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Abstract: Parsing the effect of slip-twin interactions on the strain rate and thermal sensitivities
of Magnesium (Mg) alloys has been a challenging endeavor for scientists preoccupied with the
mechanical behavior of hexagonal close-packed alloys, especially those with great latent economic
potential such as Mg. One of the main barriers is the travail entailed in fitting the various stress–strain
behaviors at different temperatures, strain rates, loading directions applied to different starting
textures. Taking on this task for two different Mg alloys presenting different textures and as such
various levels of slip-twin interactions were modeled using visco-plastic self-consistent (VPSC) code.
A recently developed routine that captures dislocation transmutation by twinning interfaces on strain
hardening within the twin lamellae was employed. While the strong texture was exemplified by
traditional rolled AZ31 Mg alloys, the weak texture was represented by ZEK100 Mg alloy sheets.
The transmutation model incorporated within a dislocation density based hardening model showed
enhanced flexibility in predicting the complex strain rate and thermal sensitive behavior of Mg
textures’ response to various mechanical loading schemes.

Keywords: self-consistent model; VPSC; magnesium; ZEK100; AZ31

1. Introduction

Magnesium had been of particular interest because of its lightweight and high specific
strength capability, making it favorable for applications in the automobile and aeronautical
industry. Further, the metal’s advantage in strength to weight ratio over other conventional
metals like steel and aluminum along with the drive to reduce fuel consumption and
emissions has stirred scientists to focus their attention towards engineering magnesium.
Magnesium alloys have also found their applications in the biomedical field as they
are biocompatible. A major obstacle to magnesium’s use is its low room temperature
ductility due to its hexagonal close-packed (HCP) structure which affects the metal’s room
temperature formability and crash-worthiness. One of the most widely used magnesium
alloys for commercial application, AZ31, has demonstrated high plastic deformation which
can lead to fracture during the forming process [1]. Magnesium’s use in the structural
components of automobiles [2] requires processing by stamping it into thin sheets to fit
the component’s shape, making room temperature formability an important property to
optimize. Predicting the onset of fracture with the help of a forming limit diagram can
help develop suitable methods for forming the sheet. Magnesium also exhibits inferior
energy absorption ability compared to Aluminum and Steel at room temperature, affecting
its crashworthiness and making it undesirable for safety-critical components. We can
identify the root cause for early hardening and damage at the atomistic level by studying
the deformation mechanism exhibited by HCP materials.

Mechanical properties of magnesium are greatly affected by profound twinning at an
early stage, as compared to ideally ductile face centered cubic (FCC) materials that demand
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high critical resolved shear stress (CRSS) for the twin to propagate. The easy slip system for
FCC lies on its pyramidal plane, allowing effortless deformation, with a high Schmid factor
system available regardless of the loading direction. The same is not true for HCP materials
as the easy slip system lies in the basal plane, requiring low CRSS to activate as compared
to non-basal 〈c + a〉 slip systems thus, preventing 〈c〉-axis deformation. The asymmetry
and anisotropy observed in magnesium are contingent on the loading directions, activating
different deformation modes when loaded in through-thickness direction versus in-plane
direction given the strongly organized texture [3,4].

It is known that a minimum of five independent deformation modes need to be
active for hardening as well as damage to occur in polycrystalline materials encouraging
uniform plasticity [5]. The slip modes identified for magnesium are basal 〈a〉, prismatic
〈a〉, and pyramidal 〈c + a〉. Basal 〈a〉 slip can be activated very easily while prismatic 〈a〉 is
slightly harder to activate in Mg when compared to basal slip. The Burger vectors within
the (0001) basal plane are dislocation of 1

3{112̄0} type, of which only two are independent,
thus not satisfying the criteria for five independent slip systems [6]. A pyramidal, 〈c + a〉
type of slip system is needed to include the component on the 〈c〉-axis.

At room temperature, the CRSS required to activate a pyramidal slip system is high
enough to be preceded by {101̄2} tension/extension twinning causing early damage. It
is the predominant twinning mechanism in most of the HCP metals producing 〈c〉-axis
extension when the c/a ratio is less than

√
3 and 〈c〉-axis compression when c

a is greater [7].
The {101̄2}〈101̄1〉 tension/ extension twin, and {101̄1}〈101̄2〉 compression/contraction
twin are two 〈c〉-axis deformation twins most commonly observed in Mg alloys. Tension
twin is substantially easier to activate as compared to compression twin that requires higher
shear stress. The presence of twinning leads to slip and twin interaction, rushing fracture
due to strain incompatibility [8–10]. The CRSS for tension twin is as low as 2 MPa [11],
causing it to propagate early during the deformation process and responsible for the
mechanical anisotropy in magnesium. The {101̄2} twin is observed when the crystal is
strained parallel to 〈c〉-axis forming tension twin or compressed perpendicular to 〈c〉-axis
forming extension twin [12]. The resulting stress–strain response depicts anisotropy between
rolling direction (RD) (in-plane compression (IPC)) and normal direction (ND) (through-
thickness compression (TTC)) magnesium sample loaded in tension or compression [13].
In RD compression, the texture is aligned to cause 〈c〉-axis extension by compressing
perpendicular to 〈c〉-axis, activating basal slip systems along with profuse tension twinning
that is hardly observed when compressing parallelly to 〈c〉-axis [14]. Twinning hardens
the material as the parent matrix reorients prompting compressing along the 〈c〉-axis. This
calls for significant pyramidal 〈c + a〉 slip resulting in the steep hardening curve, leading
to an onset of {101̄1} type twin, associated with causing damage to failure. {101̄1} type
twin requires very high CRSS to activate and accommodate strain by compression or
contraction of 〈c〉-axis. Similar slip systems are observed for compression loading in the
ND direction, where high yield stress and initial hardening result from pyramidal 〈c + a〉
necessary for 〈c〉-axis deformation. Shear banding associated with pyramidal 〈c + a〉 is
observed initiating early damage and failure. Anisotropy analogous to compression is
observed in tension. One would expect more ductility as prismatic 〈a〉 will dominate,
{101̄1} would not be active as it would require high CRSS, and shear banding will be
absent. Contrary to expectation, twin nucleates early at a very low strain resulting in cracks.
The early onset of contraction twinning is associated with hydrostatic pressure. Twinning
is not just shear but is also accompanied by shuffle possessing diffusional nature [8,15]
which is driven by hydrostatic pressure, encouraging the threshold stress. At the same
orientation, magnesium has different saturation stress despite similar mechanisms being at
play; thus, another mechanism must be at work here.

Various polycrystalline models have been developed over the years [16–21] to predict
plastic behavior and texture evolution. It has been challenging to effectually capture the
effects of twinning on hardening owing to the crystallographic reorientation of the twin
at propagation and the slip-twin interaction as the twin fraction grows. The method



Crystals 2023, 13, 653 3 of 30

proposed by Tomé et al. in 1991 [16], using the Predominant Twin Reorientation (PTR)
scheme, accounts for the grain reorientation during deformation while keeping the volume
fraction constant. In this case, the predominant twin causing a certain threshold of the
grain to reorient would result in the entire grain reorienting, providing misleading texture.
The scheme was enhanced to the Volume Fraction Transfer (VFT) scheme [17] by splitting
the grains into cells once the twin has substantially grown and accounted for the volume
fraction transfer contributed by each twin system during the deformation. The drawback
of the VFT scheme is that the track of the original grain is lost. The model suggested by
Kalindindi [18], provides an alternate solution to this problem by keeping a track of the
volume fraction in each grain and relying on the initial orientation of the lattice instead
of updating the crystal orientation after every time step. Though, this model fails to
account for secondary twinning. Hardening is a response, not only to the texture evolution
but also to the slip-slip, twin-twin, and slip-twin interactions which are subjective of
the loading conditions and the initial texture. The above mentioned frameworks fail to
predict the plastic response in HCP materials when either slip or twinning is not the
dominant mechanism [22]. Recently developed polycrystalline models have utilized
different approaches [23–26] at addressing the issue of hardening induced by slip-slip
and slip-twin interaction which is contrary to using a latent hardening coefficient. Some of
these models and their developments are discussed below.

1.1. Visco-Plastic Self-Consistent (VPSC) Model

A self-consistent theory to deforming large polycrystals was first proposed by Molinari
et al. [27] and later developed into a VPSC model to include anisotropic behavior by
Lebensohn and Tomé [17]. In their work, Lebensohn and Tomé used experimental data
from Zirconium alloy to verify their model and predict texture evolution. In this section,
we will discuss the equations implemented in the VPSC model. The resolved shear stress,
plastic strain rate, and the shear rate induced by applied stress for a given slip system s
takes the form

τs
r = ms

ijσ (1)

ε̇ = ms
ijγ̇

s (2)

γ̇s = γ̇0

(
τs

r
τs

c

)n
= γ̇0

(
ms

ijσ

τs
c

)n

(3)

where, ms
ij is a symmetric Schmid tensor, and σ is a stress tensor, γ̇0 is a reference rate,

and n is inverse of strain rate sensitivity. Substituting Equation (3) in Equation (2) and
summing over all the slip systems ‘s’ in the grain we get the equation,

ε̇ = γ̇0∑
s

(
ms : σ

τs
c

)n
= Msec

ijklσkl (4)

The visco-plastic model makes an assumption of the grain being an inclusion that is
embedded in a visco-plastic medium. The macroscopic strain rate is given by,

¯̇εij = M̄sec
ijkl σ̄kl (5)

The interaction equation between the macroscopic stress and strain rate and the stress
and strain rate in the grain can be given by,

(Msec : σ− M̄sec : σ̄) = (ε̇− ¯̇ε) = −M̃ : (σ− σ̄) (6)

where M̃ = ne f f (I − S)−1SM̄sec
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here, M̃ is an interaction tensor, M̄sec is the compliance tensor, S is the visco-plastic Eshelby
tensor, and n is a matrix multiplier ranging from secant to tangent (0 < n < 1). We can
derive the stress in the grain from Equations (4) and (6),

σij =
(

Msec + M̃
)−1

ijmn

(
Msec + M̃

)
mnkl

σ̄kl (7)

Since the overall average stress in the grain needs to be equal to the macroscopic stress,
macroscopic secant compliance can be computed interactively with an initial guess,〈(

Msec + M̃
)−1

ijmn

(
Msec + M̃

)
mnkl

〉
= Iijkl (8)

The visco-plasticity model gave an inclusion formalism using Eshelby tensor to capture
the anisotropy of the grain and predict the texture. This forms a basis for the VPSC model
which is enhanced and presented in the models following.

1.2. Composite Grain (CG) Model

The model proposed by Proust et al. [19] put forward a composite grain model that
accounts for both the original and the reoriented twin fraction and the interaction between
them in form of a latent hardening term associated with twin shear as the deformation
progresses. The CG model keeps a track of the shear in each twin system in each grain,
and the one with the maximum volume fraction is identified as the predominant twin
system (PTS) given by,

f PTS = ∆γPTS/S (9)

where, ∆γ is shear contributed by the twin system and S is the characteristic twin shear [19].
The PTS splits the grain into parallel twin lamellae equidistantly apart, seen in Figure 1.
The model introduces dc as the distance between the center of two planes and f PTS

max gives the
maximum volume fraction of the twin that has transformed inside the grain. As the twin
nucleates within the grain of size dg, the twin of thickness dtwin can grow to a maximum of
dtwin

max under deformation giving, dtwin
max = f PTS

max dc.

𝑑"

Figure 1. Representation of the orientation of the twins and the parent matrix with their distinctive
dimensions employed in the formulation of the composite grain (CG) model [19].

Similarly, the fraction of the parent and the child twin evolved during the deformation
is given by,

dtwin = f PTSdc

dmatr =
(

1− f PTS
)

dc (10)

Throughout the deformation process, the volume fraction of each twin system is
tracked, and the system that exceeds the defined threshold volume fraction is determined
to be PTS. Twin planes of the PTS will have a specific orientation relative to the twin and
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slip of the other active systems. Introducing the mean free path for each system ‘s’ for the
twin and the matrix respectively,

dtw
m f p =

dtwin

sin α

ds
m f p =

dmatr

sin α
(11)

In the composite grain model, hardening of the slip in the matrix and twinning system
in the twin can be expressed as a sum of the evolution of statistical dislocation with strain,
the evolution of geometrically necessary dislocations (GND), and the Hall-Petch effect
that arises from the presence of twin boundary as given in Equation (12). The statistical
dislocation and GND terms are continuously updated as the grain deforms.

τs = τs
STAT + τs

GND + τs
HP (12)

The τs
STAT term is the saturation Voce law associated with statistical dislocation plus a

latent hardening coefficient hss′ coupling shear increment ∆γs′ in system s′ with the increase
in strength in system s as given below where Γ is the accumulated shear in the grain.

∆τs
STAT =

dτ̂s

dΓ ∑
s′

hss′∆γs′ (13)

where,

τ̂S
(Γ) = τ0 + τ1

{
1− exp

(
−Γθ0

τ1

)}
(14)

The terms τ0, τ0 + τ1, and θ0 are the initial CRSS, the back-extrapolated CRSS, and the
initial hardening rate, respectively. The correlation between the mean free path of the slip
and twin with the PTS lamella is an idea central to the CG model. Karaman et al. [28] and
Kok et al. [29] derived the dependency of the GND term on mean free path as given in
Equation (15). The directional mean free path in Equations (15) and (16) are specific to each
system, as previously shown in Equation (11).

∆τs
STAT =

hs
m

ds
m f p
(
τs

STAT + τs
GND

)∆γs (15)

The Hall-Petch term as given below,

τs
HP =

hs
HP√
ds

m f p

(16)

1.3. Dislocation Density-Based Model

The dislocation-density-based model was proposed by Beyerlein et al. [30] to take into
account the limitation of temperature and strain rate effects on the deformation history
based on dislocation density for slip. Previous models use parameters that could produce
results only for a specific temperature and strain rate. The model uses dislocation density
on each slip system governed by law, including a thermally activated recovery process
that either annihilates or forms debris. The hardening law for slip addresses stages II–IV,
and the hardening law for twin propagation accounts for temperature effects through
interaction with slip dislocations. The hardening laws are implemented in the above-
mentioned CG model [19] and implemented in the visco-plastic self-consistent (VPSC)
polycrystalline model.

Hardening is based on updating critical resolved shear stress (CRSS) τs
c that depends

on local microstructure encounter by the dislocation at each increment in the flow rule that
calculates shear strain rate γ̇s as shown in Equation (3). The slip resistance in the dislocation-
density model includes effects from forest dislocation, dislocation debris, the Hall-Petch
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effect on slip propagation based on dislocation mean free path. Here, s is the slip system
that belongs to the slip mode α (e.g., basal, pyramidal, etc.).

τs
c = τα

0 + τα
f orest + τα

deb + τα
HP s ∈ α (17)

The slip resistance due to forest dislocation and debris terms are dictated by the
given equations,

τα
f orest = bαχµ

√
ρα (18)

τα
deb = kdebµbα√ρdeb log

(
1

bα√ρdeb

)
(19)

where, b is the Burgers vector, χ is a dislocation interaction factor less than 1 [31], and µ is
the shear modulus. The Hall-Petch effect due to slip without twin propagation,

τs
HP =


µHPα

√
bα

dg
s ∈ α without twins

µHPαβ
√

bα

ds,PTS
m f p

s ∈ α with twins present
(20)

The evolution of dislocation-density using the thermal activation model proposed by
Essmann et al. and Mecking et al. [32,33],

∂ρα

∂γα
=

∂ρgenerstion

∂γα
− ∂ρremoval

∂γα
= kα

1
√

ρα − kα
2(ε̇, T)ρα (21)

kα
2(ε̇, T)

kα
1

=
χbα

gα

(
1− kT

Dα(bα)3 ln
(

ε̇

ε̇0

))
(22)

here, kα
1 is a rate-sensitivity parameter that accounts for dislocation generation, kα

2(ε̇, T) is
a temperature and strain-rate dependent term that accounts for the lost dislocations. gα

is the activation energy, k is the Boltzmann constant, Dα is the drag stress, and (ε̇0) is the
reference strain rate, a function of material set to 107 s−1 for magnesium [34].

Resistance to twin propagation τt
c for a given twin system t, that belongs to the twin

mode β, is the contribution from initial friction τ
β
0 , the Hall-Petch effect, and the effect

of slip.
τt

c = τ
β
0 + τt

HP + τ
β
slip t ∈ β (23)

The Hall-Petch terms are given as follows,

τt
HP


HPβ√

dg
without twins or when t ∈ β and t is PTS

HPββ′
TW√

ds
m f p

when t ∈ β and t is not PTS, PTS∈ β′
(24)

here, β represents different twin modes (e.g., {101̄2} twinning) and β′ represents the mode
of PTS in the grain that can be the same as β.

The contribution to hardening due to the interaction between slip dislocations and
twin systems is given by the following equation,

τ
β
slip = µ∑

α

Cβαbβbαρα (25)

In case that the slip hinders the propagation of the twin suppressing its growth,
the term Cβα is positive. In the case where the slip dislocations have contributed to the
propagation and growth of twin, Cβα is negative.
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1.4. Dislocation Transmutation Scheme

In their work, El Kadiri and Oppedal [22] formulate governing equations that were
incorporated in the dislocation density model of VPSC to include the hardening effects
from dislocation transmutation. The authors have suggested that the hardening observed
in the sigmoidal curve of HCP material due to profuse twinning is a result of dislocation
transmutation and/or absorption by the twin boundary. Previous polycrystalline models
have used Hall-Petch effects and high stacking fault slip modes with PTS to model
the hardening.

As the twin boundary advances within the parent grain, the twin lamella consumes the
dislocations already present in the parent matrix. The dislocations can either be completely
absorbed by the twin interface producing disconnections or the dislocations change their
Burgers vector and plane when assimilated into the twin lamella. The disconnection
generated at the twin interface can aid twin propagation when colliding with other slips.
The later mentioned dislocations mechanism is referred to as dislocation transmutation.

Transmutation transforms the matrix dislocations into sessile and glissile dislocations
with a low local Schmid factor. These dislocations are immobile in nature and interact
with the local dislocations within the twin, prompting very high latent hardening. This
interaction is called the Basinski’s mechanism [35] and is illustrated in Figure 2. Latent
hardening induced due to transmutation mechanisms has not been adopted in previous
crystal plasticity models, albeit the twin massively hardens compared to the matrix.
The earlier models using the Hall-Petch effect based on latent hardening due to twin-slip
interactions have been fair at reproducing the experimental stress–strain response, but they
have failed at predict intermediate texture and/or twin volume fraction evolution [22].

Matrix

Twin

Twin	
Boundary

Matrix	dislocations
Dislocations	in	twin
Residual	dislocations
Transmuted	dislocations

Figure 2. Illustration of the twin boundary propagating in the parent matrix instigating the dislocation
transmutation mechanism and the subsequent latent hardening.

Oppedal et al. [13] have used numerical and experimental (pure Mg) means to
demonstrate the influence of transmutation mechanism on the sharp hardening observed
in Regime II due to profuse twinning. A modified version of the dislocation density
model [30] was used in VPSC by incorporating the twin storage factor (TSF) to manipulate
the hardening behavior. The latent hardening due to the Hall-Petch effect was turned off,
and different TSF’s were used to increase the dislocation density volume and harden the
twin inside the matrix. Oppedal et al. were successfully able to reconstruct the hardening
behavior for pure Mg in multiple compression loading paths signifying that mechanisms
other than the Hall-Petch effects were at work. The excessive hardening in the twin
compared to the parent matrix is not due to dislocation generation in the twin, but a
result of the transmutation-induced latent hardening as dislocations multiplies within
the twin [13]. In the case of through-thickness compression (TTC), where twinning is not
dominant, the Hall-Petch effect has been able to provide satisfactory results but increasing
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the dislocation density in the twin using TSF has been able to rationalize the different
saturation stress between TTC and in-plane compression (IPC). The governing equation to
update the dislocation density inside the twin volume fraction proposed by El Kadiri and
Oppedal [22] is discussed below.

Consider a grain enclosing a twin lamella of volume fraction VT undergoing deformation.
At every small incremental deformation dε, the twin expands uniformly on each side by
a volume of dV

2 . Dislocation density for a given dislocation type i in parent and the twin
is given by ρjP and ρiT respectively. Consider a jth dislocation from a given deformation
mode in parent grain, is transmuted to an ith dislocation upon twinning, then the increase
in the density of the ith dislocation in the twin is calculated using the equation below

dρiTF(V) =
VTρiT + dV ∑j αijρ

jP

VT + dV
(26)

where, αij is a non-dimensional phenomenological second-order transmutation matrix
measuring the fraction of j dislocations transmuted to i dislocations.

The present work aims to further validate transmutation in HCP, by recreating the
mechanical behavior of a strongly textured and a weakly textured magnesium alloy at
different loading conditions, temperatures, and strain rates. The VPSC polycrystalline
framework [16,17] with temperature and strain rate independent dislocation density
model [30] modified to include the dislocation transmutation scheme [22,36] is used in this
work. The objective is to enhance the robustness of the crystal plasticity model through
physics-based modification rather than purely empirical fitting methods.

2. Experimental Results and Discussion
2.1. Strongly Textured Magnesium AZ31

A 12 mm thick rolled, strongly basal textured sheet of AZ31 magnesium (3% Al, 1% Zn)
was used to machine the samples for experiments. Tests were conducted in two different
loading orientations, rolling direction (RD) or in-plane direction and normal direction
(ND) or through-thickness direction to capture the anisotropy of AZ31. The test samples
extracted in RD and ND were tested in both compression and tension at three different
temperatures—293 K (20 °C), 373 K (100 °C), and 473 K (200 °C) under two different strain
rates—0.001 s−1 and 0.1 s−1. The test matrix is presented in Table 1 below. A total of
twenty-four stress–strain responses were fit with the same set of hardening parameters.

Table 1. Matrix of tests used for fitting and testing crystal plasticity model. (∗ : Tests performed).

Magnesium AZ31

Strain Rate
Orientation

293 K 373 K 473 K

(s−1) Tension Compression Tension Compression Tension Compression

0.001
RD ∗ ∗ ∗ ∗ ∗ ∗
ND ∗ ∗ ∗ ∗ ∗ ∗

0.1
RD ∗ ∗ ∗ ∗ ∗ ∗
ND ∗ ∗ ∗ ∗ ∗ ∗

Magnesium ZEK100

Strain Rate
Orientation

293 K 373 K 473 K

(s−1) Tension Compression Tension Compression Tension Compression

0.001

RD ∗ − ∗ − ∗ −
30° to RD ∗ − ∗ − ∗ −
60° to RD ∗ − ∗ − ∗ −

TD ∗ − ∗ − ∗ −
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Compression and tension samples were extracted from the rolled sheet using water jet
cutting for precision, considering three of the four samples were as small as 10 mm in size.
The specimens used in this study are described below and presented in Figure 3:

1. Cylindrical specimens 10 mm in diameter and 10 mm in length were used for
compression testing in ND and RD orientation.

2. A mini dog bone specimen, 2 mm in thickness was cut for tension testing in ND due
to limitations in the available length in the ND direction of the rolled AZ31 sheet.

3. Round tensile dog bone specimen was designed for tension test in RD.

1 
 

 

Figure 3. Illustration of orientations of test specimens extracted from rolled AZ31 magnesium alloy
sheet. (a) Dimensions of the AZ31 magnesium compression test specimens extracted from ND and
RD orientations. (b) Mini dog bone tension specimen cut in ND and the grip designed for the mini
sample to conduct the test. (c); Round dog bone tension specimen in RD.

Initial texture for AZ31 investigated in this study, obtained via neutron diffraction by
Los Alamos National Laboratory (LANL). The initial texture with 15,552 distinct grains
was mapped for {0001} and {101̄0} poles, illustrated in Figure 4. A strong basal texture
can be observed in the pole figures with crystallographic c-axis aligned parallel to ND and
with some spread in RD. A strong peak intensity can be observed as compared to weakly
textured ZEK100 consistent with literature [37].

1 
 

 
Figure 4. Initial texture for AZ31 obtained through neutron diffraction at LANL presented in {0001}
and {101̄0} pole figure. X-axis represents TD, Y-axis represents RD and Z-axis represents ND.
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All the tests were conducted in a controlled environments using an Instron 5882 testing
system and a Gleeble 3500 thermomechaniocal simulator. A vacuum chamber within the
Gleeble system equipped with controlled contact thermal heating was used to perform
mechanical testing, with attached thermocouples providing precise temperature
measurement and control. Corresponding extensometers for each system were used to
measure deformation while testing, and several reruns of the tests were performed for
consistency and validation. Tensile testing in ND presented a challenge as compared to the
other orientations and loading directions, requiring the miniature sized sample. Specialized
grips were designed in-house, depicted in Figure 3b, to hold these samples on both ends.

The mechanical response obtained from the testing is presented in Figure 5 for all
twenty-four sets at different loading parameters. Since the current study aims to recreate
plastic behavior in magnesium, elastic results were eliminated to display only true stress
vs true plastic strain data. The summarized experimental data at different orientations,
loading directions, temperatures, and strain rates can be interpreted by following the
order below

1. Every graph in the figure contains tension and compression results in both RD and
ND orientation tested at the same temperature and strain rate.

2. The graphs in the same rows represent test data at the same temperature, but with
different strain rates for comparison. For example, figure graph (a) and (b) are both
tested at 293 K, and strain rate of 0.001 s−1 and 0.1 s−1, respectively. The testing
temperature increases when reading figures from top to bottom.

3. The graphs in the left row ((a), (c), (e)) are all tested at a strain rate of 0.001 s−1, and the
graphs in the right row ((b), (d), (e)) are all tested at the strain rate of 0.1 s−1.

4. Figures 6 and 7 provide an additional visualization for comparing experimental results
at different temperatures but at the same loading orientation, direction, and strain rate
of 0.001 s−1 and 0.1 s−1, respectively.

The experimental trends agreed with the temperature-dependent behavior observed
by Tan et al. [38] and the strain rate effects observed by Kurukuri et al. [39]. Basal being the
predominant deformation mechanism and athermal in nature [40,41] when considering
lower temperatures, the strain rate sensitivity, m is very low [38]. Strain rate sensitivity is
dominated by non-basal slip systems that are more active at higher temperatures. Evidently,
in Figure 5a,b, the stress–strain flow does not show prominent strain rate sensitivity at room
temperature, but as the temperature increases the difference is apparent. The stress–strain
results in Figure 5 show noticeable anisotropy expected of AZ31 which decreases as the
temperature is increased. The anisotropy in Mg alloys arises from the fact that twinning
accommodates deformation, and that c-axis deformation is polar in nature. However,
twinning is athermal [42] and hence critical resolved shear stress (CRSS) required for
twinning remains constant for all temperatures. Unlike twinning, dislocations are easier
to activate at higher temperature. As such, the amount of twinning, and consequently
the anisotropy from twinning, would be lower due to better accommodation of strain
through slip. Meanwhile, higher strain rate restricts the ability of dislocation motion to
accommodate overall strain. Thus twins activate more easily and propagate at extremely
high velocities [43] to accommodate strain in magnesium. Increased twinning activity at
higher strain rates manifests into increased anisotropy in Mg AZ31.
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1 
 

 
Figure 5. Stress–strain data obtained from mechanical testing AZ31 magnesium. Figures (a,c,e) show
compression and tension results for the test conducted at 0.001 s−1 strain rate and temperature of
293 K, 373 K, and 473 K respectively, and figures (b,d,f) show compression and tension test results for
0.1 s−1 strain rate and temperatures of 293 K, 373 K, and 473 K, respectively.
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Figure 6. Stress–strain data comparison at temperatures of 293 K, 373 K, and 473 K for same
loading condition and strain rate 0.001 s−1. Figures (a,c) show compression results and (b,d) show
tension results.
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Figure 7. Stress–strain data comparison at temperatures of 293 K, 373 K, and 473 K for same
loading condition and strain rate 0.1 s−1. Figures (a,c) show compression results and (b,d) show
tension results.
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2.2. Weakly Textured Magnesium ZEK100

Weakly textured ZEK100 magnesium alloy (1% Zn, 0.1% Zr, 0.1% RE) was chosen as
the second alloy for study because twinning is comparatively sparse in the grains, and the
texture shows fewer autocatalysis phenomena. As such, slip and twinning more equally
dominate plasticity, considering not all grains are twinning in a material with weak texture.
Compared to a strongly textured alloy that has almost all the grains twinning, more slip-
twin interaction can be expected as some grains twin while some do not have twins and
have slips.

Thin sheets of Mg ZEK100 were tested in tension to failure at temperatures of 25 °C,
100 °C, and 200 °C to obtain stress–strain data. Square sheets of average dimension
30 cm × 30 cm, and 2 mm in thickness, were sampled to cut in 0°, 30°, 60°, and 90°
(transverse direction (TD)) angle with reference to RD. The above is summarized in the test
matrix presented in Table 1. The sample geometry as in Figure 8, was created after referring
to the ASTM standards and Gleeble specimen sample drawings. The samples were tested
in a controlled environment, using contact thermal heating for higher temperature testing
in tension at a 0.001 s−1 strain rate. Extensometer was used for better precision in data
collection, and experiments were performed for twelve different sets of testing conditions.

1 
 

 

Figure 8. Dimensions of a flat dog bone specimen obtained from a 2 mm thin sheet of ZEK100,
designed using ASTM standards and Gleeble sample drawing. The sample was cut in 0° (RD), 30°,
60°, and 90° (TD) orientations.

The texture data for ZEK100 was obtained through an X-ray diffraction (XRD) performed
a Rigaku SmartLab system with a Cu Kα target. The pole graphs in {0001} and {101̄0} are
plotted below in Figure 9, evident of weak basal texture and weak peak intensity when
compared to AZ31 in Figure 4. Most of the grains in ZEK100 have their c-axis aligned
perpendicular to the RD with some tilting perpendicular to the TD thus, a more distributed
texture is obtained.

Experimentally obtained results are compiled in Figure 10 on true stress vs true plastic
strain graph tested in different loading orientations in tension at the strain rate of 0.001 s−1.
Each graph represents test data from experiments conducted at 293 K, 373 K, and 473 K,
respectively. The acquired experimental data is in agreement with the data presented
on commercial grade ZEK100 in work by Kurukuri et al. [44]. Their work highlights the
in-plane anisotropy exhibited by ZEK100 with specimen loaded in 90° (TD) showing the
lowest yield strength and highest in 0° (RD). Hardening difference can also be observed,
with TD hardening more as compared to RD.
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1 
 

 
Figure 9. Initial texture for ZEK100 obtained using X-ray diffraction (XRD) scan presented in {0001}
and {101̄0} pole figure. X-axis in the plot is TD and Y-axis is RD.
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Figure 10. Stress–strain data comparison at temperatures of 293 K (a), 373 K (b), and 473 K (c) for
same loading condition and strain rate 0.001 s−1.

It has been predicted that magnesium alloys with more randomized basal texture
would provide better formability at room temperature. The addition of the rare earth metals
to Mg alloys has shown a weakening texture with reduced basal pole intensity proving to
be more ductile at room temperature and less anisotropic when compared to the traditional
Mg. Magnesium alloy like ZEK100 that have rare earth as part of composition exhibit
a texture called “RE texture” that shows a distributed basal texture with some 〈c〉-axis
inclining toward the TD [45–47]. The stress–strain results obtained from experimentation
are a reflection of the initial texture obtained from the raw material. A weak texture and
split intensity favoring inclination towards TD helps basal and extension twin to activate
resulting in three times higher ductility as compared to the RD [48]. Compared to AZ31,
ZEK100 shows higher in-plane anisotropy with yield stress in tension RD exceeding tension
TD by approximately 100 MPa [49]. Tension in RD results in much higher yield strength as
non-basal slip systems are active requiring higher critical stress but exhibit low ductility
contrary to TD which demonstrates higher elongation. ZEK100 has the highest hardening
when strained in RD and decreases as the orientation angle increases with tension in TD
having the lowest hardening. The in-plane anisotropy of the material decreases drastically
with the increase in temperature. Generally, at room temperature a combination of easy
slip systems of basal 〈a〉 and twin systems are active depending on the loading orientation,
but at higher temperatures non-basal slip systems operate easily thus, decreasing anisotropy
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is observed as the temperature increases [38]. The chances of twin activating at higher
temperature would be reduced thus, reducing the associated anisotropy.

3. Crystal Plasticity Simulation and Discussion
3.1. Incorporating Dislocation Transmutation Scheme in VPSC Dislocation-Density Model

In the current study, VPSC code with dislocation density-based model, incorporated
with transmutation scheme has been used. A framework was created by Allen et al. [36] to
incorporate the transmutation scheme in VPSC and to simulate the mechanical behavior
of pure Mg. In the previous work, VPSC simulation results with the incorporation of
transmutation scheme showed good agreement with the stress–strain response compared
to the results incorporating twin storage factor [36]. Equation (26) was further modified
to introduce a non-dimensional term η, indicating the amount of dislocation density that
failed to transmute and were lost to disassociation.

dρiTF(V) =
VTρiT + dV ∑j

(
1− ηj

)
αijρ

jP

VT + dV
(27)

An extra row was added to the transmutation matrix αij, to account for sessile and
higher-order dislocations. The calculation for the correspondence matrix mapping the slip
systems in the parent matrix to the reformed slip system in the twin volume is elaborated
in Niewczas’s work [50]. The transmutation matrix was calculated only for the {101̄2}
tension twin, as {101̄1} compression twins are assumed to have negligible contribution to
transmutation, requiring high strain to activate and rushing damage. The elements in the
transmutation matrix are calculated using the following equation,

αij =
nC

j

ntot
j

(28)

Here nC
j is the number of slip systems in the parent volume that are mapped onto

the ith slip mode in the twin volume fraction, and ntot
j is the total number of jth type slip

modes present in the parent matrix. Below is the matrix used in this study from [36].

αij =


0.0 0.3333 0.3333

0.3333 0.0 0.0
0.6666 0.0 0.0

0.0 0.6666 0.6666


The detailed molecular dynamic study conducted by El Kadiri et al. [51] infers the

fate of the dislocation interacting with the twin boundary depending upon the type of
dislocation and its orientation when interacting with the twin. Taking this study into
consideration, Allen et al. [36] modified the VPSC code to allow for screw type basal
dislocations to completely transmute when obstructed by a twin boundary. Edge type
dislocations can transmute across the twin boundary if they have a positive orientation
with respect to the twin boundary or form twin disconnections if they have a negative
orientation. The non-dimensional η term that accounts for the number of dislocations that
have been disassociated is set to 0.5 for all the slip modes.

The five deformation modes used in the study are basal 〈a〉 ({0001}〈12̄10〉) and
prismatic〈a〉 ({1010}〈12̄10〉), providing deformation along the close-packed direction,
second order pyramidal 〈c + a〉 ({112̄2}〈1̄1̄23〉), capturing slip along non-basal direction
and tension twin ({101̄2}〈101̄1〉) and compression twin ({101̄1}〈101̄2〉) known to contribute
to hardening and failure in magnesium. The slip and the twin modes are summarized in
Table 2.
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Table 2. Slip and Twinning modes for magnesium used in VPSC simulation.

Symbol Mode Crystallography No. of Systems b (nm)

α = 1 Prismatic 〈a〉 {101̄0} 1
3 〈1̄21̄0〉 3 0.321

α = 2 Basal 〈a〉 {0001} 1
3 〈21̄1̄0〉 3 0.321

α = 3 Pyramidal 〈c + a〉 {112̄2} 1
3 〈1̄1̄23〉 6 0.612

β = 1 Tensile Twin {101̄2}〈101̄1〉 6 0.138
β = 2 Compression Twin {101̄2}〈101̄1〉 6 0.0924

b: Burgers vector.

The VPSC simulation were performed on 24 scenarios for Mg AZ31 alloy and 12 scenarios
in Mg ZEK100 alloy. The orientation distribution function obtained using texture information,
as shown in previous section (Figures 4 and 9), were used to generate input orientation for
VPSC simulation. Likewise, one set of parameters were used for all scenarios of each Mg
alloys except for τα

0 (temp), which is a function of temperature. For calibration of parameter,
a MATLAB [52] script was used to run all scenarios for each alloy and calculate mean
squared error (MSE) comparing with experimental data. A gradient descent method was
used to get the optimum parameters minimizing summed error for all case scenarios in each
alloys. The results discussed in upcoming subsections utilizes the optimum parameters that
resulted in minimum summed MSE from all scenarios for each alloys and the calibrated
parameters are shown in Tables 3–6.

Table 3. Prismatic, basal, and pyramidal dislocation density hardening parameters for magnesium AZ31.

Parameters Prismatic (α = 1) Basal (α = 2) Pyramidal 〈c + a〉 (α = 3)

k1
(
m−1) 0.25× 109 0.425× 109 1.30× 109

ε̇0
(
s−1) 1.00× 107 1.00× 107 1.00× 107

gα 0.0037 0.0037 0.007
Dα

0 (MPa) 15× 103 6× 103 1× 103

τα
0 (MPa) (293 K) 84 26 130

τα
0 (MPa) (373 K) 75 24 110

τα
0 (MPa) (473 K) 30 15 45

qα 0 0 0
X 0.9 0.9 0.9

HPα 0 0 0
HPαβ 0 0 0

α: slip mode. k1: coefficient for dislocation generation. gα: effective activation enthalpy. Dα
0 : drag stress. τα

0 : initial
critical stress value. qα: rate coefficient defining the fraction of recovered dislocation stored as debris. χ: dislocation
interaction coefficient between 0.1 and 1.0. HP: Hall-Petch.

Table 4. Tension and compression twin dislocation density hardening parameters for magnesium AZ31.

Parameters Tension Twin (β = 1) Compression Twin (β = 2)

τcrit (MPa) (293 K) 31 225
τprop (MPa) (293 K) 5 225
τcrit (MPa) (373 K) 31 200
τprop (MPa) (373 K) 5 200
τcrit (MPa) (473 K) 31 120
τprop (MPa) (473 K) 5 120

β: twin mode. τcrit: critical stress for twin. τprop: critical stress for twin propagation.
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Table 5. Prismatic, basal, and pyramidal dislocation density hardening parameters for
magnesium ZEK100.

Parameters Prismatic (α = 1) Basal (α = 2) Pyramidal 〈c + a〉 (α = 3)

k1
(
m−1) 0.2× 109 0.65× 109 0.1× 109

ε̇0
(
s−1) 1.00× 107 1.00× 107 1.00× 107

gα 0.0035 0.0035 0.007
Dα

0 (MPa) 5× 103 1.1× 103 5× 103

τα
0 (MPa) (293 K) 136 56 200

τα
0 (MPa) (373 K) 75 27 80

τα
0 (MPa) (473 K) 45 15 50

qα 0 0 0
X 0.9 0.9 0.9

HPα 0 0 0
HPαβ 0 0 0

α: slip mode. k1: coefficient for dislocation generation. gα: effective activation enthalpy. Dα
0 : drag stress. τα

0 : initial
critical stress value. qα: rate coefficient defining the fraction of recovered dislocation stored as debris. χ: dislocation
interaction coefficient between 0.1 and 1.0. HP: Hall-Petch.

Table 6. Tension and compression twin dislocation density hardening parameters for magnesium
AZ31.

Parameters Tension Twin (β = 1) Compression Twin (β = 2)

τcrit (MPa) (293 K) 50 250
τprop (MPa) (293 K) 25 250
τcrit (MPa) (373 K) 50 100
τprop (MPa) (373 K) 25 100
τcrit (MPa) (473 K) 50 60
τprop (MPa) (473 K) 25 60

β: twin mode. τcrit: critical stress for twin. τprop: critical stress for twin propagation.

3.2. Simulation Results for Magnesium AZ31

Studies [4,53] have been conducted on AZ31 that use the Voce-type hardening model
and a latent hardening term for hardening encountered during twinning to model the
temperature dependency. Ardeljan et al. [54] conducted a study using the VPSC dislocation
density-based model but used the Hall-Petch effect to model the hardening in the grain
associated with dislocations encountering the twin. Hardening parameters from these
studies were used as basics to fit the experimental curves. The hardening parameters that
provided a reasonable fit for all the experimental data at various conditions for the five
deformation modes are summarized in Tables 3 and 4. In the current study, the initial
critical stress ratio for basal 〈a〉 to prismatic 〈a〉 to second-order pyramidal 〈c + a〉 to the
tension twin at room temperature is 1:3.2:5:1.2, which is closer to the values found by Jain
and Agnew [4] at 1:3.2:5:1.5 versus the ratio of 1:4.1:14:1.2 reported by Ardeljan et el. [54].
The initial stress for tension twin is picked to be very close to the stress value of basal 〈a〉
and will remain same with the change in temperature due to its athermal nature.

The temperature sensitivity for the five deformation systems can be observed to be
different. Basal, which is the dominant deformation mechanism, has low sensitivity to
temperature change followed by prismatic showing a higher dependency on temperature.
The second-order pyramidal slip that accommodates 〈c〉-axis deformation shows the
highest sensitivity to temperature changes. Thus, deformations relying on basal activity
would be less sensitive to temperature, and deformations with predominant pyramidal
would be highly sensitive to temperature changes.

Mechanical twinning is athermal in nature [42], meaning it is not sensitive to temperature
changes. Hence, the same parameters were used for the critical stress and stress for twin
propagation over all the temperature range. From the hardnening parameters for tension
and compression twinning, tension twin propagates early due to its CRSS being lower
than that of second-order pyramidal, assisting in accommodating 〈c〉-axis deformation but
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also contributing to hardening. Compression twin requires a high CRSS to propagate and
causes immediate damage.

To fit the hardening parameters, the stress–strain response at room temperature for
compression in RD and compression in ND was used to derive the hardening parameters
as profuse twinning would be present in compression RD, resulting in a steep hardening
curve. Allen et al. [36] demonstrated in their work, the difference in saturation stress
in IPC and TTC to be a result of hardening due to higher dislocations forming during
transmutation. This knowledge was used to make fitting the flow response easier by
turning off transmutation (η = 1) and fitting compression ND and the initial curve for
compression RD. Subsequently, transmutation was permitted by 50% (η = 0.5) to fit the
saturation stress for compression in RD. The additional stress–strain plots were then fit in
the order of temperature, from 293 K to 373 K, and lastly 473 K by calibrating the initial
critical stress parameter, τ0 for all slip modes and critical and twin propagation stress for
compression twin.

The simulation fit to the experimental data derived using the VPSC model with the
hardening parameters listed in Tables 3 and 4 yields the results presented in Figure 11 for
strain rate 0.001 s−1 and Figure 12 for strain rate 0.1 s−1. Subplots (a) and (b) at both the
strain rates show stress–strain plots at room temperature and have captured the anisotropy
in ND vs RD adequately well. As discussed in the earlier section low room temperature
strain rate sensitivity is observed in AZ31 which has been well captured in the simulation.
A similar trend is observed for stress–strain subplots (c) and (d) at both the strain rates,
simulated at temperature 393 K. Prominent ductility is observed in magnesium as the
temperature increases from 373 K to 473 K and relative anisotropy is low in subplots (e) and
(f). However, the simulation results showed limitation predicting stress–strain response for
RD compression at low strain rate of 0.001 s−1. While experimental data showed no plateau
region from profuse twinning, the simulation results clearly shows plateau effect that arises
from profuse twinning. Similar effects were observed previously with over-prediction of
profuse twinning by VPSC model resulting in plateau region for higher temperature [23].

As compared to Zr [30], low initial yield anisotropy is observed in AZ31 between
the TTC and IPC direction which can be attributed to the availability of basal 〈a〉 slip
systems which have a lower Schmid factor as compared to pyramidal 〈a〉 which is the easy
slip system in Zr. The modal activity of each slip and twin mode in the parent grain and
the primary twin is plotted in Figure 13 for simulation results at room temperature and
quasi-static strain rate. Similar activity was seen in room temperature simulation at 0.1 s−1

strain rate. The activity trend for the slip and twin modes is similar to the trend observed
in AM30 [55], pure magnesium [13], and AZ31 [54].

These results are consistent with existing findings, as when compressed in RD (IPC)
((a), (b)) and pulled in tension in ND (TTT) ((g), (h)), basal is the easiest deformation
system available along with tension twin which propagated early due to low CRSS and
accommodates 〈c〉-axis deformation in absence of non-basal slips. The sigmoidal curve
which is a characteristic of in-plane compression has been associated with the extension
twin, causing huge strain hardening and dissipating with the increase in strain [56].
The model has been able to capture this behavior well and the tension twin activity can be
seen in the parent grain. Activity in the twin fraction is seen in these loading conditions
((b), (h)) due to twin-slip interactions and as Hall-Petch effects are neglected in this study,
the transmutation scheme has captured the slip-twin interactions well. Basal being the
easiest slip system is also easily activated when compressing in ND ((c), (d)), and pulling
in tension in RD with minimal twin activity. The higher yield stress requirements in these
directions and loading conditions are a result of the non-basal slip systems being active
reflective in the activity obtained from the simulations.
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(a)	𝟐𝟗𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏 (b)	𝟐𝟗𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏

(c)	37𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏 (d)	37𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏

(e)	47𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏 (f)	47𝟑𝑲 /	𝟎. 𝟎𝟎𝟏	𝒔!𝟏

Figure 11. Stress–strain response comparing the experimental and simulation in Compression and
tension at the strain rate of 0.001 s−1. (a) RD at 293 K (b) ND 293 K (c) RD at 373 K (d) ND at 373 K
(e) RD at 473 K (f) ND at 473 K.
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(a)	𝟐𝟗𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏 (b)	𝟐𝟗𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏

(c)	37𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏 (d)	37𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏

(e)	47𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏 (f)	47𝟑𝑲 /	𝟎. 𝟏	𝒔!𝟏

Figure 12. Stress–strain response comparing the experimental and simulation in Compression and
tension at the strain rate of 0.1 s−1. (a) RD at 293 K (b) ND 293 K (c) RD at 373 K (d) ND at 373 K
(e) RD at 473 K (f) ND at 473 K.

The asymmetry in AZ31 between the tension and compression loading and the out-
of-plane asymmetry is still a very noticeable phenomenon at higher temperatures though
it is relatively lower as compared to room temperature. This suggests that the CRSS of
the non-basal slip systems are still higher than that of tension twinning at the higher
temperature [57]. As the temperature increases, more non-basal slip systems are readily
available, and less strain hardening is observed. The strain rate sensitivity differs drastically
for AZ31 as the temperature increases from RT to 473 K. Previous studies have shown
the rate sensitivity increases 15 times with m ranging from approximately 0.01 to 0.15
as the temperature is increased from RT to 473 K [6]. The yield strength at different
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strain rates for compression in RD is observed to be similar considering twinning is an
important mechanism in RD compression which is known to be rate insensitive, or when
compressing in ND where pyramidal twinning and tensile twins are dominant [57]. All of
these characteristics are successfully captured by the simulation results.

1 
 

 
Figure 13. Activity of slip and twin within the parent (a,c,e,g) and primary twin (b,d,f,g) obtained
from the simulations of AZ31 at room temperature (293 K) and 0.001 s−1 strain-rate. Subplots
(a–d) show compression activity and (e–h) show tension activity. RD is in-plane and ND
is thru-thickness.

The texture data obtained from the simulation in tension and compression in both RD
and ND at room temperature and quasi-static strain rate is presented in the form of {0001}
and and {101̄0} pole figures in Figure 14. Experimental texture data was not available for
comparison, but the pole figures show similarity to deformed texture in other magnesium
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work [4,13,49,55]. The undeformed texture suggests that the crystals are oriented with
〈c〉-axis normal to the sheet surface with a little tilt towards the RD when viewed for
{0001} pole figure Figure 4. The deformation from loading in compression in RD has
caused all the crystals to reorient and move parallel to the loading direction, a signature
of twinning. The basal planes are rotated by 86° because of the extension twin activating
early on aligning the 〈c〉-axis of the crystals to the loading direction [49]. The deformed
texture in Figure 14c for tension in RD, shows the basal planes rotate to lie parallel to
the sheet surface and the tensile axis suggesting basal slip dominated deformations and
twinning that has led to the rotation of lattice. The effects of lattice rotation can be seen in
{101̄0} pole graphs where the intensity maxima are uniformly separated from each other at
the peripheral of the stereographic projection. Compressing in ND increases the intensity
of the basal texture as the material deforms primarily by basal and pyramidal. Whereas
when loaded in tension in ND a complete reorientation of the basal texture is observed
with the intensity maxima split in the in-plane rolled direction that has caused due to the
presence of twinning. The {101̄0} pole figure shows the presence of prismatic oriented
perpendicular to the ND while the original texture was pure basal texture and pyramidal
planes were parallel to ND. Similar texture evolution as room temperature is observed
at higher temperatures with decreasing basal pole intensity as the temperature increases
which is due to less twinning activity and more slip deformation mode availability, and an
increase in intensity is observed with similar texture for the same temperature but a higher
strain rate.

3.3. Simulation Results for Magnesium ZEK100

Magnesium alloy ZEK100 was chosen as one of the study materials due to its weak
texture, which as predicted did not show strong anisotropy as compared to the strongly
textured AZ31. Previous studies on ZEK100 have used the EVPSC model to simulate the
stress–strain behavior for in-plane anisotropy and VPSC model with minimum parameter
approach to predict the texture evolution [58], but a compressive study to model the
anisotropy at different temperatures is yet to be published. The hardening parameters
for pure magnesium in work by Oppedal et al. [13] were used as a basis for modeling the
room temperature stress–strain response in all four orientations (0°, 30°, 60°, 90°). Once
satisfactory hardening parameters were achieved at room temperature, the hardening
parameters were calibrated for stress–strain data at 373 K and 473 K temperatures. The fit
to the experimental tensile stress–strain response in 0° (RD), 30°, 60°, and 90° (TD) at
temperatures of 293 K, 373 K, and 473 K for 0.001 s−1 strain rate, yield the hardening
parameters listed in Tables 5 and 6. Compared to AZ31, very high initial critical stress
was used to activate the slip and the twin modes, and easy slip systems of basal 〈a〉 and
prismatic 〈a〉 readily available for deformation. A very high critical value for the tension
twin was determined, and the same hardening parameter was used at all temperatures due
to the athermal nature of the tension twin.

A good simulation fit was achieved to the stress–strain response using the hardening
parameters as can be seen in Figure 15. The parent grain activity and activity in the twin are
depicted in Figure 16 for all orientations at room temperature. Tension twins are sparsely
present in RD, but the activity within the twin increases as the orientation is changed,
moving from RD towards ND, with ND having maximum tension twin activity and
interactions within the twin. This explains the increase in hardening observed in the stress–
strain data as the orientation changes from RD to TD. It is evident that because the texture
is distributed and not all 〈c〉-axis are oriented in one direction, basal 〈a〉 and prismatic 〈a〉,
which are the easy slip systems are readily available for deformations regardless of the
orientation as observed in the activity in the parent grain.
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-0.000027

Figure 14. Texture pole figure for {0 0 0 1} and {1 0 1 0} at failure obtained from simulation for tension
and compression in both ND and RD at room temperature and 0.001 s−1 strain rate. The X-axis
represents TD, Y-axis represents RD and Z-axis represents ND.



Crystals 2023, 13, 653 24 of 30

Despite the weak texture of the ZEK100, a characteristic of the materials with the
addition of RE-elements in Mg, in-plane anisotropy in ZEK100 is present. Due to the
variation in texture and high Schmid factor, basal 〈a〉 and extension twin {101̄2}〈101̄1〉
easily activate in TD (90°) as the basal texture is dispersed with some inclination towards
TD. This can be observed in Figure 16g parent grain, where high tension twin activity
can be observed initially until other non-basal slip systems are eventually activated as the
material is strained. Subsequent activity within the primary twin is also observed in the
plot (h). Localized twin bands that are generally observed in Mg alloys are more uniformly
distributed in the case of ZEK100 owing to its randomized texture [48]. The current
model was successful in capturing the low yield and high ductility in TD. An almost
perfect simulation fit for the stress–strain response is obtained for tension in 30° and 60°
whose activity files show a reduction in twin activity as the orientation moves towards RD.
Prismatic 〈a〉 is seen to be more readily available as the twin activity reduces, along with
the easy slip system, basal 〈a〉. RD demonstrating high yield stress and plastic deformation
only accommodated by the slip systems. The high yield strength observed in RD suggests
that the yielding was a result of prismatic 〈a〉 rather than basal 〈a〉 which has a very low
CRSS and is reflected in the parent activity in plot (a) of Figure 16. The slip and twin activity
present in this work are consistent with the prediction derived using an VPSC model by
Ge [23,59].

The texture evolved at failure for tension in 0° and 90° is presented in Figure 17.
The texture for 0° does not show much difference in the initial and the final texture other
than an increase in intensity at the slip maxima Figure 9. The initial texture had no 〈c〉-axis
aligned parallel to RD and similar is observed in the final texture which is consistent with
the results obtained in work by Kurukuri et al. [44]. Contrary to results in RD, the texture
in TD goes through major reorientation as the grains that were initially aligned in TD have
now moved in alignment with TT and RD. This reorientation can be credited to the activity
of the twin when strained in TD. Overall, the simulation has provided a good prediction
for stress–strain and texture evolution for ZEK100.
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Figure 15. Stress–strain response of ZEK100 in tension and the simulation data fit achieved using the
VPSC dislocation density model. Subplots (a–c) are tests and simulations conducted at 293 K, 373 K,
and 473 K, respectively.
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Figure 16. Activity of slip and twin within the parent (a,c,e,g) and primary twin (b,d,f,g) obtained
from the simulations of ZEK100 at room temperature (293 K) and 0.001 s−1 strain-rate. Subplots
(a–d) show compression activity and (e–h) show tension activity. Each row represents activity for 0°,
30°, 60°, and 90°, respectively.
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Figure 17. Pole figures in {0001} and {101̄0} representing texture evolution for ZEK100 at room
temperature and 0.001 s−1 strain rate in tension. Plots (a,c,e,g) are undeformed texture and
(b,d,f,h) are deformed texture from simulations strained in 0°, 30°, 60° and 90°, respectively.

3.4. Effect of Transmutation Scheme and Limitations

Over both alloys, the model prersented herein that incorporates transmutation scheme
into temperature and strain rate independent composite grain VPSC model has captured
the anisotropy and asymmetry of a strong textured and a weak textured magnesium
alloy in the absence of Hall-Petch effects. The current model is also more reliable as
it provides a physical basis to model the hardening observed in Regime II attributed
to profuse twinning as an alternate to the Hall-Petch effect which in recent studies has
proven to differ from experimental evidence and is inconsistent in predicting hardening
behavior [22]. While most VPSC simulation efforts are made to predict limited scenarios in
strain rate, temperature, and/or stress-states [23–25,36], the current model uses physics-
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vetted mechanism of dislocation transmutation to predict deformation response with one
set of parameters per alloy for all these varying conditions. However, the limitation of the
current model includes over-prediction of the stress–strain behavior at higher temperatures,
which can be a contribution from dynamic recrystallization (DRX) observed in magnesium
at high temperatures. In their study of DRX in magnesium at high temperature deformation,
Al-Samman et al. found that even at a relatively low temperature of 473 K and high strain
rate, the center of the deformed sample went through DRX which caused softening [60].
The difference in the deformation behavior of the center and the lateral surface is attributed to
the nonuniform distribution of strain in the sample seen commonly in uniaxial compression.
Ulacia et al. [57] provide experimental evidence of microstructure fully recrystallizing at a
low strain rate of 10−3 s−1 and 473 K temperature. The disagreement in fitting the model to
the experimental curve can be observed for compression ND and RD at 473 K and 0.001 s−1

in Figure 11e,f. The incorporation of dynamic recrystallization is beyond the scope of the
current work and will be a subject for future model enhancements.

4. Conclusions

The present work aims to better capture the anisotropy and asymmetry exhibited by
HCP materials through the examination of magnesium alloys. To this end, a dislocation
transmutation scheme is incorporated into a VPSC modeling framework to to capture
the effects of twinning and slip dislocations on hardening. The goal of the model is to
serve as a platform for the generation of more robust material models and subroutines to
be used in the continuum-level simulation of HCP materials subject to varying starting
crystallographic textures, stress-states, strain rates, temperatures, and load orientations.
The updated model is validated using experiments performed on strongly textured (AZ31)
and weakly textured (ZEK100) material, leading to the following major takeaways:

1. Monotonic testing at different strain rates, temperatures, loading directions, and stress-
states performed on a rolled rolled AZ31 Mg alloy showed a strong strain rate sensitivity.

2. This strain rate sensitivity affected both the anisotropic and asymmetry behaviors of
the alloys and have been poorly captured by past crystal plasticity models.

3. Improved ability to predict this behavior is achieved through the introduction of a
physics-vetted mechanism, the dislocation transmutation effect, providing the proper
additional mathematical latitude for fitting stress–strain responses and textures.

4. Monotonic testing of weakly textured ZEK100 at varying temperatures and loading
directions revealed substantial in-plane anisotropy.

5. Previous studies lacked the right mechanism to give us the mathematical flexibility to
adequately capture this anisotropy. The proposed model fares well at this task and
validates the transmutation mechanism by capturing the overall variation using a
singular set of material modeling parameter values across all test cases.
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