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Abstract: The microstructural evolution of a cold-rolled and intercritical annealed medium-Mn steel (Fe–0.10C–5Mn) was investigated
during uniaxial tensile testing. In-situ observations under scanning electron microscopy, transmission electron microscopy, and X-ray dif-
fraction  analysis  were  conducted  to  characterize  the  progressive  transformation-induced  plasticity  process  and  associated  fracture  initi-
ation mechanisms. These findings were discussed with the local strain measurements via digital image correlation. The results indicated
that Lüders band formation in the steel was limited to 1.5% strain, which was mainly due to the early-stage martensitic phase transforma-
tion of a very small amount of the less stable large-sized retained austenite (RA), which led to localized stress concentrations and strain
hardening and further retardation of yielding. The small-sized RA exhibited high stability and progressively transformed into martensite
and contributed to a stably extended Portevin–Le Chatelier effect. The volume fraction of RA gradually decreased from 26.8% to 8.2%
prior to fracture. In the late deformation stage, fracture initiation primarily occurred at the austenite/martensite and ferrite/martensite inter-
faces and the ferrite phase.

Keywords: medium-Mn steel; retained austenite; progressive transformation-induced plasticity effect; local strain; fracture initiation

  

1. Introduction

Given the demand for automotive steel with high strength
and  excellent  impact  energy  absorption  capacity,  medium
manganese  steel  (MMnS)  has  become  attractive  candidates
for  automotive  sheet-forming  applications [1–3].  MMnS
achieves an ultrafine and multiphase microstructure through
cold rolling (CR) and intercritical annealing (IA) processes in
the  ferrite–austenite  two-phase  region [4–7].  A  certain
amount  of  austenite  shows  stability  at  room  temperature
(RT), but it can transform into martensite during deformation
and remain preserved in the microstructure. The volume frac-
tion  and  stability  of  the  retained  austenite  (RA)  play  vital
roles in controlling the strength, ductility, and work-harden-
ing  capability  of  MMnS [8–11].  Hu et  al. [12] proposed  a
multi-alloyed design principle together with a direct intercrit-
ical rolling process to obtain RA with high content and op-
timal  stability  and  provided  persistent  transformation-in-
duced plasticity (TRIP) effect on work hardening and dam-
age resistance. A detailed description of the specific behavi-
or of RA during the deformation process is currently unavail-
able. Therefore, in terms of size and morphology, the effect
of the progressive TRIP process, particularly the influence of
the RA, on strain hardening and fracture initiation behavior
throughout  the  entire  deformation  process  must  be  under-

stood.
The formation of Lüders band and Portevin–Le Chatelier

(PLC) bands during the tensile deformation of MMnS shows
an  association  with  localized  deformation  in  banded  struc-
tures [13–18].  Lüders  strain,  which  typically  exceeds  5%
strain [19–20],  negatively  affects  the  application  of  CR
MMnS.  Wang et  al. [21] observed that  the  optimization  of
CR reduction in IA MMnS is an effective means of reducing
Lüders strain. Li et al. [22] limited Lüders strain through pre-
straining, which resulted in the increased average stability of
the  RA;  as  a  result,  the  occurrence  of  the  TRIP  effect  was
delayed,  and  the  initiation  strain  of  Lüders  bands  was  sup-
pressed. Although these methods effectively reduced Lüders
strain through suppression of the TRIP effect during yielding,
they can also reduce plasticity. Furthermore, the formation of
PLC bands leads to uneven deformation and early necking,
although it increases the strength of steel [14]. Revealing the
microstructural  evolution  under  the  effect  of  progressive
TRIP will help in elucidating the mechanisms of fracture ini-
tiation.

The  microstructural  evolution  of  a  MMnS  (Fe–0.1C–
5Mn) was investigated at various stages of tensile deforma-
tion during in-situ tensile test under scanning electron micro-
scopy (SEM). Transmission electron microscopy (TEM) and
X-ray diffraction (XRD) were used to characterize the micro- 
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structural  features and volume fracture of RA, respectively.
The  austenite  stability  and  the  associated  progressive  TRIP
effect during tensile deformation are discussed in detail. 

2. Experimental

The investigated MMnS, which was denoted as Fe–0.1C–
5Mn, had a  chemical  composition of  0.10wt% C,  4.96wt%
Mn,  and  0.04wt%  Al.  The  material  was  heated  to  800°C
(slightly above the Ac3 temperature of 740°C) and quenched
in water to RT to obtain a predominantly martensitic micro-
structure. Subsequently, the microstructure was subjected to
IA at 625°C for 12 h and air-cooled to RT.

Tensile  specimens  with  a  gauge  length  of  50  mm  and
width of 12.5 mm were machined parallel to the rolling dir-
ection  (RD).  A  MTS  C45.305  tensile  testing  machine  was
used  to  conduct  uniaxial  tensile  tests  at  RT  at  a  crosshead
speed of 3 mm/min, which is equivalent to a nominal strain
rate of 1 × 10−3 s−1. Digital image correlation (DIC) analysis
was performed using the GOM system with ARAMIS v6.3.0
image processing software [23]. Prior to the tensile test, the
specimen surfaces were sprayed with scattered spots. Strain
distribution during tensile deformation was analyzed.

The  microstructural  evolution  at  different  strain  stages
was observed during in-situ tensile tests under an Apollo 300
field-emission scanning electron microscope.  Tensile  speci-
mens with a gauge length of 11 mm and width of 2 mm were
polished in accordance with the standard metallographic pro-
cedure and corroded with a 4vol% nitric acid in alcohol (Nit-
al) solution. In-situ tensile tests with interrupted electro-back
scattering  diffraction  (EBSD)  characterization  were  per-
formed using a Thermo Scientific Scios 2 scanning electron
microscope and Oxford instrument EBSD detector (step size
0.06 µm). The specimens had a gauge length and width of 2
mm  and  1.5  mm,  respectively.  Surface  preparation  was
achieved through electropolishing in a mixed solution of 90%
alcohol  and  10%  perchloric  acid.  A  JEM-2010F  transmis-
sion electron microscope was used to reveal the microstruc-
ture substructures at an acceleration voltage of 200 kV. The
specimens were cut into 3 mm-diameter thin foils, ground to
a  50 µm  thickness,  and  electropolished  with  a  solution  of

5vol% perchloric  acid  in  alcohol  at −30°C using  a  twin-jet
machine.

The  volume  fraction  of  RA  was  determined  using  a
D/Max 2500 XRD system with a Cu Kα radiation source op-
erated at 40 kV and 250 mA and a scanning speed of 1°/min.
The  material  was  electropolished  in  a  solution  containing
10vol% perchloric acid and 90vol% ethanol for the prepara-
tion  of  XRD  samples [12].  The  integrated  intensities  of
(200)α, (211)α, (200)γ, (220)γ, and (311)γ diffraction peaks
were analyzed using Eq. (1) to calculate the volume fraction
of RA:

Vγ = 1.4Iγ/(Iα+1.4Iγ) (1)
Vγ Iγ

Iα
where  indicates the volume fraction of the RA,  denotes
the integrated intensity of the austenite peaks, and  refers to
the integrated intensity of the ferrite peaks [24–25]. The aus-
tenite consumption with an increased strain can be described
using Eq. (2):

fγ/ f0 = exp(−kε) (2)
f0 fγ

ε k
ε

where  represents the original RA volume fraction,  cor-
responds to the RA volume fraction at a given strain ,  rep-
resents  the  mechanical  stability  of  RA,  and  denotes  de-
formation strain [26]. 

3. Results 

3.1. Mechanical properties

Fig. 1 reveals the engineering and true stress–strain curves
of  the  Fe–0.1C–5Mn  steel.  The  steel  exhibited  a  yield
strength (YS) of 510 MPa with an evident yield platform and
an ultimate tensile strength (UTS) of 775 MPa. In addition,
the steel demonstrated a uniform elongation (UE) of around
35%, with a total elongation (TE) of 40%. Remarkably, the
steel  exhibited  excellent  strength  and  ductility  exceeding
30 GPa·%, which substantially surpassed that of first-genera-
tion advanced high-strength steels [27]. Furthermore, a ~1%
Lüders strain,  along with indications of a PLC effect  at  the
late  deformation  stage,  was  revealed  by  fluctuations  in  the
magnified  images [28].  The  magnified  image  in Fig.  1(b)
highlights  a  distinct  work-hardening  zone  between  the  true
strains of 0.15 and 0.25, and this outcome is usually associ-
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Fig. 1.    (a) Engineering stress–strain curve and (b) true stress–strain curve and work hardening rate–strain curve of the Fe–0.1C–
5Mn steel.
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ated  with  deformation-induced  martensitic  transformation
[16]. 

3.2. Strain distribution

The DIC analysis revealed a mesoscopic local strain (LS)
distribution  during  tensile  deformation. Fig.  2 displays  the
distribution of the von Mises strain in the early deformation
stages  (1%–3%  global  strain  (GS)).  At  1%  GS,  an  uneven
strain distribution was observed, and it was accompanied by
the presence of Lüders bands across the gauge length, which
corresponded to the yield platform. This finding was due to
the  dislocations  pinned  by  the  carbon  atoms  and  formed  a
Cottrell atmosphere. With the increase in the external force,

dislocations  broke  free  from  the  Cottrell  atmosphere  and
showed  continued  movement.  As  the  stress  dropped  to  a
lower yield point, the Lüders bands diffused along the length
of the specimen (2%–3% GS). After yielding, strain inhomo-
geneities were minimized (Fig. 2(b)).

Fig. 3 displays the LS distribution between the 6%–40%
GS.  The  major  strain  distribution  map  and  curve  revealed
uniform deformation of the material until 33% GS. However,
noticeable  fluctuations  in  LS  occurred  in  the  major  strain
curves between 13% and 33% GS. Beyond 33% GS, the peak
LS increased to 50% at 38% GS, which indicates the onset of
necking. Ultimately, the tensile specimen fractured with the
peak LS exceeding 80% at 40% GS.
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3.3. Microstructural  evolution  during  tensile  deforma-
tion

Fig.  4 shows  the in-situ tensile  deformation  under  SEM
characterized via interrupted EBSD used to trace local phase
transformation, grain re-orientation, and strain localization at
the  micrometer  level  during  the  tensile  process. Fig.  4(a1)
displays  the  tensile  stress–displacement  curve.  The normal-
ized  deformation  strain  for  interrupted  EBSD  characteriza-
tion was calculated through comparison with the quasistatic
tensile curve in Fig. 1(a) and indicated beneath each charac-

terization  point. Fig.  4(b1)  presents  the  phase  distribution
map of the undeformed state of the material, which featured
77.4% ferrite with an average grain size of ±2.7 µm and 8.0%
RA with an average grain size of ±0.3 µm. The RA showed a
discontinuous  distribution  along  grain  boundaries  and  a
large variation in grain size. The phase distribution maps in
Fig.  4(b1)–(f1)  revealed  the  initial  disappearance  of  larger
RA grains during the tensile process. At the strain of 18.2%, a
portion of RA with a small grain size remained, which indic-
ates  its  high  stability.  Within  the  low-deformation  range

M. Zhang et al., Microstructural evolution during the progressive transformation-induced plasticity effect in ... 371



(Fig.  4(c1)–(c3)  and  (d1)–(d3))  with  a  normalized  strain  of
2.6%–4.3%, the microstructure features showed no signific-
ant  changes.  When the  displacement  reached  750 µm (Fig.
4(e1)–(e3)),  which  corresponded  to  a  deformation  strain  of
~10.3%, a large amount of RA disappeared and transformed
into martensite (Fig. 4(e1)).

The characteristic ferrite grains (marked with 1–8, repres-
ented F1–F8) were selected based on the surrounding status
of RA. As shown in Fig. 4(b1), ferrite grain F1 was surroun-
ded by a number of larger austenite grains. By contrast, the
austenite surrounding grains F6–F8 is dispersed and in small
size.  They  exhibited  different  deformation  and  crack  initi-
ation  behaviors  during  tensile  deformation.  As  depicted  by

the horizontal width of grain in Fig. 4(b1)–(f1), ferrite grain
F1 did not  exhibit  considerable  deformation throughout  the
tensile  process,  with  its  horizontal  width  increasing  slowly
from  3.6 µm  (Fig.  4(b1))  to  3.7 µm  at  18.2%  strain  (Fig.
4(f1)). As shown in Fig. 4(b3)–(e3), grain F1 exhibited low
kernel average misorientation (KAM) values throughout the
tensile process. The RA surrounding grain F1 showed a high-
er  strain  concentration,  which  was  indicated  by  the  raised
KAM values when the strain was increased from 0 to 18.2%.
At  the  strain  of  18.2%,  the  resolution  around grain  F1 was
lost, probably due to its high dislocation density. F1 grain re-
vealed  strain  localization  near  the  grain  boundaries  (KAM
value  (0.8°  ±  0.1°)),  and  by  comparison,  the  interior  had
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KAM values of (0.2° ± 0.1°).
For  the  ferrite  grain  with  surrounding  small-sized  RA,

such as grain F6, coupled with anchorage by small-sized fer-
rite,  its  coordinated deformation was restricted such that  its
horizontal width increased slowly from 2.3 µm (Fig. 4(b1))
to 2.7 µm (Fig. 4(e1)) at 10.3% strain. Similarly, ferrite grain
cluster F8 was anchored by small-sized austenite, with its ho-
rizontal  width  gradually  increasing  from  12.1  to  13 µm  at
10.3% strain. At 18.2% strain (Fig. 4(f1)), grains F2–F8 re-
vealed initiated cracks at interfaces, and the majority of the
RA was assumed to have transformed into martensite, which
could not further raise the plasticity through the TRIP effect.
The remaining small-sized RA remained stable  as  its  small
size supported its high stability against phase transformation.

In addition, ferrite grains F2, F5, and F7 experienced frac-
ture, and their sizes remained relatively unchanged. By con-
trast, F3, F4, and F6 revealed significant deformation. The in-
verse pole figure map in Fig. 4(b2)–(f2) reveals that the grain
orientation of F2, F5, and F7 is (001)//RD, while F3, F4, and
F6  exhibit  (111)//RD  orientation.  For  grains  with  a  body-
centered  cubic  structure,  grains  with  (001)//RD  orientation
will experience more difficulty in promoting the dislocation
slip needed for coordinated deformation [29]. This finding is
also a potential explanation for the splitting of the F7 grain at
9.3% deformation strain, although it was surrounded by few-
er  large-sized  RA,  which  can  increase  plasticity  through
TRIP transformation. As revealed by the KAM in Fig. 4(e3)
and 4(f3), the split ferrite grains F2–F7 had relatively higher
KAM values, which indicates a considerable strain localiza-
tion.

Fig. 5 displays the second electronic image of the micro-
structure  at  the  GS  of  0,  1.5%  (yielding  point  elongation:
YPE), 10%, 20%, 30%, and 40% (fracture), respectively. Ini-
tially,  the  undeformed  Fe–0.1C–5Mn  steel  comprised  fine
ferrite grains (~2 µm measured by Image J®), equiaxed aus-
tenite,  and  a  martensite/austenite  two-phase  structure  (Fig.
5(a)).  The austenite  grains were distinguished from the fer-
rite or martensite phase through measurement of the Mn con-
tent  using an energy dispersive spectrometer  (EDS).  As re-
ported  by  Gibbs et  al. [26] the  austenite  with  Mn  content
lower than 10% resulted in only α′-martensite transformation,
and α′  and  ε martensite  developed  between  10%  and  15%
Mn, respectively; an austenitic mixture formed when the Mn
content  exceeded  15%.  Between  0  and  20%  GS,  notable
changes  were  absent  in  the  microstructural  features,  except
for  the uniaxial  elongation of  ferrite  grains and transforma-
tion of individual large RA. When the GS was raised from 0
to  40%  (Fig.  5(a)  and  (f)),  the  horizontal  length  of  ferritic
grain  A (FA)  and ferritic  grain  B (FB)  raised from 1.56 and
2.00 µm to 3.33 and 2.58 µm, respectively. The plasticity was
partly provided by the ferrite grains, as soft ferrite grains ex-
hibited better formability and lower YS than austenite grains.
The size of the ferrite measured via ImageJ showed around
80% LS of partial ferrite after fracture, and the ferrite with a
low-deformation level attained a strain exceeding 30%. The
surface  became undulated,  and  partial  small-grain  austenite

transformed  into  martensite  after  20%  GS  (Fig.  5(e)).  The
stress–strain  curve  in Fig.  1(a)  reveals  the  serrated  flow  at
20%–30%  elongation.  As  revealed  in Fig.  3(b),  the  LS  in-
tensified  at  several  positions  when  the  GS  exceeds  20%,
while the necking occurred in the C region as the GS exceeds
33%, which signifies a substantial phase transformation from
austenite to martensite. However, small-sized austenite with
a  submicrometer  grain  size  did  not  undergo  transformation
until fracture. This finding suggests that RA with high stabil-
ity in this zone did not obtain sufficient mechanical free en-
ergy to transform into martensite. The strain of austenite was
approximately 18%, which is considerably smaller than that
of ferrite.  However,  the volume expansion caused by γ→α′
transformation led to plastic deformation of the surrounding
ferrite  matrix,  which  resulted  in  the  rise  in  the  dislocation
density that hardened the material. With the further increase
in  strain,  the  voids  gradually  developed  into  cracks.  Mean-
while, voids formed at large-sized and transformed austenite/
ferrite  grain boundaries  (Fig.  5(e))  grew during further  ten-
sion, as shown in Fig. 5(f)).

Fig.  6 presents  the microscopic  morphology at  a  spot  of
2 mm away from the fracture surface before deformation and
deformed  with  40%  GS,  where  considerably  less  pro-
nounced changes in microstructure were observed compared
with those near the fracture surface. This difference was at-
tributed to the LS concentration near the fracture zone reach-
ing  ~80%  major  strain,  whereas  the  LS  concentration  was
~40% in the region of uniform deformation.

The volume fractions of RA in the interrupted tensile test
specimens were measured by XRD in the uniform deforma-
tion regions, as displayed in Fig. 7. The diffraction pattern in
Fig.  7(a)  reveals  the  presence  of  a  small  amount  of ε-
martensite  between  20%  and  30%  GS.  The  peaks  of ε-
martensite  disappeared  near  the  fracture  surface,  which  in-
dicates  that  the ε-martensite  subsequently  transformed  into
α′-martensite. Fig. 7(b) shows the calculated volume fraction
of  RA  at  different  deformation  strains  derived  from  XRD
measurements. The material initially had an RA volume frac-
tion of 26.8%. At 1% GS, the volume fraction of the RA de-
creased to 26.4%, but it subsequently decreased with the in-
crease in GS. This finding follows the relationship described
by Eq. (3), which was obtained through parameter fitting as
per Eq. (2).

f γ = 0.268 exp(−2.91ε) (3)
At 40% GS, the volume fraction of RA reduced to 8.2%,

which  accounted  for  a  69.4% reduction  compared  with  the
initial  RA.  For  comparison,  an  XRD  measurement  point
close to the fracture surface was determined, with a yield of
an RA of 4.1%. The region near the fracture surface exhib-
ited a higher LS due to necking behavior, which was expec-
ted to further improve the RA-to-martensite transformation.

Fig.  8 displays  the  bright-field  TEM  image  of  unde-
formed  Fe–0.1C–5Mn  steel. Fig.  8(a)  shows  the  relatively
dislocation-free ferrite phase in undeformed conditions [30].
The austenite can be distinctly distinguished from ferrite by
selected  area  electron  diffraction  (SAED).  The  findings  re-
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veal large-sized (around 2 μm in length) and small-sized (below
1  μm  in  length)  austenite  islands.  Lath  martensite  and  less
frequent  recrystallization  twins  were  distinctly  observed  in
some partial large-sized austenite islands (Fig. 8(b)).

Fig.  9 displays  the  bright-field  TEM micrographs  of  the
Fe–0.1C–5Mn  steel  deformed  by  10%  deformation  strain.
Fig. 9(a) shows that α′-martensite was also detected in small-
sized austenite, although at low amounts [30]. Steineder et al.

[31] reported  that  lath-like  martensite  promotes  dislocation
interaction  and  deformation  cell  formation.  Fewer  disloca-
tions were observed in fresh martensite  (Fig.  9(b)),  while  a
large number of dislocation lines, dislocation walls, and dis-
location tangles were observed in ferrite grains (Fig. 9(c)).

Fig.  10 reveals  the  dark-field  TEM  images  of  the
Fe–0.1C–5Mn steel  subjected  to  a  30% deformation  strain.
Stacking faults (SFs) and ε-martensite enriched in large-sized
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austenite (Fig. 10(a)). The SAED pattern obtained from the
marked  region  in Fig.  10(a)  revealed  the  hexagonal  close-
packed structure of ε-martensite within the austenite matrix.
As shown in Fig. 10(c), some fresh α′-martensite phases were
detected in the interior of large-sized RA islands, which ex-
hibited a  higher  dislocation density compared with that  ob-
served in Fig. 9(b). 

4. Discussion 

4.1. Lüders  band propagation and PLC effect  on mech-
anical properties

The  investigated  material  revealed  a  yield  point  elonga-
tion of ~1.5%, which is reduced compared with those of oth-
er  ultra-fine-grained  MMnS.  The  short  yield  point  elonga-
tion was assumed to be due to the enlarged grain sizes (2.1
μm for ferrite and 0.8 µm for austenite averagely) achieved
through annealing at 625°C for an extended period of 12 h.
The DIC measurement indicated the LS fluctuation at the low
GS  of  1%–3%.  The  LS  was  associated  with  Lüders  band
propagation  throughout  the  specimens.  At  the  1%  GS,  the
high-LS  region  obtained  a  major  strain  of  1.2%,  and  the

other  regions  exhibited  considerably  lower  strains,  around
0.5%. During the yield stage, the XRD results indicated the
hardly detectable transformation of RA to martensite during
the yielding stage. Wang et al. [15] reported that martensitic
transformation  is  neither  a  cause  nor  a  direct  influence  of
Lüders band formation; however, it can accelerate the forma-
tion of Lüders band through the rapid generation of disloca-
tions and simultaneous increase in their velocities. Therefore,
Lüders  band  formation  was  detectable  in  the  low-deforma-
tion region and disappeared at 3% GS. In return, the reduc-
tion in LS fluctuation also partially suppressed the strain-in-
duced martensitic transformation in the low-strain region.

From the 1% GS to the 20% GS, the material strength in-
creased continuously from 510 to 720 MPa. DIC revealed a
homogeneous  strain  distribution  throughout  the  specimen,
except for the occasional small fluctuation caused by local-
ized deformation due to the passing Lüders band at early de-
formation stages. The XRD measurements indicate a gradual
decrease  in  the  volume  fraction  of  the  RA  from  26.4%  to
17.9%. As the GS exceeded 20% (Fig. 3), strain localization
at  several  sites  intensified.  Accordingly,  serrated  flow  oc-
curred between 18% and 30% GS, as  shown by the tensile
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stress–strain curve in Fig. 1. Continuous TRIP and/or TWIP
effects were assumed to occur in conjunction with flow ser-
rations. XRD measurement also revealed a gradual decrease
in the volume fraction of RA from 17.9% to 8.2% until the
UE ended [31]. The stable and continuous TWIP/TRIP-asso-
ciated transformation continuously strengthened the material
and delayed necking behavior.

Compared with martensite, austenite had a higher carbon
solubility.  During the austenite-to-martensite transformation
processes,  the  carbon  in  martensite  became  supersaturated,
which  led  to  volume  expansion  and  a  concave–convex  ap-
pearance  of  the  surface.  The  decohesion  of  the  ferrite/
martensite  and  ferrite/austenite  interfaces,  along  with  the
fracture of martensite, was facilitated by the LS incompatib-
ility  and  low toughness  of α′ -martensite [32].  The  RA can
eliminate or reduce stress concentration at the phase bound-
ary/interface through the TRIP effect, which delayed the nuc-
leation, growth, and aggregation of microvoids. As a result,
the material’s plasticity showed an increase [33].

Fig. 5 illustrates the presence of the RA with high stability
and predominantly small-sized austenite island (about 1 μm
in length). The Mn content of small-sized RA islands, as con-
firmed by EDS, was considerably higher than that of large-

sized ones (around 2 μm), as presented in Table 1. Accord-
ing to the Hall–Patch equation, the transformation of small-
sized  RA  islands  required  a  large  mechanical  free  energy.
The  high  Mn  content  effectively  improved  the  stability  of
RA,  which  indicates  the  considerably  higher  stability  of
small-sized RA compared with large-sized ones [12,34].

fγ = 0.268 exp(−2.91ε) f0

The  austenite  transformation  trend  was  predicted  using
Eq. (2), as shown in Fig. 7(b). The fitting of the transforma-
tion  equation  indicates  and k of
0.268 and 2.91, respectively. However, as mentioned in Sec-
tion 3.2, different sizes of RA contain different Mn contents,
which  show  different  stabilities.  More  in-depth  investiga-
tions on the transformation kinetics of austenite with differ-
ent features must be conducted. 

4.2. Microstructural  evolution  during  tensile  deforma-
tion

The evolution of microstructure is presented in Figs. 8–10.
Sparse  dislocations  were  observed  in  ferrite,  and  thermal
martensite  was  formed  during  the  cooling  process  of  heat
treatment (Fig. 8). The lath-like martensite allowed disloca-
tion  movement  and  dislocation  cell  formation,  which  con-
tributed to the suppression of Lüders bands [31]. The intro-
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duction  of  lath-like  martensite  in  large-sized  austenite  is-
lands possibly caused a reduction in the yield point elonga-
tion  in  the  investigated  material.  After  10%  deformation,
lath-like martensite was introduced to some large-sized aus-
tenite islands with low stability. Some small-sized austenite
islands  remained  unchanged  after  fracture,  which  indicates
their  high  stability.  Furthermore,  the  crystallographic  rela-
tionship between large-sized austenite grains with a zone ax-
is [011] and  their  neighbor  ferrite  grains  with  a  zone  axis
[ ] followed  the  Kurdjumov–Sachs  orientation  relation-
ship, i.e., < >α′//<011>γ and {011}α′ //{111}γ, after IA, as
proven by the SAED pattern [26]. Dislocations in martensite
increased  considerably  after  tensile  deformation  compared
with  those  in  the  undeformed  martensite  (Figs.  8 and 10),
which improved material strength.

Combined with the XRD findings presented in Fig. 7, the
presence  of  thin  parallel ε-martensite  plates  in  large-sized

austenite surrounded by SFs was demonstrated (Fig. 10(a)),
which transformed further to α′-martensite. The transforma-
tion was verified by the presence of SFs in Fig. 10. The form-
ation of α′-martensite requires the intersection of microscop-
ic shear bands, such as SFs and ε-martensite plates [35]. No
evident  SFs  and ε-martensite  were  observed  in  small-sized
austenite grains.

The  primary  deformation  mechanisms  during  the  tensile
process of small-sized austenite grains included the disloca-
tion slip  and martensitic  transformation.  PLC bands  expen-
ded  stably  and  continuously  due  to  the  small  grain  size  of
austenite. The occurrence of the PLC band depended on the
size of RA and sufficient dislocations that it generated [17].
A  progressive  transformation  occurred  during  tension  be-
cause of the high stability of the small-sized RA, which act-
ively  contributed  to  the  mechanical  properties  of  the  test
steel.

Fig.  11 illustrates  the  schematic  of  the  microstructural
evolution and the crack initiation mechanisms of the invest-
igated steel during the uniaxial tensile test. The austenite was
categorized  into  large-sized  and  small-sized  grains,  with  a
small amount of lath martensite present in large-sized grains.
The stability of large-sized austenite was substantially lower
than  that  of  small-sized  ones.  The  transformation  of  large-
sized austenite to martensite mainly occurred from the end of

 

(b)(a)

(c)

α′

α′

α′

A

100 nm 100 nm

500 nm

Fig. 10.    TEM micrographs of Fe–0.1C–5Mn steel with a 30% deformation strain: (a) bright-field image showing high planar faults
and ε-martensite grains; (b) dark-field image revealing planar faults; (c) large-sized RA island with a partially transformed fresh α′-
martensite phase in the interior of austenite.

 

Table  1.     Size  and Mn content  of  different  phases  measured
in Fig. 5(a)

Grain Size / µm Mn / wt%
Large-sized austenite 2.5 7.5
Small-sized austenite 0.8 10.0
Ferrite 2.1 2.5
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yield  to  20%  strain.  Consequently,  this  phenomenon  had
minimal  influence  on  the  extension  of  yield  point  and  im-
proved  the  mechanical  stability  of  materials.  SFs  and ε-
martensite were observed in some large-sized austenite, and
the small-sized austenite endured less martensitic transform-
ation. In the late deformation stage, fracture initiation primar-
ily occurred at the austenite/martensite and ferrite/martensite
interfaces and inside the ferrite phase.

The  matrix  of  Fe–0.1C–5Mn  steel  consisted  of  ferrite
grains (Fig. 5),  and the second phase was RA, whose grain
size  was  generally  smaller  than  ferrite.  The  deformation  of
the steel before the GS of 20% was dominated by the ferrite
phase, supplemented by a small amount of martensitic trans-
formation.  The deformation energy is  distributed uniformly
in most ferrite grains. Strain localization occurred when the
GS exceeded 20%, which was partly due to the discontinu-
ous  TRIP/TWIP  effects  caused  by  the  large-sized  RA  in
steel.  However,  the  fresh α′ -martensite  phase  transformed
from the RA did not further deform during subsequent strain-
ing  due  to  its  high  strength,  which  resulted  in  dislocation
plugging.  As  a  result,  the  large-sized  RA  transformed  into
martensite,  and some small-sized austenite with a consider-
ably higher Mn content remained unchanged. 

5. Conclusions

This work investigated a cold-rolled Fe–0.1C–5Mn steel,
which exhibited progressive TRIP effect with limited Lüders
band and stable mechanical properties during tensile deform-
ation. The relationship among structures, mechanical proper-
ties,  microstructure  transformation,  and  deformation  mech-
anisms  was  explored  systematically  during  the  tensile  pro-
cess. The following conclusions were obtained.

(1) The investigated Fe–0.1C–5Mn steel exhibited an ex-
cellent combination of UTS of 775 MPa and TE of around
40% and UTS × TE of 31 GPa·%.

(2) The Lüders strain was limited to ~1.5%, which was at-
tributed to the suppressed martensitic transformation during
the  yielding  stage.  The  large-sized  RA  was  less  stable  and
transformed to α′-martensite during the initial uniform plastic
deformation  stage.  SFs  and ε-martensite  were  detected  in
several  large-sized  RA.  From  a  strain  level  of  20%–30%,
small-sized  RA gradually  transformed  to  martensite,  which
enabled the stable and continuous expansion of PLC bands.

(3)  Martensitic  transformation did  not  occur  in  some ul-
trafine small-sized RA unless considerably large strains had
been reached. The crack initiation sites were primarily aus-
tenite/martensite  and  ferrite/martensite  interfaces  or  inside
ferrites. 
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