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ABSTRACT

Tensile behaviors of the 14 high-manganese steels having stacking fault energy
(SFE) range of 1341 m]/ m? using different C, Mn, Cu, Al, and Si contents have
been investigated to find a general relationship between SFE and tensile prop-
erties in Fe-Mn—-C TWIP steels. Cu and Al played similar roles in TWIP steels;
however, the effect of Al content was much higher than that of Cu content.
Addition of C and Si highly increased the yield strength, but excessive additions
led to the premature and early fracture, respectively. The serration flow in
tensile curve was not observed when the ratio of Al to C is over about 3.0, which
means the critical ratio of Al to C to eliminate the serration flow in high-man-
ganese steels was in existence. Dynamic strain aging decreased the post-necking
elongation during tensile test associated with the premature fracture, leading to
the decrease in reduction of area (RA) in TWIP steels. It was found that most of
the tensile properties such as yield strength, tensile strength, and elongations
had no relationship with SFE; however, RA had a relatively higher relationship
with SFE, which means RA is a potential indicator to evaluate SFE and twinning
behavior in Fe-Mn—C high-manganese steels. Also, twinning stress had a linear
relationship with SFE in TWIP steels and Schmid factor of 0.5 was needed to use
for polycrystalline metals to evaluate the twinning stress using the models based
on the single crystal.
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excellent combination of strength and ductility
stemming from the deformation twins and/or

Introduction

With the increased demands for high-strength mate-
rials in automotive industries, twinning-induced
plasticity (TWIP) steels have attracted much interest
as a novel type of advanced high-strength automo-
tive steels over the past few decades due to their
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dynamic strain aging (DSA) during plastic deforma-
tion [1-7]. Most of the previous studies have attrib-
uted the outstanding tensile properties of TWIP steels
to deformation twin because fine deformation twins
formed during plastic deformation reduce the
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effective grain size of steels. It is well known that the
mechanism of twin formation is strongly affected by
the stacking fault energy (SFE). Allain et al. [8] pro-
posed that deformation twinning is activated when
the SFE is between 12 and 35 mJ/m? whereas e-
martensite transformation occurs when the SFE is
lower than 18 mJ/m?. Saeed-Akbari et al. [9] reported
a SFE of 20 mJ/m? as the upper limit for e-martensite
transformation, whereas Kim and De Cooman [10]
reported that the upper limit of SFE value for e-
martensite transformation is approximately 13 m]/
m?. Curtze and Kuokkala [11] reported that plasticity
and strain hardening are mainly related to the perfect
dislocation when the SFE is higher than 45 m]/ m>.
Moreover, Park et al. [12] proposed a new plasticity
mechanism in high-manganese steels having SFE of
around 80 mJ/m? called microband-induced plastic-
ity (MBIP) in which microbands were formed by
dislocation planar gliding. Overall, it is possible to
conclude that TWIP effect was strong in the SFE
range from 20 to 40 mJ/m? although these limits are
not immovable. It is well accepted that the SFE is
mainly controlled by chemical composition and
deformation temperature [9-11, 13-17].

Meanwhile, DSA, commonly explained as results
of the dynamic interaction of solute interstitial atoms
and dislocations during plastic deformation, typically
occurs in C-added TWIP steels. The DSA effect on the
strain hardening rate in TWIP steels is still debated. It
is generally known that DSA had limited contribu-
tion to strain hardening rate in TWIP steels in com-
parison with the deformation twinning [18, 19]. In
contrast, Shun et al. [20] and Dastur and Leslie [4]
suggested that DSA had a major contribution to
strain hardening rate in TWIP steels, and Zhou and
Huang [21] reported that the contribution of DSA on
the strain hardening rate is only significant at the
beginning stage of deformation. In the fields of
manufacturing industry, the Portevin-Le Chatelier
(PLC) effect induced by DSA is one of the crucial
issues since serrated flow can make not only strain
marks on the surface of products but also cracks
during the forming process [22].

Despite the outstanding combination of strength
and ductility, TWIP steels have some crucial prob-
lems such as difficulties in steelmaking process in
industrial scale due to high Mn contents [23] and
relatively low yield stress (YS), which limited the
commercialization of TWIP steels. Accordingly,
many efforts to overcome the technical difficulties
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stemming from the high Mn addition in mass pro-
duction scale have been conducted using other vari-
ous alloy elements such as Al, Cu, N, and C to reduce
Mn addition [16, 23-33]. Al, Cu, N, and C stabilize
austenite and inhibit martensite transformation by
increasing the SFE; thus, they can replace or reduce
Mn content in TWIP steels. Meanwhile, several
researchers have investigated the effects on the pro-
cess designs as well as alloy designs in high-man-
ganese steels to increase the mechanical properties,
especially YS. They increased mechanical properties
of steels by optimizing the rolling temperature
[34, 35], strain rate [36], pre-stain [37, 38], and addi-
tion of alloys such as Si [39, 40], C [41], Al [25], and V
[42].

Therefore, from scientific and industrial point of
view, understanding and predicting the deformation
behaviors of TWIP steels with SFE and alloy elements
is becoming increasingly significant. It was reported
that Al additions increase the YS due to solid solution
hardening and decrease the strain hardening rate or
tensile stress (TS) due to the suppression of twin
formation during plastic deformation [23, 25, 29]. The
Cu additions increase the total elongation (TE)
without a slight loss of TS [16, 26]. Liu et al. [33] and
Kusakin et al. [41] reported that the YS increased with
an increase in C content in Fe-Mn-C-Al TWIP steels.
Lee et al. [39] reported that the addition of Si to Fe—
18Mn-0.6C (wt%) TWIP steel triggered deformation
twinning earlier due to the reduction of SFE and
increased the YS due to the solid solution hardening.

Although there have been many studies on the
effects of SFE and chemical compositions on tensile
properties of TWIP steels, most of the studies have
been conducted qualitatively or fragmentarily, and
few articles have been reported on the effect of SFE
on tensile properties comprehensively [10]. More-
over, no articles have been found on the direct rela-
tionship between SFE and tensile properties in TWIP
steels. These results of the literature reviews stimu-
lated an additional investigation on the behaviors of
tensile properties with the extensive changes in the
chemical compositions or SFE. The present study,
therefore, deals with the influence of SFE on the
tensile properties of TWIP steels to understand and
predict the tensile behavior with SFE. Also, the effect
of chemical compositions on tensile properties is
broadly compared to elucidate the role of chemical
compositions comprehensively. Furthermore, the
twinning stress was evaluated using electron
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backscatter diffraction (EBSD) techniques. To achieve
the above aims, 14 high-manganese steels with a
systemic variation of C, Mn, Cu, Al, and Si contents
were prepared in the same process and tested in the
same manner to reduce the influence of other factors
except for SFE and/or chemical composition.

Experimental

The 50-kg ingots of 14 high-manganese steels with
different C, Mn, Cu, Si, and Al contents were pre-
pared by vacuum induction melting. Table 1 sum-
marizes their analyzed chemical compositions. For
convenience, these steels are referred to as the name
and group described in Table 1. The cast ingots of
125 mm in thickness were homogenized at 1200 °C
for 12 h to avoid the segregation of alloy elements
and subsequently hot-rolled to a 20-mm-thick plates
(an average thickness reduction per pass of 20%)
without intermediate reheating at temperature rang-
ing from 950 to 1150 °C, followed by air cooling to
room temperature. The microstructures of the group
1 consist of fully recrystallized grains with an average
grain size of 38—45 pm [43] except for the 3.0Si steel.
The average grain size of the 3.0Si steel was 81 um
stemming from the high Si content. And the group 2
may have a grain size range of 25-30 pm [44]
although all the steels were not characterized in
detail.

The calculated SFEs of the present steels based on
thermodynamic model of Saeed-Akbari et al. [9] and
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Dumay et al. [14] are in the range of 1341 m]/ m? as
shown in Table 1. Olson and Cohen [45] and Adler
et al. [46] suggested the following equation to calcu-
late the SFE of FCC structures:

I =2pG~ 4 247/%, (1)
where I', p, G'”¢, and o’ refer to SFE, molar surface
density, free energy for y — & phase transformation,
and y/¢ interfacial energy, respectively. Saeed-Akbari
et al. [9] calculated the SFE considering the grain size
effect by adding a modified term based on the
existing thermodynamic model as follows:

Feff:F+2pAGex:F+Fex; (2)

where I'y, AG,,, and I'., mean effective SFE, excess
free energy with grain size effect, and excessive SFE
with grain size effect, respectively. The I'ex can be
represented as the following equation [47]:

T'ex = 2pAGex = 2p [170.06 exp( 18DSS)] . (3)

The differences /" and /¢ were small in this study
due to the grain size range of 25-45 um [17].

Round-type tensile specimens (gauge diameter of
5 mm and length of 25 mm) were prepared along the
axis parallel to the hot-rolling direction. They were
tested at room temperature at an initial strain rate of
107° 57! using an Instron machine equipped with a
mechanical extensometer. For each steel grade, at
least three specimens were tested and the average
value was reported. Reduction of area (RA) or the
minimum reduced diameter value was carefully

Table 1 Analyzed chemical

composition and calculated Group Steel Chemical composition (wt%) SFE (mJ/m?)  Comments

SFE of the investigated 14 C Mn Cu Al Si Fe r .

high-manganese steels with

various C, Mn, Cu, Al, and Si Group 1  0CuAlSi 0.71 16.63 - - - Bal. 16.0 172 Base

contents 1.5Cu 0.72 1694 152 - - Bal. 189 20.1  Cu effect
3.0Cu 0.72 17.07 290 - - Bal. 21.1 223  Cu effect
1.5Al 070 17.18 - 1.50 - Bal. 30.0 312 Al effect
3.0Al 0.69 1726 - 280 - Bal. 39.0 403 Al effect
1.5Si 0.69 17.08 - - 148 Bal. 145 155  Si effect
3.08i 070 17.19 - - 290 Bal. 135 13.6  Si effect

Group 2 20Mn0.6C1Al 0.60 19.94 - .03 - Bal. 214 235 Base

0.3C 0.30  20.0 1.03 - Bal. 133 153  C effect
0.9C 091 199 - .02 - Bal. 29.5 31.6 C effect
15Mn 0.61 1502 - 1.o1 - Bal. 157 17.8  Mn effect
25Mn 059 2476 - 099 - Bal. 282 30.3  Mn effect
0Al 0.61 19.81 - - - Bal. 147 16.8 Al effect
2A1 0.6 2059 - .92 - Bal. 28.0 30.1 Al effect
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measured with the well-designed magnifier after the
tensile test.

The twinning behaviors were analyzed by EBSD
techniques on the cross section of samples perpen-
dicular to the tensile axis. Samples for EBSD mea-
surement were carefully prepared by mechanical
polishing down to 1 pm using diamond pastes fol-
lowed by a colloidal silica slurry polisher. EBSD data
were taken using a FE SEM equipped with a TSL
EBSD system at a sample tilt angle of about 70° under
20 keV. All the acquired EBSD data were interpreted
by the orientation imaging microscopy (OIM) analy-
sis commercial software provided by TexSEM
Laboratories.

Results and discussion
Mechanical properties

The representative engineering stress—strain curves
and TE-TS balance map of the 14 high-manganese
steels are displayed in Figs. 1 and 2, and average
tensile properties are summarized in Table 2. They
were categorized as two groups according to the base
chemical composition: nominal composition of Fe-
17Mn-0.7C in group 1 and Fe-20Mn-0.6C-1Al in
group 2. All the steels except for the 3.0Si steel
exhibited an excellent combination of high strength
and large elongation, low YS, and small post-necking
elongation (PE), which are typical characteristics of
TWIP steels [3, 25]. The YS increased with increasing
Al, Cu, C, and Si content as shown in Fig. 3, which
can be explained by the solid solution strengthening
effect of these alloy elements in austenite matrix.
Carbon additions dramatically increased the YS in
Fe-Mn-C TWIP steels [33, 41], i.e., about 216 MPa per
one weight percent. And Si, Al, and Cu increased the
YS [16, 25, 39] of 38, 18, and 4 MPa per one weight
percent, respectively. The influence of Mn addition
on YS was very small. It is worth noting that the
influence of Si addition on the solid solution
strengthening was higher than that of Al and Cu
additions.

The TS was decreased with the addition of Cu, Al,
and Mn elements and increased with C content as
shown in Figs. 1d and 2d, which was well reported
by many researchers [10, 16, 25, 26, 29, 41]. Compared
to the effect of Al addition showing the decrease in
TS and TE, the addition of Cu content not only
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represented a relatively small decrease in TS but also
exhibited an increase in TE (Fig. 1d). Meanwhile, it
was reported that TWIP steels with Cu additions had
a higher resistance to delayed fracture compared to
Fe-Mn—C TWIP steels [48, 49]. The commercialization
of TWIP steels is also delayed by Al addition as well
as Mn addition, e.g., nozzle blocking during the
continuous casting process in industrial scale.
Accordingly, the author cautiously suggests that Cu-
added TWIP steels can replace Al-added TWIP steels
and reduce Mn contents in TWIP steels.

The behavior of elongation was very complex with
chemical compositions, and it is difficult to find a
reasonable trend, which will be discussed later part.
RA value increased with increasing Al, Cu, and Mn,
whereas it decreased with increasing C as summa-
rized in Table 2. Unexpectedly, all the specimens of
the 3.0Si steel were fractured during the tensile test as
shown in Fig. 1c since the main deformation mode
may change from deformation twin to e-martensite
transformation stemming from the low SFE of
13.6 mJ/m? [39, 50].

The variations in tensile properties with effective
SFE (/') of the 13 steels are represented in Fig. 4 to
investigate the relationship between SFE and tensile
properties. The 3.0Si steel was excluded in this
comparison due to the earlier fracture. Although YS
increased roughly with increasing SFE, the reason-
able dependence of strength and SFE was hardly
observed (Fig. 4a) since YS was strongly dependent
on the chemical composition itself (Figs. 1, 2, 3) rather
than SFE. For instance, the YS increased by the solid
solution hardening effect of C, Al, and Cu, which also
increased the SFE, whereas YS increased with the
addition of Si (Fig. 3), which decreased the SFE. In
fact, the effect of the SFE can be appreciable only after
the onset of plastic deformation since the stability or
metastability of the austenite is only appreciable after
yielding. Especially in TWIP steels, twinning behav-
iors are highly dependent on the SFE, which means
the effect of SFE appeared after plastic deformation.

The TS decreased roughly with increasing SFE
since twinning rate tends to decrease with increasing
SFE in the SFE range of occurring TWIP effect,
resulting in decreasing the strain hardening rate [25].
However, the deviations of measured data from the
linear fitting line were too big (Fig. 4a) because TS
was dependent on the several complex factors such
as YS, twinning rate, DSA effect, and strain harden-
ing rate. The TE also did not show a reasonable
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Figure 1 Engineering stress—strain curves with variation of chemical composition: a Cu effect, b Al effect, and ¢ Si effect, and
d influence of chemical composition on tensile properties of the six steels (group 1).

relationship with the SFE (Fig. 4b). Consequently,
ECO index, the product of TS and TE, had no rela-
tionship with SFE although ECO index was roughly
decreased with increasing SFE (Fig. 4c). These rough
trends of decrease in TS, TE, and ECO index with
increasing SFE were related to the twinning behav-
iors since the lower SFE activates deformation twin-
ning within the SFE range of twin dominant plastic
deformation region.

More interestingly, the RA value was found to be
closely related to the SFE as shown in Fig. 4d: RA
values increased almost linearly with increasing SFE.
The PE also had a linear relationship with SFE. It
should be noted that the large deviation of the 0.9C
TWIP steel from this linear relationship can be due to
the premature fracture of tensile specimen stemming
from the active DSA. In TWIP steels, PE value can
mainly reflect the DSA behavior. The relationship
between SFE and RA will be discussed in the next
section. Meanwhile, the trend of RA and TE was
found to be opposite with SFE although both values
are the well-known ductility parameters. In the case

of TWIP steels, TE is highly dependent on the uni-
form elongation (UE) because PE is relatively small
compared to UE; therefore, TE was decreased with
increasing SFE due to the suppression of TWIP effect
in larger SFE range as shown in Fig. 4b. On the other
hands, RA strongly depends on the PE rather than
UE. As shown in Fig. 4d, PE increased with SFE,
resulting in increasing RA with increasing SFE.

DSA and RA in TWIP steels

Except for 3.0Al 2Al, and 0.3C steels, the flow curves
exhibited significant serrations resulting from the so-
called PLC or DSA effect [4, 21, 51-53] as shown in
Figs. 1 and 2. The smaller box in Figs. 1 and 2 dis-
plays the enlargement of stress—strain curve to
observe the critical strain or stress for the onset of
serration. When the difference in between higher
stress and lower stress was over than 3 MPa in the
tensile curve, it was defined as the onset strain of
serration. Serrations were not observed in the tensile
curves of 3.0Al and 2Al steels. Jin et al. [25] suggested
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Figure 2 Engineering stress—strain curves with variation of chemical composition: a C effect, b Mn effect, and ¢ Al effect, and
d influence of chemical composition on tensile properties of the seven steels (group 2).

Table 2 Average tensile

properties of the 14 high- Group Steel YS (MPa) TS (MPa) TE (%) RA (%) Onset of serration
manganese steels used in the Strain  Stress (MPa)
present study
Group 1 OCuAlISi 294 999 77 54 2.7 384
1.5Cu 297 916 83 57 43 422
3.0Cu 311 861 83 63 6.3 462
1.5A1 329 869 80 66 37 766
3.0Al1 365 771 71 77 None  None
1.5Si 354 996 81 56 36 859
3.0Si 403 - - - - -
Group 2 20Mn0.6C1Al 325 880 75 63 27 727
0.3C 225 780 68 59 None  None
0.9C 354 956 62 55 13 666
15Mn 321 901 67 56 27 735
25Mn 313 825 73 65 35 734
0Al 310 972 71 60 6.6 473
2Al 333 791 74 68 None  None

YS yield strength, TS tensile strength, TE total elongation, RA reduction of area

that this is due to the decrease in both activity and reported that Al addition to Fe-Mn—C TWIP steels
diffusivity of C by Al additions. And Lee et al. [53] reduces the DSA effect since DSA is the result of an
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interaction of C-Mn point complexes and stacking
faults in TWIP steels. Interestingly, the 0.3C steel
having a chemical composition of Fe-20Mn-0.3C-
1.03Al did not show serrations, which means the
critical ratio of Al to C to eliminate the serration flow
in the tensile curve was in existence. Figure 5a, b
provides the critical strain and stress for the onset of
serration with the ratio of Al to C based on the pre-
sent results and published studies [25, 40, 53, 54]. The
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critical strain and stress for the onset of serration
were increased with increasing the ratio of Al to C
although some deviations were in existent due to the
different Mn contents, grain size, and various strain
rates of 107*-1072 s7!. The serrated flow was not
observed when the ratio of Al to C is over about 3.0,
e.g., 3.3 in the 2Al and 0.3C steels, and 4.3 in the 3.0Al
steel. Also, other TWIP steels in the studies did not
have serrations when the ratio of Al to C is over about
3.0. From both scientific and industrial point of view,
this result is beneficial to design chemical composi-
tions because DSA-assisted strain marks on the sur-
face of products by inhomogeneous deformation as
well as crack formation have been reported in Fe-
Mn-C TWIP steels during plastic deformation
[23, 55-59]. Meanwhile, Fig. 5c and d represents the
critical strain and stress for the onset of serration with
the ratio of Cu to C based on the present results and
published studies [16, 26, 49], which showed that Cu
also reduced the activation of serration, but the effect
is very small compared to the Al additions. Overall, it
was clearly observed that serration was decreased
with increasing Cu, Mn, Si, and Al contents, and
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Figure 4 Variations in tensile properties of a strength, b TE, ¢ ECO index, and d RA and PE with SFE of the 13 steels.
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Figure 5 Critical strain and stress for the onset of serration with the ratio of a, b Al to C content and ¢, d Cu to C content.

decreasing C content. This implies that the reduction
of TS or strain hardening rate with increasing Cu,
Mn, and Al contents and decreasing C content was
attributed to the occurrence of DSA as well as the
generation of deformation twins during plastic
deformation [33]. For instance, 3.0Al, 2Al, and 0.3C
steels exhibited relatively low TS and TE due to the
no DSA effect and suppression of deformation
twinning. It should be noted that these results were
derived at the strain rate of 107*-107% s~'. Accord-
ingly, further research is necessary at high strain rate
level since DSA is strongly dependent on the strain
rate and temperature.

Figure 6a shows the variation in PE as a function of
critical strain for the onset of serration of the 13 steels.
The PE increased with increasing the critical strain
for the onset of serration, which means PE depends
on the DSA behaviors. Several studies [55-58]
reported that necking behavior in TWIP steels is
dependent on the strain rate, temperature, and C
content since these factors control the occurrence of
DSA. Yang et al. [55] reported that DSA effect brings
the PLC band in Fe-Mn-C TWIP steel during the
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tensile test, where strain localization and stress con-
centration occur, resulting in a shear fracture without
obvious necking. Yu et al. [57] reported DSA-assisted
crack formation along the grain boundary junctions
and deformation twin boundaries within edge and
side surface of specimen during the tensile test in Fe—
Mn-C TWIP steels. In addition, Koyama et al. [58]
reported that the increase in C content promoted
DSA, leading to premature fracture in TWIP steels.
The premature fracture was clearly observed in the
0.9C steel as shown in Fig. 2a: a very small PE. This
small PE of 0.9C steel led to smaller RA value than
expected. Based on the present results and literature
reviews, the author concluded that DSA induced the
strain localization by PLC band, resulting in the
premature fracture, finally leading to the decrease in
PE in TWIP steels. And this decreased PE can con-
tribute the reduction of RA in TWIP steels. It is worth
noting that DSA behaviors were strongly related to
the chemical composition as shown in Figs. 1 and 2,
not the SFE [4, 51, 52]. It is widely accepted that UE
mainly depends on the twinning rate [3, 5]. And PE
mainly depends on the strain localization by the DSA
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in TWIP steels based on the above results. Both UE
and PE have an effect on the necking geometry or RA
value, which is the reason that the RA had a weak
relationship with the critical strain for the onset of
serration or DSA in comparison with PE as shown in
Fig. 6b stemming from the partial dependence of RA
on PE.

It is to be noted that RA value depends on the
chemical composition since DSA behaviors are highly
related to the chemical composition. TE mainly
depends on the UE or twinning rate since the con-
tribution of PE to TE is negligible in TWIP steels. In
such a case, elongation itself cannot represent the
influence of chemical composition. For example, Al,
Cu, and Mn additions increase SFE, but generally
decrease the twinning rate or UE in Fe-Mn-C TWIP
steels, and finally decrease the TE, while RA value
increased despite the decrease in UE because the PE
increased with the addition of above alloying ele-
ments. Meanwhile, SFE may have a partial relation-
ship with chemical composition itself since SFE can
be controlled by chemical composition; however,
elongation cannot reflect the influence of chemical
composition, which showed no relationship between
TE and SFE as shown in Fig. 4b, whereas RA value
reflects both twinning behaviors and chemical com-
position itself. In other words, RA depends on both
UE related to twinning rate and PE or necking
geometry related to DSA in TWIP steels. Based on the
above results, it is reasonable to conclude that RA
value is a potential indicator for SFE, which means
we can predict the SFE in Fe-Mn-C TWIP steels by
measuring the RA value and vice versa as the

following equation although it had some deviations
to predict the C effect (Fig. 4d):

RA (%) = 47 + 0.62Fr (m]/m?). 4)

To the best of author’s knowledge, this kind of rela-
tionship has not been reported before because most
of the researchers have used plate-type tensile spec-
imens, which is mainly due to the interest in applying
TWIP steels to plate products. However, it should be
noted that this empirical equation was derived only
for the limited range of SFE and chemical composi-
tions in the current study; thus, it requires further
research and validation from other researchers or
experiments. Meanwhile, the effect of twinning and
DSA behavior on RA was qualitatively investigated
in the present study. Future work will be focused on
the quantitative analysis between twinning/DSA
behaviors and RA based on the microstructural
characterizations.

Twinning stress

The stress required to initiate a twin formation is
usually termed as twinning stress. It is well known
that twinning stress is one of the critical parameters
to understand the twinning behaviors and it is
strongly affected by SFE, temperature, and grain
size/orientation. Based on the author’s experiences
and the literature review, it is notoriously difficult
and takes much time to determine the twinning stress
experimentally in TWIP steels; thus, several
researchers proposed the empirical model to predict
the twinning stress. In this study, the twinning stress
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was evaluated using the group 1 TWIP steels based
on the EBSD techniques,

Figure 7a—e shows the inverse pole figure (IPF)
maps at the strain of 0.095, and twin boundaries
having a misorientation angle of 58° < 6 < 62° are
also represented in Fig. 7f-. Quarter areas on the
section of samples perpendicular to the loading axis
were observed. Parallel lines inside grains were twin
bundles consisting of several individual thin twins
[40, 44, 60]. Since the propensity for deformation
twinning depends on the grain orientation, Schmid
factor analysis was applied to determine the favor-
able and unfavorable grain orientations for twinning
under tensile stress as shown in Fig. 7k—o. In this
contour, Schmid factors were calculated for the
leading partial dislocations of (111)[112] systems,
which is the highest Schmid factors for twin under
tensile stress [44, 61]. The black circles depicted in
orientation triangle mean twinned grains, and the
white ones present non-twinned grains.

Several grains of the 0CuAlSi steel had deforma-
tion twins (Fig. 7a, f), and a few grains had defor-
mation twin in the 1.5Cu steel (Fig. 7b, g). However,
few deformation twins were observed in the 3.0Cu
and 1.5Al steels and no deformation twin appeared in

J Mater Sci (2020) 55:1779-1795

the 3.0Al steel. Meanwhile, deformation twins were
occurred in the grains around (111) and (101) orien-
tations due to the orientation dependence of defor-
mation twinning. That is, twins appeared in the
grains with higher Schmid factor for twin. The twin
volume fraction was increased at the strain of 0.18 as
shown in Fig. 8. Most of the grains except for (001)
grains had deformation twins in the OCuAlSi steel
(Fig. 8a, f, k), whereas a few deformation twins were
observed in the 3.0Al steel, whose behavior is highly
related to SFE and grain orientations. The twin den-
sity of the 3.0Cu steel was similar to that of the 1.5A1
steel. In addition, the grain rotation was clearly
observed in all the steels at this strain.

As shown in Fig. 9a, the relative twin volume
fraction was measured as a function of true stress
using the EBSD techniques to have quantitative
information on the twinning behaviors. The high-
angle boundary having misorientation angle of
58° < 0 < 62° was selected, and the total length of
this value was divided by the total measured area,
um~'. Annealing twins were excluded from this cal-
culation. The twin volume fraction progressively
increased with stress at all the steels, but the differ-
ence of twin volume fraction among steels was

(h) 3.0cu

50um j \ ' 50um 50pm
—m —— i

@) LSAL

50um 50um

(n) 1.5A1

101

Figure 7 Comparison of a—e IPF, f—j twin boundary maps, and k-0 Schmid factor analysis at the strain of 0.095.
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clearly observed. A significant increase in twin vol-
ume fraction was observed in the 0CuAlSi steel,
which means deformation twinning was significantly
activated at lower stress compared to the other steels,
whereas the 3.0Al steel showed lower twin volume
fraction with increasing stress. Extrapolation of linear
fitting curves to the x-axis can provide a minimum
stress required to the generation of deformation twin
in the steels, which is displayed in Fig. 9b. This

figure shows that the stress (oy,) for the twin acti-
vation increased with increasing the SFE and oy, had
a linear relationship with SFE as given in Eq. (5),
indicating that twinning behavior is strongly affected
by SFE in high-manganese steels.

r
Ow = 441 + 1.56b—
P

R* =0.89, (5)

@ Springer



1790

where b, is the Burgers vector of partial dislocation
and it is about 0.144 nm in these steels [50].

In addition, twinning stress can be estimated using
the curve of strain hardening rate as shown in Fig. 10.
Empirically, strain hardening rate curve was sharply
dropped at the initial stage and then it was flattened
and/or increased with the help of planar dislocations
and deformation twinning in TWIP steels [3, 5],
which means the transition point of curve was highly
related to the twinning stress in steels deformed by
twining mechanism. The transition point was drawn
as arrows in Fig. 10b. The transition strain was
increased with SFE: The 0CuAlSi steel had the lowest
transient strain and corresponding stress, and the 3Al
steel had the highest values. The 3.0Cu and the 1.5A1
had similar values, which is consistent with the
results from microstructural evolution. Figure 10c
compares the twinning stress evaluated from the
strain hardening rate curve with the twinning stress
measured from EBSD twin length calculation (Fig. 9),
indicating that the twinning stress calculated by

] Mater Sci (2020) 55:1779-1795

EBSD techniques in the current study was reliable to
use despite the limited number of specimens. Inver-
sely, we could roughly estimate the twinning stress
by tensile curves.

Meanwhile, several models have been proposed in
FCC structures as a function of SFE, grain size, and
grain orientation to predict twinning stress. The main
idea of those models is the dissociation of the perfect
dislocation when it glides on (111) planes since the
dissociated partial dislocations are believed to the
embryos for deformation twinning. It is accepted that
the activation of multiple slip and occurrence of
dislocation pileup are required to nucleate deforma-
tion twins, which means a certain amount of defor-
mation by multiple slip is necessary. Twinning stress
is highly related to the above amount of multiple slip
before twinning, and it depends on the SFE, grain
size, and grain orientation of materials.

The calculation of critical stress for onset of stack-
ing faults (t4) is necessary in order to calculate gy, in
present high-manganese steels, because stacking
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Figure 10 Comparison of a strain hardening curves, b enlarged strain hardening curves to estimate the twinning stress, and ¢ twinning

stress calculated from EBSD twin length measurement and evaluated from the strain hardening rate curve in the five steels.
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faults are generally considered as a precursor of
deformation twin. 74 is defined as the required sep-
aration stress between leading partial dislocation and
its trailing partial dislocation and calculated as the
following equation [62]:

r
Tsf = Z? (6)

where b is the Burgers vector of perfect dislocation.
The critical shear twinning stress (ty,,) is the required
stress that makes an infinite separation distance
between leading partial and its trailing partial, and
calculated as follows [63]:

2r
Tiw = E . (7)

According to Figs. 7 and 8, twinning stress was
strongly dependent on the grain orientation. The
influence of grain orientation was taken into consid-
eration to make a relationship between 1, and oy,
via Schmid factor. The selection of Schmid factor 0.5
is reasonable in polycrystalline metals since defor-
mation twins appeared in the grains at the highest
Schmid factor as shown in Figs. 7 and 8; therefore,
Ow is calculated as the following equation:

4r
Ow = —. (8)
t bp

This equation was similar to the Byun’s model [63]
except for the applied Schmid factor. Byun chose
0.326 as a Schmid factor for calculating twinning
stress, while 0.5 was selected as a Schmid factor in the
present study. Table 3 summarizes the published
models for predicting the twinning stress in FCC
structures. Although all the equations have different
forms, the main results are the same: Twinning stress
decreased with decreasing SFE and increasing grain
size. In other words, deformation twinning was
activated earlier at the low strain or stress with
decreasing SFE and increasing grain size.

Figure 11 shows the comparison of the experi-
mental twining stresses in the present study (Fig. 9b)
and the calculated twining stresses (Table 3) as a
function of SFE. The twinning stress by Byun’s model
was much higher than the measured twinning stress
since Byun developed this model for single crystal. In
contrast, the present model relatively well predicted
the twinning stress. Based on Figs. 7 and 8, most of
the grains with higher Schmid factor initially had
deformation twins, indicating that Schmid factor of
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0.5 was needed to calculate the twinning stress in
polycrystalline metals. The predicted model had a
higher slope compared to the experimental date since
this model did not consider the grain size effect. Most
of the prediction models for polycrystalline metals
had a lower slope in comparison with the models for
single-crystalline metals. Meanwhile, the twinning
stress predicted by Gutierrez-Urrutia et al.’s model
[62] was lower than the experimental data, but the
slope had a good agreement with the experiments.
The Mahato et al.’s model [64] relatively well pre-
dicted the twinning stress. Among the proposed
models, Steinmetz et al.’s model [65] well predicted
the twinning stress compared to the present experi-
ment. This model was developed based on the twin
embryo mechanism proposed by Mahajan and Chin
[66] to explain the nucleation of deformation twin.
Also, Lee et al.’s modified model [39] of Steinmetz
et al’s in order to consider grain size effect well
predicted the twinning stress. Overall, the author can
deduce the following results based on the compara-
tive study between measured data and earlier pro-
posed model for twinning stress.

1. Twinning stress had a strong relationship with
SFE in high-manganese steels: linear relationship.

2. Schmid factor of 0.5 was needed to use for

polycrystalline metals to evaluate the twinning
stress using the models based on the single
crystal.

3. We needed to consider the grain size effect to

predict the twinning stress accurately in poly-
crystalline metals.

Conclusions

Based on the systemic study on the influence of SFE
and chemical compositions on tensile properties
using the 14 Fe-Mn-C high-manganese steels, the
following conclusions were drawn:

1. Cu and Al played similar roles in TWIP steels:
increase in SFE, YS, and RA and decrease in TS
and serration. However, the effect of Al content
was stronger than that of Cu content. Addition of
C content highly increased the YS, but excessive
C addition led to the premature fracture, i.e.,
small PE and RA. In Fe-Mn-C TWIP steel, Si had
to be carefully added since excessive Si addition
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Table 3 Published prediction models for the twinning stress in FCC structures

Proposed researchers Materials Considering grain size Twinning stress (shear stress, Tyy,)
Byun [63] Stainless steel No Tw = 2L
P
Gutierrez-Urrutia et al. [62] TWIP steel Yes Tow = % + K%
Narita and Takamura [67] Silver and copper alloys No Tow = %
P
Steinmetz et al. [65] TWIP steel No Toy = o 4 3G
W = 3p, L
Suzuki and Barrett [68] Silver and gold alloys No r Gb,
Tow = 57—+ ——
2b, Lo
K
Meyer et al. [69] Copper alloys Yes Tow = % + \/_TB
Mabhato et al. [64] TWIP steel No Toy = i + GL_ip
; b
Lee et al. [39] TWIP steel Yes Tow = g lc;; + 3%1)

by, burgers vector of partial dislocation; b, burgers vector of perfect dislocation; G, shear modulus; D, grain size; I', stacking fault energy;

I.g, effective stacking fault energy; Ki,, Hall-Petch constant; Ly, width of twin embryo; K, numerical constant

Twinning stress (MPa)

1400
B Current study (experiments)
= = Current study (Eq. 8)
1200 - Buyn [63]
Mabhato et al. [64]
200 T T T T T T T

18 21 24 27 30 33 36 39
SFE (mJ/m?)

Figure 11 Comparison of experimental and calculated twining
stress as a function of SFE.

resulted in early fracture due to the decrease in
SFE.

The critical ratio of Al to C to eliminate the
serration flow in high-manganese steels was in
existence: The serration flow in tensile curve was
not observed when the ratio of Al to C is over
about 3.0.

DSA or PLC decreased the PE during the tensile
test associated with the premature fracture, lead-
ing to the reduction of RA in TWIP steels.

The RA had a linear relationship with SFE, which
means that RA is a potential indicator to predict
SFE in high-manganese steels.

Twinning stress had a linear relationship with
SFE in high-manganese steels, and Schmid factor

@ Springer

of 0.5 was needed to use for polycrystalline
metals to evaluate the twinning stress using the
models based on the single crystal.
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