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Abstract 

A multiscale crystal plasticity model accounting for temperature-dependent mechanical behaviors without introducing a larger number of 
unknown parameters was developed. The model was implemented in elastic-plastic self-consistent (EPSC) and crystal plasticity finite element 
(CPFE) frameworks for grain-scale simulations. A computationally efficient EPSC model was first employed to estimate the critical resolved 
shear stress and hardening parameters of the slip and twin systems available in a hexagonal close-packed magnesium alloy, ZEK100. The 
constitutive parameters were thereafter refined using the CPFE. The crystal plasticity frameworks incorporated with the temperature-dependent 
constitutive model were used to predict stress–strain curves in macroscale and lattice strains in microscale at different testing temperatures 
up to 200 °C. In particular, the predictions by the crystal plasticity models were compared with the measured lattice strain data at the 
elevated temperatures by in situ high-energy X-ray diffraction, for the first time. The comparison in the multiscale improved the fidelity of 
the developed temperature-dependent constitutive model and validated the assumption with regard to the temperature dependency of available 
slip and twin systems in the magnesium alloy. Finally, this work provides a time-efficient and precise modeling scheme for magnesium alloys 
at elevated temperatures. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 

Keywords: High-energy X-ray diffraction; Crystal plasticity finite element; Elastic-plastic self-consistent model; Twin; Temperature. 
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. Introduction 

The increasing demand for lightweight metals in vehicle
ody applications has garnered attention in recent years for
agnesium alloys with a high strength-to-density ratio. Al-

hough magnesium alloys possess good tensile and fatigue
roperties, the formability of magnesium alloys at room tem-
erature (RT) is poorer than that of other structural metals
1–3] . This drawback hinders the practical application of mag-
esium alloys. 
∗ Corresponding author. 
E-mail address: hjbong@kims.re.kr (H.J. Bong). 
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rticle under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-n
The major reason for the poor formability of magnesium
lloys at RT originates from a lack of independent deforma-
ion modes to accommodate plastic deformation. The gen-
rally accepted plastic deformation mechanisms of magne-
ium alloys are basal, prismatic, and pyramidal slip systems,
long with tensile twinning. The slip resistance of the basal
lip is much lower than that of other slip and twin sys-
ems at RT; however, the basal slip alone cannot provide
ve independent slip systems, which are the minimum num-
er of systems required for arbitrary plastic deformation ac-
ording to the von Mises criterion [4] . Therefore, the acti-
ation of other slip and twin systems is necessary to secure
he ductility or formability of magnesium alloys and facil-
tate the application of magnesium alloys. It is well-known
r B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 
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hat the basal and tensile twin systems in magnesium are
early temperature-independent while the non-basal slip sys-
ems in magnesium, prismatic and pyramidal, are significantly
emperature-dependent. Therefore, one of the strategies to
vercome the limited formability of the magnesium alloys
an be temperature-assisted forming utilizing the diminished
lip resistance of the non-basal slip systems [ 5 , 6 ]. The sig-
ificant activation of the non-basal slip systems at elevated
emperatures offers other independent deformation modes be-
ond the basal slip and twin. Consequently, the activation of
he non-basal slip systems leads to the enhanced formability.
n addition to temperature-assisted forming, significant inter-
st has been directed to the addition of rare-earth elements
o magnesium alloys to reduce the unfavorable mechanical
haracteristics from the alloying perspective [7–11] . The ad-
ition of rare-earth elements led to a weakened basal texture,
hich is commonly observed in AZ31 alloy and detrimental

o formability. Therefore, the rare-earth elements added mag-
esium alloys exhibit enhanced formability compared to the
Z31 alloy [9] . Particularly, ZEK100 alloy, which is a typ-

cal example of rare-earth element added magnesium alloys,
xhibits enhanced formability at considerably lower tempera-
ures than those required for AZ31 [ 6 , 12 ]. 

For successful process design of the temperature assisted-
orming or alloy design for the initial texture modification,
 fundamental understanding of the role of the deformation
odes on the macroscopic mechanical behaviors is vital. To

ate, numerical models describing the complex mechanical
esponses of the magnesium alloys have been developed. The
odels include continuum-based phenomenological models

12–16] , and grain-scale crystal plasticity models [ 1 , 2 , 17–25 ].
he continuum-based models are practical in terms of com-
uting efficiency and can be readily employed in actual metal
orming simulations. On the contrary, the crystal plasticity
odels are physically driven and suitable for understanding

he complex mechanical responses of the magnesium alloys
n fundamental level. However, it demands much expensive
omputing cost than the continuum-based models, and the ef-
orts should be put into solving the issue. 

Numerous grain-scale crystal plasticity models for vari-
us structural metals [ 1 , 2 , 18–23 , 26–30 ] including hexagonal
lose-packed (HCP) metals with the heterogeneous deforma-
ion modes [ 1 , 2 , 17–25 ]. Nevertheless, few theoretical attempts
ave been made to model magnesium alloys at elevated tem-
eratures [ 2 , 18 , 31–34 ]. Jain and Agnew [31] investigated the
emperature-dependent mechanical behavior of AZ31B in the
emperature range from RT to 250 °C. The strain harden-
ng parameters for available slip/twin systems at each test-
ng temperature were identified individually, and their vari-
tion as a function of temperature was discussed. A simi-
ar approach was employed in other studies [ 32 , 33 ]. These
orks are sufficient to reveal that the non-basal slip systems

re temperature-dependent, whereas the basal slip and ten-
ile twin are nearly temperature-independent. However, this
pproach requires multiple processes to identify the harden-
ng parameters of slip/twin systems at discrete temperatures.
ystematic temperature-dependent constitutive models within
rystal plasticity frameworks have also been proposed [ 2 , 18 ].
n these approaches, the hardening parameters are explicitly
xpressed in temperature-dependent forms. The models were
uccessful in predicting the macroscopic stress–strain data in
he temperature range −200–150 °C [18] and RT to 250 °C
2] . However, the complexity of a large number of constitutive
arameters hinders practical application of the proposed mod-
ls. Singh et al. [35] proposed a phenomenological polycrys-
al model incorporating temperature-dependent strain harden-
ng for non-basal slip systems by introducing a scaling factor.
he model reproduced the stress–strain behaviors of an HCP-
tructured zirconium alloy from −150 to 350 °C. The model
s the simplest among the aforementioned models and can fa-
ilitate practical use. However, the predictability of the model
n microscale has not yet been assessed. 

From the perspective of micromechanical responses of
agnesium alloys at elevated temperatures, the majority of

he aforementioned models have been tested in terms of the
exture evolution during deformation or they have not been
valuated at such small scales. However, more comprehen-
ive microstructural characteristics can be represented by lat-
ice strain, which has been widely used for various metals
 22 , 23 , 29 , 36 , 37 ]. This can offer a much stronger linkage be-
ween the microscopic and macroscopic behaviors of metals.
he evolution of lattice strains during deformation is normally
easured using in situ neutron diffraction or high-energy X-

ay diffraction (HEXRD). A recent publication by the authors
 29 , 38 ] stated that the in situ HEXRD enables continuous
iffraction measurement during loading without interrupting
he test, whereas neutron diffraction tests are encumbered by
he stress relaxation effect owing to its long collection time.

oreover, the volumetric measurement of the HEXRD with
ts typical energy, which is orders of magnitude higher than
onventional X-ray diffraction with Cu–K α [ 38 , 39 ], provides
uch more accurate statistical measurements than the sur-

ace measurements by conventional X-rays. In situ HEXRD
as been utilized to investigate the micromechanical behav-
ors of various materials, such as microscopic lattice strain
 29 , 38–43 ]. Furthermore, several of the lattice strain com-
arisons between in situ HEXRD measurements and crystal
lasticity model predictions are available [ 29 , 38 ]. Recently, in
itu HEXRD techniques equipped with heating devices have
een used to unveil the temperature-dependent micromechan-
cal behaviors of structural alloys [40–42] . However, sophisti-
ated techniques have not been linked with constitutive mod-
ls such as the crystal plasticity model, and a comparison of
he HEXRD-measured and model-predicted lattice strains at
levated temperatures has not been reported in other studies. 

The current work focuses on the development of a time-
fficient temperature-dependent modeling scheme and the
lose correlation of the microscopic and macroscopic behav-
ors of HCP-structured magnesium alloys at elevated temper-
tures. The macroscopic stress–strain curves and microscopic
attice strains of a twin roll-cast ZEK100 alloy were measured
y the in situ HEXRD experiment during uniaxial tensions at
hree discrete temperatures, RT, 100, and 200 °C. In model-
ng perspective, the temperature-dependent hardening model
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Table 1 
Chemical composition of ZEK100 in wt.%. 

Mg Zn Ce La Zr 

Balance 1.3 0.1 0.1 0.5 
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roposed by Singh et al. [35] was implemented in elastic-
lastic self-consistent (EPSC) and crystal plasticity finite el-
ment (CPFE) models. The EPSC and CPFE models were
hen further evaluated at the macroscale by comparing stress–
train behaviors as well as at a smaller scale by comparing
attice strains. The CPFE enforces grain-to-grain equilibrium
nd compatibility in a finite element (FE) sense [44] , thus ex-
licitly treating the interactions more realistically. However,
t is CPU-intensive for use with a large number of polycrys-
alline materials. To overcome this problem, the procedure
utlined in previous works for a multi-phase material (QP
teel) [38] and for the ZEK100 alloy in which multiple slip
nd twin systems with dissimilar critical resolved shear stress
CRSS) are activated, [29] was followed, that is, the CRSSs
nd hardening parameters of available slip/twin systems at RT
ere first identified using a computationally efficient EPSC
odel using the trial-and-error approach. The identified pa-

ameters were thereafter informed of the CPFE model and re-
ned. This approach could save computing time and cost sig-
ificantly with reasonable accuracy. The scaling factor, which
as proposed by Singh et al. [35] , representing the tempera-

ure dependency of non-basal slip systems, was subsequently
dentified by the EPSC simulations. The stress–strain curves
nd lattice strains at the three testing temperatures were pre-
icted by the EPSC and CPFE using the identified scaling
actor. Finally, the developed temperature-dependent crystal
lasticity models were validated on multiple scales. This cou-
led in situ HEXRD and crystal plasticity modeling approach
nabled a close tie between the microscopic and macroscopic
ehaviors of the HCP structured ZEK100 at elevated temper-
tures. 

The remainder of this paper is organized as follows: In
ection 2 , the details of the in situ HEXRD experiments at
arious temperatures are presented. In Section 3 , the theo-
etical background of the temperature-dependent EPSC and
PFE models for HCP metals are provided. The EPSC/CPFE
redicted and HEXRD measured results are compared in both
icro-and macro-perspectives and discussed in Section 4 . 

. Experimental details and results 

A twin roll-cast ZEK100 magnesium alloy with a thick-
ess of 1.5 mm was investigated in this study. The chemical
omposition of ZEK100 is summarized in Table 1 . 

.1. In situ HEXRD tensile test at elevated temperature 

The in situ HEXRD tensile test setup performed at beam-
ine 11-1D-C of the Advanced Photon Source (APS) at Ar-
onne National Laboratory is depicted in Fig. 1 (a). The
istance from the sample to the area detector D was set
o 1.816 m, calibrated via diffraction of the standard CeO 2 

ample. Sub-sized tensile samples with a gauge length of
8 mm made of the 1.5 mm thick ZEK100 alloy, depicted
n Fig. 1 (b), were used. A monochromatic synchrotron X-
ay beam with a wavelength of 0.01173 nm radiated on the
ample mounted on a custom-built tensile frame with a load-
ng capacity of 13 kN. The high-energy X-ray beam pene-
rates through the entire thickness of the ZEK100 alloy sam-
le; therefore, the entire transmission geometry was used for
he investigation. For the high-temperature testing at 100 and
00 °C, the sample temperature was increased by a spot-type
in the order of a few millimeters) heat gun in the experiment.

The incident beam diffracts during the penetration of poly-
rystalline materials, in accordance with the following Bragg’s
aw: 

 d hkil sin θhkil = λ, (1)

here hkil denotes the Miller–Bravais indices, which will be
sed throughout this paper, of the lattice plane. Terms d hkil 

nd θhkil denote the lattice spacing and diffraction angle of
he ( hkil ) planes, respectively. 

To measure the initial texture as an input for the crys-
al plasticity models, that is, EPSC and CPFE, the sample
as rotated near the loading direction (LD) from 0 to 90 °
ith an interval of 4 °. The initial texture was measured at
T. From the HEXRD measurements, a two-dimensional (2D)
ebye ring image can be obtained. A typical example of the

mage is shown in Fig. 1 (c), along with the corresponding
ndices of the lattice planes. The obtained 2D Debye ring im-
ges were thereafter analyzed using the fit2D software [45] .
rom the set of measured pole figures of the { 10 ̄1 0} , {0002},
nd { 11 ̄2 0} lattice planes, the orientation distribution func-
ion (ODF) of the undeformed ZEK100 was estimated us-
ng the crystallographic texture analysis package MTEX [46] .
he coefficients of the ODF were identified by minimizing

he error between the experimentally collected and MTEX-
alculated pole figures using least squares fitting. In the cur-
ent analysis, the de la Valle–Poussin kernel and a 5 ° half-
idth were used. The calculated basal {0002} and prismatic

 10 ̄1 0} pole figures with intensity ranging 0–3.5 and 0–3, re-
pectively, are shown in Fig. 2 . Unlike typical AZ31 alloys,
EK100 exhibits a weakened basal texture. Most of the grains
re aligned such that their c-axes (normal of basal plane) are
nearly) perpendicular to the rolling direction (RD). In addi-
ion, the c-axes are spread along the plane of transverse di-
ection (TD)–normal direction (ND). Two major strong basal
oles were aligned at approximately ±25 ° from the ND. The
EK100 alloys with slight variation of the alloying contents

eported in previous works exhibited similar textural char-
cteristics [ 1 , 9 , 47 ]. Note that intensity maxima of the basal
oles of the investigated ZEK100 alloy are ∼3.5, which is
pproximately 2,3 times lower than those of the commercial
Z31 alloy exhibiting strong basal texture [ 12 , 47–50 ]. 
After the diffraction patterns of the undeformed sample

ere measured at various angles at RT, a tensile test was
erformed. The tests were conducted at constant grip speed
f 30 μm/s, approximately equivalent to the nominal strain



2804 H.J. Bong, X. Hu, X. Sun et al. / Journal of Magnesium and Alloys 10 (2022) 2801–2816 

Fig. 1. (a) Schematic diagram of in situ HEXRD tensile test setup, where S hkil denotes the diffraction vector [38] (d: magnitude of a vector from the center 
to the circumference of the Debye ring; D: Distance from sample to the detector), (b) sub-sized uniaxial tensile sample geometry, and (c) a Debye ring image 
recorded before the loading of the ZEK100 alloy. 

Fig. 2. Calculated basal and prismatic plane pole figures of undeformed ZEK100. 
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ate of 10 

−4 /s. The tensile tests at the other temperatures,
.e., 100 and 200 °C, by the application of a heat gun were
lso performed under the same testing conditions. Continuous
EXRD measurements were viable with sufficiently low im-
osed strain rates without interruption (or stopping) of the ten-
ile test. To investigate the anisotropic behavior of ZEK100,
ests were conducted along two directions, RD and TD 

1 . Dur-
ng the test, the tensile load was recorded from a load cell
ttached to the tensile frame, and the displacement of the
ensile frame was also collected. The engineering stress and
train can be calculated using the load and displacement data.
otably, the stiffness of the tensile frame should be insuffi-

ient. The procedure of stiffness correction introduced by Hu
t al. [36] was employed as follows: 

 = e u − S 

E 

u 
+ 

S 

E 

, (2)
1 It should be noteworthy that tensile tests along TD were conducted only 
t RT and 200 °C, while the test at 100 °C was not conducted. 

a  

r  

l  

o  
here superscript ‘ u ’ represents ‘uncorrected’, e the engi-
eering strain, S the engineering stress, and E the Young’s
odulus (45 GPa for magnesium). Therefore, e u denotes the

ncorrected engineering strain, whereas E 

u denotes the ini-
ial slope of the uncorrected stress–strain curve. It is worthy
o note that the corrected stress–strain curve calculated using
he grip displacement and load data for a high strength steel
heet, 1 mm thick QP980 steel sheet, correlated very well
ith the results obtained from strain measurement by digi-

al image correlation (DIC) [ 38 , 51 ]. The stiffness-corrected
train and stress were thereafter converted to the true stress
nd strain. 

.2. Lattice strain calculation 

When the sample is under tensile deformation, the lattice
f grains gradually deforms such that it elastically stretches
long the LD and shrinks along the transverse loading di-
ection (TLD). Lattice strains are the elastic strains of the
attice plane families of grains with similar crystallographic
rientations. The extent of ‘similarity’ in terms of crystallo-
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Fig. 3. I 88–92 vs. 2 θ plots of an undeformed sample ( ε = 0) and a deformed sample with a tensile strain of 0.1 ( ε = 0.1) along the RD at RT for the { 10 ̄1 0} 
lattice plane peak [29] . 
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2 Throughout the manuscript, the slip and twin systems are distinguished 
by superscripts α and β. 
raphic orientation was determined by a range of scattering
ector ( S hkil in Fig. 1 ), here, set as ±2 °. In other words,
o calculate the lattice strains along the LD, the diffraction
eak intensities from the measured Debye ring images were
nalyzed using fit2D software to integrate along the arc with
= 88–92 ° (here, the angle η was defined as the angle from

he TLD along the counterclockwise direction, as depicted
n Fig. 1 (c)), denoted by I 88–92 . I 88–92 was thereafter calcu-
ated as a function of 2 θhkil at discrete macroscopic strains,
s shown in Fig. 3 . The I 88–92 vs. 2 θhkil plot was fitted by
riginPro 2017 [52] using a Gaussian distribution function

o determine the diffraction angle of the intensity peak. Us-
ng the determined diffraction angle at the intensity peak at
ach macroscopic strain, that is, 2θε 

hkil , the lattice strains as
 function of macroscopic strain can be calculated using the
ollowing equation: 

 

L 
hkil = ln 

d 

ε 
hkil 

d 

ε=0 
hkil 

= ln 

sin θε=0 
hkil 

sin θε 
hkil 

, (3)

here superscript ε denotes the (macroscopic) strain along
D. 

The lattice strains along the TLD could also be calculated
ollowing the same procedure described above with a toler-
nce range of η = -2,2 °. Finally, the lattice strains along the
wo measurement directions, LD and TLD, and under the two
ensile directions, RD and TD, could be obtained. 

. Modeling 

The EPSC is a standalone code and is much more com-
utationally efficient than the CPFE; EPSC was 2,3 orders
aster than the CPFE for solving problems in the current
ork. However, the CPFE explicitly treats grain-to-grain and
hase-to-phase interactions more realistically. Furthermore,
he CPFE is capable of solving complicated internal and/or
xternal boundary problems with the advantage of the finite
lement method. A strategy to overcome the computational
nefficiency of the CPFE was presented in author’s previous
orks for a QP steel [38] and a magnesium alloy [29] . In the

pproach, the constitutive parameters were first estimated by
he EPSC model. The estimated parameters were fine-tuned
ater via the CPFE. The same approach was employed in the
urrent study. 

The following two sections, that is, Sections 3.1 and 3.2 ,
rovide the essential perspective of the EPSC and CPFE mod-
ls incorporating the deformation twinning kinematics. The
nterested reader is directed to the detailed paper of the EPSC
odel [53] and CPFE model [ 29 , 54–57 ]. 

.1. Elastic-plastic self-consistent (EPSC) model 

Plasticity models for polycrystals provide a coupling mech-
nism of the single-crystal constitutive behavior with that of
he overall aggregate. In the EPSC model, an extended Voce
ardening model was used to express the strain-induced CRSS
volution of the α-th slip or β-th twin systems 2 , τc , as fol-
ows: 

c ( 	) = τ0 + ( τ1 + θ1 · 	) 

[
1 − exp 

(
−θ0 · 	

τ1 

)]
, (4)

here 	 = 

∑ N SL 

α=1 | γ α| + 

∑ N T W 

β=1 | γ β | denotes the total accumu-
ated shear strain for all slip systems and twin variants over
he deformation history. N 

SL and N 

TW denote the total number
f slip and twin systems, respectively. Terms τ 0 , τ 1 , θ0 , and
1 denote the initial CRSS, the difference between satura-

ion and initial yield, the initial hardening rate, and the linear
ardening rate of the corresponding slip system or twin sys-
em, respectively. The linear hardening term, that is, θ1 · 	,
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ontrols the hardening rate at a large strain. The evolution of
c is determined in a time-derivative form as follows: 

˙ c = 

d τc 

d	

N SL + N T W ∑ 

i=1 

h i j ̇  γ ( j ) , (5)

here h ij denotes a hardening coefficient represented as fol-
ows: 

 i j = h j 
(
q + ( 1 − q ) δi j 

)
, (6)

here q denotes the ratio of the ‘latent’ hardening rate to the
self’ hardening rate, and δij denotes the Kronecker delta. As
self’ and ‘latent’ hardenings could not be distinguished in the
iffraction data, a value of 1.0 was used for all components
f h ij of all slip/twin systems considered in the present study.

Coupling the single-crystal constitutive behavior to the
esponse of the aggregate is accomplished using a self-
onsistent algorithm based on the Eshelby ellipsoidal inclu-
ion formalism [58] . Each crystallographic orientation (or
rain) is treated as an ellipsoidal elasto-plastic inclusion with
nstantaneous moduli M g embedded in a homogeneous effec-
ive medium (HEM) with overall moduli M , which reproduces
he overall response of the polycrystal. To reproduce the over-
ll texture, the set of discretized Euler angles was weighted,
hich specifies the anisotropic properties of the polycrys-

alline. The interaction equation linking the microscopic strain
ate tensor at the grain scale ˙ ε g and the macroscopic strain
ate tensor of the polycrystalline ¯̇

 ε is derived as follows: 

˙  g = A g ̄̇  ε, (7)

ith A g expressed as follows: 

 g = 

(
M 

∗ + M g 
)−1 (

M 

∗ + M 

)
, (8)

here M 

∗ denotes a constraint tensor for a matrix containing
n ellipsoidal inclusion with the same orientation and shape
s the grain. At each time step, the constitutive equation for
he single crystal and self-consistent criteria are solved simul-
aneously. Thus, the grain-level mechanical responses were
onsistent with the boundary condition imposed on the HEM.

Based on experimental evidence from neutron diffraction
tudies [ 59 , 60 ] and other deformation twinning modeling
 2 , 18 , 20–23 , 37 , 61 ], deformation twinning was assumed to be
seudo slip, which relies on the Schmid law. 

The twin volume fraction f β in a grain evolves as follows:

˙ f β = 

˙ γ β

γ T W 

, (9)

here γ TW denotes the twinning shear determined by the as-
ect ratio of the crystal lattice, [62] : 

T W = 

{ 

√ 

3 
χ

− χ√ 

3 
{ 10 ̄1 2} < 1̄ 011 > (tensiletwin) 

4 χ2 −9 
4 
√ 

3 χ
{ 10 ̄1 1 } < 10 ̄1 ̄2 > (compressivetwin) 

(10) 

Since χ = 1.624 for magnesium, the twinning shears can
e calculated as 0.129 (for tensile twin), and 0.138 (for com-
ressive twin). Only the positive resolved shear stress is al-
owed to account for the polar nature of the twin [ 61 , 63 ]. The
ompressive twin is known to be rarely active in magnesium
lloys because of its high CRSS [62] , and it is not considered
urther. 

An enhanced predominant twinning reorientation model
ePTR) proposed by Bong et al. [29] was employed to repre-
ent the grain re-orientation induced by deformation twinning.
n abrupt grain re-orientation is introduced when the accu-
ulated twin volume fraction exceeds the threshold value f cr ,
hich ranges from 0 to 1, at an integration point. According

o [29] , f cr is expressed as follows: 

f cr = P 1 + P 2 

(
F E 

F R 

)P 3 

, (11)

here, P 1 , P 2 , and P 3 are material constants. Note that P 3 

s the newly introduced exponent term in the ePTR model.
erms F E and F R denote the volume fraction of fully twinned
rains and the volume fraction of the twinned region over all
rains, respectively. A single twin system with the highest
hear strain increment was allowed to activate. In the ePTR
odel, P 1 and P 2 control the twinning rate in the early and

ater stages of deformation, respectively. The exponent term
 3 offers flexibility of the twinning in the middle of the de-

ormation, and the experimentally observed twinning rate was
uch better reproduced with the newly introduced term for

he ZEK100 alloy at RT [29] . 
Terms F E and F R can be mathematically expressed as fol-

ows [ 29 , 64 ]: 
 

F E = 

∑ 

m = 1 

N G 

twinned 
w 

m 

F R = 

∑ 

n = 1 

NG w 

n 
∑ 

β = 1 

N T W f β
, (12) 

here NG denotes the total number of grains assumed in the
imulations, NG 

twinned is the total number of fully twinned
rains whose twin volume fraction exceeds f cr according to
he ePTR model, and w denotes the volume fraction of the
orresponding grain over all existing grains. 

Once the twin volume fraction on all the twin systems
 

∑ N T W 

β=1 f β) reaches f cr the entire grain is completely reoriented
y a transformation matrix, Q , between the lattice orientation
n the matrix and that in the twinned region as follows: 

 = I − 2n � n , (13)

here I denotes the identity tensor, and n represents the twin
lane normal vector of the twin system, which has the highest
ontribution to the total twin volume fraction. 

.2. Crystal plasticity finite element (CPFE) model 

A classical isothermal crystal plasticity constitutive equa-
ion proposed by [ 54 , 55 ] was employed. The total deforma-
ion gradient is decomposed into F 

e associated with elastic
istortion and rigid body rotation, whereas F 

p is associated
ith the deformation gradient representing plastic deforma-

ion caused by dislocation motions [65] as follows: 

 = F 

e F 

p (14) 
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Anisotropic elastic-viscoplastic constitutive equation for
he single crystal is represented as follows: 

 = C 

e : E = det ( F 

e ) F 

e −1 
σF 

e −T 
, (15)

here S denotes the second Piola–Kirchhoff stress, C 

e 

he fourth-order anisotropic elasticity stiffness matrix, E =
(1 / 2)( F 

e T F 

e − I ) the elastic Lagrangian strain tensor, and σ

he Cauchy stress tensor. 
The rate of F 

p in Eq. (14) is expressed as follows: 

˙ 
 

p = L 

p F 

p (16) 

The velocity gradient L 

p is associated with the dislocation
lide on the active slip plane α or on the active twin system

with its normal n 

(αor β) 

0 and direction s (αor β) 

0 . Using the ap-
roach introduced by Kalidindi [63] , the velocity gradient L 

p 

an be represented by the sum of shear strain rates, ˙ γ (αor β) ,
ver the total number of available slip and twin systems as
ollows: 

 

p = 

(
1 −

∑ 

β = 1 

N T W f β
) ∑ 

α = 1 

N SL ˙ γ α
(
s α0 � n 

α
0 

)
+ 

∑ 

β = 1 

N T W ˙ f βγ T W 

(
s β0 � n 

β

0 

)
(17) 

here the first and second terms in the right-hand side are
ssociated with the slip and twin in the untwinned region,
espectively. It is worth mentioning that this does not nec-
ssarily mean that twinned grain, in which the twin volume
raction exceeds a critical value, f cr , does not deform by slip.
here can be untwinned region in the fully-twinned grain
 f β≥f cr ) as the f cr has the value between 0 and 1 according
o the ePTR scheme. Therefore, the slip can be active in the
ully-twinned grain with new crystallographic orientation. 

The shear rates on the αth slip systems, ˙ γ α , and βth twin
ystem, ˙ γ β , are expressed as follows [ 51 , 53 ]: 

˙ α = ˙ γ0 

(
τα

τc 
α

)(1 /m) 

sign ( τα) 

˙ β = ˙ γ0 

(
τβ

τc 
β

)(1 /m) (
if τβ > 0 

)
˙ β = 0 

(
if τβ ≤ 0 

), (18) 

here ˙ γ0 denotes a reference shear rate set as 0.0001 s −1 , τα ,
nd τβ are the resolved shear stresses of the αth slip and βth
win systems, respectively, and m represents the strain rate
ensitivity. 

The extended Voce hardening model and its evolution
dopted in the EPSC model, Eqs. (4) –(6) ), were employed in
he CPFE model to represent the strain-induced evolution of
RSS in single crystal. For the CPFE modeling, same twin-
ing kinematics through Eqs. (9) –(13) was employed. The
auchy stress tensor in the grain can be calculated as the
olumetric average of stresses in the matrix and twinned re-
ions as follows: 

= 

⎛ 

⎝ 1 −
N T W ∑ 

β=1 

f β

⎞ 

⎠ σ M + 

N T W ∑ 

β=1 

f βσ β, (19)

here σ M and σβ denote the Cauchy stress tensors in the
atrix and twinned regions, respectively. 
For a fair comparison between the EPSC and CPFE mod-
ls, the extended Voce hardening law used for the EPSC
odel in Eqs. (4) and (5) was also adopted in the CPFE
odel. The ‘self’ and ‘latent’ hardenings are also treated fol-

owing Eq. (6) . The model described above is implemented in
BAQUS/standard through a user-defined material subroutine

UMAT) following the procedure outlined in previous studies
54] . 

.3. Temperature-dependent modeling 

The aforementioned formulations complete the constitutive
odels, i.e., EPSC and CPFE models, under isothermal con-

itions. This section provides modeling scheme relevant to
emperature-dependency employed in both EPSC and CPFE

odels. To systematically model the temperature-dependent
echanical behavior of prismatic and pyramidal slip systems,

he instantaneous CRSS is formulated as a function of tem-
erature as follows [35] : 

c ( 	, T ) = τ0 (T ) + ( τ1 (T ) + θ1 (T ) · 	) 

{
1 − exp 

(
− θ0 (T ) · 	

τ1 (T ) 

)}
, (20)

here the Voce hardening parameters of the prismatic and
yramidal slip systems are expressed as a function of tem-
erature, that is, τ 0 ( T ), τ 1 ( T ), θ0 ( T ), and θ1 ( T ). 

These parameters are scaled by a scaling factor, k ( T ), as
ollows: 
 

 

 

 

τ0 (T ) 
τ1 (T ) 
θ0 (T ) 
θ1 (T ) 

⎤ 

⎥ ⎥ ⎦ 

= k(T ) 

⎡ 

⎢ ⎢ ⎣ 

τ0 ( T 0 ) 
τ1 ( T 0 ) 
θ0 ( T 0 ) 
θ1 ( T 0 ) 

⎤ 

⎥ ⎥ ⎦ 

, (21)

here k ( T ) denotes a newly introduced scaling factor to model
he temperature dependency of the non-basal slip systems,
hereas T 0 denotes the reference temperature set to RT (or
5 °C). 

The scaling factor k ( T ) ranges from 0 to 1, and it is ex-
ressed as follows [14] : 

(T ) = 

1 

1 + 

(
T −T 0 

k 1 

)k 2 
, (22)

here k 1 and k 2 denote the material constants to be identified.
he specific form of Eq. (22) is proposed based on reported
alues [ 31 , 66–68 ]. In the corresponding references, experi-
entally measured and viscoplastic self-consistent (VPSC)

imulated CRSSs of non-basal slip systems at various temper-
tures were reported. On the experimental side, Yoshinaga and
oriuchi [68] and Wonsiewics and Backofen [67] measured

he CRSSs of prismatic slip, and Obara et al. [66] measured
he CRSSs of pyramidal < c + a > slip of magnesium single
rystals. On the prediction side, Jain and Agnew [31] pre-
icted the CRSSs of non-basal slip systems using VPSC sim-
lations. The CRSSs, either measured or predicted, were nor-
alized by the maximum CRSS at the lowest testing tempera-

ure. Note that, the normalized CRSS corresponds to the scal-
ng factor k ( T ) in Eq. (21) . They were thereafter fitted using
q. (22) . The results are shown in Fig. 4 . The best-fit curve
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Fig. 4. Scaling parameter k ( T ) of non-basal slip systems, i.e., prismatic and pyramidal < c + a > , at various temperatures and their fit using Eq. (22) . 
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Fig. 5. FE model for the tension along RD with 24,000 grains. 
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3 The use of the reduced 3D element, C3D8R, did not cause hourglass 
problem over all CPFE simulations without locally concentrated deformation 
in solving the uniaxial tension problems. 
eproduces well the thermal softening behavior of non-basal
lip systems; therefore, Eq. (22) was adopted to represent the
emperature dependency of non-basal slip systems. 

It is also noteworthy that the basal slip and tensile twin
xhibit athermal behavior in the temperature range of interest
 2 , 31 , 32 , 69 ]; thus, the two systems were essentially modeled
o be temperature-independent. 

The elastic stiffness constants were assumed as C 11 = 58,
 12 = 25, C 13 = 20.8, C 33 = 61.2, C 44 = 16.6 GPa [70] ow-

ng to their weak temperature dependency. The strain rate
ensitivity of magnesium alloys is known to be markedly de-
endent on temperature. The experimentally measured data
f a ZEK100 alloy at different temperatures ranging from
T to 150 °C [1] was employed to identify the strain rate
ensitivity exponent m formulated according to the following
quation [16] : 

 = m 1 + m 2 ( T − T 0 ) , (23)

here m 1 and m 2 denote material constants, and they are
etermined as 0.02 and 2.147 × 10 

−4 , respectively, from the
eported data. 

.4. Simulation setup 

Following previous modeling incorporating the crystal
lasticity models for magnesium alloys [20–23] , four dis-
inct available slip and twin systems were considered in the
PSC and CPFE models for the ZEK100 alloys: (a) basal
lip { 0001 } < 11 ̄2 0 > , (b) prismatic slip { 10 ̄1 1 } < 11 ̄2 0 > ,
c) pyramidal < c + a > slip { 11 ̄2 2} < 11 ̄2 3 > , and (d) tensile
wins { 10 ̄1 2} < 1̄ 011 > . Using the calculated ODF described
n Section 2.1 , the discrete Euler angles in the Bunge defini-
ion were extracted. A total of 24,000 discrete Euler angles
ere used to represent the polycrystal for both the EPSC and
PFE models. 

The EPSC model was simulated using incremental stress
oundary conditions. In each time step, the stress and strain
f each grain and the average response of the HEM were
alculated when the self-consistency condition was met. The
easured stress–strain curves and lattice strains by the in situ
EXRD tensile experiments were used as objective values to

dentify the CRSS and hardening parameters of the available
lip and twin systems, along with ePTR parameters at RT
sing the trial-and-error approach. 

The CPFE simulations, incorporated with the commercial
oftware ABAQUS/standard 6.12, were performed with the
eveloped user subroutine. An FE model for the tension along
he RD shown in Fig. 5 was developed with a similar length
atio along the X, Y , and Z directions in the actual tensile sam-
le, that is, 12:2:1. The three-dimensional array is discretized
y 120 × 20 × 10 ( X × Y × Z ) FEs, that is, 24,000 in total,
sing C3D8R (eight-node solid element with reduced integra-
ion) type mesh. Each FE represents a grain with a specific
rystallographic orientation; thus, the FE model represents a
olycrystal with 24,000 grains 3 . A prescribed displacement
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Table 2 
Experimental matrix used for parameter identification and for model valida- 
tion. 

Temperature 
( °C) 

Loading 
direction 

(Macroscopic) 
Stress–strain 
curve 

(Microscopic) 
Lattice strain 
evolution 

RT RD Fit Fit 
TD Fit Fit 

100 RD Fit Validate 
200 RD Fit Validate 

TD Validate Validate 
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oundary condition with a macroscopic strain rate of approx-
mately 10 

−4 /s was imposed on the nodes on the positive X
lane, as depicted in Fig. 5 whereas the nodes on the X-plane
n the other side were fixed in all directions. No constraints
long the Y - and Z -directions were applied. Therefore, the
E model represents an arbitrary location of the gauge area
f the sub-sized actual tensile sample. The foregoing EPSC
nd CPFE simulation procedures were repeated at three dif-
erent testing temperatures using the determined constitutive
arameters at the corresponding temperature. For the tension
imulation along the TD, the X - and Y -directions were set
arallel to the TD and RD, respectively. 

In both the EPSC and CPFE models, the macroscopic
tress–strain response of the polycrystalline was calculated
sing the corresponding values of individual grains in the av-
raging sense as follows: 

= σ̄ = 

NG ∑ 

n=1 

w 

n σ n 

ε = ε̄ = 

NG ∑ 

n=1 

w 

n ε n , (24) 

here NG denotes the total number of grains in the polycrys-
alline aggregate, and σ n and εn denote the stress and strain
ensors of the n 

th grain, respectively. 
The lattice strains were calculated using the elastic strain

ensor of each grain from the EPSC and CPFE predictions.
or the lattice strain along the LD, the principal elastic strain
omponents along the LD of grains whose lattice plane nor-
al is almost parallel to the LD (within a tolerance of
= 88–92 °) were averaged. The lattice strain along the

LD was also calculated in the same manner with a toler-
nce of η = −2–2 °. The calculated average lattice strains
ere compared with in situ HEXRD data. 
able 3 
est-fit constitutive parameters of slip/twin systems at RT for ZEK100 via EPSC

lip/Twin System Extended Voce model ( Eq. (4) ) 

τ 0 (MPa) τ 1 (MPa) θ0 (M

asal 8 10 180 
rismatic 92 10 2000 
yramidal < a + c > 105 40 5000 
ensile Twin 65 15 70 
. Results and discussion 

The experimental data used for fitting in constitutive pa-
ameter identification and for validating the developed model
re summarized in Table 2 . The temperature-dependent
onstitutive behaviors of ZEK100 were characterized as
ollows: (1) The constitutive parameters of available slip
nd twin systems at the reference temperature, that is, RT,
ere first identified using the EPSC model by fitting to both

xperimental stress–strain curves and lattice strains; (2) The
PSC-identified constitutive parameters were refined for the
PFE model; (3) The temperature-dependent scaling factor,

ntroduced in Eq. (22) was determined using the measured
tress–strain data at three testing temperatures: RT, 100, and
00 °C; (4) The EPSC and CPFE simulations at each tem-
erature assuming isothermal condition were followed using
he identified constitutive parameters, and the prediction
esults were compared with the corresponding experimental
ata. In particular, the predictive capability of the developed
odel was assessed by comparing with the measured data
hich have not been used in the fitting process, i.e., stress–

train curve during TD tension at 200 °C, and lattice strain
volutions at elevated temperatures, 100, and 200 °C. 

Section 4 is organized as follows: The details of the
forementioned procedures (1) and (2) are provided in the
ection 4.1 . In Section 4.2 , the details in the process of

he identification of the temperature-dependent scaling factor
re presented. In Section 4.3 , developed model is validated
y comparing with independent experimental data from the
tting. 

.1. Parameter identification at reference temperature 

The material parameters for the extended Voce hardening
odel ( τ0 ( T 0 ) , τ1 ( T 0 ) , θ0 ( T 0 ) , and θ1 ( T 0 ) ) were identified by

he trial-and-error approach using the computationally effi-
ient EPSC model. The four Voce hardening-related parame-
ers assigned for each deformation mode constitute the fitting
arameters; 16 parameters in total, were fitted to the macro-
copic stress–strain responses and the lattice strains measured
y the in situ HEXRD tensile experiments up to measured
niform elongation (i.e., 8.4 and 20.5% for the tension along
he RD and TD, respectively). In addition to the 16 harden-
ng parameters, the ePTR model parameters ( P 1 , P 2 , and P 3 )
elated to the tensile twinning kinematics in Eq. (11) were
imultaneously identified using the basal plane {0002} pole
ntensity data measured by in situ HEXRD during the tension
 model. 

ePTR model ( Eq. (11) ) 

Pa) θ1 (MPa) P 1 P 2 P 3 

30 
30 
65 
50 0.01 0.98 5 
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Table 4 
Best-fit constitutive parameters of slip/twin systems at RT for ZEK100 via CPFE model. 

Slip/Twin System Extended Voce model ( Eq. (4) ) ePTR model ( Eq. (11) ) 

τ 0 (MPa) τ 1 (MPa) θ0 (MPa) θ1 (MPa) P 1 P 2 P 3 

Basal 8 10 90 21 
Prismatic 92 10 1000 21 
Pyramidal < a + c > 102 40 2500 45.5 
Tensile Twin 65 15 35 35 0.01 0.6 4 

Fig. 6. Comparisons between measurements from in situ HEXRD tensile tests and EPSC/CPFE predictions at RT: (a) macroscopic stress–strain curves during 
tension along the RD and TD at RT, (b) lattice strain as a function of macroscopic strain at RT during tension along the RD, (c) lattice strain as a function 
of macroscopic strain at RT during tension along the TD, and (d) normalized intensity of grains, whose basal plane normal is parallel to the LD within ±2 °
scatter during tension along the TD. 
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long the TD at RT. Note that the intensity variation in the
0002} pole is associated with the twinning rate, as discussed
n [20] , and the determined constitutive parameters for the ex-
ended Voce hardening and ePTR models at RT are listed in
able 3 . 

The same set of constitutive parameters determined for the
PSC model listed in Table 3 were thereafter employed in the
PFE simulations as the first estimate, and they were further
efined using the CPFE model. As discussed in previous re-
earch works by the authors [23] , CPFE generally predicts
aster strain hardening in two regimes compared with the
PSC: (a) regime of early deformation where elastic-plastic

ransition occurs, and (b) large strain regime. These two
egimes are relevant to the initial and linear hardening param-
ters, θ0 and θ1 in Eq. (4) . To mitigate the faster strain hard-
ning in the CPFE, two parameters were simply scaled in such
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Fig. 7. Comparison of stress–strain behaviors at three different testing tem- 
peratures: measurement from the tensile tests vs. predictions by the EPSC 

simulations. 
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under the tension along the RD and its fit using Eq. (22) . 
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 way that θCPF E 
0 = 0.5 × θEPSC 

0 and θCPF E 
1 = 0.7 × θEPSC 

1 .
he ePTR parameters were also slightly refined. The refined
arameters via the CPFE model are listed in Table 4 , where
he CPFE prediction refers to the prediction results using the
efined constitutive parameters). 

The predicted stress–strain curves by the EPSC using the
onstitutive parameters at RT in Table 3 and by the CPFE
sing the refined constitutive parameters at RT in Table 4 are
ompared with the measured tensile test results in Fig. 6 (a).
he measured stress–strain curves revealed anisotropic stress–
train behaviors. Because twinning governs the plastic defor-
ation under tension along the TD, the yield stress under

uch loading conditions is approximately 80 MPa lower than
hat under tension along the RD. However, the non-basal slip
ystems, which are harder than the basal slip or twin, are
ore likely to be active in the twinned region as the defor-
ation proceeds. Therefore, strain hardening is faster during

he tension along the TD than during the tension along the
D. The CPFE and EPSC predictions are almost identical,
nd they are consistent with the measured data. In particular,
oth models accurately predict the anisotropic stress–strain
ehaviors along two different LDs. 

The EPSC- and CPFE-predicted lattice strains of various
attice planes as a function of macroscopic strain during the
ension along the RD and TD are shown in Fig. 6 (b) and (c),
espectively, along with the in situ HEXRD measured data.
he EPSC and CPFE models reproduce the lattice strain evo-

ution during tension along the RD, as shown in Fig. 6 (b).
he lattice strain evolutions during the tension along the TD
hown in Fig. 6 (c) also show that the EPSC and CPFE mod-
ls reproduce the measured data well with marginal errors.
xperimentally, the lattice strain of the {0002} plane, whose
ormal is parallel to the TLD or RD, abruptly becomes zero
t a (macro) strain of ∼0.13. During tensile loading along the
D, the grains whose c-axes are nearly parallel to the TD are
radually twinned. Finally, no more grains are left within the
ngular tolerance ( ±2 °) at a certain instance; consequently,
he lattice strain becomes zero. Although the EPSC and CPFE
redict early drops in the lattice strain at ∼8% (macro) strain,
wo models capture this microscopic behavior. 

The basal pole intensity variation, which gives insight into
he rate of twinning, were also predicted and compared with
hose measured over the deformation history in Fig. 6 (d).
gain, the basal plane peak intensity variation provides useful

nformation on the deformation twinning rate. Under the ten-
ile stress along the TD, the grains whose c-axis is within the
ngular tolerance ( η = 88–92 °) with the tensile LD deforms
rimarily by tensile twinning, and they are eventually reori-
nted. Therefore, the intensity gradually decreased and finally
ecame zero. In previous works by the authors [23] , efforts
ere devoted to accurately reproduce the in situ HEXRD-
easured intensity change using the crystal plasticity models

ncorporating the PTR model, which was proposed to offer
exibility by introducing the exponent term P 3 . The compar-

son of the basal pole intensity in Fig. 6 (d) shows that the
PSC and CPFE incorporated with the ePTR model reproduce

he measured data well. In terms of prediction accuracy, the
PFE considering the grain-to-grain interaction and spatial
istribution of the individual grain can slightly better predict
he measured data compared to the EPSC. It is worth note that
he stepwise variation of the EPSC/CPFE predicted {0002}
ntensity is anticipated to the less number of grains assumed
n the simulations than the experiments. Among 24,000 grains
ssumed in the simulations, only 20 grains are oriented such
hat their c-axis is within the tolerance range of η = 88–92 °.
n contrast, more than 80 grains are oriented in such condition
n the in situ HEXRD experiment. 

.2. Temperature dependent constitutive parameter 
dentification 

Once the constitutive parameters for the reference tempera-
ure are identified, the temperature-dependent scaling factor in
q. (21) along with its explicit form in Eq. (22) are straight-

orward. To model the thermally activated prismatic and pyra-
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Fig. 9. Comparison of stress–strain curves at various temperature: EPSC predictions vs. experiments (a) during tension along RD, and (b) during tension along 
TD, and CPFE predictions vs. experiments (c) during tension along RD, and (d) during tension along TD. 
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refinement. 
idal slip systems, the scaling factors at elevated temperatures
100 and 200 °C) under tension along the RD were identified
sing a computationally efficient EPSC model. As mentioned
reviously, the basal slip and tensile twins were assumed to
e temperature-independent. The scaling factor was set to 1
or the EPSC modeling at the reference temperature (RT),
hereas the scaling factors were adjusted for the other test-

ng temperatures to best estimate the measured stress–strain
ehaviors of the ZEK100 polycrystal. The fitting yields the
caling factor of 0.78 and 0.59 for the testing temperature
f 100 °C and 200 °C, respectively. The fitted stress–strain
urves are shown in Fig. 7 . Although, discrepancies can be
ound in terms of the yield stresses, the stress–strains behav-
ors are well reproduced by the EPSC simulations incorporat-
ng the simple temperature dependent scaling factor. 

Using the scaling factors at the three testing temperatures,
he material constants k 1 and k 2 in Eq. (22) can be obtained.
he two constants were determined by fitting the scaling
actors as a function of temperature using a least-squares
ethod, as shown in Fig. 8 . The fitting yields k 1 = 246.36

nd k 2 = 1.06. 
The proposed approach can save substantial computing

ime and cost for temperature-dependent modeling. Notably,
he other previous approaches require individual fitting to
ach temperature using the trial-and-error approach [ 31 , 32 ]
r complex fitting procedure to identify a large number of
odel parameters [ 18 , 33 ]. Therefore, if it is successful in

apturing the temperature dependence, the model proposed in
his study can be meaningful, particularly in terms of practi-
al applications. Hereafter, the proposed modeling approach
ill be comprehensively examined in two main streams: (a)
acroscopic stress–strain behaviors and (b) lattice strains in

he microscale at elevated temperatures along the two LDs.
ote that the same k 1 and k 2 determined by the EPSC
odel will be adopted in the CPFE model without further
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Fig. 10. EPSC/CPFE-predicted and in situ HEXRD-measured lattice strains 
at 100 °C under the tension along the RD. 
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Fig. 11. EPSC/CPFE-predicted and in situ HEXRD-measured lattice strains 
at 200 °C under the tension along (a) the RD (b) the TD. 
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.3. Validation 

.3.1. Macroscopic stress–strain curves 
The stress–strain behaviors predicted by the EPSC and

PFE models along the two LDs at the three testing tem-
eratures utilizing the identified k ( T ) are compared with the
xperimental data in Fig. 9 . Experimental data were plotted
o measure the uniform elongation at each testing condition.
otably, the uniform elongation diminished as the tempera-

ure increased, regardless of the LD. The root cause of this
henomenon is the non-uniform temperature distribution gen-
rated by the spot-type heat gun used to increase the sample
emperature during the experiment. Consequently, when the
eat gun was used in the experiment, samples exhibited pre-
ature necking initiated from where the heat gun impinged,

nd thus, the commonly observed improved ductility of the
agnesium alloys at elevated temperatures [71–73] was not

bserved in the in situ HEXRD tension experiments. Never-
heless, the prediction results exhibit reasonably good consis-
ency when compared with the predictions and experimental
ata. The yield stress drops at elevated temperatures in the
D tension and relatively smaller yield stress drops in the
D tension at elevated temperatures in the early state of the
eformation are well captured. The hardening rate decreased
lightly during tension along the RD and significantly de-
reased during tension along the TD at higher temperatures.
egardless of the LD, the EPSC/CPFE models captured the

educed hardening rates well. The results validate the fidelity
f the simple temperature-dependency modeling scheme using
qs. (20) –(22) . 

.3.2. Lattice strain 

The variations in the lattice strains for several major lattice
lanes were measured by in situ HEXRD during deformation
t elevated temperatures, that is, 100 and 200 °C, and the two
Ds were compared with the EPSC and CPFE predictions.
he comparison of the lattice strains up to uniform elonga-

ions in the HEXRD experiments during tension along the RD
nd TD are shown in Figs. 10 and 11 , respectively. Overall,
he results reveal that the EPSC and CPFE reasonably well
aptured the general trends of the lattice strain variation at the
levated temperatures observed from the HEXRD experiments
ith marginal discrepancies. 
The EPSC and CPFE underpredict the lattice strain evo-

ution of the {0002} plane whose normal is (nearly) parallel
o the TLD during the tension along the TD at 200 °C, as
hown in Fig. 11 (b). This error might be attributed to 1the
ssumption of temperature independence with regard to ten-
ile twinning. However, as reported by Jain and Agnew [31] ,
he CRSSs of tensile twinning can be slightly temperature-
ependent. Although the slight temperature dependency of
he tensile twin has not been studied deeply to date, better
rediction can be achieved if the constraints, that is, tem-
erature independence of the tensile twinning, are relaxed.
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Fig. 12. Relative activities and twin volume fraction calculated from EPSC predictions under the tension along (a) the RD, and (b) the TD, and from CPFE 

predictions under the tension along (c) the RD and (d) the TD. 
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owever, further simulations with refined parameters were
ot performed to maintain the simplicity of the developed
odels. 
Along with the prediction of the stress–strain curves, the

greement between the measured and EPSC/CPFE predicted
attice strains firmly ties the microscopic and macroscopic
ehaviors of the HCP-structured ZEK100 at elevated temper-
tures. Finally, the results presented in this section validate
he precision of the developed temperature-dependent crystal
lasticity models at multiple scales, as well as the practicality
f the models. 

.5. Micro-mechanism of deformation 

The crystal plasticity frameworks offer information on the
ctivation of deformation modes, that is, slip and twinning,
nder a certain deformation. The relative activity of the κth
eformation mode, A 

κ , is calculated from the EPSC/CPFE-
imulated results as follows: 

 

κ = 

∑ N mode 

κ=1 

∣∣ ˙ γ ( κ) 
∣∣∑ N SL 

α=1 | ˙ γ α| + 

∑ N T W 

β=1 

∣∣ ˙ γ β
∣∣ , (25)

here N 

mode denotes the total number of slip or twin systems
elonging to each deformation mode corresponding to basal,
rismatic, and pyramidal < c + a > slip systems, along with
ensile twins. The evolution of the twin volume fraction can
e obtained from the crystal plasticity frameworks besides the
elative activity. The volume fraction of the twinned region
ver all grains, F R in Eq. (12) , was assumed as the total twin
olume fraction. 
The calculated relative activities and total twin volume
raction from the simulated results by the EPSC and CPFE
s a function of the macroscopic strain are shown in Fig. 12 .
he relative activity and total twin volume fraction plots at
T and 200 °C are presented, whereas those at 100 °C are
mitted because the relative activities and total twin volume
ractions of the slip/twin systems at 100 °C lie between the
wo extremes, that is, RT and 200 °C, without abnormal be-
avior. The relative activity and total twin volume fraction
lots predicted by the EPSC during tension along the RD
nd TD are shown in Fig. 12 (a) and (b), respectively. Most
f the grains in ZEK100 are oriented such that their c-axis is
arallel to the TD-ND plane (see Fig. 2 ). These grains will
e compressed along their c-axis during the tension along the
D. The compressive strain is mostly accommodated by the
ctivation of pyramidal slip, and thus, the tensile twin is rarely
ctive in such loading condition. In contrast, during tension
long the TD, tensile twinning is noticeably active to accom-
odate the tensile strain along the TD in the grains whose

-axes are (nearly) parallel to the TD. The facts are also re-
ealed by larger total twin volume fraction during the tension
long the TD: the total twin volume fraction at ε = 0.1 and at
T during the TD tension is ∼7 times larger than that during

he RD tension. Once the grain is fully twinned according
o the PTR scheme, the grain rotates ∼86 ° and its c-axis is
ligned parallel to the RD. Therefore, the pyramidal slip be-
omes more active as the activation of the tensile twinning
iminishes. 

The major changes in terms of the relative activity and
he total twin volume fraction at the elevated temperature,
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00 °C, are as follows: (a) regardless of the tensile direc-
ion, the non-basal slip systems become more active, and (b)
he tensile twinning is less active, and thus, the total twin
olume fraction is lower at elevated temperatures during the
ension along the TD. The two major changes are anticipated
o be the comparability of the CRSSs of the non-basal slip
ystems to that of tensile twinning at elevated temperatures.
imilar trends are discernible from the plots of the calculated
elative activities from the CPFE predictions, as shown in
ig. 12 (c) and (d). One major difference between the CPFE
nd EPSC is that the EPSC predicts inactive pyramidal slip
p to ε∼0.01, whereas the CPFE does not. The inactivation
ost likely originates from the treatment of elastic and plastic

ehavior in the EPSC model, that is, the shear rate is zero if
he resolved shear stress τ is less than the CRSS τc in the
PSC model [74] , as discussed in [29] . 

. Conclusions 

In the present study, a phenomenological temperature-
ependent constitutive model for HCP metals introducing a
caling factor was developed and implemented in crystal plas-
icity codes, namely, EPSC and CPFE models. The constitu-
ive parameters to represent the hardening of slip and twin
ystems at RT were first determined using the computation-
lly efficient EPSC model by fitting to the in situ HEXRD-
easured stress–strain curves and lattice strains. The CPFE

imulations at RT were followed by refined hardening param-
ters from those identified using EPSC. Finally, temperature-
ependent scaling factors were determined using the EPSC
odel. Two crystal plasticity models were tested for a mag-

esium alloy ZEK100, not only in predicting the macroscopic
tress–strain behavior but also the microscopic lattice strains
t three different testing temperatures, that is, RT, 100 and
00 °C, under tension along two different LDs, that is, the
D and TD. The prediction results were compared with in

itu HEXRD measurements. Particularly, the comparison of
he in situ HEXRD-measured and the crystal plasticity model-
redicted lattice strains are presented for the first time. The
ollowing conclusions can be drawn from the corresponding
tudies: 

• The temperature-dependent crystal plasticity models were
able to reasonably predict both the macroscopic stress–
strain behavior and the microscopic lattice strain under
uniaxial tension along the RD and TD at the three tested
temperatures. 
• The prediction results and their comparisons with the mea-

surements, which are independent from the fitting proce-
dure for the constitutive parameter identification, validate
the precision and practicality of the developed temperature-
dependent model. 
• The consistency of the lattice strain evolutions at ele-

vated temperatures, which has not been reported in pre-
vious studies, could more closely tie the microscopic and
macroscopic responses of the HCP-structured ZEK100 at
elevated temperatures. 
• The simulation results and data analyses revealed that
the non-basal slip systems were significantly more active,
whereas the tensile twins were less active at elevated tem-
peratures. 
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