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CHAPTER 1

INTRODUCTION AND STATEMENT OF PROBLEM

Alloys of iron containing nickel are studied in the
diverse fields of meteoritics, geology, and metallurgy. The
iron meteorites contain 5 to 35 wt% Ni and are thought to
have cooled in the solid state of the parent bodies at about
1°C per million years. Samples of iron meteorites assumed
to exhibit at least 1local chemical and crystallographic
equilibrium have been studied, and the results used to
construct Fe-Ni phase diagrams. Conversely, such results
have been used together with existing diagrams to infer the
thermomechanical history of the meteorite and its parent
body. Similar work has been done with samples of
terrestrial native-metal Fe-Ni deposits to determine their
history and that of the surrounding rock.

In metallurgy, Fe-Ni alloys are used as the tough Ni-
steels (5% Ni), the hardenable maraging steels (18% Ni), the
Invar alloy (368 Ni) which has an anomalously low
coefficient of thermal expansion, and the magnetically soft
Permalloy (79% Ni). Although these alloys have been used
and studied for years, there is not a good consensus on the
low-temperature phase equilibria and the physical phenomena
responsible for some of the anomalous properties.
Determination of the phase equilibria has been hindered by
sluggish diffusion in these alloys below 500°C and by the
difficulties in distinguishing between phases with similar
crystal structures containing elements of comparable atomic
number.

To enhance diffusion and thereby speed the approach to
equilibrium in Fe alloys containing 5 to 30 wt§ Ni, Miller
and Leslie (1) quenched and subzero cooled specimens to form
bcc martensites, then alternately cold rolled and aged them
for 2000 hr at temperatures between 300 and 450°C. Upon
aging at temperatures below 400°C the Fe-30Ni specimens
became too hard (a530 HV) to roll. Electron microscopy
revealed precipitate particles in hardened specimens similar
in appearance to those found in iron meteorites. Age
hardening of an Fe-25Ni martensite had been reported earlier
(2), but the hardening reaction was not determined.

The purposes of this work were (1) to further document
the age hardening of binary Fe-Ni martensites, (2) to




deterinine the nature and kinetics of the age hardening
reaction, and (3) to «clarify, as possible, the low-
temperature Fe-rich portion of the Fe-Ni equilibrium phase
diagram. The working hypothesis was that the age hardening
was due to precipitation of FeNi having the Llo structure.

The experimental approach taken was to age specimens for
long times, then study them via mechanical testing and
various radiative techniques.
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CHAPTER 2

) LITERATURE REVIEW

Maraging Steels

) In this report the term "maraging steel" refers to any
of the 1low-C Fe-rich alloys that are solution treated as
austenite, cooled to form martensite, then age hardened.

Ternary and Higher-Order Martensites

Age hardening of Fe-rich martensites 1is perhaps best
illustrated by the commercial maraging steels (3). These
steels have a typical composition of 18 wt% Ni, 8 Co, § Mo,
0.4 Ti, 0.1 Al, less than 0.03 C, balance Fe. After air
cooling from a 900°C austenitizing temperature they have a
structure of bcc lath martensite and a hardness of 300 HV.
Upon aging for 3 hr at 480°C the hardness is increased to
~500 HV. The high hardness of maraged steels is attributed
to (1) the large number of dislocations that formed during
the austenite-to-martensite transformation and, primarily,
(2) the 1large number of 2zones and/or precipitates that
formed during the aging treatment. The 2zones and/or
precipitates are small and closely spaced because the
dislocations provide many heterogeneous-nucleation sites per
unit volume (4). As would be predicted by this model, cold
working of the martensite before aging increases the
hardness of the aged material (5).

Numerous ternary and quaternary Fe-rich martensites
also age harden considerably (3,6). Speich (7), for .
example, reported hardening of Fe-20Ni-X martensites where X -1
is 2.7 Al, 11 Cu, 5 Mo, or 1-6 Ti. The Fe-20Ni-6Ti b
martensite hardened from 370 up to 800 HV upon aging for 8
hr at 500°C. Hardening of this alloy was attributed to the
precipitation of Ni3Ti.

Several types of zones/precipitates cause age hardening
in Fe-rich martensites. These include:

Pa]
e
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1. Solute-rich zones.
Examples: Cu-rich zones formed in the early stages
of aging of Fe-Ni-Cu alloys (6); Cr-rich zones in
Fe-Co-Cr alloys (6).

2. Metallic or intermetallic precipitates.
Examples: Metallic Cu formed in the later stages
of aging of Fe-Ni-Cu alloys (7): Ni3Mo and FeTi in

Fe-Ni-Co-Mo-Ti alloys (4).

3. Ordered zones.
Example: Fe(Co,Ni) (B2 structure) 1in the early
stages of aging of Fe-Ni-Co alloys (8-10).

4. Austenite.
Examples: Austenite formed in the later stages of
aging of Fe-Ni-Co alloys (8-11) and, possibly, in
Fe-Ni-Co-Ti alloys (11).

5. Solute-lean ferrite.
Example: Ferrite formed 1in the later stages of
aging of Fe-Ni-Co alloys (10).

According to Suzuki (6), maraging steels must contain
at least two solutes. One solute is required to stabilize
the austenite down to relatively low temperatures so that
the fcc-to-bcc transformation is martensitic. A second, he
contends, is required for an age-hardening reaction to
occur. In some steels, one or more of the solutes may serve
as both austenite stabilizer and as hardener. 1In Fe-Ni-Mn
alloys, for example, both of the solutes are austenite
stabilizers and Dboth take part in the age-hardening
reactions. The hardening precipitates reported for this
system are Ni3Mn (le), NiMn (B2), and NiMn (Llo) (6,12,13).

Binary Fe-Ni Martensites

In contrast to the large number of papers that address
age hardening in Fe-rich ternary and higher-order
martensites (Suzuki cites 249 in his review), only two
papers address age hardening in Fe~rich, binary, Fe-Ni
martensites. Buchwald (2) reported that the hardness of an
Fe-25Ni martensite increased from 210 up to 270 HV upon
aging for 96 days at 350°C. To explain the hardening, he
suggested that "some form of ordering reaction to Fe3Ni

occurs.” As shown in Figure 2.1, the hardness of other Fe-
Ni alloys changed by less than 10 HV during the same aging
treatment.
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Figure 2.1 - Hardness change (indicated by arrcws) in Fe-Ni -
alloys upon aging 96 days at 350°C. The alloys RN
containing 30-40 wt$% Ni presumably were austenitic (2). -
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Miller and Leslie (1) reported age hardening in a
series of Fe-Ni martensites containing 20 to 34 wt% Ni upon
aging for hundreds of hours at or below 400°C. As shown in
Figure 2.2, the hardness increases were up to 225 HV.
Hardening was accompanied by the formation of x100-nm
diameter disc-shaped particles in the martensites.
Comparing Figures 2.1 and 2.2, the difference in hardness of
the as-quenched high-Ni alloys is due to a difference in
microstructure. Miller and Leslie's alloys were cooled to
-196°C and therefore were martensitic. Buchwald's alloys
presumably were cooled only to room temperature and
therefore were largely austenitic.

Fe-Ni Alloys: Phase Transformations and Equilibria

Despite many studies of Fe-Ni alloys, there 1is not a
consensus on the correct form of the low-temperature iron-
rich portion of the Fe-Ni equilibrium phase diagram. This
problem is due to the difficulties in producing equilibrated
specimens and in identifying the phases produced. The
normally sluggish diffusion in these alloys requires that
specimens be aged long times at the temperature of interest
or that diffusion be enhanced by some means. (According to
Marsh (14), "... at all temperatures below 500°C, atomic
diffusion either ceases or becomes negligibly small,
consequently equilibrium is either impossible or extremely
difficult to attain."”) Since Fe and Ni have comparable
atomic numbers, and since the phases reported to form have
similar structures and may contain many defects, accurate
phase identification requires very careful analysis. Phase
transformations and phase equilibria in Fe-Ni alloys are
discussed in this section.

Diffusionless Phase Transformations

Because of the austenite-stabilizing effect of Ni and
the slow diffusion in Fe-Ni alloys, the phases found in most
laboratory-prepared specimens as-cooled from an
austenitizing temperature are not those found on the phase
diagram. Which phases are present depends on the
austenitizing temperature, prior austenite grain size,
cooling rate, and coolant temperature, but all will have the
same composition as the parent austenite. Table 2.1 lists
the structures of Fe-Ni alloys quenched from 1100°C (to RT)
as reported by Speich (15).
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Table 2.1 - Structure of Fe-Ni Alloys

ﬂ Quenched from 1100°C (15).

E: Ni content, wt% Structure

&1 <5 Massive ferrite

. 5 -9 Massive ferrite + lath martensite

9 - 25 Lath martensite

25 - 29 Lath martensite + retained austenite
29 - 33 Plate martensite + retained austenite
33 - 35 Lath martensite + retained austenite
35 - 50 Austenite

The ferrite-martensite-austenite succession in Table
2.1 has been reported by several workers (16-21) with some
variation in Ni content at the transitions. For example,
Inokuti and Cantor (16) found that for splat-quenched alloys
%‘ the martensite-austenite succession occurred at Fe-23Ni

MIBARACAD

rather than Fe-35Ni,

Both the "forward" (fcc-to-bcc on cooling) and
"reverse" (bcc-to-fcc on heating) transformations can occur
martensitically. The M. temperatures vary from 525°C for an

Fe~9.5Ni alloy down to -223°C for an Fe-33Ni alloy (22,23).
The corresponding A, ‘temperatures are 680 and 300°C. The

reverse martensitic transformation produces austenite
containing many dislocations and occasional twins (24), and
has been used to strengthen Fe-a32Ni austenites (25,26).

Diffusional Phase Transformations

Many workers have studied the diffusional phase
transformations 1in Fe-Ni alloys using various types of f
specimens believed to be at least locally equilibrated
(i.e., near interphase boundaries). These types include
(1) bulk specimens cooled to form martensites, cold worked,
then aged; (2) TEM thin foils aged in vacuum; (3) foils
formed amorphous by deposition from vapors, then
crystallized by annealing; (4) specimens irradiated with 1
neutrons or electrons; (5) pieces of iron meteorites
believed to have cooled extremely slowly; (6) pieces of
iron meteorites corroded in the laboratory; and (7)
terrestrial native-metal Fe-Ni specimens. The analytical
techniques employed include polarized-light microscopy, x-
ray diffraction, neutron diffraction, electron microscopy, {
Mossbauer spectroscopy, and thermal expansion,
magnetization, and resistivity measurement. Existence of
several Fe-Ni phases having different compositions, crystal
structures, and magnetic properties has been proposed to
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account for anomalies in physical properties; the presence,
size, and shape of spectral lines or diffraction spots; and
chemical-concentration gradients. Some of these works are
discussed below.

Aging Studies

Some  workers (1,27-31) have addressed the 1low-
temperature equilibration problem in Fe-Ni alloys by
guenching and cooling specimens from =1100°C to 25, 0, or
-196°C, then aging them at the temperatures of interest or
alternately cold working and aging. The rationale for these
treatments is that diffusion should be much faster in a bcc
phase having many defects than in an fcc phase. Owen and
Sully (27) studied aged alloys via x-ray diffraction, and
constructed the phase diagram shown in Figure 2.3. Owen and
Liu (28) verified that diagram except for the position of
the a solvus below 400°C. They concluded that the
solubility of Ni in a continues to increase 1linearly with
decreasing temperature.

Goldstein and Ogilvie (29) studied alloys aged at 500
to B00°C with the electron microprobe. Their measured
solubilities of Fe in <4 at 500°C and Ni in a were higher
than those of Owen and Liu by 4 and =1-2 wt%, respectively.
They also suggested that the solubility of Ni in a decreases
with decreasing temperature below «400°C. Romig and
Goldstein (30) studied alloys aged at 300 to 700°C with the
analytical electron microscope, and constructed the diagram
shown in Figure 2.4. Their data verified the earlier work
(291, including the suggested retrograde a solvus below
400°C.

Ferro, Griffa, and Ortalli (31) quenched Fe-50Ni
specimens from 1000°C to RT at cooling rates faster than
10,000°C/sec to retain many vacancies, aged them for up to
100 hr at temperatures between 100 and 360°C, then collected
Mossbauer spectra and resistivity and magnetization data.
They suggested that partial ordering (to FeNi?) and some
clustering or precipitation of Fe-rich regions occurred upon
aging.

Hausch and Warlimont (32), exploiting the faster rate
of surface diffusion, aged a TEM foil of slowly cooled Invar
(fcc Fe-36Ni) to form an ordered precipitate which, by
analogy to the Fe-Pt system, they identified as
superparamagnetic Fe3Ni. They later (33) presented the

diagram shown in Figure 2.5, and reported that in a "well
annealed, slowly cooled"” Fe-31,5Ni specimen, metastable «
decomposed into stable ¥ plus Fe3Ni. The structures of the

ordered phases are shown in Figure 2.6. Jago (34) detected
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the FezNiO4 spinel in aged TEM foils containing 24 to 34 wt%

Ni, and suggested that this phase accounts for what had been
attributed to ordering at Fe-25Ni.

Heumann and Karsten (35) studied foils which had been
prepared amorphous by co-deposition of Fe and Ni from
vapors, then crystallized by annealing. They proposed the
diagram shown in Figure 2.7 in which y decomposes into a
plus FeNi3 at 345°C on cooling. Existence of the FeNi3

phase had been reported as early as 1932 by other German
workers (36), but apparently was not found in the previously
mentioned studies by Owen and co-workers. Hansen and
Anderko (37) cited twelve other works in which FeNi3 vas

detected by x-ray diffraction, dilatometry, and
resistivity, magnetization, and specific-heat measurement.
More recently, ordering to FeNi3 in synthetic alloys has

been studied using Mossbauer spectroscopy (38).

Irradiation Studies

Irradiation of Fe-Ni alloys at the temperatures of
interest with neutrons or electrons has been used to speed
the approach to equilibrium. The wusually implicit
assumption is that the radiation produces cascades and
vacancies which enhance diffusion and relax lattice stresses
due to phase transformations, but that it does not induce
transformations. This assumption seems reasonable for the
case of an ordered phase forming under irradiation in alloys
that show comparable levels of Ni segregation in the absence
of radiation.

Pauleve et al. (39) irradiated Fe-50Ni specimens with
fast (>1 Mev) neutrons in a magnetic field. Ordering to
FeNi occurred with the c-axis preferentially aligned with
the imposed magnetic field, Although this phase has
tetragonal symmetry, the unit cell was reported to be nearly

cubic; |c-a]/a < 5 x 10-4. The critical temperature of

the ordering reaction was established as 320 *+ 2°C by
resistivity measurements, )
Chamberod, Laugier, and Penisson (40) irradiated alloys
containing 28 to 50 wt$ Ni with 2-MeV electrons, then
analyzed them using Mossbauer spectroscopy, x-ray and
electron diffraction, and magnetization measurements. They
found that (1) the coefficient of thermal expansion of an

Fe-35Ni alloy increased from 21078 to 21075 per °C upon
irradiation (i.e., the Invar alloy lost 1its characteristic
feature) and (2) initially homogeneous material decomposed
into the ferromagnetic, ordered, FeNi phase and a
paramagnetic, Ni-lean, "fcc" phase with the same lattice
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parameter. The paramagnetic phase formed 1in an Fe-30Ni
specimen under irradiation did not transform to martensite

e wvhen cooled to -269°C. They suggested that paramagnetic
\ phase was stable because either (1) it was present as very
: small grains which are known to have a reduced Mg or (2) it
. had ordered to Fe3Ni. Their proposed diagram is shown in
i Figure 2.8.

e
.

Gruzin, Rodionov, and Pryakhim (41) also irradiated
specimens with high-energy (3-5 MeV) electrons and studied
. them using Mossbauer spectroscopy. They concluded that «

decomposes into ferromagnetic FeNi plus paramagnetic
ﬁ disordered v containing =26 wt% Ni, and placed the «critical
¢ temperature for ordering to FeNi at ~400°C.

Silvestre et al. (42) irradiated Fe-Ni specimens with
fast neutrons at temperatures between 400 and 600°C. For
irradiation temperatures up to 500°C, ordering to FeNi3

occurred in an alloy containing 75 wt% Ni, and precipitation
of FeNi3 occurred in alloys containing 41 to 61 wt% Ni,.

Ordering did not occur at irradiation temperatures above
500°C.

Iron Meteorites

The average iron meteorite contains 90 wt% Fe, 8 Ni,
0.7 s, 0.5 Co, 0.2 P, 0.04 C, 0.015 Cu, 0.015 Ge and several
ppm of about twenty other elements (43). These meteorites
are thought to have cooled at a rate of about 1°C per
million years (43), and therefore are often assumed to
exhibit at least 1local phase equilibrium, Results of
meteorite studies are sometimes used to construct new Fe-Ni
phase diagrams, or compared with existing diagrams to
determine the meteorite's thermomechanical history.

The coarse structure of iron meteorites is plates of
Widmanstatten a containing 1less than 7.5 wt§ Ni in a
relatively Ni-rich "matrix" (44). The Ni content of the
"matrix" varies from x50 wt% adjacent to the a plates down
to =10 wt% farther away. This "matrix" is actually a fine-
scale mixture of varying proportions of phases with
different Ni contents rather than a single phase with a
concentration gradient, The phases reported to be present
in the "matrix" include a, a, (martensite), v, and FeNi.

Lin, Goldstein, and Williams (44) used electron column
instruments to study the Carlton meteorite (13.4 wt% Ni).
They concluded that the "matrix" phases are retained v, a
precipitated from 4, and a plus 9 formed from the ‘
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Figure 2.8 - Proposed Fe-Ni phase diagram based on
magnetization and x-ray diffraction studies, electron
microscopy, and Mossbauer spectroscopy of electron-
irradiated specimens (40).
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decomposition of ay. In the region containing 20 wt$% Ni,
the v rods formed from e, were 10 to 30 nm wide. 1In the

region containing «11 wt$ Ni, they were 30-200 nm wide,
contained less than 44 wt$ Ni, and were conjugated with a
containing as little as 3 wt$ Ni, Based on the 1low Ni
content of the a, the authors concluded that equilibrium was
maintained down to a200°C. Faint superlattice spots were
found on electron diffraction patterns at positions
corresponding to 100a reflections but were not investigated
further.

Other studies have detected the FeNi phase in at least
forty iron meteorites by polarized-light microscopy (45,46),
x-ray diffraction (47-49), electron diffraction
(46,50,54,55), and Mossbauer spectroscopy (39-54). Two of
the resulting Fe-Ni phase diagrams are shown in Figures 2.9
and 2.10.

Albertsen, Nielsen, and Buchwald (54) studied iron
meteorites by x-ray diffraction, electron microscopy, and
Mossbauer spectroscopy, and accounted for some of the
structure found between the Widmanstatten a plates as
follows. The "cloudy zone" (x30-40 wt$ Ni) forms in two
steps. First, the strong dependence of Curie temperature on
Ni content in the 30-40 wt$% Ni range leads to a magnetically
induced spinodal decomposition of the y into magnetically
and atomically ordered FeN' (>4l wt% Ni) plus magnetically
and atomically disordered <y (<25 wt$ Ni). On further
cooling, paramagnetic disordered antiphase boundaries (APBs)
(<25 wt$ Ni) form in the relatively Ni-rich phase as the
solubility of Fe in FeNi decreases. The "outer clear zone"
(«40-50 wt% Ni) does not undergo the magnetically induced
transformation, but does order and form the paramagnetic
disordered APBs.

The paramagnetic fcc Fe-x25Ni phase formed in
meteorites (54) and 1in irradiated specimens (40) does not
transform to martensite when cooled to -269°C even though
the reported M, temperature of an Fe-25Ni alloy is a90°C

(22). Albertsen et al. (53) suggested that this Ni-lean <«
is stabilized by the FeNi which has the same lattice
parameter (0.3582 nm) and shares the same crystallographic
axes. They go on to say that "if the interface contribution
to the free energy could be neglected, the true equilibrium
state below 320°C would be a-phase in equilibrium with
ordered FeNi with about 50% Ni", as shown in Figure 2.10.
The presence of a (=16 wt$ Ni) in the Estherville meteorite
(55), which is thought to have cooled slower than others,
may corroborate the proposed a plus FeNi equilibrium.

Bowles, Hatherly, and Malin (56) proposed a corrosion-
based mechanism for the formation of FeNi in the Santa

-
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Catharina meteorite (35 wt$ Ni). They reported that
preferential corrosion of Fe produces near-surface di-
vacancies which accelerate diffusion enough to allow the
formation of FeNi in as little as 5 days at RT.

Terrestrial Native Metal

Alloys of iron and nickel are also found as terrestrial
deposits. The native metal constitutes a90% of the
josephinite rock found in southwest Oregon, and contains
about 68 wt% Ni, 29 Fe, 0.56 Cu, 0.26 As, 0.26 Co, and
0.04 Si (57). Botto and Morrison (57) studied the metal
fraction with the electron microprobe and reported the
structure to be vy (61-68 wt$ Ni) plus FeN13 (72-75 wt% Ni).

Danon et al. (58) studied the metal fraction by Mossbauer
spectroscopy and concluded that the relatively Ni-lean phase
is FeNi.

Volume Fraction Phase Analysis

Knowledge of the volume fraction of one or more phases
in a multi-phase material 1is often desired in both
production and research operations. In the former, the
amount of one phase, such as retained austenite in
martensitic steels, may have to be controlled because of its
influence (either positive or negative) on the material
behavior during processing or in service (59). 1In the
latter, volume fraction phase analysis may be used to
monitor the extent of phase transformations due to thermal,
mechanical, or radiative treatments. The remainder of this
section specifically addresses the measurement of austenite
content in steels, but most of the concepts are generally
applicable.

s
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Numerous techniques have been used to determine the
amount of austenite in steels, including quantitative
metallography with optical or electron micrographs, x-ray
diffraction, Mossbauer spectroscopy, thermal analysis,
dilatometry, and measurement of electrical resistivity, f
magnetic permeability, or density. Each of these techniques
has limitations or complications due to the 1long time or
tedium of analysis, specimen size, shape, or finish
requirements, size or shape of grains, etching behavior,
additional phases such as carbides, phase transformations
during specimen preparation, crystallographic texture, *
magnetic texture, need for standards, and lack of knowledge
of _the composition, structure, and properties of the
individual phases present, Quantitative metallography with
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optical micrographs and x-ray diffraction are the most
commonly used techniques for austenite-content
determination. Three techniques are discussed below.

Quantitative Metallography

Quantitative metallography (60) with optical or
electron micrographs is probably the most straightforward
technique for volume fraction phase analysis. The primary
requirement 1is that micrographs be prepared such that the
different phases are readily identifiable. The actual
analysis may be done by tedious manual methods, such as
point counting, or by automatic image analyzers. This
technique 1is popular because (1) no calibration standards
are needed, (2) many combinations of thermal treatment,
etching procedure, and illumination are available for
imaging different phases or different orientations of a
single phase, and (3) the type of specimen required may also
be used for other metallographic work. Accurate austenite-
content measurement by gquantitative metallography is
difficult for amounts below 10-15 vol%. Even when present
in greater amounts, measurement may be difficult if the
austenite 1is present as thin films or small grains, or has
the same morphology as the martensite (61). Since this
technique samples only the surface of the specimen, rcare
should be taken to avoid inducing phase transformations
during specimen preparation, As noted by Eldis (62)
however, if such transformations are unavoidable, this
technique may be more accurate than other surface-sensitive
techniques provided that the investigator knows the parent
phase of the transformation and can identify regions of the
product phase in the specimen. His particular work dealt
with untempered martensite formed from austenite in a
tempered martensitic steel during specimen preparation.

X-Ray Diffraction

Volume fraction phase analysis by x-ray diffraction
involves collecting a diffraction pattern from a suitably
prepared specimen, then comparing the intensities of several
peaks with one another or with those from a reference
material (63). 1In calculating the amount of a phase present
in a specimen, it is usually assumed that (1) the intensity
of a peak is proportional to the irradiated volume of the
associated phase, (2) the volume fraction of each phase in
the irradiated volume is the same as that in the bulk of the
specimen, and (3) peak broadening due to small grain size
and nonuniform microstrain does not affect the relative peak
intensities. The commonly used techniques are of the direct
comparison type, in which the intensity of one or more
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austenite peaks 1is compared with that of one or more
martensite peaks. The ratio of volume fractions of two
phases is taken to be proportional to the ratio of peak
intensities. The techniques differ primarily in choice of
radiation and peaks, specimen motion, and determination of
proportionality constants (59). Time required for one
analysis ranges from =24 hr for Averbach and Cohen's (64)
camera technique down to =20 sec for Cohen and James' (65)
position-sensitive-detector technique.

Camera Technigue

Early retained austenite measurements were made using
microphotometer traces of films exposed in x-ray diffraction
cameras. Sekito (66) attached a strip of Au foil to each
cylindrical steel specimen, then collected a pattern from
the rotating composite specimen, The height of the 200
austenite peak was measured relative to that of the 111 Au
peak on the same trace. This relative peak height was then
divided by that from an austenitic Mn steel to obtain the
volume fraction of austenite. .

Averbach and Cohen (64) also used microphotometer
traces, but they worked with peak areas rather than peak
heights. 1In this direct comparison technique, measured peak
areas were adjusted to account for multiplicity, structure,
polarization, temperature, and absorption factors, then
austenite peak areas were compared with martensite peak
areas to obtain the volume fraction of austenite. With
monochromated Co Ka radiation and a 24 hr exposure time, the
accuracy and minimum detectability limit were reported as
+5% of the amount of austenite present and 0.5 vol%
austenite, respectively. The necessary exposure time was
later reduced by a factor of six to eight by the use of a
focussing rock salt monochromator instead of a flat one
(67). Beu (68) improved the accuracy and reduced the
calculation time by calculating an absorption factor for
each peak rather than using the graphical method of Averbach
and Cohen. He also reported that the exposure time could be
reduced by a factor of two to five if quartz was used
instead of rock salt for the monochromator.

Diffractometer Technique

Dietche (69) and Miller (61) developed a relatively
fast (less than 1 hr per specimen) technique that employs a
diffractometer, Mo Ka radiation, a flat metallographic
specimen, and an empirically determined proportionality
constant. This direct comparison technigque involves
measuring the areas under the 220 and 311 austenite peaks
and the 211 martensite peak, then calculating the volume
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fraction of austenite using equation 3.2 on page 44. The
use of two austenite peaks (rather than one) reduces the
effect of preferred crystallographic orientation on the
analysis. Also, a large difference in the areas under the
austenite peaks indicates that a strong preferred
orientation is present, and that a different specimen and/or
technique should be used. The accuracy and minimum
detectability limit of this technique were reported as +5%
of the amount of austenite present and 2 vol$ austenite,
respectively. Dietche noted that "due to the proximity of
the atomic scattering factors of the principal elements in
alloy steels and the displacement of the wavelength of the
characteristic molybdenum (Ka) x-radiation from the
absorption edges of these elements", chemical composition
has little effect on the intensity of diffraction.
Therefore, it appears to be unnecessary to calculate a
proportionality constant for each steel examined.

Preferred Orientation

The primary sources of error in x-ray diffraction
volume fraction phase analysis are preferred
crystallographic orientation and large grain size of the
specimen. Both <conditions may cause peak intensities
(heights or areas) to be much greater or much smaller than
those from a randomly oriented fine-grained specimen. As a
result the apparent austenite content of a specimen having
preferred orientation and/or coarse grains will vary with
the plane of section and the orientation of the specimen
relative to the incident x-ray beam.

To minimize the error due to preferred orientation,
investigators have (1) rotated and tilted the specimen while
collecting a pattern, (2) calculated an average peak
intensity for each peak to be used in the austenite analysis
bas=d on the corresponding pole figure (70,71), (3) wused
fiv