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Slip System Analysis of Magnesium Alloy AZ31B in Warm Compression by Visco-

Plastic Self-Consistent Simulation*!
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The active deformation mode (slip systems and twinning) of extruded AZ31B alloy (Mg-3Al-1Zn, mass%) during compression at RT,
100°C and 150°C was investigated by visco-plastic self-consistent (VPSC) simulation. Compression tests were first performed to obtain
compression curve of AZ31B. The VPSC model was fitted to the compression curves to estimate the Voce hardening parameters which are
required for the VPSC simulation. In the case of compression along the extrusion direction, work-hardening occurred rapidly with the transition
of dominant deformation modes at all temperatures. In the case of compression to the other directions, basal (a) slip was dominant throughout the
deformation at all compression temperatures. In addition, prismatic (a) slip and tensile twin were active in the early stage of deformation, and
pyramidal (c + a) slip became active in the later stage of deformation. Pyramidal (c + a) slip became more active with increasing temperature
from RT to 100°C, whereas basal (a) and prismatic (a) slips became more active with increasing temperature from 100°C to 150°C. These
different trends in the change of the active slip system with increasing temperature can be attributed to the CRSS maximum of the pyramidal

(c + a) slip located around 100°C.
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1. Introduction

As the lightest structural metal, magnesium (Mg) alloys
are expected to be employed in a wide variety of applications,
ranging from automotive body panels to housings for
portable electronic devices [1, 2]. However, the hexagonal
close-packed (HCP) crystal structure of Mg causes
challenges in activating slip systems other than basal (a) slip
at room temperature, preventing the attainment of the five
independent slip systems required for homogeneous defor-
mation and resulting in poor room-temperature formability
[3]. In contrast, at moderately elevated temperatures, non-
basal slip modes such as prismatic (a) slip and pyramidal
(c+a) slip become readily active, which improves
formability [3, 4]. Consequently, industrial formation proc-
esses are often implemented in the warm-working regime at
~250°C to secure the necessary formability [5—7]. In terms
of energy consumption, however, warm-working is less
favorable than cold-working and the processing temperature
should be lowered to <250°C—i.e., to the sub-warm range
(*100-150°C) or ultimately to room temperature. In this
context, elucidating the plastic deformation behavior and
activity of slip systems in the subwarm regime of Mg alloys
is of clear engineering relevance.

Nevertheless, quantitative investigations of the frequency
of individual slip system activation are intrinsically complex,
and reports on subwarm deformation of Mg alloys are far
fewer than those at room or high temperatures. To the best
of our knowledge, although a few studies have examined
rolled Mg sheets [8, 9], a quantitative analysis of slip-system
activity in extruded Mg material within the sub-warm
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temperature range has not yet been reported despite its
practical importance.

Therefore, the present work is focused on the visco-plastic
self-consistent (VPSC) simulation, which has been reported
for room-temperature deformation-mechanism analysis in
previous studies [8—13]. This simulation framework incor-
porates the activity of multiple deformation modes (slip
systems and twinning), the associated -crystallographic
rotation, and the strain-hardening behavior of each mode,
allowing the quantitative extraction of the activity level of
each deformation mechanism [14].

In this study, the commercial AZ31B magnesium alloy is
investigated. Compression tests are performed at room
temperature and in the sub-warm range (100-150°C). By
applying VPSC simulations to these data, we aim to
quantitatively elucidate how the compression direction and
temperature affect the active slip systems during warm-
working of extruded AZ31B. Moreover, we experimentally
examine whether phenomena that are difficult to include in
VPSC—namely, dynamic recrystallization and grain-boun-
dary sliding [8, 9, 15]—occur during compression in the
sub-warm regime.

2. Methods

The extruded AZ31B alloy (Mg, 3.0mass%. Al,
0.9 mass% Zn, and 0.3 mass% Mn) was sectioned into cubes
with a side length of 3 mm so that the faces of each cube were
oriented parallel to the extrusion direction (ED), transverse
direction (TD), and normal direction (ND). Compression
tests were conducted on these specimens at room temper-
ature, 100°C, and 150°C, with a constant strain rate of
I mmmin~'. The termination criterion for each compression
run was based on the load-cell capacity of the testing
machine. To minimize friction, a thin layer of mechanical
oil was applied between the specimens and the platens. The
microstructures were examined using a JEOL scanning
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electron microscope (JSM-IT500) equipped with an electron
back-scatter diffraction (EBSD) detector. The acquired EBSD
patterns were automatically indexed and analyzed using OIM
Analysis 7.0, from which inverse pole figure (IPF) maps were
generated to assess the texture and grain structure before and
after compression. Kernel average misorientation (KAM)
maps were produced to evaluate the presence or absence of
dynamic recrystallization in the compressed samples.

VPSC simulations were performed to analyze the active
slip systems. In this model, the contributions of multiple
deformation modes, along with the associated crystallo-
graphic rotations and strain hardening for each mode, were
considered when calculating the macroscopic plastic
response. The deviatoric strain-rate tensor of an individual
grain, &;, follows the constitutive relation derived from
crystal-plasticity theory and can be expressed as the sum of
the strain-rate contributions from all active deformation
systems, S [14, 16]:
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where m,SJ denotes the Schmid tensor of system S, ° is the
shear rate on that system, y, is a reference shear-rate
(normalization factor), oy, is the deviatoric stress tensor, 5 is
the critical resolved shear stress (CRSS) for system S, and n
is the strain-rate-sensitivity exponent.

In the present work, the following four deformation modes
were considered: basal (a) slip {0002} (1120), prismatic (a)
slip {1100}(1120), pyramidal II (c + a) slip {1122}(1123),
and tensile twinning {1012}(1011). The strain-rate-sensitivity
exponent was taken as n =20 based on previous studies
[8, 9, 15], and the reference shear rate was set to y, = 157\,

In the VPSC model, Eq. (1) was linearized for the
numerical calculations, and several linearization schemes
have been proposed. In the present study, we adopted
linearization with the effective exponent, n.s= 10 [13],
which has been shown to reproduce the plastic deformation
behavior of Mg alloys relatively well [17]. The evolution of
the CRSS for each deformation mode as a function of the
accumulated shear strain, I, in a grain was described as per
the Voce-type hardening law [18]:
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where 73 is the initial CRSS, 7} is the back-extrapolated
stress, 6 is the initial hardening rate, and 67 is the asymptotic
hardening rate.

The predominant twin reorientation scheme [19] was
employed to account for the crystallographic reorientation
caused by twinning. At each increment, the twin volume
fraction calculated from the shear contribution of twinning
was compared with the threshold value, V™04 When the
threshold was exceeded, the orientation of the affected grain
was instantaneously rotated to the twin orientation. The
threshold is defined as follows:

Veff,mode
Vth,mode — Ath] +Ath2
- }/acc,mode

) 3)

where pemode s the effective twin volume fraction of the
mode, V2emode is the accumulated twin volume fraction, and
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the material constants are set to A" =0.1 and 4"> =08
(independent of temperature), as in previous work [8, 9].

To perform plastic-deformation simulations with the
VPSC framework, both the initial texture and a set of
Voce-hardening parameters for each deformation mode,
(z5,73,65,65), are required. In the present study, the initial
texture was directly derived from EBSD measurements
performed on the specimens prior to compression, thereby
providing a realistic description of the pre-deformed micro-
structure.

By contrast, the Voce-hardening parameters are intrinsic
material constants that are not known a priori. Consequently,
we adopted the parameter identification procedure proposed
by Matsuoka ef al. [10], which determines the Voce
parameters by fitting the simulated compression curves to
the experimentally measured ones. The fitting employed the
compression data obtained along with the extrusion ED, TD,
and ND for each temperature. The parameter set that yielded
the best agreement between the simulated and experimental
stress—strain curves was selected as the solution for that
temperature.

To assess the uniqueness of the identified parameters and
the reliability of the subsequent analysis, we performed a
statistical robustness check. The initial guess for the
optimization was generated by perturbing the room-temper-
ature values reported for AZ31 [17] by a random factor
within £50% and then running the fitting routine 32
independent times for each temperature.

3. Results

Figure 1 shows the IPF map obtained from EBSD for the
undeformed specimen, along with the corresponding pole
figures of the initial texture. The average grain size of the
material used in this study was 46.9 um, resulting in a fully
recrystallized microstructure composed of relatively coarse
grains. In addition, the texture was confirmed to be the
typical one for Mg-extruded sheets, in which the {0002}
basal-plane normals are oriented perpendicular to the ED
[20].

Figures 2(a)-2(c) present the results of the compression
tests conducted in this study, separated according to the
loading direction: ED, TD, and ND. In all cases, the
specimens retained an almost rectangular shape after testing,
and the effect of barreling was negligible; therefore, the
deformation can be regarded as homogeneous. Among the
three loading directions, compression along TD or ND shows
gradual work-hardening after yielding. In contrast, compres-
sion along ED shows a pronounced increase in flow stress at
approximately 8% true strain, indicating markedly different
hardening behavior compared to the other two directions. The
rapid work-hardening observed for ED compression of Mg
extrusions has previously been reported by Chino et al. [20]
and attributed to the formation of tensile twins. Moreover,
when the results obtained at the three temperatures are
compared, the flow stress decreases with increasing
compression temperature for all loading directions (ED,
TD, and ND).

In the VPSC simulation, the activity of each slip system,
the crystallographic re-orientation caused by twinning, and



Slip System Analysis of Magnesium Alloy AZ31B in Warm Compression by Visco-Plastic Self-Consistent Simulation

Fig. 1

—
()
—
N
o
o

w
o
o

True stress (MPa)
N
o
o

100 | — RT

....
o

True stress (MPa)
N
o
o
\

o

—
2)
-~
N
o
o

w

o

o
T

. . — — — — — —

True stress (MPa)
N
o
o
%
\
1

N
o
=)
T
Y

0 10 20 30 40
True strain (%)

Fig. 2 True compression stress-strain curves of AZ31B extruded plate
compressed along (a) ED, (b) TD and (c) ND at different temperatures.

the associated strain-hardening in each deformation mode
are accounted for when calculating the macroscopic plastic
response. Consequently, if dynamic recrystallization gen-
erates new grains during deformation, a discrepancy arises
between the experimental situation and the assumptions of
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EBSD IPF map and (0001) and (1010) pole figures of AZ31B extruded plate. (online color)

the VPSC model. To verify whether dynamic recrystallization
or grain-boundary sliding occurs under the present
compression conditions, EBSD analyses were performed on
the specimens compressed at 150°C.

Figure 3 displays the IPF maps (upper row) and the
corresponding KAM maps (lower row) obtained after
compression at 150°C for the three loading directions (ED,
TD, and ND). The true compressive strains applied were 31%
for ED, 39% for TD, and 38% for ND. In all three cases, the
microstructures were dominated by highly deformed grains,
and the KAM maps showed values exceeding 1° over the
entire area. Such high KAM values indicate substantial
plastic strain throughout the material, and the absence of
regions with low misorientation suggests that no new
recrystallized grains formed. Because the 150°C compression
represents the highest temperature among the three con-
ditions examined in this study, we can infer that dynamic
recrystallization does not occur at any of the lower
temperatures (room temperature and 100°C) either.

Specimens compressed at 100°C to true strains of 4.2%
(ED), 4.0% (TD), and 4.1% (ND) were also examined by
performing EBSD. This analysis confirmed that the twins
generated during deformation were almost entirely tensile. At
this deformation stage, the measured tensile-twin fractions
were 39.1% for the ED-compressed sample, 19.4% for the
TD-compressed sample, and 8.6% for the ND-compressed
sample.

Mg alloys have been reported to exhibit grain-boundary
sliding at relatively low temperatures compared to many
other metallic systems [21, 22]. Because the VPSC frame-
work accounts only for dislocation slip and twin-induced
strain, the presence of pronounced grain-boundary sliding
creates a discrepancy between experimental reality and the
model assumptions. To verify whether grain boundary sliding
occurred under our compression conditions, we employed
the surface-marking technique based on high-voltage EBSD
scanning proposed by Huang ef al. [23]. Straight-line
markings were inscribed on the specimen surface using an
EBSD scan at an accelerating voltage of 29 kV, after which
the specimens were compressed and examined using
scanning electron microscopy (SEM) to observe any
deformation of the markings. The specimens examined were
those compressed to 13.6% strain along the ND at 150°C.
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Fig. 3 EBSD IPF maps (a)—(c) and KAM maps (d)—(f) obtained from AZ31B extruded plate compressed along (a), (d) ED, (b), (¢) TD

and (c), (f) ND at 150°C. (online color)

Fig. 4 (a) SEM image of the surface of AZ31B extruded plate compressed by 13.6% along ND. (b) corresponding image with highlighted

surface marking. (online color)

Figure 4(a) shows an SEM image of the specimen surface
after compression, whereas Fig. 4(b) highlights the same
image with the EBSD-induced marking lines superimposed.
The markings are observed to bend at grain boundaries
owing to local strain incompatibility between adjacent grains.
However, they remain continuous across all grain boundaries,
indicating that no significant grain-boundary sliding is
observed. Grain-boundary sliding is known to be grain-size
dependent, occurring more readily in fine-grained materials
[21]. The present specimens have an average grain size of
46.9 um, which is considerably coarser than the =8 um
grains in which Koike ef al. [22] reported grain-boundary
sliding at room temperature. Therefore, we infer that grain-
boundary sliding is absent in our experiments.

Based on the foregoing results, the deformation mecha-
nisms operating in the AZ31B extruded plate during both
the room-temperature and warm-compression tests can be
attributed to dislocation slip together with the activity of
tensile twins. In the present work, building on these
experimental findings and on previous VPSC studies of Mg
alloys [10, 12, 16, 17, 24], we performed VPSC simulations
that explicitly included the following deformation modes:
basal (a) slip {0002}(1120), prismatic (a) slip {1100}(1120),
pyramidal II (c 4 a) slip {1 122}(1123), and tensile twinning
{1012}(1011).

The set of Voce-hardening parameters may not be uniquely
identifiable, depending on the condition; this can adversely
affect the reliability of the analysis [8]. To evaluate the
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Fig. 5 Experimental and simulated true stress-strain and tensile twin fraction curves of AZ31B compressed at (a) RT, (b) 100°C, and
(c) 150°C. Solid lines and open markers represent compression curves, and dotted lines and solid markers represent twinning fractions.
In both cases, the markers represent experimental data, and the curves represent VPSC simulation results. (online color)

uniqueness of the fitted parameters and assess the robustness
of the subsequent interpretation, 32 independent parameter
identification runs were performed for each temperature. For
the compression tests at room temperature, 100°C, and
150°C, successful fits—i.e., simulations that reproduced the
experimental compression curves with comparable accu-
racy—were obtained in 19, 19, and 12 cases, respectively;
the remaining runs failed to converge, resulting in simulated
curves that deviated markedly from the measured data.
Among the successful cases, the extracted parameter sets
exhibited some scatter within each condition, resulting in
modest variation in the predicted activity levels of the
individual slip systems. Consequently, for each temperature,
we selected the parameter set that yielded results closest
to the mean of the successful repetitions and used these
“representative” values for the subsequent analysis of critical
resolved shear stresses and deformation-mode activities. A
detailed discussion of parameter variability and its impact on
analytical outcomes is provided in Appendix Al.

Figure 5 presents the VPSC simulation results for the
compression curves at each temperature, together with the
tensile-twin fractions measured for compressions along the
ED, TD, and ND. The initial texture used in the simulations
was taken from the EBSD data shown in Fig. 1; all 1,499
grains identified in the undeformed specimen were weighed
according to their respective area fractions.

For each temperature, fitting was performed over a strain
interval in which the deformation remained essentially
homogeneous, and the influence of cracking could be
neglected. Specifically, the fitting intervals were 0-12% true
strain at room temperature, 0-20% at 100°C, and 0—15% at
150°C, as determined from the experimental compression
curves. As shown in Fig. 5, the VPSC simulations reproduce
the experimental compression curves very well at all three
temperatures.

In addition, separate compression experiments were
conducted at 100°C for the three loading directions (ED,
TD, and ND) and at 150°C for ND compression. The tensile
twin fractions obtained from these tests are plotted in the
same figure. The twin fraction was determined by comparing
the EBSD orientation maps obtained before and after
deformation, marking the regions that exhibited the
characteristic orientation change associated with tensile
twinning using OIM Analysis 7.0, and then calculating the

area fraction of the marked regions. As shown in Fig. 5,
the comparison between experimental measures and VPSC
simulations reveals that the model accurately reproduces the
evolution of tensile twin fractions across the investigated
temperature range.

In the present analysis, the compression curves are the
quantities fitted, meaning that the VPSC simulation can, in
principle, reproduce the measured stress—strain response even
if it does not capture the actual deformation mechanisms.
Consequently, the credibility of the simulation results must
be verified by comparing them with data not used in the
fitting procedure. In this study, as per the recommendation of
Hama ef al. [25], who emphasized the importance of the
strain component perpendicular to the loading direction for
VPSC parameter fitting and considering the crystallographic
texture commonly employed to verify the validity of VPSC
parameters [8, 9, 15], we assessed the credibility of the
simulation results.

Figure 6 shows a comparison between the VPSC-predicted
strain component normal to the compression axis and the
experimentally measured value for the same quantity. The
experimental normal strain was obtained from the dimen-
sional measurements of the specimens after the compression
test. As shown in Fig. 6, when the specimen is compressed
along the ED, the ratio of the normal strain to the axial strain
remains close to 1:1 during the early stage of deformation (up
to ~15% true strain). In contrast, for compression along the
TD or ND, this ratio deviates from unity at the onset of
deformation, and the strain is consistently smaller for the ED
than for the TD or ND. The extruded AZ31B plate employed
in this work possesses the typical texture of Mg extrusions
in which the basal planes are oriented normal to the ED
(i.e., the ND-TD plane), as shown in Fig. 1; therefore, the
observed differences reflect the influence of the initial texture.

No significant discrepancies were observed between the
simulation and experiment, and the relative magnitudes of
the strain components normal to the loading direction were
reproduced for all three loading orientations. This confirms
that the VPSC simulation can correctly predict plastic
deformation behavior while incorporating the effect of the
initial texture. Note that the curves plotted in Fig. 6 were
calculated outside the strain interval employed for parameter
fitting; thus, they represent an extrapolation of the strain.
Nevertheless, for every loading condition, the experimentally
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100°C and (c), (f), (i) 150°C. The curve indicates VPSC simulation result,
the marker indicates experimental data. (online color)

measured normal strain was well reproduced by the VPSC
model, indicating that the simulation possessed a certain
degree of extrapolative capability.

Figure 7 presents a comparison of the textures obtained
from EBSD for specimens that were compressed at 100°C to

Experiment
0001

1010

CD//TD CD//[ED

CD/IND

true strains of 4.2% (ED), 4.0% (TD), and 4.1% (ND) with
the textures predicted from the VPSC simulation for a 4.0%
compression in each loading direction. In the (0001) pole
figures, for all three compression directions, the fraction of
orientations that lie closer to the compression axis increases
relative to the initial texture, as shown in Fig. 1. By contrast,
the fraction of orientations perpendicular to the compression
axis decreases. This trend is consistent with the texture
evolution expected from tensile twinning-induced crystallo-
graphic reorientation, as shown in Fig. 5(b). Even the ND-
compressed specimen, despite having the lowest twin
fraction, still contains 8.6% tensile twins; thus, the observed
changes can be attributed primarily to their formation.
Moreover, the experimental and simulated textures agreed
well for both (0001) and (1010) pole figures, confirming that
the VPSC model accurately reproduced the texture evolution
induced by compression.

Thus, the VPSC simulation reproduces with high fidelity
the strain component normal to the loading direction, the
evolving texture, and the tensile-twin fractions at 100 and
150°C. The computational results can be considered to have a
reasonable degree of validity for the deformation conditions
and strain ranges examined in this study.

The Voce-hardening parameters obtained from the fitting
are listed in Table 1. The corresponding threshold stresses for
each deformation mode were calculated using Eq. (2). The
results are shown in Fig. 8. In the figure, the vertical axis
represents the threshold stress (i.e., the shear stress required
to activate each deformation mode) and the horizontal axis
corresponds to the total accumulated shear strain within a
grain. The relative magnitudes of the threshold stresses

Simulation

0001 1010

TD ND

Fig. 7 Experimental and simulated textures of AZ31B samples compressed at 100°C along ED, TD and ND. Experimental data were
measured at 4.2%, 4.0% and 4.1% deformation for ED, TD and ND compression samples, respectively. Data for the simulations were

taken at 4.0% compression in all directions. (online color)



Slip System Analysis of Magnesium Alloy AZ31B in Warm Compression by Visco-Plastic Self-Consistent Simulation

1187

Table 1 The fitted Voce-hardening parameters of AZ31B at different temperatures.
Temperature Mode Voce-Hardening parameter (MPa)
) 31 0y 0,
RT Basal<a> 21 7 4760 117
Prismatic<a> 33 40 348 41
Pyramidal<c+a> 114 24 8876 0
Tensile twin 40 0 0 0
100 °C Basal<a> 18 4136 101
Prismatic<a> 40 20 261 59
Pyramidal<c+a> 61 50 8249 0
Tensile twin 38 0 0 0
150 °C Basal<a> 27 5142 33
Prismatic<a> 36 20 215 39
Pyramidal<c+a> 64 52 7845 0
Tensile twin 37 0 0 0
150 include grain-boundary strengthening and other micro-
© 1o f _ gz:z::;a) structural effects, as previously reported by Raeisinia et al.
= LTITITITITITITITITITITIT] . — Pyramidai<cra> [16]. Consequently, the 7y values estimated in the present
%~ 100 i = Tensile iwin work were larger than the CRSS values obtained from the
— RT single-crystal experiments for the respective deformation
- 128 g modes [26-28].

Threshold stress,

0.2 0.3
Accumulated shear, I’

0.4 0.5

Fig. 8 Voce hardening curves of basal (a) slip, prismatic (a) slip, pyramidal
(c + a) slip and tensile twinning of AZ31B at different temperatures.
(online color)

follow the typical hierarchy observed for Mg alloys: basal (a)
slip and tensile twinning have comparable values, prismatic
(a) slip is somewhat higher, and pyramidal (c + a) slip is the
highest, in agreement with the reported order of the CRSS for
Mg alloys [4]. 7y denotes the shear stress required to initiate
each deformation mode in the undeformed state; however, it
does not directly correspond to the CRSS measured in single
crystals. This discrepancy arises because the threshold
stresses in the VPSC simulation are effective values that

4. Discussion

In this study, VPSC simulations were conducted to predict
the compressive response of AZ31B at room temperature,
100°C, and 150°C. The simulated compression curves and
threshold stresses of the individual deformation modes were
extracted for each temperature and compression direction. In
the subsequent sections, these results are compared with the
deformation-mode activity levels obtained from the VPSC
calculations, and the inter-relationships among the observed
deformation behavior, slip-system activity, and the corre-
sponding threshold stresses are discussed.

4.1 Influence of compression direction

Figure 9 displays the relative activity of individual
deformation modes as predicted by the VPSC simulations.
The vertical axis represents the fraction of total shear
deformation accommodated by a given deformation mode,
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Fig. 9 Relative activities of basal (a) slip, prismatic (a) slip, pyramidal (c + a) slip and tensile twinning during compression of AZ31B
along (a) ED, (b) TD and (c) ND at different temperatures. (online color)
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compression

Fig. 10 Schematic representation of the relationship between the orienta-
tion of basal plane and the direction of compression of (a) TD, ND and
(b) ED. (online color)

while the horizontal axis corresponds to the true plastic strain.
Figures 9(a)-9(c) show the results for compression along the
ED, TD, and ND, respectively. In each panel, the deformation
behavior at room temperature, 100°C, and 150°C is plotted
together.

Overall, the activity of each deformation mode varied with
both the compression temperature and direction, with the
latter exerting a powerful influence. When the compression
axis was parallel to the ED (Fig. 9(a)), tensile twinning and
prismatic (a) slip dominate in the early stage (up to ~5%
true strain), whereas at larger strains (*®5-7% and beyond)
the contributions of basal (a) slip and pyramidal (c 4 a) slip
increase. The prominent activation of tensile twins in the
early stages of ED compression of Mg extrusions is a
universal behavior that has already been reported in VPSC
simulations of Mg—Al-Mn alloys by Bian ef al. [11] and
confirmed experimentally by Chino et al. [20, 29].

In contrast, when the compression axis is the TD or the
ND, basal (a) slip remains the dominant deformation mode
throughout the deformation at all temperatures. In addition,
during the early stage of deformation (plastic strain up to
roughly 5-7%), prismatic (a) slip and tensile twinning are
active, whereas at larger strains (greater than about 5-7%),
pyramidal (c + a) slip becomes operative. These differences
can be ascribed to the initial crystallographic textures of
the AZ31B specimens used in this study. The texture of
the extruded material is typical of Mg extrusion, in which
the basal planes are oriented perpendicular to the ED.
Accordingly, as shown in Fig. 10(a), many grains have their
basal planes inclined approximately 45° with respect to the
compression axis during TD or ND compression, allowing
basal (a) slip to be readily activated. By contrast, as shown in
Fig. 10(b), in compression along the ED, the basal planes of
most grains are nearly orthogonal to the loading axis, making
basal (a) slip difficult and leading to a relative increase in the
activity of other deformation modes with higher critical
resolved shear stresses.

As shown in Fig. 2, the difference in mechanical response
between the two directions (TD and ND) and the ED is also
reflected in the compression curves: for compression along
the ED, the material exhibits a pronounced work-hardening
after roughly 6% true strain, which manifests as a rapid rise
in flow stress. When the activity of each deformation mode
during ED compression (Fig. 9(a)) is examined, in the strain
range where this work-hardening recovery occurs (around
7% true strain), the dominant deformation mechanism
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switches from prismatic (a) slip together with tensile
twinning to basal (a) slip and pyramidal (c + a) slip. A
similar recovery of work hardening associated with a change
in the active deformation modes [30] was reported for the
tensile deformation of ultrafine-grained Mg alloys by Zheng
et al. [31] and is regarded as a promising route for combining
high strength with high ductility. The AZ31B extruded
material used in the present study has a relatively coarse grain
size (average 46.9 um); therefore, the activation of multiple
slip systems cannot be attributed to grain-size -effects.
Moreover, the VPSC simulations, which incorporate both
slip activity and the crystallographic rotation induced by
tensile twinning, successfully reproduce this behavior,
indicating that the observed change in active deformation
modes originates from the crystallographic re-orientation
caused by slip and twinning. Consequently, these results
suggest that appropriately controlling the initial texture can
help exploit the rotation of grain orientations to simulta-
neously activate several deformation modes, offering a novel
approach for achieving a combination of high strength and
ductility in Mg alloys.

4.2 Influence of compression temperature

In the temperature range from room temperature up to
150°C, the activity of each slip system changes with
increasing temperature, depending on the specific temper-
ature interval (indicated by the solid, dashed, and dash-dot
lines in Fig. 9). Specifically, when the temperature is raised
from room temperature to 100°C, the activity of pyramidal
(c + a) slip increases slightly for all compression directions,
whereas the activities of the other slip systems remain
essentially unchanged or decrease. Conversely, when the
temperature is further increased from 100 to 150°C, the
activities of basal (a) slip and prismatic (a) slip become
higher. In the VPSC simulation, the difference in compression
temperature was ultimately reflected in the Voce-hardening
parameters of each deformation mode, namely the corre-
sponding threshold stresses. Therefore, the observed
variations can be ascribed to temperature-dependent changes
in the threshold stresses, which are examined in detail below.

First, for the temperature interval between room temper-
ature and 100°C, the threshold stresses of the individual
deformation modes displayed in Fig. 8 were examined. The
threshold stress of the pyramidal (c + a) slip decreased by
roughly 20 MPa when the temperature was raised from room
temperature to 100°C, whereas the other three deformation
modes showed only minor changes. Hence, in the range of
room temperature to 100°C, the pronounced softening of
the pyramidal (c + a) slip, relative to the other modes, is
considered to be responsible for the increase in its relative
activity.

Similarly, when the temperature was increased from 100
to 150°C, the threshold stresses of pyramidal (¢ + a) slip and
tensile twinning remain essentially unchanged, whereas those
of basal (a) slip and prismatic (a) slip decrease markedly
(Fig. 8). Consequently, the activity of basal (a) slip and
prismatic (a) slip becomes relatively higher in the 100—150°C
interval. Note that despite a temperature rise of 50°C, the
threshold stress of pyramidal (c 4 a) slip exhibited only a
minimal variation. In most Mg alloys, increasing temperature
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reduces the CRSS of non-basal slip systems, making them
easier to activate [3]. However, for pure Mg, the CRSS of
(c + a) pyramidal slip reaches a maximum near the sub-
warm region around 100°C [32]. Therefore, the negligible
change in the pyramidal (c+ a) slip threshold observed
between 100 and 150°C is likely because its CRSS lies near
this maximum, where temperature has little effect.

5. Conclusions

In this study, the extruded AZ31B alloy was examined by
performing VPSC simulations to investigate slip-system
activity during warm compression in the scarcely reported
sub-warm temperature range of 100—150°C. The following
conclusions were drawn:

(1) No evidence of pronounced dynamic recrystallization
or of grain-boundary sliding was found in the speci-
mens compressed at 150°C. Consequently, over the
entire temperature interval up to 150°C, the dominant
deformation mechanisms are dislocation slip and
tensile-twin activity.

For compression parallel to the ED, an abrupt increase
in work-hardening occurred at a true plastic strain of
about 6% at all temperatures, coinciding with a switch
in the prevailing deformation mode. Beyond a true
strain of roughly 7%, the activity of basal (a) slip and
pyramidal (c + a) slip increases markedly.

When the compression axis is TD or ND, basal (a) slip
dominates throughout deformation at all temperatures.
In the early stage of deformation (true strain <5-7%),
prismatic (a) slip and tensile twinning are also active,
whereas at larger strains (true strain >5-7%), pyramidal
(c + a) slip becomes operative.

Quantitative analysis of the slip system activity revealed
that the effect of increasing the compression temper-
ature on the relative activity of each deformation mode
depends on the temperature interval. Specifically,
raising the temperature from room temperature to
100°C enhances the activity of pyramidal (c + a) slip,
whereas further heating from 100 to 150°C promotes
the activity of basal (a) slip and prismatic (a) slip.

In the 100-150°C interval, the critical resolved shear
stress (threshold stress) of pyramidal (c + a) slip
changes only marginally. This behavior is attributed to
the maximum of the CRSS of pyramidal (c + a) slip in
pure Mg that occurs around 100°C.
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Appendix

A.1 Variability of estimated parameters and its impact on
analysis results

Figure Al shows the mean and standard deviation of the
compression curves that correspond to the successful
parameter estimations (19 cases at room temperature, 19
cases at 100°C, and 12 cases at 150°C), each of which
reproduced the experimental compression curves with
comparable accuracy. For each temperature and compression
direction, the standard deviations of the simulated compres-
sion curves were relatively small, indicating that the
simulated curves were close to the experimental data under
all conditions. Noteworthy that even for the tensile-twin
fraction—which was not employed in the fitting—the
calculations obtained with the parameter sets that success-
fully reproduced the compression curves agree well with the
measured values. This demonstrates that within the parameter
range identified in the present work, the VPSC simulation can
correctly capture plastic deformation behavior during
compression.

Figure A2 displays, for the critical (threshold) stresses, the
mean values and standard deviations obtained from the
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Fig. A2 Voce hardening curves of basal (a) slip (Bas(a)), prismatic (a) slip
(Pri(a)), pyramidal (c + a) slip (Pri{c + a)) and tensile twinning (TT) of
AZ31B at (a) RT and 100°C and (b) 100°C and 150°C. The mean and
standard deviation of the results for multiple successful parameter
estimations in each temperature are shown. (online color)

multiple successful parameter-estimation runs, in the same
manner as Fig. Al. For ease of viewing, the data are
presented in two separate panels: one comparing the room-
temperature and 100-°C results, and the other comparing the
100-°C and 150-°C results.

The standard deviation of the threshold stresses can reach
approximately 15MPa, depending on the conditions,
indicating a certain degree of scatter among the fitted
parameter sets. Because the compression curves shown in
Fig. Al exhibit minimal standard deviations for all loading
directions and temperatures, this observation implies that
different parameter sets can essentially reproduce the same
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compression response. Consequently, when extracting reli-
able threshold stress information from the VPSC analyses,
the variability illustrated here must be considered.

In the present work the trends discussed in the Results and
Discussion—namely, (i) a reduction of the pyramidal (c + a)
slip threshold when the temperature is raised from room
temperature to 100°C, and (ii) a reduction of the basal (a) and
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prismatic (a) slip thresholds when the temperature is raised
from 100 to 150°C, while the pyramidal (c + a) threshold
remains essentially unchanged—are also clearly observable
from the mean values and their standard deviations shown
in Fig. A2.

Figures A3 and A4 present the mean values and standard
deviations of the relative activity obtained from multiple
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Fig. A3 Relative activities of basal (a) slip, prismatic (a) slip, pyramidal (c + a) slip and tensile twinning during compression of AZ31B
along (a) ED, (b) TD and (c) ND at RT and 100°C. The mean and standard deviation of the results for multiple successful parameter

estimations in each temperature are shown. (online color)
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successful parameter estimation runs for each deformation
mode. As presented in Fig. A2, the data are split for clarity.
Figure A3 presents a comparison of the results for the
temperature interval of room temperature to 100°C, whereas
Fig. A4 shows a comparison of the results for 100 to 150°C.

The scatter observed in the threshold stresses (Fig. A2)
was also reflected in the activity levels; the standard deviation
of the relative activity reached approximately 0.15. However,
this variability is considerably smaller than the differences
in tensile-twin activity among the various compression
directions that were discussed in the main text, indicating
that the conclusions regarding direction-dependent twin
activity are not substantially affected by the parameter scatter.

Similarly, the more subtle temperature-dependent
changes—namely the slight increase in pyramidal (c + a)
slip activity when the temperature is raised from room
temperature to 100°C, and the increase in basal (a) and
prismatic (a) slip activity (accompanied by a decrease in
pyramidal (c + a) slip activity) when the temperature is
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raised from 100 to 150°C—are also evident in Figs. A3 and
A4. Although these trends show some dependence on the
compression direction and strain level, the overall trends are
clearly evident in the figures. The magnitude of the activity-
level scatter does not materially affect the conclusions
presented in the main discussion.

In the present analysis, markedly different sets of
parameters (i.e., threshold stresses) yielded virtually identical
compression curves, indicating that derived quantities, such
as slip-system activity, are also sensitive to the chosen
parameter set. Under these circumstances, conventional
manual trial-and-error fitting is prone to operator bias. To
obtain reliable information on the threshold stresses and the
activity of deformation modes from VPSC simulations, it
is essential to eliminate this bias. The automated fitting
procedure employed in this study, together with the
systematic quantification of scatter across multiple inde-
pendent estimations, provides a robust approach for
extracting reliable data from VPSC simulations.



