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To examine the effect of temperature on twinning initiation and strain accumulation, a twinning-induced
plasticity (TWIP) steel with chemical composition of Fe-25Mn-1.66Si-1.23Al was successfully prepared and
subjected to severe plastic deformation (SPD) with equal-channel angular pressing (ECAP) at room tem-
perature and warm temperature (300 °C), respectively. The microstructure was analyzed using different
techniques, while its mechanical properties were measured by performing micro-tensile tests before and
after the ECAP procedure. With such analyzed microstructure after ECAP procedure, the grains of the
investigated TWIP steel are found to be elongated and the grain size decreases sharply especially at room
temperature, compared to that before the ECAP procedure. The transmission electronic microscope (TEM)
micrographs confirmed the existence of twins in all ECAP extruded conditions; however, at room tem-
perature and after multiple passes of ECAP process at a higher temperature, it is easier to initiate sec-
ondary twins with a complex morphology. One pass of ECAP at room temperature can cause a strain effect
of two passes at 300 °C. Strain hardening behavior was analyzed through In(deo/d¢) — Ino plot; the results
show that the annealing samples present a relatively high strain hardening capability while the strain
hardening capability of ECAP-ed samples reduces gradually with the amount of total strain applied by the

ECAP.

Keywords ECAP, mechanical behavior, temperature, twins,

TWIP steel

1. Introduction

Over the past decade, a new group of medium- and high-
manganese (Mn) steel such as transformation-induced plasticity
(TRIP) steels and twinning-induced plasticity (TWIP) steels
with low stacking fault energy (SFE) has attracted great
interests of researchers from materials science. Due to its high
content of Mn, TWIP steel has an intermediate SFE range (i.e.,
15-40 mJ/m?) at room temperature, and thus, the twinning
mechanism is one of the main characteristics of deformation
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(Ref 1). Such twinning mechanism is known as the dynamic
Hall-Petch effect or TWIP effect, resulting in a hindered
movement of dislocations and an improved strain hardening
rate. It has been proved that TWIP steels with 20-30% Mn
content have a great potential in the automotive industry owing
to their excellent strength and ductility as a result of the
formation of mechanical twins during deformation (Ref 2-4).
Although a defect of low yield strength seriously limits the
extensive applications of TWIP steels (Ref 5), numerous efforts
have been made to tackle such a technical challenge from
various aspects such as pre-deformation (Ref 6, 7) and recovery
annealing (Ref 8-10). In practice, grain refinement is considered
to be the best way to improve the mechanical properties of the
TWIP steel since SFE can be maintained and twinning is the
favorable deformation mechanism (Ref 11-13). By, respec-
tively, imposing high pressure torsion (HPT) on different TWIP
steels, Matoso et al. (Ref 14) and Abramova et al. (Ref 12)
significantly improved their hardness. By fabricating the
gradient TWIP steels with surface mechanical grinding treat-
ment (SMGT), Ding et al. (Ref 15) formed a multilayer
structure containing twins. To process the TWIP steels through
accumulative roll bonding (ARB) at room temperature, Etemad
et al. (Ref 16) showed that, with an increasing strain, the
primary and secondary mechanical twins as well as the
hierarchical nanotwinned (HNT) structures were gradually
formed in the TWIP steel. Also, Yu et al. (Ref 17) found that
nanocrystalline and nanotwin appear in the TWIP steels during
a cold-rolling process when rolling reduction is more than 90%.
Among numerous grain refinement methods, it is well
recognized that equal-channel angular pressing (ECAP) procedure
of severe plastic deformation (SPD) can be used to efficiently
enhance the steel yield and its ultimate strength (Ref 18-22).
Nevertheless, it is difficult to carry out the ECAP on TWIP steel
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due to its extremely high strength and high ductility. Previous
attempts to process TWIP steel in ECAP dies with an inner angle of
90° at room temperature failed due mainly to fractures in the punch
(Ref 23, 24). Bagherpour et al. (Ref 25) conducted an ECAP
procedure for TWIP steels in an ECAP die with an inner angle of
120° at room temperature, resulting in a large number of cracks.
Recently, the ECAP procedures on TWIP steel have been
conducted at elevated temperatures (Ref 23, 24, 26). By conduct-
ing ECAP procedure on a FeMnC TWIP steel at different
temperatures, Timokhina et al. (Ref 23) correlated the microstruc-
ture characteristics to the morphology of twins and dislocations.
With four passes of ECAP on a FeMnCAI TWIP steel, Haase et al.
(Ref 24) found that a microstructure of grain refinement results in
the enhancement of the tensile strength with a limited ductility.

In the process of plastic deformation, a temperature
difference affects the nucleation probability of twinning in
TWIP together with its mechanical properties. Since the
recovery and recrystallization caused by the temperature rise
affect its formation, a twin system initiated by a lower plastic
strain at room temperature may be equal to or even higher than
that with a larger plastic strain at an elevated temperature. So
far, limited attempts have been made to examine the effects of
temperature and strain on twin initiation and mechanical
properties of TWIP steel.

In this study, an integrated framework has been developed to
not only examine temperature effect on twin initiation during
ECAP, but also determine the corresponding mechanical
properties of TWIP steels. More specifically, the ECAP process
of TWIP steel at different temperatures will be conducted, and
the microstructure will be detected through electron backscat-
tered diffraction (EBSD) and transmission electronic micro-
scope (TEM), while its mechanical properties will be measured
by performing micro-tensile tests in this work. The effects of
temperature and strain on twin initiation, morphology, and
mechanical properties will be investigated. Through this work,
the microstructure of TWIP steel at different temperatures and
its influence on mechanical properties can be better understood.

2. Experimental

2.1 Materials

The chemical composition of the TWIP steel used in this
study is tabulated in Table 1 in which the calculated SFE based
on references (Ref 27, 28) is also included. In this work, the
calculated SFE value would allow twinning as the favored
deformation mechanism (Ref 29).

2.2 Experimental Procedures

2.2.1 ECAP Tests. Firstly, the TWIP steel was cast into
ingots, and air cooling was adopted. After casting, forging
procedure was carried out to close possible pores and

Table 1 The chemical composition of the investigated
TWIP steel in weight percentage and the SFE value

C Mn Si Al Fe SFE, mJ/m?

0.27 25 1.66 1.23 Bal. 24.5

homogenize the chemical composition and microstructure.
Then, cylindrical samples of 8 mm in diameter and 60 mm in
length were cut from the forged ingot for the ECAP tests. All
bars were annealed at 1200 °C for 1 h in a protective Ar inert
atmosphere in order to eliminate inhomogeneous microstruc-
ture and segregation which were formed during solidification,
followed by water quenching to room temperature.

The ECAP procedure was performed in a solid die made by a
tool steel insert with two channels intersecting at an inner angle of
® =90° and an outer angle of y = 37° (see Fig. 1). According to
the calculated strain with the correlation given by Iwahashi et al.
(Ref 30), each pass can result in true stain more than 100%. The
extrusion speed was 0.002 m/s (i.e., the corresponding strain rate
was 3.3 x 1072 s71), and MoS2 was used as a lubricant. The
ECAP route adopted was BC (i.e., the sample is rotated 90°
between compression passes, while the rotation is always kept in
the same direction). To compare the counteracting effect of
temperature on the true strain and the effect of strain on twin
initiation, the ECAP procedure was conducted at different
temperatures. At room temperature, the investigated TWIP steel
was extruded for one pass of ECAP procedure, while four
isothermal passes were further performed at 300 °C. This
temperature is selected because 300 °C is the lowest temperature
for multi-passes ECAP in the current research. At the elevated
temperature of 300 °C, the die was placed inside a furnace for
warm processing, and then, the sample was introduced in the die
and kept for five minutes before processing.

2.2.2 EBSD Tests. With a field emission gun JEOL JSM-
7001F (FE-SEM) operated at 20 kV, the EBSD analyses were
carried out to characterize the microstructure. The EBSD
samples were cut from the center of the ECAP-ed samples and
then ground and polished using diamond paste, and a final stage
was polished by a vibration polishing machine (VibroMet 2)
with 0.02 um colloidal silica solution. The scanning procedure
was performed on the transverse plane of the sample processed
by the ECAP (xy plane, see Fig. 2). The axis reference system
xyz is also illustrated in Fig. 2, indicating the extrusion direction
“x” (ED), the normal direction “y” (ND) and the transverse
direction “z” (TD). Different scan step sizes were used:
3.00 pm for the TWIP steels under the annealed condition,
0.20 pm for the samples with 1 ECAP pass, 0.05 pm for the
samples with 2 ECAP passes, and 0.03 um for the samples with
4 passes. The indexation rate was maintained almost at 70% for
the samples after the ECAP procedure. They were post-
processed utilizing the HKL Channel 5 software. The grain
boundaries were identified as high-angle grain boundaries
(HAGB) in which misorientation was above 15°, while sub-
grain boundaries were low-angle grain boundaries (LAGB)
with a misorientation between 2° and 15°. For the twin
boundaries, a specific misorientation of 60° over the <111>
axis was taken.

2.2.3 TEM Tests. Further microstructure examination
was performed through TEM. The specimens were analyzed
in a Philips C2100 microscope operating at 200 kV. The
samples for TEM observation were mechanically polished to 40
pm in thickness and then thinned by twin-jet electron polishing
in an electrolyte solution of 95 vol.% acetic acid glacial and 5%
perchloric acid at room temperature.

2.2.4 Tensile Tests. In the central region of the ECAP
sample, grains underwent severe deformation, showing more
grain refinement, i.e., near the edge of the sample, there is
relatively less grain refinement. Therefore, the samples used for
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Fig. 1 ECAP system and mold and insert dimensions: (a) hydraulic press, (b) ECAP mold, (c) furnace, (d) actual drawing of ECAP mold, and

(e) die dimension drawing of ECAP mold
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Fig. 2 ECAP die configuration and the corresponding coordinates
system used in the current research: ND (normal direction), ED
(extrusion direction), and TD (transverse direction)

the tensile tests should avoid effects due to material hetero-
geneity. For this reason, the tensile testing specimens were
machined from the middle of the rod cross-sectional sample.
On the other hand, owing to the reduced dimension of ECAP-
ed material, a standard tensile sample could not be machined
from the bars. Hence, the micro-tensile sample was cut with
gauge length of 3 mm. (A detailed dimension is given in
Fig. 3.) The tensile testing was carried out in an micro-test
DEBEN machine with a cross-head speed of 3.3 x 107> mm/s
(quasi-static loading conditions) in the longitudinal direction at
room temperature. Each group of tensile tests was repeated with
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three samples.

3. Results

3.1 Microstructure Characterization

3.1.1 Annealing Treatment. Figure 4 shows the optical
microscope images and more detailed EBSD information of the
investigated TWIP steel after the homogenization heat treat-
ment. As can be seen in Figure 4(a) and (b), the microstructure
in terms of grain size is homogeneous. In particular, the average
grain size is measured to be 123.5 and 199.6 pm with and
without considering twin boundaries, respectively. By perform-
ing EBSD analyses, grain boundaries, sub-grain boundaries and
twin boundaries can then be identified according to the
misorientation. A color code has also been assigned to identify
the different boundaries with the EBSD tests: Grain boundaries
correspond to the black lines, green lines are sub-grains, and
twins appear as white lines.

The feature of the boundaries in the TWIP steel after
homogenization heat treatment can be observed in Fig. 4(c). In
this case, almost no sub-grains are noticed, and special grain
boundaries of twin type are obvious. These twin boundaries are
directly resulted from the heat treatment and can be considered
as annealing twins, which are easily identified because they
appear as straight lines in the microstructure and often appear in
pairs of parallel lines due to their characteristics stacking
sequence (Ref 26). Figure 4(d) shows the grain diameter
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Fig. 4 (a) Optical microscope image and EBSD analysis of the investigated TWIP steel in annealing condition: (b) inverse pole figure (IPF)
grain map; (c) grain boundary map (black line—high-angle grain boundary, green line—low-angle grain boundary, white line—twin boundary),

and (d) grain size distribution (Color figure online)

distribution for the TWIP steel with the annealing treatment. It
can be noticed that the grains consist of different sizes, but most
of them are similar in size.

3.1.2 Microstructure of the TWIP Steel
ECAP-ed. 3.1.2.1 Room Temperature. After one ECAP
pass at room temperature, the grains appear extremely elon-
gated in the shear direction, whereas the average grain size is
sharply reduced. Specifically, the grain size reduces sharply
from 199.6 pm to less than 3.00 pm, and a large amount of
LAGB is generated during one pass as illustrated in Fig. 5(a)
and (b). In addition, the microstructure of the investigated
TWIP steel is highly heterogeneous, with the presence of
mechanical twins in some regions and very fine grains occur in
other regions of the sample (see Fig. 5a). In fact, all mechanical
twins with the same grain align with the same orientation. (This
is also evident in the grain boundary map in Fig. 5b.) The

orientation of the twins is related to the initial orientation of the
grains, and the fact that all twins align with the same orientation
indicates that all of them have formed inside the same original
grain. After one pass at room temperature, the fraction of new
fine grains is found to be higher than that for the sample ECAP-
ed at 300 °C (as detailed in the next section). From Fig. 5(a), it
can be seen that fine grains are located in regions with high
fractions of LAGB, indicating that fine grains appear by the
transformation of previous sub-grains.

As illustrated in the EBSD analyses, significant changes in
the microstructure are observed after one ECAP pass at room
temperature, i.e., many austenite grains contain a large number
of deformation twins. This phenomenon is more obvious from
the TEM analysis, as indicated in Fig. 5(c), (d) and (e). In the
general view of TEM observation in Fig. 5(c), a large number
of deformed twins with a thickness of about 50-200 nm can be
seen. The thickness of twins in TEM is similar to that observed
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Fig. 5 Microstructure of the investigated TWIP steel ECAP-ed one pass at room temperature: (a) EBSD general grain map, (b) EBSD grain
boundary map, (c) TEM general view of twins, (d) different types of secondary twin system, and (e) SAED of two twin system
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by the EBSD analyses. Furthermore, such primary twins are
located in some regions of the sample forming bundles.
Interestingly, after ECAP at room temperature, numerous types
of secondary twinning are activated, as shown in Fig. 5(d) and
(e). Babier et al. (Ref 31) described three different types of
secondary twin system: (i) two systems sequentially activated,;
(i1) two twinning systems simultaneously activated; and (iii)
two systems activated in different regions. Therefore, all three
types of secondary twins can be identified in the sample ECAP-
ed at room temperature, as shown in Fig. 5(d). Such observed
SAED pattern confirms the existence of two different twin
systems by relating the extra diffraction spots of two different
perpendicular twin systems formed on the (111) and (111)
planes, as depicted in Fig. 5(e). The twin system network can
be obtained by a 180° rotation of the matrix reciprocal lattice
around the [llﬂ* reciprocal direction. This finding is consis-
tent with those documented elsewhere (Ref 31).

3.1.2.2 Elevated Temperature. The four isothermal passes
were performed at 300 °C for the current TWIP steel, and the
typical micrographs of EBSD and TEM characterization are
illustrated in Fig. 6, 7 and 8, respectively. As for the first-pass
sample shown in Fig. 6(a), it is observed from the EBSD-IPF
grain map that there are large elongated grains together with
very fine equiaxed grains, which is surrounded with the former.
As can be found in Fig. 6(b), twinning is acted as a deformation
mechanism and indicated with white lines. After one pass of the
ECAP process at 300 °C, there is a considerable amount of twin
boundaries; however, the fraction of twin boundaries after the
ECAP procedure at an elevated temperature of 300 °C is much
lower than that at room temperature. On the other hand, there
are a few fine grains formed during one pass of the ECAP
procedure, as shown in Fig. 6(a). Even though the proportion of
fine grains is not high, the grain size of such newly formed
grains is less than 5 microns. These fine grains are usually
formed between two large elongated neighboring grains. (Grain
boundaries are represented as black lines.) Another feature in
one-pass sample is the formation of numerous LAGB in some
large elongated grains, as indicated with green lines in
Fig. 6(b).

Figure 6(c), (d), and (e) shows the TEM information of the
one-pass TWIP steel deformed at 300 °C, while Fig. 6(c)
presents the general view of twins in the one-pass samples. The
twin thickness at this stage is ranged between 200 and 400 nm.
With performing a careful observation, a high dislocation
density is observed inside the twins (Fig. 6d), which can be
related to the large kinematic hardening. This finding is
consistent with that found elsewhere (Ref 23). Grains with a
more refined twin structure are also found, although less often
than the grains with coarse twins are exposed in Fig. 6(c). In
these cases, secondary twinning was frequently observed
(Fig. 6e) as those described elsewhere in the TWIP steels
deformed by ECAP at 300 °C (Ref 23).

After two ECAP passes, the microstructure still shows some
heterogeneity as shown in Fig. 7(a), though the overall fraction
of equiaxed grains formed around the large grains seems to
increase. The twin boundaries as depicted by the white lines in
grain boundary map (see Fig. 7b) can be detected as well, while
the size of the fine grains has been reduced to 1-2 microns.
Moreover, it can be seen that some of the newly formed grains
are inside the large grains, indicating that these fine grains are
transformed from sub-grains and the large grain is under a

refinement process. The formation of sub-grains reveals that
there are still numerous LAGBs in large grains.

The TEM images corresponding to the samples after two
ECAP passes are presented in Fig. 7(c) and (d). Compared with
the first ECAP pass, a more comprehensive grain refinement is
formed during the second ECAP pass after which a certain
degree of twin boundaries are formed. In TEM micrographs as
illustrated in Fig. 7(c), it is comparatively easy to observe
grains in which bundles of twins are formed. The thickness of
such formed twins is measured about 50-100 nm, which is
significantly reduced, compared with that of one pass. This
finding agrees well with the statement that the twin thickness
declines as the grain size decreases (Ref 5). Inside these
primary twins, the dislocation density is very high as that in the
case of one-pass ECAP sample, and the dislocations gradually
form cellular structure. Similar to one-pass TWIP steel,
formation of a secondary twinning system inside primary twins
is detected in the second-pass sample. After the second ECAP
pass, the secondary twin system appears more frequently with
more complex morphology.

After four ECAP passes at 300 °C shown in Fig. 8(a), the
heterogeneous microstructure remains, although less elongated
grains can be observed and the presence of new fine grains is
more extensive. As illustrated by white lines in Fig. 8(b),
twinning is still an important deformation mechanism of the
TWIP steels after four ECAP passes. In some parts of
microstructure as shown in Fig. 8(a), the fine grains start to
show an equiaxed morphology with grain size less than 1
micron. Figure 8(b) reveals that some of the sub-grains are
transforming into new fine grains. This means that increasing
the number of ECAP passes could promote a larger amount of
HAGBES, and thus, larger strength could be expected.

The microstructure of the four ECAP passes for the TWIP
steel has been refined again comparing with two ECAP pass
samples; however, dislocation density and grain size change
with a low rate. This phenomenon may imply that the capability
of TWIP steel to increase the density of defects is small.
Similarly, numerous different twin systems are activated in the
four ECAP passes as shown in Fig. 8(c). After multi-pass of
ECAP, the thickness of some twins decreases significantly
within a range of 30-40 nm as depicted in Fig. 8(d).

3.2 Mechanical Behavior

Figure 9(a) shows the true stress—strain curves of the
investigated TWIP steel with different numbers of ECAP
passes at 300 °C and one ECAP pass at room temperature,
respectively. As can be seen, there exists a significant increase
of both yield strength (YS) and ultimate tensile strength (UTS)
induced by the ECAP procedure. Especially for one-pass
sample, the corresponding YS sharply increases near 5 times
(from 188 to 1018 MPa) at an elevated temperature and
increases more than 7 times (to 1400 MPa) at room temper-
ature. The maximum YS and UTS are obtained in four passes
for the TWIP steels, and the corresponding values are 1530 and
1603 MPa, respectively. After the ECAP procedure, the
ductility decreases gradually; however, the 8.5% elongation
of four passes from the ECAP-ed samples at 300 °C and 13%
elongation of one ECAP-ed pass at room temperature are still
appealing. This type of behavior can be attributed to the strain
hardening related to the interaction between dislocations and
twins (Ref 32).
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Fig. 6 Microstructure of the investigated TWIP steel ECAP-ed one pass at 300 °C: (a) general grain map, (b) grain boundary map, (¢) TEM
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Fig. 7 Microstructure of the investigated TWIP steel ECAP-ed two pass at 300 °C: (a) general grain map, (b) grain boundary map, (¢) TEM
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Figure 9(b) illustrates the strain hardening rate versus true
strain for the TWIP steel under different deformation condi-
tions. In a similar way to what was found for other TWIP steels
(Ref 26), the annealing samples show a relatively high strain
hardening capability.

After a pronounced decrease up to strain of 0.05, the strain
hardening capability starts to rise up and reaches a constant
level in the intermediate strain, and then, it shows a slight
decrease and reaches the second platform after strain of 0.25.

Finally, over 0.32 true strain, the strain hardening rate decreases
again until the specimen rupture is achieved.

On the other hand, the strain hardening capability of ECAP-
ed samples reduces gradually with the amount of total strain
applied by the ECAP. At an elevated temperature, the one-pass
sample shows a reducing trend of strain hardening with the
strain and reaches a nearly constant value at strain of 0.06, and
the stain hardening rate reaches zero at 0.13 true strain. As for
the second-pass sample, the constant period is only maintained

Journal of Materials Engineering and Performance
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in a small strain range of 0.03-0.06 and then reaches zero at a
strain of 0.08. As for the samples with four passes, there is
almost always softening in the plastic region and the strain
hardening quickly reaches zero after a strain of 0.02. For the
ECAP-ed sample at room temperature, it shows a compara-
tively low strain hardening capability only at a small region of
strain, and then, it reaches an extremely short plateau and then
falls to zero.
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4. Discussion

4.1 Twin Formation

The formation of twins in the ECAP-ed samples can be
attributed to two factors: (i) formation mechanism of SFE and
(ii) effect of SPD. In this work, the SFE value of the
investigated TWIP steels is in the range of values where
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twinning is an active deformation mechanism and stacking fault
is the source of deformation twins (Ref 4, 5).

With an increased temperature, the amount of mechanical
twins and the fraction of twined grains are reduced. As being
universally accepted, the increase of temperature will seriously
affect the value of SFE and thus the probability of twin
formation. According to previous studies (Ref 33, 34), when
the temperature is increased (above 300 °C), the SFE of steels
can reach 60 mJ/m?, leading to deformation twinning to be
deactivated (Ref 35). Numerous efforts have found that when
the tension deformation temperature is higher than 300 °C, no
twins can be observed during the tensile deformation of the
TWIP steels (Ref 36, 37). Nevertheless, the true strain induced
by a tensile process can only reach up to 0.4-0.5, which is much
lower than that of an ECAP process. Zhu et al. (Ref 38, 39)
indicated that deformation twinning is found to be a major
mechanism during the SPD process even when grain size is
extremely small. Shterner et al. (Ref 36) pointed out that the
critical strain for mechanical twinning in the TWIP steels can
be increased with an increase of deformation temperature, and
thus, a high strain induced by the ECAP process provides
necessary conditions for the formation of mechanical twins.
Under a SPD process, the SFE is not the only property
controlling the formation of twins, and twins can be observed
even when the deformation is applied at high temperatures.

With regard to the influence of temperature, it is obvious
that twin fraction and twin-ed grains of the ECAP-ed TWIP
steels at room temperature are higher than that of the ECAP-ed
samples at 300 °C with a downward trend of twin thickness.
More specifically, at room temperature, the thickness of
mechanical twins produced by the ECAP is about 50-
200 nm, which is similar to the twin thickness after two passes
at 300 °C. To a certain extent, it reflects that one pass of ECAP
at room temperature can cause strain effect of two passes at
300 °C. Additionally, deforming at room temperature activates
more secondary twinning systems. As mentioned earlier, all
secondary twinning systems, as described in the literature, can
be found for the sample ECAP-ed at room temperature,
whereas only the sequentially activated twinning system was
detected for the sample pressed one pass at 300 °C (see
Fig. 6e). This can be explained in terms of the strain
accumulation achieved at the different deformation tempera-
tures. At 300 °C, the accumulated strain is lower because there
is possibility for a certain degree of dynamic recovery with less
probability as well as dynamic recrystallization. The higher the
accumulated strain, the easier the activation of secondary
twining systems, as reported by Barbier et al. (Ref 31).

Venables further proposed a model for the critical shear
stress of twin nucleation (Ref 40) where Ly, is the character-
istic length of dislocation stacking and v is Poisson’s ratio. It
can be seen from the model that an increase of dislocation
stacking characteristic length will lead to a decrease of the
critical shear stress of twin nucleation, that is, twins are easier
to form. At room temperature, dislocation stacking caused by
severe strain is more obvious due to a limited effect of recovery,
which is conducive to the formation of primary and secondary
twin system (Ref 23, 24). At a high temperature, only after
several ECAP passes, the corresponding strain can be accu-
mulated to initiate the twin system. In fact, even at 300 °C,
different secondary twinning systems can be activated when the
number of ECAP passes is increased, as shown in Fig. 7(d) and
8(c). Based on the SFE values, however, the formation of twins
is more difficult so that both primary and secondary twinning
mechanisms are more rarely found in the sample ECAP-ed at
300 °C (Ref 41, 42).

4.2 Mechanical Behavior

The In(do/de) — Ing plot of the annealed sample of the
current TWIP steel is plotted in Fig. 10(a). As can be seen, the
plastic deformation can be divided into five stages. After stage
A (strain of 0-0.05), the strain hardening rate shows a upward
trend in a longer strain range of 0.05-0.18, which is stage B.
Then, a slight decrease period is denoted as stage C in a strain
range of 0.18-0.24. In a strain range of 0.24-0.32, a slight
increase is found and this is termed as stage D. Finally, the
strain hardening rate drops. According to the previous work
(Ref 26, 43), these stages can be ascribed to the following
mechanisms: (1) The transition point from stage A to stage B
corresponds to the onset of twinning within grains deformed by
multi-slip; (2) the increase period of stage B can be due to the
primary deformation twins; (3) stage C and stage D are
attributed to the secondary deformation twins (downward trend
is resulted from a lower twinning rate); and (4) stage E finally is
initiated when the slowdown of twinning activity and the
plastic instability occurs.

The In(do/de) — Ino plot of the TWIP steel after different
ECAP passes at 300 °C is illustrated in Fig. 10(b). Compared

Journal of Materials Engineering and Performance



8.4
8.2 1
+. Stage A
8.04 Stage D
= 'Y Stage B T . -
ke n-Bu [
B 784 il Stage C =
) i
£ 76-
7.4 Stage E u
s \ ®_Annealing condition
52 54 56 58 60 62 64 66 68 70 7.2
(a) Ino/MPa
8.5 yy
1 A
8.0 ° A
| u
7.5+ o A
| ..I g
% 1 °
% 6.5 =
- | °
6.0 4
1 = 1Pass -
551 e 2Passes &
A A4Passes
50+—r+—+F—+7"""7T 7T 7T T T T
6.95 7.00 705 7.10 7.15 7.20 7.25 7.30 7.35 7.40
(b) Inc/MPa
u
9.0
8.0
]
—
5 7.04
B
35 u
~ ] n | u n
£ 60 .
| |
5.0 =
ig \ 1 Pass at rogm temperature \ "
7.260 7.262 7.264 7.266 7.268 7.270 7.272 7274 7.276
(c) Inc/MPa

Fig. 10 The plot of In(do/de) vs. Ing of the TWIP steel in (a)
annealing condition, (b) after different ECAP passes, and (c) ECAP
at room temperature

with the annealing condition sample, the strain hardening
behavior (as given in Fig. 9b) and the In(de/de) — Ino plots of
the ECAP-ed samples show different characteristics. The plots
for samples with two passes and four passes appear in the right-
hand side because of a higher strength. Physically, the strain
hardening behavior of all samples after the ECAP procedure
shows that, after a downward trend, a slight increase in a small
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range of strain can be noticed and then it drops. The stage
division is not similar to the corresponding annealing sample
because the twinning capability is exhausted in a certain degree
after ECAP process. In the subsequent tensile process, twin
initiation ability is relatively limited, and the only transient rise
can be attributed to twinning behavior. As for the sample with
four passes of the TWIP steels, the strain hardening seems
dropped extremely, indicating a lower twinning capability in
these samples.

Regarding the strain hardening of the ECAP-ed sample with
one pass at 300 °C, the material hardens up to a true strain of
0.13. From the analysis of microstructure by performing EBSD
analyses in Fig. 5, it is clear that, although there is a certain
degree of elongated grains with sub-grains or mechanical twins,
other grains show less defects. Therefore, the material during
the tensile tests at room temperature is still available to deform
by mechanical twinning and dislocation slip. This analysis
agrees with the one documented in Ref 44 for a TWIP steel
with aluminum. In the case of two ECAP passes at 300 °C, the
same trend is observed. The strain hardening behavior can be
related to the evolution of the microstructure by the EBSD tests
in Fig. 7(a). As can be seen, there is a significant reduction of
grain size together with an increase of the number of fine sub-
grains as a result of a high dislocation activity. Twinning
activity was also observed in the TEM analysis in Fig. 7(c) and
(d), where a large presence of nanotwins inside the primary
twins is due to the occurrence of secondary twinning. Such
detected twins are related to the inflection in the In(do/de) —
Ino plots. Finally, in the evolution of the strain hardening rate
during tensile tests of the samples with four ECAP passes, the
EBSD and TEM analyses showed that a large refinement of the
microstructure has been achieved. Many sub-grains formed in
the previous ECAP passes led to new fine grains with equiaxed
morphology, while the remaining dislocation cells have reduced
the diameter up to 100 nm or less and the mechanical twins
appear being distorted with twin thicknesses around 30-40 nm.
In addition, the evolution of dislocation density shows that the
dislocation density is increased at a very low rate during the last
two passes. All these observations led to the conclusion that,
after 4 ECAP passes, the present TWIP steel reaches its
saturation level and a small number of defects can be
introduced during the tensile tests. As such, the strength for
the four ECAP passes samples is the highest one, whereas the
elongation is the shortest one. In this case, the strain hardening
rate decreases continuously during the tensile test.

The In(do/de) versus Ina plots of the TWIP steels ECAP-ed
at room temperature for one pass are shown in Fig. 10(c). As
can be observed, the temperature of ECAP procedure signif-
icantly affects the strain hardening behavior. The sample after
an ECAP process at room temperature illustrates a lower
capability of strain hardening than that ECAP-ed at 300 °C
since the curve falls to a lower value (as shown in Fig. 9b).
Through the EBSD and TEM analyses as shown in Fig. 5(b)
and 6(b), a smaller number of deformed grains without defects
are formed. When the tensile test is performed, the capability of
deformation by mechanical twinning and dislocation slip for an
ECAP-ed sample at room temperature is lower, and thus, the
corresponding strain hardening capability is smaller.



5. Conclusions

A Fe-25Mn-1.66Si-1.23A1-0.27C TWIP steel was processed
by the ECAP for one pass at room temperature and four passes
at 300 °C, respectively. By performing the EBSD and TEM
analyses, the evolved microstructure was detected, while the
temperature effect was examined and analyzed. On the other
hand, the relationship between microstructure and its tensile
behavior was studied. The main conclusions are summarized as
follows:

(1) Mechanical twins will exist after the ECAP process with
different passes and different temperatures. When
ECAP-ed at elevated temperatures, the formation mecha-
nism of these twin boundaries is mainly due to effect of
severe plastic deformation, while at room temperature, is
primarily due to the effect of SFE. In addition, both
strain and temperature dominate the twin initiation and
twin thickness. One pass of ECAP at room temperature
can cause a strain effect of two passes at 300 °C.

(2) The yield strength of TWIP steel sharply increases near
5 times after one ECAP pass at an elevated temperature
and increases more than 7 times at room temperature for
one-pass sample, while the elongation is still appealing.
The annealing samples show a relatively high strain
hardening capability, and the strain hardening capability
of ECAP-ed samples reduces gradually with the amount
of total strain applied, which is related to whether en-
ough twins can be initiated.
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