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task for modern materials science. This aim can be achieved by microstructure refinement induced
by heavy straining. We feature the microstructural evolution and mechanical performance of a
high-manganese TWIP steel subjected to deformation treatment by different combinations of equal
channel angular pressing (ECAP) and rolling at different temperatures. The effect of microstructure
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and Warm Rolling, Metals 2021, 11, rolling is reported as well. We show that the combined deformation procedure allows us to further
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increase the strength of the processed workpieces due to a gradual transition from a banded structure
to a heterogeneous hierarchical microstructure consisting of fragments, dislocation configurations
and nano- and micro-twins colonies. Rolling of multi-pass ECAP specimens at 375 °C allowed
us to achieve an extraordinary strength, the highest among all the investigated cases, while the

best trade-off between yield strength and elongation to failure was reached using multi-pass ECAP
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followed by rolling at 500 °C. This study shows a great potential of using combined deformation
techniques to enhance the mechanical performance of TWIP steels.
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1. Introduction

The effect of twinning-induced plasticity (TWIP) observed in medium stacking fault
energy high-Mn (15-30 wt.%) austenitic steels is highly attractive for the development of
novel tough materials due to their high ability for strain hardening [1,2], presenting a class
of second generation advanced high-strength steels. However, the yield stress of these
steels in the coarse-grained state is relatively low, which substantially limits their profits
for advanced applications [2]. Increasing the yield stress of this steel is quite topical when
Attribution (CC BY) license (https:// it Telates to lightweight applications related to hydrogen or liquid nitrogen storage. This
creativecommons.org/licenses /by / motivated researchers to use microstructural modification, such as grain refinement, to
40/). make these steels stronger [3]. Here, it is important to reveal fundamental peculiarities
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of deformation behavior of high-Mn steels and to find out the limits for their hardening
achievable by metal forming techniques.

Severe plastic deformation (SPD) techniques, based on the application of very large
shear strains under high pressure, represent a promising tool to substantially refine the
microstructure of metallic materials beyond the limits of conventional metal forming pro-
cesses [4]. Indeed, early attempts to apply high-pressure torsion (HPT), the most powerful
SPD technique for microstructure refinement of TWIP steels [5,6] showed an extraordinary
increase in microhardness up to levels of 600 HV. Moreover, the activation of multiple
strengthening mechanisms by processing-controlled formation of fine microstructural fea-
tures (ultrafine grains and nanoscale twins, grain boundary segregation of C, decoration of
dislocations by C and Mn, etc.) allowed achieving an unprecedented tensile strength as
high as 2.6 GPa [7].

However, HPT processing generally allows only for rather miniature specimens (typi-
cally in the form of discs 10-20 mm in diameter and about 1 mm thick), which significantly
reduces the possibilities of comprehensive macroscopic property characterization and also
limits the prospects of potential industrial applications. Equal-channel angular pressing
(ECAP), another SPD technique, is capable of producing bulk nanostructured workpieces of
much larger size [8] and is thus more attractive for practical use. The first studies of TWIP
steels subjected to ECAP [9,10] showed that the resulting microstructures are significantly
modified already after one ECAP pass [9]. A study on a TWIP steel subjected to multi-pass
ECAP with different processing parameters testified that SPD leads to the formation of a
complicated microstructure, consisting of mixed substructures (deformation microbands,
dislocation tangles and cells, nano- and microtwins, fragments and subgrains, stacking
faults, and so on) [10]. The authors of [10] also observed nucleation of nanotwins inside
microtwins/microbands, pointing out an approach to build up a new structural design to
modify properties of steels with a TWIP effect. However, ECAP was not effective in produc-
ing homogeneous ultrafine-grained structures consisting of a high fraction of high-angle
grain boundaries in TWIP steels, such as the case for HPT processing. Nevertheless, by ad-
justing ECAP processing parameters such as the ECAP route, the number of passes, and the
temperature, it was possible to achieve a high-strength state (yield stress of 1480 MPa and
ultimate tensile stress of 1624 MPa) in the alloyed Fe-0.61C-22.3Mn-0.195i-0.14Ni-0.27Cr
TWIP steel [10].

After presenting the above-mentioned first studies, this topic attracted intensive at-
tention of researchers; however, the number of related publications is still limited. So
far, the accumulated strains applied do typically not exceed four ECAP passes because
TWIP steels proved to be rather difficult to be processed by ECAP, and the workpiece can
undergo fracture even after a single ECAP pass, depending on the processing parame-
ters [9]. Further microstructural and mechanical studies of the ECAP-processed TWIP steel
assisted with texture analysis showed that the output microstructures are defined by the
concurring processes of fragmentation by dislocation slip and by twinning [11]. The critical
temperature to switch the dominant deformation mode to dislocation slip was found to be
about 300 °C [11]; however, other authors report on the significant twinning activity even
after ECAP at 400 °C [10]. Despite numerous attempts to additionally impact the strength
of TWIP steels by ECAP, the highest yield stress value is still reported to be 1480 MPa [10]
accompanied by an ultimate tensile strength of 1675 MPa [10,11], as follows from the most
recent review published in [12]. Note that the chemical composition of high-Mn TWIP
steels can notably vary; therefore, when comparing the absolute values of the mechanical
properties reported in literature, the alloying element content also needs to be considered.

The presented paper is intended to outline the influence of ECAP and a combined
ECAP + rolling deformation treatment on the microstructure and tensile properties of a
TWIP steel.
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2. Materials and Methods

A TWIP steel with high Mn content provided by the POSCO company (Pohang, Korea,
http:/ /posco.co.kr, accessed on 19 March 2021) was chosen as an object of investigation.
The chemical composition of the steel according to the provided certificate and confirmed
by the spectral analysis was Fe-17Mn-2Al-0.6C (wt.%). The as-received steel was ensured
to have a fully recrystallized single-phase austenitic structure facilitating ECAP processing.
After etching, the grains were visible by the naked eye, and the average grain size was
about 1 mm.

ECAP processing represents a repetitive process of pressing the billet through the
die-set which consists of the channels with the same diameter intersected at a certain
angle. The geometry of the process realized simple shear in the narrow zone corresponding
to the intersection of channels. This scheme allows accumulating high imposed strains
into bulk workpieces of different metallic materials. The principles of ECAP and its
effect on the microstructure refinement and enhancement of multifunctional properties of
different metals and alloys reported in numerous papers are comprehensively overviewed
in [13]. Sixty-millimeter-long rods of 10 mm in diameter were processed by ECAP with an
intersection angle of 120° at 400 °C by route Bc (the workpiece was rotated by 90° between
the passes) with the number of passes increasing from n = 1 to fracture which happened
after n = 11. Such a high number of passes was achieved by a deliberately tuned processing
procedure, including not only a rotation of the workpiece by 90° between the passes, but
also by rotating it by 180° along the axis corresponding to a sample’s center in the normal
direction after each Bc pass. In addition, the recrystallized state and the ECAP processed
material (n = 11) were subjected to flat rolling to a reduction ratio of 47% at 375 °C and
500 °C (below and above the ECAP processing temperature).

The samples for SEM/TEM studies were prepared with the help of 20% HNO3
solution in butanol by electropolishing at 45 V. JEOL JSM-6490VL and JEOL JEM-2100
microscopes (JEOL Ltd., Tokyo, Japan) were used for these studies, respectively. Assuming
considerable heterogeneity of the ECAP-processed steel, we put special attention to TEM
characterization, and about 30-50 TEM images were taken per state to identify the most
representative structures, which finally were included in the manuscript. Hardness was
measured with the Micromet-5101 device (Buehler Ltd., Lake Bluff, IL, USA) with a load
of 100 g for 10 s. After initial evaluation, the hardness was found to be homogeneously
distributed across the sample’s surface; it was then measured in the normal plane of the
rolled samples. Tensile tests were carried out using an INSTRON 8801 testing machine
(ToolWorks Inc., Norwood, MA, USA) at room temperature and a nominal strain rate of
5 x 10~* s~ 1. Standard round tensile samples with a gauge length of 15 mm and diameter
of 3 mm were used in case of the ECAP processed material in order to obtain relevant data
on the evolution of plasticity with applied strain making use of the bulk dimensions of the
ECAP workpiece. The tensile tests of the material processed by rolling were done using flat
dog-bone specimens with a gauge with dimensions of 4 mm x 1 mm x 1 mm. It should
thus be mentioned that the elongation to failure between the ECAP and ECAP + rolled
specimens cannot be directly compared. The tensile samples of the ECAP processed steels
were oriented along the pressing direction, and the samples of the rolled samples were cut
from the produced sheets so that the gauge was aligned with the rolling direction.

3. Results

In the following section, we present the results featuring (i) the progressive evolution
of the microstructure of the TWIP steel with increasing the number of ECAP passes and
(ii) the influence of ECAP + rolling on the microstructural evolution compared to the
conventional rolling treatment only.

3.1. Evolution of Microstructure and Mechanical Properties of the TWIP Steel Processed by ECAP

To the best of our knowledge, we present the first report on the TWIP steel subjected to
ECAP up to a total accumulated shear strain of about 10, while in the other metallic systems,
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ECAP treatments to higher strains were often reported [13]. Thus, it was important to study
the microstructural evolution during deformation. TEM images presented in Figures 1-4
illustrate the progressive changes of the microstructure of the TWIP steel subjected to
ECAP.

Figure 1. TEM images (bright field) of the TWIP steel subjected to a single ECAP pass. Regions with
fine-scaled twins (a) and wide deformation bands annotated by arrows (b) are shown.

Figure 2. A panoramic TEM image (bright field) of the TWIP steel after two ECAP passes. The image
is composed of about 15 standard TEM images stuck together.
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Figure 3. TEM observations of the fine microstructure of the TWIP steel subjected to 4 ECAP passes.
Areas with refined extended deformation bands inhabited with nanotwins (a) and fragmentation of
deformation bands (b) are shown.

Figure 4. TEM observations of the fine microstructure of the TWIP steel subjected to ECAP for 11
passes. Bright-field (a) and dark-field (b) images showing the transformation of deformation bands
into elongated subgrain structures and a corresponding diffraction pattern (a). Areas with truncated
deformation bands annotated by an arrow (c) and newly formed more equiaxed fragments containing
high densities of nanotwins are also shown (d). The selected area electron diffraction pattern in (a)
was taken from the 1 um? area corresponding to the middle of the image.

After the first ECAP pass, the microstructure (Figure 1) is notably heterogeneous
and is characterized by numerous deformation bands (annotated by arrows in Figure 1a)
inhibited by dislocation substructures and adjacent twins with spacings of a few tens of
nanometers.

Figure 2 represents a panoramic picture composed of several individual TEM images
of the TWIP steel subjected to the second ECAP pass. A broader view was required to
illustrate the increased heterogeneity of the formed microstructures. The image presented
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in Figure 2 shows deformation bands with a thickness of about 500 nm, with intensive
intrinsic twin arrays formed normal to the elongation direction in many of them.

Figure 3 summarizes TEM observations of the microstructure of the TWIP steel sub-
jected to four ECAP passes. It is also composed of deformation bands inhabited with fine
nanotwins. The deformation band width notably decreased down to about 35-45 nm.
Progressive refinement of the microstructure was also realized by intersection of different
families of these deformation bands forming misaligned and disoriented structures.

Further deformation by ECAP to 11 passes (Figure 4) leads to additional qualitative
changes of the microstructure, expressed as transformation of the deformation bands into
subgrains.

Figure 4 shows the heterogeneous structure after 11 ECAP passes, composed of strain-
induced highly defective grains/fragments instead of deformation bands, many of which
are subdivided by very fine nanoscaled twins. Spots of the electron diffraction pattern
(Figure 4c) indicate that there is a certain deviation in orientations of the observed grains.
There is also a clear trend towards more equiaxed grains in some areas of the deformed
material (Figure 4d). All fragments are highly defective and are subdivided by nanoscale
twin colonies forming a complicated hierarchical defect structure.

As stated above, during ECAP the strain is localized in the thin deformation zone
formed by the intersecting channels. Depending on the ECAP die-set geometry, a certain
heterogeneity in macroscopic strain distribution (and entailed difference in microstructure)
along the height of the processed workpieces can be observed after a few first ECAP passes.
However, this macroscopic heterogeneity disappears with increasing the number of passes,
and in addition, it is not pronounced in case of a round cross section of the workpiece [13].
This highlights an additional benefit of the implementation of the multi-pass ECAP.

Figure 5 summarizes the results of the tensile tests of the TWIP steel subjected to
ECAP for a different number of passes. Quantitative data of the yield stress (), ultimate
tensile strength (cyrs), and total elongation to failure (6) are presented in Table 1.

1600 ‘ 11 passes

= 1400 - 4 passes
% 1200 J 2 passes
~ | —
2 1000-(’————* 1 pass
o |
® 800 -
o’ p
£ 600+
§ 400 i /—/m
5 200
0 s 1 1 . 1 s 1

0 5 10 15 20 25 30
Engineering strain (%)

Figure 5. Engineering “stress—strain” curves of the TWIP steel before and after multi-pass ECAP.

Table 1. Mechanical properties of the TWIP steel in different structural states.

State 0.2, MPa outs, MPa 9, %
Coarse-grained 342 £ 16 581 £ 4 32£5
1 ECAP pass 987 + 4 1151 £5 27+£5
2 ECAP passes 1152+ 5 1202 +5 10£2
4 ECAP passes 1302 £ 5 1372 £ 5 10£2
11 ECAP passes 1363 £ 5 1465 + 6 6+2

The presented data show that an increase in the number of ECAP passes from 1 to 11
leads to a gradual strengthening of the material accompanied by a loss in plasticity. Already
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after a single ECAP pass, the yield stress has increased more than twice compared to the
initial state of the TWIP steel. With further ECAP passes, the strength gradually increases
and reaches a maximum after 11 ECAP passes. This is in agreement with the microstructural
data: the increase in strength can be explained by the refinement of structural elements
and the evolution of a hierarchical defect structure in the ECAP processed steel.
Interestingly, the TWIP steel processed with one ECAP pass showed visible defor-
mation banding on the sample surface after the tensile test (Figure 6), which was not
observed for the higher number of ECAP passes. It indicates that the tensile tested spec-
imen produced by one ECAP pass demonstrates macroscopic strain localization in the
form of banding. This effect is visibly pronounced due formation of oriented deformation
bands in very large initial grains achieved after a single ECAP pass. As follows from the
analysis of Figures 14, this macroscopic banding is naturally suppressed with the next
ECAP passes providing progressive microstructure refinement—such as formation of twin
colonies inside the bands and fragmentation, leading to the abrupt loss in plasticity.

Figure 6. Deformation bands on the surface of the tensile specimen of the TWIP steel subjected to 1
ECAP pass in front of a ruler with 1 mm divisions.

3.2. Evolution of Microstructure and Mechanical Properties of the TWIP Steel Processed by Rolling
and by a Combined ECAP + Rolling Treatment

In the present study, we propose an approach to additionally enhance the strength
properties of TWIP steels based on the results obtained on the example of an austenitic
stainless steel of 321 grade [14]. It was demonstrated that a combination of ECAP with
conventional metallurgical techniques (such as rolling) had offered an additional way to
increase mechanical performance compared to ECAP state. This effect was attributed to
the substantial change of the strain path which activated additional slip systems, leading to
a further refinement and a heterogeneous cell-granular microstructure with a high density
of grain boundaries and a large fraction of twins [14].

In this subsection, we present the results related to the effect of warm rolling to the
ECAP processed TWIP steel having the maximum strength (achieved after 11 ECAP passes)
as well as to the coarse-grained steel for a comparative reason.

Figure 7 presents the microstructure of the TWIP steel after rolling at temperatures
of 375 °C and 500 °C. In agreement with the numerous literature data for warm rolling to
similar thickness reduction [15,16], the microstructure for both states becomes fragmented
and is characterized by an increased defect density arranged in the form of dislocation
assemblies and tangles, indicating dislocation slip as a dominant deformation mechanism.
Retained grains are elongated: their width is about 500 nm and length—about a few
microns.
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Figure 7. TEM images of the microstructure of the TWIP steel processed by warm rolling at tempera-
tures of 375 °C (a) and 500 °C (b).

The microstructure of the TWIP steel processed by the combined ECAP + rolling
procedure appears considerably different (Figure 8). It is composed of submicron-sized
fragments with their interiors filled by nanoscale twins in case of the steel processed by
ECAP + rolling at 375 °C, but relatively free from dislocation substructures in case of the
state produced by ECAP + rolling at 500 °C. Images presented in Figure 8 also indicate a
considerable heterogeneity in the produced microstructures.

Figure 8. TEM microstructure of the TWIP steel processed by ECAP + rolling at temperatures of
375 °C (a,b) and 500 °C (c,d) taken at different magnifications.

The results of the tensile tests for the rolled and ECAP + rolled samples are presented in
Figure 9 (deformation curves) and Table 2 (calculated mechanical parameters). Table 2 also
contains the values of the calculated “yield strength—elongation to failure” product, and
such an approach is often used in literature to characterize the “strength—plasticity” trade-
off [11]. Warm rolling of the coarse-grained TWIP steel at 375 °C and 500 °C leads to the
microstructural changes and corresponding modification of mechanical properties which
are well consistent with the values reported in literature [15,16]. The tensile properties
of the TWIP steel produced by rolling at 375 °C and 500 °C are within the inaccuracy
of measurements found to be similar here. However, as we do not focus on the well-
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studied effect of plain warm rolling on the material’s properties within this study, a typical
deformation curve corresponding to these states is given in Figure 9 for comparison.

18001 ECAP 11p + rolling 375°C
1600

14004 " EcAP 11p
1200 1
1000 1
o
400
200
0

ECAP 11p + rolling 500°C

Engineering stress (MPa)

0 2 4 6 8 10 12 14 16 18 20

Engineering Strain (%)
Figure 9. Engineering “stress—strain” curves for the TWIP steel processed by warm rolling, ECAP
to 11 passes (denoted as ECAP 11p), and ECAP 11p + rolling at two temperatures. Note that the

elongation to failure of the rolled and ECAP 11p + rolled samples cannot be directly compared to the
elongation to failure of the ECAP 11p samples due to different designs of the tensile specimens.

Table 2. Mechanical properties of the TWIP steel subjected to rolling and ECAP to 11 passes (denoted as ECAP 11p) + rolling.

State 0.2, MPa outs, MPa 9, % Product (MPa- %)
Rolling at 375 °C 790 £+ 16 848 + 17 16 +1 12,640
Rolling at 500 °C 789 + 18 880 + 17 125 +1 9863
ECAP 11p + rolling at 375 °C 1541 £ 11 1666 + 24 8§+1 12,328
ECAP 11p + rolling at 500 °C 1475 + 6 1630 £ 7 10+1 14,750

The data presented in Figure 9 and Table 2 testify that warm rolling is capable of
additionally improving the mechanical performance of the heavily deformed TWIP steel.
For both rolling temperatures, the achieved strength levels seem to be the highest ever
reported for TWIP steels with a similar chemical composition processed by ECAP or rolling.

3.3. Evolution of the Microhardness of the TWIP Steel in Different Structural States
after Annealing

The effect of annealing for 1 h on the microhardness of the produced states of the
TWIP steel has been preliminary investigated (Figure 10). These data are of particular
interest for two specific reasons: (i) it is important to define a temperature range where
the level of achieved properties is reliably preserved, and (ii) earlier promising results on
further strength improvements with the help of additional thermal treatments of heavily
deformed states due to formation of recovered and partially recrystallized structures [17]
and presumably by segregation phenomena [18].
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Figure 10. Microhardness of the TWIP steel in different structural states as a function of annealing
temperature.

The data presented in Figure 10 indicate that there is a certain increase in microhard-
ness with annealing temperature in the range of 200 to 450 °C with a notable decrease
after reaching 500-550 °C. After annealing at 700 °C, a significant drop in microhardness
is observed for all states indicating the onset of recrystallization. However, the absolute
hardness values are still higher than those of the fully recrystallized coarse-grained ma-
terial (a dashed line on the plot). The state corresponding to ECAP + rolling at 500 °C
demonstrates the best thermal stability, which is preserved up to temperatures of about
550 °C. A comprehensive study of annealing-related effects is planned as a future work.

4. Discussion

The results of the microstructural evolution of the TWIP steel during progressive ECAP
at 400 °C up to four passes are consistent with the data published in literature for processing
at similar temperatures [10,11]. The microstructure of high-Mn TWIP steels evolves from
highly twinned initial grains to a heterogeneous structure composed of deformation bands,
heavily distorted by arrays of nanotwins and dislocation configurations. Deformation
twins are observed at all deformation stages, but with increasing strain twin spacing and
dimensions tend to decrease. ECAP for two times higher number of passes (1 = 11) leads to
exhausting of twinning ability. Further fragmentation occurs by interaction of deformation
bands, resulting in the formation of newly created elongated subgrains/fragments densely
inhabited with arrays of nanoscale twins. Such a microstructure would provide fast
localization of internal stresses under loading, and this significantly affects further ECAP
processing due to massive crack initiation followed by fracture of the workpieces. This puts
a barrier on reaching a true ultrafine-grained state consisting of grains with mostly high
angle grain boundaries, for instance, achievable by using HPT [5-7]. These observations
are quite consistent with the results of the tensile tests. The strength gradually increases
while elongation to failure shows the opposite trend. The maximal achieved strength seems
to be one of the highest ever reported for the ECAP or rolling processed TWIP steel with a
Mn concentration corresponding to the lower limit required for the manifestation of the
TWIP effect.

Most of the studies aiming at achieving high yield stress in TWIP steels report values
not exceeding 1000-1200 MPa [12]. In a few papers, even higher yield strength values were
reported, for example, for Fe-23Mn-0.3C-1.5Al steel subjected to heavy cold rolling [19]—
yield stress reached ~1400 MPa with an ultimate tensile strength of 1580 MPa, accompanied
with an abrupt decrease in elongation to failure (3.9%). A similar combination of strength
parameters was demonstrated in case of Fe-18Mn-0.3/0.6C steel, processed by cold rolling
with intermediate recrystallization annealing [20]. Note that increasing Mn concentration
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in the coarse-grained state of TWIP steels leads to a decrease in the yield strength [16]
and increase in the intrinsic stacking fault energy in the Mn concentration range from 16
at.% to 33 at.% [21]. Mn also reduces the diffusivity of C in Fe [21], and together with a
higher content of Mn in solid solution, all these indirect effects could lead to differences in
strain-induced microstructural modifications, for instance, by competition of dislocation
multiplication with localization of plastic flow and twinning processes. Therefore, a
comparison of the obtained results can only be applied to TWIP steels of the same chemical
composition. Thus, the present study confirms a great potential of multi-pass ECAP to
obtain a superior mechanical performance of the particular TWIP steel.

Note that the elongation to failure of the strongest states of the ECAP-processed TWIP
steels seems to be notably smaller than those reported for the TWIP steels with similar
strength, produced, for example, by rolling [20]. However, as standard tensile samples were
intentionally used for the testing of ECAP-processed steel, we assume that the revealed
trend for reduction in plasticity is relevant.

Warm rolling of the ECAP processed TWIP steel resulted in a considerable increase
in strength compared to the ECAP state. ¢ and oyrs reach 1547 MPa and 1666 MPa,
respectively, which are the highest strength values of TWIP steels of a similar composition
processed by ECAP or rolling [1,2,12,17] and even by accumulative roll bonding [22].
However, the strength levels achievable by high pressure torsion (2600 MPa) still remain
unbeatable, emphasizing that the microstructure is not refined to a saturation state even
after multi-pass ECAP.

Note that a direct comparison of the effects of additional warm rolling on elongation
to failure of the ECAP TWIP steel is complicated since the tensile specimens for ECAP
and rolled samples had different geometry. It is well known that using miniaturized
samples overestimates the total elongation to failure for nanostructured materials as well
as affects the reduction in area [23]. Therefore, the increase in this parameter of the ECAP +
rolling specimens compared to the ECAP state (Figure 9) can be considered as appearing.
However, the uniform elongation parts on the deformation curves are similar for ECAP
and ECAP + rolling at 375 °C and somewhat larger for ECAP + rolling at 500 °C. As the
uniform elongation is not affected by the tensile specimen geometry [23], this indicates a
slightly higher work hardening rate and ductility of the former state.

Due to the complexity of the produced microstructures having a hierarchical character,
pointed out also in [22,24], the quantitative characterization of structural parameters and
evaluation of their impact on properties is a rather sophisticated task and can be a subject of
dubious interpretation. In addition, application of techniques such as electron backscatter
diffraction is heavily obstructed by the high internal stresses provided by different defects
of high density and nanoscaled dimensions. This dramatically lowers the detection and
indexing rate of this technique. Future studies thus need to focus on techniques with
higher lateral resolution, such as transmission Kikuchi diffraction, or precession electron
diffraction to obtain reliable quantitative data of the nanoscaled deformation structures.

However, the qualitative changes between the states produced by ECAP and by ECAP
+ rolling captured by conventional TEM can be analyzed. Comparing Figures 4 and 8
shows that there is a clear transition from elongated banded structures to more equiaxed
ones. As discussed in [14], this can be attributed not only to the introduced extra-strain,
but also to the strain path change itself, which can activate additional slip (and twin)
systems thus providing additional capability to digest plastic flow without fracture while
further fragmenting the microstructure. Indeed, the change of the deformation technique
can provide an additional opportunity for further hardening. First, the strain induced
by rolling (47%) is approximately twice less than that induced by a single ECAP pass,
so the material can stand this additional deformation without fracture. Second, even
though the shear plane is changed at every ECAP pass, by multiple ECAP we reach states
where repeated strain mode leads to saturation of deformation activity in the activated
slip systems and to formation of the particular deformation texture. A cardinal change
in the deformation mode—both in stress tensor (rolling vs. shear) and in direction of
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loading—would activate the slip systems in grains/fragments, which become favorably
oriented for the new loading conditions. The fragmented equiaxed structures produced
by ECAP + rolling provide higher strength while preserving a similar level of plasticity.
Higher rolling temperatures (500 °C) lead to a decreasing intragranular defect density. In
addition, the size of structural elements, such as subgrains and twin spacing, is somewhat
larger for the ECAP + rolling at 500 °C samples compared to the ECAP + rolling at 375 °C
samples. Correspondingly, these differences provide increasing in elongation to failure
while maintaining slightly lower strength than after rolling at 375 °C. Still, the strength
values of the TWIP steel produced by ECAP + rolling at 500 °C exceed those achieved
by multi-pass ECAP. As a result, the “yield strength—elongation to failure” product is the
highest among all studied cases given in Table 2.

Note that the TWIP steel produced by ECAP + rolling shows a certain increase in hard-
ness after annealing at temperatures in the range of 200 to 400 °C. This is consistent with
a similar observation reported in [18], where it was attributed to segregation/clustering
of solutes due to severe lattice distortions induced by SPD. This process can be diffusion-
enhanced at an elevated temperature where the higher density of clusters can provide
pinning of interfaces and explain the fact that the TWIP steel after ECAP + rolling at 500 °C
demonstrates also higher thermal stability as compared to the other investigated cases. The
effect of the post-deformation heat treatment on the mechanical properties of the produced
states requires a separate detailed study with the help of atomic-scale microstructural
characterization techniques.

5. Conclusions

It can be concluded that a combination of ECAP with conventional metal-forming
processes such as rolling can be considered as a promising approach to additionally improve
the mechanical properties of bulk workpieces of TWIP steels having commercially attractive
shapes. Rolling of multi-pass ECAP specimens at 375 °C allowed achieving the highest
yield strength (1541 MPa) among all the investigated cases as well as those reported
in literature for ECAP and rolling. The best combination of strength and elongation
combined with better thermal stability is reached using multi-pass ECAP followed by
rolling at 500 °C. Such a combination could be beneficial to improve the crack resistance and
impact toughness of this steel as well as formability demanded by industrial applications.
Clarifying these issues together with investigations of the effects of annealing treatments
are promising directions for further studies.
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