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Abstract: The in-plane mechanical anisotropy of magnesium alloy sheet, which significantly
influences the design of the parts produced by Mg alloy sheets, is of great importance regarding its
wide application. Though the stress–strain response and texture evolution have been intensively
investigated, and the anisotropy of Mg alloy can be significantly substantiated by its R-value,
which reveals the lateral response of a material other than the primary response. As a consequence,
the conjunction of viscoplastic self-consistent model and twinning and detwinning scheme
(VPSC–TDT) is employed to investigate the in-plane anisotropy of magnesium alloy AZ31B-O
sheet. The loading cases include both tension and compression along different paths with respect to
the processing direction of the sheet. It is revealed that the stress–strain relation, texture evolution,
R-value, and involved deformation mechanisms are all loading path-dependent. The unique R-values
of Mg alloys are interpreted with the aid of modeling behaviors of Mg single crystals. The results
agree well with the corresponding experiments. It is found that the hexagonal close-packed (HCP)
crystallographic structure, deformation twinning, and initial basal texture are responsible for the
characteristic behavior of Mg alloys.
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1. Introduction

Due to the low symmetry of hexagonal close-packed (HCP) crystal structure and the existence
of a twinning mechanism, magnesium alloy usually exhibits strong anisotropic behavior [1–5].
For instance, strong asymmetry in stress–strain responses between tension and compression, and large
hysteresis loops under cyclic loading, have been observed for wrought Mg alloy rolled sheets or
extruded bars [6–10]. The different mechanical behaviors over a wide range of strain rates and
temperatures along different loading directions have revealed the strong anisotropy of AZ31B Mg
alloy [6,7]. Significant anisotropic behavior of Mg alloys has been manifested in terms of the strong
tension–compression asymmetry [8]. Unlike tension and compression, the nearly symmetrical shear
stress–shear strain curve was ascribed to prismatic slips and the simultaneous activation of deformation
twinning and detwinning under reverse shear [9]. The texture-induced strength anisotropy and
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asymmetry as well as anisotropic strain hardening behavior was investigated through the twinning and
detwinning (TDT) model [10]. These behaviors influence the design of parts produced by Mg alloys.
Based on the primary stress and strain components (with respect to loading direction), the in-plane
anisotropy of Mg alloy sheets was not believed to be significant due to the not-so-large asymmetry of
their initial texture [11–13]. However, the in-plane anisotropy could be better evaluated by additionally
considering the lateral stress or strain components. R-value, which is the ratio of the lateral strain
components, is an important parameter in constitutive modeling of the anisotropic behavior of sheet
metals. Many constitutive models have employed R-values as material constants to better describe the
materials’ anisotropic behaviors [14,15].

Most of the studies on the R-value of Mg alloy sheets are under in-plane tension. It is found
that tensile R-values increase significantly (>1) with straining, which are attributed to the strong
basal texture and HCP crystallographic structure [11,16–18]. With respect to in-plane compressions,
the R-values are usually less than 1 [11,16,19], and even negative values have been observed [20,21],
which was attributed to the activity of extension twin. However, it is still unclear if the activation of
extension twin will certainly induce negative compressive R-values. Since R-values can characterize
the formability of materials, the inconsistency found in literature demands further investigation of the
R-values of Mg alloy sheets. As a consequence, this work will carefully study the in-plane anisotropy of
Mg alloy sheets under monotonic loadings along different directions in terms of the R-value, which will
significantly substantiate the in-plane anisotropy of Mg alloy sheets.

Due to its computational efficiency compared to full field models, mean-field crystal plasticity
models are widely applied [13,22–25]. It has been demonstrated that the self-consistent models
were more appropriate for Mg alloys with HCP crystallographic structure among the mean-field
models [26–28]. The used models are the viscoplastic self-consistent polycrystal model (VPSC)
proposed by Lebensohn and Tomé [13] and the elastic–plastic self-consistent model (EPSC) proposed
by Turner and Tomé [29]. In order to account for both the rate sensitivity and elasticity of a
material, Wang et al. developed a finite strain elastic–viscoplastic self-consistent (EVPSC) model for
polycrystalline materials [30]. In order to accurately capture the mechanical behavior of Mg alloys,
deformation twinning has to be considered [31]. Therefore, the twinning scheme implemented in
the mean-field model is critical for the accurate description of the mechanical behaviors of Mg alloys.
The predominant twin reorientation (PTR) [32], volume fraction transfer (VFT) [33], and composite grain
(CG) [34,35] schemes were developed by Tomé and his coworkers. Kalidindi et al. [33,36] developed
appropriate constitutive functions for slip–twin interactions, together with an efficient time-integration
scheme. These models merely consider either the twinning-induced reorientation or the predominant
twinning variant. In fact, an appropriate crystal plasticity model for describing both twinning and
detwinning had not been developed until the work of Wang et al. [37]. The predictive capability
of the twinning and detwinning model (TDT) has been demonstrated by applying it to magnesium
alloys under both monotonic and cyclic loadings [38–43], where twinning and/or detwinning were
best exhibited.

In this paper, the deformation behavior of AZ31B magnesium alloy sheet is investigated by
the combination of the VPSC model and the TDT scheme (VPSC–TDT). The anisotropic behaviors
of Mg alloy sheet are investigated in terms of stress–strain response, texture evolution, and the
evolution of the R-values under various loading conditions. The modeling results are compared to the
corresponding experiments.

2. Experiment

The studied material was 1.57 mm AZ31B-O sheet in an annealed (O temper) condition.
The chemical composition of the alloy is listed in Table 1. Neutron diffraction was used to obtain the
initial texture of the material. Tensile testing was performed on bone-shaped samples with 25 mm
gage length. Five different orientations with tilt angles of 0, 30, 45, 60, and 90◦ with respect to (WRT)
the rolling direction (RD) (Figure 1a) were used to study the mechanical anisotropy under uniaxial
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tension. Compressive tests were performed on the solid cube 8 mm on a side and conducted along
four orientations, namely the RD, 45◦ WRT RD, transverse direction (TD), and normal direction (ND)
(Figure 1b). All mechanical tests were carried out on an Instron 1331 (Instron, Boston, MA, USA)
tension/compression servohydraulic load frame at ambient temperature (23 ◦C) and strain rate of
0.001 s−1. A more detailed depiction of the experimental process can be found in Tari et al. [19].

Table 1. Chemical composition limits of AZ31B-0.

Al Zn Mn Cu Fe Ni Si Mg

2.9 0.25 0.94 0.001 0.004 0.005 0.005 Bal
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3. VPSC–TDT Model

The VPSC–TDT model is only briefly described here. Detailed descriptions can be found
elsewhere [13,30,37]. The shear rate for both slip and twinning systems are expressed in the form of
power law:

.
γ =

.
γ0|τ/τcr|

1/msgn(τ) (1)

where
.
γ0 is a reference shear rate, τ is the resolved shear stress, τcr is the critical resolved shear stress

(CRSS), and m is the strain rate sensitivity.
For both slip and twinning, the critical resolved shear stress (CRSS) ταcr is updated by

ταcr =
dτ̂α

dΓ

∑
β

hαβ|
.
γ
β
| (2)

where hαβ is the latent hardening coupling coefficient, which empirically accounts for the obstacles on
system α associated with system β. τ̂α is the threshold stress and is given by

τ̂α = τα0 + (τα1 + hα1 Γ)
(
1− exp

(
−

hα0
τα1

Γ
))

(3)

where τ0, h0, h1, τ0 + τ1, and Γ =
∑
α

∫
|

.
γ
α
|dt are the initial CRSS, the initial hardening

rate, the asymptotic hardening rate, the back-extrapolated CRSS, and the accumulated shear
strain, respectively.
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The twinning and detwinning (TDT) model [28] is used to describe twinning. Four potential
operations have been introduced in the process of twinning and detwinning, i.e., (A) twin nucleation,
(B) twin growth, (C) twin shrinkage, and (D) retwinning. The grain starts twinning by twin nucleation,
and the associated control condition is

.
γ
αA

=

{ .
γ0|τ

α/ταcr|
1/m τα > 0

0 τα ≤ 0
. (4)

The twin grows by twin growth, which is defined as

.
γ
αB

=

{
−

.
γ0|τα/ταcr|

1/m τα < 0
0 τα ≥ 0

(5)

Twin shrinkage, which shrinks the developed twin, is opposite to twin growth:

.
γ
αC

=

{
−

.
γ0|τα/ταcr|

1/m τα < 0
0 τα ≥ 0

(6)

Retwinning causes twinning in twin, whose shear rate is defined as

.
γ
αD

=

{ .
γ0|τ

α/ταcr|
1/m τα > 0

0 τα ≤ 0
(7)

Twin nucleation and twin growth increase the twin volume fraction (TVF), while twin shrinkage
and retwinning decrease it. The evolution of the TVF associated with the four operations are individually
characterized by

.
f
αA

=
|

.
γ
αA
|

γtw ,
.
f
αB

=
|

.
γ
αB
|

γtw ,
.
f
αC

= −
|

.
γ
αC
|

γtw ,
.
f
αD

= −
|

.
γ
αD
|

γtw , (8)

where γtw is the characteristic twinning shear strain.
The evolution of TVF associated with twinning system α is calculated by

.
f
α
= f 0(

.
f
αA

+
.
f
αC
) + fα(

.
f
αB

+
.
f
αD

), (9)

where fα is the volume fraction of twinned region, and f 0 = 1−
∑N
α=1 fα is the volume fraction of the

untwinned matrix.
The threshold volume fraction Vth that is used to turn off twinning is defined as

Vth = min
(
1.0, A1 + A2

Ve f f

Vacc

)
, (10)

where A1 and A2 are two material constants. A1 essentially controls the level of strain that a grain
can undergo prior to the twinning mechanism beginning to undergo exhaustion. A2 controls the
rate at which this exhaustion takes place once it has begun. Two statistical variables, Vacc and Ve f f ,
are the weighted volume fraction of the twinned region and the volume fraction of twin terminated
grains, respectively.

4. Results and Discussions

4.1. Mechanical Behavior

Specimens (Figure 1a,b) with loading directions oriented differently with respect to the processing
direction of the magnesium alloy AZ31B sheet were fabricated for all tests. The initial texture of the
sheet is typical rolled texture (see Figure 1c, the {00.1} and {10.0} pole figures), which is represented by
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1928 discrete orientations for simulation. The mechanical behavior of the sheet at room temperature
has been reported by Tari et al. [19], where in-plane samples were fabricated along different directions
with respect to RD. Both tension and compression tests have been performed by using these samples,
which are denoted in the form of the loading direction. For example, the tension along RD is denoted
as T-RD, while compression along 45◦ with respect to RD is denoted as C-45. The plastic deformation
is assumed to be accommodated by the basal ({0001}〈1120〉), prismatic ({1010}〈1120〉), and pyramidal
<c + a> ({1122}〈1123〉) slips, as well as the extension twinning ({1012}〈1011〉). The single crystal elastic
constants are taken from the handbook by Simmons and Wang [44]: C11 = 58.0, C12 = 25.0, C13 = 20.8,
C33 = 61.2, and C44 = 16.6 (unit of GPa). The reference slip/twinning rate

.
γ0 and the rate sensitivity m

are defined as 0.001 s−1 and 0.05, respectively.
The determined material parameters, through fitting both T-RD and C-RD stress–strain curves,

are listed in Table 2. Figure 2a and Figure 3a show that a good match is obtained. The material
parameters listed in Table 2 are used for all subsequent simulations. Figure 2 compares the experimental
and predicted tensile stress–strain curves along RD; at 30, 45, and 60◦ with respect to RD; and TD.
The yield stress increases slightly with the loading axis rotated from RD to TD. This is mainly due
to the c-axis of grains in AZ31B sheet are oriented more towards RD than TD, though preferentially
parallel to normal direction (ND) (Figure 1c). Figure 3 shows the stress–strain curves under uniaxial
compression. It is obvious that the VPSC–TDT model can capture the experimental curves very well.
The stress–strain behavior is dependent on the load orientation with respect to the rolling direction of
the polycrystalline aggregate, suggesting the differences in operative deformation mechanisms in each
of the five investigated orientations. From Figure 3, the stress–strain curves are S-shaped along all
directions. Such a stress–strain tendency is consistent with the dominance of {10–12} twinning at low
strains, exhibiting a region of low work-hardening rate up to ~3.5% plastic strain, followed by strong
strain hardening at larger strains before a second yield phenomenon occurs, as has been typically and
previously observed [39,40,45–47]. In general, AZ31B exhibits a lower stress level for a given strain in
RD compared to the other directions for both tension and compression. Figure 4a,b depict the tensile
and compressive stress–strain curves along ND, where distinct stress–strain curves are observed due
to the difference in the twinning activity. It should be noted that stress jumps of the stress–strain curve
of T-ND are not numerical, but due to the termination of twinning.
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Table 2. List of material parameters of AZ31B sheet for viscoplastic self-consistent model and twinning
and detwinning scheme (VPSC–TDT).

Mode τ0 (MPa) τ1 (MPa) h0 (MPa) h1 (MPa) hαβ A1 A2

Basal 5 7 150 25 2.0 – –
Prismatic 95 30 350 25 1.0 – –
Pyramidal 105 110 3000 0 1.5 – –

Extension twin 37 0 0 0 1.0 0.65 0.55
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The relative activities of various deformation mechanisms under T-45 and C-45 are presented
in Figure 5, since those under in-plane tensions (or in-plane compressions) are only qualitatively
different. The plastic deformation under T-45 is dominated by basal and prismatic slip (Figure 5a).
With increasing strain, basal slip becomes less active while prismatic slip increases steadily. The activity
of pyramidal slip is very low throughout the straining. The activity of extension twin is steadily
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maintained until 3% plastic strain, and then decreases slightly with straining. For C-45 (Figure 5b),
the initial plastic deformation is dominated mostly by basal slip and extension twin, and further
deformation is mainly accommodated by prismatic and pyramidal slip. When the activity of extension
twin drops sharply at 6% plastic strain, the activity of pyramidal slip starts to rise noticeably for
coordinating c-axis deformation. The {1012} twin volume fraction (TVF) reaches above 80%, while that
under T-45 is less than 10%. For C-ND (Figure 5c), the plastic deformation is mostly dominated by basal
and pyramidal slip, with little twinning in the ND compression samples. The deformation mechanisms
of T-ND (Figure 5d) are similar to the C-45 (Figure 5b) during initial straining, where basal slip and
extension twin are dominant. However, the activity of prismatic slip is much larger under T-ND than
C-45, when the activity of extension twin decreases sharply.
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The evolution of the TVF under tension and compression is shown in Figure 6. The {0002} pole
figures in Figure 1c shows a slight off-basal character of the primarily basal texture, which leads to
the in-plane anisotropic behavior. In the T-RD, the {1012} TVF is saturated at 11%. Regarding tension,
the larger the loading direction tilts with respect to RD, the lower the {1012} TVF (Figure 6a).
The TVFs under compressive tests—which are apparently larger than in tensile samples and saturate at
~80%—endure an opposite tendency (Figure 6b). A slight off-basal shift of the c-axis of grains towards
RD leads to more twinning under C-TD than C-RD. The TVF increases with tilting of the loading
direction from RD to TD. In Figure 6, the TVFs of C-ND and T-ND are plotted together with other
loadings. As shown in Figure 6a, the TVF of C-ND stabilizes early at ~7% strain due to the strongly
basal texture.
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twin-favorable loadings.

4.2. Texture Evolution

The developed textures at a strain of 15% under various loadings are shown as {0002} pole figures
in Figure 7. In the case of in-plane tensions and C-ND, textures similar to the initial one develop,
mainly due to deformation slips, which enhance the basal texture with c-axis perpendicular to the
tensile axis or parallel to the compressive axis. Together with Figure 2, it is also indicated that the
lower value of in-plane tension yield stress is associated with the larger c-axis distribution towards
the loading direction. By contrast, for in-plane compression and T-ND, drastically different textures
are developed owing to the extensive twinning. The peaks in the pole figures are either with c-axes
reoriented parallel to the compressive loading direction or perpendicular to the tensile loading axis.
The majority of the texture components are with c-axis perpendicular to the compressive loading, and
the yielding stresses of in-plane compressions are almost the same.
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4.3. R-Value Evolution

The plastic strain ratio (R-value) is an important parameter for evaluating the formation
performance of metal sheets. Here, the R-value is defined as R = ε22/ε33, with axes 2 and 3
the lateral directions within the sheet plane and sheet plane normal, respectively [16]. As previously
mentioned, R-values are often used to calculate material parameters involved in anisotropic yield
functions. These anisotropic yield functions are such that the R-value is often assumed to be constant
with strain. This assumption, although not necessary, is reasonable in the yield functions designed for
face centered cubic (FCC) and body centered cubic (BCC) polycrystalline sheets because variations in
R-values with applied deformation are relatively small [48].

The measured and predicted R-values under both tension and compression are respectively
shown in Figures 8 and 9. Since the uncertainty of the R-value measured at low strain (<2%) is too
high, only the experimental results beyond strain of 2% are available [6,7]. The predicted R-values



Materials 2019, 12, 1590 9 of 14

under in-plane tensions, which increase monotonically with straining, matches the experimental ones
well (Figure 8). For in-plane compressions, though slightly lower than the experimental R-values,
the predicted R-values are in reasonable agreement with the experimental ones (Figure 9). Figure 10a,b
depict the simulated R-values associated with loading along ND, where both positive values are
obtained for T-ND and C-ND. Therefore, negative R-value is not necessarily developed when twinning
is active, e.g., T-ND.Materials 2018, 11, x FOR PEER REVIEW  9 of 14 
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Figure 11 compares the predicted R-values along different loading paths, where the R-value
evolves significantly with straining under tension (Figure 11a). The variation in R-value with
imposed tensile straining is confirmed by the experimental works on magnesium alloys at room
temperature [11,49–53]. It is found that the predicted R-values under in-plane compressions is negative
at small strain (Figure 11b). For isotropic materials and anisotropic FCC and BCC sheet metals under
uniaxial compression, the lateral strains are both positive. However, in the AZ31B sheet under uniaxial
compression, negative ε22 and positive ε33 are obtained at small strains when tensile twinning occurs.
At large strains, where twinning is nearly exhausted, the predicted R-value becomes positive because
the two lateral strains are both tensile. The predicted negative R-value under compression at small
strains has been experimentally observed [21,53]

One may argue that strong evolution in R-value with deformation is mainly due to the strong
texture evolution shown in Figure 7. It is clear that the assumption of constant in-plane R-value under
tension and compression—for determining material constants in anisotropic yield functions for HCP
polycrystalline sheets—is not appropriate.

In order to understand the evolution of the R-value of the AZ31B sheet, the R-value of typical
single crystals that are embedded in the sheet is investigated. The Euler angle of the single crystal
is prescribed to be (ϕ, 0◦, 0◦), with ϕ changing from 0 to 360◦. Considering the crystal symmetry,
the range (0–30◦) of ϕ covers all possible orientations in the sheet with c-axis parallel to ND. As can
be seen, more significant evolution of the R-values is obtained under both tension and compression
(Figure 11c,d) in the single crystal compared to the AZ31B sheet. For tension of a single crystal
(Figure 11c), the R-value does not necessarily increase when changing the direction from 0 to 30◦,
which is different from that of the AZ31B sheet (Figure 11a). The R-value reaches its highest value at 10◦

and lowest at 0◦. For compression of a single crystal (Figure 11d), the R-value monotonically decreases
with increasing angle. In some of the specially designed single crystals, the orientation is unchanged
during straining. These results indicate that the HCP crystallographic structure is responsible for the
significant evolution in R-value. As listed in Table 2, the hardening parameters of the four accounted
deformation mechanisms are very different from each other, which leads to the different hardening
behaviors of the deformation mechanisms. As a consequence, the ability of the single crystal deforms
differently along the c-axis and the direction perpendicular to it. According to the rapid increase of the
R-value during straining, the deformability along the c-axis becomes more difficult than those along
in-plane directions. Close observation of Figure 11d reveals that negative R-values are obtained within
the initial straining up to ~4% under compression lateral to the c-axis, which apparently attributed to
the dominant deformation mechanism of twinning.

Figure 12 shows the evolution of R-value with different loading directions at four strain levels
of 0.025, 0.05, 0.1, and 0.15. When loading along RD (0◦) of the sheet, the R-value is the minimum at
all strain levels investigated. For the sheet, the R-value increases as the load direction changes from
RD (0◦) to TD (90◦) under uniaxial tension. The R-value does not change significantly with respect to
the loading direction when the strain level is low (ε = 0.025, 0.05), while the R-value increases at high
strain levels (ε = 0.1, 0.15) (Figure 12b). Interestingly, the evolution of the R-value for single crystals
is very different to that of the sheet (Figure 12c,d). The loading direction has little influence on the
variation trend of R-values, and R-values only fluctuate under larger strain (ε = 0.1, 0.15). For a single
crystal under compression (Figure 12d), the absolute R-value decreased as the load direction changes
from the 0 (RD) to 30◦, and this phenomenon is more obvious at higher strain level. The difference in
the dependency of the R-value on loading direction between the sheet and the single crystal is possible
since the sheet is composed of nearly 2000 single crystals whose orientations are not perfectly oriented
as the single crystals studied. Therefore, in the AZ31B sheet, more deformation mechanisms may be
operative than in comparison with single crystals.
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5. Conclusions

In this paper, the anisotropy of magnesium alloy sheet has been investigated by crystal plasticity
modeling. Through changing the loading directions, the stress–strain curves, relative activity
of deformation mechanisms, texture development, and R-values were systematically compared.
The characteristic anisotropy of Mg alloy sheets, such as tension/compression asymmetry,
sinusoidal stress–strain curves when twinning is activated, negative R-value, etc., were well-captured by
the model. With the aid of simulating the evolution of Mg single crystals, both the HCP crystallographic
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structure and the orientation distribution of the Mg sheet were responsible for the anisotropy.
The polar nature of deformation twinning led to the strong tension/compression asymmetry. Moreover,
twinning activity is responsible for the negative R-values under in-plane compression. These findings
are in good agreement with the corresponding experimental results.

Author Contributions: B.Z., H.W., and W.T. analyzed data, did numerical simulation and wrote the manuscript.
S.L., P.W. and Y.J. gave theoretical guidance of model.

Funding: This research was funded by [Overseas Teacher Plans for the Universities of China] grant number
[MS20180019], [Fundamental Research Funds for the Central Universities of China] grant number [2010YL10],
[Foundation of State Ley Laboratory of Solidification Processing] grant number [SKLSP201810], [Shanghai Pujiang
Program] grant number [18PJ1405000], and [National Natural Science Foundation of China] grant number
[No. 51775337].

Acknowledgments: This work was supported by Overseas Teacher Plans for the Universities of China
(MS20180019) and the Fundamental Research Funds for the Central Universities of China (2010YL10).
H.W. acknowledges the support of the Foundation of State Ley Laboratory of Solidification Processing
(SKLSP201810), the Shanghai Pujiang Program (18PJ1405000) and the University of Sydney- Shanghai Jiao
Tong University Partnership Collaboration Awards. WQT thanks the funding from the National Natural Science
Foundation of China (No. 51775337). P.W. was supported by the Natural Sciences and Engineering Research
Council of Canada (NSERC).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Wang, H.; Wu, P.D.; Wang, J.; Tome, C.N. A physics-based crystal plasticity model for hexagonal close
packed (HCP) crystals including both twinning and de-twinning mechanisms. Int. J. Plast. 2013, 49, 36–52.
[CrossRef]

2. Wu, P.D.; Guo, X.Q.; Qiao, H.; Agnew, S.R.; Lloyd, D.J.; Embury, J.D. On the rapid hardening and exhaustion
of twinning in magnesium alloy. Acta Mater. 2017, 122, 369–377. [CrossRef]

3. Balik, J.; Dobron, P.; Chmelik, F.; Kuzel, R.; Drozdenko, D.; Bohlen, J.; Letzig, D.; Lukac, P. Modeling of the
work hardening in magnesium alloy sheets. Int. J. Plast. 2015, 76, 166–185. [CrossRef]

4. Barnett, M.R.; Ghaderi, A.; Quinta da Fonseca, J.; Robson, J.D. Influence of orientation on twin nucleation
and growth at low strains in a magnesium alloy. Acta Mater. 2014, 80, 380–391. [CrossRef]

5. Wu, L.; Jain, A.; Brown, D.W.; Stoica, G.M.; Agnew, S.R.; Clausen, B.; Fielden, D.E.; Liaw, P.K.
Twinning–detwinning behavior during the strain-controlled low-cycle fatigue testing of a wrought
magnesium alloy, ZK60A. J. Alloy. Acta Mater. 2008, 56, 688–695. [CrossRef]

6. Ulacia, I.; Salisbury, C.P.; Hurtado, I.; Worswick, M.J. Tensile characterization and constitutive modeling of
AZ31B magnesium alloy sheet over wide range of strain rates and temperatures. J. Mater. Process. Technol.
2011, 211, 830–839. [CrossRef]

7. Ulacia, I.; Dudamell, N.; Gálvez, F.; Yi, S.; Pérez-Prado, M.; Hurtado, I. Mechanical behavior and
microstructural evolution of a Mg AZ31 sheet at dynamic strain rates. Acta Mater. 2010, 58, 2988–2998.
[CrossRef]

8. Kurukuri, S.; Worswick, M.J.; Ghaffari Tari, D.; Mishra, R.K.; Carter, J.T. Rate sensitivity and
tension-compression asymmetry in AZ31B magnesium alloy sheet. Philos. Trans. A Math. Phys. Eng. Sci.
2014, 372, 20130216. [CrossRef]

9. Wang, H.; Wu, P.D.; Wang, J. Modelling the role of slips and twins in magnesium alloys under cyclic shear.
Comput. Mater. Sci. 2015, 96, 214–218. [CrossRef]

10. Qiao, H.; Agnew, S.R.; Wu, P.D. Modeling twinning and detwinning behavior of Mg alloy ZK60A during
monotonic and cyclic loading. Int. J. Plast. 2015, 65, 61–84. [CrossRef]

11. Agnew, S.R.; Duygulu, O. Plastic anisotropy and the role of non-basal slip in magnesium alloy AZ31B. Int. J.
Plast. 2005, 21, 1161–1193. [CrossRef]

12. Oppedal, A.L.; Kadiri, H.E.; Tomé, C.N.; Vogel, S.C.; Horstemeyer, M.F. Anisotorpy in hexagonal close-packed
structures: Improvements crystals plasticity approaches applied to magnesium alloy. Philos. Mag. 2013, 93,
4311–4330. [CrossRef]

http://dx.doi.org/10.1016/j.ijplas.2013.02.016
http://dx.doi.org/10.1016/j.actamat.2016.10.016
http://dx.doi.org/10.1016/j.ijplas.2015.08.001
http://dx.doi.org/10.1016/j.actamat.2014.07.013
http://dx.doi.org/10.1016/j.actamat.2007.10.030
http://dx.doi.org/10.1016/j.jmatprotec.2010.09.010
http://dx.doi.org/10.1016/j.actamat.2010.01.029
http://dx.doi.org/10.1098/rsta.2013.0216
http://dx.doi.org/10.1016/j.commatsci.2014.09.015
http://dx.doi.org/10.1016/j.ijplas.2014.08.010
http://dx.doi.org/10.1016/j.ijplas.2004.05.018
http://dx.doi.org/10.1080/14786435.2013.827802


Materials 2019, 12, 1590 13 of 14

13. Lebensohn, R.A.; Tomé, C.N. A self-consistent anisotropic approach for the simulation of plastic-deformation
and texture development of polycrystals-application to zirconium alloys. Acta Metall. Mater. 1993, 41,
2611–2624. [CrossRef]

14. Barlat, F.; Maeda, Y.; Chung, K.; Yanagawa, M.; Brem, J.C.; Hayashida, Y.; Lege, D.J.; Matsui, K.; Murtha, S.J.;
Hattori, S.; et al. Yield function development for aluminum alloy sheets. J. Mech. Phys. Solids 1997, 45,
1727–1763. [CrossRef]

15. Plunkett, B.; Cazacu, O.; Barlat, F. Orthotropic yield criteria for description of the anisotropy in tension and
compression of sheet metals. Int. J. Plast. 2008, 24, 847–866. [CrossRef]

16. Jain, A.; Agnew, S.R. Modeling the temperature dependent effect of twinning on the behavior of magnesium
alloy AZ31B sheet. Mater. Sci. Eng. A 2007, 462, 29–36. [CrossRef]

17. Zhang, H.; Huang, G.; Kong, D.; Sang, G.; Song, B. Influence of initial texture on formability of AZ31B
magnesium alloy sheets at different temperatures. J. Mater. Process. Technol. 2011, 211, 1575–1580. [CrossRef]

18. Lin, P.; Sun, Y.; Chi, C.; Wang, W. Effect of plastic anisotropy of ZK60 magnesium alloy sheet on its forming
characteristics during deep drawing process. Int. J. Adv. Manuf. Technol. 2016, 88, 1–9. [CrossRef]

19. Tari, D.G.; Worswick, M.J.; Ali, U.; Gharghouri, M.A. Mechanical response of AZ31B magnesium alloy:
Experimental characterization and material modeling considering proportional loading at room temperature.
Int. J. Plast. 2014, 55, 247–267. [CrossRef]

20. Wang, H.; Raeisinia, B.; Wu, P.D.; Agnew, S.R.; Tomé, C.N. Evaluation of self-consistent polycrystal plasticity
models for magnesium alloy AZ31B sheet. Int. J. Solids Struct. 2010, 47, 2905–2917. [CrossRef]

21. Chun, Y.B.; Davies, C.H.J. Negative lateral strain ratio induced by deformation twinning in magnesium alloy
AZ31. Mater. Sci. Eng. A 2011, 528, 4941–4946. [CrossRef]

22. Sachs, G. Plasticity problems in metals. Zeitschrift Verein Deutcher Ingenieur 1928, 72, 734–736. [CrossRef]
23. Taylor, G.I. Plastic strain in metals. J. Inst. Met. 1938, 62, 307–324.
24. Bishop, J.W.F.; Hill, R. A theoretical deviation of the plastic properties of a polycrystalline face centered metal.

Philos. Mag. Ser. 1951, 42, 1298–1307. [CrossRef]
25. Hutchinson, J.W. Elastic-plastic behavior of polycrystalline metals hardening accounting to Taylor rule.

Proc. R. Soc. Lond. A 1970, 319, 247–272. [CrossRef]
26. Agnew, S.R.; Brown, D.W.; Tomé, C.N. Validating a polycrystal model for the elastoplastic response of

magnesium alloy AZ31 using in situ neutron diffraction. Acta Mater. 2006, 54, 4841–4852. [CrossRef]
27. Muransky, O.; Carr, D.G.; Barnett, M.R.; Oliver, E.C.; Sittner, P. Investigation of deformation mechanisms

involved in the plasticity of AZ31 Mg alloy: In situ neutron diffraction and EPSC modelling. Mater. Sci. Eng.
A 2008, 496, 14–24. [CrossRef]

28. Wang, H.; Wu, P.D.; Gharghouri, M.A. Effects of basal texture on mechanical behaviour of magnesium alloy
AZ31B sheet. Mater. Sci. Eng. A 2010, 527, 3588–3594. [CrossRef]

29. Turner, P.A.; Tomé, C.N. A study of residual stresses in Zircaloy-2 with rod texture. Acta Metall. Mater. 1994,
42, 4143–4153. [CrossRef]

30. Wang, H.; Wu, P.D.; Tomé, C.N.; Huang, Y.A. Finite strain elastic-viscoplastic self-consistent model for
polycrystalline materials. J. Mech. Phys. Solids 2010, 58, 594–612. [CrossRef]

31. Roberts, C.S. Magnesium and its Alloys; John Wiley & Sons, Inc.: New York, NY, USA, 1960.
32. Tomé, C.N.; Lebensohn, R.A.; Kocks, U.F. A model for texture development dominated by deformation

twinning-application to zirconium alloys. Acta Metall. Mater. 1991, 39, 2667–2680. [CrossRef]
33. Kalidindi, S.R. Incorporation of deformation twinning in crystal plasticity models. J. Mech. Phys. Solids 1998,

46, 267–290. [CrossRef]
34. Proust, G.; Tomé, C.N.; Kaschner, G.C. Modeling texture, twinning and hardening evolution during

deformation of hexagonal materials. Acta Mater. 2007, 55, 2137–2148. [CrossRef]
35. Proust, G.; Tomé, C.N.; Jain, A.; Agnew, S.R. Modeling the effect of twinning and detwinning during

strain-path changes of magnesium alloy AZ31. Int. J. Plast. 2009, 25, 861–880. [CrossRef]
36. Wu, X.; Kalidindi, S.R.; Necker, C.; Salem, A.A. Prediction of crystallographic texture evolution and

anisotropic stress–strain curves during large plastic strains in high purity α-titanium using a Taylor-type
crystal plasticity model. Acta Mater. 2007, 55, 423–432. [CrossRef]

37. Wang, H.; Wu, P.D.; Tomé, C.N.; Wang, J. A constitutive model of twinning and detwinning for hexagonal
close packed polycrystals. Mater. Sci. Eng. A 2012, 555, 93–98. [CrossRef]

http://dx.doi.org/10.1016/0956-7151(93)90130-K
http://dx.doi.org/10.1016/S0022-5096(97)00034-3
http://dx.doi.org/10.1016/j.ijplas.2007.07.013
http://dx.doi.org/10.1016/j.msea.2006.03.160
http://dx.doi.org/10.1016/j.jmatprotec.2011.04.009
http://dx.doi.org/10.1007/s00170-016-8816-9
http://dx.doi.org/10.1016/j.ijplas.2013.10.006
http://dx.doi.org/10.1016/j.ijsolstr.2010.06.016
http://dx.doi.org/10.1016/j.msea.2011.03.046
http://dx.doi.org/10.1039/tf9282400084
http://dx.doi.org/10.1080/14786444108561385
http://dx.doi.org/10.1098/rspa.1970.0177
http://dx.doi.org/10.1016/j.actamat.2006.06.020
http://dx.doi.org/10.1016/j.msea.2008.07.031
http://dx.doi.org/10.1016/j.msea.2010.02.050
http://dx.doi.org/10.1016/0956-7151(94)90191-0
http://dx.doi.org/10.1016/j.jmps.2010.01.004
http://dx.doi.org/10.1016/0956-7151(91)90083-D
http://dx.doi.org/10.1016/S0022-5096(97)00051-3
http://dx.doi.org/10.1016/j.actamat.2006.11.017
http://dx.doi.org/10.1016/j.ijplas.2008.05.005
http://dx.doi.org/10.1016/j.actamat.2006.08.034
http://dx.doi.org/10.1016/j.msea.2012.06.038


Materials 2019, 12, 1590 14 of 14

38. Wang, H.; Wu, P.D.; Wang, J. Modeling inelastic behavior of magnesium alloys during cyclic
loading–unloading. Int. J. Plast. 2013, 47, 49–64. [CrossRef]

39. Guo, X.Q.; Chapuis, A.; Wu, P.D.; Agnew, S.R. On twinning and anisotropy in rolled Mg alloy AZ31 under
uniaxial compression. Int. J. Solids Struct. 2015, 64–65, 42–50. [CrossRef]

40. Ma, C.; Chapuis, A.; Guo, X.Q.; Zhao, L.Y.; Wu, P.D. Modeling the deformation behavior of a rolled Mg alloy
with the EVPSC-TDT model. Mater. Sci. Eng. A 2017, 682, 332–340. [CrossRef]

41. Guo, X.Q.; Chapuis, A.; Wu, P.D.; Liu, Q.; Mao, X. Experimental and numerical investigation of anisotropic
and twinning behavior in Mg alloy under uniaxial tension. Mater. Des. 2016, 98, 333–343. [CrossRef]

42. Wang, H.; Wu, P.D.; Kurukuri, S.; Worswick, M.J.; Peng, Y.H.; Tang, D.; Li, D.Y. Strain rate sensitivities of
different deformation mechanisms of magnesium alloys. Int. J. Plast. 2018, 107, 207–222. [CrossRef]

43. Qiao, H.; Guo, X.Q.; Hong, S.G.; Wu, P.D. Modeling of {10-12}-{10-12} secondary twinning in pre-compressed
Mg alloy AZ31. J. Alloy. Compd. 2017, 725, 96–107. [CrossRef]

44. Simmons, G.; Wang, H. Single Crystal Elastic Constants and Calculated Polycrystal Properties; MIT Press:
Cambridge, MA, USA, 1971.

45. Chapuis, A.; Wang, B.; Liu, Q. A comparative study between uniaxial compression and plane strain
compression of Mg-3Al-1Zn alloy using experiments and simulations. Mater. Sci. Eng. A 2014, 597, 349–358.
[CrossRef]

46. Kabirian, F.; Khan, A.S.; Gnäupel-Herlod, T. Visco-plastic modeling of mechanical responses and texture
evolution in extruded AZ31 magnesium alloy for various loading conditions. Int. J. Plast. 2015, 68, 1–20.
[CrossRef]

47. Zhou, G.W.; Jain, M.K.; Wu, P.D.; Shao, Y.C.; Li, D.Y.; Peng, Y.H. Experiment and crystal plasticity analysis
on plastic deformation of AZ31B Mg alloy sheet under intermediate temperatures: How deformation
mechanisms evolve. Int. J. Plast. 2016, 79, 19–47. [CrossRef]

48. Barlat, F.; Aretz, H.; Yoon, J.W.; Karabin, M.E.; Brem, J.C.; Dick, R.E. Linear transformation-based anisotropic
yield functions. Int. J. Plast. 2005, 21, 1009–1039. [CrossRef]

49. Avery, D.H.; Hosford, W.F.; Backofen, W.A. Plastic anisotropy in magnesium alloy sheets. Trans. Met. Soc.
Aime 1965, 233, 71–78.

50. Kaiser, F.; Letzig, D.; Bohlen, J.; Styczynski, A.; Hartig, C.; Kainer, K.U. Anisotropic properties of magnesium
sheet AZ31. Mater. Sci. Forum 2003, 315–320. [CrossRef]

51. Hartig, Ch.; Styczynski, A.; Kaiser, F.; Letzig, D. Plastic anisotropy and texture evolution of rolled AZ31
magnesium alloys. Mater. Sci. Forum 2005, 495–497, 1615–1620. [CrossRef]

52. Lou, X.Y.; Li, M.; Boger, R.K.; Agnew, S.R.; Wagoner, R.H. Hardening evolution of AZ31B Mg sheet. Int. J.
Plast. 2007, 23, 44–86. [CrossRef]

53. Del Valle, J.A.; Ruano, O.A. Effect of annealing treatments on the anisotropy of a magnesium alloy sheet
processed by severe rolling. Mater. Lett. 2009, 63, 1551–1554. [CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijplas.2013.01.007
http://dx.doi.org/10.1016/j.ijsolstr.2015.03.012
http://dx.doi.org/10.1016/j.msea.2016.11.027
http://dx.doi.org/10.1016/j.matdes.2016.03.045
http://dx.doi.org/10.1016/j.ijplas.2018.04.005
http://dx.doi.org/10.1016/j.jallcom.2017.07.133
http://dx.doi.org/10.1016/j.msea.2014.01.021
http://dx.doi.org/10.1016/j.ijplas.2014.10.012
http://dx.doi.org/10.1016/j.ijplas.2015.12.006
http://dx.doi.org/10.1016/j.ijplas.2004.06.004
http://dx.doi.org/10.4028/www.scientific.net/MSF.419-422.315
http://dx.doi.org/10.4028/www.scientific.net/MSF.495-497.1615
http://dx.doi.org/10.1016/j.ijplas.2006.03.005
http://dx.doi.org/10.1016/j.matlet.2009.04.014
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experiment 
	VPSC–TDT Model 
	Results and Discussions 
	Mechanical Behavior 
	Texture Evolution 
	R-Value Evolution 

	Conclusions 
	References

