, according 
to the Fresnel equation for normal incidence, has the 
form7,25,26,27 

(5-2) 

where ro (=vlJ[~), the reflection coefficient at the inter­
face environment/layer, is defined as follows: 

(5-3) 

and rl (=~) the reflection coefficient at the interface 
layer/constituent, as: 

(5-4) 

and the optical phase shift between incident and reflected 
beam, 1111., as 

(
47TnS) 1111. = -11.- ds + oos - Os (3 (5-5) 

In Eqs. 5-3, 5-4, and 5-5, 

no, ns, n (3 = refractive index of environment (0), layer 
(S), and constituent (f3), respectively 

leo, ks, k(3 = absorption coefficient of environment (0), 
layer (S), and constituent ({3), respectively 

A = wavelength of optical beam 
ds = layer thickness on constituent {3 of 

microstructure 

The first term, (4:ns )ds, in Eq. 5-5 refers to the optical 

path difference between the incident and reflected light 

ray transformed into arc units, 2;, that results from the 

optical path through the interference layer, 2nsds, 
whereas the second, oos, and the third, Os (3, terms de­
scribe the optical phase shiftings as transient conditions 
for the reflections at the interfaces of environment/layer 
and layer/constituent, respectively.25 

In air or vacuum (no = 1); transmissive, nonabsorbing 

layers [no < ns < n (3; ks = 0; r ~ f (ds, A)]; and almost 
nonabsorbing microstructural constituents (k (3 = 0),25 the 
optical phase shifts become 

and Eq. 5-5 becomes 

Oos = 7T 

Os (3 = 7T 

(
47TnS) 1111. = -11.- ds + 7T - 7T 

(5-6) 

(5-7) 

Additionally, we observe that extinction interference on 
constituent {3 occurs if the optical phase shift for the 
beam becomes 

1111. = (2m + 1)7T 

where m = 0, 1, 2 .... 
From Eq. 5-2, one obtains 

and from Eq. 5-7, 

Rmin= [
ro-r1]2 
1 - rOrl 

ds = (2m + 1)11. 
4ns 

(5-8) 

(5-9) 

(5-10) 

Equation 5-10 is the well-known condition for optical 
interference extinction. Both Eqs. 5-9 and 5-10 provide 
the crucial basis for interpreting gas contrasting; that is, 
maximum bright-dark contrast is either (1) due to the 
fitting of the optical constants of the layer (ns and ks ) 
and of the microstructural constituent {3 (n (3 and k (3) 
in such a way that for nonabsorbing layers and indepen­
dently of layer thickness, Eq. 5-9 results in the value, 
R min = 0; or (2) takes place independently of the optical 
constants of the microstructural constituent {3 and with 
a definite layer thickness, ds, on this constituent, in which 
case, with monochromatic light, A, and given refraction 
index ns, of the nonabsorbing layer material, Eq. 5-10 
is fulfilled. 

Microscopical microstructural analyses are usually 
made with white light, which is not monochromatic. Al­
though differently reflected from various "uncoated" mi­
crostructural constituents, white light does not provide 
sufficient contrast [Fig. 5-12(a)]. After layer formation, 
however, a defined spectral color will suffer extinction 
by reflection according to Eq. 5-9 or 5-10; the color is 
different for different constituents. The rest of the spectral 
colors mix, resulting in nonwhite complementary colors, 
obviously different for the various constituents and there­
fore providing color contrast [Figs. 5-12(b) and (c)]. 
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Fig. 5-13. Reflection of monochromatic light on a coated surface (prin­
ciple,of thin-layer interference). 

First, assuming that the growing layer on the various 
microstructural constituents achieves equal thickness 
whether or not identical structure [Fig. 5-I2(b)], con­
trast-including color contrast-may occur as a result 
of the different interaction between the optical constants 
of the constituents and those of the layer (Eq. 5-9). 

Second, assuming that the growing layer on the various 
microstructural constituents achieves identical or non­
identical structure but unequal thickness [Fig. 5-I2(c)], 
contrast and color contrast follow from Eq. 5-10 even 
when the role of the optical constants of the constituents 
is neglected. (See color insert for Fig. 5-12.) 

The existing results are inadequate to determine which 
mechanism controls gas contrasting or to what extent 
different mechanisms take part in it. To explain the gas­
contrasting effect using an engineering approach, the fol­
lowing consideration must be restricted to a model with 
different layer thicknesses. This simplification does not 
state that the effect of the optical constants of the various 
microstructural constituents on contrasting may be gener­
ally neglected. In Fig. 5-13, a gas-contrasted specimen 
is imagined to be covered by nonabsorbing, transmissive 
layers of different thicknesses on different constituents. 
The light rays (1 and 2) coming from the objective are 
partially reflected from (1' and 2' ) and partially transmit­
ted through the layer. The ray penetrating the layer 
changes its direction corresponding to the refractive index 
(ns) of the layer. Ray 1, for example, is reflected again 
at the interface layer/constituent [3 and returns in the 
form of ray I" to the environment. There it interferes 
with the primarily reflected part 2' of the original ray 
2. Extinction occurs under the following condition: 28 

ds = (2m + 1)"-
4 V ns 2 - sin2 </> 

(5-11) 

This equation leads to Eq. 5-10 in the case of normal 
beam incidence (</> = 0). If the etched specimens are ob­
served in white light, spectral colors satisfying the condi­
tions in Eqs. 5-1 or 5-2 will suffer extinction. The remain­
ing colors are superimposed to produce complementary 
or mixed colors. Since layer thickness is continually in-
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creasing during gas contrasting, it reaches the value (480/ 
2 nm) at which extinction occurs for the blue component 
of white light first. The corresponding complementary 
color can be obtained from the color triangle in Fig. 5-
14 by drawing a straight line from the wavelength that 
has suffered extinction through the white point (W). The 
intersection of this straight line with the opposing side 
of the triangle gives the wavelength of the mixed color, 
which can then be compared on the color ring. If, for 
example, blue suffers extinction, the complementary color, 
yellow, is obtained. The white point for daylight (E) is 
displaced for artificial illumination according to the type 
of source (points A, B, and C in Fig. 5-14). As spectral 
colors of longer wavelength suffer extinction, the intersec­
tion point moves to the uncalibrated side of the triangle, 
the so-called purple line. It represents the purple tones 
that are not spectral colors themselves but a mixture of 
red and violet. (See color insert for Fig. 5-14.) 

The characteristic color sequence during gas contrast­
ing can be read off from the color chart. If the layer 
begins to form, the short wave colors interfere. Thus, 
the color sequence begins with yellow and traverses the 
colors shown on the color ring as they appear during 
gas contrasting. It must be taken into account that certain 
large layer thicknesses satisfy the condition for the de­
structive interference of certain colors but simultaneously 
satisfy the condition for the constructive interference of 
others,7 as follows: 

d = (m + 1)"-
2vns 2 - sin2</> 

or for normal incidence, 

d = (m + 1)"-
2ns 

(5-12) 

(5-13) 

where m = 0, 1, 2, 3 .... These colors make a reinforced 
contribution to the mixed color. When the layer thickness 
is considerably greater than the wave-length, the interfer­
ence condition can be satisfied for several wavelengths 
simultaneously with the result that, as the color sequence 
is repeated over and over again, the colors in the sequence 
become modified. When the layer thickness is finally so 
great that light of all colors suffers extinction or reinforce­
ment, the coloration fades because the total reflected light 
combines to colorless. The different phases then appear 
correspondingly colorless. 

SUMMARY 

The contrast between various constituents of multi phase 
materials is the most important factor for quantitative 
microstructural analysis. How to achieve it by gas con­
trasting is the subject of the present chapter, which starts 
with the description of the gas-contrasting chambers and 
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the technique of gas contrasting, continues with the dem­
onstration and explanation of gas-contrasted metal, COin­

posite, and ceramic microstructures, and finishes with 
the interpretation of the gas-contrasting effect on the basis 
of the theory of thin interference layers. 
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TECHNIQUES FOR STAINLESS STEEL MICROSCOPY 

Robert S. Crouse and B. C. Leslie 

Oak Ridge National Laboratory 

It is not the intent of this chapter to be a treatise on 
basic preparation techniques for specimens except as cer­
tain of them apply, or are peculiar to, stainless steels. 
There are many books that cover all of the basic principles 
and general laboratory techniques of metallography; a 
representative sampling may be found in References 1 
through 6. 

HISTORICAL BACKGROUND 

According to Zapffe, stainless steel "is not an alloy-it 
is a name inherited by a great group of alloys, a special 
classification of special steels, and a field of study in 
itself."7 Fortunately, the techniques and laboratory prac­
tices involved in the metallography of stainless steels are 
not as extensive and complex as the alloys themselves. 
As a group of materials, these alloys only occasionally 
present the metallographer with serious difficulties. 

Although the first stainless-steel alloys of significance 
were not developed until the first decade of the twentieth 
century, the effect of chromium on the corrosion resis­
tance of iron was known as early as 1821. Unfortunately, 
all of the early work failed to consider the effects of car­
bon, and since all of the iron-chromium alloys were high 
in carbon (1 to 1.5 weight-percent), they resulted in alloys 
that failed in sulfuric-acid and sea-water tests, these being 
thought to be representative of corrosion in general. 

The most notable workers in the area of stainless steels 
in the early 1900s were Leon B. Guillet, said to be the 
"discoverer" of stainless steels,8 and Borchers and Mon­
narty in Germany, who patented a stainless alloy in 1910.9 

Commercial usefulness of stainless steels seems to be 
above all due to the work of Harry Brearly in England 
in 1913. He discovered, in the course of routine metallo­
graphic study, that high-chromium steels did not etch 
with the customary steel etch ants and did not rust. This 
had been noted by others, but he seemed to be the one 
to recognize the significance of it. He developed an alloy 
with 9- to 16-percent chromium and less than 0.7-percent 
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carbon and recommended it for use as table cutlery. This 
is practically the same alloy in use for that purpose today. 

THE NATURE OF STAINLESS STEELS 

The term stainless steel applies to any of several steels 
that contain from 12 to 30 weight-percent chromium as 
a major alloying element. In general, they exhibit a passiv­
ity to corrosion in aqueous environments. These are not 
simple binary iron-chromium alloys but are considerably 
more complex, with as many as seven, or more, elements 
deliberately added in varying amounts. The fact that 
nickel, a major alloying element, may be added in 
amounts ranging as high as 37 weight-percent allows for 
a very large number of alloys, all listed under the label 
"stainless steels." Fortunately for the metallographer, this 
complexity does not necessarily translate into extreme 
difficulties in metallographic preparation. 

TYPES OF STAINLESS STEELS 

Stainless steels are generally classified into four types: 
martensitic, ferritic, austenitic, and precipitation-harden­
ing steels. They may be either in wrought or cast form, 
with wrought alloys being the ones most commonly en­
countered by metallographers. Here again, whether 
wrought or cast, the problems for the metallographers 
are not serious. Table 6-1 gives the composition of some 
of the better known stainless steels. It will be noted that 
most austenitic stainless steels are numbered in the three 
hundreds, and all contain substantial nickel as well as 
chromium. Ferritic and martensitic alloys are numbered 
in the four hundreds and are "straight chrome" steels. 
Precipitation-hardening steels have the nominal chro­
mium-nickel composition, plus "PH" as a designation. 

Martensitic Stainless Steels 

These Fe-C-Cr alloys can be hardened by heat treatment, 
producing a predominantly martensitic microstructure. 
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Table 6-1. Compositions of some popular stainless steels. 
Bar above element means that the amount listed is the maximum amount allowed. 

COMPOSITION, WEIGHT-PERCENT 

AISI TYPE C Mn si cr 

Austenitic types 

302 0.15 2.00 1.00 17.0-19.0 
304 0.08 2.00 1.00 18.0-20.0 
304L 0.03 2.00 1.00 18.0-20.0 
308 0.08 2.00 1.00 19.0-21.0 
309 0.20 2.00 1.00 22.0-24.0 
310 0.25 2.00 1.50 24.0-26.0 
316 0.08 2.00 1.00 16.0-18.0 
316L 0.03 2.00 1.00 16.0-18.0 
317 0.08 2.00 1.00 18.0-20.0 
321 0.08 2.00 1.00 17.0-19.0 
347 0.08 2.00 1.00 17.0-19.0 

Ferritic types 

409 0.08 1.00 1.00 10.5-11.75 
430 0.12 1.00 1.00 16.0-18.0 
442 0.20 1.00 1.00 18.0-23.0 
446 0.20 no 1.00 23.0-27.0 

Martensitic types 

410 o.rs 1.00 1.00 11.5-13.0 
440A 0.6-0.75 1.00 1.00 16.0-18.0 
502 0.10 1.00 1.00 4.0- 6.0 
504 o.rs 1.00 1.00 8.0-10.0 

Precipitation-
hardening types 

PH13-8 Mo 0.05 0.10 0.10 12.25-13.25 

15-5 PH 0.07 1.00 1.00 14.0-15.5 

17-4 PH 0.07 1.00 1.00 15.5-17.5 

17-7 PH 0.09 1.00 1.00 16.0-18.0 

The carbon content is deliberately kept sufficiently high 
(0.15 to 1.2 weight-percent) for it to make its full contribu­
tion. Figure 6-1 is a martensitic stainless-steel microstruc­
ture, apparently slow-cooled to allow formation of ferrite 
and carbides instead of martensite. 

Ferritic Stainless Steel 

A straight chromium steel in which the carbon is deliber­
ately kept so low as to have a negligible hardening effect 
is classified as ferritic. The chromium content is usually 
above 14 weight-percent with some as high as 27 weight­
percent. With low carbon and no nickel, these alloys are 
permanently ferritic. Figure 6-2 illustrates a ferritic stain­
less-steel microstructure. 

Austenitic Stainless Steels 

These alloys are sometimes referred to as 18-8 steels, 
this being the nominal chromium-nickel composition of 

Ni P S OTHER 

8.0-10.0 0.045 0.03 
8.0-10.5 0.045 0.03 
8.0-12.0 0.045 0.03 

10.0-12.0 0.045 0.03 
12.0-15.0 0.045 0.03 
19.0-22.0 0.045 0.03 
10.0-14.0 0.045 0.03 2.0-3.0 Mo 
10.0-14.0 0.045 0.03 2.0-3.0 Mo 
11.0-15.0 0.045 0.03 2.0-4.0 Mo 
9.0-12.0 0.045 0.03 Min Ti=5X%C 
9.0-13.0 0.045 0.03 Min Nb+Ta = IOX%C 

0.045 0.03 Min Ti=6X%C 
0.04 0.03 
0.04 0.03 
0.04 0.03 0.25N 

0.04 0.03 
0.04 0.03 0.75 Mo 
0.04 0.03 0.40-0.65 Mo 
0.04 0.04 0.9-1.1 Mo 

7.5-8.5 0.01 0.008 2.2-2.5 Mo, 
0.90-1.35AI, 
O.OIN 

3.5-5.5 0.04 0.03 2.5-4.5 Cu 
0.15-{).45 Nb+Ta 

3.0-5.0 0.04 0.03 3.0-5.0 Cu 
0.15-{).45 Nb+Ta 

6.5-7.5 0.04 0.03 0.75-1.5 AI 

the first fully austenitic stainless alloys. They have the 
characteristics of being ductile, work-hardenable, and su­
perbly corrosion-resistant. The presence of nickel at 8 
weight-percent or higher makes them fully austenitic. Fig­
ure 6-3 illustrates a wrought austenitic microstructure. 

Precipitation-Hardening Alloys 

1 nese alloys have the special property of being easy to 
form in the wrought condition but hardenable by low­
temperature heat treatment. This hardening takes place 
through precipitation of SUbmicroscopic phases that are 
normally dispersed throughout the microstructure. Addi­
tions of such elements as molybdenum, copper, alumi­
num, niobium, tantalum, or titanium are required for 
precipitation to occur. Figure 6-4 shows the microstruc­
ture of a precipitation-hardening alloy (17-4PH) that has 
been deliberately over-aged to produce phases large 
enough to be analyzed by microanalysis. 
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Fig. 6-1. Martensitic grade of type 410 stainless steel: This specimen was taken from as-received 1/4-in. plate that appears to be in the annealed 
condition. A martensitic structure is developed by rapid cooling and tempering. Etch: Villela's reagent. (250x.) 
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Fig. 6-2. Ferritic grade of type 409 stainless steel: This as-received 1/4-in. plate shows a generally recrystallized microstructure with an abundance 
of titanium carbides and carbonitrides. Etch: 25 ml HN03, 25 ml acetic, 5 ml Hel, 50 ml glycerol. (200x.) 
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Fig. 6-3. Austenitic grade of type 316 stainless steel: This specimen, taken from mill-run, heavy-wall pipe, shows a fully recrystallized microstructure. 
Etch: HN03 + H 20, electrolytic. (lOOx.) 

Fig. 6-4. Precipitation-hardening grade of type 17-4 PH stainless steel: This microstructure represents a somewhat over-aged condition. It underwent 
II.! hr at 620°C (lISO°F) plus II.! hr at 4OO°C (7S0°F), and this produced massive phases enriched in Cr in a "saIt-and-pepper" matrix. Etch: HF, 
HN03, glycerol. (SOOx.) 



Because of the complexity of stainless alloys, it is practi­
cally impossible to depict a "typical" microstructure with­
out first defining the history of all such alloys. Since such 
a presentation is beyond the scope of this chapter, Figs. 
6-1 through 6-4 represent microstructures peculiar to 
those specimens and their thermomechanical treatments. 

GENERAL CHARACTERISTICS OF 
METALLOGRAPHIC PREPARATION 

The techniques used in the mounting, grinding, and pol­
ishing of stainless steels are those common to all metallo­
graphic operations, and, as such, need not be repeated 
here. Since the authors assume that the readers of this 
chapter are looking for information peculiar to stainless 
steel, they will attempt to attend to specifics, although 
some generalizations will, of necessity, occur. 

Polishing Artifacts 

Careless surface preparation, such as failure to fully re­
move all traces of prior grinding steps, can cause misin­
terpretation of a microstructure. This is a general state-
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ment that has a special relevance to stainless steels. In 
the wrought, fully annealed condition, stainless steels, 
especially the austenitics, are subject to considerable sur­
face damage during the cutting and grinding steps of 
specimen preparation. Hence, these steps must be care­
fully controlled. Grinding carefully through 180-, 240-, 
320-, 400-, and 600-grit silicon-carbide paper will usually 
assure success in the polishing step. A good rule of thumb 
to apply during grinding is to grind, in each step, for 
an additional 30 seconds after all traces of the previous 
grit scratches have disappeared. 

Mechanical grinding and polishing procedures may 
produce strain-induced martensite in an austenitic alloy 
such as 304L; Fig. 6-5 is such a case. Often one finds it 
difficult, if not impossible, to remove this artifact by re­
peated etching and repolishing. In such cases, only elec­
trolytic polishing seems to produce the proper microstruc­
ture quickly (see Fig. 6-6). If one has the time and 
vibratory polishing equipment, an artifact-free micro­
structure may be obtained by a prolonged (16- to 24-
hr) final polishing on a nylon cloth with 0.5-p,m diamond 
paste. This may seem an excessively long time, but since 
vibratory systems operate unattended, it may be only 
overnight, with less than one hour of operator time. 

. ifil" I ~" • . . • .-.. • 
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Fig. 6-5. Type 304L stainless steel: Two polishing artifacts that can occur with a low-carbon austenitic stainless steel. The dark, feathery feature 
is strain-induced martensite, and the mottled gray appearance of some of the grains is due to slightly disturbed metal. Etch: HN03, C2HsOH, and 
sodium metalisulfite stain after Beraha. (200x.) 
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Fig. 6-6. Same specimen as in Fig. 6-5 but after electrolytic polish in CH30H and H2S04 solution. Strain-induced martensite is removed. This 
figure illustrates one of the disadvantages of electrolytic polishing-the exaggeration of precipitates and phases. (lOOx.) 

Chemical Polishing 

Since metallographic preparation techniques at their most 
basic level are concerned with the removal of material 
from metal surfaces, one might think that chemical disso­
lution would be a viable technique. It does have an impor­
tant role, especially with some high-purity metals and 
some clean solid-solution alloys; stainless alloys, however, 
do not meet these criteria. They frequently have inhomo­
geneities, phases, and precipitates that are attacked un­
evenly with respect to the matrix, resulting in unsightly 
pitting and loss of microstructural detail. This is not to 
say that chemical polishing should never be attempted. 
There are cases when, in the interest of saving time, one 
might find it quite useful. For example, chemical polishing 
makes it possible to produce a microstructure quickly 
in type 347 stainless steel from a machined surface for 
grain-size determination. Cain14 describes a procedure 
that involves swabbing with an aqueous solution of hydro-

gen peroxide and hydrochloric and hydrofluoric acids (50 
ml of H20, 25 ml of H 20 2 (30 percent), 25 ml of HC1, 
and 5 ml of HF) for 10 sec to produce the microstructure 
shown in Fig. 6-7. 

One may find other references in the literature to chemi­
cal polishing of stainless steels, but it has been the authors' 
experience that it has limited utility. One should not ex­
pect artifact-free microstructures from chemical polish­
ing. What is more, a truly polished surface does not result, 
but rather an etched microstructure, because of the more 
rapid dissolution that takes place at grain boundaries and 
phase boundaries. 

Etching 

The "stainlessness" of stainless steels implies that one 
might have some difficulty in revealing their microstruc­
tures, and this is true to the extent that they do not 
respond to the etchants that one uses for carbon and 
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Fig. 6-7. Type 347 stainless steel chemically polished from a machined surface. This procedure is good for preliminary grain structure and size 
determination. (500x.) 

alloy steels-i.e., nital and picral. The strong mineral ac­
ids (sulfuric, hydrochloric, and nitric) usually form the 
basis for the more successful stainless-steel chemical 
etchants. There are probably as many modifications of 
the basic mixed acid etchants as there are metallographers 
working with stainless steels. By experience, one tends 
to develop a list of favorite etchants as one encounters 
the variety of difficulties engendered by changing heat 
treatment, fabrication histories, and the inevitable alloy 
modifications that stainless alloys just seem to naturally 
invite. 

Table 6-2 gives a listing of etchants that the authors 
have found effective. As mentioned above, metallogra­
phers will ultimately develop their own list of preferred 
etchants; this table merely reflects the preferences of the 
authors' laboratory. 

The American Society for Metals (ASM) prints two 
very excellent publications that no metallography labora­
tory should be without. 15,16 They are the Metals Reference 

Book and volume 7 of the Metals Handbook. In these, 
one can find a collection of chemical and electrolytic 
etchants, similar to but more extensive than those in Table 
6-2, and also of typical microstructures of stainless alloys. 

It was previously mentioned that complications in etch­
ing may arise from deliberate alloy modifications. One 
such instance occurred at the Oak Ridge National Labora­
tory during the development of a radiation damage-resis­
tant alloy for fusion-energy applications. The reference 
alloy was type 316 austenitic stainless steel (18 Cr-13 
Ni-2 Mo-2 Mn-O.05 C-O.4 Si-balance Fe). The modifica­
tion consisted of eliminating the phosphorous and sulfur, 
reducing the carbon and silicon, and fixing the nickel 
at 13 weight-percent. 

The microstructure desired by the research program 
contained grain-boundary precipitates that had to be re­
tained after etching to permit grain-boundary delineation 
for grain-size measurement. Unfortunately, the etchant 
normally preferred for grain-boundary delineation (nitric 
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Table 6-2. Chemical and Electrolytic Polishing and Etching Reagents. 

CHEMICAL ETCH ANTS 

I. Ferric chloride and hydro-
chloric acid 

2. Chrome regia' 

3. Ferric chloride and nitric acid' 

4. Cupric chloride and hydro-
chloric acid (Kallings)' 

5. Mixed acids and cupric 
chloride' 

6. Nitric and acetic acids' 

7. Nitric and hydrofluoric acids' 

8. Ferricyanide solution 
(Modified Murakami's)' 

9. Cupric sulfate (Marble's)' 

10. Aqua regia 

II. Buffered aqua regia 

12. Mixed acid in glycerol 
(Glyceregia)' 

COMPOSITION 

OF ELECTROLYTE 

I. Perchloric acid * 50 ml 
H2O 140 ml 
EthanopD 750 ml 

2. Perchloric acid* 335 ml 
Acetic anhydride'D 665 ml 

3. Acetic acid 1000 ml 
Perchloric acid'·'D 50 ml 

4. H2O 250-900 ml 
H2S04" 750-100 ml 

5. H2O 830 ml 
Chromic acid" 620 g 

6. H2O 330 ml 
H3P04 550 ml 
H2S04" 120 ml 

COMPOSITION 

FeCIa 
HCI 
H 20 
HCL 

5g 
50ml 

lOOml 
25ml 

Cr03 solution 5.50 ml 
(10% in H 20) 

Sat. solu. FeCIa in HCI 
plus a little HN03 

CuCI. 5 g 
HCI 100ml 
C2HsOH 
H 20 
HCI 
HN03 

lOOml 
lOOml 
30ml 
IOml 

Sat. with CuCI. and let 
stand 20 to 30 min 

HN03 30ml 
Acetic 20ml 
HN03 5ml 
HF (48%) Iml 
H 2O 44ml 
K3Fe(CN)6 30 g 
KOH 30 g 
H2O 60ml 
CUS04 4g 
HCI 20ml 
H2O 20ml 
HCI 20ml 
HN03 IOml 
C3H 60 3 12 ml 

(lactic acid) 
HCI 38ml 
HN03 

(A) HN03 
HCI 

10mi 
IOml 

20-30 ml 
Glycerol 30-20 ml 

(B) HN03 10 ml 
HCI 20ml 
Glycerol 20 ml 
H20 2 (30%) 10 ml 

COMMENT 

Swab or immerse for general structure 

Heat-treated austenitic grades 

Structures of stainless steels 

Austenitic and ferritic stainless steels 

Swab for high Ni grades 

Swab for high Ni grades 

Use cold for about 5 min for general 
structure of stainless steels 

Use fresh, boiling; colors sigma phase 
light blue; ferrite, yellow 

For general structures. Swab or im­
merse. 

For general structures of austenitic 
grades. Swab with fresh solution. 

Swab with wet cottom swab before use; 
flush with water while swabbing with 
cotton saturated with etchant 

A good basic etch for most stainless 
steel, especially austenitics 

May produce better results than 12(A); 
alternatively, etch and repolish for 
best results 

ELECTROLYTIC POLISHING REAGENTS 

ELECTRICAL 

CONDITIONS 

8-20 Vdc 
0.6-2.1 A 

6 A/dm2 

45 Vdc 
II Am/dm2 

1.5-6 Vdc 

1.5-9 Vdc 

0.05 A/dm2 

TIME 

20-60 sec 

3-5 min 

3-4 min 

1-10 min 

2-10 min 

I min 

REMARKS 

Use stainless steel cathode; 
keep below 24°C (75°F); 
agitate solution 

Use stainless steel cathode; 
keep below 24°C (75°F); 
agitate solution 

Use stainless steel cathode; 
keep below 24°C (75°F); 
agitate solution 

Use stainless steel cathode; 
agitate solution, which 
may be buffered with var­
ying amounts of glycerol 
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Table 6-2. (continued) 

COMPOSITION ELECTRICAL 

OF ELECTROLYTE CONDITIONS TIME REMARKS 

7. H2O 260 ml 0.6 A/dm2 30 min Heat to 27-50°C (800 to 
Chromic acid 175g 120°F) 
H3PO. 175 ml 
H2SO.11 580 ml 

8. H2O 210 ml 0.5 A/dm2 5 min Heat to 21°-50°C (700 to 
HF 180 ml 120°F) 
H2SO.'! 610 ml 

ELECTROLYTIC REAGENTS FOR ETCHING 

1. HCI 10 ml 6 Vdc 10-30 sec Keep water free; grain-
Ethanol' 90 ml boundary etch 

2. Lactic acid 45 ml 6 Vdc 10-30 sec For delta ferrite in austen-
HCI 10 ml itic stainless steels 
Ethanol' 45 ml 

3. KOH! ION 3 Vdc 0.2 sec Colors sigma phase in aus-
teni tic grades 

4. Oxalic acid 109 1.5 Vdc 20 sec Attacks sigma phase and 
H2O!O 100 ml carbides 

5. H2SO4 5 ml 2.5 Vdc 5-10 sec Grain boundaries 
HCI 25 ml 
HN03 5 ml 
H2O 1000 ml 

6. Perchloric acid * 10 ml 40-70 Vdc 0.25-1 min Use ice bath cooling, air ag-
Acetic acid 100 ml itation 

7. Ferric oxalate 109 6 Vdc 2 min Reveals free carbides in all 
H2O! 90 ml types of stainless steels 

8. Chromic acid 60 g 6 Vdc 5-60 sec Brings out carbides in stain-
H2O 90 ml less steels 

9. (NH.hS20 8 35 g 6-10 Vdc A few sec For prior austenite grain 
HCI 10 ml boundaries in quenched 
H2022 10 ml and tempered martensitic 

stainless steels 
10. Chromic acid 2 g 5 Vdc 35 sec Attacks sigma phase in aus-

H2O!3 100 ml tenitic grades; barely at-
tacks carbides 

11. HN03 50 ml >0.5 A 10-15 sec For austenitic stainless 
H2O 50 ml steels; inspect frequently 

during etching 

* Perchloric acid has a reputation for explosiveness, and some laboratories prohibit its use categorically. The experience of 
metallographers who have used it indicates that by keeping the solution dilute, fresh, cool, and free from organics one is able 
to operate with safety. 

acid and water-electrolytic) also removed the grain­
boundary precipitates. This difficulty was resolved by very 
lightly etching the specimens with nitric acid and water 
electrolytically and photographing the microstructure in 
differential interference phase contrast (DIC). The result­
ing microstructure is seen in Fig. 6-S. 

SENSITIZATION 

Austenitic stainless steels are especially adaptable to use 
in highly corrosive environments because of their basic 
resistance to chemical attack. This resistance is imparted 
mostly by the presence of chromium in the IS-percent 
range and strongly augmented by nickel at about S per­
cent. Nickel causes the alloy to be austenitic under practi-

cally all conditions of heat treatment. The resistance to 
chemical attack can be seriously compromised, however, 
if the alloy is held for some length of time in the tempera­
ture range 400° to 900°C (750° to 1650°F). As has been 
stated by Zappfe7 (p. 43): 

While there is still dispute among experts over the exact 
nature of sensitization, there is complete agreement on 
its effect. Reports on corrosion rates in which IS-S, 
quenched from temperatures above 1000°C (IS30°F), 
corroded at a rate of only a few mils per year in some 
strong solutions, but at a rate of thousands of mils 
per year in that same medium when the same steel 
was previously heat treated in the temperature range 
(maximum limits) of 400 to 900°C (750-1659°F) .... 
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Fig. 6-8. Type 316 stainless steel of carefully controlled chemistry, specially treated to produce fine grains and grain-boundary precipitates. Etch: 
HN03 + H 20, electrolytic, very lightly. (Photographed in DIe illumination; soox.) 

This sensItIzation heat treatment results in extensive 
precipitation of chromium carbides along grain bound­
aries with the result that in corroding environments the 
alloy is heavily attacked along these boundaries_ The gen­
erally accepted theory concerning this phenomenon is 
that the carbon in the alloy combines with chromium 
in the ratio M23CS and precipitates along the grain bound­
aries. The area along the boundary is denuded of chro­
mium, causing it to lose its "stainlessness" and become 
susceptible to accelerated chemical attack. 

A metallographer is often called upon to demonstrate 
whether or not a steel has become sensitized. The com­
monly accepted method for doing so is to apply the ASTM 
A262-75 standard test for sensitization. As with all 
ASTM Standard Recommended Practices, this one is set 
forth in great detail, with the metallographic aspect only 
part of the total practice. In summary, the metallographer 
should: (1) grind and polish a surface at least 1 cm square 

or at least 1 cm long, (2) electrolytically etch in lO-percent 
oxalic acid at lA/cm2 for 1.5 min, and (3) examine the 
microstructure at 250X to 500X. Figures 6-9 and 6-10 
show acceptable and unacceptable microstructures. If an 
alloy shows an unacceptable microstructure, further 
chemical testing should be pursued as prescribed. Accept­
able microstructure precludes further testing. 

Some extra-low-carbon stainless steels-such as 304L, 
316L, and 317L-are tested after a sensitizing heat treat­
ment of 1 hour at 675°C (1250°F). Since this is in the 
temperature range of maximum carbide precipitation, this 
treatment should reveal any tendency toward sensitiza­
tion. 

STRESS-CORROSION CRACKING 

J. F. Mason, JrY defines stress-corrosion cracking (SCC) 
as "the combined action of static stress and corrosion 
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Fig. 6-9. Type 304LW stainless steel tested for sensitization according to ASTM Standard Recommended Practice A262-75. This microstructure 
illustrates a nonsensitized condition. Etch: IO-percent oxalic acid, electrolytic. (500X.) 

Fig. 6-10. Type 304L stainless steel tested for sensitization according to ASTM Standard Recommended Practice A262-75: This microstructure 
illustrates a sensitized condition; all grain boundaries are ditched. Etch: IO-percent oxalic acid, electrolytic. (500x.) 
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which leads to cracking or embrittlement of a metal." 
Of the four general types of stainless steels, only the fer­
ritics do not appear to be susceptible to SCc. 

The metallographer's usual role is to identify SCC when 
it is encountered in a microstructure. To equip oneself 
the better to do this, one needs to examine some of the 
more authoritative writings on the subject. 18.19 An under­
standing of the causes and mechanisms of crack develop­
ment will aid in this identification. 

The failures caused by SCC almost always occur in 
an aqueous environment, and most frequently seem to 
involve the chloride ion. The latter kind of failure is so 
prevalent that one frequently sees the phenomenon re­
ferred to as "chloride stress-corrosion cracking." It is 
well established that catastrophic failure of austenitic 
stainless steel can take place in environments where nei­
ther the corroding medium nor stress by themselves are 
sufficient to cause failure. It is important for the metallog­
rapher to have some information about the stress and 

corrosion environments of a sample to establish his analy­
sis properly, and one should always insist on having such 
data when approaching a failure of this kind. The cracking 
may not always assume the classical pattern that may 
be identified as SCC by microscopic observation. 

Chloride-induced SCC in austenitic stainless steels that 
have not been sensitized does seem to exhibit a character­
istic branched, transgranular pattern. It is as though the 
crack proceeds in short bursts in directions dictated by 
sUbmicroscopic conditions such as twin boundaries, pref­
erential crystallographic attack planes, vacancy clusters, 
and stress concentrations. These may all play a part as 
well as other conditions. The "characteristic" crack pat­
tern is shown in Fig. 6-11. 

It is sometimes possible for a metallographer to demon­
strate fairly conclusively the presence of chloride ions 
associated with cracking. The cracks revealed by metal­
lography may be analyzed by electron-beam microanalysis 
for the presence of chlorine at the tips, which is where 

Fig. 6-11. Typical stress corrosion cracking in type 316 stainless steel: This material was taken from heat exchanger in a solvent refined coal 
plant. Etch: HN03 + H20, electrolytic. (lOOX.) 



most theories indicate that the ions are concentrated. An 
example to illustrate this analysis will now be presented. 

A failure occurred in a type 316 stainless-steel vent 
line in a solvent refined coal plant. This plant converts 
coal into petroleum products in a complex chemical pro­
cess that involves heat, pressure, fluid flow, slurry transfer, 
and many other conditions that serve to create a very 
hostile environment. Large amounts of sulfur are known 
to be present as well as some chlorine. 

A leaking line was removed from the system and sub­
mitted for metallographic examination. A large crack that 
was the obvious failure exhibited massive amounts of cor­
rosion product and/or slurry from the process that effec­
tively masked what was thought to be its true nature. 
There were, however, smaller secondary or branch cracks 
that had the appearance of see (see Fig. 6-12), and this 
was the area in which microanalysis was concentrated. 
Such microprobe analysis established that both sulfur and 
chlorine were present in the secondary cracks. By deter-
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mining the ratio of chlorine to sulfur at several points, 
it was found that the smaller cracks contained far more 
chlorine than sulfur. These results are given in Fig. 6-13. 

If one assumes that the small cracks typify the earliest 
cracks, then chlorine must be influential in their forma­
tion. Further analysis in the form of X-ray dot map dis­
plays showed that the small cracks contained chlorine 
but no detectable sulfur (Fig. 6-14). The conclusion was 
that chlorine contributed to crack initiation and growth 
and that sulfur corrosion ensued and enlarged the cracks. 

Thus far, the stress-corrosion cracking discussed has 
been chloride-induced and described as being predomi­
nantly transgranular in nature. Sensitized stainless steels 
can also be susceptible to see with cracks that are exclu­
sively intergranular. This is certainly not surprising in 
light of what was said about sensitization earlier, concern­
ing the lack of corrosion resistance in sensitized grain 
boundaries. If one places stressed, sensitized stainless steel 
in a corrosive environment, grain-boundary attack should 

Fig. 6-12. Corrosion-filled crack in type 316 stainless steel from a solvent refined coal plant. Etch: HN03 + H 20, electrolytic. (250X.) 
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Fig. 6-14. Backscattered electron and X-ray dot map images of the specimen in Fig. 6-12. This type of presentation is graphic in its ability to 
visualize elemental distribution and confirms the presence of chlorine as an influence in stress-corrosion cracking. 
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Fig. 6-15. Intergranular attack and stress-corrosion cracking in Type 304 stainless steel. Etch: HN03 + H 20, electrolytic. (\50X.) 

follow, with the likelihood of eventual failure as a result 
of corrosion-weakened boundaries. This does indeed hap­
pen when the preceding conditions are met. 

When one encounters an intergranular failure of an 
austentic stainless steel in a chemical environment, one 
should suspect sensitization and SCC. Figure 6-15 is a 
good example of this condition, showing a type 304 stain­
less-steel V-bend specimen that has been sensitized and 
tested in poly thionic acid for 30 days at room temperature, 
according to ASTM standard G35-73. Although there 
is considerable intergranular attack, it is intergranular 
stress corrosion that has caused the failure. 

SIGMA PHASE, FERRITE AND CARBIDES 
IN AUSTENITIC STAINLESS STEEL 

None of the four general types of stainless steels (ferritic, 
martensitic, austenitic, and precipitation-hardened are 
full-time solid-solution alloys. They are all multiphasic 
in at least some conditions of fabrication or heat treat-

ment. We chose to concentrate on the preceding phases 
in austenitics because special efforts seem to be required 
to identify and separate them. Metallographers are often 
called upon to identify them. 

Sigma phase is known to have a definite deleterious 
effect on the mechanical properties of the alloys. A classic 
work was performed by Dulis and Smith20 in 1950 on 
the identification of this phase, and collaterally, of ferrite 
and carbide. They investigated the effects of some 18 etch­
ing reagents on a variety of austenitic stainless steels, 
all containing one or all of the phases previously dis­
cussed. They tabulated the effects in a concise manner 
that allows one to choose the effect desired. 

Sigma phase is a hard, brittle phase with the general 
composition 45 weight-percent Cr, 55 weight-percent 
Fe. 21 This composition may vary somewhat depending 
upon the alloy composition and heat-treatment history. 
It is a relatively low-temperature transformed product, 
its range of formation typically being from 500° to 900°C 
(935° to 1655°F). It will slowly transform from an austen-
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Fig. 6-16. Type 308 stainless steel weld, aged 20,000 hr at 593°C (I J(JOoF): This specimen contained delta ferrite islands in an austenite matrix 
that partially transformed to sigma phase and austenite during aging. Sigma is the dark phase. Etch: Murakami's reagent [K3Fe (CN)6 + KOH + 
H 20). (I500X .) 

ite matrix but occurs much more readily if ferrite is pres­
ent. Microstructures showing sigma intermixed with is­
lands of delta ferrite are often seen (Fig. 6-16). 

If one were called upon to demonstrate the presence 
(or absence) of sigma phase in a stainless steel, one might 
proceed as follows. First, one would obtain the best possi­
ble mechanical polish on the sample. This is to assure 
that all phases are in the surface plane and not in relief 
or pitted as they would be after an electrolytic polish. 
Then, one would etch as recommended by White and 
LeMay,22 first swabbing with a dilute aqua regia (15 ml 
hydrochloric acid,S ml nitric acid, 100 ml distilled water). 
This is a general reagent that attacks the austenite uni­
formly, leaving carbides, ferrite, and sigma phase clearly 
outlined and in relief. One would then immerse with Mu­
rakami's reagent (10 g potassium ferricyanide, 10 g potas­
sium hydroxide, 100 ml distilled water). This is a color 
reagent and stains carbide dark, ferrite yellow or yellow­
brown, and sigma phase blue. It is normally used at 80°C 

for up to 1 hour. Some sigma is resistant and may be 
stained with a more concentrated Murakami's. The color 
reagent follows the general reagent without repolishing. 
This technique was used very effectively by Bagnall and 
Witkowski23 to identify phases in type 310 stainless steel. 

PREPARATION FOR TRANSMISSION 
ELECTRON MICROSCOPY 

Specimens to be examined by a transmission electron mi­
croscope must be thin enough for the accelerated electrons 
to pass completely through them with only a negligible 
loss of energy. The limiting thickness for transmission 
when l00-kV electrons are used varies from about 200 
nm for aluminum to 50 nm for uranium. 24 Thicker speci­
mens can be penetrated if higher accelerating voltages 
are used. Instruments exceeding 1 MV are in use today, 
albeit in limited quantity because of the enormous cost 
and increased difficulty of interpreting the microstruc-



tures. For stainless steels, the optimum accelerating volt­
age seems to be in the 200- to 400-kV range. 

There are six ways of thinning specimens for trans­
mission electron microscopy (TEM): chemical polishing, 
electrolytic polishing, ion bombardment (sputtering), me­
chanical abrasion, microtoming, and vacuum deposi­
tion.24 Of these, mechanical abrasion combined with 
electro-polishing is the method most commonly used for 
stainless steels and will be the one discussed here. Fur­
ther details can be found in References 24 through 27. 
Each of these publications lists, in turn, scores of ad­
ditional references. 

It is of utmost importance when preparing thin speci­
mens not to introduce damage to the microstructure. 
From the time that the desired sample is removed from 
the bulk material, it should be handled as gently as possi­
ble. The need for gentleness becomes more acute as one 
nears the point at which the specimen goes into the micro­
scope. One simply cannot afford to introduce artifacts 
into the microstructure by careless handling. 

Cutting Methods 

To obtain a sample of stainless steel from a parent piece, 
one should use the method that will produce the least 
damage commensurate with an acceptable cutting speed. 
Hacksawing or abrasive wheel cutting might be accepta­
ble, but a fine jeweller'S saw would be better since it 
will introduce far less damage. An abrasive slicing wheel 
is perhaps the most widely used device for cutting the 
thinnest possible samples for further thinning. Goodhew25 
presents an excellent and concise coverage of cutting 
methods. 

The authors' laboratory uses an abrasive cutting ma­
chine* to obtain samples of stainless steel for electron 
microscopy. This machine has special capabilities that 
make it well suited for this application. The apparatus 
consists of a modified surface grinder with a thin (0.010-
in.) alundum blade in place of a grinding wheel. The 
spindle speed is variable over a wide range, and the blade 
is liquid-cooled to minimize cutting damage. The spindle 
height above a horizontally movable table is also variable, 
thus allowing one to remove very small amounts of mate­
rial per pass. It has been found that stainless steel wafers 
0.020 to 0.025 in. thick are about optimum for the subse­
quent polishing and thinning required. 

Grinding and Polishing 

Standard metallographic procedures may be used to fur­
ther thin and polish samples for TEM. Stainless steels, 
however, do not require any mechanical preparation other 
than grinding through 600-grit silicon-carbide abrasive 

* Micro-Matic Precision Slicing and Dicing Machine, Micromech Mfg. 
Co., Rahway, N.J. 
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paper. At this point, they can be thinned sufficiently by 
electrolytic jet polishing* such as described by Brammar 
and Dewey.24 

Ion bombardment, or "ion milling," is now being used 
more often as a means of carefully controlled removal 
of material from TEM samples since it causes minimal 
damage to the internal structure of materials. The princi­
ple of ion bombardment is discussed in References 24 
and 25. This technique is applied to stainless steel after 
the sample has been "dimpled" by electro-jet polishing. 
A number of different electrolytes may be used to thin 
stainless steel, but the authors' laboratory has adopted 
one that consists of seven parts methanol and one part 
H2S04 • It is used at a temperature of -lODe and a current 
of 2 A/cm2. This has been found to be quite useful for 
stainless alloys. 

SUMMARY 

As a class of alloys, stainless steels do not present metal­
log rap hers with any great difficulty in preparation. The 
polished surfaces of these alloys are very easily scratched, 
however, and one's technique must include meticulous 
cleanliness and gentleness. Interpretation of microstruc­
tures requires appropriate etching, and a vast array of 
etchants is available. Most metallographers develop a pre­
ferred list that includes modifications. 

The extremely widespread use of stainless steels means 
that they occupy a large portion of a metallographic labo­
ratory's attention. It is hoped that this chapter will be 
of some aid to those whose job it is to prepare and inter­
pret stainless steel microstructures. 
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PROBLEM SOLVING USING QUANTITATIVE STEREOLOGY 

R. T. DeHoff 

Department of Materials Science and Engineering, 
University of Florida 

Stereology is a field that deals with the geometry of 
microstructures. During the past two decades, its mathe­
matical foundations have been established, and a number 
of texts have appeared. 1 - 5 Since it would not be possible 
to present a comprehensive overview of this tool in a 
single chapter, this chapter will focus upon those stereo­
logical methods and relationships that are "general" in 
the sense of being valid for real microstructures of arbi­
trary complexity. It is fortunate, and perhaps remarkable, 
that these methods are also very straightforward and easy 
to implement. 

From a geometric point of view, a microstructure con­
sists of areas (phase particles, grains), lines (phase bound­
aries, grain boundaries), and points (triple points, particle 
centers). As observed under a microscope, these features 
represent sections through microstructural elements in 
the three-dimensional structure that the polished section 
samples. Features that are observed as areas are sections 
through particles or grains; lines on the plane of polish 
are sections through surfaces or interfaces; and points 
are sections through lines. Each of these three-dimen­
sional features has geometric properties; for example, the 
particles or grains have volume; the interfaces have area; 
the lines have length. These properties have unambiguous 
meaning for real structures of arbitrary geometry. 

Quantitative stereo logy provides the means for estimat­
ing these geometric properties of real three-dimensional 
microstructures (volume, area, length, etc.) from measure­
ments that must necessarily be made on a two-dimen­
sional section through the three-dimensional structure. 
These geometric properties may be easily and conven­
iently estimated from simple counting measurements 
made upon a microsection that is representative of the 
three-dimensional structure. Other properties, like size 
distributions and average sizes, can be estimated only if 
simplifying assumptions are made about the geometry 
of the structure (e.g., all the grains are spheres), and 
this restriction severely limits their range of validity. Still 
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other properties can be estimated only by serial sectioning 
analysis.6 .7 

In this chapter, the basic stereo logical counting mea­
surements made under the microscope will be described 
first. The fundamental relations of stereology will then 
be presented. These equations are used to calculate the 
geometric properties of the three-dimensional microstruc­
ture from the counting measurements. Next, the princi­
ples of operation of semiautomatic and automatic image­
analyzing computers are reviewed, with emphasis on those 
kinds of situations for which they are useful and those 
for which they are not. The steps involved in designing 
and carrying out a particular stereological experiment 
are then outlined, and the chapter closes with some exam­
ples of applications to specific problems. 

MAKING MEASUREMENTS 

This section describes the kinds of measurements made 
in quantitative stereological analysis and then reviews the 
information about the geometry of the real three-dimen­
sional microstructure that they provide. The measure­
ments are described as if they had been made manually, 
i.e., without the assistance of image-analysis equipment. 
The assistance available from such equipment will be de­
scribed in the next section. 

Stereo logical measurements are fundamentally statisti­
cal in nature. A measurement (or series of measurements) 
is made on a field and recorded. Then, the stage is trans­
lated to reveal a new field of view; the measurements 
are made on that field, and so on. Since the individual 
measurements are very simple to make, repetition on a 
large number of fields may be justified for a single metallo­
graphic specimen. In a typical experiment, 25 to 100 fields 
may be examined. The mean value of each set of measure­
ments is computed, along with the standard deviation; 
the latter quantity is the basis for characterizing the preci­
sion of the set of measurements. 
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The only equipment required to make stereo logical 
measurements manually, besides the microscope, is a grid 
of lines that may be superimposed on the mocrostructure. 
This may take the form of a reticle in the eyepiece, a 
plastic overlay on a ground-glass projection screen, or 
a plastic overlay on a photograph. Typically, the grid is 
square, though it need not be. A 6 X 6 grid is suitable 
for most purposes (i.e., six vertical lines crossing six hori­
zontal lines). The design of the grid may influence the 
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efficiency of the measurements, but not their validity. 
Figure 7-1 shows a microstructure with a 6 X 6 grid 
superimposed. 

It is necessary to calibrate the dimensions of the grid 
with a stage micrometer so that the precise size of the 
field being examined is known. For a given instrument 
configuration (eyepiece, grid, and objective), the cali­
bration, once established, is fixed. If photographs are used, 
their real magnification must be known with precision. 
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Fig. 7-1. 
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Fig. 7-1. Each of the stereo logical counting measurements is illustrated 
for a two-phase microstructure and a superimposed 6X6 grid (a), includ­
ing: (b) the point count; (c) the line-intercept count; (d) the area point 
count; and (e) the feature count. 

WHAT IS MEASURED 

The basic stereo logical counting measurements, illus­
trated in Fig. 7-1, are as follows: 

1. The point count, Pp : Focus on the 36 crossing points 
in the grid of Fig. 7-1(b). These points are scanned 
to make a count of the number of points lying in 
the feature of interest. If a grid point lies on a feature 
boundary, it is counted as J;2 . The point count, Pp , 

is the ratio of the number of points in the feature 
of interest to the total number of points in the grid. 
It is thus a unit less fraction. In Fig. 7-1(b), Pp = 

~6 = 0.14. 
2. The line intercept count, PL : Focus on the six hori­

zontal lines in the grid of Fig. 7 -1 (c). The lines are 
scanned to make a count of the number of intersec­
tions they make with the boundaries of interest in 
the structure (grain boundaries, phase boundaries, 
etc.). The total length of the lines scanned for the 
field is known from the calibration of the grid 
[6 X 140 microns = 840 microns = 8.4 X 10-4 

meters in Fig. 7-1 (c») . The line intercept count, PL , 

is the number of intersections counted, divided by 
the length of test lines sampled. It has inverse units 
of length. In Fig. 7-I(c), PL = 23/8.4 X 10-4 = 
2.7 X 104 counts/meter. 

3. The area point count, PA : Focus on the total square 
area delineated by the boundaries of the grid in Fig. 
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7-1(d). If the three-dimensional structure contains 
lineal features, they will appear on the sectioning 
plane as points. The most common kinds of lineal 
features are the triple lines that result when three 
cells meet in space (e.g., the grain edges in a single­
phase structure) and line imperfections (disloca­
tions). The former appear as triple points on the 
section where the three cells meet; the latter may 
be revealed as etch pits. A count is made of the 
number of such points within the area outlined by 
the grid. The grid divides this area into 25 subareas 
to help one keep track of the features as they are 
counted. The area scanned is known from the cali­
bration of the grid: 140 X 140 = 19,600 square mi­
crons, or 1.96 X 10-8 square meters. The area point 
count, PA , is the ratio of the number of points 
counted to the area scanned. It has inverse units 
of squared length. In Fig. 1 (d), PA = 211( 1.4 X 

10-4 m)2 = 1.1 X 109 counts/meter2 . 

4. The feature count, NA : Focus on the square area 
delineated by the boundaries of the grid in Fig. 7-(e). 
A count is made of the number of features in the 
class of interest contained in that area. * The area 
scanned is known from the calibration of the grid. 
The feature count is the number of features in the 
field divided by the area of the field. It has inverse 
units of squared length. t In Fig. l(e), NA = 24/ 
(1.4 X 10-4 m)2 = 1.2 X 109 counts/meter2• 

The four measurements-the point count, line intercept 
count, area point count, and feature count-are funda­
mental in stereology. They are field measurements, i.e., 
they have a value for each field scanned. Because they 
are simple counts of events that result from the interaction 
of the superimposed grid with features in the structure, 
they are relatively easy to make. In contrast, a variety 
of feature specific measurements in use require the mea­
surement of some geometric aspect of the individual fea­
tures of a structure, such as its area, perimeter, diameter, 
longest and shortest dimension, and so on. Such a mea­
surement performed on all of the features in a field clearly 

• Some features that intersect the boundaries of the area must carry 
a count of 'h sir,ce, if the total area of the sample were scanned by 
placing fields adjacent to each other, particles on the field boundaries 
would be counted twice. Alternatively, this correction for features on 
the boundary may be made by including in the count those features 
that intersect the top and left sides of the field boundary and excluding 
those that intersect the right and bottom sides. 
t In some complex structures, the features of interest may contain inter­
nal holes. In this case, it is necessary to count the number of holes in 
the field and subtract this number from the feature count. An alternative 
procedure for obtaining the same information is provided by the area 
tangent count, TA , obtained by sweeping a line across the field and 
counting separately the number of tangents made with convex segments 
of the feature boundary and those made with concave segments. The 
area tangent count is obtained by subtracting concave counts from 
convex counts and then dividing by the area of the field swept by the 
line. It is rigorously true that the area tangent count is twice the feature 
count. 
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demands significantly more effort than making simple 
counts with a grid. Feature specific measurements form 
the basis for estimating particle size distributions, average 
diameters, and extreme values of sizes and are usually 
made with the help of image-analysing instrumentation. 

WHAT THE MEASUREMENTS MEAN 

Each of the counting measurements reviewed in the previ­
ous section provides information about specific geometric 
properties of the features they sample. They are a part 
of the fundamental relations of stereology that will be 
presented in this section. These relations have the status 
of mean value theorems in statistics; that is, they are 
derived by assuming that the entire population of test 
probes that can be constructed in three-dimensional space 
(points for the point count, lines for the line intercept 
count, and areas for the area point and feature counts) 
are included in the sample to obtain the representative 
average value of the counting measurement. In practice, 
the set of probes scanned is a random sample from this 
population; if the sample is properly designed, then the 
sample mean provides an unbiased estimate of the popula­
tion mean. 

The strength and generality of these equations derives 
from the fact that no geometric assumptions are made 
about structure in their derivation. They may thus be 
applied to real microstructures to provide real estimates 
of the geometric properties with which they deal, as we 
shall now discuss. 

The point count. PP• provides an unbiased estimate of 
the volume fraction. Vv• of the feature counted. The rela­
tionship is as follows: 

(7-1) 

where the symbol < > means the average or expected value 
of the quantity contained. The volume fraction of a phase 
or constituent is the fraction of the volume of the structure 
that it occupies; it is the most straightforward measure­
ment of the quantity of that phase in the microstructure. 
If the structure contains more than two phases, the point 
count may be applied separately to estimate the volume 
fraction of each phase. Alternatively, it may be applied 
to estimate the volume fraction of a constituent, such 
as pearlite, if it can be identified unambiguously on a 
microsection. 

The line intercept count. PL. is an unbiased estimate 
of the surface area in unit volume. Sv. of the boundary 
or interface whose intersections are counted on the micro­
section. The relationship is as follows: 

(7-2) 

For a two-dimensional interface or boundary in a three­
dimensional structure, surface area is the most straight-

forward measure of its extent. Other things being equal, 
a fine structure has a large, a coarse one a small, value 
of Sv. The line intercept count may be separately applied 
to traces of any identifiable class of interface in the struc­
ture, such as grain boundaries, twin boundaries, inter­
phase interfaces, and the like. 

The area point count. PA • reports the length in unit 
volume. Lv. of the lineal feature that produces the ob­
served points of emergence counted. The relationship is 
as follows: 

(7-3) 

For lineal features in a three-dimensional microstructure, 
length of line is the most straightforward measure of ex­
tent. It is most commonly used to estimate the length 
of triple lines in the structure that produce triple points 
on the section, and it may be independently applied to 
estimate the total length of each identifiable class of lineal 
feature in the structure. 

The feature count. NA • of the number of particles in 
the unit area of a microsection provides an unbiased esti­
mate of a geometric property of the boundaries of the 
particles in a three-dimensional structure that is called 
the integral mean curvature per unit volume. Mv. The 
relationship is as follows: 

1 
<NA > = -Mv 

21T 
(7-4) 

For the definition and geometric meaning of the integral 
mean curvature, consult References 8 and 9. This quantity 
is particularly useful in the description of plate structures, 
where it provides information about the average dimen­
sion of particles in the plane of the plate.9 

Among the most used stereological parameters are mea­
sures of the scale of the grains or particles in the structure 
and of their separation. The most common measure of 
size or scale is the mean lineal intercept. ~ which is 
illustrated in Fig. 7-2. This property of a particle or grain 
is the average surface-to-surface distance through the fea­
ture. Imagine drawing all possible lines that intersect the 
feature in three dimensions. Measure the length of each 
and compute the average value; this value represents the 

Fig. 7-2. Geometrical meaning of the mean lineal intercept of a feature. 



mean lineal intercept of the particle. For a collection of 
particles or grains, imagine measuring the lengths of all 
intersections of lines with all of the features to obtain 
the mean lineal intercept, as follows: 

- 4Vv 
A=­

Sv 
(7-5) 

Since the numerator in Eq. 7-5 is the volume fraction 
of the phase of interest, application of this formula to 
the matrix phase in a two-phase structure will give the 
mean free path between particles, which is simply the 
mean lineal intercept of the matrix. If Vv is the volume 
fraction of particles in the structure, then (1 - Vv ) is 
the volume fraction of the matrix, and its mean intercept 
is as follows: 

- 4(1- Vv ) 
A(MFP) = --'-----'­

Sv 
(7-6) 

The surface area that must be employed in Eq. 7-5 is 
the total surface area of the particles of the phase of 
interest. In a single-phase polycrystal, each element of 
grain face is shared by two particles (grains) so that the 
total surface area is twice the value determined by apply­
ing Eq. 7-2. Since Vv = 1.0 for this case, the mean lineal 
intercept of a collection of grains is simply 

- 4(1) 2 
A(GRAINS) = -- = -

2Sv Sv 
(7-7) 

Measures of the size of features in the structure are 
often defined in terms of the mean lineal intercept. For 
example, a grain diameter, D, may be given by 

4- 8 
D =-A=-

3 3Sv 
(7-8) 

This equation is borrowed from the computed result that 
the diameter of a sphere is 4/3 of its mean intercept. 
In order to apply the equation to a real structure, however, 
it is necessary to assume, not only that all of the particles 
or grains are spheres, but that they are all the same size. 
Thus, while the mean intercept rigorously supplies infor­
mation about the scale of the structure, as it is defined 
in Fig. 7-2, it has different geometric meaning for different 
particle shapes. For example, for a collection of plates, 
the mean intercept is related to their thickness and pro­
vides no information about their dimension in the plane 
of the plates.9 

Feature-specific measurements provide the basis for es­
timating particle-size distributions of features in the three­
dimensional structure. For a clear presentation of these 
procedures, consult Chap. 6 of Reference 1. The pro­
cedures for converting section measurements to estimates 
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of the number of particles in each three-dimensional-size 
class require that the particles all be assumed to have 
the same (quantitative) particle shape. Since no two parti­
cles or grains are alike in real microstructures, there is 
no general procedure for assessing the validity of the shape 
approximations that are a necessary part of size-distribu­
tion estimating procedures. 

Furthermore, it has been demonstrated that these pro­
cedures are statistically unstable, with small errors some­
times having important effects on the results. 10 For exam­
ple, it is frequently found that estimates of the number 
of particles in small-size classes are negative, which clearly 
has no geometric significance. Since feature-specific mea­
surements by their nature require more effort, they should 
be used only after the need for them has been justified 
and with full knowledge of their limitations. 

INSTRUMENTATION FOR IMAGE ANALYSIS 

During the past two decades, instrumentation designed 
to help accumulate measurements like those just de­
scribed have evolved to a high level of sophistication. 
Semiautomatic instruments make use of a human operator 
to detect and discriminate the objects to be analyzed and 
to input the features of interest into a microcomputer, 
which then provides the geometric analysis and displays 
the numerical results. Fully automatic instruments view 
the image with a television scanner, digitize the image 
into a large number of picture points, or pixels, each 
with an associated grey shade, and transfers the digitized 
image into computer memory, where it can be processed 
by appropriate software to extract the geometrical infor­
mation and display the results. 

Semiautomatic instruments use the human operator as 
detector and discriminator of the image. Their primary 
advantage derives from this fact. Since certain microstruc­
tures cannot be properly discriminated by gray-level dif­
ferences alone, an operator is required to perform the 
detection and discrimination. In such instances, semiauto­
matic instruments are more suitable than fully automatic 
ones. The features are input into a microcomputer by 
tracing them on a magnetic board or digitizing pad, either 
from a photomicrograph laid on the pad or from a TV 
image directly from a microscope. Software uses the input 
boundary-position coordinates to compute area, perime­
ter, selected dimensions, and other feature-specific geomet­
ric properties. The results can be reported as a features 
list in distribution histograms or can be summed to pro­
duce global or total properties for the structure. 

Fully automatic instruments replace the human opera­
tor with automatic detection and discrimination of the 
features of interest. Early versions of these machines based 
their detection schemes entirely upon grey-shade discrimi­
nation, with the boundaries of the features located by 
setting a grey-level threshold. More recent instruments 
begin with grey-shade detection but may employ addi-
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tional criteria-geometrically based criteria, for example. 
Since the digitized image information is stored in com­
puter memory, virtually any detection scheme that may 
be formalized into an unambiguous algorithm may be 
applied. In addition, current instruments permit sophisti­
cated image processing before detection, as well as editing 
of the detected image by the operator. Once the image 
has been satisfactorily detected, the geometric properties 
of individual features may be evaluated, as with semiauto­
matic equipment. The larger computers employed in fully 
automatic image analysers permit the evaluation of more 
sophisticated geometric properties of the features in­
volved, including "erosions," "dilatations," "openings," 
"closings," and other operations derived from set algebra. 
For a more complete presentation of this class of opera­
tions, see Reference 4. 

Image-analysis instrumentation brings speed and effi­
ciency to quantitative metallography, while relieving most 
of the tedium associated with application of this tool. 
The availability of such instruments permits undertaking 
some characterization tasks that would otherwise be be­
yond human endurance. Routine quality control that con­
templates analysis of a large number of similar samples 
on a daily basis would not be feasible, for example, with­
out automatic instrumentation. 

It is important that the decision to acquire and use 
image-analysis equipment be undertaken knowledgeably. 
Such equipment is expensive. Despite its great power in 
processing and editing an image, it is no match for a 
moderately experienced metallographer in discriminating 
what is to be measured. It must be remembered that 
detection is always a compromise. Some features that are 
easy for a human operator to detect, such as triple lines 
of various types, are almost impossible for automatic 
equipment. Grain structures are particularly difficult. If 
samples are etched to reveal grain boundaries as black 
lines, then incomplete lines will mislead the computer. 
(The most sophisticated equipment makes use of skeleton­
ization software that handles this problem fairly well.) 
If the grains are etched to be seen by differential con­
trast-as is common with brass, for example, or alumi­
num under polarized light--detection is beyond the scope 
of image analyzers. 

Image analyzers can provide reams of information that 
has no stereological meaning in the sense that it has no 
unambiguous relation to the three-dimensional geometry 
of the real microstructure that is being characterized. 
This information is presented in detail, with distributions, 
histograms, or even lists of properties for individual fea­
tures. It is easy to obtain, requiring no more effort than 
knowing the global properties that are the equivalent of 
the stereo1.Jgical counting measurements. For these rea­
sons it may get in the way of clear thinking about the 
real microstructural geometry. 

In order to prepare samples that can be properly de­
tected by an image analyser, it may be necessary to de-

velop novel preparation routines. To make matters worse, 
there is sometimes a tendency to tailor the problem under 
study so that the image analyzer can conveniently see 
what it ought to see. It is thus important to maintain a 
proper perspective about the role of image-analysis instru­
mentation in microstructural characterization. 

PLANNING AN EXPERIMENT 

The basic steps in planning a stereological experiment 
are the following: 

1. Obtain the samples or sequence of samples to be 
examined. 

2. Carry out the requisite metallographic preparation. 
3. Determine what you want to know and why you 

want to know it. 
4. Select the stereo logical quantities to be measured. 
5. Choose a realistic precision target. 
6. Choose a magnification for the measurements. 
7. Select a grid size if the measurement is manual. 
8. Make the stereo logical measurements on a prede­

termined number of fields. 
9. Compute the mean and standard deviation of the 

measurement series. 
10. Compare the confidence interval with the precision 

target; continue if necessary or modify the target. 
11. Interpret the results. 

Each of these steps will be examined in this section. 
Since the sequence of samples to be examined is specific 

to each problem undertaken, generalizations are accord­
ingly not appropriate. It is important to note, however, 
that if the samples are intended to reflect the evolution 
of a microstructure during a process, it is essential that 
they lie along a continuous path. This requires that each 
sample be related to the previous one in the series, first 
by duplicating the conditions that produced the previous 
sample, then by adding new conditions. This is true, for 
example, for a series of samples prepared by isothermally 
annealing for a sequence of times. It is not true for a 
series of samples prepared isochronally-i.e., by heating 
for a fixed time, say one hour-at a series of increasing 
temperatures because such samples do not lie along a 
path and therefore do not experience the same history. 

The specifics of metallographic preparation are beyond 
the scope of this chapter, since each material and each 
process examined will require the metallographer to draw 
upon personal experience for that unique combination. 
It is essential, of course, that metallographic preparation 
be of the highest quality for quantitative measurements, 
with the best definition and contrast that can be obtained. 
When possible, it is desirable to calibrate the preparation 
by measuring a property stereo logically and comparing 
the result with an independently computed value. For 
example, in applying stereo logy to impregnated porous 



samples, it is possible to measure the density by water 
immersion methods and compare the volume fraction of 
porosity obtained from this measurement with that esti­
mated from the point count. 

Determining what you want to know about a structure, 
and why you want to know it, are crucial to the design 
of an experiment. This determination lies within the con­
text of the overall research program at hand, and generali­
ties do not apply. Nonetheless, it is important to think 
before you start, since stereological measurements are ob­
viously effort-intensive. A frequent error made in this 
aspect of the design process arises from the assumption 
that size distribution information is essential to every ap­
plication. The distribution is therefore measured, and the 
mean is calculated and used in all comparisons. Usually, 
however, a very simple and appropriate estimate of the 
mean may be obtained without determining the size distri­
bution. 

It is useful to make an exhaustive list of the features 
of the structure (cells, interfaces, triple lines, quadruple 
points) as well as of the geometric properties that each 
may exhibit. This list can then be narrowed by eliminating 
features or properties not appropriate to the problem at 
hand, thus identifying the things to be measured. The 
measures of extent previously discussed will usually pro­
vide a useful level of characterization. 

As is true of any statistical variable, the precision of 
a stereo logical measurement is expressed in terms of the 
"95-percent confidence interval" around the mean value. 
This confidence interval may be estimated from the values 
of the mean and standard deviation computed for the 
set of measurements of the property. The standard error, 
S.E., of the mean is 

S.E. = sx/vn (7-9) 

where Sx is the standard deviation of the sample readings 
and n is the number of readings in the sample. The confi­
dence interval, C.I., is a range about the sample mean 
given by 

95% c.1. = x ± 2 S.E. (7-10) 

A typical precision target for a stereological characteriza­
tion is ±5 percent of the value of the quantity estimated. 
As a rough rule of thumb for manual measurements, if 
fields are examined until a total of 400 to 500 counts 
have been obtained, the precision will be about 5 percent. 
Thus, if a given field yields an average of about 20 counts, 
a total of 25 fields will yield 500 counts and a precision 
of about 5 percent. Bear in mind that such an estimate 
is only a rough rule of thumb. The value obtained in a 
given situation depends upon both the quantity being mea­
sured and the nature of the sample. It may be necessary 
to modify the precision target in the light of accumulating 
data. 
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The magnification is selected as a compromise between 
two limiting conditions. It must be high enough so that 
the features to be characterized are easily resolved. If 
the magnification is too low, then the number of unde­
cided counts will be abnormally high. On the other hand, 
if the magnification is too high, each field may show only 
a few features. This scarcity will affect the efficiency of 
the measurements, since it is necessary to scan a large 
number of fields to obtain the precision target. As a rough 
rule of thumb, the magnification should be such that the 
size of a typical feature in the structure is equal to about 
half the spacing in the superimposed grid. In any practical 
application, implementation of these recommendations 
depends upon the scale of the structure, the sparseness 
of feature distribution, and the availability of the equip­
ment needed to achieve the required magnification. Com­
promises are inevitable. 

The grid reticle should be designed to cover most of 
the field of view. The number of lines in it should depend 
upon the density of the features to be sampled. For many 
purposes, a 5 X 5 grid is adequate. If the features are 
sparsely distributed, an 8 X 8 or 10 X 10 grid may be 
appropriate. Common sense is the primary criterion in 
this decision. For example, if the feature of interest is 
present at a volume fraction of 0.01 (1 percent), then 
one point out of 100 will exhibit an element of the feature. 
Since a 5 X 5 grid would reveal only one count in every 
four fields, a finer grid would be called for in this case. 
If the grid chosen is too fine, however, the result will 
just be confusing. 

A combination of grid size and magnification should 
be chosen so that between 5 and 20 counts can be made 
in each field viewed (if this is possible for the features 
under examination). If fewer than 5 counts are made 
per field, then more than 100 fields will have to be scanned 
to produce reasonable precision. If more than 15 are 
made, counting errors will intrude no matter how careful 
the observer may be. 

The fields selected for stereological examination must 
constitute an isotropic-uniform-random sample of the mi­
crostructure. Recall that the validity of stereological rela­
tionships rests on the assumption that the entire popula­
tion of test probes (points, lines, or sectioning planes) is 
included in the computation. In practice, the set of probes 
examined is a small sample of the total population of 
probes in that category. Members of the set of points 
in space are described by their position; members of the 
set of lines and/or planes are described by both position 
and orientation. Fields to be viewed should be selected 
randomly from a uniform distribution of positions and 
an isotropic distribution of orientations. 

If the structure itself is uniform, isotropic, and random, 
then any set of sample fields will be appropriately repre­
sentative. If the structure exhibits gradients in the proper­
ties of the features (i.e., if they vary with position), then 
the gradients must be appropriately represented in the 
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collection of sample fields. For example, if the volume 
fraction of a phase varies radially in a circular bar, this 
positional variation will be properly represented in a sec­
tion transverse to the axis of the bar; longitudinal sections 
taken at different radii will each give different estimates 
of the volume fraction. If some of the feature properties 
of the structure exhibit anisotropies (i.e., if their values 
vary in accordance with their orientation in the structure), 
then sample fields must be chosen that are uniformly 
distributed over orientation. Since the sectioning opera­
tion is destructive, rigorous inclusion of anisotropies in 
the analysis may not be practical. 

In some applications, it may be useful to view these 
sampling problems as an opprotunity rather than an ob­
stacle. It is possible to characterize the gradient or the 
anisotropy in nonuniform structures. The gradient may 
be characterized by making a series of measurements as 
a function of position, e.g., by taking many fields at each 
position along the radius in the case just cited. Anisotropy 
(of surface area or line length) may be characterized by 
taking measurements in three mutually perpendicular di­
rections. For detailed discussions of the characterization 
of anisotropy, consult References 1 and 2. 

Stereological measurements may be made at first on 
25 fields of view. At this point, compute the mean and 
standard deviation of the sample of 25 readings; calculate 
the confidence interval using Eq. 7-10. Compare the result 
with the precision target selected originally. Use the same 
formula to estimate the number of fields that will be neces­
sary to attain the precision target. Use common sense 
either to revise the precision target, if the number of fields 
required is inordinately large, or to accept it as is and 
continue to examine new fields until it is approximately 
attained. 

EXAMPLES 

This section contains a variety of examples that demon­
strate the strategies and methods of stereology. The data 
for these computations are presented in Table 7-1. In 
each case, the counts obtained on individual fields are 
listed, and the mean value, standard deviation, and stan­
dard error of the mean of each data set are computed. 

Example 1: Volume Fraction 

A sodium-modified aluminum-silicon alloy consists of 
irregularly shaped silicon-rich particles dispersed in an 
aluminum-rich matrix. Qualitative examination of the 
structure shows that the particles are fine and somewhat 
sparsely distributed. Accordingly, a high magnification 
is chosen: 1000 X. A 5 X 5 eyepiece grid is available. 
Calibration with a stage micrometer yields 70 microns 
(7.0 X 10-5 m) for the length of each side of the grid 
at this magnification. Estimation of the volume fraction 
of silicon particles is an application of Eq. 7-1. A count 

Table 7-1. Raw Counting Data for Examples of 
Applications of Stereology. 

FIELD EXAMPLE NUMBER 

NUMBER 2 3 4 5 

I 8 15 3 9 
2 I 7 12 5 II 
3 3 7 8 6 8.5 
4 0 9 18 4 12 
5 2 6 20 2 10 

6 5 16 13 
7 2 8 10 2 12 
8 8 II 4 10 
9 7 17 7 9.5 

10 0 10 17 0 10 

II 3 12 12 3 II 
12 4 9 20 4 II 
13 0 4 19 4 13 
14 0 5 13 3 10 
15 7 14 5 12 

16 7 16 6 10 
17 2 8 17 2 11 
18 9 17 2 11.5 
19 I 8 14 9 
20 3 8 19 5 12 

21 0 7 II 4 10 
22 I 6 23 3 10 
23 0 10 12 4 12 
24 9 16 2 13 
25 2 7 15 3 9 

x 1.28 7.64 15.28 3.40 10.78 
1.10 1.75 3.60 1.70 1.35 

is made of the number of grid points within the silicon 
particles in each of 25 fields (see Column I of Table 
7-1). 

The 95-percent confidence interval for these results is 
1.28 ± 0.44 points per placement of the grid. The corre­
sponding confidence interval for the point fraction, Pp , 

is obtained by dividing this by the number of points in 
each grid sample, or 25 in the case of a 5 X 5 grid. 
Thus, 

Pp = 0.051 ± 0.018 

Since, by Eq. 7-1, the point fraction provides an unbiased 
estimate for the volume fraction, 

Vv = 0.051 ± 0.018 

for this sample. 
Note that the precIsIOn of this estimate is not very 

satisfactory: 0.018/0.051 = 0.345, or 34.5 percent. This 
is not unexpected for this case, since only 32 hits (1.28 X 

25) were made in 25 fields. In order to achieve a preci­
sion of ± 10 percent, it is necessary that ±2 S.E. = 0.10 
x of the mean). Thus, 
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Insert the value of Sx and solve for n, the number of 
fields required to achieve a precision of 10 percent. In 
the present example, n = 298 fields, which is too large 
a number for most practical applications. Thus, it is neces­
sary to accept a lower level of precision of the estimate 
for the analysis of this structure. (Analysis of about 75 
fields with a 10 X 10 grid will yield similar precision, 
but the grid spacing in this case might be too narrow 
for realistic counting.) In order to obtain high precision 
for this measurement, it may be necessary to use an auto­
matic image analyser. 

Example 2: Surface Area 

In order to estimate the area of interface separating the 
silicon particles from the aluminum matrix, it is necessary 
to apply Eq. 7-2. The same grid and magnification are 
chosen for this exercise as were used in the volume frac­
tion estimate. For each placement of the grid, a count 
is made of the number of intersections formed by the 
set of five horizontal lines in the grid and traces of the 
aluminum-silicon interface. This count is repeated on each 
of 25 fields, with the results displayed in Column 2 of 
Table 7-1. 

The 95-percent confidence interval for the resulting 
count is 7.64 ± 0.70 intersections per field. Since the 
calibration showed that the length of one line is 7 X 
10-5 m, the total length scanned in examining five lines 
in the field is 35 X 10-5 m. The corresponding confidence 
interval for the line intercept count is obtained by dividing 
the count by the total length scanned, or 

PL = (2.18 ± 0.20) X 104 m- I 

Application of Eq. 7-2 yields the confidence interval on 
the following estimate of the surface area: 

Sv = (4.36 ± 0.40) X 104 m2/m3 

Note that the precision of this estimate is (0.40 X 104)/ 

(4.4 X 104) = 0.09, or about 9 percent. The fact that 
this is much better than that obtained for the estimate 
of the volume fraction follows from the observation that 
a total of 191 events (intersections) were counted on 25 
fields, whereas only 32 events were observed in the point 
count. 

Combination of these two results provides an estimate 
of the scale of the system of silicon particles expressed 
in terms of the mean lineal intercept of the particles. 
Applying Eq. 7-5 yields the following: 

PROBLEM SOLVING USING QUANTITATIVE STEREO LOGY 97 

- 4(0.051) 
A = = 4.7 X 10-6 m = 4.7 microns 

4.36 X 104 

Thus, the silicon particles in this alloy occupy about 5 
percent of the volume and are sized at about 4.7 microns, 
with an interfacial area of about 4.4 X 104 m2/m3 • 

Example 3: Mean Grain Intercept 

A sample of poly crystalline iron is given a preliminary 
examination with a 5 X 5 grid at 250X. A line-intercept 
count is made, using the five horizontal lines in the grid. 
A total of 35 intersections is counted in the field at 250x. 
This number is too high for practical counting, and experi­
ence has shown that systematic errors will result if the 
number of counts in a field is too high. Accordingly, a 
new magnification of 500X is chosen for this study of 
grain size. In a preliminary experiment, 25 fields are exam­
ined, with the resulting line-intercept counts that are re­
corded in Column 3 of Table 1. 

The 95-percent confidence interval for this set of read­
ings is 15.3 ± 1.4 counts per field. Calibration shows 
that each side of the grid at 500X is 1.4 X 10-4 m long; 
the total length scanned in each placement of the grid 
is thus 5 X 1.4 X 10-4 , or 7.0 X 10-4 m. The confidence 
interval on the line-intercept count is thus 

PL = (2.19 ± 0.20) X 104 counts/m 

The total surface area of grain boundary in unit volume 
may be computed from PL by applying Eq. 7-2 as follows: 

Sv = (4.38 ± 0.40) X 104 m2/m3 

For this example, a total of 382 intersections were 
counted, yielding a precision of (0.40/4.38), or 0.091, 
i.e., about 9 percent. Since the width of the confidence 
interval varies inversely with the square of the number 
of readings, it would be necessary to examine a total of 
four times as many fields (i.e., 100 fields) to achieve a 
level of precision under 5 percent. 

The mean grain intercept is the average surface-to-sur­
face distance through the grains of a structure. Applica­
tion of Eq. 7-7 yields 

X (grains) = 2/Sv = 4.6 X 10-5 m, or 46 microns 

for the mean grain intercept of this particular structure. 
An estimate of its average grain diameter using Eq. 7-8 
gives 61 microns. Keep in mind that the mean grain inter­
cept has unambiguous geometric meaning for the real 
three-dimensional grain structure. This computation of 
grain "diameter" assumes that all grains are spheres of 
the same size, an assumption that is clearly untrue, and 
potentially misleading, for real structures. 



98 APPLIED METALLOGRAPHY 

Example 4: Triple Line Length 

A sample of sintered nickel powder has a pore volume 
fraction of 0.06 (6 percent). Some of the pores are dis­
tributed along grain boundaries in the nickel matrix. The 
intersection between a pore and two grains is a triple 
line that may be designated "ssp" (solid; solid; pore) for 
the three kinds of cells that meet to form the line. If 
the mechanism of densification involves grain-boundary 
diffusion, the source of vacancies lies along this triple 
line. Thus, it may be interesting to estimate the length 
of this lineal feature. 

Preliminary examination of the sample demonstrated 
that a magnification of 1000X yielded a reasonable num­
ber of counts per field and provided sufficient resolution 
to observe the ssp triple points in the etched microstruc­
ture. The resulting counts are summarized in Column 4 
of Table l. 

The confidence interval resulting from these triple-point 
counts is 3.40 ± 0.68. Calibration of the grid shows that 
its dimensions on a side are 7 X 10-5 m at this magnifica­
tion (see Example 1); the area enclosed is the square of 
this value, or 4.9 X 10-9 m2 . The normalized triple-point 
count for ssp triple points is computed by dividing the 
number of counts by the area scanned, as follows: 

PA (ssp) = (6.94 ± 1.39) X 108 counts/m2 

Application of Eq. 7-3 yields an estimate of the length 
of the ssp triple line in unit volume of structure, as follows: 

Lv (ssp) = (1.39 ± 0.28) X 109 m/m3 

It is interesting to contemplate the implication that this 
value represents about one million kilometers of ssp triple 
lines in a cubic meter. 

Example 5: Integral Mean Curvature 

An aged aluminum-copper alloy exhibits a dispersion 
of platelets of copper-rich phase in an aluminum-rich 
matrix. The integral mean curvature has been shown to 
be a useful parameter in the characterization of platelet 
structures. It is related to a count ofthe number of particle 
sections observed on the plane of polish. After a magnifi­
cation of 750X has been chosen, a count is made of the 
number of platelets that lie within the area delineated 
by the boundary of the grid. Particles that cross the 
boundary of the field are counted at half value (0.5). The 
resulting counts are summarized in Column 5 of Table 
7-l. 

The confidence interval resulting from the feature count 
is found to be 10.78 ± 0.54, yielding a precision of (0.54/ 
10.78), or 0.049, i.e., about 5 percent. A total of 269.5 
features were counted in 25 fields. Calibration of the grid 
dimensions at 750X gave a boundary length of 9.3 X 

10-5 m and hence an area equal to (9.3 X 10-5 m)2, or 
8.7 X 10-9 m2. 

Normalization of the number of counts obtained gives 
a feature count of 

NA = (l.25 ± 0.06) X 109 counts/m2 

Application of Eq. 7-4 yields the following integral 
mean curvature for the platelets in this structure: 

Mv = (7.83 ± 0.39) X 109 m/m3 

Additional stereo logical measurements on this system 
gave a volume fraction of plates of 0.013, a surface area 
of 3.8 X 104 m2/m3, and, by applying Eq. 7-5, a mean 
lineal intercept, A, of (4 X 0.013)/(3.8 X 104), or 1.4 X 
10-6 m (1.4 microns). Reference 9 demonstrates that the 
mean intercept is equal to twice the average plate thick­
ness, T; hence, T = 0.7 microns. The same reference shows 
that the mean lineal intercept in the plane of the plate 
is related to the integral mean curvature, as follows: 

- (7T2)( Sv ) A (plate) = 4 Mv 

(7T2)(3 8 X 104) 
= 4 7:8 X 109 = l.2 X 10-5 m = 12 microns 

Thus, the typical plate in this structure is about 0.7 mi­
crons thick and has a longitudinal dimension of about 
12 microns. 

SUMMARY 

Stereology provides a powerful tool for the characteriza­
tion of the geometry of real three-dimensional microstruc­
tures. The counts at the heart of experimental stereology 
are easy to make, and image analysing equipment is avail­
able for applications requiring large quantities of data 
or more exotic information. Relations of the counting 
measurements made on a section and the geometry of 
the microstructure in three dimensions are simple and 
free from limiting assumptions. The design of a stereologi­
cal experiment is largely an exercise in common sense, 
salted with a mininal knowledge of statistics. 

The information based upon counting measurements 
that is presented in this chapter does not exhaust the 
applicability of the tool. Additional rigorous information 
may be obtained about unusual properties (for example, 
torsion of space curves or topological measures that re­
quire serial sectioning). A large literature exists on ap­
proximate methods. Since these usually involve invalid 
geometric approximations, use the straightforward global 
information that is supplied by the methods reviewed 
here instead. They provide realistic numbers that encour­
age one to think realistically about three-dimensional mi­
crostructures. 
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QUANTITATIVE FRACTOGRAPHY 

Ervin E. Underwood 

School of Materials Engineering 
Georgia Institute of Technology 

The goal of quantitative fractography is to express the 
features and important characteristics of a fracture surface 
in terms of true surface areas, lengths, sizes, numbers, 
shapes, orientations, and locations, as well as distributions 
of these quantities. Modern quantitative image analysis 
systems play an important part in furthering these objec­
tives, not only to speed up the measurement process but 
also to perform operations that would not be feasible 
otherwise. 

With an enhanced capability for quantifying the various 
features in the fracture surface, we can better perform 
failure analyses, determine the relationship of the fracture 
mode to the microstructure, develop new materials, and 
evaluate their response to mechanical, chemical, and ther­
mal environments. 

BACKGROUND 

Over the past few years, there has been an increased in­
terest in using more quantitative geometrical methods 
to characterize the non planar surfaces encountered in 
fractures. 1 A concerted effort has produced gratifying ad­
vances in our capabilities to quantify the fracture surface 
and its features. 2-IO Although experimental methods are 
still being explored and general theoretical treatments 
are still lacking, there have been enough results by now 
to justify a review and summary of progress. 

The earliest attempts toward a quantitative fractog­
raphy were concerned with individual features. Simple 
measurements of height or depth or separation could be 
performed, either by shadowing, stereoscopy, or inter­
ferometry,II.12 Clearly, these methods were applicable 
only to the simplest of geometric configurations, such as 
a hillock raised above a flat background. 

Optical examination of fracture surfaces contributed 
significantly to our qualitative knowledge of fracture ge­
ometry,I3 but low magnifications and an unsatisfactory 
depth of field limited the potentialities of this type of 
technique. With the advent of fracture replicas and the 
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TEM, however, great strides were made toward the reso­
lution of fine detail and higher magnifications,I4.I5 Quanti­
fication techniques were still limited to the more primitive 
measurements, particularly to the projected image (or 
photograph) of the replica. I6 

The general availability of the SEM opened up new 
avenues toward the understanding of fracture structures 
in three dimensions. Researchers were increasingly en­
couraged to make quantitative measurements on SEM 
photomicrographs. Although direct measurements on 
these projected images do not yield correct spatial infor­
mation, a very large step forward was being taken toward 
quantification. 

The basic problem is a very general one. Briefly put, 
we must know the area of a fracture surface in order 
to put numbers on the components that comprise the 
non planar surface. Once the area is known, we can pro­
ceed hopefully by a fairly simple and direct procedure, 
to determine the other quantities of interest in the fracture 
surface. 

The more prominent current techniques for studying 
the fracture surface can be classified in accordance with 
the following: 

1. Stereoscopic methods 
2. Projected images 
3. Profile generation 

Each method has its strong points and weaknesses. Of 
course, as metallurgists, we need a procedure that will 
handle the complex and irregular fracture surfaces found 
in metals and alloys. This overriding requirement immedi­
ately narrows down the selection of a suitable experimen­
tal technique. 

We would also like to utilize the basic equations of 
stereology to the utmost.I7 These statistically exact, as­
sumption-free relationships apply equally as well to the 
flat figures in the plane of polish as they do to the spatial 
objects in three-dimensional sample space. If we make 
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a planar cut through the fracture surface, a profile is 
obtained. We can measure its length, the angular distribu­
tion of its segments, its orientation characteristics, etc., 
as if it were a line in a plane. On the other hand, we 
may also wish to determine the area of the fracture sur­
face. Unfortunately, the facets of a fracture surface are 
usually preferentially, rather than randomly, oriented. 
This fact presents a difficult sampling problem if the ste­
reological relationships based on random sampling and 
measurements are to be used. For example, to determine 
the spatial angular distribution of facets, a prohibitive 
number of sampling planes at many angles and locations 
are theoretically required. Of course, alternatives to the 
random-orientation equations are available, such as those 
that express the surface area in terms of roughness param­
eters, the degree of orientation, etc. Moreover, an investi­
gation of sampling requirements on a computer-simulated 
fracture surface indicates that relatively simple serial sec­
tioning may be adequate for determining the fracture sur­
face area.8 

Because of the interest in sectioning procedures, meth­
ods for characterizing their resulting profiles have prolif­
erated. Several related profile parameters have emerged 
that show considerable promise.9.10.18 These include the 
roughness parameters, Rs, RL , and R p , which are based 
on areal, lineal, and point measurements, respectively, 
and the fractal dimension, Y. A number of models have 
been proposed in order to relate the profile parameter 
to the fracture surface area. 2•3.4.8 

Another path is being pursued to exploit the profile 
characteristics. Mathematical relationships are available 
that transform the angular distribution of linear elements 
in a profile to the angular distribution of facets in three­
dimensional sample space.19.20.21 This type of method will 
be discussed later in terms of the Scriven and Williams 
analysis. 19 

At the same time, some proposed relationships between 
the profile parameter and the fracture surface area are 
obviously incorrect. Moreover, other relationships based 
on randomly oriented surface elements should be used 
with care unless the assumption of randomness can be 
justified. Such relationships represent only a trivial solu­
tion to an unrealistic condition. 

To summarize the situation, considerable work must 
still be done before we can efficiently estimate facet and 
dimple areas, striation spacings, interparticle distances, 
crack path length, and other attributes of features in the 
fracture surface. 

EXPERIMENTAL TECHNIQUES 

As indicated above, we can classify the methods that 
are currently most frequently used under the three catego­
ries: stereoscopic methods, projected images, and profile 
generation. These techniques will be discussed briefly in 
terms of their advantages and disadvantages, accompa-

nied by a tabulation of the quantitative relationships avail­
able for each. 

Stereoscopic Methods 

Under this category, we will consider conventional stereo­
scopic imaging and measurements, photogrammetric 
methods, and deep etching on the surface. 

Stereoscopic Imaging. Stereoscopic pictures can be 
taken by SEM and TEM quite readily. 22 In any SEM 
picture, there are two main kinds of distortion: (1) per­
spective error caused by tilt of the surface, and (2) magni­
fication errors arising from surface irregularities. The first 
type of error may be minimized by keeping the beam 
close to perpendicular to the fracture surface. The second 
can be understood by referring to Fig. 8-1, which is the 
rectilinear optical equivalent of the SEM image. 23 

Magnification is defined as the ratio of the image dis­
tance to the object distance. In the case of an irregular 
surface, the object distance is not constant. Consequently, 
high points on the surface have higher magnification than 
low points. For example, at point p in Fig. 8-1, the magni­
fication is proportional to ss' Ism, whereas at point q it 
is proportional to ss' I sn. 

Usually, the coordinates of the points in the fracture 
surface are measured by stereo-SEM pairs, i.e., two photo­
graphs of the same field taken at small tilt angles with 
respect to the normal. The geometry of this is shown 
in Fig. 8-2, where the two points A and B appear at 
A', B' and A ", B" in stereo pictures taken at tilt angles 
±a. The lengths A ' B' and A " B" can be measured either 
from the two pictures separately or from the stereo image 
directly.24 The difference, A' B' - A "B", is called the 
parallax, ax. 

Optical axis 

p' s' 

Image plane 

Electron 
beam 

q' 

Fig. 8-1. Geometry of image formation in the SEM. 
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Fig. 8-2. Determination of parallax ax from stereo imaging. 

According to Fig. 8-2, 

Llx =A 'B' - A "B" 
= (0 cos a + Llz sin a) - (0 cos a - Llz sin a) (8-1) 
= 2Llz sin a 

in the scale of the micrograph. Rearranging gives the 
following: 

Llz = Llx [ 1 ] 
2M sin a 

(8-2) 

where the height difference, Llz, between two points is 
determined directly from the measured parallax, Llx. Di­
viding Llx by the average magnification, M, then gives 
Llz in terms of the actual height difference. 15.24 

Since the tilt angle is fixed for one pair of photographs, 
Eq. 8-2 may be rewritten as 

Llz = KLlx (8-3) 

where K represents the constant terms. For a value of 
a of 10 degrees, the height value is approximately 2.88 
times that of the corresponding measurement along the 
x or y direction. 

Equation 8-2 is strictly correct for an orthogonal pro­
jection; that is, the point s in Fig. 8-1 is situated at infinity. 
This is a reasonable assumption at higher magnifications 
(> 1000X), but at lower magnifications induced errors 
appear.23 The x and y coordinate points can be measured 
directly with a superimposed grid or obtained automati­
cally with suitable equipment. 25 

Once we have obtained the (x,y,z) coordinates at se­
lected points on the fracture surface, elementary calcula-

tions can be made, such as the equation of a straight 
line or a planar surface, the length of a linear segment 
between two points in space, the angle between two lines 
or two surfaces (the dihedral angle), and so forth .26 Some 
of these basic equations are collected for the reader's con­
venience in Table 8-1. 

Photog ram metric Method. Another major proce­
dure based on stereoscopic imaging utilizes modified pho­
togrammetry equipment. Several reports from the Max­
Planck Institut in Stuttgart have described the operation 
in detail,5·25.27.28 Their instrument is a commercially avail­
able mirror stereometer with parallax measuring capabil­
ity (adjustable light-point type). It is linked to a Videoplan 
and provides semiautomatic measurement of as many as 
500 (x,y,z) coordinate points over the fracture surface. 
The output data generate height profiles or contours at 
selected locations, as well as the angular distribution of 
profile elements (see Fig. 8_3).27 The accuracy of the z 
coordinates is better than 5 percent of the maximum 
height difference of a profile, whereas the measurement 
time is about 3 seconds per point. 

Stereo-pair photographs with symmetrical tilts about 
the normal incident position are used to generate the 
stereoscopic model. The inbuilt "floating marker" (a point 
light source) of the stereometer is adjusted to lie at the 
chosen (x',y') position at the level of the fracture surface. 
Small changes in height are recognized when the marker 
appears to "float" out of contact with the fracture surface. 
The accuracy with which the operator can place the 
marker depends on his stereo acuity and amount of prac­
tice. When the floating marker is positioned on the sur­
face, a push button sends all three spatial coordinates 
to the computer. A FORTRAN program then calculates 
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Table 8-1. Geometrical Relationships for Lines and Planes in Space. 

• Distance ! between two points, P, (at x"y"z,) and P2 (at X",y",Z2): 

1 = V(X2 X,)2 + (Y2 y,)2 + (Z2 Z,)2 

• Direction angles of P'P2 between the line and the positive (x,y,z) axes, respectively: a, /3, and 'Y 

• Direction cosines of the two lines P'P2 and P'P3 with lengths 1, and 12: 

cos a, =(x2-x,)/1, 

cos /3, = (Y2 - y,)!l, 
cos 'Y, = (Z2 - z,)/L 

Note that cos2 a + cos2 /3 + cos2 'Y = 1. 

• Angle 8 between two intersecting lines in space: 

cos a2 = (X3 - X,)/!2 

cos /32 = (Y3 - y,)11 2 
cos 'Y2 = (Z3 - z,)/12 

cos 8 = cos a, cos a2 + cos /3, cos /32 + cos 'Y, cos 'Y2 

• In terms of coordinates rather than direction cosines, angle 8 between the line segments from point 
P, (x"y"z,) to points P2 (X",y",Z2) and P3 (X3,Y3,Z3): 

cos 8 = [(x 2 - X,)(X3 - x,) + (Y2 - y,)(Y3 - y,) + (Z2 - Z,)(Z3 - Z,)]l1,12 

• Angle 8 between the two planes, A,x + B,y + C,z + D, = 0 and A2x + B2y + C2z + O2 = 0, is the 
angle between two intersecting lines, each perpendicular to one of the planes: 

A,A2 + B,B2 + C,C2 
cos 8 = -:--;:;:::;::::;::;:::;::;;:::;::::;;;:::;;:;:;:::;;:::;~:::;;::;::;;;::::;;: 

± v(A,' + B,2 + C,2)(A22 + B22 + C22) 

where the quantities A, B, C, and 0 are constants whose values depend on the specific plane. 

the three-dimensional coordinates and produces the corre­
sponding profile or contour map on the plotter or screen. 

This procedure is nondestructive of the fracture surface 
and also allows detailed scrutiny of some areas and wider 
spacings in regions of less interest. It is still a point-by­
point method, however, that relies heavily on operator 
skill and training. No information is provided on any 
subsurface cracking or possible interactions between mi­
crostructure and fracture path. Overlaps and complex 

fracture surfaces are difficult to handle, if they can be 
handled at all. Moreover, smooth or structureless areas 
cannot be measured unless a marker is added. 28 This 
method appears best suited for relatively large facets and 
for samples that must be preserved. 

Deep Surface Etching. Another procedure that uses 
stereoscopic viewing or single SEM images is based on 
heavy surface etching, such as bromine etching of AI-

Fig. 8·3. Contour map and profiles obtained by photogrammetry.27 



Fig. 8-4. Deep surface etching of AI-Li alloy using bromine etch. 

Li alloys to reveal the surface particles (see Fig. 8_4).29 
Frequently it is possible to etch down about two to three 
layers of surface particles without removing them. In this 
case, an estimated value for Nv can be based on the gen­
eral stereological equation, 

(8-4) 

for convex particles cut by a flat plane of polishY Here 
Nv is the number of particles per unit volume; NA , the 
number of particle sections per unit area; and D, the 
mean tangent diameter. The latter can be determined 
readily from the SEM photographs, but the appropriate 
test volume is not immediately obvious. 

The applicable equation for the surface-deep etching 
case is derived readily. We start with the equality, N3 = 
N', which reflects the fact that the number of particles 
in three-dimensions is the same as the number of particle 
images observed on the SEM photograph. Dividing by 
the general equation for a test volume, VT = AT't, we 
get 

N3 (N') I 
VT = AT' t (8-5) 

or 

(8-6) 

The trick is to estimate the effective thickness of the test 
volume, t. Based on the number of particle layers ob­
served, and their disposition with respect to one another, 
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we can express t in terms of l5. For example, three layers 
of particles would correspond to a thickness t between 
215 and 3D, depending on their stacking. Thus, for this 
case, we could write 

Nv = NA '/2.515 (8-7) 

Other values of t for Eq. 8-6 would depend on the particu­
lar set of circumstances, including the number of layers, 
the particle size, and the type of stacking. 

Projected Images 

Although stereo-pairs are obtained readily with both SEM 
and TEM, single SEM images are also used extensively 
in fracto graphic studies. The vertical photographs permit 
some relative assessments to be made, and numerical 
(counting) results are quite common. The single SEM 
photographs are also used extensively for detailed qualita­
tive interpretations concerning the fracture mechanisms 
and features involved in the fracture process.14,15 

Other studies have attempted to extract more quantita­
tive information from these planar projected images. 16,37 
The analysis was largely two-dimensional since general 
stereological relationships bearing on the third dimension 
were not available. 

In the absence of better procedures, these early attempts 
were laudatory. With the development of the relationships 
of projection stereology,17,30 however, we now have addi­
tional tools at our disposal. Even so, these are not enough. 
Measurements restricted to SEM photomicrographs are 
limited in the amount of information they can provide 
about nonplanar surfaces. An additional degree of free­
dom, such as provided by stereometry or profile analysis, 
is necessary to generalize the three-dimensional spatial 
analysis. 

Single SEM Image. What then is possible if we are 
restricted solely to the flat SEM or TEM picture? Basi­
cally, in a two-dimensional surface, we can measure only 
areal, lineal, or numerical quantities. These include pro­
jected areas, lengths, sizes, spacings, numbers, and more 
sophisticated parameters that deal with distributions, 10-
cational analyses, shapes, and orienta tiona 1 tendencies. 
No information is possible about the features in three­
dimensional sample space except by making a priori as­
sumptions. 

Representative stereo logical relationships that apply 
solely to the projected images are listed in Table 8_2.17,30 
Part I pertains to individual projected features, and Part 
II applies to systems of projected features. Figure 8-5 
portrays schematically the quantities involved in measure­
ments on individual projected features. The equations 
in Part I of Table 8-2 that contain d', the mean tangent 
diameter, are valid only for convex figures, but there are 
alternative ways for obtaining the same quantity in some 
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Table 8-2. Stereological Relationships for Projected Images of 
Fracture Features in a Two-Dimensional Plane. * 

PART I. FOR INDIVIDUAL PROJECTED FEATURESt 

Length of linear feature 
Perimeter length of closed figure 
Mean intercept length of closed figure 
Area of closed figure 

Convex Figures 
Lp' Perimeter length of convex figure 
L; Mean intercept length of convex figure 
k;' Mean curvature of convex figure perimeter 
d' Mean tangent diameter 

L' = (7T/2) PL '(6) AT' 
Lp' = (7T/2) PL'(6) AT' 
£2 = TTA 'ILp' = 2 Pp '(6)IPL '(6) 
A' =L2Lp'I7T=Pp'(6)AT' 

£,,' = 7Td' 
L;= A 'Id' 
k;' = 2/d' = IIr' 
d' = 2 r' 

PART II. FOR SYSTEMS OF PROJECTED FEATURESt 

L' 
L;' 
L; 
Y 
AA', LL', 

Pp' 
LA' 
A' 

Mean length of discrete lineal features 
Mean perimeter length of closed figures 
Mean intercept length of closed figures 
Mean area of closed figures 

Areal, lineal, and point fractions 
Line length per unit area 
Mean free distance 

Convex Figures 
k;' Mean curvature of perimeters of convex figures 
d' Mean tangent diameter of convex figures 

L'= LA 'INA , 
L;' = LA 'INA' 
L;=LL'INL' 
Y=AA'INA' 

AA' = LL ' = Pp , 
LA' = (7T/2) PL ' 

A' = (1 - AA ')/NL' 

k;'=2 NA'/NL' 
d'=NL'/NA ' 

• Primes denote projected quantities or measurements made on projection planes. 
tAT' is the selected test area in the projection plane. 

PL '(0) is the number of intersections of a line per unit length of test line, averaged over angular placements 0 
of test line. 

::: PL ' is the number of intersections of a line per unit length of test line. 
NL ' is the number of interceptions of a feature per unit length of test line. 
NA • is the number of sections of a feature per unit area of test plane. 

cases. For example, r;,', the mean projected perimeter 
length, can be expressed in two ways, as follows: 

tion (concave and convex perimeter elements), although 
a test area AT ' such as that shown in Fig. 8-5a is required. 
This is an arbitrary choice, however, and AT ' has a known 
value. The PL '(8) quantity refers to the mean number 
of intersections of a linear grid with the perimeter at 
several angular placements, 8, per unit length of the linear 
grid. Details on these kinds of grid measurements can 
be found in Reference 17. Of course, if image analysis 
equipment with operator-interactive capability is availa­
ble, most of the quantities listed in Table 8-2 can be mea­
sured directly. Note that the quantities in Part II can 
all be obtained by simple counting measurements. 

r;,' = 7Td' (8-8) 

or 

(8-8a) 

Equation 8-8 is valid only for convex figures, whereas 
Eq. 8-8a is applicable for planar figures of any configura-

A~ 

(a) (b) 

Fig. 8-5. Quantitie. involved in measurements on individual projected 
features of (a) closed figure of any configuration, and (b) convex figure 
where: Lp' = perimeter length; L 2' = intercept length; A' = area of 
figure; AT' = test area, arbitrary size and shape; d' = tangent diameter; 
and r' = radius of curvature at a point. 

When many individual measurements are required on 
a system of features (such as for a size distribution), more 
labor is involved. If appropriate or available, semiauto­
matic image-analysis equipment may be used in such 
cases. For example, to determine an areal size distribution 
of facets in Fig. 8-6, the perimeters of each facet in the 
SEM photomicrograph would be traced with the elec­
tronic penciL With typical equipment, such as the Zeiss 
Videoplan, a printout would be produced with the data 
in the form of a histogram, along with other statistics. 

It should be emphasized that the equations given in 
Table 8-2 are merely descriptive of features in projected 
images, not the true spatial quantities. Nevertheless, in 
lieu of anything better, the two-dimensional results are 



Fig. 8-6. SEM projection of facets in the fracture surface of an Al-
4-percent eu alloy. 

valid for that particular fracture surface and may even 
be compared with fracture surfaces of comparable rough­
ness. 

Assumption of Randomness. It would be better if 
the true magnitudes of areas, lengths, sizes, distances, 
etc., were always obtainable. If this is not possible, how­
ever, one can make order of magnitude calculations by 
assuming that the fracture surface is composed of ran­
domly oriented elements. With this assumption, another 
set of stereological equations become available for the 
case when only one (or a limited number) of projection 
planes are availableY Figure 8-7 defines some terms and 
relationships involved in projections from a fracture sur­
face. 

Basic equations that can be used in this case are listed 
in Table 8-3. Note that the quantities on the left-hand 
side of the equations pertain to the fracture surface. Thus, 
instead of LA, for example, we need Ls, which represents 
the length of the line per unit area of the (curved) fracture 
surface. Figure 8-8 points out graphically the differences 
between Land Lc and the relationship between Sand 
A' for the fracture surface. Note also that L is a true 
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Test Volume 

h 

1 
Fig. 8-7. Arbitrary test volume enclosing a fracture surface showing 
relationship to the projection plane and plane of polish and to the 
vertical section, where s, = true fracture surface area; A' = projected 
area of fracture surface; L, = true length of profile in vertical section; 
L' = projected length of profile; VT = test volume, equal to A 'h; and 
AT = test area in vertical section, equal to L' h. 

line length and that L3 is the important mean intercept 
length through bounded regions in the fracture surface. 
Other, more specialized equations can be derived as re­
quired from the basic relationships in Table 8-3. 

Assumption of No Correlation. Instead of assuming 
complete randomness of features in the fracture surface, 
we can assume that there is no correlation between the 
fracture surface configuration and the underlying micro­
structure. This, however, is usually a rather poor assump­
tion. For example, we know that the fracture path fre­
quently passes preferentially through particles, rather 
than along a random path through the material. However, 
if we can assume no correlation exists, the measurements 
of AA', LL', and Pp ' on the SEM fractograph should 
yield the same result as from the conventional metallo­
graphic plane of polish. 23 That is, for a two-phase struc­
ture, 

and, of course, 

AA' =AA 
LL' = LL 
Pp ' =Pp 

(8-9) 

(8-9a) 

Note that these equations are related to the bulk micro­
structural properties and are not necessarily the same 
for the fracture surface. Since the three projected quanti-
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Table 8-3. Stereological Relationships between Spatial Features 
in a Random Fracture Surface and Their Projected Images. * 

PART I. FOR INDIVIDUAL FEATURES IN THE FRACTURE SURFACE 

L Length of linear feature (fixed direction in pro-
jection plane) 

Lc Length of curved line (variable direction in pro-
jection plane) 

Lp Perimeter length of closed figure 
r:; Mean intercept length of closed figure of area S 
S Area of curved figure (no overlap) 
Flat Facets 
A Area of flat figure in fracture surface 
d Mean tangent diameter of flat figure 
f; Mean curvature of flat figure perimeter 

L = (7T/2)L' 

Lc = (4/7T)L' 

Lp = (4/7T)Lp' 

r:; = (7T 2/2)A'1L;' 

S =2A' 

A =2..4' 

d = (4/7T 2)L;' 

f; = 7T 2/2L;' 

PART II. FOR SYSTEMS OF FEATURES IN THE FRACTURE SURFACE 

S 
A 

Ss 
Ls 

Ps 

Ns 

Mean length of discrete linear features (each with 
fixed direction in projection plane) 

Mean length of curved lines (each with variable 
direction in projection plane) 

Mean perimeter length of closed figures 
Mean intercept length for closed figures (fixed direc­

tion of test line in projection plane) 
Mean area of curved closed figures (no overlap) 
Mean free distance (fixed direction of test line in 

projection plane) 
Area fraction of areal features ( no overlap) 
Length ofline per unit area of fracture surface (vari­

able direction in projection plane) 
Number of intersections per unit length of test line 

in the fracture surface (fixed direction in pro­
jection plane) 

N umber of interceptions of features per unit length 
of test line in the fracture surface (fixed direction 
in projection plane) 

Number of point features per unit area of fracture 
surface 

Number of figures per unit area of fracture surface 

Lc = (4/TT)LA' IN, 

Lp = (4/7T)LA' IN, 
r:; = (7T/2)LL 'INL' 

S=2AA'INA' 
A = (7T/2)(l - AA ')INL' 

Ss = AA ' = LL ' = Pp' 

Ls = (2/7T)LA' 

Ps = PA '/2 

• Primes denote projected quantities or measurements made on projection planes. (Also see footnotes 
to Table 8-2.) 

ties in Eq. 8-9 are dimensionless ratios, they are thereby 
independent of magnification and distortion in the image. 

From the preceding discussion, it can be seen that con­
siderable quantification is possible from SEM photomicro­
graphs in two ways. First, calculations can be made in 
the plane of projection alone, without any attempt to 
convert to three-dimensional quantities (Table 8-2); and 
second, spatial quantities in the fracture surface can be 
calculated provided we can reasonably assume random 
orientation of surface elements (Table 8-3). 

This second approach is admittedly on rather shaky 
ground when one considers the strongly oriented nature 
of a fracture surface. The next section, whereby partially 
oriented surfaces can be treated in a more quantitative 
manner than heretofore, addresses this problem to some 
extent. 

Profile Generation 

The analysis of the fracture surface by means of profiles 
appears more amenable to quantitative treatment than 
by other methods. Profiles are essentially linear in nature, 
as opposed to the two-dimensional sampling of SEM pic­
tures and the point sampling involving photogrammetry 
procedures. Several types of profiles can be generated ei­
ther directly or indirectly, but here we will discuss only 
three: those selected by metallographic sectioning, by non­
destructive methods, and by sectioning of fracture-surface 
replicas. 

Metallographic Sectioning Methods. Although 
many kinds of sections have been explored--e.g., verti­
cal,31.32 slanted,33.34.35 horizontal,36.37 conical,38 etc.-we 
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Projection plane Project ion plane 

A ' 

B 

(a) (b) 

Fig. 8-8. Clarification of the difference between related features in the fracture surface and projection plane: (a) Line L in a fixed direction in 
the projection plane and curved line Lc with variable direction in the projection plane. (b) Feature of area S in the fracture plane and projected 
area A ', where La is the intercept length in the fracture surface and L; is the projected length. 

will confine our discussion to planar sections. The major 
experimental advantages accruing to planar sections are 
that they are obtained from ordinary metallographic 
mounts and that any degree of complexity or overlap 
of the fracture profile is accurately reproduced. Moreover, 
serial sectioning is rI";te simple and direct; planar sections 
reveal the underlya.g microstructure and its relation to 
the fracture surface; the standard equations of stereology 
are rigorously applicable on the flat section; and the angu­
lar characteristics of the fracture trace (or profile) can 
be related mathematically to those of the surface facets. 

Some objections have been raised to planar sectioning 
on the grounds that (1) it is destructive of the fracture 
surface and sample; (2) the fracture surface must be coated 
with a protective layer before sectioning in order to pre­
serve the trace; and (3) in retrospect, additional detailed 
scrutiny of special areas on the fracture surface is not 
possible once it is cut. Bearing these objections in mind, 
however, if one carefully inspects the fracture surface 
by SEM in advance, areas of interest can be recorded 
photographically before coating and cutting takes place. 

The preliminary experimental procedures are straight­
forward. When the specimen is fractured, two (ostensibly 
matching) nonplanar surfaces are produced. After inspec­
tion and photography by SEM, one or both surfaces can 
be coated electrolytically to preserve the edge upon subse­
quent sectioning,39 The coated specimen is then mounted 
metallographically and prepared according to conven­
tional metallographic procedures.39 One fracture surface 
can be sectioned in one direction and the other at 90 
degrees to the first direction, if desired. 

Once the profile has been clearly revealed and the mi­
crostructure underlying the crack path properly polished 

and etched, measurements can begin. Photographs of the 
trace or microstructure can be taken in the conventional 
way for subsequent stereological measurements. With 
presently available commercial image-analysis equipment, 
one can by-pass photography, however, and work directly 
from the specimen, thereby greatly improving sampling 
statistics, costs, and efficiency. 

Measurements that are possible with a typical semiauto­
matic image analysis system, such as the Zeiss Videoplan, 
include coordinates at preselected intervals along the 
trace, angular distributions, true profile length, and fractal 
data. ls If the unit is interfaced with a large central com­
puter, printouts and graphs are also readily available. lo 

After the desired basic data have been acquired, the analy­
sis of the profile and calculation of three-dimensional 
properties can proceed.9 

Nondestructive Profiles. The sectioning methods de­
scribed above are basically destructive of the fracture sur­
face. What we would like is a nondestructive way to gener­
ate profiles representative of the fracture surface. Then 
the wealth of detail available in the flat SEM photomicro­
graph could be supplemented by the three-dimensional 
information inherent in the profile. 

Comparatively simple procedures for generating pro­
files nondestructively across the fracture surface are avail­
able. One attractive method provides profiles oflight using 
the Leitz Light-Section Microscope. 4o A narrow illumi­
nated line is projected onto the fracture surface and re­
veals the profile of the surface in a specified direction. 
The line can be observed through the light microscope 
and photographed for subsequent analysis. Profile 
"roughness" is reported as the mean peak-to-trough dis-
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tance, with values quoted of around 50 ± 5 p,m for a 
1080 steel. 40 The resolution obtained depends on the ob­
jective lens optics. Unfortunately, the other quantitative 
profile roughness parameters were not investigated. 

In a second method, a narrow contamination line is 
deposited on the specimen across the area of interest, 
using the SEM linescan mode.41 Then the specimen is 
tilted, preferably around an axis parallel to the linescan 
direction, by an angle a. The contamination line then 
appears as an oblique projection of the profile that can 
be evaluated (point by point) by the relationship 

ll.z = ll.k [ 1] 
M cos(90° - a) 

(8-10) 

where M is the magnification; ll.k, the displacement of 
the contamination line at the point of interest; and ll.z, 
the corresponding height of the profile at that point. 

The tilt angle should be as large as possible. 42 The 
major source of error comes from broadened contamina­
tion lines with diffuse contours. 27 (Fortunately, the lines 
appear considerably sharper in the tilted position.) An­
other drawback to this method is that it cannot be used 
on surfaces that are too irregular. Other than for these 
problems, however, it appears that both the contamina­
tion line and light-beam profiles possess useful attributes 
that should be investigated more thoroughly for the study 
of metallic fractures. 

Profiles from Replicas. Another way to generate pro­
files nondestructively is to section replicas of the fracture 
surface. 15 The major concern here is to minimize distor­
tion of the slices during cutting of the replica. Recent 
experimental studies have established suitable foil mate­
rial, as well as procedures for stripping and coating the 
replicas. 27 After the replica has been embedded, parallel 
cuts are made with an ultramicrotome. In one investiga­
tion, a slice about 2 p,m thick was found to be optimum 
as far as resolution was concerned.27 Although thicker 
slices deformed less, the resolution was also less. 

The slices obtained by serial sectioning can be analyzed 
to give the spatial coordinates of a fracture surface. Coor­
dinates along several profiles were obtained using stereo­
grammetry, as described above. The right hand side of 
Fig. 8-3 depicts six vertical sections spaced 25 p,m apart 
(those with dots) and seven vertical sections that are 
spaced 5 p,m apart. On the left-hand side of Fig. 8-3, 
the locations of the more widely spaced sections are shown 
with respect to a contour map of the same surface. 

This method of obtaining profiles nondestructively 
from a fracture surface looks rather useful. It is limited, 
of course, to relatively smooth surfaces. If only RL is 
sought, however, the replica sectioning method appears 
to be a viable way to quantify the usual measurements 
made from a fiat SEM photomicrograph. 

ANALYTICAL PROCEDURES 

Roughness Parameters 

Since profiles are easily obtained and experimentally ac­
cessible, it is natural that considerable attention has cen­
tered on their properties. Several types of roughness 
measurements, quantities, and parameters have been eval­
uated as to their suitability for characterizing an irregular 
planar curve.4.43 From these evaluations, a few parameters 
have emerged that possess potential usefulness for quanti­
tative fractography.1O·18 We particularly favor those pro­
file parameters that express "roughness" well, relate read­
ily to the physical situation, and equate to spatial quanti­
ties. 

Profile and Surface Roughness Parameters. Basi­
cally, the profile parameters consist of ratios of lengths 
or points of intersection. They are consequently dimen­
sionless and do not vary with size for the same shape 
curve. We select here for definition and further discussion 
four profile parameters and one surface-roughness param­
eter. 

1. RL , the lineal roughness parameter,31 is equal to 
the true profile length divided by the projected 
length, or 

(8-11) 

(See Fig. 8-9.) For a profile consisting of randomly 
oriented linear segments, RL = 7T' /2. 

2. Rp , a profile roughness parameter due to Behrens,44 
is equal to the average height divided by the average 
spacing of peaks, or 

1 jY2 Rp =- P(y)dy. 
2 LT Yl 

(8-12) 

1-------- L' -------

Fig. 8-9. RL = L,/L' for an irregular planar curve, where RL is the 
lineal roughness parameter, L, is the true length and L' is the projected 
length. 
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Fig. 8- 10. Profile roughness parameter Rp is equal to the average 
height divided by the average spacing of peaks. Here, ~y is the displace­
ment distance of the test line, and y 1 and y 2 are positions of the test 
line where there are no intersections. 

where y 1 and y 2 give positions of the test line below 
and above the profile where no intersections are pos­
sible. The working equation can be expressed by 

(8-12a) 

where ily is the constant displacement of the test 
line of length L T , and '2P; is the total number of 
intersections of the test line with the profile (see 
Fig. 8-10). 

3. R v, the vertical roughness parameter as defined by 
Wright and Karlsson,4 is the sum of the projected 
hill heights on the vertical projection line (1), di­
vided by the projected length of the full curve on 
the horizontal projection line (II), or 

Rv = '2(L; ')l/(L ')11 (8-13) 

(see Fig. 8-11a). The equivalent working equation 
is the ratio of intersection points projected from 
the profile to the vertical projection line (1), to the 
intersection points projected from the profile to the 
horizontal projection line (II). A parallel line grid 
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is used in both the vertical and horizontal directions. 
The result is 

Rv = '2(P; ')1J''2(P; ')11 (8-13a) 

(see Fig. 8-11b and c). Note that the length of the 
intersection grid is immaterial as long as it covers 
the test area in both positions. 

4. 9 is the fractal dimension of an irregular planar 
curve as described by Mandelbrot.45 Its value is ob­
tained from the slope of the log-log plot of the ex­
pression 

(8-14) 

where L(7) is the apparent length of the profile 
and Lo is a constant with dimensions of length. The 
apparent profile length varies inversely with the size 
of the measurement unit, 7), and !/ can have frac­
tional values equal to 1 or greater. If both sides 
are divided by the projected length of the L (7) curve 
(a constant), Eq. 8-14 can be simplified to 

(8-14a) 

or to the linear form, 

log Rd7) = 10g(Lo/L') -(9 - 1) log 7) (8-14b) 

where the (negative) slope is equal to -(9 - 1). 
Figure 8-12 portrays the essential relationship of 
these quantities. 

These parameters are interrelated to some extent. For 
example, RL and 9 give qualitatively similar experimen­
tal curves, whereas RL is equal to 7TRp for a profile com­
posed of randomly oriented linear elements. Under some 
circumstances, Wright and Karlsson's stepped fracture 
surface model4 yields the relation, Rv = RL - 1. 

The major interest in these profile roughness parame­
ters lies in their possible relationships to the fracture sur-

Projection direction- Projection direct ion _ 

Horiwntal projection l ine 

(a) 

.. 
c 

(b) 

c .g 
" e 
:0 
c .g 
" .. 
'0 
Q: 

"--'--'--'-...l-L-...J.........J--L......l....-'---L....J...J t 
(c) 

Fig. 8-11. Vertical roughness parameter Rv equal to the total projection of the curve to a vertical projection line, divided by the projection of 
the curve to a horizontal projection line: (a) Rv in terms of lengths, and (b) and (c) procedure to obtain Rv by projected points of intersection. 
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Slope = -W-1) 

log 1) 

Fig. 8-12. Fractal dimension 2 and its relationship to the slope of a 
log-log plot of Rd 1/) vs. 1/. 

face area. A surface roughness parameter, Rs, * can be 
defined in terms of true surface area, St, divided by its 
projected area, A', as follows: 

Rs =St/A' (8-15) 

or, in an alternate form, as 

Rs =Sv/Av' (8-15a) 

(see Fig. 8-7). For a randomly oriented fracture surface 
with no overlap, Rs = 2. 

The profile and fracture surface roughness parameters 
are related by the coefficient 4/7r in the equation, 

Rs = (4/7r) RL (8-16) 

provided completely random angular sampling of the frac­
ture surface elements is achieved. This result comes about 
readily from the general stereo logical equation, 

Sv = (4/7r) LA (8-17) 

Since Sv = St/VT and LA = LtlAT, by substituting VT 
= A'h and AT = L'h, we obtain Eq. 8-16. Actually, 
Eq. 8-17 and other equations based on the assumption 
of a randomly oriented fracture surface, or on complete 
randomness of sampling, should not be used unless justi­
fied. 

At this point, it may be appropriate to summarize the 
more useful expressions between quantities in the fracture 
plane and the roughness parameters, RL and Rs. A listing 
for partially oriented structures is given in Table 8-4. It 
will be recalled that Table 8-3 tabulates relationships for 
randomly oriented structures. Here, for the partially ori-

* The earlier literature used other symbols for Rs ---e.g., KA • RA • and 
SA. We prefer Rs because of its position with regard to RL and R p • 

ented fracture surfaces, directionality is very important. 
Thus, the linear quantities in Table 8-4---which are de­
fined for a fixed direction <p in the projection plane, e.g., 
[RL ]c/>-would have different values for different directions 
of <p. Other quantities are averages of measurements made 
at several angles of <p in the projection plane, e.g., Pp '( <p ). 
Note also that some expressions in Table 8-4 are stated 
in terms of Rs. If RL is known, Rs can be calculated 
(see Table 8-5). 

Parametric Relationships between RL and Rs 

A more difficult problem is that of relating surface rough­
ness and profile roughness if they are not random but 
are oriented or partially oriented instead. Several attempts 
have been made to relate Rs and RL for nonrandom 
surface configurations, but they do not agree too well. 
Table 8-5 lists the principle parametric equations pro­
posed to date. Parametric Eq. No. 1 in Table 8-5 repre­
sents a rather complicated solution based on a "stepped 
surface" model. Other equations by the same author2 were 
proposed for specified surface geometries-i.e., flat, ran­
dom, stepped, and other shapes-with different solutions 
depending on whether Rs ~ 2. 

Parametric Eq. No.2 in Table 8-5 was developed on 
a model-free basis for all configurations extending from 
a completely oriented surface to surfaces with any degree 
of roughness, including randomly oriented surface ele­
ments. 8 It is based on the very general Eq. 8-17 and 
the equation for a completely oriented surface, 

(8-18) 

Note that both Rs and RL equal 1 in this case. 
Parametric equations Nos. 3, 4, and 5 in Table 8-5 

were derived by Wright and Karlsson. 4 Equations Nos. 
3 and 5 are based on a linear model and quadratic model, 
respectively, and represent upper and lower limits to Rs. 
Parametric Eq. No.4 represents a linear relationship be­
tween the limits of completely oriented and completely 
random surfaces, with the intermediate surfaces com­
posed of various area fractions of random and flat compo­
nents. It is identical to parametric Eg. No.6, which was 
derived by Coster and Chermant3 on the same basis as 
Eq. No.4. The major shortcoming of parametric Eqs. 
No. 4 and 6 is that they are valid only for values up to 
Rs = 2, a condition similar to that imposed on parametric 
Eq. No.1. 

Parametric Egs. Nos. 2, 3, and 5, on the other hand, 
extend indefinitely. This characteristic is correct, of 
course, because RL and Rs can increase without limit. 
The general stereological equation, Eq. 8-17, moreover, 
does not represent a cut-off point (or an upper limit) 
because it applies to any surface configuration, provided 
each element of the surface is sampled randomly. The 
completely random fracture surface is accordingly only 
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Table 8-4. Parametric Relationships Between Spatial Features in a Par­
tially Oriented Fracture Surface and Their Projected Images. * 

PART I. FOR INDIVIDUAL FEATURES IN THE FRACTURE SURFACEt 

L Length of discrete linear feature (fixed direc­
tion </> in projection plane) 

Area of curved closed figure with no overlap 
(</> represents different angular positions 
of grid in projection plane) 

Area of flat closed figure 

L = [Rd .. L' = G) [Rd .. PL'(</»AT ' 

Sf = (Rs)f AI' = (RS)f Pp '(</» AT' 

PART II. FOR SYSTEMS OF FEATURES IN THE FRACTURE SURFACEt 

Ns 

Ls 

Mean length of discrete linear features (all 
oriented in same direction </> in projection 
plane) 

Mean area of curved closed figures (no over­
lap) 

Mean free distance between features (fixed 
direction </> in projection plane) 

Intercept length fraction of features (fixed 
direction </> in projection plane) 

Area fraction of areal features (no overlap) 
Number of interceptions of features per unit 

length oftest line in fracture surface (fixed 
direction </> in projection plane) 

Number of features per unit area of fracture 
surface 

Length of linear features per unit area of 
fracture surface (fixed direction </> in pro­
jection plane) 

A = [Rd .. - [(Rdf lot> (LL ')f 

N1"' 

(SS)f = (RS)f (AA ')f/Rs 
NL = [NL'l .. /[Rdot> 

• Primes denote projected quantities or measurements made on projection planes. (Also, see footnotes to Table 8-
2.) 
t Rs =Stota,/A'tota' and (Rs)f =Sf/A/. 
::: RL = L profile/L I profile and (RL)f = LflLf '. 

an intermediate condition between the perfectly flat sur­
face and the extremely elongated surface (large surface 
area). 

The curves for the six parametric equations in Table 
8-5 are shown in Fig. 8-13, with all known pairs of data 
points (Rs and RL ) entered on the graph. There are six 
points for 4340 steels,lO four points for AI-4-percent eu 
alloys,9 and eight points* for a ceramic consisting of Ab03 
and 3-percent glass.5 The data points appear to favor 
curve No. 2 since they fall to both sides of it; however, 
more data are needed to make any clear-cut decision. 
The credibility of parametric equation No. 2 was en­
hanced using a computer-simulated fracture surface of 
known surface area.s The surface area calculated accord­
ing to Eq. No.2 agreed within about 1 percent. Thus, 
it is felt that the approach adopted in deriving Eq. No. 
2 is fundamentally sound. 

Estimation of Fracture Surface Area 

There are other ways to determine the actual fracture 
surface area than by using a roughness parameter equa-

* These eight points are the original unaveraged data points, without 
an applied correction factor. 

tion. A real surface can be approximated with arbitrary 
precision by triangular elements of any desired size. An­
other method is based on the relationship between the 
angular distribution of linear elements along a profile and 
the angular distribution in space of the surface elements 
of the fracture surface. These procedures will be discussed 
next. 

Triangular Elements. One approach utilizes serial sec­
tions and a triangular network constructed between adja­
cent profiles. 5 The individual triangular facets are formed 
by two consecutive points in one profile and the "closest 
point" in the adjacent profile, giving about 50 triangular 
facets per profile. The estimated total facet surface area 
is given by 

SA = ~ a·· '" ..:.. ',) (8-19) 
i,j 

A similar procedure is being evaluated elsewhere in which 
the triangular facets between adjacent profiles are formed 
automatically at 500 regularly spaced coordinate points 
along each profile. 46 The accuracy of these triangle ap­
proximation methods depends, of course, on the closeness 
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Table 8-5. Surface Roughness Rs of Partially Oriented Fracture 
Surfaces in Terms of the Profile Roughness RL * 

EL-SOUDANI2 

_ (~) [Rs (2 - Rs )J1I2 
No.1: RL - 4 tan 1[(2 - Rs )IRs pl2 

UNDERWOOD & BANERJI8 

No.2: Rs = (4/1r)(RL - 1) + 1 

WRIGHT & KARLSSON' 

No.3: Rs = (~) (RL - 1) + 1 (lower limit) 

No.4: Rs = (_2_) (RL - I) + I (intermediate curve) 
7T - 2 

No. 5: Rs2=(~r (R1.2-1)+ I (upper limit) 

COSTER & CHERMANT3 

RL + (~) - 2 

No.6:Rs= (~)-1 

• No overlap. 

RANGE OF 

VALIDITY 

Rs;:: 1 

Rs ;:: 1 

MODEL 

Based on "stepped" surfacet 

Linear relationship between 
oriented surface and any 
randomly sampled surface 

Based on "stepped" surfacet 

Based on linear approxima­
tion between RNOt sur­
face and flat surface 

Based on surface of triangular 
elements 

Based on linear approxima­
tion between an ideally flat 
and a random surface 

t A "stepped" surface has a profile with square corners on its hills and valleys, for example: 

::: An "RNO" surface is defined as having a uniform angular distribution of surface element normals in space. 

5 

Numbers on curves 
refer to Parametric 
Equations in Table 8-5 / 
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Fig. 8-13. Plot of six parametric equations relating Rs and RL. 

Fig. 8-14. Representation of a fracture surface using triangular ele­
ments between contour lines: (a) projected view of contours and trian­
gles, and (b) three-dimensional view of triangle ABC 



of the serial sections and the number of coordinate points 
in relation to the complexity of the profile. 

Wright and Karlsson4 also propose an approximate 
surface composed of triangular elements but use a contour 
map rather than serial sections to form their triangles. 
The triangles are connected to adjacent contour lines, 
then divided into two right-angle subtriangles as por­
trayed in Fig. 8-14. The area of the triangular element 
ABC can be calculated since the sides AB and BC are 
determinable. The area of the entire model surface can 
then be obtained by summation. 

The roughness parameter, Rs. for the triangular ele­
ment ABC is given by 

Rs=~ (8-20) 

where c = d 3/d 1. Thus, the overall Rs is easily deter­
mined by a computer program knowing only the coordi­
nates of the triangular nodes. This method is simple and 
direct, once the coordinates of the contours are known. 
Experimentally, however, we are warned that contour 
sections ("horizontal" cuts) are prone to yield wide lines 
that cannot be evaluated accurately, especially with flat 
fracture surfaces.27 

Profile Angular Distributions. 

A rather promising analytical procedure, although not 
one specifically developed for fracture surfaces, provides 
a methodology for transforming the angular distribution 
of linear elements along a trace through the surface into 
an angular distribution of surface elements in space. From 
this spatial distribution we can obtain the fracture surface 
area. 

Three versions of this procedure have been proposed 
for grain boundaries.19.20.21 There are problems, however, 
in applying these analyses directly to the case of fracture 
surfaces. Transformation procedures require an axis of 
symmetry in the angular distribution of facets, as well 
as facets that are planar, equiaxed, and finite. Unfortu­
nately, most fracture surfaces do not possess the angular 
randomness exhibited by grain boundaries. It does appear, 
however, that there may be an axis of symmetry. This 
possibility will be discussed later. 

One of the first analyses for the angular distribution 
of grain-boundary facets was offered by Scriven and 
Williams. 19 They too require an axis of symmetry, so 
that all sections cut through the axis would have statisti­
cally identical properties. The authors provide a recursive 
formula and tables of coefficients, and from these the 
three-dimensional facet angular distribution, Q,.. can be 
obtained from the experimental profile angular distribu­
tion, Gs. The essential equations are, first, 

Q,. = Q(rh) - Q[(r - l)h] (8-21) 
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where r = 1, 2, 3, ... 18 (for 0 to 90 degrees); h is a 
constant interval value of 5 degrees; and Q(O) = O. More­
over, 

1 r 

Q(rh) = - L brs Gs 
N s=l 

(8-22) 

where the coefficients brs are tabulated for each successive 
value of r; the values of Gs are obtained experimentally 
from s = r; and N is a constant defined by the equation, 

IS 

N= L b 1S•S Gs (8-23) 
s =1 

where the coefficients b 18.s are tabulated in Scriven and 
Williams' tables under the heading, "r-18." The values 
of Q,. give the distribution of elevation angle O-per unit 
angular interval in O-in the form of a histogram. The 
total surface area is obtained simply by multiplying the 
Qr values by the cosine in each class interval and summing 
over all class intervals. the sum equaling 1/ Rs .9 

In order to illustrate their procedure, we select two 
profiles representative of two important types of fracture 
surfaces. IS The first profile, shown in Fig. 8-15(a), comes 
from an actual dimpled fracture surface for 4340 steel. 
The other, in Fig. 8-15(b), is a prototype profile of a 
fracture surface with l00-percent cleavage or intergranu­
lar facets. The experimental data for these two extreme 
cases were obtained simply by tracing the profile image 
with a cursor on a digitizing tablet. The measuring dis­
tance 7J between coordinates on the dimple fracture profile 
was 0.68 /-Lm. A very large value of 7J (= 123.6 /-Lm) 
was selected to generate the prototype facet profile. The 
relationship of 7J to the fractal dimension has been dis­
cussed previously (see Eqs. 8-14a and 8-14b). 

Two histograms showing the angular distribution of 
segment normals along the two profiles are given in Figs. 
8-16a and 8-16b. As would be expected, there is a much 
broader angular distribution in (a) than in (b). In fact, 
the distribution for the dimple fracture profile is extremely 
broad, which might seem to justify the assumption of 
angular randomness. The surface areas estimated from 
the two profiles were calculated according to Scriven and 
Williams' procedure,19 as well as parametric Eq. No.2 
in Table 8-5. The results are given in Table 8-6. Again, 
the Scriven and Williams' values for Rs are higher than 
those calculated by Eq. No.2. Deviations of less than 
6 percent would appear to be satisfactory for most pur­
poses, however. In order to check the assumption of com­
plete angular randomness for the dimple fracture profile, 
we use Eq. 8-16 to calculate Rs. The values obtained 
with this equation are also entered in Table 8-6, where 
a deviation of plus to.7 percent is found for the dimpled 
profile and over 23 percent for the prototype faceted pro­
file. Thus, we might conclude that the assumption of com­
plete angular randomness in the dimple profile is not a 
good one. 



116 APPLIED METALLOGRAPHY 

MEAN LENGTH OF fACH SfGMENT: 

(a) 

MEAN LENGTH OF EACH SeGMENT: ~.1 23. 362 

(b) 

Fig. 8-15. Profiles of (a) dimpled fracture surface of 4340 steel, and (b) prototype faceted fracture surface. 

Another major requirement in the Scriven and Wil­
liams' treatment is that there should be an axis of symme­
try in the facet orientations. Surprisingly enough, an axis 
of symmetry has been observed in both two-dimensional 
(profile)18.47 and three-dimensional (facet) angular dis­
tributions47; for real fracture surfaces9.18.47 and a com­
puter-simulated fracture surface47; and in compact tensile 
specimens47 and round tensile specimens.9.18 

The type of angular distribution observed is essentially 
bimodal, showing symmetry about the normal to the 
"macroscopic" fracture plane. The experimental angular 
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distribution curves for two Ti-V alloys (compact tensile 
specimens) reveal this bimodal behavior quite clearly, as 
shown in Fig. 8-17. Similar distributions were obtained 
for both longitudinal and transverse sections, which estab­
lishes the three-dimensional angular symmetry about the 
macroscopic normal. This three-dimensional bimOdality 
was also clearly confirmed with a computer-simulated 
fracture surfaceY Bimodal behavior also appears to a 
greater or lesser extent in other published papers. 5•28 His­
tograms similar to those in Fig. 8-17 for the two-dimen­
sional angular distribution reveal a relative decrease in 
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Fig. 8-16. Histograms of angular distribution of normals along profiles of (a) dimpled fracture surface of 4340 steel, and (b) prototype faceted 
fracture surface (see Fig. 8-15). 
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Table 8-6. Calculations of Rs for Dimpled and Prototype 
Faceted 4340 Steel Fracture Surfaces. 

Rs Rs Rs 
(SCRIVEN AND (PARAMETRIC 

WILLIAMS' EQ. NO. 2 IN (EQ. 8-16 
ANALYSIS) TABLE 8-5) IN TEXT) 

Dimpled rupture 1.6639 1.5686 1.8419t 
R, (7) = 0.68 /Lm) = 1.4466 (~ =-5.7%)' (~= 10.7%) 

Prototype facets 1.0482 1.0207 1.2940 
R, (7) = 123.6 /Lm) = 1.0163 (~=-3.1%) (~= 23.5%) 

• Deviations (D.) are calculated with respect to the Scriven and Williams' values of Rs. I. 
t This value. representing a completely random fracture surface. is entered in Fig. 8-13 as a star. 

110 90 70 

110 90 70 

110 90 70 

50 30 

50 30 

50 30 

the density function at or near 90 degrees. The conclusion 
to be drawn from this combined evidence is that there 
is a symmetry axis about the normal to the macroscopic 
fracture plane. Thus the mathematical transform proce­
dures that require an axis of symmetry may be more 
applicable to metallic fracture surfaces than originally 
thought. 

It is interesting to speculate briefly on the physical 
reasons for such an unexpected type of angular distribu­
tion. One of the simplest explanations appears to be that 
the fracture surface (and profile) consists statistically of 
alternating up- and down-facets (or lineal segments) 
rather than a basic horizontal component with slight tilts 
to the left and right (which would give a unimodal distri­
bution curve centered about the normal direction). 
Passoja48 confirms this explanation of a zig-zag profile 
in his studies ofCharpy fractures. Using a discrete Fourier 
transform method, his results were rationalized on the 
basis that the profile was built up from a random shifting 
of a basic triangular element. This type of configuration 
leads automatically to a bimodal angular distribution. 

APPLICATIONS 

The methods and equations presented in this chapter are 
still incomplete, but the available results permit some 
problems to be solved. To illustrate a few of the ap­
proaches that can be taken, some specific examples will 
be examined here in depth. 

Example 1: Fatigue Striation Spacings 

Fig. 8-17. Experimental angular distribution curves for profiles of Ti-
24V and Ti-32V alloys fractured in fatigue. Longitudinal sections made 
in compact tensile specimens along edge are indicated by - 0 - and 

The problem of determining the actual striation spacing 
in the non planar fracture surface has been previously 
examined.6 Corrections for orientation and roughness ef­
fects were formulated, but with separate equations. Refer­
ence to Fig. 8-18 indicates the geometrical relationships 
involved. We measure striation spacings in the SEM pic­
ture in the Crack Propagation Direction (CPO) and ac­
cording to the relation, those made through center by ___ t::. ___ . 
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Profile 

Local 
__ - striation 

normal 

--->0",--->.,,---"'<--........ -- CPO 
f- ~;"e •• -j 
~I----------------_LT------------~ 

Fig. 8-18. Geometrical relationships involved in fatigue striation spac­
ings measurements, where CPD is the crack propagation direction, 1, 
is the true striation spacing and 1n' its projection, and 1'me.s is the 
apparent spacing measured in the projection plane along the CPD. 

(8-24) 

where LT' is the distance over which measurements are 
made and N' is the number of striations within this dis­
tance. Since the directions of the striations vary widely 

from the CPD, an angular correction is required. From 
basic stereology,17 we have the relation, 

in' = (2hr) i'meas (8-25) 

where in' is the mean normal striation spacing. 
There is also a roughness factor to consider, and this 

can be evaluated if the lineal roughness parameter, RL , 

is known. We assume that RL over the entire profile length 
can be equated to the local ratio of mean true striation 
spacing, L, to its mean projected length, in '. That is, 

RL = L profile = L 
L 'profile in ' 

(8-26) 

We can now combine Eqs. 8-24, 8-25, and 8-26 to yield 
an overall equation that combines corrections for both 
orientation and roughness, namely 

(8-27) 

nl 

I 25 fLm 8 

Fig. 8-19. Matching profiles of fatigue striations in nickel. 49 



This relationship gives the mean true striation spacing 
in terms of measurable quantities. 

Example 2: A Check on Precision Matching 

In an unusually careful and well-documented fracto­
graphic investigation, Krasowsky and Stepanenk049 re­
ported on a precision-matching study of fatigue striations 
in nickel. Two pairs of matching profiles were obtained 
using a stereoscopic method. These four curves are repro­
duced in Fig. 8-19, with the pairs of matching profiles 
iden tified as I'll' and I" II" . 

In order to assess the degree of matching, RL and Rp 
were measured on all profiles. The results are tabulated 
in Table 8-7, including values for duplicate curves that 
appeared in the article. Of major interest is the correspon­
dence between (ostensibly) matching profile curves. For 
RL , the maximum difference between these pairs is about 
8 percent (for I'll') and about 2 percent (for 1"11"). Based 
on Rp , the corresponding values are about 20 and 8 per­
cent, respectively. The relative insensitivity of RL is proba­
bly due to the fact that only the total line length of the 
profile is involved, whereas Rp depends on both its tor­
tuosity and the heights of the peaks. Thus, the results 
indicate that these pairs of curves are not "matching," 
at least not in a strict geometrical sense. 

A simple shape parameter M is proposed of the 
form, 

M=h/w (8-28) 

where h is the height of the (half) dimple (or micro­
void) in the fracture surface and w is the mean 
dimple "diameter." It is assumed that the dimples 
are circular and fill the fracture surface completely. 
(Actually, however, for a square array of circular 
dimples, over 21 percent of the surface would be 
uncovered.) 

The number of dimples per unit area is given as 

(8-29) 

based on circular dimples with mean diameter w. 
Next, an equation is given for the number of uni­

form size particles (or nuclei) per unit volume: 

(8-30) 

where dp is the mean diameter for spherical parti­
cles. This equation is based on measurements in 
the metallographic plane of polish. 

The intent ofEq. 8-30 is to equate Nv for particles 
to Nv for dimples, based on the assumption of only 
one particle per dimple. This assumption is not 
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Table 8-7. Analysis of Matching Profiles of 
Fatigue Striations in Nickel.43 

PARAMETER PROFILE I'n' 

RL 
Fig. 8-19: 1.164 1.251 
Duplicate: 1.215 1.242 

Rp 
Fig. 8-19: 0.330 0.392 
Duplicate: 0.305 0.367 

Example 3: Quantitative Property­
Microstructure Models 

PROFILE I"n" 

1.251 1.231 
1.265 1.240 

0.347 0.340 
0.366 0.338 

A common procedure in the metallurgical literature is 
to devise a microstructural-property model based on fea­
tures with assumed simple geometrical shapes. Calcula­
tions are then made relating microstructural characteris­
tics to the property of interest. An illuminating example 
of such a procedure is afforded by the following analysis 
of microroughness in the fracture surface. 50 The published 
analysis is recapitulated in the left-hand column; the quan­
titative stereological and fracto graphic alternatives, in the 
right-hand column: 

This mean height-to-width ratio is the same as the 
Rp profile roughness parameter defined by Eqs. 8-
12 and 8-12a. Although a vertical section across 
the fracture surface would intersect the dimples at 
different locations, it is interesting to note that the 
h/w ratio for a spherical segment is a constant re­
gardless of where it is intersected. 

Apparently, the authors are referring in Eq. 8-
29 to an SEM photomicrograph and a relationship 
for NA I in the projection plane. We prefer to use 
the more precise equation, 

(8-29a) 

since the correction provided by Rs amounts to 
over 66 percent in some cases. 

The assumption of spherical particles of one size 
is unduly restrictive and not necessary. The actual 
particle "diameter" (dp ) can be measured in several 
ways, depending on the method of observation. 

1. In a thin foil picture, a;' is measurable directly, 
provided particle overlap is not excessive. 

2. In the plane of polish, the mean diameter, d 21 

of the particle sections is related to dp by 

(8-30a) 
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valid, however. It is obvious that there cannot be 
one particle per dimple in a fracture surface. Simple 
probabilities indicate that, on the average, only one­
half the total number of particles would be associ­
ated with one of the fracture surfaces. 

An equivalent equation for dimples IS written 
next: 

(8-31 ) 

This equation was derived originally for random 
sections through randomly located particlesY For 
Eq. 8-31 to be valid here, the fracture surface must 
intersect the dimples within a slice of thickness 2h, 
and all the dimple centers must lie in a common 
plane. 

Assuming N v in Eqs. 8-30 and 8-31 are equal, 
Eqs. 8-28 through 8-31 are combined, giving 

h [M2 J1/3 
dp = 3(Vv )P 

(8-32) 

The true local fracture strain is expressed as 

Ef = in (h/dp ) (8-33) 

which is evaluated by substituting Eq. 8-32. 

The result obtained in Eg. 8-32 is based on the model 
developed by the authors.50 An alternative to this treat­
ment is not to make a priori assumptions, but to express 
II and dp directly in terms of measurable quantities. To 
do so, we need the digitized profile and the SEM photomi­
crograph of the fracture surface. The mean height of dim­
ples, h, and the mean dimple width, L 2', are related by 

(8-34) 

where Rp is given by Eq. 8-12a and IT = (LT'/N')dimples. 

The mean particle diameter, dp , may be measurable di-

for spherical particles. For convex particles, d; 
is obtained from the mean perimeter length, 4, 
by 

(8-30b) 

3. In the SEM photograph, we can measure the 
size of the particles in the fracture surface accord­
ing to 

(8-30c) 

(see Table 8-2). This mayor may not be the 
true equatorial diameter, depending on how 
much the particle is exposed. 

Actually, the NA in Eq. 8-31 is not the same as 
in Eq. 8-29, which should be NA '. A more serious 
problem is the determination of the test volume, 
VT , in Nv in both Eqs. 8-30 and 8-31, where Nv 
is defined by '1,N;/VT • The number of particles and 
the number of dimples ('1,Ni) are assumed to be 
the same, but the two test volumes (VT ) are not 
the same. 

Since Ef depends on the height to which the void 
grows, however, it seems more appropriate to define 
the true local strain as 

Ef = in (2h/dp ) (8-33a) 

since the void grows in two directions with respect 
to the mean fracture plane. 

rectly from the SEM photomicrograph as dp " the mean 
projected diameter, using 

(8-35) 

If a roughness correction is needed, we would use the 
relationship 

(8-36) 

from Table 8-4. Combining results, we can write 



h Rp (NA'1, 
dp - RL (NL ')p (NL ')dimples 

(8-37) 

or 

h Rp L 2' Rp 
dp - dp dp ' (NL ')dimples 

(8-38) 

if the mean particle diameter can be measured directly. 
For a profile with randomly oriented elements, RL = 

7r Rp , and further simplification is possible. 
This type of approach appears to be capable of more 

meaningful quantification than to make model assump­
tions (size, shape, and configuration) in advance. In any 
event, it is best to use measured quantities as much as 
possible when developing microstructural property rela­
tionships. 

SUMMARY 

Perhaps the most obvious conclusion to come out of this 
survey is that quantitative fractography is undergoing 
considerable development and still has far to go. There 
is no one "best"way to proceed since techniques are still 
being proposed and assessed, measurement methods are 
yet to be optimized, and relationships of general validity 
are still lacking. 

Nevertheless, considerable progress has been achieved 
to date and several viable paths have been partially ex­
plored. An assessment of the current status of quantitative 
fractography indicates that sectioning in one form or other 
predominates. Thus the profile and its characteristics as­
sume considerable importance, and serial sectioning also 
emerges as an important adjunct to experimental methods 
and analysis. 

There is still need for a quantification technique that 
can supplement the wealth of information available in 
the SEM photomicrograph. Perhaps a nondestructive 
profile-generating procedure is best suited for this role. 
If three-dimensional parameters can be provided readily 
and with sufficient accuracy, then a complete spatial char­
acterization of the fracture surface may be possible on 
a routine basis. 
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METHODS AND APPLICATIONS OF MICROINDENTATION 

HARDNESS TESTING 

Peter J. Blau 

National Bureau of Standards 

HARDNESS,MICROHARDNESS,AND 
MICROINDENTATION HARDNESS 

There is a great deal of confusion in conceptions about 
penetration hardness. Part of the problem results from 
a popular misconception that "hardness" is a basic prop­
erty of a material. This is not the case. Hardness numbers 
are, more accurately, measures of the response of given 
materials to various types of indentation processes. Mi­
croindentation hardness numbers depend on a combina­
tion of surface and bulk material properties. As indenter 
geometry and test loads are changed (particularly at loads 
below about 100 g), different combinations of surface and 
bulk properties may contribute to the net response of 
the material. Issues of impression size versus microstruc­
tural feature size ("scale effects") are important. Also, 
at lower loads and with blunter indenters (e.g., Knoop), 
material is penetrated less deeply, bringing about an in­
creased sensitivity to surface preparation technique. The 
metallographer should recognize this fact and take partic­
ular care in preparing polished samples that may be used 
for low-load microindentation studies. 

Taken literally, the term "microhardness" means a very 
small degree of hardness. In the present context, one 
should more properly use the term "microindentation 
hardness," which means hardness that is obtained using 
very small indentations. For the purpose of this chapter, 
however, the term "microhardness" will be used on occa­
sion because it is so thoroughly ingrained in the engineer­
ing literature and linked to common usage. Adoption 
of the more correct term is advocated whenever possible, 
and hopefully a complete transition in usage will be forth­
coming. 

Figure 9-1 shows the interrelated chain of factors that 
produces microindentation hardness numbers. One selects 
a type of test and uses an imperfect machine to produce 
an indentation. The material responds to the action of 
the real indenter and test machine. Then, some predeter­
mined method of measuring the impression and using 
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the value in a calculation is applied to obtain a final num­
ber. Sources of inaccuracy or error are possible in any 
factor in the chain. For example, perhaps the type of 
test method was improperly selected; perhaps the manu­
facturer's load was not accurate; perhaps the machine 
was vibrated by an external source during the test; perhaps 
the sample possessed preparation artifacts; or perhaps 
the optical measuring microscope was out of calibration 
or read improperly. These and other sources of error 
and hardness number variation will be discussed later. 
The central problem in microindentation-hardness num­
ber utilization is to separate real property test-to-test vari­
ations from those introduced in making the measure­
ments. 

This chapter is intended to provide a background guide 
for the selection of microindentation-hardness testing 
techniques, selection of testing machines, preparation of 
samples, and understanding something of the nature and 
limitations of the resulting data. It is not meant to be a 
detailed treatise on the subject, for several outstanding 
ones already exist,1-4 but was rather designed to alert 
users regarding the strengths and limitations of several 
established microindentation-hardness test methods. Ref­
erences have been provided for those readers requiring 
more information in specific areas. 

SELECTING A MICROINDENTATION 
HARDNESS TEST METHOD 

In a laboratory where more than one option for microin­
dentation hardness testing is available, the choice of the 
proper procedure(s) can be critical to maximizing the 
quality and meaningfulness of data. This section will de­
scribe how one may go about choosing the best proce­
dure(s) for their needs and specimen materials. The fac­
tors bearing on this decision are the following: 

1. Form, size, and thickness of samples (e.g., bulk sam­
ple, metal powder sample, layered coating, etc.) 
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INTENDED MICROINDENT AnON 

TEST PROCEDURE 

WHAT ACTUALLY HAPPENS 

(THE MACHINE 

AND ENVIRONMENT) 

MATERIAL RESPONSE TO 

WHAT ACTUALLY HAPPENS 

l-_ ME~;~~E~ENT (~~T~OL-O~Y)--] .. 
A "MICROHARDNESS" NUMBER 

Fig. 9-1. Evolution of a "microhardness" number. 

2. "Hardness" and ductility of the material (e.g., brit­
tleness, likely range of hardness) 

3. Sample homogeneity (very important in terms of 
the size of indentations compared with microstruc­
tural features and the amount of scatter in readings 
taken from one place to another on the sample) 

4. The desired statistical confidence limits of the results 
5. Availability of indentation measuring equipment be­

yond just the tester itself (e.g., a calibrated scanning 
electron microscope) 

6. Reason for which the microindentation hardness 
data is needed. For example, for abrasion resistance, 
a scratch technique may be more useful than a quasi­
static technique. 

Two broad categories of microindentation hardness 
testing can be identified: (1) quality control and process 
development, and (2) research, both basic and applied. 
The selection of test method could be influenced strongly 
by which of these two categories the testing has to address. 
In the first category, generally larger numbers of tests 
must be performed on a continuous basis. The statistical 
variation of "microhardness numbers" and their range 
on a given product may be of immediate economic impor­
tance in product acceptability. The use of automated ma­
chines with frequent recalibration becomes very impor­
tant in view of productivity and operator fatigue. Standard 
fixturing and set sampling techniques for production sam­
ples may have to be developed. 

In research uses, testing may require a greater flexibility 
of specimen mounting and sampling procedures. Amounts 
of material could be limited and the cost of preparing 
each final sample could be very high. In both cases, it 

is important that both the quality of testing equipment 
and the skill of the operators be kept high. The investment 
made in using more careful, highly trained personnel in 
performing critical tests will be rewarded by improved 
data quality. 

The remainder of this section will review common mi­
croindentation hardness scales, types of indenters, and 
standards developed for microindentation hardness; it fi­
nally provides examples of various applications, giving 
bibliographic references from which to obtain details. 

Microindenter Types 

Several microindenter geometries have been used in mi­
croindentation testing. Table 9-1 summarizes the charac­
teristics of a number of these. The most commonly used 
microindenter in the U.S. and Europe is the Vickers, the 
Knoop being second. Still other types have been developed 
for special applications, and the reader may wish to con­
sult the table references for further information on these. 
It should be noted that the Vickers indenter is somewhat 
less sensitive to microstructural orientation effects than 
the Knoop and penetrates about three times deeper for 
a given load and the same hardness number. The Knoop 
was developed for shallow penetration and to minimize 
cracking in brittle materials.5 It tends to be more sensitive 
to low-load effects and surface preparation than the Vick­
ers, but its elongated impression shape is often an advan­
tage in placing indentations in narrow bands of material. 
Besides this, the shallow surface penetration of the 
Knoop can offer advantages when thin coatings are to 
be tested. 

Several other characteristics of the Knoop indenter, 
such as anisotropic elastic shape recovery effects and sen­
sitivity to crystallographic grain orientation, have made 
it useful in studying directional microstructural prop­
erties. 6- 7 The anisotropic recovery effects can sometimes 
produce large errors in the following standard equation 
for Knoop microhardness number:* 

KHN = 14229(%2) (9-1) 

where P = load (in g) and D = long diagonal length 
(in J.Lm). To obtain actual load per unit-projected-area 
on elastically relaxed Knoop impressions, a more accurate 
equation that uses the short diagonal (d) of the elongated 
impression has been suggested as a way to overcome 
anisotropy:8 

P AH = 2000 (%d ) (9-2) 

* The most commonly used units are kg/mm2; however, MPa equiva­
lents may be obtained by multiplying by 9.81. 
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Table 9-1. Microindenter Types and Characteristics. 

NAME GEOMETRY 

Vickers Equiaxed diamond pyramid; four faces; 
136° facet apex angle 

Knoop Elongated diamond pyramid; four faces; 
172°30' major-edge apex angle; 130° 
minor-edge apex angle 

Brinell IO-mm diameter ball 

Berkovich Diamond indenter; three facets; 142° edge-
to-opposite facet 

Grodzinski Diamond; edge of bases of two base-to-base 
66° cones; 2-mm base radius 

Pfund Hemisphere of sapphire 
Brookes Pentagonal 

where PAH (projected area Knoop hardness) is also given 
in kg/mm2. Other schemes for correcting for impressions 
that do not replicate the true indenter shape have been 
suggested by Tate,9 and newer methods that use indenter 
displacement under load to calculate micro hardness num­
bers have been appearing in the literature. I5 •I6 A major 
problem in implementing new displacement measurement 
methods and attempting to compare resulting data with 
previous values is similar to the problem of converting 
one scale to another in that different combinations of 
microindentation properties may be sampled by the new 
displacement techniques. Numerical equivalence of dis­
placement-type measurements with traditional optical 
measurements is not to be expected, and new sets of base­
line comparison data would be required for hardness num­
bers obtained using the displacement technique. 

Standards Related to Microindentation 
Hardness Testing 

A considerable number of international standards for con­
ducting microindentation hardness testing exist. Most are 
found in three sources: DIN (W. German), ISO, and 
ASTM. The DIN standards for Vickers and Knoop test­
ing are 50133 and 52333, respectively. The ISO lists three 
Vickers related standards: R81, R192, and R399. ASTM* 
is an internationally recognized voluntary standards orga­
nization and publishes a number of microindentation 
hardness standards; these are listed in Table 9-2. 

Procedures for testing are one matter, but obtaining 
accurate standards to calibrate hardness testing equip­
ment is quite another. Many equipment manufacturers 
advertise "micro hardness standards." These commercial 

* 1916 Race Street, Philadelphia, PA 19103. 

REFERENCE COMMENTS 

10,11 Common commercially available indenter; 
ratio of length of diagonal to depth about 
7: 1 

10 Common commercially available indenter; 
shallower than Vickers at given hardness 
and load; ratio of length of long diagonal 
to depth typically 30: I 

4 Usually used for higher loads (> I kg), as 
well as microhardness; a very well estab­
lished technique in macrohardness test­
ing 

I, 12 Triangular impression 

Highly elongated indentation; length-to­
depth can exceed 130: 1 ratio 

13 Quartz indenter also used 
14 Less sensitive to crystallographic orienta-

tion effects than Vickers, Berkovich, and 
Knoop 

standards should be rigorously evaluated under carefully 
controlled testing conditions to certify that their range 
of numerical reproducibility is sufficient for the user's 
purposes. It is always best to use well-characterized stan­
dards that are similar in hardness to the test materials 
of interest and have been "certified" at the test loads to 
be used. It may not be wise initially to project the blame 
for "bad data" on the machine or the operator when 
calibration standards could vary from one place to an­
other. Improper "touching up" of the surface of standards 
by rough regrinding and repolishing may lead to errors. 
Certifications could be invalidated by repolishing. 

Recently, a series of low-load (25-, 50-, and 100-g) 
"microhardness" standards have been developed at the 
National Bureau of Standards. These are numbered Stan­
dard Reference Materials as follows: SRM 1893 (Copper­
Knoop), SRM 1894 (Copper-Vickers), SRM 1895 
(Nickel-Knoop), and SRM 1896 (Nickel-Vickers).t 
More low-load standards of higher microindentation 
hardness than copper and nickel are being developed. 

Sources of Inaccuracy and Errors 

There are three definable sources of inaccuracy and error 
in conducting microindentation hardness tests: the ma­
chine, the operator, and the material. This trilaterial re­
sponsibility-which the author finds convenient to re­
member by using its initials M.O.M.-advocates that one 
should not be too quick in blaming anyone factor for 
problems in microindentation hardness data. In standard­
ization work, the frequent lack of a clear source of data 
scatter is particularly acute. For example, one might ask: 

t Purchasable from the Office of Standard Reference Materials, National 
Bureau of Standards, Gaithersburg, MD 20899. 
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Table 9-2. ASTM Standards Related to Microindentation Hardness Testing. 

MATERIALS 

Solids 

Metallics 

Ceramics 

Organics 

FORM 

Electroplate 

Electrical 
contacts 

Whiteware 

Glass 

Films 

INDENTER TYPE 

Knoop 
Vickers 
Brinell 
Rockwell 

Knoop 
Vickers 

Vickers 

Knoop 
Vickers 
Brinell 
Rockwell 
Rockwell Superficial 

Knoop 

Knoop 
Vickers 
Rockwell 
Brinell 

Knoop 

Knoop 

Pencil points 

Films, paint, Knoop 
lacquer Pfund 

Is our machine out of calibration? Is the reader not mea­
suring correctly? or, Is the material really varying that 
much from place to place? Knowing the "microhardness" 
number at one location on a sample with great accuracy 
does not guarantee that the same number will obtain a 
few micrometers away even if the microstructure appears 
to be identical. 

Table 9-3 lists a number of possible sources of inaccu­
racy and error in microindentation data. When the need 
to use low loads arises, second-order effects that are negli­
gible under higher loads can become very important. The 
proportion of surface-versus-bulk properties that are re­
sponsible for the material's response to the indenter is 
different in such cases. 

Impression Measurement Methods 

There are three principal methods currently employed 
to measure microindentations: (1) optical, (2) electro-opti­
cal, and (3) indenter-displacement. The first method in­
volves both traditional light microscopy, which has com­
prised the vast majority of historical usage, and scanning 
electron microscopy (SEM) which must be used to mea­
sure reliably the dimensions of the tiniest impressions 
commonly produced at very small loads and on hard 
materials. As Buckle has discussed,l the quality of the 
optics can effect the reproducibility of the data. For exam­
ple, as the objective numerical aperture increases, the 
points at the tip of indentations have narrower fringes 

ASTM NO. 

E6 

E 384 

E92 

E 140 

B 578 

B 277 

C 849 

C 730 

D 3363 

D 1474 

COMMENTS 

Subsection of a general specification for me­
chanical testing 

General microhardness 

1-120 kgf load range 

Approximate scale conversions 

Similar to C 849 

Scratch test 

A Pfund indenter is a hemisphere of quartz 
or sapphire 

and the indentations appear smaller, giving higher micro­
indentation hardness numbers. Another critical factor in 
light-optical measurement is the calibration of the observ­
ers. Each optical microscope observer should be periodi­
cally required to recalibrate his own eye on standard im­
pressions of known size (obtained by calibrated SEM 
measurement). Doing so will maintain consistency in the 
laboratory. 

Electro-optical methods involve both television-opera­
tor interactive methods that reduce operator fatigue and 
image digitizing methods that use preset electronic detec­
tors to measure and calculate impression sizes, areas, and 
shapes. Coupling television cameras and/or image-analy­
sis equipment to microindentation instruments can lessen 
operator fatigue, but this procedure can also result in 
some additional sources of measuring errors if not prop­
erly applied. For example, rastering electronic images is 
limited in resolution by picture element (pixel) size. The 
finite scan-line widths and direction can also have subtle 
effects on measurements, which may be illustrated by 
the following experiment on a commercial image analyzer 
that used 525 lines X 1082 pixels per scan line. A Knoop 
indentation shape was carefully drafted, measured with 
a toolmarkers' microscope, and placed on a camera stand 
beneath the image-analyzer camera on an easel. The ana­
lyzer screen provided a 2.23X enlargement of the drawn 
image. The image analyzer was calibrated using a black 
on white series of rulings and set to measure both area 
(in mm2) and longest figure dimension (in mm). Figure 
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Table 9-3. Some Possible Sources of Inaccuracy 
in Microindentation Hardness Testing. 

SOURCE OF 

INACCURACY NATURE OF INACCURACY 

Testing Machine Insufficient vibration isolation 
Mounting not rigid 

Operator 

Material 

Indenter "bounce" 
Mechanical interference with lowering of the in-

denter 
Loose indenter mount (wobble) 
Load overshoot 
Loads not exactly what are printed on dial 
Standards specimens used to calibrate the machine 

are not correct 

Sample/indenter not clean 
Improper microscope calibration factor 
Reading wrong impressions 
Wrong microscope objective in place 
Testing too near the edge of the sample 
Poor metallographic sample preparation 
Rough handling of the machine 
Eye fatigue or operator in a hurry 
Improper training 
Specimen loosely mounted 
Extra weights not removed 
Bowed substrate on thin sample (not mounted cor­

rectly) 

Indentation distortions on ductile samples 
Brittle phase cracking 
Subsurface, unobservable defects 
Crystallographic effects, elastic recovery aniso-

tropy 
Grain size similar to indentation size 
Lamellar sample; "anvil" effects 
Wavy test surface (sample must be tested as-re­

ceived) 
Directional surface residual stresses due to machin­

ing or grinding 
Indentation creep 
Microstructural arrangement of phases and grain 

boundaries 

9-2 shows the effect of image orientation on these two 
output quantities. Six readings were taken for each tilt 
angle of the Knoop-shaped figure with respect to the scan­
line direction. As shown, long-dimension values were 
much less sensitive to figure orientation than was area, 
which decreased as the figure was laid over on its side. 
Also, long dimension, while suffering little directional 
bias, was consistently low compared with the actual 
length, indicating the additional care necessary for cali­
bration of such systems. The effective scan-line width 
of about 0.34 mm at the plane of the drawn figure limited 
the ability to detect the tips of the figure image. 

On real samples, indentation edge defects and other 
contrast-producing artifacts can greatly complicate auto­
mated image measurement of impressions. User-interac­
tive TV-based systems can alleviate part of the problem, 
but much further work on instrumentation is needed be-
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Fig. 9-2. Effects of TV scanning line direction with respect to the 
orientation of a Knoop impression shape on length and area measure­
ments in an automated image analyzer. 

fore fully automated electro-optical impression measure­
ment can be applied broadly. 

As displacement measurement techniques have im­
proved, the feasibility of using them to measure impres­
sions without observer interpretation has greatly im­
proved. The Russian PMT -3 tester has been used in this 
way in several investigations (e.g., Ref. 15), and other 
research machines using this principle have been built 
(e.g., Ref. 16). Data obtained by measuring impressions 
under load must not be compared directly with data from 
residual impression measurements since the elastic recov­
ery of the "relaxed" indentation shape is usually not ac­
counted for in the former case. 

Scratch Testing 

Scratch hardness testing is one of the oldest forms of 
hardness testing. Despite this, the combination of proper­
ties resulting in a scratch are so complex (e.g., strain 
rate sensitivity, friction forces, machinability parameters) 



128 APPLIED METALLOGRAPHY 

that it is more difficult to quantify such tests to the extent 
that quasi-static (i.e., vertical) methods have been success­
fully quantified. For example, scratch widths, particularly 
in brittle materials that fracture along the scratch edges, 
are often difficult to measure. Also, since various indenter 
shapes from cones to pyramids to fine fibers have been 
used to generate the scratches, there is a great lack of 
standard methodology. Equations based on assumed con­
tact geometry during indenter movement have been devel­
oped to provide scratch hardness numbers, but the valid­
ity of the assumptions used in their development must 
be evaluated in terms of the differences in the microme­
chanical responses of each material to a traveling indenter. 
For this reason, average scratch widths, not a derived 
number, have been reported in the following section, "In­
terconversion of Microindentation Hardness Scales." Fur­
ther discussions of scratch testing may be found in Refs. 
17-18. 

Scratch testing geometry has also been used to observe 
critical loads for thin coating disruption. In one case, 
optical sensors detect the penetration of metallic coatings 
on transparent substrates,19 whereas in another, bursts 
of acoustic emissions signal coating failure. 20 Not a 
scratch hardness number, but rather a critical load for 
failure, is the parameter of interest. 

INTERCONVERSION OF MICROINDENTATION 
HARDNESS SCALES 

There are a substantial number of published tables for 
interconversion of one hardness scale to another; great 
care should be used, however, in trying to apply these 
tables to situations where the compositions, heat treat­
ments, and/or product forms of interest are different from 
those used to generate the original tables. The following 
list of references may be helpful for those who require 
approximate conversions: 

1. ASTM Annual Book of Standards (E 140): (a) 1983, 
Sec. 3, vol. 03.01, pg. 284; (b) 1982, Part 10, pg. 
359; and (c) 1981, Part 10, pg. 355. 

2. ASM Metal Progress, 1981, Materials and Process­
ing Databook, pg. 164. 

3. ASM Metals Handbook 1961, 8th ed., vol. 1, pg. 
1234. 

4. SME Tool and Manufacturing Engineers Handbook, 
1976, 3rd ed., McGraw-Hill Book Co., Inc., pg. 36-
20. 

5. G. F . Vander Voort, Metallography: Principles and 
Practice, 1984, McGraw-Hill Book Co., pp. 382-
383. 

6. L. Emond, Metal Progress, vol. 74, Sept. 1958, pg. 
97; vol. 76, Aug. 1959, pg. 114. 

A study was recently completed to obtain the microin­
dentation hardness and scratch widths for a series of met-

s 

o 
Fig. 9-3. Geometry of a stylus-on-fiat scatch-hardness tester. Inset is 
an enlargement of the hemispherically tipped, conical diamond stylus. 

als and alloys at a series of low loads (10 to 100 g). 
The same samples were used to obtain Vickers microhard­
ness numbers (VHN); Knoop microhardness numbers 
(KHN); Projected Area Hardness numbers (PAH}­
these being a modified Knoop microhardness that uses 
both long and short diagonal measurements; and scratch 
widths (using a commercial rotary scratch tester, as 
shown in Fig. 9-3). The average values at various loads 
for these measurements are given in Table 9-4. If KHN 
and PAH differ greatly, it means that the ratio of the 
long to short diagonal lengths of the Knoop indentations 
varied from the value that was assumed in computing 
KHN from the standard formula (i.e., elastic recovery 
and surface upset effects on indentation shapes were sig­
nificant). In such cases, KHN would not truly reflect 
the load per unit projected area, and PAH would be a 
more accurate quantity to use. 

Examples of Applications 

Microindentation techniques have been used for hundreds 
of applications throughout the whole spectrum of materi­
als science and engineering. From routine quality control 
and nondestructive testing* to highly specialized basic 
research and materials development, a range of micro­
penetration techniques have become available. Sometimes 
the desired output is a "microhardness" number, whereas 
in other cases, it is the nature of impressions and material 
response. This chapter, of course, can only hint at the 
broad possibilities of applications. Table 9-5 has been pro­
vided as a representative sample to provide the reader 
with · a feeling for the creative approaches taken in the 

* Whether a technique is considered "nondestructive" or not depends 
on the application. 
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Table 9-4. Comparison of Four Microindentation Hardness Testing 
Methods for Selected Metals and Alloys. * 

Conditions: Mechanically polished, unetched specimens with same surface used for all four methods; 
data for 10 g and 100 g loads. 

SCRATCH 

KHN PAH VHN WIDTH 

(kg/mm2) (kg/mm2) (kg/mm2) (/-tm) 

MATERIAL 109 100 g 109 100 g 109 100 g 109 100 g 

Sn 6.8 7.1 6.3 7.1 7.8 6.4 35 130 
Cd 20.3 23.1 17.3 23.1 21.0 19.5 29.5 71.2 
Cu 36.3 27.3 47.8 31.0 22.5 56.7 
Ni 125. 116. 102. 98.2 124.0 103. 16.6 43.4 
Fe 285. 281. 212. 198. 197. 249. 11.6 32.1 
Co 324. 279. 227. 250. 261. 264. 11.3 27.5 
Mo 391. 281. 341. 224. 306. 278. 11.3 27.5 

CDA 683 bronze 150. 160. 121. 135. 112. 148. 13.5 38.1 
CDA 688 bronze 149. 151. 127. 120. 109. 146. 13.9 42.5 
AISI 10 10 steel 143. 123. 122. 105. 15.7 48.2 
AISI 52100 steel 956. 908. 868. 17.1 
Nitinol 237. 120. 371. 306. 196. 258 . 9.7 25.8 

• Use only as an approximate guide. Relationships may vary based on product form, heat treatment, and microstructural 
condition. Note that MPa equivalents can be obtained by mUltiplying table values by 9.81. 

past. Given the proper technical awareness, the strengths 
and weaknesses of specific microindentation procedures 
should become increasingly apparent and lead to the selec­
tion of a test method judiciously suited to the problem 
at hand. 

Thin Coatings 

Coatings represent a special class of problems in microin­
dentation hardness testing. A great deal of care must 
be taken in making and interpreting measurements on 
coatings, but, treated in an informed manner, such data 
can be very useful in evaluating their mechanical proper­
ties. Sample preparation, load selection, indenter selec­
tion, and appropriate calibrations accounting for lamellar 
test pieces should all be a part of the data-collection pro­
cess. Because developing technological processes incorpo­
rate increasing numbers and types of coatings, special 
techniques and interpretations for coating tests are contin­
ually being developed. 

The effect of a coating on the Vickers microindentation 
hardness number is demonstrated in Fig. 9-4. The test 
specimen was Cu-electroplated with 1.2 p.m of Cr. The 
indentation depth (Z) in micrometers was calculated from 
indenter geometry (no vertical elastic recovery assumed) 
using the equation, 

Z = 6.15 .y(P/VHNp) (9-3) 

where P = the load (in g) and VHNp = the measured 
Vickers microindentation hardness number of the plated 
surface (in kg/mm2). The average Vickers microindenta-

tion hardness number of the un plated Cu substrate 
(VHNs) was 50 kg/mm2. At penetrations less than about 
12 times the plating thickness, the Cr plating began to 
influence the VHN. The dashed curve shows a reasonable 
exponential fit to the given data; however, it should not 
be used to extrapolate data to very near the surface or 
to below the ratio, (VHNp/VHNs) = 1.0. If one plots 
the log of the penetration-to-thickness ratio (Zit) versus 
log (VHNp/VHNs), then Fig. 9-5 results. Extrapolating 
the low-load « 50 g) portion of the plot to the ratio 
(Zit) = 0.1 (ASTM E384 criterion for valid testing of 
coatings), then (VHNp/VHNs) becomes 6.6, making 
VHNp == 330 kg/mm2. This value is somewhat low for 
Cr platings, but it suggests a possible approach to over­
coming such substrate effects. Other work in understand­
ing such "anvil" effects is underway at this writing (e.g., 
Jonssen and Vingsbo, Ref. 21). 

SELECTING A MICROINDENTATION 
HARDNESS TESTER 

After the appropriate hardness test methods and load 
range(s) have been selected for the materials of interest, 
criteria for the tester should be established. Not the least 
important of these is the ease of impression measurement 
and operator comfort since many hours must often be 
spent to obtain microindentation hardness numbers by 
traditional optical methods. Although process automation 
continues to improve testing productivity, it is important 
to recognize that valid, accurate microindentation hard­
ness numbers are not automatically a consequence of au­
tomation and digitization of tester outputs. This section 
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Table 9-5. Selected Applications of Microindentation Methods. 

APPLICATION 

Electrical contacts 

Ion implanted surfaces 

Plastic zone mapping near fatigue cracks 

Deformation and fracture of dual-phase steel 

Temper embrittlement 

Electrical current effects on semiconductor 
hardness 

Grain-boundary solute migration 

Thin films of LiF on glass 

Dislocation cell structure micro hardness cor­
relations in Cu 

Deformation of separate constituents in a two­
phase Cu-AI alloy 

Wear correlations with plated surface hardness 

Electrical contacts, Au 

Creep; hot hardness; adhesion 
Degree of recrystallization 

Wear of recording heads 
Anodic coating adhesion on Al alloys 
Sliding wear deformation studies 

Fracture toughness in ceramics 

Electroplates of Au 

Thin film adhesion of metal on glass 

Abrasive wear studies 
High temperature indentation; rate-controlla­

ble testing of steels 
Rate effects on indentation behavior 

CHOSEN TEST METHOD 

Knoop; 25-g load 

Special apparatus; Vickers indenter; capaci­
tance depth measurement; loads up to 2g 

Knoop 

Vickers; lO-g load; hardness versus load curves 

Vickers; acoustic emission during indentation 

Vickers; 10-g load; coupled with electrical re­
sistivity measurements 

Vickers; 5-g load 

Triangular tipped diamond; special apparatus; 
I to IOO-mg loads 

Knoop; two-diagonal method 

Vickers inferred but not stated explicitly; 5-g 
load 

Spherical indenter; function of load and pene­
tration depth versus wear 

Knoop; various depths of penetration 

Review of previous work theories 
Vickers; combined micro-macrohardness tech-

niques 
Knoop indentation dimensional changes 
Knoop; I to 50-g load 
Knoop; lO-g load; aspect ratios; two-diagonal 

measurement method 
Vickers; crack lengths near indentations used 

to estimate toughness 
Scratch tests using Vickers; 5 to 25-g load and 

down to 0.1 mg with scratching-mode Vick­
ers indenter 

Special apparatus; various loads on a spherical­
tipped, chrome-steel indenter 

Vickers indenter 
Special apparatus; Vickers sapphire pyramid 

indenter; 0.2 to 250-g load; up to 1600°C 
Special apparatus; Vickers indenter 
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lists a number of machine characteristics that should be 
considered in addition to merely cosmetic factors and 
lowest costs. 

• A vibration-isolated table for bench-model testers 
is very desirable, especially if low (less than loo-g) 
loads are to be used. 

The following checklist includes the most desirable at­
tributes of a high-quality microindentation-hardness test­
ing machine and some comments on these based on the 
author's experience: 

• The base should be solid, stable, and free from wob­
ble, with a low center of gravity. High heavy in­
denter/microscope heads could lead to increased vi­
bration. 

• Built-in leveling features should be provided. 

• Once the test cycle is initiated, it should proceed 
to complete indenter withdrawal without further 
need for the operator to touch the machine. Ideally, 
a delay to allow for vibration damping between the 
time the operator presses a button on the base and 
the cycle start-up occurs should be included (unless 
remote electronics are used). 

• The indentation process should be smooth and free 
from indenter bounce. 

• Adequate clearance for specialized fixturing or hold-
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Fig. 9-4. Ratio of apparent Vickers microindentation hardness of a 
Cr-plated Cu sample to that of the substrate for various relative indenta­
tion depths through the electroplate. Exponential fit to the data is shown 
by the solid line. The two-segment dashed curve seemed to fit better. 

• Indenter fixturing, changing, and targeting alignment 
should be easily and quickly achievable. 

• A calibrated-precision, button-tipped compression­
load cell can be used in place of a specimen to verify 
the accuracy of selected test loads. Tests in the load 
range of the expected application should be per­
formed. Extrapolations of mechanical performance, 
especially to low load ranges, should be avoided. 

• Microscope optics and measuring scales should be 
sharp and focusable for individual operators. Not 
only light intensity, but also adjustable diaphragms, 
often help greatly in defining the edges of impres­
sions. Sometimes a calibrated high-quality metallo­
graph can be used to make up for a mechanically 
good but optically mediocre microhardness tester. 
Scanning electron microscopes (SEM) with cali­
brated magnifications* have also been used for criti­
cal applications or tiny impressions. 

• A fixed cross hair or other indicator for targeting 
indentations is very desirable. Some machines do not 
have provisions for accurate targeting but require 

10. I------.---~_,_,_,~'i',------.--.,-~.-~-.ri ,.-----.---.-'i-.,,,-.~.~i , 

1.21Jm Cr on Cu 

( 
VHNp ) 
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0.1 

Fig. 9-5. Log-vs-log plot of Fig. 9-4 data showing extrapolation of low-load data (below 50 g) to (z/t) = 0.1. 

ers and provision for easy mounting of the fixtures 
should be provided, but too much clearance can lead 
to a top-heavy machine, with increased vibration sen­
sitivity and reduction in stiffness. 

• Internal switches to prevent accidental cycle start­
up if the indenter is not in position are desirable. 

• Adequate clearance should be allowed between the 
specimen or specimen holder and the indenter tip 
during positioning and stage translation. 

• Several attempts to target a given microstructural 
feature using the micrometer stage controls will give 
indications of drive train backlash, alignment accu­
racy, and ease of reading stage markings. Rotation, 
as well as X-Y stage motion, is often an advantage. 

• Controls should be easy to find and manipulate, but 
the main cycle start switch should be at a point where 
accidental activation is less likely. 

one to remember where a movable cursor line should 
be, etc. 

• Several selectable magnifications on the microscope 
will permit easier test-area location and measuring 
accuracy when impressions vary greatly in size be­
cause of load and/or hardness differences. Each ob­
jective lens should be calibrated for measurement 
by specific operators since judgments of indentation 
edge positions can vary. ASTM Test Method E384 
provides guidelines in this area. 

• Company field recalibration and field maintenance 
services are worthy of consideration, as are warranty 
provisions. 

• National Bureau of Standards, Standard Reference Material No. 484 
is a magnification calibration standard designed for the SEM. 
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Commercial Machines 

A wide variety of commercial microindentation-hardness 
testing equipment and accessories is available; several ex­
amples are shown in Figs. 9-6 to 9-10. Their inclusion 
here does not constitute an endorsement or certification 
by the U.S. National Bureau of Standards, but only a 
means of depicting the range and styles of equipment 
in use at this writing. Readers should consult various 
manufacturers for detailed specifications and available ac­
cessories. Once the choice of equipment type has been 
narrowed, there is no substitute for a demonstration that 
involves the type(s) of samples on which the equipment 
will be used. Advice of technicians who must use the 
testers on a day-to-day basis should be sought. 

Often manufacturers will offer special fixtures, such 
as self-leveling mounts, thin sample vises, or other odd­
shaped sample holders, as accessories. Television moni­
tors, digital filar oculars, and data printers are also widely 
available. 

An ultra-low-load Vickers-type microindentation-hard­
ness accessory for in situ use with the scanning electron 
microscope (SEM) is made by Anton Paar Co. in Austria. 
It applies loads up to 2 grams by a leaf-spring arrange­
ment. Finding the indentations in some cases requires 
skill and practice on the part of the SEM operator. 

Fig. 9-6. Example of a dash-pot mechanism-based machine (Courtesy, 
Page-Wilson Corp.). 

Research Machines 

Numerous microindentation producing machines have 
been built for specialized research on materials. Some 
of these are capable of applying p.N loads and measuring 
micro-stress/strain behavior. 16 Others have been used to 
study loading rate effects.22 Still others have been used 
to study abrasion behavior. 23 Machines have been devel­
oped to study cracking of transparent ceramics and glasses 
in situ during the indentation process by optical micros­
copy through the back of the specimen.24 Many of the 
same criteria for selecting a tester (see the previous check­
list) can be applied in designing and building research 
machines for specialized studies. A suitably chosen, com­
mercially manufactured machine can be modified for spe­
cialized research in certain cases, thereby saving time and 
"reinvention" engineering problems. 

Microindentation hardness numbers obtained at room 
temperatures may not be representative of those in either 
elevated- or low-temperature service, and relationships 
between microhardness numbers and temperature may 
be complex. Figure 9-11 demonstrates such effects for 
Fe, Cr, Co, and Au. 25 Such complex behavior is not unex­
pected because of the influence of temperature on micro­
structure and mechanical properties such as flow stress 
and elastic modulus. Specialized, high-temperature mi­
croindentation-hardness measurement instruments are 
commercially available (e.g., see Fig. 9-12), and others 
have been constructed for individual research investiga­
tions (e.g., see Ref. 26). 

SPECIMEN PREPARATION AND FIXTURING 

Some kinds of microindentation-hardness test samples, 
such as smooth platings on flat coupons, can simply be 
clamped in place on the testing machine and tested with­
out a need for special mounting or further preparation, 
whereas other kinds of samples, such as those cut from 
larger pieces or those requiring indentations in particular 
orientations, require special techniques in preparation and 
fixturing. Sometimes the mounting procedures can involve 
special metallographic techniques, especially when mate­
rials with cross-sectioned thin coatings, lamellar micro­
structures, stepped surfaces, or other complications are 
involved. This section will describe several methods of 
specimen preparation and fixturing that may be helpful. 
Obviously, many other approaches besides those given 
here may be effective, given the needs of specific samples. 

Metallographic Considerations 

In order to obtain valid representative microindentation 
hardness numbers, especially at the low range of test 
loads, no effects of sample grinding or polishing damage 
can be tolerated. If indenter loads are over about 100 
to 200 g (0.98 to 1.96 N), careful mechanical metallo-
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RZD-DO 

Fig. 9-7. Example of a digital measurement testing system with revolving nosepiece to allow targeting precision (Courtesy. E. Leitz). 

Fig. 9-8. Example of an automated programmable stage accessory for producing a prespecified test matrix of microindentations (Courtesy. Leco 
Corp.). 
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No. 1601).2000 MICROMET ' II 
MICROHARONESS TESTER 
Standard Model 

No. 1601).2005 MICROMET . II 
MICROHARDNESS TESTER 
Olgllal Model 

Fig. 9-9. Two compact digital and manual reading machines (Courtesy Buehler Ltd). 

Fig. 9-10. Portable, spring-loaded hardness tester for field use. The instrument is supplied with conversion tables for various traditional scales. 
(Courtesy, Hentschel Instruments, Inc.) 
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Fig. 9-1 \. Complex microindentation hardness behavior of several 
metals over a range of temperatures. Changes in elasto-plastic properties 
as well as crystal structure transformations contribute to such behavior. 

graphic procedures usually suffice. Etching is not advisa­
ble before testing or reading indentations since it can 
create irregular surfaces. If the phases to be tested cannot 
otherwise be located, however, they can be etched, their 
locations marked with a pattern of surrounding microin­
dentations, and the sample repolished before indentation. 

If it is suspected that mechanical polishing will produce 

too much damage (as it might under low loads), electro­
lytic or chemical polishing is suggested.27 Occasionally, 
etching of indented samples may be required to observe 
the extent of lateral microindentation damage and to 
make sure that individual tests are spaced widely enough 
apart so as not to interfere with one another. The reader 
should be cautioned that excessive chemical or electrolytic 
polishing can also produce undesirable surface irregulari­
ties as a result of different polishing rates from one phase 
to another or one crystallographic orientation to another. 

A particularly challenging problem involves composite 
materials whose constituents differ greatly in microinden­
tation hardness and/or chemical activity. Final polishing 
invariably produces surface relief in such cases. Use of 
finer grades of abrasive and diamond for final polishing 
may help reduce the relief effects.27 It may be necessary 
to choose a different indenter geometry (e.g., more acute 
facet angles or elongated shape) to fit between upstanding 
constituents. Changing the orientation of the polished 
section in an aligned composite may also help. 

As discussed above, good metallographic technique 
may be combined with more favorable sample orientation 
in the mount to permit a sufficient volume of material 
to be presented to the indenter. Taper sectioning, as dis­
cussed by Moore,28 has proven to be extremely useful 
in this respect. Figure 9-13 demonstrates several advan­
tages of this technique as applied to near surface microin­
dentation hardness-versus-depth profiling. Instead of us­
ing an orthogonal cross section of a plated surface, the 
sample is mounted at a selected tilt angle (a) so as to 
"magnify" the microstructural features lying in the 
"downhill direction" of the original surface by a factor 
of M (M = lIsin a). For the given example, this is 
shown to greatly increase the number of indentations pos-

Fig. 9-12. A specialized high-temperature (specifications indicate up to 1600°C) commercial microindentation tester (Courtesy, Nikon). 



136 APPLIED METALLOGRAPHY 

Fig. 9- 13. Comparison of a taper-polished section with a normal cross- section of a plated sample. More indentations are possible in the near­
surface regions, but angled relative loading direction of indentations and changing location below the surface are possible drawbacks to the 
technique. 

sible within the near surface region and to alleviate part 
of the problem of testing near a free surface. Moreover, 
the direction of indenting is aimed more at the bulk sam­
ple than parallel to the original free surface. As Moore 
has pointed out,28 one drawback to the technique is that, 
unlike the case with normal cross sections, taper polishing 
exposes material below a range of points on the original 
surface rather than below the same line of cut on the 
free surface. Therefore, the microindentation hardness 
must be assumed to vary in the same way with depth 
below every point on the original surface. Another draw­
back is that tapered layers are wedge-shaped where they 
intersect the plane of polish. Taper sectioning, however, 
has been used successfully for coatings,29 worn surface/ 
subsurface studies,30 and machining damage assessments. 

Polishing tangentially to a shaft or other cylindrical 
component is a form of pseudo taper sectioning. It can 
provide the same kind of effect, and the depth of a given 
location is easily obtained. Figure 9-14 displays an exam­
ple of pseudo taper sectioning on a cylinder. Plating thick­
nesses can be measured at the same time as the survey 
of microindentation hardness versus depth is taken. 

Microindentation hardness testing of particles usually 
involves embedding them in a metallographic mounting 
medium and polishing the mount to display a series of 
cross sections. Loads should be chosen to avoid free-sur­
face effects. Incorporation of metal particles in electrode­
posits has also proven to be an effective mounting 
technique.31 

Fixturing Methods 

The proper fixturing method for microindentation hard­
ness test specimens should be determined by the size, 
shape, and number of replicate specimens to be tested. 
Testing machines in research and development laborato­
ries should be equipped with a varied selection of clamps 

and fixtures so that many different sample configurations 
can be tested. In production or quality control laborato­
ries, the predominance of a few standard sample configu­
rations warrants constructing custom fixtures. A proper 
fixture should hold a specimen securely without damaging 
it and in a manner such that the test surface is normal 
to the direction of indentation. If specimens are improp­
erly fixtured, microindentations will repeatedly appear 
asymetrical. Loosely fixtured samples could move during 
load application or during translation of the mechanical 
stage. If clamping is too tight on certain kinds of thin 
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Fig. 9- i 4. Pseudo-taper section geometry giving an equation to calcu­
late the radial distance d of a point P from the surface given the cylinder 
radius R and measured distances W, and W 2 on the plane of polish. 
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samples, buckling of the sample or undue stressing of 
coatings may result. 

Appropriate fix turing can be as simple as a pair of 
leaf-spring clips or as complex as a multiaxis leveling 
vise. Before designing sophisticated fixtures, equipment 
manufacturers should be consulted. Many specialized ac­
cessories have already been developed. One common type 
of self-leveling fixture for standard metallographic mounts 
is represented schematically in Fig. 9-15. The ball and 
socket joint below the specimen and the flat-bottomed 
plate assure that even samples with nonparallel top and 
bottom surfaces are presented normal to the indenter. 
One drawback of this type of fixture is that the microscope 
objective (especially the higher magnifications) may some­
times bump into the edge of the hold-down plate and 
prevent examination of the edges of the sample. Clearance 
of both the microscope objectives and the indenter tip 
should be carefully checked when using this type of fix­
ture. 

When low loads are being used, it is possible to use 
various adhesives, including double-backed adhesive tape, 
to mount specimens. Before doing so, however, the opera­
tor should examine the mounting arrangement to deter­
mine that the back of the sample immediately below the 
indenter is securely supported. If specimens are very small 
or otherwise difficult to handle, it may be advisable to 
cast them in a quick-setting plastic mount. Once mounted, 
they are more easily handled and fixtured. Furthermore, 
they may be archivally stored in standardized containers 
for re-examination at a later date. Larger mounts are 
also easier to mark clearly. 

Sometimes the mounting arrangement will be dictated 
by other uses to which the microindentation hardness 
samples are subjected. For example, samples may also 
be used for photomicrography or scanning electron mi­
croscopy. In the latter case, the mount may have to be 
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Fig. 9-15. General features of a self-leveling sample holder. 
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electronically conductive as well as rigid, or its size and 
shape may have to conform to sample chamber require­
ments. Forethought in this area can do much to avoid 
remounting problems. Furthermore, when hardness test­
ing is completed, the indenter can be used at higher loads 
to mark interesting areas for expedient targeting in the 
scanning electron microscope. 

SUMMARY 

Microindentation hardness tests, including both quasi­
static and scratch tests, are sensitive to different combina­
tions of basic surface and bulk properties. Interconversion 
of values from :me hardness scale to another should not 
be attempted without enlightened attention to the compo­
sition, form, and microstructures of the materials being 
tested. Special techniques for sample preparation and fix­
turing have been presented, as well as citations of repre­
sentative references to demonstrate how microindentation 
data have been used in a variety of specialized studies. 
Selection of a proper test method and testing machine 
has also been discussed. 
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THE SEM AS A METALLOGRAPHIC TOOL 

George F. Vander Voort 

Carpenter Technology Corp. 

Since its commercial introduction about 20 years ago, 
the use of the scanning electron microscope (SEM) in 
materials science has grown to the point where it is a 
rather common tool. Indeed, its use rivals that of the 
light optical microscope (LOM). This popularity stems 
from the substantial progress made by instrument manu­
facturers, the wide range of instruments available, and 
the many advantages of the SEM-ease of specimen prep­
aration (compared to other electron microscopy tech­
niques), high resolution, extensive depth-of-field, and wide 
range of magnification. An additional advantage is that 
chemical analysis can also be performed by the use of 
suitable attachments to the SEM. 

The SEM has largely replaced the transmission electron 
microscope (TEM) for fractographic investigations. 
Through the addition of energy-dispersive and wave­
length-dispersive X-ray detectors and suitable signal pro­
cessing units, the SEM can also perform phase analysis 
of bulk or extracted specimens, thus accommodating 
many of the chores traditionally limited to the TEM or 
the electron microprobe analyzer (EMPA). 

Some SEM enthusiasts also view the SEM as a replace­
ment for the light microscope. However, just as the SEM 
cannot totally replace either the TEM or the EMPA, it 
also cannot be regarded as a complete substitute for the 
light microscope. Indeed, errors in interpretation can be, 
and have been, made by examining specimens only with 
the SEM. 

The contrast mechanisms that produce SEM images 
are different from those that produce images in the light 
microscope. Contrast produced from topographic features 
(surface roughness) results in similar images in both the 
SEM and the light microscope-a feature that makes in­
terpretation of these images rather straight-forward. 
Other contrast mechanisms, however, are different. For 
example, LOM images may also be produced by light 
reflectivity differences, color differences, or polarization 
effects-none of which are detectable in the SEM. Like­
wise, SEM images may also be produced by contrast 
mechanisms not observable in the LOM, for example, 
atomic number contrast or electron channeling contrast. 
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Consequently, microscopists must have a basic under­
standing of the composition of a specimen if they are 
to select the most suitable observational procedures for 
taking advantage of these contrast mechanisms. 

As a general rule, it is always best to conduct the pre­
liminary examination of specimens using the LOM first. 
The reason for this rule is one of practicality. First, if 
the specimen preparation is inadequate to observe the 
microstructure in the LOM, it will also be inadequate 
for SEM observation. Preparation artifacts that obscure 
the microstructure when viewed in the light microscope 
will similarly influence SEM examination. Second, the 
entire specimen surface can be examined far more quickly 
with the LOM than the SEM. Features of interest can 
be circled with an objective marker (an objective with 
a diamond-tipped stylus), thereby producing scribe marks 
of variable diameter that can be quickly located in the 
SEM. Many specimens can be thoroughly examined by 
light microscopy in the time required to examine a single 
specimen in the SEM. 

This review will concentrate on the use of the SEM 
to examine microstructures in bulk specimens. There are 
many excellent publications that review the principles 
of SEM construction, operation, and performance. 1- 8 Al­
though the SEM applications literature is quite extensive, 
only a few publications have concentrated on the use of 
the SEM to study microstructures per se. 9 - 17 This paper 
will concentrate on this important aspect of SEM usage 
by comparing and contrasting results obtained by light 
microscopy and by scanning electron microscopy. Em­
phasis will be placed on the practical aspects of such 
work. This study shows that these two observational 
methods are complementary rather than competitive and, 
hopefully, will show the SEM user how to obtain more 
useful microstructural images. 

SEM IMAGE CONTRAST FORMATION 

Regardless of the tool used, LOM or SEM, the objective 
of the examination is to produce an image with the neces­
sary magnification to permit resolution of the desired fea-
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tures. Resolution, however, is only one aspect of image 
visibility. Equally important is the contrast that is devel­
oped between different constituents. A contrast (bright­
ness) difference of at least 3 to 7 percent must be present 
if the human eye is to observe the image details. Greater 
differences are obviously desired. Additionally, there 
should be an abrupt change in contrast at the edge of 
the features to produce "sharp" details. This is especially 
important if accurate measurements of the structure are 
to be made, particularly when automated systems are 
used. Irrespective of the resolution potential of the instru­
ment, the sharpness of the image will establish the ulti­
mate resolution obtained, i.e., resolution of features re­
quires visible features with sharply defined interfaces. As 
with the LOM, the SEM depends heavily upon the nature 
of the specimen and the quality of specimen preparation. 
To obtain optimal LOM or SEM images, specimen prepa­
ration itself must be optimal. 

The most common sources of SEM image contrast stem 
from topographic and compositional (atomic number) dif­
ferences. Major emphasis, therefore, will be placed on 
these effects. The SEM has several operational modes 
for image production. Those modes most useful for mi­
crostructural examination of bulk specimens are (1) emis­
sive, (2) reflective, (3) absorptive, or (4) X-ray. Newbury18 

has prepared an excellent review of contrast mechanisms 
that the interested reader may wish to consult for addi­
tional details. 

The emissive mode utilizes low-energy secondary elec­
trons emitted from the specimen surface to a depth of 
up to about 10 nm. Very high resolutions can be obtained 
with such images; about 4 nm is the typical limit for 
many modem SEMs. 

The reflective mode employs the higher energy back­
scattered electrons which come from a much greater 
depth (up to several micrometers). Secondary electron 
(SE) images are primarily formed from topographic con­
trast, whereas backscattered electron (BSE) images arise 
from compositional (atomic number) contrast. 

The absorptive mode is obtained by detecting the signal 
flowing through the specimen to ground, the procedure 
widely used in electron microprobe work. At a constant 
bllam current, the absorbed current or sample current 
image is produced by variations in the emitted SE and 
BSE signals. Such images are essentially the inverse of 
BSE images. 

The X-ray mode utilizes the characteristic X-rays gen­
erated by the incident beam to display or analyze the 
distribution of chemical elements at, and slightly below, 
the specimen surface. These signals may be detected using 
either an energy-dispersive or wavelength-dispersive de­
tection system, the former being more common. 

Secondary Electrons 

When the electron beam strikes the specimen surface, it 
penetrates to a depth of about 1 micrometer. The penetra-

tion depth increases with increasing beam current. The 
incident electrons collide with atoms in the specimen, 
thereby displacing electrons from their orbits. These "sec­
ondary" electrons are produced throughout the excitation 
volume; because they possess very low energy, however, 
only those very close to the surface can escape to produce 
a detectable signal. Thus, this signal is generated from 
an area slightly larger than the beam diameter and to a 
depth of less than about 10 nm. Part of the signal, in 
the form of background noise, also comes from "remote" 
secondary electrons that are excited by escaping backscat­
tered electrons. 

Topographic Contrast 

Topographical effects, i.e., surface roughness, alter the 
production of secondary electrons. A sharp edge in relief 
will promote the escape of secondary electrons, thereby 
enhancing image contrast. Likewise, tilting of the speci­
men relative to the beam will increase the generation of 
secondary electrons and enhance contrast. Because the 
path of these electrons to the detector does not require 
line-of-sight orientation to the detector, specimen tilting 
is widely utilized. However, although image visibility is 
enhanced, measurements are complicated because tilting 
increases the apparent feature spacing and the magnifica­
tion varies across the image. Image distortion can also 
result, although modem SEMs correct this problem rea­
sonably well. 

Since surface topographic contrast produces light-dark 
shading contrast analogous to that observed by light mi­
croscopy, interpretation is easy. The SE image produces 
edge brightening, a feature not present in LOM images, 
but no confusion results. It is important to orient the 
photomicrographs properly (detector at the top) because 
elevated features will appear to be depressions if the pic­
ture is rotated 180° for viewing. This is less of a problem 
when the specimen is normal to the beam, but it is still 
present. Compositional contrast can also be detected in 
SE images because the SE detector invariably collects 
some primary backscattered electrons that contain atomic 
number information. This information is most noticeable 
when the specimen is tilted towards the Everhart-Thom­
ley (E-T) detector, which is widely used for producing 
SE images. 

The number of secondary electrons escaping from a 
surface is strongly influenced by the angle between the 
incident electron beam and the local normal to the speci­
men surface; this influence is particularly strong for angles 
of about 45°. As this angle is increased to 45°, the length 
of the primary electron path at the extreme surface (to 
a depth of 10 nm) increases, and the number of escaping 
secondary electrons also increases. 

Backscattered Electrons 

A portion of the high-energy electrons striking the speci­
men surface are subject to Rutherford scattering and re-
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Fig. 10-1. Relationship between the backscatter coefficient. 71. and atomic number for 10- and 49-keV beam potentials (data from Heinrich. 
Ref. 20). 

emerge from the specimen surface with nearly as much 
energy as the incident electrons. These backscattered elec­
trons come from a much greater depth than the secondary 
electrons. Consequently, the image resolution achievable 
with BSEs is not as good as with SEs but somewhat 
better than the best that can be achieved with the light 
microscope. Because they arise from a greater area and 
depth than the secondary electrons, BSEs usually provide 
little information about the specimen surface topography 
unless two or four opposed solid-state detectors are used 
for signal subtraction. In certain cases, depending on the 
nature of the specimen and the type of BSE detector, 
strong topographic contrast can be obtained. 

Despite these negative aspects, backscattered electron 
images are highly informative because the efficiency of 
producing backscattered electrons depends on the average 
atomic number of the constituents and such images thus 
reflect the compositional differences present in the speci­
men. Because polished metallographic specimens are quite 
smooth unless heavily etched (not always desirable), topo­
graphic contrast will be quite weak, but atomic number 
contrast can provide very useful images. 

Atomic Number (Compositional) Contrast 

The generation of back scattered electrons has been shown 
to increase with increasing atomic number Z. 19-22 Figure 
10-1 shows data developed by Heinrich20 that demon­
strates the relationship between the atomic number and 
the electron backscatter coefficient, TJ, a measure of the 
relative amount of backscattered electrons produced. The 
incident beam energy has little influence on the backscat­
ter coefficient. Figure 10-2 shows a semilogarithmic plot 
of measurements of TJ as a function of Z for a constant 
accelerating potential of 30 keY using data from four 

studies. 19- 22 For Z values above 13 (AI), the data is linear 
when plotted in this manner. Heinrich developed the fol­
lowing equation to permit calculation of the backscatter 
coefficient for a homogeneous alloy or compound: 

(10-1) 

where Ci represents the weight fractions of the compo­
nents of the alloy or phase and TJi, the backscatter coeffi­
cients of the pure elements present in the alloy or com­
pound. 

To illustrate the use of secondary electrons and back­
scattered electrons to examine the microstructures of 
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specimens with high atomic-number differences, three ex­
amples will be given. Figure 10-3 shows an as-polished 
specimen of as-cast (monotectic) AI-27-wt.%Bi. The 
LOM micrograph reveals the microstructure by means 
of the light reflectance differences between the aluminum 
matrix and the bismuth particles. Polishing has produced 
minor relief between these two relatively pure phases, 
resulting in a dark line around the particles. Figure 
10-3 shows the microstructure of this sample with the 
Everhart-Thornley detector and secondary electrons and 
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with the solid-state detector (combined signal from both 
detectors, A + B) placed directly above the specimen. 
In both cases, the sample was normal to the beam (no 
tilt), and the potential of the incident beam was 20 keY. 
For aluminum (Z = 13) and bismuth (Z = 83), the 
difference in the backscattered coefficients is 0.369, or 
71.9 percent. Because there is very little relief, and the 
specimen was not tilted, both images are virtually identi­
cal, i.e., image contrast was solely due to the composi­
tional contrast between these two relatively pure phases. 

(b) 
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• 

Fig. 10-3. LOM and SEM images of an as-cast AI-27-wt. % Bi alloy with high atomic-number contrast (D.1J = 0.369, or 71.9%): (a) light microscope 
image, as-polished, 500X; (b) secondary electron image, as-polished, 20 keY, no tilt, 500X; and (c) backscattered electron image, as-polished, 

A+B, 20 keY, no tilt, 500X. 



Note that the particle interfaces are not sharp but slightly 
blurred. One can also see some faint, small particles that 
probably arise from particles just beneath the surface. 

Figure 10-4 shows the microstructure of as-cast (mono­
tectic) Zn-lO-wt.%Bi that was lightly etched after polish­
ing. Light etching was helpful for producing good LOM 
images of these relatively pure phases (pure Bi in a pure 
Zn matrix) because the reflectivity difference was less than 
for the AI-Bi specimen. The SEM micrographs in Fig. 
10-4 were taken with the specimen normal to the beam, 

(a) 

(c) 
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a posltIon that minimizes the etching topography. For 
this specimen, the differences in the backscatter coeffi­
cients for zinc (Z = 30) and bismuth (Z = 83) is 0.202, 
or 39.3 percent. The E-T detector was used to produce 
SE and BSE images of the microstructure using a beam 
potential of 20 keY. Again, contrast is due to the atomic 
number difference. The E-T BSE image is more contrasty 
than the SE image because the matrix is darker. A back­
scatter electron image was also produced using the two 
solid-state detectors (combined A + B image) at 30 keY, 

(b) 

(d) 

Fig. 10-4. LOM and SEM images of an as-cast Zn- IO% Bi alloy with high atomic-number contrast, with no tilt used (tl.1j = 0.202, or 39.3%): 
(a) light microscope image, etched with 2% nital, 500x; (b) secondary electron image, 20 keY, lOOOx; (c) backscattered electron image, 20 keY, 
lOOOX (Everhart-Thornley detector); (d) backscattered electron image, 30 keY, lOOOX (A+B solid-state detector). 
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and this resulted in a still greater contrast. Light etching 
helped to produce sharper interfaces in these micrographs 
than in the AI-Bi micrographs. 

In these two examples, the minor phase had a much 
higher atomic number (high Z) than the matrix. Conse­
quently, the high atomic-number phase appears bright, 
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whereas the low atomic number phase (low Z) appears 
dark. The contrast will be reversed if a light atomic num­
ber phase is dispersed within a heavy atomic number 
matrix. 

An example of such contrast is provided by graphitic 
cast irons where essentially pure carbon (Z 6) is dis-
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Fig. 10-5. LOM and SEM images of ductile cast iron containing graphite nodules (ll.1J = 0.227, or 79%): (a) light microscope image, 2% nital 
etch, bright field illumination, 4OOx; (b) light microscope image, differential interference contrast mode, 2% nital etch, 4OOX; (c) light microscope 
image, crossed polarized light, 2% nital etch, 4OOX; (d) secondary electron image, 2% nital etch, Everhart-Thomley detector, 500x; (e) backscattered 
electron image, Everhart-Thomley detector, 2% nital etch, 500X; (f) backscattered electron image, A+B solid-state detector, 500x; (g) backscattered 
electron image, A-B solid-state detector, 2% nital etch, 500x; and (h) specimen current image, 2% nital etch, 500x. 



persed in iron (Z = 26, ignoring solid-solution elements). 
Figure 10-5 shows the microstructure of an annealed as­
cast nodular iron where the difference in backscatter coef­
ficients is about 0.227, or 79 percent. Three LOM images 
are shown using bright-field illumination, nearly crossed 
polarized light, and differential interference contrast 
(DIe). Polarized light reveals the substructure of the 
graphite nodules, which cannot be observed with the SEM 
unless special etching techniques are used to reveal this 

(e) 

(g) 
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structure by producing topographic effects. The DIe im­
age produces topographic contrast not present in the 
bright-field image. 

The SEM SE and BSE images in Fig. 10-5 reveal the 
graphite nodules in strong contrast with the graphite par­
ticles, which appear to be black because of the very low 
backscatter coefficient for carbon. The sample was lightly 
etched, and topographic details are minimal, if observable, 
in the SE image but totally absent in the BSE image 

(h) 

Fig. 10-5. LOM and SEM images of ductile cast iron (continued). 
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Fig. 10-6. Two examples of grain-orientation contrast with electropolished, un etched, single-phase 200 nickel using a quad-diode, solid-state backscat­
ter detector at 30 keY (left) and the Taylor backscatter electron detector attachment at 10 keY (right), both at lOOX. 

produced with the solid-state (A + B) detector. By sub­
tracting the two solid-state backscatter images (A - B), 
topographic detail is produced, and the image contrast, 
although minor, is reversed. In most such images, little 
atomic number contrast is observed. Thus, by comparing 
A + B and A - B solid-state BSE images, considerable 
structural detail can be obtained. The specimen current 
(SC) image, although not as contrasty as the BSE A + 
B image, produces acceptable contrast with the contrast 
reversed, as expected. The SC image is not quite as sharp 
as the other images. Better SC images can be achieved 
using high-quality SC signal amplifiers.23 

Channeling Patterns 

Backscattered electrons have also been utilized to produce 
crystallographic information through development of Ki­
kuchilike electron-channeling pattems.24-31 Such details 
are produced when the angle between the beam and the 
lattice planes in the specimen permit Bragg diffraction 
to occur. Although orientations of grains as small as 10-
fLm diameter can be determined,28 areas of 50 to 100 
fLm in diameter are usually scanned, and this requires 
rather large grains or single crystals. Diffraction causes 
a greater portion of the incident beam to penetrate the 
specimen, thus reducing the generation of backscattered 
electrons and producing dark lines in the image in tum 
that can be related to the crystal structure and orientation. 

Crystallographic Orientation Contrast 

Backscattered electrons can also produce crystallographic 
orientation contrast as a result of diffraction effects in 
polycrystalline specimens. To produce such detail, a high­
quality surface finish is needed; most authors recommend 

electropolishing. Figure 10-6 demonstrates this effect in 
polycrystalline nickel, an effect quite similar to that 
achieved by grain-orientation etchants. This sample, an­
nealed 200 nickel, was electropolished (not etched) and 
examined using back scattered electrons detected by using 
a solid-state quad-diode detector and a Taylor high-reso­
lution backscattered-electron phosphor-scintillator detec­
tor. * The latter is substituted for the E-T bias cage, scin­
tillator, and retaining ring. 

Figure 10-7 also demonstrated grain contrast brought 
about by electron channeling using a two-phase alpha­
beta brass (Cu-40-wt. %Zn) specimen that was heated 
to 940°F (504°C) and water-quenched. This specimen 
was prepared by mechanical polishing with colloidal silica 
plus a small amount of I-percent aqueous ferric nitrate 
as the final (attack) polishing step. Because there is virtu­
ally no atomic number contrast between the alpha and 
beta phase and little polishing relief, no image was ob­
tained using the as-polished specimen. Hence, the speci­
men was tint-etched with Klemm's I reagent (saturated 
aqueous sodium thiosulfate plus 2-percent potassium me­
tabisulfate), which colors the beta phase preferentially. 
Although several authors have stated that tint etchants 
are not useful for SEM examination and should be 
avoided, this is certainly not true. The SEM micrographs 
in Fig. 10-7 were taken with the specimen normal to 
the beam so that any topographic features present will 
not produce significant image contrast. The as-polished 
specimen exhibited no image because of the absence of 
significant atomic number contrast. However, the deposi­
tion of a sulfide stain on the beta phase produced a varia­
tion in backscattered electrons that shows up clearly in 

• M. E. Taylor Engineering, Inc., 11506 Highview Ave., Wheaton, MD 
20902. 
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(a) (b) 

(c) (d) 

Fig. 10-7. LOM and SEM images of wrought alpha-beta brass (Cu-40%Zn) heat-treated at 940°F (S04°C) for Ihr, water quench, and tint­
etched with Klemm's I reagent after mechanical polishing (tlTJ = 0): (a) light microscope image, 200x; (b) secondary electron image, 20 keY, 
200x; (c) backscattered electron image, 20 keY, A+B solid-state detector, SOOx ; and (d) backscattered electron image, 20 keY, A-B solid-state 
detector, SOOX. 

the SE image. When the solid-state BSE detector was 
used, orientation contrast was observed, but there was 
little difference in contrast between the alpha and beta 
phases. 

In Fig. 10-7, the LOM micrograph shows the preferen­
tial coloring of the beta phase with no detail present in 
the alpha matrix. The SE image reveals the beta phase 
as bright white with a slight amount of detail present 
in the dark matrix grains. In the A + B BSE image, 

all of the grains are observed because of orientation con­
trast. It is difficult to determine which grains are alpha 
and which beta. Examination of the A - B BSE image 
reveals the beta phase as depressions. By comparing the 
A + B and A - B BSE images of the same field, we 
note that the beta phase in the A - B image is a uniform 
medium gray and appears to stand above the matrix. 
In both the A + B and A - B BSE images, we observe 
annealing twins in some of the alpha grains. 
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Magnetic Contrast 

Magnetic contrast can arise from two different mecha­
nisms, referred to as Type I and 11.32- 35 In both instances, 
the contrast is due to the influence of Lorentz forces 
on the electrons traversing a magnetic field. Type I con­
trast is produced by deflection effects caused by the pas­
sage of emerging electrons through the leakage field above 
the specimen surface. These effects produce a variation 
in the collection efficiency of secondary electrons, which 
in turn produces the image contrast. Because the deflec­
tion effects occur outside the sample, the specimen current 
image does not exhibit such contrast. 

Type II magnetic contrast arises as a result of the scat­
tering of the electrons within the specimen that is caused 
by their interactions with the magnetic field within the 
specimen. This leads to variations in the backscatter coef­
ficient, thus producing image contrast. To detect such 
information, specimen tilting is desirable, and contrast 
increases with increasing accelerating potential. 

The resolution of such images is rather poor compared 
to that for other types of SEM images. Nevertheless, the 
use of such a technique does permit collection of useful 
information. Yakowitz and Newbury34 have described the 
operating conditions required to obtain magnetic contrast. 

X-ray Contrast 

Characteristic X-rays are produced from the elements 
in the specimen when they are excited by the high-energy 
incident electron beam. Along with the characteristic X­
ray signals is the continuous background radiation. The 
characteristic X-rays occur as a series of signals of discrete 

(a) 

energies that arise because of the energy-level transitions 
in the atoms. These characteristic X-rays are of great 
value because they permit determination of chemical anal­
ysis, either qualitatively or quantitatively, depending on 
the nature of the analysis procedure. 

X-ray signals can be detected and analyzed in several 
ways. One very useful qualitative technique is to detect 
and display the X-ray signals, one element at a time, 
from the field of view. In this manner, a correlation is 
obtained between the microstructure and composition. 
These compositional maps for each phase will vary in 
brightness for each chemical element, depending on the 
composition of the specimen. Several factors, however, 
make it impossible to relate the brightness of the signal 
directly to the concentration of each element present. If 
the specimen is rough, shadowing effects will reduce the 
signal because X-ray signals travel in a straight line to 
the detector. Also, X-ray signals from different elements 
vary in strength for equal concentrations present because, 
in general, X-ray flux increases with increasing atomic 
number. The X-ray flux is also influenced by the relation­
ship between the incident-electron energy and the absorp­
tion-edge energy. Despite these problems, elemental scans 
are very useful for identifying the number and location 
of various phases in the microstructure. 

Figure 10-8 shows X-ray elemental scans for zinc and 
bismuth in the specimen illustrated in Fig. 10-4. The faint, 
very small white dots in the matrix for the bismuth scan 
are results of the background radiation. This technique 
can also be performed on rougher surfaces, as demon­
strated by Fig. 10-9, which shows manganese-sulfide in­
clusions standing above the matrix of a deep-etched steel 
specimen. 

(b) 

Fig. 10-8. X-ray dot maps at lOOOX for Zn and Bi in the as-cast Zn-IO%Bi sample shown in Fig. 10-4: (a) X-ray image for zinc; and (b) X-ray 
image for bismuth. 
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(a) (b) 

(c) (d) 

Fig. 10-9. SEM image of deep-etched steel specimen and X-ray dot maps for Fe, S, and Mn at lOOOX: (a) secondary electron image, deep-etched 
with 5% bromine in methanol; (b) X-ray image for iron; (c) X-ray image for sulfur; and (d) X-ray image for manganese. 

Another commonly used procedure, although not one 
that produces an image, is to detect the characteristic 
and continuous radiation and plot the data as a spectrum 
of intensity versus energy. A solid-state, energy-dispersive 
X-ray detector is used for such work. These detectors 
do not require focusing and can be used at low magnifica­
tions. Although wavelength-dispersive detectors are 
widely used on the electron microprobe, they require fo­
cusing, cannot operate at less than about 400X magnifica­
tion, must be tuned to a specific angle to detect each 
element, and cannot work on rough surfaces. Neverthe-

less, they are more sensitive than energy-dispersive detec­
tors and can be used to detect lightweight elements. En­
ergy-dispersive detectors usually cannot detect elements 
with atomic weights below that of sodium unless special 
windowless detectors are used. Energy-dispersive analysis 
is also affected by a few interference problems caused 
by the overlapping of the peaks of several important ele­
ments, e.g., sulfur and molybdenum. 

The X-ray dot maps mentioned above are produced 
by setting the analyzer for the desired element alone while 
the specimen surface is scanned. The white dots on the 
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screen correspond to the location of the element of interest 
plus the background radiation at the same energy level 
as that of the element. A certain minimum concentration 
of each element is required to produce such information. 

A somewhat more sensitive technique is to move the 
beam slowly across the sample along a horizontal line 
chosen to intercept desired microstructural contituents. 
During the scan, the intensity for a desired element is 
measured and displayed so that it can be superimposed 
over the SE or BSE image of the microstructure. 

To obtain greater sensitivity and quantitative data, the 
electron beam must be fixed at a desired position so that 
longer counting times, up to a few minutes, can be used. 
Counting times must be longer to measure minor elements 
as compared to major elements. Minimum detectable lim­
its are often in the range of 0.05 to 0.1 percent, depending 
on the element. To obtain quantitative results, the raw 
count data must be analyzed using appropriate correc­
tions, aided by data from standards and a controlled, 
stable beam current. References I through 5 contain infor­
mation required for such work. 

RESOLUTION 

Whereas the maximum obtainable resolution of the LOM 
is about 200 nm (0.2 /-Lm), modem SEMs can achieve 
an ultimate resolution of 4 to 5 nm from ideal, high­
contrast specimens. This greater resolution, which per­
mits examination at very high magnifications, is one of 
the chief merits of the SEM. It must be emphasized, how­
ever, that such resolution can be achieved only in the 
emissive mode, i.e., with secondary electron images. 

Resolution in the SEM is strongly influenced by beam 
size, the size of the excitation volume in the sample, and 
the available image contrast. Reducing beam size, how­
ever, also reduces beam intensity, and the latter must 
be adequate to obtain a useful image. As the probe size 
decreases, the number of separate picture elements in the 
surface increases and the rastered area decreases, factors 
that increase the useful magnification. 

As with all microscopes, lens aberrations degrade the 
quality of the image. Chromatic aberration is controlled 
by using an electron source (the filament) with high spec­
tral purity, i.e., one that produces electrons with an energy 
spread narrow enough to permit beam focusing to a single 
point. Increasing the accelerating potential is also benefi­
cial. High beam currents are usually not a problem with 
bulk metallic specimens but will damage more delicate 
specimens, such as polymers. Higher accelerating poten­
tials do produce a greater excitation volume, which will 
degrade resolution in the BSE made but not the SE mode. 
The nature of the filament material is important; lantha­
num helXaboride (LaB6), for example, produces better re­
sults than tungsten. 

Because backscattered electrons are produced from a 
much larger specimen volume than secondary electrons, 

the resolution of BSE images is poorer than that of SE 
images. For example, fine polishing scratches are readily 
observed in SE images but more difficult to detect in 
BSE images. Also, the resolution of BSE images decreases 
with increasing accelerating potential, whereas the resolu­
tion of SE images is relatively unaffected. Signal-to-noise 
ratios also influence resolution. 

The smallest feature spacing resolvable by the average 
human eye is about 0.3 mm. If the limit of resolution 
of the SEM using a SE image is 5 nm, a magnification 
of about 60, 000 X would therefore be required to enlarge 
parallel features (with adequate contrast) to produce spac­
ings at this limit just resolvable by the average human 
eye. At this magnification, the image, or at least part of 
the image, should appear sharp to the eye. It is also neces­
sary to focus the cathode ray tube (CRT) so that its 
spot size is less than 0.3 mm, a requirement that is easily 
achieved, and surpassed, by modem SEMs. 

In practice, a great deal of SEM work is conducted 
at magnifications below 5000X. At such a magnification, 
the smallest feature spacing that can be enlarged to an 
apparent spacing of 0.3 mm would be 0.06 /-Lm. Under 
these conditions, and at lower magnifications, a very small 
spot size of the incident electron beam is not required 
to obtain sharp images. Larger spot sizes produce in­
creased beam currents and better picture quality, assum­
ing that the specimen can tolerate higher currents and 
that charging artifacts are not a problem. 

MICROSCOPE VARIABLES 

To obtain high-quality images of microstructures, the 
SEM must be in proper working condition, the column 
and apertures must be clean and aligned, the most appro­
priate image mode must be chosen, and the operating 
conditions must be carefully selected and adjusted. Image 
quality will also depend on the quality of specimen prepa­
ration and the mounting method. Murphy36 has prepared 
a very thorough review of specimen mounting procedures 
for all types of SEM work. The sample must be well 
grounded to the stub, and exposed polymeric mounting 
media (if used) should be fully covered with conductive 
paint. The paint must be fully dried before the specimen 
is placed in the SEM chamber. If oxide inclusions in 
the specimen are to be examined, it is a good procedure 
to vacuum-deposit a thin carbon layer on the surface to 
prevent charging artifacts. 

Microscope variables that must be controlled include: 
aperture size, accelerating potential, beam current, spot 
size, working distance, scan rate, tilt angle, operating 
mode, and magnification. The magnification is established 
by excitation of the scan coils. When the image is focussed 
at a high magnification, the image will remain in focus 
when the magnification is lowered. For photographic 
work, it is best to focus at a higher magnification and 
then lower the magnification to that desired. Unlike the 



TEM, the image does not rotate when the magnification 
is altered. Changing the working distance, however, will 
produce image rotation. 

The picture point size on the CRT depends on magnifi­
cation and the CRT spot size, which may be about 100 
IJ-m. The picture point size is calculated by dividing the 
CRT spot size (100 IJ-m) by the magnification. 4 Table 
10-1 lists picture point sizes for a variety of common 
SEM magnifications. An image will be in focus when 
the area excited by the incident beam is smaller than 
the picture element size. Beyond some magnification, im­
ages will appear blurred, and no more useful information 
will be obtained because of the overlapping of the picture 
elements. At low magnifications, the beam size can be 
enlarged; doing so increases the total signal available and 
information content without degrading image sharpness. 

The depth of focus of the SEM is at least two orders 
of magnitude better than that of the light microscope 
at the same magnification-a very important advantage. 
When a rough surface is examined, features will be at a 
different distance from the final lens aperture, and the 
beam size at these locations will thus differ. To determine 
the depth of focus, we must determine the distance above 
and below the position of optimum focus where the beam 
is broadened to such an extent that picture point overlap­
ping is sufficient to produce loss of focus. The depth of 
focus, D, is calculated from the equation, 

0.2mm 
D=--­

aM 
(10-2) 

where a is the beam divergence and M is the 
magnification.4 The beam divergence angle, a, is a func­
tion of the radius R of the final lens aperture and the 
working distance WD, as follows: 

R 
a=--

WD 
(10-3) 

Table 10-1 lists depth-of-focus values for a constant work­
ing distance (10 mm) for different magnifications and 
apertures of 100-, 200-, and 3OO-lJ-m diameters. 
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Decreasing the final aperture size reduces the aperture 
angle, producing a smaller beam size and greater depth 
of focus. Increasing the working distance also increases 
the depth of focus, but this is a less satisfactory procedure 
since image rotation results and the resolution and magni­
fication decrease at the same time that lens aberrations 
increase. 

For examination of microstructures, it is best to work 
with the specimen normal to the beam. Although tilting 
improves topographic contrast, it distorts the image, and 
magnification varies across the image. These problems 
make measurement of microstructural features more diffi­
cult. Rough surfaces, even when the specimen is normal 
to the beam, exhibit effective magnification variations be­
tween peaks and valleys. 

Both the accelerating potential and beam current influ­
ence image detail. For example, fine surface detail is 
masked in SE images at high accelerating potentials. At 
higher accelerating potentials, more backscattered elec­
trons are generated, thus increasing the excitation of sec­
ondary electrons. Charging effects are also enhanced at 
high accelerating potentials. Hence, to examine the fine 
surface features with secondary electrons, a low accelerat­
ing potential, such as 10 keY, is preferred, along with 
low tilt angles and short working distances. 

For best results with BSE images, the working distance 
should be 10 to 14 mm; accelerating potentials of 20 to 
30 keY are preferred; a large spot size must be chosen; 
and tilting should be avoided. Solid-state detectors with 
large surface areas that are mounted concentrically 
around the beam provide better results than the Everhart­
Thornley detector. Both 200- and 3OO-lJ-m final aperture 
sizes are commonly used. Because the resolution of BSE 
images is poorer than that of SE images, a small incident 
beam size is not necessary. 

To illustrate the influence of spot size on resolution 
and contrast, Figure 10-10 shows the microstructure of 
an AI-33-wt.%Cu (eutectic) as-cast alloy at 5000X mag­
nification using secondary electrons at 20 keY potential 
and 0° tilt (sample lightly etched with Keller's reagent). 
Image contrast arises from both topographic and compo-

Table 10-1. Picture Point Size and Depth of Field at Various Magnifications. 

DEPTH OF F1ELD* 

PICTURE POINT lOO-fLM APERTURE 200-fLM APERTURE 300-fLM APERTURE 
MAGNIFICATION SIZE (a = 5 x 10-3 RAD.) (a = 10-2 RAD.) (a = 1.5 X 10-2 RAD.) 

lOx 10 urn 4rnrn 2mm 1.33 mm 
lOOX lum 0.4rnrn 0.2mm 0.133 mm 
500X 0.5 urn 80 urn 40 urn 26.7 urn 

I 000 X 0.1 urn 40 urn 20 urn 13.3 urn 
5000X 50 nrn 8um 4um 2.7 urn 

IO,OOOX IOnm 4um 2um 1.33 urn 
50,OOOX 5nrn 0.8 urn 0.4 urn 0.27 urn 

lOO,OOOX Inrn 0.4 urn 0.2 urn 0.13 urn 

• lO-mm working distance. 



(a) 

152 

(d) 

Fig. 10-10. Influence of spot size in revealing the lamellar structure 
of an as-cast AI-33%Cu eutectic sample using secondary electron im­
ages (20 KeV, no tilt, etched with Keller's reagent, 5000x; A'I1 = 0.085, 
or 36.3%): (a) spot size 2 (largest); (b) spot size 4; (c) spot size 6; (d) 
spot size 8; and (e) spot size 10 (smallest). 



sitional effects. The CuAb lamellae appear brighter than 
the aluminum-rich matrix because of the greater average 
atomic number of this phase. The difference in backscatter 
coefficients between the aluminum-rich matrix and CuAb 
is 0.085, or 36.3 percent. As the spot size decreases, resolu­
tion improves. 

Figure 10-11 shows the same AI-33-wt. %Cu eutectic 
sample, again etched lightly with Keller's reagent, but 
viewed with a minor amount of tilt at lOOOX. Secondary 
electron images are shown at 20 ke V and a large spot 
size and at 10 ke V with a smaller spot size. Both images 

(a) 

(c) 
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are quite good, but the latter exhibits minor edge bright­
ness around the CuAb. The third image is a BSE image 
produced with the E-T detector and reveals minor relief 
(sample tilted slightly) and strong atomic number con­
trast. 

Figure 10-12 shows the same sample photographed us­
ing the solid-state BSE detector. Both images were taken 
at 20 keY and no tilt. The image on the left shows some 
topographic information because only one of the two de­
tectors was used. The image on the right, which used 
the signal from both detectors, shows stronger atomic-

(b) 

Fig. 10-11. SEM images of an as-cast AI-33%Cu eutectic specimen etched with Keller's reagent, lOOOX: (a) secondary electron image, 20 keY, 
large spot size; (b) secondary electron image, 10 keY, smaller spot size; and (c) backscattered electron image, 20 keY, Everhart-Thornley detector. 
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(a) (b) 

Fig. 10-12. Backscattered electron images (solid-state detector) of the as-cast AI-33%Cu eutectic specimen etched with Keller's reagent, lOOOX: 
(a) backscattered electron image, 20 keY, A only; and (b) backscattered electron image, 20 keY, A+B. 

number contrast but no topographic information. Note 
that the image is quite sharp at l000X. This specimen 
was mechanically polished, colloidal silica being used as 
the final abrasive. 

Figure 10-13 shows the same specimen after being pol­
ished but not etched, as photographed with a 300-J-Lm 
aperture, a large spot size, lO-mm working distance, and 
no tilt. Two A + B BSE images are presented, one at 
30 keY and the other at 20 keY. Note that the 20-keV 
image is superior as a result of the slight blurring of 
the 30-keV image caused by the greater production of 
backscattered elections. The topographic relief effected 
by polishing is revealed in the A - B image. The topo­
graphic features are stronger in this image than in the 
SE image of the lightly etched view of this specimen 
shown in Fig. 10-11 because of this deliberate relief polish­
ing. 

Figure 10-14 shows E-T SE and BSE images of this 
sample in the relief polished condition (as in Fig. lO­
B) taken with a 200-J-Lm aperture and a 20-keV potential. 
The sample was tilted towards the E-T detector, at 20° 
for the SE image and 36° for the BSE image. Neither 
image is quite as good as that for the etched sample shown 
in Fig. 10-11. Increasing the potential to 30 ke V produced 
a poorer BSE E-T image. It is not quite as crisp as the 
solid-state A + B BSE images in Fig. 10-13. 

SPECIMEN PREPARATION 

Metallographic specimen preparation for SEM examina­
tion should be of the same high quality as for LOM exami-

nation despite some comments in the SEM literature that 
suggest that specimen preparation for SEM work can 
be less rigorous.9 ,lo The aim of the preparation should 
be to produce a scratch- and artifact-free surface. One 
exception to this rule would be situations where quite 
deep etching to permit observation of the morphology 
of second-phase particles by SE images is required. For 
such work, polishing up to a I-J-Lm diamond-paste finish 
is usually adequate. 

Electrolytic polishing is often recommended for prepar­
ing specimens, particularly if electron channeling contrast 
is desired. Radavich,37 for example, uses electrolytic pol­
ishing extensively in his examination of superalloys. Elec­
tropolishing is highly useful for studies of pure metals 
or single-phase alloys, particularly those that are soft or 
difficult to polish mechanically without forming mechani­
cal twins. For the preparation of alloys containing several 
phases, mechanical polishing is often preferred to electro­
polishing because the latter often produces preferential 
attack at one of the phases rather than uniform polishing. 

For most of the specimens shown in this chapter, sam­
ples were ground and polished to a I-J-Lm diamond finish 
using the Struers Abramatic system. Grinding employed 
water-cooled SiC papers (120, 240, 320, 400, and 600 
grits) followed by two diamond-polishing steps. Final pol­
ishing was conducted using colloidal silica abrasive with 
either the Leco Fini-Pol device or the Syntron vibratory 
polisher. In a few cases, an attack-polishing agent was 
added to the colloidal silica. Samples were carefully 
cleaned to remove any surface contaminants from polish­
ing or etching. This practice produced high-quality speci­
men surfaces for both LOM and SEM examination. The 
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(a) (b) 

(c) 

Fig. 10-13. Backscattered electron (solid-state detector) SEM images of the as-cast AI-33 % Cu eutectic specimen after relief polishing, lOOOx : (a) 
A+ B, 30 keY; (b) A+ B, 20 keY; (c) A~B, 30 keY. 

only deviation from the practice was the use of MgO 
as the final abrasive for the Zn-1 O-wt. %Bi specimen. 

For specimens that exhibit good atomic-number con­
trast using BSE images, etching was unnecessary. Initial 
focusing of as-polished, relief-free specimens using the 
SE mode can be rather difficult unless such samples either 
contain a small amount of inclusions or a scribe mark 
or hardness impression is present. If atomic-number con­
trast is too limited to be useful, etching should be em­
ployed or, perhaps, election channeling contrast. Several 
types of etchants have been used in this study. Careful 

cleaning and drying after etching are necessary to prevent 
staining and eliminate water marks or etching residue. 

In some instances, etching can produce poorer SEM 
images than those obtained by atomic-number contrast, 
as shown in Fig. 10-15, which reveals the eutectic micro­
structure of as-cast Sn-38.1-wt. %Pb. The LOM micro­
graph shows its microstructure after a light etch with 
2-percent nita!. The black particles are lead and the white 
phase, tin. The SE images of the etched specimen is 
blurred, mostly because of the roughness of the recessed 
lead particles. Tilting improved the image quality slightly. 
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(a) (b) 

Fig. 10-14. Everhart-Thornley detector SE and BSE images of the as-cast AI-33%Cu eutectic sample after relief polishing, lOOOX: (a) secondary 
electron image, 20 keY; and (b) backscattered electron image, 20 keY. 

Much better results, however, were obtained by examining 
this specimen as-polished. Because the as-polished speci­
men is quite free of relief, and tilting was avoided, the 
contrast comes solely from the atomic-number difference 
between the tin (Z = 50) and lead (Z = 82), where 
the difference in backscatter coefficients is about 0.117, 
or 22.9 percent. As a result, the SE and BSE images 
are virtually identical. 

When atomic-number differences in multiphase alloys 
are substantial, atomic-number contrast is an invaluable 
aid to the SEM microscopist. When such contrast is ab­
sent, however, as shown in Fig. 10-7 for alpha-beta brass, 
the microscopist can resort to etching. To illustrate this 
problem, we will show LOM and SEM images of several 
alloys with virtually no atomic number difference: 
Al(Z = 12)-Si(Z = 13); Ni(Z = 28)-Cu(Z = 29); and 
Pb(Z = 82)-Bi(Z = 83). The difference in BSE coeffi­
cients for these specimens is very small and decreases 
with increasing atomic number (see Fig. 10-1). Hence, 
without special decoration techniques,38 atomic-number 
contrast cannot be utilized although electron-channeling 
contrast may sometimes be obtained. 

Figure 10-16 shows the microstructure of as-cast Al-
12-wt. %Si, which consists of aluminum-rich dendrites 
and an Al-Si eutectic. Since silicon has very little solubil­
ity in aluminum, and vice versa, nearly all of the silicon 
is precipitated as particles of nearly pure silicon. Again 
referring to Fig. 10-1, we can see that although the atomic 
numbers of Al and Si differ only by 1, there is a decided 
difference (about 0.01, or 6.7 percent) between the back­
scatter coefficients for pure Al vs. those for pure Si. Devel-

opment of atomic-number contrast in this specimen is a 
very good test of a BSE detector. 

In the as-polished condition, there is adequate color 
contrast between Al and Si to obtain reasonably good 
LOM micrographs, as shown in Fig. 10-16. Because there 
is very little relief, however, there was inadequate topo­
graphic contrast to obtain a good SE image. Moreover, 
because of the very low atomic-number contrast, we were 
able to obtain only a faint BSE image with a quad-diode 
solid-state detector (not shown) and none at all with a 
dual-diode detector. With the Taylor BSE detector attach­
ment, a faint image was present (bright spots indicate 
Fe-AI particles). 

A number of etching procedures can be used to color 
silicon preferentially in Al-Si alloys.39 Because we were 
unable to get good etching results with the reagent sug­
gested by Paul and Bauer,38 we etched the sample by 
immersion in a solution containing 90-ml water, 4-ml 
HF, 4-ml H2S04, and 2-g Cr03, which colors the silicon 
blue.39 As shown in Fig. 10-16, an excellent image was 
obtained with the Taylor BSE attachment. Although the 
BSE image at 5000X was not quite so sharp as the SE 
image at 5000x, the results were quite satisfactory and 
clearly demonstrates the value of tint etchants. 

Figure 10-17 shows the microstructure of as-cast Monel 
(Ni-30-wt. %Cu). Although nickel and copper are mutu­
ally soluble in each other at all concentrations, the as­
cast condition is not homogeneous but exhibits "coring," 
thus revealing the dendritic freezing pattern. The coring 
is clearly revealed by tint etching with Beraha's reagent,39 
which consists of 66-ml water, 33-ml HCl and 1-g of 
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(a) (b) 

(c) (d) 

Fig. 10-15. LOM and SEM images of etched and as-polished Sn-38.I%Pb eutectic alloy (particles are Pb); note that the best SEM image is 
obtained in the as-polished condition (1l7) = 0.117, or 22.9%) at lOOOX: (a) light optical microscope image, 2%-nital etch; (b) secondary electron 
image, 2% nital etch, 20 keY, no tilt; (c) backscattered electron image, A+B, 20 keY, as-polished; and (d) secondary electron image, 20 keY, no 
tilt, as-polished. 

potassium metabisulfite. Light microscopy produced ex­
cellent contrast, as did the Taylor BSE attachment. The 
atomic number contrast of this sample is even less than 
that for the AI-12-wt. %Si sample. 

Figure 10-18 shows the microstructure of a Pb-55.5-
wt. %Bi sample that exhibits dendritic particles of nearly 
pure beta phase (BiPb3), a eutectic of nearly pure Bi parti­
cles and beta, and larger (white in LOM view) Bi particles. 
There is virtually no atomic-number contrast because the 

difference in backscatter coefficient between Bi and BiPb3 

is about 0.002, or 0.4 percent. No useful images were 
obtained from the as-polished sample using the SEM be­
cause of the lack of topographic or atomic-number con­
trast, although a good LOM image was obtained. Conse­
quently, the sample was etched in 2-percent nital. The 
LOM micrograph at 100X displays excellent contrast, 
but the eutectic is too fine to observe at 1ooX. As shown 
in Fig. 10-18, an SE image at 100x produced very poor 
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contrast compared to the LOM image. At l000x, how­
ever, a useful SE image was obtained, better than that 
achieved with the LOM; the solid-state BSE image is 
quite poor. 

Figure 10-19 shows the microstructure of an annealed 
Fe-l-wt. %C binary alloy that contains grain-boundary 
cementite and pearlite. The atomic-number contrast be­
tween cementite and ferrite in the pearlite is low; the 
difference in BSE coefficients is about 0.015, or 5.5 per­
cent. Only a very faint BSE image could be obtained in 

(a) 

(c) 

the as-polished condition with the solid-state detector. 
Consequently, the specimen shown in Fig. 10-19 was 
etched for 30 s with 4-percent picral, which uniformly 
attacks the ferrite and leaves the carbide in relief. Low­
magnification SEM examination produced poorer image 
contrast than the LOM. At high magnifications, however, 
particularly those beyond the capability of the LOM, the 
SEM images were extremely useful, e.g., to permit mea­
surement of the interlamellar spacing. The BSE image 
(A + B) using the solid-state detector produced good 

(b) 

(d) 

Fig. 10-16. LOM and SEM micrographs of an as-cast Al-12% Si alloy with one atomic number difference and very low atomic-number contrast 
(.6.'1) = 0.01, or 6.7%). In the as-polished condition, a reasonable LOM image is obtained by reflectivity differences. With the SEM, however, no 
image could be obtained with the dual-diode BSE detector, and only a faint image was obtained with the Taylor BSE attachment [see (b)] . Stain 
etching produced good SE and BSE SEM images. All at lOOOX : (a) light optical micrograph, as-polished, lOOOX; (b) backscattered electron image, 
as-polished, lOOOX (bright spots are from iron impurities); (c) light optical micrograph, stain etched, lOOOx; (d) backscattered electron image, 
stain etched, lOOOx; (e) backscattered electron image, stain etched, 5000x; and (f) secondary electron image, stain etched, 5000x. 
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Fig. 10-16. LOM and SEM micrographs of an as-cast AL-12% Si alloy (continued). 

contrast and sharp images even at 5000x. The SE image 
clearly reveals the carbides in relief. The E-T BSE image 
exhibits more contrast than the E-T SE image but less 
than the solid-state BSE image. 

Figure 10-20 shows the same Fe-l-wt. %C alloy tint­
etched with Beraha's sodium molybdate reagent that col­
ors the cementite (grain boundary cementite is reddish 
brown; cementite in pearlite is bluish).39 Although many 
authors have stated that tint etchants should not be used 
for SEM work, this example, as well as others referred 

(a) 

to previously, clearly indicates that this restriction is un­
necessary provided the sample is properly polished and 
tint-etched. Figure 10-20 shows two SE images, one at 
15 keY and the other at 20 keY. The higher potential 
produces charging of the cementite, thereby degrading 
the image. Two E-T BSE images are also shown, one 
with a small spot size and the other with a larger spot 
size. The larger spot size also reduced the image quality 
as a result of the increased signal strength from the ce­
mentite that reduced resolution slightly. 

(b) 

Fig. 10-17. LOM and SEM micrographs of as-cast Monel (Ni-30%Cu) with dendritic segregation ("coring"). This sample has virtually no atomic 
number contrast (flTJ = 0) but can be viewed with the SEM after tint etching with Beraha's reagent: (a) light optical micrograph, tint etched; and 
(b) Taylor backscatter electron-detector attachment, 10 keY, stain-etched. Both at 50X. 
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(a) (b) 

(c) (d) 

Fig. 10-18. LOM and SEM images of as-cast Pb-55.5%Bi sample [massive white particles in (a) are pure Bi; eutectic matrix in (c) and (d) is 
BiPb3 and Bi] with virtually no atomic-number contrast (~7j = 0.002, or 0.4%): (a) light optical micrograph, 2% nital etch, lOOx; (b) secondary 
electron image, 10 keY, 15° tilt, 2%-nital etch, lOOX; (c) secondary electron image, 20 keY, no tilt, 2%-nital etch, lOOOx; and (d) backscattered 
electron image, A+B, 20 keY, no tilt, 2%-nital etch, lOOOX. 

Two-Surface Analysis 

Investigators have also used the SEM to examine two 
prepared specimen surfaces simultaneously. The greater 
depth of field of the SEM permits such work, whereas 
the LOM, except sequentially, does not. One technique 
combined examination of the fracture surface and the 
underlying microstructure by polishing a plane cut at 
an angle to the fracture,40 whereas another used two inter-

secting polished planes.41 The former procedure was used 
to relate fracture characteristics to the microstructure, 
whereas the latter was used to obtain three-dimensional 
structural information. 

Deep Etching 

Many investigators have utilized deep etching to reveal 
the morphology of second-phase constituents. References 
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(a) (b) 

(d) 

Fig. 10-19. LOM and SEM images of an Fe-I % C high-purity alloy etched with 4% picral (tJ.7) = 0.015 , or 5.5% ): (a) light optical micrograph, 
500x ; (b) backscattered electron image, A+ B, 30 keY, 5000X; (c) secondary electron image, 15 keY, 5000x; and (d) backscattered electron image, 
Everhart-Thornley detector, 15 keY, 5000X. 

42 to 49 present a sample of some of these studies. Deeply 
etched samples cannot be examined in the LOM but are 
easily examined in the SEM and many metals and alloys 
have been examined in this way. Table 10-2 lists some 
of the deep etching reagents that have been utilized. 

Figure 10-9 demonstrated the use of deep etching to 
study sulfide inclusions in a steel. The SEM has been 
used to study inclusion morphology by the examination 
of deeply etched surfaces, 50 bulk extractions, 51 or ductile 
fractures. 52•53 

Two additional examples of deep etching are presented 
in Figs. 10-21 and 10-22 to demonstrate the correlation 
between LOM images and SEM deep-etched SE images. 
Figure 10-21 shows the microstructure of AISI 8121 alloy 
steel, which consists of equiaxed ferrite and bainite. Deep 
etching reveals the fineness of the carbide in the bainite 
but suppresses the equiaxed ferrite. Figure 10-22 shows 
the microstructure of Nb-treated AISI 1137, which con­
sists of grain-boundary proeutectoid ferrite and pearlite. 
Deep etching reveals the blocky nature of the pearlite, 
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(a) (b) 

(c) (d) 

Fig. 10-20. SEM images of an Fe-I %C, high-purity alloy, tint-etched with Beraha's sodium molybdate reagent, 5000X: (a) secondary electron 
image, 15 keY; (b) secondary electron image, 20 keY; (c) backscattered electron image, Everhart-Thornley detector, small spot size, 20 keY; and 
(d) backscattered electron image, Everhart-Thornley detector, large spot size, 20 keY. 

but, again, the ferrite phase is less noticeable. At 500X, 
the pearlite lamellae are too fine to fully resolve. 

Etching of Fractures 

Use has also been made of SEM examination of etched 
fracture surfaces both to determine how the fracture fea­
tures correlate with the microstructure and to permit anal­
ysis of microstructural constituents intersected by the 
fracture surface. 54-57 In these studies, standard micro-

structural reagents were employed but usually with some­
what longer etching times. 

SEM Replicas 

Replicas are occasionally examined in the SEM, and a 
number of replication techniques have been published.58- 63 

SEM replication is generally reserved for fracture exami­
nation when the specimen either cannot be cut to fit the 
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Table 10-2. Examples of Deep Etching Techniques for SEM Examination. 

MATERIAL 

I. Aluminum Alloys 
AI-Si eutectics 

AI alloys 

AI-Ge eutectic 

AI-At,Ni eutectic 

2. Copper alloys 
Cu-Cu2S eutectic 

3. Iron-based alloys 

Carbon steel 

Steels 

Cast iron 

Fe-C-Si 

AI-Si-Cu alloyed 
cast iron 

Gray cast iron 

ETCH COMPOSITION 

(a) lO%-aq. HCI 
(b) 2.5-ml HCI 

2.0-ml HN03 

0.75-ml HF 
4O-ml water-

Dilute-aq. HCI 

25%-aq. HCI 

(a) 15-ml HCI 
lO-ml HF 
90-ml water 

(b) 25-ml HN03 

75-ml water 

lO-ml HCI 
90-ml water 

2-g KI 
100-ml methanol 

2.5-g KI 
100-ml methanol 

25-ml HCI 
75-ml water 

3-ml HCl 
50-ml water 
50-ml alcohol 

20% acidic FeCt, 

5-ml Bromine 
95-ml methanol 

lO-ml Bromine 
90-ml alcohol 

lO-ml HCl 
90-ml alcohol 

40-ml HCI 
4O-ml alcohol 
20-ml water 

As above 

20-35 ml HCI 
80-65 ml water 

COMMENTS 

Etched 24 hr in (a), then 1 hr in (b) to dissolve 
AI matrix and reveal Si [Bell and Winegard, 
Nature 208:177 (Oct. 9, 1965)] 

Reveals Si [Day and Hellawell, J. Inst. Metals 
95:377 (1967)] 

Wash repeatedly in warm alcohol, then acetone, 
and dry; dissolves AI, revealing Si [Day, J. Met­
als 21:31-34 (April 1969)] 

Etch with (a) for 30-60 min, then dip in (b) for 
2-4 min; dissolves AI, revealing Si [Holmanova, 
Pract. Metallogr. 11:155-159 (Mar., 1974)] 

Immerse about 60 min; dissolves AI, revealing 
Si [Paul and MurrIe, Pract. Metallogr. 18:413-
423 (Sept. 1981)] 

Electrolytic etch at 2-5 V (0.1-D.3A for 
5 x 5 x 4O-mm sample) for 5-20 min; wash in 
methanol; dissolves Al matrix [Ryvola and 
Morris, Microstructural Science 5:203-208 
(1977)] 

Modification of above method; electrolytic etch, 
AI-sheet cathode, 3 x 3-mm area etched; raise 
voltage rapidly from 0 to 30 V, etch 30 s, stir 
gently, about 0.3A/mm2; clean ultrasonically 
in methanol for 30 s; dry [Howe, Metallography 
16:275-286 (1983)] 

Dissolves AI; Ge not attacked [Hellawell, 
Trans. AIME 239:1049-1055 (July, 1967)] 

Electrolytic etch (no other details) [EI-Mahallawy 
and Farag, Met. Trans. lOA:707-714 (June 
1979)] 

Etched for 6 min; dissolves Cu to a depth of 
2-3 /Lm [Marich and Jaffrey, Met. Trans. 
2:2681-2689 (Sept. 1971)] 

Immerse 6 min to dissolve iron matrix, revealing 
carbides and inclusions (very popular for steels) 
[Rege, et al. Met. Trans. 1:2652-2653 (Sept. 
1970)] 

Dissolves matrix for study of carbides and inclu­
sions [Fremunt, et aI., Pract. Metallogr. 
17:497-508 (Oct. 1980)] 

Dissolves matrix, revealing graphite [Day, J. Met­
als 21:31-34 (Apr., 1969)] 

Used to reveal graphite [Lux et aI., Pract. Metal­
logr. 5:587-603 (Nov. 1968)] 

Used to reveal graphite [Janakiev, Pract. Metal­
logr. 8:543-546 (Sept., 1971)] 

Used to reveal graphite; cone. depends on the 
size of the sample and type of graphite; after 
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MATERIAL 

Compacted graphitic 
cast iron 

Cast iron 

Stainless steelst 

AISI 316 

AISI 316 

Fe-26%Cr 

4. Lead-tin alloys 

5. Nickel-base alloys 

Ni-C eutectic 

Ni--0.5-to-4% AI 

NiAI-Cr eutectic 

IN-738 

Inconel 617 

Superalloys with 
high Mo and W 

Superalloys 

Table 10-2 (continued) 

ETCH COMPOSITION 

5-ml HNOa 
95-ml alcohol 

10-20-ml HCI 
90-80-ml water 

IO-ml HF 
15-ml HCI 
30-ml HNOa 
45-ml water 

IO-ml bromine 
90-ml methanol 

IO-ml HCI 
3-g tartaric acid 
90-ml methanol 

5-ml acetic acid 
5-ml HNOa 
15-ml HCI 

I-ml HCI 
99-ml water 

40-ml HCI 
50-ml alcohol 
20-ml water 

IO-ml bromine 
90-ml methanol 

lOO-ml water 
4O-ml HCI 
5-g CrOa 

10-ml HCI 
3-g tartaric acid 
90-ml methanol 

5-g CuCI2 
IOO-ml HCI 
l00-ml ethanol 

5-ml HCI 
95-ml methanol 

(a) 50-ml HCI 
l00-ml glycerin 
1050-ml methanol 

(b) IO-g (NH.).SO. 
10-g citric acid 
1200-ml water 

(c) IO-ml HaPO. 
90-ml water 

(d) 5-g (NH.).SO. 
IS-ml HNOa 

COMMENTS 

etching, wash in petroleum ether; dry [Ruff and 
Wallace, Trans. AFS 85:167-170 (1977») 

Used to reveal graphite [Cooper and Loper, 
Trans. AFS 86:267-272 (1978») 

Used to reveal graphite; conc. and time depend 
on alloy and graphite type; after etching, rinse 
with 5%-aq. HF, then repeatedly rinse with 
alcohol, then acetone; dry [Liu and Loper, 
SEM/1980/1, pp. 407-418 (1980») 

Used to reveal carbides when precipitation is ex­
tensive; several-minute immersion; Br metha­
nol used when minor amount of carbides are 
present [Wilson, JISl 209:126-130 (Feb., 1971) 

Samples lightly etched to reveal second phases 
[Weiss, et aI., Pract. Metallogr. 8:523-542 
(Sept., 1971») 

Used electrolytically at 20 mA/cm· for 30 min 
to 5 hr to reveal M2aC6 [Kny, et aI., Pract. 
Metallogr. 14:512-520 (1977») 

Swab etched for 45 s to reveal second phases 
[Grubb and Wright, Met. Trans. IOA:1247-
1255 (Sept. 1979») 

Dissolves tin-rich phase [Hillmer, Pract. Metal­
logr. 16:465-479 (Oct. 1979») 

Etch 5 hr; dissolves nickel, revealing graphite 
[Lux, et aI., Pract. Metallogr. 5:567-571 (Oct., 
1968») 

Used at 30°C to reveal oxidation layer 
(AbOa' NiAbO.-NiO) at surface or interior 
structure [Hindam and Whittle, J. Materials 
Science 18:1389-1404 (1983») 

Dissolves NiAI, revealing Cr [Walter and Cline, 
Met. Trans. 1:1221-1229 (May 1970») 

Used electrolytically at 20 mA/cm2 for 30 min 
to 5 hr to reveal second phases [Kny, et aI., 
Pract. Metallogr. 14:512-520 (1977») 

Waterless Kallings reagent used for 30 min to 
reveal second phases [Kihara et aI., Met. Trans. 
IIA:I0l9-1031 (June 1980») 

Used electrolytically (no details given) [Long et 
aI., Pract. Metallogr. 19:561-572 (1982») 

Use (a) at 50 mA/cm2 and -S to -IO°C for 
30-60 min; dissolves '1 andy', revealing car­
bides. 

Use (b) at 10-30 mA/cm2 and SoC or potentio­
statically at 960--1060 mY vs SCE; dissolves 
'1, revealing '1'. 

Use (c) at 10 mA!cm2 or potentiostatically at 
1000--1050 mY vs SCE; dissolves '1, revealing 
'1', carbide, and sigma. 

Use (d) at 30 mA/cm2 and 15-20°C or potentio­
statically at 1020-1060 mY vs SCE; dissolves 
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Table 10-2 (concluded) 

MATERIAL ETCH COMPOSITION 

35-g citric acid 
1000-ml water 

6. Sintered carbides 20-ml HCI 
WC-Co and others 80-ml water 

WC-Co 50-ml HCI 
WC-TiC-Co 50-ml water 

7. Zinc-based alloys 

Zn-In 50-ml HCI 
Zn-Bi 50-ml water 

8. Zirconium-based alloys 

Zr-8.6% Al 45-ml HN03 

5-ml HF 
45-ml water 

• Whenever water is specified, use distilled water. 

COMMENTS 

'Y, revealing 'Y'. [Hum-De and Jing-Yun, Pract. 
Metallogr. 17:608-618 (1980)] 

Suspend sample in boiling solution for several hr; 
dissolves Co binder [Warren, J. Inst. Metals 
100:176-181 (1972)] 

Electrolytic etch at 50 rnA for 80-120 s; dissolves 
Co binder [Schreiner, et a!. 17:547-553 (1980)] 

Dissolves matrix phase (Passerone, et aI., Metal 
Science 13:359-365 (June 1979)] 

Dissolves matrix [Schulson and Trottier, Met. 
Trans. llA:1459-1464 (Aug. 1980)] 

t Potentiostatic deep-etching methods for stainless steels have been reported by: Rughunathan, et aI., Met. Trans. lOA: 1683-
1689 (Nov., 1979) and Herbsleb and Schwaab, Pract. Metallogr. 20:53-63 (Feb., 1983). 

chamber or cannot be removed from the failure site. An­
other common application is the chemical identification 
of second-phase constituents in extraction replicas. This 
procedure is quite useful because matrix chemistry influ­
ences can be avoided, thus making the analysis of precipi­
tates smaller than a few micrometers in diameter more 
reliable. The third, and least common SEM replica appli­
cation, is the examination of the microstructure of 
specimens. 64 

(a) 

SEM QUANTITATIVE METALLOGRAPHY 

The development of LOM image analysis equipment in 
the early 1960's spurred similar developments in electron 
metallography, beginning with procedures for the electron 
microprobe analyzer.65 - 69 Because of the many advantages 
of the SEM relative to the microprobe, however, such 
work has been transferred to the SEM with considerable 
enthusiasm. 70-87 

(b) 

Fig. 10-21. LOM image of AISI 8121 alloy steel and SEM image after deep etching, 500X: (a) light microscope image, etched with 4% picral 
and 2% nital; and (b) secondary electron image, deep-etched with 5%Br-methanol. 
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(a) (b) 

Fig. 10-22. LOM image of Nb-treated AISI 1137 alloy steel and SEM image after deep etching, 500X: (a) light microscope image, etched with 
4% picral and 2% nital; and (b) secondary electron image, deep-etched with 5%Br-methanol. 

The application of quantitative metallography to the 
SEM has chiefly centered on particle sizing and chemical 
analysis as well as volume fraction analysis, whereas LOM 
image-analysis work has concentrated on broader, more 
stereological-based applications. The reason for this dif­
ference lies in the strengths and weaknesses of the two 
instruments. The high-magnification and chemical-analy­
sis ability of the SEM is well suited for identifying and 
measuring fine particles. On the other hand, because ste­
reo logical measurements are highly influenced by the ho­
mogeneity of the material being tested, best results are 
obtained by distributing many measurements over a large 
surface area. T.his type of measurement is well suited 
for the LOM image analyzers, in which stage movement 
and focusing can be automated to permit rapid measure­
ment of parameters on many fields. LOM-based instru­
ments lack chemical-analysis capability altogether and 
detect features based on gray-level differences instead, 
these being produced by natural reflectivity differences 
between phases or by selective etching. The LOM image 
analyzer is not effective for individual particle measure­
ment when the average particle size is less than a few 
micrometers in diameter. Hence, the two instruments are 
complementary . 

In SEM image-analysis work, the image is sent to either 
the energy-dispersive X-ray analysis (EDXA) system with 
appropriate measurement software or to a specially de­
signed image-analysis system. Most EDXA systems do 
have optional software for particle sizing and other mea­
surements. The image is usually provided by either SE, 
BSE, or X-ray detectors although other signals have been 
employed. 

Samples for image-analysis work may be examined in 
the etched or un etched condition, the latter being pre­
ferred for inclusion studies. The desired features are usu­
ally detected by gray-level differences (thresholding) of 
the image on the CRT, but the composition may also 
be used as the selection criterion. 

When etching is required, light etching is preferred 
because the deep etching commonly employed in SEM 
work will increase the apparent amount and size of sec­
ond-phase particles and decrease the spacing between 
them. Indeed, whenever atomic-number contrast alone 
can be used to define the feature of interest, as-polished 
specimens can be employed with a BSE image. Because 
the BSE detector requires line-of-sight orientation, the 
most suitable orientation of dual or quad solid-state SE 
detectors is around the electron-beam entrance. With this 
orientation, the sample is normal to both the beam and 
the detector, thereby eliminating distortion and variable 
magnification effects when samples are tilted. 

To illustrate the infuence of etching degree on the ap­
parent amount and size of second phases, Fig. 10-23 pre­
sents the microstructure of AISI D2 tool steel containing 
M 7C3 carbides. In the as-polished condition, there is ade­
quate atomic number contrast to permit discrimination 
of the carbides. A light etch with 2-percent nital also 
produces a good SE image with no particle enlargement. 
Heavier etching with 4-percent picral plus HCl reveals 
a greater amount of carbide, with the larger particles in 
relief and with a bright edge around them-an undesirable 
feature. Deep etching with 5-percent bromine in methanol 
reveals a very high amount of carbide, with the contrast 
between the carbide and the matrix very poor. The first 
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(a) (b) 

(c) (d) 

Fig. 10-23. Example of influence of etchant type and degree of etching on apparent number. size. spacing. and volume fraction of alloy carbides 
in AISI D2 tool steel. 5()()X: (a) backscattered electron image. as-polished (unetched); (b) secondary electron image. 2% nital (light etch); (c) 
secondary electron image. 4% picral + Hel (heavy etch); and (d) secondary electron image. 5% bromine in methanol (deep etch). 

two images are highly desirable for image analysis; the 
latter two, undesirable. In these micrographs. the sample 
was perpendicular to the beam. 

SUMMARY 

In this review, we have shown how the SEM and the 
LOM are complementary tools, each with specific but 
different advantages and disadvantages. It should also 
be obvious from the illustrations given that high-quality 
metallographic sample preparation is just as valuable for 
SEM studies as it is for light microscopy. Nothing is to 

be gained from sloppy or inadequate sample preparation, 
regardless of the examination method. 

LOM and SEM examination rely upon specific image­
contrast formation mechanisms, which are different. The 
SEM user should understand the ways in which image 
contrast can be formed and determine which mechanisms 
are most appropriate for each sample. As with LOM 
work, etching is not always required for SEM work. In­
deed, as shown, a better rendition of the structure can 
sometimes be obtained with as-polished samples than after 
etching. If etching is required, one should give consider­
ation to the use of tint etch ants despite numerous com-
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ments in the literature claiming that they should be 
avoided. Tint etchants do provide very precise delineation 
of the structure, which is generally highly feature-specific, 
and usually do not attack the matrix. Thus, the true size 
of the features on the plane-of-polish is preserved. Deep 
etching should be employed only when the shape of the 
second-phase constituents is of interest. 

Although the vast majority of SEM examination is 
conducted using secondary-electron images, the value of 
backscattered electron images for microstructural exami­
nation should not be ignored. And although the degree 
of resolution obtainable with BSE images is not as good 
as with SE images, it is adequate for most microstructural 
examinations. 

Acknowledgment. The writer expresses his thanks to 
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METALLOGRAPHY IN THE SCANNING TRANSMISSION 

ELECTRON MICROSCOPE 

D. B. Williams 

Department of Materials Science and Engineering 
Lehigh University 

The scanning transmission electron microscope (STEM) 
is a combination of the conventional transmission electron 
microscope (TEM) and scanning electron microscope 
(SEM) that has revolutionized the amount of information 
that can be obtained from a thin-foil TEM specimen. 
Figure II-I(a) shows the range of signals generated when 
a high-energy (usually ~ 100 kV) electron beam interacts 
with a thin-foil specimen. Although all of these signals 
are theoretically accessible in the STEM, visible light and 
absorbed and Auger electrons are rarely sought. In prac­
tice, detectors are used to pick up the remaining signals 
[see Fig. II-I(b)], as described in appropriate sections 
of this chapter. It will be assumed that the reader is famil­
iar with the conventional TEM and SEM and the informa­
tion that is available about them. Several standard texts 
describing TEM and SEM techniques are available, for 
example, see References I, 2, and 3. 

The development of the STEM and associated micro­
analytical techniques [which has given rise to the term 
"analytical electron microscopy" (AEM)] has also been 
the subject of two recent texts, in which far more detail, 
both theoretical4 and practical,5 is presented than can 
be condensed into a single chapter. What we will concen­
trate on here is how to make best use of the STEM to 
perform classical metallographic functions such as identi­
fication of second phases and other heterogeneities in crys­
talline materials. To this end, it is important to understand 
the principles of the STEM instrument, the precautions 
necessary to prepare representative thin samples, and fi­
nally the practical use and limitations of the various imag­
ing, diffraction, and microanalytical techniques available 
on the instrument. It should be noted at the start that 
a typical STEM is usually a converted TEM operating 
in the range of 100 to 200 kV and is capable of all the 
routine high-resolution imaging and selected-area-diffrac­
tion (SAD) operations that permit identification of defects 
in crystalline materials. The STEM also suffers the same 
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limitation as the TEM, namely, that all the information 
obtained is averaged through the thickness of the thin 
specimen, and therefore the techniques to be described 
here are all insensitive to any depth variations in structure 
and chemistry. The STEM can also generate high-resolu­
tion surface images and carry out X-ray microanalysis 
in the same manner as a combined SEM/electron-probe 
microanalyzer (EPMA). Given the similarity between a 
STEM and the combined properties of a TEM and SEM, 
we will only emphasize aspects of the former that offer 
an improvement over the conventional TEM and SEM. 

THE STEM INSTRUMENT 

The conventional TEM illuminates a few square microme­
ters of a thin-film specimen with a parallel beam of high­
kV electrons, as shown in Fig. 11-2(a). The objective 
lens recombines the transmitted (undeviated) and most 
of the scattered (mainly diffracted) electrons to form a 
diffraction pattern in the back focal plane, (AB) in Fig. 
11-2(a), and an image in the image plane, (CD). The 
imaging system transfers the electron intensity distribu­
tion in AB or CD to the viewing screen at the desired 
magnification, from which it can also be recorded photo­
graphically. Use of an aperture in the back focal plane 
(AB) permits the choice of which electrons (transmitted 
or diffracted) contribute to the image (bright or dark 
field, respectively). Similarly, an aperture in the image 
plane (CD) permits selection of which area of the speci­
men contributes to the diffraction pattern on the viewing 
screen (SAD patterns). 

The STEM operates on principles similar to those 
shown in Fig. 11-2(b). Instead of a parallel beam, how­
ever, a convergent probe of electrons (down to ~ 2 nm, 
or less, in diameter) is used. When a small probe is formed, 
conventional TEM image formation is impossible; thus, 
imaging is performed by scanning the probe over the re-
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Fig. 11-1. (a) Possible signals generated when a high-energy electron beam interacts with a thin foil in the STEM (the diagram only approximately 
relates to the direction of the various signals). (b) The usual range of detectors placed in a STEM, indicating the major signals available for 
study. 

gion of interest on the specimen, just as in a conventional 
SEM. The transmitted and diffracted electrons are still 
brought separately to the back focal plane and form a 
diffraction pattern. The information content in the back 
focal plane is time-dependent, however, since it varies 
as the probe samples different regions of the area of inter­
est on the specimen. In order to reconstruct a useful im­
age, the time-dependent signal in a specific area of the 
back focal plane is picked up by an electron detector 
(positioned in a plane conjugate with the back focal plane) 
and converted to charge pulses that modulate a cathode 
ray tube (CRT). The image can be recorded directly from 
the CRT using Polaroid film. A range of detectors and 
suitable adjustment of the imaging lenses permits a choice 
of which electrons impinge on the detector and form the 
image, thus acting like the objective aperture in TEM. 
Suitable adjustment of the scan coils permits choice of 
which area contributes to the image and diffraction pat­
tern in a manner analogous to that of the SA aperture 
in the TEM. 

As we shall see, the images formed in a STEM and 
TEM can be made equivalent,5.6 although in most cases 
the STEM image offers little or no advantage over the 
TEM. The main advantage of STEM over TEM comes 
when the scanning probe is stopped and positioned on 
an area of interest (e.g., precipitate, grain boundary, or 
other heterogeneity) in the thin foil, as shown in Fig. 
11-1(b). Obviously the scanning image information is lost, 
but what remains is the ability to form a diffraction pat­
tern from a very small region (microdiffraction), and what 
is gained is the chance to obtain chemical information 
(microanalysis) using energy-dispersive spectrometry 
(EDS) of X-rays or electron-energy-Ioss spectrometry 
(EELS) of inelastically scattered electrons. The combina­
tion of a fine probe and a thin TEM specimen means 
that microdiffraction and microanalysis can routinely be 

obtained from regions <50 nm in diameter and often 
<10 nm diameter. These dimensions contrast with con­
ventional TEM diffraction resolution and microanalysis 
resolution in the SEM/EPMA, which are both ~lJ-Lm. 
Therefore, high spatial-resolution microdiffraction and 
microanalysis are the main modes of operation of the 
STEM. Since most STEM operations basically involve 
signal detection and/or processing, and the useful nature 
of the signal is limited by the signal-to-noise ratio, it is 
important always to maximize the signal of interest. The 
various signals are ultimately controlled by the signal 
put into the specimen, i.e., the electron current density 
in the probe. The electron density from a conventional 
tungsten (W) filament gun is often sufficient to generate 
suitable signals. Lanthanum hexaboride (LaB6) sources 
are an order of magnitude more intense, however, and 
are strongly recommended, despite their increased ex­
pense. Field-emission guns (FEGs) are available on a very 
select number of STEMs but are exceedingly expensive 
and require an ultra-high vacuum (UHV) system. The 
FEG is essential only when the ultimate available sensitiv­
ity and spatial resolution are sought and is not required 
for most routine STEM operations. 

Before we consider routine STEM operations, it is ap­
propriate to address the question of correct specimen 
preparation to ensure that the information gained in the 
STEM is characteristic of the bulk specimen. Also, some 
idea of the important parameter, spatial resolution, must 
be given. 

SPECIMEN PREPARATION 

Thin-foil specimen preparation by standard methods, 
such as electropolishing or ion-beam thinning, is known 
to introduce artifacts into the TEM specimen that are 
not characteristic of the bulk. With due care and experi-
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Fig. 11-2. (a) Ray diagram showing the basic optics of a TEM: Electrons scattered by the specimen are focused into a diffraction pattern in the 
back focal plane and then recombined into an image. Either the diffraction pattern or the image can be viewed by suitable adjustment of subsequent 
lenses in the imaging system of the microscope. (b) Ray diagram showing the basic optics of a TEM/STEM: The scanned beam generates a time­
dependent stationary diffraction pattern in the back focal plane, which can be imaged on the TEM screen if necessary. Images are formed by 
allowing the transmitted or diffracted rays to fall on a detector in a conjugate plane. The varying signal falling on the detector is translated into 
varying intensity (contrast) on a CRT. 

ence, however, the effects can be recognized and/or 
minimized7 in a way that permits correct interpretation 
of results to be straightforward. Similarly, any STEM 
imaging applications involving the internal defect struc­
ture of the specimen can proceed without difficulty. What 
is more important in the STEM is the state of the surface 
of the thin specimen, particularly in terms of changes 
in the solute concentration compared with the bulk and 

the presence of contaminants that decompose to carbona­
ceous deposits when struck by the electron probe. Surface­
solute enrichments are well documented8,9.1o and in very 
thin specimens can give rise to erroneous microanalytical 
data. There are various ways to remove or minimize the 
effects, however, including chemical cleaning,8 ion beam 
"dusting," or sputtering in a UHV system.lO Alterna­
tively, if the defect structure is irrelevant, use of ultrami-
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crotomy has been successful. ll Different alloys are vari­
ably susceptible to surface solute enrichment effects and 
require various treatments to minimize them. 

The operator should be aware of the possibility of sur­
face-solute enrichment and check to see if the composition 
of a nominally homogeneous specimen varies with thick­
ness, as shown schematically in Fig. 11-3. If so, any or 
all of the various methods previously described to remove 
surface films should be attempted prior to proceeding 
with quantitative microanalysis. 

Carbon contamination is often present on specimens 
prepared by conventional means. 12 It is undesirable in 
microdiffraction, where it masks fine detail. In X-ray mi­
croanalysis, contamination degrades spatial resolution 
and absorbs low atomic-number (Z) X-rays, and, in en­
ergy-loss spectrometry, it raises the background intensity 
and masks any carbon content in the specimen. Carbon 
contamination can be minimized in a variety of ways. 
In particular, the specimen and specimen holder should 
be clean and dry and never be touched by hand (particu­
larly inside any O-ring seals). The specimen can be 
"flooded" by the electron beam prior to observation to 
"pin" any contaminant, or it can be cooled to ~ -45°C 
to prevent contamination from migrating to the probe 
position or heated to +60°C to remove any build-up on 
the surface. Appropriate low-background, double-tilt, 
low-temperature specimen holders are available for most 
STEMs. These are strongly recommended for the serious 
analytical microscopist, since they reduce contamination 
to negligible levels, thus ensuring the highest spatial reso­
lution, the most sensitive use of microdiffraction, and the 
most accurate low-Z elemental microanalysis by X-ray 
EDS or EELS. 
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Fig. 11-3. Plot showing the variation of CuKal AlKa X-ray intensity 
ratio as a function of increasing thickness in a nominally homogeneous 
thin foil and exhibiting the effects of a Cu-rich film on the specimen 
surface. 

Extraction Replication 

Because of the need to analyze quantitatively very small 
regions such as precipitates, conventional specimen prepa­
ration is often not suitable. As we have noted, all the 
signals detected in STEM microanalysis and microdiffrac­
tion are averaged through the foil thickness. Therefore, 
it is not possible to analyze an embedded precipitate in 
a quantitative manner. Often the best solution is to extract 
the precipitate and support it on a suitable thin film (e.g., 
evaporated C or Al films). Extraction replication is an 
old specimen preparation technique7 now undergoing a 
resurgence of interest because of its ability to present 
small particles for analysis free of their surrounding ma­
trix. If such a technique can extract very small «10-
nm) particles, then this, in effect, lowers the spatial resolu­
tion of analysis (see next section). Resolution is no longer 
limited by the probe size and specimen thickness but by 
the dimensions of the extracted region of interest, as 
shown in Fig. 11-4. 

SPATIAL RESOLUTION IN THE STEM 

One of the major advantages of microanalysis and micro­
diffraction in the STEM is the significant improvement 
in spatial resolution realized as compared with conven­
tional microanalysis in the SEM/EPMA and SAD in 
the TEM. This improvement in resolution arises as a 
result of a combination of small probe sizes and thin 
specimens. There is still a lot of active research on the 
question of spatial resolution,5.13 but it is generally ac­
cepted to be the diameter of the base of the electron 
beam-specimen interaction volume (approximating a 
truncated cone in shape) that contains 90 percent of the 
electrons leaving the foil (Fig. 11-5). There are a variety 
of models to determine this diameter,13 and much experi­
mental work has been reported. 14.15 In practice, however, 
the simplest approach proves as reasonable as most and, 
to a first approximation, gives a good figure for the spatial 
resolution. This approach, attributed to Reed in the classi­
cal paper by Goldstein et al.,16 is known as the "single 
scattering equation" and predicts a spatial resolution b 
(in cm) due to an infinitely small probe and given by 
the following: 

b -625 - -_ ( Z) (P )1/2t 3/2 

Eo A 
(11-1) 

where Z is the atomic number, Eo is the electron beam 
energy (in kV), p is the specimen density (g cm-3), t is 
the specimen thickness (cm), and A is the atomic weight. 

If a finite probe size of d is assumed, Reed17 recom­
mends that the relation, bactual = Vb 2 + d 2 , should be 
used to estimate the spatial resolution. Determination of 
d is best accomplished by direct imaging of the STEM 
probe on the TEM screen. Conventional manufacturers' 
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(a) 

Fig. 11-4. Carbon extraction replica (on a titanium support grid) from a pressure-vessel steel we1dment aged 50 hr at 1150°F showing a range of 
particle sizes. Each particle acts as its own spatial resolution limit, and the X-ray data in the two spectra came from the arrowed particles of ~ 1 
to 3 /Lm and 15 nm in diameter, (a) and (b), respectively. The spectra show, qualitatively, that the large inclusion is probably a manganese 
silicate from the flux used during welding, whereas the small particles are copper precipitates that formed during the post-weld heat treatment. 
(Courtesy, R. Dias.) 

estimates are the full-width half maximum (FWHM) of 
an (assumed) Gaussian probe. Since the value for b con­
siders 90 percent of the scattered intensity, d values 
should similarly consider 90 percent of the Gaussian 
probe, i.e., ~1.8 X FWHM, or nearly twice the manufac­
turers' figures. For a known specimen, the spatial resolu­
tion should be determined beforehand in order to ensure 
that the detected microanalytical signal or the microdif-

fraction pattern comes just from the feature being investi­
gated and that no extraneous signals are involved (unless 
they are being sought, for example, in trying to determine 
a particle-matrix orientation from a single diffraction pat­
tern). 

The spatial resolution limited by beam spreading is 
most important in X-ray analysis and microdiffraction 
since both these techniques detect the signals emanating 
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Fig. 11-5. The generally accepted definition of spatial resolution in 
the STEM. A convergent electron beam of diameter d spreads through 
the foil of thickness t. density p. atomic weight A. and atomic number 
Z to give a beam broadening parameter b. the base diameter of a 
cone containing 90 percent of the scattered electrons. The actual spatial 
resolution is given by vb 2 + d 2 . (Courtesy. Philips Electronic Instru­
ments.) 

from the entire interaction volume. EELS, on the other 
hand, has an inherently higher spatial resolution since 
the spectrometer collects and analyzes only those elec­
trons with a very small angular deviation «10 mrad) 
from the optic axis. If spatial resolution caused by speci­
men thickness is a problem, it can be avoided only by 
suitable preparation of very thin specimens, use of higher 
voltages or, if feasible, extraction of the region of interest 
as already described in the section on specimen prepara­
tion. If a small precipitate is extracted onto a thin carbon 
film, the particle size itself is the effective spatial resolu­
tion, provided that it is well separated from other particles 
(see Fig. 11-4). When a very small region is analyzed, 
however, it should be borne in mind that this invariably 
results in a reduction in the intensity of signal and a 
concomitant increase in the error of any quantification. 
This is because a much smaller volume is contributing 
to the detected signal. A similar effect happens when a 
small probe is used to minimize spatial resolution because 
the probe current (ip ) varies as d 8 / 3 , where d is the probe 
diameter. Therefore, quantitative high-resolution micro­
diffraction and X-ray microanalysis in the STEM is al­
ways a compromise between desired spatial resolution 
and desired accuracy. Use of LaBs or FEGs as well as 
improved X-ray detectors (with higher take-off and collec­
tion angles and greater surface area positioned closer to 
the specimen) will help this problem. Similarly, a move 
to instruments of intermediate (200 to 500 k V) or higher 
voltage will generate less beam spreading. Generally 
speaking, however, there are a large range of metallo­
graphic problems in which the dimensions of interest are 
between 50 and 2000 nm; under these circumstances, cur-

rent 100- to 2oo-kV STEMs using W guns and routinely 
thinned specimens are ideally suited to the generation 
of high-quality, quantitative information with no spatial­
resolution limitations. 

IMAGING IN THE STEM 

There are many ways to obtain an image in the STEM. 
Basically, any of the signals generated when a high-kV 
electron beam hits a specimen (Fig. 11-1) can be detected 
and used to modulate the STEM CRT. In practice, how­
ever, transmitted-electron bright field (BF), scattered­
electron dark field (DF), secondary-electron (SE), and 
backscattered-electron (BSE) images are the major oper­
ating modes in STEM. Since all of these images are also 
available on a conventional TEM or SEM, it is important 
to know the advantages to be gained by forming the image 
in a STEM, and we will emphasize these. Also, any of 
the scanning images can be used as a basis for selecting 
a position for the fine probe to carry out microanalysis 
or microdiffraction (see appropriate sections below), al­
though the standard BF image is usually used for this 
purpose. 

We will also discuss briefly the possibility of forming 
chemical images (maps) using X-rays and the information 
obtained from electron energy-loss (EEL) images. 

Bright Field (BF) Imaging 

Forming a scanning image with the transmitted electrons 
offers no advantages over TEM when the specimen is 
crystalline since diffraction contrast effects are generally 
lower in STEM.5 Furthermore, image resolution and the 
general image quality is usually poorer than in TEM,18 
as shown in Fig. 11-6. For noncrystalline specimens, how­
ever, mass-thickness (amplitude) contrast can be en­
hanced by collecting the maximum signal available on 
the BF detector and using the electronic contrast-en­
hancement techniques that are available for all scanning 
images. For beam-sensitive specimens (such as polymers), 
STEM imaging usually offers a significantly improved 
lifetime in the beam compared with that achievable with 
conventional static imaging in the TEM.19 

It is worth noting in this context that often, in practice, 
there are circumstances where it is desirable to remove 
dynamical diffraction-contrast effects in STEM images 
of crystalline specimens and to enhance amplitude con­
trast. As shown in Fig. 11-7, which compares TEM and 
STEM images from a thin section of a steel, the grain­
boundary precipitates are much clearer in the STEM im­
age since they are not masked by strong diffraction con­
trast from the matrix as they are in the TEM image. 
Since these precipitates are the areas of interest for micro­
diffraction and microanalysis using a stationary fine 
probe, it is easiest to operate in STEM BF image mode 



(a) 

(b) 

Fig. 11-6. Comparison of (a) TEM and (b) STEM BF images of AI-4-wt.%Cu aged to give 8' particles on POO) planes. The TEM image shows 
strong dynamical diffraction contrast (the bend center) that is absent in the STEM image. The STEM image shows good mass-thickness contrast 
between the 8' and the matrix but is generally of poorer quality than the TEM image. Point A is the same in both images. 
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(a) 
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Fig. 11-7. Comparison of (a) TEM and (b) STEM BF images from 
an alloy steel aged to produce coarse grain-boundary precipitates. The 
precipitate contrast is partially masked in the TEM image by the strong 
dynamical diffraction contrast in the grain interiors. In the STEM image, 
the dynamical contrast is significantly reduced, making the presence 
of the precipitates far more obvious. 

and simply position the probe on the precipitates for fur­
ther study. 

Dark Field (OF) Imaging 

As in the BF image, diffraction contrast from crystalline 
specimens is generally poor, and the STEM image quality 
does not compare with the equivalent TEM image. Annu­
lar DF imaging of noncrystalline specimens, however, 
offers significant improvement in intensity and contrast 
over standard TEM DF images since the annular detector 
can collect a much larger signal than the objective aper­
ture in a TEM. 

Thus, in summary, both BF and DF STEM images 
are most useful for noncrystalline and/or beam-sensitive 
specimens. For crystalline specimens, diffraction-contrast 
information is usually poorer than in TEM, and the main 
role of the STEM image from crystalline specimens is 
to locate regions of interest for microdiffraction and/or 
microanalysis. Since the quality of STEM images recorded 
on Polaroid from the CRT is invariably poorer than that 
of images recorded on a photographic plate in TEM, it 
is usual practice to record a TEM image of the area of 
interest and indicate where microanalysis, etc., was per­
formed. 

Secondary Electron (SE) Imaging 

SE images give topographic information about the surface 
of the specimen. In STEM, because of the high kV and 
very small probe sizes, SE imaging offers improved resolu­
tion over conventional SEM images. Furthermore, the 
objective lens prefield acts as an efficient collector of SEs, 
and, because of the position of the SE detector (within 
the upper objective polepiece), back-scattered electrons 
(BSE) cannot enter it. Therefore, the signal level of SE 
images is higher and the noise level lower in STEM than 
in SEM. The net result is that SE images in STEM offer 
a resolution of ~ 2 to 5 nm (see Fig. 11-8) compared 
with 6 to 10 nm in a typical SEM. The drawback to 
SE imaging in STEM compared with SEM is that large 
specimens cannot be observed. The confines of the TEM/ 
STEM stage limit specimen dimensions to ~ 5 X 5 X 1 
mm compared with equivalent dimensions of several cen­
timeters in a SEM. 

Backscattered Electron (BSE) Imaging 

BSE images offer atomic number and topographic infor­
mation. In the conventional SEM, image resolution is 
~ 1 JJ-m with a low-efficiency detector but may be much 
smaller with a high-efficiency detector. Again, the resolu­
tion limit is a signal/noise problem, and the high-kV, 
small probes in STEM therefore improve on the resolution 
of the SEM. Furthermore, the use of thin specimens in 
STEM can enhance resolution by cutting down on the 
amount of electron backscatter from regions far away 
from the probe. To maximize the probe current with thin 
specimens and generate a sufficient signal from the region 
close to the probe for good quality images with ~ 10-
nm resolution (see Fig. 11-9), a LaBs gun is desirable. 
The space limitations of the STEM stage are again a 
major reason why few high resolution BSE studies have 
been performed in STEM. 

Multiple Imaging 

A final advantage of STEM is its ability to combine con­
ventional TEM and SEM information into a single 



METALLOGRAPHY IN THE SCANNING TRANSMISSION ELECTRON MICROSCOPE 179 

Fig. 11-8. SE image of a carbon-extraction replica from a high-strength low-aHoy steel showing the topography of the sample caused by the 
presence of smaH extracted particles. Fine detail on a scale of < 5 nm can be resolved. (Courtesy, Philips Electronic Instruments.) 

micrograph.20 An example is shown in Fig. 11-10, which 
is a combined BF and SE image of a fracture surface 
thinned from one side to TEM transparency. The combi­
nation image permits a close correlation between the inter-
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Fig. 11-9. BSE image of gold islands on a carbon film showing a 
spatial resolution of - 10 nm. The source of contrast is the large atomic­
number difference between gold and carbon. (Courtesy, JEOL USA.) 

nal defect structure visible in the BF part of the image 
and the surface topography visible from the SE compo­
nent. Similar image combinations, or multiple signal dis­
play, are possible using any of the variety of signals de­
tected in the STEM.5 

X-ray Imaging (maps) 

It is possible to use the characteristic X-ray signal from 
a specific element to modulate the CRT, thus producing 
an image whose intensity depends on the amount of that 
element present. Such X-ray maps are a common feature 
of SEM and EPMA instruments. With a thin specimen 
in STEM, it is possible, in theory, to obtain a direct (quan­
titative) relationship between intensity and composition 
if the thin-foil criterion is obeyed (see the section on X­
ray microanalysis). In practice, however, because of the 
low count rates from thin foils, even with LaBs guns, 
the quality of X-ray maps obtained is usually poor. Be­
tween 2 X 105 and 5 X 105 X-ray photons are needed 
for a good image,3 and this may take many minutes to 
generate. As a result, X-ray maps in STEM are not of 
great use to the metallographer. Higher quality images, 
albeit with a much lower spatial resolution, can be ob­
tained on a SEM/EPMA. 

Electron Energy Loss (EEL) Images 

In principle, images can be formed from electrons that 
have suffered a specific energy loss because of the ioniza­
tion of a particular atom. These images should therefore 
be chemical images, just like X-ray maps. In practice, 



180 APPLIED METALLOGRAPHY 

(a) (b) 

(c) 

Fig. 11-10. (a) STEM, (b) SEM, and (c) combined STEM/SEM image showing both the internal defect structure and surface topography of a 
manganese-modified 316 stainless steel, back-thinned to local transparency around a dimple in the fracture surface. (Courtesy, R. M. Allen, reproduced 
by permission of SEM, Inc.) 

however, the large background contribution to the EEL 
spectrum means that thickness effects usually override 
the chemical contrast entirely.s True chemical images re­
quire obtaining a spectrum and then subtracting the spec­
tral background at each picture point (pixel). For a good 
256 X 256 pixel image, this procedure requires either 
impractical lengths of time or enormous on-line comput­
ing capability.21 EEL imaging is thus not at present a 
practical mode of STEM operation for the average user. 

There is, however, the possibility of using the EELS 
to filter out unwanted (energy-loss) electrons, leaving a 
STEM image of "pure" transmitted (BF) or elastically 
scattered (DF) electrons, Such images show improved 
contrast, but again this is best observed in annular DF 
images of noncrystalline samples for which the signal is 
still large after this energy-filtering process,s 

Similarly, the EEL signal can be used to produce a 
composite image that is a ratio of the elastic signal (annu-
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lar DF detector) to the inelastic signal (BF detector with 
transmitted electrons-no loss-removed). The resultant 
signal is directly proportional to the atomic number, Z. 
Such Z contrast is very useful for observing very tiny 
particles and is the method by which single atoms, using 
FEG STEM instruments, can be imaged. 22 This technique 
is not within the capability of a typical TEM/STEM, 
however. 

MlCRODIFFRACTION 

Several forms of microdiffraction are available to the 
STEM user,5 but the most convenient and the one with 
the most information is that of convergent beam diffrac­
tion (CBD). This is the form of the diffraction pattern 
that is invariably present in the back focal plane of a 
TEM/STEM whether the probe is scanning an area or 

stationed on a point of interest, as shown in Fig. 11-
2(a). (The latter, stationary mode is, in practice, the only 
sensible way to obtain the diffraction pattern.) The term 
"microdiffraction" is appropriate because the pattern 
comes only from the volume of specimen that interacts 
with the fine probe. The spatial resolution is much less 
than that of the conventional SAD, therefore, and, in 
the extreme case, using a field emission gun (so-called 
nanodiffraction23) can give information from single-unit 
cells. The most obvious use of microdiffraction is in a 
manner similar to one in SAD, namely, identification of 
phases in terms of their crystal structure (or lack of it). 
From that point of view, analysis of the patterns often 
involves nothing more than conventional indexing of the 
zero-order diffraction maxima, which are typical of any 
electron diffraction pattern. A typical CBD pattern is 
shown in Fig. 11-11. This pattern is a < 112) zone-axis 

Fig. II-II. <I12) convergent-beam zone-axis pattern from pure aluminum: Each disc corresponds to diffraction from the indicated (hkll plane. 
Faint Kikuchi lines are visible outside the discs as is dynamical contrast information within them. 
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pattern from an fcc structure, the indexing having been 
performed using the conventional ratio method.1 When 
used in this manner, CBD offers only a spatial resolution 
advantage over SAD in the TEM. As can also be seen 
in Fig. 11-11, however, there is often more intensity infor­
mation in the diffraction maxima. The maxima are discs, 
not points as in SAD, because of the convergence of the 
beam (see Fig. 11-2). Within, and associated with these 
discs, there is dynamical electron-scattering contrast (in 
specimens> -50 nm thick) that can give important met­
allographic information such as (a) specimen thickness; 
(b) accurate, relative lattice parameter measurements; (c) 
crystal lattice spacings in the third dimension; and (d) 
the full crystal symmetry of the specimen (point and space 
group). Clearly, a CBD pattern can be much more than 
just a high spatial-resolution SAD pattern for identifying 
the specimen orientation. 

To obtain thickness information (which, as discussed 
at the end of this chapter, is an important specimen pa­
rameter in analytical electron microscopy), it is simply 
necessary to tilt the specimen until only one beam is dif­
fracting strongly (i.e., two-beam condition). Parallel (Kos­
sel-Mi::illenstedt) fringes appear when the probe is focussed 
at the plane of the specimen, as shown in Fig. 11-l2. 
(This contrast effect is very sensitive to the correct focus 
of the objective lens.) The specimen thickness is then 
easily determined from measurement of the fringe spac­
ing. 24.25 

Under certain very well-defined conditions,26 it is possi­
ble to observe fine dark lines within the central 000 disc 
of the CBD as shown in Fig. 11-13. These so-called higher 
order Laue zone (HOLZ) lines are due to elastic scatter 
from higher order planes, but the lines behave like conven­
tional inelastic Kikuchi lines, i.e., they move as if attached 

to the sample and are therefore a very sensitive indicator 
of the exact specimen orientation. By observing changes 
in the symmetry of these lines, lattice parameters can 
be determined within an accuracy of - 2 X lO-4 nm. 26.27 

In practice, it is usual to enhance the low intensity of 
scatter from higher order zones by cooling the specimen 
to - -196°C. 

If the CBD pattern is observed at very low magnifica­
tions (which are only routinely attainable in modern 
TEMs), then high-angle diffraction maxima from higher 
order atomic planes are often visible. The result is a ring 
of (HOLZ) intensity maxima around the normal zero­
order zone (see Fig. 11-14). The radius of this ring can 
be measured and related to the spacing of the lattice planes 
parallel to the electron beam.5.28 This spacing, in combina­
tion with measurements made in the zero-order pattern, 
gives 3D crystal spacing information in a single 2D 
pattern. 29 

Direct Phase Identification Using ceo 
Certain phases may be identified by CBD in a "finger­
print" manner, that is, their CBD pattern is so distinctive 
in certain orientations that it can be recognized immedi­
ately upon inspection. There is some limitation to this 
technique insofar as increases in thickness lead to in­
creased intensity variations within the diffraction maxima. 
As can be seen in Figs. 11-15(a) and (b), however, the 
[001] pattern from sigma phase in steePO.31 shows a clear 
similarity when obtained from thin (a) as well as from 
thick (b) portions of the specimen. 

If a phase does not retain a distinctive fingerprint over 
a range of thicknesses, it is often still possible to identify 
the phase by using symmetry and intensity variations 

Fig. 11-12. Kossel-Mollenstedt fringes in a CBD pattern from aluminum under two-beam diffracting conditions. Note the symmetry of the fringes 
in the diffracted 002 spot and the asymmetry in the transmitted 000 spot. The nonparallel lines crossing the discs are due to diffraction effects 
from higher order Laue zones in the crystal. 
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Fig. 11-13. HOLZ lines crossing the 000 disc of a CBD pattern from nickel under (114) zone-axis conditions: The pattern symmetry shows a 
single mirror plane that is characteristic of the whole (3D) crystal symmetry in the [114] direction. (Courtesy, J. R. Michael.) 

within the CBD discs. Figures 11-16(a) and (b) are from 
a Laves-type phase in austenitic stainless steel,30 and, 
when examined at both low (a) and high (b) magnifica­
tions, it is evident that the CBD pattern symmetry is 6 
mm in both cases. It is quite possible, therefore, that 

the point group may be 6 mm or 6/mmm.32 Examination 
of other orientations shows conclusively that 6/mmm is 
the only possibility.30 Further investigations permit direct 
determination of the space group,32 and this often suffices 
to identify the phase unambiguously without having to 
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Fig. 11-14. Low-camera-Iength diffraction pattern showing a ring of HOLZ intensity around a ( 114) zone-axis pattern in nickel: Each bright 
line in the ring is parallel to a dark line in the central ()()() disc, shown magnified in Fig. 11-13. (Courtesy, J. R. Michael.) 

resort to chemical analysis and/or lattice parameter deter­
mination. In this approach to indirect chemical analysis, 
there is no atomic-number limitation; both high and low 
Z phases can be examined. The thickness limitation is 
the reverse of that for EDS and EELS insofar as specimens 
must not be too thin but rather thick enough for dynami­
cal scattering to occur (> ~ 50 nm). 

In summary, CBD can act as a straightforward micro­
diffraction technique offering the same capabilities as 
SAD in the TEM but with a higher resolution. More 
generally, however, it can be utilized to provide a wealth 
of detailed information on the thickness and crystallo­
graphic characteristics of the specimen. 

X-RAY MICROANALYSIS 

X-ray analysis in the STEM is invariably performed using 
a solid-state energy-dispersive spectrometer (EDS), which 
in its conventional form can detect elements of atomic 
number Z ~ lO (Ne). If specimens containing elements 

of lower Z are being studied, alternative techniques such 
as "windowless" or "ultra-thin window" EDS, EELS (see 
next section), or indirect diffraction procedures must be 
used. Quantitative EDS analysis in the STEM can be 
achieved with an accuracy of < ±lO percent relative, 
and a minimum mass fraction of - 0.1 wt% is detectable. 
As a consequence, trace element and high-accuracy mi­
croanalysis cannot be performed using a STEM. The main 
advantages of STEM X-ray analysis over other more accu­
rate and sensitive microanalytical techniques (micro­
probe, secondary-ion mass spectrometry, etc.) are its high 
spatial resolution and the relative ease of quantification 
of data it affords. 

Qualitative X-ray Microanalysis 

Often qualitative or semiquantitative chemical informa­
tion is all that is required for conclusive identification 
of a particular phase in a microstructure. For example, 
there may be only one or two possible intermediate com-



(a) 

(b) 

Fig. 11-15. CBD pattern from the <OO!) axis of a sigma-phase particle in stainless steel showing the similarity in the pattern even when the 
specimen is (a) thin or (b) thick. The symmetry of these patterns is distinctive enough to be a conclusive "fingerprint" of the sigma phase. (Courtesy, 
1. Mansfield and N. S. Evans. Reproduced by permission of Adam Hilger, Ltd., Bristol.) 
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(a) 

Fig. 11-16. The (0001> pattern from a Laves-phase intermetallic in 316 stainless steel. The whole pattern in (a) and the HOLZ lines in (b) both 
show 6-mm symmetry. Making use of this fact and studies of (1010) patterns, it becomes possible to deduce the point group as 6/mmm. Further 
study of the detailed contrast within the CBD discs and the disc spacing permits the space group to be determined as P63/mmc. (Courtesy, J. 
Mansfield and N. S. Evans. Reproduced by permission of Adam Hilger, Ltd., Bristol.) 

pounds in a particular alloy system, and these may differ 
sufficiently in composition for a single EDS spectrum 
to be a conclusive fingerprint. This approach is still feasi­
ble, particularly in conjunction with diffraction, if the 
phases contain low Z elements not routinely detectable 
by EDS (e.g., C, N, 0). 

Qualitative microanalysis is performed by placing the 
probe on the region of interest in the STEM image and 
adjusting both the probe and the detector parameters 
so that a reasonable X-ray count rate is ensured (several 
thousand counts in any major characteristic peak in 
~ 100 s). The spectrum can then be examined visually 
and an approximate analysis performed by estimating rel­
ative peak heights. As shown in Fig. 11-17, one of the 

greatest advantages of X-ray microanalysis in the STEM 
is the ability to obtain detailed, semiquantitative chemical 
information from exceedingly complex microstructures 
in a matter of minutes. In Fig. 11-17, the relative amounts 
of Mo, Mn, and Cu in the microstructure can be estimated 
very quickly. This approach to microstructural character­
ization is probably the most widely used technique in 
the STEM. Often such a qualitative study of the micro­
structure is all that is required to find out why a material 
is behaving in a specific manner. Quantitative microanaly­
sis is not always essential. If the specimen is thin enough 
for the absorption or fluorescence of X-rays to be assumed 
insignificant « ~ 5-10%), than quantification can be 
achieved in a relatively simple manner. The assumption 
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(b) 

Fig. 11-16. The <0001> pattern from a Laves-phase intermetallic in 316 stainless steel (continued). 

that absorption and fluorescence are negligible is often 
known as the "thin foil" criterion.33 

Quantitative X-ray Microanalysis 

For a binary system A-B obeying the thin foil criterion, 
the characteristic X-ray intensity above background, 
I AIB , can be related to the composition, CAIB, through 
the following equation: 

CA _ k IA 

CB - AB IB 
(11-2) 

where kAB is a sensitivity factor often termed the "Cliff­
Lorimer factor."32 There are many sources for values 
of kAB' both experimental5 •34 and theoretical. 34 Usually, 
however, it is worth generating a suitable known standard 

for the system A-B, and then from this standard, to deter­
mine CA and CB in heterogeneous regions of the micro­
structure. In practice, the specimen can often act as its 
own standard. If, for example, the specimen is known 
to be chemically homogeneous in the bulk with variation 
in composition present only around, say, grain bound­
aries, then the central region of known composition can 
be used to generate kAB' and this, in turn, can be used 
to determine CA leB in regions of unknown composition. 

Given a suitable value of kAB for a particular binary 
system, it is a simple matter to obtain measurements of 
IA and IB using the computerized, multichannel analyzer 
system invariably attached to the EDS detector. Quantifi­
cation in terms of CA ICB values is then trivial, and, if 
CA + CB = 1, absolute values of CA and CB can be 
determined. Care must be taken, however, to ensure that 
the microanalysis is carried out using the same conditions 
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Fig. 11-17. Qualitative chemical analyses of eight particles in a thin-foil weld specimen aged for ISO hr at I 150°F: A quick study of the various 
X-ray spectra reveals the variety of precipitates and the predominant chemistry. (Courtesy, R. Dias.) 

under which the kAB factor was obtained. Since differences 
in operating voltage, X-ray detector, and X-ray data han­
dling (e.g., different MeA systems) between different us­
ers or laboratories will result in differences in quantifica-

tion, care should be taken when using data from standards 
obtained by others. 

For ternary and higher order systems, Eq. 11-2 can 
be extended as follows: 
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CA/CB = kAB IA/IB 

CB/Ce = kBe IB/le 

CA + CB + Ce = 1 

(11-3) 

(11-4) 

(11-5) 

If the thin foil criterion is not obeyed, it will then be 
necessary to correct the measured values of IA and IB 
for the effects of absorption or fluorescence. Equations 
exist for both cases35.36 that modify either the kAB factor 
or the intensity ratio. Most MCA computer systems also 
possess these equations and can automatically make the 
corrections for absorption and fluorescence, with the for­
mer being the most usual requirement. 

An example of the power of X-ray microanalysis in 
the AEM for metallographic purposes is shown in Fig. 
11-18. Figure 11-18(a) is a micrograph showing three 
phases in a Ni-Cr-Mo alloy aged at 850°C for 100 hr. 
This aging treatment corresponds to a three-phase region 
of the ternary Ni-Cr-Mo phase diagram. Quantification 
of the X-ray spectra in Figs. 11-18(b), (c), and (d) permits 
definition of the three corners of the three-phase triangle 
in a single experiment, as shown in Fig. 11-18(e).37 In 
addition, microdiffraction of the three phases can be per­
formed simultaneously [Figs. 11-18(f), (g), and (h)], identi­
fying the phases unambiguously as the parent, y, and the 
intermetallic phases, P and J.L. Such an experiment exem­
plifies the power of AEM as a metallographic tool, particu­
larly in terms of the combination of techniques available. 

Other more straightforward applications of STEM 
X-ray microanalysis involve the generation of an EDS 
spectrum from a single region of the microstructure or, 
more often, from a series of points across a region of 
interest. This permits generation of a composition profile, 
as shown in Fig. 11-19. From such profiles, which can 
be generated from specimens aged at very low tempera­
tures because of the high spatial resolution of the micro­
analysis, important information such as diffusion coeffi­
cients (Dv is shown in Fig. 11-19), the state of equilibrium, 
and the phase diagram can be determined. 38 

It is still worth sounding a note of caution about possi­
ble spurious contributions to the X-ray spectrum obtained 
in the STEM. Because of the electron scatter around the 
specimen and X-ray generation within the specimen, the 
possibility exists of X-ray excitation or fluorescence re­
mote from the area of interest. These spurious X-rays 
may enter the detector, reducing the precision and sensi­
tivity of microanalysis. Well-defined methods exist for 
minimizing these effects, and these methods should be 
known and practiced routinely.5 At the current state of 
STEM instrumentation, however, it is still very difficult 
to identify the presence of small (~1 %) amounts of a 
particular element conclusively if it is also present in large 
amounts elsewhere in the specimen or the microscope 
stage. Copper seems to present a particularly difficult case 

since post-specimen electron scatter and interaction with 
the specimen surrounds often gives rise to a very small 
Cu peak in the EDS spectrum. 

Light Element Analysis by EDS 

Recent technological developments in EDS and STEM 
instruments have permitted the detectability limits to be 
extended to Z ~ 5(B). These developments involve remov­
ing the Be window (i.e., "windowless") or replacing it 
with an ultra-thin window (UTW) of a gold-coated 
polymeric film. Either advance requires significant modifi­
cation to the microscope. Detection efficiency is low and 
X-ray generation is very limited. Quantification of the 
data is more difficult, less accurate, and almost invariably 
requires an absorption correction. Since low count rates 
require the use of larger probes (----> 100 nm), spatial reso­
lution is poor. Similarly, very thin specimens « 20 nm) 
or very small particles do not give enough X-rays for 
quantification in sensible counting times. Under such cir­
cumstances, EELS is an essential tool for light element 
analysis (see the next section). Nevertheless, for the posi­
tive identification of reasonably sized carbides, nitrides, 
or oxides (see Fig. 11-20), the UTW detector is an invalu­
able addition to the AEM. 

ELECTRON ENERGY-LOSS SPECTROMETRY 
(EELS) 

Inelastic interactions between high-kV electrons and at­
oms in the specimen result in a spectrum of energy-loss 
electrons. This spectrum contains a wealth of informa­
tion5.39 such as chemical bonding, electron momen­
tum transfer, surface interactions, and electronic struc­
tural detail. Since, from a metallographic standpoint, 
EELS permits elemental identification patricularly of 
those low Z-elements undetectable by EDS, we will con­
sider this aspect only. The technique is not as accurate 
as EDS, with ± 20 percent relative being a reasonable 
error, nor is it as sensitive as EDS for detecting small 
amounts of an element in a matrix of another, with ~3 
wt% being the current limitation. In theory, however, 
it offers a higher spatial resolution, is not limited by beam 
spreading, and can easily detect the presence of elements, 
such as Li and Be, beyond the reach of windowless 
X-ray analysis. 

EELS, however, is not yet reliably quantitative,40 and 
much work remains to be done. Its primary function, 
therefore, is to act in conjunction with EDS and microdif­
fraction as a low-Z qualitative microanalysis technique. 
As is true of EDS, judicious use of qualitative data can 
lead to an unambiguous phase identification. 

The EELS spectrum usually consists of a zero-energy 
loss peak (caused by transmitted electrons) followed by 
a plasmon-energy loss peak of about 15 to 25 eV (caused 
by interactions with conduction-band electrons). Follow-
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Fig. 11-18. (a) TEM image of the three phases 
[matrix (y), mu phase (p.), and p-phase (P)] present 
in a Ni-Cr-Mo alloy aged at 850°C for 100 hr. 
The X-ray spectra from the three phases are shown 
in (b), (c), and (d), respectively. The y matrix is 
clearly the most Ni-rich phase, whereas the p. and 
P phases have almost identical Ni compositions 
but differ slightly in their Cr and Mo content. 
Quantitative analysis of the X-ray spectra yields 
compositions that define the three corners of the 
y + P + P. three-phase triangle in the l523K sec­
tion of the ternary phase diagram shown in Fig. 
11-18(e). In Figs. 11-18(f), (g), and (h), microdif­
fraction patterns are shown. Although there is lit­
tle difference between the chemistry of the phases, 
the diffraction patterns are clearly distinguishable 
and act as a "fingerprint" to identify the phases. 
In particular, the rhombohedral symmetry of the 
p. phase is obvious from Fig. 11-18(g). (Courtesy, 
M. Raghavan. Figures ll-18(e), (g), and (h) repro­
duced by permission of the American Society for 
Metals.) 
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(f) 

(g) (h) 

Fig. 11-18. Microanalysis of Ni-Cr-Mo alloy (continued). 
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Fig. 11-19. Composition profile (a) across a grain boundary and (b) 
in AI-4%Cu aged for 90 s at 250°C to generate the equilibrium () 
phase on the grain boundaries. The Cu composition profile, which has 
been mathematically modeled using the Grube equation, reflects the 
solute depletion accompanying () precipitation. (Courtesy, J. R. Mi­
chael.) 

ing the plasmon peak there is a rapid drop off in intensity 
of electrons suffering losses greater than 25 eV. An EELS 
spectrum is shown in Fig. 11-21(a). On this rapidly falling 
intensity are superimposed ionization edges; these repre­
sent small increases in intensity that correspond to the 
presence of electrons that have lost more than a critical 
amount of energy in ionizing a particular atom. The pres­
ence of these ionization edges is the important feature 
of the spectrum. As shown in Fig. 11-21(b), however, 
the edges are small, and electronic display enhancement 
is often needed to observe them. Observation of the edges 
is sufficient for qualitative microanalysis. Quantitative mi­
croanalysis can be attempted, either in an absolute manner 
or by a ratio technique41 similar to that used in EDS. 
Either way, errors of ~ ±20 percent and often> ±100 
percent are common, and EELS, as a result, is not yet 
a routine microanalysis technique. Nevertheless, as shown 
in Fig. 11-21(b), it is capable of identifying very light 
elements, and, a major use, of determining the presence 
of carbon or nitrogen in small percipitates in steels. It 
is often not too difficult to infer the correct type of carbide 
or nitride present. 

Although the ionization edges are very small, the peak-
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Fig. 11-20. Windowless EDS spectrum from a thin foil of CaZr03 coated with a carbon film. The calcium Ka and the zirconium La would 
normally be the only visible X-ray peaks in the conventional spectrum. Removal of the Be window in an ion-pumped STEM permits detection of 
the oxygen and carbon Ka peak also. 

to-background ratio can be improved by using very thin 
specimens « 20 nm) and operating at the highest availa­
ble voltage. In the latter regard, EELS is not the best 
technique at 100 kY, but the advent of instruments of 
intermediate voltage (300 to 400 kY) should offer a signifi­
cant improvement. 

In summary, EELS is a semiquantitative microanalyti­
cal technique at best but essential for those seeking to 
determine the presence of low-Z elements. 

SPECIMEN THICKNESS 

It should be apparent from the preceding sections that 
the thickness of the thin-foil specimen is perhaps the most 
important metallographic parameter in the STEM. Deter­
mination of the foil thickness is essential when the object 
is to minimize and quantify spatial resolution and X-ray 
absorption. Knowledge of foil thickness is also essential 
for observing HOLZ lines, etc., in CBD patterns, and 
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(a) 

(b) 

Fig. 11-21. (a) A typical energy loss spectrum from a thin film of aluminum showing the intense zero-energy loss peak followed by a plasmon 
loss peak at ~ IS eV: The intensity falls off rapidly after the plasmon peak; in order to discern any information after the plasmon loss peak, the 
spectrum display has to be electronically increased in intensity. (b) Energy loss spectrum from an aluminum-lithium alloy: The increased display 
range shows a rapidly decreasing intensity with increasing energy loss. Small peaks (or edges) that perturb the decreasing intensity can be identified 
in terms of the elements present in the spectrum. In this case, the LiK edge at ~ 52eV, corresponding to energy losses accompanying the ionization 
of Li atoms, and the AIL2, edge, corresponding to AI ionization, can be seen. (Courtesy, H. M. Chan.) 

also for considering whether or not to pursue EELS or 
windowless EDS. Since reviews of methods to determine 
the thickness are available,5.35 their details will not be 
repeated here. The most common involve use either of 
contamination deposits on the upper and lower surfaces 
of the specimen42 or of Kossel-Mollenstedt fringes in CBD 
patterns as already described in the microdiffraction sec­
tion. All methods have their limitations, and none are 
both straightforward and precise. The lack of a method 
for determining thickness in situ that is simple, universally 
applicable, and precise remains a fundamental limitation 

in the pursuit of accurate quantitative microanalysis and 
microdiffraction in the STEM. 

SUMMARY 

The STEM offers imaging, diffraction, and microanalyti­
cal information about thin specimens. It combines the 
role of a TEM and SEM with increased resolution for 
chemical and crystallographic information. It also per­
forms the major metallographic operations of phase and 
defect identification along with characterization of other 
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structural and chemical inhomogeneities. STEM is most 
useful when combinations of the many available tech­
niques are taken advantage of, but it should always be 
used in conjunction with other techniques that overcome 
its limitations such as small samples, limited analysis re­
gions (i.e., poor sampling statistics), and lack of depth 
resolution. 
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Although welding metallurgy is concerned with the appli­
cation of well-known metallurgical principles, the condi­
tions existing during welding will be highly different from 
those prevailing during refining, casting, and forming of 
metals because of the strong non isothermal nature of the 
arc-welding process. As a result, the understanding of 
the various chemical and physical reactions in arc welding 
is far less developed than it is for steelmaking, and, hence, 
predictions of weld microstructures and the resulting me­
chanical properties based on the consumables/parent 
plate and operational conditions can be subject at this 
point to no more than an incomplete theoretical treat­
ment. 

The main objective of this chapter is to give a survey 
of factors controlling the weld microstructures in arc 
welding of mild and low-alloy steels, stainless steels, and 
aluminum alloys. Consequently, the weld-metal solidifica­
tion mode as well as the transformation behavior of the 
weld metallbase metal under various cooling conditions 
will be discussed in the light of information available in 
recent literature. To begin with, however, the specific fea­
tures of the weldment that commonly need characteriza­
tion will be briefly reviewed. 

CHARACTERISTIC FEATURES OF WELDS 

Single-Pass Weldments 

It is convenient to begin a description of the various weld 
regions by using a single-pass bead as an example. The 
two types of weld, and the common terms applied to 
them, are shown in Fig. 12-1. As a rough classification, 
the weldment may be divided into two main regions: the 
fusion zone and the heat-affected zone (HAZ). 

The Weld Metal Fusion Zone. Within the weld fusion 
zone, the peak temperature has exceeded the melting point 
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of the metal, and the chemistry is usually different from 
that of the parent plate because of the chemical interac­
tions between the liquid weld metal and its surroundings 
(arc atmosphere, slag). The chemical composition of the 
weld metal will in this case depend on the choice of weld­
ing consumables (i.e., the combination of filler metal, flux, 
and/or shielding gas), the base metal dilution ratio [see 
Fig. 12-1(b)], and the operational conditions applied, the 
first two being the most important. 

During solidification of the weld metal, alloying and 
impurity elements segregate extensively to the center of 
the interdendritic or intercellular spaces and to the center 
parts of the weld under the conditions of rapid cooling, 
which, in the case of polyphase metals, will alter the 
kinetics of the subsequent solid-state transformation reac­
tions. Accordingly, the transformation behavior of the 
weld metal is seen to be quite different from that of the 
base metal, even when the chemical composition is not 
significantly changed by the welding process. 

The Heat-Affected Zone. In this region, the peak 
temperature has remained below the melting point of the 
parent plate and, hence, the chemical composition re­
mains largely unchanged. Nevertheless, considerable mi­
crostructural changes take place within the HAZ during 
welding as a result of the rapid heating and cooling. In 
Fig. 12-2, the various HAZ regions of a single-pass mild 
steel butt weld are shown schematically, each zone being 
characterized by a specific peak temperature interval. 

Multiple-Pass Weldments 

In a multiple-pass weldment, the situation is much more 
complex than it is in a single-pass weld because of a 
partial refinement of the microstructure by subsequent 
weld passes, which to a large extent will increase the 
inhomogeneity of the various regions with respect to mi­
crostructure and mechanical properties. 
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Fig. 12-2. The various HAZ regions in a O.2-wt.% C single-pass steel butt weld. 

The Weld Thermal Cycle 

The weld thermal cycle is strongly influenced by the weld­
ing process and the operational conditions applied, the 
thermal conductivity of the parent plate, and the mode 
of heat flow, i.e., either two- or three-dimensional heat 
flow to correspond to the welding of thin and thick plates, 
respectively. 

For welding of steels, the cooling time from 800° to 
500°C, 6.t 8 /5, has been widely accepted as an adequate 
index for the weld cooling program. This index is a mea­
sure of the cooling rate that controls the austenite-to­
ferrite transformation, determining the microstructures 
formed. In the case of three-dimensional heat flow, 
6.t 8 /5 may be taken as a rough estimate directly propor-

tional to the heat input, E (kJ /mm), * where the propor­
tionality constant is in the range of from 4 to 5 seconds 
per kJ /mm for mild and low alloy steel. 

For a wider introduction to the metallurgy of arc weld­
ing, see the textbooks of Lancasterl or Easterling. 2 

SOLIDIFICATION MICROSTRUCTURE 

Inherent to the welding process is the formation of a 
pool of molten metal directly below a moving heat source 
that effectively fuses together pieces of metal. The shape 
of this molten pool is determined by the flow of both 

• The gross heat input can be expressed in terms of the amperage (I), 
the arc voltage (U), and the weld travel speed (v), as follows: E (kJ I 
mm) = (IU)/(lOOO v). 
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Fig. 12-3. Idealistic schematic representation of the grain structure 
in a longitudinal cross section taken through the center of a weld. 
Epitaxial columnar grains are shown to grow normal to the weld pool 
boundary. 

heat and metal, with melting occurring ahead of the heat 
source and solidification behind it. Heat input determines 
both the volume of molten metal and, hence, dilution 
and weld metal composition, as well as the thermal condi­
tions under which solidification takes place. Also impor­
tant to solidification is the crystalline growth rate, which 
is geometrically related to weld travel speed and weld 
pool shape. Thus, weld pool shape, weld metal composi­
tion, cooling rate, and growth rate are all factors interre­
lated to heat input, which in turn will affect the solidifica­
tion microstructure. 3 - 4 Some important points regarding 
interpretation of weld metal microstructure in terms of 
these four factors are summarized below. 

Grain Morphology 

Weld metal solidification proceeds by the growth of grains 
at the solid-liquid interface as defined by the shape of 
the weld pool boundary. Growth initiates at the outermost 
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boundary of the weld pool, which constitutes the dividing 
line between regions of melting and solidification. Incip­
ient melting at base-metal grain boundaries immediately 
adjacent to the fusion zone allows these grains to serve 
as seed crystals. Thus, weld metal grains tend to grow 
epitaxially, acquiring the size and crystalline identity of 
grains in the base metal as a result (shown schematically 
in Fig. 12-3). Growth of epitaxial grains is continuous 
until impingement occurs upon neighboring grains, with 
nucleation of new grains occurring only rarely. This con­
tinuous growth results in large columnar grains whose 
boundaries provide paths for easy crack propagation. Epi­
taxial columnar growth is particularly deleterious in mul­
tiple-pass welds where grains can extend continuously 
from one weld bead to another. Shown in Fig. 12-4 is a 
transverse cross section taken from a multiple-pass weld 
in a titanium alloy that exemplifies this problem (the grain 
structure was revealed using Kroll's etch). Since grains 
must grow normal to the liquid-solid interface, the shape 
of the weld pool determines the grain morphology.5 A 
spherically shaped weld pool will yield a grain morphol­
ogy much different from that of an elongated weld pool. 
When viewed from the top surface, as illustrated in Fig. 
12-5, a spherical shape will yield curved and tapered 
columnar grains, whereas an elongated shape will yield 
straight and broad columnar grains. The latter condition 
promotes the formation of center-line cracking because 
of the mechanical entrapment of inclusions and enrich­
ment of eutectic liquid at the trailing edge of the weld 
pool. 

Fig. 12-4. Transverse cross section taken from a multiple-pass gas-metal-arc weld on a titanium-6-wt. % aluminum 4-wt. % vanadium alloy. Epitaxial 
columnar grains are seen to be continuous from one weld bead to another. (Courtesy, Martin-Marietta Corp.) 
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Fig. 12-5. Schematic comparison of the grain morphologies obtained 
for (a) spherically shaped weld pools versus (b) elongated weld pools, 
as viewed from the top surface. 

Grain Substructure 

Each individual grain in the weld metal has a substructure 
consisting of a parallel array of dendrites, or cells. This 
substructure may be masked by solid-state reactions as 
is the case with transformations from austenite in ferrous 
alloys. The crystallographic orientation of dendrites 
within a grain is determined by the orientation of the 
base-metal grain from which it originated, with dendrites 
aligned in the <100> direction for FCC and BCC metals. 
Grains with dendrites aligned in the direction of heat 
flow, normal to the interface, will tend to over-grow grains 
containing dendrites not having this preferred alignment. 
Competitive growth, early in the process, results in most 
grains having dendrites aligned nearly normal to the inter­
face. The growth rate of dendrites is determined both 
by the position of the grain at the weld pool boundary 
as well as by the orientation of the dendrites within the 
grain. An expression for growth rate, R, can be obtained 
by relating pertinent growth directions to the direction 
of welding and weld travel speed, v. 6 Referring to Fig. 
12-6, if cp represents the interface normal angle and 6 
the dendrite alignment angle, then 

R = v cos cp 
cos (cp - 6) 

It is clear that growth rate may increase as grains progress 
from initiation to impingement as determined by the cur­
vature of the weld pool. This, together with a correspond­
ing decrease in thermal gradient, may sometimes lead 
to a transition from cellular growth, at grain initiation, 
to dendritic growth at the trailing end of the weld pool. 7 

The distinction between cells and dendrites lies primarily 
in their sensitivity to crystalline alignment. Cells do not 
necessarily have the <100> axis orientation; dendrites do. 
Often dendrites are observed to be free of secondary arms, 
a morphology referred to as cellular-dendritic and indica­
tive of low undercooling between dendrites. 

Redistribution of solute elements during solidification 

Weld Poo l 

Wild Direct ion _____ 

t., loell, • • ) 

;( 9 ; Dendr i te Ll Alignment 

Fig. 12-6. Growth rate of dendrites within a grain is seen to be a 
function of both the dendrite alignment angle (8) and the interface 
normal angle (<1» relative to the direction of welding. 

of alloys is accomplished by partitioning of elements to 
the interdendritic liquid. Spacing between dendrites is 
controlled by the local solidification time available for 
diffusion of these solute atoms. The rapid cooling rates 
associated with welding result in short local solidification 
times which, in tum, yields microstructures much finer 
than those normally encountered in casting operations. 
Weld cooling rates can be easily approximated in terms 
of heat inputS and are generally on the order of 100°C/ 
s near the weld pool boundary. Dendrite spacing has been 
found to increase with heat input, being proportional to 
the square root of heat input for three-dimensional heat 
flow9 and directly proportional to heat input for two­
dimensional heat flow. 10 Dendrite spacing is generally 
on the order of 10-100 J.Lm for a variety of metal alloys 
with typical welding heat inputs. 

Interdendritic Eutectic 

Microsegregation, which evolves from partitioning of sol­
ute elements to the interdendritic liquid, can be described 
quantitatively by using the Scheil equation.ll Due to parti­
tioning, a concentration gradient is established in the in­
terdendritic liquid where, at the base of the dendrites, a 
maximum is reached at the eutectic composition. Thus, 
", .. 11 metal microstructures will typically consist of single­
phase dendrites surrounded by a complex network of 
multi-phase eutectic constituents. An example of such a 
microstructure, taken from the weld metal of an alumi­
num-6-wt.% copper alloy, is shown in Fig. 12-7. Here, 
a 2-vol. % HF macroetch of a transverse cross section 
of an autogenous single-pass gas-tungsten-arc weld reveals 
the grain structure, fusion zone boundary, and heat­
affected zone. Grain substructure was revealed using a 
double etch with the sample immersed in a 25-vol. % 
HN03 solution at 70°C for 60 sec followed by a 30-sec 
immersion in a solution of O.5-g NaF + 1-ml HN03 + 
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Fig. 12-7. The dendrite substructure within a grain as observed from a transverse cross section of an autogenous gas-tungsten-arc weld on an 
aluminum-6-wt. % copper alloy. 

2-ml HCI + 97-ml H20. The elongated globular regions 
are aluminum dendrites, and the dark phase located be­
tween dendrites is the CuAb constituent of the alumi­
num-copper eutectic. Solidification of interdendritic eu­
tectics may be either coupled ("lamellar") or uncoupled 
("divorced"). Rapid cooling rates and low solute concen­
trations have been found to favor formation of a divorced 
eutectic,12.13 as they often do in welding. When eutectic 
growth is coupled, spacing between constituent phases 
will decrease with an increase in growth rate, varying 
inversely with the square root of the latter. 14 For the 
growth rates encountered in welding, eutectic spacing is 
usually on the order of 1 IJ-m. 1S.16 In addition to micro­
segregation, macrosegregation has also been observed in 
weld metal in the form of banding. Banding is thought 
to occur as a result of non steady advancement of the 
weld pool, where narrow bands extending across the 
width of the weld bead demark regions of different growth 
conditionsY 

Solidification Defects 

Weld metal defects associated with solidification include 
hot tearing, porosity, and inclusions, as shown in Figs. 
12-8(a), (b), and (c). Hot tears originate near the liquid­
solid interface when strains from solidification shrinkage 
and thermal contraction cause rupture of low-melting­
point liquid films located at grain boundaries. Hot tears 
characteristically form along the centerline of the weld­
ment and have a surface morphology that appears smooth 
and rounded when viewed with the scanning electron 
microscope (SEM). Hot tears are also found in the form 
of crater cracks, that is, cracks that develop in the weld 
pool when the arc is suddenly extinguished. An example 

of a crater crack is shown in Fig. 12-8(a), where a 2-
vol. % HF etch reveals the intergranular nature of hot 
tearing in an aluminum-6-wt. % copper alloy. The suscep­
tibility of an alloy to hot tearing appears to be related 
to its inability to accommodate strain through dendrite 
interlocking as well as the tendency of tears to back fill 
with eutectic liquid.18 ,19 The time interval during which 
liquid films can exist in relation to the rate of strain gener­
ation may also play a role in hot tear susceptibility.20 
High-strength aluminum alloys are highly susceptible to 
this type of defect, particularly those containing combina­
tions of copper, zinc, and magnesium. 21 When considering 
binary additions to aluminum, a peak susceptibility to 
hot tearing is normally observed where the susceptibility 
rises rapidly and then tapers off with increased solute 
additions. Pure metals and alloys of eutectic composition 
are least susceptible. Ferrous alloys can also be hot-tear 
sensitive depending upon the amount of phosphorus and 
sulfur impurities present. Some grades of stainless steel 
show high sensitivity, particularly when dendritic solidifi­
cation proceeds as austenite rather than ferrite. 22 Austen­
ite dendrites will partition chromium, and this will result 
in the formation of interdendritric eutectic ferrite. Ferrite 
dendrites will partition nickel, resulting in interdendritic 
austenite together with the retention of some delta ferrite 
at the dendrite core. Metallographic means have been 
developed, including color depositional etching23 and 
magnetic etching,24 to help identify austenitic and ferritic 
phase constituents. Depositional etching with a solution 
of 20-g NH4HF2 + O.5-g K 2S20 S in 1oo-ml H20 will 
give nickel-rich regions a blue color and chromium-rich 
regions a yellow color, but retained delta ferrite will re­
main white. Magnetic etching, which involves coating 
the specimen with a colloidal solution containing fine iron 
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Fig. 12-8. Weld metal defects related to solidification include: (a) hot 
tears (shown is a crater crack in an autogenous gas-tungsten-arc weld 
on an aluminum-6-wt.% copper alloy); (b) porosity (shown is a trans­
verse cross section of an autogenous electron-beam weld on AISI 304 
stainless steel with macroporosity at the root of the weld; note the 
large depth-to-width ratio of the bead morphology, which is characteris­
tic of electron-beam welds). (Courtesy, Rockwell International Corp.); 
and (c) inclusions (shown is a transverse cross section of a submerged­
arc weld, polished and unetched, made on AISI 1020 steel). 



particles (Ferrofluid*), will decorate regions offerromag­
netic ferrite when exposed to an externally applied mag­
netic field. 

Porosity in weldments may be present either as inter­
dendritic micropores or as macropores over 1 mm in di­
ameter. Its origins are related to contamination of the 
weld joint, filler wire, or welding flux with organic mate­
rial such as oil or water. Aluminum welds are particularly 
susceptible to porosity caused by hydrogen contam­
ination. 25 Monatomic hydrogen is absorbed into the mol­
ten weld pool at superheat temperatures (T greater than 
liquidus) that allows high solubility. During solidification, 
hydrogen is partitioned at the liquid/solid interface as 
a result of the large decrease in solubility. 

Once a critical concentration is reached, diatomic hy­
drogen gas can nucleate and coalesce into pores. Atmo­
spheric pressure greatly influences the total volume of 
pores formed since high pressure suppresses pore forma­
tion, whereas a vacuum (such as in electron-beam weld­
ing) encourages pore formation, as shown in Fig. 12-8(b). 
Underwater welding of structural steel, while often per­
formed at high pressures below the ocean surface, can 
produce large amounts of porosity (see Fig. 12-13). This 
situation arises from the extensive pick-up of hydrogen 
during welding as a result of the higher partial pressure 
of that gas in the arc atmosphere that prevails under 
those conditions. Macroporosity is sometimes associated 
with banding, and continuous strings of pores are found 
to traverse the weld metal. Although not as deleterious 
to mechanical properties as hot tears are, porosity does 
reduce the effective cross-sectional area of the weldment 
and can also provide a continuous path for leakage. 

Inclusions are second-phase particles commonly found 
in weldments. They can be either exogeneous or endogene­
ous, depending on their origin. The first type arises from 
the entrapment of welding slags and surface scales. If 
the inclusions are formed within the system as a result 
of deoxidation reactions (oxides) or solid-state precipita­
tion reactions (carbides, nitrides), they are known as endo­
geneous. In steel-weld deposits, the volume fraction of 
inclusions will normally be considerably higher than that 
in cast-steel products because of the short time available 
for the growth and flotation of the particles. As a result, 
weld-metal inclusions are also significantly smaller in di­
mension (frequently less than 1 J-Lm) and more finely dis­
persed [see Fig. 12-8(c)] than those in castings. 

Inclusions affect the final properties of a weldment in 
two different ways. First of all, they may act as nucleation 
sites for various transformation products, resulting in 
preferential phases being associated with specific types 
of inclusions; consequently, different mechanical proper­
ties may be expected. Second, inclusions may act as crack 
initiation sites that lead to premature failing of the weld 

* A trademark of Ferrofluidics Corp., 40 Simon St., Nashua, NH 03061 
USA. 
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joint. For characterization of inclusions, properties such 
as composition, number density, volume fraction, and 
size distribution are used. 

SOLID-STATE TRANSFORMATIONS IN 
WELD METAL 

When the solidified weld metal cools down, solid-state 
transformation reactions may occur, resulting in modifi­
cation of the solidification microstructure. Thus, the 
primary solidification pattern may be succeeded by sec­
ondary or tertiary structures according to the number 
of solid-state reactions in the system. Two main factors 
that determine the final microstructure are the chemical 
composition and thermal cycle of the weld metal. The 
micrograph in Fig. 12-9 shows the eutectoidal decomposi­
tion products of a low-carbon low-alloy steel weldment 
superimposed on the solidification structure revealed us­
ing a double etching technique. 26 This technique involves 
immersing the specimen in a saturated solution of picric 
acid with a few drops of Kodak Photo-Flo 200 (wetting 
agent) for 30 to 60 sec, followed by etching with a 2-
vol. % nital solution. A water and methanol rinse is neces­
sary between the two etching procedures. The 2-vol. % 
nital etch reveals the solid-state transformation products, 
while the saturated picric acid etch brings out the align­
ment of inclusions, thereby giving an indication of the 
prior solidification pattern. A rotation of the austenite 
grain with respect to the delta ferrite grain can also be 
observed, as shown schematically in Fig. 12-10. The fine­
ness of the transformation products usually depends on 
the solidification grain structure as described by the rule 
of structural heredity. 

Weld Metal Ferrite 

In most structural steels, weld metal will solidify as delta 
ferrite. At the peritectic temperature, austenite will form 
from the reaction between liquid weld metal and delta 
ferrite, and subsequent cooling will lead to the formation 
of alpha ferrite. Prior to the austenite-ferrite transforma­
tion, however, austenite grain growth may occur because 
of the high temperature experienced. The extent of growth 
will depend on the number density and size distribution 
of inclusions present in the weld metal. During the austen­
ite-ferrite transformation, proeutectoid ferrite first forms 
along the austenite grain boundaries, known as grain­
boundary ferrite or grain-boundary allotriomorphs. Elon­
gated or granulated, this ferrite grows into the austenite 
grain on one side of the boundary only. This reaction 
is also known as ferrite veining because of its branch­
ing aspect throughout the weld metal, delineating the 
prior-austen:te grains (see Fig. 12-11). Subsequent to 
grain-boundary ferrite formation, ferrite sideplates (Wid­
manstiitten ferrite) are developed in the form of long nee-
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Fig. 12-9. The eutectoidal decomposition structure of a low-carbon, low-alloy steel weldment superimposed on the solidification pattern, using a 
double etching technique (see text). 

dIe-like ferrite laths protruding from the allotriomorphs. 
The Kurdjumov-Sachs orientation relationship between 
sideplates and parent austenite grains has been verified.27 

A coarse austenite grain size and a low carbon content 

/ 

o 

Fig. 12-10. Schematic showing the angle of rotation, <p, of an austenite 
grain with respect to delta ferrite grains. The following phases are indi­
cated: (A) grain boundary ferrite, (B) intragranular products, (C) delta 
ferrite grains, (D) fusion line, and (E) austenite grain boundary. 

in combination with a relatively high degree of supercool­
ing are found to promote ferrite sideplate formation, with 
inclusions and precipitates providing favorable nucleation 
sites. Weldments with a high inclusion density generally 
show large volume fractions of grain-boundary ferrite and 
ferrite sideplates. These needle-like laths can be properly 
characterized by their length-to-width aspect ratio, where 
values of 10: 1 are commonly found and values as high 
as 20: 1 have been observed. 28 

As the temperature continues to drop (i.e., approaching 
the bainite start temperature), intragranular acicular fer­
rite will nucleate and grow in the form of short laths 
separated by high angle boundaries. The inclination be­
tween orientations of adjacent acicular ferrite laths is usu­
ally larger than 20 degrees (see Fig_ 12-11). The random 
orientation of these laths provides good resistance to crack 
propagation. An acicular ferrite lath is approximately two 
micrometers thick, with an aspect ratio varying from 3: 1 
to 10: 1.28 Ferrite veining, Widmanstatten ferrite, and 
acicular ferrite are easily revealed by etching the weld­
ment with a 2%-nital solution, which delineates ferrite 
grain boundaries. 

During proeutectoid ferrite formation, carbon is re­
jected continuously from the ferrite phase, enriching the 
remaining austenite. This carbon-rich austenite trans­
forms later to a variety of constituents such as martensite 
(both lath and twinned), bainite, pearlite, and retained 
austenite (see Fig. 12-12) dependent on the cooling rate 
and alloy composition. Because of the acicular nature 
of the bainite laths, they can also be described by their 
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Fig. 12-11. Typical C-Mn steel weld metal microstructure showing: (A) ferrite veining, (B) ferrite sideplates, (C) acicular ferrite, and (D) bainite. 

aspect ratio, with values similar to those of Widmanstat­
ten sideplates. 28 More frequently, however, bainite laths 
occur in the form of packets and not as individual needles. 
Packets of bainite can often be seen associated with grain 
boundaries. For observation of such constituents, use of 
picral as a etching solution may be more appropriate 

than nital, since picral is a slower acting etchant that 
will not attack ferrite grain boundaries. Picral is also pre­
ferred for revealing microstructures consisting of ferrite 
and cementite since the etching response is more uniform. 
Nital is preferred for revealing martensitic microstruc­
tures and for revealing ferrite grain boundaries. 

Fig. 12-12. High-magnification light micrograph showing microstructural constituents (M) such as martensite, pearlite, and retained austenite. 
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(a) 

(b) 

Fig. 12-13. Macrostructure of a multiple-pass, shielded-metal-arc weld, made under water on ASTM A-36 steel and showing multiple layers of 
heat-affected zones; note macro-porosity in the fusion zone, attributed to the presence of water: (a) macroetched with aqueous 15-vol. % nitric 
acid + 5-vol.% methanol, and (b) macroetched same as (a) followed by light grinding. 

Multiple-Pass Welds 

In a multiple-pass weld, a partial refinement of the micro­
structure by subsequent weld passes will take place in 
regions where the peak temperature has exceeded the AC3 

temperature. By swabbing a ground transverse cross sec­
tion of the weldment with a macroetchant (e.g., an aque­
ous 10-% ammonium persulfate solution or an aqueous 
15-vol. % nitric acid + 5-vol. % methanol solution), the 
HAZ turns dark, thereby delineating successive passes 



(see Fig. 12-13). Deep etching may be necessary to give 
a macrograph of good quality. To avoid staining of the 
sample around porous areas, fissures, and cracks (caused 
by bleeding of the trapped etching solution), pores may 
be filled with parafin or silicone prior to etching. In order 
to bring out certain structural aspects, light grinding after 
etching reverses the coloration of the HAZ, an example 
of which is shown in Fig. 12-13(b). 

As a result of the reheating of individual weld beads, 
carbon atoms diffuse out of any martensite previously 
formed, resulting in a tempered martensite microstructure 
with superior toughness. Besides its minor effect on the 
gross microstructure, preheating from the previous bead 
may lead to a general decrease in the hydrogen content 
and the stress level of the weldment, thereby reducing 
the tendency for hydrogen-induced cold cracking. 

For steels that are not transformable (e.g. austenitic 
stainless steel), the primary solidification structure will 
not be altered. The epitaxial, columnar growth will con­
tinue through the beads and extend from the base plate 
cross the whole weld joint. In the case of austenitic stain­
less steels, this is not particularly harmful because of the 
characteristic high toughness of the FCC structure at 
low temperatures. 

Weld Metal Precipitation 

Prior to, or simultaneously with, the weld-metal transfor­
mation reactions, precipitation reactions may also occur. 
Carbides, nitrides, and carbonitrides of transition ele­
ments are the most common precipitates found in steels, 
their formation being dependent upon weld metal compo­
sition, temperature, and cooling rate. Chemical composi­
tion will affect the solubility of the precipitates and, indi­
rectly, the temperature of precipitation. Because of the 
fast cooling rate of the welding process, precipitation may 
be suppressed, or if not, the resulting restricted growth 
of the particles will lead to the formation of submicro­
scopic particles (approximately 0.01 /-Lm), and these will 
remain unresolved under a light microscope. High-magni­
fication electron micrographs of carbon extraction repli­
cas of weldments are customarily used to study precipita­
tion phenomena. 29 

Fine precipitates will usually pin grain boundaries, re­
stricting grain growth. At high temperatures, however, 
precipitates may coarsen or dissolve and lose their effec­
tiveness for grain size control. In addition to the grain­
boundary pinning effect, precipitates may also strengthen 
the matrix by dispersion hardening, which in turn will 
produce a marked decrease in toughness. These effects 
are particularly important in the heat-affected zone of 
multiple-pass weldments. 

HEAT-AFFECTED ZONE 

The following discussion will be concentrated on the HAZ 
transformation behavior of C-Mn and high-strength, low-
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Fig. 12·14. CCT-diagram for a low-carbon Cu-Ni bearing steel. Super­
imposed on the CCT-diagram are two cooling curves corresponding 
to !It 8/5 equal to 10 and 100s, with heavy solid line representing an 
austenitizing temperature of 900°C for 5 min and heavy broken line, 
an austenitizing temperature of 1300°C for 5 s. 

alloy (HSLA) steels. With reference to Fig. 12-2, the vari­
ous microstructures formed within a single-pass HAZ 
can be estimated by means of a continuous cooling trans­
formation (CCT) diagram, as indicated in Fig. 12-14. For 
parts of the HAZ heated above the AC3 temperature, 
the reaction product may either be martensite, lower and 
upper bainite, ferrite/pearlite, or a mixture of these differ­
ent constituents depending on the steel chemical composi­
tion and the cooling time through the critical transforma­
tion temperature range (Llt8/5)' Moreover, it can be seen 
from Fig. 12-14 that the phase transformation is strongly 
affected by the peak temperature or, more correctly, the 
prior-austenite grain size (i.e., the coarse-grained region 
close to the fusion line will be more sluggish to transform). 

PARTLY MOLTEN ZONE 

Depending on the system under consideration, the partly 
molten zone will usually exhibit a finer grain size com­
pared to that of the coarse-grained region in spite of the 
higher peak temperatures experienced. This effect can 
probably be related to the segregation of certain alloying 
and impurity elements from the bulk of the delta-ferrite 
grains to the solid/liquid interface, which on subsequent 
transformation, will reduce the austenite grain growth 
as the result of an increased boundary drag. 2 However, 
an extensive segregation of impurity elements may, on 
the other hand, result in the precipitation of low-melting­
point iron-manganese sulphides, leading to the formation 
of liquation cracks in this region and thereby affecting 
the mechanical integrity of the weldment. 

Coarse-Grained Region 

Embrittlement in the HAZ is often located in the coarse­
grained region, where the peak temperature has exceeded 
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about 1200°C, as a result of the formation of low-tough­
ness microstructures. The prior-austenite grain size in 
this area is approximately 100 ILm at low and medium 
heat inputs (see Fig. 12-15) and over 300 ILm for high­
heat input welds, in the absence of effective grain-growth 
pinning precipitates such as TiN. The microstructure 
formed within each austenite grain will normally not be 
uniform but consist of a complex mixture of two or more 
of the following constituents,30 arranged in decreasing 
order of transformation temperature: 

1. Grain-boundary ferrite and ferrite side plates at aus­
tenite grain boundaries. 

2. Areas of high carbon content, ranging from pearlite 
to other forms in which the carbides precipitate as 
rods or spheroids. 

3. Bainite colonies where the ferrite plates have grown 
in a side-by-side manner resembling upper bainite. 

4. Lower bainite and martensite. 

The constituents, their colony size, and their proportion 
will depend on the steel chemical composition and the 
operational conditions applied. 

Grain-Refined Region 

In the grain-refined region, the peak temperature has been 
so low that the precipitates have not been fully coarsened 
nor dissolved and, hence, austenite grain growth is largely 
restrained. Accordingly, on subsequent transformation, 

the austenite tends to decompose to a fine ferrite/pearlite 
microstructure, which will often be finer than that of 
the base metal (see Fig. 12-15). 

Intercritical Region 

In the partly transformed, intercritical region, a wide vari­
ety of microstructures can be obtained, varying from 
pearlite to upper bainite and martensite in a matrix of 
ferrite. However, the tendency for formation of low­
toughness microstructures within the ferrite, arising from 
transformation of carbon-enriched austenite, will be less 
pronounced in HSLA steels then in C-Mn steels because 
of their lower carbon content and the presence of strong 
carbide formers such as niobium, vanadium, or titanium. 

Subcritical Region 

In the subcritical region, no significant microstructural 
changes take place. Nevertheless, the toughness may be 
strongly affected by tempering or strain aging reactions 
occuring at these temperatures. 31 As shown in Fig. 12-
16, spheroidization of carbides arising from tempering 
is most likely to occur at the grain boundaries and triple­
point grain junctions. 

WELDING OF DISSIMILAR METALS 

Joining of dissimilar metals comprises both metals that 
are chemically different (AI, Cu, Ni) and alloys of a partic-

Fig. 12-15. Representative microstructures of the heat-affected zone showing the distinction between (A) coarse-grained region, and (B) fine­
grained region. 
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Fig. 12-16. Heat-affected zone exhibiting a wide variety of microstructures in intercritica1 and subcritica1 regions: (A) bainite and martensite, and 
(B) spheroidized carbides. 

ular metal that are significantly different from a metallur­
gical standpoint (austenitic stainless steel to low-alloy fer­
ritic steel, for example); it also includes the use of solid­
state welding techniques, and brazing and soldering tech­
niques as well as fusion-welding processes.32 In the case 
of fusion welding of dissimilar metals, the most important 
consideration is the weld-metal chemistry and its mechan­
ical and physical properties. Filler metals must be selected 
with an eye to avoiding hot tearing and formation of 
brittle phases within the weld metal on solidification and 
subsequent cooling. Doing so often requires the use of 
filler metals of a completely different chemical composi­
tion from that of either of the two base metals. 

From a metallographical point of view, a chemically 
inhomogeneous weldment of this kind is very complicated 
to deal with. First of all, large variations in hardness 
across the weld will make it difficult to obtain a smooth 
specimen surface by means of conventional polishing tech­
niques. Moreover, because of the chemical differences be­
tween the various metals/alloys under consideration, it 
may be hard to find a proper etching solution for the 
weldment that will provide a clear image of both the 
weld metal and the heat-affected zone microstructures. 
These problems can be overcome to some extent by the 
use of masking techniques, together with selective etching 
of individual regions within the weldment. 

For welding austenitic stainless steel to low-alloy steel, 
stainless-steel filler metals such as AISI types 309, 310, 
or 312 can be used so long as the structure is going to 
be exposed to little or no wear and moderate stresses.33 

If higher wear resistance and yield strength are required, 
austenitic Mn-Cr electrodes are usually recommended. 
Under certain welding conditions, however, austenitic fil­
ler metals may be susceptible to cracking and precipitation 
hardening, especially in the case of excessive base-metal 
dilution. 32 Thus, for many applications, nickel-bearing 
filler metals are preferred since these alloys can tolerate 
dilution from a variety of base metals without becoming 
crack sensitive. Because of the large difference in thermal 
expansion between the different materials involved, the 
ferritic base metal may be susceptible to reheat cracking 
in the coarse-grained region close to the fusion line.34 
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Machinability has been studied by engineers for over 75 
years. beginning with the significant contributions of 
F. W. Taylor between 1881 and 1906.1 Since then, the 
mechanics of metal cutting has been extensively studied, 
and considerable progress has been made in developing 
theories of machinability based on a knowledge of me­
chanical properties. 2 Scientists, and, in particular, metal­
lurgists, have only more recently contributed to this un­
derstanding because for many years following Taylor's 
pioneering work, machinability drew little or no attention 
from the many eminent metallurgists of the time, and 
free-machining steels per se were unrecognized. 3 

This chapter describes how metallography has con­
tributed to the development of an understanding of the 
character of free-machining steels, and, in so doing, it 
necessarily focusses attention on the strong influence of 
microstructure on machinability. Nevertheless, its pur­
pose is not to discuss in detail how microstructure influ­
ences the mechanisms of chip formation, but rather how 
microstructure is developed and how it is qualitatively 
and quantitatively assessed by the metallographer. For 
a review of the affects of microstructure on machinability, 
the reader is referred to several excellent conferences that 
have been wholly or partly devoted to the subject and 
that are listed in the Bibliography at the end of this chap­
ter. 

As will be shown throughout this chapter, the metallur­
gists' contribution began with the use of the techniques 
of optical microscopy and has expanded significantly with 
the growing use of electron microscopy (particularly 
SEM) and methods of micro and surface analysis. These, 
together with the development of the theory of stereology 
and its application involving the use of automated, micro­
processor-controlled image-analysis equipment have 
thrown a perspective on machinability uncontemplated 
at the time of F. W. Taylor. 

It is a truism that all materials can be machined­
albeit with differing degrees of difficulty-but free­
machining steels are those designed specifically to pro-

211 

mote ease of machining. This goal is achieved by deliber­
ate additions of certain elements. These elements are listed 
in Table 13-1, from which it may be seen that only two, 
phosphorus and sulfur, are elements that are normally 
present in any significant amount in steels. The positions 
of the elements in the periodic table determine how they 
behave in steels, and a natural division can be made into 
categories on the basis of the form in which an element 
is present in steel as suggested by Iwata.4 

1. Insoluble metals, of which lead and bismuth from 
the sixth period of Groups IVB and VB are the 
most important, are considered first. These two ele­
ments, which are partially soluble in liquid iron but 
virtually insoluble in all allotropes of solid iron,5-8 
form metallic inclusions during solidification. Lead 
alone, or in combination with sulfur, is the basis 
of a wide range of free-machining carbon and low­
alloy steels. 

2. Elements forming insoluble compounds, especially 
with manganese, are the next most important. From 
Group VI, sulfur and the metalloids selenium and 
tellurium exhibit this property. Despite some chemi­
cal similarities, the properties of sulfides, selenides, 
and tellurides are sufficiently different to produce 
different behavior when present in steels, and metal­
lography has played an important role in identifying 
how these differences are manifested during machin­
ing. 

3. Phosphorus and nitrogen are Group V elements, 
and both are soluble in ferrite in low-carbon steels, 
provided (in the case of nitrogen) that no strong 
nitride-forming elements like aluminium, titanium, 
or vandium are present. The effects of these elements 
on machining behavior are not well understood 
or even agreed upon,9-13 despite the fact that Bess­
emer steels containing high phosphorus and nitro­
gen were the forerunners of modern free-machining 
steels.3.14-17 Because these elements are in solid solu-
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Table 13-1. Periodic Table Indicating Elements Added to Steels to Enhance Machinability. 
...----
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tion, their presence is not directly observable metal­
lographically, and they will therefore not be consid­
ered further in this chapter. Their effects on 
machinability have been well-documented by 
Aborn 1B-21 and others.9-13.22-24 

4. Calcium from Group I1A is an alkaline earth, and 
its role in promoting free-machining behavior is 
somewhat different from that of the more common 
free-machining elements listed above. Calcia has the 
ability to flux with certain oxides, including alumina 
and silica, and to combine with sulfur to form com­
plex low-melting-point compounds that improve 
machining under certain circumstances. 

5. Boron from Group IlIA is not a free-machining 
additive in the same sense as the above elements 
for it has not been used to produce large-scale com­
mercial free-machining steels and little is known 
about its behavior. It has, however, been suggested 
as an alternative additive to lead for environmental 
reasons, as will be discussed later. 

The following sections consider in detail how micro­
structure varies with composition and steel-processing 
variables. First, the general features of the microstructures 
of steels containing each of the free-machining additives 
are discussed; then the methods for characterizing these 
microstructures quantitatively are outlined. The final sec­
tion examines the techniques available for observing either 
directly or indirectly how microstructure influences chip 
formation. 

-
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SPECIMEN PREPARATION METHODS 

Metallographic preparation methods for carbon, alloy, 
or stainless steels containing free-machining additives do 
not differ significantly from the now standard methods 
of mechanical polishing described by Samuels. 25 These 
utilize silicon carbide papers for grinding and diamond 
laps for rough and intermediate polishing. 

If problems with excessive relief or pull-out of second­
phase particles are encountered, they may usually be over­
come by means of a modified practice recommended for 
the retention of inclusions25; this procedure involves a 
single polishing stage with a I-fLm diamond-charged, 
short-napped polishing cloth, thus protecting the inclu­
sions from excessive rubbing by the nap of the pads. Be­
cause sulfide-type inclusions found in free-machining 
steels are not particularly soft (compared to the matrix), 
they do not pose the same problem as graphitic cast irons, 
and normally it is unnecessary to resort to special polish­
ing procedures for routine metallography. 

When metallic inclusions are present, as in lead or bis­
muth-bearing steels, some special precautions are required 
in order to preserve their integrity. Excessively long pol­
ishing times with napped cloths must be avoided, since 
these tend to scour the soft phase and leave only an empty 
socket or void that may easily mislead the metallographer, 
particularly if the void occurs in studies of processes tak­
ing place near the tool tip in metal-cutting experiments. 
In such cases, void formation is one of the several possible 
"mechanisms" by which additives promote machinability, 
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and good metallographic practice must be adhered to if 
false conclusions are to be avoided. This subject will be 
discussed at more length later. 

Second, if final polishing on alumina is to be attempted, 
care must be taken to avoid etching caused by electro­
chemical differences between the inclusions and ferrite. 
As noted by Chalfant,26 polishing in a solution with a 
pH of exactly 7.0 obviates these effects. Blank and 
Johnson27 used this method and claimed it gave better 
results than the techniques of Bardgett and Lismer,28 
Gerds and Meiton,29 or the slightly alkaline polishing 
solutions suggested by Schofield.30 The technique has also 
been successfully used by Garvey and TatalO•ll and 
Samuels.31 

For improved retention of lead, Volk32 has suggested 
grinding with abrasive paper smeared with paraffin wax, 
as was already recommended for polishing pure lead. 25 

Forgeng and Lee33 and others34 have recently advo­
cated automatic polishing of specimens, both for Auto­
matic Inclusion Assessment (AlA) on image-analysing 
microscopes and for routine metallography. For AlA, 
automatic polishing is almost mandatory because of the 
large numbers of fields and specimens that must be exam­
ined in order to achieve statistical reliability.35 Apart from 
this aspect, however, the additional advantages are reten­
tion of inclusions and lack of edge rounding and/or relief, 
features that are particularly appropriate to the prepara­
tion of free-machining steels. 

MACRO EVIDENCE OF MICROSTRUCTURE 

The distribution of sulfur and lead in free-machining steel 
can be observed by direct printing onto photographic pa­
pers. Because segregation of sulfur and, more particularly, 
of lead occurs in these steels, direct printing methods 
allow a rapid assessment of the degree of inhomogeneity 
that will be useful for routine quality controL 

Sulfur Print 

The method developed by Baumann36 has been used as 
a standard metallographic technique for many years37 
and is still used routinely for revealing sulfides in steeL 38 
The method consists of taking a finely ground (not neces­
sarily polished) specimen and pressing it into the surface 
of a photographic paper moistened with a dilute solution 
of sulfuric acid (2 to 5 percent). Care must be taken to 
remove air bubbles, and 1 to 2 minutes contact is usually 
sufficient to allow dark silver sulfide to stain the paper, 
after which the print can be washed, fixed, and dried in 
the usual way. Sulfur prints, together with corresponding 
optical micrographs, from 25.4-mm bars of resulfurized 
steel are shown in Fig. 13-1. 

Lead Print 

The lead print is basically similar to the sulfur print 
method. As described by Volk,32 it involves soaking a 
silver-bromide photographic paper in concentrated acetic 
acid for 3 minutes, removing the excess acid, and then 
laying the paper emulsion-side-up on a glass slide. The 
finely ground lead-containing sample is then pressed onto 
the paper and allowed to react for approximately 5 min­
utes (for Pb < 10 percent). The sample is then removed 
and the paper immersed for 2 to 3 minutes in a hydrogen­
sulfide solution, a process that converts the lead-acetate 
spots on the paper to black lead sulfide. As a last step, 
the paper is washed and dried. 

QUALITATIVE METALLOGRAPHY 

Steels Containing Metallic Inclusions (Pb, Bi) 

The dissolution and dispersion of lead in molten steel 
has been investigated by a number of workers,5-7 and, 
although there is some disagreement on the exact figure, 
it has been found that at steelmaking temperatures, steel 
dissolves approximately 0.2 to 0.3 percent of the lead. 
Above this level, the binary Fe-Pb system has a miscibility 
gap in which two conjugate liquids (Fe-O.2%Pb and al­
most pure lead) exist in equilibrium. 

Since lead is virtually insoluble in solid iron, the micro­
structure of lead-bearing steels at room temperature con­
sists of any lead undissolved (emulsified) at the steelmak­
ing temperature plus that rejected from solution during 
solidification and cooling. For the levels of lead normally 
found in free-machining steel (0.2 percent), the latter 
should predominate. 

Thompson, Quinto, and Levy39 and Thompson and 
Levy40 studied the lead distribution in ingots and rolled 
product of AISI 12XX series steels using a scanning elec­
tron microscope operated in the BSE (Back-Scattered­
Electron) mode. The excellent atomic number contrast 
exhibited by lead under these conditions allows the distri­
bution to be clearly seen both on polished sections [Fig. 
13-2(b)] and on surfaces prepared by ductile fracturing 
along a plane containing the rolling direction [Fig. 13-
2(c)]. 

The general conclusions of this and other work27.41 
are that lead in the ingot exists as both spherical particles 
of free lead and as lead envelopes around manganese­
sulfide inclusions. The microradiographic studies of Blank 
and Johnson27 showed not only all the essential features 
of optical and scanning electron photomicrographs but 
also more macroscopic effects such as the presence of a 
lead-free skin near the ingot base, the exact location of 
which depended on the time at which the lead addition 
was made during the ingot teem. 

The size of the lead particles, like that of manganese 
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Fig. 13-1. Sulfur prints and corresponding optical micrographs from two 25.4-mm bar samples of low-carbon resulfurized steel showing: (a) and 
(b) even distribution of globular sulfides; and (c) and (d) segregated distribution of stringer sulfides. (a) and (c) reduction X 2. (b) and (d) magnification 
X 100. 

sulfide, is found to vary with ingot cooling rate, becoming 
larger as the cooling rate decreases. 

Bismuth, whether added in conjunction with lead42-46 
or in place of lead,45-48 forms metallic inclusions that 
are metallographically identical to lead and can best be 
distinguished by X-ray analytical techniquesY Because 
of the lower density of bismuth, however, it is claimed 
that it has less tendency to segregate during ingot 
solidification.49 

During hot rolling, low-melting-point metallic inclu­
sions are in a liquid state, and, when present in the form 
of "envelopes" on sulfides, they tend to be squeezed to 
the extremities of the latter so that in longitudinal metallo­
graphic sections or microradiographs they usually appear 
as "tails,"49-5o as seen in Fig. 13-2. As shown by Ramalin­
gam et al.,51 this "association" of lead and manganese 
sulfide has a profound influence on the way in which 
the sulfides deform during machining, and this is believed 
to contribute to the free-machining effect found in leaded, 
resulfurized steels. 

Although lead-bearing alloy and stainless free-machin­
ing grades are available (see Table 13-2), they are not 
as extensively used as the low-carbon grades. According 

to Mills,52 the tendency of lead to segregate has mitigated 
against its use in stainless steels; in high-strength steels, 
moreover, lead is known to reduce the elevated tempera­
ture ductility and have embrittling effects under certain 
conditions.46.53-55 For these reasons, other additives such 
as selenium or tellurium are often used for these steels. 

When the metallographer is forced to use optical meth­
ods (as opposed to electron metallography) to study lead 
distributions, a special etching method devised by Volk32 
may be of help. It has been successfully used by Levy 
et al.56 and comprises etching in a solution of 50-ml alco­
hol, 3-ml glacial acetic acid, 20-ml water, and 2-g potas­
sium iodide. Yellow lead iodide forms on the lead inclu­
sions and can be viewed most effectively using polarized 
light. 

Steels Containing Nonmetallic Inclusions 

Sulfur-Bearing Steels. The classical free-cutting 
steels are low-carbon resulfurized steels belonging to the 
AISI llXX and 12XX series (the latter also being rephos­
phorized). These steels, together with their leaded vari­
ants, are designed solely for ease of machining and are 
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Fig. 13·2. Manganese·sulfide inclusions with associated metallic lead and bismuth in low·carbon, resulfurized free· machining steels revealed by: 
(a) and (b) optical bright field microscopy (unetched); (c) and (d) SEM of polished section (BSE image); and (e) and (f) SEM of fracture surface 
(BSE image). 
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Table 13-2. List of the Most Common 
Free-Machining Steels. 

GRADE 

Low Carbon Free Cutting: 
AISI 1200 Series 
AISI 12LOO Series 

12XOO or 1200(X) 

Low/Medium Carbon Free Cutting: 
AISI 1100 Series 
AISI II LOO Series 

Carbon and Alloy Steels: 
E 4340 
E 51100 
E 52100 
IOLOO 

Stainless Steels: 
303 
303 Se 
430 F 
430 F Se 
316 F 

ADDITIVES 

S + P (+ N optional) 
S+P+Pb 
S + P + either Bi, Se, or Te 

S 
S+Pb 

4340 Grade + Pb 
51100 Grade + Pb 
52100 Grade + Pb 
Pb 

302 Grade + S 
302 Grade + S + Se 
430 Grade + S 
430 Grade + S + Se 
316 Grade + S + P 

poorly suited to other operations (e.g., cold forming). 
When the final application demands better mechanical 
properties than can be achieved with these low-carbon 
steels, then medium-carbon grades (O.4-percent C) of the 
AISI llXX series may be substituted, but with some 
loss of machinability as a result of the higher carbon 
content. For special applications, resulfurized alloy and 
stainless steels are available (see Table 13-2). 

In all of these steels, sulfur is added up to a maximum 
of 0.4 percent, but the level is usually below this, being 
around 0.3 percent for the low-carbon and stainless grades 
and between 0.05 to 0.15 percent for the higher-carbon 
grades. Sufficient manganese is added to ensure the forma­
tion of the insoluble compound, manganese sulfide, that 
conveys the free-machining properties, the amount re­
quired being dependent on the alloy type. Thus, in low­
carbon steels, the Mn:S ratio is generally kept above 3.5:1 
in order to prevent hot shortness resulting from the forma­
tion of FeS. (FeS has a melting point of 1190°C when 
pure and 940°C when in eutectic form with iron57.) In 
stainless steels, an even higher ratio is aimed for (generally 
> 6: 1) in order to avoid the formation of the harder 
chromium-bearing sulfides.58-6o 

Methods for identifying the various metal sulfides using 
optical microscopy have been usefully summarized by 
Wells,61 who points out that certain metal sulfides, be­
cause of substantial differences in their optical properties, 
can usually be distinguished from one another without 
having to resort to X-ray microanalysis. For example, 
manganese sulfide, which appears light gray in reflected 
light, is transparent with a greenish internal reflection. 
Iron and chromium sulfides are submetallic (i.e., they 
are opaque and have relatively high reflectivity) and may 
be distinguished from manganese sulfide by their anisot-

ropy and color in reflected light; iron sulfide appears 
brassy yellow and chromium sulfide a creamy tan 
colour. 61 Similar differences are observed when manga­
nese sulfide takes these or other elements into solid solu­
tion, as will be discussed later. 

In commercial steels, the sizes and shapes of manga­
nese-sulfide inclusions vary considerably, and this is be­
lieved to have a very important influence on machinabil­
ity. The morphology of manganese sulfide, which is 
determined at the time of solidification, depends on both 
the liquid steel composition and the cooling rate. A funda­
mental understanding of the solidification processes tak­
ing place in melts containing iron, manganese, sulfur, 
and oxygen has been provided by the early work of Sims 
and Dahle,62 Dahl et al.,63 and Sims,64 from which three 
"types" of sulfides were identified. Subsequent work65-71 

has allowed the phase equilibria and resulting micro­
structures to be explained in a consistent manner. 

The so-called Type I manganese sulfide is now under­
stood to form in oxygen-rich melts (i.e., in the absence 
of strong deoxidizers like aluminum and silicon). During 
solidification, iron-rich dendrites nucleate and grow, and 
the remaining liquid becomes enriched in manganese, sul­
fur, and oxygen to the degree that it eventually separates 
into two liquids. This separation occurs when the compo­
sition enters the region given by the miscibility gap in 
the pseudo-ternary Fe-MnO-MnS system,63 from which 
it is clear that the composition of the minor phase is 
rich in manganese, sulfur, and oxygen. These small, sol­
ute-rich liquid droplets are trapped by the advancing iron 
dendrites and eventually solidify themselves as discrete 
spherical "inclusions" of manganese sulfide in conjunc­
tion with oxides of manganese or silicon. In rolled prod­
ucts, the silicate is often seen as a "tail" on the manganese 
sulfide, as shown in Fig. 13-3. 

Type II sulfides form when the oxygen content is lower 
than that given by the boundaries of the miscibility gap, 
in which case the interdendritic sulfur-rich liquid eventu­
ally solidifies as a eutectic of iron and manganese sulfide, 
and the sulfides then have the characteristic fernlike mor­
phology indicating their eutectic origin. 

The third type of sulfide, Type III, is rarely expected 
to be found in free-machining steels since it requires an 
extremely low oxygen content and an excess of aluminum 
for its formation. For reasons that will become evident 
later, such strong deoxidation is never practiced in the 
production of free-cutting steels (specially deoxidized 
steels represent an exception, the reasons for which are 
to be discussed separately). 

Qualitative metallographic evidence of the effects of 
cooling rate on sulfide size and shape have been given 
by Mohla and Beech72; the effects of oxygen content have 
been discussed by Paliwoda73 and others.74 The effects 
of oxygen are now recognized as being most important 
in determining not only the distribution of the sulfides, 
but also their composition and properties. Studying these 
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(a) 

(b) (c) (d) 

Fig. 13-3. Manganese-sulfide inclusion with eutectic, glassy manganese silicate tail in AISI 1215 steel: (a) optical micrograph (X 650); (b) corresponding 
S-Ka X-ray map from area shown; (c) corresponding Mn-Ka X-ray map from area shown; and (d) corresponding Si-Ka X-ray map from area 

shown. 

differences in sulfide properties, Gaydos75 showed that 
the room temperature hardness of sulfides which appeared 
reddish under polarized light was lower than that of those 
which appeared green and has a stringer like morphology 
after rolling. Clayton and Brown76 suggested that these 
observations could be directly related to the original oxy­
gen content, since the reddish sulfides had associated man­
ganese-oxide tails, whereas the green ones had silicate 
tails (like lead, silicates and oxide phases tend to be 
squeezed to the extremities of the duplex inclusions during 
hot rolling). 

Kovach58 pointed out that if the same relative hardness 
observed at room temperature is maintained at hot-rolling 
temperatures, the results are not consistent with the ob­
served lower deformability of the red sulfides, and it was 
suggested that it is the liquid silicate tails rather than 
the sulfide composition that has a strong influence on 
the final shape of the sulfides. In this context, it is perhaps 
worthwhile noting that early attempts by Van Vlack17 

to relate machinability to sulfide size and shape via oxygen 
content are possibly misleading because the different oxy­
gen levels used in that work were obtained by additions 
of silicon. 

Riekels77 has described the application of novel petro­
graphic techniques for inclusion identification in low-car­
bon free-machining steels using thin sections and trans­
mitted polarized light. In these studies, the reddish 
manganese sulfides were subsequently found to contain 
9- to 18-percent iron, the yellow about 4-percent, and 
the green about 2-percent, using microprobe analysis. In 
no instance was manganese oxide found "dissolved" in 
the sulfide, and almost all the oxide phases were found 
as "tails" or envelopes around the sulfide inclusions. 

Other polarized light microscopy studies of general ap­
plication to steels have been described by Pickering,78 
and those specific to free-machining steels have been de­
tailed by a number of others. 75. 76. 79 These techniques have 
been largely superceded by SEM-EDA, however, which 
allows for a more quantitative approach. 

The microradiographic studies of Blank and Iohnson27 
also confirm the results of optical metallography, their 
main conclusions being the following: 

• Sulfide size increases as ingot cooling rate decreases 
(which occurs if the ingot size becomes larger or 
as distance from the chill surface increases). 

• Sulfides in the columnar zone tend toward Type II. 
• Sulfides in the equiaxed zone are sometimes associ­

ated with FeS. 
• "A" type segregates contain "ropes" of sulfide inclu­

sions. 

From a metallographic point of view, superb evidence 
of the effects of oxygen on the morphology of manganese 
sulfides in ingots has been obtained by Steinmetz and 
Lindenberg,80 who used scanning microscopy to examine 
specimens that were deep-etched in either methanol bro­
mine or citrate solutions. Some of these are reproduced 
in Fig. 13-4. 

The importance of these factors has been recognized 
in modern steelmaking practice for free-machining steels 
where it is usual to aim for large, "globular" Type I 
sulfides to promote machinability. These are achieved by 
deoxidation with manganese and the complete avoidance 
of all strong deoxidizers that not only adversely affect 
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Fig. 13-4. The three morphologies of manganese sulfide revealed by scanning electron microscopy: (a) spherical Type 1 (Courtesy, Met. Trans. 67); 
(b) dendritic Type 2 (Courtesy, Arch. Eisen. 80); and (c) idiomorphic Type 3 (Courtesy, Arch. Eisen. 80). 

sulfide size and shape but also introduce harmful deoxida­
tion products. 

During hot rolling, the morphology of all soft inclusions 
is changed significantly. Because the plasticity of manga­
nese sulfides is lower than that of steel, and because this 
ratio is temperature-dependent, the final size/shape distri­
bution of sulfides in rolled products is affected by the 
following: 

• Steel casting temperature 
• Initial size and shape of the ingot, which determines 

the initial size/shape of the inclusions 
• Rolling temperature and degree of deformation 
• Presence of other inclusions (e.g., silicates) 

Studies of the deformability of sulfides have been made 
by many researchers,Bl-B9 and the effects on machinability 
are reasonably well documented, albeit in a qualitative 
way. The greatest difficulties in quantifying such effects 
arise because "size" and "shape" are parameters that are 

• Not single-valued (i.e., they are distributed in a statis­
tical sense) 

• Not easily measured once the shape deviates signifi­
cantly from that of a sphere 

• Not necessarily independent 

Qualitatively, however, it may be said that sulfide de­
formability (relative to steel) decreases as 

• Temperature increases above 900°C (see Fig. 13-5) 
• Inclusion size decreases (see Fig. 13-6) 

and the machinability increases as 

• Sulfide size increases 
• Sulfide aspect ratios decrease (i.e., spherical "shape") 

Apart from oxygen, certain other additives have the abil­
ity to affect sulfide deformability and therefore machina­
bility. Bellot and GantoisB9 suggest that both selenium 
and tellurium reduce the relative plasticity of manganese 
sulfide, thereby allowing a more "globular" shape to be 
retained during hot rolling, whereas Riekels has shown 
that dissolved iron increases sulfide hardness. 77 Bhat­
tacharya90 has demonstrated that cerium additions nu­
cleate very non deformable sulfides, and Yamaguchi et 
aPl and Philbrook92 have found that zirconium and tita­
nium sulfides also have very low deformability. 

The final stage of processing for free-machining bar­
stock is usually a cold drawing operation, the main pur­
poses of which are to provide a close size tolerance on 
the bar, leave a good surface finish, and provide better 
chip-breaking characteristics. Apart from deforming the 
steel, however, this process also causes the sulfides to 
fracture, as shown in Fig. 13-7. This is somewhat unex­
pected in view of the fact that Jaffrey93 demonstrated 
that sulfides deformed under uniaxial stress or strain do 
not fracture until strains in excess of 20 to 30 percent 
are reached. 

It is also well known that sulfides may undergo signifi­
cant shear deformation during the machining process it­
self,94 so it must be concluded that the sulfide fracture 
observed in cold-drawn, resulfurized steels is due to their 
large size, complex states of stress, and/or an effect of 
temperature sensitivity. The effect of this cracking on 
machinability is unknown, but it is worth noting that 
"theories" of machinability that propose that inclusions 
enhance machinability by promoting void formation and 
fracture79,95-97 rarely take into account that many of the 
sulfides in cold-drawn steels are fractured prior to partici­
pation in the machining operations and that even in hot­
rolled steels it is possible to have cracklike defects in 
the form of the voidsBl or oxide tails94 associated with 
sulfide inclusions. 
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Fig. 13-5. Optical micrographs showing effect of rolling temperature on manganese-sulfide morphology in AISI 1215 steel. 
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Fig. 13-6. Measured aspect ratios of manganese sulfides in hot-rolled billet sample of AISI 1215 as a function of size, showing the apparent size 
dependence of deformability. 

Steels Containing Selenium and Tellurium. Ac­
cording to Kiessling et al.,57,98.99 the monoselenide, MnSe, 
is cubic and isostructural with a manganese sulfide. The 
system MnS-MnSe accordingly shows complete solid 
solubility and inclusions in selenium-treated steels (with 
or without sulfur) that are very similar in appearance 
to manganese sulfides; the pure selenide, however, is 
slightly softer than the sulfide.57.58 

Tellurium behaves in a more complex fashion; being 
only slightly soluble in manganese sulfide, it tends to form 
MnTe. In steels containing sulfur, the telluride forms 
envelopes around the manganese sulfides,18-20.89.99.100 
whereas in resulfurized steels containing lead, the com­
pound PbTe forms in addition to MnTe.3.18-19.101-103 

(a) 

A photomicrograph of the complex inclusions in tellu­
rium-treated steels is shown in Fig. 13-8. Manganese tellu­
ride has a melting point of only I 150°C,95 which means 
that it may melt at hot-rolling temperatures and give 
rise to hot shortness. It should be noted, however, that 
at an Mn:Te ratio < 10, iron telluride may form, and 
Bellot and Gantois89 suggest that this is the more likely 
cause of hot shortness. Although the machinability of 
tellurium-treated, low-carbon and medium-carbon steels 
is exceptionally good,48.104 the tendency of tellurium to 
degrade hot ductility and its toxicity have limited its use 
in commercial steels. 

Selenium, on the other hand, has been found to be 
the best additive for some alloy steels45.46 from the point 

(b) 

Fig. 13-7. Defects associated with manganese-sulfide inclusions in resulfurized steels that are present prior to machining: (a) voids produced by 
hot rolling (X 1500) (Courtesy, JISIS'); and (b) cracks produced by bright drawing (X 8(0). 
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(a) 

MnT~ 

J. i . 
PbTe 

(b) 

MnS 

Fig. 13-8. Complex inclusions formed in tellurium-treated, resulfur­
ized free-machining steels: (a) SEM of extracted inclusion showing me­
tallic film on surface of manganese sulfide (X 10(0); and (b) optical 
micrograph showing identity of tellurium-bearing phases in metallic 
film (X 2(00). (Courtesy, Jernkontornet Ann. 103) 

of view of machinability, and it is also useful in stainless 
free-machining grades52,56,60 because the selenide inclu­
sions do not have the same susceptibility to pitting corro­
sion as sulfides. 

The use of selenium and tellurium in steel has been 
reviewed a number of times by Aborn,18-21 and machina­
bility studies have been reported by Tata and Sampsell45 ,46 
as well as others.105-108 

Specially Deoxidized Steels and the Effects of De­
oxidation Products. Oxides in free-machining steels 
can be divided into two categories based on their effects 
on machinability. One class contains the hard refractory 
oxides that find their way into steel from steelmaking 
slags, refractories, and deoxidation or reoxidation pro­
cesses. Since these are undesirable, every effort is made 
to reduce them to the lowest possible level because of 
their detrimental effects on machinability. By comparison, 
deliberate and controlled additions of certain deoxidizers 
allow the formation of oxides that are physically and 
chemically quite different from the usual refractory oxides 

of silicon and aluminium, These form the second category 
of "specially deoxidized" steels, in which the machinabil­
ity is enhanced rather than degraded by the presence of 
oxide phases. These two quite different effects of oxide 
phases will now be discussed, 

Detrimental Oxides. The machinability of low-carbon 
free-machining steels has long been recognized as ex­
tremely sensitive to silicon content. 10,15 Quite apart from 
its indirect effect on sulfide shape through reduction of 
oxygen content, silicon has a direct effect on machining 
through the formation of hard oxide phases that rapidly 
wear cutting tools. It might be noted that the same detri­
mental effect is observed when aluminum is present as 
alumina or aluminates,77.109 As discussed by Ramalingam 
and Watson,110,111 abrasion is the most likely wear mecha­
nism since the hardness of these oxide phases at metal­
cutting temperatures satisfies the Kruschov criterion for 
significant wear to take place, 

Ideally, free-machining steels should be free of oxides, 
but if any are present, they should be small and of low 
melting point. Oxides are usually found associated with 
the inclusions produced by the free-machining additives, 
most commonly as "tails" on the sulfides in resulfurized 
steels. The identity of these oxide phases depends on the 
chemical composition of the melt and the relative thermo­
dynamic stabilities of the oxide phases, Type I sulfides 
in very low-silicon steels may dissove up to about 1. 7-
percent MnO,112 above which the oxide appears as a sepa­
rate phase, Even small amounts of silicon (- 0.02 percent) 
give rise to the formation of silicate phases that solidify 
as a eutectic with manganese sulfide, giving rise to inclu­
sions of the type shown in Fig, 13-9, As shown by Rie­
kels,77 manganese aluminate may also be found associated 
with sulfides, a condition extremely detrimental to ma­
chinability. 

In stainless or other special steels, many other sources 
of hard inclusions are equally detrimental, including ox­
ides, carbides, nitrides, and carbonitrides of chromium, 
molybdenum, titanium, zirconium, etc,110 

Exogenous inclusions arising from physical entrapment 
of refractory materials are metallurgically unacceptable 
in almost all steel products and particularly deleterious 
to machinability, Studies of the erosion of various refrac­
tories by low-silicon, high-manganese steels of the 1214 
type have been reported by Ramalingam and Watson111 
and indicate that manganese reduces silicates in the re­
fractory, producing a soft glassy phase at the refractory/ 
metal interface and releasing silicon to the metal. The 
soft glassy phase has a microstructure almost identical 
to that of subsurface exogenous inclusions [see Figs, 13-
lO(a) and (b)] often found in free-machining steels,111 
This fact strongly suggests that the glassy phase and/or 
other loosely adherent material may be swept into the 
steel by turbulent flow,27,75 Furnace linings, ladles and 
nozzles, slags, holloware, and mould wash materials are 
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Fig. 13-9. Manganese sulfides associated in globular eutectic form with manganese silicate in high silicon heat (Si = 0.02 percent) of AISI 1215 
( X 650). 

all potential sources of the latter types of inclusions, 
whereas ferroalloy additions are a further possible source 
of silica and/or alumina unless special precautions are 
taken. 

Specially Deoxidized Steels. The relatively recently 
developed medium-carbon steels deoxidized with "spe­
cial" deoxidants (notably calcium) have been found to 
exhibit good machinability when cut with carbide tools. 
These steels were first discovered in Germany,113 but since 
then enthusiastically developed in Japan.114 Quite inde­
pendently, and for different reasons, calcium deoxidation 
was also developed in the USA as a means of overcoming 
chronic machining problems with fine-grained gear steels 
contaminated with alumina inclusions.3.115.116 During the 
last decade, calcium deoxidation has also been developed 
as one method for controlling sulfide shape in plate steels 
that are required to have good through-thickness prop­
erties.u7 There are, however, basic metallographic simi­
larities in all of these steels, as follows: 

• Oxides tend to be complex compounds either of cal­
cia and alumina or of calcia, alumina, and silica and 
have relatively low melting points (compared to alu­
mina). 

• Calcium has a strong desulfurizing effect, and sulfides 
tend to be small, associated with the oxides, and 
relatively nondeformable. 

Understanding the analogy that exists between low-car­
bon, resulfurized steels and medium-carbon, calcium-de­
oxidized steels is now possible. 

Because medium-carbon steels require higher cutting 
forces than low-carbon steels, the cutting temperatures 
tend to be higher. Also, the advent of carbide cutting 
tools has allowed higher cutting speeds, which have 
pushed the cutting temperatures even higher. Under these 
conditions, the complex oxides of calcium can behave 
as deforming, nonabrasive inclusions that are capable of 
producing protective layers on the tool rake face.113 The 
behavior, therefore, is entirely analogous to that of a resul­
furized steel at a lower temperature. 

Basically two types of calcium deoxidation practice 
have been developed,116.118 both of which can be under­
stood by reference to the phase diagram shown in Fig. 
13-11. If deoxidation is effected by Ca-Al additions, the 
inclusions tend to be of the type, x CaO . Y Ab03, with the 
values of x and y depending on the Ca: Al ratio.119 As 
shown by Ramalingam et aI.,119.120 inclusions of the type, 
CaO'6Ab03 (the first modification of alumina produced 
by calcium additions), form over a very small composition 
range, and the penalty for off-composition is the formation 
of alumina with resulting poor machinability. As reported 
by Tipnis et aI.,115.116 the Cal-Deox steels developed in 
the USA contained duplex inclusions with calcium-alumi­
nate kernels surrounded by calcium-manganese sulfides. 

The steels developed in Germany and Japan rely on 
calcium-silicon deoxidation, but the inclusions in the 
steels and the corresponding rake face smears (Be lag ) 
have a number of different compositions depending upon 
the technology used. As reviewed by Iwata,4 the composi­
tions of inclusions favored prior to 1970 were ternary 
oxides with the Gehlenite (2CaO' Ab03' Si02) and Anor­
thite (2CaO' Ab03 . 2Si02) compositions, but since then 
work in Japan has demonstrated that other mixed oxide 
compositions are also capable of producing the desired 
machinability effects.4.114 

Metallographic identification of inclusions in calcium­
treated steels has been well-covered by Hilty121 and Hilty 
and Farrell,122.123 who have pointed out that identification 
of inclusions by conventional metallographic techniques 
is not simple and that X-ray analytical methods are almost 
indispensable for correct interpretation. Examples of the 
types of inclusions found in these steels are given in Fig. 
13-12. 

The identification difficulty arises because calcium alu­
minates in low-sulfur steels often appear glassy in reflected 
light and can easily be mistaken for silicates, even when 
viewed with polarized light where the typical silicate "op­
tical cross" is observed. Quite apart from their X-ray 
spectra in electron optical instruments, calcium-bearing 
sulfides and aluminates may also be identified by their 
brilliant fluorescence under the electron beam. 123 Calcium 
aluminate appears as various shades of blue, whereas cal-
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(a) 

(b) 

Fig. 13-10. Photomicrographs of (a) glassy phase alumina-silicates formed at refractory/metal interface of mullite crucible after 6 minutes contact 
with AISI 12Ll4 steel (X 200), and (b) complex subsurface inclusion in commercial AISI 12Ll4 and found to contain lead, manganese sulfide, 
and glassy manganese silicates and aluminates (X 800). 

cium sulfide appears greenish-yellow. Mixed calcium/ 
manganese sulfides fluoresce red-orange, and pure manga­
nese sulfide does not fluoresce at all. 

Boron-Treated Steels. Boron-treated steels will be 
discussed separately because very little is known about 
the role that boron plays in imparting machinability; his­
torically, it has usually found use only as an element 

for improving hardenability. Although it may ultimately 
be shown that boron behaves simply as a deoxidant, until 
this is clearly established its chemical dissimilarity to the 
other free-machining additives is sufficient to warrant sep­
arate discussion here. 

In studies of the effects of oxygen on the formation 
of manganese sulfides in resulfurized steels, Ye070 demon­
strated that, although the machinabilities of heats treated 
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Fig. 13-11. Calcia-alumina-silica ternary phase diagram showing compositions of inclusions normally found in calcium-treated steels (After Iwata4). 

with boron were lower than those of heats that were un­
treated, they were nevertheless considerably better than 
those of heats treated with strong deoxidizers like silicon 
and aluminum. 

More recent studies by Rehl24 compared the perfor­
mance of standard 1214 type steels with similar heats 
treated with lead or boron. These studies showed that 
the cutting forces for the boron-treated steels were inter­
mediate between those of the leaded and nonleaded steels 
and that the tool lives were equivalent to those of the 
leaded steels. 

Metallographic examinationl24 has indicated that the 
boron is present as an oxide (as a tail on the sulfide in 
hot-rolled bar products) and that the sulfides appear to 
be "more globular" in the boron grade. This latter obser­
vation was also made by Yeo,70 who claimed, in addition, 
that the degree of globularity was particularly favorable 
if the rolling temperature was high. Whether boron 
achieves its effect through modification of the sulfide 
shape by forming a nonabrasive oxide or by a combination 
of these effects is still not clear, and considerably more 
metallographic work seems to be required if its role in 
these types of steel is to be clarified. 

QUANTITATIVE METALLOGRAPHY 

Quantitative metallography can be divided into two parts: 
The first deals with the quantitative evaluation of discrete 
inclusions extracted from bulk samples, whereas the sec­
ond considers the measurement of inclusion parameters 

on normal metallographic sections from which informa­
tion about their spatial (three-dimensional) distribution 
can be deduced using probability theory applied to ran­
dom sections of geometric shapes. This is the subject of 
stereo logy .125-127 

ELECTROLYTIC INCLUSION EXTRACTION (EIE) 

Sometimes referred to as the examination of "slimes," 
"residues," or "isolates," the technique of Electrolytic 
Inclusion Extraction (EIE) was originally devised by 
Klinger and Koch to separate inclusions and precipitates 
from their steel matrix.l28 It has subsequently been devel­
oped by othersl29-l31 to allow separation of extracted in­
clusions according to their type and has been further 
refined and applied specifically to free-machining steels 
by Muller et al.,132 Kubinova,133 and Wright. l34 A com­
prehensive bibliography of the subject is contained in 
the review by Vander V oort. l35 

As applied to free-machining steels, the advantages of 
the EIE method are that it provides the following type 
of sample: 

• One amenable to gravimetric determination of inclu­
sion content by type 

• One ideal for assessing inclusion morphology and 
composition using SEM and EDA 

• One that may provide information on the source 
of undesirable nonmetallic inclusions. 
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(a) (b) 

(c) (d) 

(e) (f) 

Fig. 13-12. Duplex inclusions found in one type of calcium-treated medium carbon steel (X-ray maps show that manganese sulfides are surrounded 
by a glassy phase that has a composition close to that of the phase anorthite indicated in Fig. 13-11): (a) Back-scattered electron image; (b) 
corresponding Mn-Ka X-ray map; (c) corresponding S-Ka X-ray map; (d) corresponding Ca-Ka X-ray map; (e) corresponding Al-Ka X-ray map; 
and (f) corresponding Si-Ka X-ray map. 
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Fig. 13-13. Large electrolytic cell (13-1 capacity) used for extracting 
nonmetallic inclusions. Electrolyte: sodium citrate/ potassium bromide/ 
potassium iodide. Voltage: 20 V. Current density: 0.05 Acm- 2 . 

Using a modified Strohlein cell, Wright134 has devel­
oped a technique that is particularly useful for the exami­
nation of low-carbon free-machining steels. The original 
31 extraction cell utilized an electrolyte of 5-percent so­
dium citrate, 1.2-percent potassium bromide, and 0.6-
percent potassium iodide in aqueous solution, as originally 
proposed by Klinger and Koch,128 and was operated at 
20 V (or a current density of 0.015 Acm-2), giving a 
dissolution rate of about 18 g of sample in a 24-hr period. 
A larger cell holding 131 of electrolyte was subsequently 
designed (see Fig. 13-13) with several other modifications 
to the procedure, including: 

• A secondary cell to remove metallic iron from the 
residue 

• Centrifugal separation of the inclusions from the 
electrolyte 

• Increased specimen size (up to 250 g) 
• Increased current density (to 0.05 Acm-2) 

This cell is capable of dissolving about 60 g of steel in 
18 hr, providing a much faster sampling rate for routine 
analysis. This much larger specimen not only reduces 
the sampling errors but also allows anodes cut from differ­
ent parts of bars and billets to be selectively examined. 

This feature is very useful for tracing variations in inclu­
sion distribution/content that arise from segregation ef­
fects, and a series of thin, concentric cylinders has been 
found to be particularly appropriate for selectively sam­
pling free-machining steel-bar products. 

The total inclusion content is determined by weighing 
the cleaned and dried residue and expressing this figure 
as a percentage of the weight loss of the anode. Separation 
of the oxides is achieved by treating the residue with 
hot hydrochloric acid; this dissolves the sulfides and al­
lows the respective fractions of sulfide and oxide to be 
determined by difference. 

The EIE method has increased significantly in value 
as a tool for examining inclusions with the increasing 
availability of scanning electron microscopes, especially 
those fitted with X-ray analytical facilities that are capable 
of providing quantitative elemental analysis on micron­
sized particles. Examples of extracted sulfides and oxides 
examined in this way are given in Fig. 13-14. 

A method of sizing extracted particles using a Coulter 
Counter has been described by Flinchbauch,136 but meth­
ods are now available for doing this metallographically 
using AlA techniques. The latter also allows the inclu­
sions to be imaged optically or with SEM. With either 
method, the true shape of single Type I sulfides in wrought 
billet or bar products can be shown to approach closely 
that of a prolate spheroid (an ellipsoid of revolution with 
the long axis being the symmetry axis parallel to the 
rolling direction) provided that the rolling temperature 
is high and the degree of deformation not too severe (see 
Figs. 13-2 and 13-14). 

For a sample containing large numbers of sulfides, the 
"sizes" of these spheroids (i.e., their volumes) are not 
constant but are distributed about some mean value. In 
common with systems containing distributions of spheri­
cal particles, the frequency/"size" distribution of sulfides 
is probably of log-normal form,137.138 with the mean size 
being determined by the local conditions prevailing during 
solidification. Similarly, the shapes (i.e., axial ratios or 
eccentricities) are not constant but are also distributed 
about some value. At least part of this variation is due 
to the size-dependence of the inclusion plasticity shown 
in Fig. 13-6. 

To obtain a complete quantitative description of the 
inclusion distribution requires determination of the spa­
tial, bivariate distribution function in which "size" and 
"shape" are plotted as either discrete or continuous func­
tions of frequency of occurrence,125.139.140 as shown in 
Fig. 13-15. Although it is, in principle, possible to derive 
data from the discrete case by direct measurement of 
inclusions released from bulk samples, it is impractical 
for several reasons: 

• Extracted inclusions are usually randomly oriented 
and overlapping (Fig. 13-14); measurement is there­
fore difficult, although not impossible. 
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(a) (b) 

(c) (d) 

(e) 

Fig. 13-14. Scanning electron micrographs of inclusions extracted from low-carbon free-cutting steels: (a) globular manganese sulfides (X 4(0); 
(b) elongated manganese sulfides (X 360); (c) silica particle (X 1700); (d) manganese aluminate-silicate particle (X 10(0); and (e) manganese 
sulfide with alumino-silicate tail (X 750). 
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.z 

Fig. 13-15. Discrete size-shape distributions of prolate spheroids (b) and their sections (a) as given by Cruz-Orive. 139 The size parameter is given 
by b in the spatial distribution and by m in the section distribution, whereas the shape parameter is given by x 2 in the spatial distribution and y2 
in the section distribution. Note: The size parameter, b, is the length of the minor axis of an ellipsoid of major axis a. the shape parameter, x 2, 

is the square eccentricity of the ellipsoid defined by the equation, X2 = 1 - (b/a)2. (Courtesy, J. Micros.) 

• Inclusions exposed using the fracture-surface method 
may present a biassed estimate of the distribution 
because the fracture path may be nonrandom, tend­
ing to follow the larger inclusions. 

Combined image analysis by elemental compositiOn, 
as well as by morphology, as has been described by Eke­
lund and Werlefors,141 could be employed, but these meth­
ods are currently limited in their application to routine 
inspection because of their slow speed. Frohlke142 has 
shown that higher oxide volume fractions are often found 
in the surface regions of bar stock and that the EIE 
method gives results comparable with AlA carried out 
on metallographic sections, but, for the reasons discussed, 
size/shape distributions do not appear to have been de­
rived from extracted inclusions. 

For these and other historical reasons, it is more com­
mon to determine inclusion parameters using reflected 
light microscopy on longitudinal and transverse metallo­
graphic sections. 

STEREOLOGICAL METHODS 

The size, shape, and amount (and also the distribution 
of size and shape) of second-phase particles have long 
been recognized as factors influencing machinability. This 
is particularly true of resulfurized steels, for which pub­
lished work often emphasizes, in a qualitative way, the 
beneficial effect of having large, "globular" manganese 
sulfides and the lowest possible amounts of refractory 
oxides. 

As pointed out by Kovach5s and Keane,143 however, 
separation of the discrete and independent effects of sul-

fide size and sulfide shape has been satisfactorily demon­
strated by few (if any) machinability studies. For example: 

• Differences in machinability attributed to the small 
sulfide size in deoxidized steels may be due not to 
the size effect of the sulfide but to the presence of 
refractory oxides. 

• Size and shape are almost certainly not independent 
parameters, as shown by Bakers1 and by Ramalingam 
and Watson. ll1 

• The "true" (spatial) size and shape of an individual 
sulfide, or any other inclusion, can be revealed only 
by "releasing" it, using either the EIE technique or 
the ductile fracture method described by Thompson 
et al. 39.40 

• Large numbers of measurements are required for sta­
tistical accuracy. 

Semiquantitative methods, which give inclusion distri­
butions a numerical rating, are based on comparisons 
of representative photomicrographs with standard charts 
comprising a graded series of fields that contain inclusions 
of different size, shape, and amount. Such charts have 
been developed in several countries,144-146 as reviewed 
by Vander Voort,135 and a better-than-qualitative assess­
ment of inclusion distribution can be obtained by compar­
ing representative sample micrographs with these charts. 
Until fairly recently, these chart methods were the only 
alternative to carrying out quantitative metallography us­
ing the quite tedious methods of manual point counting 
and lineal or areal analysis. The latter do, however, gener­
ate section (area) information that is far less sUbjective 
than that provided by the chart methods. 147 



MICROSCOPY AND THE DEVELOPMENT OF FREE-MACHINING STEELS 229 

Volume Fraction 

Effects. The beneficial effects of insoluble compounds 
in free-machining steels are usually found to saturate at 
some limiting volume fraction of inclusions. For example, 
in ingot-cast, low-carbon steels, machinability (as mea­
sured by flank wear on cutting tools) does not improve 
significantly once the sulfur content has reached ~ 0.3 
wt. % .109 Similarly, the effect of lead becomes less effective 
beyond levels of about 0.20 wt. %. These contents corre­
spond to volume fractions of manganese sulfide and lead 
inclusions of approximately 0.015 and 0.0012, respec­
tively, from which it can be seen that the effect of lead 
in particular is very large compared to the amount pres­
ent. 

This effect on machinability is closely paralleled by 
effects related to "friction" and the "smearing" of inclu­
sions caused by the passage of the tool edge through 
the microstructure. 148 These observations provide strong 
circumstantial evidence that the enhancement of machin­
ability comes about through a mechanism related to lubri­
cation at the tool-chip interface,57,97,103,138 but this evi­
dence is not conclusive, and the opposing view-that 
inclusions act as stress concentrators providing sites for 
void nucleation and fracture-is still widely held.79,95-97 
Metallographic studies have yet to discriminate com­
pletely between these views, and it is an interesting field 
for further research. 

Accuracy. The accuracy of volume-fraction determina­
tions carried out by the methods of point counting and 
lineal and areal analysis have been assessed by a number 
of workers, 149,150 and these have been reviewed by Picker­
ing,151 who demonstrated the efficiency of the systematic, 
two-dimensional point count. 

Because of their speed, modern AlA systems have the 
ability to measure large numbers of inclusions in relatively 
short times, thereby obviating some of the statistical prob­
lems of counting. Nevertheless, other major problems 
arise from inhomogeneity of samples,35,152 and this is par­
ticularly a problem for free-machining steels since inclu­
sions may readily segregate in large ingots. 27 ,74 

Comparison of metallographically determined volume 
fractions with those expected from considerations of bulk 
chemical analysis show that data from longitudinal metal­
lographic sections give closer agreement with chemistry 
than data from transverse sections153; this is attributed 
to the inherent inaccuracies involved in measuring very 
small particles. 

Size, Shape and Distribution 

Size Effects. A large number of studies have at­
tempted to show an effect of sulfide size on machinabil­
ity,17,76.154-156 and in all but one case156 machinability 
was reported to improve with increasing inclusion size. 

The majority of these investigations have not employed 
rigorous stereological analysis but indirect methods in­
stead. For example, Pickering and Gladman154 and Mar­
ston and Murray155 have shown that machinability im­
proves in resulfurized steels as the number of inclusions 
in a given area decreases (i.e., as average size increases). 
This approach is valid only if the steels being compared 
have equal volume fractions and similar shape factors, 
as demonstrated below using standard stereo logical 
relationships. 125-127 

Since 

(13-1 ) 

and 

(13-2) 

where 

Vv = volume fraction of inclusions 
AA = area fraction of inclusions on section 
NA = number of inclusions per unit area observed on 

section 
A = mean intercepted area of inclusions 

Then, substituting Vv for AA in Eq. 13-2 indicates that 
if the volume fraction is increased at constant mean inter­
cept area (i.e., constant size), then the number of inclu­
sions observed per unit area increases. This is self-evident. 

Consider, on the other hand, an ingot through which 
any random section plane contains NA soft spherical in­
clusions. If this ingot is rolled, the originally spherical 
inclusions are deformed into ellipsoids, and mean inter­
cept area A becomes progressively smaller in the trans­
verse section and larger in the longitudinal section. The 
values of NA vary correspondingly in the two sections. 
NA is therefore shape- or deformation-dependent and is 
an accurate estimate of "size" only in very special circum­
stances. 

Shape Effects. Measurement of the mean aspect ratios 
of spheroidal inclusions seems intuitively appealing as a 
way of determining shape, and this has been used in a 
number of studies on the effect of shape on machin­
ability.76.155 

The universal conclusion of these investigations has 
been that lower aspect ratios favor machinability. As 
pointed out by Frohlke,158 however, measuring "shape" 
using aspect ratios at different mean inclusion size is mis­
leading for the same reason (but in reverse) as measuring 
"size" with different mean inclusion shape. 

In a purely comparative and nonquantitative study of 
shape effects, Garvey and Tata10 rolled two billets from 
the same cast through different hot-roll schedules and 
were able to demonstrate that the resulting materials had 
different machinability. On the assumption that this expe-
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riment obviated the effects of variable chemistry and in­
clusion size and distribution, the differences in machina­
bility were attributed to the differences in sulfide shape. 
This appears to be the only study in which shape effects 
have been dissociated from size effects, but unfortunately 
the results were not reported quantitatively nor was the 
statistical reliability tested with repeat experiments. 

Combined Size/Shape Effects. Frohlke158-1SO has 
attempted to overcome some of the problems outlined 
above by developing a method of measuring inclusions 
and graphically plotting the data. Although this method 
is claimed to reflect changes in size and shape, it paradoxi­
cally employs only transverse metallographic sections of 
wrought products and requires measuring the "diame­
ters" of all the sectioned inclusions. These are then plotted 
in size categories against the logarithm of frequency of 
occurrence. The data are generally found to fall on a 
straight line of slope -m and intercept N, which Frohlke 
calls the "manganese sulfide identification line" (or MIL) 
according to the equation: 

In N; = In No - m . d; (13-3) 

where 

N; = number of inclusions in ith size category 
d; = maximum "diameter" in ith size category 

No = intercept at zero diameter 
m = slope 

Using measured machinability ran kings and regression 
analysis, the following equation relating machinability to 
the inclusion parameters was also derived by Frohlke159: 

In Vso = A + B . m + C 'In No - D 'In Fox (13-4) 

where 

V so = sixty-minute tool life for a given wear 
criterion 

Fox = volume fraction of oxide inclusions 
m, No = MIL parameters 

A,B, C,D = constants 

A similar equation has been theoretically derived by 
Ramalingam and von Turkovich. 1s1 Riekels77 has also 
demonstrated the same general relationship using regres­
sion analysis of machining data. YamaguchilS2 noted the 
apparent discrepancy in the sign of m given by Frohlke's 
equations, and it seems that a transformation of m is 
necessary to obtain Eq. 13-4 from Eq. 13-3. 

Other difficulties with the MIL are the covert limita­
tions of its applicability. For example, Eq. 13-3 suffers 
from the following restrictions: 

• It is strictly appropriate only to an exponential rela­
tionship between number (frequency) and size. 

• If used to describe distributions that are log-normal, 
it fits only the tail of the distribution. 

• It cannot treat bimodal distributions. 

Nevertheless, Frohlke's work has provided a significant 
contribution to the linking of microstructure and machin­
ability, and it does appear to provide a relatively simple 
quantitative method for describing sulfide distributions 
in high-sulfur steels. Experiments with rolled bars, drawn 
wires, and tellurium treatment have shown that m and 
No appear to vary systematically in the expected 
fashion. 158.1S0 

Mathematically more rigorous methods for determin­
ing the true spatial size/shape distributions have been 
developed by Wicksell,ls3 De Hoff,ls4 Evans and 
Clarke,ls5 and Cruz-Orive,139.140 and these have been re­
viewed by Weibel. 125 The most general solution is that 
given by Cruz-Drive. This is capable of treating random 
and nonrandom dispersions of particles, the sizes and 
shapes of which are distributed in dependent or indepen­
dent ways. Although potentially capable of overcoming 
many of the problems raised earlier in this section, these 
sophisticated stereological techniques do not yet appear 
to have found widespread application to studies of free­
machining steels. 

METALLOGRAPHIC TECHNIQUES APPLIED 
TO THE METAL CUTTING PROCESS 

Quick-Stop Tests 

Microscopy has made a significant contribution to under­
standing of machinability through studies of the processes 
taking place at the tool tip using so-called "quick-stop 
tests." In this technique, the metal-cutting operation is 
interrupted by extremely rapid removal of the cutting 
tool part way through the cut, so that the workpiece is 
left with an adhering chip that is effectively "frozen" at 
the moment the tool is retracted. The external features 
of the chip and chip root are best revealed by scanning 
electron microscopy, as shown in Fig. 13-16(a), whereas 
the metallographic features of the bulk deformation pro­
cesses that were taking place at the last instant of cutting 
can be examined post factum by sectioning the sample 
in a plane normal to tool edge and using conventional 
metallographic procedures to prepare and examine the 
specimen, as shown in Fig. 13-16(b). Because fine feeds 
are ordinarily used in these tests, the chips are quite thin, 
and good practice is to electroplate the specimen prior 
to grinding and polishing to ensure good edge retention. 25 

Although it is possible to obtain stopped-chips using 
jigs attached to the crosshead of a tensile test machine, ISS 
deceleration effects cannot be eliminated, and much better 
methods using explosive devices with shear pin arrange­
ments are available to impact the tool rapidly away from 
the workpiece.1S7.1S8 
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Fig. 13-16. Features of chip formation in AISI 12L14 steel revealed 
by quick-stop test at a cutting speed of 90 m/min: (a) SEM showing 
rear face of chip, as-machined workpiece surface, and the irregular 
nature of the built-up-edge (X 25). Note the effect on the surface finish 
of the rear face of the chip. (b) Optical micrograph of transverse section 
through chip root showing microstructural features of workpiece, chip, 
and built-up-edge (X 250). (Both courtesy, E. D. Doyle.) 

Applied to free-machining steels, quick-stop tests have 
yielded considerable information with respect to the pro­
cesses taking place in primary and secondary shear zones 
and the built_up_edge.94.96,169-172 

The essential features revealed by these studies are the 
following: 

• Severe shear takes place in a plane (or, more cor­
rectly, a zone) extending from the tool tip to the 
workpiece surface, called the "primary shear zone." 
As soft inclusions pass through this zone, they are 
deformed into thin sheets that lie approximately par­
allel to the shear plane. They are, therefore, disposed 
in just the correct orientation to promote chip frac­
ture (chip breaking) when the curling chip is impeded 

in its motion. The analogy with lamellar tearing in 
plate steel has been noted by Watson and Brown.94 
Several studies have pointed to void formation 
around second-phase particles and suggested that 
this is a major contributor to the free-machining 
effect. 79 

• At the rear face of the chip, where it contacts the 
rake face of the tool, friction gives rise to further 
shearing forces in the sliding chip to form the so­
called "secondary shear zone," in which free-machin­
ing inclusions are further deformed.94.106.l69 Expo­
sure of these soft phases at the tool/chip interface 
occurs, and this is the basis of the "lubrication" the­
ory that offers an alternative explanation of the free­
machining effect of inclusions. l08 

• Under certain cutting conditions (speed/feed, etc.), 
free-machining steels form chips with a large dead 
zone or built-up-edge (BUE). This significantly af­
fects the machined surface finish, cutting forces, chip 
thickness, cutting temperature, and, ultimately, tool 
life. As shown by Milovic and Wallbank, 170 the effect 
of free-machining additives is to cause the built-up­
edge to be preserved at higher cutting speeds than 
in equivalent plain carbon steels. Although this shifts 
the "unstable" region of the force versus cutting 
speed to higher cutting-speed values, overall the cut­
ting forces and cutting temperatures are lowered, 
with a beneficial effect on tool life. 

Abeyama and Nakamural73 have measured BUE 
heights and used empirical methods to develop relation­
ships between cutting temperatures and surface finish, 
but the wavelike nature of the BUE caused by its transient 
instability (see Fig. 13-16) means that many measure­
ments must be taken if statistical variations are to be 
overcome and the results meaningful. 

Direct Observation of the Cutting Process 

Direct evidence of the metallographic processes taking 
place during machining has been obtained by the use of 
cine-film techniques applied to a specially constructed 
optical microscope174 and by in situ machining in the 
SEM.4.175-179 Although both methods represent very ele­
gant uses of modern metallographic tools and provide 
extremely fascinating insights into the behavior of micro­
structure under machining conditions, it is arguable 
whether all of the observed features are relevant to "real" 
metal cutting for the following reasons: 

• Both techniques rely on observation of processes tak­
ing place at the free surface where the state of stress 
is almost certainly not representative of that of the 
bulk. 

• In the case of the SEM studies, only very fine feeds 
and low speeds can be studied, and this has already 
been shown to cause quite different BUE conditions. 
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• When using the SEM, cutting can be carried out 
only in vacuum, which is likely to affect tool/chip 
interface characteristics. 

For these reasons, the observations of cracking and 
void formation around inclusions in free-machining 
steels96.176.178 that have been interpreted as mechanistic 
evidence of the role played by inclusions must still be 
of questionable significance. 

Metallographic Studies of Cutting Tools 

Wright and Trent180 have demonstrated how metallogra­
phy can be used to estimate the steady-state temperature 
gradient existing in high-speed steel tools during metal 
cutting by observing the state of temper in zones beneath 
the tool tip after cutting has ceased. This technique has 
been used by Milovic and Wallbank170 to demonstrate 
that free-cutting steels machine at lower temperatures 
than their nonfree-cutting equivalents. 

Microscopy has also been used extensively to study 
the worn surfaces of tools used to machine various grades 
of free-cutting steels. Tipnis and Joseph,181 have shown, 
inter alia, that groove formation on the flank face is a 
feature that is dominant in the cutting of leaded steels 
and is ultimately responsible for tool failure (on either 
a part-growth or surface-roughness criterion). 

Identification of surface films on the rake face crater 
attributed to deposition of the free-cutting additives has 
been carried out using electron optical methods of analysis 
(EDA or WDA). The presence of lead, sulfur, and, in 
particular, calcium-containing deposits from calcium de­
oxidized steels has been well documented4.39.106.113 using 
these techniques, again pointing to the surface-related ef­
fects of the free-machining additions. These effects vary 
according to the additive and the tool material, and the 
question as to whether the rake face deposits act as diffu­
sion barriers, friction-lowering solid lubricants, or both 
is not yet clear. 

CONCLUSION 

Metallography has provided valuable insights into the 
deformation processes taking place during metal cutting 
and, in particular, has identified the micro-mechanisms 
by which certain additives produce beneficial effects on 
machining behavior. It has also allowed the deleterious 
effect of refractory oxides to be explained in a plausible 
manner, thus paving the way for development of improved 
steelmaking practices. These contributions to an under­
standing of machinability are unique and could not have 
been made by the traditional engineering approach based 
on the mechanics of metal cutting. 

The two approaches are complementary, however, and 
a total picture will emerge only as workers in these respec­
tive science and engineering disciplines learn to under-

stand the theory and practices of each other. The micro­
scopist committed to understanding machinability should 
therefore be prepared to devote time to understanding 
the machining process. 
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MICROSCOPY AND TITANIUM ALLOY DEVELOPMENT 
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Although the Kroll process for refining titanium was in­
vented in 1937, significant production in the U.S. did 
not begin until 1948. It was the advent of the aircraft 
jet engine that stimulated growth of the titanium industry, 
primarily because of titanium's excellent strength-to­
weight ratio. A wide variety of alloy compositions evolved 
for various aircraft applications, not only for engines, 
but for airframe structures as well. l As the demand for 
these applications ebbed and flowed in the years following 
1948, the industry began to cultivate other areas for use. 
The corrosion resistance of Ti made it a viable replace­
ment for stainless steels in many applications in the chemi­
cal processing industry.2 More recently, Ti has been used 
in various types of prostheses for surgical implant III 

humans.3 
Titanium undergoes an allotropic transformation at 

882°C, having a body-centered-cubic structure (beta 
phase) above the transformation temperature and hexago­
nal-close-packed structure (alpha phase) below 882°C. 
It is this allotropic nature of Ti that provides the basis 
for the development of a large spectrum of alloy composi­
tions. Various alloying elements can raise or lower the 
transformation temperature, resulting in stabilization of 
either the alpha or beta phase. Many of the alloys devel­
oped for structural applications contain a mixture of alpha 
and beta phases, whose morphologies and distributions 
can be altered by processing or heat treatment. In addi­
tion, depending upon alloy composition, the metastable 
beta phase can decompose on cooling to mixtures of alpha 
and beta, to martensite, or to a metastable transition 
phase. Microstructures can therefore be adjusted by alloy­
ing, as well as by heat treatment and processing. 

In the early years of Ti alloy development, microstruc­
tures were examined exclusively by light microscopy of 
polished and etched surfaces.4 Special metallographic 
techniques had to be developed to reveal the underlying 
microstructures, and the techniques frequently varied 
with alloy composition. 4 As the transmission electron mi­
croscope became available, surface replica techniques 
were used to study microstructural features that could 
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not be resolved by the conventional light microscope.5 
Omega phase, for instance, was first observed by replica 
transmission electron microscopy (TEM) after having 
been discovered by X-ray diffraction.5.6 Thin-foil TEM 
followed replica TEM and revealed many microstructural 
features that could not be resolved by the other tech­
niques. Light and electron microscopy have led to an 
understanding of the metallurgy of Ti alloys and the ways 
in which microstructure influences mechanical properties. 

The interpretation of Ti alloy microstructures has as­
sisted in the design of alloys for particular applications 
by manipulating the parameters of composition, process­
ing, and heat treatment to develop microstructures that 
correspond to the desired mechanical properties. For ex­
ample, lenticular alpha phase is known to provide excel­
lent elevated-temperature creep resistance;7 hence, alloys 
are specially formulated to stabilize the alpha phase. Simi­
larly, properties such as corrosion resistance,S fracture 
toughness,9-u and fatigue lifel2 can be optimized by 
means of microstructure manipulation. Processing and 
heat treatments that alter microstructure morphology 
have been utilized to optimize properties such as su­
perplasticityl3 and fatigue crack propagation resis­
tance. l4-l5 

METALLOGRAPHIC TECHNIQUES 

Some of the earliest concentrated efforts in microstructure 
analysis of Ti alloys were conducted at the Columbus 
Laboratories of Battelle Memorial Institute. In 1958, 
H. R. Ogden and F. C. Holden4 of Battelle published a 
handbook of Ti microstructures, entitled Metallography 
of Titanium Alloys, that included a collection of metallo­
graphic techniques. At that time, the primary technique 
for preparing Ti samples required the use of acid wheel 
polishing because of the propensity of the alpha phase 
to smear when polished with fine alumina. Metallogra­
phers could easily recognize smeared metal by examining 
a polished surface under polarized light. Because of its 
hexagonal crystal structure, alpha Ti is quite active under 
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Fig.14-1. Polarized light photomicrograph of electro polished Ti-SAl-
2.SSn. (Courtesy of M. Calabrese and J. Chesnutt.) 

polarized light, as shown in Fig. 14-1. This polarized 
light photomicrograph of Ti-SAI-2.SSn reveals the grain 
structure and absence of smeared metal. 

In the quest for ways to prepare metallographic surfaces 

Fig. 14-2. Transmission electron micrographs of Ti-6AI-4V demon­
strating the effects of thinning technique on the appearance of the alpha/ 
beta interface phase: (a) electrolytically thinned, and (b) ion milled. 

so as to reveal the true microstructure, electrolytic polish­
ing solutions were developed at several laboratories in­
volved in the study of Ti alloys.4 Unfortunately, many 
of the most effective solutions contained the highly unsta­
ble perchloric acid. Because of the number of documented 
cases of explosions resulting from the use of this acid, 
electropolishing did not become a widely accepted tech­
nique for the metallographic preparation of Ti. In the 
mid 1960s, it was discovered16 that Ti and its alloys could 
be electropolished in the relatively safe solution of 1 %­
HF/1.S%-H2S04/97.S%-methanol that had been devel­
oped for refractory metalsY Since mechanically ground 
surfaces could be satisfactorily electropolished in this so­
lution, the need for mechanical polishing was eliminated. 
Electropolishing has since emerged as the most efficient 
method for metallographic sample preparation of Ti al­
loys. 

Frequently, however, the phases present in the micro­
structure of Ti alloys are of such a size that they cannot 
be resolved by light microscopy of polished and etched 
surfaces. Even scanning electron microscopy (SEM) of 
metallographically prepared surfaces cannot reveal many 
of the sUbmicroscopic phases, such as omega phase, some 
martensites, or beta prime. Thin-foil TEM, therefore, is 
required to resolve these finely divided phases, as well 
as deformation components such as dislocations and 
twins. 

Both chemical and electrolytic solutions have been used 
for the thinning of Ti alloys18-20 for TEM examinations. 
Most of the chemical polishing solutions contain nitric 
and hydrofluoric acids, whereas the electrolytic thinning 
solutions include mixtures of perchloric acid and alcohol 
or sulfuric acid and alcohol. 20 Titanium readily absorbs 
hydrogen at room temperature, and the amount of hydro­
gen generated in a chemical or electrolytic polishing bath 
can result in the formation of hydride precipitates in the 
alpha phase during thinning. 19 Consequently, all solutions 
are usually used at temperatures in the range of -20° 
to -30°C to minimize absorption of hydrogen into the 
Ti sample. In spite of these precautions, however, recent 
studies have shown that Ti microstructures may be altered 
during electrolytic thinning.21 

An alternate thinning technique for TEM that is emerg­
ing with the advent of commercially available instruments 
is ion milling.21 This approach precludes the absorption 
of hydrogen into the alpha and beta phases and minimizes 
or eliminates spontaneous relaxation in the beta phase. 
Figure 14-2 compares the effects of electrolytic thinning 
and ion milling on the alpha/beta interface region in Ti-
6AI-4V. There is currently some debate over whether 
the alpha/beta interface phase is a bulk microstructural 
feature or a thin-foil artifact.22.23 The problem lies in the 
fact that an interface phase is present in thin-foils prepared 
by electrolytic polishing and absent in thin-foils prepared 
by ion milling (see Fig. 14-2). It has not yet been unequivo­
cally resolved whether the interface phase is being intro-



duced by hydrogen generation during electrolytic thin­
ning or whether it is being dissolved by the ion 
bombardment and attendant thermal excursion during 
ion milling. Current studies should resolve the question. 

Figure 14-3 illustrates the results of the two thinning 
techniques on the beta phase in Ti-6AI-4V. It can be 
seen that the heavy density of linear features present in 
the sample thinned by electropolishing in Fig. 14-3(a) 
is absent in the ion-milled microstructure in Fig. 14-3(b). 
Ion milling does alter the microstructure somewhat, how­
ever, by the introduction of ion damage, which is mani­
fested, in Fig. 14-3(c), by the formation of vacancy and/ 
or interstitial loops. Metallographers must be keenly 
aware, therefore, that even though the TEM provides a 
view of the microstructure that can be obtained in no 
other way, improper sample preparation can lead to arti­
facts. 

MICROSTRUCTURE DEVELOPMENT 

A variety of microstructures is available to Ti alloy design­
ers for tailoring alloys to particular applications. The vari­
ety is made possible by alloying additions that can either 
strengthen the alpha phase, which is stable at low tem­
perature, or retain the beta phase, which is the high-tem-
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Fig. 14-3. Transmission electron micrographs of Ti-6AI--4V demon­
strating the effects of thinning technique on the beta phase: (a) electrolyt­
ically thinned, (b) ion milled, and (c) ion damage. 

perature form of Ti. These manipulations can be accom­
plished because some alloying elements lower the beta 
transus, thereby stabilizing the beta phase, whereas others 
raise the beta transus, resulting in stabilization of the 
alpha phase. 

Although most of the important Ti alloys are multi­
element alloys, a schematic binary phase diagram such 
as that shown in Fig. 14-4 can be used to describe them. 
Alpha alloys are the result of small amounts of beta stabi­
lizer additions; alpha+beta alloys form with increased 
beta stabilizer additions; beta alloys are produced when 
compositions push the alloy into the beta-phase field. Typ­
ical examples of microstructures of these types of alloys 
are shown in Figs. 14-5 through 14-7. 

The alpha alloy shown in Fig. 14-5 contains alpha 
grains having a lenticular morphology that form on cool­
ing from the beta-phase region. The transformation from 
body-centered-cubic beta phase to hexagonal-close­
packed alpha phase is controlled by the crystallographic 
relationship first described by Burgers24 and results in 
six equally possible variants of alpha phase. In general, 
the Burgers orientation relationship between alpha and 
beta phases holds whether the alpha phase forms marten­
sitically or by nucleation and growth. In either case, the 
resulting alpha phase has an elongated grain structure 
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Fig. 14-4. Schematic binary phase diagram for Ti-X systems. 

with [0001] parallel to the long axis. The aspect ratio 
of the alpha grains can be controlled by adjusting the 
cooling rate from the beta-phase field. 

Microstructures of the alpha+beta alloys consist of a 
mixture of the two phases, with volume fractions being 
a function of alloy composition and thermal treatment. 
The beta phase can be retained below the beta/alpha+beta 
transus temperature because partitioning of the beta stabi­
lizing elements during cooling results in continued enrich­
ment of the beta phase to the point that the composition 
lies in the beta-phase field. The alloy shown in Fig. 14-
6 has approximately 90-percent alpha phase and lO-per­
cent beta phase, and, as was the case for the alpha alloy 
in Fig. 14-5, the alpha grains exhibit an acicular morphol­
ogy separated by thin strips of beta phase. 

The commercially important beta alloys are more prop­
erly designated "metastable" beta alloys because, al­
though they can be quenched from high temperature to 

Fig. 14-5. Lenticular alpha-phase grain morphology in an alpha-phase 
Ti alloy. 

Fig. 14-6. Lenticular alpha-phase grain morphology in another alpha­
beta Ti alloy. 

retain l00-percent beta phase (see Fig. 14-7), they can 
be aged at intermediate temperatures to precipitate alpha 
phase. Since the body-centered-cubic beta phase is more 
easily worked than the hcp alpha phase, the beta alloys 
are used in applications where cold forming is required. 25 

Because the beta alloys are age-harden able, they can be 
used in thick cross-sectional components, such as heavy 
forgings, that can be strengthened through thickness. Af­
ter forming, aging treatments that precipitate alpha phase 
can improve mechanical properties. 

Depending upon the specific alloying element and its 
concentration, decomposition of the beta phase, either 
on cooling or during isothermal subtransus treatment, 
can take one of several paths. For instance, rapid cooling 
of lean beta phase results in martensitic transformation, 
with the product being either hcp alpha prime or ortho­
rhombic alpha double prime. At slower cooling rates, 
decomposition of a lean beta phase occurs by nucleation 
and growth of hcp alpha phase. Beta phase with higher 
levels of beta-stabilizing elements can decompose through 
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Fig. 14-7. Equiaxed grain morphology in a metastable beta-phase Ti 
alloy. (Courtesy of R. Spurling and C. H. Hamilton.) 



the formation of metastable phases, omega or beta prime. 
Since alloy designers usually concentrate on compositions 
that avoid the formation of these metastable phases, only 
the martensites and the equilibrium alpha precipitation 
are important in commercial Ti alloys. 

Microstructures of the alpha and alpha+beta alloys 
can also be adjusted by thermo mechanical treatments. 
The acicular morphology of alpha-phase grains, as de­
scribed in the preceding paragraphs, can be altered to a 
more equiaxed shape by deformation at elevated tempera­
tures. Processes, such as rolling or forging, that are carried 
out at a temperature below the beta transus, but high 
in the alpha+beta phase field, will produce equiaxed al­
pha-phase grains. Figure 14-8 is a typical example of an 
alpha-beta Ti alloy that has been processed in this manner. 

This very brief synopsis of Ti alloy microstructures 
has been intended to show the wide variety of microstruc­
tures available to the alloy designer. Over the years, re­
searchers have demonstrated the influence of each of these 
microstructures on many important mechanical prop­
erties. 25-27 The metallurgist who wishes to develop an 
alloy for a particular application, then, has a large body 
of knowledge to draw upon and can tailor alloy composi­
tion to produce the desired microstructure. Historically, 
light microscopy played an important role in the develop­
ment of the first commercial Ti alloys, and the concept 
of microstructure manipulation to impart specific me­
chanical properties has grown through the following 
years. Thin-foil TEM opened up new vistas of micro­
structural analyses that have led to the explanation of 
many phenomena in the areas of phase transformations 
and deformation and fracture. A better understanding 
of these phenomena has improved the performance of 
Ti alloys in general through the refinement of composi­
tions or adjustments in processing that create the required 
microstructures. The remainder of this chapter will de­
scribe the contributions of light microscopy, SEM, and 

Fig. 14-8. Equiaxed alpha-grain morphology in an alpha-beta Ti alloy 
(Courtesy of M. Calabrese and J. Chesnutt.) 
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TEM to the development and refinement of commercial 
Ti alloys. 

ALPHA AND NEAR-ALPHA PHASE ALLOYS 

Early work on -Ti alloy development revealed that for 
long-term, elevated-temperature applications, alloys with 
little or no beta phase performed better than alpha+beta 
alloys. This behavior was explained as being a conse­
quence of the thermal instabilities of beta phase;28 that 
is, thermal decomposition of beta during long-term expo­
sures results in alteration of mechanical properties. Alloys 
designed for applications where components are creep­
limited, therefore, evolved to be comprised primarily of 
alpha phase. Using light microscopy or replica TEM, 
metallurgists observed that microstructures consisting of 
an acicular alpha-grain morphology exhibited better ele­
vated temperature tensile and creep properties than did 
those with an equiaxed alpha-grain morphology.7 It was 
further discovered that a coarse Widmanstatten alpha, 
as seen in Fig. 14-6, has better creep resistance than a 
fine martensitic alpha structure,7 as seen in Fig. 14-9. 
Although the reasons for this behavior were not explained 
until much later, the design of commercial Ti alloys was 
based, at least partially, on being able to develop a lenticu­
lar morphology of the alpha grains. 

This knowledge was taken into account in the develop­
ment ofTi-8-wt.%AI-1-wt.% V-1-wt.%Mo (8-1-1). The 
alloy was designed to be a high-temperature, creep-resis­
tant, near-alpha-phase alloy, in which Al was added for 
solid-solution strengthening and stabilization of the alpha 
phase, and Mo and V were added to eliminate the "third 
phase formed in binary Ti-AI alloys."29 The latter was 
subsequently shown to be the ordered Ti3Al. 30 Recom­
mended processing included initial deformation, such as 
forging or rolling, to be started above the beta transus 
temperature, thereby ensuring a basketweave microstruc-

Fig. 14-9. Martensite in an alpha-phase Ti alloy. (Courtesy ofR. Spur­
ling and C. H. Hamilton.) 
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Fig. 14-10. Basketweave microstructure in an alpha-phase Ti alloy. 

ture, such as that shown in Fig. 14-10. Table 14-1 lists 
data reported by Bohanek and Kessler29 that compares 
the amount of creep deformation at 538°C (1000°F) after 
150 hr at various stress levels for the two types of micro­
structure. The superiority of the basket weave structure 
over the equiaxed structure is quite pronounced. 

Some years after the introduction of 8-1-1, it was dis­
covered to be highly susceptible to stress-corrosion crack­
ing, especially in a sea water environment. 31.32 After fur­
ther metallographic studies of 8-1-1 revealed the 
existence of ordered Ti3AI phase after long-term elevated 
temperature exposures,30 it was concluded that the pres­
ence of ordered domains contributed to the susceptibility 
of the alloy to sea-water stress corrosion.33 The 8-1-1 
experience convinced alloy designers to avoid composi­
tions with more than 6-wt. % AI. 

Titanium metallurgists, recognizing the importance of 
microstructure as well as Al concentration, later designed 
creep-resistant alloys with additional alpha-phase solid­
solution strengtheners, such as Sn and Zr, and low levels 
of beta stabilizers. These alloys, such as Ti-6AI-2Sn-
1.5Zr-IMo-O.35Bi-O.1Si (Ti-ll), have been designated 
"super alpha" alloys because of their improved properties 
and the presence of beta phase in the microstructure. 
This second generation of high-temperature Ti alloys has 
retained the concept of the basketweave alpha structure 

Table 14-1. Total Creep Deformation 
of Ti-SAI-1V-1Mo at 53SoC (1000°F) 

(from Ref. 29). 

CREEP DEFORMATION (%) 

BASKETW EA VE EQUIAXED 

TEST PARAMETERS ALPHA ALPHA 

ISO hr, 103 MPa 0.06 0.24 
ISO hr, 207 MPa 0.16 1.33 
ISO hr, 276 MPa 0.28 4.03 

but with the addition of Si to improve creep resistance. 
Alloy designers anticipated that Si would generate in­

creased creep strength because its limited solubility in 
the alpha phase would result in its precipitation as an 
intermetallic compound.34 Experimental alloys demon­
strated that Si additions did indeed improve creep resis­
tance, although there appeared to be a limit to the amount 
of Si that was effective. It was initially assumed that the 
presence of Ti silicide particles along grain boundaries 
inhibited the grain-boundary sliding component of 
creep.35 High-resolution microscopy was later to demon­
strate, however, that the mechanism by which Si enhanced 
creep resistance was quite different from that first sus­
pected. 

Paton and Mahoney36 showed that grain-boundary slid­
ing contributed less than 10 percent of total creep strain 
at 538°C (lOOO°F) in both experimental and commercial 
alloy compositions. Using thin-foil TEM, they concluded 
that the primary mechanism by which Si enhanced creep 
resistance was not the inhibition of grain boundary sliding 
but rather the precipitation of silicides on mobile disloca­
tions during creep exposure. It can be inferred from their 
work that the presence of grain-boundary silicides not 
only does not enhance creep resistance but may actually 
reduce post-creep tensile ductility. Paton and Mahoney 
have thus explained the optimum levels of Si (0.2-0.5 
wt. %) in creep-resistant Ti alloys in terms of microstruc­
ture. 

The latest generation of creep-resistant Ti alloys is typi­
fied by Alloy 829 (Ti-5.5AI-3.5Sn-3Zr-1Nb-O.25Mo-
0.3Si), which is designed for use at temperatures up to 
550° C. 37 Based on the microstructural data developed 
earlier, this near-alpha alloy relies on a basketweave mi­
crostructure with the addition ofSi to obtain creep proper­
ties. In addition, it was determined during the develop­
ment of this alloy that the prior-beta grain size is 
significant in controlling creep properties; hence, the man­
ufacturer's recommended processing results in a beta 
grain size that falls in the range of 0.5 to 0.75 mm for 
optimum properties.38 

The desire to raise the upper temperature limit at which 
Ti alloys may effectively operate has led to research in 
several areas, most of which centers around microstruc­
tural effects and consequently depends upon microscopy 
for its successful completion. One of these studies, and 
probably the most conventional, is directed toward the 
modification of Alloy 829 by composition and processing 
to achieve a prior-beta grain size on the order of 0.3 
mm. 38 The producers of Alloy 829 feel that this reduced 
beta grain size will help bring about a significant improve­
ment in creep resistance.38 

A rather more unconventional approach to high-tem­
perature Ti alloy design has been taken in the research 
on alloys strengthened by an ordered Ti3AI phase.39 TEM 
revealed that aging the alloy Ti-8AI-5Nb-5Zr-O.25Si at 
600°C produces a fine dispersion of TiaAI that improves 



the elevated-temperature tensile strength and creep resis­
tance. The room-temperature brittleness generally associ­
ated with TiaAI is ameliorated by the addition of Nb. 
The well-established acicular alpha phase morphology, 
as well as the addition of Si, is used in this alloy to opti­
mize creep resistance. 

The so-called "conventional wisdom" that now exists 
among Ti-alloy producers regarding optimum parameters 
for high-temperature alloy design is based in no small 
part on microstructures. The basketweave alpha-grain 
morphology and the minimum prior beta grain size are 
essential for all creep-resistant Ti alloys, including the 
new departure alloys containing high concentrations of 
AI. It has been light microscopy, SEM, and TEM that 
have led to the establishment of the current "conventional 
wisdom" surrounding high-temperature Ti alloys. 

Alpha-phase alloys are also used for cryogenic applica­
tions, primarily because they are less sensitive to notch 
brittleness than the alpha-beta or beta-phase alloys. Ti-
5AI-2.5Sn is a commercial alpha alloy that has been used 
extensively in subambient temperature applications since 
its appearance in the late 1950s. Some early studies on 
this alloy revealed that trace interstitial impurities of oxy­
gen and nitrogen had a negative effect on the ability of 
the alloy to resist notch embrittlement at temperatures 
down to -190°C (-320°F).40 No note was apparently 
made of the microstructure, however, and it was not until 
a few years later that the importance of the morphology 
of alpha-phase grains was discovered. 41 This latter work 
demonstrated through microstructural analysis that not 
only was the level of interstitial impurities important, 
but that the equiaxed alpha grain shape resulted in a 
reduction of notch sensitivity as compared to Ti-5Al-
2.5Sn with an acicular alpha grain shape. Although the 
effect was more pronounced in the alpha-beta alloys than 
in the all-alpha alloy, it was nevertheless sufficiently signif­
icant to warrant the use of equiaxed microstructures in 
cryogenic applications of Ti-5AI-2.5Sn. 

One of the advantages of using alpha phase alloys is 
their response to welding. In general, alpha-phase alloys 
are more amenable to welding than alphalbeta or beta 
alloys because the problem with segregation of beta-stabi­
lizing elements in the fusion zone is absent in the former. 42 
Welding of Ti alloys results in exposure to temperatures 
above the beta transus not only in the fusion zone, but 
also in a heat-affected zone surrounding the weld itself. 
During cooling, then, an acicular microstructure develops 
in all areas above the beta transus as a result of the weld­
ing. If the cooling rate is sufficiently rapid, a fine acicular 
or martensitic structure will result, whereas if the cooling 
rate is slower, a coarser acicular structure formed by nu­
cleation and growth will be produced. When the starting 
condition of the workpiece includes an acicular alpha­
grain morphology, the variation in mechanical properties 
attendant with variations in microstructure as a result 
of welding will be minimized. Just the opposite is the 
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case for components having an equiaxed alpha micro­
structure prior to welding. 

ALPHA+BET A ALLOYS 

Ti alloy designers and producers recognized early that 
mechanical properties such as tensile strength, fracture 
toughness, and fatigue resistance could be improved by 
the addition of beta stabilizers to dilute Ti-Al alloys. 
The result of the inclusion of elements such as V, Fe, 
Mo, Cr, or Ta was the retention of beta phase in the 
microstructure at room temperature after elevated-tem­
perature processing. 

The first structurally significant alpha+beta alloy was 
Ti-6AI-4V, which was developed in the early 1950s. The 
addition of Al for strength and V for beta-phase stabiliza­
tion produced a mixture of alpha and beta phases that 
resulted in reasonable ductility accompanying the higher 
strength. This alloy can be solution-treated to produce 
retained beta phase that is subsequently aged to improve 
the alloy's properties. The aging treatment results in de­
composition of the retained metastable beta phase, pro­
ducing a finely divided mixture of alpha and beta phases, 
as shown in Fig. 14-11. With the outstanding performance 
of Ti-6AI-4V, developers searched for new alloys of this 
type to improve upon its properties. 

Among the second generation of alpha+beta alloys was 
Ti-6AI-6V-2Sn, which was developed about ten years 
after the advent of Ti-6AI-4V. Because 6-percent Al was 
felt to be the maximum allowable (based on experience 
with 8-1-1), increased strength was achieved by the addi­
tion of Sn, which, like AI, is a strong solid-solution 
strengthener of alpha phase. It was recognized from the 
microscopy of Ti-6AI-4V that an equiaxed primary alpha 
phase mixed with aged beta phase constituted an optimum 
compromise of tensile strength and ductility. The beta 
stabilizing element V was known to improve the strength 
of Ti,43 as was demonstrated by Ti-6AI-4V. Increasing 
V from 4 to 6 percent results in an increase in volume 
fraction of beta phase that can be retained at room tem­
perature after solution treatment. Subsequent low-tem­
perature aging then produces a larger volume fraction 
of transformed beta, and the expected increases in 
strength associated with transformed beta are realized. 
The differences in distributions of primary alpha phase 
and volume fractions of transformed beta phase between 
the two alloys are shown in Fig. 14-12. Once again, mi­
crostructure has been a primary factor in the development 
of a new Ti alloy. 

The latest alpha+beta Ti alloy to be developed is Ti-
4.5AI-5Mo-1.5Cr (CORONA 5), which was designed for 
high fracture toughness and moderate tensile strength. 44 

The properties goal for this experimental alloy included 
a tensile strength at least as high as Ti-6AI-4V and frac­
ture toughness of at least 110 MPa Vm (Ti-6AI-4V in 
the recrystallization annealed condition has fracture 
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Fig. 14-11. Transmission electron micrographs illustrating the effect 
of aging treatment on beta phase in Ti-6AI-4V: (a) as-solution treated, 
retained beta phase (courtesy of M. Calabrese and M. Mitchell), and 
(b) aged, decomposed beta phase. 

toughness of around 82 MPa vrn). To achieve this goal, 
the alloy designers based their initial concepts on pre­
existing microstructure/property data. As we have seen, 
microstructures of Ti alloys can be modified by alloying 
additions and by processing; both of these factors were 
to playa significant role in the development of CORONA 
5. 45 

The desired tensile strength level could be easily 
reached by solid-solution strengthening, primarily with 
AI, and the toughness goal was addressed by adding beta 
stabilizers that not only increased the equilibrium volume 
fraction of beta phase but also provided an easy means 
for modifying the morphology of the microstructure. The 
selection of Mo as the primary beta stabilizer was based 
on its beneficial influence on stress-corrosion resistance, 
whereas Cr was added as a partial replacement for Mo 
to decrease the density of the alloy.44 One of the side 
effects of Mo was to reduce the scale of the microstructure 
compared to Ti-6AI-4V. The result of this finer mixture 
of alpha and beta phases in the microstructure was to 
generate more alpha-beta boundaries that could contrib-

Fig. 14-12. Demonstrating the effect of concentration of beta-stabiliz­
ing elements on equilibrium volume fraction of alpha phase in alpha­
beta Ti alloys: (a) Ti-6AI-4V having ~O.85 alpha phase, and (b) Ti-
6AI-6V-2Sn having ~O.60 alpha phase. 

ute to crack branching and improved fracture toughness. 
Prior studies had shown that a WidmansHitten alpha 

morphology was usually associated with higher fracture 
toughness than that obtained with an equiaxed primary 
alpha morphology for any particular alloy.46 For example, 
Table 14-2 lists results reported in Ref. 46 for Ti-6AI-
6V-2Sn and Ti-6AI-2Sn-4Zr-6Mo showing the improve­
ment in fracture toughness of the Widmanstatten micro­
structure over the equiaxed structure. When CORONA 
5 was processed above the beta transus to produce a Wid­
manstatten microstructure, however, the resulting frac­
ture toughness was not significantly greater than that ob­
tained for the equiaxed structure. The reason for this 
behavior appears to be a combination of factors. First, 
the fracture toughness of the alloy with an equiaxed pri­
mary alpha structure is relatively high to begin with, so 
that further increases would not be realistically expected. 
Second, the beta processing treatment results in formation 
of alpha phase at prior-beta grain boundaries along which 
the fracture progresses in such a way that the Widman­
statten structure probably contributes less to the fracture 



Table 14-2. Fracture Toughness of Two 
Alpha+Beta Titanium Alloys 

(from Ref. 46). 

ALLOY MICROSTRUCTURE 

Ti-6AI-6V-2Sn Equiaxed primary alpha 
Ti-6AI-6V-2Sn Widmanstiitten alpha 
Ti-6AI-2Sn--4Zr-6Mo Equiaxed primary alpha 
Ti-6AI-2Zn--4Zr-6Mo Widmanstiitten alpha 

FRACTURE 

TOUGHNESS 

55 MPa vrn 
85 MPa vrn 
26 MPa vrn 
57 MPavrn 

toughness than does the grain-boundary alpha. Third, 
the plate material being evaluated exhibited directionality 
in properties, apparently as a result of texture effects. 
The variations in directional properties of the equiaxed 
alpha material were sometimes greater than the variations 
caused by microstructure. 44.45 Directionality of properties 
was reduced in the alloy when beta-processed. 

CORONA 5 was developed from a basic understanding 
of the influence of alloying elements on microstructure 
and of the influence of microstructure on mechanical 
properties. Particular mechanical properties can be 
achieved in the alloy by selecting processing to develop 
the microstructure that controls that property. 

Superplasticity is a property of Ti alloys that has re­
cently been developed into an important industrial form­
ing processY The propensity of a material to sustain 
unusually large amounts of deformation without necking 
(superplasticity) is very much dependent upon mi­
crostructure. 48 The requisite microstructure is two-phased 
and fine-grained, with both the grain size and phase com­
position being stable at the superplastic forming 
temperature. 13.48 The alpha+beta Ti alloys fall into this 
category of materials. Once it had been found to exhibit 
superplastic properties, Ti-6AI-4V became the subject 
of research to develop processing techniques that would 
exploit this remarkable propertyY 

One of the disadvantages of superplastic forming of 
Ti-6AI-4V is the expense incurred in time and equipment 
necessary to reach and sustain the elevated temperature 
required for optimum processing, 927°C (1700°F). This 
drawback motivated recent research aimed at alloy modi­
fications that would reduce the optimum superplastic 
forming temperature without degrading other mechanical 
properties. 49 This research, conducted by Drs. J. Wert 
and N. Paton of the Rockwell International Science Cen­
ter, is a classic example of the use of microstructure ma­
nipulation to develop an alloy with special properties for 
a particular application. Their goal was to modify Ti-
6AI-4V so that its superplastic properties at 816°C 
(1500°F) would be equivalent to those of conventional 
Ti-6AI-4V at 927°C, while the room-temperature tensile 
properties would remain unchanged. 

Wert and Paton reasoned that, since the superplastic 
forming temperature should correspond to that tempera­
ture at which the alloy contained equal volume fractions 
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Table 14-3. Superplastic Properties at a Strain 
Rate of 2 x 10-4 S-1 (from Ref. 49). 

TOTAL 

TEMP. FLOW STRESS ELONGATION 

ALLOY (0C) m* (MPa) (%) 

Ti-6AI--4V 927 0.70 9.6 600 
Ti-6AI--4V + 2Ni 816 0.85 13 720 
Ti-6AI--4V + Fe + INi 816 0.68 14 550 
Ti-6AI--4V + leo + INi 816 0.82 19 550 

* m is a measure (slope of a log-log plot of flow stress versus strain rate) of 
the superplastic response of a material and falls in the range of 0.3 to 1.0. 

of alpha and beta phases, the alloying addition should 
be an element that lowered the alpha+betaibeta transus 
of Ti-6AI-4V. They further concluded that the alloying 
addition should be an element that diffuses rapidly, since 
it is well known that high diffusion rates in the beta phase 
are associated with improved superplastic flow properties 
of alpha-beta Ti alloys. 50 With this premise, Ni, Fe, and 
Co were selected for addition to Ti-6AI-4V, with the 
amount of each quaternary addition based on calculations 
and experimental determinations of the beta transus. 
Some of their results are presented in Table 14-3. 

The results of Wert and Paton proved that their premise 
was correct and that an alloy could be designed from 
microstructural principles to exhibit special properties. 
As this section has demonstrated, the alpha+beta Ti al­
loys are especially amenable to microstructural manipula­
tion, and metallurgists have used this characteristic to 
design a variety of alloys. We have touched on only a 
few of the special properties-viz. creep resistance, frac­
ture toughness, and superplasticity-but there are others 
such as corrosion resistance, 51 hydrogenation forming,52 
and high-temperature tensile strength 53 that could also 
have been explored. 

BETA ALLOYS 

Titanium alloys in which the beta phase is stable at room 
temperature contain significant amounts of beta-stabiliz­
ing elements such as V, Mo, Fe, or Cr. Adding these 
elements to Ti results in alloys with increased density, 
which is a definite disadvantage for aerospace applica­
tions. Furthermore, beta-phase alloys generally exhibit 
poor high-temperature properties, especially creep resis­
tance. Grain growth in beta alloys during heat treatment 
can result in the degradation of fracture properties com­
mon in materials of large grain size. 54 For these reasons, 
there are fewer commercial beta-phase Ti alloys than al­
pha or alpha+beta alloys, and the beta alloys are certainly 
less well developed than the other types. 

One important advantage of the body-centered-cubic 
beta-phase alloys is that they are more easily formable 
than their hexagonal-close-packed alpha-phase counter­
parts. The commercial beta-phase alloys that have been 
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Fig. 14-13. Transmission electron micrographs of Ti-8V-8Mo-2Fe-
3A 1 demonstrating the effect of aging temperature on precipitation: 
(a) coherent metastable beta prime phase formed during low-tempera­
ture aging, and (b) equilibrium alpha precipitation formed during inter­
mediate temperature aging. 

developed were designed for specific applications such 
as deep drawing and sheet and foil forming. Because they 
are all age-hardenable, they would be more correctly des­
ignated as metastable beta alloys. 

The first beta alloy developed, Ti-13V-llCr-3AI,55 
could be quenched from a solution temperature of 774°C 
(1425°F) to retain loo-percent beta phase and subse­
quently aged at 482°C (900°F) to precipitate the alpha 
phase that provided the increased strength. Although de­
signed to be a stable, age-hardenable alloy, Ti-13V-llCr-
3AI proved to be unstable when exposed to elevated tem­
peratures for long periods of time because of the formation 
of the embrittling intermetallic compound, TiCr2. Cr is 
one of the beta-stabilizing elements that forms a eutectoid 
with Ti, and the presence of ll-wt. % Cr in the alloy 
results in extensive intermetallic compound formation 
through the eutectoid decomposition reaction. This devel­
opment and the experimental observations of Hunter and 
Arnold,56 who originally designed metastable beta alloys 
to be precipitation-hardened by intermetallic compound 

Fig. 14-14. Transmission electron micrographs of Ti-I1.5M0-4.5Sn-
6Zr demonstrating the effect of aging temperature on precipitation: 
(a) metastable omega phase formed during low-temperature aging, dark 
field image; and (b) equilibrium alpha phase formed during intermediate 
temperature aging. 

formation in the manner of Ni-base superalloys, led de­
signers toward alloys that could be strengthened by alpha­
phase precipitation without the formation of intermetal­
lics. 

The second generation of metastable beta alloys in­
cluded Ti-8V-8Mo-2Fe-3AI (8823),56.57 Ti-ll .5Mo-
4.5Sn-6Zr (Beta 111),58 and Ti-3AI-8V-6Cr-4M0-4Zr 
(Beta C). They were designed to avoid intermetallic com­
pound formation, although 8823 does contain a small 
amount of Fe and Beta C contains Cr. These alloys were 
developed for their deep hardenability as designers took 
advantage of the favorable deformation and age-harden­
ing characteristics of the metastable beta phase. Aging 
treatments that were recommended for developing opti­
mum properties57.58 resulted in the precipitation of equi­
librium alpha phase,59-62 thereby avoiding a beta-phase 
separation reaction in 882359 (Fig. 14-13) and in Beta 
C62 and omega-phase formation in Beta 11160 (Fig. 14-
14). 

Subsequent beta alloys include Ti-l0V-2Fe-3AI (10-



2-3) and Ti-15V-3Cr-3AI-3Sn (15-3), which were also 
designed for specific applications. The former was devel­
oped to have a lower density and lower production costs 
than earlier metastable beta alloys.63 There are several 
aerospace applications for tltis alloy.63 Since it has excel­
lent cold fabrication characteristics,64.65 15-3 is currently 
being characterized for strip and foil applications. 

SUMMARY 

There is great latitude in the design of Ti alloys because 
of the variety of microstructures made possible by the 
phenomena of allotropic transformation and the stabiliza­
tion of beta phase to room temperature. Variations in 
microstructures are significant for structural applications 
because mechanical properties depend upon them. 

Analysis of microstructures relies on the ability of the 
metallographer to prepare specimens devoid of artifacts. 
Techniques for doing so have developed over the years 
to the point where electrolytic polishing is the simplest 
and the most reliable now available, whether microstruc­
tures are to be studied by light microscopy or electron 
microscopy. 

Elements such as Al and Sn stabilize the alpha phase 
to higher temperatures than are possible for unalloyed 
Ti, whereas elements such as V, Mo, Cr, and Fe stabilize 
the beta phase to lower temperatures than those provided 
by unalloyed Ti. As a result, microstructures, and conse­
quently mechanical properties, can be altered by alloying 
additions. Alpha- and beta-phase morphologies and vol­
ume fractions in any particular alloy can also be con­
trolled by processing and heat treatment. 

Alpha- and near-alpha-phase alloys have been designed 
for high-temperature creep resistance by introducing pro­
cessing steps that result in an acicular alpha-phase mor­
phology with little or no retained beta phase. On the 
other hand, this class of alloy is more effective and less 
notch sensitive in cryogenic applications when the micro­
structure consists of an equiaxed alpha-phase morphol­
ogy. Alpha-phase alloys are more amenable to welding 
than other types of Ti alloys because the problem with 
segregation of beta-stabilizing elements is absent. 

Alpha+beta phase alloys have been developed for im­
proved tensile, fatigue, and fracture toughness properties 
compared to those of the alpha-phase alloys. A Widman­
stiitten alpha-phase morphology provides better resistance 
to fatigue-crack growth rates and fracture-toughness fail­
ures than an equiaxed morphology. Conversely, super­
plastic forming of Ti alloys is most efficient when the 
microstructure consists of equal volume fractions of 
equiaxed alpha and beta phases. 

Metastable beta-phase alloys are more easily formed 
than the alpha or alpha+beta alloys. Because they are 
precipitation-harden able, the beta alloys can be processed 
in the BCC state and subsequently aged to high strength. 
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Applications include massive components that require a 
deep hardening capability. 
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15 
USE OF MICROSCOPY IN FAILURE ANALYSIS 

lain Le May 

Metallurgical Consulting Services Ltd. 

Microscopy is one of the basic tools employed in conduct­
ing a failure analysis, its purpose being to examine fracture 
surfaces (the science of fractography) to determine their 
morphology and, hence, the mechanisms of fracture. In 
addition, it is used to examine the microstructure of failed 
components to determine the phases present, heat treat­
ment, and processing history, as well as the path of the 
primary and any secondary cracks. Thus, microscopic 
examination can provide information pinpointing the ori­
gin, the path, and the nature of the fracture and whether 
improper processing, for example, contributed to it. 

Depending on the nature of the failure, microscopy 
may be utilized at various levels of magnification, ranging 
from low-power binocular viewing of the fracture surface 
to high-resolution transmission electron microscope 
(TEM) examination of detailed microstructural features. 
It is important that fractures be examined on a macro­
scopic level first, before being examined at higher magnifi­
cation using optical, scanning electron microscope (SEM) 
or TEM techniques (utilizing replicas of the surface in 
the case of the latter). Specimens for metallographic exam­
ination of the microstructure should also be taken only 
after the relevant parts of the component and its surfaces 
have been examined and recorded photographically. 

As general sources of information on the use of micros­
copy in failure analysis, the reader is referred to volume 
10 of the Metals Handbook! and to the symposium pro­
ceedings edited by McCall and French. 2 More detailed 
discussion of metallographic methods will be found else­
where,3 and detailed examples of fracture surfaces and 
fractography are also available for comparison. 4 

In this chapter, it is proposed to discuss the various 
failure mechanisms that arise, indicating some of the dis­
tinctive fracto graphic and metallographic features to be 
observed with the use of microscopy techniques and pro­
viding some guidance to the metallographer in identifying 
the causes of failure of a component or structure. It must 
be emphasized, however, that there is no substitute for 
practical "hands on" experience in failure analysis. It is 
all too easy to overemphasize details without attaining 
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a sufficiently broad overall view-a classic case of not 
seeing the wood for the trees. 

FAILURE MECHANISMS 

Overload 

The overload failures of greatest familiarity are probably 
those arising from laboratory testing in which the whole 
fracture surface is rapidly formed. In few service situa­
tions does the complete fracture take place as a result 
of overloading; in most cases, the overload failure occurs 
in the material remaining after a crack has developed 
with time or under repeated loading, sometimes from a 
preexisting defect. The final fracture is almost always of 
an overload type. 

Ductile Fracture. Ductile fracture involves extensive 
plastic deformation during separation of the two parts 
of a fracture surface. Various types of ductile fracture 
may be identified, but ductile overload fracture is nor­
mally characterized by the formation of many voids at 
inclusions in the material, leading to the development 
of a fracture surface displaying dimples where these voids 
have linked up. Figure 15-1 shows an example of such 
a fracture surface, the inclusions from which the voids 
nucleated being clearly seen. 

Brittle Fracture. Brittle fracture involves only very lo­
calized deformation during separation of the two fracture 
surfaces; the surfaces thus have the appearance of brittle 
separation, somewhat similar to the appearance of broken 
glass. In an ideally brittle material, the atoms separate 
along particular crystallographic plan~ with no plastic 
deformation, and the energy dissipated during fracture 
is only that required to separate the planes, i.e., that 
needed to form the new surfaces. In practice, even in 
the most brittle of materials, some plastic deformation 
occurs on a localized scale, and the energy required to 
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Fig. IS-I. Ductile fracture in the welded region of a structural steel; note the inclusions within the voids, from which the latter 
nucleated (SEM view). 

cause fracture is significantly greater than' that for an 
ideally brittle solid. 

Brittle fractures are promoted by low-temperature con­
ditions and by the presence of triaxial tensile stresses such 
as those that may be developed at notches and sharp 
changes in section. They are more commonly found in 
body-centered-cubic metals and alloys such as iron and 
structural steel and hexagonal-close-packed metals such 
as titanium and zinc, but not normally observed in face­
centered-cubic metals such as aluminum or copper. 

The term cleavage is used to characterize separation 
along crystallographic planes; because of its nature, it 
leads to the formation of a fracture surface consisting 
of fiat, shiny facets. The crack changes its orientation 
in crossing a grain boundary because of the different grain 
orientations and because of the nature of crack propaga­
tion on specific families of planes (e.g., on /1(0) in a­
iron). Many small cracks may be formed when the crack 
crosses a twist subgrain or grain boundary, with fine cleav­
age steps between them. The parallel cracks join together 
gradually, the fine steps coalescing to form a larger one, 
and thus the river patterns characteristic of cleavage frac­
ture are produced. Figure 15-2 shows an example of this. 

Another characteristic feature of cleavage cracks is the 
presence of tongues, as shown in Fig. 15-3. These are 

produced by local fracture along the interfaces between 
the matrix and a twin, the mechanism being indicated 
in more detail elsewhere. 5 

When the fracture is less crystallographic, the term 
quasi-cleavage is often used to describe the resulting brit­
tle fracture. An example is shown in Fig. 15-4, the brittle 
fracture having been promoted in this case by a high 

Fig. 15-2. Cleavage fracture in a mild steel bolt, showing <.:haracteristic 
river patterns (two-stage, plastic-carbon replica viewed in the TEM). 



Fig. 15-3. Tongues on the surface of cleaved mild steel (two-stage, 
plastic-carbon replica viewed in the TEM). 

degree of triaxiality and a rapid overload, allowing little 
time for plastic flow to occur. 

A very useful feature of many brittle fractures, so far 
as the failure analyst is concerned, is that running brittle 
cracks often produce a series of chevron marks on the 
fracture surface, pointing back arrow like to the fracture 
origin. These can be recognized macroscopically and ena­
ble the metallographer to concentrate on the particularly 
important region at which the fracture initiated. 

Fatigue 

Fatigue failure, which involves crack initiation and 
growth under cyclic or repeated loading, is probably the 
most common mechanism responsible for structural fail­
ure. In many cases, it is possible to see evidence of fatigue 
fracture almost at a glance, since distinctive "clam shell" 
or beach marks may be present on the surface. These 
are formed either when the crack stops growing for a 
period because of a reduction in load and then restarts 
or when the load level changes markedly. Figure 15-5 
gives an example of this. 

In other cases, it may be impossible to determine if 
the fracture was of a fatigue nature by macroscopic view­
ing, and more detailed examination may be required. Be­
caur,e of the localized nature of the failure at the tip of 
the crack and the fact that the crack front moves forward 
by an incremental amount during each tensile load cycle, 
it is frequently found that striations are left on the fracture 
surface, lying at right angles to the direction of crack 
growth. These are shown in Fig. 15-6, and their presence 
is an almost certain indication that the failure took place 
by fatigue. 

Another indicator that is an absolutely certain sign 
of fatigue fracture is the presence of "tire tracks." These 
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Fig. 15-4. Quasi-cleavage in a structural steel (SEM view). 

are caused by the entrapment of particles or inclusions 
between the fracture surfaces, leaving a series of indenta­
tions as the crack advances and the particles move for­
ward. An example is shown in Fig. 15-7. 

It is worth pointing out that when fatigue occurs at 
high levels of mean stress, the process may be effectively 
one of progressive ductile rupture, and there may be little 
evidence of striations on the fracture surfaces. Similarly, 
with fatigue at high temperature, the presence of striations 
is by no means assured, and operating factors and load 
history may be of much greater importance than surface 
fracture appearance in determining the failure mode. 

Fig. 15-5. Beach marks formed as a fatigue crack grew from the outside 
of a crankshaft. The fracture origin is arrowed. 
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Fig. 15-6. Fatigue striations on the fracture surface of AISI 4140 steel 
(Fe-D.4%C-I %Mn-I %Cr-D.2%Mo) in the quenched and tempered 
condition (two-stage, plastic-carbon replica viewed in the TEM). 

Environmentally Assisted Fracture 

A number of different situations may be identified in 
which the combined action of stress and environment 
can lead to failure. These include stress-corrosion crack­
ing (SeC), corrosion fatigue, and fretting, which will be 
dealt with in turn. 

Stress-Corrosion Cracking. This is an important 
failure mechanism, particularly in petrochemical and 
chemical plant, but it can occur in many situations where 
the alloy in contact with a liquid would not be attacked 
by a corrosion process alone, but, in combination with 

Fig. 15-7. Tire tracks on the fatigue fracture surface of AISI 4140 
steel in the quenched and tempered condition (two-stage, plastic-carbon 
replica viewed in the TEM). 

stress, is subject to localized attack. The mechanism is 
illustrated schematically in Fig. 15-8, and it may be seen 
that the corrosive attack is limited to the tip of a propagat­
ing crack. After crack growth, the fracture surfaces be­
come passivated or covered by a protective film, which 
is ruptured when further slip occurs at the crack tip, 
producing fresh surface on which corrosive attack can 
occur. The process continues and the growth continues 
in a stepwise manner. 

The crack path in see may be either transgranular 
or intergranular, depending on the particular material, 
corrosive environment, and temperature. If a material 
is particularly prone to grain-boundary attack-such as 
an austenitic stainless steel in which carbides have precipi­
tated at grain boundaries, depleting the adjacent regions 
in chromium-widespread attack may result in an aggres­
sive environment, for example, one containing chloride 
ions in solution. 

In other cases, the cracking may be transgranular, with 
little or no crack branching, as shown in Fig. 15-9. All 
see fractures, however, are characterized by little ductil­
ity during the fracturing process. 

The fracture-surface morphology produced can vary 
widely, an oxide coating often being present on the sur­
face. Figure 15-10 shows what could easily be mistaken 

slip plane 

plane 

Fig. 15-8. SchematIc illustration of the mechanism of stress-corrosion 
cracking, the crack propagating by rupture of the protective film by 
plastic deformation at the crack tip; subsequent corrosion, repassivation, 
and building up of stress repeat the cycle. 
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Fig. 15-9. Stress-corrosion cracking in an AISI 316 austenitic stainless 
steel (Fe--D.08%C-17%Cr-12%Ni-2%Mo). Etched in diluted aqua re­
gia. 

for a fatigue-fracture surface, with striations at right an­
gles to the direction of crack growth and linear features, 
termed tunnelling, running in the crack growth direction. 

The view shown in Fig. 15-11 is of the fracture surface 
at the root of the threads in an alloy steel bolt (AISI 
4140) from a condenser exposed to a wet H 2S-containing 
environment. The rough, corroded nature of the fracture 
surface may be seen, together with pitting attack on the 
thread faces. In this case, cracks could be traced as origi­
nating at pits-a common initiation point for SCC. 

Fig. 15-10. Stress-corrosion cracking striations on the fracture surface 
of AISI 316L austenitic stainless steel (Fe-D.03%C-17%Cr-12%Ni-
2%Mo) with linear features parallel to crack growth direction (arrowed), 
indicative of "tunnelling." (Two-stage, plastic-carbon replica viewed 
in the TEM.) 
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Fig. 15-11. Fracture surface of AISI 4140 steel bolt from a condenser 
after exposure and fracture in a wet H 2S-containing environment. The 
arrow indicates a pit in the treads from which a stress corrosion crack 
initiated. (SEM view.) 

Corrosion Fatigue. Fatigue resistance and fatigue life 
are reduced in the presence of corrosive conditions. The 
fracture surface produced during corrosion fatigue some­
times shows no evidence of the fine striations normally 
associated with fatigue, such features being obscured by 
the action of the corrosive medium or by the presence 
of corrosion deposits. At other times, in aluminum alloys 
for example, more brittle striations, suggesting crystallo­
graphic fracture, are produced in these conditions. 

Fretting. Fretting invovles relative oscillatory motion 
between contacting surfaces under vibration or a cyclic 
stress. The amplitude of the movement is of the order 
of 25 /-Lm or less. The surface debris produced consists 
of small metallic platelets covered in oxide, and eventually 
the layer may consist entirely of oxide. Where the fretting 
action arises from cyclic stressing of one of the contacting 
components, fatigue cracks may result from the fretting. 

Microscopy may be utilized to characterize the damage, 
look for the formation of cracks, and examine the nature 
of the debris. More detailed discussion is provided in 
the book by Waterhouse. 6 

High-Temperature Failures 

Components that operate at high temperature are subject 
to deterioration and failure by oxidation or by continued 
deformation that will eventually lead to fracture. Such 
time-dependent deformation is termed creep. In some 
components, the limiting, or failure, condition is the build­
up of excessive plastic deformation; in others, the failure 
may be by rupture, e.g., of a superheater tube. It is the 
latter type of failure that is of greatest concern here. 

Creep Failures. At high temperatures and with low 
strain rates, as occurs under normal service conditions 
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Fig. 15-12. Intergranular creep failure of a nickel-base superalloy gas­
turbine blade (dilute aqua regia etch). 

for such components, polycrystalline metals that normally 
fracture in a transcrystalline ductile manner undergo frac­
ture of an intergranular nature. Thus, the majority of 
creep failures in service are intergranular. A typical exam­
ple is shown in Fig. 15-12. 

The development of intergranular creep fracture de­
pends on the nucleation, growth, and subsequent linking 
up of voids on the grain boundaries. Two types of void 
may be identified as of "r", or rounded, type and "w," 
or wedge, type, respectively. They are illustrated in Figs. 
15-13 and 15-14, respectively. 

Wedge cracks form at triple points as a result of grain­
boundary sliding and may be promoted by decohesion 
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Fig. 15-13. Rounded-type voids in AISI 316L weld metal that failed 
from creep at high temperature (dilute aqua regia etch). 

Fig. 15-14. Wedge-type cavities in AISI 316 austenitic stainless steel 
that failed from creep (dilute aqua regia etch). 

at interfaces between grain-boundary precipitates and the 
matrix, as shown in Fig. 15-15. 

Creep fractures occur by the growth and linking of 
the voids, and the morphology can vary widely. Figure 
15-16 shows a fracture formed by the linking up of r­
type voids, which may be contrasted with the section 
shown in Fig. 15-12, in which grain-boundary sliding may 
be identified. Figure 15-17 shows the fracture surface of 
the failure shown in cross section in Fig. 15-16. 

In some cases, there may be precipitates identified on 
the fracture surfaces, as shown in Fig. 15-18, in which 
failure was initiated at the precipitate-matrix interfaces 
shown in Fig. 15-15 . 

Fig. 15-15. Decohesion along particle/matrix interfaces during creep 
fracture of AISI 316 stainless steel (dilute aqua regia etch). 
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Fig. 15-16. Creep fracture in a weldment in austenitic stainless steel , 
showing linking of voids to cause fracture (dilute aqua regia etch). 

In conducting an examination of a component that 
has failed by creep, it is important to determine if there 
have been changes in the original microstructure as a 
result of the long exposure to temperature and stress. 
For example, in an unstable structure, grain growth may 
have occurred or precipitation of an embrittling precipi­
tate may have taken place. Also, if a steel component 
has been exposed to excessive temperature, decarburiza­
tion may have occurred in an oxidizing environment, 
weakening the material; an example is shown in Fig. 15-
19. Other effects that may sometimes be seen are carburi­
zation-and resulting embrittlement-in tubes used in 
petrochemical processing plants at high temperature, and 
the build-up of heavy deposits that can lead to local over­
heating because of reduced heat transfer. 

In concluding this section on creep failures and their 
assessment using microscopy, a potentially important de-

Fig. 15-17. Fracture surface of creep failure shown in Fig. 15-16, which 
occurred as a result of void growth and ductile rupture of ligaments 
between the voids (SEM view). 
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Fig. 15-18. Fracture surface of creep failure shown in cross section 
in Fig. IS-IS, the precipitates being clearly seen on the fracture surface 
(two-stage, plastic-carbon replica viewed in the TEM). 

velopment is the utilization of metallographic procedures 
for the examination of components that have been operat­
ing at high temperature for an extended period in order 
to assess the extent of the damage and the remaining 
safe life. In some cases, this can be done by replicating 
the outside of the tube or other component after it has 
been prepared by local polishing and etching. The replica 
can then be examined in the laboratory to determine the 
extent of void formation or fine cracking at the surface. 
This subject has recently been reviewed,7 and further de­
velopments are to be expected. 

Fig. 15-19. Decarburized surface layer in boiler tube on the fire side 
(etched in nital). 
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Hydrogen-Related Failures 

Hydrogen can reduce the fracture resistance of materi­
als-in particular, of steels-and can also affect their plas­
tic deformation. There is not a clear agreement on the 
mechanisms, but the metallographic features are not in 
any dispute. 

Hydrogen-Assisted Cracking. This kind of cracking 
can occur in many components, for example, in pipeline 
steels in the presence of carbonate solutions or hydrogen 
sulfide, both of which contribute to reactions with release 
of hydrogen. Figure 15-20 shows an example of hydrogen­
assisted cracking in a low-carbon steel. 

Fig. 15-20. Hydrogen-assisted cracking in a low-carbon pipeline steel; 
note the largely intergranular path with extensive branching (etched 
in nital). 

The fractures produced are normally transgranular, but 
this result depends on the microstructure and the level 
of stress present. The crack shown in Fig. 15-20, for exam­
ple, is largely intergranular. The similarity to see should 
be noted, and hydrogen may playa significant part in 
the occurrence of the latter. 

The fracture surfaces may show cleavage facets, al­
though small dimples have been found on apparently 
cleaved areas from specimens fractured in the presence 
of hydrogen. 8 In most cases, the fracture surfaces are 
clean and free from corrosion products. This is not always 
the case, however, as the liquid may contaminate and 
react with the fracture surfaces after the crack has devel­
oped. 

Hydrogen Embrittlement. Embrittlement by hydro­
gen can occur either in service in hydrogen-containing 
environments or through its introduction during process­
ing or fabrication. Hydrogen tends to accumulate at de­
fects, producing a high internal pressure that may lead 
to rupture, particularly in alloys of high strength level. 
Hydrogen pickup can arise from moisture in the scrap 
used in steelmaking, the gas having become trapped dur­
ing solidification; it may arise from pickling or in a plating 
operation involving cadmium or zinc; it may be intro­
duced during welding if the electrodes have a moist coat­
ing or if the coating is not of the low-hydrogen type; 
or it may result from a hydrogen-containing service envi­
ronment, as already noted. 

Figure 15-21 shows schematically some of the features 
to be found in steel contaminated with hydrogen. Surface 
blistering is obvious, but microscopic examination of the 
cross section is required to show the occurrence of the 
internal cracking. Of particular concern is the stepwise 
cracking, which can occur through the build-up of hydro­
gen at parallel colonies of rolled-out MnS inclusions and 
the linking of cracks through the section. 

Figure 15-22 shows an example of hydrogen cracking 
in the heat-affected zone (HAZ) of a weld in a high­
strength steel plate, the electrode coatings not having been 
properly dried out. Such cracks, occurring in the HAZ, 
may not be visible on the surface, and they may grow 
gradually during service, potentially leading to failure. 
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Fig. 15-21. Schematic view of features found in hydrogen-embrittled 
carbon steel. 
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Fig. 15-22. Hydrogen cracking in the heat-affected zone of a high­
aHoy steel plate welded with improperly dried electrodes (etched in 
nital). 

FAILURE ANALYSIS METHODOLOGY 

To conclude this chapter, it is relevant to review the meth­
odology of failure analysis, putting the use of microscopy 
into its proper context. The main stages in a failure analy­
sis are as follows: 

1. Collection of background information and relevant 
specifications and selection of samples for examina­
tion. 

2. Visual examination of the failed part(s) and photo­
graphic recording. 

3. Nondestructive examination of the part(s). 
4. Mechanical testing as required, taking care not to 

destroy critical parts. 
5. Selection and cleaning of specimens for more de-

tailed examination. 
6. Macroscopic examination. 
7. Microscopic examination offractures and surfaces. 
8. Preparation of metallographic specimens and mi­

croscopic examination of them. 
9. Chemical analyses as required. 

10. Loading analysis of the component or structure. 
11. Testing under service or related conditions, as re­

quired. 
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12. Analysis of evidence, determination of failure 
mechanisms, sequence, and cause, and preparation 
of report. 

As may be seen, the use of microscopy is often a key 
factor in the failure investigation. In some cases, the mech­
anisms and cause of failure may be obvious from the 
visual examination alone, and it may be possible to move 
directly to an analysis of loading conditions and then 
prepare the report. In others, very detailed microscopic 
analysis may be required. It is very important to observe 
a logical approach, however, and not to destroy evidence 
before it has been thoroughly documented. Similarly, it 
is essential to record the exact locations from which speci­
mens for metallographic and fracto graphic analysis are 
taken and to label the specimens appropriately. 

CONCLUSION 

The metallographer has a key role to perform in many 
failure analyses through application of microscopy tech­
niques. The various possible failure mechanisms must be 
considered, and the metallographer must be familiar with 
the characteristic features of each. It is hoped that the 
limited number of illustrations and examples provided 
here will at least point the way to the proper use of micros­
copy in failure analysis. The interested reader is urged 
to consult more complete works of reference, some of 
which have been mentioned already. 
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MICROSCOPY AND THE STUDY OF WEAR 

William A. Glaeser 

Battelle-Columbus Division 

As soon as man began to use tools, wear became a prob­
lem. The history of metallurgy, or man's continuing quest 
for tougher and harder materials, can be seen to have 
been motivated by the desire to have tools, especially if 
weapons may be categorized as tools, that will hold a 
sharp edge. To more peaceful ends, farmers once embed­
ded sharp stones in wooden plow faces to increase their 
useful life. It has only been in the past 50 years, however, 
that man has recognized the economic impact of wear 
prevention and done more than just take wear for granted. 

The first attempts to control wear involved mostly trial 
and error. In general, it was found that the harder the 
material, the more resistant it was to wear. Wear testing 
of a large number of engineering materials produced con­
flicting data and unpredictable results. Wear properties 
often proved to be influenced by environmental and oper­
ating conditions. At the same time, failure analysis of 
worn parts indicated that microstructure appeared to in­
fluence the wear process. Furthermore, a recognition of 
several wear processes (abrasive wear, adhesive wear, ero­
sive wear) came into being. 

Classification of wear modes necessitated close inspec· 
tion of the microtopography of the wear scars produced. 
The wear processes were found to involve microscopic 
events such as micrometer-size scratches and the transfer 
of submicrometer-size particles. Microscopy has become 
as important to the diagnosis of causes of wear failures 
as it has to fractography. With the development of the 
scanning electron microscope (SEM), wear characteriza· 
tion has advanced considerably because the depth offocus 
of the SEM has made possible the scanning and photo­
graphing of rough microtopography generated by wear 
that, for the most part, would be out of focus in a light 
microscope. 

Recognition and classification of wear modes require 
some experience in the interpretation of micrographs. of 
worn surfaces. For instance, adhesive wear, or the transfer 
of material from one surface to another, is often difficult 
to distinguish from mild abrasion. Careful examination 
of the microscopic ridges and valleys formed by the high-
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point contacts is required to detect the differences caused 
by occasional adhesion points and the resulting scoring 
damage. In the abrasive wear of mining machinery, it 
is necessary to distinguish between gouging abrasion and 
low-stress abrasion when choosing a microstructure to 
control the wear rate. In a recent investigation, recogni­
tion of the difference between solid-particle erosion and 
liquid-drop erosion in an air compressor was necessary 
before the erosion problem could be solved. 

Verification of wear test methods often requires charac­
terization of the wear mode. This provides an excellent 
basis for determining how closely actual operating condi­
tions have been simulated. It will also show whether, in 
accelerating the wear by increasing load or speed, or both, 
the wear mode has been changed and a different material 
response has occurred. 

Research into the mechanisms of wear involves micros­
copy in all its forms. Not only are surface and subsurface 
microfeatures of worn materials being investigated after 
the fact, but also wear experiments are being carried out 
within SEMs and under optical systems to reveal micro­
processes as they OCCUr. 1.2 

This chapter will provide information on the processing 
of specimens for wear microscopy, the types of analysis 
used and why they are chosen, the types of wear micro­
structures, their interpretation, and photographic exam­
ples. 

WEAR MODES 

Examination of wear scars by microscopy is often used 
to identify the type of wear that has occurred. This is 
very much the same procedure used in identifying fracture 
modes by fractography. A number of wear modes are 
recognized, as described in the following sections. 

Adhesive Wear 

Adhesive wear occurs most often during dry sliding con­
tact between metal surfaces. It is encountered in mechani-
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Fig. 16-\. Example of adhesive wear: SEM micrograph of transfer 
of bronze to steel. 

cal components such as those exposed to the vacuum 
of outer space (in space vehicles and satellites) and is 
the result of high points on contacting surfaces coming 
into sliding contact and cold welding. These microjunc­
tions then shear off, causing transfer of material from 
one surface to the other and roughening of the surface 
in that zone. As this disturbance travels over the mating 
surface, it marks it with a scratch. The whole process 
of adhesion, transfer, and marking has characteristics that 
can be used in identifying the adhesive mode. A typical 
example of adhesive wear is shown in Fig. 16-1. 

Abrasive Wear 

Several modes of wear result from abrasion. Abrasion 
occurs when particles harder than the contacting surfaces 
are dragged across the surface and cut or plow the surface. 
These may be free particles (three-body abrasion) caught 
between rubbing surfaces, or they may be embedded in 
one surface and act like sandpaper (two-body abrasion). 
Whether it is two- or three-body abrasion, the process 
involves hard particles moving over one surface parallel 
to another surface and held in contact with the surface 
by the mating body. This causes characteristic micro­
scratches in the surface, the geometry of which varies 
depending on the kind of abrasion. 3 

Cutting abrasion is the result of angular particles held 
with a facet at the right rake angle for the particle contact 
to act like a cutting tool. The resulting mark and debris 
are characteristic. A cutting abrasion mark and its result­
ing chiplike debris are shown in Fig. 16-2. 

Plowing type abrasion, on the other hand, produces 

Fig. 16-2. Example of abrasive wear, cutting mode: SEM micrograph 
of AISI 4130 steel surface abraded by hard, angular alumina particles. 

displacement of surface material without its removal. 
Wear striations are formed by mounding material up 
ahead of the contacting asperity and pushing it to the 
side as ridges. Some extrusion occurs as the ridges are 
flattened and occasional particles break off. An example 
of plowing wear is shown in Fig. 16-3. 

High-stress abrasion and low-stress abrasion often oc­
cur in mining and construction machinery. High-stress 
abrasion can be found in jaw crushers used in rock crush­
ing. In this process, the abrasive material is ground against 
opposing surfaces under contact stresses large enough to 
cause fracture of the abrasive grains. This produces severe 
wear as sharp cutting edges are formed continually. Low­
stress abrasion, on the other hand, results when abrasive 
particles are held between sliding surfaces but with con­
tact stresses low enough so that particle fracture does 
not occur (see Fig. 16-4). It occurs, for example, when 
a scoop is dragged across soil during a drag-line operation. 

Gouging abrasion occurs when large hard pieces of 
mineral are forced into the surface of a part with very 
high contact stress. This causes the abrasive to gouge 
the surface and dig out relatively large pieces of metal 
(see Fig. 16-5). 

Fretting Wear 

Fretting wear is a special form of wear that occurs when 
two surfaces contact and move back and forth relative 
to one another with a very small amplitude. The ampli­
tude of the motion can be as small as a few millionths 
of an inch. When the relative motion exceeds a few tenths 
of an inch, the wear process is regarded as conventional 
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Fig. 16-3. Example of plowing abrasion. 

wear. Fretting occurs at the roots of turbine-blade inserts, 
between the wheel hub and shaft in a pressed-on wheel, 
between vibrating fuel rods and fuel-rod spacers in nuclear 
reactors, and between heat exchanger tubes and tube sup­
port sheets when coolant flow around the tubes causes 
them to vibrate. It often occurs where surface attrition 
is not anticipated. 

The fretting process in the presence of oxygen or re­
active media and metal parts occurs as fretting corrosion. 
Fretting corrosion produces a reaction product, or an 

oxide.4 The rust formed on steel parts during fretting is 
red in color and can be seen exuding from between the 
contact surfaces. The fretted surface is difficult to diagnose 
and takes careful microscopy to identify. An SEM micro­
graph of a fretted surface is shown in Fig. 16-6. Corrosion, 
however, is not a necessary element in the fretting process. 
High-point or asperity contact and adhesion also initiates 
the process and will produce a fine debris composed of 
the contacting materials if no chemical reactions occur. 
Thus, platinum and gold will fret and produce debris. 

20 I'm 
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Fig. 16-4. Example of low-stress abrasive wear: SEM micrograph of steel surface subjected to the rubber-wheel abrasion test. 
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Fig. 16-5. Example of gouging abrasion: SEM micrograph of surface 
of wire from wire rope used in drag-line excavator. 

Erosion 

Erosion, cavitation, and liquid-drop impingement are all 
similar types of surface attrition caused by matter impact­
ing a surface. Although these processes are similar, it is 
often essential to identify exactly which one has caused 
material removal. For instance, in a centrifugal gas com­
pressor, the blades can be eroded by impingement of solid 
particles (ingested dust) or by impingement of water drop 
condensate. To remedy this situation, one must know 
whether to eliminate the operating conditions that pro­
duce the condensate, or to filter out the dust, or, if that 
is not possible, to coat the blades with an erosion-resistant 
material. In addition, if solid-particle erosion is diagnosed, 
one must know the angle of impingement before a suit­
able-erosion resistant coating can be chosen. The impinge­
ment angle of the impacting particles can be estimated 

Fig. 16-6. Fretted surface of turbine blade root with a fretting fatigue 
failure; note fatigue crack at edge of fretted zone. 

by the use of stereo pairs of photomicrographs in SEM 
analysis. 

Impingement erosion can be caused by water drops 
as well as by solid particles. Liquid-drop erosion has some 
similarity to cavitation erosion because cavitation can oc­
cur as the drop impacts a surface. Water-drop erosion 
is a problem for helicoptor rotor blades in the presence 
of rain and for reentry vehicles passing through rain 
clouds. 

Cavitation erosion occurs in mechanical parts sub­
merged in a fluid. For instance, babbitt journal bearings 
are subject to cavitation damage owing to gas evolution 
in the oil film during vibration normal to the bearing 
surface. Cavitation damage is quite common in piping 
where fluid flow changes direction suddenly. The best 
known example of cavitation occurs on ship propellers 
or water-pump impellers. Solid-particle erosion occurs 
in turbines, slurry pipe lines, coal gasification plants, and 
helicoptor rotor blades. Examples of cavitation erosion, 
particle erosion, and liquid-drop impingement are shown 
in Figs. 16-7, 16-8, and 16-9. 

Rolling Contact Fatigue 

Rolling contact fatigue is a specific type of surface damage 
found in ball and roller bearings, cams, and gears. This 
damage takes the form of pits or spalls. The state of 
stress developed in the contact of rolling elements is cyclic 
and results in a fatigue process that causes surface and 
subsurface cracking. Phase changes can also occur in the 
steel microstructure as a result of cyclic contact stress. 
This behavior will be discussed in more detail. Since con­
tact fatigue is often associated with inclusions in bearing 
steels, this type of surface damage is often investigated 
with the use of metallographic sections. Typical rolling­
contact fatigue spalls are shown in Fig. 16-10. 

MICROSCOPY 

Wear surface analysis requires the use of both light mi­
croscopy and SEM to provide enough information for 
diagnosis. In some cases, high-resolution transmission 
electron microscopy (TEM) is also used. In wear failure 
analysis, the wear scar should be photographed using low­
power magnifications (5 to lOX) for documentation and 
as future reference for SEM and metallographic analysis. 
If a lubricant is involved, the part should be photographed 
as received and after its surface has been cleaned. Exami­
nation with a hand magnifier (lOX is the most useful 
size) is recommended. 

Further examination can then be pursued with a ste­
reoptician microscope and a metallographic microscope. 
The stereoptican is useful to about 60X magnification 
and provides a three-dimensional view of surface topogra­
phy. The metallographic microscope is useful at lOOX 
to 500X for studying details of surface damage. Light 
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Fig. 16-7. Example of cavitation erosion: SEM micrograph of cavitated babbitt bearing (6X). 

microscopy at higher magnifications produces diminish­
ing returns if roughened surfaces are involved because 
of the extreme limitation of the depth of focus. Light 
microscopy allows one to work with relatively large 
pieces, reveals color differences, and permits surfaces to 
be probed with a needle or scribe while one observes 
through the microscope. Light microscopy should also 
be used for selecting areas for examination in the SEM; 
otherwise, much time can be lost searching over a surface 
in the SEM to find meaningful features. Comparison of 
SEM images with light photomicrographs of the same 
area is very helpful for interpretation of SEM data. 

SEM analysis is much more time-consuming than light 
microscopy if effective analysis is required since large 
amounts of information of no relevance must be sorted 
out, leaving only the features that are significant to the 
wear mode. Before insertion of the part in the microscope, 
it is helpful to mark areas of interest with a felt-tip metal 
marking pen. Such marks will show up in the microscope 
as dark areas. An arrow pointing to an important feature 
can often save much searching time. In addition to mark­
ing the specimen, it is also helpful to make a sketch of 
it, showing its orientation on the microscope stage, its 
shape, and the location of important features. The use 

of stereo pairs is very effective in analysis of wear scars. 
In addition, montages of several micrographs to cover 
a large area is often useful. 

Transfer material, debris, and reaction products can 
be identified by using EDS. * This feature is essential in 
wear analysis. The areas in which a given element or 
phase is located can be delineated with EDS by means 
of a dot-pattern mapping process. In this process, the 
element in question is outlined by a concentration of white 
dots on the photomicrograph, as shown in Fig. 16-11. 
The intensity of the dot concentration is related to the 
amount of material present. It must be kept in mind that 
the electron beam used in EDS penetrates the surface 
of the specimen to a depth of about 1 micrometer and 
X-rays come from a volume about 2 micrometers in diam­
eter. Therefore, positive identification of very thin films 
less than a micrometer in thickness is not possible with 
EDS. EDS will also not detect elements with atomic num­
bers lower than 11 (Na). Therefore, one cannot identify 
hydrocarbon deposits and some lubricant reaction prod­
ucts on wear surfaces. 

• Energy-dispersive spectroscopy for detection of X-rays characteristic 
of each element (atomic number 11 and higher). 
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Fig. 16-8. Example of hard-particle erosion. (Courtesy, Dr. A. W. 
Ruff, National Bureau of Standards.) 

Fig. 16-9. Example of liquid-drop-impingement erosion: SEM micro­
graph of surface from boiler feed-water pump eroded by condensate. 

Fig. 16-10. Example of rolling-contact fatigue spalls: Micrograph of 
a ball bearing race (5 X). 

Scanning Auger analysis is useful for identification of 
surface composition. An example of scanning Auger anal­
ysis of a hydrocarbon film on a bearing surface is shown 
in Fig. 16-12. Experience with interpretation of variations 
in the grey tones on the surface of an SEM micrograph 
makes it possible to detect hydrocarbon films, mineral 
intrusions, metal transfer, etc. Examples of such features 
are shown in Fig. 16-13. 

Sectioning of a worn part and preparing a thin foil 
for investigation of the near-surface area by TEM has 
proven to be useful for identification of transfer material 
as well as of the subsurface microstructure produced by 
the wear process.5 Suggested techniques for preparing 
wear-sample thin foils are given in the section on TEM 
later in this chapter. The TEM can also be used to examine 
fine debris in wear topography. A replica made of the 
wear scar is shadowed by conventional techniques and 
viewed by transmission electron microscopy. An example 
of this technique is shown in Fig. 16-14, which shows a 
TEM micrograph of a worn ball-bearing race surface. 
The finishing marks, seen easily in the SEM, are enlarged 
in the TEM, and, in addition, the very fine wear scratches 
have been resolved. The surface topography of wear scars, 
which appears somewhat exaggerated in the SEM, seems 
somewhat flattened by the TEM replication method. 



Stee l Copper 

(a) SEM micrograph of transfer 

(b) EDS dot pattern scan for copper 

Fig. 16-11. Energy-dispersive-spectroscopy (EDS) elemental dot pat­
tern showing location of transferred copper on steel surface: (a) SEM 
micrograph of transfer area, and (b) EDS elemental dot scan for copper. 

PREPARATION OF SPECIMENS 

Before examining a wear specimen, it is necessary to pro­
cess the surface to be examined. It is always best to look 
carefully at the wear surface prior to any surface alteration 
because there may be remnants of the failure process 
(decomposed lubricant, contaminants, etc.) that would 
be removed by any cleaning process. A photograph of 
the original as-received surface is a good record-keeping 
practice. Once the preliminary examination is completed 
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Fig. 16-12. Scanning Auger micrograph of bronze-bearing surface 
showing iron transfer; dots show iron concentration to a depth of 5 
nm. 

Fig. 16-13. Scanning Auger micrograph of hydrocarbon deposits. 

and documented, measures should be taken to remove 
any obscuring contamination from the surface. This step 
is especially important for SEM analysis because loose 
debris and nonmetallic particles will fluoresce in the elec­
tron beam and wash out adjacent features. The presence 
of surface contamination can also reduce the resolution 
or sharpness of the image in the SEM, especially when 
high-magnification examination is desired. Residual oil, 
grease, or decomposed hydrocarbons in surface crevices 
will outgas in the SEM and reduce image quality. In 
short, the same practices used in quality SEM analysis 
should be practiced in wear analysis. 

The simplest preparation method is ultrasonic cleaning 
in suitable solvents. This can be followed by ultrasonic 
cleaning in a detergent-water solution, followed by an 
alcohol rinse and drying with moving air. If it is necessary 
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Fig. 16-14. High-magnification detail of ball-bearing race obtained by 
examination of shadowed replica with the TEM. 

to preserve particles mechanically bonded or pressed into 
the surface, it must be cautioned that ultrasonic cleaning 
often removes these surface features. Those particles not 
removed by cleaning can be removed by surface replica­
tion if such is required. The easiest way to do so is to 
smear a thin layer of acetate cement over the surface, 
allow it to harden, and then remove it by pressing a piece 
of scotch tape over it and pulling the tape off with a 
smart snap. This procedure can also be used to obtain 
high-resolution surface replicas in the field. Replication 
can also be used to follow changes in surface microfeatures 
as wear progresses. 6 A Knoop hardness indentation in 
the surface can be used to measure minute amounts of 
wear. 

If the surface to be examined is corroded or rusted 
so that the original wear scar is hidden, the corrosion 
product can be removed without damaging the micro­
scopic details of the scar by an electrolytic cleaning 
method described in Practical Metallography 7 and repro­
duced in Appendix C. 

An important wear feature may sometimes be obscured 
by a smeared surface layer. An example of this problem 
occurred in an analysis of wear mechanisms in tungsten­
carbide rock drill bits. Sample tungsten-carbide inserts 
removed from a worn bit were examined with the SEM. 
Very little detail could be observed in the wear scars, 
and no evidence of the carbide grains could be seen. The 
specimen was then given a brief treatment in an acid 
etch, which removed a thin, smeared layer of cobalt from 
the surface and revealed the carbide phase and its condi­
tion after sliding contact. Although the amount of cobalt 
removal was not enough to penetrate between the carbide 

grains, the cobalt depletion between the grains was noted. 
This was confirmed in subsequent sectioning. Part of the 
wear mechanism was attributed to the extrusion of cobalt 
to the surface, causing loss of support of the surface car­
bides. 

Better resolution with the SEM can usually be attained 
by coating the wear surface with gold or carbon. Noncon­
ducting materials (minerals, polymers) must be coated 
with a conducting layer to prevent charging of the surface 
during SEM examination. The coating is put on by a 
physical vapor-deposition process and must be in electri­
cal contact with the specimen holder. Plastic replicas for 
the SEM or TEM are also coated prior to insertion. The 
same vapor-deposition equipment used in transmission 
electron microscopy is used. Gold coating provides the 
best resolution, but carbon coating is satisfactory if ele­
mental analysis using EDS is contemplated. 

Surface replication may be required to examine the 
surface microtopography of large mechanical components 
in the field. This is a nondestructive procedure for analyz­
ing a surface that cannot be physically placed within the 
microscope. Surface replication is also used in the wear 
analysis of features beyond the resolving capability of 
the SEM. The replica is taken, coated, and examined in 
the TEM. Replicas of large surface features can also be 
made with dental cement. This type of replica can be 
used for physical measurements (depths of gouges) and 
examined with light microscopes. 

Replication can also be used to remove transfer material 
from a worn surface for metallographic analysis. In one 
process, developed by Tyzh-Chiang Sun of Ohio State 
University,S the wear scar is copper-plated, and the copper 
plate is then stripped off the surface. The plate pulls off 
the transfer material with it. The interface side of the 
stripped plate is then copper-plated so that the transfer 
particle is embedded in copper. The composite is then 
mounted edge-on in epoxy and sectioned and examined 
or thinned for TEM. Individual particles can be analyzed 
using high-resolution scanning transmission electron mi­
croscopy (STEM) by electron microdiffraction. 

INTERPRETATION 

Scratches or striations usually characterize a wear scar. 
Striations are not the features of the same name seen 
on a fatigue fracture surface but are rather a series of 
parallel microgrooves caused by high points plowing a 
softer surface. Scratches (random orientation) can be visi­
ble to the naked eye or so small that they require surface 
replication and TEM to resolve. The striations are present 
both in abrasive wear and adhesive wear. Even in rolling 
contact, microscopic surface striations are produced be­
cause the geometry of contact in bearings or gears pro­
duces mixed rolling and sliding. This fact helps in the 
interpretation of performance characteristics of ball or 
roller bearings. For instance, a circumferential band of 
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Fig. 16-15. Sequence of microscopic deformation events in a wear track from in-situ SEM wear experiment (mild steel). 

fine scratches around each ball in a ball bearing indicates 
that the bearing has been operating under excessive thrust 
load. Examples of microscopic wear striations can be seen 
in Figs. 16-1 through 16-7. 

Following the wear process in the SEM reveals the 
way in which surface striation morphology changes as 
wear progresses. A sequence taken in the SEM (real-time 
wear) is shown in Fig. 16-15. 1 Note that the area location 
can be indexed by the characteristic pearlite colonies. 
Initially, the striations were very narrow and sharply 
peaked. After several passes, however, the sharpness of 
the features diminished, and the striation ridges became 
more rounded. Note that many of the striations persisted, 
but the ridge contour was modified. This occurred because 
there was a minimum of transfer and the original asperi­
ties that produced the first sharp scratches have been 
worn and rounded, causing a change in contact conditions 
and a rounding of the resulting contact topography. This 
chain of events illustrates that it is important to consider 

how long a microscopic feature in a wear scar has per­
sisted. If it represents a new condition developed in the 
last pass of the contacting surface, you are seeing only 
the final stage of the wear. This was found to be true 
for steel sliding against bronze in the in-situ SEM wear 
experiments shown in Fig. 16-15. The surface microstria­
tions completely changed in appearance with each contact 
pass. This change is related to the effect of the transfer 
of bronze to the steel surface. 

Adhesive wear usually produces striations with subtle 
differences in features that enable one to distinguish be­
tween adhesively generated scratches and abrasively pro­
duced scratches. The initiation of an adhesive wear stria­
tion is shown in Fig. 16-16. Initial contact by the asperity 
can be identified by the very short furrow before the lump 
(marked in the figure). The adhesive junction then became 
strong enough to induce plastic deformation, folding of 
surface layers, and shearing of some material. The result 
was a roughening of both surfaces in that local area and 
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Fig. 16-16. SEM micrographs showing initiation of adhesive transfer: 
(a) SEM image of transfer of copper to iron, and (b) EDS elemental 
dot pattern for copper in preceding micrograph. (Courtesy of L. H. 
Chen, Ohio State University.) 

work hardening of the roughened zone. As this area pro­
ceeded through further sliding contact, a furrow was 
plowed into the surface much like an abrasive wear 
scratch. Note, however, that downstream from the initial 
adhesion, there are transferred islands and surface tearing 
(shown by the arrows). The events shown in the photomi­
crographs occurred early in the wear process and at 
widely scattered sites. Considerable searching is necessary 
to find initiation or post-initiation features of this type 
of adhesive wear. 

Flakelike features on a worn surface can originate from 
one of several processes. It is important to recognize that 
there can be more than one method by which a flake 
can be produced by wear. One possibility is by a contact­
fatigue process-rolling contact fatigue, in fact, is the 
most commonly recognized process. Spalling from surface 
fracture, which may originate below the surface or at 
the surface and propagate under the surface, will produce 
a solid piece of the base material. Usually, this piece frag­
ments as soon as it is released from the surface, and 
evidence of its presence is seen only as dents and scratches 
around the pit or spall from which it originated. This 
process is very rare in ductile materials like bronzes, alu­
minum alloys, and tin- or lead-base bearing materials. 

Hardened steels, cemented carbides, white cast irons, and 
ceramics are more likely to produce surface-contact fa­
tigue. Fatigue failure of aluminum and lead- and tin-base 
bearing materials does occur, but this is different from 
contact fatigue and is usually related to the cyclic loading 
of bearings in internal combustion engines (combustion 
and inertial forces transmitted through the piston rods). 

Adhesive wear of ductile materials will produce flake­
like surface deposits in the wear scar. An example is 
shown in Fig. 16-17. The structure of this transfer mate­
rial often appears as particulate or as very fine grains. 
It can be composed of agglomerated fine particles or exist 
as a high-strain structure of extremely fine grains-the 
result of heavy smearing and working. A section through 
such a flake is shown in Fig. 16-18; note the particulate 
structure. Another source of flakes on the surface, espe­
cially if the flakes are very small, is extrusions from ridges 
during plowing of the surface. An extrusion is shown 
in Fig. 16-19. The above observations indicate how impor­
tant it is to analyze the microstructure as well as the 
morphology of surface flakes before stating their probable 
origin. 

Abrasive wear has been described as a scoring or ma­
chining of a surface. The micromachining marks from 
abrasion have characteristics that enable one to identify 
the type of abrasion. Three-body abrasion, or the abrasion 
by loose, hard particles trapped between two surfaces, 
produces a pattern much like that shown in Fig. 16-3. 
The scratch pattern is random, consisting of short, some­
times curved scratches and a series of dents caused by 
the particle rolling over the surface. The dents are often 
seen as a line like a line of periods ( ... .. ...... ). Cutting 
abrasion produces relatively clean, straight scratches like 
those shown in Fig. 16-2. The presence of curled micro­
chips in the debris helps to verify cutting abrasion. Goug­
ing abrasion, often found in mining machinery, has irregu­
lar scratches with variable depths and widths. The edges 
of the scratches are heavily rolled over, and considerable 
flow and deformation is evident. An example of gouging 

Fig. 16-17. Example of ftakelike adhesive transfer. 



Fig. 16-18. TEM micrograph of transfer patch removed from worn 
surface. (Courtesy. larlen Don, Ohio State University.) 

abrasion is shown in Fig. 16-5. Low-stress abrasion, as 
occurs in the ASTM rubber wheel abrasion test, shows 
the effect of rounded abrasive particles since the contact 
pressures are not high enough to fracture the abrading 
particles. An example of low-stress abrasion is shown 
in Fig. 16-4. 

Other less prevalent wear modes have characteristic 
microtopography features readily distinguished in the 
SEM and with light microscopy. Electrical discharge pit­
ting occurs in bearings and gears carrying electrical cur­
rent. The current flow may be intentional, as in some 
electrical equipment, or accidental, as in machinery that 
generates static electricity. The pitting is caused by electri­
cal discharge, and melting occurs around the edges of 
each pit. These effects can be seen in Fig. 16-20. "Frosting" 
occurs in ball bearings, cams, and gears when they slide 
or skid under heavy contact stress. The "frosted" area 
and the micros palling associated with the pitting is shown 

Fig. 16-19. SEM micrograph of microextrusion occurring dunng the 
deformation process of wear (bronze surface). 
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Fig. 16-20. Example of electrical discharge pitting: Macrograph shows 
bearing races with "fluting" marks caused by combined vibration and 
electrical discharge. 

in Fig. 16-21. These features can be seen with relatively 
low-power light microscopy. Corrosive wear produces a 
pitting type of attack accompanied by a removal of corro­
sion product and often a passivating film. The process, 
therefore, can be quite aggressive. An example of corro­
sive wear is shown in Fig. 16-22. 

METALLOGRAPHY 

Complete analysis of wear mechanisms requires detailed 
microtopography of the wear surface and also requires 
microstructural information from the near-surface regions 
under the wear scar. The kinds of information needed 
include the extent of subsurface deformation, subsurface 
cracking, internal corrosion, phase changes, oxide layers, 
microhardness, segregation, heat-induced structural 
changes, etc. Before sectioning the specimen, it is neces­
sary to analyze the placement of the cut and the orienta­
tion of the section desired. This involves looking at the 
results of the surface investigation and giving some con­
sideration to the geometry and dynamics of the wear pro­
cess. 

Sectioning parallel to the sliding direction will reveal 
microstructure alterations with directional aspects, that 
is, grain boundaries will be seen bending over and oriented 
in the direction of sliding. Measurement of the amount 
of tilt in these boundaries can be used to estimate the 
amount of strain in the near-surface region. 9 Dislocation 
cell structures, common in ductile materials subject to 
wear, will often be elongated in the direction of sliding. 
Grain-boundary bending is shown in Fig. 16-23. 
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Fig. 16-21. Micrograph showing details of "frosted" area from ball 
bearing race (6X). 

Evidence of flow around hard inclusions and the elon­
gation of soft inclusions can also be found in this way. 
Surface laps and subsurface cracks may likewise be re­
vealed as part of the wear process. An example of subsur­
face cracking in a carburized chain link is shown in Fig. 
16-24. An example of subsurface flow patterns in an un­
hardened chain link is shown in Fig. 16-25. This photomi­
crograph shows the effect of oscillating sliding motion 

Fig. 16-22. Example of corrosive wear. 

Fig. 16-23. Metallographic section through wear scar showing near­
surface deformation delineated by grain-boundary bending (section was 
cut parallel to direction of sliding contact). 

on the formation of a hardened lump in the center of 
the contact. 

Sectioning across the sliding direction will reveal the 
profile of abrasion striations and the details of the struc­
ture in the heavily deformed ridges. Hard transfer mate­
rial will often embed in the softer substrate it encounters. 
This embedded transfer can be detected in sections taken 
across the sliding direction, as shown in Fig. 16-26. Any 
lateral flow resulting from the contact process will show 
up in this type of metallographic section. 

Before sectioning, the worn part should be nickel-plated 
to preserve the surface topography. Good plating practice 
requires that surfaces be carefully cleaned before plating, 
especially of wear samples because they are often contami­
nated by oil or grease. Conventional metallographic grind­
ing and polishing techniques can destroy surface features 
essential to diagnosing wear processes.lO Preservation of 
the specimen edge containing the wear surface is impor-

Fig. 16-24. Metallographic section from carburized chain link showing 
flow and subsurface cracking. 



Fig. 16-25. Metallographic section through unhardened steel chain 
link showing subsurface flow pattern resulting from oscillatory contact 
sliding from mating link. 

tant; otherwise, in brittle materials, grinding particles will 
cause shearing or extrusion of the edges or cracking. 
Nickel plating is essential to preserve these near-surface 
features. The grinding direction should always be away 
from the edge and toward the interior of the specimen. 

A sectioned specimen should be examined in the light 
microscope prior to etching. Some delicate edge features 
in the section can be destroyed by heavy etching. Near­
surface microstructures can be so fine that it cannot be 
resolved by light microscopy. If a heavy etch is used to 
bring out the structure in high relief, the microsection 
can be examined in the SEM. This technique has been 
used in the study of near-surface microstructures pro­
duced by laser surface melting and alloying. An example 
is shown in Fig. 16-27. 

When investigating a surface exposed to erosion, it is 
helpful to make a metallographic section. If the section 

Fig. 16-26. TEM micrograph of section through wear scar showing 
embedding of hard wear debris in soft counter surface. (Courtesy, Tyzh­
Chiang Sun, Ohio State University). 
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Fig. 16-27. Micrograph of section through laser-melted tungsten car­
bide part (etched prior to examination). 

is made parallel to the direction of impingement, the ex­
tent of surface extrusion can be observed. Subsurface 
cracking from impact can also be detected. In soft metals 
like aluminum, considerable mixing of surface material 
with subsurface material can often be found. An example 
is shown in Fig. 16-28. 

Taper sectioning is often used in the study of very 
fine surface features and shallow, near-surface microstruc-
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Fig. 16-28. Metallographic section of worn aluminum alloy showing 
mixing of surface debris in highly deformed near-surface region. 
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Fig. 16-29. Taper section of plasma-sprayed steel part after wear test­
ing; surface features can be matched to subsurface structure. 

tural changes. The process is described in the Appendix. 
An example of a taper section is shown in Fig. 16-29. 

Many subsurface features can be found in ball or roller 
bearings after use, especially in heavily loaded bearings. 
Detailed metallographic descriptions of rolling contact 
fatigue has been documented. 10- 13 Among the features 
that can be observed are dark-etching zones, white-etch­
ing zones, "butterfly wings," and cracking. Most of these 
features can be observed with light microscopy using com­
mon etchants. These features vary in appearance depend­
ing on etching time and the etchant used. They are found 
below the rolling-element contact surface at the zone of 
maximum shear stress. Effective identification of the com­
position of these phase changes in thin foils has been 
done with SEM and TEM. The changes in etching charac­
teristics are related to a decay process of the martensite 
and carbides in the original heat-treated structure. The 
dark-etching area is composed of partly decayed martens­
ite and thin bands of ferrite. The white-etching area ap­
pears later in the decay process and is composed of highly 
strained ferrite with no carbides (dislocation cell struc­
ture). Carbide disks on the order of I-micrometer thick 
are part of the decay process of carbides. The white etch­
ing "wings" are found around hard, nonmetallic inclu­
sions and are composed of cell-structure ferrite decompo­
sition products from the original martensite. The hard 
oxide inclusions produce a stress concentration in the 
material surrounding them and thus localize the matrix 
decay process. White-etching areas are highly strained 

Fig. 16-30. Metallographic section of ball bearing race showing a "but­
terfly" defect associated with hard inclusion. 

zones composed of dislocation cells so small that they 
cannot be resolved by light microscopy. An example of 
a butterfly is shown in Fig. 16-30. 

White-etching zones can also be found in near-surface 
regions of cast irons and steels that have been subjected 
to high-contact-stress rubbing contact (wire rope, rails, 
drag line buckets, grinding balls, jaw crushers, brake 
disks, etc.). There is some controversy as to the composi­
tion of these surface white-etching layers. They are much 
harder than the substrate metal and may be high-strain 
cell structures or nitrided zones. They can often be seen 
with the naked eye after the surface is etched with nital 
without any other preparation. 

STEREO-PAIR ANALYSIS 

In electron microscopy, it is often very effective to use 
stereographic observations. It is useful not only for deter­
mining which topographic features are up and which 
down, the steepness of depressions, and the depth of pits 
or cracks; looking at a three-dimensional view of a com­
plex surface microtopography will also help interpret sur­
face features. Significant aspects of a surface structure 
often become obvious when viewed in three dimensions. 
Contour measurements can be made of abrasion marks­
heights of ridges, depths of valleys-using a simple paral­
lax measuring system. 14 The feature to be measured is 
first photographed in the SEM with the specimen oriented 
so that the distances to be measured are horizontal. Two 
photographs are made at two different stage tilt angles. 
It is best to make the angle between tilts relatively large. 
Ten degrees is a good angle to choose because the mea-
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Fig. 16-31. Diagram of geometric features in stereo-pair analysis. 

surement differences will be larger and easier to handle 
in the calculations. Using the sketch in Fig. 16-31, mea­
surements Y I and Y 2 are made using the two micrographs. 
The following equation is then used to calculate the 
height, h: 

h =YI sec al - Y2 sec a2 
M (tan a2 - tan al) 

(16-1) 

Where M is the magnification, al is the stage angle on 
the first micrograph, and a2 is the stage angle on the 
second micrograph. 

A more sophisticated system has been developed at 
SKF Research Labs in King of Prussia, Pa. 15 This in­
volves the control of the electron beam in the SEM and 
digitization of the images. The computer will calculate 
the profile of any feature selected. 

TRANSMISSION ELECTRON MICROSCOPY 

The use of surface replication and transmission electron 
microscopy for detailed analysis of surface features has 
been discussed. More recently, the TEM has been used 
to study the defect structure in near-surface regions and 
transfer-layer structure associated with wear of metals. 16- 19 

Foil specimens extracted from sections made at wear scars 
have revealed a dislocation cell structure similar to that 
found in highly strained regions resulting from the cold 
deformation of metals. Although the concept for produc­
ing specimens that will transmit electrons is the same 
as that used in dislocation studies, techniques for prepara­
tion of the specimens have been modified. 

The process for the preparation of a thin-section speci­
men from the extreme surface of a wear specimen is 
lengthy and tedious and, in addition, has a low probability 
of success. A number of attempts must usually be made 
before a satisfactory foil is obtained. The ideal approach 
is to make thin foils of sections taken in three orientations: 
parallel to the direction of sliding, normal to the direction 
of sliding, and parallel to the surface. Doing so provides 
a three-dimensional picture of the near-surface defect 
structure. This approach, however, can be expensive as 
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well as very lengthy, especially if the metal alloy has 
several phases, inclusions, and carbides in it. 

The easiest method involves making a thin section par­
allel to the surface and eliminates the problem of preserv­
ing the boundary between the outer surface and the sub­
strate-one of the difficult aspects of thin section 
preparation for wear analysis. The parallel section can 
be ion milled to a few micrometers thickness and then 
electrolytically or chemically treated until a region that 
will transmit electrons had been achieved. The required 
foil thickness for transmission of electrons will, of course, 
depend on the voltage of the microscope to be used and 
the atomic number of the metal specimen. With a parallel 
section specimen, the dislocation cell structure can be 
revealed. 

Sections made perpendicular to the wear surface will 
provide more information about the near-surface struc­
ture, including the structure of any transfer layers, any 
variation of dislocation cell morphology with depth, and 
the thickness of the heavily disturbed zone. The near­
surface zones found in association with wear are shown 
in Fig. 16-32. An example of cell structure and transfer 
layer structure is shown in Fig. 16-33 (see also Fig. 16-
23). These thin foil sections can be analyzed with high­
resolution STEM systems with EDS, electron microdif­
fraction, and use of Kikuchi line analysis. 

WEAR DEBRIS 

Analysis of wear debris is just as important as microanaly­
sis of wear scar surfaces and near-surface metallography. 
Both the chemical composition and morphology of wear 
debris provide important information about the wear pro­
cess. Collection of wear debris in circulating oil systems 
makes it possible to diagnose impending failure processes 
at work in engines. 20 

There are many techniques for the collection of wear 
debris. If a liquid lubricant bathes the wear zone, it will 
wash away loose wear debris and carry it to a filter where 
the debris can be extracted. Some debris tends to stick 
to the wear surface (i.e., it is mechanically bonded) and 
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Fig. 16-32. Diagram of near-surface zones of deformation associated 
with wear process; these features can be seen with careful sectioning 
and thinning of sections for TEM. 
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Fig. 16-33. TEM micrograph of thinned section through wear scar 
showing cell structure and fine structure in transfer layer. OFHC copper. 
(Courtesy, Prof. David Rigney, Ohio State University.) 

can be removed by surface replication. The debris comes 
off with the plastic replica. In dry systems, the debris 
can be brushed off the moving surface so that it falls 
into a collector. Magnetic devices can be used to collect 
ferromagnetic debris. 

If the debris is suspended in a fluid, either in the liquid 
lubricant from the system or in a solvent wash, the solid 
particles can be extracted by one of several methods. Fer­
rography does this by making the liquid flow over a glass 
plate with a magnet under it. Any particle attracted by 
the magnet will be extracted from the liquid. The particles 
deposited on the plate in this way are fixed to the plate 
and observed by microscopy. This method separates the 
particles by size. A number of techniques have been devel­
oped for use with this system of debris analysis.20 

Another method involves centrifuging the suspension, 
removing the concentrated debris, suspending it in a sol­
vent, and washing it over a fine filter with a flat, smooth 
surface. A nuclear pore filter works very well for this 
purpose since the debris is not incorporated in a tangle 
of fibers. The filter is dried and then carbon coated. The 
composite is cut into wafers the size of the grids used 
in electron microscopes. Removal of the filter material 
from the wafers by dissolution in ether results in a carbon­
debris composite that can be observed in transmission 
in a TEM or STEM. Examples of debris microscopy are 
shown in Fig. 16-34 and Fig. 16-35. 

Wear debris size and morphology can be used to deter­
mine the process of removal or the wear process. For 
instance, cutting abrasion produces curled chips like mi­
croscopic versions of machining chips. Flakes are associ-

Fig. 16-34. Wear debris as observed in scanning transmission electron 
microscope (STEM); debris was collected from lubricated bronze sam­
ple. 

ated with adhesive wear or near-surface fracture. Some 
wear flakes will contain imprints of the surface they have 
been pressed against during a transfer process. Very small 
rounded particles (sub micrometer size) are often the result 
of chemical action-oxidation or corrosion. Perfectly 
spherical particles have often been reported. There has 
been some attempt to associate them with rolling contact 
conditions. 21 Careful examination of these perfect spheres, 
however, usually shows that they have solidified from a 
molten state. The dendritic structure shown in Fig. 16-
35 is a clue. This type of particle is ubiquitous and has 
several origins. A few examples of possible sources for 
spherical particles includes grinding, welding, casting, and 
the burn-up of meteorites as they enter the atmosphere. 
There are some less than perfect spheres that have been 
found to develop from being rolled between two surfaces; 
these particles are usually more cigar-shaped or oblate. 

Fig. 16-35. SEM micrograph of spherical particle found in wear debris 
sample. 



SUMMARY 

The microscopic features resulting from surface contact 
(sliding, rolling, impact) are useful for diagnosing wear 
modes and for the study of basic mechanisms of wear. 
The photomicrographs reproduced in this chapter do not 
include all possible wear morphologies. For further study, 
it is recommended that the journal, Wear, and the pro­
ceedings of the International Conferences on the Wear 
of Materials (ASME) be consulted; their pages contain 
a wealth of examples of wear microscopy. 

As pointed out in this chapter, subsurface modification 
to existing microstructures is just as important as surface 
topographical features in defining wear processes. Equally 
important is the morphology of the debris produced by 
the wear. 

Experience is by far the most effective component in 
the interpretation of wear microfeatures. Understanding 
and translation of complex scratch patterns are achieved 
by a process of learning (pattern recognition). It is thus 
important to spend whatever time is required to examine 
in detail many examples of wear microstructure, espe­
cially examples of well-documented diagnosed wear 
modes. This experience should be supplemented with tri­
bology theory and principles, rudimentary understanding 
of machine dynamics, and surface chemistry. 

In the future, a steady increase in the use of surface­
science techniques-such as scanning Auger, secondary 
ion mass spectrometry (SIMS), photoelectron spectros­
copy or electron spectroscopy for chemical analysis 
(ESCA), Raman spectroscopy, and ellipsometry-will 
supplement wear microscopy. These powerful techniques 
are moving from pure research areas to the solution of 
practical problems. They promise to answer many ques­
tions concerning the mechanisms of wear that have to 
date proved extremely refractory. Publication of this sort 
of multidisciplinary investigation can be expected to in­
crease. 
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APPENDIX 
Special Techniques Used in Wear Microscopy 

ELECTROCHEMICAL REMOVAL OF RUST7 

Surfaces encrusted with rust can be cleaned sufficiently 
to reveal microscopic detail of wear scars hidden under 
the oxide layer. The removal process should not damage 
or alter these features and involves an electrochemical 
system that immerses the specimen in an electrolyte. The 
electrolyte is composed of a solution of Endox 214 (En­
thone, Inc.) in cold water (8-oz Endox in lOOO-ml water). 
A small amount of photoflo is added to the solution (the 
solution contains sodium cyanide and should therefore 
be used with caution under a hood). The specimen is 
made the cathode in an electrolytic cell and preferably 
should be set up to rotate. The anode consists of carbon 
or platinum. An electric potential is applied and adjusted 
to obtain a current density of 250 mA/cm2• The current 
is allowed to flow for about 1 minute while the specimen 
is rotated. After this first minute, the specimen surface 
is inspected. If not sufficiently cleaned, it should be given 
another minute of treatment. Complete removal of the 
rust may take several I-minute cycles. Final cleaning 
should be done by ultrasonic cleaning in A1conox, fol­
lowed by a rinse in methanol. 

TAPER SECTIONING 

Taper sectioning is used to magnify and reveal near-sur­
face details of wear scars. This method allows study of 
fine surface details by light microscopy that would be 
missed or unresolvable in normal sections. Taper section­
ing preserves much of the near-surface material that 
would be removed in normal sectioning during the grind­
ing and polishing (rounding of the edges). Before taper 
sectioning, the wear surface should be cleaned and nickel­
plated. A normal section should be made first so that 
certain features that might be distorted by the taper sec­
tion can be identified and understood. 

Two approaches to the taper-sectioning process are 
shown in Figs. C-l and C-2. Figure C-l shows the result 
of mounting the sample so that it can be ground at an 
angle of 5 degrees. The grinding direction should be away 
from the wear surface and toward the interior. Figure 
C-2 shows a method for producing a taper section in a 
cylindrial specimen (e.g., a bearing shaft). 
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The taper section can be used for measuring near-sur­
face microhardness, elemental composition, and depths 
or heights of surface microfeatures in profile. Direct mea­
surements from the taper section can be converted to 
actual dimensions by using the following equation (see 
Figs. C-l and C-2): 

h = I sin () 

where: 

h = vertical thickness 
I = measured thickness on photograph 
() = taper angle 

A taper section can be used to determine the effect of 
surface disturbances on local subsurface structure. If a 
taper section is made without plating the wear surface 
and the ground and polished surface is etched, the speci­
men can be broken out of the mount and set up in the 
SEM so that it can be viewed edge-on, with both the 
wear surface and the near-surface section observable sim­
ultaneously. An example of surface-subsurface viewing 
is shown in Chap. 16 in Fig. 16-29. 

SURFACE SPOT TESTS22 

Metal particles are often found embedded in wear scars. 
Determination of the chemical content of these particles 
is often helpful in diagnosing their origin. Spot chemical 
tests can be used to identify iron, manganese sulfide, and 
aluminum quickly. 

Iron Test 

Placing a drop of a saturated solution of copper sulfate 
slightly acidified with sulfuric acid on a surface will turn 

TAPER FACE TO BE VIEWED 

h = r sin 0 

Fig. C-l. Diagram of taper section of rectangular specimen. 



VIEWING FACE 

h 

h = £ cos tan -1 R 1 
C 

Fig. C-2. Diagram of method for obtaining taper section of cylindrical 
specimen. 

the drop pink in color if iron is present. A filter paper 
can be soaked in the solution and pressed against the 
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metal surface in question (e.g., a babbitt bearing). Spots 
on the paper will show the distribution of iron particles. 

Sulfide Test 

Photographic paper soaked with 2-percent sulfuric acid 
and pressed against a metal surface will show the location 
of iron or manganese sulfide inclusions. Two minutes of 
contact will reveal the sulfides by the appearance of black 
spots. Excessive amounts of iron sulfide indicates possible 
corrosive wear. 

Aluminum Test 

Concentrated sodium hydroxide placed on the metal par­
ticle on a steel surface will react with any aluminum 
present to produce a black spot. Appearance of hydrogen 
bubbles will locate the source of the aluminum. 
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MICROSCOPY AND THE STUDY OF CORROSION 
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The study of corrosion, whether in research or in the 
analyses of corrosion-related engineering problems, is al­
ways challenging and often difficult. Frequently, it only 
takes small environmental changes to precipitate cata­
strophic electrochemical or oxidation reactions leading 
to early systems or component failures. 

Corrosion may be defined generally as the degradation 
of metals and alloys from interaction with their 
environments.1-3 This broad definition encompasses clas­
sical electrochemical (or aqueous) corrosion and environ­
mentally assisted fracture as well as material degradation 
from high-temperature oxidation. Corrosion is thermody­
namically predictable,4-6 but the courses (or paths) of 
corrosion may be as varied as the microstructures of the 
metals supporting the interfacial electrodic reactions and 
the environments interacting with them.4-7 Often, seem­
ingly minor microstructural or environmental variations 
can dramatically alter rates (kinetics) and forms of corro­
sive attack adversely. Consequently, microstructural, 
fractographic, chemical, X-ray diffraction, or, more gen­
erally, metallographic tools and techniques of any kind 
can be usefully applied to gain a better understanding 
of corrosion and corrosion control.8-30 

The application of metallography to the study of corro­
sion forms a part of the subject matter of this chapter. 
The illustrations used to demonstrate the importance of 
microstructural studies in corrosion science and engineer­
ing practice are primarily based on the author's experi­
ences. The techniques described and applications of them 
are by no means exhaustive. More comprehensive cover­
age of much of the material presented in this text may 
be found in the literature,9-37 and the reader is encouraged 
to make use of this extensive resource. 

FORMS AND MECHANISMS OF CORROSION 

There are four basic elements required in an electrochemi­
cal cell: a conducting metal (electron conductor), a con­
ducting electrolyte (ion conductor), anodes, and cathodes. 
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Remove anyone of them and electrochemical (aqueous) 
corrosion will cease. 2- 4 

Corrosion, localized or otherwise, is often a conse­
quence of dissimilar conditions either within the environ­
ment or within the metal itself. Differential corrosion cells 
may have their origins in localized differences in tempera­
ture (differential temperatures cells), differences in oxygen 
concentration (differential aeration cells), differences in 
hydrogen ion activity (differential pH cells), differences 
in flow of fluids (differential velocity cells), differences 
in materials in contact (galvanic or bi-metallic corrosion 
cells), stress gradients (differential stress cells), or from 
microstructural dissimilarities even within particular 
types of metals or alloys. In fact, residual stresses within 
materials as a result of thermo-mechanical processing are 
often sufficient to initiate corrosion-related failures; also, 
weld-decay or intergranular corrosion may sometimes be 
a unique form of galvanic or bi-metal corrosion. More­
over, specific, dissimilar conditions may act singly or con­
jointly to promote particular forms of corrosion. 

Fontana and Greene31 classified corrosion on the basis 
of the forms in which it manifests itself and defined and 
described eight of these. Recognition of the different forms 
of corrosion is not always sufficient, however, to make 
it possible to state the root cause(s) for the occurence 
of a particular form. 

The forms listed by Fontana and Greene are as follows: 
(1) uniform or general corrosion (see, for example, Fig. 
17-1), (2) galvanic or bi-metallic corrosion (Fig. 17-2), 
(3) crevice corrosion (Fig. 17-3), (4) pitting corrosion (Fig. 
17-4), (5) intergranular corrosion, (6) selective leaching 
(e.g., dezincification of brass), (7) erosion-corrosion (Fig. 
17-5), and (8) stress-corrosion (Fig. 17-6). Each of these 
may have had its origins in a variety of sources, including, 
as will be shown subsequently, microstructural variables. 
The use of microscopy is often paramount in determining 
the many factors contributory to corrosion. The following 
section will discuss its role by using specific practical 
examples taken from laboratory and field studies. 
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s 

Fig. 17-1. General corrosion of a car­
bon-steel "Quench string" taken from 
a heavy oil production well: Corrosion 
from reservoir fluids in the well bore 
caused perforation of the steel tubing 
in several areas. 

Fig. 17-2. Galvanic or bi-metallic cor­
rosion between the stainless-steel capil­
lary tubing (S) and the carbon-steel pipe 
(P) caused the formation of the spiral 
groove (G) and, ultimately perforation 
(arrows) and loss of pressure. 

Fig. 17-3. Crevice corrosion on the head 
of a surgical stainless-steel screw used to 
fixate a bone plate to the femur to facilitate 
bone union. 
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Fig. 17-4. Pitting corrosion on carbon-steel tubing used in oil production. 

Fig. 17-5. Corrosion erosion of carbon steel tubing used in oil production: 
The flow of well fluids caused extensive wall thining leading to longitudinal splitting, as shown. 

\ 

Fig. 17-6. Stress-corrosion cracking of stainless-steel, high-pressure tUbing. 
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INVESTIGATIVE METHODS IN CORROSION 
SCIENCE AND ENGINEERING PRACTICE 

Before presenting practical examples of applied micros­
copy in corrosion studies, it may be useful to list specific 
techniques that, individually or collectively, yield infor­
mation diagnostic of factors contributing to corrosion. 
Visual inspection, low-power optical stereo microscopy, 
metrology, chemical spot testing, X-ray diffraction analy­
sis (XRD), chemical analysis, mechanical and physical 
testing, potentiostaticlkinetic testing, optical microscopy, 
electron microscopy (including SEM, TEM, and STEM) 
and Auger scanning microscopy are the tools and tech­
niques, among others, that may be usefully applied in 
corrosion research, engineering practice, and failure anal­
ysis. The science and theory on which these methods of 
analyses are based are well-covered in the open litera­
ture,14-16.32-44 and much of this subject has also been de­
scribed elsewhere in this book. Proper preparation and 
preservation of corrosion samples for microscopy is ex­
tremely important, and specialized techniques may often 
be required, as has been amply demonstrated elsewhere 
in this book and in the open literature.33-35.38-41 

Because the emphasis in this chapter is on applications 
of microscopy, a brief listing of important information 
obtainable from applying the methods previously men­
tioned will be given before presenting specific examples. 

Visual examination and low-power microscopy enables 
one to make general characterization of damage from 
corrosion (whether on laboratory or field samples) by 
observing the morphology, color, texture, and so forth 
of the corrosion products; some examples have been 
shown in Figs. 17-1 to 17-6, inclusive. 

Metrology is concerned with physical measurements 
(dimensions) of component sizes (pipe diameters and wall 
thicknesses, for example), weight losses (from corrosion 
coupons and laboratory test samples), corrosion pit 
depths, crack lengths, the degree of wear (erosion), and 
measurements of other features relevant to the particular 
corrosion problems at hand. Microscopy is of fundamen­
tal importance in grain size measurements, inclusion 
counts, quantitative measurements in fractography, pit 
depth measurements (whether directly by use of a measur­
ing microscope or from pit profiles on metallographic 
samples), and other measurements of a microscopic na­
ture that are usually classified under metrology. 

Chemical spot tests, X-ray diffraction analysis, energy­
dispersive X-ray analysis (EDXA), Auger microscopy, 
and other allied techniques facilitate qualitative or quanti­
tative determination of the types of corrosion products 
and other deposits. 

Mechanical tests (hardness, tension, fatigue, impact, 
fracture toughness) and chemical analyses of test materi­
als will yield data that can be used to check materials 
and components conformance (or otherwise) to relevant 
component standards and materials specifications. 

Optical and electron microscopy is used, not only to 
characterize microstructures generally, but also to exam­
ine any corrosion or corrosion-related damage in terms 
of the supporting microstructures. Also, the specific mor­
phologies of corrosion products imaged through the use 
of microscopy may be partially diagnostic of their types 
and origins.22.23.30 

The potentiostat has gained general acceptance in re­
cent years as a useful tool for corrosion monitoring and 
testing. Automation and computer control of potentio­
static instrumentation have greatly facilitated the efficient 
collection of corrosion data over extremely short periods 
of time in very complex systems. The development of 
this technology has fostered a variety of accelerated elec­
trochemical test methods that provide information on 
general corrosion rates, pitting and crevice corrosion 
rates, active-passive material tendencies, pitting suscepti­
bilities, and pitting potentials. In general, they will permit 
corrosion behavior to be characterized over the full practi­
cal redox potential range. The use of the potentiostat 
for the development of etchants is described elsewhere 
in this book. Although it is beyond the scope of this 
chapter to describe these and allied test methods (i.e., 
galvanostatic, a-c impedance, slow-strain-rate see tests, 
among others) in detail, a brief introduction to the poten­
tiostat and its application to anodic, cathodic, and cyclic 
polarization testing will be given.6.32.42-44 

A schematic diagram of the basic components of the 
potentiostat and polarization cell is shown in Fig. 17-
7,6 and the system may be seen to contain a three-electrode 
configuration in the test cell. In potentiostatic (or kinetic) 
testing, the electrical potential of the test specimen or 
working electrode (WE) is measured against a reference 
electrode (RE), and the response to controlled changes 
in this potential by the potentiostatic circuitry is measured 
and recorded as a flow of current between the specimen 
and an auxiliary or counterelectrode (AE), the latter usu­
ally being made from a cathode-efficient material (carbon 

Amplifier 

controller 

+ 

A.E I 
~ __________________ P~t CELL 

Fig. 17-7. Basic circuit for a potentiostat and electrochemical ce1l6 
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or platinum, for example). One of many ways in which 
to present the data obtained is shown in Figs. 17-8 and 
17-9. 

Figure 17-8 displays the results from a cathodic and 
anodic forward and reverse polarization scan, on which 
are defined several significant potentials, corrosion rates, 
and regions of fundamental importance to corrosion stud­
ies. The data given in this figure were obtained from tests 
on CSA Z245-category I grade of line pipe steel that 
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was exposed to a simulated sour gas condensate, the par­
tially passivating sulfide films being removed easily at 
higher anodic overpotentials (i.e., > Eb). 

An anodic cyclic polarization graph obtained from tests 
on a surgical grade of stainless steel (AISI 316L) that 
was exposed to Hank's physiological solution appears in 
Fig. 17-9 and shows the breakdown potentials, pitting 
potentials, and pitting susceptibility ranges for this steel 
as influenced by variations in chloride ion concentrations. 

The data illustrated in Figs. 17-8 and 17-9 were ob­
tained from laboratory research, much of which has been 
reported in the literature. 45-48 These results will be used 
in the discussions that follow; more comprehensive cover­
age of the theory of these techniques is available 
elsewhere. 49•5o 

APPLIED MICROSCOPY-CASE STUDIES 

Microscopy is more than just a tool to characterize the 
microstructure of materials, whether one suffering from 
field failure or a laboratory sample, although such charac­
terization is extremely important. In fact, laboratory cor­
rosion studies reported in the literature for specific types 
of materials often ignore the metallurgical state of these 
materials altogether. Adequate documentation of what­
ever metallurgy may be involved should always be of 
great importance in laboratory corrosion research, espe­
cially for those heat-treatable alloys that vary widely in 
microstructure. Nevertheless, microscopy in corrosion 
studies has much broader implications than the mere 
characterization of microstructures. 

PITTING CORROSION-LABORATORY STUDIES 

A typical set of polarization curves for weld metal and 
parent metal obtained from research to investigate the 
susceptibility of spiral-welded pipe to corrosion in ice 
or permafrost in the Canadian arctic are shown in Fig. 
17 -10. 45,51 

Test samples from the weld zone [which included weld 
metal, heat-affected-zone (HAZ) metal, and parent metal] 
were polished, lightly etched, and then placed in the polar­
ization test cell and anodically polarized to a potential 
a few millivolts more noble than the corrosion potential, 
E corr. Samples were removed after exposures of 5, 10, 
20, and 60 minutes and examined using optical and scan­
ning electron microscopy (SEM). It was observed that 
initial corrosion was in the form of pitting attack along 
the interfaces between nonmetallic inclusions and the 
steel's matrices as well as along coarse-grained ferrite 
grain boundaries in the overheated zone of the HAZ.51 
The morphologies and progression of pitting corrosion 
were followed with microscopy. 

The micrographs shown in Figs. 17-11 through 17-13 
inclusive illustrate the pearlite, ferrite, and inclusion mor­
phologies of parent and HAZ metal prior to testing. The 
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Fig. 17-10. Experimental polarization curves for a carbon-steel spiral 
welded pipe exposed to simulated waters at the temperatures indicated 
characteristic of soil-water chemistries in the Canadian arctic. 

(a) 

(b) 

Fig. 17-11. Optical (a) and SEM (b) micrographs of parent metal 
showing fine-grained ferrite and pearlite (2-percent nital etch). 

(a) 

(b) 

Fig. 17-12. Optical (a) and SEM (b) micrographs showing coarse­
grained microstructure in heat-affected zone (2-percent nital etch). 

parent metal contained normal, fine-grained ferrite and 
pearlite, whereas the HAZ had a coarse microstructure 
with some degenerated pearlite. The inclusions were of 
mixed, multiphase character. Energy-dispersive X-ray 
analysis (ED AX) was used to assess the character of the 
multi-phase inclusions qualitatively [see Fig. 17-13(b)]. 

The progression of pitting corrosion after exposures 
of 5 minutes and 20 minutes is illustrated in Figs. 17-
14 and 17-15, respectively. The interfacial corrosive attack 
in the early stages of pitting is clearly shown, and progres­
sion of the pitting was observed to be primarily a conse­
quence of matrix dissolution. 



(a) 

(b) 

Fig. 17-13. SEM micrograph (a) showing multi-phase inclusions in 
line pipe steel and the corresponding energy-dispersive X-ray analysis 
(b) of the inclusion (M). 

Fig. 17-14. SEM micrograph showing pitting corrosion initiating at 
inclusion/matrix interface after 5 minutes of exposure. 
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Fig. 17-15. SEM micrograph showing more extensive dissolution of 
metal at inclusion/matrix interface after 20 minutes of exposure. Note 
also some corrosion-product formation on matrix. 

PITTING CORROSION-FIELD STUDIES 

Corrosion monitoring of an injection well in a fireflood, 
enhanced-oil-recovery (EOR) pilot plant involved the use 
of corrosion coupons positioned on mandrels at various 
depths in the injection tubing. Microscopic examination 
of the corrosion coupons after exposure to the injection 
fluids revealed that the morphologies (and rates) of pitting 
were influenced considerably by the anisotropy of the 
microstructures of the coupons. 

The "banded" nature of the ferrite and pearlite is re­
vealed clearly in the micrographs of Fig. 17-16. Subse­
quently, optical and SEM images of the corrosion-pit pro­
files (shown in Figs. 17-17 and 17-18) showed that pits 
transverse to the "fiber" of the microstructure were shal­
low and broad-based, whereas those pits that developed 
along the fiber of the microstructure were deeply penetrat­
ing. The SEM was also useful for pit-depth measurements 
and to examine the morphology and density of the ob­
served pitting attack (Fig. 17-19). EDXA was used to 
detect the presence of chlorides and sulfides at the base 
of the exposed pits, which, in conjunction with data ob­
tained from other tests, was used as partial explanation 
of the origin of pitting corrosion. 

A final example to illustrate the application of micros­
copy to pitting-corrosion studies involved examination 
of an AISI type 316 stainless-steel, Sperry-Sun tubing 
used for "downhole" pressure measurements in an obser­
vation well. The good depth-of-field and resolution of 
the SEM to record the morphology of pitting attack and 
the use ofEDXA to detect chlorides, among other constit­
uents, at the base of the corrosion pits are clearly illus­
trated in Fig. 17-20. The "faceted" texture of the corro­
sion pits was indicative of active acid corrosion of the 
stainless steel as the pits developed. 
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(a) 

(b) 

Fig. 17-16. Optical (a) and SEM (b) micrographs illustrating a 
"banded" microstructure of ferrite and pearlite (2-percent nital etch). 

Fig. 17-17. SEM micrograph of corrosion pit in "profile" illustrating 
shallow, broad-based pitting transverse to "Banding." 

(a) 

(b) 

Fig. 17-18. Optical (a) and SEM (b) micrographs illustrating the deep­
penetrating nature of corrosion pits growing parallel to the "banded" 
microstructure. 

Fig. 17-19. SEM image of densely packed corrosion pits on a CI018 
carbon-steel corrosion coupon. 
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Fig. \7·20. (a) Pitting corrosion of AISI type 316 capillary tube used 
for "downhole" pressure measurements in oil production, and (b) 
ED AX analysis in pitted region showing presence of chlorides (en. 

KB-2 
Fig. 17·21. Tubing sample of Fig. 17·5 viewed "end·on" and showing 
extensive wall· thickness reductions from erosion·corrosion. 
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CORROSION-EROSION 

Microscopy was usefully employed to study the corro­
sion-erosion damage of the tubing sample in Fig. 17-5. 
Extensive wall thinning from fluid flow through the tubing 
was observed to be nonuniform (see Fig. 17-21). It was 
also observed that considerable variation in grain size, 
not only in the weld zone of the seam weld, but generally 
throughout the tubing, contributed significantly to the 
nonuniform reductions in wall thicknesses (see Fig. 17-
22). Coarse-grained, predominantly ferrite regions of clas­
sical "Widmanstiitten" morphology were generally coin­
cident with the thinnest sections of the tubing walls. 

The SEM was used to study flow damage in greater 
depth. The flow lines were observed to be alternately com­
posed of etched regions, essentially free of corrosion prod­
ucts, and lines of corrosion-product "build-up" (see Fig. 
17-23). The texture and character of corrosion products 
as revealed by electron microscopy are often partially 
diagnostic of their type (i.e., oxides, carbonates, sulfides, 
and so forth).22,23.30 

STRESS-CORROSION, EMBRITTLEMENT, AND 
FRACTURE 

Microscopy is an invaluable aid in the study of environ­
mentally assisted fracture of metallic components, in 
which the conjoint action of corrosive environments and 
residual or externally applied loads (stresses) promote 
failure in a shorter time than do isolated and separate 
effects of either the environment or the imposed stresses. 
The literature contains numerous examples of microscopy 
applied to laboratory research on stress corrosion8,10,27 
and in failure analysis. 12.20.21.27 This section will not neces­
sarily distinguish between the often subtle differences be-

Fig. 17·22. Optical micrograph of "thinned" region in "profile" show­
ing that areas of greatest wall thickness reductions were coincident 
with coarse-grained microstructures (2-percent nital etch). 
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(a) 

(c) 

(b) 

tween stress-corrosion cracking, sulfide-stress cracking, 
chloride-stress cracking, hydrogen-assisted cracking, and 
so forth. Rather, it will discuss and illustrate the use of 
microscopy to detect features diagnostic of particular 
modes of stress-corrosion failures. 

During the course ofresearch and failure analyses con­
cerned with corrosion and fracture of metallic orthopedic 
implants,47.4B.52.53 microscopy was extensively used to as­
sess the damage. In some of these studies, once the polar­
ization data were obtained (as shown in Fig. 17-9), speci­
mens of the stainless steels (both stressed and unstressed) 
were polarized into the pitting corrosion susceptibility 
range, and the damage was assessed using microscopy. 
Microscopy was also used extensively in implant failure 
analyses. 52.53 

It has often been observed that anodic stress-corrosion 
cracks are initiated from corrosion pits that develop from 
passivation-break-down of stainless steel in the presence 
of Cl- and that crack propagation is assisted by active 
metal dissolution at the crack tips, as may be seen from 
the optical micrographs in Fig. 17-24. Note the corrosion 

Fig. 17-23. SEM examination of corrosion-erosion showing (a) longi­
tudinallines of corrosion products alternating with corrosion-product­
free regions. The micrograph in (b) illustrates the "etched" texture of 
the corrosion-product-free regions, and the micrograph in (c) shows 
the texture of the corrosion products more clearly. 



(a) 

(b) 

Fig. 17-24. Optical micrographs illustrating anodic stress-corrosion 
cracking in a stainless-steel fixation plate (a) and at the roots of threads 
in a bone-plate screw (b). 

pits at the surface and the blunted crack tips from metal 
dissolution. The character of these cracks is significantly 
different from that which develops by a cathodic stress­
corrosion cracking mechanism, the latter often being in 
tergranular, with sharp, penetrating crack tipS.8.12.18 

Anodic stress-corrosion crack propagation is often as­
sisted by hydrogen cracking. Although the crack-tip re­
gions are anodic and actively corrode, microcathodes are 
formed in the regions of the crack tips to support reduc­
tion reactions. Monatomic hydrogen, being produced 
from hydrogen-ion reduction, will ingress into the metal 
lattice or penetrate grain boundaries, and secondary inter­
granular cracks or hydrogen fissures will develop. Evi­
dence for these various phenomena associated with stress­
corrosion failures can be found by means of scanning 
electron microfractography or transmission electron mi­
crofractography. 

The TEM fractographs shown in Fig. 17-25, which 
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(a) 

(b) 

Fig. 17-25. TEM microfractographs showing in (a) striations associ­
ated with transgranular anodic stress-corrosion cracking cycles (C) and 
intergranular hydrogen-assisted cracking (G). The micrograph in (b) 
shows hydrogen fissures (F). 

were obtained from replicas of fracture surfaces, illustrate 
anodic stress-corrosion crack striations produced as a re­
sult of the dissolution/no-dissolution cycles of crack 
propagation. The intergranular facet torn from the metal 
as shown in Fig. 17-25(a) was a consequence of secondary 
hydrogen intergranular cracking. Hydrogen fissures may 
be seen running parallel to the crack propagation direction 
in Fig. 17-25(b). 

The SEM fractograph of Fig. 17-26 illustrates crack 
arrest lines often observed on stress-corrosion fractures, 
these being analogous to beach lines in fatigue. 

The fracture of an orthopedic fixation screw is illus­
trated in Fig. 17-27, and the utility in applying electron 
microscopy to the analyses of such fractures is demon­
strated. It is clearly shown that crack initiation was envi­
ronmentally assisted, whereas fast fracture was simply 
a consequence of overload ductile crack growth. 
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(a) 

(c) 

Fig. 17-26. SEM microfractograph at low magnification showing crack 
"arrest" lines often typical of see in metallic orthopedic implant fail­
ures. The crack propagation direction is shown by the arrow. 

(b) 

Fig. 17-27. SEM microfractographs of a metallic orthopedic fixation 
screw (a) showing that crack initiation (R) was induced by stress-corro­
sion, as illustrated in (b), and that fast fracture (F) was induced by 
dutile overload crack growth mechanisms, as shown by the characteristic 
dimple topography in (c). 
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(a) (b) 

Fig. 17-28. Optical (a) and SEM (b) fractographs showing brittle fracture of a threaded connection and confirming that the cracks originated at 
corrosion pits. 

Fig. 17-29. SEM microfractograph showing secondary cracking associ­
ated with hydrogen-assisted crack growth and embrittlement. 

The fracture shown in Fig. 17 -28(a) developed from 
the failure of a drilling tool at a threaded connection, 
the tool being made from AISI Type 4340 steel that had 
been quenched and tempered to = HRC 40 hardness. 
The optical fractographic features (radial lines emanating 
from the crack origins) are typical of brittle overload 
failure. Several crack initiation points were observed, and 
scanning electron microscopy revealed, as shown in Fig. 
17 -28(b), that corrosion pits were associated with each 
of them. The secondary cracks shown in the SEM fracto­
graph of Fig. 17-29 were partially diagnostic of hydrogen 
embrittlement, the material having been embrittled from 
pickling and coating the threads during manufacture. Im­
pact tests done on material remote from the threaded 
ends and on specimens machined from the threaded ends 
confirmed the brittle nature of the threaded connections. 
Fractographic examination revealed classic ductile dimple 
topography in the former case and quasi-cleavage fracture 
in the latter, as may be seen in Fig. 17-30. 

As a final, rather simple example of the importance 
of microscopy in corrosion-related investigations, the 
stress-corrosion cracking seen in the stainless-steel, high­
pressure tubing shown in Fig. 17-6 was observed to be 
associated with a longitudinal seam weld. Fracture oc­
curred along the fusion line, as may be seen in the optical 
micrographs in Fig. 17-31. As a closing comment, specifi­
cations required that the tubing be seamless! 



294 APPLIED METALLOGRAPHY 

(a) (b) 

Fig. 17-30. SEM fractographs illustrating (a) dimple-fracture topography characteristic of ductile crack growth, and (b) quasi-cleavage in tempered 
martensite characteristic of brittle fracture. 

(a) (b) 

Fig. 17-31. Optical micrographs using differential interference contrast (DIC) to reveal stress-corrosion cracking along the fusion line of welded 
stainless-steel pressure tubing. (a) transverse view, and (b) longitudinal view (diluted aqua-regia etch). 



SUMMARY 

Microscopy, in part, encompasses the processes and tech­
niques of using microscopes as investigative tools in sci­
ence and engineering practice. Through the use of practi­
cal, illustrative examples, the importance, power, and 
utility of microscopy as an aide to the study of corrosion 
has been demonstrated. The material presented, however, 
is far from exhaustive, and more comprehensive coverage 
is available in the literature cited. The serious student 
and researcher is encouraged to make ample use of this 
vast resource. 
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Abrasive wear, 262-264 
Adhesive wear, 261-262 
Additives, 211-212, 214--224 
Alpha-beta titanium alloys, 243-245 
Alpha titanium alloys, 241-243 
Aluminum bronze, 2-3 
Aluminum-coated sheet steel, 42-43 
Area point count, 90-92, 98 
Artifacts, 75-76, 238-239 
Atomic number contrast, 140-146 

Backscattered electrons, 140-147, 153-162, 178,213, 215, 225 
Beach marks, 253 
Beam diffraction, convergent, 181-186, 191 
Beta titanium alloys, 245-247 
Bismuth-treated steel, 214--215 
Boron-treated steels, 212, 223-224 
Brass (alpha-beta), 6, 8 
Bright-field imaging, 176--178 
Brittle fracture, 251-253 

Calcium-treated steels, 222-224 
Carbides: 

optical characteristics, 48-50 
sintered; see Sintered carbides 
tint etching, 11-12 

Carbon tool steel, etching, 11-12 
Channeling contrast, 146 
Chemical etch compositions, 4--7, 78, 163-165 
Chemical polishing, of stainless steels, 76--77 
Chemical spot tests, 279-280 
Cleaning specimens, 268, 279 
Cleavage, 252 
Cliff-Lorimer factor, 187, 189 
Contrast, image: 

light microscopy, 139 
scanning electron microscopy, 139-170 
visual, 140 

Convergent beam diffraction, 181-186, 191 
Corrosion failure analysis, 281-296 

analysis methods, 284--285 
crevice corrosion, 281-282 
corrosion-erosion, 289-290 
corrosion fatigue, 255 
forms and mechanisms, 281-283 
galvanic corrosion, 281-282 
general corrosion, 281-282 
hydrogen-assisted cracking, 258 
hydrogen embrittlement, 258, 293-294 
pitting corrosion, 285-289 
potentiostatic methods, 284--286 
stress-corrosion cracking, 80, 82-85, 254--255, 289-294 

Corrosion mechanisms, 281-283 
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Cracking, stress-corrosion, 80, 82-85, 254--255, 289-294 
Creep failures, 255-257 
Crevice corrosion, 281-282 
Crystallographic contrast, 146--147 
Cutting tools, 232 

Dark-field imaging, 178 
Deep etching, 104--105, 163-165 
Delta ferrite, 5, 15, 30, 32, 55-58, 60, 86 
Depth of focus, 151 
Differentiation ratio, 27, 31 
Diffraction, beam; see Beam diffraction 
Domains, magnetic, 55-56 
Ductile fracture, 251 

Edge preservation, 272-273 
Electrical discharge pitting, 271 
Electrolytic etching, 14--16, 79-80 
Electrolytic inclusion extraction, 224--228 
Electrolytic polishing: 

stainless steel, 75-76, 78-79 
titanium, 238 

Electrons, backscattered; see Backscattered electrons 
Electron backscatter coefficient, 141 
Electron channeling contrast, 146 
Electron energy loss, 179-181, 189, 192-194 
Embrittlement, hydrogen, 258, 293-294 
Energy-dispersive spectroscopy: 

corrosion studies, 286--287, 289 
wear studies, 265-266 

Environmentally assisted fracture, 80, 82-85, 254--255, 258, 293-294 
Erosion, 264--266 
Etchants: 

composition of, 4--6, 34--35, 78-79 
deep etching, 163-165 
selective, 4--6 
for stainless steels, 78-79 
tint; see Tint etchants 

Etching: 
chemical, 6--7, 76--79, 163-165 
deep, 160-165 
electrolytic, 14--16, 79-80 
magnetic; see Magnetic etching 
potentiostatic; see Potentiostatic etching 
selective, 3-18 
tint, 7-14 

Extraction of inclusions, 224--228 

Failure analysis, 251-259 
corrosion, 281-296 
failure mechanisms; see Failure mechanisms 
methodology, 259 
wear, 261-280 
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Failure mechanisms: 
abrasive wear, 262-264 
adhesive wear, 261-262 
brittle fracture, 251-253 
corrosion-erosion, 289-290 
corrosion fatigue, 255 
creep, 255-257 
ductile fracture, 251-252 
erosion, 264-266 
fatigue, 253-254 
fretting, 255, 262-264 
high-temperature, 255-257 
hydrogen-assisted cracking, 258 
hydrogen embrittlement, 258-259, 293-294 
overload, 251 
pitting, 285-289 
rolling contact fatigue, 264, 266 
stress-corrosion cracking, 80, 82-85, 254-255, 289-294 

Fatigue, 253-254, 255, 264, 266 
Fatigue striations, 117-119,253-254 
Feature count, 91, 92, 98 
Feature-specific measurements, 91, 93 
Ferrofluid, 53-55 
Field measurements, 91 
Focus, depth of, 150 
Fractals, 102, 111 
Fractography; see Quantitative fractography 
Fracture: 

brittle, 251-253 
ductile, 251-252 
environmentally assisted, 80, 82-85, 254-255, 258, 293-294 

Free-machining steels, 211-236 
additives, 211-212 
bismuth-treated, 214-215 
boron-treated, 223-224 
calcium-treated, 222-224 
compositions, 216 
extractions, 224-228 
leaded, 211, 213-215, 220-221 
metallographic preparation, 212-213 
microstructure, 213-224 
quantitative metallography, 224-230 
resulfurized, 214-220 
selenium-treated, 220-221 
tellurium-treated, 220-221 

Fretting, 255, 262-264 
Fusion zone, 197 

Galvanic corrosion, 281-282 
Gas-contrasting method, 63-70 

apparatus, 64-65 
contrast development, 67-69 
examples, 66--67; see also color insert pages 
theory, 65-69 

Grain size, 97 

Half-cell potentials, 22-24 
Heat-affected zone, 197, 207-208 
Heat tinting, 5-6, 16--18 
High-temperature failures, 255-257 
HOLZ lines, 182-184, 186--187 
Hydride formation in Ti, 238 
Hydrogen-assisted cracking, 258 
Hydrogen embrittlement, 258, 293-294 

Identification, of phases: 
heat tinting, 16--18 

morphology, 1 
polarized light, 2-3, 17, 237-238 
quantity, 1 
reflectance, 1-2 
relief, 3 
selective etching, 3-18, 86 
tint etching, 7-14 

Image analysis, 93-94, 101, 106, 126--127, 165-167 
Image contrast: 

light microscopy, 139 
scanning electron microscopy, 139-150 
visual, 140 

Inclusions; see Metallic inclusions and Nonmetallic inclusions 
Inclusion extraction, 224-228 
Integral mean curvature, 92, 98 
Interdendritic eutectic, 200-201 
Interference layer method, 41-51 

apparatus, 45--46 
applications, 49-51 
deposition layers, 46--49 
optical characteristics, 41--42, 46--49 
reflectivity, 41--44, 50 
specimen preparation, 43--45 
technique, 45--46 
theory, 42--43 
see also color insert pages 

Ion beam thinning, 238-239 

Klemm's reagent, 4, 6, 9-11, 146--147 
Knoop hardness, 124-125, 126--127 

Leaded steels, 211, 213-215, 220-221 
lead print, 213 
metallographic preparation, 212-213 
microstructure, 213-214 
SEM examination, 213-215 
solubility of lead, 213 

Lead print, 213 
Length in unit volume, 92, 98 
Light microscopy, 139 
Light-section microscope, 109 
Line intercept count, 90-92, 97 

Machinability, 211-236 
additives, 211-212, 214-224 
bismuth-treated steels, 214-215 
boron-treated steels, 212, 223-224 
built-up edge, 231-232 
calcium-treated steels, 222-224 
cutting tools, 232 
direct observation of machining, 231-232 
leaded steels, 211, 213-215, 220-221 
MnS shape effects, 216--220, 229-230 
MnS size effects, 216--220, 229 
MnS types, 216, 218, 221 
oxides, 221-223 
quick stop tests, 230-231 
resulfurized steels, 214-220 
selenides, 220-221 
tellurides, 220-221 
tool life, 230 

Magnetic contrast, 148 
Magnetic domains, 55-56 
Magnetic etching, 53-61 

examples, 55-60 
history, 53 
technique, 53-55 



Magnification: 
scanning electron microscopy, 151 
selection in stereo1ogy, 95 
stereoscopic images, 102-103 

Manganese sulfides, 13-14, 211, 214--220, 228-230 
deformability, 218-220 
etching, 13-14 
identification line, 230 
MnlS ratio, 216 
resulfurized steels, 214--220 
size and shape effects, 216-220, 228-230 
sulfur print, 213-214, 280 
types, 216, 218, 221 
X-ray maps, 148-149,217,225 

Martensite, strain-induced, 56, 59, 75 
Mean free path, 93 
Mean lineal intercept, 92-93, 97, 98 
Metallic inclusions: 

bismuth, 214, 215 
lead, 211, 213-215, 220-221 

Metallography, quantitative; see Quantitative stereology 
Microdiffraction, 181-184 
Microhardness; see Microindentation hardness 
Microindentation hardness, 123-138 

examples, 128-130 
fixturing, 132, 136-137 
hardness conversions, 128 
high-temperature tests, 132, 135 
inaccuracy and errors, 125-127 
indenter types, 124--125 
Knoop hardness, 124--125, 126-127 
methods, 123-128 
projected area hardness, 124--125 
scratch tests, 127-128 
specimen preparation, 132, 135-136 
standards, 125-126 
taper sections, 135-136 
tester selection, 129-132 

Microscopic techniques 
corrosion, 284--285 
wear, 264--268, 271-274 

Microscopy; see Scanning electron microscopy, Scanning transmission 
electron microscopy, Transmission electron microscopy 

MnS characteristics; see Manganese sulfides 
Murakami's reagent, 12, 15, 17, 86 

compositions, 5-6, 78 

Nonmetallic inclusions: 
calcium-containing oxides, 222-224 
manganese sulfides, 13-14, 211, 214--220, 228-230 
oxides, 221-223 
selenides, 220-221 
tellurides, 220-221 

Nonmetallic inclusion extraction, 224--228 

Overload failures, 251 
Oxides, 221-223 
Oxygen enrichment, 5, 13-14 

Phase identification: 
convergent beam diffraction, 182-186, 191 
heat tinting, 16-18 
morphology, 1 
polarized light, 2-3, 17, 139, 217, 237-238 
quantity, 1 
reflectance, 1-2 
relief, 3 

selective etching, 3-18 
tint etching, 7-14 

Photogrammetric method, 103-104 
Pitting, electrical discharge, 271 
Pitting corrosion, 285-289 
Point count, 90-92, 96-97 
Polarization curves; see Potentiostatic etching 
Polarized light, 2-3, 17, 139, 217, 237-238 
Potentiostatic etching, 21-39 

etch compositions, 34--35 
examples, 34, 36-38 
film formation, 31-33 
orientation effects, 28 
polarization curves, 25-26, 28, 30, 32, 36, 285-286 
potentiostat, 25, 284--286 
procedure, 33-34 
theory, 21-24, 27-33 

Profile measurements, 10 1-104, 108-117 
Projected area Knoop hardness, 124--125 
Projected images, 101, 105-108 

Quantitative fractography, 101-122 
deep surface etching, 104--105 
fatigue striations, 117-119 
fractals, 102, 111 
geometrical relationships, 104 
photogrammetric method, 103-104 
profile measurements, 10 1-1 04, 108-117 
projected images, 101, 105-108 
roughness parameters, 102, 110-115 
stereological relationships, 101-102, 105-108, 119-121 
stereoscopic methods, 10 1-1 03 

Quantitative metallography; see Quantitative Stereology 
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Quantitative stereology, 89-99, 101-102, 105-108, 119-121, 228-230 
area point count, 90-92, 98 
counting measurements, 90-92 
equipment, 90, 93, 95 
examples, 96-98, 117-121 
extractions, 224--228 
feature count, 91, 98 
field selection, 95-96 
fractography, 101-122 
grain size, 97 
integral mean curvature, 92, 98 
length, 92, 98 
light microscopy, 88-99 
line intercept count, 90-92, 97 
magnification, 95 
mean free path, 93 
mean lineal intercept, 92, 97-98 
meaning, 92-93 
number of fields, 95 
point count, 90-92, 96 
planning measurements, 94--96 
scanning electron microscopy, 165-167 
size and shape, 93, 229-230 
statistical analysis, 95-98 
surface area per volume, 92, 97 
technique, 89-90 
volume fractions, 92, 96-97, 165-167, 229 

Quasi-cleavage, 252-253 
Quick-stop tests, 230-231 

Reflectance, 1-2 
Reflectivity, 41--44, 50 
Relief polishing, 3 
Replicas, 162, 165 
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Resolution: 
scanning electron microscopy, 150 
scanning transmission electron microscopy, 174--176 

Resulfurized steels, 214--220 
Retained austenite, 16, 41--43 
Rolling-contact fatigue, 264, 266 
Roughness parameters, 102, 110-117 

Scanning electron microscopy, 139-170 
atomic number contrast, 140-146 
backscattered electrons, 140-147, 153-162, 178,213, 215, 225 
channeling patterns, 146 
contrast mechanisms, 139-150 
crystallographic contrast, 146-147 
deep etching, 104-105, 160-165 
depth of focus, 151 
etching fractures, 162 
fatigue striations, 117-119, 253-254 
fractography, 101, 105-109 
image modes, 140 
magnetic contrast, 148 
microscope variables, 150-154 
quantitative metallography, 165-167 
replicas, 162, 165 
resolution, 150 
specimen preparation, 154--165 
stereo-parts, 102-104 
topographic contrast, 140 
two-surface analysis, 160 
wear analysis, 264--271 
X-ray contrast, 148-150 

Scanning transmission electron microscopy, 171-210 
backscattered electron imaging, 178 
bright field imaging, 176-178 
dark-field imaging, 178 
electron energy loss, 179-181, 189, 192-194 
HOLZ lines, 181-184, 186-187 
imaging modes, 176-181 
instrument, 171-173 
microdiffraction, 181-186, 191 
resolution, 174--176 
secondary electron imaging, 178 
specimen preparation, 172-174, 193-194 
specimen thickness, 193-194 
wear debris analysis, 276 
X-ray analysis, 184, 186-190, 192 
X-ray imaging, 179 

Scratch hardness, 127-128 
Selected area diffraction, 181-182 
Selective etching, 3-18 
Selenium-treated steels, 220-221 
SEM examination, 213-215 
Sensitization, 79-81 
Sigma phase: 

etching, 85-86 
polarized light response, 2 
potentiostatic etching, 30, 32-33 

Sintered carbides: 
etching, 18 
gas contrasting, 66-67 
heat tinting, 18 
relief polishing, 3 

Specimen preparation: 
free-machining steels, 212-213 
interference layer method, 43--45 
microindentation hardness, 132, 135-136 

scanning electron microscopy, 154--165 
scanning transmission electron microscopy, 172-174, 193-194 
stainless steels, 44--45, 75-77 
titanium alloys, 237-238 
wear analysis, 267-268, 271-274 

Spectroscopy; see Energy-dispersive spectroscopy 
Spot tests, chemical, 279-280 
Stain etchants; see tint etchants 
Stainless steels, 71-88 

alloy compositions, 72 
etching,S, 14--16, 76-80, 86 
heat tinting, 16-17 
magnetic etching, 55-60 
potentiostatic etching, 32-37 
specimen preparation, 44--45, 75-77 
thin-foil preparation, 86-87 
types, 71-75 

Steels: 
calcium-treated, 222-224 
carbon tool, 11-12 
free-machining; see Free-machining steels 
leaded, 211, 213-215, 220-221 
resulfurized, 214--220 
selenium-treated, 220-221 
stainless; see Stainless steels 
tellurium-treated, 220-221 

Stereology; see Quantitative stereology 
Stereoscopic methods, 101, 102-103, 274--275 
Strain-induced martensite, 56, 59, 75 
Stress-corrosion cracking, 80, 82-85, 254--255, 289-292 
Striations, 117-119, 253-254 
Sulfur print, 213-214, 280 
Surface area per unit volume, 92, 97 
Sulfides, 211, 214--220 

optical characteristics, 48, 50-51 
tint etching, 13-14 
types, 216, 218, 221 
X-ray maps, 148-149, 217, 225 
see also Manganese sulfides 

Taper sections, 135-136, 273-274, 279-280 
Tellurium-treated steels, 220-221 
Thin-foil preparation: 

ion beam thinning, 238-239 
stainless steels, 86-87 
titanium alloys, 238-239 
wear specimens, 275-276 

Tint etchants, 4--5, 7-14, 146-147, 156-159 
Tinting, heat, 5---{j, 16-18 
Titanium alloys, 237-249 

alpha and near-alpha alloys, 241-243 
alpha-beta alloys, 243-245 
allotropic transformation, 237, 240 
beta alloys, 245-247 
creep properties, 241-243, 245, 247 
cryogenic properties, 243, 247 
etching, 5-6, 18 
forging, 241-242, 245 
formability, 245 
fracture toughness, 243-245 
heat tinting, 17-18 
heat treatment, 239-241, 246 
metallographic preparation, 237-238 
microstructure, 239-247 
properties, 241-247 
stress-corrosion cracking, 242 



superplasticity, 245 
thin-foil preparation, 238-239 
weldability, 243 

Titanium aluminide, 241-242 
Topographic contrast, 140 
Transmission electron microscopy: 

fracture replication, 10 1, 110 
thin-foil preparation, 86-87, 238-239, 275-276 
wear analysis techniques, 266, 275 
wear surface replication, 268 

Triple line length, 98 
Two-surface analysis, 160 

Volume fractions, 92, 96-97, 165-167, 229 

Wear, 261-280 
abrasive wear, 262-264 
adhesive wear, 261-262 
cleaning specimen, 268, 279 
erosion, 264-266 
fretting, 262-264 
interpretation, 268-271 
microscopic techniques, 264-268, 271-275 
rolling contact fatigue, 264, 266 

specimen preparation, 267-268, 271-274 
spot tests, 279-280 
stereo-pairs, 274-275 
taper sections, 273-274, 279-280 
wear debris, 275-276 
wear modes, 261-264 

Weld metal defects, 201-203 
Welding metallography, 197-210 

defects, 201-203 
dissimilar metal welds, 208-209 
fusion zone, 197 
grain structure, 199-200 
heat-affected zone, 197, 207-208 
interdendritic eutectic, 200-201 
multi-pass welds, 197,206-207 
single-pass welds, 197 
solid-state transformations, 203-207 
thermal cycle, 198 

X-ray analysis, 184, 186-190, 192 
X-ray contrast, 148-150 
X-ray imaging, 179 
X-ray mapping, 148-149, 179, 217, 225, 267, 270 
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