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This article presents results relating macroscopic fatigue behavior to microplasticity, twin-
ning activity, and early fatigue crack formation in wrought magnesium alloy specimens of
the AZ series. Experimental data were obtained by testing standard-sized samples pre-
pared to be also suitable for direct microstructural quantification using scanning electron
microscopy and electron back scatter diffraction for texture, grain-scale observations and
fractography, as well as surface morphology measurements using white-light interferom-
etry. In addition, in situ nondestructive monitoring of the fatigue behavior was performed
by using the Acoustic Emission method. To describe the plastic anisotropy, tension–com-
pression asymmetry, pseudoelasticity and their evolution as a function of fatigue loading,
strain-control experiments of varying amplitude were conducted in several steps. Experi-
mental measurements at different stages of fatigue life revealed repeatable occurrences of
twinning–detwinning, which is further shown to be coupled with reversible surface rough-
ening. It was also found that although tension twinning contributes considerably to overall
plasticity, it could also give rise to crack initiation towards the end of the fatigue life. The
role of the reported microplasticity effects was additionally explored using a Continuum
Dislocation Dynamics Viscoplastic Self-Consistent (CDD-VPSC) model for the first two
cycles of the fatigue life. The intention of this section was to incorporate the effect of twin-
ning–detwinning into the CDD-VPSC model and subsequently to capture the experimental
effects associated with changes in the fatigue hysteresis observed between first and second
cycle. These simulation results were consistent with the hypothesis that detwinning is
responsible for the anomalous hardening behavior during the tensile part of the cyclic
loading in the first few cycles of loading. This observation was confirmed for several
imposed strain amplitudes and was achieved by properly defining an appropriate bound-
ary condition that allows surface morphology changes. Furthermore, the experimental test
plan allowed the quantification of the fatigue life in terms of hysteresis loop parameters
including plastic/elastic energy, residual stiffness, as well as mean and extreme stresses.
Finally, an energy-based relationship for the evaluation of fatigue behavior based on the
Ellyin–Kujawski formulation was found to provide life predictions that agree with obtained
experimental information.
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1. Introduction

Processing improvements of Mg alloys, for example cold forming, depend on understanding microstructure–property–
behavior linkages capable of accurately describing plastic deformation and damage initiation (Al-Maharbi et al., 2011;
Barnett et al., 2004). Although significant progress in this direction has been made (Agnew and Duygulu, 2005; Begum
et al., 2009; Fan et al., 2009; Hasegawa et al., 2007; Ishihara et al., 2007; Koike et al., 2010; Lv et al., 2009; Matsuzuki
and Horibe, 2009; Wu et al., 2008a, 2010, 2008c; Yang et al., 2011, 2008; Yin et al., 2008a), there is a noticeable gap
in relating microstructure, plasticity and fatigue crack initiation in Mg alloys which is crucial in a materials-by-design
context.

Although the effect of microstructural features on the fatigue behavior of polycrystalline materials was documented since
the early 1900s (Ewing and Humfrey, 1903), a microstructure-related mechanics framework for quantitative modeling of
fatigue failure has not yet been developed (McDowell, 2007; McDowell and Dunne, 2010). Microstructures consist of fea-
tures at length scales ranging from nanometers to several hundred micrometers with complex geometries and varied orien-
tations. Consequently, several spatial correlations and interactions, especially under cyclic loading may occur, which
significantly increase the difficulties associated with both experimental and modeling approaches for physics-based under-
standing of plasticity and fatigue. This article presents experimental and computational results based on the premise that
fatigue and related damage incubation/initiation are complex evolutionary processes, which are highly dependent on hier-
archical microstructural evolution (McDowell, 2007; Shan and Gokhale, 2004) and are driven by localized plasticity effects.
Several studies attempted to develop a constitutive model based on descriptions of the microstructure evolution and its rela-
tionship with internal stress variables (Brahme et al., 2011; Pham et al., 2013). For example, it is shown that the most sig-
nificant effect of back stress is the selective increase in activity on some slip system and reduction of slip system activity on
other slip systems in FCC metals. This observation is supported by the thinning and alignment of slip bands along preferred
crystallographic directions (Brahme et al., 2011). Pham et al. (2013) studied intergranular back stress associated with the
long-range interaction of dislocations which arises due to the grain-to-grain strain incompatibility in austenitic stainless
steel. This study reports that the back stress evolves with the development of boundary and interior dislocations in the
beginning, and with grain fragmentation upon further cyclic loading. The effect of microscopic features on macroscopic
strain rate sensitivity has been also noted in the literature (Kabirian et al., 2014; Wei et al., 2004). Stress fields associated
with migrated atoms cause a drag force on mobile dislocations in FCC structures (Kabirian et al., 2014). The longer the stop-
page time, the larger the solute atoms cluster and its associated drag force, so the mobile dislocations, in turn, require more
applied force to overcome this barrier.

Wu et al. (2008a) studied the internal stress (strain) evolution during cyclic deformation in Mg ZK40 using in situ neutron
diffraction and found it to be dominated by tension twinning and detwinning. These authors further showed that grains that
undergo twinning, are relaxed relative to its neighbors. This load redistribution between soft and hard grain orientations is
attributable to plastic anisotropy. Texture evolution has been also suggested to play a role in plastic anisotropy. In-plane
plastic anisotropy of Mg AZ31 for example was attributed to the initial texture (John Neil and Agnew, 2009) while it was
further reported that non-basal cross-slip of hai-type dislocations was greater than anticipated (Agnew and Duygulu,
2005). In addition, Oppedal and coworkers (Oppedal et al., 2012) recently investigate hardening mechanisms in pure Mg
and proposed a dislocation-based formalism to model plastic anisotropy.

The effect of local microstructure on macroscopically observed fatigue behavior has been researched in the literature.
For instance, analysis of the cyclic stress–strain response and the evolution of fatigue hysteresis shape showed that the
back stress component of the cyclic stress is significantly affected by grain size (Morrison and Moosbrugger, 1997). Fur-
thermore, the difference in cyclic plasticity behavior between two samples with different grain sizes has been related to
the effect of grain size on Persistent Slip Band (PSB) morphology. Note that the PSBs are generally characterized as regions
of localized deformation arising from intense dislocation activity (Venkataraman et al., 1991). In addition, Zhang and Jiang
(2006) concluded that the fatigue stress–strain response of polycrystalline copper is a strong function of the grain size and
texture.

Fatigue crack initiation has been shown to be highly dependent on the degree of strain localization, which in turn depends
on both microstructure and active deformation modes (Antolovich and Armstrong, 2014). Within this framework, several
studies reported that a fatigue crack is formed as the result of localized plastic deformation during cyclic straining (Chan,
2010; Finney and Laird, 1975; Harvey et al., 1994; Peralta et al., 2007; Ritchie and Suresh, 1982). In these investigations, evi-
dences are provided on the fact that cracks nucleation could occur under cyclic straining due to the formation of irreversible
slip bands. Finney and Laird (1975) stated that a heavy concentration of strain within PSB structures produces a soft region
compared to other regions. This observation is generally referred to as ‘‘ductility exhaustion’’. Basinski et al. (1983) further
reported gradually increasing PSB intensity as a function of fatigue cycles in copper single crystal. In their study, it appeared
that the PSBs begin when the cyclic hardening curve reaches its maximum, while they multiply rapidly and increase in width
as the stress–strain curve show pronounced softening. In order to develop a stress-life relation, Tanaka and Mura (1982) con-
sidered material responses related to the extrusion–intrusion mechanism produced by PSBs, whose coalescences ultimately
lead to crack nucleation. This observation is mostly applicable to FCC metals, however, tension–compression asymmetry is
usually negligible in this type of materials.
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Crack initiation is, in general, highly dependent upon the degree of localization of processes which themselves are closely
related to microstructure and texture. Localized strain, for example, promotes early crack initiation because the macroscop-
ically imposed strain must be carried in relatively few active regions (Antolovich and Armstrong, 2014; Wang et al., 2011). It
has been shown that Portevin-Le Chatelier (PLC) instabilities result in strain bursts in the form of bands that have been
suggested to play a crucial role in crack initiation (Wang et al., 2011). Local deformation heterogeneities induced by the
microstructure have been also reported to influence fatigue crack initiation and micro-crack propagation (Abuzaid et al.,
2013). Abuzaid et al. additionally describe necessary conditions and precursors for fatigue crack nucleation in polycrystal
Hastelloy. Investigation of the fatigue behavior of a-iron polycrystal at a high cyclic strain rate revealed the development
of surface roughening with periodicity comparable to the grain size, which lead to fatigue crack initiation (Mughrabi
et al., 1981). In addition, an elaborate study by Man et al. (2012) demonstrated that cyclic strain localization leads to PSBs
with specific dislocation structure, followed by distinctive surface slip marks (surface extrusion and intrusion) which further
promote fatigue cracking. Besides intrusions and extrusions, fatigue crack initiation may occur at grain or twin boundaries as
the result of slip impingement (Chan, 2010).

In the case of Mg, since the grain boundaries are sufficiently strong (Koike, 2005), additional stresses arise to maintain
strain compatibility, which can cause the activation of twinning and non-basal slip. It is, however, possible that stress
(strain) concentrations due to incompatibilities between twins and their surrounding matrix regions to be relaxed by slip
(Ando et al., 2010; Vaidya and Mahajan, 1980) or crack formation (Yoo, 1981). This type of complex local plasticity becomes
even more complicated when twinning-detwinning interchange. Cyclic experiments on HCP materials such as Mg are typ-
ically more complex compared to other metals due to their dependence on both strong twinning (Khan et al., 2011; Lou et al.,
2007; Zeng et al., 2010) and texture effects (Barnett, 2001; Hazeli et al., 2013a). For instance, the relative prevalence of cer-
tain deformation mechanisms in Mg alloys subjected to cyclic loading strongly depends on both the initial and the evolving
texture. Consequently, the measured compressive yield stress is significantly less than the corresponding tensile. In addition,
although basal slip and twinning are mostly activated during compression, in reversed loading the hardening behavior fur-
ther involves detwinning as well as harder slip systems, including pyramidal and/or prismatic (Wu et al., 2010; Wu et al.,
2008c). In general, studies on the specific influence of texture on the cyclic response of polycrystals are scarce (Chan,
2010; Le Biavant et al., 2002; Llanes et al., 1993). For example, Chan (2010) showed that texture may enhance fatigue crack
initiation if groups of grains are oriented favorably for slip. In highly textured Mg alloys, f10�12g tension twinning was found
to primarily form during the compressive part of cyclic loading (Park et al., 2010a). In materials that twin considerably, twin-
ning and its interaction with slip can result in a Bauschinger-like effect (Karaman et al., 2001). Local stress states during plas-
tic deformation of Mg alloys at room temperature greatly depend on twinning (Barnett et al., 2012; Hazeli et al., 2013a;
Muránsky et al., 2010), which also eventually drives the associated microstructure evolution (Jiang et al., 2007) and has been
also recently incorporated into computational models (Lou et al., 2007; Wang et al., 2013).

In agreement with Barnett et al. (2012), the authors recently demonstrated (Hazeli et al., 2013a) that the near yielding
behavior is dominated by twin-related strain localizations that form characteristic and macroscopically-observed band-like
structures. Twins were found to propagate from grain to grain, starting from grains with orientations closer to the basal
plane (Hazeli et al., 2013b; Lou et al., 2007). It has been suggested that this effect leads to stress relaxation at the tip of grow-
ing twins (Ando et al., 2010; Barnett et al., 2012). A previous study by Partridge (1965) shows that twins can disappear or
become narrower under reverse loading. In situ bending experiments coupled with Nomarsky interference contrast in fact
showed that detwinning is possible to occur when the applied load decreases (Caceres et al., 2003). Combinations of
axial–torsion loading further showed that the occurrence of twinning and detwinning resulted in asymmetric shear
stress–shear strain hysteresis loops (Zhang et al., 2011). Despite the aforementioned references to twinning–detwinning
and its subsequent effects on tension–compression asymmetry and also on strain hardening rate (Begum et al., 2009;
Hyuk Park et al., 2010; Lou et al., 2007; Lugo et al., 2013; Lv et al., 2011; Matsuzuki and Horibe, 2009), there are still some
fundamental questions to be answered. Specifically, the direct evidence of the role of twinning–detwinning in fatigue
damage initiation is scarce in the relevant literature (Yang et al., 2011). Furthermore, to the authors’ best knowledge, the
evolution of surface roughness during fatigue loading has not been investigated and associated with evolutionary fatigue
incubation conditions, as shown in this article.

The results presented in this article suggest that the role of strain localization becomes more pronounced in the case of
HCP metals. It is widely accepted that deformation twinning offers options for plastic flow accommodation during both
monotonic and cyclic loading (Agnew and Duygulu, 2005; Ando et al., 2010; Beyerlein et al., 2010). It has been further
shown that grain-scale strain incompatibilities and texture effects in Mg-based alloys cause distinct and twin-related
strain localizations (Barnett et al., 2012; Hazeli et al., 2013a,b, 2014). Therefore, localized strains near grain boundaries
or second phase particles could cause, very high local stresses (Hull, 1999) that could lead to crack initiation. This article,
therefore, focuses on the role of twinning–detwinning on fatigue damage initiation of Mg alloys. It further examines the
effect of local microstructure on both the macroscopic mechanical response during strain-controlled fatigue conditions, as
well as on local microstructural changes which are reported herein as key factors to characterize the fatigue behavior of
Mg alloys. To accomplish these goals, an experimental approach consisting of mechanical testing of standardized-size
specimens, in situ nondestructive monitoring and ex situ high resolution microstructural characterization tools was com-
bined with an appropriately defined model, capable of incorporating dominant microstructural observations in its
derivation.
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2. Experimental procedure and modeling approach

2.1. Specimen preparation

A commercial magnesium alloy (AZ31) with a nominal composition of 3 wt.% Al and 1 wt.% Zn was used. The alloy was
obtained as a 25.4 mm thick plate (see Fig. 1a) in the soft annealed condition (O temper). Before cutting any specimens, the
material was held at 500 �C for one hour. Texture and the average grain size distribution, were measured in metallographic
samples cut from the Normal Direction (ND) of the plate. The initial microstructure and measured texture are presented in
Fig. 1b and c, respectively. Compression, tension, and fatigue specimens were machined from the Mg plate using Electrical
Discharged Machining (EDM) according to ASTM E9, E8M, and E606 standards. Tension and fatigue tests were performed for
samples cut parallel to the Transverse Direction (TD) direction, while compression tests were conducted for specimens cut
from the different orientations shown in Fig. 1.

2.2. Mechanical and nondestructive testing

Monotonic compression and tension tests were performed at room temperature using a MTS universal testing system at a
constant strain rate of 4:5� 10�4 s�1. The same testing system was also used to apply strain-controlled, cyclic, compression–
tension loading profiles for several values of peak strain. The fatigue tests were carried out at zero mean strain (Re ¼ �1, i.e.
completely reversed sawtooth type strain cycle), at a constant rate of 5� 10�3 s�1. Peak strain amplitudes equal to 0.25%,
0.33%, 0.42%, 0.50%, and 0.58% were applied. Furthermore, in situ nondestructive monitoring of the fatigue experiments
was provided by application of the Acoustic Emission (AE) method. Signals (voltage versus time waveforms) of AE were
recorded using a piezoelectric transducer (PICO manufactured by MISTRAS Group, Princeton, New Jersey) which has an oper-
ating frequency in the 200–750 kHz range and a peak frequency at 500 kHz. The AE sensor was connected to a 4-channel
data acquisition board (DISP-4, MISTRAS).

2.3. Characterization methods

Fracture surfaces from the fatigued specimens were examined using Scanning Electron Microscopy (SEM). To study ex situ
the effect of cyclic strain at the grain scale, fatigue tests were performed on specimens that were polished from one side to a
finish sufficient for Electron Back Scatter Diffraction (EBSD) measurements. For this purpose, three regions of interest
(500� 500 lm2 each) were marked by using micro-hardness indentation. Local grain information, including lattice orienta-
tions were measured at intervals of 1 lm on a hexagonal grid by automated acquisition and processing of backscatter diffrac-
tion patterns in a SEM (FEI XL30). The accelerating voltage and working distance were set at 20 kV and 19.5 mm, respectively.
The surface morphology in the marked region was inspected post mortem by non-contact white light interferometry using a
Fig. 1. (a) Compression, tension and fatigue sample preparation based on the as-received rolled plate. (b) Initial inverse pole figure map and (c) its
corresponding pole figure.
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Zygo surface profilometer (model 6300, Zygo Corporation, Middlefield, Connecticut) at 20�magnification. As a result of using
an objective lens (20�, Mirau), lateral and vertical resolutions of 750 nm and 0.1 nm were achieved.

2.4. Modeling approach

To quantify the effect of activation of the available deformation mechanisms including twinning on the hysteretic fatigue
behavior of the first two cycles a modeling approach based on the viscoplastic self-consistent (VPSC) scheme developed by
Lebensohn and Tomé (1993) was used. Specifically, a Continuum Dislocation Dynamics (CDD) approach was developed in
which slip, twinning and detwinning systems are defined by their corresponding normal and Burgers vectors, as well as their
associated dislocation densities (Li et al., 2013). Recently, computational models for studying the detwinning mechanism
based on twin nucleation and propagation (Wang et al., 2012), in addition to microstructure evolution during twinning
(Proust et al., 2009) were proposed. In the present study, a model based on a phenomenological power law shear rate for-
mulation that describes both twinning and detwinning as polar mechanisms was used. Specifically, it was assumed that
twinning requires positive and detwinning requires negative resolved shear stress (RSS) with respect to the twinning Burgers
vector. In addition, activation of detwinning in the model was only possible in the case of positive twin volume fraction. This
is a physical requirement since detwinning is the inverse mechanism of twinning and it cannot be activated if a twinned
region does not exist. Therefore the model allows the twinned volume fraction to recover and add to the untwined volume
fraction of the crystal by means of detwinning. Since this formulation only determines the plastic part of the deformation,
the elastic strains are calculated separately. Specifically, assuming a homogeneous distribution of elastic strains for all grains,
the obtained stresses from the model and the calculated elastic modulus of the polycrystal are used to determine elastic
strains at each step. The plastic strain rate in each grain at a given time step is determined according to the shear rates in
the slip and the twinning/detwinning systems. Furthermore, the strain rates and stresses in each crystal must conform
self-consistently to the corresponding quantities in the homogenized polycrystal which is defined by the boundary condi-
tions. Considering only the plastic part of deformation, the strain rate in each grain in the deviatoric space is represented
by summation of shear rates in each deformation system as _eij ¼ ms

ij
_cs where ms

ij ¼ ðnibj þ njbiÞ=2 is the Schmid factor for slip
or twinning system s, the normal vector to the deformation system is n and b is the Burgers vector. Given the deviatoric
stress r0ij, the shear rate in each deformation system is assumed to be given as
_cs ¼ _c0
ss

ss
th

����
����

1
m

signðssÞ ð1Þ
where ss ¼ ms
klr0kl is the resolved shear stress, m represents the strain rate sensitivity, ss

th is the threshold stress to initiate
deformation in a system s and _c0 is a reference shear rate.

The strain rate equation defined previously contains five equations and ten unknowns. Therefore additional relationships
for solving the system are required. The strain rates and stresses in each crystal must conform self-consistently to the strain
rate and stress in the homogeneous media. Therefore, following a linearization of these quantities and by using the equiv-
alent inclusion method (Eshelby, 1957) a linearized interaction equation between the quantities in the crystal and their pairs
in the homogeneous media (shown in capitals) can be obtained using a grain interaction matrix Mijkl and eigenstrains _e�ij.
_eij ¼ _c0

Xs

1

ms
ijð

ms
kl
r0

kl
ss

th
Þ

1
m

ð _eij � _EijÞ � _e�ij ¼ Mijklðr0ijkl � R0ijklÞ

8>><
>>: ð2Þ
Eq. (2) contains a set of ten equations and ten unknowns that can be solved following an iterative process. Different lin-
earization techniques have been developed for Mg alloys and each one leads to a different self-consistent scheme (Wang
et al., 2010a, 2010b). Among the different schemes, the Affine self-consistent scheme demonstrates the best overall perfor-
mance and is therefore used in our modeling approach.

In the CDD model used instead of using the phenomenological model defined in Eq. (1) for describing the shear rate on
each deformation system, Orowan’s relationship for the shear rate in a slip system was used
_cs ¼ qstsbs ð3Þ
where qs, ts represent mobile dislocation density and their velocity as a function of stress respectively, and bs is the corre-
sponding Burgers vector. These quantities are assumed to be constant throughout the grain at each time step. In Eq. (3), ts for
each slip system is computed as follows
vs ¼ v s
0

ss

ss
th

����
����

1
m

signðssÞ ð4Þ
In Eq. (4), ss and ss
th are RSS and threshold stress, respectively, and ts

0 is a referenced velocity. The shear rate due to twin-
ning or detwinning is assumed to be governed by a power law of the form:
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_ctw ¼

_c0
stw

ss
th

��� ���1
m stw > 0 ðTwinning activityÞ

� _c0
stw

ss
th

��� ���1
m stw < 0 and f tw

> 0 ðDetwinning activityÞ

0 Otherwise ðNo twinning or detwinningÞ

8>>>><
>>>>:

ð5Þ
Following the conditions presented in Eq. (5), the rate of twinning or detwinning is similar to the rate of slip in terms of
the equations that control these mechanisms. Twinning and detwinning are polar mechanisms and require positive RSS in
their plane and with respect to the direction of the Burgers vector. Therefore, twinning can only occur if the resolved RSS is
positive with respect to the Burgers vector and detwinning can only occur if twins are available in the system and RSS is
negative with respect to Burgers vector of twinning so that the existing twins retreat. The negative sign for detwinning shear
rate implies that detwinning acts as a recovery mechanism for previous plastic deformation due to twinning similar to the
retreat of the partial dislocations creating the twins. Note that this definition of twinning and detwinning systems automat-
ically prevents activation of both mechanisms simultaneously. The additional condition defined in Eq. (5) for the detwinning
system ensures that detwinning is only allowed when a positive volume fraction of the twins is available in the correspond-
ing system to be ‘‘consumed’’.

Furthermore, we assume that plastic deformation is caused by the activation of basal f0001gh11 �20i, prismatic
f1 �100gh11 �20i, and hc + ai pyramidal f11 �22gh11 �23i slip, as well as f10 �12gh10 �11i extension twinning. The threshold
stress in Eq. (5) evolves according to the general Voce law (Voce, 1955), but the threshold stress in Eq. (1) is represented by
ss
th ¼ ss

0 þ ss
HP þ alb

ffiffiffiffiffiffiffiffiffiffiffiffi
Xsrqr

q
ð6Þ
for slip systems, where ss
0 is the initial critical resolved shear stress, ss

HP is the Hall–Petch hardening parameter and the third
term represents the forest dislocation hardening (Ohashi et al., 2007). The last term in Eq. (6) captures the latent-hardening
and self-hardening as proposed by the Bailey–Hirsch model, with a being a constant, l the shear modulus and Xsr the
dislocation interaction matrix that defines the latent hardening effect of system r on system s. In addition, the dislocation
density qr is the sum of mobile (qr

m) and immobile (qr
i ) dislocations in a system r which evolves according to the following

equations (Askari et al., 2014):
_qs
m ¼ a1qs

m
v s

�l
� 2a2Rcðqs

mÞ
2vs � a3Rcqs

mqs
i v

s � a4qs
m

v s

�l
þ a5
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����
����
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v s

�l
ð7Þ

_qs
i ¼ a4qs

m
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� a3Rcqs
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i v

s � a5
ss

s�

����
����
r

qs
i
v s

�l
ð8Þ
The constants a1–a5 control the dislocation generation rate, mutual annihilation of mobile dislocation, annihilation of
mobile and immobile dislocations, dipole formation rate and the rate at which immobile dislocations break up from locks
and become mobile. In addition, Rc is the critical distance for dislocation reaction and s⁄ is the critical stress for unpinning,
which is in the order of threshold stress and dislocation mean free path �l.

Although dislocation hardening is defined through the interaction matrix Xsr, any other hardening that arises from dis-
location and twin interactions is accounted for by the dislocation mean free path. Here we assume that twins are impene-
trable regions inside the grain. Therefore twinning in this formulation is expected to reduce the available space for
dislocation glide by reducing the mean free path, similar to Kalidindi’s approach (Kalidindi, 1998), and is presented by
the following equation:
�l ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f tw

qtotal

s
ð9Þ
In Eq. (9) ftw is volume fraction of twins and qtotal is the total dislocation density in the grain. The twin volume fraction
rate in each grain is calculated by _f tw ¼

P
_ctw=Stw which is the sum of shear rates in twin systems obtained by Eq. (5) divided

by the characteristic shear of the twin Stw (Tome et al., 1991). In the case of detwinning activity, the volume fraction of the
twins will be reduced and subsequently, softening in dislocation glide is expected. The complete specification of the param-
eters and dislocation evolution laws are presented elsewhere (Askari et al., 2014).

In Mg, the reorientation due to twinning is an important issue that needs to be considered in the modeling scheme. We
use the predominant twin reorientation (PTR) scheme (Tomé et al., 1991) to capture this effect. The PTR scheme assumes
that a grain is allowed to reorient rapidly if a specific accumulated value of twin fractions reaches a threshold value. Since
it is not numerically feasible to consider each twinned fraction as a new orientation, the PTR scheme adopts a statistical
approach. Since the twin volume fraction rate _f tw is obtained by calculations, the volume fraction of twins is known at every
step of calculations. After completion of each step, a grain is selected randomly and the most active twin system is identified.
If the accumulated volume fraction of the twins for a system is larger than the threshold value, then the grain is allowed to
reorient and the volume fractions and the threshold value are updated. The process is repeated until either all grains are
checked or volume fraction of reoriented grains exceeds the accumulated volume fraction of the twins. Note that this process
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leads to reorientation of the grains consistent to the historically active twin systems. Further details can be found in the lit-
erature (Tomé et al., 1991).
3. Results and discussion

3.1. Monotonic behavior

Representative compression and tension stress–strain curves are plotted in Fig. 2. Compression normal to the rolling
direction (RD) gave the highest yield stress, while remarkable elongation (>20%) can be obtained for the specimens cut at
45� with respect to the rolling direction. It should be noted that the yield stress decreases substantially when the specimen
approaches the TD orientation (see Fig. 1a). Since the average grain size of the specimens was very similar, this observation
can be attributed to the significant effect of texture on mechanical response. In fact, the high Schmid factor (SF) for twinning
in TD compression (Wang and Huang, 2007) has been shown to result in the characteristic s-type stress–strain behavior
(Barnett, 2007; Hazeli et al., 2013a; Kleiner and Uggowitzer, 2004). The mechanical behavior results in Fig. 2 show hardening
differences between tension and compression (referred to as tension–compression asymmetry). In an extruded Mg alloy
with strong basal texture it is expected that this asymmetry is largely determined by the relative ease with which tension
twinning occurs (which dominates yielding in compression) compared to that of prismatic slip (which dominates yielding in
tension, (Robson et al., 2011)).

3.2. Cyclic behavior

The fatigue deformation behavior during the first and second cycle, as well as half-life and at one cycle before failure are
shown in Fig. 3. As the initial texture is favorable for twinning in the compressive loading path, there is a plateau in the
stress–strain curve past the corresponding yielding point in agreement with pertinent fatigue results (Wu et al., 2008a,
2010, 2008c). The region of constant stress, as mentioned previously, corresponds to twinning (Barnett et al., 2012;
Hazeli et al., 2013a). Significant tension–compression asymmetry can be observed upon load reversal (Barnett, 2007; Wu
et al., 2008a), which becomes more pronounced with increasing strain amplitude. This increase can be justified by the fact
that the twin density is expected to increase by increasing strain amplitudes. While the reason for the observed Bauschinger-
like effect has been proposed to be a result of the twinning–detwinning activity (Jordon et al., 2011; Park et al., 2010a), no
validated explanation for its evolution and saturation has been given. Twinned regions formed in the compressive loading
path reorient under subsequent tensile loading in which detwinning occurs (Hyuk Park et al., 2010), a process that is also
possible to lead to plastic strain recovery. The compression–tension asymmetry reduces as the number of cycles increases.
However, even near the end of the fatigue life, and especially at higher strain amplitudes, the hysteresis loop develops a
noticeable inflection point as the load reverses from compressive to tensile. This could be attributed to detwinning even
at the very end of the fatigue life, which is investigated further in this article. These inflection points are additionally indic-
ative of macroscopic strain hardening that has been frequently attributed to dislocation interactions.

In agreement with the relevant literature (Begum et al., 2009; Hyuk Park et al., 2010; Matsuzuki and Horibe, 2009), the
current results indicate strong variations in fatigue behavior, especially at higher imposed strain amplitudes. To quantify such
variations the measured fatigue loops were characterized in terms of parameters shown in Fig. 4. This diagram defines the
Fig. 2. Measured stress–strain curves for several specimens both tensile and compressive.



Fig. 3. Asymmetric hysteresis loops for varying applied strain amplitudes of 0.25, 0.33, 0.42, 0.5 and 0.58 under fatigue loading parallel to the transverse
direction for (a) 1st cycle, (b) 2nd cycle, (c) half-life and (d) last loop before final failure.

Fig. 4. Definition of hysteresis loop parameters.
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compressive and tensile stiffness values E1 and E2, the measured stress amplitude Dr, the plastic strain energy density DWp

and pseudoelasticity upon load reversal. It also shows characteristic inflection point in the tensile loading path. To determine
the inflection point, the numerical derivative of the fatigue hysteresis curve was calculated and the inflection point was con-
sequently approximated by identifying the transition point from low to high values (valley point) of the derivative.



Fig. 5. Inflection points measured for (a) 1st and (b) 2nd fatigue loop at different imposed strain amplitudes indicated as percentage values for each
inflection point.
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The inflection point in Fig. 4 is used to describe the point where the strain hardening rate changes from descending to
ascending. Fig. 5 presents the stress and corresponding strain for such inflection points for different strain amplitudes in
the 1st and 2nd fatigue cycles. During the 1st cycle, the inflection points shift to higher levels of strain and stress as the
imposed strain amplitude decrease. To explain this result, it should be kept in mind that strain hardening is very sensitive
to the imposed strain amplitude, and that the increase in hardening rate correlates with exhaustion of twinning–detwinning
(Wu et al., 2008a). In fact, the activation of harder slip systems, such as prismatic, is needed to accommodate further imposed
strain when twinning–detwinning activity cannot accommodate any c-axis strains. This could explain the considerable
change in strain hardening during tensile loading in the 1st fatigue cycle (Park et al., 2010b). During the second tensile load-
ing cycle, similar inflection points are found at comparatively larger strains and stresses for each imposed fatigue strain
amplitude (Fig. 5b). The difference in the corresponding stress for each inflection point between the first and second cycle
was found to be more significant for the larger values of the imposed strain amplitude. This observation could be explained
by the fact that by imposing larger fatigue strains potentially larger twin volume fractions are also created. Consequently, a
larger volume fraction of twins is available to be detwin and thereby more tensile strain can be accommodated by detwin-
ning. This is in accordance with in situ neutron diffraction results carried out by Wu et al. (2008a).

(Fig. 6) illustrates the evolution of compressive (E1) and tensile (E2) stiffness values as a function of the number of fatigue
cycles. Both stiffness parameters were found to have their highest values at the smallest applied strain amplitudes. For E1 a
sudden drop is observed after the first few loading cycles that are followed by an almost steady state response, whereas a
more gradual change is seen for E2. Similar observations were reported by Begum et al. (2009). Such changes in stiffness have
been suggested to be the consequence of opening and closing of microcracks (Eisenmeier et al., 2001; Yin et al., 2008b). It can
be also seen in Fig. 6 that the curves for the evolution of both stiffness parameters change rates with increasing fatigue cycles
which is further explored in association with microstructural changes as described later in this article.

Fig. 7 shows the effect of different strain amplitudes on the maximum, minimum, and mean stresses as a function of fati-
gue life. The results presented in Fig. 7a demonstrate that the maximum stress increases, as expected, as the imposed fatigue
strain amplitude increases. It is interesting to note that for the lower strain amplitudes (0.25% and 0.33%) the measured max-
imum stress has a slight decreasing trend during fatigue, whereas the higher imposed strain amplitudes lead to an increasing
trend of the maximum stress per cycle as fatigue progresses. Furthermore, Fig. 7a demonstrates that the minimum stress per
cycle decreases with evolving fatigue. This remark, in combination with the observed hysteresis loop shape changes past the
1st fatigue cycle, indicates that microstructural changes including changes in the twinning and slip activity cause changes in
the hardening behavior depending on the imposed fatigue strain amplitude.

Moreover, the mean level of the imposed strain is known to play an important role in fatigue life (Suresh, 1998). Fig. 7c
shows that for higher strain amplitudes the mean stress values per cycle initially decrease and then increase. A similar initial
reduction and subsequent increase in mean stress is also reported in prior studies (Begum et al., 2009; Hasegawa et al.,
2007). It is noted that the observed drop could be indicative of microscale damage (Hasegawa et al., 2007), which is consis-
tent with sudden stiffness changes discussed earlier. Fig. 7c also suggests that the higher the mean stress, the shorter the
fatigue life. It is remarkable that the higher imposed strain amplitudes lead to increasing mean stress values which could
be another implicit indication of a more pronounced strain hardening behavior, again due to more significant changes in
the deformation mechanisms compared to the smaller strain amplitudes.



Fig. 6. Evolution of: (a) compressive and (b) tensile stiffness as a function of fatigue cycles.

Fig. 7. Evolution of (a) maximum, (b) minimum and (c) mean stress for different imposed strain amplitudes.
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3.3. Microstructure effects and fatigue crack initiation

Twinning–detwinning and partial twin removal have been reported in the literature (Caceres et al., 2003; Lou et al., 2007).
Recently, Yin et al. (2008a) highlighted the key role of twinning–detwinning on microstructural evolution and cyclic hard-
ening. However, direct evidence of this phenomenon and its association with fatigue in Mg alloys is scarce. Fig. 8 provides a
microstructure-informed analysis of the macroscopic fatigue results discussed in the previous section for three different
regions during compression and subsequent tension. Therefore, fatigue test was interrupted at 1% strain and the targeted
spots were examined during compression and tension using EBSD. This approach allowed us to investigate the effect of load-
ing path on the microstructure evolution. A closer look at this Figure reveals the occurrence of twinning–detwinning at the
same region for three different locations as a direct result of a fatigue. Several twinning–detwinning occurrences in different
grains during the same fatigue cycle in multiple regions in the material’s microstructure are observed (Fig. 8b). The most
important fact to note is that these measurements were performed using standard-sized specimens which incorporate
the effect of the bulk, and consequently, are important from both a statistical and mechanical behavior points of view.

Real-time volumetric inspection of the fatigue behavior was conducted through the AE nondestructive method. In Fig. 9,
the measured sawtooth stress–time curves for several fatigue cycles are overlaid with recorded AE signals for two different
imposed strain amplitudes. These results show that the AE amplitude distribution (notice the top row of arrows) exhibits
distinct increases near the peak compressive load, which agrees with previously reported results by the authors in mono-
tonic tests (Hazeli et al., 2013a; Lu et al., 2008) which were directly related through microstructural analysis to the onset
of twinning. The results in Fig. 9 suggest that the peak AE amplitude values recorded during compression (top set of arrows)
are consistently much higher compared to the corresponding peak AE amplitude values (bottom set of arrows) recorded
during tension. This observation could be attributed to the fact that the activation energy for twinning is larger than that
for detwinning, presumably because of the need for nucleation, while it is further higher than the energy required to grow
a twin. By comparing the decrease of the recorded AE amplitudes as a function of time, the hypothesis is made that the
twinning–detwinning activity is possible to evolve as fatigue evolves. The difference though in AE amplitudes in compres-
sion and tension remains nearly constant (�25 dB difference) which might imply that initial twin nucleation as well as twin-
ning–detwinning might operate for several cycles. As specified earlier, it is important to note that both stiffness and mean
stress drop after the first loop, which could be an indication of either micro-cracking or twinning. However, twinning appears
to be the most probable case for this effect based on the results in Fig. 8 (in which no microcracks were observed) and on the
fact that the highest AE peak amplitude appears to occur repeatedly at the same loading value during compressive loading in
the fatigue tests.

Twinning is recognized to be a major source of strain localization phenomena in Mg alloys (Hazeli et al., 2013a). In this
framework, the authors recently used several experimental characterization techniques to show that twinning leads to
Fig. 8. First fatigue cycle for 1% imposed fatigue strain amplitude. (a) Twinning and (b) detwinning were identified for three different regions.



Fig. 9. Measured stress–time combined with real time AE activity: (a) strain amplitude of 0.42% (b) strain amplitude of 0.5%. Arrows indicates larger AE
activity during compression than tension.
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considerable surface extrusions and intrusions during monotonic loading (Hazeli et al., 2014). A similar approach was
applied in this article to investigate the surface evolution of Mg alloys subjected to fatigue. To this aim, fatigue specimens
prepared according to ASTM606-04 were polished to mirror surface finish. Several regions on the polished surface of each
specimen were marked using a micro indenter to study surface parameters by using optical interferometry before and during
fatigue. With the aid of these fiducial markers it was consequently feasible to inspect the same regions of interest at different
stages of fatigue life. Fig. 10 shows relevant measurements in which the surface topography of a 65 � 85 lm2 region of the
fatigued specimens at quarter-life, half-life and third-quarter life is presented. To quantify the observed surface topography,
Fig. 10d shows the representative average of 3 scan lines across the longer side of the region in the direction of the points
from i to ii. Note that for comparison purposes, care was given to terminate the fatigue loading always at the same point of
stress (r = �15 MPa). It is evident from the results in Fig. 10 that the surface morphology which was formed at quarter life is
relaxed at fatigue half-life, while it becomes more pronounced at the third-quarter. This measurement provides indications
of reversible surface roughening of Mg alloys during strain-control fatigue. This might also be a first indication of collective
macroscopic effects of the twinning–detwinning process based on results previously reported (Hazeli et al., 2014) as it is
further explored in this section.

It was specified earlier in this article that twinning could also be responsible for a non-zero mean stress during cyclic
loading. In this regard, it was suggested that the twins and their parent grains must contain significant internal stresses that
can start the detwinning immediately upon unloading (Wu et al., 2008b). Such large internal strain gradients as a direct
result of twinning have been recently identified and quantified (Hazeli et al., 2014). It has been further suggested that the
position of the twins in the deformed state is unstable, and that an opposing driving force could cause detwinning upon
unloading (Caceres et al., 2003), which is also related to the pseudoelasticity observed during unloading following compres-
sion. In contrast, unloading from the peak tensile stress occurs elastically (Wu et al., 2008a).

In this context, further information on the twinning–detwinning activity during quarter, half and third quarter fatigue life
is presented in Fig. 11. These results show EBSD measurements for the same region of the polycrystal at three different stages
of the fatigue test. Similar to Fig. 8 a closer look at the twinning activity especially on the larger grain towards the top part of
the microstructure indicates that not only a portion of the twin volume fraction can detwin as fatigue occurs but it is further
possible to continue this apparently reversible twinning activity for up to the third quarter of the fatigue life. Based on this
observation the hypothesis can be made that reversible twinning is possible to operate for the longer part of the fatigue life.
This behavior is called twinning–detwinning–retwinning (TDR) in this article, to indicate that twinning does not saturate
during early stages of fatigue, as it was previously reported (Geng et al., 2013; Hasegawa et al., 2007; Matsuzuki and
Horibe, 2009) but it could remain active at least for sufficiently high imposed strain amplitude values. This observation along
with the recorded AE amplitude (Fig. 9) suggests that the continuous evolution of mean stress (Fig. 7c) as noted by Park et al.
(2010a) is governed by slip along with slip–slip, slip–twin, slip–twin impingements, texture hardening and probable local
softening due to twin reversibility (Jiang et al., 2007; Koike, 2005). Although, neither the nondestructive nor the direct micro-
structural evidence provided in this article could quantify the relative contribution of the aforementioned evolutionary
microstructural changes, the results in this article provide experimental evidence that these complex microstructural inter-
actions, including a prolonged twinning activity appear to dominate the fatigue behavior of Mg alloys.

The effect of slip, twinning and TDR on crack initiation is discussed next. Fig. 12 presents an analysis of the possible crack
initiation process of Mg alloys at the grain scale. It can be seen in Fig. 12a that for the targeted grain two distinct tensile twins



Fig. 10. Surface morphology of fatigued samples using strain amplitude of 0.5%, after fatigue (a) at quarter life, (b) half-life and (c) third-quarter life. The
data were taken from samples which were polished to a mirror finish prior to cyclic loading. (d) Surface line scan starts from point i to ii. The surface trace
lines were obtained from the average of three exact lines in the same neighborhood.

Fig. 11. Direct evidence of the Twinning–Detwinning–Retwinning (TDR) activity throughout the fatigue life. The EBSD maps were measured at 2000� with
step in the same region.
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were formed (the nature of the twin was examined by misorientation analysis using EBSD software). In the case of the
central twin, due to large surface distortions (Hazeli et al., 2014), only five points along the twin region were detected.
However, they were sufficient to verify the characteristic �86� misorientation with respect to the original grain. This mea-
surement was also super imposed on the EBSD pattern quality in Fig. 12b, which is dependent on sample topography
(Trager-Cowan et al., 2007). The highly distorted region between two twins (quantified in Fig. 12d–f) could result from
the high activation of slip systems as denoted by the dotted circles in Fig. 12b. Moreover, Fig. 12c represents a high quality
SEM image of the same grain. It should be noted here that aside from the evidence provided by Yang et al. (2008) and despite



Fig. 12. (a) Super-imposed inverse pole figure on grain structure, from the sample fatigued up to its third-quarter of total life. (b) EBSD pattern quality
demonstrating surface distortions due to operating deformation mechanisms at the grain scale. (c) High quality SEM image showing crack initiation along
the twin boundary. This image also shows submicron cracks that form from larger crack along the twin boundary. (d) Surface morphology contour map. (e)
Surface step profile from a line scan (average of three similar scans) along points i and ii. (f) Surface contour in 3D space displaying grain scale extrusions
and intrusions due to twinning and fatigue crack formation.

Fig. 13. Schematic illustration of a possible grain scale process involving slip and twinning that ultimately leads to formation of fatigue loading induced
micro-cracks: (a) Basal slip lines in a grain. (b) Twinning occurring to accommodate strain along the c-axis. (c) Twin growth as a function of macroscopically
imposed strain. (d) Twin nucleation and growth can be partially/fully reversed by accumulation of strain inside the twin or by application of reversed
macroscopic loading. (e) Exhaustion of twinning–detwinning leading to localized strain accumulations. (f) Twinning–detwinning–retwinning occurs
continuously and ultimately leads to micro-crack formation. Once a crack formed (g) the stress field around it can be relaxed by activation of additional slip/
twin or (h) secondary cracking.
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the great interest in identifying crack formation during fatigue of Mg alloys, no other experimental data was found in the
relevant literature. In agreement with Yang et al., Fig 12c clearly shows that fatigue microcracks originate at twin bound-
aries. A closer view of Fig. 12c shows submicron crack formations at the side of the larger crack, in addition to the large crack
along the twin boundary. In this context, Koike (2005), followed by Ando et al. (2010) found that in polycrystalline Mg, twin-
ning occurs in a grain in which basal dislocations reduce large strains caused by large deformation gradients, e.g. such as the
ones that could be created by the surface morphology quantified in Fig. 12d–f. It was also recently observed that the crystal
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reorientation as a result of twinning leads to considerable surface steps, which produce a concentrated strain field within the
grain (Hazeli et al., 2014). Thus, in order to satisfy the strain compatibility between the slip bands and twin, Yoo (1981) and
Ando et al. (2010) suggested the formation of another slip, crack or secondary twin. The results in Fig. 12e and f demonstrate
the existence of several 3D steps exactly at twin locations, as well as the formation of a crack in the region between the two
twins. Therefore, it can be suggested that the combined effect of twinning, surface morphology, slip and their localized inter-
actions create appropriate conditions for fatigue crack initiation at the subgrain level.

(Fig. 13) schematically visualizes the sequence of events suggested by the authors that lead to fatigue damage initiation in
Mg alloys. As noted earlier, for the favorably oriented grains, twinning usually occurs in a grain in which slip operates abun-
dantly (Fig. 13a). Twin formation may occur as a consequence of a mechanism operated to reduce the stain caused by slip
(Fig. 13b). Subsequent loading leads to twin boundary disassociation (twin growth in Fig. 13c) as function of imposed strain,
which can be reversed as the loading direction changes (detwinning in Fig. 13d). Additional load reversals could lead to the
formation of new twins (retwinning in Fig. 13e) which was the reason this process is referred to as TDR in this article. TDR is
suggested to occur for a large portion of the fatigue life. The repeatable operation of twinning–detwinning leads to plastic
localization within the grain, which could be the result of dislocation accumulation also produced to relax the pronounced
surface steps reported in this article and previously by the authors (Hazeli et al., 2014). Therefore, it is highly probable that
the fatigue crack initiates at twin boundaries as shown in Fig. 13f. This assumption is based on the experimental observation
given in Fig. 12c. As further depicted in Fig. 13g–i, the fresh crack could be relaxed with either additional slip or twinning.
Secondary cracks can also form (Fig. 13i) to reduce local strain incompatibilities.
3.4. Fractography

Fig. 14 shows SEM fractography information revealing microcrack formation at regions near the surface. To quantify fea-
tures within this fracture surface, three regions were used in Fig. 14b while higher magnification details are presented in
Fig. 14c. These regions correspond to nucleation, initiation and are followed by what is termed as rapid fracture zone. Higher
magnification images in Fig. 14c show the formation of microcracks near twin laminas that could be dominant fracture
Fig. 14. (a) Fracture surface topography of the fatigue specimen tested with 0.5% amplitude and (b) stages of fatigue damage occurrence labeled as
nucleation, initiation and rapid fracture. (c) High magnification SEM images from the crack region showing the existence of lamellar structure due to
twinning. Corresponding high magnification SEM observations from the center of the specimen displaying a dimple-like topography. (d) Tilted view of the
fracture surface which allowed the observation of 3D features such as surface steps labeled in two numbered areas. (e) High magnification images showing
cleavage surface formation across pre-existing twin, and (f) fatigue crack formation along a surface extrusion.
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nucleation sites. In comparison, more ductile type fracture patterns are observed in the rapid fracture zone, which is char-
acterized by dimple formation as a result of e.g. void coalescences. A tilted view is used in Fig. 14d–f to further quantify fea-
tures of the fractured surface. A noticeable cleavage type fracture at the surface (area numbered as ‘‘1’’) and a dimple pattern
at the center of the SEM image (area marked as ‘‘2’’) are shown in Fig. 14d. Higher magnification images of these two areas
reveal a large number of twins having lamellar structure (Fig. 14e), while it was also found that the fatigue cracks are bor-
dered by twins at surface extrusion locations (Fig. 14f) in agreement with previous results in this article. Based on this infor-
mation it is possible to assume that when a crack crosses a twin the microstructure tilts locally, leading to this cleavage
topography. This could further indicate that in the presence of twinning, or due to their formation during fatigue, the crack
front separates in the plane between the twin and original microstructure (Brooks and Choudhury, 2002; Hull, 1999). The
observed surface fatigue damage appears, therefore, to be composed of twin-assisted cracks.

3.5. Crystal plasticity modeling

The experimental information provided in this article shows evidence on the significant role of twinning and detwinning
on plasticity and damage initiation of Mg alloys. The modeling framework described in Section 2.4 was used and compared
with the experimental results presented in Section 3.2. Specifically, data obtained from EBSD measurements including 194
orientations were used to represent the polycrystal in the model. Table 1 presents major parameters used in this approach.
These values were found according to the literature and by curve fitting to the monotonic stress–strain curves for strain
amplitude of 0.5% shown in Fig. 2. The strain rate sensitivity m was set to be 0.05, the parameters a2 = 1 and a3 = 0.02 were
used for all slip systems, while the critical distance Rc was set to 25b where b is the Burgers vector magnitude (equal to
2.54 � 10�10 m for Mg). The threshold stress for twinning systems was set to 38 MPa; for detwinning systems the initial
threshold was set to 10 MPa at early stages of detwinning, during which small twinned regions begin to detwin. This value
was then rapidly increased to 38 MPa to reach the same threshold stress as the twinning systems. With regards to the
applied boundary condition, it is shown in Section 3.3 that the transverse direction exhibits surface roughening which is
an indication of un-deterministic strain rate in these two directions. Therefore, it was essential to define appropriate bound-
ary conditions in the model to reduce deviations from experimental results. To this aim, a strain rate boundary condition in
the loading direction was imposed to allow for disturbances of the strain rate in the transverse direction, while enforcing
normal stresses to zero. These boundary conditions – in contrast to conventional ones employed in the relevant literature
in which the strain rate in the transverse direction is set equal to the negative half of the strain rate in the loading direction
– increased the capabilities of the modeling approach and further prevented induced stresses in the transverse direction.

Common practice in modeling cyclic behavior with the VPSC scheme is to start from a completely determined velocity
gradient tensor as the boundary condition, i.e. to set the strain rate in the transverse direction equal to negative half of
the applied strain rate. However, the current experimental results (Fig. 10) suggest that this boundary condition is not accu-
rate due to appearance of surface ripples as a direct result of twinning and detwinning. Therefore, stress was used as the
boundary condition in the transverse direction, while strain rate was computed as a function of load. Due to this assumption
more variation was achieved in the strain rate, which is consistent to its physical nature. It is further shown in this section
that this approach results in excellent agreement between modeling and experimental results for the first two cycles as the
attempt here was to incorporate this significant experimental measurement into the crystal plasticity based model and track
its effect on the changes in the hardening behavior and not to predict the fatigue life.

Fig. 15 compares simulation results with experimental data for different strain amplitudes under compression–tension
loading conditions which shows good agreement. For all strain amplitudes, the compression curve starts as a plateau since
plasticity is mostly dominated by twinning at these small strains (Barnett et al., 2012; Hazeli et al., 2013a; Muránsky et al.,
2010). At this stage basal slip is also active but due to weak interactions of basal dislocations, only small changes in the hard-
ening rate were computed. Upon load reversal and due to the activation of detwinning, much of the hardening in the com-
pression stage is reversed because of the decrease of twin volume fraction. According to Eq. (9) this process increases the
mean free path for dislocation motion and it can consequently cause easier dislocation glide. After detwinning saturates
as a result of consumption of the twinned regions, the harder to activate prismatic and pyramidal systems accommodate
additional deformation; because of their strong interactions (as defined in Table 1) rapid increase in the hardening rate is
observed.
Table 1
CDD-VPSC parameters for AZ31. Values of K are reported from Raeisinia et al. (2011).

Parameter Basal Prismatic Pyramidal twin

s0 (MPa) 5 55 65
a 0.3 0.3 0.3
a1 0.2 0.05 0.05
a4 0.02 0.02 0.05
qo

m;qo
i ðm�2Þ 4 � 1011 1.5 � 1011 0.6 � 1011

X Xbasal = 0.2, XPrismatic = 1.0, XPyramidal = 1.5 Xbasal = 1.0, XPrismatic = 0.2, XPyramidal = 1.5 Xbasal = 1.0, XPrismatic = 1.0, XPyramidal = 1.0
K (MPa/mm2) 0.42 3.72 4.71



Fig. 15. Measured and predicted stress–strain curve under fatigue (compression–tension): first cycle for (a) 0.25% (b) 0.5% (c) 0.58% and (d) 1% applied
cyclic strain amplitudes.
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The modeling results shown in Fig. 15 demonstrate the key role of imposed cyclic strain on the shape of the modeled
stress–strain curves. For smaller values of imposed strain amplitude, only weak twinning conditions are created which could
practically lead to relatively small twinned regions that quickly vanish due to detwinning after the loading direction
reverses. In fact, detwinning is the major reason for the observed pseudoelasticity in the unloading stage. Note that the
nucleation-less nature of detwinning could be viewed as the physical reason behind the assumption of relatively small CRSS
for initiation of detwinning (10 MPa) compared to the larger CRSS required for twinning (38 MPa). The ‘‘s-type’’ behavior
marked by an inflection point at early stages of tensile loading is not observed for the small strain amplitude (Fig. 15a), while
a rapid hardening response due to activation of non-basal systems other than twinning is observed for the larger strain
amplitudes. Conversely, twinning in compression is active over a longer extent of plastic deformation for the larger strain
amplitudes, which leads to thickening of the twinned regions. This could further lead to the presence of small twinned areas
alongside the well-defined larger twinned regions. These small twins are very unstable and thus can detwin as soon as
unloading starts. The larger twined regions, however, provide enough volume fractions for the detwinning mechanism to
‘‘consume’’ and thereby a well-defined plateau associated with the detwinning activity is observed.

The role of twinning–detwinning is also important in regards to the differences observed between the mechanical
response in the first and second fatigue cycle. Generally the second cycle is characterized by an extended plateau region
before significant hardening is observed at early tensile loading stages since the twinning mechanism is expected to be acti-
vated for a longer period in the preceding compressive stage in the first cycle, as also described by Wang et al. (2013). Fig. 16
shows the results of the simulation for the first and second cycle for strain amplitude of 0.5%. The extended plateau as a con-
sequence of detwinning is due to retardation of the hardening response, because more twinning activity has been stored in
the previous compression stage of the first cycle.



Fig. 16. Comparison of experimental and modeling results for the first and second cycle (Strain amplitude of 0.5%).

Fig. 17. Relative activity of various deformation mechanisms during cyclic compression–tension loading in (a) first cycle (b) first and second cycle
combined.
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In Fig. 17a and b the details of the active deformation mechanisms in the first cycle and first and second cycle together for
strain amplitude of 0.5% are displayed, respectively. In this diagram, the relative activities of various deformation systems
are calculated as shear rates in each deformation system divided by the total shear rate at each time step and averaged over
all grains. The modeling results show that twinning and basal slip are the most active mechanisms in the compression stage
which causes the formation of twinned areas in the grains. Upon load reversal these twinned regions undergo detwinning
starting by smaller unstable twins and continuing to larger twinned areas until the twin volume fraction decreases almost to
zero. At this stage, non-basal dislocation mechanisms become more active and the stress–strain curve shows a transition
from the detwinning plateau to a steep hardening curve, arising from the dislocation activities as displayed in Fig. 17. Since
detwinning is retraction of the existing twins, it does not include hardening effect. In fact, since detwinning causes reduction
in twin volume fraction, easier dislocation glide should be expected. But as soon as the activity of the dislocation systems
pick up in the activity plot, a hardening response should be expected due to dislocation multiplications and interactions aris-
ing from slip. The complete exhaustion of detwinning mechanism leads to behavior similar to the tensile curve presented in
Fig. 2 for tension results. In the second cycle the twinning activity has the largest participation in the plastic deformation
during compression. This process collectively leads to storage of more twins in the polycrystal. Naturally presence of more
twinned regions allows more activity of the detwinning mechanism upon load reversal. Therefore, in the following tension
stage of the second cycle, detwinning is more active and hard non-basal systems show less activity, causing a decrease in the
stress levels in the tension stage of second cycle as shown in Fig. 14b.
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3.6. Energy-based fatigue life prediction

A strain-based approach is generally used to characterize LCF behavior. This approach considers the plastic deformation
that often occurs in localized regions where cracks nucleate (Roessle and Fatemi, 2000). In LCF, the plastic strain amplitude is
a quantity that has been related to the initiation of several damage processes, while it also influences the microstructure in a
way that eventually also affects strain resistance and fatigue life. The plastic strain energy density per cycle is regarded as a
critical fatigue damage parameter, because it is comprised of plastic straining due to the activation of deformation mecha-
nisms and their resistance against their motion (Morrow, 1965). Therefore, energy-based fatigue parameters, e.g. in Mor-
row’s model have been adopted to incorporate the dissipation of strain energy, which occurs as a localized phenomenon
at the scale of the material microstructure. This approach has been used to predict the fatigue life for wide range of materials
including Mg based alloys (Begum et al., 2009). Specifically, Morrow’s model which relates the number of cycles to failure to
plastic strain energy is given as
Fig. 18.
model a
DWp � Nm
f ¼ C ð10Þ
where DWp, Nf and C represent plastic strain energy (shown in Fig. 4), fatigue life at half-life and a material constant
(depending on fatigue exponent and material energy absorption capacity), respectively. It should be noted, however, that
the effect of mean stress which is known to be an important parameters on the fatigue resistance (Kujawski and Ellyin,
1995), is not regarded in Morrow’s model mean stress evolution as a function of fatigue life in Mg alloy is presented in
Fig. 7c. To account for this, Ellyin and Kujawski (Ellyin and Kujawski, 1993) incorporated the mean stress effect into a model
discussed in Eq. (11), as
DWt � Nm
f ¼ C ð11Þ
(a) Plastic and (b) total strain energy density evolution as a function of number of cycles to failure. Fatigue life prediction with the energy based
ccording to the (c) half-life criteria (d) third-quarter life criteria.
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where DWt = (DWp + DWe) represents the total strain energy at half-life (see Fig. 4). Fig. 18a and b shows total fatigue life (in
cycles) predicted by this model as a function of plastic and total strain energy density, for several applied strain amplitudes.
It can be observed that the plastic strain energy swiftly decreases for the samples tested using the larger strain amplitude
values, while for strain amplitudes equal to 0.25% and 0.33% the plastic strain energy remained fairly constant.

It is, however, important to note that by introducing the (positive) elastic energy (shown in Fig. 4) a criterion over the
fatigue life can obtained. This trend is given in Fig. 18b and as a correlation between the total energy and fatigue life predic-
tion in Fig. 18c and d. The results presented in Fig. 18a and b together with the evolution of mean stress shown in Fig. 7c
demonstrate the high sensitivity of the fatigue life to the mean stress especially at higher levels of strain amplitude. This also
suggests that the Coffin–Manson approach would not yield an accurate life prediction in strain-control fatigue and especially
for high strain amplitudes, since the effect of mean stress is not included. Fig. 18c shows the comparison of the experimental
data and the prediction for half-life, whereas Fig. 18d corresponds to the third-quarter life prediction. This comparison shows
only insignificant differences between the model predictions for half-life and quarter-life. Since the energy-based approach
relies on the collective effect of localized changes it can successfully comprise volumetric effects which cannot be viewed on
the surface, and therefore serves as a macroscopic estimation approach based on the procedure followed in this article.
4. Concluding remarks

A systematic experimental approach comprising a parametric investigation of the effect that imposed strain has on the
low cycle fatigue behavior of Mg alloys was combined with targeted microstructural observations throughout the fatigue
life, and with both crystal plasticity modeling and total life predictions. The dominant role of twinning–detwinning in local-
ized plasticity and damage incubation of Mg alloys was examined in relation to direct observation of surface morphology,
texture effects, and nondestructive monitoring. Results for the first fatigue cycle were analyzed in conjunction with
subsequent cycles, including the half and three-quarters of total life. The evolution of twinning and surface morphology
as a function of fatigue cycles provided strong evidence that they are related to the development of damage-prone areas from
which microcracks were shown to originate. Accompanying continuum dislocation dynamics crystal plasticity modeling in a
viscoplastic self-consistent scheme was successful in incorporating important experimental information while it further
assisted the explanation of the role of detwinning and slip in the hardening behavior. These results were further paired with
energy-based fatigue life predictions that by taking into account mean stress effects were capable to provide life estimates
based on the obtained experimental fatigue data.
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