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A B S T R A C T   

The low-cycle fatigue of strongly-textured Mg alloys is dominated mainly by an alternation of 
twinning-detwinning process, which poses a great challenge to conventional constitutive models. 
As a result, a good reproduction of both mechanical response and deformation behavior often fails 
in previous simulations, in particular for high strain amplitudes. In the present study, the nu-
merical simulations of low-cycle fatigue behavior of an Mg AZ31 plate with a ± 2% axial strain 
amplitude along the rolling direction were conducted, using a modified crystal-plasticity based on 
the finite strain elastic-viscoplastic self-consistent model containing twinning and detwinning 
mechanisms (EVPSC-TDT), and the results were compared with the mechanical response and 
deformation behavior determined by a real-time in-situ neutron diffraction. The simulations well 
predict the hysteresis loops and cyclic-hardening responses throughout the whole fatigue life (80 
cycles), along with the evolution of the maximum twin volume fraction and residual twins. For 
the first time, the evolution of lattice strain throughout the whole fatigue life was calculated, and 
the results are in good accordance with that determined by neutron diffraction. The present study 
strongly demonstrates that the EVPSC-TDT model is very effective for modeling the low-cycle 
fatigue behavior of Mg alloys. More details about the evolution of the maximum twin volume 
fraction with fatigue cycles are found, an increase from 1st to 2nd cycle, followed by a decrease 
from 2nd to 20th cycle and a secondary increase after 20th cycle. This finding corrects the pre-
vious opinion that the maximum twin volume fraction increases at the initial stage and tends to be 
saturated at the late stage. Combining the results of simulations and neutron diffractions, the 
corresponding reasons are explained. Afterward, the mechanisms of the cyclic-hardening 
behavior at tension stage and compression stage are revisited, and some new insights are 
provided.  
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1. Introduction 

Magnesium (Mg) and its alloys are promising weight-saving materials for automobile and aircraft industries due to their low 
density (Kulekci, 2008; Wu et al., 2015; Kang and Li, 2021). The structural components of Mg alloys used in the automobiles, trains, 
and air planes are frequently subjected to a cyclic deformation (Wu et al., 2010a; Wang et al., 2020), and it is of great importance to 
investigate fatigue behaviors. Similar to face-centered-cubic (fcc) and body-centered-cubic (bcc) materials, the fatigue deformation of 
hexagonal-close-packed (hcp)-structured wrought Mg alloys is dominated by dislocation slip under low strain amplitudes. However, at 
high strain amplitudes, the main deformation mechanism is an alternation of {1012} twinning and detwinning during each cycle (Yu 
et al., 2012). The {1012} twinning with a low critical resolved shear stress (CRSS) can be the predominant mode for plastic de-
formations at room temperature in highly-textured products, i.e., compression along the rolling direction (RD) of a hot-rolled Mg plate 
(Knezevic et al., 2010; Dong et al., 2015; Mokdad and Chen, 2015). The {1012} twinning generates a lattice rotation of approximately 
86◦ in the twinned region, and the orientation of twins favors detwinning under a reverse reloading (Zhang et al., 2011; Karparvarfard 
et al., 2019, Zhang et al., 2019). Many in-situ or ex-situ techniques, such as neutron diffraction and acoustic emission, have evidenced 
this twinning-detwinning behavior (Hong et al., 2011; Kwon et al., 2011; Song et al., 2017; Murphy-Leonard et al., 2019; Zhang et al., 
2021b). When detwinning approaches exhaustion, materials will exhibit an elastic behavior and a subsequent deformation by 
dislocation slip. Therefore, the alternation of twinning-detwinning process is also accompanied by dislocation slip, which develops 
asymmetrical hysteresis loops (Koike et al., 2010; Kwon et al., 2011). It is reported that the fraction of residual twins increases with 
fatigue cycles (Yin et al., 2008b). The twin-boundary cracking due to the interactions between twin boundaries and dislocations is 
considered to be the key reason for the crack initiation of fatigue. Nevertheless, a quantitative investigation on the role of deformation 
modes in fatigue behavior often fails through experiments. 

Numerical modeling is a power tool for quantitatively understanding the mechanisms of fatigue behavior (Zhang et al., 2021a). 
There have been some simulations addressing the fatigue behavior of Mg alloys. The complicated plastic-deformation behavior of Mg 
alloys during fatigue loading, in particular the alternation twinning-detwinning process, poses a great challenge to conventional 
constitutive models. Two types of methods, namely a phenomenological-continuum-plasticity approach and a crystal-plasticity 
approach, have been adopted. However, in a continuum-plasticity model, materials are considered as a plasticity-deforming homo-
geneous one, neglecting the underlying deformation mechanisms, dislocation substructure, and other crystallographic features. As a 
result, the evolutions of slips, twinning, detwinning, and texture cannot be predicted. Crystal-plasticity-based modeling, which is used 
to account for the behavior and mechanisms of plasticity deformation, is the most frequently-used approach. A full-field approach, 
crystal-plasticity finite-element (CPFE) containing twinning and detwinning model, has been applied to investigate cyclic deformation 
behavior of Mg alloys (Chen et al., 2018; Briffod et al., 2019,2020; Zhang et al., 2019; Singh et al., 2020). However, those models often 
fail to predict the reorientation of multiple twinning variants and account for the deformation mechanisms within these twins. To 
overcome this problem, a multi-scale CPFE framework, including a physically-based twinning-detwinning model, was proposed by 
Yaghoobi et al. (2020). The model can reproduce the cyclic response of an Mg ZK60 extruded bar. However, the effect of stress inside 
the twin on slip, twinning, and detwinning are not included in those CPFE models. 

Mean-field plasticity models are also widely used to simulate the plastic deformation behavior of Mg alloys (Lei et al., 2022; Li et al., 
2020, 2022). A crystal-plasticity model developed by Guillemer et al. (2011) has been used to model the cyclic-loading behavior of an 
extruded pure magnesium at small strain amplitudes. The numerical results indicate that this model can successfully reproduce the 
convex curvature of the curves, while there are still some deviations in cyclic curves and twin volume fractions, especially at higher 
strain amplitudes. In addition, this model cannot be applied to cyclic loading behavior at large strain amplitudes. A Taylor–Lin 
elastic-viscoplastic polycrystal model was also applied to model compression-compression fatigue behavior of an AZ31 alloy (Gu and 
Toth, 2012; Gu et al., 2014). The cyclic stress-strain curves after 500 cycles and the activity of twinning are predicted, but there still 
exist some deviations in the curves, and the total strain amplitude is only 0.45%. Yu et al. (2014) have developed a model to simulate 
the uniaxial ratchetting of an Mg alloy under deformations dominated individually by slip or twinning, but the cyclic behavior cannot 
be reproduced by their model due to a lack of considering the interactions between slip and twinning. More recently, Li et al. (2020) 
developed a model containing the slip, twinning, detwinning, and back stress effect. The new model can reproduce the uniaxial 
ratchetting responses which are associated individually with slip or twinning and detwinning, but the evolution of uniaxial ratchetting 
that is dominated simultaneously by slip, twinning, and detwinning cannot be well predicted. They pointed out that the model was 
constructed in the framework of small deformation plasticity due to a relatively small final plastic strain, not larger than 10%. As a 
result, the evolution of texture and its influence on plastic deformation cannot be included. In fact, for large number of cycles, the 
accumulated plasticity strain is high, therefore, the crystal models valid at small strains will not work. Hence, a crystal-plasticity model 
containing a large deformation framework and considering slip, twinning, and detwinning is necessary for modeling the low-cycle 
fatigue behavior of Mg alloys. Recently, a crystal-plasticity model, based on finite strain elastic-viscoplastic self-consistent model, 
containing twinning and detwinning mechanisms (EVPSC-TDT) was developed by Wang et al. (2010b), to numerically investigate the 
twinning and detwinning behavior of hcp metallic materials under large strain deformation (Wang et al., 2012a; Wu et al., 2014; Qiao 
et al., 2015b). It has been demonstrated that the EVPSC-TDT model is a completely general elastic–viscoplastic, fully anisotropic, 
self-consistent polycrystal model, applicable to large strains and to any crystal symmetry (Wang et al., 2010b). The EVPSC-TDT model 
and its extended versions have been applied to study the plastic-deformation behavior of hcp materials under various loading con-
ditions, such as monotonic loading, reverse loading, strain-patch change, and cyclic loading (Wu et al., 2014; Guo et al., 2015; Qiao 
et al., 2015a; Wang et al., 2015a, 2015b; Ma et al., 2017; Qiao et al., 2017a, 2017b; Ma et al., 2019; Zhao et al., 2019). The simulation 
results show that the EVPSC-TDT model could capture the stress-strain responses during various loading conditions, and predict well 
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the evolutions of twinning behavior. Hence, this model has potential while has not yet been applied to the fatigue behavior of Mg 
alloys. 

Here we employed the EVPSC-TDT model to simulate the low-cycle fatigue behavior of an AZ31 Mg alloy with a ± 2% axial strain 
amplitude along the RD. The validity of the model was checked by comparing with the experimental results, such as the strain-stress 
curves, peak stresses, and twinning volume fractions. In addition, the lattice strains from in-situ neutron-diffraction measurements in 
different cycles were also predicted for the first time to further verify the applicability of the EVPSC-TDT model. Afterward, the 
deformation behavior and the relationship between mechanical response and deformation behavior during fatigue loading were 
discussed and revisited. 

2. Experimental procedures 

2.1. Materials and mechanical tests 

An Mg AZ31 hot-rolled plate with a strong basal texture (Fig. 1) was used in the present study. The specimens for low-cycle fatigue 
tests were dog-bone-shaped cylinders with a diameter of 8 mm and a gage length of 16 mm. The low-cycle fatigue tests were carried out 
at room temperature at a strain amplitude of ± 2% along the RD using triangular loading waveforms and a frequency of 1 Hz. Before 
fatigue tests, all specimens were kept in Muffle furnace at 345 ◦C for 2 h to remove the residual stress generated during sample 
preparation. In-situ neutron-diffraction measurements were conducted during cyclic loading using a VULCAN Engineering Materials 
Diffractometer and the Spallation Neutron Source (SNS) (Wang et al., 2006). A servo-hydraulic loading system was aligned at a 45◦

with respect to the incident beam. Two detectors were fixed at ± 90◦ with respect to the incident beam, which allows for the collections 
of diffraction patterns with scattering vectors parallel and transverse to the loading axis, respectively. The full diffraction patterns were 
recorded using a time-of-flight method. The neutron data were collected continuously throughout all the testing time using 10 min. 
count time. More experimental details can be found elsewhere (Wu et al., 2010a). 

2.2. EVPSC-TDT model 

The EVPSC-TDT model developed by incorporating the twinning and detwinning (TDT) scheme into the finite strain EVPSC model 
(Wang et al., 2012b, 2013), was used to investigate the deformation behavior of an AZ31 Mg alloy during low-cycle fatigue loading. In 
this section, the constitutive models and equations in the EVPSC-TDT model are briefly introduced. More details about the EVPSC-TDT 
model can be found in references by Wang et al. (2012b, 2013). In this model, the plastic deformation of a crystal is assumed to be 
accommodated by a slip and/or twinning system (sα, n

α). Here, nα and sα refer to the slip/twinning plane normal and the slip/twinning 
direction for a system α, respectively. For Mg alloys, the basal slip ({0001}〈1120〉), extension twinning {1012}〈1011〉, prismatic 
slip ({1010}〈1120〉), and pyramidal 〈c + a〉 slip ({1122}〈1123〉) are considered. The plastic-strain-rate tensor for the crystal is given 
by: 

d
p =

∑

α

γ̇α
P

α (1)  

Where γ̇α is the shear rate and Pα = (sα
n

α + n
α
s

α)/2 is the Schmid tensor for the system α. The driving force for both slip and twinning is 
the resolved shear stress (RSS), τα = σ : P

α, where σ is the Cauchy stress tensor. The plastic shear rate γ̇α on the slip/twinning is 
associated with RSS in terms of the following rate-dependent power-law constitutive formula: 

γ̇α = γ̇0

⃒⃒
⃒⃒τ

α

τα
cr

⃒⃒
⃒⃒

1/m

sgn(τα) (2)  

Where γ̇0 denotes the reference shear rate, ταcr is the critical resolved shear stress (CRSS), and m is the strain-rate sensitivity. Due to the 
polar nature of twinning /detwinning, Eq. (2) is valid for twinning / detwinning only when the RSS is in right direction, otherwise, the 
shear strain rate is zero. 

Fig. 1. {0002} and {1010} pole figures of the Mg AZ31 hot-rolled plate.  
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In the TDT model, twinning and detwinning can be operated by twin nucleation (Operation A), twin growth (Operation B), twin 
shrinkage (Operation C), and re-twinning (Operation D). Twin nucleation generates a new twin in a grain free of twin when the RSS in 
the matrix reaches the CRSS for the operation A (τA). Afterward, the grain is divided into a domain of matrix and a domain of twins. The 
twin expansion can proceed by twin nucleation and/or twin growth, which will increase the volume fraction of twins. Detwinning can 
be operated through twin shrinkage and re-twinning. Re-twinning refers to the nucleation of twin within a twin, and the twin shrinkage 
is a reverse process of twin growth. The selected twin variant during re-twinning might be the same variant or a different variant from 
the pre-existing one. The volume fraction of twins will decrease when Operations C and D are activated. Here, the same with Qiao’s 
simulation work of an Mg alloy ZK60A under cyclic loading (Qiao et al., 2015a), we assume τA > τB = τC = τD, and no difference is 
made between Operations C and D in the present model. It is worth to mention that a TDT model which incorporates secondary 
twinning is established by Qiao et al. (2017a), but this model is not used in current study. 

The net evolution of twin volume fraction related to the twinning system α in a grain, is given by: 

ḟ
α
= f 0

(
ḟ

αA
+ ḟ

αC)
+ f α

(
ḟ

αB
+ ḟ

αD) (3)  

Where f0 is the volume fraction of the parent, i.e., f0 = 1− f tw = 1−
∑
α

fα, fα is the volume fraction of a given twinning system α, and 
the superscripts A, B, C and D indicate Operations A, B, C and D, respectively. 

In the TDT model, a threshold for twin volume fraction is defined to prevent a complete twinning in the entirety of a grain, since it is 
rarely observed experimentally. When the twin volume fraction in a grain reaches the threshold, Vth, twinning will be ceased in this 
grain. Two variables are introduced, the total accumulated twin fraction, Vacc, and effective twinned fraction, Veff . It is worth 
mentioning that Vacc and Veff correspond to the weighted volume fraction of the twinned region and volume fraction of grains, in which 
twinning have been ceased, respectively. The threshold volume fraction, Vth, is defined as: 

V th = min

(
1.0, A1 +A2

Veff

Vacc

)
(4)  

Where A1 and A2 are two material constants. Although it is not adopted in the present paper, a EVPSC-TDT model with a single 
parameter has been recently developed (Qiao et al., 2016b). 

In addition, we assume that detwinning could be activated only after twins are formed in grains and when the volume fraction of 
twins, f tw

g , is larger than a threshold volume fraction of residual twinning, fthres, for the twin (f tw
g > fthres). Different from the detwinning 

control in the original TDT model, here, a new equation describing the residual twins, which is related to the formed twins during 
previous loading, is proposed as follows, 

fthres = max
(

tiny, a ⋅ f pre
max,g

)
(5)  

Where tiny is a small value, being 0.005 here, to guarantee the minimum value of fthres, indicating that the formed twins have a chance 
to be almost completely detwinned during the reversal loading, and fpre

max,g, is the maximum volume fraction of twins in a grain formed 
in previous loadings, while a is a constant to control the residual twinning, in some sense indicating the proportion of residual twinning 
in previous formed twins. It should be pointed that the maximum twin volume fraction fpre

max formed in previous loading may vary, so 
the fthres may be different, rather than a constant value for all grains. 

The CRSS, ταcr for both slip and twinning is calculated by: 

τ̇α
cr =

d τ̂
α

dΓ

∑

β

hαβ
⃒⃒
γ̇β
⃒⃒ (6)  

Where Γ =
∑
α

∫
|γ̇α|dt represents the accumulated shear strain in the grain, and hαβ is the latent hardening coupling coefficient, rep-

resenting the obstacles on the system, α, related to the system, β. τ̂α is the threshold stress and is characterized by: 

τ̂
α
= τα

0 +
(
τα

1 + hα
1Γ

)(
1− exp

(
hα

0

τα
1

Γ

))
(7) 

Here, τ0, h0, h1, and τ0 + τ1 represents the initial CRSS, the initial hardening rate, the asymptotic hardening rate, and the back- 
extrapolated CRSS, respectively. 

It has been demonstrated that the simulated response is very sensitive to the self-consistent scheme employed by Wang et al. 
(2010b). An examination by applying various self-consistent schemes to a large-strain deformation behavior of an Mg AZ31 plate 
under different deformation processes shows that the Affine self-consistent scheme exhibits the best overall performance (Wang et al., 
2010a). Therefore, the Affine self-consistent scheme was used in current study. 

2.3. Lattice strain 

Lattice strains defined as the normalized lattice-plane spacing difference between under load and at zero load can be calculated by 
the equation below: 
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〈
εhkls

〉
=

〈
dhkls

〉
− dhkls

0

dhkls
0

(8)  

Where 〈εhkls〉 is the lattice strain for a lattice-plane hkls, dhkls0 and 〈dhkls〉 are the reference interplanar spacings at zero load and under an 
applied load, respectively. A counting time of 10 min for measuring the reference at zero load was employed to reduce the propagated 
dhkls

0 statistic error (Wu et al., 2014, 2015). The lattice strain mainly results from the Cauchy stress in a subset of grains (Wang et al., 
2012a; Qiao et al., 2015a). In the simulation, all grains with the normal vectors falling within a certain angle are added to a subset. A 
volume-weighted average of the elastic strain parallel to the hkls normal vector over the subset of grains allows for a direct comparison 
with the lattice strain determined experimentally (Qiao et al., 2015a). 

3. Results 

3.1. Materials parameters for simulations 

A typical basal texture by constructing of 1748 grains from a hot-rolled Mg AZ31 plate was used in simulations. The elastic 
constants for the magnesium single crystal at room temperature follow those from Simmons and Wang (1971): C11 = 58.0, C12 = 25.0, 
C13 = 20.8, C33 = 61.2, and C14 = 16.6 (units of GPa). γ̇0 = 0.001 s−1 and m = 0.05 are prescribed for all slip/twinning systems. The 
fitting of the experimental stress-strain curves for monotonic uniaxial tension and compression from Wu et al. (2014) is employed to 
determine the values for hardening parameters (Fig. 2). The monotonic tension and compression tests were carried out at a strain rate 
of 10-4. The EVPSC-TDT model can reproduce well the experimental curves by the hardening parameters in Table 1. The value of 
parameter a in Eq. (5) is assumed to be 0.05, which is determined by the curve-fitting of the mechanical response in 1st cycle 
(especially stage DA’, in Fig. 3b). 

3.2. Mechanical response 

The simulated hysteresis loops (red solid lines) are compared with the experiment ones (black solid square symbols) in Fig. 3. The 
stress-strain hysteresis loops show an asymmetric shape throughout the whole fatigue life from 1st to 80th cycles, since the hardening 
is important in positive loading whereas it is quite nil in compression. This trend is consistent with that in previous researches, and this 
effect is particularly evident for a larger applied plastic strain (Chen et al., 2012; Duan et al., 2014; Murphy-Leonard et al., 2019). 
Specifically, during reverse compression, the flow curve displays a plateau shape, the typical feature of {1012} twinning. The curve for 
reverse tension stage exhibits a rapid strain hardening of elastic stage, followed by a subsequent steady hardening by detwinning, and a 
secondary rapid hardening after the exhaustion of detwinning. The hysteresis loops for subsequent cycles has a similar shape to that of 
the 1st cycle. Evidently, the results in Fig. 3b–h demonstrate that the simulated responses are in a good accordance with the exper-
imental ones. It should be noted that the back stress is not considered in the present model, but the characteristics of the stress-strain 
response in each cycle are well reproduced by the EVPSC-TDT model with less parameters, compared to the model including a back 
stress. 

The evolution of the peak stresses for experiments and simulations as a function of loading cycle are compared in Fig. 4. It is found 
that the simulation well reproduces the evolution of peak stress with fatigue cycles. It is worth mentioning that the peak stresses at 
tension stage are much higher than these at compression stage in each cycle. There is a slow increase for the peak stresses at tension 
stage before the 10th cycle, while a fast increase at compression stage. A much stronger cyclic hardening for the compressive peak 
stress (61 MPa) than the tensile peak stress (25 MPa) is observed after 80 cycles. 

Fig. 2. Experimental and simulated stress-strain curves under monotonic uniaxial tension and compression along the RD of the Mg AZ31 sheet used 
in the present study. 
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3.3. Microscopic response 

3.3.1. Diffraction peak intensity 
The evolutions of the diffraction peak intensities for certain hkls along the axial directions in selected fatigue cycles are presented in 

Fig. 5. As previously mentioned, {1012} twinning reorients a twinned region by approximately 86◦. Consequently, when the {1012}
twinning is activated, the intensities of diffraction peak for (0002) grains increase, and those of (1010) decrease simultaneously on the 
same detector bank. An alternation of the increase–decrease or decrease–increase sequence is observed for (1010), (0002), and (1120)
grains. It indicates that twinning and detwinning take place alternatively with a sequential tension–compression loading in each cycle. 

It can be seen that the diffraction peak intensities for the (0002) grains in the axial direction at the minimum strain, −0.02, firstly 
increase, then decrease, and increase again progressively with the increase of fatigue cycles, suggesting that the maximum twin volume 
fractions increase first, then decrease, and increase again. For cycles 1, 2 and 5, the peak intensities for the (0002) grains are 
completely recovered. After the 20th cycle, a gradual increase of the peak intensities for the (0002) grains is observed with more cycles. 
This indicates that the twins generated during compression are completely detwinned during the subsequent tension before the 20th 
cycle, while an accumulation of residual twins appears after the 20th cycle. 

The predicted twin volume fraction as a function of the strain is shown in Fig. 6. The first tension generates a twin volume fraction 
of approximately 2.5%, and the twin volume fraction reaches approximately 35% after the first compressive strain of - 2%, and then 
decreases rapidly to 7.5% at the strain of 1.5% during the DA’ stage. Evidently, detwinning is exhausted at this point. The detwinning is 
exhausted at a higher strain with the increase of fatigue cycles. The twin volume factions of other cycles have the same tendency as the 
first cycle. The maximum twin volume fraction (at Point C) and residual twin-volume fraction (at Point A’) are presented in Fig. 7. Two 
points are worth mentioning. First, the maximum twin volume fraction of each cycle is found: first increases (1st to 2nd cycle), then 
decreases (2nd to 20th cycle), and increases again (20th to 80th cycle) which reflects the same tendency with the results by neutron 
diffraction. Second, the twin volume fraction decreases to 7.5%, rather than 0, during the reverse loading to tension at the first cycle, 
which indicates that the residual twin appears at the first cycle in our simulation. This is different with the experimental observation of 
the normalized intensity (shown in Fig. 5). The reasons for this trend will be discussed in Section 4.1. In addition, the fraction of 
residual twins at this point increases gradually with the increase of fatigue cycles. 

3.3.2. Evolution of lattice -strains 
Fig. 8 shows the measured and predicted lattice strains in the {0002}, {1010}, {1120}, and {1011} families along the RD from the 

1st to 80th cycle. The results show that the simulations are in reasonable agreement with those determined experimentally in terms of 
both the trends and magnitudes. For the first cycle, the lattice strains in the {1010}, {1120}, and {1011} families show a linear in-
crease with the applied stress at the beginning of tension (Stage O to PA). As reported by Agnew et al. (2006), the non-linearity of lattice 
strains is related to the activation of the basal slip, which has a relative low CRSS. The final lattice strains at Point A in the {1010} and 
{1120} grains are higher than these in other orientation grains. When the specimen is unloaded to 0 MPa after the tension, compressive 
lattice strains can be seen in the {1010}, {1120}, and {0001} grains. When the stress is reverse to compression, the {1120} grains tend 
to share more loads than other grains, and the {0002} grains have a relatively-small lattice strain. When the specimen is unloaded to 0 
MPa after compression, the {0002} grains contain a relatively-large tension residual strain. In a reverse tension stage, plastic defor-
mation is mainly accommodated by detwinning and dislocation slip, sequentially. The responses of lattice-strain for different grain 
groups in each stage are different. During the detwinning predominant deformation, the peak intensity of {1120} increases and {1120}
grains tend to carry more load than others. During the slip predominant deformation, {1120} grains start to yield, and {1010} and 
{1120} grains receive more load. The general evolution of the lattice-strain for different grain groups in the subsequent cycles is similar 
to that in the 1st cycle, which suggests that the fatigue cycling hardly affects the load sharing mechanisms for different orientation 
families. 

As described in Section 3.2, with the increase of fatigue cycle, both the tensile and compressive peak stresses increase, leading to the 
unfixed positions of Points A and C for different cycles. In order to compare the evolution of lattice strain of a certain plane with fatigue 
cycles, the data are re-plotted as macro-strain vs. micro-strain. Fig. 9 shows the experimental and simulated evolutions of lattice strains 
in the {0002}, {1010}, {1120}, and {1011} families along the RD under different cycles. Note that during the stress reverse to 
compression, the {1120} grains tend to carry larger lattice strains with the increase of fatigue cycles. To the best of our knowledge, it is 
the first time that the evolution of the experimental lattice-strain under fatigue deformation of Mg alloys is simulated. 

Table 1 
Values of material parameters determined by curve-fitting in Fig. 2. The parameter hst denotes the latent hardening effect of the twinning mode t upon 
other deformation modes. All other latent hardening parameters are 1.  

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

Basal slip 15 1 10 1 1   
Prismatic slip 80 68 500 1 1   
Pyramidal slip 100 155 1400 0 1   
{1012} twinning A(30) B=C=D (18) 40 100 0 1 0.6 0.75  
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Fig. 3. (a) hysteresis loops of the test and (b–h) comparison of the experimental and predicted true stress-strain curves for different cycles of the 
AZ31 plate. 
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3.3.3. Relative activities of deformation modes 
The relative activities of different deformation modes at different cycles are plotted in Fig. 10. Take the first cycle as example, the 

deformation modes for Stage O-A are prismatic and basal slips, and the relative activity of the basal slip is higher than that of the 
prismatic slip. This trend is in accordance with the previous research that a spread of basal poles along the rolling direction allows the 
activation of the basal slip under tension along the RD (Agnew et al., 2003). The result of a lower relative activity of twinning is 
consistent with the prediction of the twin volume fraction in Fig. 6. For the stage of A-C, basal slip and {1012} twinning are 

Fig. 4. Maximum tensile and compressive stress amplitudes as a function of fatigue cycle for the AZ31 plate.  

Fig. 5. Evolution of real-time in-situ neutron-diffraction peak intensities at different cycles for the AZ31 plate.  

Fig. 6. Predicted twin volume fractions as a function of strain for different fatigue cycles of the AZ31 plate.  
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predominant. The activity of twinning decreases gradually, while that of basal slip increases slowly. The contribution of prismatic slip 
is very pronounced at the later stage of D-A’. With an increase of strain, basal slip shows a higher relative activity than extension 
twining from the 5th cycle at the later stage of B, C. The evolution of the relative activities for basal slip, prismatic slip, pyramidal slip 
and extension twinning with fatigue cycle are plotted in Fig. 11. Significant differences can be noticed. Extension twinning exhibits a 
decreasing relative activity with cycles, in contrast to an increasing activity for basal slip. 

4. Discussion 

4.1. Twinning and detwinning as a function of fatigue cycles 

Although some crystal-plasticity-based simulations have been conducted to model the low-cycle fatigue behavior of Mg alloys, the 
results are often not satisfactory. Some simulations cannot even give a good prediction of mechanical response. A part of simulations 
can well reproduce stress-strain curves, while fail to accurately predict deformation behavior (Guillemer et al., 2011; Gu and Toth, 
2012; Gu et al., 2014; Chen et al., 2018; Briffod et al., 2019; Zhang et al., 2019b; Briffod et al., 2019; Singh et al., 2020). The main 
reason lies in that an alternation of twinning-detwinning during low-cycle fatigue poses a great challenge to constitutive models. Many 
previous models considering only the predominant twinning system often did not include a detwinning scheme. In the EVPSC-TDT 
model, both the twinning and detwinning model are included, and all possible twinning variants are considered. As a result, the 
EVPSC-TDT model is very effective for the simulation of low-cycle fatigue behavior of Mg alloys, as demonstrated in the present study. 
Previously, the EVPSC-TDT model is widely used in the simulations for uniaxial loading, plain-strain compression, and strain-path 
change (Wu et al., 2014; Guo et al., 2015; Qiao et al., 2015a; Wang et al., 2015a, 2015b; Ma et al., 2017; Qiao et al., 2017a, 
2017b; Ma et al., 2019; Zhao et al., 2019). The present study is the first time for this model to be applied to simulate the fatigue 
behavior of Mg alloys. 

The alternation of twinning and detwinning is the predominant mode during low-cycle fatigue of highly-textured Mg alloys, and it 
is closely related to the cyclic hardening and failure process. Three distinctive twinning mechanisms, namely fresh twinning, det-
winning and re-twinning, have been reported by Yu et al. (2013) during cyclic loading of a single crystal Mg. Fresh twinning refers to 
the nucleation and propagation of new twins from the virgin material, and re-twinning corresponds to the repeated growth of a re-
sidual twin that is not fully detwinned (Yu et al., 2011, 2013). This behavior will tend to create some permanent shear channels inside 
the grain. The gliding dislocations due to basal/non-basal slips and residual twin dislocations after repeated twinning-detwinning 
process can multiply, accumulate, and might be pinned at twin boundaries. Certain irreversible dislocation substructures can stabi-
lize twin boundaries, making the migration of twin boundaries more difficult (Dong et al., 2015, 2017). Those dislocation-twin in-
teractions will result in a cyclic hardening. It is important to point out that Qiao et al. (2017a) have demonstrated that the EVPSC-TDT 
model is able to predict fresh twinning, detwinning, re-twinning and double twinning occurred simultaneously in a commercial 
hot-rolled AZ31 Mg alloy subjected to consecutive in-plane compressions along the RD and TD. However, it is also important to 
mention that spatial inhomogeneities such as the permanent shear channels inside a grain cannot be accounted in the EVPSC-TDT 
model due to the nature of polycrystal plasticity models. Nevertheless, such an inhomogeneity can be considered by crystal plas-
ticity based finite element (CPFE) using many elements per grain (see e.g. Qiao et al. 2016a). 

It is considered that the crack initiation is mainly related to those residual twins, and a higher fraction of residual twins will 
accelerate fatigue failure (Yu et al., 2011). Previously, the twinning behavior during cyclic loading has been widely investigated and 
discussed in the literatures (Yin et al., 2008a, 2008b; Park et al., 2010, 2016; Lv et al., 2011a, 2011b). Most experimental studies focus 
on mainly the first cycle or a certain cycle using in-situ or ex-situ experimental techniques. As the evolution of twinning and detwinning 
with fatigue cycle is concluded based on the results of quite limited cycles, some conflicting conclusions have been developed. It is 
generally considered that the maximum twin volume fraction at each cycle gradually increases and tends to be saturated. Matsuzuki 
and Horibe (2009) thought that the twinning-detwinning behavior was outwardly saturated in the relatively-early cycles. 

Fig. 7. Predicted twin volume fractions at the point A/A’ and C for different cycle for the AZ31 plate.  
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Nevertheless, the research by Hazeli et al. (2015) demonstrates that not only a portion of twins can de-twin or continue growth at 
reverse tension. This reversible twinning is active even at the three quarters of the whole fatigue life. Similar results have been 
researched by Yu et al. (2011). This indicates that the saturation of twinning does not appear at early stage of fatigue. It is also 
established that the residual twins at each circle gradually increase with fatigue cycle (Wu et al., 2008). 

Benefiting from a good modeling to the whole fatigue life, the results in the present study can provide more details about the 

Fig. 8. Experimental (solid and open symbols) and predicted (solid lines) lattice strains as a function of stress for different cycles of the AZ31 plate.  
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evolution of twinning-detwinning behavior with fatigue cycle. As discussed in the prior section, it is widely considered that the 
maximum twin volume fraction for each cycle increases initially, and then tends to be saturated (Yin et al., 2008a, 2008b; Park et al., 
2010,2016; Lv et al., 2011a, 2011b). However, the simulations and the results of neutron diffraction in the present study clearly show 
that the maximum twin volume fraction (Point C) of each cycle is found to: first increases (1st to 2nd cycle), then decreases (2nd to 
20th cycle), and increases again (20th to 80th cycle). Although there is a small difference for the critical cycle for this transition 
between simulations and neutron diffraction, the two results indicate a similar trend. Such a trend has not been reported previously. 
The reasons for the variation of the maximum twin volume fraction with fatigue cycle can be explained by the relative activities of 
twinning and slips in Fig. 11. Obviously, the twin volume fraction during low-cycle fatigue is mainly determined by the activity of 
{1012} twinning and the volume fraction of residual twins. There is a high volume fraction of residual twins after the 1st cycle, as 
shown in Fig. 6. Therefore, the increase of the maximum twin volume fraction from 1st to 2nd cycle is probably due to a high fraction of 
residual twins after the 1st cycle. After the 1st cycle, the relative activity of the basal slip increases, and that of {1012} twinning 
decreases (Figs. 10 and 11). A lower activity of twinning will lead to a lower twin volume fraction after a certain cycle. Meanwhile, the 
contribution of residual twins is not significant at this stage. Therefore, the subsequent decrease of twin volume fraction can be 
ascribed to the gradually-decreased relative activity of {1012} twinning and the marginal increase of residual twins. It is well 
established that both twinning and detwinning will become more difficult with an increase of the dislocations within material at the 
late stage, which results in a quick increase of residual twins. Similar behaviors have been observed in several other studies (Cáceres 
et al., 2003; Brown et al., 2007). As a result, the secondary increase of the maximum twins after the 20th cycle is mainly related to a 
quick increase of residual twins. In a previous research, Dong et al. (2015) reported that an enhanced nucleation sites of twins were 
responsible for an increased twin volume fraction with fatigue cycle. However, the twin volume fraction is in connection with both 
twin nucleation and twin growth. The enhancement of twin nucleation does not necessarily lead to an increase of twin volume fraction. 
The above discussions indicate that a good model of detwinning is very important to simulate both the twinning behavior and the 
residual twins during low-cycle fatigue of Mg alloys. Previous models often do not contain detwinning mechanism, leading to an 
inaccurate calculation for twinning and residual twins. 

It is worth mentioning that the simulations in the present investigation show that the twin volume fraction decreases to 7.5% rather 
than 0 during the reverse loading to tension at the first cycle (see Fig. 6), which indicates that the residual twins appear at the first 
cycle, and are even high to 7.5%. This trend is different from the result of neutron diffraction with a very small fraction of residual 
twins at the 1st cycle. This feature means that the detwinning in this model is slightly undervalued. A possible reason is that the CRSS 
for detwinning used in the simulations is higher than that of basal slip. Another reason is probably related to that the fraction of 
residual twins at early stage is too small to be detected by neutron diffraction. As demonstrated in Section 3.4, a small fraction of 

Fig. 9. Measured (solid and open symbols) and predicted (solid lines) lattice strains as a function of strain for different cycles of the AZ31 plate.  
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Fig. 10. Relative activities of prismatic, basal, pyramidal slips and {1012} twinning at different cycles.  
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twinning takes place during the initial tension of the 1st cycle, which is confirmed by both the simulations and neutron diffraction. For 
a hot-rolled plate, basal poles are largely parallel to the ND (Koike, 2005). This type of orientation does not favor {1012} twinning 
under tension along the RD (Yu et al., 2017). Nevertheless, there is also a small fraction of grains with their c-axis inclining largely from 
the ND, and {1012} twins might appear in those grains during the initial tension. 

4.2. Evolution of the peak stress 

The evolution of mechanical response with fatigue cycle is an important issue in fatigue process. As shown in Fig. 4, an obvious 
hardening of the peak stress appears: the peak stress at tension stage marginally increases in the first 10 cycles, and afterward, becomes 
saturated, while the peak stress for compression stage keeps rising throughout the whole fatigue life. Such a cyclic-stress response can 
be ascribed to a stability or variation of microstructural features. Previously, the mechanisms for cyclic hardening of the peak stress 
have been discussed in several studies (Barnett et al., 2004; Begum et al., 2009; Wu et al., 2010b), and are mainly ascribed to the 
following factors. First, the cyclic hardening results from the multiplication of dislocations. Second, twin can transform glissile dis-
locations into sessile ones to impede dislocation slip. Third, residual twins can act as barriers against dislocation slip. All these factors 
might contribute to a cyclic hardening under high strain amplitudes (Barnett et al., 2004; Begum et al., 2009; Wu et al., 2010b; Geng 
et al., 2013). However, these reasons are so general that it is insufficient to explain some specific phenomena. For example, why the 
compressive peak stress in the first 10 cycles increases faster than that after the 10th cycle in the current investigation; why the cyclic 
hardening of tensile stress is evidently lower than that for compressive stress. 

Previously, some researchers considered that the cyclic hardening of compressive peak stress was due to an increase in twin volume 
fraction (Wu et al., 2008, 2010a; Hama et al., 2012). For example, Wu et al. (2008) held that the increase of twin volume fraction could 
account for the hardening of the compressive peak stress. In addition, Park et al. (2010) thought that the rising volume fraction of 
residual twins with fatigue cycles would become barriers against dislocation slip, mainly accounting for the cyclic hardening of 
compression peak stress. Nevertheless, the results in the present study show that the twin volume fraction firstly increases before the 
10th cycle, followed by decreasing, and re-increasing after the 20th cycle. Therefore, it cannot simply conclude that the cyclic 
hardening of compressive peak stress is related to an increase of twin volume fraction with fatigue cycles. The volume fraction of 
residual twins increases during the whole fatigue life, and rises faster at the later stage. That is, the compressive peak stress should not 

Fig. 11. Evolution of the relative activities for different deformation mechanisms with the increase of fatigue cycles: (a) basal slip; (b) prismatic slip; 
(c) pyramidal slip; (d) {1012} twinning. 
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be saturated after 10 cycles, and exhibits a faster hardening rate. Evidently, this deduction contradicts with the experimental ob-
servations. The results in Fig. 9 allow a reasonable explanation for the evolution of cyclic hardening of compressive peak stress. {1012}
twinning dominates the plastic-deformation stage of compression. The gliding dislocations due to basal/non-basal slips and residual 
twin dislocations after repeated twinning-detwinning process can multiply and accumulate with loading cycles. Certain irreversible 
dislocation substructures and residual twins can stabilize twin boundaries, making twinning more difficult (Dong et al., 2015, 2017). 
This trend will increase the compressive peak stress. Therefore, the hardening of compressive peak stress is related mainly to the strong 
interactions of {1012} twinning with previously-stored deformation substructures. The results in Fig. 10 show that the maximum 
lattice strains of the {1120} and {1010} at Point C increase quickly during the first 10 cycles and very slow after 10 cycles. This trend 
indicates that the barrier effect to twinning is very pronounced during the early cycles, but is effectively weakened at the later cycles. 
Therefore, the much lower hardening rate after 10 cycles is related to a gradually-decreased barrier effect against twinning. 

Previously, the reasons for the cyclic hardening of tensile peak stress were widely ascribed to dislocation-dislocation interactions. 
This feature can also be confirmed from the deformation behavior of simulations. At the initial stage of tension, detwinning is the 
predominant mode to accommodate plastic deformation. And prismatic slip was very important when the detwinning is exhausted. 
Hence, the cyclic hardening of tensile peak stress can be ascribed to an increase of the amount of dislocations and the interactions 
between prismatic slip and residual deformation structures . It can be seen in Fig. 4 that there is a much stronger cyclic-hardening 
response of compressive peak stress than tensile peak stress. This should be ascribed to the fact that the residual twins and disloca-
tions during cyclic loading generate a higher hardening on {1012} twinning than on prismatic slip. 

5. Conclusions 

The simulations using EVPSC-TDT model and the real-time in-situ neutron-diffraction technique under a continuous loading 
condition were employed to study the low-cycle fatigue behavior of the wrought AZ31B Mg alloy. The relationship between the 
deformation behavior and mechanical response was discussed. The main conclusions are reached as follows:  

(1) Previous models and simulations cannot simultaneously reproduce well the mechanical response and twinning-detwinning 
behavior during a low cycle fatigue loading, in particular for high strain amplitudes. Both the mechanical response and 
twinning-detwinning behavior throughout the whole fatigue life (80 cycles) are well predicted by the EVPSC-TDT model in the 
present study. The simulations well reproduce the hysteresis loops and cyclic-hardening response from the 1st to 80th cycle. The 
predicted evolutions of the maximum twin volume fraction and residual twins exhibit similar trends to those measured by in-situ 
neutron diffraction. For the first time, the evolution of lattice strain throughout the whole fatigue life is simulated, which is in 
good accordance with that determined by neutron diffraction.  

(2) Combining the results of simulations and neutron diffraction, new understandings on the twinning-detwinning behavior 
throughout the whole fatigue life are achieved. It is found that the evolution of the maximum twin volume fraction of each cycle 
shows an increase from the 1st to 2nd cycle, followed by a decrease from the 2nd to 20th cycle, and a secondary increase after 
the 20th cycle. This finding corrects the previous opinion that the maximum twin fraction increases at the initial stage, and 
tends to be saturated at the late stage. The first increase of the maximum twin fraction from the 1st to 2nd cycle is mainly related 
to a high fraction of residual twins after the 1st cycle. The subsequent decrease from the 2nd to 20th cycle is ascribed mainly to a 
decreasing activity of {1012} twinning and the marginal increase of residual twins. After the 20th cycle, the fraction of residual 
twins exhibits a quick increase, resulting in a secondary increase of the maximum twin volume fraction.  

(3) Some new insights on the mechanisms for cyclic hardening are provided. The cyclic hardening at compression stage comes from 
mainly the stabilization of {1012} twin boundary by the irreversible dislocation substructures and residual twins generated in 
previous cycles. In contrast, the interaction between prismatic slip and the residual deformation substructures mainly accounts 
for the cyclic hardening at tensile stage. A higher hardening on the prismatic slip than on the {1012} twinning would lead to a 
stronger cyclic hardening response of compressive peak stress than tensile peak stress. 
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