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Deconstructing the Retained Austenite Stability: In
Situ Observations on the Austenite Stability in One-
and Two-Phase Bulk Microstructures During Uniaxial
Tensile Tests

JOSHUA KUMPATI, MANON BONVALET ROLLAND, SK.MD. HASAN,
KATHERINE S. SHANKS, PETER HEDSTRÖM, and ANNIKA BORGENSTAM

Given the critical role that metastable retained austenite (RA) plays in advanced high-strength
steel (AHSS), there is significant interest in obtaining a comprehensive understanding of its
stability, to achieve excellent mechanical properties. Despite considerable attention and
numerous studies, the significance of individual contributions of various microstructural factors
(size, crystallographic orientation, surrounding phases, etc.) on the stability of RA remain
unclear, partly due to the difficulty of isolating the direct effects of these factors. In this study,
we examined the influence of microstructural factors while minimizing the effect of chemical
composition on the mechanical stability of RA. We accomplished this by comparing the
austenite (c) stability in two distinct microstructures: a two-phase RA/martensite microstructure
and a one-phase c microstructure, both with nearly identical c compositions. We employed
in situ high-energy X-ray diffraction during uniaxial tensile testing conducted at both room
temperature and 100 �C, facilitating the continuous monitoring of microstructural changes
during the deformation process. By establishing a direct correlation between the macroscopic
tensile load, phase load partitioning, and the c/RA transformation, we aimed to understand the
significance of the microstructural factors on the mechanical stability of the RA. The results
indicate that very fine RA size and the surrounding hard martensitic matrix (aside from
contributing to load partitioning) contribute less significantly to RA stability during
deformation than expected. The findings of this study emphasize the critical and distinct
influence of microstructure on c/RA stability.
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I. INTRODUCTION

THE development of materials with superior
mechanical properties, including high strength and
ductility/toughness, has long been a demanding chal-
lenge, yet it remains an essential goal in the design of
new materials or in the optimization of existing mate-
rials. A promising approach achieving such enhanced
mechanical properties is through the development of
multiphase microstructures with constituents of con-
trasting mechanical properties. Advanced high-strength
steels (AHSS), such as dual-phase (DP) steels, transfor-
mation-induced plasticity (TRIP) steels, carbide-free
bainitic steels, are a class of materials that incorporate
such an approach and are renowned for their excellent
mechanical properties.[1–3] In particular, the multiphase
microstructure of these AHSS containing a
metastable retained austenite (RA) is responsible for
their excellent mechanical properties.[4,5] For instance,
the transformation of the metastable RA to martensite
during deformation contributes to a significant strain
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hardening and a delayed onset of necking, resulting in
an excellent combination of high strength and high
ductility. Nevertheless, controlling the stability of this
RA is a critical factor that affects the performance of
AHSS and has been extensively investigated in recent
years,[6–11] with considerable research focused on eval-
uating the different factors governing the stability.
Among the wide variety of factors, chemical composi-
tion, size, morphology, and crystallographic orientation
of the RA, and micromechanical influence of surround-
ing microstructure have been identified as important
factors influencing its stability. However, a systematic
evaluation of the significance of these individual contri-
butions to the stability of RA presents a significant
challenge. This is due to the inherent difficulties present
in multiphase microstructures in effectively deconvolut-
ing them.

The effect of size on c/RA stability (i.e., prior c grain
size for one-phase c structure and RA region size for
two-phase microstructure) has been extensively studied
concerning the optimization of the mechanical proper-
ties. Most studies have indicated that small prior c/RA
sizes below 15 lm, particularly submicron RA, result in
increased stability due to the inhibition effect it has on
the c to martensite transformation.[12–16] It has been
suggested that small c/RA have fewer preexisting
martensite nuclei (in the case where defects within the
c were considered to be the preferred nucleation sites,
rather than general grain boundaries), and thus there
exists a lower probability of transformation.[17] It has
also been argued from a mechanical aspect that with
decreasing c/RA size, the accommodation of plastic
strain associated with c to martensite transformation
becomes more difficult, suppressing the martensitic
transformation and thus making the c/RA more
stable.[7,18] Contrasting results, however, exist in the
literature reporting that mechanical stability, in contrast
to thermal stability, is lowered as its size decreases.[19]

These observations regarding the contrasting role of size
on the stability of RA have been correlated with the
potential for formation of deformation twins in large
RA regions. The activation of mechanical twinning
promotes the development of in-grain deformation
substructures, leading to an increased mechanical sta-
bility. Conversely, small RA regions present less favor-
able conditions for mechanical twinning, rendering them
more susceptible to transforming into a¢-martensite.[19]

Interestingly, some other studies have also indicated that
size (1 to 80 lm) does not influence the deformation-in-
duced martensitic transformation behavior during ten-
sile deformation, suggesting that the mechanical
stability of c/RA remains unaffected by size.[15] Despite
numerous studies so far, the exact role of size and its
underlying mechanisms responsible for the stability of c/
RA remains unclear.

Additional complexity arises from the constituent
structures accompanying the RA due to load partition-
ing upon deformation (i.e., the local stress in the RA)
and shielding effects that are inherent in multiphase
microstructures with a hard matrix surrounding the RA.
There are differing viewpoints in the literature regarding
the role of the surrounding matrix. Some studies suggest

that the volume expansion associated with the marten-
sitic transformation of RA is resisted by the surrounding
hard martensitic matrix, limiting the transforma-
tion.[7,20] While some other reports suggest that the
stability of RA when surrounded by a softer ferrite
phase is increased due to stress relaxation effects.[21]

With these varying perspectives in literature, the role of
the surrounding matrix on deformation-induced trans-
formation of RA, the load partitioning behavior among
different constituent structures, and their correlation
with the mechanical stability of RA remain unclear.
In this study, we aim to overcome some of these

challenges by examining the mechanical stabilities of
c/RA for the same c composition in two medium
manganese steels with distinct microstructures: a two-
phase microstructure (constituting a martensitic matrix
with thin film RA, a0+cf) and a one-phase equiaxed c
microstructure. This approach allows us to explore the
different governing factors independently of composi-
tion while also reducing the complexity of the afore-
mentioned micromechanical problem of multiphase
microstructures. Prior to this work, we have also
examined the thermal stabilities of these two steels.[22]

The microstructures of these steels, characterized
through laboratory XRD measurements and micro-
scopy analysis are presented in Table I and Figure 1.
The previous work revealed significant difference in the
c/RA thermal stabilities, with the RA in two-phase
microstructure showing high thermal stability
(Ms<� 196 �C), while its corresponding one-phase
c microstructure showed significantly lower thermal
stability (Ms = � 8 �C). Building on this work, in the
current study, we will further examine the c/RA
stabilities under an external load using in situ syn-
chrotron X-ray diffraction during uniaxial tensile tests at
room temperature (RT) and 100 �C. The use of syn-
chrotron high-energy X-ray diffraction, as an advanced
microstructural characterization tool, provides a
method to directly monitor lattice plane spacing in
multi-phase microstructures as a function of applied
stress and/or strain during deformation and thus allows
for real-time monitoring of microstructural changes.
The correlation between the applied stress, load parti-
tioning between phases and the c to martensite trans-
formation has been analyzed from the diffraction data
of the two steels.

II. EXPERIMENTAL METHODS

A. Material and Tensile Samples

The chemical composition of the two medium man-
ganese steels used in this study is presented in Table II.
Detailed information on the heat treatment processes
applied and the characterization of their microstructures
can be found in reference.[22] For Steel 1, an initial
austenization was performed at 900 �C for 15 minutes,
followed by rapid quenching in water to achieve a fully
martensitic microstructure. Subsequently, an intercriti-
cal annealing (IA) at 650 �C for 3 hours was applied,
resulting in the development of a two-phase
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microstructure consisting of a martensitic matrix
(a0-martensite) with thin film RA (cf) present between

the martensite laths, as shown in Figure 1. The average
composition of the RA at the end of the IA was
determined to be 0.69C-7.3Mn (See Table I) using a
combination of transmission electron microscopy-en-
ergy dispersive X-ray spectroscopy (TEM-EDX) and
X-ray diffraction (XRD) techniques.[23] TEM-EDX was
used to analyze the manganese content, while the
complementary XRD estimated the carbon content
from the lattice parameter measurement considering
the contribution from manganese as determined from
TEM-EDX. Similarly, Steel 2 with nominal composition
0.68C-7.3Mn was subjected to an identical austenization

at 900 �C for 15 minutes, followed by water quenching
to room temperature. The resulting microstructure of
Steel 2 was c with a small amount of e-martensite and
a’-martensite. This a¢-martensite as described in our
previous work[22] is the sample preparation induced
a¢-martensite from e-martensite present in the
microstructure. Flat dog-bone-shaped tensile specimens
were carefully prepared by electrical discharge machin-
ing from the heat-treated steels. The cross-section of the
tensile samples was 1 9 0.8 mm2 and the gauge length
was 3 mm. Prior to the in situ tensile loading experi-
ments, the samples were electropolished (20 V in volt-
age, at room temperature) using a solution of 10
volume pct HCIO4- ethanol to remove any mechani-
cally induced surface alterations of the microstructure
during the preparation.

B. In Situ High-Energy X-ray Diffraction

The in situ high-energy X-ray diffraction (HEXRD)
measurements were performed at the FAST ID3A
beamline of the Cornell High-Energy Synchrotron
Source (Ithaca), using a monochromatic X-ray beam
of energy 61.332 keV (wavelength k = 0.0202153 nm)
in transmission geometry, see the schematic illustration
of the experimental setup in Figure 2. To investigate the
mechanical stability of the RA, the tensile samples were
mounted on a Rotation and Axial Motion system

Table I. Microstructural Characteristics of Two Medium Manganese Steels from Laboratory XRD Measurements and SEM

Analysis at RT

Steel
Microstructure Before

Uniaxial Test

c Size After Heat
Treatment

(lm)
c Volume
Fraction

a0-martensite Volume
Fraction

e-martensite Volume
Fraction

Steel 1 a0+cf 0.6 ± 0.4 0.29 ± 0.03 0.71 ± 0.03 —

Steel 2 c + e þa0 35 ± 10 0.98 ± 0.02 0.01 ± 0.01 0.01 ± 0.01

Fig. 1—SEM micrographs of heat-treated samples (a) Steel 1 and (b) Steel 2. The inset in (b) is the chemical etched surface of Steel 2 showing
the e-martensite and a¢-martensite. cF thin film RA, c:austenite, a¢: bcc-martensite, e: hcp-martensite.

Table II. Chemical Composition of Two Medium Manganese

Steels (in Wt Pct)

Steel C Mn Fe

Steel 1
Bulk 0.18 5.08 bal.
RA 0.69 7.31 bal.

Steel 2
Bulk 0.68 7.31 bal.
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(RAMS2)[24] load frame with the load axis perpendic-
ular to the incoming X-ray beam of 2.2 x 0.6 mm2 size.
The RAMS2 load frame provided precise alignment of
the sample in three directions with respect to the X-ray
beam and a rotation around the loading axis of the
sample. A continuous strain rate of 2 9 10�5 s�1 was
applied while the specimens were continuously rotated
around the loading axis until the specimen fractured.
Two-dimensional diffraction patterns were recorded by
two area detectors (Dexela 2923, 3888 9 3072 pixels,
74.8 9 74.8 lm2 per pixel and sample-to-detector
distance of approximately 1000 mm) using an exposure
time of 0.25 s, in rotation steps of Dx = 2.5 deg. The
detector and instrument parameters for the X-ray
diffraction setup were calibrated using a standard
CeO2 sample (NIST SRM 674b). The macroscopic
strain was determined by measuring the change in
distance between points within the pattern observed on
the surface on the gauge of the tensile specimen by
digital image correlation (DIC) technique, using custom
MATLAB code.

C. Diffraction Data Analysis

The experimental data consisted of a series of
two-dimensional Debye-Scherrer diffraction patterns as
a function of sample elongation and rotation angle (x).
Calibration and integration of the diffraction data were
performed using the GSAS-II software.[25] The 2D
diffraction intensities in the two Dexela panels were
integrated along the azimuthal angle in the range of 0 to
180 deg and merged to obtain the 1D diffraction
patterns. These patterns were subsequently analyzed
by the least square fitting of pseudo-Voigt function
using LIPRAS.[26] Crystallographic reflections belong-
ing to the face-centered cubic (fcc), body-centered cubic
(bcc) and hexagonal closed pack (hcp) phases were

identified. The volume fractions of fcc (c/RA), bcc
(a¢-martensite) and hcp (e-martensite) were calculated
based on the fitted intensities from the one-dimensional
diffraction patterns at the selected deformation steps,
using the direct comparison method[27]
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where n is the number of peaks examined for a
particular phase, fi, Ii and Ri are respectively the volume
fraction, integrated intensity, and theoretical intensity of
phase, i.
To investigate the lattice strain, sectors of 10 deg—

centered around the loading direction—were analyzed
from 2D diffraction images. This analysis focused on
reflections: c-111 and c-200 of c/RA, as well as a-110
and a-200 of the a’-martensitic matrix. The lattice plane
strain for the hkl reflection was calculated by

e/hkl ¼
d/hkl � dref;/hkl

dref;/hkl

½2�

where d/hkl and dref;/hkl are the lattice plane distances at the
moment of observation and prior to the onset of
macroscopic tensile loading, respectively.

III. RESULTS AND DISCUSSION

A. Macroscopic Stress–Strain Responses

The tensile stress-strain responses measured at RT
and 100 �C during in situ HEXRD experiments of Steels
1 and 2 are shown in Figure 3. The relevant parameters
that characterize the macroscopic mechanical behavior

Fig. 2—Schematic illustration of experimental setup used in the in situ high-energy X-ray diffraction experiments. The samples were mounted on
a RAMS2 tensile load frame and subjected to a continuous strain rate while rotating the sample around the loading axis.
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of both steels are detailed in Table III. At RT, Steel 1
displayed a yield strength of 460 ± 10 MPa, an ultimate
tensile strength of 720 ± 10 MPa, and a total elongation
of 15.6 pct. When the temperature increased to 100 �C,
the yield strength of Steel 1 remained constant at
460 ± 10 MPa, while its ultimate tensile strength
decreased to 650 ± 10 MPa and the total elongation
increased to 21.2 pct. On the other hand, Steel 2
exhibited an unexpected brittle behavior at RT with a
tensile strength of 300 ± 10 MPa, fracturing without
exhibiting any plastic deformation. When the tempera-
ture increased to 100 �C, the yield strength was
280 ± 10 MPa, while the ultimate tensile strength and
total elongation were 680 ± 10 MPa and 17.6 pct,
respectively.

The significant differences in the mechanical behav-
iors of Steels 1 and 2 can be attributed to their distinct
microstructures, i.e., the two-phase ða0+cfÞ and one-
phase (c) microstructures. In Steel 1, the yield strength
remained unchanged with an increase in temperature,
suggesting that it is insensitive to temperature. This
behavior, although unusual for conventional steels, has
been previously reported in some TRIP-assisted steels
and it is attributed to the c stability.[28–30] Regarding
variation in the plastic behavior at the two

temperatures, considerable changes were observed for
the two steels. In Steel 1, the total elongation increased
from 15.6 to 21.2 pct, and in Steel 2, it increased from
0.2 to 17.6 pct. Moreover, the ultimate tensile strength
decreased in Steel 1 from 720 to 650 MPa. While, in
Steel 2, the ultimate tensile strength increased from 300
to 680 MPa. The influence of temperature on macro-
scopic plastic behavior (total elongation) of both steels
appears to be in accordance with plastic behavior of
conventional steel, which primarily deforms through
dislocation slip. However, considering the presence of
metastable c in both steels, its transformation/deforma-
tion mechanisms, such as martensitic transformation
and mechanical twinning, could be concurrently active
with the dislocation slip. The stability of the c/RA in the
two microstructures as well as the changes in the
deformation mechanisms during plastic deformation
are thus the key factors in understanding the observed
mechanical behavior of these steels.

B. In Situ High Energy X-Ray Diffraction Results

The 1-D diffraction patterns obtained during the
tensile tests at different deformation steps, integrated
over all x values, for the two steels are shown in
Figure 4. The diffraction patterns are shown for both
RT and 100 �C, with a magnified view to emphasize
low-intensity reflections. For Steel 1 consisting of a
martensitic matrix and thin film RA (a0+cf) after IA,
the initial patterns at both temperatures show expected
reflections from RA, specifically c-111 and c-200, and
reflections from a¢-matrix, a-110 and a-200. The initial
volume fraction of the RA and a¢-matrix in Steel 1 were
determined to be 0.29 and 0.71, respectively at both
temperatures, consistent with the phase quantification
obtained from laboratory XRD measurements per-
formed at RT (Table I). Within the elastic deformation
regime, the peak intensities in the patterns remained
constant. However, in the plastic deformation regime,
the patterns showed a gradual decrease in the intensity
of the c-111 and c-200 reflections at both temperatures
with increasing deformation. This gradual decrease in
RA reflections with simultaneous increase in a¢ reflec-
tions during the plastic deformation process indicates
the occurrence of a plastic-strain-induced transforma-
tion of the RA to a¢. During deformation at RT, RA
reflections disappeared; however, at 100 �C, noticeable
RA reflections were still present (corresponding to a
volume fraction of RA of approximately 0.04) at the
fracture (see Figure 4). This difference in transformation
kinetics and thus RA stabilities is expected due to a

Table III. Macroscopic Mechanical Parameters of Steel 1 and 2 at RT and 100 �C During the In Situ Tensile Measurements

Specimen Yield Stress (MPa) Ultimate Tensile Stress (MPa) Elongation at Fracture (Pct)

Steel 1 (RT) 460 ± 10 720 ± 10 15.6
Steel 1 (100 �C) 460 ± 10 650 ± 10 21.2
Steel 2 (RT) 300 ± 10 300 ± 10 0.2
Steel 2 (100 �C) 280 ± 10 680 ± 10 17.6

Fig. 3—Macroscopic stress-strain behavior of Steels 1 and 2 during
in situ high-energy X-ray diffraction tensile measurements at RT and
100 �C. The solid and dashed blue curves represent Steel 1, while the
solid and dashed green curves represent Steel 2. Insert presents an
enlarged version of Steel 2 at RT (Color figure online).
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Fig. 4—1-D diffraction patterns during tensile deformation of Steel 1 and Steel 2 at RT and 100 �C. (b, d, f, h) present enlarged views of
corresponding regions in (a, c, e, g), highlighting low-intensity reflections of e-martensite.
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decrease in driving force for the c to a¢-martensite
transformation with an increase in temperature. Fur-
thermore, for Steel 1 at RT, noticeable reflections
associated with e-martensite (hcp) formed during plastic
deformation. The evolution of the amount of the
different phases during deformation in Steel 1 at RT is
shown in Figure 5. For Steel 1 deformed at 100 �C, no
noticeable e-martensite reflections were observed
(Figure 4), possibly due to a lower driving force for
e-martensite formation at 100 �C compared to at RT.

For Steel 2, the initial diffraction patterns at RT and
100 �C (Figure 4) showed the expected dominant c
reflections, c-111 and c-200, and noticeable e-martensite
reflections. The initial e-martensite, as explained in
previous work,[22] is thermally induced and formed
during quenching from the austenization step, unlike in
Steel 1 at RT where it is formed during tensile
deformation. The initial RT patterns also showed a
noticeable reflection (a-110) of the bcc a’-martensite. In
our previous work,[22] we also observed the presence of
initial a’-martensite in steel 2, which we attributed to the
sample preparation-induced transformation. This was
evidenced by the detection of a’-martensite in SEM and
EBSD analyses of non-electropolished samples, while
XRD analysis of electropolished samples consistently
did not show any a’-martensite. This suggests that the
a’-martensite is primarily confined to the sample surface
and can be removed by electropolishing. In the present
work, there is still some deformation-induced a’-marten-
site present, but the fraction is very low (<0.005) and it
is therefore considered to not affect the subsequent
results and is excluded in the analysis. Thus, the volume
fraction of c and e-martensite in Steel 2 were determined
to be 0.98 and 0.02, respectively, consistent with the
laboratory XRD measurements of this steel.[22] With
increasing deformation until fracture at both tempera-
tures, the diffraction patterns continued to predomi-
nantly show the c-111 and c-200 reflections and no new
a¢-martensite reflections were observed during the
deformation, indicating higher c phase stability against
deformation-induced transformation compared to Steel
1. In addition, in the case of Steel 2 deformed at 100 �C,
c remains untransformed even at a high plastic strain of
17.6 pct, however, some of the initially observed

e-martensite reflection disappeared after the macro-
scopic yield stress while a new e-martensite reflection
concurrently emerged (Figure 4), indicating either
strain-induced formation of e-martensite or reorienta-
tion of the e-martensite at 100 �C. All these observations
demonstrate that Steel 2 with equiaxed c microstructure
exhibits significantly different stabilities and transfor-
mation behavior compared to the RA in Steel 1.

C. Lattice Plane Strains and Load Partitioning

Figure 6 shows the evolution of lattice strains for
different hkl planes, determined using Eq. [2], as a
function of the engineering stress for RA and a¢-matrix
of Steel 1, and for bulk c of Steel 2, both at RT and 100
�C during tensile deformation. The lattice strain vs
engineering stress for Steel 1 shows two distinct defor-
mation stages, Stage 1 and 2, separated by a black
dashed line in Figures 6(a) and (c), corresponding to the
macroscopic yield stress of Steel. In Stage 1, the hkl
lattice plane strains for the RA and a¢-matrix exhibited
mainly a linear relationship with engineering stress at
both temperatures. The difference in slopes of the hkl
lattice plane strains within each constituent is due to the
anisotropic (i.e., orientation dependent) elastic stiffness
and consistent with the expected behavior by the elastic
anisotropy factor (Ahkl) for the cubic crystallographic
structure where A111, c<A200, c and A200, a<A110,

a.
[31,32] In Stage 2, which begins with the plastic

deformation of the lower strength constituent (RA),
load redistribution between RA and a¢-matrix becomes
apparent, indicated by the change in slope of RA lattice
strains. During this stage, the (elastic) lattice strain for
the a-110 and a-200 planes of the a¢-matrix, as well as
the c-200 plane, continued increasing with engineering
stress, while c-111 showed an anomalous behavior of
decreasing plane strain with increasing engineering
stress, compared to the expected increase. For Steel 2,
a linearity between the c lattice plane strains and
engineering stress beyond the yield stress, at 100 �C, is
observed. This effect is commonly reported for one-
phase materials during tensile deformation.[33]

The decrease in c-111 lattice plane strains of Steel 1,
after exceeding the macroscopic yield stress is likely due
to various factors. First, the partial or complete over-
lapping of diffraction peaks, specifically a-110 with
c-111, during plastic deformation could lead to errors in
the peak position identification, and consequently,
inaccuracies in lattice plane strain measurement. How-
ever, these peaks were sufficiently distinguishable early
in the plastic deformation stage, reinforcing the relia-
bility of the compressive trend. Second, the deforma-
tion-induced transformation of RA, leading to a
decrease in RA fraction redistributes the load, and
reduces the effective load on the remaining RA. In this
case, the redistribution must influence all RA lattice
planes uniformly, however, the significant decrease in
c-111 lattice plane strains, in contrast to c-200, suggests
that it is not due to load redistribution alone but likely
combined with other phenomena, such as stresses as a
result of the RA transformation to martensite. In
general, the transformation of c into martensite results

Fig. 5—Evolution of RA, e-martensite, a¢-martensite with the
engineering stress for Steel 1 at RT.
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in a net increase in volume. As martensite forms within
the c, its expansion is constrained by the surrounding
untransformed c. This constraint deforms the untrans-
formed c to accommodate the increased volume. The
observations in this work indicate that this deformation
is not uniform but rather the c lattice experiences
different types of stress on different planes. Specifically,
the direction parallel to the normal of c-111 lattices
planes are compressed, while the direction normal to
c-200 planes are stretched. This heterogeneous yield of
the remaining c is a result of the internal stresses
generated by the martensitic transformation, as also
suggested in.[34]

The stress experienced by the RA (phase-specific
stress) during the tensile deformation can be evaluated
from the lattice strains using Hooke’s law. While lattice
strains averaged over several reflections is more appro-
priate for determining phase-specific stress,[34–36] such an
approach was not feasible in the present study due to the
limited probed reflections. As an alternative, lattice
strain information of single c-200 reflection was used to
evaluate the stress within the c/RA during transforma-
tion. This method, while constrained by the number of

hkl reflections, provides a meaningful degree of insight
into the RA stress condition during the deformation.

rc=RA ¼ E200:e200;c ½3�

where the Young’s modulus (E200) was taken from the
literature as 147 GPa for c, as experimentally deter-
mined from the c-200 reflection at RT.[37] It is also
critical to acknowledge that this approach involves
certain assumptions and introduces a degree of approx-
imation. Thus, the results are to be interpreted with
understanding of this limitation.
The stress heterogeneity in steel 1 after yielding was

attributed to the martensitic transformation, although it
is not the sole significant contributor and this phe-
nomenon even exists above Md, the maximum temper-
ature at which deformation-induced martensite can
form. The presence of RA, which differs in terms of
mechanical properties from the surrounding martensite
matrix, as well as the anisotropic elastic and plastic
properties of the individual phases plays crucial roles.
This difference in strength leads to uneven stress
distribution and localized stress concentrations. Addi-
tionally, the different work-hardening behavior of
martensite and RA also contributes to this behavior.

Fig. 6—Evolution of the individual lattice strains in the c/RA and a¢-matrix with engineering stress in (a) Steel 1, RT, (b) Steel 2, RT, (c) Steel 1,
100 �C, (d) Steel 2, 100 �C with the plane normal along the loading direction.
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D. Analysis of Critical Stresses and Driving Forces
for Martensitic Transformation

From a thermodynamic point of view, c transforms
into martensite when the available driving force exceeds
a certain barrier. It happens spontaneously upon cooling
at Ms when the difference in Gibbs energy between the c
and a¢-martensite, i.e., the chemical driving force
ððDGchem ¼ Gc � Ga) exceeds the transformation barrier
(DG�Þ. Since martensitic transformation is a diffusion-
less shear process involving coordinated movements of
atoms (i.e., mechanical in nature), it can also be initiated
by applying an external stress at temperatures above Ms

but below Md, the maximum temperature below which
martensite transformation can be induced by deforma-
tion. The DGchem is then complemented by a mechanical
driving force (DGmech) resulting from the applied load to
overcome DG� , as illustrated by T1 and T2 in Figure 7.
At temperatures above Ms but below Mr

s (the transition
temperature from stress induced to strain induced
martensitic transformation), see Figure 7, the stress
required for the plastic deformation of c exceeds the
stress required for the martensitic transformation
(rtransformation<raustenite). As the temperature increases,
the chemical driving force decreases, and higher applied
stress is needed to form martensite. Above Mr

s the
required stress for the martensitic transformation is
higher than the required stress for plastic deformation of
c (rtransformation>raustenite).

In this study, we evaluated stabilities of c/RA in the
two steels using a thermodynamic-based expression,

DGchem þ DGmech ¼ DG� ½4�

DGchem was determined from the difference in Gibbs
energy between the c and the a¢ phase (Gc � Ga0 ) using
Thermo-Calc and the TCFE6 database.[38] DGmech was
determined with the empirical relation given in[39]

using the stress experienced by the constituent c/RA
during the transformation/fracture.

DGmech ¼ 0:7183rþ 6:85
Dv
v

rh � 185:3½1
� expð�0:003043rÞ� ½5�

where r is the equivalent stress (MPa), Dv/v is the
fractional volume change upon transformation, and rh

is the hydrostatic stress (MPa) and is equivalent to 1/3r
for uniaxial tension.
Based on previous work[22] which included cooling to

liquid nitrogen (LN) temperature, for Steel 1, DG� was
determined based on the available chemical driving
force at the LN temperature since the RA, when no
deformation was applied, was observed to be
stable upon cooling in LN, and for Steel 2, it was
determined based on the available chemical driving
force at the measured Ms temperature[22] (Table IV).
The stress required for the transformation of RA to

martensite in Steel 1 was evaluated for the two different
temperatures used during the in situ HEXRD measure-
ments using Eq.3 and the associated c-200 lattice plane
strain at which a decrease in RA amount was observed
(see Figure 8). This critical strain also corresponds to the
onset of the decrease in the c-111 lattice plane strain. It
should be noted that lattice plane strains beyond this
critical point must be interpreted with caution due to
inherent complexity in separating the influence of the
deformation-induced martensite on the lattice strains of
the martensitic matrix and the untransformed c.
The uncertainty margin associated with determining

the critical stresses is considered as it accounts for
variations in estimates that could affect the precise
determination of the critical stress needed to initiate the
transformation. The uncertainty in the initiation of the
RA transformation depends on the distances between
the experimental data points shown in Figure 8a. To
determine this objectively, we identified the initial point

Fig. 7—Schematic illustrations of (a) the influence of stress and temperature on the martensitic transformation and (b) driving force of the
martensitic transformation and temperature.

METALLURGICAL AND MATERIALS TRANSACTIONS A



of RA volume reduction and considered the inter-point
distance as an uncertainty in determining the critical
stress. Table IV presents the critical c-200 lattice strain
in Steels 1 and 2 at the two temperatures, along with the
corresponding critical stresses and mechanical driving
forces evaluated from Eq.5. The critical (transforma-
tion) stresses of the RA in Steel 1 were determined to be
617 ± 161 MPa at RT and 676 ± 118 MPa at 100 �C.
In contrast for Steel 2, where no martensitic transfor-
mation was observed, the critical stress was directly
taken as the fracture stress, which represents the
maximum stress experienced by c in Steel 2. The critical
(fracture) stress of c in Steel 2 was determined to be
147 ± 29 MPa at RT and 985 ± 29 MPa at 100 �C.

As already mentioned, experimental observation
demonstrates that if no stress is applied, the RA in
Steel 1 remained stable upon quenching in LN.[22] This
suggests that the transformation barrier, DG*, must be
greater than the available chemical driving force at LN
temperature, DGchem;LN; 3440 J/mol. The additional
mechanical driving force required to initiate the RA
transformation to martensite at RT should thus be
greater than 1142 J/mol (i:e:;DGadditional;RT>DGchem;LN

�DGchem;RT with the values given in Table IV). How-
ever, the mechanical driving force for the RA to
martensite transformation, calculated using the critical
stress and Eq. 5, gives only 343 ± 116 J/mol and is
much lower than 1142 J/mol. Similarly, for Steel 1 at
100 �C, the extra driving force should exceed 1677 J/mol
(i.e., DGadditional;100 �C>DGchem;LN- DGchem;100 �C) to ini-
tiate the RA transformation but the calculated mechan-
ical driving force, DGmech;100 ��C; corresponding to the
critical (transformation) stress of the RA, is only
386 ± 87 J/mol. However, the experimental observa-
tions indicate that even if these calculated driving forces
are below the transformation barrier the transformation
takes place in Steel 1 at both temperatures. Interestingly,
the total available driving forces (i.e., DGchemþ DGmech),
2641 ± 116 J/mol at RT and 2149 ± 87 J/mol at
100 �C, are close to the transformation barrier,
DG�

Steel2;RT, 2531 J/mol, determined for c in Steel 2 with

the same chemical composition at the experimental Ms

temperature (� 8 �C). This suggests that the RA trans-
formation barrier during an applied stress in Steel 1 is
primarily composition-dependent, and the microstruc-
tural effects, such as small size, which are expected to
significantly increase the barrier, may be negligible. This
size independence on RA stability during deformation is
consistent with a previous study by Matsuoka et al.,[15]

which did not show any significant difference in RA
mechanical stability across different prior c grain sizes.
However, for Steel 1 at 100 �C, the total driving force is
still below the transformation barrier of 2531 J/mol.
This raises questions why the RA in Steel 1 transformed
at this temperature despite the seemingly insufficient
driving force. One hypothesis could be related to
additional factors, not considered in this work, provid-
ing the deficit energy to surpass the transformation
barrier. Strain-induced defects, including nucleation
sites, stacking faults, and deformation twin effects, have
been suggested in literature[40–43] as potential

contributors to the transformation. While the exact
mechanisms by which these factors contribute to over-
come the barrier fall beyond the scope of this work, they
could play a crucial role in facilitating the RA transfor-
mation at 100 �C.
For Steel 2 at RT, the available chemical driving force

;DGchem;RT; 2298 J/mol, is the same as for Steel 1 due to
identical composition, while the mechanical driving
force, DGmech;RT; during deformation (corresponding
to the fracture stress) is only 52 ± 13 J/mol, which is
lower than the required driving force of 233 J/mol. The
total driving force during deformation,
2350 ± 13 J/mol, is thus lower than the transformation
barrier of 2531 J/mol. Similarly, for Steel 2 at 100 �C,
the available chemical driving force, DGchem;100 �C;
decreases to 1763 J/mol, indicating an additional driving
force of 768 J/mol is needed for the transformation. The
maximum mechanical driving force, DGmech;100 �C; dur-
ing the deformation is 621 ± 23 J/mol. The total driving
force at 100 �C, 2384 ± 23 J/mol, is also thus lower
than the transformation barrier of 2531 J/mol. These
results indicate that during deformation, the c in Steel 2
is unlikely to transform to martensite due to the absence
of a sufficient driving force, and is consistent with
experimental observations, which is in contrast to the
Steel 1 at 100 �C. The difference in the microstructure
between Steel 1 and 2 is the key to explaining the
observations. The hypothesis regarding additional fac-
tors providing the deficit energy to surpass the trans-
formation barrier in Steel 1 may not apply in the same
way in Steel 2. The absence of transformation in Steel 2
suggests that these additional factors (i.e., strain induced
defects) may either not play a significant role in this steel
or may have retarded the initiation of the martensitic
transformation process. A similar observation has been
reported by Wang et al.[19] where large regions of RA
showed higher mechanical stability compared to smaller
regions of RA despite having the same chemical
composition. As mentioned in the introduction, these
observations are correlated with the formation of
deformation twins in large regions of RA which can
enhance the mechanical stability of the material. When
mechanical twinning is activated, it leads to the creation
of specific internal structures within the grains, improv-
ing the mechanical strength of the steel. On the other
hand, smaller RA regions do not support mechanical
twinning, making them more prone to transform into
a¢-martensite upon deformation.[19]

E. Influence of Microstructure on RA Stability: Thermal
vs Mechanical Transformations

A significant result of this study is the observation
that the thin film RA in Steel 1 exhibits relatively lower
stability during deformation compared to the coarse
equiaxed c in Steel 2, despite having similar magnitude
of total driving force. This suggests that microstructural
factors, particularly size and the surrounding matrix,
play a crucial role in governing the c/RA stability. In
addition, the thermal stability of RA in Steel 1 (Ms<
� 196 �C), as previously mentioned, was very high
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compared to the thermal stability of c in Steel 2
(Ms = � 8 �C),[22] indicating the contrasting roles of
microstructure on thermal and mechanical stabilities.
This observation potentially challenges a previously
presumed direct correlation between microstructure and
stability, suggesting that the correlation is more complex
and multifaceted than initially perceived.

There are three possible reasons why the microstruc-
tural factors such as the size and surrounding matrix
only influence the thermal stability but not the mechan-
ical stability of RA: (1) different transformation barriers
for thermally and mechanically induced martensite, (2)

variation from multivariant to single-variant transfor-
mation for thermal and mechanical conditions, (3)
lattice defects (dislocation formation).
First, when examining the transformation barrier

from c to martensite, it is important to consider the
distinct influencing factors and mechanisms involved
under thermal and mechanical conditions. Thermal
condition here refers to transformation upon cooling
without any external applied stress, while mechanical
condition refers to transformation at a given tempera-
ture by an applied stress. For one-phase c materials, the
strength of the material increases with decreasing size
due to the Hall-Petch effect. Consequently, during c to
martensite transformation, the adjacent untransformed
c grains, surrounding the transforming region, have
higher strength with decreasing size and offer greater
resistance in accommodating the transformation strain,
thus increasing the transformation barrier. A similar
effect also manifests in two-phase microstructures with a
martensitic matrix where it differs significantly in
strength from c. With decreasing RA size, it becomes
more challenging to deform the matrix. The size and
thus the (relative) strength of the surrounding structure
are influential factors in determining the transformation
barrier under thermal conditions. However, under a
mechanical load the strength of the matrix, and thus the
transformation barrier, are affected differently for the
same material than when only subjected to a tempera-
ture change. This is because the matrix surrounding the
c is subjected to a tensile stress due to the applied load,
making it easier to accommodate the transformation
strain even for small sizes, making it easier to overcome
the barrier compared to thermal induced
transformations.
A second explanation is the variations in the number

of martensitic variants, as explained by Matsuoka
et al.[15] For thermally induced martensitic transforma-
tion, large grains favor multivariant transformation,
where 24 variants are equally formed to minimize
anisotropic transformation strain, while small grains
undergo only single-variant transformation due to
spatial limitations. The strain from martensitic trans-
formation cannot be effectively minimized through a
single-variant transformation, leading to the suppres-
sion of martensitic transformation in small grains. In the

Table IV. Lattice Strain, Lattice Stress, and Driving Forces at Transformation/Fracture in Steel 1 and 2 at Different

Temperatures

Steel Lattice Strain (c-200) r (MPa)
DGmech;temp

(J/mol)
DGchem;temp

(J/mol)
DGchem;temp þ DGmech;temp

(J/mol)
DG�

(J/mol)

Steel 1
(RT)

0.0042 ± 0.0011 (At transformation) 617 ± 161 343 ± 116 2298 2641 ± 116 > 3440

Steel 1
(100C)

0.0046 ± 0.0008 (At transformation) 676 ± 118 386 ± 87 1763 2149 ± 87 > 3440

Steel 2
(RT)

0.0010 ± 0.0002 (At fracture) 147 ± 29 52 ± 13 2298 2350 ± 13 2531

Steel 2
(100C)

0.0067 ± 0.0002 (At fracture) 985 ± 29 621 ± 23 1763 2384 ± 23 2531

Fig. 8—(a) Evolution of lattice plane strains in the RA in Steel 1
with engineering stress; (b) Evolution of RA with engineering stress,
during the tensile deformation at RT and 100 �C.
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case of deformation-induced martensite, specific vari-
ants are selected to release the uniaxial tensile strain. In
this case, the suppression of martensitic transformation
by grain refinement becomes invalid because multi-vari-
ant transformation is no longer necessary.[15]

A third explanation involves lattice defects. These
defects play a crucial role, as their presence can either
facilitate or retard the transformation process depending
on their density within the microstructure.[44] When
subjected to a mechanical load, the deformation intro-
duces a higher density of dislocations and may promote
martensitic transformation by assisting martensite
nucleation and growth. Conversely, under thermal
conditions, the limited number of dislocations due to
lack of deformation results in a low probability of
martensitic transformation. Furthermore defects, such
as stacking faults and twins, also influence the stability
of c/RA. In undeformed state, c/RA phase contains few
stacking faults. However, during plastic deformation,
the accumulation of partial dislocations and regular
arrays of stacking faults occurs in the c/RA. Larger
regions of c/RA tend to develop stacking faults and
exhibit mechanical twining, enhancing mechanical sta-
bility. In contrast, smaller regions of c/RA are less prone
to mechanical twining and may transform into a¢
martensite even with minimal deformation.[19] Several
studies have consistently shown a decrease in mechan-
ical twinning with grain refinement. For instance, Ueji
et al. observed in a deformed TWIP steel that the
percentage of grains containing deformation twins
decreased from 50 to 17 pct when the grain size was
reduced from 49.6 to 1.8 lm.[45] Gutierrez-Urrutia et al.
reported a significant decrease in the twin area fraction
due to grain refinement, from 0.2 for a grain size of
50 lm to 0.1 for a grain size of 3 lm.[46] This behavior is
generally attributed to increased critical twinning stress
with decreasing grain size, often described by a
Hall-Petch type relationship.

IV. CONCLUSION

The study investigated the stability of c/RA in two
medium manganese steels with different microstructures
using in situ high energy X-ray diffraction. Steel 1, with a
two-phase microstructure, showed lower RA stability
during deformation, in contrast to the thermal stability,
compared to the equiaxed c in Steel 2, despite similar c
composition, smaller size, and a thin film morphology.
The lower stability in Steel 1 can be largely attributed to
load partitioning between the martensitic matrix and
RA, directing a significant portion of the load to RA,
increasing the driving force for martensitic transforma-
tion. It highlights the need for micromechanical models
to simulate the average response of the phases and load
partitioning, considering martensite formation. The
variation in stability between the thin film RA in Steel
1 and the coarse equiaxed c in Steel 2, despite similar
total driving forces, emphasizes the critical influence of
microstructural factors on c/RA stability. The limited
role of these additional factors in Steel 2 indicates the
complexity of the underlying mechanisms. Additionally,

the distinct effects of microstructure on the thermal and
mechanical stabilities of RA further highlight the
importance of comprehensively understanding the
microstructural effects on c/RA stability. This requires
knowledge of the transformation barrier, chemical
driving force, mechanical driving force, and considera-
tion of load distribution and phase interaction in
multiphase microstructures and defects formation.
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