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Highlights

® A two-step loading test was conducted on a magnesium alloy sheet.

Strong anisotropic deformation occurred when precompression was applied.
The anisotropic deformation was predicted well using a crystal-plasticity FEM.
The anisotropic deformation resulted from detwinning activity.

®
®
®
® The role of twinned region on macroscopic deformation was discussed numerically.



Abstract

Two-step loading tests were performed on an AZ31 rolled magnesium alloy sheet with
strong basal texture in the normal direction, and the deformation behavior such as a
stress—strain curve, Lankford value, and texture evolution was investigated both
experimentally and numerically. When the sheet was subjected to compression in the
rolling direction followed by tension in different directions, the following characteristic
deformation was observed during the second loading: The sigmoidal shape of the
stress—strain curve was more pronounced when the sheet was stretched in the rolling
direction but less pronounced as the loading direction approached the transverse
direction. The Lankford value during the second loading was much smaller than that of
the virgin sheet. Observation of the microstructure showed that the detwinning activity
during the second loading decreased as the loading direction approached the transverse
direction. The aforementioned deformation behavior was qualitatively well predicted
using a crystal-plasticity finite-element method. The crystal-plasticity analysis was then
used to investigate the underlying deformation mechanism upon two-step loading,
focusing especially on the effect of twinning and detwinning activities.

Keywords: B. Constitutive behavior; B. Crystal plasticity; Strain-path change; A.
twinning; A. Microstructures



1. Introduction

Magnesium (Mg) alloy sheets are expected as possible lightweight materials for
thin-walled structural components [Kulekci, 2008; Easton, et al., 2008; Taub and Luo,
2015; Frankel, 2015], but their use is still low [Askari et al., 2014; Suh et al., 2015].
One of the reasons that impede application of Mg alloy sheets is their deformation
characteristics at room temperature, such as strain-path dependency [Hama et al., 2014,
2015], tension—compression asymmetry [Lou et al., 2007; Hama et al., 2012; Nguyen et
al., 2014; Kurukuri et al., 2014], anisotropic work hardening [Hama et al., 2012a;
Steglich et al., 2012], and nonlinear response during unloading [Hama and Takuda,
2011; Hama et al., 2013; Lee and Gharghouri, 2013,Wang et al., 2013a, Hama et al,
2015a]. However, the details of these mechanisms are still open to discussion.

The strong characteristic deformation behavior of Mg alloys results primarily
from the hexagonal close-packed (hcp) structure with significantly different critical
resolved shear stresses depending on the slip and twinning systems. In particular, easy
activation of direction-dependent deformation twinning affects significantly the
mechanical behavior [Jiang et al., 2007; Knezevic et al., 2010; Fernandez et al., 2013;
Balik et al., 2016; Guo et al., 2016]. Moreover, a strong basal texture generally develops
in rolled sheets [Lou et al., 2007]; thus, the anisotropy in deformation behavior is
pronounced [Hama et al., 2014]. Therefore, the deformation characteristics in rolled Mg
alloy sheets are being actively studied to promote more effective use of Mg alloy sheets
[Ghaffari Tari et al., 2014; Steglich et al., 2014]. Thanks to recent advances in the
modeling of twinning and detwinning, crystal-plasticity models are being widely
utilized to study the macroscopic and mesoscopic deformation characteristics of Mg
alloys [Proust et al., 2009; Hama and Takuda, 2011; Hama and Takuda, 2012b; Oppedal
et al., 2013; Wang et al., 2013a, 2013b; Hama et al., 2013a, 2013b; Liu and Wei, 2014;
Wu et al., 2014; Li et al., 2014; Gu et al., 2014; Cheng and Ghosh, 2015; Qiao et al.,
2015; Sanchez-Martin et al., 2015; Abdolvand et al, 2015; Dogan et al., 2015; Kabirian
etal., 2015; Mayama et al., 2015].

Because sheet metals experience in general strain-path changes during forming
processes, the work-hardening behavior under such changes is an important deformation
characteristic. Two-step deformation is a representative deformation mode involving
strain-path changes; thus, it has been studied extensively in various sheet metals. One of
the typical examples of two-step loading is reverse loading, where the angle between the
first and second loading axes, 6, is zero but the loading directions are opposite. Strong
strain-path dependency occurs when Mg alloy sheets are subjected to reverse loading, as
mentioned earlier. A sigmoidal curve occurs under tension following compression,



whereas such a curve does not occur under compression following tension [Lou et al.,
2007; Hama et al., 2012; Nguyen et al., 2014; Kurukuri et al., 2014; Hama et al., 2015b].
Recently, it was reported that this strong strain-path dependency occurs not only in
rolled sheets with strong basal textures but also in cast sheets with random
crystallographic orientations [Hama et al., 2015b]. The underlying mechanisms of this
strain-path dependency have been studied extensively, in particular with respect to the
effect of twinning and detwinning [Lou et al., 2007; Proust et al., 2009; Hama et al.,
2012; Hama and Takuda, 2012b; Wang et al., 2013b; Wu et al., 2014; Nguyen et al.,
2014; Kurukuri et al., 2014; Qiao et al., 2015], and it is now understood that one of the
mechanisms is the activities of twinning and detwinning.

Concerning cases with #=0°, the work-hardening behavior has been studied
widely in face- and body-centered cubic metals such as steel and aluminum alloy sheets
both experimentally and numerically [Kim and Yin, 1997; Teodosiu and Hu, 1998; Hoc
and Forest, 2001; Peeters et al., 2001; Hahm and Kim, 2008; Holmedal et al., 2008;
Rauch et al., 2011; Wang et al., 2012; Segurado et al., 2012; Gérard et al., 2013;
Kitayama et al., 2013; Barlat et al., 2013; Manik et al., 2015]. For Mg alloys, on the
other hand, a few studies on two-step compression tests have recently been reported.
Sarker and Chen (2014) conducted a test of precompression in the extrusion direction
(ED), followed by compression in the normal direction (ND) in an extruded AM30 Mg
alloy with a strong basal texture in the ND, and they investigated the work-hardening
behavior such as vyield strength, ultimate compressive strength and the twinning
activities, including secondary twins and detwinning. Xu et al. (2014) studied the
generation of {101 2}—{101 2} double twins and their effect on work-hardening
behavior under precompression in the rolling direction (RD), followed by compression
in the transverse direction (TD) in a hot-rolled AZ31 Mg alloy sheet with a strong basal
texture in the ND. Shi et al. (2015) also examined the generation and role of {101 2}-
{101 2} double twins under precompression in the RD, followed by compression in the
TD in a hot-rolled commercial AZ31 alloy sheet with a strong basal texture in the ND. It
is evident from the abovementioned examples that most of the previous studies for Mg
alloys have focused primarily on twinning activity and its effect on work-hardening
behavior [Sarker et al., 2014; Xin et al., 2014; Xin et al., 2015; Park et al., 2015].

The deformation behavior during the second loading in two-step compression
would be governed by both twinning and detwinning, as described in the
abovementioned studies. On the other hand, it is expected that the deformation behavior
during the second loading may be governed primarily by detwinning when Mg alloy
sheets are subjected to two-step compression—tension, i.e., compression in the first



loading, followed by tension along different directions in the second loading. Therefore,
the deformation behavior would be notably different between two-step compression and
two-step compression—tension. However, in contrast to two-step compression, the
deformation behavior under two-step compression—tension has hardly been investigated.
To the best of our knowledge, Park et al. (2013a) first studied the deformation
characteristics of a hot-rolled AZ31 Mg alloy plate with a strong basal texture in the ND
under two-step compression—tension. They investigated experimentally the deformation
behavior under compression in the RD followed by tension or compression in the RD,
the TD, and at 45° from the RD, and they found that the detwinning activity decreased
as the second loading direction approached the TD. Moreover, they presumed that slip
and twinning activities in the twinned region during the second loading would yield
pronounced anisotropic deformation behavior. Because their study focused on twinning
activity, a further effort is required to understand macroscopic deformation behavior
such as yield stress and work hardening. Moreover, rectangular-shaped specimens were
utilized in their study; thus, changes to the Lankford value, which is an important
measure in sheet metal forming, upon the two-step loading were not investigated.
Because twinning and detwinning activities affect the thickness strain in rolled Mg alloy
sheets with strong basal texture, it is expected that the Lankford value would change
significantly upon two-step loading. However, such results have not been reported yet.

It should also be mentioned that, unlike cubic metals, a theoretical model of the
deformation behavior under two-step loading in Mg alloys has scarcely been studied
except for reverse loading. Very recently, Wen et al. (2015) conducted two-step tension
tests on a rolled Mg alloy sheet with a strong basal texture in the ND and investigated
the mechanical behavior, including the stress—strain curve and evolution of the Lankford
value. A dislocation density-based crystal-plasticity model was also used to discuss the
deformation mechanism. Note that the twinning activity was negligible in their tests,
and detwinning was in fact neglected in their model. As far as we know, simulation of
the deformation behavior upon two-step loading with 6=0°, where the activities of
twinning and detwinning are significant, has not been reported.

In the present study, the deformation characteristics of a rolled AZ31 Mg alloy
sheet under two-step loading was investigated both experimentally and numerically. The
sheet was subjected to tension or compression along the RD in the first loading,
followed by tension along different directions in the second loading. The mechanical
behavior, including stress—strain curves and Lankford values, and the microstructure
evolution were studied in detail. A crystal-plasticity finite-element method (FEM) was
also used to investigate the underlying deformation mechanism with respect to



microscopic slip and twinning activities.

2. Experimental procedures

A commercially rolled AZ31B Mg alloy sheet (Osaka Fuji Corporation) was
used as a material under test. The Mg alloy sheet was annealed with a condition of
350 °C for 1.5 h before it was received. The nominal thickness of the received sheet was
1.0 mm. Table 1 summarizes the mechanical properties of the sample obtained from a
uniaxial tensile test along the RD at room temperature.

The experimental procedure of the two-step loading test is described. It is
schematically illustrated in Fig. 1. The experiment was conducted at room temperature.
Firstly, a large sample with the gauge length of 156 mm and the gauge width of 60 mm
(Fig. 2 (a)) was subjected to uniaxial tension or compression along the RD. The
geometry was determined using FEM, such that sufficiently uniform stress and strain
distributions were attained near the center of the gauge section. A nominal strain exerted
on the large sample was either 6%, —3%, or —6%. Note that comb-shaped dies
[Kuwabara et al., 2011; Hama et al., 2012] were employed to perform the test using the
large sample without involving buckling during compression, as schematically
illustrated in Fig. 3. The compressive through-thickness stress imposed was less than
1.0% of the 0.2% proof stress. The comb-shaped dies and the sample were coated with
hydraulic oil before the test to reduce friction.

Subsequently, small samples with the gauge length of 20 mm and the gauge
width of 6 mm (Fig. 2 (b)) were cut from the center part of the prestrained large sample
along different directions by using wire electric discharge machining. The photograph
of small sample preparation is displayed in Fig. 4. The angles between the first and
second loading axes, &, were 0, 30, 45, 60, and 90°. Thereafter, a uniaxial tensile test
was conducted using the small samples to a nominal strain of 10%. Note that the stress-
strain curves obtained in the second loading were almost independent of the position on
the prestrained large sample, suggesting that the texture evolution during the first
loading would be approximately uniform in the center part of the prestrained large
sample.

In the both tests using the large and small samples, an initial strain rate was set
to approximately 5.0 x 10#/s™%. A uniaxial strain gauge (Kyowa Electronic Instruments,
KFEM) was attached to the samples to measure nominal strains in the loading direction.

The evolution of crystallographic orientation was measured on a TD-ND plane
of the —6% prestrained sheet using electron backscatter diffraction (EBSD). The surface
was polished by using cross-section polishing. The measurements were conducted with



a step size of 0.3 um. OIM-Analysis 7 (TSL Solutions) was used to analyze the
measured data. Note that measured data with a confidence index less than 0.1 were
omitted to increase the accuracy of the analyses. Because reliable EBSD measurement
of prestrained samples was difficult due to high dislocation densities, the samples were
annealed for 12 h at 160 °C before the measurement to remove the dislocations. This
annealing condition was employed because it had been reported in the literature [Xin et
al., 2014] that the annealing did not damage twin structures.

The area fraction of twins was used to examine twinning and detwinning
activities quantitatively. The area fraction, Ruwin, is defined as

twin

R =Aun 00, (1)
A

where A and Awin denote respectively the entire area of the observed microstructures
and the area of twins that are present. At least five different photographs of the
microstructures were measured for each condition. For the sake of convenience,
microstructures observed using an optical microscope were used for the measurement of
area fraction. For the microstructure observation using an optical microscope, a TD-ND
plane was mechanically polished and then chemically etched with a mixture of picric
acid, ethanol, acetic acid, and distilled water, as in our previous study [Hama et al.,
2012, 2014b].

3. Crystal-plasticity FEM
3.1 Constitutive equation

Because the formulations have been explained in detail elsewhere [Hama and
Takuda, 2011, 2012b; Hama et al., 2013], a description is given briefly. The reader is
referred to the literatures for details.

The viscoplastic power law was used to represent the slip rate of the a-slip system,
#, as follows [Pan and Rice, 1983] :
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where 5, denotes the reference-strain rate, m denotes the rate-sensitivity exponent, and
7 denotes the resolved shear stress. ¥ denotes the deformation resistance of slip
system and its evolution law is given using the interaction matrix, gas, and the
hardening rate, h*’), in the form:
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The following hardening laws are utilized [Graff et al., 2007; Hama and Takuda, 2011]:
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Following past studies [Hama and Takuda, 2012; Wang et al., 2013b], kinematic
hardening is not taken into consideration in this study to simplify the problem. On the
other hand, recently Wen et al. (2015) reported that in their simulation of two-step
tension tests of a rolled Mg alloy sheet back stress exerted some influence on the yield
stress in the second loading. Moreover, Qiao et al. (2015) presumed that back stress
would affect the work-hardening behavior when a Mg alloy was subjected to cyclic
loading. These past studies suggest that implementation of a kinematic hardening model
may be required to thoroughly investigate the deformation behavior of Mg alloys. This
will be done in future work.

3.2 Slip and twinning systems
The present crystal-plasticity model takes basal <a>, prismatic <a>, and

pyramidal < ¢ + a > slip systems and {1 01 2} tension twinning systems into

account. Linear [eq.(4)] and Voce [eq.(5)] hardening laws are respectively utilized for
basal slip and nonbasal slip.

3.3 Twinning and detwinning model

Thus far several twinning and detwinning models have been proposed [e.g. Proust
et al., 2009; Wang et al., 2013b; Gu et al., 2014]. In the present study a twinning and
detwinning model proposed by the present authors [Hama and Takuda, 2012; Hama et
al., 2013] was used. This model had been developed on the basis of a twinning model

proposed by Van Houtte (1978). The present model assumes that twinning is active only
when tensile stress acts on the c-axis, i.e., 7“0, and detwinning can be activated

when the sign of £« changes from positive to negative. Egs. (2) and (4) are used to
describe the evolution of twinning as well as detwinning. Note that the initial strength of



detwinning is set to be an independent material parameter that should be determined
prior to carrying out the simulation. The slip systems are subjected to the twinning
rotation when the volume fraction in a grain, -7/,  where » . and 7
denote respectively the reference-shear strain and the accumulated shear strain induced
by twinning, exceeds a threshold value, £/, which is randomly predetermined to be in
the range 0.3<f/? <1.0. A similar procedure is utilized for the detwinning rotation.

The abovementioned crystal-plasticity model was implemented into a static FEM.
The rate tangent modulus method [Pierce et al., 1984] and the generalized rmin Strategy
were utilized to prevent a rapid rise in the nonequilibrated forces due to the explicit time
integration. It is worth noting that the generalized rmin Strategy is in fact useful for
preventing simulations from being unstable during twinning or detwinning rotation.

One of the advantages of the crystal-plasticity FEM is that elasticity can be easily
taken into account in the simulation. Because Mg alloy show large elastic recovery and
strong nonlinear deformation during unloading, it is important to evaluate these
characteristics when the Lankford value is measured. In the present study, the utilization
of the crystal-plasticity FEM enabled a comparison of the Lankford value between the
experiment and the simulation as will be described in section 4.2, which is
advantageous compared to visco-plastic models [e.g. Proust, et al., 2009].

3.4 Simulation procedures

The finite-element model displayed in Fig. 5 was utilized. The model consisted of
10 uniform elements in each direction. A type of finite element was the 8-node
isoparametric brick element. The crystallographic orientations of the virgin sheet
measured using EBSD analysis were randomly assigned to each integration point of the
finite-element model. Note that each finite element had a different initial
crystallographic orientation. The pole figures of the virgin sheet are depicted in Fig. 6(a).
A basal texture free of twinning appeared in the present Mg alloy sheet, as shown in Fig.
6(b). The average grain size was approximately 14 um. As explained in our previous
studies [Hama and Takuda, 2011, 2012a, 2012b; Hama et al., 2013], the
abovementioned simulation model gave qualitatively reasonable results for the
deformation behavior in polycrystalline Mg alloy sheets, including reverse loading,
unloading, and biaxial tension.

The simulation procedure of the two-step loading was as follows. For the first
loading, the X, y, and z directions were respectively specified to be the RD, TD, and ND,
and the finite-element model was stretched or compressed in the x direction by
imposing displacement boundary conditions to the plane x = | [Fig. 5]. When a



predetermined strain was attained, the model was unloaded until the forces became
negligibly small. Thereafter, the crystallographic orientations and the residual stress
tensors were rotated around the z-axis (ND) with respect to angle 6. At the same time,
the geometry of the finite-element model was initialized. Subsequently, for the second
loading, the model was stretched until a tensile strain of 10% was attained. The
plane-symmetry conditions were imposed to the planes x =0,y =0, and z = 0 in both
the first and second loadings.

3.5 Parameter identification

Because elastic anisotropy is not significant in Mg, isotropic elasticity was
assumed. Young’s modulus, Poisson’s ratio, and the rate-sensitivity exponent were
respectively taken to be E = 42 GPa, v = 0.3, and m = 0.02 [Hama et al., 2013; Hama
and Takuda, 2011], which are the typical values for Mg alloys. The reference-strain rate

was taken to be 7, =0.001 s™.

The hardening parameters were identified in the following manner. Considering
the strong basal texture of rolled Mg alloy sheets, the Lankford value was assumed to be
determined primarily by the ratio of activities between prismatic slip and pyramidal
<c+a> slip. This assumption led to the identification procedure, which consisted of the
following four steps. Note that the parameters used in our previous studies [Hama and
Takuda, 2011, 2013] were used as an initial guess.

(1) The hardening parameters for basal slip were roughly determined to achieve
reasonable agreement in the initial yield stress under tension.
(2) The ratios of the hardening parameters between prismatic slip and pyramidal <c+a>
slip were roughly estimated to obtain reasonable agreement in the evolution of the
Lankford value under tension.
(3) The hardening parameters for prismatic slip and pyramidal <c+a> slip, as well as
basal slip, were adjusted to achieve reasonable agreement in the stress—strain curve
under tension.
(4) The hardening parameters for twinning and detwinning were determined using the
stress—strain curves under compression and compression—tension, respectively.
The above four steps were repeated until the stress—strain curves under tension,
compression, and compression-tension and the evolution of the Lankford value were
reasonably reproduced using a single set of parameters.

The interaction matrix, qep, also plays an important role in the prediction of
work-hardening behavior; thus, it is being investigated actively in Mg both



experimentally [Hiura and Niewczas, 2015] and numerically [Bertin et al., 2014].
However, an effective model of the latent hardening has not been established yet. In the
present study, the parameters of gqp reported by Graff et al. (2007) shown in Table 2
were utilized because the deformation behavior under uniaxial tension and compression,
unloading, reverse loading, and biaxial tension could be predicted fairly well by
utilizing the parameters in our previous study [Hama and Takuda, 2011, 2012; Hama et
al., 2013]. Note that presently it is difficult to fully validate this choice only from the
results of monotonic and uniaxial loading. For instance, different interaction matrixes
were used in the crystal plasticity analyses of the deformation behavior of Mg alloys
[e.g. Wang et al., 2013; Graff et al., 2007; Hama and Takuda, 2012], and the simulation
results were in fairly good agreement with experimental results irrespective of the
interaction matrixes. Moreover, great care is necessary when the effect of the interaction
matrix on the simulation accuracy is discussed because the interaction matrix is strongly
related to the hardening parameters in simulation.

Experimental data used for the parameter identification were obtained using a
medium-sized sample with a gauge length of 53.5 mm [Hama et al. 2012].
Comb-shaped dies were utilized in all conditions, i.e., monotonic tension, monotonic
compression, and compression-tension, to unify the experimental conditions. The
hardening parameters identified using the abovementioned procedure are displayed in
Table 3. The reference-shear strain was taken to be y, . =0.17. The stress-strain curves
under tension, compression, and compression—tension, and the evolution of the
Lankford value under tension in the RD obtained from the experiment and the
simulation are depicted in Fig. 7. Note that the Lankford value was measured after
unloading at each strain in both experiment and simulation. The simulation results are
denoted by original simulation in Fig. 7. The simulation results are in fairly good
agreement with the experimental results, demonstrating that the parameters are
acceptable.

4. Results and discussion
4.1 Effect of initialization of model geometry on simulation result

As explained before, the geometry of the finite-element model was
initialized at the beginning of the second loading. This initialization would affect the
prediction accuracy of stress—strain curves, as well as the evolution of the Lankford
value. To evaluate its effect on the simulation results, the results of compression—tension
and monotonic tension were compared between the original simulation, explained in
section 3.5, and the simulation with the initialization (two-step simulation). The



simulation procedure of the latter case is as follows. For compression—tension, the
model is compressed to a strain of 4% in the RD, followed by initialization of the model
and tension in the RD, i.e., = 0°. For monotonic tension, the model is stretched to a
strain of 6% in the RD, followed by the initialization and tension in the RD.

The stress—strain curves obtained from the two-step simulation are presented in
Figs. 7(a) and 7(b). In compression—tension, the occurrence of the sigmoidal curve is
clearly delayed as compared to that of the original simulation. In monotonic tension, the
result is almost identical to the original result. In contrast, regarding the evolution of the
Lankford value presented in Fig. 7(c), the results at strains larger than 5%, i.e., after the
initialization of the model, are apparently larger than the original results. These results
indicate that, as we expected, the initialization of the model geometry somewhat affects
the prediction accuracy of the stress—strain curve and the Lankford value. Therefore, in
the following, we focus our attention instead on qualitative trends of the simulation
results.

4.2 Results of mechanical behavior

In this section, the results obtained in the second loading are described. The
experimental and simulation results of true stress—strain curves obtained with different
angles are shown in Fig. 8. Note that all the results are shifted to start from the origin. In
the virgin sheet [Fig. 8(a)], the strain hardening behavior is almost independent of the
angle, whereas the yield and flow stresses are the largest for the angle 6 = 0° and
decrease slightly as the angle increases. These tendencies are predicted qualitatively
well in the simulation results. However, at the same time, the flow stress is slightly
larger in the simulation results than in the experimental results, irrespective of the angle.
This inconsistency is owing to the friction between the sample and the comb-shaped
die; the hardening parameters were determined on the basis of the experimental results
obtained using the medium sample with the comb-shaped dies [Fig. 7], whereas the
comb-shaped dies were not utilized in the second loading of the two-step loading test.
Therefore, we have to bear this inconsistency in mind when comparing the stress—strain
curves between the experimental and simulation results below.

The difference in the flow stress as a function of the angle is more pronounced in
the 6% prestrained sheet [Fig. 8(b)] than in the virgin sheet. In the 6% prestrained sheet,
the slope of the curve changes sharply upon vyielding in the case of the angle € = 0°,
whereas the change in slope is gentle for other angles. Interestingly, the flow stress in
the case of the angle 8= 90° is slightly larger than that of the angles 8 = 45 and 60° at
strains larger than approximately 6%. Similar results were also reported in the literature



[Wen et al., 2015]. The abovementioned tendencies are predicted qualitatively well in
the simulation results.

Strain hardening behavior in the —3% and —6% prestrained sheets is significantly
different from that of the 6% prestrained sheet, as shown in Figs. 8(c) and 8(d). The
evolution of the work-hardening rate is also displayed in Fig. 9. For both —-3% and —6%
prestrained sheets, the yield stress rises with rising angle. A sigmoidal curve is presented
for the angles @ =0 and 30°, whereas a monotonic increase is presented for the angles &
= 45, 60, and 90°. In contrast, the flow stress in the latter stage of deformation is rather
complicated; the flow stress is the largest for the angle &= 90° and the flow stresses for
the angles @ = 0 and 30° are larger than those of the angles 8 = 45 and 60°. The
abovementioned tendencies are irrespective of the amount of compressive prestrain and
are well predicted in the simulation results for the —6% prestrained sheet. In the —3%
prestrained sheet, the strain hardening behavior and the yield stresses are predicted
fairly well in the simulation. On the other hand, the flow stresses in the latter stage for
the angles 8= 0, 30, and 45° are overestimated in the simulation; thus, the flow stresses
are larger for the angles ¢ = 0 and 30° than for the angle & = 90°. Apparently, this
magnitude relationship of the flow stress is different from that of the experiment. Note
that in the experimental results of the —3% prestrained sheet the slope of the stress—
strain curve changes sharply at the very beginning for the angles ¢ = 0, 30, and 45° as
designated by A in Fig. 8(c). This sharp change in the slope can also be observed in the
work-hardening rate as designated by A in Fig. 9(a). In contrast, this trend does not
occur in the simulation results. Because this trend does not occur in the conventional
compression—tension as shown in Fig. 7(b), this sharp change in the slope would result
from the preparation of the small sample.

Subsequently, the evolution of the Lankford value is described. The Lankford
value was measured after unloading at each strain in both experiment and simulation.
Because it is presumed from the stress—strain curves [Figs. 8(c) and 9(a)] that for the —
3% prestrained sheet a reliable comparison between the experiment and the simulation
cannot be performed in the evolution of the Lankford value, the results of the virgin, 6%
prestrained, and —6% prestrained sheets are explained below.

Fig. 10 displays the experimental and simulation results of the Lankford values
measured after the second loading, i.e., at a nominal strain of 10%. The results for the
virgin sheet using the small sample are also provided. In the experimental results, the
Lankford values for the 6% prestrained sheet are close to those of the virgin sheet,
indicating that the Lankford value is insensitive to pre-tension. On the other hand, the
Lankford values are much smaller in the —6% prestrained sheet than in the other two



sheets, regardless of the angle. This result shows that thickness strain occurs much more
easily in the —6% prestrained sheet than in the other two sheets.

The simulations tend to either underestimate or overestimate the Lankford
values in all the sheets. On the other hand, the following tendencies observed in the
experimental results are predicted qualitatively well in the simulations. For both virgin
and 6% prestrained sheets, the Lankford values increase as the angle increases from 6=
0 to 45° and decreases from €= 45 to 90°. For the —6% prestrained sheet, the Lankford
values are smaller than those of the other sheets, irrespective of the angle, and it is the
largest for the angle 6 = 60°.

The aforementioned results suggest that the present simulation model,
including the twinning model, hardening parameters, latent hardening moduli, and
simulation procedure of the two-step loading, have some room for further improvement
in terms of quantitatively accurate predictions. Nevertheless, we consider that the
obtained simulation results are acceptable because the results can capture the qualitative
trends observed in the experimental results, at least for the virgin, 6% prestrained, and —
6% prestrained sheets.

4.3 Microstructures

Figs. 11 and 12 show the results of EBSD measurements for the —6% prestrained
sheet. The microstructures were measured at the beginning and end of second loading,
i.e., at nominal strains of 0 and 10%. Note that almost all of the activated twins

observed in our measurements were {1 0 T 2} tension twinning, ie, {1 0 T 1}

compression twinning was hardly observed. Therefore, in the following, the term

“twinning” denotes {1 01 2} tension twinning unless otherwise noted.

Strong peaks appear in the RD in the (0001) pole figure at the beginning of the
second loading [Fig. 11(a)] because of the twinning activity [Fig. 12(a)]. On the other
hand, in the <101 0> pole figure, the intensity is relatively stronger in the TD than in the
RD. The textures at the end of the second loading are significantly different, depending
on the angle. For the angle &= 0°, a twinned region is hardly visible [Fig. 12(b)] and the
pole figures [Fig. 11(b)] are close to the initial ones [Fig. 6(a)], which indicates that
detwinning is very active. As the angle increases, the remaining twinned region
increases [Figs. 12(c)-12(f)] and the peaks in the RD in the (0001) pole figure and in
the TD in the <101 0> pole figure become more pronounced [Figs. 11(c)-11(f)]. These
results show that the detwinning activity decreases as the angle changes from 6= 0 to



90°.

The pole figures obtained from the simulation are shown in Fig. 11. The
abovementioned evolutions of texture are predicted qualitatively well in all the results.
In contrast, from a quantitative viewpoint, the simulation results are not always in
agreement with the experimental results. For instance, the pole figures at the beginning
of the second loading (Fig. 11 (a)) are quantitatively different: the peaks in the RD in
the (0001) pole figure are much weaker in the simulation result than in the experimental
result. This discrepancy eventually yields the quantitatively inaccurate simulation
results at the end of the second loading especially for the angles &= 45, 60, and 90°. As
described in section 3.3, the twinning rotation is determined by the reference-shear
strain y,_ and a predetermined threshold value f/© in the present crystal plasticity
model. Therefore, the simulation result of pole figures may be improved if these
parameters are adjusted more carefully. However, because the physical meaning of the
threshold value is scarce, it would be difficult to justify adjusted parameters. This is one
of the disadvantages of the present crystal plasticity model.

Fig. 13 depicts the area and volume fractions of twins obtained from the experiment
and the simulation. The experimental result of the area fraction at the beginning of the
second loading is approximately 45%. The area fraction at the end of the second loading
is approximately 7% for the angle 8 = 0°, and it increases with increasing angle.
Because the difference in the area fraction between the beginning and end of the second
loading corresponds to detwinning activated during the second loading, this result is
consistent with the EBSD measurement. The simulation results of the volume fraction
are in fairly good agreement with the experimental results.

From these results, we conclude that the mesoscopic deformation behavior under the
two-step loadings is also predicted qualitatively well in the present simulation. Note that
only detwinning was taken into account as an additional model to simulate the
deformation upon strain-path change. One of the reasons for the successful simulation
would be that the activities of twinning and detwinning and the difference in the critical
resolved shear stresses among the slip and twinning systems play a dominant role in the
deformation behavior. Another reason may be that the second loading was tension; thus,
during the second loading double twinning would be negligible and the twinning
activity is small as will be discussed in section 4.6. In other words, the present
crystal-plasticity model may not be able to capture the deformation characteristics in a
case where the second loading is compression because double twinning and an activity
of twin modes other than the pre-dominant twin mode during the first loading would be
involved. Moreover, a more complex latent hardening model may also be required in



such a case as Qiao et al. (2015) pointed out.

In the meanwhile, the effect of latent hardening on the strain hardening behavior
would be more pronounced under two-step loading with #=0° than under uniaxial
loading; thus, it is presumed that the effect of the interaction matrix on the simulation
accuracy can be examined in detail using the present experimental results. A further
development of the model for general non-proportional loadings will be tackled in our
future work.

In the following sections, the deformation mechanism is investigated in detail using
the simulation results.

4.4 Deformation mechanism in the virgin sheet

First, the effect of the angle on the evolution of slip and twinning activities in the
virgin sheet is examined. Fig. 14 presents the evolution of relative activity during
monotonic tension with different angles in the virgin sheet. The relative activities are
evaluated separately for the matrix and twinned regions. However, because the activities
in the twinned region are negligible in the virgin sheet, only the results in the matrix
region are presented here. Note that the instantaneous oscillations observed in the
relative activities are because of the lattice rotation due to twinning. The activities of
basal slip and prismatic slip are pronounced during tension, irrespective of the angle. As
the angle increases, the activity of prismatic slip decreases slightly, whereas the
twinning activity increases slightly. The pyramidal slip is also active, and its activity is
almost irrespective of the angle. These results suggest that the flow stress decreases as
the angle increases [Fig. 8(a)] because twinning becomes more activated instead of
prismatic slip. The increase of twinning activity with increasing angle would be because
the crystallographic orientations are more dispersed in the TD than in the RD [Fig.

6(2)].

4.5 Deformation mechanism in 6% prestrained sheet

Fig. 15 presents the relative activities during the second loading with different
angles. Because the activities in the twinned region are negligible except for detwinning,
irrespective of the angle, the results in the matrix region and detwinning are displayed
here. The detwinning activity at the beginning of deformation is negligible for 6 = 0°,
whereas it increases as the angle increases. As a result, the increasing tendency of the
prismatic slip activity at the beginning becomes moderate. This large activity of
detwinning may be due to the following mechanism. Because of the strong basal texture
and the polar characteristics of twinning, twinning is mainly activated by compressive



stresses in the TD during the first loading (tension along the RD). Therefore, in the
second loading, it becomes easier to activate detwinning as the tensile direction
approaches the TD, i.e., 8= 90°. It is presumed that this large activity of detwinning at
the beginning eventually yields the gentle change in the work-hardening rate at the
beginning for 8= 30, 45, 60, and 90° [Fig. 8(b)].

Note that the activities of other slip and twinning systems are similar to those of
the virgin sheet, including the increase of twinning activity with increasing angle. As a
result, the volume fraction of twins at the end of the second loading increases with
increasing angle as shown in Fig. 16. In contrast, it is presumed that new slip systems
that are not active during the first loading would be activated in the second loading and
that this tendency would become more pronounced as the angle increases. This
presumption is supported by the observation that the difference in flow stress as a
function of the angle is more pronounced in the 6% prestrained sheet than in the virgin
sheet, despite the similar activities of the slip and twinning systems.

4.6 Deformation mechanism in —6% prestrained sheet

Fig. 17 shows the relative activities during the first loading, i.e., compression. The
activities of twinning and basal slip are pronounced in the matrix region in the initial
stage. The prismatic slip is also activated to a small extent. Thereafter, the twinning and
basal slip activities gradually decrease in the matrix region, whereas in the twinned
region the basal slip activity increases.

Fig. 18 presents the relative activities during the second loading. The relative
activities are significantly different from those of the virgin and 6% prestrained sheets.
In the case of € = 0°, which corresponds to typical reverse loading, the detwinning
activity is the largest among the active deformation mechanisms in the initial stage. The
detwinning activity starts to decrease rapidly at a strain of approximately 0.025 and then
approaches zero. In contrast, the activity of prismatic slip starts increasing sharply at a
strain of approximately 0.06. This rapid transition from detwinning-dominated
deformation to slip-dominated deformation yields the sigmoidal shape in the stress—
strain curve [Hama and Takuda, 2012].

As we expected, the detwinning activity in the initial stage gradually decreases as
the angle increases. Alternatively, the prismatic slip activity in the initial stage increases
gradually. Particularly, prismatic slip is very active from the beginning of the second
loading for the angles ¢ = 45, 60, and 90° thus, a clear transition from
detwinning-dominated deformation to slip-dominated deformation as observed in the
cases of the angles =0 and 30° does not occur. Moreover, the prismatic slip activity in



the twinned region also increases with increasing angle. From the abovementioned
difference in relative activities as a function of the angle, the mechanism that yields the
anisotropy in the stress—strain curve is explained as follows. The yield stress in the
second loading increases with increasing angle because the prismatic slip activity rather
than the detwinning activity increases with increasing angle. For the same reason, the
monotonic increase occurs in the stress—strain curves for the angles 8 = 45, 60, and 90°
because a clear transition from detwinning-dominated deformation to slip-dominated
deformation does not occur. These results suggest that the shape of the stress—strain
curve is primarily governed by the prismatic slip activity.

Next, the mechanism resulting in a smaller Lankford value in the —6% prestrained
sheet than in the virgin sheet is discussed. It is presumed that the twinning activity
would affect the thickness strain in rolled Mg alloy sheets with strong basal texture.
Steglich et al. (2014) compared the Lankford value in a rolled Mg alloy sheet between
tension and compression and found that the Lankford value under compression was
much smaller than that under tension. They presumed that this result occurred because
of pronounced twinning activity during compression. It is hypothesized that the above
presumption is applicable also to the present case: the Lankford value is smaller in the —
6% prestrained sheet because the thickness decreases largely owing to the detwinning
activity. To support this hypothesis, the two-step simulation is performed without
allowing detwinning for the —6% prestrained sheet. The simulation results of the
Lankford value are shown in Fig. 19 (condition A). As we expected, the Lankford value
is much larger than the original result, irrespective of the angle. Apparently, this result
demonstrates that in rolled Mg alloy sheets, the thickness strain is affected by
detwinning as well as twinning. The abovementioned results further suggest that it may
be possible to control the thickness strain in rolled Mg alloy sheets somewhat by
utilizing twinning and detwinning activities. This presumption is consistent with the
work done by Park et al. (2013b): the stretch formability of rolled Mg alloy at room
temperature was improved by imparting precompression, which might be attained
because of detwinning and basal slip activities in the twinned region.

4.7 Role of slip and twinning activities in twinned region

The relative activities during the second loading in the —6% prestrained sheet [Fig.
18] suggest that the effect of slip and twinning activities in the twinned region on the
deformation behavior increases with increasing angle because of the decrease in the
detwinning activity. To investigate this effect on the deformation behavior in detail, the
two-step simulation is conducted for the —6% prestrained sheet under the assumption



that slip and twinning activities except for detwinning are not allowed in the twinned
region. The obtained stress—strain curves are presented in Fig. 20. For reference, the
experimental results are also displayed. The stress—strain curve for € = 0° is in fairly
good agreement with the experimental results, although the flow stress in the initial
stage is somewhat larger than that of the experiment. This result would be because the
activities in the twinned region are small. On the contrary, for 8 = 30, 45, 60, and 90°,
the flow stresses are apparently larger than those of the experimental results. This
tendency is more pronounced as the angle increases. These large flow stresses occur
because the twinned regions act as inclusions during deformation. These results indicate
that slip and twinning activities in the twinned region play an important role in the flow
stress during the second loading when detwinning is difficult to activate as in the case of
6 =190°.

In contrast, the effect of slip and twinning activities in the twinned region on the
Lankford value is small, as shown in Fig. 19 (condition B). Comparing the results
between the case where detwinning is not allowed (condition A) and the case where slip
and twinning in the twinned region are not allowed (condition B), the change in the
Lankford value from the original results is apparently larger in condition A than in
condition B. This result indicates that the change in Lankford value associated with
precompression is primarily owing to the detwinning activity and that slip and that the
twinning activities in the twinned region have only a collateral effect.

5. Conclusions

The deformation characteristics of a rolled magnesium alloy sheet during two-step
loading were studied both experimentally and numerically. The sheet was subjected to
in-plane tension or compression in the rolling direction, followed by in-plane tension in
different directions. The stress—strain curve, Lankford value, and texture evolution,
including twinning and detwinning activities, were investigated in detail. A
crystal-plasticity finite-element method was utilized to support the discussion. The
results obtained in this study are summarized as follows:
(1) The prestretched sheet exhibited a monotonic increase in the stress—strain curve
during the second loading irrespective of the angle between the rolling direction and the
loading direction in the second loading, &, as seen in the virgin sheet. In contrast, from a
quantitative viewpoint, the anisotropy in flow stress was more pronounced in the
prestretched sheet than in the virgin sheet. Moreover, the change in stress in the vicinity
of yielding was gentle when the angle was not zero.
(2) The precompressed sheet presented strong anisotropy in the stress—strain curve: a



sigmoidal curve occurred for the angles ¢ = 0 and 30°, whereas a monotonic increase
was exhibited for the angles 6 = 45, 60, and 90°. The yield stress increased with
increasing angle, whereas the flow stress in the latter stage of deformation was rather
complicated: the flow stress was the largest for the angle 8 = 90° and the flow stresses
for the angles 8= 0 and 30° were larger than those of the angles 8 = 45 and 60°. EBSD

measurements revealed that a {1 01 2} detwinning activity decreased as the angle

increased.

(3) The Lankford values for the 6% prestrained sheet were close to those of the virgin
sheet. In contrast, the Lankford values were much smaller in the —6% prestrained sheet
than in the virgin sheet, irrespective of the angle. These results indicate that the
Lankford value was insensitive to pre-tension, whereas it was sensitive to
precompression.

(4) The simulation results of the crystal-plasticity analysis of the two-step loading were
qualitatively in good agreement with the experimental results in terms of the stress—
strain curve, Lankford value, texture evolution, and twin fraction. However, the
simulation results were rather poor when the compressive strain imparted in the first
loading was small. Moreover, the simulation results of the Lankford values were not in
quantitative agreement with the experimental results. These results suggest that the
present simulation model of two-step loading still has some room for further
improvement in terms of quantitatively accurate predictions.

(5) The simulation results showed that the pronounced anisotropy in the stress—strain
curve observed during the second loading could be illustrated from the perspective of
the detwinning activity. Particularly, in the precompressed sheet, the decrease in the
detwinning activity with increasing angle yielded both the increase in yield stress and
the monotonic increase in the stress—strain curve. Moreover, the simulation results also
suggest that in the precompressed sheet, the shape of the stress—strain curve was
primarily governed by prismatic slip.

(6) It is presumed from the numerical experiments that slip and twinning activities in
the twinned region played an important role in the stress—strain response during the
second loading. In contrast, it is also suggested that their effect on the Lankford value
was rather small. Alternatively, the significant decrease in the Lankford value in the —
6% prestrained sheet would be primarily owing to the detwinning activity.
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Table 1 Mechanical properties of the rolled Mg alloy sheet obtained under tension *

E GPa orMPa op2MPa F MPa n
43.0 271 188 440 0.175

*

E is Young’s modulus, oris the ultimate tensile strength, and ov. is the 0.2%
proof stress. The true stress-logarithmic strain curve was approximated using the

equation o =F¢g".



Table 2. Latent-hardening parameters, q,,, used in the present study [Graff et al., 2007].

Basal Prismatic Pyramidal <c+a> Twinning
Basal 0.2 0.5 0.5 0.5
Prismatic 0.2 0.2 0.2 0.5
Pyramidal <c+a> 1.0 1.0 0.2 0.25

Twinning 1.0 1.0 0.2 0.25




Table 3 Identified parameters.

Basal Prismatic ~ Pyramidal <c+ta>  Twinning  Detwinning
7, [MPa 25 95 100 40 35
T, [MPa - 230 190 - -
h, /MPa 10 1200 1200 5 5
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Fig.1 Schematic diagram of two-step loading test.
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Fig. 2 Geometries of (a) large and (b) small samples in millimeters.
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Fig. 3 Schematic diagram of experimental setup used in the first loading.



Fig. 4 Photograph of small sample preparation.



Fig. 5 Finite-element model used in simulation.
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