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Abstract
The microstructural evolution of TWIP steels under high strain-induced microstructural refinement is complex and requires 
careful investigation. A FeMnCrC TWIP steel was effectively deformed by simple shear through the equal channel angular 
pressing (ECAP) technique at 350 °C up to eight passes, using route Bc. Microstructure characterizations of the as-received 
and ECAP-processed specimens were performed by means of X-ray diffraction, Scanning Electron Microscopy and Electron 
Back-Scattered Diffraction. The High-speed nanoindentation technique has been used to analyze the mechanical properties. 
The correlation between microstructure, texture orientation, and grain refinement was systematically investigated. After 
the first pass, the sample presented A1*, A2*, and C as the most potent components. Samples that experienced the highest 
number of passes presented the highest intensity of fiber B. After the ECAP cycle, the investigated steel presented a homo-
geneous ultra-fine-grained structure. Nanoindentation maps suggested isotropic mechanical properties. The metal showed 
a significant increase in yield strength and high Ultimate tensile Strength compared to the as received. The high density of 
mechanical twinning, reduced grain size, and subgrains contributed to increased mechanical properties. Additionally, the 
severe plastic deformation increased the strength of the metal due to the gradual transition from homogeneous to heterogene-
ous microstructure composed of shear bands, dislocations, and micro-twin colonies. The results show that using the ECAP 
deformation technology can improve the mechanical properties of TWIP steels and reveal that the investigated metal has 
excellent potential to be employed in industry.
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1 Introduction

The high-manganese austenitic steel (15–30 wt%) has gar-
nered significant interest because of its remarkable blend of 
superior properties like, high strength, good ductility, low 
thermal expansion coefficient, suitable fatigue characteris-
tics, formability and toughness in conjunction with the twin-
ning-induced plasticity (TWIP) phenomenon [1–3]. Austen-
itic steel with high Mn content and low stacking fault energy 
(SFE), i.e., less than approximately 40 mJ/m2, mechanical 
twinning occurs during plastic strain at low temperatures 
in face-centered cubic (FCC) structure. The mechanical 
twins serve as obstructions to sliding dislocations, causing 
a reduction in the effective mean free path of sliding disloca-
tions within {111} slip planes [4]. Despite their exceptional 

properties, the use of these steels in modern equipment is 
restricted due to their comparatively low yield strength [5]. 
Enhancing the yield strength of this type of steel is currently 
a significant concern for its potential applications in the 
energy and petrochemical sectors. As a result, investigations 
into microstructure modification and grain refinement, have 
been initiated to augment the strength of these steels, which 
consequently influenced the texture [6, 7]. The SFE, which 
is regulated by temperature and chemical composition, plays 
a significant role in influencing the straining mechanisms of 
these steels, particularly mechanical twinning and disloca-
tion slip. Through Hall–Petch effect, an increase in strength 
can be achieved due to strain, leading to the augmentation 
of dislocation density and the modification of dislocation 
structures via mechanical twinning [8, 9].

SPD technology, which employs the application of sub-
stantial shear stresses under high pressure, represents a 
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suitable approach to substantially enhance the grain refine-
ment of metal alloys beyond the capabilities of conventional 
metal forming methods [10–15]. Few researchers have 
addressed the SPD of TWIP steels with high Mn content 
[16–20]. Abramova [16] employed high-pressure torsion 
(HPT) on multiple TWIP steels and observed substantial 
microstructure, hardness, and yield stress enhancements for 
all the samples. ECAP, another SPD method, can produce 
much larger nanostructured workpieces than other processes 
[21]. The initial investigations of TWIP steels treated with 
ECAP demonstrated that the microstructure underwent sig-
nificant modifications following a single pass of the process 
[22]. Numerous researchers [19, 23, 24] have documented 
the presence of complicated microstructure that includes a 
combination of microband strain, subgrains, dislocation tan-
gles and cells, nano- and micro-twins and stacking faults, in 
TWIP steels subjected to multiple passes of ECAP. In addi-
tion, the nucleation of nano-twins within micro-twins/micro-
bands has been reported in previous studies [17]. Timokhina 
et al. [17] reported excellent mechanical properties, yield 
of 1480 MPa and tensile strength of 1624 MPa, in a TWIP 
steel. However, no more than four passes of ECAP are typi-
cally conducted on TWIP steels due to the difficulty in pro-
cessing them using this method. There is a risk of specimen 
breakage, even after a single pass of ECAP [22].

While some researchers have proposed that the tempera-
ture at which the dominant deformation mode shifts from 
dislocation slip to twinning is approximately 300 °C, others 
have observed twinning activity even after ECAP treatment 
at temperatures as high as 400 °C [17, 19, 22]. According 
to a recent publication, the maximum values for yield stress 
and ultimate strength of TWIP steel processed by ECAP 
are 1480 MPa and 1675 MPa, respectively, and no higher 
values have been reported to date. It is important to note 
that when comparing the mechanical properties of TWIP 
steel displayed in the literature, the alloying elements must 
be considered since the chemical composition of high Mn 
content TWIP steel may vary significantly [17, 19, 25].

The TWIP steel chemical elements evaluated in this work 
are a key point. It is an aluminum-free steel with a high 
chromium content and the inclusion of copper. Adding alu-
minum and copper to the steel enhances its resistance to 
atmospheric corrosion, with the steel's resistance being three 
to five times greater than that of unalloyed ones [26]. Includ-
ing copper slows down the rate at which twinning occurs 
and alters the pattern of sudden changes in stress and strain. 
Furthermore, introducing this element significantly boosts 
the total amount of deformation that can be achieved without 
any reduction in strength [26]. Limited studies have inves-
tigated the effects of SPD on high Mn and medium C steels 
and the TWIP effect. As far as known, there has been lim-
ited research on exploring the mechanical properties of the 
newly developed ECAP-treated TWIP steel studied in this 

work. Thus, the objective of this study is to assess the spe-
cific parameters regarding the pass number employed during 
SPD and to characterize the changes in microstructure using 
electron backscatter diffraction (EBSD), scanning electron 
microscopy (SEM), and texture, as well as the impact of 
the quantity of deformation on the resulting mechanical 
properties.

2  Material and Experimental Procedure

In this research, an austenitic high-Mn TWIP steel was 
examined as a potential replacement for conventional met-
als utilized in the petroleum sector, such as high-strength, 
low-alloy steels and pearlitic steels. A steel industrial com-
pany provided hot-rolled thick plates as the material for the 
investigation. In the course of metal production, the mate-
rial went through hot rolling following continuous casting, 
and later, it underwent annealing in accordance with their 
industrial strategy. To determine the chemical composition, 
Optical Emission Spectroscopy (OES) was conducted using 
a Shimadzu Spectrometer, model PDA 7000. The resulting 
composition was 0.45 wt% carbon, 26.05 wt% manganese, 
3.4 wt% chromium, 0.45 wt% copper, and the remaining 
balance being iron. The stacking fault energy (SFE) was cal-
culated to be approximately 21 mJ/m2 at room temperature 
and 69 mJ/m2 at 350 °C, using the thermodynamic model 
presented in references [27, 28].

The supplied material was machined into cylindrical 
specimens with a diameter of 8 mm and a length of 55 mm, 
which were then subjected to the ECAP process. The ECAP 
technique involves cyclic pressing of the billet through a die-
set that contains channels with the same periphery bisected 
at a specific angle. The process geometry involves simple 
shear, and the design of the equipment enables the applica-
tion of high stresses on bulk materials of various materi-
als, including steels and alloys [29]. The die utilized for the 
ECAP experiments was made of tool steel, and it comprised 
an insert die that consisted of two channels that intersected 
at an internal angle of 120° (refer to Fig. 1). The specimens 
underwent severe plastic deformation through route Bc [30], 
which involves rotating the specimen 90° along its longitudi-
nal axis keeping the same direction during the strain passes 
[31]. The hydraulic press with a punch speed of 2 mm/s 
and a maximum capacity of 80 tons was utilized for the 
experiments. One, two, four, and a maximum quantity of 8 
passes were performed over the metal at 350 °C. Iwahashi’s 
relationship predicts that the internal angle of 120° promotes 
a true strain of approximately 0.6 after each pass [32]. A 
lubricant composed of both molybdenum disulfide  (MoS2) 
and graphite powder was used to decrease friction between 
the punch, die wall, and specimen during the experiments.
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The specimens underwent standard metallographic prepa-
ration methods, which included grinding using SiC papers 
of #400 to #1200 grits, followed by mechanical polishing 
with diamond paste of 6, 3, and 1 μm, and, ultimately, a 0.05 
µm colloidal silica suspension. A (40% HNO3 + 60% H2O) 
solution was utilized for 3 s to perform chemical etching. 
The microstructural analyses of the original and deformed 
specimens were carried out through Optical Microscopy 
(OM) and Electron Microscopy on an FEI Quanta FEG 450 
along the transverse plane.

X-ray diffraction (XRD) analysis was employed with 
the aim of identifying the phases in the material without 
and after the ECAP passes. It was used a Panalytical X'Pert 
Pro X-ray diffractometer equipped with a PW3121/00 
Difracted Beam Flat Crystal Monochromator type for Co 
(Kα1 = 1.78897 Å) radiation source, used at 40 kV and 40 
mA with a monochromator. This analysis was performed 
with a scanning rate of 0.5°/min, and the range of analysis 
was from 45° to 120° [33]. The dislocation density was esti-
mated using GND (Geometric Necessary Dislocations). The 
GND calculation used the method developed by Pantleon 
[34], implemented in the ATex toolbox (software) [35], and 
using EBSD data.

To prepare the EBSD samples, they were first ground 
with #400 to #2000 SiC papers and then subjected to elec-
trolytic polishing using a solution containing 60% ethanol, 
34% n-butanol, and 6% perchloric acid. The samples were 
polished at a voltage of 20 V and a current that varied from 
0 to 2 A for 1 to 3 min, at 10 °C. EBSD measurements were 
obtained using FEI Quanta FEG 450 and JEOL JSM-7001F 
microscopes, which were operated at 20 kV. The working 

distance was adjusted to approximately 13 mm, while the 
sample was tilted at an angle of 70°. The orientation of the 
extrusion direction (ED), normal direction (ND), and trans-
verse direction (TD) can be observed in Fig. 1. These direc-
tions correspond to the 'x', 'y', and 'z' axes, respectively. The 
annealed condition was scanned using a step size of 0.3 μm, 
while a step size of 0.1–0.05 μm was used for the sample 
with 2 ECAP passes. For the samples with 4 and 8 passes, a 
smaller step size of 0.03 µm was used. All captured grains 
of each image were used to represent the texture. The ini-
tial condition sample had an indexation rate of above 95%, 
while the samples maintained a rate of 80% or higher after 
the ECAP procedure. The data obtained from the EBSD 
scans were processed using the HKL Channel 5 software, 
where suitable noise reduction was employed. High-angle 
boundaries were defined as grain boundaries with a mis-
orientation angle above 15°, while low-angle boundaries 
were identified as subgrain boundaries with a misorienta-
tion angle between 2° and 15°. A specific misorientation 
was selected for twin boundaries. Microtexture analysis was 
performed in the ATEX data processing software [35] in 
order to obtain texture images. The statistical Kernel density 
estimation method was utilized to determine the ODFs from 
EBSD maps.

Elastic modulus (E) and Hardness (H) indentation meas-
urements were obtained by using an iNano®nanoindenter 
(KLA, Milpitas, CA, USA) equipped with a diamond, Berk-
ovich tip. E and H related nanoindentation maps were built 
by using the called NanoBlitz high-speed mechanical prop-
erty mapping technique. Each measurement was done in a 
very short time, which included the process of positioning 

Fig. 1  (a) ECAP die configura-
tion and Route Bc, along with 
the corresponding coordinate 
system utilized in this study, 
where ND represents the normal 
direction, ED represents the 
extrusion direction, and TD rep-
resents the transverse direction. 
(b) Chosen areas to examine 
the microstructure, microtex-
ture, and the (c) micro-tensile 
specimens



2299Metals and Materials International (2024) 30:2296–2315 

the tested region under the penetrator, approaching the sur-
face, loading, unloading and lifting up the indenter. This 
technique provides mechanical mapping measured over a 
reasonable area (micrometric range) by making arrays of 
numbers of impressions, each consolidated by the method of 
Oliver and Pharr [36, 37]. Three maps of 200 × 200µm2 with 
30,000 impressions (10,000 per specimen) were obtained 
using a load control of 5 mN, corresponding to a penetra-
tion depth of the indenter ranging from 170 to 200 nm. In 
order to avoid overlapping effect of neighboring prints, a 
spacing of 2 μm was used as well as the indentation depth/
spacing ratio of 10 as suggested by Phani and Oliver [38]. 
The Poisson's ratio was set at 0.3, which is representative for 
steels and other metals [39]. Finally, the experimental maps 
were obtained, resulting in the average and standard devia-
tion of E and H for the corresponding amount of applied 
strain. The high-speed nanoindentation mappings present E 
and H measurements for individual phases and orientations, 
showcasing distinct micro length-scale mechanical proper-
ties. However, for comparative purposes, average values for 
these properties were reported.

As shown in Fig.  1, the micro-tensile samples were 
machined from the center of the longitudinal section of the 
ECAP-processed specimens. A micro-test machine was 
utilized to perform tensile testing under quasi-static load-
ing conditions, with a cross-head speed of 3.3 ×  10–3 mm/s. 
The tests were conducted using a micro test (DEBEN) 
machine. The engineering stress–strain curves were con-
verted into stress/logarithmic strain curves using the rela-
tions �t = �eng

(

�eng + 1
)

 and �t = ln
(

�eng + 1
)

 . Mechanical 
properties, like yield, ultimate strength, and elongation, 

were captured directly from the stress–strain curves. The 
area under the elastic regime was used to calculate the resil-
ience, while the whole region under the flow curse was used 
to determine the toughness. The SEM with a field emission 
gun JEOL JSM-7001F was used to examine the fracture sur-
faces at a voltage of 20 kV. High-resolution fracture images 
were obtained and analyzed.

3  Results and Discussion

3.1  Characterization of Microstructure 
and Hardness

The micrographs were taken at the cross sections, i.e., nor-
mal direction parallel to the 'z' axis, for all samples, i.e., 
initial sample and after 1, 2, 4 and 8 ECAP passes. The 
microstructure of Fig. 2a displays a refined austenite phase 
consisting mainly of equiaxed grains. The microstructure 
also exhibits the presence of thermal twins as result of the 
hot-rolling process, along with a few mechanical twins that 
arose during sample preparation. The observation reported 
in an earlier publication [33, 40, 41] agrees with the micro-
structure of the as-received sample. The microstructure of 
the samples after 1, 2, 4, and 8 ECAP passes are presented 
in Fig. 2b–e, respectively. Mechanical twins (white arrow) 
can be seen as a consequence of the applied passes. Upon 
subjecting to first ECAP pass, the grains were observed to 
elongate parallel to the shear direction. Figure 2b shows the 
presence of plastically deformed and longitudinally elon-
gated grains. The occurrence of mechanical twins is related 

Fig. 2  FEG-SEM secondary electron micrographs of samples, showing the microstructure evolution from (a) as-received, (b) after 1, (c) after 2, 
(d) after 4, and (e) after 8 ECAP passes. Mechanical twins are highlighted with white arrows, while annealing twins are marked in red
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to a low value of Stacking Fault Energy (SFE). Even though 
the SFE of the material increased due to the deformation 
temperature at 350 °C, appropriately oriented grains showed 
high deformation twin bundles reactions, as shown in the 
inset of Fig. 2. Annealing and deformation twins, bands and 
micro shear bands at the grain scale were identified as the 
longitudinal deformation features. Plastic deformation of the 
grains at the same direction of shear was observed with con-
tinuous shearing in the planes after the rotation of the sample 
between each pass for two, four, and eight passes, as shown 
in Fig. 2c–e. This analysis agrees with another research pub-
lished elsewhere [25, 26]. Mechanically induced twinning 
was observed to occur on deformation micro shear bands in 
samples that underwent 8 ECAP passes. The austenite grains 
exhibited a heterogeneous morphology structure, which can 
be attributed to the formation of micro shear bands during 
the application of the shear. The formation of micro shear 
bands, which results from the shear process, gradually devel-
ops as the number of ECAP passes increases. This structure 
is characterized by a heterogeneous morphology, includ-
ing ultrafine grains and dislocation tangles, as previously 
reported by Wang et al. [19, 24].

3.2  X‑Ray Diffraction Characterization

Figure 3 illustrates the XRD patterns of all the analyzed 
samples. The as-received sample exhibited a sole austenitic 
phase. The XRD analysis of the ECAP specimens revealed 
that no other phases, including α′ and ε martensite, were 
present. The high Mn content (26.05 wt%) acts as an austen-
ite stabilizer, resulting in the observation of only the TWIP 
effect. In the ECAP-deformed samples, it was noticed that 
the diffraction peaks were displaced towards the left in the 
quantity of one degree (± 51° from to 50°), accompanied by 
an increase in peak width. The literature has reported that 
deformation-induced lattice distortion can shift the diffrac-
tion angles' peak position [42]. Broadening of the diffrac-
tion peaks can be caused by dislocations. The peak shift, 
coupled with the broadening, indicates that there has been an 
increase in dislocation density and lattice distortion, which 
are caused by plastic deformation. The asymmetry in diffrac-
tion peaks is another result of lattice distortion and indicates 
Coincidence Site Lattice (CSL) boundary formation [43].

The ECAP process leads to a high dislocation density, 
which creates a localized distortion of the lattice structure, 

Fig. 3  XRD patterns of the encountered plans of all samples. Planes {111} and {200} are highlighted
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resulting in a modification of the peak shape observed 
in diffracted patterns. The magnitude of peak broaden-
ing can provide an indirect indication of changes in dis-
location density in metallic materials [43]. The results 
showed that the dislocation density was 2.23 ×  1013  m−2 
for the as-received specimen and increased to 8 ×  1015  m−2 
after 8 ECAP passes. Figure 4 illustrates the dislocation 
density increase of all samples. The dislocation density 
maps of the as received and after 8 ECAP passes are also 
shown in Fig. 4. Materials with low SFE usually exhibit 
a mechanism that generates partial dislocations instead 
of screw dislocations [44, 45]. Screw dislocations that 
cannot undergo cross-slip result in limited dislocation 
motion. Therefore, the density of dislocations significantly 
increases due to pile-up and proliferation of dislocations. 
After the pass number 2, a noticeable increase in the dis-
location density is observed. Furthermore, considerable 
refinement was observed in the microstructures shown in 
Fig. 2 and later in Fig. 6, indicating a significant increment 
in dislocation density. The microstructure also undergoes 
further refinement after four and eight passes, although 
at a sluggish rate, owing to the substantial strain already 
imposed on the metal. As a result, the determined dis-
location density exhibits a lower increase, indicating a 
deceleration in the formation of the dislocation rate. The 
ECAP process results in an increased dislocation density 
that induces higher distortion of the crystal lattice, leading 
to an increase in the stored energy of the material. Con-
sequently, the material exhibited elongated grains, twin 
contours and the formation of shear bands, consistent with 
the previously reported hardness results [43].

3.3  Electron Backscatter Diffraction (EBSD) 
and Texture Characterization

Figures 5 and 6 display the orientation image maps (OIMs) 
and grain boundary maps of initial and those samples 
after ECAP deformation, which were acquired by using 
the EBSD. The Figures showed that there was a gradient 
in texture inside the grains with increasing deformation. 
Based on Fig. 5, it can be observed that the material pos-
sesses a relatively uniform microstructure that consists of 
equiaxed grains having an average size of 7 μm ± 1 μm 
(excluding twins). The green lines in the microstructure 
maps indicate the presence of twins, while the black lines 
represent the high-angle grain boundaries. Subgrains were 
not observed in this condition. Figure 5 also includes an 
Inverse Pole Figure (IPF) map and Orientation Distribu-
tion Functions (ODFs) at �2 = 0◦ and �2 = 45◦ sections 
in the Euler space of the investigated samples. The as-
received sample exhibited preferred crystallographic ori-
entations along (001)[100] and (001)[120]. The appear-
ance of the (001)[100] cleavage cube component in the 
initial sample could be a consequence to the formation of 
columnar grains during solidification, that were refined 
along the maximum heat conduction direction and with 
dynamic recrystallization, as reported in previous studies 
[46]. Zhang et al. [47] found that the {001} < 120 > com-
ponents, are mainly formed during the recrystallization 
of {001} columnar grains, result in low corrosion and 
mechanical resistance. The ODFs for the as-received sam-
ples were plotted using orthorhombic symmetry. These 
results agree with the values reported in the literature [41].

Figure 6 showcases the key characteristics of the micro-
structure following 1, 2, 4, and 8 passes, while Fig. 7 dis-
plays the progression profile of the mean grain size. After 
undergoing ECAP passes, elongated grains in the shear 
direction are observed, and in some regions, thin equi-
axed grains can be seen. During the first pass, a signifi-
cant number of low-angle grain boundaries were gener-
ated along with elongated grains in the shear direction 
(Fig. 6b). Mechanical twins were also observed in certain 
regions (Fig. 6a). Although the grain size distribution is 
not homogeneous, the average grain size of the newly 
formed grains after one ECAP pass is 1 μm ± 0.6 μm. After 
2 ECAP passes, the average grain size further decreases. 
The microstructure remains heterogeneous; however, the 
number of newly refined grains increases. As the number 
of ECAP passes increases, the presence of large and elon-
gated grains in the microstructure gradually disappears 
and is replaced by a more refined structure, as shown in 
Fig. 6c, d. The microstructure of the metal subjected to 4 
ECAP passes (Fig. 6e, f) shows deformation bands con-
taining fine twins (shown in white) and progressive micro-
structure refinement.

Fig. 4  Representation of the dislocation density on ECAP pass num-
ber. dislocation density of the as received and after 8 passes is shown
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The microstructure refinement observed in the TWIP 
steel is achieved by intersecting various families of deforma-
tion bands, resulting in misaligned and disoriented structures 
[23]. Finally, after eight passes, the microstructure undergoes 
new qualitative changes, as the deformation bands transform 
into subgrains. The microstructure has undergone significant 
refinement, making it difficult to identify areas with a high 
concentration of defects, particularly subgrain boundaries 
(depicted in green). In some regions of the sample, there is a 
noticeable shift towards equiaxed grains, as shown in Fig. 6f, 
g. After eight passes, the average grain size was measured to 
be 0.20 µm ± 0.05 µm. Figure 7 illustrates how the average 
grain size (with misorientation > 15º) changes as a function 
of the number of ECAP passes. Still, no regular grain size 
of 0.20 µm after eight passes is observed. This behavior 
indicates the formation of a partially stable microstructure 
with an increasing number of passes. According to Fig. 6, 
the distributions after the fourth and eighth passes are simi-
lar, indicating that a steady state has not been reached even 
after eight passes [48].

The examined fragments exhibit a complex hierarchi-
cal defect structure, with numerous defects and twinned 
colonies subdividing the material into small sections. The 
deformation is concentrated in the deformation zone, which 
is formed by the intersection of the channels. After a few 
initial passes of ECAP, heterogeneity in the macroscopic 
strain distribution along the height of the processed parts 
can be observed, which is dependent on the geometry of 
the ECAP array. However, this macroscopic heterogene-
ity gradually diminishes with an increase in the number of 
passes. In the case of a round specimen cross-section [23, 
31], these tendencies are less noticeable. Deformation twin-
ning is observed throughout all stages of deformation during 
ECAP. However, it is important to consider the step sizes 
used in EBSD analysis and the lowest indexation rate in the 
most highly deformed samples. Accordingly, this technique 
is unsuitable for calculating the fraction of twins accurately, 
and also, many fine twins mechanisms need to be visible. 
The observed microstructural evolution of the TWIP steel 
during multi-pass ECAP at 350°C for up to four passes is 

Fig. 5  EBSD grain map, grain boundary of the as-received sample, 
((a) IQ mapping), (b) IPF mapping) (grains boundary map: black 
line—high-angle grain boundary, green line—twins boundary), cor-

responding (c) Inverse Pole Figure map and Orientation Distribu-
tion Function at constant  �2 = 0◦ and (d)�2 = 45◦ sections of as-
received sample
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consistent with the previously published data on processing 
the material using similar dies and temperatures [19, 22–24].

The grain boundaries' characteristics (refer to Fig. 8) 
can determine the proportion of low angle grain bounda-
ries (LAGBs, with an inclination angle of 2° < ϴ < 5°), high 
angle grain boundaries (HAGBs, with an inclination angle 
of 15° < ϴ), and coincidence site lattice (CSL) boundaries. 
New grains nucleate primarily in the shear bands and grain 
boundaries and due to the dislocation rearrangement. Dislo-
cation tangles combine to form subgrains, eventually result-
ing in new grain boundaries [49]. A dynamic recrystalliza-
tion process seems to have initiated in the microstructure 
after 4 ECAP passes, as shown in Fig. 8.

Upon analyzing the as-received sample, it was discovered 
that it exhibited the lowest proportion of low-angle misori-
entations due to dynamic recrystallization and recovery that 
occurred during the production of the steel. The original 
material has around 30% of the overall coincidence site 
lattice (CSL) boundaries. One can observe the generation 

Fig. 6  EBSD features of the 
TWIP steel samples subjected 
to different numbers of ECAP 
passes at 350 °C. IQ mapping, 
grain boundary maps, and IPF. 
Images (a) and (b) show the 
features of the first pass, (c) and 
(d) represent the second pass. 
(e) and (f) display observations 
after the fourth pass, and (g) 
and (h) represent the eighth 
pass. In each image, the black 
lines correspond to high-angle 
grain boundaries, the green 
lines to low-angle grain bounda-
ries, and the white lines to twin 
boundaries

Fig. 7  Average grain size changes as a function of the number of 
ECAP passes
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of numerous subgrains in the first pass after ECAP, which 
gradually decreases with each subsequent pass (as depicted 
in Fig. 8). However, the introduction of deformation into the 
material after the second pass promotes an increase in the 
fraction of high angle grain boundaries (HAGBs), which, 
since the fourth pass, can be partially attributed to certain 
misorientation fractions that have a twin character with coin-
cidence site lattice (CSL) boundaries. The distribution func-
tions of misorientation were comparable between the fourth 
and eighth passes. However, there was a slight continuous 
increase in the fraction of HAGBs (from 22 to 35%) and a 
consequent decrease in the fraction of low misorientation 
grains (from 65 to 55%) from the fourth to the eighth pass, as 
observed in the misorientation distribution functions, Fig. 8. 
During ECAP passes, a significant number of dislocations 
and crystallographic defects are produced, leading to the 
formation of dislocation cell boundaries, and the develop-
ment of deformation-induced boundaries with an increase 
in the number of passes [50].

The findings demonstrated that the gradual rise in grain 
misorientation with the progression of ECAP passes resulted 
in the fragmentation of grains and reorientation of texture 
components. Austenitic steels frequently exhibit the emer-
gence of low-energy CSL boundaries, which involve twin-
ning boundaries with 

∑

3, 9, 27n misorientations [48]. The 
results of this study also indicate that the majority of CSLs 
are a result of the formation of slip bands and deformation 
twins. Yang et al. [25] proposed that deformation-induced 
twinning is also related to planar slip bands. The authors 
proposed that the planar-slip dislocations contain numerous 
Shockley partial dislocations that can significantly contrib-
ute to the formation of deformation twins. It is worth noting 
that as the amount of deformation increases, the fraction of 

CSL boundaries decreases, as shown in Fig. 8. However, it 
should be noted that this observation may be limited by the 
capabilities of the EBSD technique.

Crystallographic anisotropy is an important factor in 
the evolution of lattice distortion, which includes misori-
entation, and it is essential to analyze it at the level of indi-
vidual grains. However, this aspect is beyond the scope of 
this study. The HAGB and LAGB fractions obtained in this 
study are higher than those proposed by Wang et al. [19, 24] 
in TWIP steel processed by ECAP via the Bc route. Never-
theless, it is important to note that several other studies [19, 
22–24, 48] have reported the occurrence of saturation in the 
proportions of HAGB and LAGB with an increase in the 
ECAP passes number.

The texture evolution of the TWIP steel under ECAP pro-
cessing was analyzed in the triclinic symmetry (0° <  < 360°) 
following Beyerlein's suggestions [51] which is the ideal 
orientation of deformation by simple shear. Figure 9 illus-
trates how the texture changes in the material after one, 
two, four, and eight ECAP passes, and Table 1 shows the 
ideal orientation for texture components in FCC materials 
subjected to simple shear. The intensities of the B∕B and 
A∕A texture components are nearly identical. In some cases, 
monoclinic symmetry may be observed since the compo-
nents exhibit symmetry every 180°. However, it should be 
noted that no monoclinic symmetry was observed following 
the Bc route after two and four ECAP passes, as reported 
by Beyerlein [51]. Monoclinic symmetry was observed in 
another research [52] that used a die with a configuration 
like the one used in this work.

The texture patterns exhibit prevailing orientations with 
continuous distributions along the fibers. This texture is 
referred to as a simple shear texture and occurs when the 
die possesses an external angle of Ψ greater than 0°, which 
creates two symmetrical areas [52]. Figure 9b shows the 
texture after 1 ECAP pass; all texture components related 
to shear, which are listed in Table 1, were rapidly gener-
ated and established a complete fiber at the coordinates of 
(0–360°, 45°, 0°), showing ideal components of the simple 
shear model as presented in Fig. 9a, with a few variations. It 
is common to observe variations in Euler space from ideal 
orientations during ECAP processes, which can be attributed 
to various processing factors [22, 51]. The presence of this 
effect was observed in all the conditions following the ECAP 
process. The TWIP steel shows the presence of A1* and A2* 
components, which are part of the α fiber, after one ECAP 
pass. This occurrence is indicative of twinning, which is in 
agreement with the images presented in Figs. 5 and 6. Other 
investigators have reported similar intensity values for the 
components in FeMnCAl TWIP steel, as described in previ-
ous studies [19, 22, 24]. The tendency for low-SFE metals 
to develop the B fiber orientations with increasing strain has 
been previously observed. The strengthening of component 

Fig. 8  Evolution of misorientation of the grain boundaries as the 
number of ECAP passes increases
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B has been observed to be related to the increase of fiber 
B, which is mainly a consequence of replacement of orien-
tations of component C by B orientations ({112} < 110 >) 
[40]. These are consistent with the results of the present 
study.

As the SFE decreases, the texture component tends to 
change from C to A1*, and finally to B [53]. Similarities 
in the effect of SFE on texture evolution during ECAP and 
texture development during cold rolling have been suggested 
by other researchers [54]. The following correspondence was 
proposed: S = > A1*, Cu = > C, Brass = > B∕B . The texture 
components {112} < 111 > Cu and {123} < 634 > S are 

observed to decrease with decreasing SFE in the cold rolling 
texture, while the texture component {110} < 112 > Brass is 
observed to increase. As the SFE decreases, it is expected 
that the texture component C will decrease, while the tex-
ture components B∕B will become stronger. After undergo-
ing 4 ECAP passes, the TWIP steel being studied showed a 
decrease in the strength of the C texture component. Other 
low-SFE studied materials [22, 55] did not report a sig-
nificant decrease in A2* and A1* components. However, 
the decrease in A2* and A1* intensities was observed in 
a FeMnCAl TWIP steel [19, 22, 24]. It is possible that the 
reduction in the intensities of A2* and A1* components is 

Fig. 9  (a) Theoretical com-
ponents of FCC materials in 
triclinic symmetry deformed 
through simple shear (die 
120°), texture constituents of 
the analyzed TWIP steel for 
φ2 = 45°, (b) post one ECAP 
pass, (c) post two ECAP passes, 
(d) post four ECAP passes, and 
(e) post eight ECAP passes
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due to the limitations of EBSD analysis to detect all newly 
formed twins at high deformations, as reported in previous 
studies [19, 24].

Previous studies have reported an increase in the B∕B 
components as low-SFE metals are subjected to higher levels 
of strain [51]. The intensity increase of the B∕B components 
with increasing strain in low-SFE metals has been attributed 
to the replacement of C component orientations by B∕B ori-
entations ({112}[110]) [51, 52]. The evolution of the current 
texture is partially consistent with this line of reasoning, as 
there was indeed a decrease in the C component after four 
ECAP passes.

The texture of the material after two ECAP passes 
(Fig. 9c) exhibited some changes compared to the texture 
after one pass, including a reduction in the A1*, A2*, and 
C texture components and an increase in the A∕A and B∕B 
components. Previous studies have reported that embrittle-
ment or saturation can occur between 2 and 4 ECAP passes 
using route Bc altering in this way the texture [56–59]. Addi-
tionally, the increase in the intensity of texture has also been 
observed in other study [55]. The texture was amplified, as 
demonstrated by a rise in the texture index and a reduction in 
the proportion of grains with random orientations, after four 
ECAP passes, according to Fig. 9d. It is noteworthy that, for 
steels similar to the one studied, the B∕B and A∕A texture 
components are characterized as a strengthening texture, 
while the A2*, A1*, and C components are weakened. After 
8 ECAP passes (Fig. 9e), a mixed microstructure can be 
seen. Texture after 4 ECAP passes should generally remain 
the same. However, in the present work, the intensity in C 
and the appearance of texture components of recrystalliza-
tion RB, Cb, Goss, and Brass appeared to increase, besides 
the observation of high intensity of the component B∕B . 
Figure 10 displays the progression of these volume fractions. 

According to Haase et al. [22], this texture observed in FeM-
nCAl can be considered a “transition texture”. They hypoth-
esized that the strong presence of component C in the texture 
could be attributed to dislocation sliding being the primary 
deformation mechanism. Simultaneously, the intensification 
related to the B∕B components could be linked to the twin-
ning mechanism. They also reported that the C component 
was strongly present and the B∕B components increased 
with the number of ECAP passes. The texture evolution of 
FeMnCCr steel used in this study shows a better agreement 
with the correspondence proposed by Suwas et al. [60] and 
Wang et al. [19, 24], as the C and A1* components decrease, 
and the B∕B component increases after ECAP passes. It can 
be inferred that the relevance of twinning deformation would 
be more pronounced in both scenarios.

Upon analyzing the anisotropy of the TWIP steel after 
the ECAP process (Fig. 11), it was observed that there 
was a preference for the fiber < 110 > ║ × (direction of 
extrusion), which resulted in the presence of deformation 
texture components such as C, B∕B , and A∕A . These are 
texture components characteristic of a material subjected 
to simple shear. However, there is also a marked influence 
of the fibers < 110 > ║ Z and < 111 > ║Y. Furthermore, 
the parallel direction to the Z axis presented a preference 
for the direction < 110 > , which could be associated with 
the highest amount of grain boundaries oriented in this 
direction. Figure 11 implies non-uniformity in the texture 
induced by the ECAP procedure, particularly when utiliz-
ing ECAP dies having Ψ > 0°. The presence of recrystalli-
zation texture components such as Cube, Goss, Brass, Cop-
per, Brass rotated, and twinned Cube is suggested by the 
fibers < 111 > and < 100 > . The occurrence of the dominant 
fiber < 111 > ║Y may also be attributed to the existence of 
specific grain boundaries, such as the Σ3 (60° < 111 >) type. 

Table 1  Ideal texture components for the ECAP die with a 120° angle 
[51]

Crystal structure Texture compo-
nents

φ1(°) Φ(°) φ2 (°)

FCC A1* 95.26/275.26 45 0
5.26/185.26 90 45

A2* 24.74/204.74 45 0
114.74/294.74 90 45

A 60 36.26 45
A 240 35.26 45

B 60/180/300 54.74 45

B 120/240/360 54.74 45

C 150/330 45 0
60/240 90 45

{111}-/A-fiber {111} < uvw > 
 < 111 > -/B-fiber {hkl} < 110 > Fig. 10  Changes in the volume fractions of the primary texture com-

ponents throughout the ECAP procedure
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In summary, the results showed that the investigated material 
initially deforms along the direction of the highest atomic 
density, which in FCC materials is the < 110 > direction or 
β fiber, characterized by the texture components C, B∕B , 
and A/Ā [48, 61].

As the level of deformation is increased, the formation of 
subgrains becomes more prominent and hinders the motion 
of dislocations. The grain orientation of the deformed TWIP 
steel samples exhibited progressive changes. These changes 
in grain orientation can be quantified using various indica-
tors such as GAM, GOS, and KAM. GAM stands for the 
average grain misorientation, GOS measures the spread in 
grain orientation, and KAM stands for kernel average mis-
orientation. As the amount of strain increased, the GOS 
distribution exhibited a peak shift towards a higher angle, 
indicating a higher dislocation density and more prominent 
substructures in the deformed samples. An increased upper 
limit of GOS with a broad distribution indicates a higher 
density of dislocations and a heterogeneous structure of 
dislocations. The observed changes in grain orientation 
and substructure, as well as the shift in GOS distribution, 
strongly indicate that at higher strain, slip activity increases 
at the expense of twinning in TWIP steel [62]. The Grain 
Orientation Spread (GOS) analysis involves calculating the 
mean variation in orientation between individual points 
within a grain and the overall average orientation of the 
grains. This method results in attributing an identical value 
to each scanning point present within the grain [63]. The 
examination of strain distribution within the crystal grains 
involved studying the local alterations in orientation among 
five adjacent pixels. For a grain to be recognized as valid, it 
needs to encompass a specified minimum quantity of scan-
ning points. This predetermined size could also impact the 

results. By increasing the minimum grain size for the analy-
sis, its necessary to exclude smaller grains or subgrains from 
the computations. Additionally, grains possessing orienta-
tion spreads of less than 2° were omitted from the analysis. 
With the enlargement of the minimum grain size, there is 
a consequent exclusion of minor subgrains located within 
the larger deformed grains. Inside a subgrain, the local-
ized fluctuations in orientation could be notably minimal. 
Hence, with the augmentation of the minimum grain size, 
the trends tend to lean toward a greater proportion of grains 
exhibiting substantial orientation spreads [63]. Figure 12f 
shows the GOS results obtained from this analysis. The 
as-received sample showed the highest percentage of low 
GOS values (GOS < 1°), as depicted in Fig. 12a. Further-
more, this specimen displayed recrystallized austenite grains 
and exhibited minimal intergranular misorientation within 
its microstructure. After undergoing the ECAP process, a 
considerable number of grains in the TWIP steel showed 
medium (1° < GOS < 3°) and high (GOS > 3°) levels of mis-
orientation, as illustrated in Fig. 12d, e. High values of GOS, 
as observed in Fig. 12b, c, may be related to significant local 
lattice distortion and dislocation density, which results in an 
increase in internal energy [64]. Throughout plastic defor-
mation, various crystallographic defects like dislocations, 
shear bands, and grain boundaries emerged. These defects 
were later assimilated and joined to create dislocation cells, 
low-angle boundaries, and nano-twins. The concentrated 
stored strain energy caused by lattice misalignment func-
tions as an obstacle to dislocation movement, potentially 
resulting in reduced toughness and heightened mechanical 
strength. The reduction of GOS values suggests the begin-
ning of dynamic recrystallization with subgrains developed 
during plastic deformation at 350 °C.

3.4  High‑Speed Nanoindentation Mapping

A SEM image of a selected area corresponding the region 
where the property maps (H, E and H/E ratio) were 
obtained after the prints are shown in Fig. 13. Nanohard-
ness and modulus of elasticity maps obtained after the 
high-speed nanoindentation tests are shown in Figs. 14. 
Quantification can be seen in Table 2. Mechanically dis-
tinct regions can be perfectly distinguished (Fig. 14). The 
hardness after ECAP occurred more intensively in an 
isotropic manner (Fig. 14d1–e3), and the average nano-
hardness values increased significantly, indicating the 
strengthening of the material (Table 2). In the samples 
that passed through the highest number of ECAP passes, 
a homogeneity trend occurred (Fig. 14). The initial objec-
tive of identifying zones with a higher number of twins 
was achieved up to the samples with 2 ECAP passes. For 
samples with a higher number of passes and consequently 
higher deformation, it became difficult to separate regions 

Fig. 11  Fiber texture of all samples after the ECAP process
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with a higher number of twins from deformation bands 
and grain boundary zones, but an increase of the hardness 
and elastic modulus is observed related with the increase 
of twins (harder). This is due to the fact that the micro-
structure is completely disorganized and work-hardened. 
Despite clear qualitative trends, the nanohardness and 
elastic modulus values presented in Table 2 were calcu-
lated as mean values of the measurements. The results 
are consistent with that presented by previous published 
research [65].

From the obtained maps of H, one can see that, as 
expected for the investigated steel, it is more difficult to 
deform the material as the number of ECAP pass increases. 
This may be due to the low stacking fault energy (SFE) of 
the material, which in turn promotes multiplication and more 
uniform distribution of dislocation. From the elastic modu-
lus analysis, the material after ECAP passes had a high (E) 
value, evidencing the material’s capacity to resist tensions, 
without deformation or rupture. Conversely, the disparity 
in properties is more distinct in the H/E ratio map. While 
H and E signify distinct mechanical behaviors, their values 
are interconnected in a manner where the resulting H/E ratio 
consistently exhibits uniform values. The results are consist-
ent with those presented in a previous publication [39].

Fig. 12  GOS maps obtained from EBSD analysis of the investigated specimens, including the as-received sample (a) and samples after different 
numbers of ECAP passes (b–e). The variation of GOS distribution for all specimens is also presented (f)

Fig. 13  FEG-SEM secondary electron micrographs of samples, 
showing the microstructure evolution from (a) after 1 ECAP pass and 
(b) after 4 ECAP passes. Mechanical twins are highlighted with white 
arrows, while nanoindentation prints are marked in green
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3.5  Micromechanical Characterization Behavior

Figure 15 and Table 3 present the microtensile test outcomes 
for the as-received TWIP steel samples and those processed 
by ECAP. This research shows that the number of ECAP 
passes contributed to the increase of yield strength (YS) 
and ultimate tensile strength (UTS). It is noticeable that the 
increase in yield strength is more pronounced than the cor-
responding increase in ultimate tensile strength. This trend 
has also been observed in previous studies [22, 66–68]. The 
occurrence of serrated flow in the as-received sample, vis-
ible as notches on the tensile test curve, arises from dynamic 
aging prompted by stress-induced interactions between 
C-Mn clusters and partial dislocations [33, 68]. Despite a 
reduction in total elongation and ductility with each ECAP 
pass, the obtained values for elongation and toughness can 
still be considered satisfactory. The elongation values noted 
in this study surpass those documented for certain conven-
tional deep drawing steels like high strength interstitial-free 
(HS-IF) steel and other high manganese TWIP steels [66, 
69].

Yield strength undergoes a significant increase after the 
first pass of equal channel angular pressing (ECAP) at 350°C 
in the FeMnCCr-based TWIP steel. This is due to increased 
dislocation movement activity, which leads to the forma-
tion of many subgrains and interactions with mechanical 
twinning [70]. Similar observations were reported in earlier 
investigations on severe plastic deformation (SPD) using 
ECAP at comparable temperatures for FeMnC-based TWIP 
steels [17] and FeMnCAl-based TWIP steels [28]. There 
are no documented instances in literature of severe plastic 
deformation (SPD) being conducted on TWIP steels that 
are based on FeMnCCr. Despite the increase in SFE values 
at 350 °C reported in previous studies [27, 71], mechanical 
twinning persisted within the austenite grains of the present 
TWIP steel, as well as in other TWIP steels subjected to 
ECAP processing, as detailed in earlier literature [17]. Haase 
et al. [22] reported that the FeMnCAl TWIP steel deformed 
at 300 °C also exhibited uniform elongation values similar 
to the steel studied in this work. The satisfactory elongation 
and toughness of the current TWIP steel after ECAP can be 
attributed to several factors [72]. The initial microstructure 
of the steel and the microstructure after one ECAP pass may 
be contributing to this behavior. The deformation mecha-
nisms involved in the steel's tensile tests at room temperature 
also contribute to its elongation and toughness.

The as-received sample exhibits high plasticity due to the 
large number of slip systems and free path for dislocations 

to move within the austenitic matrix. The increase in dis-
location density during the deformation process promotes 
the TWIP effect, which is observed during the micro tensile 
test at room temperature. When many subgrains are formed, 
the movement of dislocations is restricted, which causes the 
steel to start deforming by secondary sliding systems. There 
is the dissociation of dislocations into partial Schockley dis-
locations. This observation is consistent with the findings 
of Barbier et al. [73] who investigated the microstructural 
changes of a FeMnC TWIP steel under tensile and shear 
tests. The proportion of twinned grains was found to be 
lower in the steel sample after undergoing the shear test, 
with only 70% of grains exhibiting active twinning com-
pared to 90% in the sample tested under tensile conditions. 
In this case, the microstructure exhibits a significant number 
of elongated grains that contain a high density of mechanical 
twins and subgrains. Additionally, there are some regions 
in the microstructure that contain fewer defects. The com-
bined microstructure supports the retention of acceptable 
elongation. Chromium is a potent alloying component in 
steel, and it is found in small quantities in specific structural 
steels. The primary application of chromium is to enhance 
the hardenability and corrosion resistance of steel and to 
boost its yield strength. The addition of chromium to steel 
lowers the stacking fault energy, which promotes the TWIP 
effect [26, 74–76].

The TWIP steel used here has a low SFE, which pro-
motes twinning. During tensile deformation, the activation 
of secondary twins is favored at extremely low deforma-
tions [73]. The combination of two factors, namely, minimal 
grain deformation and enhanced susceptibility to twinning 
during tensile testing at room temperature, may account for 
the substantial elongation observed in the samples subjected 
to a single pass of ECAP. It is possible to suggest that the 
primary deformation mechanism was mechanical twinning, 
as described in previous studies [19, 24]. The TWIP steel 
investigated showed a high work hardening capacity, as 
mechanical twins were detected even after 4 ECAP passes 
[40], indicating that mechanical twinning was still an active 
deformation mechanism. This can be seen in Fig. 8 where 
low angles boundary increases after 1 and 2 ECAP passes. 
Also, Fig. 14 shows the increase of the microhardness, indi-
cating the work hardening mechanism.

The behavior observed after 2 ECAP passes at 350°C is 
similar to that observed at room temperature: an increase 
in resistance and a decrease in total elongation. The two 
phenomena could be associated with the development of 
the microstructure. The analysis of the EBSD presented in 
Figs. 6 and 7 illustrates a remarkable decrease in the dimen-
sions of grains and subgrains as a result of the accumulated 
strain. It is worth mentioning that a previous study on a simi-
lar TWIP steel after 2 ECAP passes reported the presence of 
nano-twins within the primary twins as a result of secondary 

Fig. 14  Hardness and Elastic modulus nanoindentation maps of the 
analyzed TWIP steel for (a1, a2, a3) as-received, (b1, b2, b3) post 
1 ECAP pass, (c1, c2, c3) post 2 ECAP passes, (d1, d2, d3) post 4 
ECAP passes, and (e1, e2, e3) post 8 ECAP passes

◂
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twinning [19, 24]. Mechanical twins significantly reduce 
the mean free path of dislocations, resulting in a drastic 
increase in mechanical strength. Compared to similar steels 
processed by ECAP, the steel being studied exhibits higher 
yield strength (YS) values, ultimate tensile strength (UTS), 
toughness, elongation, and resilience.

The maximum strength of 1.8 GPa was observed in the 
TWIP steel after 8 ECAP passes, but elongation was sig-
nificantly reduced. Here, the mechanical properties were 
higher than in previous research with different materials 
for riser applications [77, 78]. The elongation value after 
4 passes is also acceptable for this application as reported 
elsewhere [77–80]. The microstructure refinement observed 
in the EBSD and SEM analysis corresponds well with the 
increase in strength and decreased elongation observed after 
8 ECAP passes in the TWIP steel. New refined grains with 

an equiaxed morphology were formed due to the subgrains 
formed in previous ECAP passes. The image in Fig. 4 illus-
trates that the dislocation density increased slowly between 
the fourth and eighth passes. Upon analysis of the EBSD, 
KAM and texture intensity values, it can be inferred that 
the TWIP steel likely underwent a recrystallization process, 
forming new ultrafine grains. After each pass, there was a 
significant increase in resilience values, but toughness and 
elongation decreased. Each pass of ECAP caused a distor-
tion in the crystalline network of the TWIP austenitic steel, 
as confirmed by the XRD analysis shown in Fig. 4 [81, 82].

Fracture surface examination was conducted and is 
illustrated in Fig. 16. The surface characteristics of the 
initial specimen showed numerous dimples that varied in 
size and depth. The images obtained are consistent with 
the reported elongation and toughness results; see Table 3. 
The fracture surface of the annealed material appears duc-
tile, whereas for the samples after 4 and 8 passes of ECAP, 
the surface changes to show tiny voids without coales-
cence, indicating a brittle material surface. According to 
some researchers [83], a material's plastic deformation 
capacity improves with larger and deeper dimples, leading 
to increased elongation during tensile testing. Figure 16b 
shows that the sample after 1 ECAP pass exhibits a duc-
tility level that is intermediate between the highly ductile 
as-received sample (Fig. 16a) and the limited ductility of 
the sample after 4 ECAP passes (Fig. 16d). The cleav-
age on samples processed by ECAP implies that ductil-
ity mechanisms are still active, although the material 
underwent strain hardening during processing. Although 
microstructural refinement limits dislocation movement, 
it seems that the twinning mechanism still contributes to 
toughness, as indicated by the small size of voids and rip-
ples in the samples following ECAP processing, mainly 
after 2 and 4 passes. The effect of mechanical twinning 

Table 2  The nanoindentation values of the maps of the examined TWIP steel used to derive parameters such as the elastic modulus (E) and 
nanohardness (H)

ECAP schedules As-received 1 pass 2 passes 4 passes 8 passes

H (GPa) 3.76 ± 0.4 5.91 ± 0.5 5.98 ± 0.3 6.40 ± 0.3 7.38 ± 0.4
E (GPa) 166.56 ± 3.4 178.54 ± 2.7 182.08 ± 4.2 183.03 ± 4.1 186.80 ± 3.5

Fig. 15  Stress/logarithmic strain curves of the investigated samples

Table 3  The mechanical 
behavior of the investigated 
TWIP steel analyzed under 
various conditions using true 
stress-true strain curves to 
define its mechanical properties

ECAP schedules Yield strength 
(MPa)

Ultimate tensile 
strength (MPa)

Resilience 
(MJ  m−3)

Elongation (%) Toughness 
(MJ  m−3)

As-received 377 ± 2 1460 ± 5 1.71 57 ± 5 593.81
1 pass 1035 ± 5 1385 ± 3 6.88 34 ± 2 421.20
2 passes 1210 ± 3 1402 ± 2 7.46 23 ± 1 307.00
4 passes 1495 ± 2 1560 ± 2 10.25 17 ± 2 243.70
8 passes 1727 ± 3 1800 ± 3 11.18 10 ± 1 173.12
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may be attributed to the tensile test temperature (room 
temperature), according to this observation. Based on the 
dimples observed on the fracture surface of samples with 8 
ECAP passes (Fig. 16e), it can be inferred that the material 
retains some level of strain hardening [84].

Yanagimoto et al. [85] have distinguished between two 
types of dimples associated with ductile fracture. The larger 
dimples arise from the decohesive mechanism within the 
inclusion-matrix interphase, while the smaller dimples stem 
from the dislocation interaction mechanism [48]. Upon 
ECAP, there is a refinement and diversification in the dim-
ple size. Notably, the fracture surface of ECAP-ed samples 
displays a greater prevalence of small dimples in comparison 
to the annealed specimens. This discrepancy is ascribed to a 
substantial increase in dislocation density following a singu-
lar ECAP pass, making it easier for dislocations to reach the 
grain boundary. Consequently, the transformation of dislo-
cations into multiple unstable crack initiations, forming the 
nucleus of cavities, becomes more feasible.

4  Conclusions

TWIP steel containing Chromium was successfully sub-
jected to isothermal equal channel angular pressing. The 
microstructure changes, texture, and mechanical perfor-
mance of the material were examined. The main results 
obtained were:

(1) After one or two ECAP passes, the microstructure 
evolved by elongating the grains in the shear direction 
and introducing a considerable amount of subgrains. 
Simultaneously, the mechanical twinning occurred with 
decreasing thickness as the deformation progressed. 
The microstructure refinement continued during the 
ECAP passes due to the activity of dislocations and 
twinning, causing hindrance in further deformation. 
This resulted in a low hardening rate for the eight 
ECAP passes sample during the tensile test.

(2) Simple shear textures were observed in the material 
after undergoing deformation through ECAP. Sam-
ples after one ECAP pass exhibited a preference for 
A1*, A2*, and C components, whereas the two and 
four ECAP pass samples showed a preference for the B 
fiber, as indicated by its B∕B components. The increase 
in B∕B components, along with the decrease in C shear 
texture component, may suggest a significant impact of 
deformation twinning during the processing of TWIP 
steel by ECAP at the tested temperature.

(3) The hardness and elastic modulus maps demonstrated a 
notable connection between micromechanical proper-
ties and the strain imposed by simple shear. The pre-
cision and clarity of this relationship were enhanced 
through the utilization of H/E maps. Consequently, the 
H/E ratio is suggested as a suitable and dependable 
parameter. The ECAP process produced higher hard-
ness and modulus values than the as-received material. 
It is possible that the evaluated changes related to the 

Fig. 16  Fracture surfaces of five different samples after tensile testing: (a)  the as-received sample, (b)  the sample after 1 ECAP pass, (c)  the 
sample after 2 ECAP passes, (d) the sample after 4 ECAP passes, and (e) the sample after 8 ECAP passes
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small-scale properties are related to work hardening 
effects, crystalline defects (twins and shear bands), 
and the material's texture. Finally, the nanoindenta-
tion maps indicated that the ECAP-processed samples 
exhibited isotropic mechanical characteristics, show-
casing the impact of grain refinement on both nano and 
micromechanical behavior of the material.

(4) The ECAP process resulted in a notable increase in 
both the yield strength and ultimate tensile strength. 
However, as the number of passes increased, the duc-
tility and toughness of the material decreased. As the 
number of ECAP passes increased, the fracture surface 
analysis revealed a significant reduction in the number 
and size of dimples. The eight ECAP passes sample 
displayed limited ductile fracture. These behaviors are 
attributed to the metal's ability to deform via twinning, 
wherein primary and secondary twin systems are acti-
vated. The strain hardening rate decreased gradually 
with increasing strain, leading to uniform elongation.

(5) As the degree of deformation increased, the material 
underwent a gradual development of shear bands and a 
corresponding increase in dislocation density. This in 
turn facilitated dislocation glide and the activation of 
twin-induced plasticity, resulting in a favorable balance 
between strength and elongation.
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