An Investigation of the Effects of Austenite
Strength and Austenite Stacking Fault Energy
on the Morphology of Martensite in Fe-Ni-Cr-
0.3C Alloys

M. J. CARR, J. R. STRIFE, AND G. S. ANSELL

The relative effects of austenite stacking fault energy and austenite yield strength on
martensite morphology have been investigated in a series of three Fe-Ni-Cr-C alloys.
Carbon content (0.3 wt pct) and M temperature (- 15°C) were held constant within the
series. Austenite yield strength at M was measured by extrapolating elevated tempera-
ture tensile data. Austenite stacking fault energy was measured by the dislocation node
technique. Martensite morphologies were characterized by transmission electron mi-
croscopy and electron diffraction techniques. A transition from plate to lath martensite
occurred with decreasing austenite stacking fault energy. The austenite yield strength at
Mg for the low SFE, lath-forming alloy was found to be higher than previously reported
for lath-forming alloys. The relative effects of these variables on martensite morpholo-

gies in these alloys is discussed.

FERROUS martensite forms from austenite by a dif-
fusionless, shear-type transformation. The product
phase is not unique, however, and several morpholo-
gies have been identified in steels. These morpholo-
gies are generally divided into three types: lath mar-
tensite, typically formed as packets of sheets or
heavily dislocated, bece, untwinned, needle-like units;
plate martensite, typically formed as individual bet
plates containing many fine twins; and epsilon mar-
tensite, an hep phase.

Many previous investigations have sought to deter-
mine which variables control the morphology of the
martensite that forms in a given steel. Variables re-
ported to affect morphology include: M, tempera-
ture,’™ substitutional solute content,*»?>® interstitial
solute content,’”®™ austenite shear strength,®'°7? gus-
tenite stacking fault energy,**® quench rate above
Mg,* thermomechanical processing,’® and hydrostatic
pressure.’® Some of these are of a secondary nature,
and the factors controlling martensite morphology are
usually reduced to one or a combination of the follow-
ing: M, temperature, carbon content, austenite yield
strength, and austenite stacking fault energy. However,
these properties are interrelated and are difficult to
isolate for study. As a result, comparisons among
various experimental studies are difficult.

Since the martensitic transformation occurs by a
shear mechanism, irrespective of the morphology
produced, it is especially important to define the ef-
fects of austenite SFE and austenite strength on mar-
tensite morphology because these properties strongly
influence shear processes in the austenite. Austenite
stacking fault energy (SFE) controls slip character by
controlling the ability of dislocations to cross-slip.
The effect of SFE on martensite morphology has been

M. J. CARR is Senior Research Engineer, Rockwell International,
Rocky Flats Plant, Golden, CO 80401, J. R. STRIFE is Materials Scien-
tist, Union Carbide Corporation, Central Scientific Laboratory, Tarry-
town, NY 10591, G. S. ANSELL is Dean, School of Engineering,
Rensselaer Polytechnic Institute, Troy, NY 12180.

Manuscript submitted June 22, 1977.

studied by Kelly and Nutting,'* Breedis,'® Breedis and
Kaufman,? and Holden,* et al. The general trend ob-
served is that the morphology changes from plate to
lath to epsilon martensite as the SFE decreases. The
effect of austenite strength on martensite morphology
has been studied by Davies and Magee,®""** who found
a transition from lath to plate martensite occurred as
the austenite yield strength increased.

This paper presents the results of a program de-
signed to study the relative effects of austenite SFE
and austenite yield strength at M on the morphology
of martensite which forms in a series of alloys hav-
ing a constant carbon content and a constant Mg tem-
perature. By holding these last two variables fixed,
one can directly observe the relative roles of slip
character and strength in determining the morphology
of the transformation product.

ALLOY DESIGN AND PREPARATION

The requirements of this study necessitated the de-
velopment of alloys covering a wide range of aus-
tenite SFE while maintaining carbon content and M
temperature constant. Alloying for this purpose was
based on empirically determined effects of chromium
and nickel on austenite SFE as reported in the litera-
ture.'®1%20:22=%% Ap 3 temperature below room tem-
perature was chosen to permit characterization of
austenite substructure by TEM at room temperature.
Carbon content was chosen to be 0.3 wt pct. This
amount of carbon, by itself, does not favor or preclude
the formation of any morphology. Further, this car-

Table |. Compositions of Alioys Used in This Investigation, Wt. Pct

Alloy Cr Ni C Mn Al Si P S N,

1 0.049 24.87 030 0.0043 0.008 0.014 0.006 0.004 0.0022
2 890 10.83 0.27 0.004 0.006 0.010 0.005 0.005 0.0043
3 1643 4.84 0.29 0.003 0004 0.028 0.008 0.006 0.0027
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bon level permitted reasonable alloy additions of
nickel and chromium to satisfy the criteria for SFE
and Mg, as well as providing sufficient hardenability.

These alloys were vacuum melted from pure mate-
rials in 50-1b heats and hot rolled to about 2.5 mm
thick. Prior to testing each alloy was cleaned, homo-
genized at 1150°C for 48 h under UHP argon in fused
quartz ampules, and water quenched. Final treatment
of all the alloys consisted of a 50 pct reduction in
thickness by rolling, a 30 min austenitizing heat treat-
ment at a temperature chosen to give a grain size of
100 u, followed by a water quench. The austenitizing
temperatures were 1050, 1100, and 1125°C for Alloy 1,
2, and 3 respectively. TEM and optical examination of
the as-quenched material showed that all three alloys
were single phase in the as-quenched condition.

EXPERIMENTAL PROCEDURES

Mg temperatures were measured by detecting the
resistivity change which accompanies the transfor-
mation, using a technique described elsewhere.*

Austenite yield strength measurements were made
by extrapolating data obtained from elevated tem-
perature tensile tests.” Sheet tensile specimens were
cut parallel to the rolling direction with gage sections
measuring 5 by 1 by 0.12 cm. Testing was done on an
Instron tester equipped with a heated silicone oil bath.
The strain rate for all tests was 4 x 107 g2,

Austenite stacking fault energy was measured at
room temperature by the dislocation node method us-
ing the theory of Brown and Tholen* and following
the technique described by Ruff,” Measurements of
the radius of a circle inscribed in the node were made
on at least ten nodes in each alloy and the average
taken to represent the SFE,

Optical micrographs were taken to show the gross
structure of the transformation product. The fine
structure of the morphology of each alloy was char-
acterized on the basis of habit plane and substructure
by transmission electron microscopy and electron dif-
fraction analysis. The occurrence of twinning was
confirmed by electron diffraction and dark-field tech-
niques.

Foils were prepared for TEM by lap grinding par-
tially transformed (20 pct o’) foils down to about 0.13
mm thick. Discs were punched and jet polished at
room temperature in 20 pct perchloric acid —80 pct
glacial acetic acid at 10 to 20 V. The foils were ex-
amined in a JEOL 100C TEM operated at 100 kV.

The classification of a morphology as lath or plate
type was made on the basis of descriptions of these
morphologies by Krauss and Marder.® Characteriza-
tion of the morphology was based on microstructural
features observed by transmission electron micros-
copy. Plate martensite is characterized by individual
plate-like units, separated by retained austenite, with
a habit plane near (259), or (225), and, in most cases,
internal twinning on (112),’. Lath martensite is char-
acterized by parallel and adjacent units with high in-
ternal dislocation density. These units form in bands
bounded by (111),, planes and with the long dimension
of the laths roughly parallel to [110},.
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RESULTS

Mg Temperatures and oy¢ at Mg

The Mg temperatures for Alloys 1, 2, and 3 were
—17, -20, and - 5°C, respectively. The differences be-
tween the M  temperatures of these alloys are rela-
tively small, and for the purposes of this investiga-
tion Mg temperature is considered to be a constant.

Austenite 0.2 pct yield strength vs test temperature
for all three alloys is plotted in Fig. 1. The extra-
polated values of ¢, at Mg are 170, 212, and 263 MPa
for Alloys 1, 2, and 3 respectively. The extrapolated
value of oy at M is taken as the measure of austenite
strength, since the temperature dependence of oy
varies from alloy to alloy. The monotonic rise of
vield strength with temperature indicates that all the
tests were performed above the critical temperature
for stress induced martensite formation, so that the
observed strength is a true measure of austenite
strength. It has been shown®' that martensite forma-
tion prior to or during austenite yielding is indicated
by a drop in the measured yield strength relative to a
yield strength value extrapolated from higher tem-
perature tests.
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Fig. 1—Yield strength vs test temperature for Alloys 1, 2,
and 3. The curves are extrapolated to the measured Mg tem-
peratures.

Fig. 2—Optical micrograph of morphology of martensite in
Alloy 1.
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Fig. 3—(a) TEM photograph of a midribbed plate in Alloy 1, (b) selected area diffraction pattern from the midrib region, (c)
solution to (b), showing twin relationship.

Martensite Morphology

The measured austenite SFE for Alloys 2 and 3 were The martensite morphology was different for each
42 + 10 Erg/cm’® and 17 + 4 erg/cm® respectively. No  of these alloys. Figure 2 is an optical micrograph
extended nodes of measurable size were found in Al- showing the morphology of Alloy 1. The major frac-
loy 1 so the SFE is assumed to be >50 ergs/cm’. The tion of martensite is in the form of large lenticular
sensitivity of this technique varies sharply with the plates with distinct midribs, often formed in zig-
level of SFE being measured. Despite this, it is suf- zagged arrays (A in Fig. 2). Also evident are smaller
ficiently accurate to demonstrate that these alloys chevron shaped units that are clustered near the larger
represent a wide range in stacking fault energies. plates (B in Fig. 2). The fine structure of these large
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]i"ig. 4—(a) TEM photograph of the apex region of a chevron in Alloy 1, showing (225), habit planes, (b) selected area diffrac-
tion pattern from the apex region, (c¢) solution to (#), showing two martensite and one austenite pattern.

plates (A) was studied by TEM. The habit plane of the
lenticular plates was near (259),. As shown in Fig. 3,
the midribs of these plates were arrays of fine twins.
Except for these twins, the dense substructure was not
resolved. The chevron shaped plates were also in-
ternally twinned on (112), but there was no midrib
structure. The habit plane of chevrons was near
(22 5)y, with each arm assuming a different variant of
(225)y. A typical chevron is shown in Fig, 4.
Twinning was observed on the (112), planes in
chevrons, but there was no midrib structure. Finally,
chevrons did not form zig-zagged arrays but rather
clustered near midribbed plates. It is thought that
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their formation is assisted by the strain associated
with the formation of the large plates. This is sup-
ported by the observation that straining the austenite
prior to transformation greatly enhances chevron
formation,*

Alloy 2 also had a plate morphology. As shown in
Fig. 5, the martensite took the form of narrow plates
running along or out from grain boundaries and twin
boundaries. The plates formed at many angles within
a grain and a few zig-zagged arrays were found.
There were no chevrons as observed in Alloy 1.

TEM confirmed that these units are irregular plates
separated by retained austenite. An example of the

METALLURGICAL TRANSACTIONS A
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Fig. 5—Optical micrograph of martensite morphology in Al-
loy 2.

plate structures observed in Alloy 2 is shown in Fig.
6. The martensite habit plane was found to be near
(259)7. Twins in these plates were coarser and more
irregular than in Alloy 1 and did not form a midrib
structure. The twin plane was (112),.

The martensite morphology observed in Alloy 3 is
typical of lath martensite. As shown in Fig. 7, an
optical micrograph, parallel bands proceed across
grain interiors in only a few growth directions. Ob-
servations by TEM, Fig. 8, show that these bands are
composed of parallel arrays of heavily dislocated
martensite laths. Although it was not possible to
determine the habit plane for individual laths, the lath
bands were typically delineated by (111)y planes.
Twinning was not observed within individual laths, al-
though adjacent laths were sometimes found to be twin
related.

No evidence of epsilon martensite was found either
by electron diffraction or X-ray diffraction at room

Table 11. Summary of Morphology, Austenite Strength, and
Austenite Stacking Fault Energy

SFE, oat M,
Alloy ergs/cm? MPa ksi Morphology
1 >50 170 (24.7) (259), (225) plate
2 42 212 (30.7) (259) plate
3 17 263(38.2) lath

temperature in as-austenized or in partially trans-
formed specimens of Alloy 3. The low SFE of this al-
loy was expected to promote the formation of epsilon
martensite. The absence of epsilon martensite may
be an effect of the significant carbon content of this
alloy, since carbon has been reported to stabilize
against the hcp phase.™

DISCUSSION

The data obtained in this investigation are sum-
marized in Table II. The martensite morphology
changed from plate to lath as austenite SFE decreased.
At the same time, the austenite yield strength at M
was found to be higher for the alloy with the lath mor-
phology than for the two alloys exhibiting the plate
morphology.

In previous investigations concerning the effects of
either austenite strength or austenite SFE on mar-
tensite morphology, the effects of these variables
were studied independently of one another, under ex-
perimental conditions too dissimilar to allow com-
parisons between studies. Breedis investigated a
series of Fe-Ni-Cr alloys covering a wide range of
SFE and found that a morphology transition from plate
to lath occurred as SFE decreased. However, the Mg
temperature changes dramatically at the morphology

Fig. 6—(a) TEM photograph of plates in Alloy 2, showing twinning, (b) selected area diffraction pattern of one of the plates, (c)

solution to (b), showing twinning relationships.
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Fig. 6—-Continued.

transition, with lath martensite forming at =60°C and
plate martensite forming near — 196°C. Austenite
strength was not measured. Holden, ef al, investi~
gated the structure of as-quenched Fe-Mn alloys and
concluded that the morphology was similarly con-
trolled by austenite SFE. Again, the results of that
study were obtained at varying Mg temperatures and
did not include austenite strength measurements.
Kelly® studied the effects of austenite stacking fault
energy and concluded that lath and plate morphologies
correspond to relative minima in the accommodation
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Fig. 7—Optical micrograph of martensite morphology in Al~
loy 3.

strains which occur during the transformation and are
differentiated primarily by the slip system active
during the transformation. In a low stacking fault
energy material the (111)[121], slip system is active
and produces lath martensite. In high SFE materials
the multiple slip system (110)[110].}, is active and pro-
duces lath. Recently Khachaturyan,® et al, have pro-
posed a model of the transformation which describes
a mechanism by which austenite stacking fault energy
affects the habit plane and thus the morphology of mar-
tensite by the production and absorption of stacking
faults at the transformation interface.

The effect of as-quenched austenite strength on mar-
tensite morphology was studied by Davies and Magee >’
They found that for a wide range of steels the mor-
phology of martensite correlated with the austenite
yield strength at M. Strong austenites (oy > 207 MPa)
produced (259), type plate martensite and weak aus-
tenites (oy > 103 to 138 MPa) produced lath marten-
sites. Carbon containing alloys with yield strengths
between 138 and 207 MPa favored the formation of
(225), type plate martensites. From these observa-
tions, it was postulated that the morphology of mar-
tensite which formed in a given alloy was the one
which involved the least plastic work for the lattice
invariant shear. However, although a wide variety of
alloys was studied in that investigation, there were no
alloys known to have a low SFE either by measurement
or by application of empirical formula®’* relating
composition to SFE.

This present investigation was undertaken to directly
address the question of the relative effectiveness that
austenite stacking fault energy and austenite strength
have in controlling martensite morphologies. The
findings are similar in many respects to those ob-
tained in previous investigations discussed above, and
suggest that austenite SFE and austenite yield strength
are competing factors in determining martensite mor-
phology.

The two plate forming Alloys (1 and 2) had relatively
high austenite stacking fault energies typical of the
steels studied by Davies and Magee. The measured
austenite yield strengths of Alloys 1 and 2 were 170
and 212 MPa respectively, and they showed a mixed
(225), — (259),, type and a (259), type morphology,
respectively. These data are considered in good
agreement with the strength-morphology correlation.

METALLURGICAL TRANSACTIONS A
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Fig. §—‘(a) TEM brightfield photograph of a lath band in Alloy 3, (b) selected area diffraction pattern from the lath band area
containing A and B, (c) solution to (b), showing twin related (311),, zones. Laths A and B are twin related.

Alloy 3, however, which had a low SFE, had both a
higher strength (263 MPa) and a lath morphology. This
level of SFE is typical of the lath forming alloys from
previous studies but the strength level is much higher
than that previously reported for lath forming alloys.
These results are interpreted in the following way. If
it is considered that slip is the dominating process
for lath formation and that twinning is the dominating
process for plate formation, the observed morphology
is a result of these two competing processes. The ef-
fect of low SFE is to restrict slip to the stacking fault
shear system that has been reported® to favor lath
formation. This forced selection of a slip system pro-

METALLURGICAL TRANSACTIONS A

motes lath formation in Alloy 3 at a strength level
higher than previously observed for lath forming al-
loys. A transition to plate martensite with increased
strength would still be expected, although at a higher
strength in alloys with similarly low SFE.
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