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The microstructures and deformation behavior were studied in a high-temperature annealed
high-manganese dual-phase (28 vol pct d-ferrite and 72 vol pct c-austenite) transformation-in-
duced plasticity/twinning-induced plasticity (TRIP/TWIP) steel. The results showed that the
steel exhibits a special Lüders-like yielding phenomenon at room temperature (RT) and 348 K
(75 �C), while it shows continuous yielding at 423 K, 573 K and 673 K (150 �C, 300 �C and 400
�C) deformation. A significant TRIP effect takes place during Lüders-like deformation at RT
and 348 K (75 �C) temperatures. Semiquantitative analysis of the TRIP effect on the Lüders-like
yield phenomenon proves that a softening effect of the strain energy consumption of
strain-induced transformation is mainly responsible for this Lüders-like phenomenon. The
TWIP mechanism dominates the 423 K (150 �C) deformation process, while the dislocation
glide controls the plasticity at 573 K (300 �C) deformation. The delta-ferrite, as a hard phase in
annealed dual-phase steel, greatly affects the mechanical stability of austenite due to the
heterogeneous strain distribution between the two phases during deformation. A delta-fer-
rite-aided TRIP effect, i.e., martensite transformation induced by localized strain concentration
of the hard delta-ferrite, is proposed to explain this kind of Lüders-like phenomenon. Moreover,
the tensile curve at RT exhibits an upward curved behavior in the middle deformation stage,
which is principally attributed to the deformation twinning of austenite retained after
Lüders-like deformation. The combination of the TRIP effect during Lüders-like deformation
and the subsequent TWIP effect greatly enhances the ductility in this annealed high-manganese
dual-phase TRIP/TWIP steel.
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I. INTRODUCTION

THE high-manganese Fe-Mn-C alloys with low
stacking fault energy (SFE) may exhibit either the
transformation-induced plasticity (TRIP) or twin-
ning-induced plasticity (TWIP), or both, phenomenon
through adjusting alloying elements such as Mn, Al, and
Si.[1–3] These alloys are currently being developed as
potential candidates for automobile applications. The
TRIP/TWIP steel combines the advantages of higher
strength due to the TRIP effect and better ductility due
to the TWIP effect and, consequently, exhibits unique
comprehensive mechanical properties. Because of these

characteristics, it has been the subject of great scientific
and technological interest.[1,4–9]

The appearance of the obvious yield point and
formation of the Lüders bands during the early stage
of deformation is a well-known phenomenon in many
low-carbon steels.[10–12] This deformation behavior has
been explained by the Cottrel–Billy theory, which is
related to the interaction between dislocations and the
atmosphere of interstitial atoms, such as C, N, and B, in
steels.[10] Moreover, a Lüders-like ‘‘yield’’ phenomenon
(LLYP), which shows tensile curve shapes similar to
those of the conventional Lüders-like phenomenon but
has an essentially different deformation mechanism, has
been observed in the intermetallic alloy,[13] the NiTi
shape memory alloy,[14–16] the magnesium alloy,[17] and
the intercritically annealed cold rolling TRIP
steels.[11,18–20] Their mechanisms are attributed to the
dynamic pileup of dislocations at the grain boundaries,
martensite growth, deformation twinning, and stability
of the retained austenite, respectively. It was found that
the strain-stress curves of a number of austenitic
stainless steels also display the characteristics of the
LLYP when deformed at cryogenic temperatures.[21–23]

It has been proven that this kind of Lüders-like behavior
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is directly associated with the metastable austenite to
stain-induced martensite (SIM) transformation.[21,22] In
contrast, rather limited works are focused on the study
of the yielding behavior in high-manganese steels.
High-manganese TRIP/TWIP steel is actually a
metastable material at RT, because the strain-induced
transformation often takes place in the initial stage of
the plastic deformation when macrostrains are
applied.[7]

In this article, we studied a special type of LLYP with
great plastic instability and large yielding strain in the
early stage of plastic deformation during the macro-
scopic tensile tests in a high-manganese dual-phase
(delta-ferrite + austenite) TRIP/TWIP steel. It was
found that the formation of this phenomenon is closely
associated with strain-induced transformation. More-
over, a systematic work was undertaken for in-depth
understanding of the microstructure evolution and the
mechanical behavior during deformation in this dual-
phase TRIP/TWIP steel, and an attempt at a theoretical
analysis was made to evaluate the TRIP effect on the
Lüders-like deformation behavior. Considering that the
temperature greatly influences the SFE values, and thus
leads to the change in the active plasticity mechanism of
steel,[1,2,4,20,24–30] the present article also evaluated the
deformation modes at various deformation temperatures
in this dual-phase high-manganese TRIP/TWIP steel.

II. EXPERIMENTAL

The steel with a chemical composition of Fe-20Mn-
3.8Al-2.6Si-0.082C (wt pct) was smelt in a 50-kg vacuum
induction furnace. After being homogenized at 1523 K
(1250 �C) for 2 hours under a protective argon atmo-
sphere, the ingot was hot rolled to a plate of 15-mm
thickness [finish temperature was 1173 K (900 �C)] and
then water quenched. Tensile specimens with the dimen-
sions shown in Figure 1 were machined from the plate.
A tensile test with a constant strain rate of 5 9 10�4 s�1

at various temperatures was performed on a Gleeble
3800 [Dynamic Systems Inc. (DSI), America] thermo-
mechanical simulator, followed by annealing treatment
with 25 K/s heating rate to 1323 K (1050 �C), holding
for 15 minutes, and cooling with 10 K/s to the RT.

X-ray diffraction (XRD) measurements at a scan rate
of 0.5 deg/s with a Cu target were made to identify the
coexisting phases in the samples. The XRD specimens
sectioned from the identical position of tensile samples
were chemically polished in a solution consisting of H2O
(15 mL) +H2O2 (15 mL) +HF (1 mL) + C2H2O4 (1 g)
before measurements to eliminate the effects of cutting
and polishing.

In order to study the stability of the delta-ferrite in
this study, laser scanning confocal microscopy (type
VL2000DX-SVF17SP, Lasertec Corporation, Japan)
was used to in-situ observe the change of delta-ferrite
during the process of high-temperature annealing.
Microstructural observation was carried out by optical
microscopy (OM), scanning electron microscopy
(SEM), and transmission electron microscopy (TEM).
Energy-dispersive X-ray spectroscopy (EDS), along with

SEM, was employed to examine compositional analysis.
The specimens for observation were all taken from the
center of the section in the tensile samples. The volume
delta-ferrite was measured by an image analysis system
at magnification 250 times, and 20 pictures were selected
for each specimen. Thin foils for TEM were obtained by
a twin-jet polisher in a 7 pct HClO4 and 93 pct ethanol
solution at 248 K (–25 �C).

III. RESULTS AND DISCUSSION

A. Microstructures and Mechanical Properties

1. Deformation behavior for different temperatures
Figure 2 displays the strain-stress curves of annealed

specimens tensioned at various temperatures. It is seen
that the tensile curves at room temperature (RT) and
348 K (75 �C) exhibit an obvious LLYP, especially for
specimens at RT, where a remarkable stress drop and a
large strain plateau appear in the early deformation
stage. Our previous study showed that this special
LLYP is essentially associated with SIM transforma-
tion.[9] However, the tensile curves at 423 K and 573 K
(150 �C and 300 �C) deformation show continuous
yielding; i.e., no obvious yield drop occurs. The ultimate
tensile strength (UTS) and uniform elongation (UE)
decrease with increasing deformation temperature,
except for the specimen at 423 K (150 �C) deformation,
where ductility is obviously enhanced.
Figure 3 shows the typical optical microstructures of

the dual-phase TRIP/TWIP steel before and after
deformation at different temperatures, respectively.
The initial microstructure of the experimental steel
before tensile comprises ferrite, austenite, and some
annealing twins (Figure 3(a)). These microstructural
characteristics are quite similar to the other duplex
TWIP steels reported in the literature.[31,32] It is clear
that the austenite matrix is severely deformed after
tensile. Many deformation twins and some very fine
plates (maybe martensite) are observed in the austenite
matrix after RT deformation (Figure 3(b)). By contrast,
these plates or deformation twins in the austenite at 423
K (150 �C) deformation become relatively smaller than
those of RT deformation (Figure 3(c)) and are rarely
observed in the austenite matrix at 573 K (300 �C)
deformation.
In order to reveal the deformation behaviors at

various temperatures, the XRD measurements were
carried out on the annealed specimens subjected to a
strain of 9.5 pct, which approaches the maximum value
of the strain-hardening rate after the Lüders-like region
in RT deformation. The XRD patterns of the annealed
specimens at various temperatures and the change of
austenite volume fraction in this strain level are shown
in Figure 4. It can be seen clearly from Figure 4(a) that,
in comparison to the unstrained annealed specimen, the
e phase peak appears and the intensity ratio of the
(110)a and (111)c peaks is markedly enhanced at RT
and 348 K (75 �C) deformation, which clearly indicates
that the SIM transformation occurs in this strain level at
these two temperatures of deformation. However,
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except for the existence of the preferential orientation in
the c phase at 573 K (300 �C), no obvious changes in a
and e peaks are observed at 423 K and 573 K (150 �C
and 300 �C) deformation. It is evident from Figure 4(b),
which displays the change in the austenite volume
fraction for the annealed specimens strained to 9.5 pct at
various temperatures of deformation, that the austenite
fraction is substantially reduced at RT and 348 K (75
�C) deformation but is virtually unchanged at 423 K and
573 K (150 �C and 300 �C). These results indicate that
this annealed dual-phase steel exhibits different defor-
mation behaviors at various temperatures.

2. Microstructural evolution during the RT deforma-
tion
The annealed steel deformation exhibits high UTS

and substantially enhanced ductility at RT. In order to
obtain detailed knowledge and reveal these deformation

Fig. 1—Shape and dimension of the tensile testing specimens.

Fig. 2—True stress–strain curves of specimens tensioned at various
temperatures.

Fig. 3—Typical OM image of the dual-phase TRIP/TWIP steel: (a) prior to deformation, (b) after deformation at RT, (c) at 423 K (150 �C),
and (d) at 573 K (300 �C).
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behaviors, the present work studied the microstructure
evolution during the RT deformation process based on
the analysis of XRD measurements.

The tensile curves clearly demonstrate a special LLYP
in the early deformation stage and an upward-curvature
phenomenon with a gradual increase in strain-hardening
rate (d2r/de

2 > 0) in the later deformation stage, as
shown in Figure 5(a), where the strain-hardening rate
(dr/de) is obtained from the derivation of the tensile
curve after a 10-point smoothing treatment. In this
figure, three important strain values are highlighted:
yield strain eY; a critical strain eC, after which the plastic
deformation becomes unstable; and eR, a strain of the
inflection point in the tensile curve at which the
hardening rate, dr/de, arrives at the maximum value.

According to the characteristics of the strain-hardening
rate, the true stress–strain curve is readily divided into
six stages, as indicated by the vertical dot line in
Figure 5(a). The first stage (stage 1) is the elastic
deformation; the second stage (stage 2) is the beginning
of the plastic deformation. In this stage, the strain-hard-
ening rate decreases rapidly to zero, but the stress
increases with the strain increase from eY to eC. The
tensile curve from eC to eR is defined as stage 3. Once the
strain reaches eC, the plastic deformation becomes
unstable and the stress quickly declines to a stress
plateau. At the end of the stress plateau, the stress
begins to sharply increase as the strain increases, and the
corresponding strain-hardening rate is also strongly
accelerated until the inflection point strain eR arrives.
Evidently, deformation stage 3 actually experiences a
process from elastoplastic instability to plastic re-stabil-
ity. Hereafter, we term the tensile curve of deformation
stage 3 as the Lüders-like ‘‘yield’’ region (LLYR).
However, it is seen from the tensile curve that this type
of LLYR is not strictly a yield phenomenon, as the
plastic deformation, from strain of eY to eC, evidently
occurred first. After eR, the stress begins to slowly
increase with the strain while the work-hardening rate
gradually declines to a stable state (stage 4), keeps
slowly increasing nearly in the middle of the deforma-
tion process (stage 5), and finally drops until rupture
occurs (stage 6).
Based on the XRD measurements, Figure 5(b) pre-

sents the volume fraction of the c-austenite, e-martensite,
and a¢-martensite of the steel as a function of true strains
for 1323 K (1050 �C)–annealed specimens. It is seen that
the volume fraction of austenite almost remains constant
with the true strain in deformation stages 1 and 2 and
then is substantially reduced in the Lüders-like defor-
mation region (stage 3). The volume fraction of
e-martensite quickly increases before strain at 7.3 pct
and then declines quickly, whereas the volume fraction of
a¢-martensite first decreases slowly and then rises swiftly
with true strain increment. Since no martensite is found
before deformation (the unstrained annealed specimen,
as shown in Figure 4(a)), the martensite formed in
LLYR evidently should be the product of SIM trans-
formation, i.e., c-e/a¢ or c-e-a¢ transformation. These
results reveal that this special LLYP, during the earlier
deformation stage of the high-temperature annealed
dual-phase TRIP/TWIP steel, is closely associated with
the TRIP effect. After the strain, eR, the deformation
steps into stage 4. XRD measurements show that the
patterns remain almost unchanged in this stage, reveal-
ing that no further SIM transformation takes place after
LLYR. Moreover, the volume fractions of phases are
almost invariant in deformation stage 4 (after the stress
infection point of eR), although the work hardening
continues, as shown in Figure 5(a), which implies that
the mechanism of the deformation behavior after the
stress inflection point eR is different from that of the
TRIP effect during deformation stage 3.
Figures 6 and 7 show the SEM and TEM observations

of the microstructure evolution with various strain levels
in LLYR during the RT deformation, respectively. In
these figures, the deformation strains of 3.6, 7.3, 9.5, and

Fig. 4—Graphic showing (a) the XRD patterns of the annealed
specimens strained to 9.5 pct at various temperatures and (b) the
change of austenite volume fraction in this strain level.
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14.7 pct, respectively, represent the beginning of the
elastoplasticity instability (just over eC), the middle of the
stress plateau, an approach to the stress inflection point
eR, and an approximation of the work-hardening
stable in stage 4. It is found that the delta-ferrite phase
in dual TRIP/TWIP steel remains nearly unchanged
during deformation (Figure 6), while the austenite
matrix is greatly affected by straining (Figures 6 and
7). Before the plastic instability point eC in stage 2, the
main deformation microstructure consists of tangled
dislocations and overlapped stacking faults (SFs), and
no phase transformation is found in this strain level. It is
evident from Figure 7(a), which shows an example of
TEM microstructure with 3.6 pct strain level, that the
SFs are formed in the vicinity of the delta-ferrite phase.
When the sample was strained to 3.6 pct, some thin
lenticular or platelike e-martensite was observed in the
vicinity of the delta-ferrite phase (Figure 6(a)). With a
further increase in strain to 7.3 and 9.5 pct, the austenite
obviously deformed and some deformation bands or
plates were clearly seen in the austenite matrix, as
displayed in Figures 6(b) and (c). According to the XRD
analysis, most of these plates are martensites, which are

also confirmed by the micrographs of selected area
electron diffraction (SAED) of TEM shown in
Figures 7(b) and (c). However, it is clear that many fine
deformation twins formed in the austenite matrix of the
specimen subjected to 14.7 pct deformation, as indicated
in Figure 6(d). The TEM micrographs in Figure 7(d)
also show that some mechanical twins exist in this strain
level. Therefore, the TRIP effect is no longer the
dominant deformation mechanism after stage 3, and
the further increase in work hardening in flow stress is
mainly associated with the TWIP effect.

3. Delta-ferrite stability during the present heat treat-
ment
As shown in Figure 3, the ferrite exhibits two typical

morphologies: a relatively larger irregular plateletlike
one along the grain boundary and a small regular block
one in the inner austenite matrix, which homogeneously
distributes in the steel. Image analysis shows that the
ferrite volume fractions of the hot-rolled and 1050
�C–annealed specimens are 28.6 and 28.2 pct, respec-
tively. Figure 8 demonstrates the microstructure in-situ
observed during high-temperature annealing. It is shown
that the morphologies of these ferrites maintain nearly
unchanged and no other ferrite was found to form in
austenite during high-temperature annealing, implying
these ferrites are stable phase in dual-phase TRIP/TWIP
steel under the present heat treating process. Therefore,
these ferrites are not transformed from austenite at low
temperatures after hot rolling or during the cooling of
heat treatment but should be delta-ferrite formed at high
temperatures before hot rolling.
Figure 9 shows the results of the chemical element

distribution of the EDS scan along a typical delta-ferrite
phase. Evidently, the delta-ferrite phase substantially
consists of Fe, Mn, Al, and Si. In contrast with the
austenite matrix, delta-ferrite is rich in Al and Si, but
contains less Mn atoms, which are all evenly distributed
within the phase. The TEM observation and diffraction
analysis reveal the presence of the ordered DO3 phase in
the delta-ferrite phase, as shown in Figure 10. It was
found that the ordered nanoscale Fe3(Al,Si) phase,
which is a hard superlattice structural intermetallic
phase associated with the superdislocations and anti-
phase domain boundaries, can be formed and uniformly
distributed inside the delta-ferrite matrix.[33,34]

Undoubtedly, these (Fe,Mn)3(Al,Si) intermetallic phases
uniformly distributed within the delta-ferrite greatly
stabilize the delta-ferrite. Moreover, the microhardness
measurement in the present study shows the delta-ferrite
phase is more than 2 times that of austenite in the
annealed steel, which should also be attributed to the
contribution of the formation of the DO3 structured
(Fe,Mn)3(Al,Si) phase.

B. Mechanism of the Lüders-Like Deformation

1. Semiquantitative evaluation of the softening effect of
TRIP on the Lüders-like yield phenomenon
The present Lüders-like deformation is quite different

from the conventional yielding phenomenon (upper or
lower yield stress) occurring immediately after the elastic

Fig. 5—Graphic showing (a) the strain-stress curve and the corre-
sponding strain-hardening rate for an annealed specimen and (b) the
changes of the volume fraction of the phases with strains.
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deformation, since a significant plastic deformation
(stage 2) has taken place in the austenite phase before
plastic instability. Therefore, the well-known Cottrel–
Billy atmosphere theory[6] may not account for this
phenomenon anymore. According to the preceding
experimental analysis, it is believed that the TRIP effect
is mainly responsible for Lüders-like deformation.
Usually, the TRIP effect involves, on the one hand, a
softening effect of the transformation behavior due to
the strain energy consumption of martensite formation
and, on the other hand, a hardening effect of the
transformed phase microstructure.[35] The former will
lead to stress downward change with strain, whereas the
latter will result in an upward change in the tensile
curve. From the stress point of view, the true stress
increment results from the TRIP effect at the Lüders-like
strain level of e; Dr(e) can be expressed as

DrðeÞ ¼ DrfMhardðeÞ � DrEM

softðeÞ ½1�

where DrEM

softðeÞ is the stress decrement caused by the
softening of the strain energy consumed by SIM

transformation and DrfMhardðeÞ represents the stress incre-
ment due to the hardening of the newly formed
martensite. Obviously, it is a cooperative and compet-
itive process.

The LLYR of the present study consists of three parts:
plastic instability, stress plateau, and plastic re-stability.
The martensitic transformation accompanying the quick
plastic instability happens only after critical strain eC.
This implies that the strain eC is the minimum value for
SIM transformation in the present testing condition.
Once the critical strain eC is reached, the strain energy
accumulated from eY to eC will be suddenly released to
compensate for the energy required for martensitic
transformation. The original plastic deformation ten-
dency is difficult to maintain, and the stress drop is an
inevitable consequence. Moreover, the stress after insta-
bility does not immediately recover but keeps continu-
ously dropping with the increase in strain. This implies
that the hardening effect of martensite formation is less
than that of the softening resulting from the consump-
tion of the martensitic transformation energy. Evidently,
the softening effect of SIM transformation dominates the
stress drop process. The subsequent stress plateau
occurrence followed by plastic instability indicates that
a dynamic balance is reached between the decrement due
to softening of transformation behavior and the incre-
ment owing to hardening of newly formed martensites.
With the volume fraction of martensite further increas-
ing, especially for the a¢-martensite quick formation, the
hardening of the TRIP effect gradually dominates this
deformation process. As a consequence, the stress
sharply increases with the strain increase and the
strain-hardening rate is strongly accelerated.

The softening mechanism of the TRIP effect is an
inherent characteristic of material. On the basis of the
strain–stress datum, at the early stage of deformation, a
rough modeling estimation, from the transformation
energy point of view, was done to attempt to explain the
TRIP effect on this type of Lüders-like phenomenon in
this work.

If no SIM transformation occurs during the tensile
process, the tensile curve can be achieved by extrapo-
lating the tensile curve of the initial plastic deformation
stage 2. The stress mixture law is widely adopted to
quantify the heterogeneous material behavior. Note that
each constituent in dual phases exhibits very different
deformation behavior. So, in the present study, a power
law with the phenomenological nonlinear function of
volume fraction proposed by Gladman et al.[36] was
taken to estimate the extrapolating tensile curve:

rðeÞ ¼ ð1� fnFÞrAðeÞ þ fnFrFðeÞ ½2�

where r, rA, and rF are, respectively, the flow stresses of
the constituents without the TRIP effect; e is the true
strain; fF is the volume fraction of the ferrite; and n is a
constant.
The delta-ferrite mechanical behavior is here assumed

to follow a Mises yield locus and obeys the empirical
Hollomon formula. On the basis of the recent physi-
cal-based models proposed by Bouaziz et al.,[37,38] the
flow stress of the austenite without TWIP and TRIP
effects can be expressed in the form of the well-known
Voce law. Therefore, the stress–strain relations of the
constituents are given, respectively, by

rFðeÞ ¼ kFe
nF

rAðeÞ ¼ kA½1� expð�nAeÞ�
½3�

The terms kA and nA are material related parameters.
It was found that kA and nA are independent of chemical
composition and have constant values of 725 MPa and
4, respectively, in Fe-Mn-C alloys.[38] The kF and nF are
the proportional coefficient and work-hardening expo-
nent of delta-ferrite, respectively, and they can be
obtained by regression analysis of the tensile curve in
the plastic deformation.
Thus, the extrapolating curve of the tensile curve

without the TRIP effect was obtained, as shown by the
dashed line in Figure 11. In view of the difference
between the extrapolating curve and the actual tensile
curve with and without the TRIP effect, the shadow area
illustrated in Figure 11 may represent the transforma-
tion energy required for SIM transformation in LLYR.
Then the total energy consumed by SIM transformation
WSIM at a definite Lüders-like strain eLx can be
numerically calculated by integrating

WSIM ¼ DVeC!eLx

Z eLx

eC

frextraðeÞ � rexpðeÞgde ½4�

where DVeC!eLx is the volume change of the sample from
strain eC to eLx; rextra and rexp represent the true stress
for the extrapolating and experimental tensile cure at
true strain, respectively.
From the thermodynamics point of view, the marten-

sitic transformation energy can be achieved by thermo-
dynamic calculations. Hsu[39] reported that the free
energy change of martensitic transformation under
external stress can be simplified as

DGA!M ¼ DGA!M
chem þ 2:1ry þ 900� 0:2r ½5�
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where ry is the yield strength of the austenite at Ms

and DGA!M
chem is the chemical free energy change of

austenite to martensite transformation. In this work,
the c-e or c-e-a¢ transformation, or both, takes place in
LLYR. For simplicity, the c-a¢ transformation instead
of the c-e-a¢ transformation is considered in the calcu-
lations. Therefore, DGA!M

chem can be expressed approxi-
mately as

DGA!M
chem ¼ DGA!Me þ DGA!Ma ½6�

where DGA!Meand DGA!Maare the molar free energy
change accompanying austenite to e-martensite and
austenite to a-martensite transformation, respectively.

DGA!Me ¼
X
i

xiDG
A!Me
i þ

X
ij

xixjX
A!Me
ij þ DGA!Me

mg

½7�

in which DGA!Me
i is the molar Gibbs free energy

difference between the austenite to e-martensite
phases due to the molar fractions xi for the pure

alloying element i, and XA!Me
ij is the interaction

parameter difference for pure components i and j in
the austenite and e-martensite. The last term,
DGA!Me

mg , represents the molar Gibbs energy due the

magnetic contribution of each phase. In this work, all
parameters in Eq. [7] are obtained from References 29
and 30.

The chemical free energy difference of austenite to
a¢-martensite can be well described by[40]

DGA!Ma ¼ DGr ¼ 0;Ms þ DSr ¼ 0ðT�MsÞ ½8�

in which DGr ¼ 0;Ms is the chemical free energy change at
Ms and DSr ¼ 0 is the entropy difference between the
austenite and martensite. All parameters involved can be
found in References 40 and 41.
Thus, the consumed energy for formation of volume

fraction martensite GSIM at a definite strain level can be
thermodynamically estimated by

GSIM ¼ fMVMDGA!M ½9�

in which fM is the martensite volume fraction and VM is
the mole volume of martensite.
Figure 12 shows the comparison of the transforma-

tion energy between the measurements from the tensile
curve and the theoretical thermodynamic calculations. It
is seen that the measurements are in good agreement
with the thermodynamic calculations at the range of
strain from eC to eR in LLYR, which also verifies that
the TRIP effect is the main reason for the result to be the
Lüders-like phenomenon in the dual TRIP/TWIP steel.
A slight overestimation of the measurements is probably
due to the fact that the measured transformation in the
shadow area also includes the extra energy for disloca-
tion glide and the deformation of the newly formed
martensite. However, a large difference was found
between the measurement and the calculation after the
strain eR. These findings also prove that the TRIP effect
is not the dominant deformation mechanism after
Lüders-like deformation, whereas further hardening of

Fig. 6—SEM morphs of the 1323 K (1050 �C) annealed specimens strained to (a) 3.6 pct, (b) 7.3 pct, (c) 9.5 pct, and (d) 14.7 pct at RT.

METALLURGICAL AND MATERIALS TRANSACTIONS A VOLUME 48A, MAY 2017—2185



the material should mainly be ascribed to the TWIP
effect. It should be mentioned that the preceding results
are only semiquantitative evaluations of the softening
effects of SIM transformation, because the calculation
only considered the static state of transformation.

2. Effect of delta-ferrite on the mechanical stability of
austenite

The analysis in Section I suggests that the softening
effect of martensite transformation may result in the
type of LLYP observed in the present study. However, it
should be noted that the value of the stress drop for
plastic instability exceeds more than 100 MPa in the
present study. Such a large stress drop was rarely
observed in the tensile curve of low SF steels in previous
works. So far, the maximum stress drop in the tensile
curve of austenite stainless steel reported in the litera-
ture[21–23] is about 50 to 60 MPa when deformed at 123
K to 77 K (�150 �C to �196 �C). Therefore, it is
meaningful to find factors that lead to such significant
softening of SIM transformation. Figure 6(a) shows
that the e-martensite formation is readily initiated from
the region adjacent to the delta-ferrite phases when the
plastic instability of Lüders-like deformation starts. This
indicates that the ferrite phase plays a vitally important
role in the formation of this type of LLYR in dual
TRIP/TWIP steel.

Recently, Ryu et al.[42] and their co-workers[20]

observed that, in medium manganese TRIP steels with
a dual-phase microstructure of ferrite and austenite, a
heterogeneous distribution of the plastic strain between
two phases greatly affects the martensite transformation
when the macroscopic strain is applied, and they
concluded that the strain partitioning between phases
with different mechanical properties greatly influences
the mechanical stability of austenite. This result indi-
cates that high nonuniform distribution of the internal
microstrains plays an important role in the plastic
deformation of the multiphase-TRIP materials, and the
strain partitioning among constituent phases should be
fully taken into account.

Generally, the combination of ferrite and austenite in
the dual steels often leads to residual and internal
stresses that influence the mechanical properties.[43,44] A
study by Shiekhelsouk et al.[31] revealed that the internal
stresses are in compression for ferrite but in tension for
austenite at the initial state of the dual-phase TWIP
steels. The austenite phase is subjected to a stress of
about 600 MPa, whereas the stress in the ferritic phase is
about 300 MPa for an applied macroscopic strain of
about 1 pct. Their results imply that the stress in the
austenite, especially in the tensile direction, is much
higher than that in the ferrite during the early stage of
deformation, and the stress seems more readily concen-
trated in austenite. These results strongly suggest that
the ferrite, as a hard phase in the austenite-ferrite dual
steels, is facilitated by the local strain energy accumu-
lation when the macroscopic strain is applied, greatly
affecting the mechanical stability of the austenite.

It is well known that the martensite transformation is
essentially time independent, and the fraction of marten-
site transformation only depends on the degree of

cooling below the critical martensite start tempera-
ture.[45] The experimental results reported in the litera-
ture[23] show that the stress drop in Lüders-like
deformation of the 304L stainless steel is about 54, 39,
35, 12, and 0 MPa (no stress drop) at 110 K, 133 K, 153
K, 223 K and 293 K (�163 �C, �140 �C, �120 �C, �50
�C and 20 �C), respectively. Evidently, the lower the
austenite stability, the greater the amount of martensite
that transforms and the more the stress in the process of
plastic instability drops. Olson and Cohen[46] modeled
the kinetics of the strain-induced transformation. They
assumed microscopic shear band intersections to be the
dominant nucleation sites. The total volume fraction of
martensite, fM, depends on the number of embryos and
is related to plastic strain, e, by

fM ¼ 1� expf�b½1� expð�aeÞ�ng ½10�

where n is a fixed exponent; a is a strain-independent
constant, which depends on SFE and strain rate; and b
is a parameter linearly related to the probability that an
intersection generates a martensitic embryo. In this
study, due to the effect of delta-ferrite strain concentra-
tion, the uniformly distributed ‘‘hard phase,’’ delta-fer-
rite, may significantly help to increase the number of
embryos per unit untransformed austenite volume in the
dual TRIP/TWIP steel in comparison to the single
austenitic steel under strain applied. Thus, the b
parameter is rapidly increased and acts as a dominant
effect on the amount of martensite during Lüders-like
deformation. Therefore, in terms of kinetics, the strain
concentration of delta-ferrite significantly promotes the
strain-induced transformation, which directly leads to
the consequent plastic instability.

3. Delta-ferrite-aided SIM transformation inducing
Lüders-like deformation
In this study, the ferrite plates along the austenite

grain boundary and some fine ferrite islands uniformly
distribute in the austenite matrix. During plastic defor-
mation, the softer austenite phase yields first and
undergoes work hardening, and then the strains are
transferred onto the harder ferrite phase. The strain
partitioning is, therefore, nonuniform between austenite
and delta-ferrite. Due to the heterogeneous partitioning
of plastic strain between two phases, the hard ferrite
phase localizes the strain concentration; the austenite in
the vicinity of ferrite experiencing much larger defor-
mation than the macroelongation becomes mechanically
unstable and then transforms to martensite, conse-
quently leading to a large plastic instability. Based on
the preceding results and analysis, the ‘‘delta-ferrite-as-
sisted TRIP effect’’ is here proposed to describe this
Lüders-like phenomenon; i.e., the localized strain con-
centration of the austenitic matrix assisted by delta-fer-
rite induces SIM transformation and, thus, leads to
plastic instability.
Apparently, the rapidly dispersed stress concentration

and the subsequent explosive martensite transformation
are two important prerequisites for the formation of this
kind of Lüders-like phenomenon. The SIM transforma-
tion in the austenite matrix always preferentially takes
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place in the high stress concentration regions.[47] The
experiment showed that plastic deformation (stage 2) is
conducted before plastic instability, indicating that the
local strain concentration is highly introduced around
the ferrite phase. When the local strain energy arrives at
the critical energy for the martensite formation, a large
amount of martensite will simultaneously form at these
uniform distributed strain concentrators accompanying
an instantaneous release of a large amount of strain
energy consumed by transformation, resulting in a
sudden drop of large true stress. Once the concentrated
strain energy was released, the dynamic balance between
the hardening of newly formed martensite phase and the
softening of strain energy consumption due to the
subsequent martensite transformation leads to a stress
plateau in which the stress remains constant with the
increasing strain in the tensile curve.

The SFs in austenite also play an important role in
martensitic transformation. The overlapping SFs are
often formed in the stress concentration region, such as
the tangled dislocation, grain boundaries, and annealing
twin boundaries. It is seen from Figure 8(a) that some
SFs also appear adjacent to delta-ferrite, which is
further evidence that the ferrite, as a hard phase in the

dual steel, promotes the concentrating stresses for the
subsequent martensite transformation. It is well
accepted that the c-e martensitic transformation is
performed by the introduction of SFs,[48–50] while the
nucleation of a¢-martensite is frequently formed at the
intersections of two variants of e-martensite platelets.[2,7]

The results from Figure 6 show that the c-e-a¢ transfor-
mation dominates the Lüders-like deformation process,
which is nearly identical to the experimental results in
the literature,[7] where the c-e transformation prelimi-
narily happens and then a¢-martensite forms through the
e-martensite in the initial stage of plastic deformation
from true strain 0.06 to 0.14.
At the end of the stress plateau, the stress begins to

quickly increase with strain and the corresponding
strain-hardening rate is also sharply accelerated, as
exhibited in Figure 5(a). Figure 6 demonstrates that the
a¢-martensitic transformation begins to accelerate after
the strain level approaches the end of the stress plateau
in deformation stage 3. A large amount of newly formed
hard a¢-martensite may dramatically enhance the hard-
ness of the austenite matrix. Therefore, it is believed that
a¢-martensitic transformation is mainly responsible for
the acceleration of strain hardening for the plastic

Fig. 7—Typical TEM micrographs of the specimens tensioned at RT with strain levels of (a) 3 pct; (b) 7.3 pct, SAED pattern showing the
e-martensite and its orientation relation with austenite; (c) 9.5 pct, the SAED pattern showing the a¢-martensite plates indicated by the white ar-
rows; and (d) 14.7 pct, the insets correspondingly showing SAED patterns of the deformation twins indicated by the white arrow.
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re-stability after the stress plateau in the Lüders-like
region.

4. Upward curvature after Lüders-like deformation due
to twinning

It is of interest to note that the tensile curve from
Figure 3 exhibits upward curvature (d2r/de2 > 0) after
the Lüders-like deformation, especially for deformation
stage 5, and the work hardening is slightly enhanced,
which is apparently different from the deformation
behavior of the Lüders-like region. The experiments in
this work indicate that twinning takes place in

deformation stages 4 and 5, as shown in Figures 6(d)
and 7(d). The up-curved phenomenon is frequently
observed in some high-manganese steels or alloys with
lower SFE, where twinning is the key deformation
mechanism.[7,51,52] Adler et al.[51]attributed this upward
phenomenon to the dynamic deformation twinning.
Karaman et al.[52] demonstrated that the upward
stress–strain response stems from the interaction
between glide dislocations and the high density of twin
boundaries. In Ding et al.’s most recent work,[7] the
similar up-curved phenomenon is also observed in the
tensile curve of the 18.8 wt pct Mn TRIP/TWIP steel,

Fig. 8—In-situ observation of the microstructure during high-temperature annealing, showing that the delta-ferrite is a stable phase in the dual-
phase TRIP/TWIP steel under the present heat treating process.
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where they found that twinning dominates the defor-
mation behavior in the middle deformation stage and is
the main reason for this upward phenomenon. It is
believed that the TWIP effect can be considered as a
dynamic Hall–Petch effect due to the fact that twining
provides a continuous refinement of the microstructure
during straining, efficiently decreases the dislocation
mean free path, and, thus, increases the work-hardening
rate.[53] Evidently, the upward curvature to the stress–
strain curve over extensive ranges of plastic strain in
TRIP/TWIP steel is also correlated with the combined
effect of the softening effect of twinning and a hardening
effect of the twinned microstructure.

High-manganese dual-phase TRIP/TWIP steel at RT
exhibits good mechanical properties with high UTS and
better elongation, which should be attributed to the
coexistence of the TRIP and TWIP effects in the

steel.[1,7,9] In our previous article, it was found that, in
contrast with the hot-rolled steel, the substantial ductil-
ity enhancement without obvious strength decrement
was observed for annealed steel.[9] This indicates that,
besides the TRIP effect in the Lüders-like deformation
region, the twinning of the mechanically retained
austenite greatly contributed to this ductility enhance-
ment. The volume fraction of austenite remains
unchanged after quick hardening deformation
(Figure 5(b)), implying that the untransformed austenite
becomes mechanically stable after Lüders-like deforma-
tion. The mechanical stabilization of austenite usually
requires comparably large strains.[54] Therefore, it is
important for austenite to remain stable to a large strain
to improve the ductility in dual-phase high-manganese
steel. This interesting phenomenon provides an impli-
cation that the excellent comprehensive mechanical
properties for high-manganese dual-phase steels can be
achieved by adjusting the austenite behavior during
deformation, some austenite transforming into marten-
site to enhance work-hardening capacity and preserving
part of austenite to large plastic strains, which are to be
deformed in twinning for further ductility enhancement.

C. Deformation Mode at Various Temperatures

It is well accepted that the SFE, which mainly
depends on temperature and chemical composition,
can strongly affect the deformation mode in high-man-
ganese steel.[1,2,20,24–30] It is reported that, with decreas-
ing SFE, the active plasticity mode will include
dislocation glide, mechanical twinning, and then
martensitic transformation.[26] Since the SFE increases
with temperature, the sequence of the deformation mode
is considered to occur with an increasing testing
temperature. The present tensile curves at various
temperatures exhibit different deformation behaviors,
and the XRD analysis from Figure 4 shows different
stabilities of austenite at various temperature deforma-
tion values. According to the XRD analysis and
microstructural observation, the characteristics of the
deformation behavior of the annealed dual-phase TRIP/
TWIP steel at each deformation temperature are sum-
marized in Table I.

1. SFE evaluation in the austenite phase at various
temperatures
Based on Hirth’s proposal,[55] the SFE can be

expressed by

SFE ¼ 2qDGc�e þ 2rc=e ½11�

where q is the molar surface density along {111} planes,
DGc-e is the free energy change, and rc/e is the interfacial
energy of the c/e interface. The free energy change and
the molar surface density were extracted from other arti-
cles.[24,29,30] The interfacial energy rc/e is usually taken as
a constant value in most works.[26,29,30,56] However, the
interfacial energy is closely related to the temperatures
and chemical composition and, thus, to the SFE. Based
on the experimental results in the Fe-Mn system
reported by Volosevich et al.[57] the interfacial energy,

Fig. 9—Chemical element distribution of EDS scans along a typical
delta-ferrite phase: (a) a typical delta-ferrite phase in 1323 K (1050
�C) annealed specimen in which the red line shows the location of
line scanning and (b) chemical element distribution of EDS scans
along with the line shown in (a).
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which is taken as temperature and composition depen-
dency, is fitted, as shown in Figure 13. The resultant
interfacial energy as a function of Kelvin’s temperature
(K) can be expressed by

rc=e ¼ 29:32� 0:037T ½12�

In this study, the EDS area analysis shows that the
composition ranges of elements with Mn, Si, and Al in
austenite are 21.8 to 24.6, 1.2 to 2.3, and 2.0 to 2.8 wt
pct, respectively, and the average of 20 measurements;
Fe-22.8Mn-1.58Si-2.65Al-0.082C (wt pct) is finally
taken as the effective composition and used to evaluate

Fig. 10—TEM observation of delta-ferrite in dual-phase manganese steel: (a) bright-field image; (b) dark-field image of (200) ordered spot; (c)
diffraction pattern, [011]bcc zone axis; and (d) indexed pattern in (c) (letter b in subscript representing bcc-ferrite).

Fig. 11—Illustration of SIM transformation energy measurements. Fig. 12—Comparison of the measured martensitic transformation
energy with the thermodynamic calculations at different strain levels.
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the SFEs of the austenite phase. The resultant SFEs are
illustrated in Figure 14.

2. Active plasticity mode at various temperatures
Remy and Pineau[58] and Sato et al.[59] suggested an

SFE value of 20 mJ/m2 as the upper limit for the
presence of the TRIP mechanism in high-Mn steels, and
the plasticity mode may change to deformation twinning
when the SFE exceeds this value. Allain et al.[26] believed
that the TWIP effect occurred when the SFE was

between 12 and 35 mJ/m2. However, plasticity and
strain hardening are controlled solely by the glide of
dislocations when SFE exceeds 45 mJ/m2.[30] If the SFE
values of 20 and 45 mJ/m2 are considered as the upper
limits for the presentation of the TRIP and TWIP
effects, respectively, the resultant SFE values illustrated
in Figure 13 clearly show that the annealed dual-phase
high-manganese steel in the present study can have a
TRIP effect at RT and 348 K (75 �C) deformation and
that the TWIP mechanism dominates the 423 K (150 �C)
deformation process, while the dislocation glide controls
the plasticity at 573 K (300 �C) deformation, consistent
with the experimental results summarized in Table I.

IV. CONCLUSIONS

The microstructure evolution and deformation behav-
ior at various temperatures in a high-temperature-an-
nealed dual-phase high-manganese (28 pct d ferrite-c
austenite) TRIP/TWIP steel were systematically studied
in the present work. The main conclusions are as
follows.

1. The tensile curves at RT and 348 K (75 �C) exhibit a
special Lüders-like yielding phenomenon with a
remarkable plastic instability, a large strain plateau,
and a plastic re-stability with significantly enhanced
work hardening for 1323 K (1050 �C) annealed
specimens. However, the tensile curves at 423 K and
573 K (150 �C and 300 �C) deformation show
continuous yielding; i.e., no obvious yield drop
occurs. The UTS and UE decrease with increasing
deformation temperature, except for the specimen
at 423 K (150 �C) deformation where ductility is
obviously enhanced.

2. A strong TRIP effect takes place during Lüders-like
deformation. Semiquantitative analysis of the TRIP
effect on the Lüders-like yield phenomenon proves
that a softening effect of the strain energy consump-
tion of strain-induced transformation is mainly
responsible for this Lüders-like phenomenon.

3. The strain concentration of hard delta-ferrite phase
in the dual-phase steel is crucial to the Lüders-like
behavior. A delta-ferrite-aided TRIP effect model is
proposed to explain this type of Lüders-like phe-
nomenon.

4. The tensile curve in the middle deformation stage
exhibits an upward curved behavior, which is
closely attributed to the deformation twinning of
the part of austenite retained after Lüders-like
deformation.

Table I. Deformation Characteristics of the Steel Deformed at Different Temperatures

Deformation Mechanism

Tensile Temperature, K (�C)

RT 348 (75) 423 (150) 573 (300) 673 (400)

SIM d s 3 3 3
Twinning d d d s 3

d, Observed, large amount; s, Observed, small amount; 3, Not observed.

Fig. 13—Change of the interfacial energy with temperature and
composition in the Fe-Mn system.

Fig. 14—SFE of austenitic phase in the annealed dual-phase TRIP/
TWIP steel as a function of deformed temperatures, in which the
dotted line shows the upper limits of the SFE for different deforma-
tion modes.
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5. The combination of the TRIP effect during Lüders-
like deformation and subsequent TWIP effect in the
middle stage of deformation greatly enhances the
ductility in this annealed high-manganese dual-
phase TRIP/TWIP steel.

6. The present annealed dual-phase high-manganese
steel can show a TRIP effect at the RT and 348 K
(75 �C) deformation; the TWIP mechanism domi-
nates the 423 K (150 �C) deformation process, while
the dislocation glide controls the plasticity at 573 K
(300 �C) deformation.
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