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Introduction

In the last several years the characterization of materials by metallographic
techniques has been paralleled by a remarkable improvement in material
capabilities. The ability to measure and characterize those material parameters
that provide improved mechanical and physical properties has led directly to
the development of new and better materials. Well known metallographic
techniques such as hot-stage microscopy, transmission electron microscopy
(TEM), and X-ray analysis, as well as the more recent techniques of scanning
electron microscopy (SEM) and automatic quantitative metallography have
provided the means to measure, characterize, statistically interpret, and, final-
ly, predict the properties of materials.

The successful correlation of the structure and properties of materials,
whether on a theoretical or empirical level, has been one of the primary forces
in the current materials revolution. Accordingly, the objective of this sympo-
sium was to present both review and original papers that demonstrated, on a
practical level, the application of an expanded range of metallographic tech-
niques to the measurement, characterization, statistical interpretation, and
prediction of the behavior of materials.

The papers presented have been prepared by authorities in their fields and
include almost all phases of modern metallographic techniques. The opening
session dealt with electron optical metallography covering the areas of electron
microprobe analysis, SEM, and high voltage and conventional electron metal-
lography. The second session covered hot-stage microscopy, microhardness
techniques, and the new laser techniques of evaluating metallographic struc-
tures. The final session included a complete review of the techniques and
applications of X-ray metallography and two application papers in the field of
superalloys.

This special technical publication includes all the papers presented at the
symposium, with the exception of the SEM and microhardness papers, which
are not included due to publication deadlines.

Professor Weissman’s paper is an excellent and concise summary of the
X-ray metallographic techniques that he and his colleagues have developed to
a high degree of sophistication over the past several years. In his paper, he
describes various applications where combination X-ray methods are used to
correlate lattice defects with structure-sensitive properties. In particular, his
description of the use of X-ray Pendellosung fringes to analyze the distribu-

1
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2 METALLOGRAPHY

tion of microplastic and elastic strains in crack propagation would be of
special interest to researchers working with low dislocation-density materials.
In contrast to the more specialized techniques discussed by Weissman, Zwell’s
paper deals with practical applications of the more common X-ray metallo-
graphic techniques such as phase identification, residual-stress analysis, and
texture determinations. The author demonstrates the usefulness of these tech-
niques in failure analysis as well as in the development of new alloys.

In their paper, Bramfitt er a/, summarize the experimental techniques used
in hot-stage light microscopy and the application of these techniques to the
study of ferrous transformations. The paper provides a description of all the
transformations occurring in low-alloy steels and includes an excellent bibliog-
raphy. Of particular merit is the authors’ work on the austenite to pearlite
transformation emphasizing the advantage of in situ measurements on a single
specimen to determine pearlite-nodule growth rates and transformation kinet-
ics. Another innovative technique in light microscopy is described by Schaefer
et al. Their paper discusses the basic concepts involved in the analysis of
metallographic structures using optical transforms, holography, and other
coherent-light methods. For the materials scientists, the most useful applica-
tions of holography employ interferometry to study transient events that
occur at unpredictable locations, for example, the solidification of transparent
analogs of metals.

The following three papers relate to the use of electron optics for character-
izing and correlating the structure and properties of materials. In his paper,
Professor Goldstein discusses the resolution and types of information that can
be obtained from the various X-ray, secondary electron, and backscattered
electron signals measured in the electron microprobe. The paper demonstrates
the versatility of the microprobe as a metallurgical tool in the characterization
of phases, diffusion studies, trace-element analysis, and quantitative metallog-
raphy. The paper also contains an up-to-date and extensive bibliography. The
review paper by Wells and Capenos describes applications of TEM in materials
research. In covering selective papers from the literature, the authors provide
several practical examples of the role of TEM in the study and understanding
of materials system. The scope of applications of electron metallography has
been expanded considerably with the advent of high-voltage instruments
capable of operating at 1 MeV or more. In the area of high voltage electron
metallography, the contributions of Szirmae and Fisher are well known, and
their present paper presents a broad review of their work and a look toward
the future of high voltage electron metallography (HVEM).

The paper by Muzyka and Maniar demonstrates the application of various
metallography methods in optimizing properties of superalloys on the basis of
a microstructural approach. The authors illustrate the value of microstructural
studies in conjunction with phase relationships in improving hot working,
heat-treat response, and the property optimization of iron and iron-nickel base
superalloys. The contribution of analytical chemistry in support of micro-
structure studies is exemplified by Kriege’s paper on phase separation as a
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technique for the characterization of superalloys. Although the paper deals
with superalloys, the technique is equally applicable to other material systems.

These introductory comments on the papers contained in this volume
illustrate the significant role that metallography plays in the development and
characterization of materials. It was our objective in organizing this sympo-
sium to show, through both original studies and state-of-the-art reviews, how
the metallographic disciplines within the scope of Committee E-4 on Metallog-
raphy validate the premise that metallography is a practical tool for correlat-
ing the structure and properties of materials. We hope that this publication
has contributed to the achievement of our objective. The American Society
for Testing and Materials (ASTM) and the program chairmen wish to thank
the authors for their excellent contributions to the symposium and this
volume.

Halle Abrams

Homer Research Laboratories,
Bethiehem Steei Corp.,
Bethlehem, Pa. 18015; symposium
cochairman.

Gunvant N. Maniar

Manager, Research and
Development Center,

Carpenter Technology Corp.,
Reading, Pa. 19603; symposium
cochairman.



Sigmund Weissmann'

Structure - Sensitive Properties of Materials
Disclosed by a Combination of X-Ray

Topography, X-Ray Diffraction Analysis,
and Electron Microscopy Methods

REFERENCE: Weissmann, Sigmund, “Structure-Sensitive Properties of Materials
Disclosed by a Combination of X-Ray Topography, X-Ray Diffraction Analysis,
and Electron Microscopy Methods,” Metallography—A Practical Tool for Correlat-
ing the Structure and Properties of Materials, ASTM STP 557, American Society
for Testing and Materials, 1974, pp. 4—22.

ABSTRACT: To establish a significant correlation between lattice defects and
structure-sensitive properties it is frequently desirable to combine various methods
of structural analysis which provide supplementary information and have a syner-
gistic effect on the course of study. Such combination methods have been devel-
oped in this laboratory. They comprise: (a) selected area X-ray topography, ()
X-ray line profile analysis, (¢) anomalous X-ray transmission topography, (d) X-ray
double-crystal diffractometry, (€) analysis of plastic and elastic strain distribution
by disturbance of X-ray pendellosung fringes (PF), (f) transmission electron micros-
copy (TEM) of dislocation structure in selected areas of the specimen, and (g)
scanning electron microscopy (SEM) of the specimen. Examples of the application
of these combination methods are presented that include the tensile and compres-
sive deformation of beryllium crystals, the deformation and fracture of germanium
and silicon crystals, and the elucidation of the distribution of microplastic and
elastic strains in crack propagation.

KEY WORDS: X-ray analysis, transmission, scanning, electron microscopy, defor-
mation, fractures (materials), germanium, silicon, beryllium, plastic deformation,
elastic properties

Many important properties of materials are structure-sensitive, and often a
relatively small number of lattice defects have a disproportionately large effect
on the properties. Of particular interest from scientific and technological
viewpoints alike are the mechanical properties. To establish a significant
correlation between lattice defects and mechanical properties it is frequently
desirable to combine various methods of structural analysis which provide
supplementary information and have a synergistic effect on the course of
study. Such combination methods have been developed in the author’s labora-
tory over a span of nearly two decades in response to challenging problems in
materials science. Although some component parts of structural analysis have
been treated individually in previous publications, an attempt will be made in
this paper, spurred by new developments, to synthesize them all into powerful
combination methods. Particular emphasis will be placed on these new devel-
opments and on the synergistic interplay of the component techniques. Exam-

1 Pprofessor, Materials Research Laboratory, College of Engineering, Rutgers University,
New Brunswick, N.J. 08903.
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WEISSMANN ON STRUCTURE-SENSITIVE PROPERTIES 5

ples will be presented which are relevant to problems of deformation and
fracture of materials and which may serve to demonstrate the general useful-
ness of these methods. Since the principal aim of this paper is to show how
the component techniques of the combination methods complement each
other and to demonstrate what overall results one may expect, the reader will
be frequently referred to previous publications for detailed technical infor-
mation.

Combination Method Based on X-Ray Divergent Beam Techniques

About two decades ago the study of lattice defects of single crystals was
virtually confined to academic investigations only, but, starting with the
development of transistor materials and spurred in recent years by the in-
creased interest in ferroelectric, piezoelectric, and magnetic device materials,
such studies have become also increasingly important to applied technology.

The X-ray diffraction method using a divergent beam as the X-ray source is
well suited to provide the basis for a quantitative strain analysis of single
crystals [I]2 and to offer a visualization of the defect structure by X-ray
tapography and by transmission electron microscopy (TEM).

The divergent beam method utilizes a long, horizontal X-ray tube, shown
schematically in Fig. 1. An electron beam originating from an electron gun is

Back Reflection Specimen Forward Reflection

Single Crystol
—— g, — — —— AN
| P TN
1 I /,/ K
:-o ——QI— ——t— — b —_—

|~——Film—]

~~*"Deficiency

Cone

%: tan (et + B)
m Ay k)
== tan (et — B)

FIG. 1-Schematic representation of the generation of pseudo-Kossel pattern by the
divergent beam method.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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focused by means of an electromagnetic lens onto the tip of the vacuum-tight
tube closed by a thin metal foil. Since the metal foil is bombarded by the
electron beam, it functions as an X-ray target. By operating the tube at a
suitable voltage, an X-ray beam composed mainly of characteristic radiation
emerges from the tip of the tube, exhibiting a divergence of nearly 180 deg of
arc. At the point of emergence the beam size is about 10 um in diameter.
When this beam impinges on the specimen, which is placed close to the tip of
the tube, diffraction patterns of the characteristic spectrum in transmission, as
well as in back reflection, may be recorded (Fig. 1). Since the X-ray source is
located outside of the specimen, the conic patterns thus obtained are referred
to frequently as pseudo-Kossel patterns to distinguish them from the true
Kossel patterns, which are obtained by generating the X-ray source inside the
crystal.

The method offers the unique advantage that various (hk/) planes, even sets
of planes of a form, which satisfy the Bragg condition for reflection of the
impinging divergent beam, will be recorded as separate reflections without the
necessity of rotating the crystal. As shown in Fig. 1, the diffraction cones
intersect the film in ellipse-like figures in the back-reflection region, while in
transmission two types of patterns are obtained, namely, the diffraction conic
and the deficiency conic patterns. Both types of the transmission pattern
emanate from the same irradiated small crystal volume transversed by the
beam.

It is the combined application of the back-reflection and transmission
arrangement in the divergent beam method which jointly with TEM forms the
basis of the first combination method of structural analysis to be discussed
presently.

Contribution of the Back-Reflection Patterns to Precision Measurements of
Interplanar Spacings [2]

The back-reflection pseudo-Kossel pattern forms the principal basis for
precision measurements of the interplanar spacings of the crystal. Since the
exposure times of the back-reflection pattern are very short, varying from
seconds to a few minutes depending on the diffracting power of the material,
the elliptical pattern can be repeated several times by varying, with the aid of
precision spacers, the film positions in a controlled manner. It will be seen
from Fig. 1 that if the consecutive film position is ¢, the slopes m; and m,
can be determined from the relationship

m, =mfc = tan(a + f§) ¢))]

m, =ffc =tan(a — f) #))
where a is the semiapex angle of the incident X-ray cone equal to 7/2 - 6, 6
being the Bragg angle, and f§ is the angle subtended by the normal of the
reflecting (4k!) plane and the axis of the X-ray tube.

Using a multiple exposure technique such as that shown in Fig. 2, the slope
parameters m; and m, of the diffracted rays are obtained by a method of
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FIG. 2—Multiple exposure back-reflection divergent beam photograph of beryllium-
oxygen. (Courtesy of Dr. D.K. Smith, Pennsylvania State University.)

least squares. The simultaneous solution of Eqs 1 and 2 yields « and hence
the corresponding Bragg angle 0. Subsequent substitution in the Bragg equa-
tion yields the corresponding d value of the interplanar spacing. A computer
program was written to expedite the repeated computation of d spacings. The
input to this program was: film coordinates Y, which are the intersections of
the major axis with the ellipse, such as points P and R in Fig. 1; spacing
coordinates X;, which represent the distance of the film from a fixed origin O;
film shrinkage factor and wavelength used. The output was: d spacings and
their corresponding standard errors [2].

Computation of Stress-Strain Configuration of Strained Crystal; Applications
and Limitations

The output of d-spacing computations of the various (kk/) reflections may
now be used for the computation of a complete stress-strain analysis of the
crystal [1,3]. If the crystal contains homogeneous, residual strains, then the
changes in the interatomic spacings Adj,;, induced by the strains are mani-
fested sensitively by changes in the parameters of the ellipses and hence in the
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observed d spacings. If the strained crystal is sampled from many different
directions, a collection of Ad/d values is obtained which characterizes the
strain distribution. The strain analysis which was developed recognizes the
Ad[d values to represent elements of an average strain tensor and by measur-
ing more than six independent (k) reflections the normal matrix equation is
constructed and the average tensor <7>> determined. The principal strains
€111> €222 €333 are obtained as the eigen values of the matrix solution. A
computer program was written which uses as its input data the collection of
Ad/d values, and supplies as output data the normal principal strains €,,,,
€554 €333 and their crystallographic directions [1]. If the elastic constants of
the crystal are known, the complete stress-strain configuration is obtained
[3,4] . Thus, the maximum magnitude and the direction of the shearing strain
on a given set of crystallographic planes are obtained, and the set of crystal-
lographic planes on which the maximum value of the shearing maxima occurs
can also be determined.

The stress-strain analysis based on the back-reflection divergent beam
method has been successfully performed for cases where the strain inhomo-
geneities in the crystal were very small compared to the residual, homoge-
neous elastic strains. Examples can be found in:

(@) strain configuration of precipitation-hardened aluminum-copper
crystals where the Guinier-Preston zones of the semicoherent 8 ' precipitates
exert large, overall homogeneous strains in the matrix [I],

(b) strains induced in the cubic matrix of copper-gold crystals by order
transformation to tetragonal copper-gold I [3],

(¢) strains induced in oxidized a-titanium crystals by the ordering of
oxygen atoms [6], and

(d) strain distribution generated during the early stages of neutron-

irradiated quartz crystals [5].
It has been shown that the stress-strain analysis is not applicable to mechani-
cally deformed crystals because the plastic strain inhomogeneities, caused by
the induced dislocation structure, are large and vary from area to area [7].
Consequently, a representative sampling of the strain distribution cannot be
_ obtained if the Ad/d values are being gathered from the back-reflection
divergent beam pattern. Local strain inhomogeneities caused by mechanical
deformation can be determined, however, with the aid of divergent beam
patterns taken in transmission and the basis of such analysis will be presently
described.

X-Ray Line Profile Analysis. Selected Area X-Ray Topography Based on
Transmission Patterns [8-11]

It may be seen with the aid of Fig. 1 that in transmission the reflection
cones (also referred to as diffraction cones), as well as the deficiency cones,
emanate from the same irradiated small crystal volume. If the crystal is thick
and of low absorption, namely, beryllium, the diffraction conics will have a
large width, as shown in Fig. 3, since each point along the path of the
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FIG. 3-Schematic diagram illustrating the origin of deficiency and diffraction conics
from the selected area of the specimen.

incident beam passing through the crystal functions as a vertex of a diffrac-
tion cone. Strain inhomogeneities caused by dislocations will be spread out
over the diffraction conics and, therefore, it is the diffraction conics which are
being used to obtain X-ray topographs. In contrast to the diffraction conics,
the deficiency conics are sharp, since the vertex of the absorption cone is the
X-ray point source. Consequently, the sharp lines of the deficiency conics are
being used for the analysis of the X-ray line profiles.

Before imaging the defect structure by X-ray topography, the divergent
incident beam has to be transformed into a nearly parallel beam. This is
accomplished by translating the specimen away from the X-ray source. The
translation must be performed along the region of interest in the deficiency
pattern, for only then are the identical diffraction conditions maintained. The
technique of specimen translation, using a wire grid to preserve the area of
interest and employing an aperture to convert the divergent beam into a
parallel beam, has been described in detail [8]. Regions of special interest for
analysis of the deficiency pattern are the intersections of several (#kl) lines.
Such intersections pertain to a conic section which is common to the corres-
ponding intersecting (#k/) planes. If the crystal is subjected to deformation,
the line profiles will be sensitively changed. Microdensitometric measurements
of the profiles carried out in the immediate vicinity of the intersection of the
deficiency pattern may yield valuable information concerning the anisotropic
deformation behavior of the crystal. Such information was obtained from
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compressive and tensile deformation of beryllium [9,10]. The corresponding
topographs are obtained from the imaging of the intersection in the diffrac-
tion pattern and constitute the basis of selected area X-ray topography. Such
topography affords a visualization of the defect structure of the crystal area
pertaining to the corresponding line profile analysis.

To establish a correlation between the defect structure analyzed by the
X-ray method and that disclosed by TEM, a thin lead sheet with a hole 1 mm
in diameter is attached to the entrance surface of the specimen, as shown in
Fig. 3. TEM foils are prepared after the completion of the X-ray selected area
studies by cutting a 2.5-mm disk centered around the hole [0].

The X-ray transmission method applied to the study of compressive defor-
mation of beryllium crystals showed that inhomogeneous lattice rotation and
basal plane bending resulted from the interaction of basal slip dislocations
with columnar subgrain boundaries, a development that leads to bend plane
splitting [12]. Correlation to TEM studies showed that the formation of cell
walls and subgrain boundaries resulted from the interaction of slip dislocations
with ingrown dislocations lying on the basal plane [8].

Lattice Distortions and Fracture in Brittle Crystals Disclosed by Anomalous
Transmission of X-Rays (Borrmann Effect)

When brittle crystals are subjected to mechanical deformation they form
microplastic regions which confine large regions of locked-in elastic strains.
These strains find ultimate relief either in brittle fracture, as recent deforma-
tion studies of silicon have shown [/3], or they may develop microcracks, as
in low-temperature deformation of tungsten and germanium crystals [/4].
Such highly localized lattice defects can be disclosed sensitively by applying
the technique of anomalous transmission (AT) of X-rays (Borrmann effect),
which is based on the dynamical interaction of X-rays inside of nearly perfect
crystals [15-17]. The observation of AT is indicative of a high degree of
lattice perfection (dislocation density < 10° c¢cm™). If any atoms are displaced
from their normal nodes, for example, as a result of the strain field of a
dislocation, discontinuities of the anomalously intense lines will be observed
on the film. The critical conditions for AT are being destroyed and normal
absorption has set in.

Using the experimental arrangement schematically shown in Fig. 4, the
X-ray divergent beam method can be effectively employed for the study of
lattice defects in thick, elastically strained crystals. It offers the advantage that
it never “loses sight” of the elastically strained lattice planes, for if the Bragg
angles are slightly changed, some rays of the divergent beam will still be in
reflecting position and an AT pattern will still be recorded. Furthermore,
compared to the parallel beam method, the exposure times for obtaining AT
patterns are five to ten times shorter. Figure 5 shows an AT pattern of a
germanium crystal with the specimen kept stationary. If now the synchronized
specimen and film translation is employed as shown in Fig. 4, one obtains a
topographic mapping of the lattice perfection of the crystal. Thus, if adjacent



WEISSMANN ON STRUCTURE-SENSITIVE PROPERTIES 11

/\ X =RAY SOURCE (IOu)

1 I r CRYSTAL

022

-

022

ONITdNO D eummememmy

FlLM/

il 0zz
“1438 022
1434 022

41 022

FIG. 4—Experimental arrangement for obtaining AT patterns by the divergent beam
method.

FIG. 5-AT divergent beam pattern of unstrained germanium.

areas exhibit such a high degree of lattice perfection that AT patterns can be
obtained, the pattern of Fig. 5 will continuously broaden, as the specimen
surface is traversed by the beam, and an AT pattern such as that shown in
Fig. 6a is obtained. When the crystal, placed between the knife edges of the
bending fixture, as shown in Fig. 8, was elastically bent short of fracture, the
AT pattern shown in Fig. 6b was changed significantly. In agreement with the
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AXIS

DIRECTION OF BENDING

FIG. 6~AT of germanium, scanned area 5.5 x 1.75 mm?; (a) undeformed, (b) bent, € =
0.5 percent. Note nonreflecting area.

theory of Penning and Polder [/8], the reflections pertaining to the crystal-
lographic planes, either parallel or perpendicular to the direction of the
bending axis (DBA), remained unaltered in extent and intensity, while those
pertaining to planes inclined at oblique angles to the DBA were considerably
shortened. Focusing our attention now on the unaltered reflections parallel to
DBA, it will be observed that certain areas in Fig. 6b indicated by arrows
exhibited an absence of AT when the crystal was scanned. However, upon
releasing the bending moment, the diffraction pattern assumed its original
appearance of equal-sized segments and intensity as displayed in Fig. 6a.

The nonreflecting areas of Fig. 6b, indicating localized lattice defects in the
crystal, could not be caused by the generation of glissile dislocations, since
these constitute irreversible plastic sites and the observed effect was shown to
be perfectly reversible. To elucidate the nature of the defect structure respon-
sible for the absence of AT on bending, the crystal was first translated to the
position where the nonreflecting areas were observed and subsequently, the
incident divergent beam was transformed into a parallel beam by increasing
the distance between specimen and X-ray source and by placing a slit aperture
in front of the specimen. Thus Fig. 7 was obtained.



WEISSMANN ON STRUCTURE-SENSITIVE PROPERTIES 13

FIG. 7-AT pattern of germanium by parallel beam method disclosing microcracks.
Crystal bent, € = 0.5 percent.

The beam conversion technique employed is quite analogous to that pre-
viously discussed, when the topographic information had to be extracted from
the diffraction conics of the pseudo-Kossel pattern. In the latter case, how-
ever, the imaging of the defect structure was accomplished by employing the
parallel beam transmission technique with normal absorption {Lang topog-
raphy [19]), while in the former case the imaging was obtained by parallel
beam AT. It is interesting to note that with copper K, radiation and a
specimen thickness of 1 mm the exposure time took 20 h for the parallel
beam technique, while the preceding AT scan obtained by the divergent beam
technique (Fig. 6) required only 2 h. Thus, the divergent beam scan func-
tioned as an efficient surveyor of the defect structure which, once its location
was established, could be subsequently imaged by converting the incident
divergent beam to a parallel beam.

The imaged defect structure shown in Fig. 7 could be identified as micro-
cracks which upon bending of the crystal expanded, and which, together with
their concomitant elastic strain field, destroyed the AT locally. After removal
of the bending moment the microcracks contracted again, relaxing the elastic
strains and restoring the AT pattern. Following Cottrell [20], one may



14 METALLOGRAPHY

visualize the elastic microcrack as an elliptically shaped discontinuity in a
homogeneous elastic solid, equivalent to a continuous array of dislocations
[20], which under the influence of a suitable external force can be made to
expand, and on removal of this force to contract.

Instrumentation of X-Ray Divergent Beam Combination Method

Since the various aspects of the X-ray divergent beam method have been
discussed for the transmission and back-reflection applications, and since it
was shown that they work synergistically when used in combination, it may
be useful to discuss the instrumentation which enables one to apply this
combination method in practice. Figure 8a offers a frontside view of the
instrumentation employed, and with the back-reflection film holder removed,
represents essentially all the experimental features necessary for the various
transmission techniques. Figure 85 offers a back view of the instrumentation
and, with the back-reflection holder I in place, depicts the experimental

(1) Back-reflection film holder, (2) transmission film holder, (3) specimen holder with
bending device, (4) divergent beam source, (5) vertical scan mechanism, (6) horizontal
scan mechanism, (7) scan control, (8) electron gun housing, (9) electromagnetic lens, (10)
X-ray tube, (11) optical bench with precision scale.

FIG. 8—Experimental arrangement of combination method based on divergent beam
techniques. (a) Transmission, and (b) transmission and back reflection.
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FIG. 8—(Continued.)

arrangement for the combined transmission and back-reflection divergent beam
method. The sleeve design of the film holder I permits removal of the film
holder from the horizontal X-ray tube 10 without any disturbance to the
location of the specimen under investigation. Thus, back-reflection and trans-
mission patterns can be obtained simultaneously. Various specimen hoiders
and deformation devices were designed for different types of deformation, for
example, tensile, compression, and bending devices, and a device of the latter
type is shown as item 3 in Figs. 82 and 8b.
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The electrons generated by the electron gun & held at high potential are
being accelerated and focused by an electromagnetic lens 9 to the tip of the
tube 4. The tip, held at ground potential, contains the target foil which
represents the source of the emergent, divergent X-ray beam. Tip and target
may be replaced easily if a different characteristic radiation is required.?

The horizontal scan mechanism 5 and the vertical scan mechanism 6 provide
for the coupled X-Y translation of specimen and film. Such translation motion
is particularly useful if the sites of lattice defects are to be located by selected
area topography, using either the normal or the AT technique. The optical
bench with precision scale /7 is provided with precision spacers which facili-
tate the ray-tracing technique in l?‘ack reflection. It will be recalled that upon
this tracing technique rest the precision measurements of the lattice param-
eters and of the interatomic spacings, and hence, it represents an important
experimental link to the stress-strain analysis of the crystal.

Study of Fracture Mechanism in Crystals by a Combination Method Based on
X-Ray Pendellosung Fringes, Double-Crystal Diffractometry, TEM, and SEM
[13,22]

A useful combination method was recently developed which, applied to the
study of fracture of crystals, is capable of detecting and assessing the micro-
plastic regions and elastic stress fields generated by the crack tip [/3]. The
novel approach takes advantage of the disturbance of pendellosung fringes
(PF) obtained by X-ray transmission topography of wedge-shaped crystals.
This method is highly sensitive, since PF similar to AT are based on the
dynamical interaction of the X-ray wave fields inside the crystal. Dynamical
interaction occurs between the primary and secondary beams analogous to
that which takes place between a pair of coupled pendulums whose frequen-
cies are nearly equal. The two wave fields interact to give a beat effect,
whereby the primary beam has all the energy at the surface, but at a certain
depth this state of affairs is reversed, and the secondary beam has all the
energy, and so the alternation goes on. The PF, therefore, can be obtained
only from crystals of varying thickness, and it is for this reason that wedge-
shaped crystals are being investigated.

The depth of the layer, called extinction distance, at which complete
alternation takes place, is the greater the more nearly the velocities of the two
waves approach. The extinction distance £, is measured along the normal to
the X-ray entrance surface of the crystal.

The aspect of PF patterns most relevant to the fracture study is the fact
that very small lattice disturbances have a profound effect on the dynamical
interaction of the wave fields and, therefore, change drastically the PF pat-
tern.

From the viewpoint of the materials scientist, the fracture study of silicon

3 An X-ray tube of this type and a diffraction unit (Microflex) are commercially
produced by the Rigaku-Denki Co., Tokyo, Japan.
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crystals offers several attractive features. First of all, these crystals can be
obtained nearly dislocation-free. Secondly, at elevated temperatures (650°C to
1000°C) silicon deforms plastically like a metal. It undergoes a ductile-brittle
transition at lower temperature and is totally brittle at room temperature.
Moreover, any lattice distortions introduced at elevated temperatures become
frozen in at room temperature, so that the details of the defect structure
which has been outlined by the preceding X-ray investigation can then be
disclosed by TEM without fear that the defect structure was altered by the
thinning process during specimen preparation. Lastly, it should be pointed up
that £ is inversely proportional to the structure factor F of the reflecting
(hkl) plane, and, via F, it is also inversely related to the atomic number Z of
the crystal. It is expected, therefore, that perfect wedge-shaped crystals of low
Z values, namely, silicon, will yield a well-resolved PF pattern.

Such crystal specimens into which a V-notch was introduced were prepared
for tensile deformation. The crystal surface had a (211) orientation with the
[0117] direction parallel to the tensile axis. Figure 9 shows a Lang projection
topograph of a notched specimen deformed in tension at 800°C. The nominal
stress, 0,, was 1.6 kg mm? and the strain rate € was 5.9 x 107 s™ - ¢, is
defined by F[/A, where F is the applied load and 4 the measured minimum
cross-sectional area. This topograph was obtained by directing a finely col-
limated X-ay beam onto the crystal, which was placed approximately at right
angles to the incoming beam so that the set of transverse (111) planes
satisfied the conditions of Bragg reflections. The transmitted reflected beam
was recorded on the film, while the transmitted primary beam was prevented
by a stationary screen from striking the film. The crystal holder and film
holder, being mechanically coupled, were moved to and fro during the ex-
posure.

Figure 9 may serve to illustrate the type of information which can be

FIG. 9-X-ray topograph of notched silicon crystal deformed in tension at 800°C, 0, =
1.6kgmm? e=59x105s1.
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obtained from PF patterns in fracture studies. The regions of plastic zones,
such as those associated with the notch N or those generated from the
specimen surface opposite to the notch, are characterized by the total destruc-
tion of the PF pattern. They appear as black or white (out of contrast) areas
on the topograph. The regions of elastic strains are characterized by the
bending of PF and by the systematic narrowing of the fringe spacing when the
plastic zone is approached. Although the distortions of the PF patterns are
quite reminiscent of the optical fringe contours encountered in photoelastic
stress analysis of materials transparent to light, it must be remembered that
the distortions of the PF pattern result from displacements on an atomic scale
and depend only on the transparency of perfect crystals to X-rays.

To assess the dislocation density of the plastic zone quantitatively, the PF
technique is supplemented by the method of double-crystal diffractometry.
Thus, the primary beam is first reflected from a perfect silicon crystal and the
monochromatized radiation is directed towards that area on the test crystal
which is outlined by the destruction of the PF pattern. The reflecting power
of the test crystal is measured by rotating (“rocking’) the crystal through its
angular range of reflection. The width § at half maximum of the obtained
rocking curve is a measure of the crystal perfection and can be related to the
excess dislocation density of one sign D by [21] D = B/3bt, where b is the
magnitude of the Burgers vector and ¢ the linear size parameter of the crystal
area investigated. Thus, the PF technique functions as a *‘guiding eye” to
locate the microplastic zone which is to be quantitatively evaluated by the
double-crystal diffractometer method.

The sensitivity of detecting microplastic zones can be gaged from the fact
that a lattice misalignment § of 45 s of arc was sufficient to destroy the PF
pattern which corresponds to a dislocation density of ~ 10° cm™. The
dislocation structure of the microplastic zone itself can be disclosed by TEM,
and Fig. 10 shows such a zone in proximity to the crack tip. Thus, one arrives
again at a combination method in which each component part, namely, PF
technique, double-crystal diffractometry, and TEM, fulfills a synergistic func-
tion.

Using this combination method, the zones of plastic deformation and elastic
strains in notched silicon crystals were mapped out as a function of applied
stress and deformation temperature [22]. It could be shown that at the low
deformation temperature of 600°C silicon fractured in a brittle manner.
Fracture was initiated by a small plastic zone at the crack tip, sensitively
disclosed by the destruction of PF in the vicinity of the tip, and the crack
propagated along one of the (111) planes without any lateral formation of a
plastic zone. At more elevated deformation temperatures, namely, 700°C,
other microplastic zones were generated besides those associated with the
notch root. These microplastic zones, similar to those shown in Fig. 9, were
strain-hardened zones which constrained regions of residual elastic strains. The
formation of these strain-hardened microplastic zones and the associated
regions of locked-in elastic strains explain the occurrence of the notch-brittle
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FIG. 10-FElectron micrograph of dislocation structure in silicon near crack tip.

transition observed around 650°C. It was observed that for unnotched speci-
mens, the fracture stress at 600°C was 15 kg mm™ and the yield stress at
700°C was 8 kg mm™>. Such a decline in stress level with increasing deforma-
tion temperature is, of course, expected. For notched specimens, however, this
trend was reversed. The fracture stress at 600°C was ~ 3 kg mm'Q, while the
yield stress at 700°C was virtually identical with that of the unnotched
specimen. At the low deformation temperature of 600°C the microplastic
zones other than the minute one associated with the notch root were absent,
and all the elastic strain energy found catastrophic release at a critical stress
level, resulting in cleavage fracture. At the elevated deformation temperature
of 700°C the strain-hardened microplastic zones, which were generated prin-
cipally at the specimen surface, formed effective boundaries of pockets into
which residual elastic strains were locked (Fig. 9). Consequently, both the
yield and fracture stresses increased considerably. At still higher deformation
temperatures, both the yield and fracture stresses declined because the dis-
locations in the plastic zones could rearrange themselves into a configuration
of lower energy by cross-slip and climb, and thereby decrease the efficiency of
the barrier effect in confining residual elastic strains [22]. The efficiency of
the plastic zones in constraining regions of locked-in, residual elastic strains,
and the mechanism by which the elastic strains relaxed, were studied by
controlled annealing experiments following the tensile deformation. It could
be shown by X-ay topography that the relaxation of the locked-in elastic
strains occurred through the formation of dislocation loops at the boundaries
of the plastic regions. These loops interacted so as to form a relaxed three-
dimensional dislocation configuration, with the sum of the Burgers vector
tending toward zero (hexagonal network). Thus, relaxation of the residual
elastic strains occurred by spreading of microplastic zones.
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The formation of microplastic regions and the concomitant onset of duc-
tility in notched silicon crystals at 656°C, revealed by the destruction of PF,
could be also correlated to interesting results obtained by scanning electron
microscopy (SEM). Examination of the fracture surface by SEM disclosed at
this deformation temperature the appearance of the first cleavage steps, an
indication that dislocations had been intersected and, consequently, that
microplastic regions were formed {22].

The results obtained by applying the combination method to the study of
silicon crystals underlined generally the importance of microplasticity in defor-
mation processes. In particular they emphasized the impact of microplasticity
on the fracture mechanism, for it could be shown [22] that the extent of the
plastic region associated with the crack tip was invariably 10 to 15 times
larger than that predicted on the basis of approximations used in continuum
mechanics.

Discussion—Interplay of Component Techniques in Combination Methods

In correlating the visualization of lattice defects, as disclosed by X-ray
topography, to quantitative X-ray diffraction analyses of materials such as the
stress-strain, line profile, and rocking curve analyses, one may well have
achieved a research goal that can give one added confidence in interpreting the
behavior of structure-sensitive properties. Nevertheless, it is important to
realize that in transversing the material X-rays average out details of the defect
structure, and hence, X-ray topography is capable of disclosing only relatively
gross features of the defect structure. These may include subgrain formation,
slip and deformation bands—in short, long-range cooperative phenomena of
dislocation interaction. Individual dislocations can be disclosed only when the
dislocation density is very low and even in the most favorable cases this would
restrict the observation to only the initial stages of deformation of a material.
TEM, on the other hand, is capable of revealing details of the defect structure
such as the individual dislocations and dislocation networks shown in Fig. 10.
Such resolution exceeds the resolving power of X-ray topography by many
orders of magnitude. The principal disadvantage of TEM, however, lies in the
fact that only small specimen areas of about 10u? or in some cases 100u? can
be studied. Because of this limited restriction of the field of view, it is
frequently difficult for TEM to discern the essential features and parameters
that determine and govern the structure-sensitive properties of the material.
The TEM method “sees frequently too much,” and to be most effective it
requires another research tool for guidance. In the combination methods of
structural analysis described in this paper such guidance is provided by X-ray
topography. X-ray topography, however, should be employed not only for
quick and effective location of a defect structure, but principally for locating
and discerning structural features of importance to the process under study.
For example, in the deformation study of beryllium [8-10], X-ray topography
was employed on the intersection of the deficiency conics pertaining to the
basal, prismatic, and pyramidal planes of beryllium. Consequently, the aniso-
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tropic deformation behavior of a small, selected, irradiated crystal volume
could be analyzed by studying the deformation (compression and tension)
response of the different (hk/) planes. Subsequently, the complementary TEM
study was able to focus attention on the mechanism of dislocation interaction
which was responsible for the formation of the cell structure observed by
X-ray topography and was able to disclose the development of the cell
structure leading up to fracture [10].

Another example may serve to illustrate the synergistic interplay of the
component techniques to make the application of the combination method
most effective. In the fracture study of silicon [13,22], the PF topography
was capable of distinguishing zones of elastic residual strains from those
containing plastic deformation. The latter were analyzed by double-crystal
diffractometry and the details of the dislocation configuration, particularly in
the vicinity of the notch root, were revealed subsequently by TEM.

Corroborative evidence that microplastic zones were formed in notched
silicon at the ductile-brittle transition temperature of about 650°C was ob-
tained from the observations of fine cleavage steps on the fracture surface
disclosed by SEM. It appears quite safe to predict that SEM, with its recent
extension of X-ray analysis by energy dispersion, will play an increasingly
important role in the future developments of the combination methods.

The greatest sensitivity in locating lattice defects by X-ray topography is
achieved when the topographic method is based on phase contrast rather than
on reflectivity contrast. Topography based on phase contrast, such as AT
contrast (Figs. 6 and 7), or PF contrast (Fig. 9), requires crystals of very low
dislocation density. There is ample evidence, however, that besides the transis-
tor type of crystals there exists a host of other crystals of technological
importance, namely, crystals used in laser operation, which might be suitable
candidates for such study.

Conclusions

Combination methods of structural analysis were developed which make it
possible to correlate the visualization of lattice defects, disclosed by X-ray
topography and TEM, to quantitative X-ray diffraction analysis of structure-
sensitive properties of materials. Depending on the information desired, the
quantitative diffraction analysis may consist of:

(@) line profile analysis, such as was performed in the analysis of defi-
ciency conics of divergent beam patterns of beryllium,

(b) rocking curve analysis, as was carried out in the analysis of micro-
plastic regions in fracture studies of silicon, and

(¢) stress-strain analyses based on strain measurements of back-reflection
divergent beam patterns. These were applied to precipitation-hardened and
ordered alloys and to neutron-irradiated materials.

It was shown that the topographic disclosure of lattice defects was most
effective when the techniques of X-ray topography and TEM were so em-
ployed as to complement each other. Owing to its larger field of view, X-ray
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topography was capable of locating the important, gross topographical fea-
tures, the details of which were studied subsequently by TEM. It was shown
that certain isolated lattice defects, such as microcracks, microplastic regions,
or zones containing residual elastic strains, were most effectively revealed
when X-ray topographic methods were employed which are based on phase
contrast. Thus, the lattice defects were disclosed by the disturbance of AT or
PF. SEM of fracture surfaces played an important part in assessing the early
formation of microplastic regions.
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ABSTRACT: X-ray diffraction is used to delineate the structure of materials, their
chemical and phase analyses, grain and domain sizes, internal strain (stress),
texture, imperfections, homogeneity, etc. In this paper, the practicality of the
methods is emphasized; diffractometer techniques can be simple, quantitative, and
rapid, and together with film techniques, permit examination of a wide range of
materials. Examples are given of the characterization of structure by X-ray diffrac-
tion techniques and of the applications of the results in such different investiga-
tions as mechanical and physical properties of solid solutions, recrystallization of
steel, pore structure of carbons, creep properties, surface stresses, and transforma-
tion of austenite to bainite.

KEY WORDS: X-ray diffraction, metallography, crystallography, preparation,
lattice parameters, carbon, mechanical properties, recovery, crystallite ize, texture

In the 1948 edition of ‘“Metals Handbook” published by the American
Society for Metals (ASM), metallography is defined as *“the science concerning
the constitution and structure of metals and alloys as revealed by the micro-
scope.” In the 1961 edition, metallography is *“‘the science dealing with the
constitution and structure of metals and alloys as revealed by the unaided eye
or by such tools as low-powered magnification, optical microscope, electron
microscope and diffraction or X-ray techniques.” Now, in 1973, the field of
metallography has been broadened to cover much more than metals and
alloys—metallography is a tool for correlating the structure and properties of
materials, In 1965, ASTM Committee E-4 defined metallography as “that
branch of science which relates to the constitution and structure, and their
refation to the properties of metals and alloys.” As the old saying goes,
metallography is what metallographers do.

One might say that the structure of a material is known when the
following characteristics have been determined: the quantitative chemical
elemental analysis; the existing phases and their relative amounts; the sizes,
shapes, and distribution of these phases; and finally, additional factors such as
texture, internal strain, ordering parameter, and homogeneity. The list grows
with time—truly a large number of features required to describe structure.
X-r2y analysis comprising the three aspects of radiography, fluorescence, and

1 Consultant, Swarthmore, Pa. 19081.

23

Copyright® 1974 by ASTM International WWWw.astm.org



24 METALLOGRAPHY

diffraction is certainly the most versatile method available because almost all
aspects of structure can be investigated. These subjects have been described in
the literature often and well, both in breadth and in depth.

The purpose of this paper is to demonstrate the practicality of X.ray
diffraction in revealing the structure of materials and the correlation of the
results to other properties of interest. Examples have been chosen to empha-
size the diverse nature of problems which can be investigated with commercial
or easily assembled equipment. Most of the work to be described has been
performed at the United States Steel Corporation Research Center. In the
natural course of events, the studies have been cooperative in nature. The
joint efforts of many co-workers, too numerous to name individually, are
acknowledged with much appreciation.

Specimen Preparation

The ease, simplicity, rapidity, and versatility of specimen preparation merit
emphasis. In the Debye-Scherrer camera technique, the aim is to center the
specimen in the X-ray beam and rotate it so that many orientations and grains
are seen. The three common ways of placing a specimen in this camera are:
(1) to coat the outside of a thin nonreflecting fiber with the specimen using a
binder such as Canada balsam, (2) to place powder inside a thin-walled
capillary, and (3) to shape the specimen into a suitable rod. This can be done
for solids by cutting the specimen and subjecting it to chemical attack. In
other instances, a mixture of powdered material and a binder (balsam or
collodion, for example) is either rolled into a rod or placed in a tube and
extruded. The advantages of the camera method are that all diffraction peaks
are recorded at the same time, that very small amounts of sample can be used,
and a tremendous range of time of exposure is possible. Other cameras are
available, like the Guinier-deWolff type which gives higher resolution and
permits the simultaneous exposure of four powder patterns.

For examination on a diffractometer, the main requirement is that the
specimen be flat—so flat sheets or ground and polished specimens can be
examined without further preparation. Powders can be examined quickly by
dusting them onto double-coated transparent tape mounted on a glass slide.
Slurries of powder and a binder (lacquer, collodion, or cement) can be placed
on a glass slide and warmed until the volatile part of the binder has evap-
orated. Pieces of material can be placed on a slide either with the tape or with
a binder. Powders can also be placed in a recess in a nondiffracting plate flush
with the surface of the plate. Finally, samples can be mounted in bakelite,
epoxy resin, or other mounting material commercially available, and then
made flat for examination on the diffractometer.

One advantage of X-ray diffraction analysis, especially in camera techniques,
is that small specimens can be examined. Particles have been separated on the
basis of appearance, density, or magnetic or chemical property, and identifica-
tion obtained therefrom.
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Elemental Analysis

The chemical analysis of materials is determined by X-ray techniques in
several ways: (1) most accurately, by measuring characteristic X-rays produced
by electron bombardment as in the electron microprobe or by X-ray bombard-
ment as in X-ray spectrometers, (2) by determining lattice parameters where
the change of lattice parameter with composition is known, and (3) by using
the absorptivities of the elements (because of density or absorption edge) as in
microradiography.

Microradiography has the great advaniages of simplicity of procedure, low
cost, and examination of the specimen in bulk. The drawbacks are serious or
more investigators would be using the technique (low resolution and a long
time required for specimen preparation and exposure). Microradiography is
still being used to show segregation within specimens, but microprobe analysis
has practically taken over the field, for example, the recent study on solidifi-
cation of high speed tool steel by Barkalow et al [1].2

An example of the value of microradiography is its application to the
investigation of surface defects produced during severe forming. Ridging is a
defect caused by differences in the directional properties of sheets which arise
from the nonrandomness of the orientations of the grains in the sheet. This
condition of nonrandom orientation is called texture or preferred orientation.
(Perhaps this paper should have been devoted mainly to a discussion of
texture, because preferred orientation is a natural and ever present result of
the working of materials and X-ray diffraction is the best way to determine
texture. Since the aim of the paper is to emphasize the versatility and
practicality of X-ray diffraction, subjects which are handled relatively quickly
and easily have been chosen.)

At the United States Steel Corporation Research Laboratory, J.D. Defilippi
and H.C. Chao [2] employed iron and chromium X-radiation to delineate a
band-like segregation of chromium and molybdenum in hot-rolled AISI Type
434 stainless steel (17Cr-1Mo). Their thesis is that segregation of the elements
in the ferrite and austenite phases may lead to retention of a harmful texture
in the finished sheet. Because of selective absorptivity, chromium (and vana-
dium and titanium) will selectively absorb iron radiation; because of higher
density, molybdenum will absorb both iron and chromium radiation more
than the other elements in this steel. With the aid of a reference mark scribed
on the surface, it was possible to take a light micrograph and then radiographs
of the same area of a hot-rolled sheet ground and polished down to a
thickness of 254 um (1 mil). The results are shown in Fig. 1. The white areas
in 10 and lc¢ represent regions of high absorptivity, chromium for iron
radiation, and molybdenum for both iron and chromium radiations. The areas
which are white in both radiographs indicate concentration of molybdenum;
those areas white in the iron target radiograph and dark in the chromium

2 The italic numbers in brackets refer to the list of references appended to this paper.
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target radiograph indicate higher concentrations of chromium. By comparing
these radiographs with the light micrograph, one sees that these alloying
elements were concentrated in the ferrite. The martensite, a transformation
product of the austenite existing at rolling temperatures, shows less of these
solutes.

Examination of a rolled sheet which had failed in use provided an interest-
ing lesson. The texture of the sheet was determined and then out of curiosity,
a mil was ground off and texture redetermined. A marked change had
occurred! The edge and surface of the sheet were then examined in the light
microscope and the answer to the problem found—the surface of the sheet
was fine-grained, but the bulk was coarse-grained. Once again, the value of
using any and .all available instruments was demonstrated; this experience is
the background for the preference of the definition of metallography which
includes “‘structure as revealed by the unaided eye or by such tools as ...”.

Qualitative chemical analysis can be made of the first series of transition
metals by choice of radiation. Because of absorption edge wavelengths, ele-
ments will absorb characteristic radiation of elements two atomic numbers
higher or above and emit their own characteristic X-rays. High background or
darkening of a film when cobalt radiation is employed reveals that manganese
or chromium is present; likewise, iron radiation discloses the presence of
chromium, and copper radiation that of cobalt, iron, or manganese, or a
combination thereof.

Quantitative chemical analysis on an elemental basis can be made quite
accurately if the change of unit cell parameters with composition is known.
Relatively simple mathematical expressions for extrapolation to 20 = 180 deg
have been derived to take care of the nonrandom errors which arise from the
film techniques and some persons have applied them to the diffractometer.
However, it has been found that the extrapolation procedure is not required
for the determination of changes in lattice parameter with solute content to
an accuracy commensurate with that of the chemical analysis when a diffrac-
tometer is used with flat specimens that produce a Bragg peak in the far
back-reflection region. The base material, usually solute-“free”, serves as the
fiducial, and the changes in lattice parameter with variation in solute content
are determined from shifts in position of the back-reflection peaks. The shifts
can be measured very accurately and corrections are unnecessary because the
geometry is the same for all specimens. The peak shapes are visual indicators
of the strain and chemical homogeneity of the phase, assuming that there is
no broadening due to fine crystallite size or to rarely met uniform strain.

Many attempts have been made to relate properties of solid solutions to the
electronic structure or relative sizes of the atoms in the solution. Because
nature is quite complicated, these efforts have been only partially successful.
The variation of lattice parameter with composition of iron-nickel alloys {3},
(Fig. 2), illustrates several aspects of this type of study. First, there can be
considerable differences among results published by different workers in the
field. Second, the variation may not be linear; in this instance, in very unusual
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FIG. 2—Lattice parameters of ferritic and martensitic iron-nickel alloys. Courtesy of
Metallurgical Transactions, Ref. 3.

fashion the dilation goes through a maximum as with increasing concentration,
nickel expands and then contracts the body centered cubic (bcc) iron lattice.
The identical effect occurs as iron goes into the face centered cubic (fcc)
nickel-rich solution. Third, the explanation appears to be in the electronic and
magnetic interactions in these alloys because the magnetic moment (Bohr
Magneton number) exhibits the same behavior with composition as does the
lattice parameter. A similar but smaller effect is found in iron-rich cobalt-iron
alloys.

The relationship between relative dilation of the bcc iron lattice and solid
solution strengthening has been discussed by Leslie [4]. Results of the effects
of alloying elements in iron-base alloys on lattice parameters and on such
varied mechanical properties as elastic constants, solid solution strengthening
and softening, work hardening, strain aging, the effect of temperature on
strength, hot working, and toughness are presented. The effects of solutes on
the lattice parameter of bcc iron at 298 K is given in Fig. 3. As noted in the
paper, a linear relationship has been used for the cobalt-iron, nickel-iron, and
silicon-iron alloys for the purpose of treating all the data alike, though the
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FIG. 3—Effect of elements in solid solution on the lattice parameter of alpha iron at
25°C. Courtesy of Metallurgical Transactions, Ref. 4.

dilation per atomic percent solute in these systems is not linear over this range
of composition.

Leslie, despite all the work done on iron-base alloys or perhaps because of
it, comes to the sad conclusion that there are more complexities than were
expected. However, he concludes that the size misfit parameter, defined as the
change in lattice parameter per atomic fraction divided by the lattice param-
eter (1/a x daldc) is a rough guide to solid solution strengthening, defined as
the change in shear stress with solute concentration—with some exceptions
(Fig. 4). Interestingly, the most notable exceptions occur with those elements
that decrease the lattice parameter.

Iron oxide (FeQ), a defect structure at 1 atm pressure because of vacant
iron sites, provides an example of the change of lattice parameter with
composition. The lattice parameter varies from about 4.28 A at Fey:550 to
431 A at Fey 950. Many carbides, oxides, sulfides, and intermetallic com-
pounds have defect structures—another use of lattice parameter measurement
for chemical analysis after the phase has been identified. Pearson’s two-volume
handbook on lattice spacings is invaluable for this purpose [5].

Phase Identification

The basis for the identification of the phases in a specimen is the fact that
each crystalline substance gives its own characteristic diffraction pattern inde-
pendently of other phases. ldentification of phases in a specimen is accom-
plished by obtaining its diffraction pattern and comparing the pattern to those
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of known substances. Some laboratories have their own collection of diffrac-
tion patterns; the set available to the public is that of the Joint Committee on
Powder Diffraction Standards (JCPDS) which publishes an ever-growing
Powder Diffraction File (PDF), now numbering well over 20 000 patterns.

A pattern from the PDF is that of FeO [6] shown in Fig. 5. Pertinent
information such as crystal structure, method of preparation, and reference is
on the card. The relative intensitives of the Bragg reflections, due to many
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FIG. 5-Standard JCPDS diffraction data card (3 in. by S in.) for iron (II) oxide.
Courtesy of JCPDS, Ref. 6.
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randomly oriented cyrstallites, are shown in the column I/, . It can happen,
as in heavily deformed material or in electroplated deposits, that the treat-
ment will bring grains into a nonrandom distribution of orientations, clustered
to some particular plane or direction or both, called the preferred orientation
or texture. In work on the oxidation of iron (in the form of sheets) to FeO in
water-hydrogen atmospheres, only (#00) peaks were observed when the oxi-
dized specimen was examined on the diffractometer, indicating a fiber {100}
texture in the plane of the sheet. When the hydrogen was mixed with helium,
the diffraction pattern was like the one on the card except that the (h0D)
peaks were absent indicating the presence of a [100] fiber texture perpendic-
ular to the plane of the sheet. In this study, the orientation of the newly
formed oxide apparently did not affect the rate of oxidation of the iron
sheet; it may, however, lead to interesting information of the mobility of iron
atoms or ions in different atmospheres.

Another point to be made is that frequently an educated guess of the
texture of a material can be made by one run on a diffractometer. One must
ascertain that missing peaks are not due to large grains. This is easily done by
examining different areas of a specimen; a coarse-grained specimen with
random texture will produce different Bragg reflections from different areas,
while one with texture will produce the same reflections from all areas. For a
complete pole figure or for quantitative determination of preferred orienta-
tion, the standard methods must be used.

In studying materials, identification of the phases present is very important.
These phases can be extracted from the matrix in several ways; the one we’ve
employed most often is the double-etching extraction technique. The method
is as follows: after the specimen has been polished, it is etched for iong periods
of time (10 to 100 times the time used for microscopic observation) in a
solution which will attack the matrix. The specimen is then washed, air-dried,
and coated with collodion. After the collodion is dry (about 15 min), the
specimen is etched in the same solution for about half the time, washed with
isopropyl alcohol (CH3CHOHCH;) (to avoid dissolving the collodion), and
air-dried. A thick coat of polyvinyl alcohol (about 50 percent solution Elvanol
Dupont 51-05 in water) is poured over the specimen and allowed to dry
overnight in a dessicator. The composite film which now contains the precipi-
tates is stripped from the specimen and floated in water (at about 50°C) until
the polyvinyl alcohol dissolves (about 15 min). The extraction replica is
picked up on a glass fiber and mounted in the camera for X-ray diffraction
analysis. By changing etching times, it is possible to pick up precipitates of
different sizes.

Electron micrographs of extractions taken from a stainless steel subjected to
creep rupture are shown in Fig. 6. The particles were identified as cementite,
chromium-rich M,3;Cs carbides, sigma phase, and chi phase [7]. In this
investigation, by these methods it was shown that with increasing time at
testing temperature, the sequence FeyC to M,3C,4 to sigma phase took place.
With new theoretical treatments and accurate measurements of thermal expan-
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FIG. 6—Electron micrographs of extraction replicas of Type 316 stainless steel sub-
jected to creep rupture. (a) x 3200 and (b) x 4800. Courtesy of TMS-AIME, Ref. 7.
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sion and elastic moduli of these substances, it is now possible to determine
more accurately the relationship of the phases to the. behavior of materials
[8], whereas previously only their concomitance could be reported.

Another application of this technique was the identification of carbides of
two different sizes in a steel after an aging treatment (Fig. 7). An extraction
replica placed in a Debye-Scherrer camera was not rotated—so that the small
particles would be expected to give a continuous pattern and the larger ones a
spotty pattern. As can be seen, both patterns are coincidental; they have the
same lattice parameter and, therefore, presumably the same composition.

FIG. 7-Light micrograph (= x 470) and X-ray diffraction pattern of carbides in steel.

Quantitative analysis of phases existing in materials is possible because the
intensity of the diffraction pattern of each phase is proportional to its
concentration in the specimen under examination. The measured intensities of
patterns from different phases can be related either to experimentally deter-
mined intensities from prepared standard mixtures or to intensities calculated
from crystal structure data [9].

In the field of metaliurgy, a very important application has been that of
determining the amount of retained austenite in a martensitic matrix, both
phases present in steels. This is of great commercial significance because of the
significant effect of austenite on strength and other properties. Examples
abound in the literature; the one chosen here is from recent work by Caton
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and Maniar [10] in developing a new high-strength maraging stainless steel.
They determined the austenite content in their alloys as a function of
composition and found that an austenite content of about 10 percent gave the
optimum combination of strength and toughness.

The practical problems associated with the determination of austenite in
steel are coarse-grain size, presence of other phases which are neglected in the
simplification of the calculation, and, most importantly, the existence of
texture. The effect of preferred orientation is shown by Miller [11] in the
comparison of the determination of austenite by X-ray diffraction with that
by light microscopy (Fig. 8). The departure from agreement of the values
obtained by these two methods varies with the degree of preferred orientation
in the austenite. The ratio of the intensities of the (220) and (311) peaks
should be 0.9 for a randomly oriented austenite; as the ratio departs from this
value, the agreement becomes poorer. To overcome this source of error,
methods have been devised to measure intensities as the specimen is rotated
and tilted through part of [12] or a full pole figure [/3]. These procedures
cost something, either larger uncertainty and increased minimum detectable
amount or longer time for the determination.
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FIG. 8-Comparison of austenite determinations by light microscopy and by X-ray
diffraction. Courtesy of ASM, Ref. 11.

Other Structural Characteristics

The widths of diffraction peaks result from the spectral distribution of the
X-ray beam, the experimental arrangements and the structure of the specimen.
The first two features, usually fixed in an investigation, produce a finite peak
width which is called the “intrinsic” or “instrumental” breadth. The peaks are
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broadened by many structural characteristics of the specimen such as fine
particle size (coherently reflecting domains below about 3000 A in size),
inhomogeneity of strain, stacking faults, and inhomogeneity of composition.
Although several analytical methods have been developed to separate the
effects of each factor, they have not been applied to practical problems very
often. The reasons may be the cost in time and effort, or hesitation on the
part of the investigator to try something not easily understood or handled.

However, peak height and width are visible, line broadening may be obvious,
and they frequently can be used as rapid and sometimes quantitative measures
of one microstructural characteristic—provided the others can be neglected.
The peak heights, the half-widths (width at half maximum) of back-reflection
peaks resulting from Ka and Koz radiations, and the minimum between
them can be measured qu1te accurater, and the measurements can be used as
indications of changes in structural characteristics of materials under study.
Large variations can be determined quantitatively by observations on forward-
reflection (low-angle) diffraction peaks.

These parameters were used in an investigation by Michalak and Schoone
[14] of the differences between nitrogen in solution and nitrogen precipitated
as aluminum nitride (AIN) on the recovery, recrystallization, and texture
development of a cold-rolled, aluminum-killed steel subjected to simulated box
annealing. X-ray examination included determination of pole figures, measure-
ments of integrated intensities and of line widths, and X-ray reflection macros-
copy. Recovery was followed by means of an easily measured parameter first
suggested by van Arkel and Burgers [15], the ratio of the intensity minimum
(saddle point) between Ky, and Ky, peaks to the intensity of the K, peak
(less background mtensny in each measurement). Michalak and Schoone
normalized this parameter by using this ratio for the specimen after complete
recrystallization as a base. The fractional residual line broadening was eval-
uated as the difference between this ratio for the specimen at annealing
temperature 7" and the ratio for the recrystallized specimen divided by the
difference in the ratios of the specimen between the cold-rolled and recrystal-
lized conditions. This was done for three reflections, the results for one being
shown in Fig. 9. The data show that the high-AIN material, in which the
nitrogen has been removed from solution by precipitation, recovers to a
greater extent than the low-AIN specimen. The same result is shown in Fig. 10
where the measured relative intensities of the (100) and (112) reflections at
different annealing temperatures are plotted. X-ray reflection macroscopy
confirmed these findings but took more time.

A unique application of X-ray diffraction is the measurement of strain (and
stress) in each phase existing in a specimen. Two different kinds of strain can
be determined. Uniform (or mean) macrostrain causes a shift in position of
the diffraction peaks to different Bragg angles as the lattice planes are moved
under stress, and nonuniform microstrain causes a broadening of the diffrac-
tion peaks as the planes become distorted. The measurement of macrostrain
(and stress) by X-ray diffraction is excellently described in Ref /6. Although
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in steels, only the stress of the bcc structure, martensite or ferrite, is usually
determined, the stress on austenite or other phases that give diffraction peaks
in the back-reflection region can also be obtained. As mentioned earlier, the
various structural factors which go into line-broadening have been treated in
several ways. The combination of automation and computer techniques (even
to time-sharing procedures) allows routine analysis of particle size, micro-
strains, and macrostrain [17].

Stresses arise for different reasons and X-ray diffraction can be used to
differentiate between these various causes of stress. In an investigation by
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Wriedt et al [I8] of the stress resulting from a concentration gradient of
nitrogen in the surface of a mild steel, the quenching stresses were found to
be almost as large as the computed stress due to the gradient (Fig. 11).
However, by aging specimens, one with and one without nitrogen, at tempera-
tures between 100 and 300°C, the effects due to the concentration gradient,
to quenching, and to precipitation of the dissolved nitrogen could be sepa-
rated, semiquantitatively at least.
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FIG. 11—Cumulative effect of aging on residual surface stresses in mild steel with and
without nitrogen impregnation. Courtesy of ASM, Ref. 18.

In another investigation, that of the pore characteristics and rates of oxida-
tion of graphite, coke, and charcoal by Turkdogan et al [19], line-broadening
and lattice parameter measurements were made to determine the mean crys-
tallite size of the carbons. A visual comparison of the Debye-Scherrer patterns
(Fig. 12) shows the great differences in peak widths of the specimens and the
concomitant variations in interplanar spacings. From measurements of the 200
peak widths taken from diffractometer charts, using the geometrical mean
suggested by Taylor [20], the mean “apparent” particle sizes were determined
to range from 6 A to over 1000 A. These values were in agreement with
values of crystallite size determined from the relation of the change in lattice
parameter with particle size published by Bacon [21]. Bacon shows that the
distance between the basal planes increases and the perpendicular distance
decreases as the crystallite size decreases. To complete this story, the result of
the investigation was that the state of crystallinity apparently had no marked
effect on the rate of oxidation, the difference in effective surface areas being
the essential parameter for the difference in oxidation rates of the carbons.

The effect of variation of composition on line widths has been analyzed by
Rudman [22], but it is difficult to determine when other causes are present,
as they usually are. Stresses present because of concentration gradients exist-
ing on a microstructural scale would also contribute to line broadening.
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Many of the methods described previously can be used to delineate the
changes occurring in the transformation of austenite to upper bainite. Much
work has been done on this interesting and important temperature range in
the heat treatment of steels, yet it seems that no one investigator has yet
determined all the information possible. By combining the quantitative deter-
mination of austenite in steel, the change in lattice parameter of iron-carbon
austenite with carbon [5,23], the change in lattice parameter of ferrite with
dissolved silicon [5], and the determination of stress in each phase, it should
be possible to determine the relative amount, chemical composition, and state
of strain and stress of each phase in a steel undergoing this transformation.
Qur work was on a 28i-0.6C (SAE 9260) steel. Specimens, 1/8 in. thick and
1/2 in. in diameter were austenitized at 900°C (1650°F) for 15 min, quenched
to 482°C (900°F) and held for times ranging from a few seconds to 24 h, and
quenched in iced brine. The results, only partially revealed in Fig. 13, are: (1)
the specimen held only momentarily at the upper bainite temperature of
482°C transformed to martensite and about 5 percent retained austenite, (2)
after a 20 s incubation period, the amount of austenite increased until a
maximum of 24 percent was reached at a holding time of about 300 s, and
(3) the amount of austenite decreased with holding time thereafter, down to 5
percent after 24 h. Accompanying the increase in amount of austenite was an
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FIG. 13 -Lattice parameter of austenite, percent austenite, and hardness in 2S8i-0.6C
steel (SAE 9260} during transformation to bainite at 482°C.

increase in ‘‘d” spacing or lattice parameter of this phase, interpreted as
enrichment by carbon (amount not established, but over 0.25C); the marten-
site peaks increased in width, an indication of a wide composition range,
increased strain, or a decreasing crystallite size. The later decrease in amount
of austenite was concomitant with a decrease in lattice parameter, an indica-
tion of a loss of dissolved carbon probably as a result of carbide precipitation.
Occurring at the same time were a sharpening of the “martensite” diffraction
peaks and a decrease of the bcc lattice parameter, indicating a loss of carbon
and an increase of the silicon content in the ferrite to about 2.5 percent. The
results of hardness measurements were as expected, the hardness decreasing
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with time. Unfortunately, the strains in the phases were not measured in these
preliminary results.

A 28i-0.2C steel showed the same results, but in diminished proportion;
these changes were below the limits of detectability in a 2Mn-0.2C steel.

Many important subjects such as the determination of phase diagrams, small
angle scattering, diffraction at high and at low temperatures, crystal structures,
and other complex scientific studies have not been discussed in this paper,
even though some of these should be considered practical in modern industrial
practice.

Before the summary, some words might be appropriate on recent develop-
ments in the field. As mentioned previously in the determination of structural
features from line-broadening measurements, automation and computer tech-
niques are being applied to densitometers (for film readings) and to diffrac-
tometer outputs for determination of stress, percent austenite, pole figures,
preferred orientation, and other characteristics. This is, of course, not new and
has been done in individual laboratories for many years. The new aspect is
that commercial manufacturers are .thinking of or working on plans for
automated diffraction analysis, tying the diffractometer output into the PDF
on magnetic tape for phase identification.

Another relatively recent development has been the use of a semiconductor
(lithium-drifted silicon) radiation detector coupled with a multichannel pulse
height analyzer and a readout or display. This detection system, called energy
dispersive analysis, has the advantages of obtaining the spectrum of data
simultaneously and quickly and lends itself to computer techniques. The
drawbacks are (1) the fluorescence and diffraction patterns are obtained at the
same time (this may be an advantage), (2) liquid nitrogen and associated
equipment are necessary in order to get the best resolution, and (3) the
resolution is not sufficient for many studies. Papers on this subject have been
given (see Refs 24-26); the first article on the subject was by Giessen and
Gordon [27].

Conclusion

The aim of this paper has been to give a broad view of the practicality of
X-ray diffraction methods in correlating the structure and properties of mate-
rials. Necessarily, the presentation of each investigation has been brief and
incomplete. The original articles are the proper sources for information on the
subjects discussed here. Apologies are offered to the many authors of relevant
papers that have not been mentioned. This paper closes with noteworthy
remarks made in 1940 by C.C. Patterson, then director of General Electric
Company Research Laboratory in Wembley, England at the conclusion of a
talk by H.P. Rooksby [28] of that laboratory.

As time went on it was extraordinary what a large number of everyday
problems in the laboratory found refuge and their solution, or partial solution,
by submission to this technique in which Mr. Rooksby has made himself
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expert. At a guess I should think that 30 to 50 percent of the problems that
come up in the course of our everyday activities touch his section of work at
some stage or another in their career, and nearly always useful information is
obtained. I do not think that until a laboratory has really used this technique
and found of what it is capable, they realize how valuable it is.
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tions. In the hot-stage microscopy examples, particular emphasis is given on results
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The use of hot-stage microscopy has made it possible to study the dynamic
and kinetic conditions of materials at elevated temperatures [/].2 Generally,
hot-stage microscopy does not require highly sophisticated and expensive
equipment, thus allowing a wide use of the technique even in small labora-
tories with limited budgets. Although the technique has been used to study a
wide variety of materials, this paper deals with only the study of transforma-
tions in steel.

The first section will discuss the technique of hot-stage microscopy and
some of the problems encountered. The second section will discuss applica-
tions of the technique, with specific reference to various transformations that
have been studied in our laboratory and by others.

Experimental Technique

There are three high-temperature hot stages on the market in this country,
namely, the Leitz Model 1750, the Reichert Vacutherm, and the Unitron
Model HHS-3. Although Table 1 lists some comparative information for all

1 Engineer, metallographer, metallographer, and supervisor, respectively, Homer Re-
search Laboratories, Alloy Development Section, Bethlehem Steel Corp., Bethlehem, Pa.
18016.

The authors have been awarded the Joseph R. VileHla Award for the above paper. This
award is under the jurisdiction of Committee E-4 on Metallography and is “given in
recognition of a paper published by the Society of outstanding significance to the science
of Metallography”.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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TABLE 1—Commercial heating stages.

Manufacturer* Model Temperature Range, C Type of Atmosphere
Leitz 1750 room temperature to 27004 vacuum, gas
Reichert Vacutherm room temperature to 1800 vacuum, gas
Unitron HHS-3 room temperature to 1500 vacuum, gas, pressure

* The above data was taken from sales brochures of the three manufacturers.

2 Temperature above 1750°C must be measured with an optical pyrometer.
three hot stages, we will deal mainly with the Leitz 1750 heating stage, which
our laboratory has been using for several years.

Many of the details of our hot-stage technique have been published else-
where and include modifications of the Leitz 1750 heating stage to accommo-
date a specially designed control system [2]. Figure 1 shows the basic system
and the modifications.

FIG. 1-Overall view of the hot-stage setup used for this study showing the basic
system: {A] Leitz 1750 heating stage, (B} Leitz Ortholux microscope with xenon lamp,
(C) Leitz power supply for 150-W xenon lamp, (D) power furnace transformer (5 V,
750 W), (E) regulating transformers, and the modifications: (F) control switching unit,
(G) strip chart recorder (AZAR), (H) gas drying system, (1) gas flow meters, (1) liquid
nitrogen bath (Dewar flask}, (K} solenoid valve, and (L} Bolex 16-mm camera.

The heating stage, optical system, and specimen preparation, as well as the
control of atmosphere and cooling/heating rate, are described in the following
discussion.

Heating Stage

A cross-sectional exploded view of the Leitz heating stage is shown in Fig.
2. The water-cooled furnace chamber can operate under a vacuum (4) or in
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FIG. 2—Exploded view of the Leitz heating stage showing (A) vacuum port, (B) gas
inlet, (C) specimen, (D) heating element, (E) rotatable quartz window, (F) heat shield,
and (G) magnetic, spherical bearing.

an inert atmosphere (B). When an inert atmosphere is employed, the chamber
is purged with research-grade argon or helium several times before operation.
The 2.5 by 2.5 by 0.25-mm specimen (C), which rests upon a flat furnace
(D), is observed through the quartz window (£) located above the radiation
shield (F). The entire chamber is mounted on a spherical bearing (&) fitted
with magnets. This arrangement makes it possible to keep the specimen
surface perpendicular to the light beam of the microscope. A view of the
furnace section is shown in Fig. 3 for two conditions of heating, namely,
radiation heating (Fig. 34) and contact heating (Fig. 38).

Furnace Design—Various furnace configurations can be used, depending
upon the type of study involved. Figure 4 shows four different furnaces that
employ contact heating, where the specimen or crucible is in direct contact
with the heating element. The crucible furnace (Fig. 44) is used for melting
and solidification studies where direct contact with a metal heating element
must be avoided so as to prevent alloying and contamination. The furnace in
Fig. 4B is used to heat powder specimens for sintering studies, and the other
two furnaces are used for heating sheet and wire specimens. Furnace D (Fig.
4), used exclusively in this study, was preferred over furnace C. Furnace C is
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FIG. 3-Internal portion of the hot stage showing two methods of heating: (A}
radiation heating and (B) direct-contact heating.

under more restraint than furnace D causing it to bend during heating and
cooling, thus creating difficulty in focusing during observation.

In setups where the contact between the specimen and heating element is to
be direct, it is advisable to tack-weld the specimen to the element to eliminate
specimen movement during heating and cooling. Immobility is particularly
important when the specimen is being cooled with a blast of inert gas.

Figure 5 shows another type furnace—one which operates mainly by indirect
heating. The specimen may be of the cylindrical form shown in Fig. 54 or
may be in powder form in a ceramic crucible, Fig. 5B. In the furnace
arrangement for such specimens the heating element and radiation protection
screens surround the specimen (Fig. 5C). The variant form of a cylindrical
specimen shown in Fig. 54 is commonly used in a variety of heating stages
[3-12]. In contrast to the furnace arrangement for the thin specimen (Fig.
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FIG. 5—Configurations used for radiation heating of: (A) hollow cylindrical specimen
and (B) powder specimen on a ceramic crucible. The top view of the furnace (C) shows
the heating element, radiation shields, and specimen,

4D), the main disadvantage of the cylindrical specimen is that the higher
thermal inertia of this specimen precludes fast cooling rates.

For example, using a cylindrical specimen with a diameter of about 0.5 cm,
Gabler [3] obtained a maximum rate of 80°C/s when cooling from 1000 to
200°C, with a blast of cold inert gas introduced into a Reichert Vacutherm
heating stage. In contrast, Benscoter et al [2], working with thin specimens
(Fig. 4D) and using a cold helium blast in a Leitz hot stage, obtained a
cooling rate in excess of 2000°C/s. The control of cooling rate will be
discussed in a subsequent section.



48 METALLOGRAPHY

Furnace Materigls—Furnace materials usually consist of high-melting-
temperature metals such as tantalum, tungsten, molybdenum, and platinum as
well as platinum-thodium and platinum-iridium alloys [/3]. High-resistance
alloys such as Nichrome V can also be used {2]. In some cases, the resistance
of the specimen itself makes it possible to use it as the heating element.
Speich and Miller [/4] found this latter method advantageous when, as in the
case of a steel strip specimen, the low thermal inertia necessitates rapid
quenching, for example, greater than 500°C/s.

Before selecting a furnace material for a particular application, one must
consider the following factors:

1. Type of atmosphere used—Since the refractory metals tantalum, molyb-
denum, and tungsten are highly susceptible to high-temperature oxidation,
they must be used in a reducing or inert atmosphere or in high vacuum.
Oxidation-resistant elements and alloys, such as platinum and platinum alloys,
can be used in most atmospheres.

2. Thermal expansion characteristics—Thermal expansion and contraction
affect the movement of the specimen during heating and cooling and, there-
fore, can create a focusing problem when one is observing and photographing
a transformation under nonisothermal conditions. Thus, thermal expansion is
particularly important in furnace designs where the furnace and specimen are
in direct contact (Fig. 4), and materials with a low coefficient of expansion
within the temperature range of the study should be used.

3. Electrical resistivity—The resistivity of the furnace material determines
how fast a specimen can be heated and, therefore, becomes important when a
rapid heating rate is employed.

4. Alloying behavior—Alloying of the specimen and the heating element can
obviously create drastic changes in the transformation characteristics. There-
fore, in heating stages where the specimen and furnace material are in direct
contact, one should avoid materials that readily alloy. For example, we found
that a 0.8C steel specimen severely alloyed with a platinum heating element at
temperatures above 1080°C. On the other hand, when we used a pure iron
specimen, we were able to run the same furnace continuously at 1100°C for
2.5 min without appreciable alloying occurring.

5. Transformation characteristics—Since a transformation creates a nonlinear
expansion/contraction condition, one should avoid a furnace material that
exhibits a phase transformation during heating and cooling. Fortunately, most
of the common heating elements do not go through an allotropic phase
transformation.

6. Ductility—The material used for the heating element should exhibit
ductility so that it can be drawn into wire for wound furnaces or into sheet
for the furnace design shown in Fig. 4. Although many furnace designs are
available from suppliers, reasons of economy or test design may require a
special configuration. For example, at our laboratory we shape our own
heating elements (Fig. 4D) with a special fixture shown in Fig. 6.
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FIG. 6—Fixture used to form heating elements from strip.

Optical System

Microscope—Since a variety of microscopes can be used to observe phenom-
ena in a hot stage, only the optical system used in the present study will be
discussed in detail. As seen in Fig. 1, a Leitz Ortholux microscope with a
150-W xenon light source (with diffuser and green filter) was employed. We
used both phase-contrast and regular objectives, which were corrected for the
quartz window of the heating stage. The free working distance ranges from
5.7 mm for the 32X objective (0.60 numerical aperture (NA)) to 8.3 mm for
the 20X objective (040 NA). In the case of our 5 and 10X objectives, the
working distance is 13 mm, and such lenses need not be corrected for quartz
since correction is not necessary at these lower magnifications. The minimum
working distance of our heating stage is 5 mm, which includes the 2-mm-thick
quartz window and the specimen 3 mm below the window. The distance
between the window and the specimen can be controlled by changing the
height of the heating element, which is particularly easy when elements are
fabricated in one’s own laboratory. For transformations such as austenite to
martensite that create a large amount of surface relief, phase-contrast objec-
tives are unnecessary. Of course, more subtle transformations, for example,
pearlite, require special optics to reveal the slight change in surface relief.
Possibilities include phase contrast, oblique or polarized light, as well as dark
field and interference microscopy.

Photography—A 16-mm Bolex H16 reflex motion picture camera was em-
ployed for timed sequence studies and cinephotomicrography. The motion
picture camera is capable of filming at speeds ranging from 12 to 64 frames/s.
This range of film speed is sufficient for most ferrous phase transformations,
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including the martensitic transformation, although Mitsche et al [15] used
film speeds up to 4000 frames/s to study the discontinuous growth of a
martensite needle. Most of our filming is done at 24 frames/s by means of a
constant speed motorized drive attached to the camera. A constant speed is
necessary when the film is used to obtain kinetic data such as growth rate
measurement.

Specimen Preparation

Specimens used in the ferrous transformation studies described in the
Applications section of this study were prepared as follows:

1. Normal metallographic polishing technique was employed to produce a
specimen 0.25 mm thick with a scratch-free surface of about 1 cm?.

2. The polished specimens are then ultrasonically cleaned in high-purity
ethyl alcohol and sheared into 2.5-mm squares.

3. Each 2.5-mm square is placed in the center of the heating element as
seen in Fig. 4D.

A platinum/platinum-10Rh thermocouple is spot welded to the exposed top
surface of the specimen near the area to be observed. The diameter of the
thermocouple wire should be smaller than the specimen thickness so that the
cooling of the thermocouple wires does not cause a large temperature gradient
during cooling. The wire diameter used for these studies was 0.2 mm. A
thermocouple bead was not used with this small specimen; instead, each
thermocouple wire was welded directly to the specimen. The current used in
welding was sufficient to simultaneously tack weld the specimen to the
heating element.

Early in our studies, the thermal gradient across the specimen was measured
using a O°C-reference junction with the platinum/platinum-10Rh thermo-
couple. With an argon flow of 800 cm®/min, the temperature difference across
the top surface of a specimen (2.5 mm) was 1.5°C at a holding temperature of
680°C and 2.5°C at 820°C. This temperature difference is quite small and well
within the range of experimental error of temperature measurement.

Control of Atmosphere

Most heating stages can employ either a vacuum or a gaseous atmosphere.
Although the Leitz heating stage was designed for both types of atmosphere,
we generally employ a slightly positive pressure of inert gas flowing at the rate
of 150 to 800 cm®/min. Too much flow chills the specimen during heating
and soaking, thus creating a steep thermal gradient. Chilling the specimen and
furnace material also requires more current during heating.

An inert gas, usually argon, was preferred to a vacuum because of the
following disadvantages of heating a metal or alloy under vacuum:

1. Decarburization—It has long been established that decarburization takes
place during vacuum heating [7]. Due to this loss of surface carbon the
transformations that take place may not be representative of the bulk mate-
rial.
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2. Alloy loss—Alloy loss due to the high vapor pressure of an alloying
element can cause a composition change on the surface. For example, working
at 10 torr, Speich, in studying an Fe-0.3C-3Cr alloy, limited his austenitiz-
ing temperature to below 1000°C to prevent excessive loss of chromium from
the free surface [/6]. Working at S x 10™* torr and 1200°C, Stransky and
Kralova found a rapid decrease in chromium at the surface of a 20Cr steel and
eliminated the problem with an overpressure of argon [8].

3. Evaporation—Due to evaporation of metal under vacuum, the quartz
window of the heating stage becomes coated with a film that can obstruct the
view during observation. Many heating stages employ a movable window to
minimize this problem.

Due to these compositional changes that take place under vacuum, abnormal
effects take place on the surface. For example, Okamoto et al [10] found
that the austenite grain size on the surface of a low-alloy steel heated to
950°C in vacuum (3 x 1075 torr) was much coarser (ASTM No. 2) than the
interior region of the specimen (ASTM No. 8). When they repeated the
experiments under argon at 0.6 atm, the grain size at the surface was identical
to that in the interjor at all temperatures up to about 1200°C.

The main problem in the use of an inert gas is oxidation of the specimen.
However, the use of a thoroughly dried high-purity gas can eliminate this
problem. In our laboratory we dry a research-grade argon (99.999A) using
first a Lectro-dryer, then a desiccating column of CaSO, chips. Details of the
gas flow system are shown in Fig. 7. The use of the system as a quenching
device will be discussed in the next section.

LECTRODRYER
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=—— QUENCHING GAS FLOW =—

SOLENOQID
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HOT
STAGE
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FIG. 7—Gas-flow system for hot stage.
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Atmospheres other than an inert gas or vacuum can be used in the heating
stage for special applications. For example, Naumann [/7] used an ammonia
atmosphere at 500°C in his study of nitride formation on the surface of pure
iron. He found that nitride crystals formed at several nucleation sites, for
example, grain boundaries, inclusions, and etch pits, and that the needle-
shaped crystals grew rapidly along certain crystallographic planes of the iron.
Our experience has shown that using a nitrogen atmosphere creates nitride
needles which pin the movement of austenite grain boundaries at the specimen
surface.

Control of Heating/Cooling Rate

Phase transformations are studied under either isothermal or continuous
heating and cooling conditions. Under isothermal conditions it is necessary to
maintain a constant temperature during transformation. However, under con-
tinuous cooling the rate must be controlled, since it drastically influences the
transformation temperature of many ferrous transformations such as austenite
to pearlite, austenite to ferrite, and austenite to bainite.

The heating rate is controlled by varying the current to the furnace. The
furnace current is controlled by means of a rheostat which can be manually or
automatically adjusted. Figure 8 shows the electrical system for the hot stage
used in our laboratory. The heating rates for this setup were on the order of
145°C/s. If extremely fast heating rates were required, a pulse-heating device
could be adapted to the electrical system.

Most of the studies in this laboratory were concerned with the effect of
continuous cooling on transformations. We were able to vary cooling rates
from less than 1°C/s to a maximum of 2000°C/s. For purposes of discussion,
we will describe our control of cooling rate in terms of a “slow” and “fast”
cooling rate. The cooling rate provided by our normal furnace cooling (which
occurred when the power to the furnace was turned off and the specimen was
allowed to cool at a rate between 50 to 100°C/s) will serve as the division
between the “slow” and “fast” cooling rates. The normal cooling rate of a
furnace depends on many factors, including furnace material, furnace thick-
ness, and specimen thickness.

The “slow” cooling rates below 50°C/s were obtained by gradually decreas-
ing the furnace current by means of the motorized rheostat shown in Fig. 8.
The minimum rate on our system was determined to be 0.4°C/s. Changing the
gearing in the motorized drive could provide still slower cooling rates if
required.

For “fast” cooling rates, for example, those greater than 100°C/s, a gas
quench was employed. The quenching system shown in Fig. 7 uses helium gas
(99.995He) dried in a desiccating column of CaSO, chips. The specimen was
cooled by a blast of helium gas, the pressure of which was controlled by the
regulator valve on the helium tank. Flow rates up to 140 000 c¢m®/min were
used for gas quenching. To increase the flow of gas through the hot stage, a
vacuum pump can be used. The fastest cooling rates were obtained with a
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FIG. 8—Electrical system for hot stage.

high flow of chilled helium gas. The gas was chilled by a cooling coil
submerged in liquid nitrogen. Liquid nitrogen maintained a quantity of gas,
larger in volume than the furnace chamber, at a temperature of - 196°C.

Caution must be taken in the selection of the coolant and the quenching
gas. For example, using liquid nitrogen at - 196°C as a coolant eliminates the
use of argon as a quench gas since argon liquifies at — 186°C. In a study of the
martensite transformation, Benscoter et al obtained cooling rates in excess of
2000°C/s with the previously described technique [2]. In measuring cooling
rates of this magnitude, one can no longer rely on normal temperature
recording instruments such as a strip-chart recorder, due to their response
times, usually on the order of 1 s full scale. More sophisticated techniques are
needed such as oscillograph traces or relating the motion picture time se-
quence (elapsed frames) to some known transformation interval [2].

The electrical system shown in Fig. 8 is capable of controlling the cooling
rate (4) from a given soaking temperature directly down to room tempera-
ture, or (B) from the soaking temperature to some intermediate temperature
and then, after isothermal holding at that temperature, down to room temper-
ature. These two main patterns consist of the following variations:
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A. Cooling Directly to Room Temperature
1. Fast cooling to room temperature.
2. Furnace cool to room temperature.
3. Slow cool to room temperature.

B. Interrupted Cooling
1(z) Fast cool to an intermediate temperature and furnace cool, or
(b) fast cool to an intermediate temperature and slow cool.

2(a) Furnace cool to an intermediate temperature and fast cool, or
(k) furnace cool to an intermediate temperature and furnace cool, or
(¢) furnace cool to an intermediate temperature and slow cool.

3(a) Slow cool to an intermediate temperature and fast cool, or
(b) slow cool to an intermediate temperature and furnace cool, or
(¢) slow cool to an intermediate temperature and slow cool.

Interrupted cooling of types 1(z) and (b) can be followed by a rapid
quench only if enough time is allowed during holding at the intermediate
temperature for a new supply of helium gas to be chilled to below - 196°C.

Applications

Using the equipment and procedures just described, we have, over a period
of several years, studied primarily the range of ferrous phase transformations
of practical interest to ferrous metallurgists concerned with the effect of heat
treatment on steel properties. One of the main purposes of this paper is to
provide workers in our field with a useful state-of-the-art guide for these
transformations. Therefore, our hot-stage studies summarized in the following
sections cover both our unpublished applications and accompanying cine-
photomicrographs, as well as new cinephotomicrographs relating to our pre-
viously published studies on pearlite and martensite. Key findings from per-
tinent English and other languages are also referenced where appropriate.
Table 2 is an outline of ferrous transformations studied, using the hot-stage
microscope together with references and brief comments.

Melting and Solidification

Melting and solidification have been studied by several investigators. Kulm-
burg et al [78-20] studied the effect of segregation on the incipient melting in
steel as well as the melting of low-temperature constituents such as eutectic
phases and precipitates. Mitsche and Jeglitsch [27] were also able to take
photomicrographs illustrating the melting of complex eutectics in high-speed
steels. Jeglitsch [22] studied dendrite formation and solidification front move-
ment in stainless steels and also observed supercooling and the subsequent
remelting of small areas. Thorsen [5] studied dendritic growth and cellular
formation on a number of unalloyed steels.

Figure 9 illustrates some solidification experiments accomplished on our
hot-stage microscope. Cinephotomicrographs were taken of the liquid surface
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TABLE 2-Hot-stage microscopy of ferrous fransformations,

Transformations on Cooling

Parent Phase Product Phase References Comments

Liquid S-Ferrite 5 dendritic growth and cell
formation in low-carbon
steel

Liquid Austenite 522 dendrite formation in plain-
carbon and stainless steels

&-Ferrite Austenite

Austenite o-Ferrite 7,24-26.31,32  equiaxed and Widmanstdtten
ferrite studied

Austenite Cementite

Austenite Pearlite 25-27,33-35 lack of surface relief requires
special optics, for example,
dark field or phase contrast

Austenite Upper Bainite 37-39 isothermal studies of growth
rate and morphology

Austenite Lower Bainite 16,36,37,39-41  very slow growth independent
of time (isothermal)

Austenite Lath Martensite 2,11,42,44-47 large surface shears, morph-
ology characterized

Austenite Plate Martensite 1543 large surface shears, morph-

ology characterized

Transformations on Heating

Plate Martensite Austenite

Lath Martensite Austenite

Lower Bainite  Austenite

Upper Bainite  Austenite

Pearlite Austenite 26,27 etched samples used to show
pearlite decomposition

Cementite Austenite
o-Ferrite Austenite 8,9,24,25 wrinkling of surface due to
volume change
Austenite O-Ferrite 20,23 pronounced surface relief
and needles growing from
grain boundaries (stain-
less steels and tool steels)
Austenite Liquid
S-Ferrite Liquid
Special Studies
Type of Transformation References Comments
Austenite grain growth 1,10,24,28,29,30  surface grain growth depends upon alloy,
atmosphere, and specimen size
Cementite spheroidization 6 spheroidization of a 1.17%C steel
Nitride formation 3,16 AIN and Fe, N at austenite grain
boundaries
Segregation phenomena 18-21 incipient meliting of low-temperature

constituents (eutectics and precipi-
tates) in high-alloy steels
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of an Fe-0.8C alloy. At time zero, one large and two small crystals of
austenite have nucleated and begun to grow on the surface. After 0.21 s,
seven crystals appear on the surface, and the beginning of a dendrite can be
seen. Therefore, these crystals are interconnected beneath the liquid surface
and are branches of a single dendrite. As time progresses, several dendrites
form, grow, and impinge until all the liquid is expended, thus creating
interdendritic shrinkage as seen in the last photograph of the sequence.

Austenite to §-Ferrite Transformation

Investigations of &-ferrite have been limited because of the high temperature
requirements. However, Kulmberg et al [23] were able to show the formation
in stainless steels and tool steels. They found on heating that the §-ferrite was
precipitated on austenite grain-boundaries as fine polygonal grains distin-
guished by pronounced surface relief. They also found that the §-ferrite can
form as well-defined needles which grow inward into the grain from the grain
boundaries in much the same way that Widmanstatten ferrite does. The effect
of segregation of 6-ferrite formation was also demonstrated with chromium
and molybdenum which favor the formation of §-ferrite.

o-Ferrite to Austenite Transformation

Quite naturally, the ferrite to austenite transformation was one of the first
phase changes studied in the hot-stage microscope. Rogers [24] first observed
the formation of austenite as an “occurrence of a number of new lines and
the wrinkling of the surface,” the “wrinkling” being attributed by Esser and
Cornelius [25] to the lattice volume change. Esser and Cornelius did not see
the wave across the crystal that was reported by Rogers for some of his
specimens. Other investigators also studied the a—y transformation [7,9] and
the transformation of « + pearlite to austenite [26,27].

Studies in our laboratory have shown that the a—>y transformation occurs
very quickly, is often completed within 0.04 s, and looks, at least super-
ficially, something like a martensitic transformation. In Fig. 10 it is seen that
allotromorphs (arrows) of y are forming on the ferrite grain boundaries of
pure iron, in precisely the same way ferrite allotromorphs form during the
v~ transformation.

Austenite Grain Growth

Since Rogers’ [24] first experiments on grain growth in 1933, many
investigators have studied austenite grain growth. Pfeiffer [28] and later
Lozinskii [/} documented the movement of austenite grain boundaries at high
temperature. At this point the relationship between surface grain size and bulk
grain size was questioned, and Kulmberg [29] attempted to explain the
difference by temperature differences within the specimen. Taking exception
to Kulmberg’s conclusion, Jeglitsch cited other factors such as atmosphere,
diffusion, and oxides, that affect grain size [30]. Carefully investigating the
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effects of atmosphere, argon, and vacuum, Okamoto et al found that success
in getting the surface grain size to match the interior grain size depends on
selecting the right atmosphere for a particular alloy [10].

The cinephotomicrographs in Fig. 11 show grain growth at 1000°C in an
alloy steel (0.26C, 0.77Mn, 0.95Cr, 1.00Mo, and 0.25V) which we studied in
our laboratory. In this sequence one can see older boundaries (4) being
replaced by new boundaries (B).

Austenite to Ferrite Transformation

Several investigators [7,24,25,27] have recorded the austenite to ferrite
transformation in the hot-stage microscope. Generally, they reported the
transformation as the formation of new grains on the previously formed
austenite grain boundaries. Mitsche et al [26] were the first to report the
needle-like growth of Widmanstétten ferrite.

Because of the surface relief generated in the Widmanstatten ferrite region,
the kinetics of the transformation become easier to study. Leont’yen and
Kachanov [31} studied the isothermal growth rate of Widmanstitten ferrite
(acicular ferrite) in iron containing 0.03C. They found that even in the same
colony of needles the growth rate varied because of the barriers encountered
in the austenite by these ferrite needles. By decreasing the reaction tempera-
ture, they found that the growth rate ranged from 3 to 18 um/s at 800°C to
150 to 350 um/s at the lower temperatures of 650 to 700°C. When Kogan et
al [32] studied Widmanstatten ferrite formation in the hot stage, they found
that the reaction was analogous to the bainite transformation where the
growth rate is controlled by the rate of carbon diffusion. They also found
that as the austenite grain size was increased and the reaction temperature was
lowered, the proportion of Widmanstatten ferrite being formed increased in
relation to the common polygonal ferrite. They noted that increased carbon
content lowered the transformation start temperature for the Widmanstitten
ferrite.

We have been able to follow the formation of three different types of
ferrite. (1) Widmanstitten ferrite growth in an Fe-0.8C alloy at a cooling rate
of 10°C/s is seen in Fig.s12. (2) Allotromorphs, as seen (arrows) in Fig. 13, that.
develop on the austenite grain boundaries in a 0.1C, 0.3Mn steel at a cooling rate
of 12°C/s. (3) As for the third type of ferrite morphology, which represents the
movement of a phase front generated from the allotromorphs and grain
boundaries, this phenomenon can be shown in the motion pictures but not in
still photographs.

The correlation of surface shears to the bulk microstructure in Fig. 14
demonstrates that both the Widmanstitten and allotromorphic types of ferrite
are not merely surface phenomena.

Austenite to Pearlite Transformation

The lack of surface relief [23] makes it difficult to follow the austenite to
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FIG. 14—Photomicrographs of Widmanstatten ferrite and grain-boundary allotromorphs
in a low-carbon steel: {a) at the surface and (v) just below the surface (x 200).
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pearlite transformation using the hot-stage microscope. However, special
optical techniques help discern pearlite formation. For example, Mitsche et al
[26] used dark-field optics to see the transformation. However, because of the
dark-field optics, the pearlite did not clearly appear in photographs. Esser and
Cornelius [25] reported that the formation of pearlite was seen as a darkening
of the polished surface due to the development of surface relief during the
transformation.

In recent work in our laboratory we made use of phase-contrast objectives
to study the pearlite transformation in a binary Fe-0.8C alloy and in ternary
iron-carbon alloys containing molybdenum, nickel, cobalt, manganese, and
silicon. An example of this hot-stage technique applied to the pearlite trans-
formation in an Fe.0.8C alloy is shown in Fig. 15 where the arrows indicate
four different pearlite nodules growing in a matrix of austenite. This tech-
nique facilitated studying the effects of alloying on the C-curve behavior of
pearlite [34], as well as the effect of cooling rate on the growth rate of
pearlite [35]. It has been our experience that as contrasted with the tedious
isothermal salt-bath techniques, the hot-stage technique has the advantage that
measurements can be made on a single specimen in which growth rates of
various nodules can be measured simultaneously.

Austenite to Bainite Transformation

The study of the bainite transformation by hot-stage microscopy found
immediate application because of the surface shears and slow growth asso-
ciated with this phase change. A major contribution to the study of bainite
was made by Speich [I16] and Speich and Cohen [36] who used hot-stage
microscopy to determine the isothermal growth rates of lower bainite. These
results showed that growth rate was independent of time at constant tempera-
ture and that edgewise and sidewise growth rates increased with temperature,
the edgewise growth being in the range of 10™" um/s and the sidewise growth
being about an order of magnitude less. For upper bainite Goodenow et al
[37] found that the isothermal growth rate continued to increase with
temperature, in the range of 5 by 107 to 1 pmy/s, depending on the alloy. In
such studies the hot stage was also used to characterize the morphological
differences between upper and lower bainite. Kurdman and Freiwillig’s studies
[38] of bainite with both hot-stage microscopy and quantitative microscopy
gave identical results for both methods but pointed up the advantage of less
time required for the hot-stage method. Other investigators used hot-stage
microscopy to study the effect of carbon and nickel on the bainite trans-
formation [39], the effect of stress on the transformation [40], and the
effects of segregation on the bainite transformation in alloy steels [41].

Our hot-stage microscope, incorporating controlled cooling, was well suited
for the study of the morphological changes taking place during the formation
of continuously cooled bainite. Thus, for a low-alloy steel (0.26C, 0.77Mn,
0.95Cr, 1.00Mo, and 0.25V) that we continuously cooled at the rate of 6°C/s,
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Fig. 16 shows sequentially the development of a bainite which is like “upper
bainite” produced by isothermal treatment. Measurements showed the edge-
wise growth rate to be about 3 to 5 um/s.

Austenite to Martensite Transformation

Hot-stage microscopy is easily adaptable to the study of martensite because
of the surface shears associated with this type of transformation. M  tempera-
tures [42] and the effects of grain size on the martensite transformation [43]
have been determined by direct visual observation in the microscope. High-
speed cinephotomicrography has been used by Mitsche et al [/5] in determin-
ing the growth rates and morphology of plate martensite in high-alloy steels.
They found that the longitudinal growth rate of plates ranged from 16 to
2000 um/s and that the plates developed by the multiple repetition of
individual steps similar to twinning.

The lath martensite transformation in iron-nickel alloys was studied in the
hot stage by both Dubrov [//] and Bryans et al [44]. This transformation in
iron-nickel and other iron alloys has also been carefully studied in a series of
hot-stage microscopic studies in our laboratory, and some of the key results
on growth rate and morphology are as follows. Studies on iron-nickel [45],
iron-carbon [46], and iron-molybdenum {47] alloys show recorded growth rates
ranging from 70 to 800 um/s. More significantly, these hot-stage studies made it
possible to document the morphological development of a packet of lath
martensite. The sequence of cinephotomicrographs prepared for the present
paper (Fig. 17) show the formation of lath martensite in a low-alloy steel
(0.26C, 0.77Mn, 0.95Cr, 1.00Mo, and 0.25V). A striking similarity can be seen
between the formation of lath martensite in Fig. 17 and the formation of bainite
in Fig. 16. However, the cooling rates and growth rates are very different. For
example, the cooling rate for the formation of lath martensite is about three
times faster than that for the bainite transformation and the time lapse shown in
Fig. 17 is about eight times faster than for the bainite transformation shown in
Fig. 16. That the lath martensite transformation is not merely a surface
phenomenon was also clearly demonstrated by these studies, which provided
ample metallographic evidence of direct correspondence between the bulk
microstructure and surface shears produced by the hot stage [45-47].

In summary, this paper has shown how the effectiveness of hot-stage
microscopy as a tool for the study of ferrous phase transformations has been
increased by improvements in associated equipment and procedures. These
improvements include furnace arrangements, specimen preparation, choice of
atmosphere, control of temperature and cooling rate, and the use of special
optics.

The use of hotstage microscopy was discussed in terms of examples from a
range of phase transformations of practical interest to ferrous metallurgists. It
is hoped that these examples, together with key findings drawn from both
American and foreign literature, will provide a useful reference on the state of
the art of hot-stage microscopy studies of ferrous transformations.
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ABSTRACT: The diffraction and interference of coherent light from lasers can be
used to record and analyze metallographic structures. Optical transforms, holog-
raphy, optical correlation, and other coherent light methods are presently being
applied to materials problems ranging from basic research to testing and inspection.
This paper describes the basic concepts used in some of these methods and
describes examples of their application. Holography is a particularly attractive
method for measuring changes in the shapes of objects, especially because it allows
interferometric measurements without special surface preparation. The use of
holography for studies of crystal growth and electropolishing is described in some
detail, and reconstructed holograms are shown. Holography and other coherent
light techniques can often reveal the presence of defects or inhomogeneities even
when quantitative evaluation of the optical output is difficult.

KEY WORDS: metallography, diffraction, holography, coherence, optical propes-
ties

The recent availability of lasers as sources of coherent light has stimulated
extensive experimentation in new optical techniques for the evaluation of
images. A wide variety of diffraction and interference effects can be used to
measure shapes and shape changes and to analyze periodic structures. Applica-
tions range from basic research to assembly line inspection of manufactured
products.

A coherent light image evaluation system may be thought of as a high speed
analog computer. A major virtue of many such systems is their ability to
simultaneously process optical information from an entire two-dimensional
field of view. The optically processed information may thus be generated
virtually as fast as specimens can be moved into position, Measurement and
interpretation of the optical output, however, may be much more difficult.
The output can be examined visually, photographically, or by photoelectric
devices which can be part of a computer or servo system.

Materials scientists have used coherent light for many years in interference
microscopy, and these techniques have become so well developed, and are so
widely known, that they will not be reported here. Our attention will be

1 Physicist, Metallurgy Division, physicist, Optical Sciences Division, and metallurgist,
Metallurgy Division, respectively, Naval Research Laboratory, Washington, D.C. 20375.
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directed to some less familiar or newer techniques, especially those which
require better coherence of the illuminating light than that needed for conven-
tional interference microscopy.

Coherence

Coherence is a measure of the phase relationships in different parts of a
beam of light. In an ideal perfectly coherent beam of light, the relative phase
of the light at all points would remain fixed, a condition possible only with
perfectly monochromatic light. No source of such light has yet been invented,
but many lasers produce light which approaches this ideal condition.

Coherent light techniques generally utilize the interference between different
portions of a light beam which have traversed different paths. If we consider a
system in which a light beam is divided into two beams (by a beam splitter,
for example) which later overlap after traversing different paths, we can
distinguish several factors which could cause changes in the relative phase of
the two beams and thus change the interference. Changes in the optical path
difference, due either to the motion of optical components or to changes in
the refractive index of the traversed media, produce corresponding changes in
the relative phase of the overlapping waves. Furthermore, a change in wave-
length of the light means that an optical path difference which remains
constant when measured in centimeters will change when measured in wave-
lengths, thus again changing the interference pattern. Finally, if the light
source produces more than one wavelength, the relative phase of the different
wavelengths in the two beams cannot remain constant, except when the path
difference is zero.

Analyses of partially coherent light and its influence on interference effects
may be found in several texts on coherent optics and holography [/-3].* For
many applications, a conveniently defined coherence length serves as a useful
description of the coherence properties of the light source. For a source with
spectral bandwidth Av, we can define the coherence length L = ¢/Av, where ¢
is the speed of light. Alternatively, the definition can be based on the
visibility of the fringes produced by splitting the beam and recombining after
traversing different path lengths. The visibility (V) is defined as V' = (I ,, ~
Iii)Umax + Imin)s where I . and I ;. are the intensities at the brightest
and dimmist parts of the fringes. The coherence length is defined as the
maximum path difference which gives ¥ = 1/2. The coherence length required
for metallographic techniques will vary according to the technique used.

Optical Transforms

A lens can be used to form the Fourier transform of the amplitude
distribution in an image formed by coherent light. It is thus possible to view
directly the spatial frequency spectrum of the amplitude in the image, and the

2 The italic numbers in brackets refer to the list of references appended to this paper.
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presence of periodic structures will be immediately apparent. Optical trans-
forms can thus be used for inspection of machined surfaces, or of dendritic,
eutectic, or fibrous materials.

The scattering of electromagnetic waves by periodic structures is a familiar
subject to crystallographers. The very close analogy between the diffraction of
X-rays by crystal lattices and the diffraction of light by macroscopic scatterers
has been used to construct optical analogs to X-ray systems. Books by Taylor
and Lipson [4] and by Lipson [5] describe the analogies between X-ray and
optical diffraction and the significance of optical transforms as applied to the
study of X-ray phenomena. Masks consisting of plates which are opaque in
some regions and transparent in other regions are prepared, such that the light
passing through them is analogous to the X-rays scattered from a crystal
lattice. Many such masks and their optical transforms are shown in these
works.

The formation of Fourier transforms by lenses is described in standard
references on coherent optics [/,2]. The basic phenomenon is illustrated
simply by considering a regular periodic object, such as a Ronchi ruling,
placed in front of a lens and illuminated by coherent collimated light (Fig. 1).

COHERENT
LGHT | MASK LENS  TRANSFORM

FIG. 1-Formation of an optical transform by a lens. Each Fourier component of the light
amplitude in the object (in this case, a Ronchi ruling mask) produces a diffracted beam
which comes to a focus in the back focal plane of the lens. The optical transform of the
Ronchi ruling is a linear array of bright spots, only three of which are illustrated here.

The amplitude distribution of this object is simply a square wave, which can
be represented as the sum of Fourier components. Each component acts as a
grating, diffracting a collimated beam at a specific angle. The diffracted
collimated beam from each Fourier component will be focused at a point in
the back focal plane of the lens, and the array of points will map out the
Fourier spectrum of the Ronchi ruling.

An exact Fourier transform is produced in the back focal plane only when
the object is placed in the front focal plane. However, objects placed any
distance in front of the lens will produce a pattern which differs from the
exact transform in phase distribution only. This difference is generally unim-
portant. The object can even be placed between the lens and the back focal
plane; in this case the size of the transformed image will vary with the
position of the object.
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Application of optical transform techniques to the study of metal surfaces
can be accomplished in several ways. Light can be reflected directly from the
metal surface and through the lens, or photographs of the surface can be
recorded and subsequently used as masks. The former has obvious advantages
for routine testing, while the latter offers the possibility of processing for
enhanced contrast or other desired characteristics.

In an application of coherent light to production line inspection, a beam of
light from a small laser can be directed onto metal objects moving past an
inspection station. At the back focal plane of a lens which gathers the light
scattered from the objects, an optical transform will be formed. In many
cases, the objects will normally have a surface structure which will be con-
spicuous in the transform. Arrays of parallel scratches or striations from
machining or grinding operations will cause bright radial streaks in the trans-
form plane. When such surface structures are present and acceptable, a mask
can be prepared and placed in the transform plane to block the light in these
radial streaks. No light will then be transmitted unless scratches running in
directions other than that normally expected are present. These anomolous
scratches will diffract light into unmasked portions of the transform plane,
and a photodetector can then indicate a faulty unit. Sjolin [6] has described
the application of such a system to the continuous inspection of sheet metal.

The radial and angular distribution of the light in the transform plane can
be measured by an array of photodetectors, and compact units designed for
this specific function are now commercially available. If an illuminating beam
of rather small diameter is made to periodically scan across the object under
study, more information is obtained about the size and form of the defects
which scatter into the transform plane. The output from the photodetectors
can then be analyzed by a computer to identify different types of defects
[6].

Optical transform techniques have obvious potential for the inspection of
periodic metallurgical microstructures such as eutectics or dendrites. The
scarcity of such applications may be due in part to the prior availability of
versatile and automated quantitative metallography systems. However, an
optical transform system can be set up very easily by anyone possessing a
small laser, yielding results which are informative, even if not always easily
converted into quantitative data. Small irregularities in orientation or spacing
of the microstructures can produce readily visible changes in the optical
transform, thus indicating areas which require direct visual examination. Simi-
larly, the transform of light scattered from the etched surface of a single
crystal can indicate the magnitude of the misorientation at subboundaries, and
thus serve as a convenient guide to X-ray investigation. The use of the
transform allows very rapid scanning of a specimen surface, because the
transform remains stationary when a periodic structure is scanned through the
object plane, changing only when the periodicity or orientation of the struc-
ture changes.
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To illustrate the application of optical transforms to the study of a solidifi-
cation phenomenon, Ostwald ripening in a transparent analog to a metal alloy
[7] was observed. A two-component organic mixture was sandwiched between
glass microscope slides, heated to produce complete melting, and then allowed
to cool to room temperature, where the equilibrium state was a mixture of
solid and liquid. A circular area ~ 5 mm in diameter was illuminated by a
helium-neon laser and the transform of the transmitted light was formed by a
50-mm lens. During cooling, dendritic crystals grew through the field of view
and diffracted the coherent laser light. Figures 2¢ and b show the transforms
of one area immediately after appearance of the dendrites and 5 min later.
The bright streaks due to the primary dendrites are relatively stable, but
satellite clouds due to small branches disappear as the branches coarsen by an
Ostwald ripening process.

Quantitative evaluation of these observations is complicated by the finite
thickness of the specimen and by an image consisting primarily of phase
rather than amplitude variations. This is a common situation, however, in fiber
technology, and light scattering by translucent fibers has been analyzed in
detail [8]. Phase variations also occur in light reflected from metal surfaces,
because the path length is affected by scratches. Phase variations in the object
plane affect the amplitudes in the transform plane, but they do not change
the position of spots caused by features of a given periodicity.

Holography

A hologram is a recording, on some photo-sensitive medium, of the ampli-
tude and phase of coherent light scattered from an object. When the hologram
is illuminated by monochromatic light, it can reproduce the amplitude and
phase of this scattered light, and thus reconstruct an image of the original
object. This reconstructed image has unique properties which make it espe-
cially useful for quantitative observations of the shapes of objects. Objects
everywhere within the field of view of the hologram are reconstructed in
sharp focus, irrespective of their distance from the plane of the hologram.
Because the hologram reconstructs the phase, as well as the amplitude, of the
light scattered from the objecs, several interferometric techniques can be used
to make precision measurements of the object. Holography is more difficult
and costly than conventional photography, and its application is usually
advantageous only when one makes use of these special depth-of-focus and
phase information properties. Holography can be useful for applications rang-
ing from basic research to nondestructive testing.

To form a hologram, an object is illuminated by coherent monochromatic
light from a laser. The light scattered from the object is allowed to fall upon a
high resolution photo-sensitive emulsion (film or plate). Simultaneously, a
portion of the laser beam is split off before striking the object, and is directed
onto the emulsion by a path which bypasses the object (Fig. 3). The second,
or reference, beam forms an interference pattern when combined with the
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a.
Immediately after growth of dendrites.

FIG. 2—Optical transforms of transparent organic materials with dendritic-morphology,
showing the effect of the elimination of small branches by Ostwald ripening.
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b.
Five minutes after growth of dendrites.

FIG. 2—Continued.
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FIG. 3—An optical system for recording and reconstructing holograms of a crystal growth
chamber. M = mirror, BS = beam splitter, C = collimator, H(E) = hologram during exposure,

H(R) = hologram during reconstruction. A real image of the crystal growth chamber is
reconstructed, to allow high resolution microscopic viewing.

first, or object, beam, and this interference pattern is recorded on the
emulsion to form the hologram. Because the reference beam must be coherent
with the object beam, the path lengths of the object and reference beams
must be approximately equal, with their path difference less than the coher-
ence length of the laser.

When the processed hologram is illuminated by laser light, the recorded
interference pattern diffracts light to reconstruct an image of the original
object. If the reconstruction beam duplicates the original reference beam, then
a virtual image is seen by looking through the hologram. A reconstructed real
image is formed when the reconstruction beam is the conjugate of the original
reference beam. This real image is most easily produced if both reference and
reconstruction beams are collimated, and the hologram is rotated 180 deg
about a vertical axis between exposure and reconstruction (Fig. 3).

For studies of microscopic phenomena, it is preferable to reconstruct a real
image which can be studied conveniently at higher magnification with a
microscope. The best resolution is generally obtained by using optical ele-
ments (for example, lenses) between the object and the hologram [9,10],
although this restricts the field of view of the resulting hologram.

For the materials scientist, the most exciting applications of holography
involve interferometry. To date, several techniques have proven useful. When a
real image is used, the dimensions of a reconstructed object can be measured
by interference between the reconstructed image and a plane wave, introduced
by a beamsplitter positioned between the hologram and the reconstructed
image (Fig. 4). In double-exposure holography, two exposures of a scene are
recorded on the same hologram. Interference fringes in the reconstructed
image then reveal the minute changes in the scene which occurred in the
interval between the exposures. In real-time holography, a hologram of an
object is developed in place, or carefully repositioned, so that the recon-
structed virtual image coincides with the object itself. Any changes in the
dimensions of the object are then revealed in real time by interference fringes.
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FIG. 4—Interferometric analysis of a real image reconstructed from a hologram. The
reconstructed image is reflected from the front surface of the'beam splitter, and it interferes
with a comparison wave transmitted through the beam splitter.

In time-averaged holography, a hologram of a vibrating object is recorded with
an exposure several times as long as the vibration period. Interference fringes
in the reconstructed hologram delineate contours of constant vibrational
amplitude. Many variations on these basic interferometric techniques are
being constantly developed and applied.

There are several situations in which holographic interferometry is advan-
tageous over conventional interferometry, especially where materials are being
observed while undergoing shape changes. When transient events of interest
take place at unpredictable locations, holography can record an entire speci-
men for later detailed interferometric observation at all points. Double-
exposure and real-time holography record changes in specimen shape, even
when the surface of the specimen is much too rough for conventional
interferometry. Holographic interferometry has no particular advantages for
the study of static polished metallographic specimens.

In applications of holography to research on phase transformations, we have
recorded holograms of the solidification of transparent analogs to metals
[11,12] and of the electropolishing of metals. For the observation of solidifi-
cation, holography uniquely makes possible the recording of transient events
occurring at unpredictable locations. Crystallization events throughout the
volume of a relatively large study chamber can be observed microscopically in
the reconstructed image. Moreover, the transient shapes of the crystals can be
measured in detail, and interferometric techniques can be used to map out the
growth rates at all points on the crystal surface.

Transmitted light is used to record the holograms of transparent materials as
shown in Fig. 3. The laser indicated here is a continuous wave argon ion laser
producing approximately 2.5 W in each of the two major lines, 488.0 and
514.5 nm. For our experiments, the 514.5-nm line is used because it is more
visible to the eye in reconstruction. The holograms are recorded in plane
“H(E)”. In normal usage, 35-mm film is exposed in a motorized camera body.
This is a standard rangefinder type camera with a focal plane shutter. Agfa-
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Gevaert Scientia 10E56 emulsion is used in most of our studies. This film has
a holographic resolution of better than 2800 cycles/mm and requires approxi-
mately 10 ergs/cm? to expose for a density of 0.6.

On reconstruction, the real image is examined with a microscope in an
X-Y-Z mount. The resolution of the reconstructed image is ~ 400 cycles/mm,
and to obtain optimum image quality it is necessary to sandwich the film
between two pieces of flat glass with an index matching fluid. Emulsions on

glass plates are used when still better image quality is required.
Double-exposure techniques and interferometry on reconstructed real images

are used to measure the growing crystals. Each interference fringe corresponds
to an optical path length difference of one wavelength (A), corresponding to a
crystal thickness of A# = A/An, where An is the refractive index difference
between solid and liquid. Figure 5 shows a reconstructed hologram of a region
of solid-liquid interface, with interference fringes showing surface relief devel-
oping near grain boundaries and near an undissolved impurity particle. Figure
6 shows an array of dendrites with side branches beginning to form. We have
used interferometric measurements from these and other holograms to study
the stability of solid-liquid interfaces, the influence of defects on this stability,
and the anisotropy of crystal growth.

The electropolishing of copper in a phosphoric acid solution is now under
study by double-exposure techniques, which allow measurement of the stream-
ing of electrolyte and of local rates of metal removal. In this case, the system
of Fig. 3 is modified to record light reflected from the surface of the metal
specimen. Figure 7 shows reconstructions from two double-exposure holo-
grams of a copper specimen which was masked by a transparent coating
except for a 5 mm square in which electropolishing occurred. In Fig. 74, the
exposures were made before the start of polishing and 2 min after the start of
polishing. The fringes within the unmasked square area result from optical
path length changes due to both metal removal and change in composition of
the electrolyte. The fringes in the area below the square result only from the
accumulation of streaming electrolyte. In Fig. 7b, the exposures were recorded
8 and 10 min after the start of polishing. The absence of fringes in the area
below the square indicates that the streaming of electrolyte has reached a
steady-state condition. The fringes within the unmasked area are, therefore,
due only to metal removal. Each fringe represents a line of constant metal
removal rate. From this hologram, it is not possible to determine the absolute
rates of removal, because a sharp step, on which the fringes are unresolved, is
forming at the edge of the unmasked area. The fringes show local differences
in removal rate, with successive fringes differing in removal by AR = A\/2nAt,
where A is the wavelength, n is the refractive index of the electrolyte, and At
is the time interval between exposures. In this case, A = 514.5 nm, n = 1.424,
and At = 120 s, so AR = 1.51 nm/s. These experiments are being used to
identify the factors which lead to nonuniform polishing.

Our own experiments illustrate the use of holography for research in phase
transformations. Holography also has many applications to nondestructive
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FIG. 5—A solid-liquid interface in camphene, showing transient surface relief adjacent to a
grain boundary trijunction and an impurity particle. The interference fringes were generated
using the arrangement of Fig. 4, and each fringe represents a height Ah of 18.5 um.
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FIG. 6—Dendrites of camphene, reconstructed from a hologram. The arrangement of Fig.

4 was used to generate the interference fringes, with the beam splitter being tilted to align
the fringes perpendicular to the dendrite axis.
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a.
0 to 2 min, showing accumulation of viscous surface layer streaming from polishing area.

FIG. 7—Double-exposure holograms of an electropolishing copper specimen. The surface is
masked by a transparent, nonconductive coating except for the 5-mm-square window.
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b.
8 to 10 min, showing removal of metal after streaming electrolyte has reached steady state.

FIG. 7-Continued.
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testing, with double-exposure techniques being especially useful. When two
exposures of an object in different states of stress are recorded on a single
hologram, the reconstructed image will show fringes delineating the change in
shape of the object. Any weak point or flaw which produces an inhomogen-
eous displacement of a few microns will produce conspicuous interference
effects. This technique is particularly useful in testing bonded composites
[13]. Holography now promises to become one of the major tools of nonde-
structive testing and experimental mechanics [/4.15].

Optical Correlation

Optical correlation is a method for comparing one image to another, and it has
obvious applications in fields such as pattern recognition or the reading of
printed characters. Marom and Mueller [16] demonstrated that it can also be a
sensitive detector of deformation in metals.

The first step in an optical correlation experiment is to record a hologram of
the object which is to be the standard for comparison, for example an
undeformed metal specimen. The processed hologram is then illuminated not by
a duplicate of the original reference wave, but by light scattered from the test
object. If the test object is identical to the comparison standard, (for example, if
the metal specimen has remained undeformed) then the light scattered from the
test object will be diffracted by the hologram to reconstruct the original
reference beam. This reconstructed reference beam can be focused to a small
diameter spot, which can pass through a pinhole and be measured by a
photodetector. Distortions in the test object will cause corresponding distortions
in the reconstructed reference beam. The light passing through the pinhole,
which is a measure of the optical correlation, will then decrease. Marom and
Mueller showed that this technique can readily detect the small deformations
due to impending fatigue failure in metal specimens. They found that no special
surface preparation was necessary, and in fact polished surfaces were less
desirable than rough surfaces.

Although optical correlation cannot provide such detailed information on the
localization of strains as can real-time holographic interferometry, it produces an
output signal in a convenient form which is easy to monitor.

Summary

Coherent light provides new opportunities for the evaluation of metallographic
structures and for studying the response of materials to external stimuli. The
most significant applications lie in the detection by holography or optical
correlation of small displacements or deformations of surfaces. In many cases,
no special surface preparation is required. For microscopic phenomena, the
application of interference techniques is broadened greatly by the use of
holography. Optical transforms provide a rapid method for studying periodic
structures, and the output is relatively easy to process.

We have described here only the most basic forms of some coherent light
techniques. A wide variety of modifications and combinations of these
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techniques can be used for specific applications. The information content in the
output of a coherent light experiment is immense, and interpretation of this
output is frequently the major challenge to the investigator.

References

]
{2]
[3]
[4]

(5]
[6]
[7]
18]
9]
[10]
[11]

{12]

[13]
[14]

(5]
[26]

Goodman, J.W., Introduction to Fourier Optics, McGraw-Hill, New York, 1968.
Smith, H.M., Principles of Holography, Wiley-Interscience, New York, 1969.
Francon, M., Optical Interferometry, Academic Press, New York, 1966.

Taylor, C.A. and Lipson, H., Optical Transforms, Cornell University Press, Ithaca,
New York, 1965.

Lipson, H.S., Optical Transforms, Academic Press, New York, 1972.

Sjolin, UIf, Laser Focus, Vol. 8, No. 7, July 1972, pp. 4142.

Jackson, K.A. and Hunt, J.D., Acta Metallurgica, Vol. 13, 1965, pp. 1212-1215.
Charrier, J.M. and Marchessault, R.H., Fibre Science and Technology, Vol. §5,1972,
pp. 263-284.

van Ligten, R.F. and Osterberg, H., Nature, Vol. 211, 1966, pp. 282-283.

Toth, L. and Collins, S.A., Applied Physics Letters, Vol. 13, 1968, pp. 79.
Glicksman, M.E., Schaefer, R.J., and Blodgett, I.A., Journal of Crystal Growth,
Vols. 13 and 14,1972, pp. 68-72.

Blodgett, J.A. and Schaefer, R.I., “Design and Applications of a Holographic
System for Crystal-Growth Studies,”” NRL Report 7498, Naval Research Labora-
tory, Washington, D.C., Jan. 1973.

Wells, D.R., Materials Evaluation, Vol. 27,1969, pp. 225-231.

Vest, C.M., International Journal of Nondestructive Testing, Vol. 3, 1972, pp.

351-374. .
Sampson, R.C., Experimental Mechanics, Vol. 10, 1970, pp. 313-320.

Marom, E. and Mueller, R.K., International Journal of Nondestructive Testing, Vol.
3,1971, pp. 171-187.



J.I Goldstein®

The Electron Microprobe
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ABSTRACT: The electron microprobe (EMP) is an electron optical instrument in
which compositional and topographic information are obtained from regions <1 pm
in diameter on a specimen. Photographs of compositional and topographic changes in
1-mm? to 20-um? areas on various types of specimens can also be obtained which are
strikingly similar to optical photomicrographs. This paper discusses the various signals
that are measured in the EMP (X-rays, secondary electrons, backscattered electrons,
etc.), their resolution, and the types of information that can be obtained. In addition
to elemental analysis, the solid state detector and scanning techniques will be
discussed. The last sections will cover characterization of phases-homogeneity-trace
element analysis-quantitative metallography and various techniques which extend the
instrument capabilities such as deconvolution and soft X-ray analysis. Various
applications will be discussed and illustrated.

KEY WORDS: metallography X-ray spectra, quantitative analysis, electron probe,
spectroscopy, resolution, background, microanalysis, X-ray spectrometers, solid state
counters, trace element analysis, homogeneity

The electron microprobe (EMP) is one of the most powerful techniques for
the examination of the microstructure of materials. The instrument employs a
high voltage electron beam (1 to 30 kV) focused to <1 pm in diameter, and
information such as composition and topography are obtained from the
bombarded region. The characteristic X-ray spectra emitted by the specimen
allows its elemental composition to be determined. By combining electron beam
scanning and X-ray detection, the EMP becomes a logical extension of the
optical microscope. The spatial distribution of one or several elements in a fixed
area of a specimen can be obtained by this technique. In addition, topographic
information is obtained when other signals, specimen current, backscattered
electrons (BSE), cathodoluminescence, and secondary electrons (SE) are
collected in the scanning mode. General descriptions of the electron probe
technique can be found in various references [1-3] .2

1 Associate professor, Department of Metallurgy and Materials Science, Lehigh Univer-
sity, Bethlehem, Pa, 18015.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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Electron Microprobe
Electron Probe Diameter and Current

In the EMP a two- or three-lens system is used to demagnify the crossover
image formed in the electron gun. The submicron electron beam which is
produced bombards the specimen surface. A schematic drawing of the electron
optical column of the Applied Research Laboratory (ARL) electron optical
system is shown in Fig. 1. The amount of current in the finely focused electron

FIG. 1-Schematic drawing of the electron optical column of the ARL electron
microprobe. The X-ray focusing optics and secondary electron collection system are also
illustrated.

beam which impinges on the specimen determines the magnitude of the signals
(X-ray, sample current, etc.) emitted, other things being equal. In addition, the
size of the final probe spot determines the resolution of the instrument,
although in many cases it does not determine the excitation volume from which
the signal is produced. Therefore, the electron optical system in the EMP is
designed such that the maximum possible current is obtained in the smallest
possible electron probe.

It is possible to determine the maximum current (7) available in an electron
probe of diameter (d,,) when the effects of aberrations in the electron optical
system, chromatic, spherical, and diffraction are considered together. Pease and
Nixon [4] calculated the theoretical limits to probe current and probe diameter
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by considering only spherical aberrations and diffraction. They obtained the
following relation

8/3
imax = 126 iTe. <%> -1 107° )
where
J, = emission current density (A/cm?) of the filament,
T = temperature of the filament (K),
C, = sphericai aberration coeefficient (cm), and
X = wavelength of the electrons (cm).

It can be seen from Eq 1 that the incident beam current will vary with the 8/3
power of the probe diameter. Figure 2 illustrates the relationships between
probe current and the size of the tlectron beam as given by Eq ! at two
operating voltages of 15 and 30 kV. The values of C; (2 cm), J,, (2.0 to 4.0A
/em?), and T (2700 to 2820 K) that were chosen, are typical of operational
instruments using a tungsten hairpin filament.
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FIG. 2—Relationship between probe current and electron beam diameter, dp,. The
curves are given for two accelerating voltages, 15 and 30 kV.



GOLDSTEIN ON THE ELECTRON MICROPROBE 89

It can be observed from Fig. 2, that the maximum current available in a 1-um
electron beam using a conventional tungsten filament is 0.5 to 1.0 x 107 A at
15kV and 1.0 to 2.0 x 10® A at 30 kV. This amount of current is well above
the minimum (1.0 x 10® A) normally considered necessary to perform
satisfactory quantitative X-ray analysis with X-ray, wavelength dispersive
spectrometers. Successful X-ray analysis can, therefore, be obtained using a
tungsten filament with minimum electron beam sizes (dp) of the order of 0.25
um. As will be discussed later, a spot size of 0.25 um is usually well below the
diameter of the region of X-ray emission from the specimen.

Resolution of the Emitted Signals

A large number of interactions occur when a focused electron beam impinges
on the specimen surface. Among the signals produced are SE, BSE, characteristic
and continuum X-rays, and photons of various energies (Fig. 3). Each of these
signals are obtained from specific emission volumes within the specimen and
these are strong functions of electron beam voltage and the atomic number of
the specimen. In fact the resolution of the EMP, for a particular signal, is
primarily determined by its excitation volume and not by the electron probe
Si1Ze.

-~a—— TO ELECTRON DETECTORS TO X-RAY SPECTROMETERS ——»
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SPECIMEN CURRENT EXCITED VOLUME oo cmen HEATING
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FIG. 3-Signals produced when a focused high voltage electron beam bombards the
specimen surface.

Electrons having energies in the range 1 to 30 kV impinging on the solid
specimen, undergo elastic scattering (change of direction with negligible energy
loss) and inelastic scattering (energy loss with negligible change in direction).
Elastic scattering is caused mainly by interactions with the nucleus and
significant deviations from the incident direction occur. Inelastic scattering is
caused by two mechanisms; inelastic interaction with the atomic nucleus and
inelastic interaction with the bound electrons.
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Inelastic scattering is primarily responsible for producing the signals that one
attempts to utilize (Fig. 3). If inelastic scattering occurs through interaction
with the nucleus of the atoms, the moving electrons lose energy in the
coulomb field of the nucleus and emit white or continuum X-ray radiation. If
inelastic collisions occur between the loosely bound outer electrons and the
incoming beam, energy is lost and SE are produced. The SE which are no
longer bound to the original atom have an energy typically less than or equal
to ~ 50 eV. If the SE recombine with the holes formed during the scattering
process, a photon of energy is produced which has a wavelength in the visible
or near infrared range. This visible luminescence can be seen optically when
one is analyzing transparent materials. In all of these inelastic collisions, the
process is combined with the loss of some or all of the incoming energy of
the electrons. Inelastic collisions can also occur between the incident electrons
and the inner electrons of the atoms. In this case characteristic X-ray lines are
obtained. The primary electron (PE) beam loses energy equivalent to the
binding energies of the K, L, M, etc. shells, V., V;, V,,, etc.

Elastic scattering results in a large change of direction of the impinging
electron beam. At some depth within the target the original direction of the
electron beam is lost and the electrons diffuse through the material at
random. The position at which this occurs is called the depth of complete
diffusion (X,). The scattering cross section at constant energy varies with Z?,
and the probability of scattering through a given angle varies as Z2/V?. For
low atomic number specimens, there is not much scattering near the surface
of the specimen as the electrons enter. Only a few electrons are scattered
through large angles and leave the specimen as BSE. In a high atomic number
specimen, however, there is considerable scattering close to the surface and a
large fraction of the incoming electrons are backscattered. In the case of a
heavy element, such as gold, diffusion sets in much nearer the surface than for
a light element. The shape of the electron distribution within the target as a
function of voltage and atomic number can, therefore, be determined qualita-
tively as discussed by Duncumb and Shields [5], Fig. 4. This figure shows the
electron distribution as a function of depth z and the outside limits of the
distribution represent zero voltage. At the same voltage, the electrons appear
to penetrate more deeply into the fow atomic number element and the
electron distribution appears to be more pear-shaped. If the energy of the
incident electrons is increased, the path length of each electron is lengthened,
and the envelope is expanded but retains essentially the same shape.

Electron Range and Spatial Resolution of the Primary Electron Beam

The electron range (R) is defined as the distance (measured from the surface
of the specimen) that the electron penetrates into the specimen. The spatial
resolution is the spread of the electron beam laterally from the center of
impact. For the incident electrons, the electron range and the spatial resolu-
tion are similar in value since they are both defined by the amount of elastic
scattering.
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FIG. 4—The shape of the electron scattering distribution within the target as a function
of voltage and atomic number.

Kanaya and Okayama [6] have derived an expression for the maximum
range (R) where the electron beam energy is reduced to zero using a total
scattering cross section which takes into account both elastic and inelastic

collisions. The range (R) is expressed as
R =00276V," %7 (4/Z)*"/p ()

where ¥, is the high voltage given in kV, p is the density in g/cc, and R is in
microns. Table 1 gives a comparison of experimental values of R .. [7] and

the calculated ranges (R).

TABLE 1-Electron range, maximum range R, . measured versus R calculated (LLm).

2.5V 5 kV 10 kV 15 KV

Rmax R Rmax R Rmax R Rmax R

Al 021 012 048 032 L1 125 ... 24
Cu 007 005 018 013 047 047 L. 09

Au 003 003 008 010 022 028 . 0.54
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The calculated maximum range [6] appears to agree quite closely with the
measured values of R .. and can be used in a practical sense to determine
the electron range for analysis. Other expressions for electron range are also
available [3]. It is obvious that the electron range varies greatly with atomic
number at a given voltage and that the spatial resolution of the electron beam

can be improved by selecting low voltages for analysis.

Backscattered Electrons

Backscattered electrons (BSE) are produced by elastic scattering of the
primary electron beam. Because the amount of elastic scattering increases with
atomic number Z, the fraction n of electrons which are backscattered also
increases [8,9]. If the specimen surface is rough, the BSE yield can be
selectively absorbed or increased depending on the beam position. Therefore,
the intensity of the BSE in the direction of the detector is also a function of
the topography of the specimen. However, it should be noted that if the
specimen is polished flat, as in the preparation of specimens for quantitative
analysis, one can obtain the average atomic number of the analyzed area of
the specimen.

The BSE have an electron range which is smaller than that of the electron
beam (R) and, therefore, the range and also the spatial resolution of the
backscattered signal is improved over that of the primary electron beam.
According to Cosslet and Thomas [10] the backscattered fraction comes from
a “mean” depth of about 0.3 R in copper to 0.2 R in gold at 25 kV. Shimizu
and Murata [/1] have calculated that the vast majority of electrons are
backscattered laterally with a small diameter, about R/2.

Low Energy Secondary Electrons

The secondary electrons (SE) have an energy typically less than 50 eV. If
these SE are produced within a few hundred angstroms of the surface, they
have a high probability of escaping from the specimen. These electrons are
absorbed, however, if they are produced much below (>500A) the surface of
the specimen. For metals and coated specimens this value is smaller (>2504).
Within this maximum depth the spread of the primary beam is small. There-
fore, the area from which the SE are produced, by the incident electron
beam, is primarily limited by the electron probe spot size (d,). It is these low
energy SE which are used in the scanning electron microscope (SEM) to
obtain surface topography.

X-ray Range and Spatial Resolution

When the electron beam strikes a specimen both continuum and character-
istic X-rays are produced. The X-ray continuum varies in wavelength and can
be excited as long as the electron beam voltage is greater than zero. The X-ray
continuum forms the background X-ray radiation and determines the mini-
mum detectability limit for the particular element that is measured, assuming
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that instrumental factors are negligible. The range for continuum X-ray
production will be similar to that of the primary electron beam since X-radia-
tion can be produced even at low electron energies.

The characteristic radiation is produced by the interaction of incident
electrons with the inner shell electrons of the atoms in the specimen and the
wavelengths of the characteristic radiation are specific for each element.
Detection of a characteristic X-ray line indicates that the element is present in
the specimen and these characteristic lines may also be used to obtain the
composition of the specimen. The range for characteristic X-ray radiation
(R(x)) will usually be smaller than that of electrons, since characteristic X-rays
can only be produced at energies above the critical excitation potential (V).
Several equations for X-ray range (R(x)) have been developed [1,12-14]. The
range equation obtained by Anderson and Hasler [13] where

R(X) = 0.064 (V163 - ¥ 1-%)/p 6)

was based on experimental data and is probably more correct.

Figure 5 shows the X-ray range, calculated from Eq 3, for various X-ray
lines Algqy, Cugq, Cuyqy, Au;, generated within the element targets alumi-
num, copper, and gold as a function of operating voltage V,. The three
matrix elements shown in Fig. 5 were chosen to represent the
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FIG. 5—X-ray range R(x) for various X-ray lines (Algq, Cugq, Cuyq, AUy o/ in selected
targets (aluminum, copper, gold).
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range of specimen densities which are likely to be analyzed, and the X-ray
lines were chosen to represent the common X-ray wavelength ranges measured.
The electron range (R) for aluminum [6] is shown for comparison purposes.
The X-ray ranges depend not only on the density of the matrix (aluminum =
2.7 glem®, copper = 893 g/cm?, and gold = 19.3 g/cm?®) but, also, on the
value of the energy of the X-ray line produced. One can see that, in general,
to obtain an X-ay source size <1 um the voltage of the electron beam may
have to be adjusted depending on the matrix material and line measured.

To define the X-ray source size or spatial resolution one can assume that
the lateral X-ray production range is the same as R(x), the X-ray range. This
relation, however, assumes that the size of the electron beam impinging on the
specimen is vanishingly small. The total X-ray spatial resolution R, is, there-
fore, equal to the sum of the X-ray range (R(x)) and the size of the electron
beam (dp) hitting the specimen. As discussed previously, the electron beam
size (dp) can be as small as 0.25 um. Since the X-ray range (R(x)) is usually a
micron or more, the total X-ray spatial resolution is essentially given by R(x).
Generally, there is little advantage for the X-ray spatial resolution, in reducing
dp below 0.25 um.

Summary—Range and Spatial Resolution

The result of electron beam specimen interactions is to produce various
complex interactions. These interactions are responsible for the signals which
can be used to reveal the topography and local chemistry of the specimen.
Figure 6 summarizes the range and spatial resolutions of the various signals
(BSE, SE, and X-rays) available from the EMP for a pure element of low to
medium atomic number. The spatial resolution for X-rays and BSE are
approximately the same as their respective ranges (R(x) and X;). On the other
hand, the spatial resolution of the SE is independent of the range of these
signals. The spatial resolution of SE is approximately the same as the probe
diameter (d,), whereas the spatial resolution of the BSE and X-ray signals are
usually much larger than dp. As illustrated in Fig. 5, the X-ray spatial
resolutions of several X-ray lines measured in the same material are different.

Elemental Analysis
Element Detection

In the EMP, the crystal spectrometer is the principal method of measuring
X-ray spectra. Figure 1 shows the typical X-ray focusing optics in an EMP.
The system includes a source, the bombarded area, a crystal for diffracting the
X-ray spectra, and a counter for X-ray detection. The source, crystal, and
detector are all maintained on the same circle, called the focusing circle. In
addition, the angle between the specimen surface and the measured X-ray
beam is the X-ray emergence angle or take-off angle. In most EMP’s this angle
is held constant as the diffraction angle at the crystal (20) is varied.

Qualitative spectral scans of the type shown in Fig. 7 involve displaying the
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FIG. 6 —Schematic of the range and spatial resolution of the various signals produced in
the EMP.

X-ay ratemeter output as a function of diffraction angle (20) or wavelength.
Once the peaks are detected their identity can quickly be established. Figure 7
shows a spectral scan of the matrix and of inclusions in a stainless steel [/5].
The carbide inclusion is rich in titanium, manganese, and chromium, while the
matrix exhibits normal iron, chromium, and nickel, and small amounts of
cobalt and manganese.

Usually one or more crystal spectrometers are available in the EMP. A broad
selection of analyzing crystals is used to cover and optimize spectrometer
performance in the range from 02 to 140 A and elements from beryllium
upward can be detected. Among the most useful crystals are lithium fluorine
(LiF) for wavelength coverage 3.5 to 02 A, ammonium dihydrogen phosphate
(ADP) for 10 to 2 A, potassium acid phthalate (KAP) for 25 to 5 A, and lead
sterate for 90 to 20 A. For element detection, the spectrometers scan portions
of the spectrum for periods of a few minutes to several hours depending on
the desired level of sensitivity.

To obtain an optimum count rate of X-ray intensity with a wavelength
dispersive detector, a probe current of 10® A is sufficient for most elements
at concentration levels above 0.1 percent. However, a lower count rate of
103/s can be used for scanning and point analysis. The typical efficiency of a
dispersive detector allows count rates of 103/s at 25 kV for most elements
with atomic number 12 (Mg) at a beam current of 10° A [/6]. Using Fig. 2,
this beam current allows a probe diameter of < 1000 A.
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FIG. 7—Spectral scan, intensity versus diffraction angle 28, of a stainless steel using a
crystal spectrometer, carbide and inclusion (top), stainless steel matrix (bottom).

Recently, improved lithium-drifted silicon solid state detectors allow detec-
tion and energy dispersion of X-rays of ~ 1 to 30 kV energy in the EMP
[17-19]. The energy resolution of such energy dispersive detectors is still
significantly inferior to the standard focusing crystal spectrometer. As dis-
cussed by Lifshin [20], they have attracted widespread interest because (1)
X-ray signals of all detectable energies from element 11 (sodium) and above
are collected simultaneously, and a whole spectrum can be obtained in a few
minutes, (2) higher counting rates at low beam currents greater than those
obtained with a crystal spectrometer are possible, and (3) the detector re-
sponds to X-ray energy independent of specimen position, unlike the crystal
spectrometer which requires the source of the X-ray spectra to be on the
focusing circle.

The operating principles of the solid state detector system are shown
schematically in Fig. 8. The X-ray signal passes through a thin window into
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FIG. 8—Block diagram of a solid-state detector system.

the lithium-drifted silicon crystal. Energy is lost both to the crystal and in the
formation of electron-hole pairs. These electron-hole pairs are swept away by
an applied bias and are eventually converted to a voltage pulse and amplified
by the preamplifier and linear amplifier. These pulses are stored by a multi-
channel analyzer which sorts the incoming pulses by amplitude. The resulting
spectrum can be displayed on a cathode ray tube, an X-Y recorder, a teletype,
or transmitted to a computer.

Figure 9 shows the spectra obtained, with a solid state detector on an EMP,
from a stainless steel specimen similar to that used for the data in Fig. 7. The
difference in resolution can clearly be seen in a comparison between Figs. 7
and 9. In practice, the resolution of crystal spectrometers, which can be 5 eV
for irony, is limited to the mosaic spread of the analyzing crystal. The
resolution of the solid state X-ray detector is about 160 eV for irong , and is
limited by both the statistical nature of electron-hole pair formation and
electronic noise [20].

By far the most useful application of solid state detectors on EMP’s is for
qualitative analysis. The speed of obtaining useful spectra for identifying
elements present in the specimen is a great advantage. Muitichannel analyzers
equipped with large enough memories also make it relatively easy to compare
the spectra obtained from several different points on a specimen with each
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other or with standards. What the detector lacks in resolution is partially
compensated for in total collected counts. However, the need for optimum
resolution is particularly important when one analyzes complex multielement
specimens in which peak overlap occurs. It is unfortunate that as the X-ray
counting rate increases the resolution of the solid state detector is degraded
[21].

Crystal spectrometers are not being replaced for qualitative analyses. They
provide the highest sensitivity in most wavelength ranges, and their superior
energy resolution virtually eliminates peak overlap problems and ambiguities in
spectral identification. Crystal spectrometers are, so far, still the only means
of measuring in the light element range (beryllium, boron, carbon, nitrogen,
oxygen, and flourine) where large “‘d-” spacing crystals make analyses down to
beryllium possible. Programmable spectrometers now make qualitative scans
more efficient by only scanning through specific wavelength ranges corre-
sponding to suspected peak positions.

Composition Measurement

Since much of our understanding of how materials behave depends on
knowing the composition of the various phases in a microstructure, the
method of quantitative electron probe microanalysis has been highly
developed. In his doctoral thesis, Castaing [22] laid out the basis for the
theory of quantitative electron probe microanalysis. He pointed up that the
intensity of characteristic radiation generated directly in complex multi-
element specimens is approximately proportional to the mass fraction of the
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emitting element. He proposed that the corrections which need to be applied
to each of the measured characteristic lines to obtain mass fractions are:

I. An atomic number correction (Z) to correlate the effects of energy
dissipation and electron backscattering with the atomic number of the
specimen.

2. An absorption correction (4) which takes into account the absorption of
X-rays emerging from the specimen.

3. A fluorescent correction (F) which takes into account the effect of any
indirect X-ray generation by other elements.

The proportionality constant between the measured intensity (/) and the
concentratjon of a given element (C,) is given by the above corrections.

Because of the difficulties involved in making absolute intensity measure-
ments, the X-ray intensity from the unknown specimen (/) is always com-
pared with that from a standard specimen (/(A)) under identical external
conditions of excitation. In both cases the continuum background radiation is
subtracted from the peak intensity. Where possible it is convenient to use the
pure element A as the standard, but less of a correction is necessary if the
standard of composition C(A4) is close in compcsition to the unknown speci-
men.

The ratio /,/I(A) can be measured and related to the ratio of the concen-
trations C, /C{A) by the relation
I, _ ZAF , Cy )
IA) ZAF(A) C(4)
This “classical” ZAF scheme of data reduction has essentially remained the
commonly used approach to quantitative analysis. It has been described along
with potential sources of error in many publications [3,23,25] and numerous
examples of its use have been published [3,26,27]. The objective of this
section is to point up some of the problems and newer developments in
quantitative analysis.

For quantitative X-ray analysis it is necessary to have a flat polished
specimen for analysis free from the effects of selective etching. In addition,
the specimen should not be affected by the impinging electron beam. The use
of the EMP for the examination of alkali-containing glasses, and to a lesser
extent, minerals, presents specific difficulties not encountered in conducting
materials. Under the action of the beam, the glass apparently undergoes a
composition change as shown by the change in intensity of the characteristic
X-ray emission of the alkali metal present [28-30]. It is clear that before
glasses can be analyzed, their stability under the beam should be proved for
the conditions of kilovolt and beam current to be used. For biological
specimens, unbound water must be removed from the specimen to make it
suitable for vacuum insertion. In addition, the specimen must be electrically
and thermally conductive, and the surface must be smooth and flat for

analysis. The critical requirement is that in preparing the specimen, the
structural-chemical relationships existing at the level of spatial resolution of
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the microprobe should not be disturbed [30].

Although the methods for quantitative microprobe analysis have been
worked out in great detail, there are surprisingly few standards available for
microprobe analysis. In many cases pure elements can be used for standards.
For geological specimens pure oxides have been used as standards when the
Bence-Albee correction [31] is employed. Recently, the National Bureau of
Standards (NBS) certified and issued alloys of nominal composition 80W,
20Mo, and 3Si in iron and a series of binary alloys in the gold-silver and
gold-copper systems. The major uses of these NBS alloys are to give the
analyst experience with specimens which are well characterized to check out
their own measurement procedures, data reduction, and calculation proce-
dures.

In any composition measurement with the EMP the continuum background
which underlies the characteristic X-ray peak must be measured and sub-
tracted from the peak intensity. Generally, two methods are available. One
can measure continuum background at a wavelength or energy adjacent to the
X-ray peak, or one can use a specimen which is of similar composition but
does not contain the element of interest. It is, however, difficult to obtain
specimens for the latter method. With the solid state detector the background
measurements are complicated by spectral overlap of peaks (Fig. 9). To
overcome this problem, deconvolution techniques (spectrum stripping) using
digital analysis are very helpful [32]. Another technique is to calculate the
size of one of the interferring peaks from another peak from the same
element that has no interference and subtract it from the total count of the
composite peak [33]. Quantitative analysis with the solid state detector has
been demonstrated for certain applications [3]. However, under normal micro-
probe operating condition, with the beam current 103 A or above, the total
X-ray intensity available and the system count rate can be much higher than
that acceptable by a solid state X-ray detector, and, as discussed earlier,
resolution is degraded. Along with the fact that the peak to background ratios
of a tuned crystal spectrometer are higher, the crystal spectrometer has a
decided edge in quantitative EMP work over that of the solid state detector.

There are several ways in which the computer is used to provide the
microprobe user with more and better information. For quantitative micro-
probe analysis, the ZAF correction procedure as given in Eq 4 is calculated
using a computer. For a given X-ray line, operating voltage, and a particular
X-ray optics, the emergent intensitites contained in Eq 4 can be calculated as
a function of the composition of the specimen or standard. However, it is not
possible to simply invert the equation in order to obtain the unknown
mass-fraction of the emitting element corresponding to the intensity ratio
I,/I(A) since the values for the correction factors depend on the specimen
composition. The calculation of the mass fraction, therefore, requires an
iterative procedure in which a computer is necessary.

Several dozen computer programs now exist to accomplish the task of
converting X-ray intensity ratios to chemical compositions, for example,
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[34-36]. In the more widely used programs the constants are stored in matrix
form within the program making input quite simple and printout fairly
extensive. These programs have generally required fairly large storage require-
ments and must be run on fairly large machines. If extended output is not
required, and, if one is willing to input the constants required for the various
corrections at the necessary time, then the program for data reduction may be
small enough to fit into a standard minicomputer.

Automation of the EMP with the computer can vary greatly from one
laboratory to another depending on the degree of sophistication desired.
Several parts of the EMP can be automated, for example (1) the stage:
specimens and standards are moved under the electron beam, and (2) the
spectromers: they are moved through their wavelength ranges and intensities
are read out. For quantitative analysis, accurate peaking of spectrometers is
also necessary. In addition, other components which can be automated are the
pulse height analyzer, X-ray amplifier, and high voltage, or even the high
voltage and current of the electron gun.

Software as well as hardware must be obtained in order to operate effici-
ently. The software consists of a peak seeking program, sequencing of data
collection, statistical analysis of data, and ZAF quantitative calculations.
Several different automation systems have been developed [37-40]. The design
of the system is often dictated by the major type of specimen to be studied
(geological, thin film, etc.) and the types of analyses desired.

Quantitative EMP analysis of the light elements is particularly difficult, since
the correction models developed for quantitative analysis may not be applic-
able in the light element range. In addition, the attenuation of the primary
radiation is large when these long wavelength, low energy X-rays are measured.
A large absorption (A4) correction is usually necessary and unfortunately,
necessary parameters such as the mass absorption coefficient are not well
known. One can minimize the absorption effect by working at low electron
energies and using high X-ray emergence angles from the specimen. Neverthe-
less, reliable quantitative results are best obtained by comparison with stan-
dards of known composition close to that of the specimen.

Calculations of oxygen content on well characterized oxides have been made
using oxygen intensities measured with the EMP [4/]. The results do not
agree well in all cases, and the disagreement is due mainly in the uncertainty
of the mass absorption coefficient and the influences of chemical bonding.
When the same measurements were repeated in a later study [42] and after
more accurate mass absorption coefficients became available, the relative
errors between the electron probe microanalysis and the wet chemical analysis
at various operating potential 5, 10, 15, 20, 25, and 30 kV were less than a
few percent.

Complications in light element analysis also arise because of the presence of
the L-spectra from heavier metals. Duncumb and Melford {43] have shown
that even if overlapping occurs, a qualitative analysis can be obtained. In
steels, for example, titanium carbonitride (TiNC) inclusions which are prob-
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ably solid solutions of titanium nitride (TiN) and titanium carbide (TiC) are
found. Figure 10 shows a comparison of the titanium L-spectra obtained from
TiN, TiC, and pure titanium. The TiNC phase gave a more intense peak at the
titaniumy, | -wavelength than that of pure titanium. This peak contains mainly
titanium;, | at 31.4 A (18.3° ) together with a small amount of nitrogen, -
emission indistinguishable from it at 31.6 A (18.5°9), Fig. 10. The titanium
Ly line at 27.4 A (16.0°0) is heavily absorbed by nitrogen and is about one
third as intense as that from pure titanium. The titanium L,-emission, how-
ever, is only slightly absorbed by nitrogen.

[ 1]

1 R Lo L v
PURE Ti TiNC TiC
TiLL +NK

“°fF  pu Tite S

COUNTS /SEC

Py s ﬁ

- .
Tilb TiLe
20 | L -
\
[+] i L A A 1 A 1
20" u‘e 18* 20° u‘e 1e* 20° 10° P e’

FIG. 10—Comparison of the titanium L-spectra (intensity versus diffraction angle, 0)

obtained from pure titanium (left), TiN (center), and TiC (right) at 10 kV operating
potential.

The analysis of this type of inclusion may appear to be impossible, but
Duncumb and Melford analyzed the titanium content by using the K-
radiation and analyzed the carbon content by use of the TiC standard, Fig.
10. The results indicate about 80Ti and 4C. The analysis for nitrogen was not
possible for reasons already stated and was obtained by difference from 100
percent. In another study, Shiraiwa et al [44] also attempted to analyze TiNC
inclusions in steel. They measured the nitrogeny, directly, however, by
setting the spectrometer slightly off the nitrogeny ,-peak at 31.7 A where the
intensity of the titanium L, -peak was negligible.

It is well known that a specimen subjected to electron bombardment in a
diffusion pumped vacuum gradually becomes covered with a “contamination”
layer due to polymerization, under the action of the beam, of organic matter
absorbed on the surface [/]. The organic molecules come from the oil vapors
from the vacuum pumps and the outgassing of any organic material present in
the instrument. The effect is not very troublesome unless the deposited layer
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absorbs the emitted X-rays to a great extent. For the light element radiation,
particularly beryllium, boron and carbon, the absorption of the long wave-
length X-radiation can be severe. The problem in the case of carbon analysis is
increased because the “‘contamination’ layer is composed to a large extent
with carbon. It is crucial, however, that the specimen should be free of
contamination from polishing and storage before insertion in the EMP.

Two methods have been used to avoid the contamination layer. Castaing
and Descamps [45], as early as 1954, showed that directing a low pressure jet
of gas on the specimen at the region bombarded by the beam in the
microanalyzer permits the practical suppression of contamination. Air jets
have been installed on various EMP’s [46-48]. Not only is the contamination
rate reduced to zero, but previously absorbed surface layers are removed.
Although the vacuum system in the EMP is degraded by this process and the
accompanying decrease in filament life is not severe.

The other generally used method is to provide a surface within the EMP
which is cold relative to the surface of the specimen. Organic molecules will
then tend to collect on the colder surface rather than on the specimen. The
cold surface or cold finger must however be placed in very close proximity to
the specimen. Cold fingers have been installed on various EMP’s [49-52] and
have effectively reduced the contamination rate to close to zero. In one case
[53] both an air jet and a liquid N, cold finger have been used.

In one example, for the determination of carbon in steels, calibration curves
of counting rate versus percent carbon were constructed from a series of high
purity iron-carbon alloys which had been transformed to martensite to ensure
homogeneity. Figure 11 shows the linear calibration curve between count rate
and carbon content for the iron-carbon alloys and Fig. 12 shows a plot of
carbon content versus distance across a proecutectoid ferrite grain boundary
allotriomorph in an Fe-0.11C-1.95Mo alloy [49].

Scanning Electron Probe

Cosslett and Duncumb [54] demonstrated that a beam deflecting or scan-
ning system can be added to an EMP so that a magnified image of the
scanned specimen area appears on the oscilloscope system. The image can be
formed by the various signals that are obtained such as BSE, SE, target
current, cathodoluminescent photons, and X-rays. The addition of scanning to
the normal X-ray capability of the EMP allows one to obtain photographs of
the composition distribution across a selected area on the surface of the
specimen. Positive identification of phases can be made and compared directly
to the optical micrographs. The resolution of the various images obtained
depends on the range of the signal as discussed earlier in this paper. Since it is
difficult to reduce the effective volume of X-ray emission below 1 um, X-ray
pictures are limited to about X3000. An excellent review of the various
scanning techniques is presented by Heinrich [55].

Figure 13 shows a comparison of scanning X-ray pictures obtained from a
solidified section of a M2 tool steel [56]. The eutectic interdendritic areas are
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FIG. 13—Scanning pictures from a solidified section of a M2 tool steel. The scanned
area is 90 x 80 pm in size. The various signals are tungsten Lg (upper left), molybdenum
Lo (upper right), chromium Kg (center left), Vanadium Kg (center right), iron Ky
(bottom left), and BSE (bottom right).

rich in chromium, molybdenum, and tungsten while the dendritic areas are
iron-rich. In many cases the scanning X-ray analysis pictures may be much
more important to the analyst than detailed quantitative analyses of specific
areas. In most EMP laboratories scanning X-ray analysis represents a major
portion of the analysis work. Various examples of scanning X-ray work can be
found in review articles concerned with applications in geology [27], metal-
lurgy [26,57], and biology [58,60].

X-ray images showing the distribution of a specific element are normally
obtained by using the output of a crystal spectrometer to modulate the
brightness of the scanning system cathode ray tube (Fig. 13). The same type
of X-ray imaging is possible using a solid state detector. Figure 14 shows an
example of a scanning X-ray distribution in a nickel matrix containing blocky
tantalum carbide (TaC) particles [20]. If the discriminators on the multi-
channel analyzer of the solid state detector are set to include only the portion
of the energy spectra corresponding to a nickel or tantalum line, it is possible
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FIG. 14—Scanning pictures from a nickel matrix containing blocky tantalum carbide
particles. The X-ray scanning pictures are for tantalum Lg (left bottom) and nickel Ky
(right bottom).

to get an output much the same as with the crystal spectrometer. This output
can be used to modulate the oscilloscope image as shown in Fig. 14.

Black and white photographs showing the topographic distribution of a
single signal are widely used. It is difficult, however, to show the correlation
of signals from two or more X-ray lines without the use of color. Composite
color photographs using X-ray images from the EMP have been produced. One
such method uses the black and white scanning images as color-separation-
positives and with appropriate filters, color prints are made [61].

A more quantitative approach to X-ray scanning can be taken by using a
device that produces abrupt changes of the oscilloscope beam brightness at
predetermined signal levels. The contrast produced by a signal which is only
slightly higher than the background can be enhanced so that only signal levels
above background are obtained. Melford [62] demonstrated such an expanded
contrast method in which brightness modulation by the ratemeter signal has
been employed for image formation. This method can also be used to enhance
differences at high concentration levels. Another technique developed by
Heinrich [55] is called concentration mapping. In principle, this method
shows the location of defined concentration ranges. To obtain this informa-
tion, all concentration differences within each range are suppressed.

Since the backscattering fraction is a function of atomic number, a useful
contrast between regions of differing atomic number can be obtained in the
BSE images taken on flat specimens (Fig. 13). Since the intensity of the signal
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also varies with the specimen topography, a contrast can be developed be-
tween regions of different height. Figure 14 shows the mixed effects of
topographic and atomic number contrast in the BSE pictures taken of the TaC
particles in a nickel matrix. The backscattering image can be improved how-
ever. If one only collects BSE at a relatively low angle to the specimen surface
and only electrons that have lost less than a few hundred eV in the specimen,
the BSE range can be as small as 100 A below the specimen surface [63].
These BSE are assumed to travel in a straight line into the specimen until they
are deflected by a single wide-angle scattering event.

The SE have spatial resolutions close to that of the primary electron beam.
Most newer EMP’s have secondary electron detectors. Although resolutions
below 500 to 1000 A are npt usually available in EMP’s, most instruments
have secondary electron detectors in order to take advantage of the superior
quality of the images they produce, Fig. 14, even at relatively low magnifica-
tions (X10 to 2500).

A simple way of obtaining a signal for image formation is to isolate the
specimen from ground and observe the variations in the current flowing from
the target to ground during the scanning process. This output is called the
target or specimen current. The signal is complex because it is the current left
over after the backscattered and low energy SE have been lost from the
specimen. It is affected not only by the topography of the specimen but also
by variations of the electron backscatter coefficient of the target. In conven-
tional target current images the gray level is a function of both composition
and topography. If a specimen contains areas of widely differing atomic
numbers, topographic details are difficult to see. The images produced on the
oscilloscope screen can also be mixed electronically with its first derivative
[64]. The use of a mixed signal reduces the effects of composition variation
so that topographic details appear more clearly.

Besides the signals already discussed, the emission of light in the visible and
infrared ranges {cathodoluminescence) can also be used to obtain information
concerning the region excited by the electron beam. The intensity and spectral
distribution of the radiation is usually affected by trace amounts of some
elements which activate the process.

Cathodoluminescence has found particular application in several fields. In
geology studies, the EMP is a very suitable tool since the instrument has an
optical microscope which allows viewing and photography of the specimen
while under electron bombardment. In addition, the wide variation in beam
size allows the examination of <1 to >300 um®. Long and Agrell [65]
studied the visual luminescence of several minerals. They showed that identifi-
cation of small grains can be accomplished because of a particular color.
Variations in trace elements which behave as activators or as quench agents
can also be observed. Since the concentrations involved are often small, their
variation would not be easily observed except for detailed EMP measurements
involving long counting times. The spatial resolution obtainable by using an
optical microscope to observe cathodoluminescence is limited by diffraction to
~ 0.6 um.
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In insulators and semiconductors an appreciable fraction of the energy
which is dissipated from the electron beam is used for the excitation of excess
carriers and the excitation of optical energy levels. Radiation can result from
the recombination of excess hole-electron pairs that are produced. In a study
carried out by Kyser and Wittry [66], excess carriers were produced in
gallium arsonide (GaAs) using an EMP with instrumentation for measuring
infrared radiation. Local fluctuations in the intensity of recombination radia-
tion over 10 to 50 um regions were observed indicating a wide variation in the
concentration of impurities or lattice defects. In a later study, Wittry [67]
measured tellurium concentration by quantitative EMP analysis and found a
correlation with the local variations in cathodoluminescence efficiency. Previ-
ous attempts to observe such a correlation failed because the practical limits
of detectability using X-rays in the EMP are of the same order as the
solubility limit of tellurium in GaAs.

Spectral analysis of cathodoluminescence was conducted by Kyser and
Wittry [66] and others [68-71]. A typical emission spectrum may have a
width of 500 A, with a peak at 5000 A, and different activators may not give
distinguishable emission spectra. The effects of altering the accelerating poten-
tial and other parameters, and the effects of charging on ‘the spectra were
studied by Muir et al [68], also small single crystal cathodoluminescence
characteristics of common phosphors were studied {72]. Analysis of rare earth
materials have also been made using the cathodoluminescence spectra [69] in
the ultraviolet and visible regions. Potentially, the cathodoluminescence
method should be able to measure trace elements contents well below that of
the X-ray EMP technique. However, it should be noted that the cathodolumi-
nescence signal exhibits saturation effects and is not always proportional to
beam current.

Characterization of Phases
Specimen Preparation

For quantitative X-ray analysis we need to have the flatest specimens
possible. The effect of roughness of the specimen on the type or quality of
data obtained increases as the take-off angle of the instrument (Fig. 1)
decreases [73]. This relation exists because the relative errors in the calcula-
tion of the composition, due particularly to the absorption effect, increase
with decreasing take-off angle. Although a high take-off angle probe may
minimize the effect of surface roughness, a flat specimen is, nevertheless,
desirable. Another reason for analyzing flat specimens is to obtain accurate
composition measurements at phase boundaries and edges of the specimen. If
flat specimens are not available, the total path length which the X-rays
traverse on their way out of the specimen can be changed. The effects of
corners and edges cannot be corrected for and must be minimized. Depending
on the type of specimens to be analyzed, it may be necessary to try to
maximize the flatness of the specimen at the expense of any other of the type
of specimen preparation.
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Limited qualitative microprobe analyses can be accomplished on rough
fracture surfaces if several precautions are taken [74]. To make sure that
scanning X-ray measurements of the elements present in the alloy are real and
not just the effect of topography, the spectrometer can be set off-angle and a
scanning image taken of the distribution of background intensity. In this way
fluctuations in the X-ray signal caused by surface irregularity can be seen and
spurious indications in the characteristic line image can be rejected to deter-
mine the distribution of elements of interest.

For organic materials, 1 to 4-um-thick specimens are mounted on substrates.
An ultramicrotome is used and tissues are usually dehydrated and embedded
before they are cut. One can use dyes with tissues to highlight areas of
interest as long as the materials which make up the dyes do not interfere with
the concentrations to be measured within the specimen. It is also important to
note that for biologic materials, all the standards should be of the same
thickness as the specimens themselves. If the specimens and standards are
prepared at different times this is very difficult to achieve.

Most geological and biological specimens are coated to ensure electrical and
thermal conductivity. The most frequently employed coating is carbon. The
coating should be as thin as possible, transparent to visible light for micros-
copy and also yield a stable sample current. Furthermore, the thinner the
coating, the less is the X-ray absorption within it and the less is the energy
loss of the primary electron beam entering the specimen. Usual coating
thicknesses vary from 50 to 500 A. It is desirable to have the same thickness
of coating on both specimen and standards, but, for light element analyses it
is a necessity.

Statistics—Homogeneity, Composition Differences, and Trace Analysis

It is important to note that X-ray production is statistical in nature. X-rays
which are produced from a given specimen and interact with radiation detec-
tors are completely random in time but have a fixed mean value. The
distribution or histogram of the number of determinations of X-ray counts
from one point on a specimen versus the number of X-ray counts for a fixed
time interval may be closely approximated by the continuous normal (Gaus-
sian) distribution. The individual X-ray “counts must lie upon the unique
Gaussian curve for which the standard deviation is the square root of the
mean (o, = /N). Here, N is considered to be the most probable value of N,
the total number of counts for a given time (). In as much as o, results from
fluctuations that cannot be eliminated as long as quanta are counted, this
standard deviation is the irreducible minimum for X-ray emission spectro-
graphy. For example, to obtain a number with a minimum of a 1 percent
deviation in AV, at least 10 000 counts must be accumulated.

However, as Liebhafsky [75] pointed up, the actual standard deviation (S,),
given by

n
s, = Zl W, - N (n - 1)M'? )
iz
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where # is the number of determinations of i and S, equals g, only when
operating conditions are ideal. In most electron probes, instrument drift and
specimen positioning create operating conditions which are not necessarily
ideal. The high voltage-filament supply, the lens supplies, and other associated
electron equipment may drift with time. After a specimen is repositioned
under the electron beam, a change in measured X-ray intensity may occur if
the effective “depth of focus” for the X-ray spectrometers is smaller than the
“depth of focus” of the light optical system. In actual practice, for the usual
counting time of 10 to 100 s/point, S, is about twice o,. If larger counting
times are used, S,/o, increases due to instrument drift. Only when counting
times are short and the instrument has stabilized does S, approach o,. Besides
the specimen signal, sources of variation may also occur if data from reference
standards and background are required [76]. These, as well as faulty specimen
preparation, may also effect the precision of an analysis. Therefore, both
instrumental factors and signal variations must be considered when the preci-
sion of an analysis is given. Very rarely will the percent coefficient of
variation (CV) of an analysis (S,/N (100)) approach the theoretical limit
(0N (100)).

Several studies have been made characterizing standard materials for use as
electron probe standards {77,78]. The usual procedure for checking these
standards is first to investigate inclusions and secondary phases if present.
After this is done, a preliminary check on homogeneity of the matrix is made
using a set of mechanical line scans. These line scans will point up any gross
inhomogeneities (>>10 percent of the amount present) on the 1 to 100-um
level. The possibility of gross inhomogeneities on the 1-mm to l-cm level
should also be investigated by conventional means such as X-ray fluorescence.
To check for inhomogeneities of less than 10 percent of the amount present,
a static probe is used and X-ray quanta are accumulated at each point. The
procedure normally used it to take data at many points, usually between 10
and 200 spread across the specimen. The criterion used for homogeneity is
[77-79] that all points fall within the N * 33/N limits. If 100 000 counts are
accumulated at each point, a variation of more than 1 percent of the amount
present can be detected. Therefore, a homogeneity level of within * 1 percent
of the amount present can be ensured.

A more exacting criterion for homogeneity would include () the use of the
actual standard deviation S, which accounts for instrument drifts and for
focusing errors, and (b) the use of a confidence level for the determination of
N. The confidence level, given as 1-a, is usually chosen as 95 or 99 percent.
This means that we would expect on the average, only 5 (or 1 percent) of
repeated random points to be outside the limits Wy 5 or Wyo.

The width of a 99 percent confidence interval (W) is

tn-lgg v =+ Citn—l99 Se (6)
Jn 100 Jn N

Wyg=2C;
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where
¢ = true chemical weight fraction of element i,
CV = percent coefficient of variation, and
t,.1°°= student’s ¢ value for 99 percent confidence for (n-1) degrees of

freedom [80]. Other confidence intervals can be used by choosing
other values of 7. Student’s 7 values for 7, ,°5 and t, ,°° for
various degrees of freedom (- 1) are given in Table 2 {8/].

TABLE 2—Values of student t for 95 and 99 percent confidence level.

n-1 tnt® tpa®’
3 3.182 5.841
7 2.365 3.499

11 2.201 3.106

15 2.131 2.947

24 2.064 2.797

o 1.960 2.576

In a study of NBS Standard Reference Material 479, an austenitic iron-
chromium-nickel alloy, the Eq 6 was applied for a criterion of homogeneity
[80]. Using a 40-s counting interval on the specimen 900 000 iron counts,
340 000 chromium counts and 270 000 nickel counts were obtained at each
point. In no case was CV > 1.5 percent for any element present. Therefore, if
CV = 1.5 percent is used as a conservative value, and, if # is set equal to 16 in
Eq 6

Wos = £, 2247 (0015)= £ 00111 ¢
716

1

or C; + 1.11 percent relative. The time to collect data for the 16 points was
not prohibitive, being about 30 min. It is also possible to predict the degree
of homogeneity as a function of N, n, and the desired confidence level that
would be measured under typical operating conditions [26].

Several different methods have been devised for obtaining homogeneity
data. The objective in all these cases is to obtain data from enough points to
be representative, obtain a minimum number of counts per point for each
element of interest and, yet, do this within a reasonable time interval so as
not to run into stability problems due to instrument drift. Systems for
automatic displacement of the electron beam [2,82] or the specimen stage by
some sort of automation equipment are available. A matrix of a single string
of points along a line or a square or rectangular area can be developed. The
data must be handled efficiently (computer, multichannel analyzer, or tape)
and a computation is needed to transform the mass of data into a format that
permits easy interpretation. In most cases it is advantageous to obtain both



112  METALLOGRAPHY

statistical output (standard deviations, frequency distributions, etc.) and top-
ographical output (isoconcentration maps).

Normally the data are collected with crystal spectrometers. If the electron
beam is displaced far enough from the electron optical axis of the EMP, the
emitted X-rays will no longer be on the focusing circle of the X-ray spectro-
meter, and a loss of X-ray intensity will occur. Typically, electron beam
displacements over 50 um will cause defocusing effects. An interesting feature
of the solid state detector, as compared to the crystal spectrometer system, is
that the counting rates are not altered by displacement of the beam on the
specimen. Therefore, the use of a solid state detector for the analysis of
points in a raster as big as 1 mm?, simplifies the operation and interpretation
of data by eliminating a major source of error [2].

Analytical sensitivity usually indicates the ability to distinguish, for a given
element A4, between two compositions C, and c’ 4 that are close together.
X-ray 51gnals for both compositions ¥ and N' have a similar statistical
variation. If one determines two compositions C, and C:4 by n repetitions of
each measurement, taken for the same fixed time interval 7, then these two
values are significantly different at a certain confidence level (1-2) if

N-N'"2V2 1,98, /Vn (7a)
and
AC=CA - CIA = J2 CA tn_lka Sc’ (7b)
vn (N, - Ng)
where
¢y = element composition of one element in the specimen,
N, and Ng = average number of X-ray counts of element A-for the speci-
men and the element continuum background on the specimen,
fha'? = “student’s” factor dependent on the confidence level 1«
(Table 2)
and,
n = number of repetitions.

Ziebold [83] has shown that the analytical sensitivity for a 95 percent
confidence level can be approximated by

233 C4 o,

AC=C, - C', > 4
4 TR T N, - )

@®

Equation 8 represents an estimate of the maximum sensitivity that can be
achieved when signals from both compositions have their own errors but
instrumental errors are disregarded. Since the actual standard deviation (S,) is
about two times larger than o, AC is approximately twice that given in Eq 8.
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If N, is much larger than N, Eq 9 can be rewritten as

ac=c, - > B4 ©
VAN 4
and the analytical sensitivity that can be achieved is given as
aC 2.33 x 10?
= = (10)

C, VnIVA

Shastry and Judd [84] investigated grain boundary solute segregation in an
A1-6.86Zn-2.35Mg alloy which is susceptible to corrosion cracking. They
found depletion or enrichment at the grain boundaries depending on the type
of heat treatment and quench rates employed. They designed their experi-
ments so values of AC/C, (percent) for both zinc and magnesium were about
1 percent. In one case the relative change in concentration at the boundary
was = 5 percent for both zinc and magnesium. To study olivine (FeMg), SiO,
compositional equilibration in large pallasite meteorites, olivine crystals from
the opposite ends of several specimens ~ SO cm apart were obtained [85].
Using Eq 7b at the 95 percent confidence limit, a sensitivity of AC/C,
(percent) was about 1 percent. In all three meteorites, differences between the
olivine crystals were less than this limit.

As the elemental composition C, approaches 0.1 percent in EMP analysis,
N, is no longer much larger than Ng. This composition range, below 0.1
percent is called the trace element analysis range. The analysis procedure now
is to detect significant differences, between the specimen and the continuum
background generated from the specimen. The detectability limit is governed
by the minimum value of the difference IVA - IVB which can be measured
with statistical significance. Analogous to Eq 7a we have

NA_IVB>\[2 tha'® S, (11
Jn

where S, is essentially the same for both the specimen and background
measurement.

For trace analysis, < 1000 ppm, the X-ray calibration curves (Eq 4) may be
taken as a simple linear function. Therefore, C,, the unknown composition,
can be related to V4 by the equation

¢ = B No) (12)
(NS - NBS)

where

Ng and Ngg= mean counts for the standard and standard background for
element 4, and
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a4 = percent of element A in the standard.
Using Eq 11 and 12, the detectability limit Cp,;, = C, is [86]
1-a
Cpy = _C(A)_ V2 (251" S, (13)
Vs - Ngg) vn

The precision in a trace element analysis is equal to C,/Cp, and ap-
proaches * 100 percent as C, approaches Cp; .
Ziebold [83] has shown the trace element sensitivity to be

Cpy = 3.29a/(n 71 R)'? (19)
where
7 = time of each measurement taken,
n = number of repetitions of each measurement,
I = pure element counting rate,
R = peak/background ratio of the pure element (it is the ratio of the

counting rate of the pure element to the background counting rate of
the pure element), and
a = relation of composition and intensity of element A4 through the
Ziebold and Ogilvie [87] empirical relation.
To illustrate the use of this relation, the following values were used for
calculating the detectability limit for germanium in iron meteorites [88]. The
operating conditions were:
high voltage, 35 kV
specimen current, 0.2 uA

I = 150000 counts/s
R = 200

T = 100s

n =16

a =1

Using these numbers, Cp,; > 15 ppm. The actual detectability limit after
calculation of S, and Eq 12 was 20 ppm. Equation 14 is very useful for
determining the operating conditions for trace analysis before the actual data
are taken.

Therefore, to do trace element analysis one needs to employ long counting
times, high peak intensities, and a high peak to background ratio (R). Because
of instrumental drift, and specimen contamination, a practical limit on the
counting time is 15 to 30 min. The peak intensities can be raised by
increasing the beam current. However, beam currents over 0.2 uA tend to heat
the specimen locally and increase the size of the electron beam. Unfortunate-
ly, the peak to background ratio cannot be reduced below a certain limit since
continuum X-ray radiation is always present and very small peaks from trace
elements are difficult to separate statistically from the background continuum.

Trace element measurements have been made by various authors. Heidel
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{89] measured C,; for metallic elements in a silicate glass. Using #3 o,
above background as IVA - ]VB, he found a detectability limit of 150 to 350
ppm for 20 kV, 2 x 10®A specimen current and 10-s counting times. If 2 x
107A specimen current and 100-s counting times were used, a detectability
limit of 15 to 35 ppm could have been achieved. Buseck and Goldstein [85]
made trace element measurements of manganese, nickel, titanium, and calcium
in olivine crystals. Operating at 30 kV, 2 x 107 A specimen current and taking
four 100-s counts per crystal, the detectability limits according to Eq 13 were
40 ppm for manganese, 20 ppm for nickel, 10 ppm for titanium, and 15 ppm
for calcium. In practice, therefore, it is very difficult to obtain measurements
below a detectability limit of 10 ppm.

Trace element measurements are almost always made in the EMP using
X-ray crystal spectrometers. The peak to background ratio (R) is quite high
(> 100) and at the specimen currents typically used, the peak intensity is also
quite high, >10% to 10° counts/s from the pure elements. The background
intensity (V) must be obtained to determine (C,) the unknown composi-
tion, Eq 12. As discussed the previous section of this paper, with careful
usage, the background intensity can be obtained by going off the wavelength
peak on the specimen itself.

It would be of great advantage to obtain trace analysis measurements at low
beam currents, < 10° A, where it might be possible to have a smaller X-ray
excitation area. The solid state detector might be a logical instrument to use
in this case. The peak intensity (/) is high at these specimen currents although
the peak to background ratio (R) is much poorer than that obtained with the
crystal spectrometer. According to Eq 12, Cp; would approach 100 ppm in
the best cases. However, detectability limits of <1000 ppm (0.1 percent) are
difficult to achieve in practice since it is difficult to measure the background
continuum intensity accurately.

EMP Analysis of Phases

The application of the EMP to phase analysis is practically unlimited.
Several typical examples of applications will be given here. Phosphides and
sulfides are common nonmetallic inclusions found in metallic and nonmetallic
(stony) meteorites. Figure 15 shows the distribution of cobalt, iron, and
nickel across a phosphide found in the kamacite (a-FeNi) phase of the Breece
iron meteorite [90]. The data are taken by attaching a motor to the X- or
Y-drive of the specimen stage and recording the X-ray output for cobalt, iron,
and nickel on a chart recorder. The data are taken in a matter of minutes.
Even though it is qualitative in nature, it shows the relative homogeneity of
the phosphide, the nickel gradients in the surrounding kamacite, and the
effect of the cracks which were present in the phosphide. Calculations reveal
that the phosphide is a complex (FeCoNi);P mineral.

Quantitative EMP analyses can be carried out by either moving the specimen
automatically in micron-sized steps under the electron beam or moving the
electron beam itself. In this way, the phase is covered by rows of analyses. An
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FIG. 15—Distribution of cobalt, iron, and nickel across a phosphide inclusion in the
kamacite (@) phase of the Breece iron meteorite.

example of such a concentration-distance plot for a sinoite (Si, N, O) grain in
the Jajh deh Kot Lalu enstatite chondrite is given in Fig. 16 [9/]. The matrix
surrounding sinoite is enstatite. The data were obtained by moving the section
after every analysis in steps of 3 um. Quantitative analyses were obtained
using appropriate standards and the ZAF corrections, Eq 4.

Many phases have chemical gradients caused by various phenomenon. Figure
13 showed the C concentration which developed in the austenite phase of a
steel due to the growth of ferrite. Figure 17 shows the effects of solidification
on the phase compositions of the dendrites in a M2-tool steel (Fig. 13) [92].
The concentration profile of tungsten, molybdenum, chromium, and vanadium
across the primary dendrite axis is given. These results indicate a slight alloy
enrichment at the dendrite core and a relatively uniform distribution of
chromium in comparison with more pronounced segregation of tungsten,
molybdenum, and vanadium. Figure 18 shows the diffusion profile developed
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FIG. 16—-Concentration distance plot for silicon, nickel, and oxygen across a sinoite
(SiaN,0) grain in the Jajh deh kot Lalu enstatite chondrite. The analyses are point-by-
point measurements obtained by moving the section after every analysis in steps of 3 lm
under the fixed electron beam.
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FI1G. 17—Concentration profiles of tungsten, molybdenum, chromium, end vanadium
across a primary dendrite axis in a unidirectionally solidified M2 steel.
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FIG. 18—Diffusion profile developed when a gold versus a Au-6.1Ni couple was heated
for one week at 875°C.

when a gold versus a Au-6.1Ni couple diffused for one week at 875°C. The
couple was one phase face centered cubic (fcc), and the gradient was con-
trolled by the diffusivity at 875°C. The concentration profile was taken by
moving the specimen under the electron beam and the concentration was
determined by comparison with well characterized gold-nickel alloys [93].
Many other examples of electron beam X-ray phase analyses can be found in
the literature.

In many investigations, it is of interest to know more than the chemical
composition of the various phases present in the microstructure. The EMP can
be used to obtain quantitative metallographic information such as volume
fraction, mean particle size, surface area, and particle size distribution for the
various phases. Many different systems have been developed for quantitative
metallography with the EMP. Melford and Whittington [94] have developed a
lineal scanning technique using a special purpose computer to handle the
scanning probe data. For example, the aluminum K-, sulfur K-, and manga-
nese K,- intensities are obtained from a line scan through inclusions of
manganese sulfide (MnS), manganese oxide (MnO), and aluminum oxide
(Al,C3). Using the two X-ray signals, logic circuitry compares them in such a
way that the inclusions can be recognized. An oxide particle might be
recognized by the fact that it contained either (¢) aluminum, (b) manganese +
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aluminum, or (¢) manganese but not sulfur. The size of the inclusion can also
be determined from the line scan and the information stored. To avoid double
counting due to the beam crossing the same inclusion on more than one
successive line, the signal obtained along one line is stored for comparison
with the signal obtained along the subsequent line. Signals are counted only if
they are not inhibited by a similar signal in the previous line. The inclusion
type, size range, and volume percent can be determined.

Dorfler and Plockinger [95] have developed a lineal analysis technique for
quantitative metallography of phases containing the same elements but in
varying concentrations. The various phases are delineated by measuring the
voltage output of the ratemeter as the beam is moved across the specimen. A
voltage band (corresponding to a certain concentration range of a character-
istic element for the one phase) is selected by two variable thresholds. One
phase is identified by being within the voltage band, and the other phase is
identified as located outside the band. The ratio of the measured time for one
phase to that of the entire analysis gives the fraction of that particular phase.
Further development of this basic system [96] has lead to a procedure where
the various quantitative metallographic information can be calculated. An
automatic lineal analysis is accomplished by the scanning system. Two or
more signals are measured and the phase integrator, which is similar to the
system previously described, determines which phase is present and stores this
information. A small special purpose computer is responsible for calculating
the stereometric (quantitative metallographic) analyses.

White et al [97] have developed techniques for computer processing of SEM
images to yield quantitative metallographic parameters. The same method can
be applied to EMP scanning images. The fundamental characteristic of the
computer approach is that the entire image is recorded on digital magnetic
tape and all data reduction are left to the computer. Two methods can be
used to process the data in the computer. (1) The intensity of each data
point, corresponding to the brightness level at a given coordinate position on
the scanning image, is reduced to a simple binary code that indicates whether
the intensity was above or below a preselected value. The program analyzed
the resultant binary coded map to extract the quantitative metallographic
parameters. (2) The computer generates contour maps at selected intensity
levels and then calculates the characteristics of each closed contour to yield
size, shape, and orientation information. McMillan et al [98] have discussed
various methods of handling the data produced from the scanning instrument

and Gortz et al [99] discusses the inclusion of X-ray analysis to the method.
Another method of attack [/00] involves the use of special hardware to

perform analysis within the scanning time. The approach allows a more rapid
analysis because little data storage is involved. The data, however, must first
be displayed as video signals. For X-ray signals this necessitates a very slow
scan. Detection is accomplished by extracting information on preselected grey
levels in the signal and converting it into a digital signal for computation. If
the X-ray and specimen current signals are mixed [/0I}, using the Xay
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signal as discrete pulses, the specimen current can be used to define the
outline of the phases and the X-rays to identify the phases themselves. It is
apparent that quantitative metallography can be accomplished using the EMP
and commercial units are now becoming available.

Extension of Instrument Capability
Inclusion-Particle Analysis

Accurate analyses of inclusions are subject to several subtle sources of error.
When an inclusion is analyzed, one takes great pains to analyze particles larger
than the excitation volume produced by the electron beam. However, because
the electron beam penetrates beneath the specimen surface, it is possible for
part of the beam to penetrate to the matrix (Fig. 194). It is also possible that
inclusion particles lying just below the specimen surface may contribute to the
analysis of the matrix (Fig. 198). Consequently, it is necessary to repeat
measurements on several inclusions to be assured that these effects are mini-
mized. Another subtle source of error can be caused by X-ray fluorescence.
Even if the inclusion is larger than the X-ray excitation volume, the character-
istic and continuous spectrum produced in the inclusion may penetrate into
the matrix. In certain cases fluorescence of the matrix by characteristic or
continuum radiation may then occur. This radiation will be measured, in
addition to the X-ray intensity from the inclusion, if specimen absorption is
low and the area fluoresced is still on the X-ray focusing circle. A practical
consequence of such an effect was discussed by Duke and Brett [702] in their
study of metallic copper inclusions in meteorites.

MATRIX EFFECT INCLUSION EFFECT

ELECTRON BEAM

/INCI.USION

X" EXCITATION VOLUME —r’,

~INCLUSION

FIG. 19~Inclusion analysis, (a) matrix effect, (b) inclusion effect. Direct excitation by
the ectron beam.

There are several ways to overcome the problems associated with the fact
that the X-ray excitation volume under normal operating conditions may be
the same size or larger than the particle of interest. One method is to isolate
the particles and treat them essentially as thin films rather than as bulk
samples. In this situation, the amount of elastic scattering in the thin speci-
men is minimized and X-ray resolution approaches that of the electron beam.
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Submicron precipitates and inclusions have been studied by a combination
of electron microscopy and EMP analysis. Fleetwood [/03] identified precipi-
tates smaller than 0.1 um in maraging steels, and carbon extraction replicas
were stripped from specimens of heat treated steel. Electron diffraction
patterns were taken first in the transmission electron microscope (TEM).
Subsequently, electron probe analysis of the same precipitates for nickel, iron,
molybdenum, titanjum, and cobalt were made. Since the precipitates were
essentially thin films, some of the electron beam passed completely through
the specimen and the amount of X-ray intensities were only used as a measure
of the relative proportions of the elements present in the precipitates. Absorp-
tion corrections were applied to the thin films to more accurately determine
the iron/molybdenum ratio in the precipitates. Ancey et al have also analyzed
precipitates on extraction replicas in the EMP [104]. If characteristic X-rays
from two elements are measured simultaneously, the concentration ratios
could be calculated accurately despite the fact that the precipitates themselves
varied greatly in thickness.

A combined electron microscope-electron probe (EMMA) has been designed
by Duncumb [I05]. In this instrument, the specimen can be studied by
electron microscopy, electron diffraction, and either point or scanning elec-
tron probe analysis without altering the field of view. The electron beam can
be focused down to a spot of 0.1 um, and the maximum magnification
from the objective and projector lenses is about X12 000 at 60 kV. To obtain
structural information, the intermediate lens is adjusted to image the diffrac-
tion pattern from the particle; for chemical information, the characteristic
X-ray emission is analyzed by means of a crystal spectrometer and propor-
tional counter. The chief requirement of the X-ray spectrometer is that it
should have as high a collection efficiency as possible since the X-ray intensity
emitted from the submicron particles is very weak. Because of the rapid
decrease of counting rate with particle size and contamination difficulties, the
smallest sized particle that can be analyzed using a focusing spectrometer
appears to be a particle of about 0.1 um in size. A similar type of instrument
was also used by Ancey et al [/04] to study inclusion particles extracted
from a fracture surface.

A new combined instrument has been developed [106,107] which allows a
TEM resolution of 3Au at 100 kV. A minilens is also used to achieve a 0.2 to
0.3-um probe. In an instrument of this type, particles down to 0.1 um can be
analyzed; it is relatively easy to locate regions for analysis in a transmission
image, and selected area diffraction (SAD) can be accomplished. It should be
possible now to analyze even smaller particles by means of the solid state
detector.

In solid specimens one can attempt to reduce the finite size of the X-ray
excitation volume below the normal resolution of 1 to 2 um. The method of
reducing the X-ray range (R(X)) in Eq 3 has been discussed previously. Since
the total X-ray spatial resolution (R,) is equal to the sum of the X-ray range
(R(X)) and the size of the electron beam (d,), there is no advantage in
reducing the beam diameter below 0.2 um, (20004) if the X-ray range (R(X))



122 METALLOGRAPHY

is greater than about 0.5 um. For example, if one is analyzing MnS§ inclusions
in a steel at the normal operating potential of 20 kV, the X-ray range is about
2 u for both manganese K- and sulfur K-radjation. At 10 kV operating
potential the X-ray range is improved, 0.4 pum for manganese K and 0.6 um
for sulfur K. However, in neither case is there any real point in reducing the
beam current and, subsequently, decreasing X-ray intensity in order to pro-
duce a beam size below 0.2 um.

In a study of (manganese-iron)sulfur inclusions in steel a matrix effect was
observed [108]. The electron beam at 25 kV potential passed partially
through the inclusion exciting the ifon matrix even if the particles had a
visible diameter greater than 5 um. Obviously the thickness of the particles
was not sufficient to contain the electron beam, see Fig. 21a. In this study an
empirical technique was developed on the basis that the sulfur K-intensity was
decreased in proportion to the additional iron K-intensity generated from the
matrix effect.

Bolon and Lifshin [/09] have attempted to study the effect of reducing the
electron probe size in order to increase X-ray spatial resolution. Their test
system was that of unidirectionally solidified alloy containing 1.5-um tantalum
carbide (TaC) rods in a nickel-chromium matrix. The calculation of X-ray
source size was accomplished by using a modification of the Monte Carlo
method proposed by Curgenven and Duncumb [/10]. X-ray data were col-
lected with both 0.25 and 1.0-um-diameter beams at 20 KV voltage. The
Monte Carlo plots of simulated electron trajectories are shown in Fig. 20. The
calculations show that the direct X-ray excited volume should be contained
within the TaC rods in the case of the 0.25-um beam but not for a 1.0-um
beam. The data obtained showed that the Monte Carlo calculations correctly
predicted the dimensions of the X-ray excited volume.

Calculations using Eq 3 show that R(X) is 045 um for tantalum L- and
0.65 um for tantalum M-radiation. Therefore, for dp = 0.25 um, the cal-
culated spatial resolution is about 0.8 um in agreement with this study [709].
If dp was 1 um, the X-ray source would be slightly larger than the TaC rods.
It is clear that Monte Carlo calculations will be valuable in predicting the
X-ray excited volume and the intensity generated from that volume provided
that the shapes of these structures and the diameter of the electron beam are
accurately known. A treatment of a similar problem, for lamellar Al-CuAl,
eutectic plates of varying sizes, was given by Jackson et al [/11].

Measurements Near Interfaces

One of the major applications of quantitative EMP analysis is the determina-
tion of compositions at phase interfaces. These measurements may indicate
the last temperature of equilibration of a given system, the composition of
various phases in an equilibrium phase diagram, or the discontinuous change
of the composition of a component near an interface. As discussed by Reed
and Long [112] there are three major effects which must be considered when
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FIG. 20—Monte Carlo calculations of electron trajectories in 1.5 um tantalum carbide
rods at 20 kV operating voltage. Electron trajectories are contained in the rods in the

case where dp, = 0.25 jm (upper) but not in the case where d, = 1.0 pm (bottom).
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making measurements at or near interfaces:

(1) Electron Diffusion-X-ray Excitation Volume—If there are variations in
the concentration of the analyzed element within the volume excited by the
electrons, the apparent concentration will be an average of the concentration
within that volume. Therefore, measurements at phase boundaries where part
of the beam is in both phases is quite difficult to make. If one knows the
distribution of X-ray production within the analyzed volume, it should be
possible to improve the effective resolution of the probe.

2. Xray Absorption—-The A correction for absorption can only be cal-
culated for homogeneous specimens. An error may be introduced when the
region through which the generated X-rays pass is of a different composition
from the analyzed area. Such errors can be minimized by having a high
takeoff angle and by choosing the orientation of the specimen so that the
X-rays leave parallel to the phase interface in material of similar composition.

3. X-ray Fluorescence—When measurements are made near interfaces, not
only may part of the electron beam excite X-ray radiation, continuum and
characteristic, in the major phase, but the X-ray radiation produced could
cause secondary fluorescence of elements across the boundary in the second
phase. The measured X-ray intensity may, therefore, be modified by such a
fluorescent effect.

The most important of these three effects is fluorescence since the errors
may be large. The effect is most serious when the analyzed element is present
in a large concentration in the adjacent phase, as in Fig. 21. In this figure an
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sity from an undiffused Fe-Ni couple.
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undiffused couple of pure iron versus pure nickel was polished and a micro-
probe trace was taken at two takeoff angles 15.5 and 52.5 deg for iron K- and
nickel K-radiation across the interface [/13]. The nickel Kq-radiation will
produce secondary fluorescence of iron K. Ideally, when the data are taken
across the interface, a sharp gradient influenced only by the excitation volume
should be observed. In this case when the electron beam is situated in pure
nickel (Fig. 21), both the continuum radiation and the nickel K-characteristic
radiation travel across the interface and produce, by secondary fluorescence,
iron Kg-radiation which is measured by the X-ray spectrometer. The effect
extends up to 30 um from the interface into the nickel. In some systems,
zirconium-columbium (Zr-Cb), yttrium-molybdenum (Y-Mo), the apparent
concentration is as high as 10 percent {/14,115}. Calculations have been
made [112,114] to account for the effect of secondary fluorescence by
characteristic radiation near phase boundaries and have met with good success.
When the electron beam is situated in the iron (Fig. 21), the continuum
radiation travels across the iron-nickel interface and produces some nickel
Kqsecondary fluorescent radiation which is also measured by the spectro-
meter. This effect is more difficult to calculate although a few attempts have
been made [112,115]. It is clear, however, that if one is to attempt measure-
ments of compositions near interfaces, calculations of the possible fluorescent
effect should be made. Since it is not difficult to make undiffused couples, in
some cases experimental measurements are justified.

When steep concentration profiles are encountered, the finite volume from
which X-rays are excited in a specimen causes the true concentration profile
to be smeared. A schematic representation of this process is shown in Fig. 22
as modified from Rapperport [116]. The X-ray excitation volume is described
by a triangular-shaped function (f(x)), while the true concentration profile is
in the form of a step function (g(x)). The curve (h(x)) represents the observed
profile as the beam passes over the concentration step. A mathematical

expression describes the relationship between these functions and is of the
form [116]

h(x) = f g(x—x,) fix) dx (15)

The observed protile (4(x)) is, therefore, the mathematical convolution of the
probe function and true concentration profile function.

One way in which the probe function can be experimentally determined is
by passing the electron beam across a known concentration step and plotting
the observed profile. By assuming a probe function which is Gaussian [117],
the resulting probe trace should be an error function. Figure 23 shows the
cesults of a step scan for nickel Kg taken at 1/4-um intervals across an
a-phosphide interface in the Tucson meteorite [/18]. The Gaussian probe
function is described by [119]
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The parameter d can be determined by drawing a tangent to the curve at the
midpoint and measuring the intercept on the distance axis (Fig. 23). Once the
probe function is known, it can be generated across a predicted true concen-
tration profile to give an expected probe result, which can be compared with
experimental data. The value of d varies with the composition step, so the
experiment must be done for each system. An estimate of the true profile is
attained, when a set of experiment points lies on the observed profile resulting
from the convolution of the true profile and probe function. Operating at 20
kV and 0.01 uA, an average d value of 045 um was measured for the
a-phosphide combination. The value of 2d (0.9 um) is quite similar to the
value of 1.0 um for the X-ray spatial resolution (R,) predicted when R(X) =
0.8 um (Fig. 5) and dp = 0.2 um.
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FIG. 23-Step scan for nickel Ky across a kamacite (a)-phosphide interface in the
Tucson meteorite.

Deconvolution techniques have been used to determine the peak nickel
concentrations in the vy-taenite phase at the a«-y interface in the Tucson
meteorite [/18]. This meteorite was cooled rapidly and the large nickel
gradients developed due to the lack of time for diffusion of nickel in the
taenite phase. Using a computer program, the probe function was generated
across a predicted true concentration profile such as that illustrated in Fig. 24.
The resulting convoluted profile is also shown, and indicated whether the
predicted profile had been correct. In the analysis shown in Fig. 24, a peak
nickel concentration of 21.7 percent was calculated for a true nickel value of
24.6 percent at the interface. Since the actual measured data points across the
v-a interface correspond closely to the calculated profile, it is reasonable to
conclude that the true composition of taenite in equilibrium with kamacite is
~25Ni. In this example the interface equilibrium composition can be accurate-
ly determined. Effectively then, the deconvolution technique increases the
spatial resolution of the electron microprobe. Interface compositions as well as
steep compositional gradients can now be more effectively measured with the
EMP. However this method can only be directly applied if the effect of
fluorescence is unimportant.
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FIG. 24-Deconvolution technique applied to the nickel concentration gradient in the
taenite (7y) phase of the Tucson meteorite.

Chemical Bonding, Soft X-ray Spectra

For the very light elements, the X-ray emission spectra consists mainly of a
single band produced by the transition of a valence electron to a vacancy in
the K shell. As pointed out by Fischer and Baun [/20], the valence electrons
are the ones most affected by chemical combination and the emission band
can and does reflect the often large effects of changes in chemical bonding
between atoms. These changes are signified by wavelength shifts, increases or
decreases in the relative intensities of various lines or bands, and in their
shape. This allows one to obtain an indication of how a particular element is
combined chemically. Practical uses of the soft X-ray spectra analysis involve
studies of corrosion layers on fracture and oxidized surfaces, thin films, and
the formation of compounds with beryllium, boron, carbon, and nitrogen.

The determination of band shapes, relative intensities, and wavelength shifts
and the changes which occur in them is not always a straight forward process.
Self-absorption may seriously distort the true emission spectrum and can
result in a false interpretation of the apparent spectral changes. The EMP with
large d-spacing xtals such as KAP, lead stearate, and clinochlore has been used
to obtain the emission spectra. Originally, data for spectral shape and peak
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positions were taken using a ratemeter and strip chart recorder. Such a
technique requires careful calibration of the recorder, and the final evaluation
is somewhat subjective. Currently, data are being handled and processed with
the use of the computer. Several computer systems have been reported
[121-123}], and all of these lead to a significant improvement in the quality of
the data.

Figure 25 shows the carbon K-band from carbon deposited by the electron
beam compared to that of electrode grade graphite [124]. The wavelengths of
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FIG. 25-Carbon K-spectra from carbon deposited by the electron beam, electrode
grade graphite, and various carbides. The target voltage was 4 kV.

the peaks g, b, and ¢, as well as the general band shape, are the same for both
forms of carbon. Possible reasons for the differences in intensity distribution
of the carbon K-bands is that carbon deposited by the electron beam may be
amorphous or impure resulting in somewhat different bonding than for
graphite. The carbon K-spectra of various carbides are also shown in Fig. 25.
The energy shift of the carbides relative to graphite is significant and can be
used to identify, in some cases, the type of carbide present.

Krause et al [/25] have shown that measurements of the shifts of the oxygen
K -X-ray peak, with respect to the oxygen K,-peak from a quartz, could be
used to characterize structuraily and chemically the thin, often amorphous,
oxide layers that form when a metal corrodes. Experiments were performed to
characterize oxide films on transition metals. They found that the magnitude
of the shifts in the oxygen X-ray emission bands is a continuous function of
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the metal to oxygen ratio of the emitter. In the three series of transition
metal oxides (titanium, manganese, and iron) studied, the peaks shift teward
shorter wavelength with increasing oxidation. The cation valence of these
transition metal oxides can be determined from measurements of the oxide
K,-wavelength. As an example [I25], the oxygen band shift technique was
applied to a thin (0.5 pm) oxide layer prepared by heating an iron bar. The
oxide was identified as Fe3;0, by X-ray diffraction and shows the wavelength
of the oxide K,-band emitted in the oxide is essentially the same as that
measured from iron oxide (Fe;0,). Oxide films thicker than 100 A can be
investigated by this technique free of interference from the metallic substrate.
In addition, the oxide films need not be crystalline or of uniform thickness.
Another application to the study of oxides is the characterization of thin
film and bulk silicon oxide (Si0). The silicon K-emission spectra in the 7 A
region can easily be measured. Figure 26 shows the silicon Kg-X-ray bands for
elemental silicon dioxide (Si0,), and SiO [126]. Significant changes in the
spectrum are noted when going from silicon to SiO,. Only a single asymmet-
rical band is obtained from elemental silicon in contrast to the spectrum from
SiO, where two bands are recorded. In SiO, the main K-band is split and the
energy of the three components corresponds to positions found for silicon and
SiO,. White and Roy [127] used this band splitting as evidence that SiO was
a mixture of silicon and SiO,. In addition, the silicon K,-satellites Kq, and
Ka4, and silicon Kﬁ' are very sensitive to chemical combination. Figure 26
shows the oxygen K-spectrum from SiO and SiO, [/26]. The oxygen spec-
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FIG. 26a—Silicon K-X-ray bands from elemental silicon, SiO, and SiO.
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FIG. 26b—Oxygen K-band for SiO and SiO, (oquartz).

trums are virtually identical indicating again that the condensed phase SiO
consists of a variable mixture of silicon and SiO,. Other studies have charac-
terized films containing nitrogen [I/28]. In addition, combined EMP and
ellipsometric study of thin SiO, films on silicon enabled data to be obtained
on contamination films as well as the mass thickness and uniformity of the
thin film [729]. Other examples of soft X-ray application to materials charac-
terization have been reported in the literature [130-132] and give support for
the use of this technique to microprobe analysis.
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ABSTRACT: This paper very briefly reviews the development of transmission
electron microscopy (TEM) including instrumentation and specimen preparation
techniques, and generally describes typical examples of the use of TEM today in
the study and understanding of the structure of materials. New observation
techniques such as energy loss analysis, dark field imaging, the weak beam tech-
nique, Kikuchi line analysis, and computer generation of dislocation images are
discussed. In addition to forefront work, many illustrations are given where TEM
has greatly contributed to the optimization of properties and general improvement
of many commercially important materials.

KEY WORDS: metallography, electron microscopy, energy loss analysis, electron
diffraction, martensite, decomposition

Twenty-three years ago, Subcommittee 11 on Microscopy and Diffraction
(Committee E4 on Metallography) presented to the American Society of
Testing and Materials (ASTM) a report which chronicled the first systematic
study of steel structures using the electron microscope [/].2 A collection of
replica micrographs was presented showing details of pearlite and martensitic
structures which had never before been seen. This historic work served as a
foundation and spur for the metals and materials research community as it
unmistakably demonstrated the usefulness and potential of the electron micro-
scope in structure studies at higher magnifications and resolutions than was
previously possible. In fact, the full potential of the electron microscope was
little understood at that time by most workers and is only being realized
today, 30 years after the appearance of the first commercial microscopes. In
some respects, this has been extremely rapid progress.

This paper will briefly review specimen preparation techniques and generally
describe some typical examples of the use of transmission electron microscopy
(TEM) today, in the study and understanding of the structure of materials.
Illustrations are given where the use of TEM has benefited technology by
helping to optimize properties and generally improve materials.

1 Technical director and staff microscopist, respectively, Crucible Materials Research
Center, Colt Industries, Pittsburgh, Pa, 15230.
2 The italic numbers in brackets refer to the list of references appended to this paper.
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Most of the recent advances in TEM have come about as a result of
increased resolution of the instrument, improved specimen preparation tech-
niques, and further sophistication in image analysis.

Greatly increased magnification and resolving power of the TEM over those
of the optical microscope were, of course, the main features of electron
microscopy exploited during the early years; materials and techniques for
surface replica preparations improved rapidly, and a number of convenient,
reliable surface replica techniques were developed which afforded good high
magnification images of specimen topography.

Figure 1, a typical shadowed surface replica from a polished and etched
martensitic steel specimen, illustrates the fine detail reproduced by this tech-
nique.

FIG. 1-Shadowed surface replica electron micrograph of polished and etched mar-
tensitic T-410 stainless steel. The size and distribution of carbides within the martensite
can be clearly seen.

The extraction replica technique, first described by Fisher {2}, made possi-
ble the direct examination and identification by electron diffraction of inclu-
sions and precipitate phases removed from bulk specimens by the replicating
process. Figure 2 illustrates extraction replica preparations of (a) coarse
M,3C¢ grain boundary precipitates from T-446 stainless steel and (b) fine
intragranular nickel titanium (Ni; Ti) precipitates from an 18Ni maraging steel.
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(a)

(b)

F1G. 2—Extraction replica electron micrographs, (a) M,3Ce grain boundary precipitates
and the corresponding diffraction pattern from T-446 stainless steel and (b) ultrafine
Ni3 Ti precipitates from 18Ni maraging steel.
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Direct examination of thin metal foils, first accomplished by Heidenrich
[3], gained popularity in the mid-1950’s with the development of reproduci-
ble electrolytic thinning techniques. In 1956, Hirsch et al {4] and Bollman
[5] published the first detailed studies of thin foil preparation and examina-
tion. Figure 3 illustrates the variety of details seen in a thin foil specimen of
T-410 stainless steel heated at 1400°F for 2 h. This micrograph was prepared
as part of a study of tempering reactions in this commercially important
stainless steel [6]. Details of all of these techniques have been given in several
excellent reviews [7-9].

FIG. 3--Thin foil electron micrograph of T-410 stainless steel heated 2 h at 1400°F.
Note the variety of substructural detail revealed by this technique.

In this period, the use of selected area diffraction (SAD) to determine the
structure, orientation, and orientation relationships of metal foils was rapidly.
being developed. Researchers at the forefront of this field were advocating
that a diffraction pattern be taken each time a micrograph was taken to gain
the maximum information from the specimen. Thomas [/0] helped to bring
funda.nentals to a large number of newcomers to the field. The kinematical
theory of electron diffraction contrast had been developing for many years,
and the more comprehensive dynamical theory of contrast was developed
about this time. This theory, reviewed in detail by Hirsch et al [/7], has
proved invaluable in interpreting TEM images.
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Instrument Design Improvements

Instrument design improvements over the past decade have resulted in a
number of very sophisticated electron microscopes offering a combination of
high performance, versatility, and ease of operation. Resolutions of the order
of 5 to 10 A units are routinely obtained with most newer instruments using
conventional imaging techniques. The double condenser lens system, now
standard equipment on most instruments, permits a wide range of illumination
conditions as well as better penetration of thin foil specimens. Other basic
design improvements and additions include beam (gun) tilting devices for high
resolution dark field studies, refined electromagnetic stigmators for better
astigmatism correction, specimen anticontamination devices, high performance
automatic vacuum systems, improved airlocking of various sections of the
column, and greatly improved, high stability, solid state electronic circuitry.

In addition to these basic instrument design improvements, a variety of
accessories are available which further extend the versatility of the TEM. Of
particular interest to the materials scientist are the special stages and specimen
holders permitting tilt, rotation, heating, cooling, and tension testing of
specimens in the microscope. Recording and display capabilities are extended
by optional video tape recorder attachments and TV monitors. Most recently,
X-ray analyzer attachments have become available permitting both wavelength
and energy dispersive chemical analysis of microareas of electron microscope
specimens.

New Observation Techniques

Recent developments and improvements in observation techniques in elec-
tron microscopy include energy loss analysis, dark field imaging, and the weak
beam technique, among others. These techniques, coupled with advances in
the knowledge of diffraction theory, have greatly expanded the use of TEM in
materials research.

When electrons pass through specimens in the electron microscope they lose
energy. These electrons have energy distributions that are characteristic of the
element(s) comprising the specimen. Knowledge of this phenomenon has
prompted a number of workers to develop energy analyzers to obtain a
measure of the chemical composition of extremely small regions. These
analyzers show the energy spectrum of transmitted electrons after they pass
through a narrow slit beneath the specimen. Klemperer [12] has reviewed the
development work up to 1965, and, more recently, Curtis and Silcox [/3]
have described a Wien-type focusing spectrometer for energy loss analysis in
an electron microscope. However, not a great deal of experimental data has
yet been obtained with this technique.

Ever since the first electron microscopes became available, work has con-
tinued to improve their resolving power by design improvements. However,
commensurately with instrument improvements, new techniques have been
continually devised to utilize the improved resolving power. Menter [14] first
resolved individual lattice planes using the (201) planes of platinum phthalo-



142 METALLOGRAPHY

cyanine with a spacing of 11.9 A. A high density of platinum ions along those
planes provides higher electron scattering and image formation results from a
recombination of the direct beam and the 201 diffracted beam. An example
of lattice imaging is shown in Fig. 4, in which lattice planes in a pyrophyllite
crystal with a spacing of 445 A are clearly resolved [15]. Progress has

FIG. 4—Pyrophyllite crystal showing 4.45 A resolution of lattice planes [15].

continued to be rapid to the point where Hugo and Phillips [/6] have
resolved the 110 atomic planes of tungsten having a spacing of 2.23 A.
Recently, Hashimoto [I7] has been able to obtain an image of individual
atoms. Thorium atoms in specimens of thorium-benzene tetracarboxylic acid
supported on a graphite crystal were observed in dark field used to minimize
image interference from the supporting material. Of course, the principal
reason for wanting improvements in resolving power is to progressively study
the very fine structure and substructure of materials. This high resolution is
necessary for the examination of precipitate particles, but, in general, has not
proved necessary for the study of dislocations. Dislocations may be imaged in
the electron microscope when the crystal is set close to a Bragg reflecting
angle. For most metals, dislocation images produced in this manner are of the
order of 80 to 100 A wide, and a vast amount of analysis of dislocation
configuration, interaction, movement, etc., has been done using this method
(examples are given later in the paper).

Recently, however, the weak beam technique has been used to obtain
dislocation images an order of magnitude smaller than those produced under
normal conditions. In the weak beam technique, which was first effectively
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developed by Cockayne et al [18], a high resolution dark field micrograph is
obtained by setting the crystal to an operating vector (g) which is far removed
from the Bragg condition. Only the region near the dislocation core, where
the planes are bent locally into the reflecting position, contribute to the image
contrast. As pointed out by Hirsch [19], the method is suitable for accurate
determination of the width of dissociated dislocations because the width of
the individual images is very small. Figure 5 from Hirsch shows the effective-
ness of this technique to more clearly define dislocations. Perhaps the major
drawback to the weak beam technique is that rather time-consuming and
tedious procedures are necessary to obtain the micrographs.

(a) (b)

FIG. 5—(a) Strong beam and (b) weak beam images of dislocation array made with the
220 reflection in deformed silicon. (Micrographs by I.L.F. Ray and D.J.H. Cockayne,
Courtesy of P.B. Hirsch, [19].)

Another useful technique becoming more widely used in electron micros-
copy is Kikuchi line analysis. Kikuchi lines, named after their discoverer [20],
are formed by electron diffraction. An electron beam on entering a crystal
specimen interacts with the atoms and is scattered inelastically and incoher-
ently. These electrons may then be rescattered coherently when Bragg’s law is
satisfied for a particular set of reflecting planes. Cones of radiation are then
emitted which intersect the screen in hyperbolae. However, since the wave-
length of electrons is very small, the Kikuchi lines in the image are very nearly
straight. Although Kikuchi lines are present in thin crystals, they are only
observed in thicker foils when the Kikuchi cone is sufficiently intense. In
addition, the foil must be generally quite free of internal strains, such as a
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high dislocation density or elastic buckling, or the Kikuchi lines will be too
diffuse to be readily observed. Thomas [10,21] has given a good account of
the geometric formation of Kikuchi patterns which is adequate for most
purposes. As Thomas points out,

“The Kikuchi origin is fixed in the crystal so that the crystal is tilted, the
cones sweep across the pattern as if rigidly “fixed” to the specimen. Thus, the
Kikuchi pattern is extremely useful in determining the precise orientation, as
well as for calibrating tilt angles etc.... Furthermore, the Kikuchi pattern
represents the traces of all reflecting planes in the crystal and can thus be
directly compared to the appropriate stereographic projection.” [{211.

Thus, Kikuchi line analysis may be used in orientation determinations and the
study of phase transformations [22], as well as in the indexing of diffraction
patterns. This analytical method has been discussed by several authors
[23-26]. An example of a Kikuchi map is given in Fig. 6, in which a
composite pattern (many individual exposures) made from hexagonal close
packed (hcp) crystals of silver aluminum (Ag, Al) is shown together with the
indexed schematic [24]. In a precise study of orientation relations using
Kikuchi analysis, a good double-tilting stage is essential.

Since Howie and Whelan [27] introduced the two-beam approximation of
electron diffraction, there have been many calculations of the theoretical
electron microscope images of various defects in thin foils. For dislocations
the results are usually presented as a profile showing the variation of intensity
along a line crossing the dislocation image. Head [28] has pointed out that
the theoretical profiles are often mentally compared with the visual image or
micrograph, and that a more valuable approach would be to present the
theoretical images as pictures rather than as profiles, By computer integration
of the Howije-Whelan differential equations describing image formation in the
electron microscope and a suitable printout, various simple dislocations images
have been generated. A more comprehensive discussion of such image forma-
tion has recently been given [29]. Figure 7 is of a dislocation dipole where
the individual dislocations are not really resolved. This example shows the
advantage of a pictorial rather than a graphical presentation of the theoretical
prediction. While not a great deal of application of this technique has yet
been used, it does appear that computer generation and pictorial presentation
of defects observed in thin foils in the electron microscope will considerably
increase our knowledge of the subject.

Use of TEM in Structure-Property Relationships

For most materials scientists and engineers, electron microscopy is a tool,
albeit a very powerful tool, to be used in developing an understanding of
structure-property relationships. Electron microscopy has greatly helped work-
ers to improve and optimize the properties of engineering materials. As
discussed previously, TEM has shown a very, very rapid growth in the last ten
years because of its unique value in this area. Of particular importance is the
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FIG. 6—(a) Composite Kikuchi map of hcp Ag,Al, Cla = 1.588, showing all reciprocal
lattice sections and traces lying within 35° of the [0001] zone axis. (b) Fully indexed,
distortion-free schematic of (a) {24].
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FIG. 7—(a) Experimental micrograph of a dislocation dipole in nickel compared with
(b) @ set of computed intensity profiles and (c) a matching theoretical micrograph. The
profiles and the theoretical micrograph were computed using the data corresponding to
the particular circumstances of (a) [29].
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improvement in microscopes themselves and the advances in the theory of
diffraction contrast. This has led to both better images and a much greater
understanding in the interpretation of images.

In this section we will show some examples where TEM has greatly con-
tributed to our understanding of structures and their relationships with prop-
erties. In particular, the technique has proved useful in the study of phase
transformation and deformation mechanisms.

The development of superalloys has contributed greatly to man’s technologi-
cal advance in the last 30 years. The precipitation hardenable alloys really
began during the early years of World War II with the development of the
Nimonic nickel-base superalloys [30]. These creep resistant, high temperature
materials designed for the early jet engines have been greatly improved in
recent years and are essential to the aerospace industry today. Some early
studies of the nickel-aluminum system had established by X-ray the presence
of the NizAl phase [3/]. However, although these nickel-base alloys were
used extensively in this period it was not until 1950 in a study of the
constitution of the nickel-chromium-aluminum system that the precipitate
responsible for hardening in these alloys was identified by X-ray diffraction as
ordered ' [32]. Electron metallography was first used about that time and
helped in the early identification of ' [33]. Since that time, electron
microscopy has played a large part in the further understanding and develop-
ment of these alloys. For example, it is now known that the precipitate
particles, which are very small and cannot be resolved by normal optical
microscopy, are coherent and coplanar with the face centered cubic (fcc) v
austenitic matrix. In addition, TEM of thin foils has helped in the elucidation
of deformation mechanisms. An excellent summary of studies of 4! particles
and the nature of dislocation interactions with these particles is given by
Oblak and Kear [34]. To ensure correct interpretation of the complex
microstructures, a thorough understanding of the dynamical theory of electron
diffraction is necessary. An example of the cuboidal y' particles in the
commercial\alloy Udimet 700 is shown in Fig. 8z. The misfit between the
coherent particles and the matrix (for example, the difference in lattice
parameters of the two phases) is only ~ 0.1 percent and little or no strain
contrast is observed. The v/y! misfit is much greater for the alloy in Fig. 8b
(Ni-8.2A1-3.3Cb), and results in considerable strain contrast.

The TEM has greatly helped in the development of dislocation theory
because dislocations can be readily observed directly, and thus has also
contributed immeasureably to our understanding of deformation mechanisms.
In addition to dislocation configurations, the Burgers vector of dislocations
may be determined by TEM, and the nature of stacking faults and the
measurement of stacking fault energy may be determined.

Lattice dislocations are out of contrast in a bright field image when the dot
product of the operating vector (in a two-beam image) and the Burgers vector
of the dislocation is equal to zero. Thus, by two different operating vectors in
which the dislocation is out of contrast, the Burgers vector may be obtained.
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FIG. 8—(a) Cuboid coherent particles of ' in a 7y (austenite) matrix in Udimet 700
showing virtually no strain contrast, (b) 7‘ particles in a Ni-8.241-3.3Cb alloy showing
the strain contrast resulting from a much larger ’y/’)'l lattice mismatch [34].

The conditions for determining the Burgers vector of partial dislocation are
different, but may also be calculated [/1].

An example of the varying visibility of partial dislocations in graphite as a
function of the operating vector is shown in Fig. 9 due to Amelinckx and
Delavignette [35]. In Fig. 9a, the extended and contracted stacking fault
nodes bounded by partials can be readily observed. In the other three
micrographs each of the three sets of partial dislocations are respectively out
of contrast when different strong operating reflections are imaged. An esti-
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FIG. 9—(a) Extended and contracted stacking fault nodes in graphite. The nodes are
bounded by partial dislocations which are respectively out of contrast in (b), (c), and (d)
taken with three different operating reflections [35].

mate of the stacking fault energy may be made by measuring the radius of
curvature of the partials bounding an extended node. Howie and Swann [36]
used this technique to measure stacking fault energy in a number of copper
and silver-based alloys.

Stacking faults in crystals may be made visible in the TEM under suitable
diffraction conditions. In bright field imaging the stacking fault appears as
fringes as shown in Fig. 10z [34]. In dark field the fringes at the extreme
edge on one side (for example, at one edge of the thin foil) of the fault
change contrast. With a knowledge of the operating reflection, the nature of
the stacking fault can be determined. In Fig. 105, for example, extrinsic
stacking faults in MAR-M200 superalloy can be seen, where the fringe at the
bottom is now white in dark field compared with the black fringe seen in the
bright field micrograph (Fig. 10a).

The methods of TEM are particularly suited to the study of alloy systems
exhibiting precipitation reactions. Age hardening was first discovered seren-
dipitously more than 60 years ago in an aluminum alloy, and although a
considerable amount of work was done, subsequently, many years passed
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FIG. 10—(a) Bright field micrograph of stacking faults in the superalloy MAR M200,
(b) dark field micrograph using the operating reflection g = 111 reveals the extrinsic
nature of the faults [34].

before the hardening mechanism was clarified by Guinier, Preston, and Wasser-
mann, principally by single crystal X-ray studies. In 1954, Hardy and Heal
[37] published a review of precipitation, including a discussion of the struc-
ture of systems undergoing precipitation hardening mainly determined by
X-ray diffraction techniques.

Soon after this, as noted previously, electron metallographic techniques
[4,5] began to be developed, and with the direct study of precipitates and
dislocation interactions in thin foils, began to greatly increase our understand-
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ing of the mechanism of age hardening. As pointed out by Kelly and
Nicholson [38] in an extensive review, the main advantage of electron micros-
copy is that it directly reveals the microstructure of an alloy, that is,
information on the number, size, shape, distribution, and orientation relation-
ships of precipitate particles can be obtained. It should be stressed at this
point that while TEM is an extremely useful tool in the study of material
structures, other techniques (such as X-ray diffraction and electrical resistivity
measurements) should often be used in conjunction with TEM for a complete
characterization of the microsfructure.

Much work has been done on the dislocation configurations resulting from
the annihilation of quenched-in vacancies, since these have been shown to play
an important part in the nucleation process. Figure 11 is an example showing
dislocation loops in polycrystalline pure aluminum quenched from 600°C
[39]. The metallography of precipitation in an aluminums-silver alloy has been

FIG. 11-TEM of pure aluminum quenched from 600°C showing dislocation loops
formed by the condensation of vacancies [39].

studied extensively by Nicholson and Nutting [40]. Figure 12 shows the
structure in the overaged condition in which precipitates of 4! have spread
over almost the whole crystal, although Guinier-Preston (GP) zones are still
present between the y! platelets. Many aspects of the nucleation and growth
of GP zones, ¥' and 7 in various aluminum-based alloys, with and without
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FIG. 12—FElectron micrograph of a thin foil of Al4.4Ag alloy, water quenched from
525°C, and aged 100 days at 100°C showing the extensive heterogeneous precipitates of
'yl. Some GP zones, ~ 200 A diameter are still present in regions such as H which are
isolated from ! particles [40].

small additions of other elements, have been studied with TEM and the
literature is voluminous on this subject. Thus, TEM has greatly enhanced our
understanding of precipitation in aluminum alloys which, of course, are widely
used commercially.

There are also many other systems that exhibit age hardening, and TEM has
helped in the solution of problems and the development of new alloys in
steels. Strain aging and quench aging of iron-carbon alloys while being useful,
in some cases have caused problems in the steel industry. These phenomena
have been studied for many years, often producing conflicting results. How-
ever, with the use of TEM the two stage precipitation of € -carbide and
cementite could be followed directly and correlated with other observations
[41]. An example of € -carbide precipitation in an Fe-0.035C alloy is shown
in Fig. 13. In this micrograph the beginnings of cementite precipitation may
be observed. Extensive studies have also been made of precipitation reactions
in the iron-nitrogen system, and of dislocation-precipitate interactions in these
systems [42]. In all these studies, SAD was used extensively to determine the
habit planes of precipitate particles.

More recently, there has been considerable activity on titanium-based alloys
stimulated by the increased usage and demands of the aerospace industry. In
many high-strength, heat-treatable f-phase titanium alloys, the w phase may
precipitate under certain conditions [43]. Considerable hardening also accom-
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Fe-0.035C alloy. Note the beginning of cementite precipitation on {110} planes (see
arrow).

FIG. 13-€-carbide particles precipitated on 100 planes in a q enci}ed and aged
panied by embriftlement occurs as a result of « formation, so that the
presence of this phase is generally undesirable. However, knowledge concern-
ing the kinetics of precipitation, morphology, nucleation, etc., are essential to
the design of new alloys and optimum heat treatments of current titanium
grades. While much was known about the ¢« phase from studies using other
techniques, principally X-ray diffraction, TEM provided a method to directly
“see” the particles {44]. The w phase forms on {111} 8 planes of the body
centered cubic (bcc) matrix with four variants. In studies of w, dark field
techniques are very useful, so that only variants may be observed independ-
ently. In studies of phase transformations [45] in Beta III, athermal w
formed during the water quench may be seen in Fig. 14. The total volume
percentage of all four variants in this case is less than 10 percent. w may
reach quite a high volume percentage in some instances, for example, in Fig.
15 only one variant is shown in the dark field micrograph, and the total
volume percentage of cw is of the order of 50 percent or more.

Another example of the use of dark field microscopy is shown in Fig. 16,
where the « precipitation on the dislocations may be clearly seen [45].

The study and understanding of martensitic transformations have far reaching
practical implications because the resulting structures form the basis for
hardened steels and are important in many nonferrous alloy systems. The
existence of martensite has been known for many years, and although mar-
tensite was known to form by a shear mechanism (in which each atom moves
less than one atomic distance during transformation) details of the fine
structure remained obscured up to about 1960. In the 1950’s, the phenom-
enological generalized theories were published that describe the crystal-
lography of the transformation with respect to the parent and martensite
phases [46,47]. Perhaps the first TEM work was that of Pitsch [48], who
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FIG. 14 -Bright field electron micrograph showing the four variants of w precipitation
on {111} planes in Ti-11.5Mo-6Zr4.58n (Beta III} alloy. Courtesy of J.C. Williams
[45].

studied transformed thin foils of iron-carbon, iron-nitrogen, and iron-nickel
alloys. The orientation relationship he found was quite different from that
found in bulk material. Evidently, the transformation constraints are less than
in a massive specimen. At this point it seems appropriate to emphasize that
special care should be exercised in the interpretation of thin foil experiments
made directly in the electron microscope. Because of the much smaller
restraint in a thin foil, the nature and kinetics of transformations can be
considerably changed, particularly those of strain-induced transformations such
as occur in martensite. Kelly and Nutting [49] then showed that martensite in
steels occurs in two main forms. In low carbon steels, the structure consists of
needles containing a high dislocation density (Fig. 17), while in higher carbon
and more highly alloyed materials the martensite occurs as plates which are
internally twinned on a fine scale (see Fig. 18) [50}. Since that time there has
been a considerable amount of work using TEM on the crystallography of
various martensites, particularly by Wayman et al [SI].

As mentioned previously, much work has also been done on nonferrous
alloys exhibiting martensitic transformations. Some alloys with very small
hysteresis between the forward and reverse transformations exhibit “rubber-
like” behavior and thermoelastic properties. One interesting transformation
occurs in the so-called “Marmem” alloys, in which a specimen (apparently)
plastically deformed at a lower temperature will revert to its original shape on
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FIG. 15-Dark field electron micrograph showing one of the  phase variants in Beta
II. In this case the total volume percentage of « is high { <50 percentj. (Courtesy of
J.C. Williams [45].

heating to a higher temperature [52]. While this effect has been observed in a
number of systems, it has been most publicized in the equiatomic nickel-
titanium alloy. An antenna for use in space has been designed so that after
initial fabrication in the austenite range, it is then crushed and so occupies a
small volume at room temperature. Upon the application of heat the antenna
deploys into the original configuration. Many other applications for these
interesting alloys are envisaged in the future.

Notwithstanding all the study of martensite, a great deal is not yet fully
understood, and TEM, while providing a much deeper insight, has only opened
the door to further problem areas. These remarks particularly apply to ferrous
martensites which are very complicated. The study of tempering reactions
[6,50] is especially well suited to TEM methods, and much work has been
done in this area. Also, an understanding of the structure-property relation-
ships in steels with bainite and martensite structures is now being gained [53].
There has been a great deal of controversy in this respect, but it now appears
that at the same strength level dislocated martensites are tougher than the
internally twinned variety. Isothermally transformed lower bainite was found
to have a toughness intermediate between the two kinds of martensite. These
studies are now beginning to lead to the design of new steels (and heat
treatments) with an optimum combination of properties.
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(b)

FIG. 16—(a) Bright field micrograph showing precipitation of a-phase on dislocations in
Beta III and (b) dark field micrograph showing the distribution of « particles much more
clearly. (Courtesy of J.C. Williams, [45.)
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FIG. 17-TEM of a quenched low carbon steel showing needles of martensite containing
a high dislocation density.

Considerable work has been done on the theoretical thermodynamic and
kinetic aspects of spinodal decomposition during the last decade [54], but
only recently has TEM been used to examine the microstructures. The
spinodal transformation can occur in systems that have a miscibility gap in the
solid state, and involves the separation of a single phase into two related
coherent phases without the process of nucleation. The two phases have the
same crystal structure but a different composition. The decomposition results
from a thermodynamic instability, and occurs with a regular periodicity on a
very fine scale, along elastically soft directions in the parent crystal. Weatherly
and Nicholson [55] and Butler and Thomas [56] have studied the decomposi-
tion in copper-nickel-iron alloys in some detail and have shown that coherency
is lost during continued aging when the wavelength of the composition
fluctuations is about 1000 A. At this point interfacial dislocations were
observed and the coarsening rate was found to be increased. In this system
decomposition takes place along {100} planes. However, some tendency for
the interface to rotate to {110 } planes was observed. A more detailed
analysis of the boundary dislocations has been reported by Bouchard et al
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FIG. 18—-Micrograph of fine twins on { 112 } planes of martensite plates in a Fe-24Ni-
0.5C alloy.

[57]. An example of dislocation networks in stepped boundary particle
interfaces may be seen in Fig. 19.

In the early stages of spinodal decomposition, structures in the electron
microscope result primarily from matrix strain contrast produced by the
periodic clustering of atoms [58]. (Some contrast has been thought to be
caused by differences in thickness of the two phases that occurs during
electropolishing [56].) Figure 20 shows a series of structures developed upon
aging a Cu<4Ti alloy quenched from 900°C [59]. In Fig. 20a the structure is
revealed by strain contrast of the periodic fluctuations which have a wave-
length of about 65 A. Upon aging at 500°C the structure gradually coarsens
(see Fig. 20b and ¢) and individual interpenetrating rods growing along <100>>
may be readily seen. Upon continued aging the particles lose coherency with
the matrix and the interfacial accommodation dislocations and Moire fringes
can be seen in Fig. 20d.

Alloys that exhibit periodic microstructures are often called ‘‘sideband”
alloys, because of “sidebands” or “satellite” reflections that occur next to the
main lines or spots in X-ray or electron diffraction patterns. This effect is
thought to result from periodic variations in the lattice spacing and scattering
factor caused by modulation of the microstructure. An example of these extra
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FIG. 19—Thin foil electron micrograph of Cu-Ni-Fe alloy aged 200 h at 775°C showing
stepped particle interfaces that may have resulted from dislocations gliding to the
interfaces. Note that the interfaces tend to lie along% 110 } planes [57].

reflections is given in the diffraction pattern by Datta [59] of a Cu-4Ti alioy
(Fig. 21). The wavelength of the modulations can be calculated from a
measurement of the distance of the satellite spots from the main reflection.
As aging proceeds and tile wavelength of the periodic microstructure increases,
the sidebands move toward the matrix reflection and eventually become
indistinguishable from the matrix spot.

Spinodal decomposition is homogeneous throughout an alloy. The regular
nature of the microstructure occurs right up to the grain boundary as shown
in Fig. 22a [59]. This structure is in direct contrast to that usually observed
in most heterogeneously nucleated precipitation reactions [60]. Figure 22b
clearly shows the denuded grain boundary zone. Precipitation is thought to
nucleate at vacancy clusters, and thus particles do not form close to grain
boundaries which act as vacancy sinks.

Because of the homogeneous and very fine nature of the structure, the
possibilities for improved mechanical and physical properties is stimulating
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(c) (d)

FIG. 20—TEM series showing spinodal decomposition in Cu-4Ti alloy. (a) As quenched
from 900°C, the structure shows periodic fluctuations of A\~ 65 A (b) Aged 200 min at
500°C X\ @400 A. (c) Aged 1000 min at 500°C X\~ 700 A. (d) Aged 8000 min at 500°C
shows Moire fringes and interfacial dislocations at the semicoherent Bl/ matrix interfaces

[59].

more work on spinodal decomposition. Soffa et al are studying the decompo-
sition in a number of alloy systems [58,59,61]. The copper-titanium alloys
[58], for example, can attain very high strength upon aging and approach the
properties of the well known copper-beryllium alloys.

The structures that develop by this mechanism also hold promise for the
improvement of other properties. For example, the structure observed in the
well known “Alnico” permanent magnets is thought to arise by spinodal
decomposition [62,63]. In this case, if the composition is magnetic at the
temperature when the fluctuations occur, then magnetostrictive and magneto-
static energy will combine with the elastic energy to affect the morphology of
the resulting structure. The application of a magnetic field during the decom-
position promote composition peaks along the field direction while decreasing
the effect in perpendicular directions, contributing to the desirable magnetic
anisotropy observed in oriented magnets.
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FIG. 21 —Diffraction pattern taken from a Cu-4Ti alloy in the early stages of spinodal
decomposition. The satellite spots about the matrix spots along <100 >> can be clearly
seen [59].

Spinodal decomposition is also thought to occur in a Co-12Fe-6Ti alloy
[61], which is a member of a new group of semihard permanent magnets used
in memory devices and other electronic applications. In this case similar
microstructures to those discussed are observed, and as aging occurs an
increase in coercivity results from the formation of modulated microstruc-
tures. In fact, the similarity of microstructures that develop in alloys in a wide
variety of systems undergoing spinodal decomposition is remarkable.

Other examples of spinodal structures in commercially useful materials
occur in ceramics. A spinodal decomposition occurs in the sodium oxygen-
silicon oxygen (Na,0-S8i0,) system that forms the basis for many glass
compositions [64]. In contrast to the structure developed in a crystalline
material, in this amorphous system both phases are independently intercon-
nected and are typified by irregular boundaries as seen in Fig. 23. These two
phases have different compositions, and, therefore, different properties, and it
is thought that the phase separation before the acid-leaching step used in the
production of Vycor glass occurs by spinodal decomposition. Thus, interest in
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FIG. 22-(a) Microstructure of spinodal decomposition in a Cu-4Ti alloy. Note the
homogeneity of the structure in the vicinity of the grain boundary [59]. (b) Precipitation
of M,3Cg carbides in an 18Cr-9Ni-4Mn austenitic stainless steel. In this case nucleation
on vacancy clusters is heterogeneous. Note the precipitation-free-zone adjacent to the
grain boundary [60].

FIG. 23—Shadowed replica electron micrograph showing amorphous phase decomposi-
tion in Nay0-SiO; glass heat treated 72 h at 600°C [64].
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spinodal structures is increasing rapidly and we are likely to see expanded
research by electron microscopists on such structures developed in both
metallic materials and ceramics.

In other TEM work with ceramics and minerals, mechanical thinning tech-
niques and more recently ion thinning have made possible the direct examina-
tion of mineral specimens, glasses, and ceramics in the electron microscope.

Doherty [65] has shown a number of ceramic microstructures prepared for
TEM by mechanical thinning. Figure 24 shows an antimony oxide-opacified
enamel; crystals 0.2 to 0.3 um in diameter are seen in the glassy matrix.

FIG. 24—TEM of mechanically thinned antimony oxide-opacified enamel [65].

Figure 25 shows lithium metasilicate crystals in a specimen of Fotoceram, a
photosensitive glass manufactured by Corning Glass Works. Using these tech-
niques, the TEM is unexcelled in revealing microstructural details of glass
ceramics and, as such, is yielding important information about the control of
nucleation and growth processes within these systems.

Cullen et al [66,67] used ion-thinning to study dislocation substructures in
two-phase mineral systems. Figure 26 shows misfit dislocations at the interface
of hematite and the ilmenite matrix and Fig. 27 showing an exsolution lamella
in an augite matrix further illustrates the excellent results obtainable by the
ion-thinning technique.

Geological studies have been similarly aided by the use of TEM; substruc-
tures observed by TEM offer clues to the thermal-mechanical history of
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FIG. 25-TEM of mechanically thinned specimen of Fotoceram (Corning Glass Works)
showing lithium metasilicate crystals [65].

mineral specimens. Iniense interest in this area of research was generated by
the recent retrieval of numerous rock fragments from the lunar surface in the
course of the Apollo manned space program.

In particular, Christie et al [68] and Champness et al [69] have published
results of TEM comparison of several lunar and terrestrial mineral specimens
prepared by ion thinning. The results of these and similar investigations will,
no doubt, lead to a fuller understanding of the earth’s and the moon’s
geological history.

In summary, TEM is a very powerful tool being used in the field of
materials research. Improvements in instrument design and specimen prepara-
tion techniques together with further sophistication in image analysis have
greatly advanced the usefulness of TEM in the study and understanding of
materials systems. Many significant contributions are being made by TEM
toward the development of new materials and improvements in properties of
existing ones.
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FIG. 26-—Ion-thinned specimen of ilmenite showing misfit dislocation networks at
exsolved hematite plate boundary [66].
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ABSTRACT: Electron metallography in its various forms has now reached the
point where it can be used to characterize nearly all of the microstructural features
which occur in materials including grain and subgrain size and shape; dislocation
density and configuration; precipitate size, shape, and coherency strain; antiphase
domains in ordering alloys; and magnetic structure in ferromagnetic alloys, as well
as chemical composition changes on a very fine scale. Transmission electron
microscopy (TEM) provides the most complete information about internal struc-
tures and is especially effective when used in conjunction with scanning micros-
copy of the same specimen. Development of high voltage instruments capable of
operating at 1 mV or more has broadened the scope of application of electron
metallography particularly because of the ability to penetrate significantly thicker
specimens than with conventional 100 kV instruments. Other important character-
istics of high voltage electron metallography (HVEM) such as greater accuracy in
selected area diffraction, reduced chromatic aberration of thick specimens, and a
unique critical voltage effect are discussed. Typical applications such as studies of
recrystallization, deformation, recovery, precipitation, and ordering are described,
as well as quantitative three-dimensional (stereo) analysis of dislocation distribu-
tions and electron radiation damage.

KEY WORDS: metallography, electron probe, microscopy, transmission, high voit-
age, scanning, stereoscopy, electron diffraction, electron scattering, resolution,
penetration, microstructure, gas ionization

Much of what is now known about the microstructures of materials and the
way that various features control engineering properties has been derived from
a very practical science conveniently referred to as “metallography.” Since its
founding 75 years ago, the American Society for Testing and Materials
(ASTM) has been actively concerned with the development and application of
metallographic methods of analysis to improve engineering materials and
ensure their effective utilization.

Since the formation of Subcommittee 11 on Electron Microscopy and
Diffraction (Committee E4 on Metallography) exactly 25 years ago, major
changes have occurred in the methods and scope of application of electron
metallography. For example, the use of replicas has been largely superseded
by direct transmission observations or scanning electron microscopy (SEM) of
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bulk specimens. However, surface replica techniques are still very useful for
fractography and extraction replicas are valuable for electron diffraction iden-
tification of fine precipitates. Similarly, although X-ray diffraction measure-
ments of lattice parameters to obtain the chemical composition of alloy
solid-solutions is still the most precise, the electron microprobe is also used to
determine the chemical composition of micro areas or phases which cannot be
separated from the bulk material.

Among the various instrumental techniques of metallography, electron
microscopy is certainly the most versatile. Transmission electron microscopes
still achieve the highest resolution, exceeded only by rather restricted field-ion
microscopes. Transmission electron microscopy (TEM) is also the only satis-
factory method of examining dislocations and other faults in crystals. Selected
area electron diffraction permits identification of crystals and the determina-
tion of orientation relationships between features present. It is possible to
measure the chemical composition in small areas with the transmission micro-
scope by means of X-ray spectrometer attachments or a “critical voltage”
phenomenon to be described in this report. However, scanning electron micro-
scopes equipped for X-ray spectroscopy are generally more useful for measure-
ments of chemical composition. These two primary electron optical instru-
ments should be considered complementary rather than competitive tools.

The wide variety of microstructural features which may occur in steels or
other crystalline materials is illustrated schematically in Fig. 1. In addition to
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FIG. 1-Schematic illustration of microstructural features which can exist in or on the
surface of crystals.

revealing the size and shape of these features, TEM can be used to determine
crystallographic characteristics such as subboundary angles, Burgers vectors of
dislocations and the nature of planar faults. Quantitative measurements of size
and distribution of precipitates, density of slip dislocations, total volume of
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voids, etc., are essential to any interpretation or prediction of the properties
of engineering materials.

Although direct TEM of thin metal foils made it possible to observe
dislocations and other structures which had never been seen before, severe
restrictions on specimen thickness handicapped effective application of the
method to many materials of engineering interest. The development of high
voltage microscopes capable of operating in 1 mV or more now permits
examination of specimens several micrometers in thickness and minimizes
difficulties with specimen preparation. The increase in usable specimen thick-
ness greatly reduces any uncertainty about sampling representative areas and
eliminates questions about changes in microstructure that may occur during
thinning. Stereoscopic methods can be used to determine three-dimensional
information about the size, shape, and distribution of precipitate particles,
dislocation densities, and other internal structures illustrated in Fig. I.

Characteristics of High Voltage Microscopy

The physical basis for increasing the voltage of transmission electron micro-
scopes beyond 100 kV, as illustrated in Fig. 2, is that both electron wave-
length and scattering cross section decrease rapidly up to 500 kV and then at
a slower rate beyond that voltage. Theoretically, the shorter electron wave-
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FIG. 2—Decreasing electron wavelength and scattering with increasing voltage provides
the physical basis for the development of high voltage microscopes.

length should give higher image resolution. Unfortunately, a large relativistic
increase in electron mass as well as magnetic saturation of the pole piece
results in a longer objective focal length which largely offsets the wavelength
effect. When the effects of diffraction and spherical aberration on image
resolution are considered, the minimum resolvable distance is approximately

d=043 CH* \¥* )]
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where C is the spherical aberration of the lens (essentially equal to the focal
length, f) and A is the electron wavelength; both are proportional to the
voltage (F) as

fa \/—E— )]
and

Aa \/—E 3)

Substituting in Eq 1 gives
d~ E-V4 @)

This demonstrates that since the minimum resolvable distance (d) is essentially
proportional to E~1/4, the classical limit on resolution is quite insensitive to
accelerating voltage.

A more important effect of increasing voltage is reduced scattering of the
electrons in the beam by atoms within the specimen which results in greater
penetration. As shown in Fig. 3, high energy electrons can penetrate a very
thick specimen, but, because of multiple scattering, lose most of their initiai
energy and cannot be focused into a usable image. In contrast, all electrons
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FIG. 3~—FElectron penetration of iron as a function of voltage for two quite different
criterion. Upper curve—90 percent of the electrons in the beam pass through although a
large portion of their energy is lost. Lower curve—100 percent pass through specimens
but only 1 percent get through the lens aperture.

pass through thin specimens corresponding to the lower curve, but only a
small fraction (~1 percent) scattered through very small angles pass through
the objective aperture and can be used to form an image in the electron
microscope. Even in the case of thin specimens, the electron beam transfers
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some energy to the specimen resulting in “beam heating.” Discussion of
electron scattering processes is beyond the scope of this review, but the
principal energy loss mechanisms are worth noting.

1. Excitation of core electrons resulting in X-ray generation: (relatively
unimportant in transmission microscopy).

2. Excitation of lattice phonons: (@) large scattering angle (~1 deg), but
energy loss per event very low (~1/40 eV), and (b) contributes to background
intensity and lowers contrast.

3. Excitation of conduction electrons: (a) small scattering angle (~0.1
deg) and large energy loss (10 to 25 eV) per event, and (b) causes loss of
resolution due to chromatic aberration.

The effects of specimen scattering are shown schematically in Fig. 4. When

-AE—~

FIG. 4—-Schematic illustration of electron diffraction patterns and energy spectra from
thin and thick specimens.

thick specimens are used the sharp diffraction spots and energy loss spectra
(as would be recorded with a velocity analyzer) are spread out considerably so
that any fine detail present is lost. The energy loss spectrum gives rise to a
series of multiple images in dark field micrographs of small particles with each
corresponding to particular energy loss as shown in Fig. 5. The specimen
thickness increases across the micrograph, and it may be seen that the images
merge into a diffuse streak in the thicker areas.

Chromatic aberration due to inelastic scattering in the specimen has a very
marked effect on resolution as illustrated schematically in Fig. 6. The image
of a point is smeared by chromatic aberration to a disk of a diameter (5)
given approximately as

§=2 (a+ aa)C, 2F )
o
where
a+Aa= 1/2 angle of the electron beam leaving the specimen,
C, = chromatic aberration of the lens (=f),
AE = breadth of the energy loss, and
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FIG. 5—Dark field micrograph of beryllium foil showing multiple images corresponding
to energy loss spectra. Thickness of foil increases from left to right (100 kV).

AN
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F1G. 6—Schematic illustration of spread of image point due to chromatic aberration.



SZIRMAE AND FISHER ON ELECTRON METALLOGRAPHY 175

E, = relativistically corrected accelerating voltage.
The scattering parameters Ax and AE are both functions of specimen thick-
ness (t) and accelerating voltage, and the lens constants depend on voltage as
discussed previously. Substituting rough approximations for the interdepend-
ence of AF and Aa on ¢ and E, gives a relationship between thickness and

resolution at a particular voltage [7]? as

£ 05 —075  p 0.75 1.0 ()

The exact values of the exponents are somewhat uncertain, but this does
not markedly affect the general relationship, plotted in Fig. 7, for the central
values which show penetration as a function of voltage at several levels of
resolution. Surprisingly, very few systematic studies have been carried out
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FIG. 7—Relation between specimen thickness and voltage for high, intermediate, and
low resolution in iron foil.

largely because of difficulty in obtaining a satisfactory criterion for penetra-
tion. The results of several observations fall into the central band shown in
Fig. 8 relating useful specimen thickness to voltage. These correspond to
moderate levels of resolution. In the case of thicker specimens image contrast
would decrease very markedly, whereas for thinner specimens the loss in
resolution, due to chromatic aberration, is roughly comparable to the capabili-
ties of a typical instrument. The connection between thickness, resolution,
and voltage is illustrated in Fig. 9, which shows electron micrographs of the
same area in a 0.6-um specimen of stainless steel at 100 and 800 kV. The
improved contrast and resolution correspond to the changes indicated in Figs.
7 and 8.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 8—-Reported useful maximum specimen thickness as a function of accelerating

voltage. The resolution is better for thinner specimens and contrast is lost with very thick
specimens of iron.

FIG. 9—Flectron micrographs of same area in stainless steel ~0.6 L m in thickness at
(left) 100 and (right) 800 kV illustrating improved resolution and contrast.

Although the preceding discussion of resolution and penetration provides
valuable insight into the general relationship between accelerating voltage, and
specimen penetration and image resolution, it does not take into account the
pronounced effects of coherent scattering, for example, electron diffraction.
In the case of crystalline materials, information about structural features of
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interest, for example, contrast, originates from local variations in diffracted
intensity which are related to crystal structure, orientation, composition, etc.
The voltage dependence of diffraction contrast is thus rather complex, but the
essential features are important to this discussion.

The shorter electron wavelength and correspondingly smaller Bragg angle at
high voltage results in the simultaneous excitation of more reflections. In the
case of heavy elements such as gold, “many-beam” effects are important at
100 kV, whereas with aluminum they are not pronounced until above 1000
kV [2]. Other elements fall between these values. Examples of 100 and 1000
kV diffraction patterns from copper foil are shown in Fig. 10.

ki COPPER ik

SYSTEMATIC (111) ORIENTATION

FIG. 10-Diffracted intensity is dispersed into multiple diffraction spots at high voltage
because of strong many-beam excitation.

One important consequence of many-beam interaction at high voltage is a
channeling phenomenon which results in greatly enhanced penetration at
certain crystallographic orientations, and is characterized by a bright central
region in certain extinction contours. An example of the onset of channeling
is illustrated in Fig. 11 showing much greater transparency and sharper
dislocation images in tungsten at 1000 kV. This region would be essentially
opaque at 100 kV. The various orientations have been investigated both
theoretically and experimentally for most metals of interest [3]. A summary
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FIG. 11-Onset of channeling increases penetration and improves contrast in tungsten
above 500 kV (right is 100 kV) (symmetrical orientation).

of the orintations for best penetration in bright and dark fields and the
maximum useful thickness for several common metals is given in Table 1.

TABLE 1 —Orientation for best penetration.?

Bright Field Dark Field

100 kV — most metal crystals
(0.1to1 um) + 1storder Bragg position at Bragg position
1000 kV — light elements
(Al 6 to 8 um) + 2nd order Bragg position at Bragg position
1000 KV — medium elements

(Fe 3 tm) symmetry position + 2nd order Bragg position
1000 kV — heavy elements
(Aul.S dm) symmetry position + 2nd order Bragg position

¢ Best penetration usually occurs when a low index systematic row is excited.

Another many-beam phenomenon which occurs at high voltage is a “critical
voltage” effect where certain second-order image and diffraction characteristics
disappear or change at a particular voltage [4]. Figure 12 shows images of
bend contours taken above, below, and nearly at the critical voltage (V). The
intensity and symmetry of Kikuchi lines also change and are generally used to
measure V, to within 1/2 percent. Typical values of critical voltages for
several metals and the dependence on orientation are listed in Table 2. This
critical voltage phenomenon can be used to detect composition changes of
alloys on a very fine scale if the basic parameters are known [5].

Another very important consequence of reduced electron wavelength at high
voltage is a marked decrease in the size of the region which can be analyzed
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315 KV

FIG. 12-Examples of disappearance of second order (220) contours at the critical
voltage for a Fe-20Cr alloy.



180 METALLOGRAPHY

TABLE 2—Some critical voltages of metals.

Element hkl Vc
12pg 002 678 kV
1341 200 918
24y 110 265
200 1238
26F¢ 110 305
200 1249
29Cy 111 310
200 600
42Mo 110 35
200 789
74w 110 ..
200 660
79 Au 111 ...
220 108

by selected area diffraction (SAD). This improvement, illustrated schematically
in Fig. 13, permits diffraction identification of individual precipitate particles
in clusters and measurements of differences in crystallographic orientation
across subgrain and grain boundaries.

Effect of Spherical Aberration on SAD.

+‘DD[<—

- 3
D Dp + 2CS(ZOB) Dspzcmzu
_ A3
D=D + 2 Cs(d) LENS
APERTURE

FIG. 13-Schematic illustration of increased resolution of selected area diffraction at
high voltage because of the shorter wavelength. D, represents the projection (dotted line)
of the SAD aperture in the specimen plane.

The diameter (D) of the area contributing to the electron diffraction pattern
when a transmission microscope is adjusted for SAD is given by

D= l_)_" +2 Cs(205)° (7
M,
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where
D, = actual diameter of the aperture hole (typically 5 to 100 um),
M, = magnification of the objective lens (typically 25 to X100),
Cg¢ = spherical aberration of the lens (2 to 6 mm), and
6g = Bragg angle of the diffracting crystal plane.

The second term in this expression (Eq 7) represents the displacement, due to
spherical aberration, of the region where diffracted rays pass through the SAD
aperture. As a result, the size of the area contributing to the diffraction
pattern is enlarged especially for very small diffracting angles. Thus, the outer
spots in the patterns may not come from material in the area selected. This
loss in resolution is much less severe at high voltage because of the marked
decrease in wavelength (A) and can be evaluated by substituting from Bragg’s
law

nX=2dsin 8 ®)

That is, the effective diffracting area D'is given by

D'=2Cq (.3.)3 ©)

For second order reflections of typical metals

D'~ 0.75 um at 100 kV

and
D'~ 0.015 um at 1000 kV

Because of difficulties in producing apertures < ~3 um, the practical lower
limit on D'is ~0.1 um at high voltage.

Experimental Methods

Specimen preparation and other experimental methods for high voltage
electron metallography (HVEM) are basically the same as those used for
conventional transmission microscopy. As discussed previously, greater
penetration at high voltage permits the use of much thicker specimens and
eases difficulties with specimen thinning, handling, and mounting. In most
cases the result of thinning of specimens for transmission microscopy is a
tapered rim around a small hole if jet polishing is used, or a straight wedge if
cut from the edge of a larger piece polished by the window method. The gain
in specimen volume which can be examined at high voltage ensures that the
representative areas are available for study. Stereoscopic methods are often
necessary to interpret the true three-dimensional arrangement of superimposed
microstructural features [6]. This technique is also useful for quantitative
measurements of specimen thickness, dislocation density, precipitate size, etc.
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Preliminary examination of specimens in the scanning electron microscope
at low and intermediate magnification facilitates location of specific areas of
interest in the HVEM. Information obtained by X-ray spectrochemical analysis
also contributes to the identification of unknown phases. Scanning micro-
graphs of a thinned specimen of free-machining steel mounted for study in the
HVEM is shown in Fig. 14, along with a HVEM micrograph and diffraction
pattern of the same area.

FIG. 14-Scanning electron micrographs of thin foil sample of free-machining steel in
HVEM holder with X-ray spectrum of selected particle. Dark field image and electron
diffraction pattern of manganese sulfide particle (1000 kV).
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The development of gas ion milling, illustrated schematically in Fig. 15, now
makes it possible to thin nonmetallic materials for transmission microscopy.

T T
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FIG. 15-8chematic illustration of ion milling to thin nonmetallic specimens for elec-
tron microscopy.

Because such materials are generally very brittle, the greater thickness per-
mitted by HVEM makes them less fragile to handle. The ionr beams, shown in
Fig. 16, remove material at the rate of about 1 to 2 um/h from each surface.
This technique is also useful for removing stains which may form on reactive
metals during electrolytic or chemical polishing.

FIG. 16—Photograph of twin argon ion beams directed at specimen in rotating disk
holder.

As an aid to the interpretation of electron diffraction patterns obtained by
SAD—especially from complex structures such as minerals—computer methods
of generating spot patterns and stereographic projections have been developed.
A complete listing of the angles and d spacings up to 333 is also calculated
and printed out. Figures 17 and 18 are examples of computer drawn patterns
and projections for Fe;0, (magnetite) using crystallographic data from the
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FIG. 17-Computer generated electron diffraction pattern for Fe304 (magnetite).

ASTM X-ray card index for a selected orientation. This method has proven to
be useful even for a relatively simple and familiar cubic structure, and much
greater value results when working with minerals of complex monoclinic and
triclinic crystal systems.

Applications

High voltage electron microscopy has been used to investigate the micro-
structural aspects of all major metallurgical processes including recrystalliza-
tion, plastic deformation, fracture, precipitation, phase transformation, corro-
sion, etc. It is impossible to more than briefly mention some of the major
studies carried out in our laboratory [7], the reader is referred to other
publications for the details.
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FIG. 18—Computer generated stereographic projection for Fe304 (magnetite).

Recrystallization, Recovery, and Grain Growth

Examination of thick specimens by high voltage microscopy has revealed
several important characteristics of nucleation and growth of new grains
during recrystallization. A low magnification micrograph demonstrating the
commonly observed tendency for new grains to nucleate in clusters, particular-
ly in face centered cubic (fcc) metals and alloys, is shown in Fig. 19. A higher
magnification image in Fig. 20 reveals the dislocation structure of a mobile
boundary in recrystallizing iron, and evidence of substantial recovery in the
cold-worked matrix may be seen as clear areas ahead of the moving boundary.
In Fig. 21, the results of quantitative measurement of rates of boundary
migration in the case of silicon-iron illustrate the tremendous range of growth
velocities which can occur [8)]. Simultaneous recovery in reducing the driving
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FIG. 19-High voltage electron micrograph illustrating tendency of grains in NisMn to
nucleate in clusters during recrystallization (800 kV).

FIG. 20—HVEM micrograph illustrating partial recovery ahead of mobile boundary in
recrystallizing iron {1000 kV}.
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FIG. 21-Summary of boundary migration rates during recrystallization of 3% percent
Si iron.

force for boundary motion lowers the migration rate so that a time dependent
effect must be included in theories of recrystallization.

The structure of grain boundaries formed during recrystallization affect the
properties of crystalline materials. Figure 22 shows the high density of grain
boundary ledges which result from rapid cooling of relatively pure iron from
700°C and causes a greater dependence of yield strength on grain size [9].
The dislocation structure of grain boundaries, and the presence of carbides
and other secondary phases, also play an important role in corrosion resist-
ance.

A use of high resolution SAD to identify fine precipitates along prior
austenite grain boundaries is illustrated in Fig. 23. The particle enlarged in the
lower corner has been identified as boro-cementite from the electron diffrac-
tion pattern shown in the upper corner. In a conventional microscope the
electron diffraction pattern would come from the whole field of view and a
strong pattern from cementite in the pearlite would make it impossible to
positively identify boro-cementite, which has a similar crystal structure.
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FIG. 22—Examples of grain boundary ledges formed by quenching (left) and furnace
cooling of Fe-0.15%Ti (1000 kV).
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FIG. 23-Composite electron micrograph showing boro-cementite in prior austenite
grain boundaries of type 86B00 boron steel (10 7 kV).



SZIRMAE AND FISHER ON ELECTRON METALLOGRAPHY 189
Precipitation

The precipitation of secondary phases in ferrous and nonferrous alloys has
been the subject of considerable study by electron metallography. High volt-
age electron microscopy has proven to be useful for extending previous work
in certain areas because of greater specimen penetration and accuracy of SAD.

Figure 24 shows an example of precipitation of columbium-carbide at the
austenite-ferrite interface during transformation. Stereo viewing of this micro-
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FIG. 24 —Walls of columbium carbide formed at ferrite-austenite interface as a result of
discontinuous transformation (1000 kV).

graph reveals that the particles are arranged in parallel walls inclined to the
surface. This structure, which results from discontinuous movement of the
interface boundary leaving sheets of carbide in the newly formed ferrite,
would be difficult to interpret from conventional micrographs of thinner
sections. Another type of grain boundary precipitation is shown in Fig. 25. In
this case the carbide films which form in 18-8 stainless steel during sensitiza-
tion by heating at 1200°F have been extracted and mounted for examination.
The stainless steel specimen was etched overnight in a methanol (CH; OH) -10
percent bromine (Br,) solution to dissolve the ferrite leaving grain-boundary
carbide films standing in relief. These flakes are large enough to be picked up
with fine tweezers and mounted directly in the high voltage microscope for
examination without any thinning. The extensive streaking in the diffraction
pattern is due to the presence of a very high density of stacking faults which
are formed during growth.
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FIG. 25-Grain boundary film of Cry3Ce carbide removed from sensitized stainless
steel. Extensive streaking is due to high density of stacking faults shown in the dark field
image (1000 kV}.
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Deformation and Strengthening

The emphasis now in electron metallographic studies of plastic deformation,
strain hardening, and the mechanisms of strengthening of engineering materials
is on quantitative measurements of key microstructural components. These
include dislocation density, grain size, subgrain misorientation, and precipitate
dispersion. Detailed examinations of the nature of barriers to dislocation
motion has helped explain strengthening, which can be achieved by reducing
grain size or large strain deformation. The results of several investigations in
this laboratory are summarized in Fig. 26 to demonstrate the wide range of
strength which can be achieved by control of barrier spacing [/0]. Research
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FLOW STRESS AS FUNCTION OF BARRIER SPACING.

FIG. 26—General effect of barrier spacing on flow stress for pure iron and pearlitic
steel,

investigations related to this subject have provided insight into the deforma-
tion of cementite, the change in misorientation of subgrains during deforma-
tion [11], the interaction of individual dislocations with precipitates, the
effect of dislocation structure on yielding, and changes in the density of
dislocations on various slip systems by straining [12].

Corrosion

Development of engineering materials with increased corrosion resistance
both in the presence or absence of stress is a major research goal. High voltage
microscopy has opened a new experimental method of study wherein speci-
mens are corroded after thinning and examined directly in the microscope
[13]. This method has revealed that corrosion attack in alloys takes the form
of narrow tunnels such as those shown in Fig. 27. The size of the tunnels
appears to be related to alloy composition as they are believed to expand
until the walls are lined with the more noble alloying element. Attack
continues at the base of the pit leading to the type of structure shown in the



192 METALLOGRAPHY

FIG. 27—-Corrosion tunnels in electron microscope specimens of alloys exposed to
corrosive media (1000 kV). (a) stainless steel, and (b) aluminum-silver alloy.

micrographs. More work of this type using HVEM controlled environment
chambers should provide new insight into the factors controlling corrosion.

Study of the structure of protective coatings on steel and other materials is
another important aspect of improving corrosion resistance. Relatively little
has been done in this area to date, although the possibility of preparing
HVEM specimens comprising substrate and coating appears promising.

Magnetic and Chemical Ordering

The size, shape, and configuration of magnetic domains and antiphase
domains in chemically ordering alloys are important factors affecting the
physical, chemical, or mechanical properties of certain materials. HVEM has
proven to be a versatile tool for studies of these structures not only because
thicker specimens are more representative of bulk samples, but because con-
trast is increased substantially over 100 kV conditions.

An illustration of the ferromagnetic domain structure in cementite is shown
in Fig. 28 of a large spheroidized carbide particle. Antiphase domain boun-
daries also give good contrast in the HVEM as illustrated in Fig. 29 of an
ordered specimen of Fe;Al. This micrograph is half of a stereo pair which
clearly reveals the foam-like structure of the domains. In some alloy systems
precipitation nucleates on antiphase boundaries of this type. The “boundaries”
seen in the micrographs of Figs. 28 and 29 show remarkably high contrast
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FIG. 28-FElectron micrograph showing ferromagnetic domains in Fe3C (cementite)
(1000 kVj.

considering that they delineate areas with rather subtle differences in charac-
ter. In the magnetic case electron spin direction is reversed, and in the
chemical case the regular array of the two-atom species is out of step.
Another seemingly invisible crystal property is the Debye temperature which
can now be measured with electron microscope specimens using the critical
voltage effect [4].

Radiation Damage

The nature of radiation damage in crystalline materials has been the subject
of considerable study in our laboratory. The threshold for atom displacement
by impinging electrons falls between 500 000 and 1000000 V for most
metals; thus, the electron beam in the HVEM can cause lattice damage. Figure
30 shows small clusters of vacancies and interstitials due to radiation at room
temperature [/4]. The beam was focused to the central area of this micro-
graph and the intensity turned up well beyond the normal operating level.
After some minutes, the point defects that were produced accumulated into
small but visible black spots. At temperatures of 500 to 600°C such defect
clusters grow into rather large voids as can be seen in Fig. 31.
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FIG. 29-High voltage electron micrograph of DO 3 antiphase domains in ordered Fe3Al
{1000 kV).

FIG. 30 —Radiation “black-spot” damage formed in stainless steel by electron bombard-
ment in the million volt electron microscope (MVEM) at room temperature (1000 kV).
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FIG. 31—Voids formed in stainless steel by electron bombardment in the MVEM at
500°C (1000 kV).

Radiation damage to structural materials in nuclear reactors, particularly
swelling of cladding material of fuel elements due to void formation, is a
subject of much concern at the present time. The high voltage microscope is
proving to be very useful for studies of this phenomenon since the high beam
intensity available in the microscope can cause substantial void formation in
just 1h [I5]. As much as a year of exposure in a test reactor would be
required to produce this amount of void volume.

Stereoscopic analysis of specimens containing voids revealed a depleted zone
near the surface, and it is necessary to correct for this when making quantita-
tive comparisons between radiation dose and swelling behavior.

Minerals

Methods of HVEM have also proven to be useful for the study of minerals.
Usually petrographic thin sections are first prepared by conventional methods
for examination in a polarized light optical microscope. These are then
thinned for transmission microscopy by milling with ion beams as discussed
previously.

The structures observed in minerals are quite analogous to those found in
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metals; for example, pyroxene decomposes during cooling into two slightly
different phases known as augite and pigeonite, generating a microstructure
reminiscent of pearlite. Chemical ordering occurs in many minerals and the
resulting antiphase boundaries can readily be studied and analyzed. Dislocation
and stacking faults also occur in minerals and affect properties much like
those in the case of metals.

Future Developments

Predicting things to come is always hazardous, but the general trend of
future developments in high voltage microscopy is already apparent.

The greater penetrating power of high voltage microscopy and the larger
space available in the objective lens makes it possible to carry out direct
observation of chemical reactions by means of controlled environment
chambers. This technique combined with video recording will be used more
extensively to study the role of microstructures in oxidation and reduction
and other types of gas-solid reactions as well as sintering.

Another certain development is the construction of more and larger high
voltage electron microscopes in this country and abroad. The availability of
high voltage facilities to scientists in the United States is already behind
Europe and Japan, and because of delivery schedules the trend during the
next few years will be to increase the microscope gap. Overseas million volt
electron microscope (MVEM) facilities include two 3-mV microscopes, one in
France and one in Japan. In addition, plans to build an 8-mV microscope in
Japan were announced several years ago. The full value of microscopes
operating above 2 mV is not thoroughly established, but it is likely that there
will eventually be at least one in this country. As for additional 1 to 2-mV
facilities, it is probable that there will be at least eight distributed throughout
the country by 1980.

During the past several years the perfection of (1) reliable instrumentation,
(2) convenient specimen preparation techniques, and (3) quantitative image
interpretation methods have established a sound basis for exploitation of the
advantages of HVEM for research on materials. This can also be said for
scanning microscopy, although image interpretation is not so fully developed.
Thus it can be said with some assurance that future ASTM symposia on
metallography will include reviews of important new information to be gen-
erated by electron optical methods during the coming several years.
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ABSTRACT: The effects of structure control available from the precipitating
phases in wrought superalloys were demonstrated in a recent review. It was shown
that criteria for selection of superalloys should be reviewed periodically to estab-
lish- that they reflect the state of the art. For example, expensive materials may
have been specified where lower cost alloys could do a job equally well. This is

especially true for superalloys in applications where properties up to about 1200°F
are critical.

This paper reviews some results of the continuing study by superalloy metal-
lurgists to reveal means of “retrograding” elevated temperature requirements. to
lower cost compositions that, combined with proper processing, will meet property
requirements. It is shown that microstructure studies, combined with knowledge of
phase relationships, prove to be an invaluable tool. Recent examples of improved
hot-work behavior, heat-treat response, and property development are reviewed.
Effects of thermomechanical processing are also discussed.

KEY WORDS: heat resistant alloys, microscopy, tensile properties, X-ray diffrac-
tion, precipitation hardening, microstructure

The wrought austenitic nickel- and nickel-iron-base alloys are characterized
by relatively simple structures when examined via the light microscope.
Typically, they show only austenite grains and some MC-type carbides. In
fact, until the recent advances in electron metallographic techniques relating
to this type of alloy, superalloy metallurgists were often in a quandary to
explain the success or failure of a particular alloy in a particular application
on the basis of microstructure. It is only within the past 10 to 15 years that
some measure of success could be claimed for a correlation of microstructures
and properties for these alloys.

This paper will be concerned with the relationships between microstructures
and properties of the wrought superalloys. Particular attention will be paid to
characterization of micrestructure as a tool to maximize the process and
property capability of two types of these alloys. It is not intended to present
a complete literature review on the relationship of microstructures and proper-
ties of wrought superalloys, but rather to review some recent practical applica-
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tions where this approach has been successfully applied in the maximization
of properties of an alloy leading to real or implied commercial success.

Alloys

The group of alloys known as superalloys includes the austenitic iron-,
nickel-, nickel-iron-, and cobalt-base alloys intended for use above about
1000°F. Most of the cobalt-base superalloys and many of the nickel-base
superalloys are utilized only in the cast condition. The present paper will be
concerned with the wrought superalloys where numerous processing param-
eters can be invoked to control riticrostructures and properties.

The wrought superalloys can be further subdivided into a group of alloys
that derive their strength capabilities primarily from precipitation hardening
and ones which are not precipitation strengthened. The choice here will be
limited to the precipitation hardening alloys since many of these alloys are
widely used and involve complex metallurgical reactions. Nominal composi-
tions of some contemporary wrought superalloys are listed in Table 1.

An earlier review [I]? discussed the advantages for classifying the wrought
superalloys into two general types as follows:

Type 1: Alloys with 4’ as the major precipitating phase useful for struc-
ture control.

Type II: Alloys with a second precipitating phase such as n or 8 or both
(in addition to ¥’ or y"') available for structure control.

Those not familiar with the physical metallurgy of superalloys are referred
to Refs 7 and 2 for a detailed description of these phases. They will be
discussed briefly later in this paper.

Table 1 divides the various wrought superalloys into one of the two types
and indicates the appropriate structure control phases [/]. Comparative
“equilibrium™ diagrams for typical Type I and Type II alloys, which will be
useful later in this discussion, are shown in Fig. 1.

The inherent cost advantage of the iron- and nickel-iron-base superalloys
should make substitution of these for the nickel-base superalloys desirable,
provided that properties equivalent or nearly equivalent to the nickel-base
alloys can be achieved. In many cases, especially for applications below about
1400°F, successful substitutions have been and will continue to be made.
Furthermore, design advantages can be realized if properties of “bill-of-
material” alloys are improved, whether they are iron, nickel-iron, or nickel
base. This is especially true if no cost disadvantage occurs, that is, due to the
need for an expensive processing step.

It is the aim of this review to describe how, through microstructure
characterization, optimum benefits in processes and properties might be real-
ized in many wrought precipitation-hardened superalloys. Examples will be
given for both the nickel- (Type I) and nickel-iron-base (Type II) alloy groups.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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FIG. 1~ “Fquilibrium” diagrams for superalloys. (a) Typical Type I alloy — Waspaloy
{Refs 1,3) and (b} typical Type II alloy — 718 (Ref 2.

Primary Manufacturing Steps

Most wrought superalloys require special melting which includes either
electric-are, air4nduction, or vacuum-induction techniques. Most often the
afloys are remelted either by vacuum arc remelting (VAR) or electroslag
remelting (ESR).

The superalloy ingot is then heated and forged or cogged into a billet or
bloom. Macro- and microstructure examinations are used to ascertain if the
hot work has “broken up” the cast ingot structure into a desirable equiaxed
fine-grained structure (finer than about ASTM 3). The final structure, of
course, is governed by starting ingot structure, thermal history, and deforma-
tion sequence. Figure 2 shows the degree of homogenization which may be
achieved by a proper practice.
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F1G. 2-Structure improvement in 718 alloy due to hot working. (a) As-cast 9 in. ingot
(X0.68), etchant: HCl + HyO,. (b) Ascast 9 in. ingot (X68), etchant: glyceregia. (c)
Four inch square billet (X0.68), etchant: HCl + H,O,. (d) Four inch square billet (X68),
etchant: glyceregia.

Some of the high y' solvus temperature wrought nickel-base superalloys such
as IN 100 and René 95 are difficult to remelt into sound, useful size ingots.
For these alloys, the prealioyed powder metallurgy approach is evolving as a
useful alternative to the remelted ingot/cogged billet approach. A billet,
similar in form to one produced by cogging a remelted ingot, or a preform for
direct forging, will result. Figure 3 shows that the powder product has a more
homogeneous microstructure, indicated by a fine as-cast grain size, lack of
large primary carbides, and a very uniform distribution of precipitated phases,
as compared to the conventional ingot-billet product.

Once a wrought superalloy is formed into a billet or bloom, it can be
subsequently processed into a more useful form such as a turbine disk, shaft,
bar, wire, sheet, or strip. Microstructure, again, is a useful tool to monitor
these procedures and to predict the properties.
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FIG. 3—Comparative microstructures of conventionally and powder processed René 95
— all etched in Kalling’s reagent — No H,0. (a) Conventional — 12 in." diameter ingot
(X71). (b) Conventional — 7 in. square billet (X355). (c) Atomized powder particles
(X176). (d) Isostatic pressed powder (X355).

Phases in Wrought Superalloys and Metallographic Techniques

Optical microstructural examination of wrought superalloys generally reveals
only MC carbides in an austenite matrix. Austenite grain size and MC distribu-
tion can often be related to mechanical properties. For example, fine grains
(ASTM. 7-10) produce good strength and ductility to about 1200°F; coarse
grains (ASTM 3 or coarser) produce good strength above about 1400°F; and
intermediate grain sizes (ASTM 4-6) are best in the 1200 to 1400°F range.
Duplex microstructures have sometimes been associated with the poorer attri-
butes of each component grain size, but in René 95 [4] a duplex structure is
aim.

The phases available to control the grain size of superalloys vary with alloy
composition and history. These phases can be studied by optical and electron
microscopy as well as X-ray techniques. ASTM Methods for Microetching
Metals and Alloys (E 407-70), lists etchants and etching techniques for
superalloy microscopy. Thin foil transmission electron microscopy (TEM) [5],
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optical and replica electron microstructures, and phase extraction and analysis
techniques [6], are detailed in several recent papers.

Figure 4 demonstrates useful grain size control ranges for various phases in
the two types of wrought superalloys. The primary carbides, usually of MC
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FIG. 4—Grain size response in wrought superalloys. (a) Typical Type I alloy —
Astroloy, and (b) typical Type II alloy — 901 (Ref 1).

type, appear to be the controlling factor for the coarser grain sizes. For the
finer grain sizes, precipitating phases such as v’ control the microstructure.

The main strengthening phases in superalloys are 4’ and y"'. The ¥’ has an
ordered face centered cubic (fcc) structure and a composition based on Nij Al.
The 7" has a metastable body centered tetragonal (BCT) structure and an
NizCb composition. The other phases include n, which has a hexagonal closed
packed (HCP) structure and Ni;Ti stoichiometry, and 8, which has an orthor-
hombic structure and NizCb chemistry.

The 1 phase can exist as intragranular platelets and a cellular grain boundary
form. The & phase occurs only in a globular or platelet form in commercial
superalloys. The intragranular n and 6 can be used for structure and property
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control, see Fig. 4b. Similarly, nickel-base superalloys with a capability to
form large volume fractions of 7' (for example, Astroloy, IN 100, and René
95) lend themselves to grain size control via large v', see Fig. 5.
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FIG. 5—Micrograin structure in René 95. Etchant: Kalling’s without H,O (X1000).

Microstructures and Properties

In early turbine engine designs, tensile yield strength and stress-rupture
strength properties were considered to be critical. It was established that fine
grain structures gave best properties at the lower temperatures (less than about
1200°F), and coarser grain sizes gave best properties at the higher tempera-
tures. Current turbine engine designs and performance requirements, however,
cause other limiting materials characteristics, such as ultimate tensile (burst)
strength, high cycle and low cycle fatigue strength, and toughness or crack
propagating characteristics. Creep strength has remained an important parame-
ter. The relationship of several of these materials parameters with microstruc-
ture is not well established. Thus, the relationship of engine performance to
mechanical property to microstructure becomes a complex matter.

For the alloys used above about 1200°F, the usual manufacturing steps
include a final heat treatment which annihilates the prior thermomechanical
history. Experience shows that if this is not done, potentially mobile disioca-
tions may remain which will drastically reduce creep/rupture strength.
Strength improvements in this temperature range, for wrought alloys, have
been almost entirely confined to composition changes which raise solvus
temperatures and the heat treatments themselves. As an example of this, one
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might note the progressive development of the alloys: Waspaloy (y' solvus =~
1875°F), Astroloy (y' solvus =~ 2050°F), and IN 100 (y' solvus = 2150°F). In
their wrought forms, these alloys find increasing usage in this same order as
temperature/strength requirements increase.

Recent Developments

The more interesting recent process developments for the wrought super-
alloys have occurred for applications with aim use temperatures below about
1200°F. Some of these include:

1. Micrograin processing.

2. Structure-control heat treating.

3. Minigrain® processing.

4. Thermomechanical processing.
It is intended that this list be only representative of the recent wrought alloy
developments. All significant recent developments cannot be reviewed due to
space limitations.

The balance of this paper will review these four developments from the
point of view of the microstructural characteristics which appear to have
helped to reveal or aid these developments. In some cases, economic advan-
tages will be discussed.

Micrograin Processing

A historical review of the forgeability of superalloys will reveal that as v’
solvus temperatures of new alloys increased, forgeability decreased. For the
nickel-base superalloys, it was found that the maximum hardener (aluminum +
titanium) content, consistent with even marginal forgeability, was about 6
weight percent. Of course, that was the case where forging was begun above
the y" solvus and discontinued slightly below the 7' solvus. However, there
was a need for forging the alloys with hardener contents above 6 weight
percent, such as Astroloy (7.5 weight percent), and through meticulous study,
the forgers learned that improved ductilities in forging could be achieved by
confining the entire forging operation to temperatures below the 7' solvus.
For the Type I alloy in Fig. 1z, this amounts to a lowering of the temperature
at which forging was started from the single phase field to the two phase vy +
7' field.

Microstructurally, it was observed that finer grain sizes were created and
maintained during the forging operations, for -example, ASTM 6/8 versus
ASTM 2/3. However, forgers still experienced many cracked forgings causing
high prices for the successful parts. The search for a more reliable way to
make forgings continued.

Moore et al [7] recognized a practical extension of this approach. By using
carefully controlled initial deformation conditions, that is, by 6:1 extrusion

3 Trademark of United Aircraft Corporation.
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from a furnace temperature about 200°F below the 7' solvus of alloys such as
Astroloy and IN 100, they were able to achieve microstructures of the type
shown in Fig. 5. They had achieved a micrograin structure with austenite
grains of 5 to 10 um diameter pinned by %' particles 1 to 2 um in diameter.
It appears that they then speculated and confirmed the capability of this
structure to demonstrate superplastic behavior.

Two examples of the superplastic capability of a properly preprocessed
superalloy are shown in Fig. 6. Figure 5 shows the typical starting structure

i

FIG. 6-Superplasticity in René¢ 95 alloy. (a) J700°F (927°C), 0.005 in./min (0.13
mm/min), 360 percent elongation. (b) 1800 F (982°C), 0.010 in. /min (0.254 mm/min), 113
percent elongation.

for both of these specimens. The finishing microstructure of each was nearly
identical. It is believed that the coarse 7' particles acted as a structure
controlling phase to maintain the micrograin austenite structure throughout
the processes. Others have achieved close tolerance superalloy forgings by
employing similar conditions on specially designed forging equipment. Dies
heated to the forging temperature are necessary if superplastic conditions are
to be realized.

The extension of micrograin practices to many Type I alloys is possible.
However, it is believed that this will be more readily achieved in Type I alloys
capable of forming large volume fractions of y'. Also, alloys with high '
solvus temperatures are more amenable to this practice so that higher process
temperatures can be used in commercial practices—to minimize die wear, etc.
The potential economic advantage for this approach is primarily through
improved materials utilization and is still under development.
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Structure Control Heat Treating

During 1970, the International Nickel Company announced a new precipita-
tion-hardened nickel-iron-base alloy designated as Alloy 706. Early studies
indicated that the recommended, commercial heat treatment for the alloy
provided limited 1200°F/100 ksi stress-rupture ductility. Typical data are given
in Table 22. An extensive program was conducted to remedy this situation
[8,9]).

TABLE 2-Typical properties of Alloy 706 {Ref. 9).

1200°F/100 ksi

Tensile Stress-Rupture
Ultimate 0.2% Reduction Reduction
Tensile Yield Elong- in Elong- in
Strength, Strength, ation Area, Life, ation, Area,
deg F ksi ksi % % h (%) (%)

Commercial Heat Treatment®

70 190 148 21 40 200 6 10
1200 148 127 23 56

Structure Control Heat Treatmentb

70 199 170 17 35 220 16 46
1200 154 144 19 59

2 1800°F/1 h/air cooled + 1550°F/3 hjair cooled + 1325°F/8 hjcool 100°F/h to 1150°F/8
h/air cooled.

b 1650%F/1 h/air cooled + 1325°F/8 hfcool 100°F/h to 1150°F/8 h/air cooled.

Microstructure studies revealed that the alloy with the commercial heat
treatment had typically a grain size of about ASTM 6, Fig. 7a. Electron
metallography, Fig. 7b, revealed extensive precipitation of cellular and needle-
like constituents at or near the grain boundaries. A duplex " size was noted
with denuded zones around the grain boundaries and coarse platelets. Detailed
microstructure studies showed that the grain boundary constituents included
both HCP n (Ni; Ti) and orthorhombic § (NizCb). It was speculated that the
properties of the alloy could be optimized if an improved morphology could
be developed for these phases. The preferred microstructure would have these
phases in a more globular form.

Sirice Alloy 706 forms 5 and §, in addition to a strengthening precipitate,
v", it is a Type II alloy. Referring to Fig. 1b, it was deemed necessary to
reveal the phase relationships for Alloy 706. This was done, and the results
are reported elsewhere [4]. Basically, the studies showed (depending upon
exact heat composition) a "' solvus of about 1625°F and an n/§ solvus of
about 1750°F.

Studies revealed that the n and & phases could be precipitated in the
preferred globular to plate-like form by a combined procedure of completing
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FIG. 7T—Effect of heat treatment on the microstructure of 706 alloy (Ref 8). (a)
“Commercial” heat treatment, etchant: glyceregia (X315). (b) “Commercial’”’ heat treat-
ment structural replica micrograph X(4851). (c) “Structure control” heat treatment,
etchant: glyceregia (X315). (d) “Structure control” heat treatment, structural replica
micrograph (X4851).

hot working below the n/8 solvus temperature, followed by a solution-treating
practice between the n/8 solvus temperature and the 4" solvus temperature.
Preferably, a microstructure of the type shown in Fig. 7¢ and d would be
formed. These micrographs show a relatively fine-grained equiaxed structure
formed by a forging practice including a final reduction of about 65 percent
from 2000°F, finishing below 1750°F. The desired globular to plate-like n and
& can be seen in the grain boundaries. Transmission electron micrographs
representative of the commercial and structure control heat treatments are
shown in Fig. 8. Property advantages for the structure control heat treatment
can be noted in Table 2.

Alloy 706 with the improved hot work/heat treatment is very close in
property capability to Alloy 718. Table 1 shows that Alloy 706 contains
considerably less nickel than Alloy 718. Also, 706 has been shown [I0] to be
easier to machine than 718. The potential economic advantage in substitution
of wrought 706 over wrought 718 becomes quite obvious.

It is believed that the structure control type of heat treatment, which
includes a “solution-treating” practice at a temperature between the v’ or '’
and the nf8 solvus ranges, can lead to useful property advantages for any
commercial Type II alloy capable of forming n and .
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3 . d

FIG. 8—Transmission electron micrographs from thin foils of 706 alloy. (a) “Commer-
cial” heat treatment (X9100). (b) “Commercial” heat treatment (X24 500). (c) “Struc-
ture control” heat treatment (X9100). (d) “Structure control” heat treatment (X13 090).

Minigrain Processing

Below about 1400°F, deformation of fcc austenitic superalloys is character-
ized by relatively easy planar slip. Thus, when coarse-grained materials experi-
ence a crack initiation at a structural heterogeneity such as a carbide or other
brittle phase, long crystallographic fractures can readily occur. This leads to
relatively low fatigue lives for these alloys and, in consequence, low endurance
limit/yield strength ratios. An ideal way to improve endurance limit in these
alloys would be to improve the distribution and morphology of brittle phases
and at the same time, to reduce grain size.

The discussion just completed on structure control processing reveals an
approach to grain refinement in Type II alloys. The 5/ phases were used to
pin grain boundaries and inhibit grain growth during solution heat treatment.
The work of Brown et al [II] presents an interesting extension of that
approach, that is, the use of the n or § to inhibit grain growth during forging
and provide even further grain refinement.

Most Type II alloys are capable of forming a Widmanstitten array of 1 or &
or both. Figure 92 shows such a structure in Alloy 718. Spacings between
these platelets are on the order of 4 to 10 um. If a structure such as the one
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FIG. 9-Microstructures of 718 alloy. (a) Heated 1650°F/8 h to form Widmanstitten
array of 8 (X500} (Ref 11). (b) Minigrain processed (X1000) Ref 11).
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shown in Fig. 9a can be developed and warm-worked at a temperature below
the solvus temperature of the platelet phase, it may be possible to disperse the
potentially brittle 8 platelets and achieve a fine grain size, since the platelets
might inhibit grain growth.

Brown et al [11] reveal that this process indeed works in Alloys 901 and
718. For Alloy 718, as Fig. 1b shows, the & solvus is about 1825°F. Kinetic
studies have shown that depending upon initial conditioning, § can be precipi-
tated in Alloy 718 in varying amounts. Brown et al found that after hot
extruding Alloy 718 4:1 at 1900°F, an 8-h soak at 1650°F produced a
desirable Widmanstétten array of 8. The alloy was then extruded 4:1 from
1800°F, which Fig. 1b indicates is below the & solvus temperature. It is
desired to finish this type of warm-working operation only slightly below the
v"', solvus temperature of the alloy so the alloy does not become too stiff for
deformation to proceed.

After the warm working at 1800°F, the alloy was recrystallized at 1775°F,
again below the & solvus. Final aging is the conventional treatment at
1325°F/8 h/cool 100°F/h to 1150°F/8 h/air cooled. Figure 9b shows the
ASTM 12/13 Minigrain microstructure thus achieved. Properties for this and
the coarser-grained processed Alloy 718 are compared in Table 3. Note the
unprecedented increase from 0.33 to 0.59 in 850°F endurance limit/ultimate
tensile strength (UTS) ratio for these structure changes in Alloy 718. Brown
et al [11] also show a similar property increase in Alloy 901.

It is believed that Minigrain processing can be extended to other Type II
alloys. Alloys with high n or 8 or both solvus temperatures, a propensity to
form large volume fraction of n or § or both, and wide temperature separa-
tion between n or § and y' or 4" solvus temperatures, will permit the most
flexible and economic processing.

Thermomechanical Processing

The recently renewed interest in thermomechanical processing for high
temperature alloys was caused by a realization that alloying alone will not
provide the strengths required for projected jet engine designs. In a sense, all
forge/heat treat sequences are a form of thermomechanical processing. For
this paper, however, let us confine the term “thermomechanical” processing to
those situations where the express intent is to use the strain energy from the
forming process to provide strength to the finished forged and heat-treated
part. The term “conventional” processing is then used to describe the cases
where microstructure control is performed primarily to equalize the structural
and property characteristics of a forging, such as in the three recent process
developments just described.

Most recent thermomechanical studies on superalloys have been empirical in
nature. Lowered processing temperatures have been combined with rather
unconventional heat-treat approaches. Some unexpectedly good balances of
strength and ductility have been achieved. As an example, some recent data
developed in the authors’ laboratory are cited.
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TABLE 3 —Grain size effects on the properties of Alloy 718 (Ref 12).

1000°F Tensile
Ultimate
Grain Tensile 0.2% Yield Reduction
Size Strength, Strength, Elongation, in Area,
ASTM ksi ksi % o
2 166 126 20 44
5 172 145 21 43
12 192 155 14 36
850°F Low Cycle Fatigue
Grain Size Stress, Cycles to Failure
ASTM ksi Average of 8 Tests
2 40 £80 14 000
S 40 £80 24 000
12 40 80 53000

850°F High Cycle Fatigue at Ky = 1

Grain Size Runout Stress Fatigue Ratio
ASTM 107 Cycles, ksi FS/UTS
2 55 0.33
5 80 0.45
12 115 0.59

A l4in.-square bar, processed from an ~ 4-5/8 in. diameter, 100-lb VAR ingot
of René 95, was used for this study. This bar, processed using a
combination forging and rolling sequence (all at 2000°F furnace temperature),
had a grain size of about 5 um. The bar was air cooled after the final hot
rolling. Specimen 0-1 was held as-rolled. Initially, specimens of this material
were further processed under the conditions indicated by codes 0-2 through
0-7 in Table 4. Specimens 0-2 through 0-5 were flattened from about 1 in.
thick to about 5/8 in. thick using a 500 ton press and were air cooled after
forging. Specimen 0-6 was made by heating for 1 h and upsetting the 1-in.
thickness to 7/8 in. thick, reheating for 30 min and upsetting to 5/8 in. thick,
air cool. Specimen 0-7 was made by heating for 1 h and rolling about 10
percent and reheating 30 min, a total of eight times, and rolling to 5/8 in.
thick, followed by air cool. Test blanks were cut from this material, aged
1400°F/16 hfair cooled, and tested. Test data for 1200°F tension tests and
1200°F stress/rupture tests are given in Table 5. A comparison of these
properties with conventionally processed and heat-treated, hot-rolled René 95
bar shows the improved strength, particularly the ductility, obtained in the
thermomechanically processed (TMP) René 95. It is also seen that thermo-
mechanically working in the vicinity of the v’ solvus (specimen 0-5) appears
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TABLE 4 —Thermomechanical processes used on Rene’ 95 bar.

Forging
Tempera-
ture,
Code No. Pretreatment deg F Quench
Initial Studies
0-1 as-rolled o .
0-2 as-rolled 1700 AC?
0-3 as-rolled 1800 AC
04 as-rolled 1900 AC
0-5 as-rolled 2000 AC
0-6 as-rolled 1800 AC
0-7 as-rolled 1800 AC
Secondary Studies

I-B as-rolled 1800 wqb
I-C as-rolled 1900 wQ
I-D as-rolled 2000 wQ
I-E as-rolled 2100 wQ
1B 1650°F/24 h/AC + 2000°F/1 h/OQ 1800 wQ
nC 16506F/24 h/AC + 2000°F/1 h/0OQ 1900 wQ
II-D 1650°F/24 h/AC + 2000°F/1 h/OQ 2000 wQ
111-B 1650°F/24 h/AC + 2000°F/1 h/OQ + 1400°F/16 h/AC 1800 wQ
1-C 1650°F/24 h/AC + 2000 F/1 h/OQ + 1400°F/16 h/AC 1900 wQ
II-D 1650:F/24 h/AC +2000 F/1 h/OQ + 1400°F/16 h/AC 2000 wQ
IV-B 2090 F/1 h/AC 1800 wQ
IV-C 2090°F/1 h/AC 1900  WQ
IV-D 2090 F/1 h/AC 2000 wQ
\Y% 1650°F/24 h/AC + 2000°F/1 h/OQ 2050 0Q°
VI 1650°F/24 h/AC + 2000°F/1 h/OQ 1950 0Q
vl 1650°F/24 h/AC + 2000°F/1 h/OQ 2000 0Q
VIII 1650°F/24 h/AC + 2000°F/1 h/0Q 2000 0Q

4 Air cooled.
b Water quench.
¢ Qil quench.

to give the best combination of properties. The v’ solvus for the heat involved
was estimated to be in the vicinity of 2075°F for a 1-h treatment. The
material TMP at 2000°F gave the best properties.

The optical microstructures of some of these specimens are shown in Fig.
10. The grain size of the bar processed at 2000°F is ~ 3 to 4 um (ASTM 13).
The 1900°F bar has a slightly finer grain size. It also appears that the 2000°F
exposure has dissolved some coarse 7' particles, compared to the 1900°F
exposure.

Representative replica electron micrographs are also shown in Fig. 10 for
specimens 0-4 and 0-5. Three types of ' precipitates are evident: (1) residual,
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FIG. 10-Microstructures of TMP René 95. (a) Specimen 04 (X620), etchant: Kalling’s
without H,O. (b) Specimen 0-4 (X10 850), structural replica micrograph. (c) Specimen
0-5 (X620), etchant: Kalling’s without H,0. (d) Specimen 0-5 (X10850), structural
replica micrograph.

or coarse ¥, (2) medium y', and (3) fine or aging ¥'. The coarse y' particles
appear to be slightly fewer in number and larger in size for the 2000°F
temperature. The medium ¥’ also show some significant differences. In speci-
men 04, these appear to be of nearly cuboidal morphology, whereas, in
specimen 0-5 due to the higher forging temperature used, this ¥ becomes of
irregular morphology. Forging temperature also affects the dispersion of fine
¥’ obtained after aging. It is more uniform and slightly larger in size in
specimen 0-5 as compared to specimen 0-4. This may be responsible for the
slight decrease in strength in specimen 0-5. The cuboidal y' in specimen 04
may have lowered the tensile ductility.

Creep/rupture properties are equally important for superalloys such as René
95. Even though thermomechanical processes gave the alloy very high ductili-
ties, the rupture lives were very low. A second TMP study was designed to
improve the creep properties as well. The TMP procedures are listed in Table
4b.

New variables introduced included pretreatments as listed in Table 4 and
water or oil quenching after forging. The pretreatments, including a
1650°F/24-h exposure, were selected based on background knowledge of the
processing of conventional René 95 for best creep/rupture properties [12].
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The effects of a 1650°F/24-h preexposure of René 95, although investigated in
the authors® laboratory, remain unknown. The 2090°F pretreatment was
included since it is slightly above the ' solvus of René 95. Both the 2090°F
pretreatment and the quench treatments after forging were designed to main-
tain as much y' as possible in solution for the controlled aging reaction.

The tensile and stress-rupture data for the second TMP study are given in
Table S, while creep curves are shown in Fig. 11.

T T T T T

Ic, IIC, IIIC,
IIB, IIIB, VI

% Creep

Tests: IVC and
VI

1D, IID, IIID, Non-TMP
v, VII Bar

1
[} 40 8o 120 160 200

Time {Hours)

FIG. 11-Summary of 1200°F/150 ksi creep data on TMP René 95.

An analysis of these data indicates the following:

{(a) Forging at 2000°F, that is, in the vicinity of the ' solvus (especially
when followed by a rapid quench) appears to give the best overall properties.

(b) Process conditions leading to best 1200°F creep/rupture properties
often cause cracking during forging or quenching after forging.

{c) A rapid quench, compared to an air cool, appeared to improve creep
properties. This is attributed to precipitation of very fine v’ during final aging.
Oil quenching is preferred over water quenching to inhibit cracking.

(d) A pretreatment of 1650°F/24 h/air cooled + 2000°F/1 hfair cooled
helped improve creep life and ductility.

A comparison of the data for 2000°F forgings from the second TMP series
with the first (specimen 0-5) reveals significantly improved creep/rupture
strength for the second TMP series specimens. This is attributed to a larger
quantity of fine vy precipitated during the aging of the Series II specimens
which were quenched after forging.

The authors speculate that thermomechanical processing of René 95 and
possibly other Type I superalloys, provides improved strength and ductility via
creation of idealized dislocation—y' interactions. Careful TEM studies would
be necessary to reveal these interactions. Certainly, the improvement of creep
life via the quench treatments after forging supports such a theory.

Increased emphasis on understanding the nature of strength improvement in



MUZYKA AND MANIAR ON WROUGHT SUPERALLOYS 217

superalloys via thermomechanical processes is recommended. Only then will
the full impact of the potential of thermomechanical processing for improving
the properties of wrought superalloys be felt.

Summary

Many useful property improvements have been achieved in wrought super-
alloys. Most of these have been accompanied by relatively complete micro-
structural understanding. Microstructure studies of problem situations have
often revealed the approach to property improvement.

After developing the state of the art of understanding the microstructure of
the wrought superalloys, especially related to processing, several recent process
developments were teviewed. In three of these—micrograin processing, struc-
ture control heat treating, and Minigrain processing—microstructure studies
lead the way in the development of improved processes or properties or both.
In the fourth case (thermomechanical processing), empirical approaches have
dominated most contemporary work and understanding through microstruc-
ture study is just beginning.
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Phase Separation as a Technique
for the Characterization of Superalloys
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ization of Superalloys,” Metallography—A Practical Tool for Correlating the Struc-
ture and Properties of Materials, ASTM STP 557, American Society for Testing
and Materials, 1974, pp. 220—234.

ABSTRACT: Specific anodic dissolution procedures are detailed for the quantita-
tive separation of carbides, topologically close-packed (TCP) phases, and 'y' from
high temperature nickel-base superalloys. Reagents are suggested for the isolation
of phases from mixed anodic deposits through selective dissolution techniques.
Methods for the chemical analysis of separated phases are discussed. The applica-
tion of phase separation to specific metallurgical studies is described in detail.

KEY WORDS: heat resistant alloys, X-ray diffraction, carbides, borides, nickel
alloys, sigma phase, separation, chemical analysis, dissolving

Nickel-, cobalt- and iron-base alloys hardened by geometrically close-packed
phases such as gamma prime (y') and eta (n), as well as by carbides such as
MC, M,3C¢, and MgC, are commonly called superalloys. These high tempera-
ture alloys achieve their strength from an appropriate dispersion of the
foregoing phases plus solid solution strengthening. Other phases such as
nitrides and topologically close-packed (TCP) phases of the u, o and Laves
type may also be present and adversely affect strength. Knowledge of the
type, amount, and physical parameters of all of the preceding phases is vital
for achievement of optimum properties in superalloys. Microstructural analysis
by metallography, X-ray diffraction, and electron microscopy, and in Situ
chemical composition studies with an electron microprobe have long been
recognized as techniques for determining some of the necessary phase informa-
tion. However, for precise chemical analysis, quantitative measurement of the
amounts of phases, and lattice parameter studies, the separation of phases has
considerable value [/].2

Utilizing techniques developed in the analysis of steels [2], much of the
early work on nickel-base alloys was devoted to procedures for the separation
of carbides, nitrides, borides, carbonitrides, carbosulfides, u, ¢, and Laves. In
general, the system for separation was based either on chemical techniques

! Technical supervisor, Materials Engineering and Research Laboratory, Pratt and
Whitney Aircraft, East Hartford, Conn. 06108.

2 The italic numbers in brackets refer to the list of references appended to this paper.
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involving organic solvents and strong oxidizing agents such as bromine (Br;),
or on anodic dissolution methods utilizing electrolytes such as hydrochloric
acid (HCI) {(about 10 percent) in a miscible solvent such as methanol
(CH;0H). Recently, emphasis has been placed on the development of tech-
niques for the separation of both major and minor constituents in high
temperature alloys through the careful control of electrode potentials in
complex electrolyte systems. Much of the work has been coordinated in this
country through ASTM Committee E-04.91 Task Group (Phase Identification
in Superalloys). A summary of the committee’s work has been recently
published {3]. Extensive studies of techniques for phase separation have also
been done in Russia, and a comprehensive survey of this work was recently
made by Lashko and coworkers [4].

The major purpose for the separation of phases is to concentrate them free
of matrix contamination and permit their more accurate identification and
chemical analysis. Currently, work is in progress in several laboratories both in
the United States and in Russia to develop techniques for the isolation of
phases separated by general procedures. For example, the separation of MC,
M, 3Cs, and M¢C carbides or the separation of carbides from TCP phases with
which they are isolated by anodic dissolution using HC1 and CH; OH. Recent
advances in analytical instrumentation have permitted the development of
precise methods for the quantitative analysis of extremely small amounts of
specimens. This paper will summarize suggested procedures for the separation
of phases from complex high temperature alloys, discuss techniques for the
analysis of separated material, and indicate areas of application for this type
of information.

Specific Techniques for Phase Separation

Equipment required for phase separation is quite inexpensive and is fre-
quently assembled from components already available in a particular labora-
tory, rather than by purchase of an integrated unit. Furthermore, there has
been a comparative lack of knowledge by many of the experimenters in this
country of the extensive programs of phase separation being done by chemists
and metallurgists in Russia. As a result, a wide range of techniques have been
developed, many of which give similar results for a particular alloy. Without
trying to detail all possible satisfactory parameters, a summary of methods
which have proven reliable in our laboratory will be given next. All techniques
are, of course, influenced by the size and chemical composition of phases in
the specimens studied.

Preparation of Specimen

A convenient specimen for electrolytic dissolution weighs 5 to 10 g. The
specimen is polished until it has smooth surfaces and then is given an initial
extraction for 15 min at a current of 150 mA in 10 percent HCI-CH3;OH to
remove any strain-induced phases from the abraded surfaces. Cast alloys and
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parts operated at high temperature frequently have a high concentration of
oxides and nitrides near the surface. A preliminary electrolytic extraction will
usually remove surface areas of the specimen which contain these phases. If it
is desired to include surface oxide and nitride phases in the separated material,
then no preliminary or surface preparation extraction is done on the alloy
specimen selected for analysis. Following surface preparation, or initial extrac-
tion, the specimen is weighed.

Separation of Carbides and TCP Phases

The most satisfactory general procedure for the separation of carbides along
with TCP phases is an anodic dissolution of the y and y' components of the
superalloy in a solution consisting of 10 percent HCl and CH;OH. The
concentration of HCl has been varied from as little as 2.5 percent to as much
as 15 percent with comparatively minor effects on phase recoveries. The rate
of matrix dissolution is slower in lower HCl concentrations, while there is
more tendency for TCP phase dissolution in higher concentrations of acid.
Most experimenters prefer working with an electrolyte consisting of 10 per-
cent HCl and CH3;O0H, although comparable results are found in ethanol
(C,H;OH) or water mixtures with HCI [4].

A d-c power supply is used to stabilize the current during electrolysis. While
stainless steel or other metal electrodes have been used, most work is done
with platinum or tantalum electrodes. The specimen, connected by a platinum
wire, serves as the anode, while a 40-cm? section of platinum foil may be
used as the cathode. The specimen may be attached to the platinum wire by
wrapping in platinum wire mesh which is attached to the electrode. Alternate-
ly, a hole may be drilled through the specimen and the platinum wire passed
through it. The electrolyte (200 ml) is contained in a beaker of convenient
size (250 to 400 ml) and stirred during electrolysis. Electrolysis is performed
usually at current densities of 20 to 100 mA/cm? and is frequently continued
from 4 to 8 h to collect sufficient material to permit accurate chemical
analysis. Recent unpublished work by members of ASTM Committee E-04.91
Task Group has shown that it is sometimes necessary to cool the electrolyte
to 40°F in order to obtain quantitative recoveries of v .

Following electrolysis, adhering material is removed from the specimen with
a rubber policeman. The specimen and electrodes are carefully washed with
CH;O0H, and the specimen is reweighed. Insoluble material is separated from
the electrolyte by collection on a solvent-resistant filtration pad, or by
centrifuging of the solution. In order that a truly quantitative measure can be
made of the concentration of carbide and TCP phases in a specimen, it is
essential that careful techniques be followed to collect all insoluble material
from the specimen, anode, electrolyte, and electrolytic vessel. In addition, the
separation of insoluble material from the electrolyte should be accomplished
without extended delay to avoid dissolution of fine particles. Ultrasonic
techniques have been found to be useful for removing insoluble material from
the surfaces of some specimens.
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If phase separation by size is desired, the insoluble material may be stirred
actively in the electrolyte for 30 s and allowed to settle for varying periods of
time. The upper portion of electrolyte will contain the finer particles, while
the lower portion will be richest in coarse particles. In some alloys, certain of
the platelets of o or u settle very slowly from stirred solutions and may be
separated from the more cubical carbide phases.

Contamination of extraction residues by the oxides of columbium, tanta-
lum, or tungsten can be controlled by the addition of 1 percent (by weight)
of tartaric acid to the electrolyte. Matrix or v’ contamination of the residue
is more difficult to eliminate and is apparently affected by specific conditions
of electrolysis including current density, volume of electrolyte, temperature of
the cell, and surface area of the electrodes. It is particularly irpportant that a
practical compromise be reached between slow dissolution rates (low current
densities) and high matrix contamination (high current densities). Certain alloy
specimens are much more subject to matrix contamination of carbides and
TCP phases than are others. This may be influenced by the distribution of
carbides and TCP phases within the specimen. Another possible factor in
matrix contamination is the relative chemical composition of phases which
affects polarization during electrolysis. Attempts to selectively dissolve matrix
contamination from extracted carbides and TCP phases prove very difficult
without dissolution of some of the TCP phases.

Separation of MC carbides from superalloys may also be accomplished
through the dissolution of matrix and y ' with a mixture of Br, and CH;OH.
Mu, Laves, M,;C,4, and o are also dissolved in this mixture which permits the
isolation of MC carbides free of TCP phases. This technique has enjoyed less
popularity because of the unpleasantness of working with this reagent mixture,
the difficulty of quantitative recovery of carbides from the reaction products,
the slowness of reaction, and also, because of the fact that TCP phases are
dissolved.

Separation of Gamma Prime (v ')

Two general types of electrolytes have been considered for the anodic
dissolution separation of ¥’ from nickel-base superalloys. Phosphoric acid
(usually 20 percent in water) was frequently used in this country for the
separation of ', while Russian experimenters [5] suggested an aqueous
solution containing 1 percent ammonium sulfate and 1 percent citric or
tartaric acid. Published work in this country [6,7], as well as studies by
members of the Phase Identification in Superalloys Task Group (ASTM
E-0491), have demonstrated that 7' recoveries from a variety of superalloys,
using the ammonium sulfate-citric acid (or tartaric acid) electrolyte are more
quantitative than those using phosphoric acid. The difference in yield is
probably caused by the significantly higher dissolution rate of fine v ' particles
in phosphoric acid than in the less acidic electrolyte. Comparative results for
v' recoveries (corrected for carbide contamination) from 15 typical nickel-
base superalloys are shown in Table 1 [7]. It should be emphasized that the
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TABLE 1-—Comparison of gamma prime recoveries for various electrolytes (Ref 7).

'

wt.%’y', wt.%'y', wt.%’y', wt.% Y
Alloy With A With B With C¢ with D4
IN 100 64.0 63.9 53.5 554
TRW 1900 63.3 63.0 56.6 22
B-1900 61.6 61.6 49 5
Nicrotung 57.2 57.4 51 11
Mar-M200 55.8 53.9 26 13
Inconel 713C 48.5 50.0 39 27
Nimonic 115 47.0 46.7 40.0 40.9
Udimet 700 35.0 35.4 28 28
Udimet 500 33.4 31.8 28.4 30.2
Inconel 700 259 25.8 21.4 22.2
Rene 41 23.9 224 7 16.1
Waspaloy 22.1 21.5 15 17.9
GMR 235 21.4 21.3 19.2 20.1
Unitemp AF 1753 19.7 18.6 14.6 15.0
Inconel X-750 14.5 139 8 10.6

a Elect_rolyte A—1% ammonium sulfate, 1% tartaric acid in water.
Electrolyte B~1% ammonium sulfate, 1% citric acid in water.

€ Electrolyte C—20% phosphoric acid in water.
Electrolyte D—5% sulfuric acid, 0.01% potassium thioeyanate in water.

amount of vy’ reported for a particular alloy is valid only for the specific
specimen tested and is affected by exact chemical composition and thermal
history of the alloy.

Experimental parameters for the separation of 4’ in an electrolyte consist-
ing of an aqueous solution containing 1 percent ammonium sulfate and 1
percent citric (or tartaric) acid are similar to those used for the separation of
carbides and TCP phases in 10 percent HCI-CH;0H with the following
exceptions: current density is maintained at 10 to 80 mA/cm?, the potential
of the anode is 1.1 to 1.4 V versus a saturated calomel electrode, and time of
electrolysis is usually limited to 3 to 4 h. The major portion of the y' is
retained on the surface of the specimen in a rather compact form and
frequently cannot be completely removed with a rubber policeman. A satis-
factory procedure for quantitative removal of adhering vy’ from the un-
dissolved specimen is to briefly rinse the specimen with water, dry it under a
heat lamp, and remove most of the v ' from the specimen using a scalpel. The
removed material plus any solids in the electrolyte are reserved for analysis.
The last traces of particularly adherent ' are removed from the specimen
with a wire brush before reweighing to determine the amount of specimen
dissolved.

Matrix contamination is not a problem for the alloys investigated; however,
carbides do separate with the v ', and this must be taken into consideration in
any analysis of the separated vy'. The separation of y' from specimens
containing significant concentrations of TCP phases presents a particular prob-
lem. There does not appear to be appreciable contamination of the extracted
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v' by TCP phases; however, recovery of vy’ is incomplete using the conven-
tional procedure. The problem of quantitative recovery of v ' from superalloys
containing appreciable amounts of TCP phases has not been satisfactorily
resolved, although work is continuing in this area by members of Task Group
E-04.91.

The presence of chromium in the matrix of the alloy evidently has a
significant effect on the polarizability (and, hence, the extractability) of v’
[8]. Unpublished data on nickel-aluminum-molybdenum, nickel-aluminum-
tungsten, and nickel-aluminum-columbium alloys show that it is not possible
to quantitatively separate 7y’ from these ternary systems using anodic dissolu-
tion at room temperature in a ! percent ammonium sulfate, 1 percent citric
(or tartaric) acid electrolyte. Two examples of this effect on low chromium
alloys have also been noted [9]. Since most nickel-base superalloys contain
appreciable amounts of chromium, y' can be separated from these alloys
without difficulty. Recent work by members of Task Group E-04.91 indicated
that separation of y' from NX-188 (Ni-18Mo-8Al) can be made in the 1
percent ammonium sulfate, 1 percent citric acid electrolyte provided the
electrolytic cell is kept at a very low temperature (40°F). The adherence of 7y’
to the specimen is extremely strong for NX-188 specimens and very rigorous
scraping must be used to remove v ' from the remaining specimen.

Selective Dissolution of Phases Isolated by Anodic Dissolution

Extensive studies have been made of techniques for the selective dissolution
of phases isolated by anodic dissolution. While it is possible in many cases to
individually separate various phases from complex superalloys by careful
adjustment of electrolyte composition and electrode potentials, a more con-
venient technique is to separate TCP and carbide phases using a 10 percent
HCI-CH;0H electrolyte and then chemically separate the phases by selective
dissolution. Lashko and coworkers [4] have assembled much information on
the selective solubility of phases, and excerpts from this work are included in
Table 2. It should be emphasized that the quantitative separation of a mixture
of phases is significantly dependent upon the size, chemical composition,
shape, and relative abundance of the phases. For example, the rate of dissolu-
tion of u having a composition of Fe, W, will differ significantly from that
composed of Co,;W, or (CrNi);(WMo)s. A phase having a thin plate-like
configuration with high surface area will be much more easily dissolved than
the same phase in a more blocky shape. The data in Table 2 should be used
only as a guide, and optimum experimental conditions should be determined
for the specific phases found in the alloys analyzed.

Analysis of Separated Phases

Recently, there has been significant improvement in techniques for the
quantitative analysis of small amounts of material. The development of the
atomic absorption spectrophotometer has provided an instrument which can
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be used to determine chromium, aluminum, molybdenum, cobalt, titanium,
iron, and vanadium in a 50-mg specimen of extracted y ' (plus carbides) with
an accuracy of +5 percent. Basic techniques are those which were reported for
the determination of these elements in nickel-base alloys [/0]. By using
similar atomic absorption procedures to determine the composition of the
matrix which has dissolved in the ammonium sulfate-citric (or tartaric) acid
electrolyte, a material balance can be obtained which will aid in an evaluation
of the reliability of the analytical results. Alternate procedures which may be
used to accurately determine the composition of extracted phases are solution
X-ray fluorescence techniques [I/I] and emission spectrographic methods
utilizing the vacuum cup technique [/2]. Columbium, tantalum, tungsten, and
hafnium are not determined with great sensitivity by atomic absorption
procedures; however, these metals are particularly applicable to determination
by solution X-ray fluorescence or vacuum cup methods. The composition of
the carbides contaminating the 5’ is determined (using spectrographic
methods) on a separate portion of the specimen extracted with HCI-CH; OH
and the composition of v’ plus carbides corrected accordingly.

Sometimes there is insufficient material extracted to permit analysis by
atomic absorption, vacuum cup, or solution X-ray fluorescence procedures.
This is frequently the case for carbide and TCP extractions. In that case, less
precise elemental analysis may be done using conventional spectrographic
methods. The extracted material is ignited to form oxides, mixed with a
specific ratio of lithium carbonate and graphite, excited by conventional
arcing techniques, and compared with known oxide mixtures prepared in the
same way. Average error of results obtained in this way is approximately 20
percent of the value reported.

Since two other papers at this symposium are devoted to a detailed study of
X-ray diffraction procedures,® no extensive discussion of this technique will
be offered at this time. However, it should be readily apparent that the
quantitative separation of minor phases from the matrix and v ' significantly
increases the ease of detection of these minor crystalline materials by X-ray
diffraction techniques. Combining precise chemical analysis of extracted
phases with careful X-ray diffraction is an accurate technique for minor phase
characterization in high temperature alloys.

Application of Phase Separation to Metallurgical Studies
Comparison and Interrelation with Other Analyses

The utilization of selective separation and specific dissolution techniques
permits a more precise chemical analysis of a particular phase than that
possible using an electron microprobe. The size of very small particles prevents
their analysis by the electron microprobe, in addition to which, the accuracy

3 See pp. 4 and 23.
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of chemical analyses of major phases (where 50 mg or more of material is
separated) is considerably better than that possible with a microprobe.

X-ray diffraction results are certainly more reliable when contaminating
phases are separated from the specimen to be analyzed. This is particularly
valuable for the determination of trace constituents. In a study of X-ray
diffraction of y' separated by anodic dissolution in an electrolyte consisting
of 1 percent ammonium sulfate and 1 percent citric (or tartaric) acid it was
noted there was a significant difference in the intensity of superlattice lines
[13]. A careful chemical analysis of the extracted y ' demonstrated the effect
of alloying elements on the intensity of superlattice lines. Selected values are
given in Table 3 and show the relationship between the empirical formula of
the 7' (based on analyzed composition), thermal history of the alloy, and the
intensity of the superlattice lines. Such studies are an aid to an understanding
of substitution mechanisms in phases of complex alloys.

It should be stressed that the optimum use of phase separation for the
characterization of superalloys is not as a tool by itself but, in conjunction
with a variety of techniques such as electron microscopy, scanning electron
microscopy, and optical metallography which provide information on the
distribution of phases within an alloy. It is important that all available
techniqyes be utilized to obtain the best possible determination of the phase
distribution and phase composition in complex systems.

Alloy Phase Equilibria

One application in which phase separation is particularly valuable is in a
study of alloy phase equilibria. Information relating the affect of the chemical
composition of an alloy to the amount and composition of the phases is
valuable in predicting the properties of experimental alloys. Because v and v’
constitute the major phases of nickel-base superalloys, it is especially impor-
tant to accurately measure their composition and quantity. Analytical schemes
such as that assumed when employing PHACOMP [I3] have been used with
some success to predict deleterious phases; however, approximations have been
made concerning the composition of 4 and v ' which are not precisely correct.
By experimentally determining the compositions and quantities of the major
phases, prediction schemes of increased accuracy can be developed [9].

Using the procedures detailed earlier, y¥ ' was quantitatively extracted from
15 typical high temperature nickel-base alloys [7]. The composition of v ' is
given in Table 4. It should be emphasized that there will be a variation in the
amount and composition of the vy’ as a function of the melt chemistry and
the thermal history of the specimen examined; however, results given in Table
4 are typical of those found in other heats of the same alloys. In a similar
manner the compositions of the y phase in the same specimens were deter-
mined and are shown in Table 5. The partitioning of elements between the 7y
and 7 phases is given in Table 6. While there is significant variation in the
distribution of elements in various alloys, certain trends are observed. It is
evident that aluminum and titanium are not completely present as y ', but a
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1

4 Concentration of an element in the 7y ' compared to that in the 7.
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significant fraction remains in the y phase. This is particularly important in
alloy design where techniques for the formation of large amounts of the major
hardening phase, y ', are of special concern in the development of alloys with
commercial potential. While general conclusions may be drawn (using data like
that given in Tables 4, 5, and 6) with regard to the composition of phases in
superalloys, the only way to truly determine the precise compositions of these
phases is to extract them from specimens specifically of interest.

Study of Thermal History Processes

Another application of phase separation techniques is to the study of
thermal history processes. In a recent program involving Udimet 700, the
following relationships were measured: (1) effect of aging time at various
temperatures on the volume fraction of vy ', (2) effect of aging time at 1800°F
on the composition of the y ' phase, and (3) composition of v’ as a function
of temperature after aging for 16 h [/5]. Of particular interest was the
determination of the volume fraction of 7' as a function of temperatures
between 1300 and 2070°F. These data are presented in Table 7. In obtaining
these data, it is imperative that specimen quenching be extremely rapid to
prevent the formation of fine v ' on cooling.

TABLE 7 —-Volume fraction of ¥ " in Udimet 700 as a function of temperature (Ref 15).

Deg F Volume Fraction 7y !
1300 374
1550 374
1600 37.6
1650 39.5
1700 37.2
1750 35.0
1800 33.2
1850 29.8
1900 26.0
1950 21.5
2000 13.6
2070 0

Summary

The separation of phases from superalloys is a powerful tool for the
characterization of high temperature nickel-base alloys. Following their quan-
titative separation, the precise composition of the phases, as well as their
abundance, may be determined using conventional analytical techniques. This
information has proven useful in a study of phase equilibria, substitution
mechanisms in phases, and in the design of new superalloys.
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