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A B S T R A C T

The influence of rolling at 77 K and 293 K to a true strain of 2.66 on the microstructure and texture evolution
and mechanical behavior of a TWIP Fe-0.3C-23Mn-1.5Al steel was quantified. The microstructure evolution at
both temperatures of deformation was associated with an increase in the dislocation density and extensive
twinning, following by the development of a cell structure and shear bands. Rolling at both temperatures was
associated with a formation of the Copper-type texture in the beginning of deformation and transition to the
Brass-type texture during further rolling. Intensive formation of ε-martensite was observed at 77 K. The trans-
formation of twin boundaries into arbitrary high-angle grain boundaries due to interaction with lattice dis-
locations led to the formation of grains/subgrains with the size of 30–60 nm after cryo-rolling to a strain of 2.66.
Rolling at both temperatures resulted in continuous increase of strength of the steel and decrease of ductility.
The ultimate tensile strength was 1993 MPa and 1824 MPa after rolling to a true thickness strain of 2.66 at 77 K
and 293 K, respectively. Qualitative analysis of contributions of different strengthening mechanisms was per-
formed.

1. Introduction

High manganese steels seem to be one of the most attractive ma-
terials for structural applications in the automotive industry due to
their unique combination of strength and elongation. The mechanical
behavior and the strain hardening of these steels largely depend on the
stacking fault energy (SFE). In steels with SFE values in the range of
about 20 to 40 mJ/m2, the main deformation mechanism is mechanical
twinning, which increases the uniform elongation due to a phenomenon
known as the twinning-induced plasticity (TWIP) effect [1,2]. In addi-
tion, deformation-induced twin boundaries gradually reduce the ef-
fective glide distance of lattice dislocations, thereby increasing the
strength (so-called “dynamical Hall-Petch effect”) [3].

One of the main disadvantages of TWIP steels is their relatively low
yield stress, which limits their application in the recrystallized condi-
tion. The yield stress can be increased by various methods, such as
precipitation hardening [4–7], grain refinement due to recrystallization
[8,9], or pre-straining [10–13]. Another way to increase the strength of
TWIP steels is obtaining fine- or ultrafine-grained microstructures by
plastic deformation [14,15].

Microstructure refinement in metallic materials via large (or severe)

deformation has been of great interest in the last decades. It was re-
cently shown with respect to commercially pure titanium [16] that the
kinetics of ultrafine structure formation during deformation is sensitive
to the activity of deformation twinning. Due to a different dependence
of the critical resolved shear stress of twinning and slip on deformation
temperature, the intensity of twinning can be increased by decreasing
the deformation temperature. Some preliminary results have shown the
positive effect of very low temperature of 77 K on the microstructure
refinement in TWIP steel during large deformation [17]. However,
further investigations in this direction for a better understanding of the
correlation between deformation conditions and microstructure evolu-
tion are still needed.

In addition, the activation of different deformation mechanisms is
known to have a strong influence on the development of the crystal-
lographic texture during cold rolling. A Brass or alloy texture with a
lower intensity of the copper texture component and an increased in-
tensity of the Brass and Goss components are often observed in low-SFE
metallic materials that deform by twinning [18,19]. A Brass-type tex-
ture development can also be attributed to microscopic shear band
formation [20], which in turn intensifies with decreasing temperature.
While the texture evolution during cold rolling of low-SFE materials is
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fairly well understood, there is much less clarity regarding deformation
at cryogenic temperatures. Therefore, the aim of the present work was
to quantify the influence of cryo-rolling to large strains at 77 K on the
microstructure, texture evolution, and mechanical behavior of a Fe-
0.3C-23Mn-1.5Al TWIP steel.

2. Material and Procedures

A steel with a nominal chemical composition Fe-0.3C-23Mn-1.5Al
(wt%) was melted in an air conduction furnace and cast into a 30-kg
ingot (140 mm in height), followed by homogenization heat treatment
at 1150 °C for 5 h. The ingot was then forged to 50 mm thickness in 3
passes and annealed at 1150 °C for 4 h. The forged plate was hot rolled
at 1150 °C to 10 mm thickness and then annealed at the same tem-
perature for 1 h.

To determine the effect of strain and deformation temperature on
the microstructure evolution, a 4 mm thick slab was rolled uni-
directionally in few passes at room (293 K) and liquid nitrogen (77 K)
temperature. A fixed rolling speed of 30 mm/s was used. The following
total true strains (εth) were achieved: 0.05 (engineering strain of 5%),
0.07 (engineering strain of 7%), 0.1 (10%), 0.22 (20%), 0.36 (30%),
0.51 (40%), 0.92 (60%), 1.39 (75%) and 2.66 (engineering strain of
93%). Prior to cryo-rolling, each preform was encapsulated between
sacrificial steel sheets, which were joined by spot welding. The pack
was then cooled to 77 K in liquid nitrogen and rolled. The temperature
of the canned work piece during such a pack-rolling process did not
increase by> 20 °C. To ensure nearly isothermal deformation, each
pack was cooled in liquid nitrogen between each rolling pass.

The microstructure in the mid-layer of the sheet specimens was
characterized by means of transmission electron microscopy (TEM)
using a JEOL JEM-2100FX and a Nova NanoSem scanning-electron
microscope (SEM) equipped with back-scattered electron (BSE) de-
tector and an electron-backscatter-diffraction (EBSD) camera. The SEM
samples and TEM foils were electro-polished using an electrolyte
composed of 10% perchloric acid and 90% acetic acid at a voltage of
20 V at room temperature. The step size during EBSD scanning was 0.2,
0.2, and 0.15 μm for the strain of 0.22, 0.51, and 0.92 respectively. The
border between low-angle boundaries (LABs, shown with white lines on
presented inverse pole figure (IPF) maps) and high-angle boundaries
(HABs, shown with black lines) was assumed to be 15°. Misorientations
below 2° are not shown as boundaries. The points with confidence index
(CI) below 0.1 were excluded from the analysis and are depicted as
black dots on presented IPF maps. The misorientation angle among
(sub)grains was analyzed by the conventional TEM Kikuchi-line method
with a converged beam technique [21]. The dislocation density was
estimated by counting the individual dislocations in the grains/sub-
grains interiors per unit area using at least five arbitrarily selected TEM
images for each data point [22,23].

In order to characterize the crystallographic texture, X-ray pole
figure measurements were performed by acquiring three incomplete
(0–85°) pole figures {111}, {200}, and {220} at the specimen surface
on a Bruker D8 Advance diffractometer, equipped with a HISTAR area
detector, operating at 30 kV and 25 mA, using filtered iron radiation
and polycapillary focusing optics. The corresponding orientation dis-
tribution functions (ODFs) were calculated using an algorithm of the
MATLAB®-based toolbox MTEX [24,25]. The overall intensity of the
textures was characterized by the respective texture index T which was
calculated as:

∮=T f g dg[ ( )]2
(1)

where f(g) is the orientation density function and g denotes the or-
ientation defined by the three Euler angles g=(φ1,Φ,φ2). The ODFs for
φ2 = 0° and φ2 = 45° are presented. The ODFs for φ2 = 65° were not
shown due to the presence of the single S texture component and low
informativity. The volume fraction of ε-martensite was determined

using the Rietveld method [26].
To determine the post-rolling mechanical properties, tension tests

were conducted at room temperature. For this purpose, dog-bone-
shaped flat specimens with gauge dimensions of 16 mm length × 3 mm
width × 1.5 mm (or smaller in case of large strain) thickness were
machined and pulled to destruction at a constant crosshead speed of
1 mm/min using a screw-driven test machine. The microhardness of the
rolled specimens was examined using Vickers microhardness testing
with a load of 0.2 kg. At least 20 individual measurements per condi-
tion were made and the mean values are presented.

3. Results

3.1. Microstructure Evolution

In the initial state the microstructure of the material consisted of
equiaxed austenite grains. Many grains contained annealing twins and
essentially no internal substructure (Fig. 1). The mean grain size (taking
into account the twin boundaries) was about 28 μm.

Microstructure response of the investigated steel on small strain
during room temperature (RT) and cryogenic rolling was associated
with deformation twinning (Fig. 2). According to SEM images, intensive
twinning in the steel during cryo-rolling was observed at a true strain
εth ≈ 0.05 (Fig. 2b) while rolling at room temperature to εth ≈ 0.1
resulted in twinning of some individual grains only (Fig. 2a).

At larger strains the microstructure evolution during rolling at both
293 and 77 K comprised elongation of grains, their further twinning,
and the rotation of the twin-matrix lamellae towards the metal flow
direction, as illustrated by EBSD IPF maps in Fig. 3. Since the minimum
scanning step during EBSD measurements was comparable with the
twins thickness, a majority of twins were missed. Nevertheless EBSD
shows lower intensity of twinning at room temperature in comparison
with that at 77 K at early (εth = 0.22 and 0.51) stages of deformation
(Fig. 3a, b vs. d, e) that most likely resulted in a pronounced difference
in the microstructures at larger deformation. Rolling to a thickness
strain of 0.92 at both temperatures resulted in the formation of a het-
erogeneous microstructure consisting of elongated grains with a vari-
able density of twins and a developed substructure (Fig. 3c, f).

TEM investigation of the microstructural evolution during rolling
(Figs. 4–6) confirmed the results obtained by SEM-BSE and EBSD. On
the initial stages (εth = 0.07–0.22) of deformation at room temperature

Fig. 1. EBSD map (IPF coloring with respect to the rolling direction (RD)) obtained on a
specimen of the investigated steel in the initial condition (ND: normal direction). (For
interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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an increase in dislocation density (Fig. 8c) and the formation of dis-
location pile-ups (Fig. 4a, b and insert in Fig. 4b) were observed. A few
deformation twins are observed after rolling to εth = 0.22 (Fig. 4b).
Meanwhile similar strain levels at 77 K led to more intensive twinning
and clustering of the parallel twins into bands of ~500 nm width
(Fig. 5a, b). At both temperatures the minimum thickness of twins was
found to be ~10 nm; however, much thicker twins (or twin bundles) up
to 300 nm were also observed. All examined twins belonged to the fa-
mily (111) 〈112〉 (twin/matrix misorientation of 60° around a
〈111〉 axis).

The main feature of the microstructure evolution of the Fe-0.3C-

23Mn-1.5Al TWIP steel during further rolling was a considerable in-
crease in twin density. After RT rolling to εth = 0.92 twins in some
places entirely occupied the examined area; the formation of shear
bands was observed at this stage of deformation (Fig. 4c). Twins can
curve/bend during deformation due to mutual intersections or become
stepwise (Fig. 4d). Further increase in dislocation density was also
observed in addition to twinning (Fig. 8b). Similar processes were ob-
served during cryo-rolling, however the kinetics of microstructure
evolution was found to be noticeably faster in case of the lower tem-
perature, i.e. occurred at lower strains. Therefore the microstructure
formed in the cryo-rolled specimen after εth = 0.51 (Fig. 5c, d) was

Fig. 2. SEM-BSE images of the Fe-0.3C-23Mn-1.5Al steel
after rolling to a true strain εth = 0.1 at 293 K (a) and
εth = 0.05 at 77 K (b). The images were obtained from the
plane perpendicular to the transverse direction (TD).

Fig. 3. EBSD IPF maps of the Fe-0.3C-23Mn-1.5Al steel rolled at 293 K (a, b, c) and 77 K (d, e, f) to a true strain εth of 0.22 (а, d); 0.51 (b, e) or 0.92 (c, f). The maps were obtained from
the plane perpendicular to TD. The color-coding is the same as in Fig. 1. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)
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quite similar to that observed after RT deformation to εth = 0.92
(Fig. 4c, d). Increasing thickness reduction to εth = 0.92 resulted in
intensive formation of shear bands (Fig. 5e, f) in which considerable
microstructure refinement was observed (Fig. 5f).

In the largely stained (εth = 2.66) microstructure of the Fe-0.3C-
23Mn-1.5Al steel no twin boundaries were observed in the rolling plane
(Fig. 6). Most likely this is the effect of a highly anisotropic micro-
structure produced by large strain rolling due to a rotation of twin
planes towards the rolling plane. Therefore, probably, twins were not
observed in the rolling plane. Fragmentation of twins and decoration of
twin boundaries by high density dislocation arrays also contributed to
the absence of twins in TEM images. The microstructure of the steel
after εth = 2.66 at both temperatures can be described as a cellular one
with a very high dislocation density (Fig. 6). However, close ex-
amination of the microstructure of the cryo-rolled steel revealed both
irregular dislocation pile-ups of different shapes and sizes and very
small grains with the size of ~30–60 nm possessing high-angle
boundaries (Fig. 6b). Such fine grains with high-angle boundaries were
not found after rolling at room temperature.

Another important difference between the microstructures that form
during rolling at 297 K and 77 K is formation of the strain-induced ε-
martensite in the latter case. X-ray diffraction analysis revealed that a
noticeable amount of the ε-martensite (~14%) appear in the steel al-
ready after smallest deformation (εth = 0.07) at 77 K. This amount of
the strain-induced martensite increases with strain attaining ~30% at
εth > 0.36 and does not change markedly with further increase of
rolling strain. At room temperature no measurable amount of the ε-
martensite was found to form at any strains. TEM inspection (Fig. 7) has
also revealed presence of the ε-martensite; it has a plate-like mor-
phology and the plates of the ε-martensite appear very much alike
deformation twins.

Quantitative analysis (Fig. 8) of microstructure evolution of the

investigated steel showed quite similar behavior of the material at both
temperatures. The spacing between twin boundaries (Fig. 8a) decreased
with strain attaining the value of 0.05–00.7 μm at εth = 0.92. At
cryogenic temperature, more intensive twinning at the earlier stages of
strain up to εth = 0.36 resulted in smaller inter-twin distances. At
higher strains, the spacing between twin boundaries became very si-
milar after rolling at both temperatures. Dislocation density (Fig. 8b)
increased relatively fast at the initial stages of strain. However, after
εth = 0.22 the increase in the dislocation density became much slower.
At room temperature, the dislocation density was found to be notice-
ably higher during initial stages of deformation (up to εth = 0.22) than
that after deformation cryogenic temperature. After further rolling (to
strains of 0.51 and 0.92) at both temperatures, the dislocation density
was estimated to be very similar. At highest examined strain of
εth = 2.66 much higher dislocation density was found at room tem-
perature (Fig. 8b).

3.2. Texture Evolution

The texture evolution of the investigated TWIP steel during rolling
at 293 K and 77 K is illustrated in Fig. 9. The main texture components
typical for face-centered cubic (fcc) metals are shown in Fig. 9с and
defined in Table 1. At both rolling temperatures, the texture evolution
was mainly associated with the development of the α-fiber
(〈110〉||ND); at the very late stages of deformation γ-fiber texture
components (〈111〉||ND) were also observed. At the initial rolling
stages, the textures of the samples deformed at both temperatures were
found to be rather similar and were characterized by the α-fiber
without prominent maximums.

Only at εth ≥ 0.51 maximums corresponding to Brass ({110}
〈112〉) and Gross ({110} 〈100〉) texture components developed at
both temperatures. However, it should be noted that these texture

Fig. 4. TEM bright-field (a–c) and dark-field (d) images of
the Fe-0.3C-23Mn-1.5Al steel rolled at 293 K to a true strain
εth of 0.07 (a), 0.22 (b), and 0.92 (c, d). The images were
obtained from the plane perpendicular to TD.
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Fig. 5. TEM bright-field images of the Fe-0.3C-23Mn-1.5Al
steel rolled at 77 K to a true strain εth of 0.07 (a), 0.22 (b),
0.51(c, d) or 0.92 (e, f). The images were obtained from the
plane perpendicular to TD.

Fig. 6. TEM bright-field images of the specimens rolled to a
true strain εth of 2.66 at 293 K (a) and 77 K (b). The images
were obtained from the rolling plane.
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components developed more intensively and at lower strains at 77 K. At
highest rolling strains, i.e. from 0.92 to 2.66, the α-fiber texture com-
ponents developed further during rolling at 293 K, whereas a weak-
ening was observed for rolling at 77 K (Fig. 9a, b). The development of
the rolling texture, which occurred at lower strains during rolling at
77 K was also indicated by the evolution of the texture index (TI), as
shown in Fig. 10a. Furthermore, the TI also verified the weakening
between true strains of 0.92 and 2.66.

The evolution of the volume fractions of the main texture compo-
nents during rolling is shown in Fig. 10b and c. During rolling at 293 K
(Fig. 10b) continuous development of the rather strong Brass and Goss
and rather weak CuT ({552}〈115〉) texture components with in-
creasing strain was observed. The intensities of the rather strong S
({123}〈634〉) and weak Cu texture components were weakly affected
by rolling strain. Finally, the intensity of the E + F texture component
was weak at strain below 0.92, but it increased pronouncedly at higher
strains. Qualitatively, the texture evolution during cryogenic rolling
(Fig. 10c) was similar to the room temperature case. It is, however,
worth noting that the CuT texture component developed more pro-
nounced at 77 K as compared to 293 K, especially at higher rolling
degrees starting from 0.36. The intensity of most components (except
for the E + F component) decreased with increasing strain to 0.92 and

2.66 in cryogenic condition unlike the RT rolling.

3.3. Mechanical Properties

True stress–true strain curves derived from load–stroke data prior to
necking for tension testing of samples previously rolled at 293 K and
77 K to various thickness strains are shown in Fig. 11a and b, respec-
tively. As noted in Section 2, all tension tests were conducted at room
temperature.

Samples rolled at 293 K (Fig. 11a), to εth = 0.22 exhibited a steady
increase in the true stress with strain and a relatively high uniform
elongation of ~0.3–0.55. An increase in strain during rolling to
0.92–2.66 resulted in the elimination of the strain hardening stage and
early necking that is typical for severely cold-worked materials. Spe-
cimens rolled to 0.36 and 0.51 strain showed a transient behavior with
a rather short strain hardening stage.

The tension test results for cryo-rolled samples (Fig. 11b) were
qualitatively similar to those for samples rolled at room temperature.
Principal differences comprised higher flow stress and smaller uniform
deformation in the specimens rolled at 77 K to εth ≥ 0.22.

From an application standpoint, although the maximum ultimate
tensile strength of the examined TWIP steel after room temperature or

Fig. 7. Bright- (a) and dark-field (b) TEM images and corresponding selected area diffraction pattern (c) of ε-martensite in the specimen rolled at 77 K to a true strain εth = 0.22. The
images were obtained from the plane perpendicular to TD.

Fig. 8. Spacing between twin boundaries (a) and dislocation density (b) as a function of a true strain εth.
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cryo-rolling to εth = 2.66 was 1820 MPa and 1990 MPa, respectively,
rolling to εth = 0.22 at both temperatures, however, seems to be more
attractive because of a reasonable balance between strength and duc-
tility (Table 2). At RT rolling to εth = 0.22 the ultimate tensile strength
and the uniform elongation were 1235 MPa and 0.310, and after rolling
at cryogenic temperature 1138 MPa and 0.123, respectively.

Additional information on the mechanical behavior of steel speci-
mens during deformation at 293 K and 77 K was obtained using mi-
crohardness tests (Fig. 12). Both curves increased monotonically with
strain; however the microhardness of the cryo-rolled specimens is no-
ticeably higher than that of the RT-rolled specimens for the entire de-
formation range.

4. Discussion

The results of the present work revealed a pronounced influence of

Fig. 9. Experimental ODF sections (φ2 = 0°, φ2 = 45°) of the Fe-0.3C-23Mn-1.5Al steel subjected to rolling at 293 K (a) and 77 K (b); schematic ODF sections (с). For interpretation of
ideal orientation shown in panel с refer to Table 1.

Table 1
Definition of texture components.

Component Symbol Miller indices Euler angles (φ1, Φ,φ2 Fiber

Brass (B) Δ {110} 〈112〉 (55, 90, 45) α, β
Goss (G) □ {110} 〈100〉 (90, 90, 45) α, τ
Rotated Goss (RtG) ⎔ {110} 〈110〉 (0, 90, 45) α,
A {110} 〈111〉 (35, 90, 45) α,
Cube (C) ○ {001} 〈100〉 (45, 0, 45) /
E ◆ {111} 〈110〉 (0/60, 55, 45) γ
F ◇ {111} 〈112〉 (30/90, 55, 45) γ
Copper (Cu) ▽ {112} 〈111〉 (90, 35, 45) β, τ
Copper Twin (CuT) ▼ {552} 〈115〉 (90, 74, 45) τ
S ⊕ {123} 〈634〉 (59, 37, 63) β
α-Fiber 〈110〉 parallel to ND
γ-Fiber 〈111〉 parallel to ND
τ-Fiber 〈110〉 parallel to TD
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cryo-rolling on the structure and properties of the Fe-0.3C-23Mn-1.5Al
TWIP steel. The main features of the microstructure evolution during
deformation at 77 K comprised intensive twinning followed by more
pronounced shear deformation and formation of a considerable amount
of ε-martensite in comparison with those observed at 293 K.

Deformation twinning is intrinsic to TWIP steels due to low values
of the SFE which can be evaluated in this specific steel to be ~25 mJ/

m2 [27]. However, at the initial stages of plastic flow, the formation of
twins is noticeably more active at 77 K, while at RT the steel pre-
dominantly deform by dislocation movement (Figs. 4, 5, 8b). This
temperature-induced competition between slip and twinning in fcc al-
loys is likely associated (at the given chemical composition and the
strain rate) with a decrease in values of SFE at lower temperatures
[28,29] and with a corresponding change in the ratio between resolved

Fig. 10. Evolution of the texture index (a) and of the volume fractions of the main texture components of the Fe-0.3C-23Mn-1.5Al steel during rolling at 293 K (b) and 77 K (c).

Fig. 11. True stress-true strain curves for steel rolled at 293 K (a) and 77 K (b) to strains in the range between 0.07 and 2.66.

M. Klimova et al. Materials Characterization 132 (2017) 20–30

27



stress for twinning and dislocation glide [30]. However, it should be
noted that a variation in temperature in the interval between 77 K and
293 K with respect to a high manganese fcc Fe-20Mn-0.6C alloy was
reported to yield a rather weak change of SFE [27]. The results of the
present work therefore suggest that either the decrease in SFE was
greater than it was expected in [27] or the slip-to-twining transition in

TWIP steels is quite sensitive to deformation temperature.
Another finding that indicates a pronounced effect of the decrease in

temperature from 293 K to 77 K is the intensive formation of ε-mar-
tensite (up to 30%) at the lower temperature. It is obvious that the
value of stress needed for martensite formation decreases while tem-
perature of deformation becomes close to the Ms. point (temperature of
the onset of martensitic transformation). Thus, the plastic strain re-
quired to produce the same amount of ε-martensite decreases with
decreasing deformation temperature [31]. In addition the ease of the
fcc → hcp transformation in the TWIP steel at 77 K can also be asso-
ciated with lower critical stress for ε-martensite nuclei formation due to
decreased values of SFE [32].

The microstructural changes in the TWIP steel during rolling at
room and cryogenic temperature was found to be closely related with
texture evolution. As it was reported in a number of previous studies
[18,19,33–36], room temperature rolling of fcc TWIP steels is asso-
ciated with the formation of Copper-type texture in the beginning of
deformation and transition to Brass-type texture during further rolling.
Generally the development of texture components during rolling of
TWIP steels can be divided into three stages: (i) increase of S, Cu and
Goss components due to more active dislocation slip at early stages of
deformation (till εth ≈ 0.22) (ii) increase in Goss and CuT components
after the onset of intensive twinning (εth ≈ 0.36–0.51) and (iii) devel-
opment of a weak γ-fiber with increased F and E components caused by
activation of shear deformation (εth ≈ 0.92–2.66).

The decreased temperature of rolling (77 K) changed the contribu-
tion of various texture components during the texture evolution. A
lower volume fraction of the Cu component and a higher volume
fraction of the CuT component at 77 K can be associated with more
intensive twinning and less active slip (Figs. 5, 7, 8). As a consequence,
the transition from Copper-type to Brass-type texture occurred at lower
rolling strains at 77 K. Meanwhile the formation of ε-martensite at 77 K
decreases the contribution of twinning to the deformation process and
thus reduced the volume fractions of the twinning-related components
(Goss and CuT [19]). Besides, decrease in the volume fraction of all
texture components at εth ≥ 0.92, except for E + F components, can
indicate predominance of shear deformation [34] during rolling at 77 K
in contrast to that at room temperature.

More intensive twinning at 77 K resulted in smaller space between
twin boundaries that, in turn, should result in more pronounced
strengthening effect. The formation of small grains with the size of
30–50 nm and high dislocation density are other factors that can pro-
vide very high strength. The contributions of different hardening me-
chanisms in strength of the steel during deformation at both

Table 2
Mechanical properties of the Fe-0.3C-23Mn-1.5Al steel.

εth Ultimate tensile
strength, MPa

Yield
strength, MPa

Uniform
elongation

Total
elongation

0.07 293 K 1283 383 0.541 0.565
77 K 1246 424 0.459 0.472

0.1 293 K 1093 481 0.357 0.374
77 K 1244 502 0.445 0.471

0.22 293 K 1235 677 0.310 0.337
77 K 1138 809 0.123 0.136

0.36 293 K 1133 874 0.086 0.104
77 K 1158 942 0.038 0.050

0.51 293 K 1224 1010 0.068 0.103
77 K 1430 1070 0.025 0.046

0.92 293 K 1528 1169 0.039 0.073
77 K 1706 1420 0.016 0.033

1.39 293 K 1525 1180 0.022 0.032
77 K 1822 1744 0.011 0.020

2.66 293 K 1824 1541 0.021 0.025
77 K 1993 1978 0.007 0.011

Fig. 12. Microhardness of the Fe-0.3C-23Mn-1.5Al TWIP steel as a function of strain
during rolling at 293 K and 77 K.

Fig. 13. Contribution of different strengthening mechanisms to the overall strength of steel rolled at 293 K (a) and 77 K (b) to various strains.
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temperatures are shown in Fig. 13. The overall strength can be typically
expressed as:

= + + −σ σ σ σ0 ρ H P (2)

where σ0 denotes the friction stress, σρ is the substructure hardening
and σH-P is the Hall-Petch hardening. The substructure hardening σρ can
be expressed as:

=σ MαGb ρρ (3)

where M = 3 is the average Taylor factor, α is a constant, G is the shear
modulus, b is the Burgers vector and ρ is the dislocation density. The
Hall-Petch contribution to the strength is typically of the form:

=−
−σ K dH P y

1
2 (4)

in which Ky is the Hall-Petch coefficient and d is the grain size. In the
present work the following parameters were used: α= 0.21 and
Ky = 0.11 MPa m0.5, M = 3, G = 72 GPа, b = 2.5 × 10−10 m [37].
The value of σ0 = 120 MPa was experimentally determined as the yield
stress of the steel in the coarse-grained (initial) condition. The values of
grain sizes were taken from Fig. 8a as the spacing between twin
boundaries.

At both temperatures the main contribution in strength was pro-
vided by the substructure strengthening which is approximately two
times higher than the Hall-Petch effect. It can be therefore concluded
that the contribution of grain refinement in the investigated material is
less important for the overall strengthening compared to the increased
dislocation density. Similar results were obtained for different TWIP
steels rolled to 80–90% at room temperature [17,36,37].

5. Conclusions

Mechanical behavior and evolution of microstructure and texture
during rolling of a Fe-0.3C-23Mn-1.5Al TWIP steel at 77 K and 293 K
was investigated. The following conclusions can be drawn from this
work:

1. Microstructure evolution in the steel during rolling at both tem-
peratures (77 K and 293 K) was associated with twinning, followed
by shear banding. At 77 K, twinning was more pronounced, oc-
curred at lower rolling strains, and also ε-martensite formation was
activated due to the lower SFE as compared to rolling at 293 K.

2. Three stages of texture evolution can be recognized during rolling of
the investigated TWIP steel: (i) increase of S, Cu, and Goss texture
components due to more active dislocation slip at early stages of
deformation (till εth ≈ 0.22); (ii) increase in Goss and CuT texture
components after the onset of intensive twinning (εth ≈ 0.36–0.92);
and (iii) development of a weak γ-fiber with increased F and E
texture components caused by activation of shear deformation
(εth ≈ 0.92–2.66). The transition from Copper-type to Brass-type
texture was shifted to lower strains during rolling at 77 K due to the
decreased SFE and more pronounced twinning. The formation of ε-
martensite at 77 K was a possible reason for the reducing the volume
fractions of twinning-related texture components.

3. Rolling at 77 K to a true thickness strain of 2.66 resulted in the
formation of a microstructure with a grain size of 30–60 nm while a
cellular microstructure with high dislocation density was observed
after rolling at 293 K. The ultimate tensile strength of the in-
vestigated steel was 1990 and 1850 MPa after rolling to a true
thickness strain of 2.66 at 77 K and 293 K, respectively. Calculation
of the contribution of different strengthening mechanisms to the
yield strength revealed that strengthening due to work hardening,
i.e. the influence of the dislocation density, is the dominant me-
chanisms in TWIP steels.
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