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Abstract: Fatigue analysis has always been a concern in the design and assessment of Mg alloy structure components subjected to cyclic load-
ing, and research on the cyclic plasticity is fundamental to investigate the corresponding fatigue failure. Thus, this work reviews the progress in
the cyclic plasticity of Mg alloys. First, the existing macroscopic and microscopic experimental results of Mg alloys are summarized. Then,
corresponding macroscopic phenomenological constitutive models and crystal plasticity-based models are reviewed. Finally, some conclu-
sions and recommended topics on the cyclic plasticity of Mg alloys are provided to boost the further development and application of Mg alloys.

Keywords: magnesium alloy; cyclic plasticity; macroscopic experiments; microscopic observations; constitutive model

1. Introduction

Magnesium (Mg) alloys have been widely applied in the
aerospace, automobile, railway transportation, and biomedi-
cine industries because of their light weight, high specific
strength and stiffness, good damping capacity, and biocom-
patibility [1-4]. The fabricated components and devices in-
evitably undergo cyclic loading; then, the accumulation of
the damage from the cyclic plasticity of Mg alloys in macro-
or micro-scales may induce fatigue failure. To improve the
capability of the assessment of the service reliability and fa-
tigue life of structural components and devices, the cyclic
plasticity of Mg alloys should be comprehensively studied.

Owing to their hexagonal close-packed structure, Mg al-
loys do not have sufficient active slip systems, and their
plastic deformation is often accommodated by twinning. In
general, the twinning can cause a rotation of crystal lattice at
a large angle and remarkably change the orientation of slip
systems in twinned regions. Additionally, the generation of
twin boundaries has a significant impact on the dislocation
slipping. Therefore, different plastic deformation mechan-
isms and complicated interactions among the twin boundar-
ies will occur during the cyclic plasticity of Mg alloys. This
implies that the cyclic plasticity of Mg alloys becomes more
complicated due to the multi-mechanism interaction. A more
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comprehensive and deep investigation on the complex cyclic
plasticity of Mg alloys has vital engineering and scientific
significance.

In this work, the progresses in the macroscopic and micro-
scopic experimental observations on the cyclic plasticity of
Mg alloys and corresponding constitutive models are re-
viewed to promote the development and application of Mg
alloys. First, the experiments conducted in current studies, in-
cluding the macroscopic and microscopic observations, are
summarized in Section 2, and the plastic deformation mech-
anisms and their interactions are addressed. Then, recently
developed macroscopic phenomenological constitutive mod-
els and crystal plasticity-based models are reviewed in Sec-
tion 3, and key ideas and the advantages and disadvantages of
these constitutive models are discussed. Finally, significant
conclusions and some recommendations are provided in Sec-
tion 4.

2. Progresses in experimental observations

At present, many researchers have performed experiment-
al observations on the cyclic plastic deformation of Mg al-
loys. The evolution features and physical mechanisms of
cyclic plasticity have been investigated for Mg alloys, and
valuable results have been obtained. The results are summar-
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ized in detail here in terms of macroscopic and microscopic
observations.

2.1. Macroscopic experiments

Strain- and stress-controlled cyclic tests are two common
cyclic loading modes used in experimental observations on
the cyclic plasticity and related fatigue failure of materials,
and through these tests, different cyclic deformation charac-
teristics are observed. Thus, in this subsection, the macro-
scopic experimental observations on the cyclic plasticity of
Mg alloys is summarized under two groups: strain- and
stress-controlled loading modes. The corresponding physical
mechanisms of cyclic plasticity revealed by the microscopic
observations are reviewed in Section 2.2.

2.1.1. Strain-controlled cyclic plasticity

Wrought and cast Mg alloys are commonly used in engin-

eering applications. However, a strong basal texture is
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formed during the extrusion and rolling of wrought Mg al-
loys; that is, the c-axis of most grains is almost perpendicular
to the extrusion or rolling direction. Significant tension—com-
pression asymmetry occurs in wrought Mg alloys because of
their strong basal texture and different deformation mechan-
isms, including dislocation slipping, twinning, and detwin-
ning, and their interaction [5-10]. Yield stresses and strain
hardening features of wrought Mg alloys are different in the
tensile and compressive directions, as shown in Fig. 1. The
stress—strain curve of extruded AZ31B Mg alloy is typically
convex-outward in the first tensile stage along the extrusion
direction (ED), where the plastic deformation is dominated
by dislocation slipping (Fig. 1(a)). In the second and first
compressive stages with a lower yield stress, the plastic de-
formation is dominated by twinning (Figs. 1(a) and 1(b)), and
then a sigmoidal-shaped (S-shaped) stress—strain curve ap-
pears in the reverse tensile stage due to the detwinning.
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Stress—strain responses of extruded AZ31B Mg alloy: (a) in a tension—compression—tension test; (b) in a compression—ten-

sion test. Reprinted from Int. J. Fatigue, 120, H. Li, G.Z. Kang, C. Yu, and Y.J. Liu, Experimental investigation on temperature-de-
pendent uniaxial ratchetting of AZ31B magnesium alloy, 33-45, Copyright 2019, with permission from Elsevier.

For cast Mg alloys, since their grain orientations are ran-
domly distributed without any strong textures, their plastic
deformation is generally provided by dislocation slipping in
the basal slip system and extension twinning [11]. In [11], the
evolution trends of the tensile and compressive stress—strain
curves of cast Mg alloys were almost the same; this observa-
tion is significantly different from the tension—compression
asymmetry observed for the wrought Mg alloys, as shown in
Fig. 1.

(1) Effects of strain amplitude.

Fully reversed uniaxial strain-controlled cyclic tests of
wrought Mg alloys were performed in [12—19] under differ-
ent strain amplitudes. Typical stress—strain curves of wrought
Mg alloys with different strain amplitudes [18] are displayed
in Fig. 2. As shown in the figure, normal convex-outward
stress—strain curves occurred in the first tensile stage and the
subsequent compressive stage with a smaller strain amp-
litude (i.e., 1%), but unique concave-inward stress—strain
curves with inflection points occurred in the reverse tensile
stages (Fig. 2(a)), which means that an S-shaped stress—strain

curve occurred in the reverse tensile stage due to the detwin-
ning; however, when the applied strain amplitude was 4%, S-
shaped stress—strain curves occurred in both the compressive
and reverse tensile stages (Fig. 2(b)); meanwhile, more signi-
ficant cyclic hardening occurred in the compression stage
than that in the tension stage. This was because the twins pro-
duced in the compressive stages were partially detwinned
during subsequent reverse tensile stages, and the residual
twins accumulated; the cyclic hardening in the compression
also became more remarkable with the increase in the ap-
plied strain amplitude. Moreover, more symmetrical
stress—strain responses occurred when the applied strain
amplitude was large enough, since twinning was exhausted
under the compression, and the subsequent plastic deforma-
tion in compression was dominated by dislocation slipping,
which is similar to that in the reverse tension (i.e., detwin-
ning followed by dislocation slipping). Xiong et al. [19]
found similar strain amplitude—dependent cyclic plasticity in
extruded AZ31 Mg alloy.

Since wrought Mg alloys possess strong basal textures,
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Stress—strain curves in strain-controlled cyclic tests of extruded ZK60 Mg alloy with different strain amplitudes: (a) 1%;

(b) 4%. Reprinted from Int. J. Plast., 91, S. Dong, Q. Yu, Y.Y. Jiang, J. Dong, F.H. Wang, L. Jin, and W.J. Ding, Characteristic cyc-
lic plastic deformation in ZK60 magnesium alloy, 25-47, Copyright 2017, with permission from Elsevier.

their strain amplitude—dependent cyclic plasticity also exhib-
its significant dependence on the loading direction. Pahl-
evanpour et al. [20] found that the stabilized stress—strain
hysteresis loops of extruded ZK60 Mg alloy were asymmet-
rical in the ED when the strain amplitude was greater than
0.5%, due to the activation of twinning and detwinning,
while those in the radial direction (RD) were roughly sym-
metrical under different strain amplitudes (from 0.2% to 2%).
Wang et al. [21] obtained that both the stress—strain hyster-
esis loops of extruded ZA81M Mg alloy in the ED and the
transverse direction (TD) were asymmetrical when the ap-
plied strain amplitude was between 0.4% and 1%, and signi-
ficant cyclic hardening occurred in both directions. In sum-
mary, the strain amplitude has a remarkable impact on the
cyclic plasticity of wrought Mg alloys, and the cyclic harden-
ing extents and stress—strain hysteresis loop shapes during
cyclic tests with different strain amplitudes are different, due
to the different activated plastic deformation mechanisms.
For cast Mg alloys, Gryguc et al. [11] conducted some
fully reversed cyclic tests of cast AZ80 Mg alloy under dif-
ferent strain amplitudes. The obtained stress—strain hyster-
esis loops were symmetrical and convex-outward (except for
that under a strain amplitude of 1.4%, where a slight S-
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shaped looped occurred, as shown in Fig. 3), and significant
cyclic hardening occurred; the mean stresses obtained in the
cyclic tests of cast AZ80 Mg alloy under various strain amp-
litudes were almost zero, as shown in Fig. 3, different from
that of wrought Mg alloys where a non-zero mean stress oc-
curred even when the applied mean strain was zero (Fig. 2).
Similar stress—strain hysteresis loops and cyclic hardening
features have also been observed for cast ZK60 Mg
alloy [22]; the study demonstrated that the larger the applied
strain amplitude, the more remarkable the cyclic hardening.
However, in [23], cyclic stability occurred in the fully re-
versed cyclic tests of cast high-zinc ZA105 Mg alloy under
smaller strain amplitude (0.1% or 0.2%), but slight cyclic
softening occurred when the applied strain amplitude was
0.6% or 0.8%. Moreover, tension—compression yield asym-
metry has also been observed in some cast Mg alloys at the
initial yielding stage, due to the different activations of exten-
sion twinning in tension and compression [24-25]. In these
studies, the strain hardening features in tension and compres-
sion after the yielding were similar owing to the joint action
of dislocation slipping and twinning, and symmetric
stress—strain hysteresis loops occurred in the cyclic tests un-
der a large applied strain amplitude. In summary, the influ-
(b) 0.705 0%
200059\ \

Engineering stress / MPa

Engineering strain / %

Stress—strain responses of cast AZ80 Mg alloy in strain-controlled cyclic tests under different strain amplitudes: (a) 1.0%;

(b) stabilized responeses under different amplitudes. Reprinted from Int. J. Fatigue, 104, A. Gryguc, S.K. Shaha, S.B. Behravesh, H.
Jahed, M. Wells, B. Williams, and X. Su, Monotonic and cyclic behaviour of cast and cast-forged AZ80 Mg, 136-149, Copyright 2017,

with permission from Elsevier.
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ence of strain amplitude on the cyclic plasticity of cast
Mg alloys is mainly reflected by different cyclic soft/
hardening features, but the strain amplitude has almost no in-
fluence on the shape of the stress—strain hysteresis loop (al-
most symmetrical), different from the case of wrought Mg al-
loys.

Studies on the cyclic plasticity of cast Mg alloys are not as
many as those on the cyclic plasticity of the wrought alloys,
especially the studies addressing the effects of strain rate,
temperature, and loading path on the cyclic plasticity. Thus,
this review focuses on the cyclic plasticity of wrought Mg al-
loys.

(2) Effects of strain rate.

Begum et al. [26] found that stress amplitude responses
were almost identical in the fully reversed strain-controlled
cyclic tests of extruded AZ31 Mg alloy under a strain amp-
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litude of 0.4% and at different strain rates (i.e., 1 x 107, 1 x
1072, and 8 x 107% s™"); this means that the influence of strain
rate on the stress amplitude response was not significant.
However, for the extruded AZ80 Mg alloy, cyclic hardening
occurred in the reversed strain-controlled cyclic tests at dif-
ferent strain rates under a strain amplitude of 0.8%, and the
extent of cyclic hardening increased with increasing strain
rate [27]. Also, Chen et al. [28] revealed that the stress—strain
hysteresis loops of extruded AZ31B Mg alloy at different
strain rates were all asymmetrical, and the strain rate had little
effect on the valley stress, but the peak stress increased with
increasing strain rate (Fig. 4). This implies that the rate-de-
pendent cyclic plasticities of extruded AZ31B Mg alloy in
tension and compression are different, and the rate depend-
ence in tension is much more significant than that in com-
pression.
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Stress—strain curves of extruded AZ31B Mg alloy in strain-controlled cyclic tests at different strain rates: (a) in the first

loading cycle; (b) in the half-life cycle. Reprinted from J. Alloys Compd., 735, G. Chen, J.W. Gao, Y. Cui, H. Gao, X. Guo, and S.Z.
Wau, Effects of strain rate on the low cycle fatigue behavior of AZ31B magnesium alloy processed by SMAT, 536-546, Copyright

2018, with permission from Elsevier.

In summary, strain rate has a significant impact on the
cyclic hardening of wrought Mg alloys; the rate-sensitivities
of cyclic hardening in the tensile and compressive directions
are different, due to different plastic deformation mechan-
isms, which are addressed in Section 2.2.

(3) Eftects of temperature.

Kim et al. [29] and Piao et al. [30] performed some strain-
controlled tension—compression—tension and compression—
tension tests of extruded AZ31 Mg alloy at different temper-
atures and found that unique S-shaped stress—strain curves
gradually disappeared as the temperature increased, due to
the decrease in the critical resolved shear stresses (CRSSs) of
non-basal slip systems. Jiang ef al. [31] revealed that the ex-
tension twin fractions formed in the uniaxial compression of
extruded AM30 and AZ31 Mg alloys at different temperat-
ures were very close when the temperature was lower than
200°C, which means that the temperature had little effect on
the twinning at relatively lower temperatures. In [29-31],
wrought Mg alloys presented different temperature depend-

encies during plastic deformation involving different physic-
al mechanisms; however, cyclic plasticity and its temperat-
ure dependence were not addressed.

Recently, Li et al. [10] conducted uniaxial strain-con-
trolled cyclic tests at five temperatures (25, 100, 150, 200,
and 250°C) to investigate the temperature-dependent cyclic
plasticity of extruded AZ31B Mg alloy. Fig. 5 displays the
stress—strain curves obtained in the tension—compression—
tension and compression—tension tests under the maximum
tensile and compressive strains of 3% and —3%, respectively,
and at different temperatures [10]. From the figure, as the
temperature increased, the tensile yield stress of extruded
AZ31B Mg alloy greatly decreased, while the compressive
stress was almost insensitive to the temperature variation;
meanwhile, the tension—compression asymmetry became in-
creasingly weaker, and the concave-inward stress—strain
curves with inflection points (i.e., the S-shaped curves)
gradually transitioned to convex-outward curves. From [10],
it can be further observed that the cyclic softening/hardening
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Fig. 5. Stress—strain curves of extruded AZ31B Mg alloy at different temperatures: (a) in tension—compression—tension test; (b) in
compression—tension test. Reprinted from Int. J. Fatigue, 120, H. Li, G.Z. Kang, C. Yu and Y.J. Liu, Experimental investigation on
temperature-dependent uniaxial ratchetting of AZ31B magnesium alloy, 33-45, Copyright 2019, with permission from Elsevier.

features of extruded AZ31B Mg alloy were also dependent
on the temperature; that is, at temperatures lower than 150°C,
apparent cyclic hardening occurred; but at temperatures high-
er than 150°C, remarkable cyclic softening occurred.

In summary, wrought Mg alloys exhibit temperature-de-
pendent cyclic softening/hardening because different plastic
deformation mechanisms, including the basal and non-basal
dislocation slipping and twinning/detwinning, will be activ-
ated at different temperatures.

(4) Effects of multiaxial loading.

The multiaxial cyclic plasticity of materials is much more
complex than the uniaxial cyclic plasticity. Thus, existing
results for the multiaxial cyclic plasticity of wrought Mg al-
loys are briefly summarized here.

Wang et al. [32] revealed that the stress—strain hysteresis
loops of extruded GW83 Mg alloys with a random texture
were completely symmetrical in fully reversed cyclic tor-
sional tests under torsional strain amplitudes from 0.606% to
4.157%; the shear stress amplitude decreased cyclically (i.e.,
apparent cyclic softening occurred) under shear strain amp-
litudes larger than 1.732%, while slight cyclic softening ap-
peared at the early loading stage and then transitioned to cyc-
lic hardening when the shear strain amplitude was larger than
1.732%. Albinmousa et al. [12—13] revealed that the axial
stress—strain hysteresis loops of extruded AZ31B Mg alloy
were symmetrical in proportional axial-torsional combined
cyclic tests, similar to the uniaxial stress—strain hysteresis
loops, while the loops obtained in the non-proportional axial-
torsional cyclic tests were asymmetrical. This means that
proportional and non-proportional multiaxial loading paths
significantly affected the cyclic plasticity of wrought Mg al-
loys. However, no significant additional hardening effect oc-
curred in the non-proportional multiaxial cyclic tests of ex-
truded AZ61A Mg alloy [33]; this result was different from
those of the tests of face-centered cubic (fcc) and body-
centered cubic (bcc) metals, because the slip systems of Mg
alloys are so limited and twinning contributes a large amount

of plastic deformation. Furthermore, Yu et al. [34] demon-
strated that non-proportional additional softening/hardening
features in axial and torsional directions were not identical in
the fully reversed multiaxial strain-controlled cyclic tests of
extruded AZ61A Mg alloy, and the axial stress amplitude
with a circular path was slightly lower than the correspond-
ing uniaxial stress amplitude at a stabilized cycle, but the tor-
sional stress amplitude with a circular path was much larger
than the corresponding pure torsional stress amplitude. Re-
cently, Li ef al. [35] revealed that the axial and torsional shear
stress amplitudes increased cyclically in multiaxial cyclic
tests of extruded AZ31 Mg alloy with different loading paths
(Fig. 6), which means that remarkable cyclic hardening oc-
curred in both axial and torsional directions.

It can be further revealed from [35] that the axial stress
amplitude response in the uniaxial strain-controlled cyclic
test is larger than that in the multiaxial ones, which indicates
remarkable additional softening in the axial direction; the
equivalent shear stress amplitude in the pure torsional test is
smaller than that in the multiaxial cyclic tests, which demon-
strates a remarkable additional hardening in the torsional dir-
ection. Non-proportional multiaxial additional hardening was
also observed in [36] and [37] for extruded AM30 and AZ80
Mg alloys, respectively. In summary, the multiaxial strain-
controlled cyclic deformation of Mg alloys strongly depends
on the loading path, and various plastic deformation mechan-
isms will make the multiaxial cyclic plasticity of Mg alloys
complicated; this phenomenon should be paid much more at-
tention in the future. Overall, remarkable cyclic hardening
occurs during the strain-controlled cyclic deformation of
wrought Mg alloys and is affected by several factors, such as
applied strain amplitudes, temperature, and loading path.
2.1.2. Stress-controlled cyclic deformation

As reviewed by [38-40], ratchetting occurs during the
asymmetrical stress-controlled cyclic tests of materials. The
ratchetting strain (the average of peak and valley strains) can
increase cyclically, and consequently, the geometric size of
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structural components will exceed the design limitation; also,
the fatigue life of the materials will significantly reduce,
which often results in the premature failure of structures.
Therefore, the ratchetting of Mg alloys and its dependences
on stress level, stress rate, temperature, and multiaxial load-
ing path are worth investigating. The existing experimental
results (only for the wrought alloys) are reviewed as follows:

(1) Effect of stress level.

Xiong et al. [9] and Kang ef al. [41] investigated the
stress-level-dependent ratchetting of extruded ZK60 and
AZ31 Mg alloys, respectively. The studies showed that signi-
ficant ratchetting occurred and the ratchetting strain rate (i.e.,
the increment of ratchetting strain per cycle) decreased cyc-
lically, but its evolution features were different in the cyclic
tests of Mg alloys with different mean stresses and stress
amplitudes, because of different plastic deformation mechan-
isms. Typical cyclic stress—strain curves of extruded AZ31
Mg alloy with different mean stresses [41] are presented in
Fig. 7 and are addressed in detail as follows:

Fig. 7 shows the following: (1) In the case of (100 + 110)
MPa (i.e., an axial mean stress of 100 MPa and a stress amp-
litude of 110 MPa), the stress—strain hysteresis loops of ex-
truded AZ31 Mg alloy were symmetrical and always shifted
in the tensile direction; significant ratchetting occurred
(Fig. 7(a)), like in the cases of traditional fcc and bec metallic
materials [39]. Since the valley stress was much smaller than
the alloy compressive yield stress, the cyclic plastic deforma-
tion was only dominated by dislocation slipping. (2) In the
case of (50 = 180) MPa, the peak and valley stresses were
higher than the alloy tensile and compressive yield stresses,
respectively, and then the cyclic plastic deformation was sim-
ultaneously dominated by dislocation slipping, twinning, and
detwinning. The stress—strain hysteresis loops were asym-
metrical, and S-shaped stress—strain curves appeared in the
reverse tensile stages (Fig. 7(b)). (3) In the case of (0 + 120)
MPa, the peak stress was smaller than the alloy tensile yield

stress. Therefore, the cyclic plastic deformation was simul-
taneously dominated by twinning and detwinning, and the
stress—strain hysteresis loops were asymmetrical in the first
five loading cycles but gradually became almost symmetric-
al in the subsequent cycles. Meanwhile, the evolution trends
of the peak strain (shifts in the compressive direction) and
valley strain (shifts in the tensile direction) were not identical
(Fig. 7(c)). (4) In the case of (—60 = 80) MPa, the plastic de-
formation was also controlled by twinning and detwinning,
which is similar to the case of (0 + 120) MPa, but the formed
twins could be partially detwinned due to relatively lower
peak stress, which resulted in symmetrical and convex hys-
teresis loops. The peak and valley strains shifted in the com-
pressive direction (Fig. 7(d)).

Furthermore, in [42], significant ratchetting occurred in
the stress-controlled cyclic tests of hot-rolled AZ31B Mg al-
loy when the peak stress was sufficiently large, and the ratch-
etting strain evolution was divided into three stages (initial
rapid growth, stable development, and final steep increase).
Also, in [42], the evolution trend of the density of geometric-
ally necessary dislocations was similar to that of ratchetting
strain. However, the ratchetting of Mg alloys is only dis-
cussed in the tensile direction in [42], which means that no
plastic deformation occurred in the compressive direction.

Overall, the stress level determines the activated cyclic
plastic deformation mechanism and remarkably influences
the shape of the stress—strain hysteresis loop and the evolu-
tion trend of ratchetting in wrought Mg alloys.

(2) Effect of stress rate.

Regarding the stress-rate-dependent ratchetting of
wrought Mg alloys, it has been concluded that the ratchetting
of rolled AZ31B Mg alloy is not sensitive to the change in
stress rate (10, 50, and 100 MPa/s) [43]. Moreover, it has
been reported that the higher the stress rate, the smaller the
ratchetting strain of hot-rolled AZ91D Mg alloy [44]. In [44],
the differences in ratchetting strains observed at various
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stress rates occurred in the first cycle of each test, and the
subsequent evolution trends of ratchetting were almost the
same. In the prescribed tests of rolled Mg alloys in [43—44],
the plastic deformation was only dominated by dislocation
slipping; no twinning or detwinning occurred, due to the ad-
opted stress levels. Moreover, Meng et al. [45] found that the
ratchetting of rolled AZ31B Mg alloy was insensitive to the
stress rate under the activation of twinning/detwinning.

In summary, the rate dependence of the ratchetting of
wrought Mg alloys is controlled by the activated plastic de-
formation mechanism, but detailed investigations on the rate-
dependent ratchetting considering different plastic deforma-
tion mechanisms and their interactions are still lacking.

(3) Effect of temperature.

Regarding the temperature-dependent ratchetting of Mg
alloys, in [46], it was found that the significant cyclic harden-
ing at lower temperatures transitioned to cyclic softening
with the increase in temperature, and significant ratchetting
occurred in the stress-controlled cyclic tests of rolled AZ91
Mg alloy at higher temperatures. Recently, Li ef al. [10] in-
vestigated the temperature-dependent ratchetting of extruded
AZ31 Mg alloy by performing uniaxial cyclic tests with dif-
ferent peak/valley stresses and at various test temperatures.

Fig. 8 displays the evolution curves of ratchetting strain with
the number of cycles [10]. The relative peak/valley stresses
(multiples of the tensile and compressive yield stresses, o,
and oy, respectively, of the alloy at various temperatures)
were employed to realize a simple and direct comparison of
experimental data.

Fig. 8 shows that the ratchetting of extruded AZ31 Mg al-
loy greatly depended on the test temperature, but the temper-
ature-dependent ratchetting was significantly affected by the
adopted stress levels: (1) In the test with a peak stress of
.10, and a valley stress of 0.207, the ratchetting strain in-
creased with the temperature; however, at 25, 100, and
150°C, the ratchetting strain rate decreased to a constant after
certain cycles, and then stable ratchetting occurred. As the
temperature reached 200 or 250°C, the ratchetting strain rate
continuously increased, and the ratchetting strain signific-
antly accumulated due to the cyclic softening of the alloy
(Fig. 8(a)). (2) In the test with a peak stress of 1.107, and val-
ley stress of 1.107, when the temperature was not higher than
150°C, ratchetting apparently occurred, and the peak and val-
ley strains cyclically accumulated in the same tensile direc-
tion. When the temperature was 200 or 250°C, the ratchet-
ting strain was almost zero, since the tension—compression
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asymmetry of the alloy became very weak at such temperat-
ures (Fig. 8(b)). (3) In the test with a peak stress of 0.20, and
valley stress of 1.1, when the temperature was not higher
than 150°C, the compressive ratchetting strains were almost
the same and were nearly independent of the temperature,
due to twinning being the only activated deformation mech-
anism; however, when the temperature was 200 or 250°C,
much more significant ratchetting than those at 25, 100, and
150°C occurred, and the ratchetting strain increased in the
compressive direction at a constant rate after certain cycles
(Fig. 8(c)).

In summary, the ratchetting of wrought Mg alloys is signi-
ficantly temperature-dependent, and the temperature-de-
pendent ratchetting is also related to the applied stress levels,
due to the activation of different plastic deformation mechan-
isms in the compressive and tensile directions.

(4) Effects of multiaxial loading.

The multiaxial loading paths have a great influence on the
ratchetting of materials, as reviewed by [39]; thus, it is neces-
sary to address their impact on the ratchetting of wrought Mg
alloys. However, existing studies on the multiaxial ratchet-
ting of Mg alloys are not as sufficient as those on the uniaxial
ratchetting. Castro and Jiang [47] investigated the ratchetting

of extruded AZ31B Mg alloy in both the axial and shear dir-
ections by performing a multiaxial (combined tension-tor-
sion) stress-controlled cyclic test with a circular path. They
found that the axial ratchetting was more significant than the
torsional ratchetting. Recently, Li et al. [35] investigated the
non-proportional multiaxial ratchetting of extruded AZ31 Mg
alloy with different loading paths and at room temperature.
Figs. 9(a) and 9(b) demonstrate the axial and torsional strain
responses in the cases with circular and rhombic paths, where
the axial stress level was (100 + 120) MPa and the equivalent
shear level was (0 + 120) MPa. The results with an axial stress
level of (—20 + 120) MPa are displayed in Figs. 9(c) and 9(d).

Fig. 9 shows that ratchetting occurred in the axial direc-
tion and that the axial ratchetting strain increased cyclically,
whereas, no significant ratchetting occurred in the shear dir-
ection. Meanwhile, the multiaxial ratchetting of the extruded
AZ31 Mg alloy depended on the shapes of the loading paths
and the magnitude of the axial mean stress, and it evolved in
the compressive direction when a negative axial mean stress
was adopted.

The evolutions of the axial and uniaxial ratchetting strains
obtained in [35] under different loading paths and a positive
axial mean stress (Fig. 10(a)) revealed that the axial ratchet-
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ting strains with non-proportional multiaxial circular and
rhombic paths were higher than those with uniaxial and lin-
ear paths. Moreover, the evolution curves corresponding to
negative axial mean stress (Fig. 10(b)) showed that signific-
ant ratchetting also occurred in the compressive direction,
and the ratchetting strains with circular and rhombic paths
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were close to the uniaxial ratchetting strains, different from
the case of the strains under positive axial mean stress (Fig.
10(a)).

In summary, the multiaxial ratchetting of wrought Mg al-
loys strongly depends on the shapes of loading paths.
However, existing studies on the multiaxial ratchetting of Mg
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Fig. 10. Evolution curves of axial ratcheting strain of extruded AZ31 Mg alloy in cyclic tests with various loading paths: (a) an axi-
al stress level of (100 + 120) MPa; (b) an axial stress level of (—20 = 120) MPa. Reprinted from Mater. Sci. Eng. A, 671, H. Li, G.Z.
Kang, Y.J Liu, and H. Jiang, Non-proportionally multiaxial cyclic deformation of AZ31 magnesium alloy: Experimental observa-
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alloys are mostly concentrated in the ratchetting in the axial
direction, that is, with a non-zero axial and zero torsional
mean stresses. The multiaxial ratchetting of Mg alloys in both
axial and torsional directions has not yet been investigated.
Experimental studies on the multiaxial ratchetting of Mg al-
loys should be systematically conducted by considering the
effects of stress level, stress rate, and test temperature.

2.2. Microscopic observations

Although some explanations have been offered for the
cyclic plasticity of Mg alloys based on plastic deformation
mechanisms, including dislocation slipping, twinning, and
detwinning, the microscopic details of dislocation slipping
and twinning and their interaction cannot be revealed by
macroscopic tests. Therefore, it is important to profoundly
understand the dislocation slipping, twinning, and detwin-
ning and their interactions by microscopic observations.
Here, the progress in the microscopic observations on the
plastic deformation mechanism of Mg alloys is summarized
as follows: first, dislocation slipping, including that in basal,
prismatic, and pyramidal slip systems, is summarized; then,
the initiation and development of twinning and detwinning
are discussed,; finally, the interactions are addressed.

2.2.1. Dislocation slipping in Mg alloys

The slip systems in Mg alloys include the basal, prismatic,
and pyramidal slip systems [48—50], and the basal slip (dislo-
cation slipping in basal slip systems) is the most easily activ-
ated plastic deformation mechanism. Based on the experi-
ments of Mg single crystals, the CRSS of basal slip at room
temperature is estimated to be only about 0.5 MPa; however,
only two independent slip systems can be provided. There-
fore, although the basal slip is the most easily activated de-
formation mechanism, it cannot accommodate arbitrary
plastic deformation, according to the von Mises’ uniform de-
formation criterion. The prismatic slip system is another
common slip system in Mg alloys, but its CRSS is much
higher than that of the basal slip at room temperature (usu-
ally by two orders of magnitude); therefore, it is difficult to
be activated. Concerning the prismatic slip (dislocation slip-
ping in prismatic slip systems), only two independent slip
systems can also be provided. Both the basal and prismatic
slips are accompanied by the <a> dislocations, whose slip
directions are parallel to the basal plane, and they cannot ac-
commodate the plastic deformation of the alloys along the c-
axis. Thus, the pyramidal slip (dislocation slipping in the pyr-
amidal slip system) is significant for accommodating the
plastic deformation of wrought Mg alloys. The progress in
the activation and development of pyramidal slip in the Mg
alloys is briefly summarized as follows:

Several studies [49—56] have demonstrated that the dislo-
cations involved in the pyramidal slip of Mg single crystals
can be classified into two types: <a> and <c+a> dislocations.
The pyramidal <a> dislocation slip can occur in four inde-
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pendent slip systems, but from a crystallographic viewpoint,
it can be regarded as the result of the joint action of basal and
prismatic slip systems; no new independent slip systems are
provided. Therefore, the pyramidal <c+a> dislocation slip is
more important than the pyramidal <a> one. The pyramidal
<c+a> dislocation lies in and can glide on either the {10T1}
pyramidal I or {1 152} pyramidal II slip plane, but the charac-
teristics of these two dislocation structures and their activa-
tion energies are different. The pyramidal <c+a> dislocation
slip can accommodate the plastic deformation along the
c-axis of Mg crystals. However, the pyramidal <c+a> dislo-
cation slip is hard to be activated due to its poor mobility.
Nevertheless, Stohr and Poirier [51], Obara et al. [52], and
Ando et al. [53] confirmed the existence of pyramidal <c+a>
dislocation in Mg single crystals through transmission elec-
tron microscopy (TEM) observations; Lilleodden [54], Byer
et al. [55], and Xie et al. [56] observed the pyramidal slip in
compressive experiments of Mg single-crystal. In the above-
mentioned studies, many observed dislocations were the <a>-
type dislocations and non-basal dislocations, but the disloca-
tions in the c-axis direction were rare.

However, the above-mentioned dislocation structures
were all observed after the monotonic deformation. The gen-
eration and movement of dislocations during the cyclic de-
formation of Mg alloys were more complicated. Guillemer
et al. [57] observed the microstructure of pure polycrystal-
line Mg after cyclic deformation under a plastic strain amp-
litude of 0.1% by TEM and found that the basal, prismatic,
and pyramidal <a> slips appeared near the grain or twin
boundary.

In summary, the pyramidal slip of Mg alloys is relatively
complex, and the local stress concentration caused by the
twins or by the dislocation pile-up during the cyclic deforma-
tion of Mg alloys may affect the activation and motion of
pyramidal slips; therefore, it is necessary to systematically in-
vestigate the dislocation structures and their evolutions at dif-
ferent stages of cyclic plastic deformation and clarify the ac-
tivation and evolution of dislocation slipping.

2.2.2. Twinning and detwinning in Mg alloys

Regarding twinning in Mg alloys, there are many micro-
scopic experimental results, which cannot be fully discussed
in this review due to space limitations. Thus, only some typ-
ical and representative results are addressed here; others can
be found in the references therein.

Lou et al. [7] observed the evolution of twin volume frac-
tion in a compression—tension test of rolled AZ31B Mg alloy
via optical microscopy. As shown in Fig. 11, fii, is the twin
volume fraction, many twins occurred in the compressive
stage, and the generated twins were gradually detwinned in
the reverse tensile stage.

Wu et al. [58] and other researchers [59—60] observed the
twinning and detwinning from different scales using in situ
synchrotron X-ray imaging and diffraction. They found that
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significant decrease in lattice strain occurred in the parent
grains on both sides of the twin, as the plastic deformation
was dominated by twinning, but little change in lattice strain
occurred as the plastic deformation was dominated by de-
twinning. In addition, a reorientation process such as twin-
ning in the grain appeared in the deformed Mg alloy.

In addition, TEM and electron backscatter diffraction
(EBSD) were employed to observe the microstructure evolu-
tion during the cyclic deformation [18,61]. For example,
Dong et al. [61] investigated the twinning and detwinning in
the cyclic deformation of extruded ZK60 Mg alloy after spe-
cific cycles by EBSD and found that the formed twins in the
grains in the compressive stage were mostly parallel to each
other or existed as only one twin per grain. Dong ef al. [18]
also explored the evolution of twin morphology and volume
fraction in the extruded ZK60 Mg alloy after different cycles.
They found that the difference in twin volume fractions at the
peak and valley stresses in each cycle decreased cyclically,
which means that the activities of twinning and detwinning
also reduced cyclically. Yin et al. [62] further confirmed
the occurrence of twinning and detwinning in the cyclic de-
formation of extruded AZ31 Mg alloy by in situ EBSD. Yu
et al. [63] observed the microstructures of Mg single-crystal
after cyclic tests in [0001] and [1OTO] directions, investig-
ated two types of twin—twin interactions with different crys-
tallographic orientations, and concluded that the twin—twin
boundary hindered the detwinning. Sun et al. [64] also found
that the detwinning was hindered by multiple twin variants

appearing in the grains. Furthermore, Wu et al. [65] found
from an in situ neutron diffraction observation that the intern-
al tensile residual stress generated in extruded ZK60 Mg al-
loy during twinning could drive the detwinning in the re-
versal tensile stage. Sarker et al. [66] also revealed that the
twins in the extruded AM30 Mg alloy increased with in-
creasing compressive pre-strain, but the detwinning activity
decreased.

In summary, twinning is an important plastic deformation
mechanism of Mg alloys, and it can accommodate a certain
amount of plastic deformation and cause the rotation of
twinned grains. Thus, it is necessary to investigate the evolu-
tion of twin volume fraction, distribution, and morphology
during the cyclic plasticity of Mg alloys; study the activation
and evolution of formed twins; and reveal the microscopic
mechanism involved.

2.2.3. Interactions between dislocations and twins

In Mg alloys, besides the most common dislocation—dislo-
cation interactions, the activation of twinning makes the
plastic deformation more complicated: The twinning results
in lattice rotation with a large angle; this induces changes in
the orientations of slip systems in the twinned region, and the
twin boundary significantly reduces the mean free path of
dislocation slipping, resulting in the Hall-Petch hardening
effect. The twin boundary further acts as a barrier to the
movement of subsequent dislocation slipping. Also, the dis-
locations can react with twin boundary in terms of disloca-
tion transmutations; the dislocation-induced local stress field
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in the alloys further affects subsequent nucleation position
and the propagation morphology of twins. Thus, it is neces-
sary to investigate the interaction between the dislocation
slipping and twinning/detwinning.

About the interaction between the dislocation slipping and
twinning, in [67], the microscopic observations by in situ
TEM showed that dislocations increased cyclically, which
may act as a barrier to the propagation of twins, or as a pref-
erential site for twins nucleation in a rolled Mg plate. In [68],
when the compressive strains along the ED were below
2.7%, the dislocation-associated mechanism was the main
strain hardening mechanism in an extension twinning—pre-
dominant deformation of extruded Mg alloys. As the com-
pressive strain increased, the strain hardening from both
dislocations and extension twins increased. In addition, Ma
et al. [69] found that the rapid hardening occurred in the
tensile reversal of extruded AM30 Mg alloy, which was
caused by the dislocations in the twins. Dong et al. [70] re-
vealed that dislocation slipping promoted the twin nucleation
but suppressed the growth and shrinkage of twins. Chen et al.
[71] found that the dislocation slipping caused by the pre-
strain (5% and 10%) suppressed the nucleation of extension
twin but had little effect on the twin growth of extruded
AZ31B Mg alloy. Yu ef al. [72] found that the existing ex-
tension twins had different hindrances to the basal and pyr-
amidal slips of rolled AZ31 Mg alloy, and the hindrance to
the basal slip was more remarkable. Jeong et al. [73] re-
vealed that when twins were formed, the basal slip within
them would be activated to release accumulated strain en-
ergy.

Existing studies show that some dislocation reactions with
an extension twin boundary will occur. For example, Yoo [74]
analyzed the interaction between four different twin variants
and dislocations and found that the interaction between basal
dislocation and extension twin boundary was repellent,
meaning that the incorporation of such dislocations was ener-
getically unfavorable. Wang and Agnew [75] observed that
the basal <a> dislocations in the matrix of rolled AZ31 Mg
alloy would be transformed into <cta> ones in the extension
twins. Wang et al. [76—77] further showed that a transmuta-
tion reaction of <a> dislocation in the matrix occurred when
the <a> dislocation encountered the twin boundary, and then
it decomposed in the twin to produce <c> dislocations.

In summary, complicated interaction between the disloca-
tion slipping and twinning/detwinning has been observed in
Mg and its alloys, which is affected by various factors, such
as the morphology, distribution, and volume fraction of
twins, and becomes more complicated in the cyclic plasticity.
Furthermore, some studies [78—83] have reasonably demon-
strated the effects of grain boundary and strong basal texture
on the dislocation slipping, twinning, and detwinning;
however, the complex interaction among them has not yet
been clarified. Thus, a great challenge still exists in the phys-
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ical mechanism studies on the cyclic plasticity of Mg alloys.
3. Constitutive models

As discussed in Section 2, multiple plastic deformation
mechanisms and their complex interactions occur during the
cyclic deformation of Mg alloys, which increases the diffi-
culty in constructing cyclic constitutive models. Reasonable
modeling of the above-mentioned multi-physical processes
and their interactions becomes very vital. The physical phe-
nomena reviewed in Section 2 can be reasonably described
by the macroscopic phenomenological and crystal plasticity-
based constitutive models, which are the two most common
constitutive models describing the cyclic plasticity of the
wrought Mg alloys and are reviewed here.

3.1. Phenomenological constitutive models

Although macroscopic phenomenological constitutive
models cannot directly reveal the microstructure evolution
during the plastic deformation of materials, they are widely
used in the structural analysis because of their low computa-
tional cost and easy implementation into a finite element
code. Therefore, the construction of phenomenological con-
stitutive models is an important issue in modeling the cyclic
plasticity of Mg alloys, and valuable results have been ob-
tained thus far, some of which will be reviewed here. As
mentioned above, during the cyclic plastic deformation of
wrought Mg alloys, strong anisotropy and tension—compres-
sion asymmetry occur because of the polar nature of twin-
ning and strong basal texture. The traditional von Mises’
yield criterion is no longer applicable and should be exten-
ded. The established phenomenological constitutive models
of Mg alloys can be roughly classified into three groups:
(1) von Mises’ yield criterion-based models [84—87], where
various kinematic and isotropic hardening rules considering
different plastic deformation mechanisms are adopted;
(2) the Cazacu—Plunkett-Barlat yield criterion-based
models [88—94], which adopt different isotropic hardening
rules; (3) models based on other yield criteria [95-99].
However, only the first two groups are introduced briefly in
the following subsections, and the details about the third
group can be found in [95-99].

3.1.1. von Mises’ yield criterion-based constitutive models

The von Mises’ yield criterion-based models adopt kin-
ematic and/or isotropic hardening rules. For example, Nguy-
en et al. [84] considered three plastic deformation mechan-
isms of Mg alloys (dislocation slipping, twinning, and de-
twinning) and separately used three von Mises’ yield criteria
and isotropic hardening rules to simulate the cyclic plasticity
of rolled AZ31B Mg alloy sheet. Lee et al. [85] adopted a
similar method to simulate the tension—compression—tension
deformation of rolled AZ31BMg alloy at different temperat-
ures. Roostaei et al. [86] described the anisotropic plasticity
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of wrought Mg alloys by introducing a macroscopic plastic
modulus into the adopted kinematic hardening rule and simu-
lated the proportional and non-proportional multiaxial cyclic
plasticity of extruded AM30, AZ31B, and AZ61A Mg alloys.
Li et al. [87] proposed a constitutive model based on three
plastic deformation mechanisms of rolled AZ31B Mg alloy,
called the “TWINLAW” model, and employed the von
Mises’ yield criterion with an initial non-zero back stress to
consider the asymmetric plasticity. Since the TWINLAW
model [87] reasonably considers the relationship between the
microscopic plastic deformation mechanisms and texture in
wrought Mg alloys, it is briefly summarized as follows:

Because different kinematic hardening rules are used in
the TWINLAW model to describe various plastic deforma-
tion mechanisms of Mg alloys, the relationship between the
back stress and texture evolution can be obtained. First, the
yield criterion is expressed as

flo,@)=0(c—a)-6=0 )

where o and @ are Cauchy stress and back stress, respect-
ively, & is the equivalent stress, and & is the yield surface
size. The initial back stress is non-zero due to the anisotropy
of Mg alloys and is determined by the initial yield stresses in
the tensile and compressive directions. Based on the modi-
fied Armstrong—Frederick kinematic hardening rule, three in-
cremental forms of back stress evolution laws are proposed
in [87] to separately consider the contributions of dislocation
slipping, twinning, and detwinning. For the dislocation slip-
ping mode, the incremental form of back stress is

Ad = AZ (Bg - @) @)
q

where AZP is the equivalent plastic strain increment,

) = @' — ap, aj is the non-zero initial back stress deviator-

ic tensor, ¢ is a material constant, and B is the second-order

deviatoric tensor associated with the dislocation slipping.
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The incremental form of back stress for the twinning is
A&l ,)
—a

Ad = AP (B’T — 3)
twin

where &, is a constant (0.129) representing the eigen-strain
of twinning in Mg alloys, A&’ is the plastic strain increment
in the c-axis direction, and B, is the second-order deviatoric
tensor associated with the twinning.

The incremental form of back stress for the detwinning is

jast] )

AP B -
Aad’ = Ag [BU oA Ya 4
where ,nwin 1S @ constant representing the eigen-strain of de-
twinning, a, . is a linear function of back stress deviatoric
tensor @', and By, represents the second-order deviatoric
tensor associated with the detwinning.

The By, B7, and By; are determined by the current texture
of the material. The texture evolution is considered, and dif-
ferent hardening laws corresponding to different deforma-
tion mechanisms are also proposed based on the macroscop-
ic phenomenological constitutive model. Fig. 12 gives the
simulated and experimental stress—strain curves of rolled
AZ31B Mg alloy presented in compression—tension—com-
pression and tensile-compression, and the asymmetry and S-
shaped stress—strain curves were reasonably simulated by the
TWINLAW model. However, much more experimental data
in different loading regimes are required to obtain the expres-
sions of flow stresses within different regimes. In addition,
the plastic deformation mode should be determined by the
plastic strain increment, which means that the cyclic plasti-
city of Mg alloy can be simulated by the proposed model un-
der a specific loading condition.

3.1.2. Cazacu—Plunkett-Barlat yield criterion-based constitu-
tive models

Unlike in Section 3.1.1, the isotropic von Mises’ yield cri-
terion is completely abandoned in the constitutive models
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Simulated and experimental stress—strain curves of AZ31B Mg alloy: (a) compression—tension—compression;

(b) tension—compression—tension. Reprinted from Int. J. Plast., 26, M. Li, X.Y. Lou, J.H. Kim, and R.H. Wagoner, An efficient con-
stitutive model for room-temperature, low-rate plasticity of annealed Mg AZ31B sheet, 820-858, Copyright 2010, with permission

from Elsevier.
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discussed in this subsection, but an anisotropic yield cri-
terion is adopted to describe the plasticity of Mg alloys. First,
Cazacu and Barlat [88] proposed a yield criterion reflecting
the initial tension—compression asymmetry of Mg alloys by
considering the second and third invariants of the stress
tensor. Then, Cazacu ef al. [89] and researchers [90-91] fur-
ther proposed a yield criterion describing the orthotropic
properties of Mg alloys by a linear transformation of the
stress deviatoric tensor. A new form of yield criterion de-
veloped by Cazacu and Barlat [88] is

(ISi11=kS1)" + (12l —kS2)* + (IS5] - kS3)* = F (%)
where Si, S, and S; are three principal values of the stress
deviatoric tensor; F is the yield surface size; k is a material
constant; and a is a positive integer (usually equal to 2). Eq.
(5) is a homogeneous function of principal stresses in an or-
der of a (usually a second-order homogeneous function). Ac-
cording to the proposed criterion in Eq. (5), the ratio of uni-
axial tensile yield stress to the compressive stress is given by

2 a l a
(—~(1+k)) +2-(—~(1—k))
gT _ 3 3 (6)

oc 2 a 1 a
(5-(1—1()) +2-(§.(1+k))

The above yield criterion degenerates to the classic von
Mises’ yield criterion when a = 2 and k= 0.

To describe the tension—compression asymmetry and or-
thotropy of sheet metals, Cazacu ef al. [89] and reserch-
ers [90-91] extended the above yield criterion as follows:
(IZi]=k-Z) + (B k- Zo) + (2] —k-Z3) = F (7
where X, Z,, and Z; are three principal values of ¥, and X is
a transformed tensor (its definition can be found in [89]).

The Cazacu—Plunkett—Barlat (CPB) yield criterion is ad-
opted in [89] to effectively describe the anisotropic yielding
of Mg alloys. Recently, based on the CPB yield criterion,
many phenomenological constitutive models have been es-
tablished, through which the plastic deformation of Mg
alloys could be reasonably described. For example, Yoon
et al. [92] established a constitutive model to reasonably de-
scribe the plasticity of AZ31 Mg alloy by using the
Cazacu—Barlat yield criterion combined with a non-associ-
ated plastic flow if the r-value anisotropy is considered. Tari
et al. [93] and Muhammad et al. [94] investigated the effect
of plastic strain on the CPB initial yield criterion and exten-
ded it to model the subsequent yielding. Then, they de-
scribed the anisotropy and asymmetric yielding of wrought
Mg alloys.

Although the above-mentioned CPB yield criterion de-
scribes the anisotropic deformation of Mg alloys, a large
amount of experimental data is required for fitting the para-
meters, since the linear transformation tensor is a fourth-or-
der tensor related to the accumulated plastic deformation. In
addition, the applicability of the CPB yield criterion to the
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anisotropic cyclic plasticity of Mg alloys needs further veri-
fication, especially for the case whereby different plastic de-
formation mechanisms are involved.

3.2. Crystal plasticity-based constitutive models

A crystal plasticity-based constitutive model is first built
on the scale of single-crystal, and then different plastic de-
formation mechanisms are introduced into the plastic flow
rule through the determined crystallographic orientation rela-
tionship. Then, full-field solution methods (such as the finite
element method) or mean-field approaches (such as
Taylor’s [100] and self-consistent ones [101-102]) are used
to extend the single-crystal model to a polycrystalline model.
This type of constitutive model can easily reflect different
plastic deformation mechanisms and effectively correlate the
macroscopic mechanical response with corresponding mi-
crostructures of crystalline materials. Thus, it is more advant-
ageous in the simulation of the cyclic plasticity of crystalline
materials with multiple plastic deformation mechanisms than
any phenomenological constitutive model. Some crystal
plasticity-based constitutive models have been established to
describe the plastic deformation of Mg alloys.

The basic problem in modeling the plastic deformation of
Mg alloys by the crystal plasticity theory is how to describe
the initiation and development of twinning/detwinning, espe-
cially for the lattice reorientation caused by the twinning/de-
twinning. First, Van Houtte [103] developed a statistical
model for describing the twinning in the framework of crys-
tal plasticity, where the reorientation occurred once the
volume fraction of twins reached a critical value, represented
by a pseudo-random number between 0.3 and 1. Tomé
et al. [104] discussed the shortcomings of Van Houtte’s stat-
istical model and proposed a predominated twin reorienta-
tion (PTR) method to determine the activated twinning sys-
tems by assuming that the twinning only occurred in the most
active twinning system (i.e., the one with the largest resolved
shear stress (RSS)). Subsequently, Lebensohn and Tomé [105]
adopted a more reasonable volume fraction transfer (VFT)
approach by hypothesizing that all twinning systems could be
simultaneously activated, and the effect of each twinning sys-
tem on the texture evolution was considered. The VFT meth-
od more closely reflects the real physical process of plastic
deformation than the PTR method; these two methods have
been used in constitutive models describing the twinning of
Mg alloys [106—109].

The above-mentioned studies provide a solid theoretical
basis for constructing the crystal plasticity-based constitutive
models of polycrystalline Mg alloys. However, a transition
rule should be used to calculate the overall response of poly-
crystalline materials from that of single-crystal grain. Thus
far, the self-consistent homogenization scheme, finite ele-
ment method, and explicit scale-transition rule have been
commonly used to extend the single-crystal model to a poly-
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crystalline one. Because the finite element method is relat-
ively straightforward [110-116], the relevant studies are
summarized only in terms of self-consistent homogenization
schemes and explicit scale-transition rule.
3.2.1. Models based on self-consistent homogenization
scheme

Kroner [101] and Budianski and Wu [102] proposed a
self-consistent homogenization scheme for describing the
polycrystalline elasto-plastic deformation based on Eshelby’s
inclusion theory [117], but this scheme overestimated the ef-
fect of internal stress since only elastic interaction among
grains was considered. Moreover, Hill [118] proposed a gen-
eral incremental self-consistent homogenization scheme by
considering the plastic interaction. However, the above-men-
tioned self-consistent homogenization schemes are rate-inde-
pendent. Hutchinson [119] further proposed an incremental
viscoplastic self-consistent homogenization scheme to simu-
late the creep of polycrystalline aggregates. Lebensohn and
Tomé [105] extended the self-consistent homogenization
scheme to solve the anisotropic viscoplastic deformation of
hexagonal close-packed crystals. In the self-consistent meth-
od, each grain is regarded as an elliptical inclusion embed-
ded in a uniform medium representing the overall response of
all grains, and equilibrium conditions and compatibility
should be considered. The self-consistent scheme is an ef-
fective method to investigate the deformation and texture
evolution of polycrystalline materials. Therefore, many
scholars have studied the plastic deformation and corres-
ponding texture evolution of polycrystalline Mg alloys using
the self-consistent homogenization scheme and considered
the dislocation slipping in the twins, detwinning, solid solu-
tion strengthening, hardening caused by dislocation trans-
formation, and other features [106—109]. The following para-
graphs briefly introduce typical crystal plasticity-based con-
stitutive models considering twinning and detwinning.

Researchers [120-123] proposed a crystal plasticity-based
model that considers the twinning and detwinning of Mg al-
loys, which was named the twinning—detwinning (TDT)
model. The TDT model in combination with an
elasto—visco—plastic self-consistent homogenization scheme
was used to describe the compression—tension and
tension—compression—tension deformations of rolled Mg al-
loys. In the TDT model, the twinning and detwinning are
represented by four processes: twin nucleation, growth,
shrinkage, and re-twinning. The twin nucleation in the twin-
ning system of the matrix (siM, n’M) is related to its RSS; that
is, ™ = §™M. g . n™M, where o is the Cauchy stress applied to
the matrix, s™ and ™ are the twining plane shear and nor-
mal directions, respectively. The corresponding change in the
twin volume fraction is expressed as

iy M TN M
f%N:{ go|T . >0 ®)

s " <

where 71N is the CRSS for the twin nucleation, 7, is the ref-
erence shear rate, y™ is the twinning shear strain (set as
0.129), and m is the strain rate sensitivity. Twin growth oc-
curs after the twin nucleation when the RSS on the twinning
system becomes higher than the CRSS of twin growth. The
CRSS of twin growth is usually lower than that of twin nuc-
leation. To consider the stress difference between the matrix
and twin, and the repartition of twin shear in the matrix and
twin, the twin growth can be taken as two processes, i.e.,
matrix reduction and twin propagation, activated by the aver-
age stresses in the matrix and twin, respectively. The matrix
reduction is realized by the twin boundary migration induced
by the RSS in the matrix 7™ = s™ .o - 1™, and the corres-
ponding change in the twin volume fraction is

&f{”wﬂ?ﬁw,ﬂ>0 ©)

0, ™ <0

The twin propagation is accomplished through the migra-
tion of the twin boundary toward the matrix, driven by the
RSS in the twin T =sT.0T-n'T, where s =Q-sM,
n'T =0 -n™and, Q = 2n™ ® n™ — I. The change in the twin
volume caused by the twin propagation can be expressed as

P A, s 1 T <)
O

Twin shrinkage (i.e., detwinning) is the reverse operation
of twin growth and thus consists of two aspects: matrix
propagation and twin reduction. The corresponding changes
in the twin volume fractions fi,, and fi, are given by Egs.
(11) and (12), respectively.

. o M Ts|Ym M
fl\l/IP:{ 0'}’0"1' /Tcr /7 > :lMig (11)
. p 1/m .
i _,yO|TzT/T”CFrS /,ytw’ TlT >0 1
ﬁR{Q 0o (12)

Finally, the evolution equation of the twin volume frac-
tion including twin growth and shrinkage is expressed as
fi=fM(f1</[R+fl\i/lP)+fi(f”lI;P+f”l{R) (13)
where fM is the volume fraction of the matrix.

Fig. 13 shows the simulated and experimental results of
rolled AZ31Mg alloy during cyclic loadings with 3% strain
amplitude and in various loading directions. The anisotropic
behavior and cyclic deformation characteristics of the rolled
AZ31Mg alloy are reasonably simulated by the TDT model,
since the model reflects the evolutions of twinning and de-
twinning with four processes: twin nucleation, growth,
shrinkage, and re-twinning. However, empirical hardening
rules are adopted to describe the interaction among disloca-
tion slipping, twinning, and detwinning. Moreover, the mod-
el is verified only by the strain-controlled cyclic deformation.
Its rationality to predict the ratchetting of Mg alloys in the
stress-controlled cyclic tests, especially for the multiaxial
ratchetting, should be further validated.
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(a) compression—tension—compression along the radial direction; (b) compression—tension—compression along the ND. Reprinted
from Int. J. Plast., 49, H. Wang, P.D. Wu, J. Wang, and C.N. Tomé, A crystal plasticity model for hexagonal close packed (HCP)
crystals including twinning and de-twinning mechanisms, 36-52, Copyright 2013, with permission from Elsevier.

3.2.2. Models based on explicit scale-transition rule

The above-mentioned self-consistent homogenization ap-
proaches can effectively establish the scale-transition rela-
tionship between single-crystal and polycrystalline aggreg-
ates, but they are very time consuming, especially for the
cyclic plasticity of polycrystalline materials. Thus, other
scale-transition schemes should be developed to overcome
the time-consumption limitation. To achieve this aim, Cail-
letaud and Pilvin [124] developed an explicit scale-transition
scheme (i.e., B-rule) by assuming elastic isotropy to calculate
the local stress and strain tensors; through this scheme, the
stress—strain response of polycrystalline aggregates is easily
obtained from that of single-crystal grains. An intragranular
nonlinear variable and its volume average over all the grains
are introduced to reflect the local residual stress. The S-rule is
widely used to simulate the cyclic plasticity of polycrystal-
line materials. Three typical constitutive models are briefly
introduced as follows:

(1) Guillemer—Clavel—Cailletaud model.

Guillemer et al. [57] proposed a crystal plasticity-based
constitutive model to reproduce the cyclic plasticity of ex-
truded pure Mg by referring to relative experimental phe-
nomena. In [57], the twinning was assumed to be related to
the stress applied to the matrix and occurred when the RSS
was larger than the CRSS of twinning systems and the trace
of the stress tensor was negative. The twinning rate for a giv-
en variant was determined by the equivalent plastic strain
caused by the dislocation slipping in the matrix:

Twinning : if trace (O'go) <Oand ||t'|| =0 :m' > 7,y (14)

Twinning rate : &2 = ke (énax — &) (Emax —€9) |62 (15)
where k. is a material parameter determining the twinning in-
tensity for a given dislocation slipping; &,.x is a parameter
used to control the twinning rate; &2 is the total twin volume
fraction in grain g; £#' is the twin volume fraction of variant t
in grain. The S-rule was adopted to transfer the stress from

the macroscopic scale to the single-crystal grain scale:
ogf=0+C(B-p°) (16)
B =& - DpE|lef| (17)

To transfer the stress from the grain scale to the matrix
scale:

o2 = 0'g+C0(Bg —,Bg0> (18)
B =& = Do |6 (19)

To transfer the stress from the grain scale to the twin scale:
ot =0t +C (B - ) (20)
B =& —-Dp (e 1)

The average internal stresses of polycrystalline aggreg-
ates are defined as
B= ) fpEBE=(1-E)p0+ ) e (22)

geg el
where o and &2 are the macro stress and plastic strain, re-
spectively; B represents the volume average value of B¢ over
the all grains in the polycrystalline aggregates; C and D are
two material parameters of S-rule; the superscripts g, g0, and
gt represent the local tensors in the grain, the matrix, and the
twin, respectively.

Also, in [57], the twins formed during the cyclic deforma-
tion of Mg and its alloys were considered, and the S-rule was
used in the intra- and inter-granular scales. The twinning and
detwinning of polycrystalline Mg and its alloys were de-
scribed by the crystal plasticity theory. The cyclic deforma-
tion of polycrystalline pure Mg under the symmetrical strain-
controlled cyclic loading condition with a plastic strain amp-
litude of 0.4% was simulated by the proposed model, and the
simulated and experimental results are given in Fig. 14. The
S-shaped stress—strain curves at the first cycle and after 100
cycles could be reasonably simulated by the model; however,
the model was only verified under small deformation (e.g.,
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with plastic strain amplitudes of 0.1% and 0.4%). For other
cyclic loading cases, the capability of the proposed model
should be further verified. More importantly, the model was
constructed only based on the experimental results of poly-
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Fig. 14.

crystalline pure Mg under the strain-controlled cyclic load-
ing conditions. The ratchetting of Mg and its alloys during
the stress-controlled cyclic tests, as reviewed in Section 2.1.2,
cannot be reasonably simulated by the model.
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Simulated and experimental stress—strain curves in the fully cyclic test with a plastic strain amplitude of 0.4%: (a) simu-

lated by the model with detwinning; (b) simulated results by the mode without detwinning. Reprinted from Int. J. Plast., 27, C.
Guillemer, M. Clavel, and G. Cailletaud, Cyclic behavior of extruded magnesium: Experimental, microstructural and numerical ap-

proach, 2068-2084, Copyright 2011, with permission from Elsevier.

(2) Yu—Kang—Kan and Li-Kang—Yu models.

To describe the ratchetting of Mg and its alloys, at first,
Yu et al. [125] introduced back stress into each slip system of
single-crystal Mg and its alloys and assumed that the evolu-
tion of the back stress satisfied the classic Armstrong—Fred-
erick kinematic hardening rule [126]; that is

i = eyl - bl (23)
iB

slip
dislocation slipping. Meanwhile, a linear isotropic hardening
rule was used to reflect the strain hardening caused by dislo-

cation slipping; that is,

where ¢ and b are two material parameters; 3" is the rate of

nslip

LB _ LB

0= ZHU Vstip 24)
i=1

Hijzh[q+(1 —f])fsij] (25)

where H;; is the hardening coefficient matrix reflecting self-
and latent-hardening; / is the hardening modulus (the basal,
prismatic, and pyramidal slips correspond to different
hardening moduli); ¢ is a material parameter controlling the
latent-hardening extent; ¢;; is Kornecker function.

Finally, the S-rule was adopted to obtain the polycrystal-
line response from that of single-crystal grain. In [125], the
Yu—Kang—Kan model could reasonably describe the ratchet-
ting of rolled polycrystalline AZ91 Mg alloy with different
stress amplitudes and mean stresses, while the plastic de-
formation was dominated only by the dislocation slipping.
Although the Yu—Kang—Kan model could simulate the ratch-
etting of rolled AZ91 Mg alloy, only the dislocation slipping
was addressed. Thus, the complicated cyclic plastic deforma-

tion of Mg and its alloys involving the dislocation slipping,
twinning, and detwinning, as well as their interactions (as re-
viewed in Section 2.1.2), cannot be predicted by the
Yu—Kang—Kan model.

To more reasonably predict the ratchetting of Mg alloys,
based on the Yu—Kang—Kan model [125], Li et al. [127] con-
sidered dislocation slipping, twinning, and detwinning, as
well as their interactions by proposing new kinematic and
isotropic hardening rules. Then, they established a new crys-
tal plasticity-based constitutive model, called the
Li-Kang—Yu model. This model adopts pseudo-linear kin-
ematic hardening rules to describe the twinning and detwin-
ning:

Fiin = KewinVewin = (ko iwin + Ksarwin[1 = (CXP -b l'}’lc,detwin) 1 Miwin

Kinematic hardenning modulus
assiociated with detwinning

(26)

o _ i i
Xdetwin — kdetwinylwin - {k(),detwin +ksat,detwin [1 _CXP(_bz'yc,detwm)] +

Kinematic hardenning modulus
assiociated with detwinning

K sat,detwin [ 1- eXP(_bS%,twm )] hliwin

Kinematic hardenning modulus
assiociated with twinning

27
where kO,twina ksal,twim kO,detwim ksat,detwim and k;at,detwin ar¢ para-
meters related to the hardening moduli; by, b, and b; are the
parameters characterize the hardening rate. The kinematic
hardening moduli evolve with the accumulated plastic de-
formation resulting from the twinning/detwinning, reflecting
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the evolutions of the back stresses corresponding to the twin-
ning/detwinning during the cyclic deformation.

The B-rule was also employed here to obtain the overall
response of polycrystalline Mg alloys. As shown in Fig. 15,
the Li—-Kang—Yu model can reasonably describe the uniaxial
ratchetting of extruded AZ31 Mg alloy with various mean
stresses and stress amplitudes and at room temperature.
However, the isotropic and kinematic hardening rules adop-
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ted in the model for the twinning and detwinning are based
on the macroscopic observation; no physical mechanisms of
twinning and detwinning are directly involved, which should
be further improved. Moreover, the Li-Kang—Yu model pre-
dicts only the uniaxial ratchetting at room temperature; the
ratchetting of Mg alloys at high temperatures and under mul-
tiaxial cyclic loading conditions has not been addressed yet; it
should be considered in the future.
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Experimental and simulated stress—strain curves of extruded AZ31 Mg alloy with different stress levels: (a) for (0 £ 120)

MPa; (b) for (40 + 160) MPa. Reprinted from Int. J. Mech. Sci., 179, H. Li, G.Z. Kang, and C. Yu, Modeling uniaxial ratchetting of
magnesium alloys by a new crystal plasticity considering dislocation slipping, twinning and detwinning mechanisms, 105660, Copy-

right 2020, with permission from Elsevier.

In summary, the dislocation slipping and twinning/de-
twinning that occur in the cyclic plasticity of Mg alloys and
their interactions can be described by the developed crystal
plasticity-based constitutive models; however, these models
must be constructed based on some assumptions and simpli-
fications because of the complexity of the interactions among
multiple plastic deformation mechanisms; moreover, some
important microstructure features (such as grain boundaries,
precipitates, texture and dynamic recrystallization) and their
interactions with dislocation slipping and twinning/detwin-
ning have not been addressed yet. Therefore, it is still a big
challenge to model the cyclic plasticity of Mg alloys by reas-
onably considering related physical mechanisms. Much more
effort is needed to enhance the reasonability and prediction
capability of crystal plasticity-based cyclic constitutive
models.

4. Summary and recommendation

This study shows that positive progress has been achieved
in the experimental and theoretical research on the cyclic
plasticity of Mg alloys, and a solid foundation has been
provided for the further development and application of the
alloys. The conclusions can be summarized as follows:

(1) In strain-controlled cyclic conditions, wrought Mg al-
loys exhibit tension—compression asymmetry, including
asymmetrical S-shaped stress—strain hysteresis loop, due to

the activation of dislocation slipping and/or twinning/detwin-
ning at different loading stages. Cyclic hardening occurs and
is affected by various loading factors, including applied strain
amplitude, strain rate, loading path, and test temperature.
However, the stress—strain hysteresis loops of cast Mg alloys
are almost symmetrical due to the absence of an obvious tex-
ture, although asymmetric tension—compression yielding
stresses have been observed in some studies.

(2) In stress-controlled cyclic tests, remarkable ratchetting
occurs in wrought Mg alloys and depends strongly on the
stress levels and multiaxial loading paths (proportional and
non-proportional paths). The stress level determines the
plastic deformation mechanism activated during the ratchet-
ting and then results in different shapes of stress—strain hys-
teresis loops and varied rate and temperature dependences of
ratchetting.

(3) Significant interaction between the dislocation slip-
ping and twinning occurs during the cyclic plastic deforma-
tion of Mg alloys; that is, the twin boundary is a significant
hindrance to the dislocation slipping, and the dislocations ac-
cumulated at the twin boundary can reduce the twinning
activity. In addition, the occurrence of twin—twin boundaries
restrains subsequent twinning/detwinning. Finally, complex
interactions among various plastic deformation mechanisms
occur during the cyclic plastic deformation of Mg alloys and
are affected by many factors, such as grain orientation, intra-
granular distribution of twins, and volume fraction of twins.
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(4) Existing phenomenological constitutive models can
capture the tension—compression asymmetry and plastic an-
isotropy of wrought Mg alloys and can reproduce the cyclic
plastic deformation under some specific loading conditions.

(5) The proposed crystal plasticity-based constitutive
models consider different plastic deformation mechanisms of
Mg alloys, as well as the texture evolution. The proposed
models can reasonably reproduce the cyclic plasticity of Mg
alloys in some specific cases (including uniaxial ratchetting
at room temperature).

However, the interactions and evolutions of complicated
microstructures involved in the cyclic plasticity of Mg alloys
under complex loading conditions (e.g., multiaxial loading
conditions and/or elevated temperatures) have not been
clearly realized, and the current established constitutive mod-
els (either phenomenological or crystal plasticity-based mod-
els) cannot describe the cyclic plasticity of Mg alloys under
complex cyclic loading conditions. This implies that many
topics require further investigation. Thus, the following is-
sues should be addressed in the future:

(1) The macroscopic experimental investigations on the
cyclic plasticity of Mg alloys should be strengthened, since
experimental data reflecting the multiaxial cyclic plasticity at
elevated temperatures and with various loading histories and
loading rates are still rare.

(2) Much more microscopic experimental observations are
necessary to clarify the interactions of various plastic de-
formation mechanisms in Mg alloys, especially for the evolu-
tions of dislocation and twins at different stages of cyclic de-
formation. The interactions of dislocations and twins with
other microstructures, such as grain boundary, precipitates,
texture, and recrystallization are also important issues to cap-
ture the physical nature of cyclic plasticity in Mg alloys.

(3) Molecular dynamics, discrete dislocation dynamics,
and phase-field simulations are useful supplements to reveal
the physical nature of cyclic plasticity in Mg and its alloys,
especially for the polycrystalline ones.

(4) The macroscopic phenomenological constitutive mod-
el of Mg alloys should be further developed by considering
the multiaxial cyclic plasticity and its corresponding rate and
temperature dependences. Also, the influence of loading his-
tory on the cyclic plasticity of Mg alloys should be reason-
ably considered.

(5) Crystal plasticity-based constitutive models of Mg al-
loys should be further improved to capture the complicated
plastic deformation mechanisms and their interactions more
physically and comprehensively. Interactions between basic
plastic deformation mechanisms and other microstructures
(grain boundary, precipitates, secondary phase, texture, and
recrystallization) should be further addressed.

(6) An efficient and robust integration algorithm should be
developed to implement the developed constitutive models
into a finite element code, which is important for structural

analysis, since high nonlinearity is always encountered in the
constitutive models of Mg alloys.

(7) The multi-physical-field coupled cyclic plasticity of
Mg alloys is also a big challenge, since thermo-mechanical
and thermo—chemo-mechanical coupled issues are often en-
countered in the practical applications of Mg alloys in the
ambient media with high corrosion and varying temperatures.
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