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a b s t r a c t

The mechanical response and texture evolution of rare-earth-containing magnesium alloy
sheet, ZEK100, are measured under uniaxial (tension and compression) loading along the
rolling direction (RD), 45� to rolling direction (DD), transverse direction (TD) and normal
direction (ND), at the strain rate of 10�4 to 3 � 103 s�1, and temperatures of 22 �C & 150 �C.
Texture evolution is measured at strain increments between 2 and 10% in compression and
tension at both 10�4 and 3 � 103 s�1, and at 22 �C and 150 �C. Measured pole figures reveal
relatively weak basal pole intensity with a spread of basal poles from ND toward TD.
Consequently, the yield stress in both tension and compression is the largest in RD and
decreases with change in orientation from RD to TD. The material exhibits positive strain
rate sensitivity as well as tension-compression asymmetry and anisotropy that are a
function of temperature and strain rate. Strain hardening behavior in both tension and
compression represents the characteristics of twinning dominated deformation even at
elevated temperatures. Crystal reorientation due to extension twinning was observed both
in compression along all directions, and in tension along the TD. While the flow stress in
compression increases with the increase of strain rate from 10�4 to 3 � 103 s�1, differences
in measured textures between the two strain rates are negligible. A reduced-order crystal
plasticity model that defines extension twinning, basal <a> slip, and non-basal slip as the
deformation mechanisms, is used to model the experimental results and to give an insight
in the active deformation mechanism. The model captures the work hardening, anisotropy
and tension-compression asymmetry behavior of the material at different strain rates and
temperatures.
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1. Introduction

Due to the rising demand for high strength and lightweight materials, magnesium and its alloys have been at the forefront
as possible alternatives to conventional materials such as aluminum and steel. The combination of reasonable mechanical
strength and low density is appealing to the transportation industry (Kulekci, 2008), electronics, tools, bio-materials (Staiger
et al., 2006), and military applications (Jones et al., 2007). However, in addition to its poor corrosion resistance (Song and
Atrens, 1999), magnesium and its alloys typically exhibit poor formability, anisotropy, tension-compression asymmetry,
and brittle fracture at room temperature, specifically in its wrought form (Ball and Prangnell, 1994; Lou et al., 2007). These
behaviors result in unfavorable mechanical characteristics for manufacturing and design application, therefore hindering its
widespread implementation. It is well known that addition of rare-earth elements to magnesium alloys can decrease these
unfavorablemechanical characteristics (Rokhlin, 2003). In the past decade, rare-earth-containingmagnesium alloys, owing to
their promising texture modification, have been of a considerable interest. It is crucial to understand the effects of rare-earth
elements on developing favorable characteristics to advance future magnesium alloys. The goal of the present study is to
determine the mechanical behavior of a rare-earth-containing magnesium alloy sheet designated as ZEK100 (1.3 %wt. Zn, 0.2
%wt. Nd, 0.25 %wt. Zr and 0.01 %wt. Mn), and to determine the role of the different deformation mechanisms involved in the
mechanical behavior and the texture evolution using a reduced-order crystal plasticity model (Becker and Lloyd, 2016).

The poor formability of magnesium can be rationalized by its hexagonal close packed (HCP) crystal structure, which can
accommodate a limited number of active slip systems at room temperature. The von Mises criterion (Taylor, 1938; VonMises,
1928) states a minimum of five independent slip systems are needed for ductile homogeneous deformation of a poly-
crystalline material. HCP crystal structures can accommodate basal <a> (slip on {0002} plane in <1120> direction), prismatic
<a> ({1010}, <1120>), pyramidal <a> ({1101}, <1120>), and pyramidal <cþa> ({1122}, <1123>) slip systems (Groves and
Kelly, 1963; Yoo, 1981). These slip systems are activated at different critical resolved shear stresses (CRSS) (Wang and Huang,
2003; Yoo, 1981). At room temperature, the primary slip system of magnesium is on the close packed {0002} plane and thus
has a low CRSS (Christian and Mahajan, 1995; Yoo, 1981). Prismatic <a> and pyramidal <a> slip systems are stronger slip
modes and require a relatively high CRSS at low temperatures (Agnew et al., 2003; Chapuis and Driver, 2011; Flynn et al.,
1961). Combined, basal, prismatic and pyramidal <a> slip can only accommodate four independent systems and none
allow for deformation along the c-axis (Yoo, 1981). Furthermore, pyramidal <cþa> slip alone can offer five independent slip
modes, however they are difficult to activate at low temperature due to the higher value of CRSS when compared to basal and
prismatic <a> slips (Agnew et al., 2001; Yoo et al.,. 2001). Despite the high CRSS for prismatic <a> and pyramidal <cþa> slips,
it has been shown that they can play an important role in the ductility of magnesium alloys at low temperatures (Agnew et al.,
2001; Koike et al., 2003; Sandl€obes et al., 2011).

Besides the limited dislocation slip activity at room temperature, mechanical twinning is highly active and plays an
important role in plastic deformation of magnesium. Mechanical twinning provides an additional deformation mode along
the crystallographic c-axis other than pyramidal <cþa> slip (Christian and Mahajan, 1995). Two active twinning mechanisms
in magnesium are contraction twinning on the {1011} plane in the <1012> direction, and extension twinning on the {1012}
plane in the <1011> direction (Wonsiewicz,1966). Contraction twinning provides contraction along the c-axis, as the c-axis is
reoriented by 56.2� (Barnett, 2007b; Nave and Barnett, 2004). On the other hand, extension twinning provides elongation
along the c-axis from an 86.3� reorientation of the c-axis. Extension twinning inmagnesium exhibits a low CRSS value, similar
in magnitude to basal <a> slip, and has a significantly lower CRSS value than that for non-basal <a> and <cþa> slips.
Therefore, when grains are oriented such that the c-axis undergoes extension, high activity of extension twinning is present
(Ardeljan et al., 2016a; Barnett, 2007a; Kelley and Hosford, 1968; Wonsiewicz, 1966). It is important to note that both
contraction and extension twinning are polar deformation mechanisms and they can be activated along certain strain paths
by direct or indirect extension or contraction of the c-axis (Hong et al., 2010). In addition to extension and contraction
twinning, double twinning has also been observed within magnesium on the {1011}-{1012} planes in the <1210> direction
(Barnett et al., 2008; Nave and Barnett, 2004; Wonsiewicz, 1966). Double twinning occurs when secondary {1012} twinning
takes place within the primary {1011} twinned volume, producing a 38� rotation from the original crystal matrix orientation.
A key signature of high twinning activity is a sigmoidal shaped stress-strain curve (Kabirian et al., 2015; Knezevic et al., 2010;
Lou et al., 2007), while it has also been shown that twinning can be active in a parabolic shaped flow stress (Bhattacharyya
et al., 2016; Bohlen et al., 2007; Kabirian et al., 2016; Ray and Wilkinson, 2016). It is believed that the initiation, profuse
propagation and finally exhaustion of extension twinning within each grain leading to dislocation slip dominated flow is the
consequence of the sigmoidal shaped hardening. However, Knezevic et al. (2010) has reported that both contraction and
double twinning are also very effective in strain hardening of magnesium alloys by decreasing the mean-free-path of the
pyramidal <cþa> dislocations. Although, both contraction and double twinning have been shown to accommodate small to
negligible macroscopic strains, and do not contribute to the overall bulk texture measurements (Ardeljan et al., 2016a; Hirsch
and Al-Samman, 2013; Jiang et al., 2007).

The limited number of slip systems and the high twinning activity result in unfavorable mechanical characteristics. During
the manufacturing processes, the material develops a strong crystallographic texture with the c-axis normal to the die
surface. Consequently, wrought magnesium alloys exhibit both tension-compression asymmetry as well as anisotropy (Jain
and Agnew, 2007; Lou et al., 2007) which has also been seen in other HCP materials (Meredith and Khan, 2012; Tenckhoff,
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2005). These factors add complexity for design applications, as the material properties are directional and require advanced
modeling; thus, these factors can limit the use of magnesium alloys in commercial application. The mechanical properties of
wrought magnesium can be improved by texture modification and grain size reduction, e.g. through processes such as equal
channel angular pressing (ECAP) (Barnett et al., 2004) and the spinning water atomization process (SWAP) (Kondoh et al.,
2010). Many authors have reported that grain refinement and texture modification are effective methods in improving
ductility of magnesium due to the activation of non-basal slip (Atwell et al., 2012; Barnett et al., 2004; Jain et al., 2008; Koike
et al., 2003; Meredith et al., 2016; Raeisinia and Agnew, 2010). Recently, Ardeljan et al. (2016b) showed that in case of nano-
layered Zr/Nb composites, the ductility and specific texture development arise from substantially reduced ratio of slip
resistance among basal and non-basal slip systems. This has been also shown in ECAP processed AZ31 by Kabirian et al.
(2016), where extension twinning, basal and non-basal slips approaches similar relative activities as the grain size and
texture intensity decreased with each additional ECAP pass. Nonetheless, processes such as ECAP and SWAP are typically
limited to extruded materials, require additional manufacturing resources, and are not cost-effective.

Alloying magnesium with rare-earth elements, such as cerium (Ce), neodymium (Nd), lanthanum (La), yttrium (Y) and
gadolinium (Gd), have been shown to reduce the strong crystallographic texture of magnesium (Al-Samman and Li, 2011;
Bohlen et al., 2007; Chino et al., 2008; Rokhlin, 2003). The commercially available non-rare-earth-containing magnesium
alloy AZ31 (sheet) exhibits the maximum basal pole intensity in and around the sheet normal direction with a wider basal
spread towards the rolling direction (Khan et al., 2011). On the other hand, Bohlen et al. (2007) have studied the effect of rare-
earth-containingmagnesium alloys and have concluded that themaximumbasal pole intensity is located±20� from the sheet
normal direction towards rolling direction with a broad basal pole spread from the normal direction towards the transverse
direction, and hence a lowermaximum intensity compared to AZ31. However, other authors have reported that themaximum
basal pole intensity and the wide spread of basal poles are located from the normal direction towards the transverse direction
(Al-Samman and Li, 2011; Mackenzie and Pekguleryuz, 2008). Nonetheless, small percent of rare-earth elements results in a
weaker crystallographic texture, and therefore, an increase in formability and a reduction in tension-compression asymmetry.
Mishra et al. (2008) have experimented with a magnesium alloy with 0.2 wt% Ce and compared it to pure magnesium. The
study concluded that an increase in ductility was possible not only due to the weaker texture, but also from grain refinement.
Correspondingly, the weak texture and reduced grain size are dependent on the rolling temperature, rolling thickness
reduction, and other alloying elements (Bohlen et al., 2007; Mackenzie and Pekguleryuz, 2008; Wendt et al., 2009). Basu and
Al-Samman (2014) showed an improvement in ductility and grain refinement of rare-earth-containing magnesium alloys
with the addition of zinc and zirconium, from the increase in activity of non-basal slip. Furthermore, the weakening of the
crystallographic texture of rare-earth-containing magnesium alloys has been linked to static and dynamic recrystallization
processes (Basu et al., 2013; Basu and Al-Samman, 2014, 2015; Bohlen et al., 2007; Drouven et al., 2015; Hadorn et al., 2012,
2013; Hantzsche et al., 2010; Jung et al., 2015; Mackenzie and Pekguleryuz, 2008; Senn and Agnew, 2008; Stanford and
Barnett, 2008; Wendt et al., 2009). It has been also observed that a change in stacking fault energy as a result of rare-earth
alloying can be associated with the improvement in ductility by the enhancement of non-basal slip (Chino et al., 2008;
Sandl€obes et al., 2011, 2012). Despite the decrease in texture intensity due to addition of rare-earths and other constitu-
ents, a difference in distribution of the basal poles from one axis to another, results in strong anisotropic properties, spe-
cifically at low temperatures.

The Lankford coefficient/plastic strain ratio (r-value) is an important parameter used to measure the anisotropy of rolled
materials. A variation in the r-valuewith respect to orientation in the plane of the sheet is unfavorable because it signifies high
anisotropy and results in problems such as “earing”. Typically, a high r-value translates to better resistance to sheet thinning,
therefore maintaining adequate sheet thickness throughout a large strain forming process (Hosford and Caddell, 2011).
However, it has been shown that a high r-value for magnesium alloys results in poor formability at room temperature, and
that other material properties can play an important role in the formability (Agnew and Duygulu, 2005; Boba et al., 2015;
Bohlen et al., 2007; Kurukuri et al., 2014). Not only are the r-value parameters important in understanding the anisotropic
behavior for forming processes, they are also important in understanding the activity of different deformation mechanisms.
For example, when the basal pole intensity is in the normal direction, for AZ31 sheet, one of the main deformation mech-
anisms during in-plane tension is prismatic <a> slip resulting in greater strain in the width than the thickness direction and
thus an r-value greater than 1 (Agnew and Duygulu, 2005; Atwell et al., 2012; Jain and Agnew, 2007). On the contrary, it has
been reported that the r-value typically increases as the plastic strain increases, and decreases as the strain rate increases in
tension, which can be attributed to the contribution of different deformation mechanism (Khan et al., 2011; Lou et al., 2007).
Alternatively, the r-value in compression for AZ31 is less than 1 due to the high activity of extension twinning (Jain and
Agnew, 2007). The authors also showed that an increase in r-value in compression at temperatures of 175 �Ce250 �C is
from the increase in non-basal slip as the temperature increases (Jain and Agnew, 2007). Comparably, ZEK100 sheet also
showed an evolving r-value as plastic strain increases (Kurukuri et al., 2014; Muhammad et al., 2015; Steglich et al., 2014).
However, ZEK100 exhibits an r-value less than 1 in all directions in both tension and compression at room temperature. Other
than the r-value at room temperature, no experimental results are published for both elevated temperatures and high strain
rates for rare-earth-containing magnesium alloys. Furthermore, no comparisons regarding the r-value and crystallographic
texture evolution have been made specifically for the unique texture of ZEK100. These comparisons can play an important
role in understanding the effects of the weaker texture on the deformation mechanisms.
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Besides the r-value, strain rate sensitivity is a critical factor in a successful metal forming process where a positive strain
rate sensitivity helps in stable plastic flow (Ghosh, 1977). Additionally, to evaluate crashworthiness of a material for trans-
portation and defense industries, high strain rate experiments are carried out in order to create a material model for
simulation of deformation during crash and impact. Thus, the strain rate sensitivity of a material plays a vital role in design
applications where strength and ductility are assessed as a function of strain rate. Regarding effects of strain rate on me-
chanical properties of magnesium alloys, many studies have focused on dynamic loading on conventional magnesium alloys
(Pandey et al., 2015; Prasad et al., 2014; Tucker et al., 2009; Ulacia et al., 2010). The consensus is that magnesium alloys exhibit
positive strain rate sensitivity in tension and compression specifically at elevated temperatures. Alternatively, experimental
data at high strain rates on a rare-earth-containing magnesium alloy are limited to room temperature (Agnew et al., 2014;
Bhattacharyya et al., 2016; Kurukuri et al., 2014). Kurukuri et al. (2014) recently showed an increase in compressive flow
stress as strain rate increases from the quasi-static to the dynamic regime along all directions for ZEK100 sheet. Moreover, as a
result of the wide distribution of basal poles in the transverse direction, no tension-compression asymmetry of the yield
strength is present even at high strain rates. While there are experimental data at room temperature, high temperature data
at low and high strain rates are scarce. Furthermore, there is great interest regarding texture evolution as a function of strain
rate. Kabirian et al. (2015) evaluated, for AZ31, the increase in flow stress as the strain rate increases by texture measurements
at specific percent strain at different strain rates. They concluded that as the strain rate increases fromquasi-static to dynamic,
there is an accelerated twinning activity and an increase in rate sensitivity of active slip systems. Comparatively, no published
data for rare-earth-containing magnesium alloys regarding texture evolution at different strain levels for both quasi-static
and dynamic loadings, and different temperatures is present.

The objective of this study is to present a comprehensive understanding of the mechanical response at quasi-static and
dynamic strain rates, and at different temperatures under uniaxial loading (tension and compression) for ZEK100. Even
though there are published experimental results on ZEK100, the literature lacks comprehensivemechanical stress-strain data,
r-value and results on strain rate sensitivity at different strain rates, temperatures and loading directions. In addition, the
literature lacks studies of the texture evolution at different levels of plastic strain, different strain rates and temperatures for
ZEK100. Lastly, a reduced-order crystal plasticity model developed by Becker and Lloyd (2016) will be implemented in order
to determine the role of the deformation mechanisms involved in the mechanical behavior and the texture evolution.

2. Experimental procedure

2.1. Material

A rolled 1.6 mm thick rare-earth-containing magnesium alloy sheet, ZEK100 (1.3 %wt. Zn, 0.2 %wt. Nd, 0.25 %wt. Zr and
0.01 %wt.Mn)was used in this study in an as-fabricated condition. An initial micrograph imagewas prepared by polishing and
etching in an acetic picral solution (4.2 g picric acid, 10 ml acetic acid, 70 ml ethanol and 10 ml distilled water).

2.2. Quasi-static tension and compression experiments

The ZEK100 sheet was subjected to mechanical experiments in compression and tension at quasi-static loading using a
MTS-809 axial/torsional servo-hydraulic system at strain rates of 10�4, 10�2, and 100 s�1, and at temperatures of 22 �C and
150 �C. Dog-bone-shaped tension specimens were prepared along the rolling direction (RD), 45� to rolling direction (DD), and
transverse direction (TD), as shown in Fig. 1. Gage length and width of the tension specimens were 31.0 mm and 6.4 mm,
Fig. 1. Schematic of compression and tension specimens in rolling (RD), diagonal (DD), transverse (TD) and normal direction (ND) (not to scale).
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respectively. The displacement data in tension at 22 �C was corrected by using a high elongation Kyowa strain gage (KFEL-2-
120-C1) on the specimen. The quasi-static compression specimens were prepared along the RD, DD, TD and the thickness or
normal direction (ND) by bonding four sheets using J-B Weld® adhesive. Each sheet was lightly sanded with 240-grit and
precautionwas takenwhen sanding to avoid any through thickness variation prior to bonding. Pressure was maintained after
bonding with special parallel clamps to avoid any variation in clamping pressure and successfully eliminating any irregularity
in the final thickness of the stacked-up specimen after curing. The compression RD, DD and TD specimens were machined to
the gage length of 5.9 mm and a square cross sectional area of 37.8 mm2, and the ND specimen was machined with a gage
length of 6.1 mm and a square cross sectional area of 37.8 mm2. The displacement data in compressionwere corrected using a
“blank test” which provided compliance of the machine, platens, and lubrication. The specimen contact surfaces were pol-
ishedwith a final sand paper grit of 1200 and lubricated using DowCorning® high vacuum grease andM.K. Impex Canadamk-
ws2-ht high temperature tungsten disulfide grease to reduce friction and maintain a uniform stress state for experiments
performed at 22 �C and 150 �C, respectively. High temperature experiments were performed using a custom convection
furnace resulting in faster heating time and temperature homogeneity throughout the gage length of the specimen when
compared to conventional split electric furnace. All 150 �C experiments were temperature-controlled using a thermocouple
cemented directly on the sample surface.

2.3. Dynamic tension and compression experiments

The split-Hopkinson pressure bar technique (SHPB) was utilized to perform dynamic uniaxial compression and tension
experiments at a nominal engineering strain rate of approximately 3�103 s�1 and 6� 102 s�1, respectively, as shown in Fig. 2.
Dog-bone-shaped tension specimens were prepared for the RD, DD, and TD. The tension specimens were machined with
12.5 mm gage length, a gage width of 1.9 mm, and thickness of 1.5 mm (sheet thickness). Dynamic compression specimens
were prepared for the RD, DD, TD and ND by bonding multiple sheets using J-B Weld® adhesive, similar to quasi-static
compression procedure. The compression samples were machined with a gage length of 3.3 mm and with a square cross
sectional area of 37.8 mm2 for the RD, DD, and TD samples, while the ND samples were prepared with a gage length of 2.8 mm
and square cross sectional area of 37.8 mm2.

Sample geometry is important when performing experiments at high strain rate. The sample geometry is designed to
reduce the longitudinal and radial inertia effects on the deformation behavior (Khan and Liang, 1999). For dynamic
compression experiments, Khan and Liang (1999) showed the optimum length to diameter (L/D) ratio is between 0.2 and 0.5.
Khan et al. also performed experiments with samples with different L/D ratio and reported no significant differences between
L/D ratios of 0.2e0.5 for different materials (Khan and Liang,1999; Khan and Farrokh, 2006). In a split-Hopkinson pressure bar
experiment, deformation takes place due to travelling stress waves. For the stress-strain equation using the incident, reflected
Fig. 2. Tension (a) and compression (b) split hopkinson pressure bar (SHPB).
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and transmittedwaves to be valid, equilibrium of the stress throughout the test sample must be reached. This requires several
reverberations of the stress wave through the sample to achieve uniform deformation and for the wave analysis to be valid.
Consequently, the length of the sample plays an important role in the time duration and subsequently time to reach the stress
equilibrium. The dimensions of the dynamic compression samples in the present study falls into an L/D ratio between the
accepted values and the shorter length resulting in reaching stress equilibrium within an acceptable duration. The dynamic
tension specimen dimensions were also designed to have smaller dimensions than that of quasi-static strain rates to reach
stress equilibrium quickly. Smerd (2005) showed that tension specimens with a gage length of 12.5 mm and a gage width of
1.75 mm exhibited similar stressestrain response to that of an ASTM-E8 (2004) sub size standard with a 25 mm gage length
during uniform elongation. Ulacia et al. (2011) also reported similar comparison on magnesium alloy AZ31. Because of the
difference in the geometry of the dynamic and quasi-static tension specimens, the reader should be cautious when comparing
the quasi-static and dynamic experimental results during post uniform elongation. This is specifically true for tensile loading
in the RD, as tensile loading in the TD and DD does not exhibit post necking elongation due to the duration and magnitude of
the incident wave.

Two strain gages at diametrically opposing locations on both, the incident and the transmitted bars, connected in a
potentiometer circuit, were used to cancel any bending effects for both tension and compression SHPB. The strain-time
histories for incident, transmitted and reflected waves were recorded using a Nicolet 440 oscilloscope. An annealed cop-
per C110 “pulse shaper” of 4 mm diameter and 0.25 mm thickness was used to dampen undesirable oscillation of the
compressive incident wave. A description of the direct tension SHPB is provided in Khan et al. (2010) and compression SHPB is
provided in Khan and Liang (1999). High temperature dynamic compression and dynamic tension experiments were per-
formed using small convection furnace and heating tape, respectively. The area adjacent to the heated area of the bars was
cooled to prevent any temperature effects on thewaves. For probing the texture evolution at different intermediate strains for
dynamic compression experiments, ring spacers with specific thickness around the specimen were used to interrupt the
experiment at a particular strain similar to Huskins et al. (2010) and Kabirian et al. (2015).
2.4. Plastic anisotropy

The Lankford coefficient (r-value) was used to measure plastic anisotropy. By convention, r-value measurements are
performed at an intermediate strain or up to uniform elongation. However, magnesium alloys typically exhibit an r-value that
evolves with increasing plastic deformation as a result of evolving crystallographic texture (Andar et al., 2012; Lou et al.,
2007). Some authors have reported diffuse necking within magnesium alloys (Atwell et al., 2012; Kang et al., 2013;
Muhammad et al., 2015). Kang et al. (2013) used digital image correlation to measure the r-value post necking and sug-
gested that the r-value should be measured at a single point rather than over the entire gage length because of both inho-
mogeneous deformation and diffuse necking that is present during deformation. Therefore, in this study, the r-value was
measured at different locations before and after necking. The experiments for the r-value measurement in tension were
conducted as a sequence of loading and then unloading. Subsequently, the length, width and thickness weremeasured at four
different marked locations within the gage section using a digital micrometer and caliper. The resulting strain in the width,
thickness and gage length was calculated. Assuming isochoric deformation (no volume change), the axial strain at each of the
four locations was calculated using strains in the width and thickness directions, and compared to measured axial strain to
validate the accuracy of the measurements.

The cumulative r-value in tension was calculated as:

rTensile ¼
ε
pl
w

ε
pl
t

(1)

where εplw and ε
pl
t are true plastic strain in thewidth and thickness, respectively. The calculated andmeasured gage length axial

strain and the r-value at four different locations should be the same up to necking within the accuracy of the measurement
tool. After necking both the calculated and measured gage length strain and the r-value at four different locations starts to
vary due to non-uniform elongation throughout the gage section. However, it should be noted that as the post necking
elongation becomes non-uniform across the gage length, the strain rate within the necking region increases accompanied by
a commensurate decrease in strain rate outside the necking region. This method works well for ZEK100 since the through-
thickness strain is large enough to be measured with a digital micrometer (Accuracy of ±0.001 mm). The same sample was
then reloaded to the subsequent plastic strain and the procedure was applied again.

Similarly, the r-value in compression was calculated using measurements of the length and width for the RD, DD and TD.
The cumulative r-value in compression was calculated as:

rCompressive ¼
ε
pl
w

�
�
ε
pl
l þ ε

pl
w

� (2)

where ε
pl
w and ε

pl
l are true plastic strain in the width and length, respectively.
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2.5. Texture measurements

Neutron diffraction texture measurements were performed at the Center of Neutron Research, National Institute of
Standard and Technology (NIST), Maryland, USA. A description of the texture measurement technique is given in Khan et al.
(2011). Using the MTEX algorithm developed by Hielscher and Schaeben (2008), the orientation distribution function (ODF)
was calculated using five ({0002}, {1010}, {1011}, {1122}, and {2021}) and three ({0002}, {1010}, and {1011}) measured poles
for compression and tension, respectively, which was then used to recalculate the pole figures.

3. Modeling

Details of the reduced-order, crystallographic constitutive model used in this work are presented elsewhere (Becker and
Lloyd, 2016), and has been shown to reproduce the mechanical behavior of magnesium alloys AZ31B and AMX602 (Becker
and Lloyd, 2016; Meredith et al., 2016). The model employs the following assumptions for computational efficiency and
numerical robustness: twinning is crystallographic but reorientation effects are not included; basal slip is crystallographic but
approximated as a single aggregate slip system that acts in the direction of maximum resolved shear stress in the basal plane,
denoted bsbas; and the combination of prismatic <a> and pyramidal <cþa> slip are aggregated into a single, isotropic
deformation mechanism (Becker and Lloyd, 2016; Lloyd and Becker, 2016; Meredith et al., 2016), denoted εnb, and hereafter
referred to as “non-basal slip”. It should be noted that the inclusion of a rate and temperature dependent isotropic defor-
mation component within a plasticity framework has been used in literature as well (Khan et al., 2015; Knezevic et al., 2013;
Staroselsky and Anand, 2003). The velocity gradient associated with these approximations is given as:

LP ¼
X6

a¼1
_gatwin

�
satwin5ma

twin
�þ _gbasðbsbas5mbasÞ þ _εnb

3s0

2svm
(3)
As in prior works, basal <a> slip and twinning are assumed to be rate-independent, and modeled using Voce and linear
hardening, respectively

tbas ¼ t0;bas þ t∞bas

"
1� exp

 
�hbasgbas

t∞bas

!#
(4)

tatwin ¼ t0;twin þ htwing
tot
twin (5)

where tbas and tatwin are the flow strengths for basal slip and twinning, respectively, and other terms are material parameters.
It is well known that pyramidal-prismatic components of the deformation are temperature and strain rate dependent (Akhtar,
1975; Akhtar and Teghtsoonian, 1969b; Bhattacharyya et al., 2016; Flynn et al., 1961; Ulacia et al., 2010). Therefore, the
hardening law for non-basal slip can be modeled using traditional isotropic constitutive hardening models such as Johnson
and Cook (1983) and Zerilli and Armstrong (1987). As discussed later sections, tension in the RD is predominantly deformed
by non-basal slip and thus, the tension results in RD are used to model the strength and hardening behavior of non-basal slip.
However, both the Johnson-Cook and Zerilli-Armstrong models are unable to model the RD tension response at different
temperatures and strain rates with a single set of constants.

The KHL model proposed by Khan and Liang (1999) has been subjected to many modifications over the years. Recently
Kabirian et al. (2014) has modified and incorporated a rate insensitivity term to incorporate negative rate sensitivity of
aluminum alloy, 5182-O, sheet up to a threshold strain rate and threshold temperature with great success. Consequently, to
accommodate the thermo-mechanical response of ZEK100, similar form of the Kabirian et al. (2014) model is utilized to
model the increase in strain rate sensitivity as the temperature increases and capture the decrease in flow stress at elevated
temperatures. To rationalize this difference in flow stress, the negative strain rate sensitivity term in Kabirian et al. (2014),
4ð_εp; TÞ=ð1þ ��4ð _εp; TÞ��Þ, was set to one. With the negative strain rate sensitivity term set to one, the model correlated to the
experimental data successfully; however, the expðC1 _εnb= _ε

�Þ term results in very high stress and divergence of the data at very
high strain rates. By replacing the exponential rate dependent term with a logistic function, the data converges as the strain
rate is increased. The following equation is capable of predicting the rate and temperature dependent flow stress of ZEK100
during deformation mode that is mediated by non-basal slip:
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where svm, εnb and _εnb are the flow stress, the current plastic strain and the current plastic strain rate of non-basal slip,
respectively. T, Tm and Tr are the current, melting and reference temperature, respectively. Dp is an arbitrary maximum strain
rate and _ε* is the reference strain rate at which the strain rate effect term reduces to unity. Other terms not discussed are
material parameters. It is important to note, once Eq. (6) is correlated to the tension loading in the RD to determine material
constants, the material parameters in Eq. (6) remain unchanged, other than the constant F, during the modeling of basal <a>
slip and extension twinning.

Even if the n2 exponent is set to one, the correlation of themodel and experimental results are reasonable. However, the n2
exponent allows for modeling specific material response at high strain rates. The specific values of material constants for
ZEK100 are included in Table 1. One representative set of material constants was used for all correlations and predictions. In
order to better visualize the stress during the deformation mode that is mediated by non-basal slip, a plot is shown in Fig. 3,
describing the Von Mises equivalent stress for non-basal slip, as a function of strain rate at 22 �C and 150 �C and at strains of
0% and 5% when total twinning shear strain is zero.

The model was implemented as a local Abaqus UMAT. The simulations contained approximately 300 grains and 1400 fully
integrated hexahedral elements (C3D8). Representative polycrystalline microstructures were instantiated using a voxelated
Voronoi tessellation, where grain orientations were sampled based on the experimentally measured pole figures.

4. Results and discussion

4.1. Initial micrograph and crystallographic texture

The microstructure of the as-received ZEK100 sheet is shown in Fig. 4. The grain structure consists of noticeable large
grains and smaller recrystallized grains. Several grains contain partially twinned regions as a result of the plastic deformation
during the rolling process and the absence of full recrystallization. Fig. 5 shows the as-received (0002) and (1010) pole figure
and the average intensity in multiples of random distribution (mrd) from the basal texture as a function of tilt angle from the
ND in both the RD and TD. Themaximum basal fiber texture are aligned ±35e40� tilt from the ND to the TD at 3.26mrdwith a
wide spread of basal pole in the TD from the ND. The prismatic pole intensity is highly aligned in the RD without a 6-fold
symmetry about the ND, due to the wide spread of basal poles in the TD from the ND.

4.2. Effects of the loading direction on the mechanical behavior

4.2.1. Yield stress, flow behavior and strain rate sensitivity
Figs. 6e9 shows the mechanical response of ZEK100 under uniaxial tension and compression at 22 �C and 150 �C, and at

different strain rates for the RD, DD, TD and ND. The relatedmechanical properties for the RD, DD, TD and ND are summarized
in Table 2. It should be noted that even though the 0.2% yield stress at dynamic strain rates wasmeasured, the yield stress is an
approximation since equilibrium of stress throughout the test sample requires several reverberations of the stress waves to
achieve uniform deformation and for the wave analysis to be valid. Nonetheless, the tensile response of ZEK100 exhibits
stronger yield anisotropy than the conventional magnesium alloy AZ31 (Khan et al., 2011). The tensile yield strength is the
Table 1
Material parameters used for the reduced-order crystal model of ZEK100.

Parameter Value Units

t0;bas 40 MPa
t∞bas 10 MPa
hbas 5*103 MPa
t0;twin 30 MPa
htwin 10 MPa
A 239 MPa
B 175 MPa
C 2 e

C1 8*10�3 e

D 2.75 e

F 750 MPa
K 60 s
_ε� 1 s�1

Dp 109 s�1

m1 2.7 e

m2 ¼ m3 1 e

no 0.33 e

n1 �0.37 e

n2 1.3 e

Tr 295 K
Tm 873 K
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Fig. 3. Von Mises equivalent stress for non-basal slip as a function of strain rate at 22 �C and 150 �C and at 0% and 5% plastic strain when total twinning shear
strain is zero.

Fig. 4. Optical micrograph of magnesium alloy sheet, ZEK100.
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largest in the RD and decreases with a change in loading direction to the TD. The anisotropic response is due to the different
active deformation mechanisms, specifically the wide spread of the basal pole intensity in the TD from the ND, which will be
discussed in detail within Section 4.3e4.4. The stress-strain curves in tension in the RD (Fig. 6) display positive strain rate
sensitivity during plastic yielding at both temperatures, resembling the characteristic of rate dependent dislocation slip
activity, similar to BCC materials. Unlike tension loading in the RD, it was observed that the tensile yield stress in the DD and
TD at 22 �Cwas strain rate insensitive during the quasi-static loading with slight (~10e15MPa, though it is an approximation)
differences from quasi-static to dynamic loading. The yield strength rate insensitivity is a characteristic of rate independent
basal <a> slip and extension twinning. While the tensile yield stress is strain rate insensitive in the DD and TD at 22 �C,
increasing the temperature to 150 �C results in positive strain rate sensitivity.

The strain hardening response in tension along all direction, and at both temperatures is parabolic. To characterize
hardening response, strain-hardening exponent was defined using the power law relationship (Hollomon, 1945):

s ¼ kεnp (7)

where the k is the strength coefficient, n is the strain-hardening exponent and εp is the true plastic strain up to uniform
elongation. Clearly, as the strain hardening of thematerial increases, the strain-hardening exponent also increases. The strain-



Fig. 5. (a) (0002) and (1010) pole figure and (b) average intensity (in multiples of random distribution or MRD) from (0002) pole figure as a function of tilt from
the normal direction in the rolling (RD) and transverse direction (TD).

Fig. 6. True stressestrain behaviors in tension and compression along the rolling direction at 22 �C and 150 �C and at different strain rates.
hardening exponents at 22 �C for RD, DD and TD are ~0.05e0.07, ~0.13e0.20 and ~0.2e0.25, respectively, which increase as
the strain rate increases. The hardening rate at 150 �C decreases compared to that at 22 �C; the strain hardening exponents at



Fig. 7. True stressestrain behaviors in tension and compression along the diagonal direction at 22 �C and 150 �C and at different strain rates.
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150 �C in the RD, DD and TD are ~0.03e0.09, ~0.05e0.15 and ~0.04e0.18, respectively. Although, the strain hardening
exponent fits the data well, the strain hardening at 22 �C in the DD and TD did not follow a typical power law hardening
behavior. Similar to Bohlen et al. (2007), there is a greater difference in flow stress between the RD and DD than the TD and
DD, where the wide spread of basal poles in the TD governs this behavior. Nonetheless, for tension experiment in the DD, it
was observed that the angle between the loading axis and the RD (initially 45�) decreases as the plastic strain increases. The
change in angle was macroscopically measured between the rolling residual marks and the loading axis. At 18.2% plastic
strain, the angle between the loading axis and the RD decreases to 37� whereas the decrease in angle is approximately linear
with plastic strain at the strain rate of 10�4 s�1 and at room temperature. This behavior can be attributed to the significantly
different basal pole distribution in the RD and in the TD (Fig. 5) resulting in a rotation of these axes to favor specific defor-
mation mechanisms. The rotation of the textured axes with respect to the loading axis has been shown for other materials
such as aluminum and steel (Bunge and Nielsen, 1997; Duchene et al., 2008; Kim and Yin, 1997). This accentuates the
importance of plastic spin during plastic deformation and its importance within a modeling framework for magnesium and
its alloys (e.g. Han et al., 2002; L�evesque et al., 2010).

The symbols of “x”within tension figures (Figs. 6e8) represent the onset of plastic instability. Necking and facture strains
were not measured in tension along the TD and DD at dynamic strain rates due to the time duration and magnitude of the
incident wave. Nonetheless, the uniform deformation decreases at 22 �C and increases at 150 �C as the strain rate increases.



Fig. 8. True stressestrain behaviors in tension and compression along the transverse direction at 22 �C and 150 �C and at different strain rates.
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While the uniform ductility in the TD and DD are similar, the ductility in the RD is significantly less than in the TD and DD. This
behavior can be rationalized by the strain hardening exponent in each direction. As Ghosh (1977) has stated, strain hardening
is important in the distribution of strain prior to the onset of diffuse necking. It has been shown that the strain-hardening
exponent can be approximated as the strain at the ultimate tensile strength (Dieter, 1986; Hollomon, 1945). Therefore, the
lower uniform strain in the RD can be attributed to the low value of strain hardening exponent and thus early unset of tensile
instability (Dieter, 1986; Ghosh, 1977). Following uniform elongation, large diffuse necking was observed, followed by
localized plastic deformation. At 22 �C, ductility increases as the strain rate decreases. It should be noted, the ductility of
ZEK100 was considerably reduced and the samples exhibited sudden fracture from the residual manufacturing rolling marks,
specifically in the DD and TD as the strain rate increases. An increase in ductility was observed when the rollingmarks and the
surface imperfections were removed by light sanding. Similarly on AZ31, Agnew and Duygulu (2005) reported similar sudden
fracture on samples with gage length scribes.

Even though plastic instability begins at a relatively small percent plastic strain of ~2e3% at strain rate of 10�4 s�1 and
150 �C, failure strain is 35e45%. It is observed that large diffused necking is favored for increased elongation to fracture.
However, at 150 �C, the ductility is the largest at the strain rate of 10�2 s�1. Inherently, an increase in strain rate sensitivity
from 22 �C to 150 �C is observed from the stress-strain figures. Therefore, the strain rate sensitivity was modeled using power
law and quantified using the following equation:



Fig. 9. True stressestrain behaviors in compression along the normal direction at 22 �C and 150 �C and at different strain rates.

Table 2
Mechanical properties at 22 �C and 150 �C in the rolling (RD), diagonal (DD), transverse (TD) and normal direction (ND).

22 �C 150 �C

Direction Strain Rate (s�1) 0.2% CYS
(MPa)

0.2% TYS
(MPa)

Uniform Strain
(m/m)

UTS (MPa) 0.2% CYS
(MPa)

0.2% TYS
(MPa)

Uniform Strain
(m/m)

UTS (MPa)

RD 10e4 143 194 0.088 242 109 111 0.028 122
10e2 144 213 0.073 264 113 148 0.043 159
100 140 240 0.062 288 118 191 0.044 206
DYN 145 275 0.055 335 129 205 0.053 270

DD 10e4 128 132 0.200 213 84 82 0.020 102
10e2 126 135 0.180 237 108 100 0.070 132
100 127 140 0.134 252 105 121 0.140 177
DYN 120 151 e e 112 143 e e

TD 10e4 119 120 0.220 218 84 86 0.030 105
10e2 120 123 0.205 239 102 107 0.126 137
100 118 121 0.180 251 109 125 0.155 180
DYN 120 134 e e 113 125 e e

ND 10e4 127 90
10e2 139 115
100 140 118
DYN 135 135

Note: All values are from engineering stress-strain curves.
CYS, Compressive yield stress; TYS, Tensile yield stress; UTS, Ultimate tensile strength.
DYN: 6x102 s-1 for tension; 3x103 s-1 for compression.
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m ¼ vlns
vln _ε

(8)

where m is the strain rate sensitivity parameter evaluated from constant strain rate experiments, s is the flow stress as a
function of true strain, and _ε is the strain rate. Ideally, a strain rate jump experiment should be utilized to measure strain rate
sensitivity. However, in this case, measurement of strain rate sensitivity using strain rate jump can be erroneous as texture
evolution due to mechanical twinning and crystallographic slip is a function of strain and strain rate. For each direction and
temperature, separate m values were calculated at different true strain values every 2.5% strain in tension up to the onset of
plastic instability. At 150 �C, the strain rate sensitivity parameter calculation at 2.5% true strain includes all strain rates;
however, at 5% true strain and thereafter, the strain rate sensitivity parameter calculation excludes the strain rate of 10�4 s�1

due to the onset of plastic instability at ~2.5% true strain. Fig. 10 shows strain rate sensitivity as a function of true strain in



Fig. 10. Strain rate sensitivity in tension at 22 �C and 150 �C along the RD, DD and TD.
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tension at 22 �C and 150 �C in the RD, DD and TD. In all directions and at all temperatures, positive strain rate sensitivity was
observed at all levels of plastic strain. The strain rate sensitivity of ZEK100 is greater at 150 �C than at 22 �C. Ghosh (1977) has
pointed out that strain rate sensitivity is an important parameter for diffuse and localized necking. Once the material exhibits
post necking deformation, as has been mentioned before, there is an increase in strain rate within the necking region and a
commensurate decrease in strain rate outside the necking region. As a result of positive strain rate sensitivity, there is an
increase in strength within the necked region, and a decrease in strength outside the necking region. This corresponds to a
broad diffused necking region and the delay of the onset of localized necking, and thus large post necking strain (Ghosh,
1977). As mentioned above, diffuse necking was observed at 22 �C, which was amplified at 150 �C. Therefore, the large
diffuse necking can be attributed to the increase in work hardening rate as strain rate increases and the increased strain rate
sensitivity of the material at elevated temperatures. Nonetheless, at 150 �C, 10�2 s�1 strain rate tends to results in optimum
strain hardening and strain rate sensitivity to achieve the maximum percent elongation regardless of direction.

In compression (Figs. 6e9), the yield stress at 22 �C is approximately rate insensitive in all directions (Table 2). It should be
noted that all compression experiments in the RD, DD, and TD were interrupted at any sign of failure due to buckling, and
therefore, a complete stress-strain curves up to fracture were unattainable. For compressive loading in the ND, stress-strain
data at 22 �C was strained to failure, while stress-strain data at 150 �C was stopped after a decrease in stress that might be
attributed to thermal softening, barreling and/or the interaction between the sheets. Comparing the yield stress in
compression to tension, small to no differences in the TD and DD, and greater difference in the RD (~50e130MPa) is observed
at 22 �C. Compression results in the DD and TD at 150 �C showed a big difference in strain rate sensitivity at yield from strain
rate of 10�4 to 10�2 s�1 and small differences from 10�2 s�1 to dynamic strain rate. In contrast, compression in the RD at 150 �C
resulted in a steady but small increase in yield strength as strain rate increases.

In compression, unlike tension, the material shows a sigmoidal hardening indicative of twinning activity in all directions.
Sigmoidal hardening was most prominent in the RD, indicating greater activity of twinning. The weaker sigmoid shape
hardening in the other direction is a characteristic sign of increased dislocation slip activity. Sigmoid hardening evolution is
also more pronounced as strain rate increases at both 22 �C and 150 �C. Moreover, at quasi-static loading and 22 �C, minimum
difference is present as the strain rate increases in the RD, DD and TD. However, when comparing quasi-static to dynamic
strain rates, an increase in flow stress is observed after 3% strain in the RD, DD and TD. This is not seen for AZ31, where
significant strain rate sensitivity was present directly after yielding at dynamic strain rate compared to quasi-static strain
rates (Kabirian et al., 2015; Pandey et al., 2015). Similar to ZEK100, Prasad et al. (2014) showed that in case of magnesium alloy
ZK60, the flow stress is insensitive to strain rate at small strains when the plastic deformationwasmediated by both extension
twinning and basal slip. While at larger strains, the flow stress was rate dependent, when comparing quasi-static to dynamics
strain rates. Although the study did not focus on any texture based analyses, they attributed the increase in strain hardening
to the increase in activity of twinning as the strain rate increases. As described in the following sub-sections, the increase in
strain hardening for ZEK100 can be attributed to an increase in strength of the active non-basal slip mechanisms from quasi-
static to dynamic loading (Bhattacharyya et al., 2016; Ulacia et al., 2010). Unlike at 22 �C, at 150 �C, positive strain rate
sensitivity is present at all plastic strain in all directions. On the other hand, loading in the ND shows a similar high hardening
with positive strain rate sensitivity directly after yielding at both 22 �C and 150 �C. Because no buckling occurred during
compression loading along the ND, the response up to a larger plastic strain was measured. The flow stress was measured



S.A. Habib et al. / International Journal of Plasticity 95 (2017) 163e190 177
reaching a plateau before fracture at quasi-static strain rates and 22 �C. However, at 150 �C the material reaches a different
plateau that increases as strain rate increases. Furthermore, compression in all directions at dynamic strain rates and 150 �C
results in similar flow stress to that at quasi-static strain rates and 22 �C.

4.2.2. Anisotropic response
Fig. 11 shows the variation of cumulative r-value for loading along the RD, DD and TD in tension and compression, at both

22 �C and 150 �C, and at strain rates of 10�4 and 3� 103 s�1. The same open symbols at each temperature in tension represent
the calculated r-value at four different marked locations within the gage section at a specific strain. Each of the four same
symbols corresponds to a different calculated plastic strain where the strains in the width and thickness were used to
Fig. 11. Cumulative r-value as a function of plastic strain for loading along the RD, DD and TD in tension and compression at both 22 �C and 150 �C and at strain
rate of 10�4 and 3 � 103 s�1; true plastic strain in tension is calculated at a point through incompressibility with a comparison of gage length strain within the
subfigures.
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calculate the axial strain. Within Fig. 11, the reader can compare the gage length strain to that of the calculated strain at four
different marked locations. The measured gage length axial strains are consistent with the calculated axial strain at the four
different marked locations up to the onset of plastic instability; the post necking strains and their corresponding r-value are
marked within the subfigure.

Consistent with other results on ZEK100 sheets in literature, the r-value increases with increasing plastic strain in both
tension and compression (Kurukuri et al., 2014; Muhammad et al., 2015). For loading along the RD, the r-value in tension and
compression are similar at the strain rate of 10�4 s�1 and 22 �C even though different deformation mechanisms are active.
However, the r-value for the DD and TD in tension and compression show greater differences. The r-value in the DD is greater
than 1 in tension unlike the values for loading in the RD and TD. On the other hand, the r-value in compression is the highest
in the RD and it decreases as the loading axis is rotated to the TD. At 150 �C in the RD, DD and TD in tension, the r-value at ~5%
plastic strain is either greater or the same as the value at 22 �C. At 150 �C and ~5% plastic strain, a large r-value variation
throughout the gage length is observed in the RD which was not seen in the DD and TD; this can be associated with the low
strain hardening in the RD as mentioned before. Consistent with results on AZ31 sheet, ZEK100 exhibits a decrease in r-value
as the temperature increase to 150 �C (Agnew and Duygulu, 2005). Nonetheless, the r-value for compression in all directions
decreases as the strain rate increases from 10�4 to 3 � 103 s�1. As the temperature increases to 150 �C, the r-value at 3 � 103

s�1 increases and it increases to the r-value at 10�4 s�1 and 22 �C. These aforementioned characteristics will be further
discussed in section 4.4.4.

Similar to r-value calculations, the relationship between true lateral plastic strain in the TD and RD as a function of true
compressive strain in the ND was measured and shown in Fig. 12. The lateral strains in the RD and TD are significantly
different for a given axial strain. The relationship between the strain in the TD and the RD is approximately linear for a given
axial strain, where the ratio of strain in the TD to the RD is ~2.6.
4.3. Texture evolution

4.3.1. Loading along the RD
Deformation by twinning does not only have an impact on the high strain hardening response but also on texture

development. When extension twinning is active, tension along the c-axis results in crystal reorientation of ~86� on {1012}
planes in the <1011> direction. Extension twinning can result via two separate loading conditions: compression loading
perpendicular to c-axis resulting in c-axis extension in the lateral directions, or by direct tension along the c-axis. Even though
both conditions cause extension twinning, the texture evolution in each case can be quite different (Hong et al., 2010). Using
the initial measured pole figures, it is possible to express qualitatively how the initial grain orientations favor certain
deformation mechanisms. During compressive loading, extension twinning will be favorable oriented when the loading
direction is perpendicular to the c-axis (Hong et al., 2010). According to the Schmid factor analysis by Nan et al. (2012), for
grains to be favorably oriented for non-basal <a> slip, the c-axis of the grains should be oriented 70e90� from the loading axis
and a decrease in the Schmid factor as the angle decreases. On the other hand, for pyramidal <cþa> slip to be favorably
oriented, the c-axis of the crystal should be oriented 10� and/or 80� from the loading direction to have the highest Schmid
factor. For basal <a> slip to be favorably oriented, the c-axis should be 45� from the loading direction; however, as a result of
low CRSS of basal <a> slip, crystal orientation deviation of the optimum 45� can results in high activity (Nan et al., 2012).
While both non-basal<a> and pyramidal <cþa>might be favorably oriented, their high CRSS, specifically at 22 �C, will hinder
their activity in favor for both basal <a> slip and extension twinning (Bohlen et al., 2007; Chapuis and Driver, 2011).
Fig. 12. True lateral plastic strain in the transverse and the rolling direction as a function of true compressive strain in the normal direction (ND).
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Compression loading along the RD shows orientation preference for extension twinning and non-basal slip (Fig. 5). Even
though crystal orientation is not favored for basal <a> slip, as mentioned above, the low CRSS value of basal <a> slip can
suggests some activity. Fig. 13 shows the texture evolution of the measured (0002) and (1010) pole figures at the strain rates
of 10�4 and 3 � 103 s�1 at 22 �C and 150 �C along the RD in tension and compression. It can be observed from the pole figures
that crystal reorientation is present when the sample is compressed to 2% plastic strain in the RD at the strain rate of 10�4 s�1,
signifying high activity of extension twinning in the early stage of deformation. As mentioned in Section 4.2.1, the yield stress
in compression along the RD at 22 �C is approximately rate insensitive at all strain rates. Both extension twinning and basal
<a> slip have been shown to be approximately rate insensitive by several researchers (Akhtar and Teghtsoonian, 1969a;
Brown et al., 2012; Kabirian et al., 2015; Meyers et al., 2001; Ulacia et al., 2010). Therefore, the corresponding initial yield
point at 22 �C and at both quasi-static and dynamic strain rates is attributed to both extension twinning and basal <a> slip.

When comparing stress-strain curves at quasiestatic and dynamic strain rates, an increase in flow stress is present past 3%
strain. Thus, one would expect the (0002) pole intensity in the RD to significantly increase as the strain rate increases from
crystal reorientation due to the increase in extension twinning activity at 5% and 10% plastic strain, as shown for AZ31
(Dudamell et al., 2011; Kabirian et al., 2015). However, at 5% plastic strain, the pole figures show minimum differences be-
tween the two strain rates. The texture results suggest that relatively similar activity of extension twinning between the two
strain rates is present. Interestingly, the initial maximum (1010) intensity oriented in the RD does not translate into (1010)
intensity in the ND following crystal reorientation from extension twinning as one would expect (Hong et al., 2010). Initially,
the (1010) pole intensity in the RD does not showa 6-fold symmetry radially about the ND due to thewide (0002) pole spread
from the ND to the TD. Therefore, after deformation due to extension twinning and lattice spin, the (1010) pole intensity
reorients to the TD with poles in a 60� increments and widely spread radially about the loading axis. Similar to 5% plastic
strain, at 10% plastic strain, there are minimum differences in the pole figures between the two strain rates. This suggests the
increase in flow stress might not be owing to a significant increase in extension twinning activity. The increase in flow stress
will be discussed later in Section 4.4.

At the strain rate of 10�4 s�1 and 150 �C, no sign of crystal reorientation is present, signifying approximately no extension
twinning activity up to 5% strain, unlike that for extruded AZ31, where significant crystal reorientation is still present at 150 �C
Fig. 13. Texture evolution of measured (0002) and (1010) pole figure at strain rates of 10�4 and 3 � 103 s�1 at 22 �C and 150 �C along the RD in tension and
compression.
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(Kabirian et al., 2015). The maximum (0002) pole intensity decreases but that can be associated with lattice rotation. This is
not to say that no twinning is present, specifically after 5% plastic strain. Asmentioned before, experiments at the strain rate of
10�4 s�1 and 150 �C in the RD after 5% plastic strain were unattainable due to buckling of the specimen. Nonetheless, the
initial yield stress increases as the strain rate increase from 10�4 to 3 � 103 s�1 at 150 �C. This can be rationalized by the
thermally activated non-basal slip. As the temperature increases, the CRSS of non-basal slip decreases. However, as the strain
rate increases, the CRSS of the non-basal slip increases. Hence, at the strain rate of 3 � 103 s�1 and 150 �C at 5% strain, sig-
nificant crystal reorientation is present, similar to what is observed at 22 �C. This is consistent with the stress-strain data, the
flow stress at 150 �C and 3 � 103 s�1 is similar to that at 22 �C and quasi-static strain rates, which suggest similar active
deformation mechanisms.

Unlike compression in the RD, the texture pole figures in tension in the RD do not show crystal reorientation from
extension twinning. Initially, non-basal slip is favorably oriented in combination with basal <a> slip. At 10% plastic strain in
tension along the RD, an increase in intensity for (1010) orientation can be seen. Ulacia et al. (2010) showed that the main
deformation mechanism in tension of rolled AZ31 is prismatic <a> slip. This leads to the alignment of (1010) intensity in the
tensile direction and a spread of basal pole perpendicular to the tensile axis; a similar trend is observed for ZEK100. The
(1010) pole intensity increased in the RD and the spread of (0002) poles became more compact radially around the RD.
Therefore, the main deformation mechanism, in addition to basal <a> slip, can be associated with prismatic <a> slip. Even
though the (1010) maximum pole intensity is in the RD, the typical 6-fold symmetry is not existent due to the double peaks
and the wide spread of (0002) poles in the TD from the ND.

4.3.2. Loading along the TD
In contrast to loading in the RD, loading in the TD contributes to different activities ofslip and extension twinning.

Compression along the TD does not favor similar volume of grains oriented for extension twinning as in compression in the
RD. The initial grains that favor extension twinning are those whose basal poles are perpendicular to the compressive loading
direction, which are all grains with c-axis aligned from the ND to the RD. The initial crystal orientations are also highly
oriented for both basal <a> slip, as the loading axis is±55� from themaximumpeak intensity and for non-basal slip due to the
wide verity of grain orientation from the loading direction to the ND.

Fig.14 shows the texture evolution of measured (0002) and (1010) pole figures at the strain rates of 10�4 and 3�103 s�1, at
22 �C and 150 �C along the TD in tension and compression. Crystal reorientation can be observed at 2%, 5% and 10% plastic
strains at 22 �C and the strain rate of 10�4 s�1, which is progressive with strain. Even though crystal orientation is highly
favored for slip mechanisms, the rate insensitivity of the yield strength at 22 �C and crystal reorientation at 2% plastic strain
suggests that the initial yielding is governed by basal <a> slip and extension twinning. Although the compressive yield
strength in both the RD and TD aremediated by extension twinning and basal <a> slip, compressive yield strength in the RD is
greater than in the TD. The decrease in yield strength in compression along the TD can be attributed to the increased activity
of basal <a> slip in the TD.

Comparable to compressive loading in the RD, an increase in flow stress as the strain rate increases is observed after 3%
strain. In addition to RD, when comparing the strain rate of 10�4 to 3�103 s�1 at 5% and 10% true plastic strains, similar (0002)
pole intensity suggesting similar activity of crystal reorientation. Nonetheless, Hong et al. (2010) showed that loading a crystal
along the a-axis can contribute to two different but equal extension twin variants resulting in a crystal reorientation of the c-
axis from perpendicular to the loading axis to±30� from the loading axis towards the orthogonal axis. Similarly, the loading in
the TD produced different twin variants that results in (0002) poles that are distributed about the loading axis of ~30�. After
deformation, the maximum (1010) pole intensity is still in the RD with majority of the (1010) poles radially around the
loading axis. The maximum (0002) pole intensity is located approximately ±10� from the TD towards the ND. As mentioned
above, a ±10� basal pole tilt from the loading axis corresponds to highly favorable Schmid orientation for pyramidal <cþa>. A
±10� tilt from the loading axis (TD) to the ND is noticeable at 5% and 10% plastic strain and therefore signifying activity of
pyramidal <cþa> slip.

Comparing the stress-strain results and the texture evolution due to extension twinning at 22 �C between RD and TD, it
can be assumed that no extension twinning up to 5% strain is present at the strain rate of 10�4 s�1 and 150 �C in compression
in the TD. Conversely, when comparing the pole figures at the strain rates of 3�103 s�1 at 22 �C and 150 �C, the texture results
shows similar amount of crystal reorientation signifying similar activity of extension twinning, similar to compression in the
RD.

Furthermore, tension along the TD also favors extension twinning. The grains that are favorably oriented for extension
twinning are the grains with the (0002) pole in the TD resulting in direct extension of the c-axis. On the other hand, the active
slip mechanisms initially in tension are the same as those in compression. As mentioned above, the initial crystallographic
texture is favorable for both basal <a> and non-basal slip. Unlike loading in the RD, essentially no yield tension-compression
asymmetry and rate sensitivity are present for loading along the TD at 22 �C (Table 2). Therefore, similar deformation
mechanism should be active for both tension and compression in the TD at yield. Thus, the deformation mechanisms that
govern the yield strength are both basal <a> slip and extension twinning. At 5% plastic strain, crystal reorientation of the
(0002) poles from the TD to radially about the loading axis is observed. This reiterates the activity of extension twinning in the
initial phase of plastic deformation. Consequently, grain orientation for non-basal <a> slip increases while still accommo-
dating both basal <a> and pyramidal <cþa> slip systems. At 5% plastic strain, many of the favorably oriented grains for



Fig. 14. Texture evolution of measured (0002) and (1010) pole figure at strain rates of 10�4 and 3 � 103 s�1 at 22 �C and 150 �C along the TD in tension and
compression.
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extension twinning have undergone crystal reorientation. As plastic strain increases to 10%, additional reorientations of the c-
axis of the crystals are present from the TD to radially about the TD, which signifies additional extension twinning activity.
Even though the maximum (0002) pole intensity does not increase, this does not indicate that twinning is not accruing; some
of the (0002) poles of the twinned crystals reorient to the RD and thus, not contributing to the maximum pole intensity. By
10% plastic strain, the crystal orientations do not favor extension twinning; this is not to say that no twinning is present after
10% plastic strain. It can be seen that after crystal reorientation at 10% strain, the maximum (1010) pole intensity is in the TD,
which is favorable orientation for prismatic <a> slip. In addition, the wide spread of the basal pole from the ND towards TD
(up to ~50�) at 10% plastic strain suggests favorable orientations for both basal <a> and pyramidal <cþa> slips.

4.3.3. Compression in the ND
In the case of compression in the ND, the deformation mechanisms that are favorably oriented are basal and non-basal

slips while allowing for deformation by twinning, similar to tension loading in the TD. Initially, the maximum (0002) pole
intensity as mentioned above is ~35e40� from the ND to the TD resulting in high activity of basal <a> slip. Fig. 15 shows
texture evolution of measured (0002) and (1010) pole figures at the strain rates of 10�4 and 3 � 103 s�1 at 22 �C along the ND
in compression. The results show crystal reorientation of the (0002) pole from the TD to the ND due to extension twinning as
the plastic strain increases at both strain rates. Similar to compression loading in the other directions, the yield strength is rate
independent, which can be attributed to rate insensitivity of basal <a> slip and extension twinning. Similar to compression
along the RD and TD, minimal difference in the texture evolution between the two different strain rates is present. As the
plastic strain increase, there is an increase in the (0002) pole intensities from ~0 to 35� from the ND towards the TD, which
represent the grain orientation that is highly favored for a combination of basal <a> and pyramidal <cþa> slip.

4.4. Modeling

The anticipated use of the reduced-order plasticity model (Becker and Lloyd, 2016) is in engineering-scale problems. As
such, it sacrifices several mesoscopic crystallographic details unique to magnesium in favor of computational efficiency and
robustness. Themodeling results of this manuscript are intended to compliment the experimental analysis and to give insight



Fig. 15. Texture evolution of measured (0002) and (1010) pole figure at strain rates of 10�4 and 3 � 103 s�1 at 22 �C along the ND compression.
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in the roles of different deformation mechanism involved in the material behavior. From the data presented in this work, we
see negligible dependence of extension twinning on temperature. Although basal <a> slip may have a slight dependence on
temperature, it has a much lower CRSS than non-basal slip, and often precedes other deformation modes for all loading cases
considered. Therefore, for computational efficiency, we approximate both extension twinning and basal <a> slip as rate-
independent and athermal. It is important to reiterate that once Eq. (6) was correlated to the tension loading in the RD to
determine material constants, the material parameters in Eq. (6) were unchanged, other than the constant F, during the
modeling of basal <a> slip and extension twinning. In addition, a single set of parameters was used to model all the strain
rates and temperatures in tension and compression along the RD and TD.

4.4.1. Stress-strain responses
Figs. 16 and 17 show the simulated and experimental stress-strain curves at different strain rates and temperatures, in

tension and compression, for loading in the RD and TD, respectively. Similar toMeredith et al. (2016), themodel was unable to
capture the abrupt yield point and perfectly plastic response at low strains in compression at 22 �C when extension twinning
and basal <a> slip is the mediated deformation mechanism. However, with reasonable agreement, the model is able to
capture thework hardening, anisotropy and tension-compression asymmetry behavior of thematerial at different strain rates
and temperatures in the RD and TD.

4.4.2. Deformation mechanisms along the RD
The predicted relative activity of the deformation mechanisms for compression and tension loading in the RD, at different

strain rates and temperatures, are shown in Fig. 18. For compression loading in the RD at 22 �C, the model predicts that the
initial yield stress and flow stress up to ~5% strain is mediated by both extension twinning and basal <a> slip, hence the low/
plateau hardening response after yielding in the stress-strain curves (Fig. 6). Their low CRSS and rate insensitivity reiterates
the experimental result of the rate insensitivity of the yield strength in compression (Fig. 6) and the initial crystal reor-
ientation due to extension twinning at 2% plastic strain (Fig. 13). After ~5% strain, the relative activity of extension twinning
decreases and the non-basal slip activity increases, while the basal <a> slip activity stays relatively constant. As the strain rate
increases from 10�4 s�1 to 3�103 s�1, there is an increase in the activity of basal <a> slip and a decrease in the activity of non-
basal slip. After the reorientation of the crystal structure within the grains are slowly exhausted from extension twinning,
they become favorably oriented for compression along the c-axis. Therefore, the increase in non-basal slip activity as strain
increases can be attributed to an increase in the activity of pyramidal <cþa> slip (Dixit et al., 2015). However, unlike the rate
insensitivity of basal <a> slip and extension twinning, the CRSS of pyramidal <cþa> slip has been shown to be rate dependent
(Bhattacharyya et al., 2016; Ulacia et al., 2010). Consequently, as the strain rate increases, there is a decrease in pyramidal
<cþa> slip activity which allows for lower Schmid factor oriented grains for basal <a> slip to increase in activity. Similarly, it
has been reported that at high strain rates, long <a> dislocations were observed despite low Schmid factor for basal <a> slip,
which they attributed to the low CRSS of basal slip (Dixit et al., 2015).

Comparison of the yield strength of AZ31 sheet (Khan et al., 2011) to the yield strength of ZEK100 in compression along the
RD and TD, the yield strength of ZEK100 is greater than that of AZ31, signifying an increase in CRSS of both basal <a> slip and
extension twinning. This observation is consistent when comparing the CRSS of basal <a> slip and extension twinning of
AZ31 (Ardeljan et al., 2016a; Jain and Agnew, 2007; Kabirian et al., 2015) to what is predicted by the model for ZEK100. Some
authors reported that Nd containing Mg-1%Mn alloys exhibited an increase in CRSS of basal <a> slip, compared to con-
ventional magnesium alloys, resulting in enhancement of both twinning and non-basal slip (Dudamell et al., 2013; Herrera-
Solaz et al., 2014; Hidalgo-Manrique et al., 2013). This result is consistent with that from the present investigation; based on
themodeling results, the CRSS of basal<a> slip is greater than that of extension twinning by 10MPa. However, Dudamell et al.



Fig. 16. Experimental and simulated true stressestrain behaviors in tension and compression along the RD at 22 �C and 150 �C and different strain rates.
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(2013) reported there is a decrease in the CRSS of basal <a> slip as the strain rate increase as the strengthening effect of
intermetallic plates on prismatic plane and Nd atoms in solid solution on the basal planes becomes less effective. Similarly, the
model suggests that there is an increase in the activity of basal <a> slip at the consequence of the decrease in activity of non-
basal slip. Dudamell et al. (2013) also concluded an increase in the basal slip activity and a decrease in extension twinning
activity as the CRSS of basal slip decreases. In comparison to Dudamell et al. (2013), Asgari et al. (2014) also observed that the
activity of extension twinning decreases with an increase in strain rate. However, they attributed this to the possibility of
adiabatic deformation at high strain rates resulting in an increase in the pyramidal <cþa> slip activity. The experimental
texture evolution data in this study concludes minimum difference in the extension twinning activity as the strain rate in-
creases. On the contrary, comparing the simulated results performed on magnesium alloy WE43 at low and high strain rates
for sample loaded in compression in the RD and TD by Bhattacharyya et al. (2015), their results show a decrease in non-basal
slip and a small increase in extension twinning activity at small strains, and an increase in basal <a> slip activity along all
strain as the strain rate increases. The decrease in the non-basal slip and the increase in the basal slip are consistent with
ZEK100; however, it is difficult to say from the pole figures results for ZEK100, that an increase in extension twinning activity
is present at the two different strain rates measured. Nonetheless, the combination of the different constraints of the
aforementioned works could have an effect on the approximate indifference of texture evolution at the two opposite strain
rates.

As the temperature increases to 150 �C, compression in the RD results in a significant increase in non-basal slip activity at
low strain rates, similar to what has been observed by other authors (Akhtar and Teghtsoonian, 1969b; Obara et al., 1973;
Raeisinia et al., 2011). Even though the model predicts some activity of extension twinning at 150 �C and 10�4 s�1, no
large crystal rotation (~86�) due to extension twinning is observed in the texture evolution pole figure at 5% plastic strain
(Fig. 13). As the strain rate increases to 3 � 103 s�1, the non-basal slip activity decreases, while the basal <a> slip activity
increases. The influence of the strain rate sensitivity of the CRSS of non-basal slip explains the rate sensitivity of the yield
stress at 150 �C. At elevated temperature and low strain rates, dislocation recovery and overcoming thermal barriers, such as



Fig. 17. Experimental and simulated true stressestrain behaviors in tension and compression along the TD at 22 �C and 150 �C and different strain rates.
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precipitates and solutes, results in an increase in activity of non-basal slip. However, as the stain rate increases to 3�103 s�1 at
150 �C, the increase in activity of non-basal slip are reversed and hindered, resulting in similar deformation activity to that at
22 �C. The model was able to predict the similar flow stress and the relative activity of extension twinning at 150 �C and
3 � 103 s�1 to 22 �C and 10�4 s�1.

Unlike compression in the RD, tension in the RD at 22 �C results in a high relative activity of non-basal slip in combination
with basal slip. The active deformation mechanism can be attributed to prismatic <a> slip as the CRSS for pyramidal <cþa>
slip is typically greater (Bohlen et al., 2007; Ulacia et al., 2010). When the temperature increases to 150 �C, the relative activity
of non-basal slip increases and basal <a> slip decreases. Similar to loading in compression, as the strain rate increases, the
activity of non-basal slip decreases while the activity of basal <a> slip increases.

4.4.3. Deformation mechanisms along the TD
The predicted relative activity of the deformation mechanisms for compression and tension loading in the TD, at different

strain rates and temperatures, are shown in Fig. 19. The model predicts that the initial yield stress in the TD at 22 �C in
compression is due to both the basal slip and extension twinning. An increase in the activity of basal <a> slip and decrease in
the activity of extension twinning is observed when comparing the relative deformation activity of the compression loading
in the TD to the RD. The initial texture of the material is oriented such that there is a high orientation of grains for basal <a>
slip in both compression and tension loading in the TDwhen compared to the RD. Themodel was able to predict the increased
activity of basal <a> slip in the TDwhen compared to the RD, and hence the lower yield strength as discussed in Section 4.3.2.
Consistent with compression in the RD, the flow stress up to ~5% strain is mediated by basal <a> slip, extension twinning, and
then non-basal slip. Also, it can be observed there is an increase in the activity of non-basal slip at higher strains, and an
increase in the activity of basal <a> slip at high strain rates. Furthermore, compression in the TD at 150 �C, the model suggests
that the relative activity of basal <a> and non-basal slip to be favored at low strain rates. Similarly to compression loading in
the RD at 150 �C, as the strain rate increases to 3 � 103 s�1, the non-basal slip activity decreases while the basal <a> slip



Fig. 18. The predicted relative activity of the deformation mechanisms for compression and tension loading in the RD, at different strain rates and temperatures.
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activity increases, and the twin activity (up to ~5%) increases. The model was able to predict approximately similar relative
activity of extension twinning at the strain rate of 3 � 103 s�1 at 150 �C to that at 22 �C at both strain rates.

As explained in Section 4.3.2, tension loading in the TD, unlike tension in the RD, experiences crystal reorientation due to
extension twinning. The model is able to predict the high activity of both extension twinning and basal <a> slip at yielding.
On the other hand, as the strain rate increases, the non-basal slip activity decreases and the basal <a> slip activity increases, a
similar trend to compression in the TD. As the temperature increases, the model predicts a significant increase in the non-
basal slip activity when compared to tension loading at 22 �C, while the basal <a> slip activity decreases.

4.4.4. Anisotropic response
As mentioned before, the r-value at the strain rate of 3 � 103 s�1 was observed to be lower than that at 10�4 s�1 in

compression. Typically, low r-value in compression is due to extension twinning as a result of initial crystallographic texture,
e.g. magnesium alloy AZ31 with initial basal poles in the ND (Jain and Agnew, 2007). Therefore, the decrease in the r-value as
the strain rate increases would be a result of the increase in the activity of extension twinning, where the c-axis in the ND
reorients to the direction of loading during in-plane compression. However, as seen in the texture evolution Section 4.3 above
for ZEK100, minimum texture evolution due to extension twinning is present as the strain rate increases.

Fig. 20 shows the experimental and predicted r-value as a function of strain for loading along the RD and TD in tension and
compression at 22 �C and 150 �C and at the strain rate of 10�4 and 3 � 103 s�1. The predicted modeling results are consistent
with the experimental data; the model was able to capture the decrease in the r-value as the strain rate increases in
compression. The model predicts that as strain rate increases, there is an increase in the CRSS of non-basal slip and a decrease
in its activity while accommodating an increase in the activity of basal <a> slip. Initially, for compression in the RD and TD, the
basal pole tilt has the widest spread from the loading axis to the ND. Consequently, there is greater deformation in the
thickness direction than in the width from basal <a> slip and hence, a decrease in the r-value as the strain rate increases.
Comparatively, the r-value is significantly lower in the TD than in the RD at all strain rates. One reason for this can be due to
the greater spread of the basal poles from the TD to the ND, resulting in greater basal <a> slip activity when loading in the TD,



Fig. 19. The predicted relative activity of the deformation mechanisms for compression and tension loading in the TD, at different strain rates and temperatures.

Fig. 20. Experimental and predicted r-value as a function of strain for loading along the RD and TD in tension and compression at 22 �C and strain rate of 10�4 and
3 � 103 s�1.
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which allows for greater thickness strain (ND). This comparison is similar to what is seen in magnesium alloy AZ31 sheet at
quasi-static strain rates; the r-value is lower for loading in the direction of the maximum basal pole distribution, or loading in
the RD (Lou et al., 2007). Another reason for the lower r-value in the TD for ZEK100 is from extension twinning, which is
favored for a strain in the through thickness direction. In contrast, for loading in the RD, reorientation of the basal pole from
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extension twinning is present radially about the loading direction (RD). Nonetheless, comparing the compression r-value
results at the strain rate of 3 � 103 s�1 and 150 �C with that at the strain rate of 10�4 s�1 and 22 �C (Fig. 11), the r-value results
are similar, in addition to the similar stress-strain curves. Consequently, the expected deformationmechanisms, asmentioned
before, are expected to be similar; the model was able to predict similar relative activity of the different deformation
mechanisms.

Alternatively, the r-value in tension in the RD and TD correspond to different active deformation mechanisms. For AZ31
(sheet), the main deformation mechanism during in-plane tension is prismatic <a> slip resulting in a maximum prismatic
pole in the loading direction with a 6 fold symmetry about the ND after deformation (Atwell et al., 2012; Khan et al., 2011).
Analyzing the slip plane and direction, the resulting larger strain is in thewidth direction and hence the greater than 1 r-value
for AZ31. Even though the main contributor to plastic deformation can be attributed to prismatic <a> slip for ZEK100 in
tension for loading along the RD, the r-value is less than 1.While themaximumprismatic pole is in the RD, the basal pole tilt is
radial about the RD, with a great distribution of basal poles from the TD to the maximum intensity, located ~50� from TD
towards ND. As a result, there is more strain in the thickness than the width direction and thus an r-value less than 1. On the
other hand, the low r-value in tension in the TD is similar to that in compression in the TD; high activity of basal <a> slip
results in a larger strain in the ND and hence the low r-value. In addition, at larger strains, themaximumprismatic poles are in
the TD, which represents the characteristic of favoritism of prismatic <a> slip as the strain increases. Consequently, there is an
increase in strain in the width direction from prismatic <a> slip and hence the increase in the r-value as the strain increases.

Furthermore, when the material is loaded in compression in the ND, the resulting lateral strains in the RD and TD are
different, as shown in Fig. 12. During compression in the ND, grains with the basal pole orientation in the TD exhibit extension
of the c-axis and results in crystal reorientation of the c-axis to the ND (direction of loading) due to extension twinning and
thus, strain in the TD. In addition to extension twinning, crystal orientation is highly favored for basal <a> and pyramidal
<cþa> slips, where the slip direction also cause larger strain in the TD.
5. Summary and conclusions

Mechanical response andmodeling of magnesium alloy sheet, ZEK100, at quasi-static and dynamic strain rates, at different
temperatures and direction of loading were accomplished in this study. The results allow the following conclusions:

� Significant tension-compression asymmetry, specifically in the RD, was present at 22 �C. Increasing the temperature to
150 �C and decreasing the strain rate, reduced the tension-compression asymmetry.

� The difference in yield strength between tension and compression was the largest in RD and diminished with change in
orientation to the TD. The yield strength in compression in case of all directions, and tension in the TD and DD at 22 �C
were approximately rate insensitive. This was attributed to rate insensitivity of both basal <a> slip and extension twin-
ning. Increasing the temperature to 150 �C resulted in positive strain rate sensitivity at yield due to the increase in the
activity of non-basal slip.

� The texture evolution results revealed that compression along all directions resulted in crystal reorientation due to
extension twinning. Minimal differences at 22 �Cwere observedwhen comparing the pole figures at the strain rate of 10�4

s�1 to the ones at 3 � 103 s�1. While at the strain rate of 10�4 s�1 and 150 �C, there was no discernible crystal reorientation
up to the measured 5% plastic strain. Increasing the strain rate to 3 � 103 s�1 at 150 �C resulted in extension twinning
activity similar to that at 10�4 s�1 and 22 �C at 5% plastic strain. Themodel was able to predict relatively constant activity of
extension twinning as observed from the experimental results at both strain rates at 22 �C and at the strain rate of
3 � 103 s�1 at 150 �C.

� An increase in compressive flow stress from quasi-static to dynamic loading was observed at 22 �C after 3% plastic strain.
According to the results from themodel, it was due to the increase in strength of non-basal slipmechanism,which resulted
in a decrease in non-basal slip and an increase in the basal <a> slip activity.

� Even though no texture evolution due to extension twinning was observed for tension in the RD, texture evolution due to
extension twinning was present for tension in the TD. The results from the model suggested the main deformation
mechanisms for tension in the RD are basal and non-basal slip, while tension in the TD was a combination of all defor-
mation mechanisms.

� Variation in the r-value was observed at different strains, strain rates and temperatures. The r-value in tension in the RD
and TD was less than the unity at both 22 �C and 150 �C, while the r-value in DDwas greater than the unity. Increasing the
temperature under tension loading, resulted in a decrease in the r-value. On the other hand, in compression, a decrease in
r-value with increase in strain rate was observed, and according to the model, was attributed to an increase in basal <a>
slip and a decrease in non-basal slip.
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