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Abstract: The effects of warm rolling reduction ratio ranging from 20% to 55% on microstructure
evolution, the tensile deformation mechanism, and the associated mechanical properties of an
Fe-30Mn-4Si-2Al TRIP/TWIP steel were studied. The warm rolling process resulted in the formation
and proliferation of sub-structure, comprising dislocations, deformation twins as well as shear bands,
and the densities of dislocation and twins were raised along with the increase in rolling reduction.
The investigated steel, with a fully recrystallized state, exhibited a single ε-TRIP effect during the
room temperature tensile deformation, on top of dislocation glide. However, the formation and
growth of twin lamellae and ε-martensite were detected simultaneously during tensile deformation
of the warm rolled specimen with rolling reduction of 35%, leading to a good balance between high
yield strength of 785 MPa, good total ductility of 44%, and high work hardening rate. As the rolling
reduction increased to 55%, the specimen revealed a relatively low work hardening rate, due to the
high dislocation density, and dislocation glide was the main deformation mechanism. As a result,
a tensile deformation mechanism that started from a single ε-martensitic transformation moved to
a bi-mode of ε-martensitic transformation accompanied with deformation twinning, and finally to
dislocation glide with the increasing warm rolling reduction was proposed.

Keywords: TRIP/TWIP steel; warm rolling; martensitic transformation; deformation twin; yield
strength; tensile deformation behavior

1. Introduction

TRIP/TWIP steel with high strength-elongation product and high energy absorption capability
offers a promising perspective for the automotive industry, since the attractive mechanical properties
derive from the formation of ε/α’ martensite (TRIP effect, Transformation Induced Plasticity), or
deformation twins (TWIP effect, Twinning Induced Plasticity) [1–6]. The occurrence of a TRIP and/or
TWIP effect depends on the stacking fault energy (SFE) of the austenitic matrix, which is mainly
governed by alloy content and deformation temperature [7]. It has been reported that deformation
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induced martensite transformation usually happens on steels with low SFE, whereas twinning occurs
with elevated SFE [8].

However, a relatively low yield strength of TRIP/TWIP steel (approximately 200 to 400 MPa)
has limited further industrial development, particularly with respect to crash-relevant parts [9].
Great efforts have been directed towards improving the yield strength of TRIP/TWIP steel [10–12].
Herein, strengthening by grain size refinement is shown to be an effective technique according to
the Hall-Petch relationship [13]. The minimum grain size of around 2.5 µm was the limitation that
could be achieved by conventional cold rolling and annealing treatments, by which the yield strength
only could be improved to 450 MPa [9]. Severe plastic deformation, such as Equal Channel Angular
Pressing (ECAP), could dramatically decrease the grain size to nano-scale [14]. However, it was still
hindered by technological limitations regarding large-scale applications. Other methods, such as
precipitation strengthening and pre-straining by cold rolling also improved the yield strength at the
expense of ductility and work hardening rate [1,10,15,16].

In order to circumvent this intractable issue, a novel approach of temperature dependence of
deformation mechanisms in TRIP/TWIP steel was proposed in our previous study [17]. The strategy
is to introduce the deformation twin by controlling the pre-strain temperature. Based upon that,
asynchronous synergy of pre-strain twinning and ε-martensite transformation took effect, resulting
in improved performance of TRIP/TWIP steels dominated by bimodal microstructures. The results
demonstrated that the deformation mechanism could change from ε-martensitic transformation to
deformation twinning, then dislocation glide with an increase in rolling temperature. It is worth
noting that a large amount of deformation twins was formed after rolling at 673 K, indicating the
asynchronous synergy of pre-strain twinning and ε-martensite transformation could be effectively
developed by warm rolling at 673 K. Therefore, further optimization of the deformation microstructure
after warm rolling is crucially necessary.

In the present study, the influence of warm rolling reductions on the microstructure evolution,
tensile deformation mechanism, and mechanical properties was analyzed. Particular focus was
placed on the evolution of deformation twins and ε-martensite during the warm rolling process and
subsequent plastic deformation at room temperature.

2. Experimental Procedures

2.1. Material and Processing

We selected a Fe-30Mn-4Si-2Al (wt. %) alloy for this purpose, which shows the single ε-TRIP
effect at room temperature and mechanical γ-twinning when deformation temperature is elevated.
A 50 kg ingot of Fe-30Mn-4Si-2Al alloy (wt. %) was produced by vaccum induction melting, followed
by hot forging and hot rolling at 1473 K into a plate with the thickness of 5 mm. The exact chemical
composition of the alloy is shown in Table 1. The homogenization heat treatment was performed at
1273 K for 1 h in a muffle furnace, followed by quenching in water in order to reduce segregation
of the alloying elements. Subsequently, the as-annealed plates were warm rolled at 673 K to a
20%–55% reduction in thickness in several passes, using a laboratory scale rolling mill (here, the
temperature range of warm rolling is 373–873 K for the experimental steel, considering the formation
of a deformation twin [17]).

Table 1. Chemical composition of the experimental steels.

Element Mn Si Al C P Fe

(wt. %) 29.99 4.06 1.98 0.004 0.002 Bal.
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2.2. Microstructural Characterization

Microstructure observations were analyzed using optical microscopy (OM, Zeiss company,
Berlin, Germany), electron back scattering diffraction (EBSD, JEOL, Tokyo, Japan), and X-ray diffraction
(XRD, Zeiss company, Berlin, Germany). The surface of the samples was sandpapered, polished, and
etched in a 10% nital solution. The EBSD measurement was conducted on a JEOL JSM-7100F field
emission gun scanning electron microscope, equipped with a TSL orientation-imaging microscope
(OIM) system. The step sizes used for the overview and details are 1 µm and 0.07 µm, respectively.

Phase analysis was performed by means of XRD with Cu Kα radiation. According to a
Williamson-Hall plot, average values of crystallite size d and microstrain <ε2

50> were estimated.
Then, dislocation density can be given by the following equation:

ρ =
3·(2π)1/2<ε2

50 >

Db
(1)

where b is the Burgers vector (2.5 × 10−10 m); D is the average value of the crystallite size, which is
determined according to the Sherrer formula.

The Vickers Hardness (HV) values of the specimens before and after warm rolling were tested
using a 980 mN load for 15 s dwelling time. Rectangular dog-bone shaped tensile specimens with
gauge lengths of 25 mm and gauge width of 10 mm were machined from the as-annealed and as-rolled
plates. The loading direction was parallel to the rolling direction (RD). Tensile tests were performed at
an engineering strain rate of 6.7 × 10−4 s−1, at room temperature.

3. Results and Discussion

3.1. Microstructure Evolution

The optical micrographs of the investigated steels with different warm rolling reductions are
shown in Figure 1. The initial state of the as-annealed alloy is single face centered cubic (FCC)
phase. The microstructure consists of globulitic grains with an average grain size of around 59 µm,
as well as some annealing twins (Figure 1a). Figure 1b–d illustrate the microstructure evolution of
TRIP/TWIP steel with different warm rolling reduction ratios of 20%, 35%, and 55%, respectively.
At the lowest reduction (20%), grains are slightly elongated along the RD, accompanied by a banded
structure only in some favorably oriented grains (Figure 1b). Elongated grain structure is a common
phenomenon during rolling deformation [18]. Kimura et al. reported that the mechanical properties are
dramatically enhanced due to the ultrafine elongated grain structure processed by a thermomechanical
treatment [18]. In specimens with rolling reductions of 35% and 55%, the grains are further elongated
and the banded structure can be observed in almost all of grains. The elevated rolling reduction
significantly increases the density of the banded structure, in which slip bands, deformation twins,
or ε-martensite may be included. In our previous results, the banded structures were confirmed as
deformation twins after warm rolling at 673 K with a reduction of 20%, although the steel in the fully
recrystallized state exhibited the bare ε-TRIP effect after tensile deformation at room temperature [19].
This is because the SFE of the austenitic matrix is identified as the dominating factor that is mainly
responsible for the deformation modes (deformation-induced martensitic transformation, dislocation
slip, or twinning) in austenitic Fe-high Mn alloys. On the other hand, the temperature plays a key effect
on the SFE, as the magnitude of SFE increases with temperature [20]. At a low deformation temperature
(298 K), a low SFE results in deformation-induced martensitic transformation. At higher temperatures
(373–673 K), an intermediate range of SFE leads to deformation twinning. As the temperature is
further increased (873–1073 K), perfect dislocation glide with cross slip gradually replaces deformation
twinning [17].
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Figure 1. Optical micrographs showing the microstructure of specimens with different warm rolling
reductions (a) 0%, (b) 20%, (c) 35%, (d) 55%.

XRD was performed to identify the deformation microstructure features. X-ray diffraction profiles
of TRIP/TWIP steel with different rolling reductions are shown in Figure 2a. The XRD line diagrams
of all experimental cases are found to be the single austenite phase, implying no occurrence of
ε-martensite transformation with the increase in rolling reduction. Figure 2b shows the effect of
warm rolling reduction on dislocation density. The dislocation density is around 0.8 × 1015 m−2 after
warm rolling to a thickness reduction of 20%. Then, the dislocation density gradually increases with
strain and reaches a high value of 2.68 × 1015 m−2 at 55% rolling reduction. The dislocation density
is closely related to the deformation behavior of metallic materials. On the one hand, the strength
of steels monotonically increases with dislocation density, based on the Taylor hardening law [21].
Therefore, dislocation is an effective pathway for strengthening, however, accompanied with the cost
of ductility is the increase in dislocation density. Interestingly, He et al. recently suggested that the
high dislocation density also enabled a large ductility by the glide of existing mobile dislocation during
the deformed and partitioned (D&P) process [22]. On the other hand, the density, characteristics, and
distribution of dislocations exhibit a strong influence on SFE. A deformation-dependent SFE viewpoint
is invoked to interpret the tensile deformation of a high Mn TWIP steel [23]. Pierce et al. indicated that
effective SFE varied with the terms of density parameters and dislocation arrangement proportionally,
besides alloy composition and deformation temperature [24]. Therefore, the effective SFE, which is the
key parameter controlling the emergence of plasticity mechanisms, will increase with the increasing
dislocation density. In other words, there is a close relationship between dislocation density and the
plastic deformation mechanism.
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Figure 2. X-ray diffraction patterns of the specimens (a) and variation of dislocation density with
increasing warm rolling degree (b).

In order to further elucidate the microstructure evolution with the increasing rolling reduction, the
EBSD results are shown in Figure 3. Figure 3a1 showss typical recrystallized equiaxed grain structure
with high fraction of annealing twins. The deformation grains are obviously elongated along the RD
with increasing rolling reduction, consistent with the OM results, as shown in Figure 3b1,c1,d1. At the
20% reduction state, the microstructure consists of small amounts of deformation twins (Figure 3b1).
After rolling to 35%, a gradual increase in the deformation twin density occurs (Figure 3c1). With further
rolling to 55%, formation of deformation twins can be observed in almost all of the grains. For analyzing
the deformation microstructure in more detail, the corresponding enlarged images taken from the black
framed areas in Figure 3a1,b1,c1,d1 are given, as shown in Figure 3a2,b2,c2,d2. At a reduction of 20%,
the microstructure consists of a small amount of deformation twins with a few tenths of micrometer
wide in red color and some unidentified banded structure in dark color, as shown in Figure 3b2.
The unidentified banded structure may be very thin deformation twins which can not be detected by
the resolution of EBSD, or slip bands. Furthermore, the high number of misorientation angles along
the misorientation line profile further demonstrate the presence of twin bundles (60◦{1 1 1}), as shown
in Figure 3b3. At a rolling reduction of 35%, the number of deformation twins increases dramatically,
and the twin plates become clearly thicker (Figure 3c2,d2). When the rolling reduction reaches 55%,
the deformation microstructure becomes more complex. In addition to deformation twins and slip
bands, another important feature is the appearance of shear bands. The shear band is a kind of highly
strained bands inclined to the RD direction by 25◦–40◦ [25]. In the present study, Fe-Mn-Si-Al steel
rolled to 55% at 673 K and profuse shear bands inclined at 35◦ to the ND plane are observed in most
of the grains, as indicated by arrows in Figure 3d2. These areas with intensely shear bands shown as
thick black markings exhibit a very low Confidence Index (CI) value, therefore, no effective orientation
information can be detected by EBSD. Hirsch et al. suggested that shear bands are usually formed
when the plastic deformation becomes harder to further proceed by dislocation glide [26].
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Figure 3. Electron back scattering diffraction (EBSD) maps showing the microstructure of specimens
with different warm rolling reductions (a) 20%, (b) 35%, (c) 55%. The inverse pole figure maps of rolling
direction (RD) (a1,b1,c1) and the corresponding enlarged images (a2,b2,c2) taken from the framed area
are given. The misorientation profiles (a3,b3,c3) measured along the lines indicate the existence of
intragranular grain boundaries with a misorientation of 60◦ (twin boundaries).
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3.2. Mechanical Properties

The uniaxial tensile results of the specimens with different rolling reductions are illustrated in
Figure 4. A summary of the mechanical properties is also listed in Table 2. The as-annealed specimen
exhibits the lowest yield strength (0.2% proof stress) of about 258 MPa and the highest total elongation
of about 76%. With the increasing rolling reduction, the yield strength is increased and total elongation
is reduced. As compared to the as-annealed condition of warm rolled steel with rolling reduction
ration of 55%, an obvious improvement in yield strength from 258 MPa to 1036 MPa, and a drop in
total elongation from 76% to 20%, is obtained. It should be noted that a yield strength of 785 MPa and a
total elongation of 44% in the case of a warm rolled specimen with rolling reduction of 35% highlights
the potential of pre-strain treatment by warm rolling that could achieve high yield strength-ductility
combinations in TRIP/TWIP steels.

Furthermore, three typical groups can be described with respect to the work-hardening behaviors
in order to highlight the different deformation stages on the work-hardening rate as a function
of true strain curves: Group A (as-annealed), which is characterized by four typical deformation
stages; Group B (rolling reduction of 20%, 35%), in which three typical deformation stages can be
identified obviously, and Group C (rolling reduction of 55%), which is characterized by two typical
deformation stages.

Table 2. Mechanical properties for the specimens with different rolling reductions.

Rolling
Reduction (%)

Yield Strength
(MPa)

Ultimate
Strength (MPa)

Uniform
Elongation (%)

Total
Elongation (%)

Hardness
(HV)

As-annealed 258 650 70 76 204
20 565 748 47 60 301
35 785 834 31 44 368
55 1036 1049 6 20 425

It is well accepted that four stages can be defined according to the true strain dependency of
work-hardening rate (dσ/dε) at the as-annealed condition during the tensile deformation [17,27].
The work-hardening rate drops pronouncedly according to the dynamic recovery of dislocations
(stage I) [15,28,29]. Then, the primary ε-martensite initially nucleates and grows in stage II. At the
gradual increase of true strain, the secondary ε-martensite starts to appear and intersect with the
primary ε-martensite (stage III). Finally, a significant drop in the work-hardening rate occurs in
stage IV, due to the retarded formation of ε-martensite, attributed to the high density of dislocation.
The work-hardening rate profiles of the warm rolled specimens with rolling reduction of 55% exhibit
only two stages, namely stage I and IV (Figure 4b). The absence of stage II and III is ascribed to the
retarded formation of ε-martensite during tensile deformation at room temperature. Additionally, the
corresponding work-hardening rate profiles of the specimens with rolling reductions of 20% and 35%
show three different stages. It is worth noting that obvious platform can be observed in stage II, which
is ascribed to the nucleation and growth of the primary ε-martensite/deformation twin. Meanwhile,
the increase of the effective SFE hinders the formation of secondary ε-martensite/deformation
twins, therefore, stage III disappears. Grajcar et al. proposed similar strengthening behavior in
low C Fe-28Mn-4Si-2Al steel. They suggested that the dominant mechanism responsible for the
work-hardening changes as a function of deformation temperature or strain rate, which is related to
SFE [30,31].
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Figure 4. (a) Engineering stress-strain curves; (b) work-hardening rate-true strain curves of the
investigated steels with different rolling reductions; (c) plot of mechanical properties vs warm
rolling reductions.

3.3. Fractographic Features

Characteristic features of the tensile fracture surfaces of the samples with different rolling
reductions are presented in Figure 5. The fracture surface of the as-annealed specimen is the typical
feature of ductile fracture by the presence of isometric dimples (Figure 5a). Furthermore, there are
some flat regions marked with white arrows in Figure 5d, indicating failure due to grain boundary
sliding in the 55% condition [32]. The corresponding dimple diameter distribution of samples at
different rolling reductions is depicted in Figure 5e. Ductility is strongly related to the number density,
depth, size, and distribution of dimples in the fracture surface [33]. It can be seen that different rolling
reductions induce various distributions of the mean dimple diameter. In the specimen with rolling
reduction of 20%, the mean size of ductile dimples is 3.52 µm, with a total elongation of 60%. In the
specimen with rolling reduction of 25%, the size of ductile dimples is 5.69 µm, with an elongation of
44%. The size of ductile dimples in the specimen with rolling reduction of 55% is 8.24 µm, with an
observed elongation of 20%. The mean size of the dimples increases, furthermore, the distribution of
dimple dimensions exhibits a fluctuant trend with the increase of the rolling reduction, corresponding
to the decrease in total elongation.
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Figure 5. Fracture surfaces of tensile specimens with different rolling reductions: (a) 0%, (b) 20%,
(c) 35%, (d) 55%, (e) rolling reduction dependence of the dimple size.

3.4. The Effect of Warm Rolling Reduction on Tensile Deformation Behavior

The XRD profiles for the warm rolled specimens with rolling reduction of 20%, 35%, and 55% after
tensile fracture at room temperature are shown in Figure 6. It is interesting to note that the as-formed
ε-martensite can be observed in the tensile fractured specimens with rolling reduction of 20% and
35%. However, no obvious diffraction peaks of ε-martensite can be identified from the XRD pattern
with respect to the 55% rolled specimen after tensile deformation. This is indicative of the absence
of deformation-induced ε-martensitic transformation at further tensile deformation condition, which
may be ascribed to the derived high dislocation density.
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Figure 6. X-ray diffraction patterns of the specimens with different rolling reductions after tensile fracture.

Figure 7 displays the tensile deformation microstructure of the specimen with 35% rolling
reduction. The RD orientation map and phase map are given in Figure 7a,b, respectively. With the OIM
analytical software, the area fraction of ε-martensite is estimated to be 21%. As observed in those maps,
there are two grains (Grain 1 and Grain 2) which contain clear ε-martensite with banded structures.
Furthermore, deformation twins with various thicknesses ranging from 5–50 µm, as shown by arrows,
are observed. The thickness of the twin indicates that some of those deformation twins are formed
during tensile deformation. For analyzing the microstructure after tensile deformation in more detail,
a small region taken from the framed area in Grain 1 is observed in a fine step size, as show in Figure 8.

Figure 8b shows the RD orientation map for γ phase where the γ phases are colored depending
on their orientation and ε phases are blacked out. In contrast, the colored and blacked out
regions are inverted in ε orientation map (Figure 8c). The microstructure consists of γ matrix in
purple, deformation twins in red, and some deformation induced ε-martensite in yellow (Figure 8a).
The orientation of the γmatrix is determined at a scanning spot as ND//(20 4 −13), RD//(−2 −3 −4).
It is observed that ε-martensite and the deformation twins with plate-like morphology are parallel to
each other. Therefore, the primary (1 −1 −1)matrix plane is defined as the habit plane of ε variant and
twinning plane of deformation twin, as shown in Figure 8e,f. With respect to the Schmid law, the most
plausible shear direction is [−2 −1 −1], with a Schmid factor of 0.477. The analogous results can also
be observed in Grain 2. The matrix with blue color with the crystal orientation of the miller indices
ND//(−3 −15 7), RD//(3 −2 −3), is shown in Figure 9a. The parallel εmartensite and deformation
twin are induced by the most plausible shear direction as [1 −2 −1] on the primary (−1 −1 1)matrix

plane with a Schmid factor of 0.429. It should be noted that εmartensite and deformation twins are
closely next to each other both in Grain 1 and Grain 2. Therefore, it can be speculated that εmartensitic
transformation and twinning simultaneously operate during tensile deformation in the specimen with
a rolling reduction of 35%.
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Figure 7. Microstructure of tensile deformed specimen with warm rolling reduction of 35%: (a) The RD
orientation maps, (b) phase map.

Figure 8. Microstructure of tensile deformed specimen after 35% warm rolling reduction, taking at
the framed area in Grain 1: (a) The RD orientation maps for all data, (b) the FCC structures, (c) HCP
structures, (d) phase map, (e) {111} pole figure and (f) {0001} pole figure.
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Figure 9. Microstructure of tensile deformed specimen after 35% warm rolling reduction, taking at
Grain 2: (a) The RD orientation maps for all data, (b) the FCC structures, (c) HCP structures, (d) phase
map, (e) {111} pole figure and (f) {0001} pole figure.

It is well known that the mechanisms of formation of εmartensite and twins are similar [34]. Both ε
and twins are formed by the movement of Shockley partial dislocations and subsequent intrusion of
stacking faults, on every other {111} close-packed plane for the former and on every {111} plane for the
latter. In Mahajan’s model, an ensemble of three Shockley partials on every second {111} plane are
induced by two perfect dislocation reactions, which may govern the nucleation of six-layer HCP crystal.
A macroscopic ε-martensite forms when these three Shockley partials on every second {111} plane grow
into each other. These situations imply the stacking faults are required for ε-martensite nucleation.
Furthermore, Inagaki et al. illustrated the reverse transformation of the ε-martensite by in-situ TEM
observations [35]. They supported that the Shockley partial dislocations “at one end” moved towards
the other “immobile end”, fixed at grain boundaries or interfaces of pre-existing ε plates. Therefore, all
of the followings can be the possible nucleation sites of the ε-martensite: dislocations, grain boundaries,
and pre-existing plates (or stacking faults). This is in accordance with our results that ε-martensite
always emerges along the deformation twin boundaries.

A schematic sketch of microstructure evolution during the warm rolling process and subsequent
tensile deformation, exhibiting the mechanism of pre-strain twinning and ε-martensite transformation
asynchronous deformation, is provided in Figure 10. In the as-annealed state, the microstructure
consists of FCC γmatrix and quite a few dislocations (Figure 10a). The prior warm rolling results in the
evolution of sub-structure, comprising dislocations, deformation twins and shear bands, depending
on the warm rolling reduction (Figure 10b–d). It can be concluded that the deformation-induced
ε-martensitic transformation is the single deformation mechanism that dominates plasticity, besides
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the dislocation glide, in a specimen without prior warm rolling (Figure 10e). However, ε-martensite
and deformation twins form simultaneously when the prior warm rolling reduction reaches 35%
(Figure 10f). Then, with further increasing warm rolling reduction to 55%, the deformation mechanism
transits to dislocation glide (Figure 10g). The occurrence of this transition of deformation mechanism
depends on effective SFE. It is well accepted that the ε-martensite occurs if the SFE is typically below
20 mJ·m−2, whereas deformation twins form when the SFE lies between 15 and 30 mJ·m−2 [8]. A higher
SFE favors dislocation glide. Hence, ε-martensitic transformation and twinning occur simultaneously if
the SFE is between 15 and 20 mJ·m−2. Meanwhile, an increasing dislocation density with the increasing
warm rolling reduction is expected to enhance effective SFE. Therefore, the warm rolling reduction has
a strong effect on the transition of the tensile deformation mechanism.

Figure 10. A schematic sketch of microstructure evolution during warm rolling and tensile deformation
(green, red and yellow colors denote austenite matrix, deformation twin and ε-martensite, respectively).

Figure 11 shows the resultant yield stress-ductility combination of Fe-30Mn-4Si-2Al TRIP/TWIP
steel by prior warm rolling, together with the data from references [10,15,16,29,36–41]. First, previous
reporting attempted to refine grain size to improve the yield stress by the conventional cold rolling
and annealing treatment. This offer high ductility, but low yield stress (<500 MPa), as indicated by
the blue dashed lines. Secondly, the precipitation strengthening strategy is one of the more efficient
ways to increase yield stress. However, some precipitations formed at grain boundaries are harmful to
toughness and ductility. Furthermore, the improvement of yield stress is limited by the addition of
microalloy elements, as shown by the green dashed line. The third point to note in Figure 11 is that,
comparing our results (red dashed line) with those by cold rolling (yellow dashed line), ductility is
increased at any given yield stress. Therefore, this advantage of the present warm rolling strategy is
especially pronounced at high yield strength toward 800 MPa and good ductility.
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Figure 11. Comparison between the present TRIP/TWIP steel and previous results.

4. Conclusions

We have focused on the effect of prior warm rolling reduction on tensile deformation behavior
and corresponding mechanical properties of an Fe-30Mn-4Si-2Al TRIP/TWIP steel. The mechanisms
of pre-strain twinning and ε-martensite transformation asynchronous deformation were studied.
The influence of rolling reduction on the work-hardening behavior was discussed. The main
conclusions are as follows:

(1) The microstructure of the steel after 20% warm rolling was characterized by low dislocation
density and thin deformation twins within the initial grains. The density of dislocation and deformation
twins are raised at the increase of rolling reduction. After a 55% rolling reduction, shear bands appeared,
as the plastic deformation becomes harder to further proceed by dislocation glide.

(2) After tensile deformation, the growth of deformation twins are observed, and the primary ε is
always found to be parallel and close to a deformation twin, indicating that the possible nucleation
sites of the ε-martensite may be the pre-existing twin boundaries, in the specimen with warm a rolling
reduction of 35%.

(3) The experimental steel with a warm rolling reduction of 35% exhibits a superior combination
of high yield strength and ductility (yield strength of 785 MPa and total elongation of 44%) as well as a
high work hardening rate due to the coexistence of deformation twins and ε-martensite.

(4) A deformation mechanism was proposed that started from a single ε-martensitic
transformation to a bi-mode of ε-martensitic transformation and was accompanied by deformation
twinning, before finally moving to dislocation glide with the increase in warm rolling reduction.
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