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a b s t r a c t

The correlation between microstructure, crystallographic orientation and grain boundaries

characteristics of an austenitic high manganese steel was systematically investigated. The

as-received and cold-rolled specimens with 50% and 70% reduction were analyzed using

Scanning Electron Microscopy (SEM), Electron Back-Scattered Diffraction (EBSD) and X-ray

diffraction techniques. A significant increase in the fraction of low-energy S3 twin

boundaries, from 16.21% to 24.41%, was found in the 70% deformed sample. This was

coupled with the formation of {011} austenitic structure, and occurrence of twinning-

induced plasticity. The ductile-brittle fracture mode observed in the 70% cold rolled sam-

ple, which can be attributed to the formation of the high fraction of low-energy S3 twin

boundaries, minimized both the localized stored strain energy and lattice misfit and pro-

moted dislocation glide. A potential employment of the investigated steel in the petroleum

industry is discussed.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, austenitic (high-Mn) steel has been receiving

particular attention due to excellent combination of high

ductility, high strength, low thermal expansion coefficient,

good fatigue property, toughness and formability associ-

ated with the twinning-induced plasticity (TWIP) effect. In

face centered cubic (FCC) austenitic high-Mn steel with low

stacking fault energy (SFE), i.e. less than 40 mJ/m2, me-

chanical twins are formed during plastic deformation at

room temperature. The twins act as obstacles to dislocation

glide, reducing the effective mean free path for dislocation

gliding in {111} slip planes [1]. The deformation mecha-

nisms of these steels, especially dislocation slip, mechani-

cal twinning and strain-induced transformation, are

influenced by the stacking fault energy (SFE), which is

controlled by chemical composition and temperature.

Increasing the dislocation density coupled with altering the

dislocation structures by mechanical twinning, also known

as the dynamic Hall-Petch effect, leads to an increase in

work-hardening rate and strength at the cost of elongation

[2,3].

A cold working process is suggested to increase both the

yield and ultimate tensile strength of high-Mn austenitic

steels. Although cold working increases the tensile strength, it

also increases the notch sensitivity and promotes early crack

initiation and propagation at grain boundaries and/or at in-

clusions [4]. Although the influence of cold-deformation on

microstructure and mechanical properties has been well

investigated, a limited research has been conducted on the

role of crystallographic orientation changes during cold-

rolling. Therefore, it is extremely important to understand

the distribution of local strain along particular crystallo-

graphic planes and directions in the FCC structure. Such

knowledge can provide information about the nature of

anisotropy in strain attributed to crystal orientation and ac-

tion can be taken in order to avoid the formation of crack

initiation site and crack propagation when the material is

under services [4].

Additionally, another differential point of this work is

related to the chemical composition of the TWIP steel eval-

uated. It is a steel without aluminum, with a high chromium

content, to increase corrosion protection and the presence of

copper, since this element improves the resistance of steels

to atmospheric corrosion three to five times compared to

unalloyed steels [5]. Moreover, an increase in total elonga-

tion resulting from a more gradual decrease in the rate of

strain hardening was reported for the TWIP steel with Cu

added [5]. It was also reported that TWIP steels with Cu

additions presented higher resistance to delayed fracture

compared to TWIP without Cu steels. All these properties

favor the application of TWIP steels containing Cu in the

petroleum industry [5]. To the best of our knowledge, little

attention has been devoted to investigating the role of

crystallography of the high-Mn austenitic steel studied in

this work. This investigation thus aimed to assess

the detailed parameters which govern the microstructure

features of the metal as received and under cold rolling

process.
2. Experimental procedure

An experimental austenitic high-Mn steel was studied in the

paper as a possible substitute to the materials conventionally

employed in petroleum industry, such as pearlitic steels and

high-strength low-alloy steels. The material was delivered as

thick sheets with the chemical composition, determined by

Optical Emission Spectroscopy (OES) in a Shimadzu Spec-

trometer, model PDA 7000, of 0.45Ce26.05Mn-3.4Cr-0.45Cu,

balance Fe (wt.%). The SFE was evaluated to be ~21 mJ/m2 at

room temperature according to the thermodynamic model

[6,7]. The material was manufactured by blast furnace steel-

making process, and hot rolled to final thickness of 20 mm.

Samples with dimensions 20 � 12 � 12 mm3 were extracted

from the sheets and studied in the as-received condition and

after cold rolling. The cold rolling was conducted at room

temperature using a laboratory rolling mill (Coelho Machines

Manufacturer/Model LE-200B) at a rotational speed of 8 m/

min. Seven passes were required to obtain a 50% total reduc-

tion, whereas with ten passes a 70% total reduction was

achieved. Then, the samples were prepared using standard

metallographic procedures, including grinding (#120 to #1200

SiC papers) followed by mechanical polishing using 6, 3, and

1 mm diamond paste and finally 0.4 mm colloidal silica sus-

pension. A chemical etching with (40% HNO3 þ 60% H2O) so-

lution was used for a time of 3 s.

Microstructural studies were carried out along the rolling

direction (RD)enormal direction (ND) plane in the received

and deformed specimens using Optical Microscopy (OM) and

Field Emission Gun Scanning Electron Microscopy (FEGSEM)

FEI Quanta FEG 450.

X-ray diffraction (XRD) method was used to characterize

the phase structure in the investigated samples. XRD was

performed using a Panalytical X'Pert Pro diffractometer

equipped with Co (Ka1 ¼ 1.78897 �A) radiation source. The

plane distance of interfered atomic planes was calculated by

Bragg’s Law (2$d$sinq ¼ n$l) where d is the spacing between

atomic planes, 2 q is the diffraction angle, n is an integer and l

is the wavelength. The position of the diffraction peak can be

affected by homogeneous and inhomogeneous local strains,

which can be calculated by the Sherrer formula (Eq. (1)) [8]:

D¼ C$l
b$cosq

(1)

where, D is the crystallite size, C is a constant related to

crystallite and normally equals to 0.91, l is the incidence

wavelength, b is the full width at half maximum (FWHM) of

diffraction peak and q is the half of diffraction angle.

Macrotexture measurements were conducted using a

Panalytical X'Pert Pro diffractometer equipped with a texture

goniometer, using Co radiation. The measurements were

performed in the reflectionmode on a 5� grid at a sample tilt of

up to 85�. Orientation Distribution Functions (ODFs) of each

sample were calculated from the measured pole figures using

the MTEX open-source software toolbox [9]. The

42 ¼ 0� and 45� section of Euler space was used to display the

computed ODFs.

Samples for Electron Backscatter (EBSD) measurements

were prepared by grinding using #120 to #1200 SiC papers. This
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Fig. 1 e Optical micrographs of samples (a) as-received, cold-rolled to (b) 50% and (c) 70% reduction. FEGSEM secondary

electron micrographs of specimens (d) as-received, cold-rolled to (e) 50% and (f) 70% reduction. (Mechanical twins are

depicted with red and shear bands are depicted with yellow).
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was followed by electrolytic polishing solution (60%

ethanol þ 34% n-butanol þ 6% perchloric acid), with a voltage

of 20 V and current ranging from 0 to 2 A for 1e3 min. Finally,

the specimens were polished with 0.05 mm colloidal silica

slurry for 15 min.

FEI Quanta FEG 450 and FEI Quanta FEG 650 FEGSEM mi-

croscopes operated at 20 kV were used to collect the EBSD

data. The working distance was set to about 17 mm with a tilt

angle of 70�. Microtexture analyses were conducted using the

Channel 5 and ATEX data processing software package. ODFs

were determined from EBSD maps through the statistical

Kernel density estimation method and plotted at constant

Euler angles of 42 ¼ 45�.
Tensile tests were performed at room temperature on

samples with a gauge length of 16 mm and overall length of

55 mm using MTS 370 universal testing machine. ASTM E8

standard recommendation for subsize specimens was fol-

lowed, establishing that the length of the grip section was

large enough to allow the specimen to extend into the grips in

a distance equal to two thirds or more from the length of the

grips. The strain rate applied was 2 � 10�2 s�1. Six specimens

were tested for each condition including as-received and cold-

rolled samples submitted to 50% and 70% reduction. The

fractured surfaces of tensile samples were subjected to frac-

tographic analysis using FEGSEM.
3. Results and discussion

3.1. Microscopy analysis

The OM and SEM micrographs at cross-section of the as-

received specimen, 50% and 70% reduced under cold-rolled
samples are shown in Fig. 1. The as-received sample, Fig. 1a,

exhibited a fully recrystallized refined austenitic microstruc-

ture, with mostly equiaxed grains containing abundant ther-

mal twins originated from the hot-rolling process, and few

mechanical twins originated from the sample preparation.

This is consistent with observation reported by Florez et al.

[10]. The determined micro-hardness value was 202 ± 5 HV.

Mechanical twins (red arrow) gradually increased in the 50%

cold-rolled sample, Fig. 1b. The formation ofmechanical twins

is associated with low Stacking Fault Energy (SFE) of this alloy

system. The micro-hardness values also increased to 420 ± 8

HV by applying a 50% rolling reduction. In samples subjected

to a 70% cold rolling reduction, the mechanical induced-

twinning occurred on deformation shear bands, resulting in

an increase of the micro-hardness to about 502 ± 7 HV.

Austenitic grains showed a heterogeneous morphology

structure due to the formation of shear bands resulting from

the rolling process. The shear bands intersection formed a

spatial network, which is shown in Fig. 1c (depicted with

yellow). The gradual development of shear bands occurs with

the progressing degree of the cold rolling reduction, and

comprised ultrafine grains coupled with dislocation tangles

structure as reported by Kowalska and Kowalski [11].

3.2. XRD investigation

Fig. 2 presents the XRD patterns of all investigated specimens.

The single austenite phase was observed in the as-received

sample. The XRD patterns of cold rolled specimens

confirmed the absence of any other phases (including a’ and/

or ε martensite). Therefore, deformation-induced martensitic

transformation did not occur even in samples subjected to a

70% cold rolling reduction. The high Mn-content (26.05 wt.%)

https://doi.org/10.1016/j.jmrt.2022.05.020
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Fig. 2 e XRD patterns of all samples.

j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 7e1 910
as austenite stabilizer suppress the deformation-induced

martensitic phase transformation. Diffraction peaks shifted

towards higher diffraction angles and peak broadening was

observed in the cold deformed specimens. According to Ber-

kum et al. [12] single-dimensional defects such as dislocations

can cause peak broadening, and planar defects, and twins can

cause displacement of the peak position diffraction angles.

This can be attributed to an increase in dislocation density in

addition to a lattice distortion induced by plastic deformation

[13]. The asymmetric diffraction peak is another consequence

of the lattice distortion, and is an indication of formation of

Coincidence Site Lattice (CSL) boundaries, including twinning

[14].

The high dislocation density due to cold rolling causes a

localized lattice distortion that altered the peak shape of dif-

fracted peak patterns. Notably, peak broadening value can

represent an indirect evidence of dislocation density in

metallic materials. Thereby, the dislocation densities of

investigated as-received and cold-rolled specimens to 50%

and 70% reductionwere estimated by themethod proposed by

Ungar [14] and the modified Williamson-Hall method and

where were determined to be 2.23 � 1013 m�2, 5.13 � 1014 m�2,

and 1.51 � 1015 m�2, respectively. The increase in dislocation

density generated during cold rolling causes greater distortion

of the crystal lattice, increasing the energy stored in the ma-

terial. As a consequence, there is an elongation of the grains,

formation of shear bands and twin contours, which agrees

with hardness results reported before.
3.3. Inverse Pole Figure (IPF) map and ODFs studies

Inverse Pole Figure (IPF) map and ODFs at 42 ¼ 0� and 45�

sections in the Euler (41;4;42Þ space of investigated samples

are presented in Fig. 3. For rolled strips, the crystallographic

orientations are represented by the Miller index (hkl)[uvw]

combining of crystallographic plane and direction. In this

case, (hkl) is the plane parallel to the rolling plane (RP), and

[uww] is the direction parallel to the rolling direction (RD). The

results revealed that mainly {001}//RP crystallographic orien-

tations were predominant in the as-received sample. This was

attributed to the recrystallized grains which were formed

during the hot rolling process. At the same time, sharp

orientation change to {110}//RP textures were found in sam-

ples subjected to cold-rolling. A remarkable texture re-

orientation took place during cold-rolling to 50% reduction,

where Goss (110)[001], Brass (110)[2 2 1], and {110}<112>
texture components were dominant by increasing the cold

rolling reduction [15].

Although the development of Brass to Goss texture com-

ponents due to the lattice shear invariant [15], the develop-

ment of sharp {110}<112> crystallographic texture is

commonly observed in FCC metals with low SFE, i.e.<25
mJm�2 [16]. In austenitic high-Mn steel, slip and twinning is

the predominant plastic deformation mechanism and the

deformationmode is governed by the value of the SFE. The slip

takes place on the most dense-packed planes and directions

https://doi.org/10.1016/j.jmrt.2022.05.020
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Fig. 3 e Inverse Pole Figure map and Orientation Distribution Function at 42 ¼ 0� and 45� sections of samples (a) as-received,

cold-rolled to (b) 50% and (c) 70% reduction.
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as a function of the crystal structure. For instance, the {111}

<110> is the main slip system in the FCC materials. With

decreasing the SFE values, the ability of plastic deformation by

slip decreases, thereby, deformation occurs mainly by twin-

ning mechanism. In this scenario, the twinning mainly takes

places on {111} twinning planes and <112> twinning direction

[17]. Moreover, the development of t-fiber corresponds to

orientations having a <110> direction along the line, in the

section, i.e., {110}<001> orientation, as reported by Hirsch

et al. [18]. The drastic reduction of cleavage (001) planes

accompanied by a high fraction of denser atomic (110) planes

may facilitate slip under external load application.

Shear deformation induced by the friction between of rol-

led sample and the rolls is themain reason of crystallographic

texture formation especially at the surface. In order to

demonstrate the influence of shear stress caused by rolling

deformation, skeleton plots for main texture fiber including

(001), (111), and (101) crystallographic planes oriented along

rolling plane were plotted from their ODFs and are presented

in Fig. 4. The as-received hot-rolled austenitic steels had

predominant (001) and (111) crystallographic texture parallel

to the rolling plane due to the dynamic recrystallization
during hot deformation [16]. Meanwhile, the intensity (i.e.,

normalized number of grains) of these fibers reduced by

increasing the cold rolled reduction. On the other hand, the

(101) grains oriented along rolling plane were developed

gradually with increasing the cold deformation. The forma-

tion of shear bands in austenitic grains cased a rotation of in-

band crystal into the <110> crystal axis to increase the frac-

tion of softened austenite phase by reducing the stored-

energy by means of the mechanism known as strain

induced boundary migration [19,20]. Recently, Kamali et al.

[21] reported that the (110) oriented austenitic grains encom-

pass a higher fraction of deformation due to the slip activity.

The orientation image maps (OIMs) of as-received and

cold-rolled samples to 50% and 70% reduction obtained by

EBSD technique are depicted in Fig. 5. These figures revealed

that by increasing the amount of deformation, a gradual

orientation gradient develops within the grains. The as-

received sample had (001)[100] and (001)[120] preferred crys-

tallographic orientations. The presence of cleavage cube (001)

[100] component could be related to the fine columnar grains

developed during solidification in the direction of the

maximum heat conduction accompanied with dynamic

https://doi.org/10.1016/j.jmrt.2022.05.020
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Fig. 4 e Skeleton plots of main fibres crystallographic texture (i.e (001)//RP (111)//RP, and (101)//RP) e RP: rolling plane of all

investigated sample.
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recrystallization during hot deformation [22]. Zhang et al. [23]

reported that the {001}<120> components mainly originate

during recrystallization of {001} columnar grains and exhibits

a low mechanical and corrosion resistance. The results of the

present investigation showed that (011)[0 1 1] and (221)[1 1 0]

texture components were developed during cold-rolling to a
Fig. 5 e Orientation Image Maps and corresponding ODFs at co

cold-rolled to (b) 50% and (c) 70% reduction.
50% reduction. Rotated Goss (011)[0 1 1] texture component

relate to a-fiber (<011>//RD) forms parallel to stress promoting

the formation of slip bands during strain. The formation of

deformation bands could be attributed to the activation of the

different slip systems inside the grain. Thereby, it leads to the

different sets of rotation associated with strain
nstant 42 ¼ 0� and 45� sections of samples (a) as-received,

https://doi.org/10.1016/j.jmrt.2022.05.020
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Table 1eGrain boundaries characteristics in investigated
specimens.

Type of grain
boundaries

As-received 50%
cold-rolled

70%
cold-rolled

LABs (2� < W < 5�) 0.31 0.43 0.49

MABs (5� < W < 15�) 0.01 0.25 0.29

HABs (15� < W) 0.68 0.32 0.22

CSLs 0.10 0.15 0.23

Table 2 e Variation of volume fractions of KAM values of
investigated specimens.

KAM
value

As-received 50%
cold-rolled

70%
cold-rolled

Low 0.70 0.34 0.01

Medium 0.29 0.33 0.55

High 0.01 0.33 0.44

Fig. 7 e (a) SEM and (b) CLS boundaries map of 50% cold

rolled sample.

Table 3 e Volumetric fraction of S CSL orientation
relationships of investigated specimens.

S Angle Axis Volumetric fraction (%)

as-received 50% cold 70% cold
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accommodation and crystallographic orientation [24]. Sha-

manian et al. [25] reported the presence of (221)[1 1 0] texture

components in austenitic stainless steel by the reorientation

of (001) grains toward loading direction under high strain due

to the twinning deformation mechanism. With increasing the

rolling reduction to 70%, (011)[0 1 1] and (331)[1 1 0] compo-

nents were predominant. This can be attributed to the for-

mation of subgrains and substructures in the austenite.

Strong rotated Goss (011)[0 1 1] and (331)[1 1 0] components

aligned <011>//RD fibre correlates well with the peak broad-

ening in the (220)g planes. No phase transformation occurred

during cold rolling and it is notable a formation of sharp

texture [25].

Point-to-point misorientation between two adjacent crys-

tals represents the local plastic strain originated from the

lattice distortion [26]. In contrast to transmission electron

microscopy, the conventional EBSD technique is not able to

visualize the spatial resolution below 100 nm. Thereby, the

boundary misorientations of less than 2.0� cannot be reliable

resolved [27]. Table 1 provides the fraction of low angle

boundaries (LABs, 2� < W < 5�) medium angle boundaries

(MABs, 5� <W< 15�), high angle boundaries (HABs, 15� <W), and

coincidence site lattice (CSL) boundaries. The as-received hot

rolled sample contains lowest fraction of low and medium

angle misorientations due to dynamic recovery and recrys-

tallization during the strip fabrication, allowing significant

dislocation annihilation in this sample. The fraction of LABs

and MABs is gradually increased by progressing degree of

rolling reduction. High amount of dislocations and
Fig. 6 e Kernel average misorientation distribution of all

investigated specimens.

rolled rolled

3 60.0000 <111> 16.213 18.589 24.412

5 36.8699 <100> 0.172 0.211 0.298

7 38.2132 <111> 0.144 0.215 0.238

9 38.9424 <110> 1.653 0.653 0.943

11 50.4788 <110> 0.131 0.312 0.460

13a 22.6199 <100> 0.009 0.023 0.029

13b 27.7958 <111> 0 0.049 0.045

15 48.1897 <210> 0.115 0.098 0.208

17a 28.0725 <100> 0.034 0.025 0.020

17b 61.9275 <221> 0.087 0.193 0.250

19a 26.5254 <110> 0.034 0.041 0.051

19b 46.8264 <111> 0.062 0.066 0.087

21a 21.7868 <111> 0 0.006 0.012

21b 44.4153 <211> 0.065 0.210 0.193

23 40.4591 <311> 0.021 0.118 0.149

25a 16.2602 <100> 0.003 0.016 0.014

25b 51.6839 <331> 0.087 0.119 0.209

27a 31.5863 <110> 0.306 0.048 0.098

27b 35.4309 <210> 0.187 0.046 0.117

29a 43.6028 <100> 0.046 0.066 0.057

29b 46.3972 <221> 0.046 0.041 0.153

Sum 19.427 21.154 28.052

https://doi.org/10.1016/j.jmrt.2022.05.020
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Fig. 8 e Schmid factor maps of samples (a) as-received, cold-rolled to (b) 50% and (c) 70% reduction.
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crystallographic defects are generated during cold

deformation-rolling. Dislocation cell boundaries are first

formed, and then deformation-induced boundaries are

developed by increased the amount of rolling reduction. Re-

sults showed that a gradual increase in misorientation inside

the grain with progressing the rolling reduction led to grain

fragmentation and re-oriented texture components. The

development of low-energy CSL boundaries including
P

3n

twinning boundaries is commonly observed in austenitic

steels [28]. The results of the present study also revealed that

the highest portion of CSLs belongs to the 70% of cold rolled

sample due to the formation of slip bands and deformation

twins. Deformation-induced twinning in the cold-rolled

samples could be associated with the planar slip bands as

proposed by Guan et al. [29]. They suggested that planar-slip

dislocation contains many Shockley partial dislocations that

generate massive deformation twins by absorbing the planar-

slip dislocations. Notably, the fraction of CSL boundaries in-

creases with progressing the amount of deformation. The

crystallographic anisotropy also plays a significant role in the

development of lattice distortion including misorientation

and this should be discussed on a grain-to-grain level. How-

ever, this is not the object of this study.

Although point-to-point misorientation refers to the

relative orientation changes between two adjacent crystal

orientations due to relative lattice rotation, the Kernel

Average Misorientation (KAM) analysis evaluates misorien-

tation between reference points with defined numbers of

neighboring points within the grain. It is well known that

the KAM analysis with a threshold of 5� has the purpose of
Table 4 e Slip systems and their corresponding volume
fractions.

Slip system As-received 50%
cold-rolled

70%
cold-rolled

(1 1 1) [0 1 1] 0.364 0.705 0.865

(1 1 1) [1 0 1] 0.020 0.943 0.787

(1 1 1) [1 1 0] 0.007 0.020 0.149

(1 1 1) [0 1 1] 0.382 0.248 0.154

(1 1 1) [1 0 1] 23.145 13.828 19.034

(1 1 1) [1 1 0] 16.669 18.466 22.455

(1 1 1) [0 1 1] 16.003 16.261 16.416

(1 1 1) [1 0 1] 0.544 0.346 0.250

(1 1 1) [1 1 0] 9.518 33.425 23.237

(1 1 1) [0 1 1] 18.194 5.898 8.355

(1 1 1) [1 0 1] 15.155 9.775 8.050

(1 1 1) [1 1 0] 0.002 0.084 0.250
eliminate the effect of subgrains [30]. Therefore, the strain

distribution within the crystal grains can be estimated using

the local change in orientation between third neighboring

pixels following the KAM analyses. The quantitative results

are shown in Fig. 6. The highest portion of low KAM values

(KAM <1�) was found in the as-received sample. This could

be attributed to the dynamic recrystallization with strain-

free grains developed during hot deformation. With

increased degree of cold-rolling reduction, a significant

fraction of deformed grains with high medium (1� < KAM

<3�) and high (KAM >3�) was developed. High values of

KAM's could be associated with high local lattice distortion

and dislocation density resulting in increasing of internal

energy [31]. The as-received sample with recrystallized

austenitic grains exhibited the lowest inter-granular

misorientation within the microstructure. The formation

of dislocation cells and dislocation tangles during cold-

rolling increases the lattice distortion within the grain

detected by KAM analyses. The local average misorientation

distribution presented in Fig. 6 and Table 2 exhibits the

variation of KAM values due to the misfit strains induced

during deformation. Crystallographic defects such as dislo-

cations, grain boundaries were responsible to developing

the dislocation bands, low-angle boundaries and micro-

twins. Thus, the localized stored strain energy due to lat-

tice misfit acted as a barrier against dislocation glide which

resulted in the increased strength accompanied by deterio-

ration in ductility [31], that is discussed later in section 3.5.

3.4. Electron back scattering diffraction (EBSD) analysis
and coincidence site lattice (CSL) boundaries investigation

The EBSD analysis was carried out to determine the volu-

metric fraction of CSL boundaries and quantify the increase in

the probability of <111>formation and boundaries associated

the mechanical twins. Although a gradual increase in the

volume fraction of CSL boundarieswas observed by increasing

degree of the rolling reduction, more than 90% of CSL

boundaries were attributed to the S3 deformation-induced

twin boundaries. Fig. 7 shows the correlation with local slip

bands formed under cold deformation with special bound-

aries identified by EBSD technique. Also, the volumetric frac-

tion of low S CSL boundaries is listed in Table 3. In general,

mechanical twins contribute to the superior mechanical

properties of TWIP steels. Tokita et al. [32] reported enhanced

mechanical properties by forming of the low-energy S3 twin

boundaries during the thermomechanical processing which

https://doi.org/10.1016/j.jmrt.2022.05.020
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reduces the total boundary energy in a triple junction. Shi-

mada et al. [33] indicated that events and reactions of active

twins increase the frequency of CSL boundaries. Well-

distributed low-angle boundaries in the grain contour

network create a discontinuous chain that can disrupt the

percolation of intergranular surface corrosion, which is of

interest to petroleum industry.

The activated slip systems of grains associated with the

rolling direction were examined in terms of Schmid factor.

The maximum value of Schmid factor during rolling was

estimated to be 0.7, Fig. 8. The soft grains with high Schmid

factor values tends to slip easily, while the hard grains (low

Schmid factor) required higher shear stress to provide

adequate slip systems required for deformation. Fig. 8

revealed that most of the grains in the 50% cold-rolled sam-

ple exhibited the Schmid factor values higher than 0.4,

thereby, tend to deform easily. The fraction of grains with low

Schmid factor values, see Fig. 8, increased after 70% cold
Fig. 10 e Strain hardening rate (ds/dε)-true strain curve.
rolling reduction. This is an indication that the material

increased its resistance against plastic deformation under this

last condition.

The FCC crystal structure contains 12 slip systems,

considering four octahedral {111} planes with three close-

packed <110> directions on each plane. The calculation of

slip systems and their corresponding volume fractions in

austenitic high-Mn steel according to the Lin and Ito [34] were

carried out using the ATEX analysis software and results are

listed in Table 4. Results showed that the same active slip

systems, including (1 11)[101], (1 11)[110], (1 1 1)[011], (1 1 1)

[110], (111)[01 1], and (111)[10 1], are common in all investi-

gated specimens. According to the Von-Mises theory, at least

five active slip systems are required for plastic deformation;

thereby, the six mentioned activated slip systems prevent

dislocation accumulation [35].

3.5. Mechanical tensile tests

Tensile tests were carried out to determine mechanical

properties and these are presented in Fig. 9. Please note some

serrated flows in tensile test curves of the as-received sample

caused by the dynamic strain aging induced from interactions

between partial dislocations and CeMn clusters [36]. On the

one hand, the yield stress, which was determined by the 0.2%

offset method, and ultimate tensile strength significantly

increased by increment in deformation degree. On the other

hand, the total elongation drastically decreased from ~89% to

17% in the 70% cold-rolled sample. In the as-received sample

the high elongation was associated with high glide planarity

of dislocations in the austenitic matrix that enhances the

TWIP effect during the tensile test. In addition, in the sample

submitted to 70% cold-rolling a high level of lattice distortion

was evidenced by XRD analysis, Fig. 2. This leads to both the

highest tensile strength (1.7 GPa) and the highest strain

hardening beside fine grain strengthening effect. Moreover,

https://doi.org/10.1016/j.jmrt.2022.05.020
https://doi.org/10.1016/j.jmrt.2022.05.020


Fig. 11 e Fracture surfaces of the fractured tensile test specimens (a) as-received, (b) 50%, and (c) 70% cold-rolled.

j o u r n a l o f ma t e r i a l s r e s e a r c h and t e c hno l o g y 2 0 2 2 ; 1 9 : 7e1 916
the XRD and microstructure results revealed, that a fully

austenitic structure remained in the 70% cold rolled samples

despite the great quantity of deformation suffered by the

material. The toughness, which were calculated from the area

under the flow curves, decreased proportionally to the applied

quantity of rolling deformation. The values remained high

even with the refinement of the grain and highest tensile

strength. It is noteworthy that the values reported by Skilbred

et al. [37] regarding the yield stress, ultimate tensile strength

and toughness for conventional FeeCeMn steels currently

used in the petroleum industry are lower than those of cold-

deformed samples of high-Mn steel investigated in this

work. Thereby, a considerable mechanical and corrosion

resistance (by the Cr and Cu contents) can be expected in

these samples, for being purely austenitic, favoring applica-

tion in petroleum industry [38e40].

Fig. 10 illustrates the true tensile stress, s, and strain

hardening rate curves (ds/dε) versus strain plots for the as-

received specimen in addition to samples subjected to cold

rolling. It is possible to verify that the samples tested obeyed

the Consid�ere criterion, which establishes that the maximum

load is the point of the beginning of the formation of the

"neck" in the test body (reduction of the cross-sectional area),

where the strain hardening rate is equal to the tension.

Specimens present strain hardening rate curves with three

defined stages [41,42]. The plot of the as-received sample

shows that the plastic deformation can be divided into three
stages: first, a dramatic decrease in the strain range of 0e0.028

(Stage A) that corresponds to the elasticeplastic transition;

second, a slight decrease until 0.12 strain (Stage B), whichmay

be associated with plastic deformation governed by the slip of

the dislocations, and finally, above 0.13 strain a decrease in

hardening rate is observed by deformation (stage C). It in-

terrupts the linear decline of the deformation hardening rate

observed in stage B and delays the asymptotic approach for

zero deformation hardening (constant state). This behavior is

similar to the one found for TWIP steels, with no increase in

the strain hardening rate during stage B and with its marginal

decrease during stage C. The SFE values for the studied steel

favored the mechanical twinning. This decrease is even more

pronounced during secondary twinning since these systems

are less active and this is reflected in lower strain hardening

rates during stage B and especially in stage C when compared

to other TWIP steels such as FeMnC TWIP steels [43e47].

The fracture surfaces samples were investigated, and are

presented in Fig. 11. The fractography of as-received sample

mainly contains the fibrous zone with some dimples with

different sizes and depths and shear lip zone, indicating the

good plastic deformation capacity. Dimple fracture mode

corresponds to the nucleation and growth of micro-cracks

originating at the intersection of slip bands and grain

boundaries. Ren et al. [48] reported that the larger and deeper

dimple improves the plastic deformation capacity. At the

same time, some noticeable differences in fracture

https://doi.org/10.1016/j.jmrt.2022.05.020
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morphology between the as-received and cold-rolled samples

are observed. Although typical ductile fracture features were

observed in the as-received sample, the brittle fracture facets

were found in the cold-rolled specimens. Shear bands inter-

section shown in the deformed microstructure acts as favor-

able sites for micro-crack initiation due to the stress

concentration. In addition, the inducedmisfit strains revealed

by the Schmid factor analysis facilitate crack propagation by

providing a low-energy transgranular crack trajectory, which

is consistent with the low tensile ductility presented in Fig. 9.

Notably, the ductile-brittle fracture mode observed in the 70%

cold-rolled sample could be associated with formation of the

high fraction of low-energy S3 twin boundaries, which mini-

mized the localized stored strain energy and lattice misfit to

promote dislocation glide.
4. Conclusions

This work focused on the evolution of the austenitic micro-

structure, crystallographic orientation, grain boundary fea-

tures, and lattice distortions during cold rolling at room

temperature of a Fee26Mn-0.4C steel. The gradual develop-

ment of the shear bands and a rise in dislocation density by

increased degree of deformation promotes dislocation glide

and twin-induced plasticity. Grain refinement coupled with

increased fraction of low-energy S3 twin boundaries; i)

increased local lattice distortion ii) reduced the cleavage (001)

planes, thereby resulting in an acceptable balance between

strength and elongation. Ultra-high strength austenitic TWIP

steels can be considered as potentialmaterials to be employed

in the petroleum industry.
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