Metals and Materials International (2020) 26:14-24
https://doi.org/10.1007/5s12540-019-00325-z

=

Check for
updates

Loading Direction Dependence of Yield-Point Phenomenon
and Bauschinger Effect in APl X70 Steel Sheet

Hyung Lae Kim' - Sung Hyuk Park?

Received: 18 April 2019 / Accepted: 7 June 2019 / Published online: 28 June 2019
© The Korean Institute of Metals and Materials 2019

Abstract

In this study, variations in the tensile behavior and Bauschinger effect with the applied loading direction in an American
Petroleum Institute (API) X70 steel sheet are investigated by conducting tensile and strain-reversal tests along the rolling
direction (RD), the transverse direction (TD), and a direction inclined at an angle of 45° from the RD to the TD (45D). The
microstructure of the rolled steel sheet consists of polygonal ferrite and acicular ferrite, and it has a rolling texture that is
typical of body-centered cubic metal materials. During tensile deformation, the yield-point phenomenon, which involves
occurrence of discontinuous yielding and development of Liiders strain, occurs in all the loading directions. However, the
material shows a lower yield strength and larger Liiders strain under tension along the 45D than under tension along the RD
and TD. The Bauschinger effect, which occurs under subsequent reversal tension after compression, is also more pronounced
under loading along the 45D. These results are attributed to the fact that dislocation slips are activated more easily under
deformation along the 45D, which is evidenced by the lower Taylor factor and larger number of active slip systems under
loading along the 45D. Furthermore, results of viscoplastic self-consistent simulation reveal that along all the directions, the
{112} < 111> slip system is vigorously activated during tensile and compressive deformations and that its activation plays

an important role in the deformation behavior and yield strength of the material.
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1 Introduction

In the last few decades, line-pipe steels have been exten-
sively developed—from American Petroleum Institute (API)
5L X52 grade to API X120 grade—in order to cope with
demands for their use at various operating pressures and
in diverse operating environments, as well as to meet the
requirement of lower transmission costs. Line pipes are
generally fabricated from hot-rolled steel coils via pipe
manufacturing processes consisting of leveling, pipe form-
ing, and welding. Unlike seamless-pipe manufacturing pro-
cesses, these welded-pipe manufacturing processes can pro-
vide large pipes without any limitations in size, and welded
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pipes are cheaper than the corresponding seamless pipes.
Welded line pipes are typically manufactured by either
electric resistance welding (ERW) or spiral submerged arc
welding (SAW). In the ERW process, a leveled steel strip is
bent along the longitudinal direction and its two edges are
welded together without the use of a filler material, which
consequently gives a continuous pipe (Fig. 1a). In the SAW
process, a leveled steel strip is formed in a spiral loop by the
use of a spiral forming machine and a solid filler material,
after which this spiral loop is welded from the inside and
outside of the pipe (Fig. 1b). Line pipes produced by these
processes are classified into grades according to specifica-
tions established by the API, which are based on the yield
strength along the circumferential direction of line pipes.
When hot-rolled steels have a specific rolling texture, their
yield strength can change significantly with the applied load-
ing direction owing to differences in the number and activity
of activated slip systems in different loading directions. In
the case of a pipe manufactured by SAW, its yield strength
along the circumferential direction is almost the same as the
yield strength along the rolling direction (RD) of the initial
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Fig. 1 Schematic diagrams of pipe manufacturing processes: a electric resistance welding (ERW) and b spiral submerged arc welding (SAW)

hot-rolled coil, as shown in Fig. 1b. In contrast, the yield
strength of a pipe manufactured by ERW corresponds to
the yield strength along the transverse direction (TD) of the
initial hot-rolled coil, as shown in Fig. 1a. Since the yield
strengths along the RD and TD of an initial hot-rolled steel
sheet can differ according to the rolling texture, the yield
strength along the circumferential direction of the fabricated
pipe can also vary with the pipe manufacturing process (e.g.,
ERW and SAW) [1-3]. This means that even when the same
rolled steel sheet is used for the fabrication of pipes, the final
API grade of the pipes can differ according to the employed
manufacturing process.

In addition, the yield strength of hot-rolled steel coils
can decrease owing to compressive or tensile strain imposed
during the leveling, piping, and flattening processes. When a
material is compressed or tensioned along a certain direction
and then subsequently deformed along the reverse direction,
the yield strength of the deformed material is lower than
that of the corresponding undeformed material [4-6]; this
phenomenon is termed the Bauschinger effect. The Bausch-
inger effect strengthens proportionally with an increase in
the number of mobile dislocations formed by previously
imposed plastic deformation. The movement of mobile
dislocations is strongly affected by microstructural charac-
teristics such as crystal structure, grain size, texture, and
presence of precipitates. Several studies have shown that the
yield strength of rolled steel coils varies considerably with
the amount of precipitates and the forming strain #/D (where
t and D are the thickness of the rolled coil and the pipe
diameter, respectively) [7—12]. Choi et al. [13] also reported
that the Bauschinger effect weakened with an increase in the
amount of acicular ferrite (AF), which resulted in the contin-
uous yielding phenomenon. In another study, the change in
the yield strength with the amount of previous deformation
was investigated on the basis of the correlation between the
strain hardening behavior and the Bauschinger effect [14].
There is additionally a need for systematic investigation of
the variation in the yield strength of steel sheets with the
loading direction in order to understand the relationship

among the initial rolling texture, slip deformation behavior,
and resultant mechanical properties of rolled steel sheets.
However, despite the fact the tensile loading direction, which
governs the API grade of steel pipes, changes with the pipe
forming method, few studies have investigated the loading
direction dependence of yield strength and the influence of
the initial rolling texture on the Bauschinger effect.

Therefore, in the present study, the influence of initial tex-
ture on the mechanical properties of rolled steel sheets was
investigated using specimens obtained from a leveled line-
pipe steel sheet along three different directions: the RD, the
TD, and a direction inclined at an angle of 45° from the RD
to the TD (hereafter referred to as “45D”). The yield strength
and Bauschinger effect of the specimens were measured by
tensile tests and strain-reversal tests, respectively. The slip
behaviors during deformation in the three loading directions
were compared via Taylor factor analysis performed using
data obtained from electron backscatter diffraction (EBSD)
measurements. In addition, the activity of each slip mode
was identified by viscoplastic self-consistent (VPSC) simu-
lation of deformation, and the texture evolution during ten-
sile deformation was also analyzed by VPSC simulations.
From these analyses, the loading direction dependence of
the yield-point phenomenon and the relationship between
the initial texture and the Bauschinger effect in a hot-rolled
API steel sheet were established.

2 Experimental Procedure

An API X70 grade line-pipe steel sheet [chemical composi-
tion: 0.06C-1.6Mn (wt%)] with a minimum yield strength
of 70 ksi (482 MPa) was used in this study. The steel sheet,
having a fine grain structure, was fabricated by a thermo-
mechanical control process: a hot slab was first rolled with
a high rolling reduction of 80% at a temperature of 950 °C
in the non-recrystallized austenite region, after which it was
subjected to finishing rolling at a relatively low tempera-
ture of 830 °C in the austenite region in order to generate
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numerous nucleation sites for ferrite formation; this was
finally followed by rapid cooling to coiling temperatures of
580-600 °C with a cooling rate of 25 °C/s. After the sheet
was polished with emery papers and etched in a 2% nital
solution, its microstructure was observed by optical micros-
copy (OM). For EBSD measurements, the sample surface
was progressively ground with emery papers and diamond
pastes and then subjected to a final polish with colloidal
silica to obtain a defect-free surface. EBSD data with a con-
fidence index larger than 0.1 were analyzed using the Tex-
SEM Laboratories Orientation Imaging Microscopy (TSL
OIM) analysis software to examine the active slip systems.

For tensile and strain-reversal tests, round specimens with
a gage diameter of 6.35 mm and gage length of 16 mm were
machined from the sheet along the RD, TD, and 45D; these
three specimens are hereafter referred to as RD, TD, and
45D samples, respectively. The tensile and strain-reversal
tests were conducted at room temperature at a strain rate of
1072 57! by means of a universal testing machine (Instron
8862). In the strain-reversal tests, a compressive strain of
2% was first applied to the samples because the compressive
strain accumulated during a pipe manufacturing process is
generally 2%-3% [15, 16]; then, the compressed samples
were tensioned along the previous loading direction in order
to estimate the Bauschinger effect. The 0.2%-offset flow
stress and stress of the lower yield point were considered
as the yield strengths of the samples showing continuous
and discontinuous yielding behaviors, respectively. The
tensile and strain-reversal tests for each loading condition
were repeated two or three times to confirm the consistency
of the results; for the sake of simplicity, a representative
curve was used for each condition. Additionally, the slip
modes activated during plastic deformation were identified
via simulations using the VPSC model proposed by Tomé
and Lebensohn [17, 18]. The developed textures determined
from the EBSD analysis of the 20% tensioned samples were
compared with those established by the VPSC simulations.

3 Results

Figure 2 shows the microstructures and textures of the API
X170 steel sheet, which were obtained by OM observations
and EBSD measurements. The microstructure consists of
polygonal ferrite (PF) and AF, and the average grain size
of the sheet is 10 pm (Figs. 2a, b). In addition, the sheet
has a rolling texture typical of steels with a body-centered
cubic (BCC) crystal structure [19]; the {001} < 110>,
{112} < 110>, and {113} < 110> preferred orientations
develop along the a-fiber in the (001) and (100) pole fig-
ures, and the {111} <110>and {111} <112 > preferred
orientations develop along the y-fiber in the (111) pole fig-
ure (Fig. 2c). The tensile stress—strain curves of the TD,
45D, and RD samples are shown in Fig. 3. These curves
reveal that the yield strength of the sheet decreases in the
following order of loading directions: TD (605 MPa) >RD
(596 MPa) > 45D (587 MPa) (Table 1). The reasons for this
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Table 1 Mechanical properties of API X70 steel sheet determined from tensile and strain-reversal tests in different loading directions
Test type TD 45D RD

YS (MPa) TS (MPa) EL (%) YS (MPa) TS (MPa) EL (%) YS (MPa) TS (MPa) EL (%)
Tensile test 605 779 35 587 764 38 596 795 36
Strain-reversal test 580 766 37 523 756 39 545 761 36

variation in the yield strength with the loading direction are
discussed in Sect. 4, along with analyses of the Taylor factor
and active slip systems under each loading condition.

The TD, 45D, and RD samples all clearly exhibit the
yield-point phenomenon during tensile deformation (Fig. 3),
which is easily observed in low-carbon steels with a BCC
structure [20]. In a material consisting of phases with a low
dislocation density (e.g., ferrite and pearlite), the yield-point
phenomenon is related to the pinning of dislocations formed
at the early stage of deformation to the interstitial solute
atoms (e.g., carbon and nitrogen) and to the breakaway of the
dislocations from their solute atmospheres [20, 21]. Since
the microstructure of the steel sheet used in the present
study consists of PF and AF—both of which have a rela-
tively low dislocation density—the steel sheet exhibits an
obvious yield-point phenomenon regardless of the applied
loading direction. In addition, the yield-point phenomenon
causes the formation of Liiders bands, which are locally
deformed regions formed in the tensile specimen, because
the dislocations formed during initial deformation become
immobilized owing to pinning by interstitial atoms [21-24].
The Liiders bands propagate over a tensile specimen dur-
ing yield elongation until they cover the entire surface of
the specimen. As shown in Fig. 3, in this study, the yield
elongation (i.e., Liiders strain) of the sheet varies with the
applied loading direction; the yield elongation of the 45D
sample is highest (2.5%), followed by the RD sample (2.2%)
and the TD sample (1.6%). This order of the yield elongation
(45D >RD>TD) is opposite to that of the yield strength
(TD>RD>45D). The variation in the yield elongation with
the loading direction is related to the active slip modes and
their activity under each deformation condition; this topic
is discussed further in Sect. 4.

Figure 4 shows the tensile stress—strain curves of the
2% precompressed samples, which were obtained from the
strain-reversal tests along the TD, 45D, and RD; for com-
parison, the corresponding tensile stress—strain curves of
the initially undeformed samples are also included in this
figure. The mechanical properties of the API X70 steel sheet
as determined from the tensile and strain-reversal tests are
listed in Table 1. It is noticeable that unlike in the tensile
tests, in the strain-reversal tests, all the samples exhibit
continuous yielding behavior, which is attributed to the for-
mation of dislocations that are free from interstitial atoms
owing to precompression. This indicates that in all the

directional samples, a considerable amount of mobile dis-
locations is formed under 2% compressive strain. Moreover,
for all the samples, the yield strengths in the strain-reversal
tests are lower than those in the tensile tests. This lower yield
strength under the strain-reversal condition than under the
tensile condition is well known as the Bauschinger effect,
as described above. In polycrystalline metal materials, the
Bauschinger behavior is associated with the reduction in the
stress required for the occurrence of yielding during defor-
mation when the direction of the applied strain is reversed
[4-6, 25]. During the initial plastic deformation, numerous
dislocations are formed and piled up at crystal barriers, i.e.,
grain boundaries. These pile-up dislocations can easily move
along previously activated glide planes when the subsequent
plastic deformation is applied along the reverse direction;
this facilitates the yielding behavior and consequently leads
to a decrease in the yield strength of the material. As shown
in Fig. 4, the difference in the yield strength between the ten-
sile test and the strain-reversal test is dependent on the load-
ing direction. The decrease in the yield strength of the TD
sample by the Bauschinger effect is relatively small, 25 MPa,
whereas those of the 45D and RD samples are considerably
large, 64 MPa and 51 MPa, respectively (Fig. 4 and Table 1).
These results of the tensile and strain-reversal tests under
deformation along the RD, TD, and 45D demonstrate that
the yield strength and yield elongation of and the Bausch-
inger effect in the rolled steel sheet with an intense texture
vary significantly with the applied loading direction.

4 Discussion

4.1 Taylor Factor Analysis under RD, 45D, and TD
Loading Conditions

In materials with a specific texture, the variation in the extent
of the Bauschinger effect with the loading direction can be
explained using the relationship between the initial texture
and the slip behavior in each deformation mode [26, 27].
Slip systems in BCC metals are more complicated than those
in face-centered cubic (FCC) metals; in the latter, dislocation
slip occurs along the close-packed < 110> direction on the
close-packed {111} plane [28]. In BCC metals, however, slip
occurs along the < 111> direction, which is a close-packed
direction, and the {110}, {112}, and {123} slip planes can
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Fig.4 Comparison of stress—strain curves obtained from tensile tests and strain-reversal tests along different loading directions: of a TD, b 45D,

and ¢ RD

be activated; among them, the {110} plane has the high-
est atomic density, followed by the {112} and {123} planes
[28-30]. However, the {100} plane of a BCC structure is not
a perfectly close-packed plane, unlike the {111} plane of an
FCC structure and the {0001} plane of a hexagonal close-
packed (HCP) structure. Therefore, the dominantly activated
slip plane in each grain during plastic deformation of BCC
metals can differ according to the strain state of that particu-
lar grain, although the active slip direction is the same in all
the grains: < 111 > this is termed the < 111 > pencil glide
phenomenon of BCC metals [31-33]. However, the active
slip systems during < 111 > pencil glide are determined by
the crystallographic orientations of individual grains and the
direction of the strain imposed in the grains. Therefore, it is
necessary to identify the complicated slip behaviors in BCC
metals by considering the activities of the {112} < 111> and
{123} <111 > slip systems, having relatively lower atomic
densities, as well as that of the {110} <111 > slip system,
having the highest atomic density, because the former two

@ Springer

slip systems can also operate during deformation. Many
previous studies have demonstrated that the results of slip
behavior analysis under the assumption of <111 > pencil
glide, in which two or more slip systems are considered
instead of only the {110} < 111> slip system, are consist-
ent with the experimental results for BCC metals such as
interstitial-free steels or low-carbon steels [32, 34-36]. How-
ever, in the present study, the activity of {123} <111 >slip
system is not considered in the analysis of the deformation
behavior, because it is known that the {123} < 111> slip sys-
tem is rarely activated at low temperatures [37].

The yield and tensile behaviors of a polycrystalline
material can be analyzed using the average value of Schmid
factors of a number of randomly oriented single crystals
[38]. However, in a polycrystalline material consisting of
numerous grains, strain incompatibility between neighboring
grains occurs during plastic deformation owing to the nonu-
niformity of lattice strains developed in individual grains
[39-41]. Accordingly, in the present study, the deformation
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behavior is analyzed using the Taylor factor, which satisfies
the condition of strain compatibility between all the grains;
the Taylor model assumes that all the individual grains of a
polycrystalline material are subjected to the same strain with
the activation of multiple slip systems in each grain (i.e., the
model is based on an iso-strain assumption). In addition,
the Taylor model is known to be reasonable for materials
showing anisotropic plastic deformation because of the acti-
vation of several deformation systems, such as dislocation
slip and deformation twinning [42]. The Taylor factor of a
polycrystalline material is the average of the Taylor factors
of the individual grains of the material, and the Taylor fac-
tor is expressed as the ratio of the macroscopic stress to the
critical resolved shear stress (CRSS). Since the flow stress
is related to viscoplastic deformation, plastic deformation
of grains unfavorably oriented for dislocation slip is difficult
[43, 44]. Namely, when a grain has a higher Taylor factor, a
higher shear stress is generally required to plastically deform
the grain, because the Taylor factor represents the degree
of resistance to plastic deformation of a polycrystalline

material. Consequently, grains having a lower Taylor factor
deform more easily than do those having a higher Taylor
factor [44—46].

Figure 5 shows the Taylor factor maps obtained by EBSD
analysis under deformation conditions along the TD, 45D,
and RD when only the {110} < 111> slip system and both
the {110} <111>and the {112} < 111> slip systems are
activated. In all the loading directions, the average Taylor
factors calculated under the condition of coactivation of the
{110} <111>and {112} <111 >slip systems (2.78, 2.62,
and 2.74 for the TD, 45D, and RD samples, respectively)
are lower than those under the condition of activation of
only the {110} < 111> slip system (3.08, 2.88, and 3.06
for the TD, 45D, and RD samples, respectively) (Fig. 5).
This means that although the {110} <111 > slip system is
known to be the primary slip system in BCC metals, the
activation of the {112} <111 > slip system plays an impor-
tant role in reducing the resistance to plastic deformation.
Under both the slip conditions, i.e., under the activation only
the {110} <111 > slip system and under the coactivation of

Fig.5 Taylor factor maps
under deformation along
TD, 45D, and RD when

(a) {110}<111>

(b) {110}<111>and
(112}<111>

aonly {110} <111>slip
system is activated dur-

ing plastic deformation and
b both {110} <111>and
{112} < 111> slip systems
are activated during plastic
deformation. TF,,, denotes the D
average Taylor factor

45D

Max
22
25
28
34
34
37
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the {110} <111>and {112} <111 > slip systems, the Tay-
lor factor of the 45D sample is lower than those of the TD
and RD samples. This indicates that dislocation slips are
activated on the {110} and {112} planes more easily when
external loading is applied to the steel sheet along the 45D
than when it is applied along the TD and RD. As a result,
the yield strength of the 45D sample (587 MPa) is lower
than those of the other samples (605 MPa and 596 MPa for
the TD and RD samples, respectively) (Fig. 3 and Table 1).
Furthermore, since the RD sample has a slightly lower Tay-
lor factor than the TD sample, the yield strength of the RD
sample is lower than that of the TD sample. These results
demonstrate that the slip activity during deformation varies
considerably with the loading direction owing to the roll-
ing texture of the steel sheet, which consequently results in
anisotropy of the yield strength of the material depending
on the direction of the applied external loading.

The Taylor factor distributions under the conditions of
activation of the only {110} < 111> slip system and coacti-
vation of the {110} <111>and {112} < 111> slip systems
are shown in Fig. 6. In all the samples, the volume fractions
of grains with a high Taylor factor of 3.4 become 0 when
both {110} <111 >and {112} <111 > are the active slip

systems. As mentioned above, the average Taylor factor of
the 45D sample is lower than those of the other two samples
(Fig. 5); in particular, under the condition of coactivation of
the {110} <111>and {112} <111 > slip systems, the vol-
ume fraction of grains with Taylor factors lower than 2.2 is
0.221 in the 45D sample, which is more than twice those in
the other two samples (0.092 and 0.077 for the TD and RD
samples, respectively) (Fig. 6). This means that the number
of easily deformable grains is larger when the material is
deformed along the 45D than when it is deformed along
the TD and RD. Under the condition of coactivation of the
two slip systems, though the volume fraction of grains with
a Taylor factor of 3.1 is larger in the RD sample than in the
TD sample, the volume fraction of grains with a Taylor fac-
tor of 2.8 is much larger in the TD sample than in the RD
sample (Figs. 6a, c); as a result, the average Taylor factor
of the TD sample (2.78) is slightly higher than that of the
RD sample (2.74) (Fig. 5). Therefore, the order of the aver-
age Taylor factor for dislocation slip in the samples with
different loading directions is consistent with that of the
yield strength of the samples (i.e., TD>RD >45D). Mean-
while, as the Liiders strain occurs during the slip activity,
the Liiders strain of the 45D sample becomes larger than
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Fig.6 Taylor factor distributions under deformation along a TD, b 45D, and ¢ RD when only {110} <111 > slip system is activated and when
both {110} <111>and {112} < 111> slip systems are activated during plastic deformation
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those of the other samples because of the more vigorous
slip activity in the 45D sample, which has a lower Taylor
factor. The Liiders strain of the samples decreases in the fol-
lowing order: 45D > RD > TD; this order is consistent with
the results of Taylor factor analysis of the samples. Corre-
spondingly, the Bauschinger effect is also more pronounced
in the 45D sample owing to the easy dislocation movement
induced by its lower Taylor factor.

4.2 Determination of Slip Activation and Texture
Evolution by VPSC Simulation

The activation of each slip system was analyzed via simula-
tions using the VPSC model, and the simulation results were
compared with the experimental results. A self-consistent
polycrystalline model, which considers an interacting cluster
of grains surrounded by a homogeneous matrix, was origi-
nally formulated by Molinari et al. [47] and extended by
Lebensohn and Tomé [17, 18]. For interpreting the interac-
tion between the grains and their surroundings, the VPSC
model assumes that each grain is an ellipsoidal inclusion
surrounded by a homogeneous effective medium (HEM) and
that the formulation includes interaction equations of the lin-
early related stress and strain rates of the grain and the HEM.
In addition, since plastic deformation in the VPSC model
occurs via the physical shear mechanisms of slip and twin-
ning, the texture evolution during deformation can be pre-
dicted through VPSC simulation. In this study, the activities
of the {110} <111 >and {112} < 111> slip systems during
deformation are identified using the VPSC model based on
the VPSC code developed by Lebensohn and Tomé [17, 18].
In the simulation, the similar CRSS value is assigned to the
{110} <111>and {112} < 111> slip systems because the
CRSS values of these two slip systems in ferrite are nearly
identical, i.e., CRSS;;5, =(1.0£0.1) X CRSS,,, [48]. On
the basis of these concepts, the Voce hardening model is
used to describe the deformation behavior under each strain
mode in a grain; the values of the hardening parameters (i.e.,
70, T1» 8, and 0,) and elastic stiffness used for VPSC simula-
tions are presented in Table 2 [49-51].

Figure 7 shows the X-ray diffraction (XRD) (110) pole
figure of the rolled steel sheet; this rolling texture was used
as the initial texture in the VPSC simulation. The average
numbers of active slip systems in a grain are obtained via

RD Max = 6.4
1.00
2.10
3.20
4.20
5.30

Fig.7 XRD (110) pole figure of API X70 steel sheet, where the roll-
ing texture was used as the initial texture for VPSC simulation

VPSC simulation by inputting the strain tensors in the tensile
and compressive deformation modes along the TD, 45D, and
RD (Fig. 8). In this simulation, both the {110} < 111> and
the {112} < 111> slip systems are considered as active slip
systems in order to reflect the <111 > pencil glide during
deformation. The simulation results reveal that in both the
tensile and the compression deformation modes, the average
number of slip systems activated in each grain during defor-
mation is highest in the 45D sample (~7.4), followed by the
RD sample (~6.6) and TD sample (~5.9) (Fig. 8). Accord-
ingly, the Liiders strain produced during tensile deformation
can propagate more easily in the 45D sample than in the
other two samples because more dislocations can be formed
by the activation of several slip variants in the 45D sample.
This simulation result agrees well with the experimental
result that the Liiders strain of the 45D sample is larger than
those of the other two samples (Fig. 3). The relative activi-
ties of the {110} <111>and {112} <111 > slip systems in
the tensile and compressive deformation modes are shown
in Fig. 9. The relative activity of the {112} <111 > slip sys-
tem during deformation is higher than 0.6 in all the loading
directions and in both the tensile and the compressive defor-
mation modes, which indicates that the {112} <111>is
a dominant slip system in the steel sheet with the rolling

Table 2 Material parameters

used for VPSC simulations Slip system T, (MPa) T, (MPa) [ 0, Elastic stiffness (GPa) [49]
Cy Ci, Cy
{110} < 111> 250 170 70 5.0 236.9 140.6 116.0
{112} < 111> 270 170 70 5.0

Tp» T1» 0, and O, denote the initial CRSS, back-extrapolated CRSS, initial hardening rate, and asymptotic

hardening rate, respectively
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texture. This significant role of the {112} < 111> slip system
in the deformation behavior of the steel sheet is consistent
with the Taylor factor analysis results (Figs. 5 and 6). In
addition, the glide of dislocations formed by precompression
is easier in the 45D sample than in the other two samples,
which leads to a larger reduction in the yield strength under
subsequently applied reverse tensile loading. Namely, since
the texture variation caused by imposition of a small amount
of compressive strain (2%—-3%) is negligible, the glide of
the formed dislocations in the reverse direction also occurs

@ Springer

more easily in the 45D sample; consequently, the Bausch-
inger effect in the 45D sample becomes stronger than those
in the RD and TD samples. This indicates that the simulation
results of the number of active slip systems agree well with
the experimental results of the Bauschinger effect estimated
from the strain-reversal tests of the samples.

Figure 10 shows the experimentally measured and VPSC-
simulated textures developed during tensile deformation.
The initial texture in the simulation, which is similar to the
texture before deformation in the experiment, transforms to
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Fig. 10 VPSC simulation results of texture evolution during tensile deformation along TD, 45D, and RD. The figure shows a comparison of the

simulation and experimental results of texture at a strain of 0.20

different textures depending on the applied loading direction
during deformation. At a strain of 0.20, at which the stress
level is close to the ultimate tensile strengths of the samples,
the TD sample has high-intensity (100) poles at circumfer-
ential positions at an angle of 45° from the ND. In con-
trast, although the relatively large strain of 0.20 is applied
to the samples, the texture of the RD sample remains nearly
unchanged. In the 45D sample, strongly developed (100)
poles aligned along the direction perpendicular to the 45D
appear. These simulation results of texture at the strain of
0.2, which are calculated by considering the < 111 > pencil
glide of the coactivated {110} <111>and {112} <111 >slip
systems, are consistent with the actual textures measured
in the 20% tensioned samples (Fig. 10). In addition, it can
be seen from the VPSC simulation results that the texture
developed during tensile deformation changes considerably
with the applied loading direction and the initially developed
texture (at a strain of 0.06) remains almost unchanged until
the fracture stage (at a strain of 0.35). The good agreement
between the results of simulation performed by considera-
tion of the < 111 > pencil glide and the experimental results
indicates that the {112} <111 > slip system plays an impor-
tant role in the plastic deformation and texture evolution
of the API steel sheet and that this {112} <111 > slip sys-
tem should be considered along with the {110} < 111> slip

system in order to more clearly understand the plastic defor-
mation behavior of BCC metals with a rolling texture.

5 Conclusion

This study investigates the plastic deformation behavior and
Bauschinger effect along three different loading directions in
arolled API steel sheet with a rolling texture. The material
exhibits discontinuous yielding behavior during tension in
all the loading directions. However, the 45D sample has a
lower yield strength and larger Liiders strain than the RD and
TD samples, which is attributed to the lower Taylor factor
for dislocation slip in the 45D sample. The decrease in the
yield strength caused by the Bauschinger effect is largest in
the 45D sample, followed by the RD and TD samples. This
is because when plastic deformation is applied along the
45D, more slip systems can be activated under both tension
and compression conditions, which facilitates the move-
ment of the previously formed dislocations during strain-
reversal tests. The variation in texture during tension is also
significantly dependent on the applied loading direction.
The results of Taylor factor analysis and VPSC simulation
demonstrate that the {112} <111 > slip system is vigorously
activated during plastic deformation and that its activation

@ Springer
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plays an important role in the deformation behavior and
yield strength of the material.
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