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a b s t r a c t

In this work, we employ the recently developed framework for the explicit modeling of
discrete twin lamellae within a three-dimensional (3D) crystal plasticity finite element
(CPFE) model to examine the effects of dislocation densities in the twin domain on twin
thickening. Simulations are carried out for
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extension twins in a magne-

sium AZ31 alloy. The model for the twin lamellae accounts for the crystallographic twin-
matrix orientation relationship and characteristic twin shear transformation strain. The
calculations for the mechanical fields as a result of twinning consider that one of three
types of twin-dislocation density interactions have occurred. One case assumes that the
expanding twin retains in its domain the same dislocation density as the parent. The
second one considers that twin expansion has lowered the dislocation density as the twin
thickens, and the last one, the Basinski effect, assumes that when twin sweeps the region,
the dislocation density incorporated in the twin domain is amplified. In the modeling
approach, the twin is thickened according to a criterion that maintains the stress state in
the vicinity of the grain at a pre-defined characteristic twin resistance. The calculations
show that most of the averaged properties, such as the rate of dislocation storage in the
entire twin grain, the twin growth rate, the stress field in the twinned grain and neigh-
boring grains, and the slip activity in the parent matrix are not significantly altered by
dislocation storage in the twin. The results indicate that, however, the slip activity in the
twinned domain is affected. In particular, in the increased dislocation density case, the rate
of dislocation density in the twin domain increases at low strains when the twin is first
growing from 2% to 5% volume fraction. This initial boost in the dislocation density storage
rate causes the newly expanded dislocation twin to contain more stored dislocations than
the other cases for all strain levels. Another interesting difference concerns the preference
for one or two twins for the same total twin volume fraction; for the increased dislocation
twin or twin that retains the dislocation density as it grows, formation of two twins is
favored. For a twin that removes dislocation density, only one twin is preferred. The results
imply that in the case with reduced dislocation density leads to lower stored dislocations
and dislocation storage rates, and lower pyramidal slip activity.
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1. Introduction

Deformation twinning is an important deformation mechanism, governing both anisotropy and tension-compression
asymmetry, as well as texture evolution of many polycrystalline metals, particularly those with low symmetry crystal
structures, such as hexagonal (e.g., Mg, Ti, Zr, and its alloys) and orthorhombic (e.g., U). Understanding the effects of
deformation twinning on mechanical fields within the grain, its neighbors, and overall material behavior calls for knowledge
on how twinning initiates and progresses in time and throughout the grain structure.

Often deformation twinning operates along with dislocation slip as the material is mechanically deformed. How defor-
mation twins propagate is heavily dependent on the interactions between the growing twin lamellae and gliding dislocations.
Threemain slip-twin interactions, which have been studied via experiment, simulation, and theory, are the volume effect, the
barrier effect, and nucleation (Basinski and Basinski, 1989; Beyerlein et al., 2014; Capolungo et al., 2009; Cheng and Ghosh,
2015; El Kadiri and Oppedal, 2010; Fromm et al., 2009; Jahedi et al., 2017; Kaschner et al., 2006; Knezevic and Landry,
2015; Knezevic et al., 2013b, 2013c, 2013d; Salem et al., 2003). The first one refers to the lattice reorientation imparted by
a twin. The new orientation can alter the preferred slip modes from that of the original parent. The amount of shearing
associatedwith the twin is governed crystallographically by the characteristic twin shear. This value for extension twins inMg
is 0.1289, and thus other deformationmechanisms, such as slip, must be operating in the crystal at the same time. The second
one concerns the misorientation imparted at the twin-matrix interface. The alteration in the crystallographic slip planes can
pose a barrier to some gliding dislocations. The last one raises the issue of twin nucleation. It has been posed that twins form
from slip dislocations (Capolungo and Beyerlein, 2008; Christian and Mahajan, 1995; Mahajan, 2013; Mendelson, 1969, 1970).
The latter, in particular, suggests that dislocation glide occurs before as well as during twinning. Taken together, whether
twins occur after or during dislocation glide, these issues motivate the questions: what happens to the dislocations stored in
the volume of the crystal that later transforms into a twin? How would the fate of these inherited dislocations affect further
growth of the twin?

These questions were first addressed by Basinski et al. based on TEM studies of copper (Basinski and Basinski, 1989;
Basinski et al., 1997). The Basinski mechanism posits that an increment in strength and/or hardness develops as a result of
dislocations changing from glissile parent grain to sessile configurations within twins. It is the geometrical change of
dislocation Burgers vector. The mechanism was extended to HCP crystals in (Niewczas, 2010), where the details of vector
transformation in those crystals are described. Many works have sought to study this dislocation-twin interaction as twins
form and thicken in HCP metals. In studying the deformation behavior of unalloyed titanium at room temperature, Salem
et al. (2006). revealed two competing effects of deformation twinning on the overall strain-hardening response: strain
hardening via the HallePetch mechanism (i.e., a reduction in the effective slip length) and the Basinski mechanism. Micro-
and nanohardness measurements revealed that deformation twins (immediately after being formed) were harder than the
matrix (almost 30%), regardless of the twin thickness and orientation, thus supporting the Basinski mechanism.

El Kadiri and Oppedal (El Kadiri and Oppedal, 2010) proposed the idea of dislocation transmutation. As the parent slips and
the twin grows, the twin finds an increasing density of dislocations to incorporate and transmute. The multiplicity of
dislocation types in HCP metals, inherited by the twin from the parent, would suggest that the twin stores dislocations more
rapidly than the parent. Due to the coherent crystallographic character of the extension twin boundary with parent grain,
transmission of dislocations from parent to twin is higher than that to the parent from its neighbors. Additionally, trans-
mutation of dislocations from parent to twin can cause dislocation rearrangements or reconfigurations that leads to dislo-
cation generation. The effect is more pronounced due to the operation of multiple slip modes under deformation of the HCP
Mg structure. As such, transmutation results in a higher fraction of dislocation types within the twinned regions than in the
parent, forcing them to interact and induce an increasing latent hardening unique for twinning.

Using a 3DXRD experimental technique, capable of tracking the full stress tensor in a grain and an evolving twin, Aydiner
at el (Aydıner et al., 2009). examined the formation of a twin within a parent grain during compression of an AZ31 Mg alloy
with the c-axis of the parent grain nearly parallel to the compression axis. The results showed that the stress state in the
newly formed twin was lower than that of the parent grain. Using a full-field discrete FFT model, Kumar et al (Arul Kumar
et al., 2016). were able to explain the reduction in stress by a backstress that develops in the twin via a reaction from the
neighboring crystals to the shear of twin. In this work, the effect of dislocation density in the twin or changes in this density
before and after twinning was not studied.

Using 3D-XRD (Bieler et al., 2014), studied strongly textured pure Ti after 1.5 percent tensile strain to nucleate f1012g
twins. They show that before the twin happens, the stress state in the parent grain is lower prior to twin formation.
Apparently, the twin raises the stress in the parent grain after the twin formed. As a further addition to the conclusion made
by (Aydıner et al., 2009), they conclude that the deformation history in the neighboring grains also needs to be considered in
understanding the stress and strain state of the twin.

Recently, we developed a framework for modeling discrete twin lamellaewithin a three dimensional (3D) crystal plasticity
finite element (CPFE) model (Ardeljan et al., 2015b). The CPFE model accounts for the shear transformation strain and
reorientation associated with deformation twinning. These calculations were carried out for twinning in uranium, which has
an orthorhombic crystal structure and twins predominantly on the f130g
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systems under ambient conditions. This new

technique is a useful tool for studying 3D stress states generated by deformation twin lamellae.
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More recently, another approach was developed for modeling discrete twin evolution in polycrystalline microstructures
using crystal plasticity finite element framework (Cheng and Ghosh, 2017). The physics of twin nucleation was based on the
dissociation of sessile dislocations into stable twin loops, while propagation was assumed to proceed by atoms shearing on
twin planes and shuffling to reduce the thermal activation energy barrier. Explicit twinning was accomplished using the
evolution of state variables instead of inserting and propagating twins as separate geometrical objects. The work facilitated
modeling of many discrete twins in the microstructure without frequent remeshing. However, the applied plastic strain
accommodated by the twin may not have corresponded to the twin volume.

In this work, we apply the technique from (Ardeljan et al., 2015b) to study the generation of 3D stress fields produced by
the
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extension twins an Mg alloy AZ31. The constitutive law accounts for anisotropic elastic and plastic

behavior and uses a hardening law based on thermally activated dislocation density evolution on three modes of slip: basal a,
prismatic a, and pyramidal cþ a slip. This approach is used to investigate the influence of the twin-dislocation density in-
teractions and the dislocations within the new twin domain that were inherited from the crystalline region before it trans-
formed into a twin after the twin first formed on the driving forces for further growth under mechanical loading.

With the model, we explore the effect of the dislocation density in the twin on the mechanical fields in the crystal as well
as the driving forces for further twinning. When the twin is first nucleated and propagated, a twin-dislocation density is
assigned point by point within the lamellae. The twin dislocation density is dictated by one of three relationships to the
current stored dislocation density at that same point in the volume. The first relation considers one extreme, in which the
prior dislocation density is annealed, the second one the other extreme, which is the Basinski effect, wherein the dislocation
density is twice as high, and finally the last situation presumes that the dislocation density point for point is unchanged just
before and after twinning. With the model, we investigate the three cases of twin thickening on dislocation density storage
and their effects on the rate of dislocation storage in the entire twin grain, the twin growth rate, the stress field in the twin and
neighboring grains, and the slip activity inside and outside the twin. Interestingly, many of these properties are not signif-
icantly altered by how the twin thickening interacts with stored dislocations. An important effect confirmed here bymodeling
is that the entire grainwith the increased dislocation twin contains more stored dislocations and thus becomes harder as the
applied strain is increased. It is also observed that for the same overall twin volume fraction, formation of two twins is more
energetically favorable.

when the density of dislocations within the twin increases or remains constant. On the other hand, formation of a single
twin is favored when the overall dislocation density within the twin decreases with applied strain. We examine how the
preference for self-thickening of the twin lamella is affected by different dislocation storage rates, stored dislocations, and
pyramidal slip activity.
2. Modeling framework

Fig. 1 shows a detailed schematic of the multi-level modeling framework utilized in this work. The model evaluates the
material response at several length levels going from the right (finer level) to the left side (coarser level). At the coarse length
Fig. 1. Schematic of the modeling framework.
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level (frame a) we have the finite element (FE) model wherewe have introduced the concept of grains. Each grain represents a
specific element set that is composed of many finite elements with integration points (frame b). The constitutive response at
each integration point is determined by the use of crystal plasticity theory which considers the underlining activity of the
crystallographic slip and deformation twinning (frame c) which operate concurrently as the main mechanisms of crystal
deformation. As a criterion to initiate twinning, we employ a pseudo-slip model to accumulate the strain to a critical amount
(Van Houtte, 1978). Once this criterion is met, we explicitly model the twin lamella(e) by reorienting the lattice and applying
the characteristic twin shear. The overall response of the granular microstructural model (polycrystal) is calculated using the
finite element homogenization method which satisfies both stress equilibrium and strain compatibility conditions (in the
weak numerical sense). This model provides a realistic modeling tool for capturing the effects of grain-grain interactions and
heterogeneities in the stress-strain fields, all very important aspects when investing the twin-matrix composite.

Other models have been developed for the explicit modeling of a twin lamella in a microstructural framework (Knezevic
et al., 2016b; Kumar et al., 2015; Zhang et al., 2008). In these works, the stress fields that develop under relatively small strain
levels were studied and hardening was not as critical. In this work, the applied strains will reachmoderate levels and the local
stresses and strains can grow to be intense. For this reason, the constitutive response employed here includes a hardening law
and permits local lattice rotations.

The constitutive equations that govern material response are numerically implemented in the User MATerial (UMAT)
subroutine and executed in Abaqus Standard. The applied load, prescribed by the appropriate boundary conditions is dis-
cretized into increments, where the global stress equilibrium solution is achieved for each and every of the time increents in
an iterative way using the FE method. The finite element governing equation, in its linearized form, that secures stress
equilibrium and strain compatibility for each finite element is:0

@ Z
V

BT JBdV

1
ADU ¼ R �

Z
V

BTsdV : (1)
In this relationship, on the left hand side B stands for FE strain-displacement matrix, J is material Jacobian matrix, DU is
displacement increment solution, while on the right hand side R represents the applied force vector ands is the Cauchy stress
tensor (Bathe, 1996).

Below we summarize the constitutive formulation that relates the stress to the strain work conjugate applied at each
integration point within each element in the finite mesh (Ardeljan et al., 2014; Kalidindi et al., 1992, 2006; Knezevic et al.,
2014d; Savage et al., 2017a; Savage et al., 2017b; Zecevic and Knezevic, 2017; Zecevic et al., 2015b, c). The following nota-
tion is used: tensors are denoted using boldface symbols, which are not italic and scalars are denoted using italicized symbols,
which are not bold.

2.1. Kinematics of slip and twinning within CPFE

In the description that follows, the main kinematic variables of velocity gradient and deformation gradient are denoted by
L and F, respectively. L is the sum of the elastic Le and plastic Lp velocity gradients

L ¼ Le þ Lp: (2)
The Lp is the sum of the contributions from slip and twinning as follows

Lp ¼ Lsl þ Ltw: (3)
The velocity gradients for slip and twinning, are given by:

Lsl ¼
XNsl

a

_gama
0; Ltw ¼

XNtw

b

_f
b
Sbmb

0; (4)

where _ga is the shear rate on slip system a, ma
0 and mb

0 are the Schmid tensors for slip system a and twin system b,
respectively, Sb is the characteristic twin shear, and Nsl and Ntw are the total number of available slip and twin systems,
respectively. The Schmid tensors are defined as the dyadic product of two orthogonal unit vectors denoting the slip (or twin)
shear direction and the slip (or twin) plane normal, respectively. The subscript ‘0’ denotes that these tensors are known a
priori and use the initial crystal orientation.

The evolution equation for the twin volume fraction of a given slip system b is given by:
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_f
b ¼ _gb

Sb
; (5)

or in strain increment form, Df b ¼ Dgb

Sb (Kalidindi, 1998; Van Houtte, 1978). The complete twin shear strain of 0.1289 is ob-
tained when the volume fraction of a particular extension twin system, b, reaches unity, i.e.,

Pn
1Df

b ¼ 1, for a certain number
of n strain increments, and as a result, Sb ¼ Pn

1Dg
b.

The total deformation gradient tensor (F) for finite deformations can be decomposed into its elastic and plastic compo-
nents via:

F ¼ FeFp; (6)
where Fe contains deformation gradients associated with both elastic stretching and lattice rotation, while Fp is the defor-
mation gradient due to plastic deformation alone. The following flow rule relationship is used to define the evolution of Fp in a
rate form:

_F
p ¼ LpFp;

dFp

dt
¼ LpFp: (7)
Integrating Eq. (7) from t to t ¼ t þ Dt, gives

FpðtÞ ¼ expðLpDtÞFpðtÞ: (8)
Expressing the exponential as a series and retaining the first order terms yields

FpðtÞ ¼ fIþ DtLpgFpðtÞ ¼
n
Iþ Dt

�
Lsl þ Ltw

�o
FpðtÞ; (9)
where I is the identity matrix. The constitutive equation for the stress in the grain is given by

Te ¼ CEe; Te ¼ Fe
�1fðdetFeÞsgFe�T

; Ee ¼ 1
2

n
Fe

T
Fe � I

o
; (10)
where C is the fourth-order elasticity tensor (Landry and Knezevic, 2015; Wu et al., 2007), Te and Ee are a pair of work
conjugate stress and strain measures, and s is the Cauchy stress for the grain. The elastic deformation gradient Fe ¼ FFp

�1
is

determined by first rewriting Eq. (9) as:

Fp
�1 ðtÞ ¼ Fp

�1 ðtÞ
n
I� Dt

�
Lsl þ Ltw

�o
: (11)
The Ltw is conveniently divided into two parts, Ltw; pts and Ltw;ots, i.e.,

Ltw ¼ Ltw;pts þ Ltw;ots: (12)

where Ltw; pts is the velocity gradient of the most active variant, or the so-called predominant twin system (pts) and Ltw; ots is
the velocity gradient contributed by the other twin systems. Note that every twin system is active in every grain of the
polycrystal throughout a plastic deformation process, while continuously accumulating twin volume fraction with plastic
strain based on the pseudo-slip model (Van Houtte, 1978). Once the value of accumulated twin volume fraction of a specific
twin system (pts) reaches a prescribed threshold value to nucleate or thicken within a given grain, the criterion is met to
explicitly propagate or thicken the twin lamella by reorienting the lattice with respect to parent grain and enforcing the
characteristic twin transformation shear.

2.2. Kinetics of slip and twinning

To determine the shear strain rate _ga, for each slip system a, and _gb, twinning systems b, we use a relationship between the
resolved shear stress (ta ¼ Te,ma

0 for slip and tb ¼ Te,mb
0 for twinning, where ‘,’ represents the dot product) with their

characteristic resistance (tac for slip systems and tbc for twin systems) following a power-law relationship given by (Asaro and
Needleman, 1985; Hutchinson, 1976; Kalidindi, 1998):
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_ga ¼ _g0

�jtaj
tac

�1
m

signðtaÞ; _gb ¼

8>>>><
>>>>:

_g0

 ���tb���
tbc

!1
m

sign
�
tb
�

if tb >0

0 if tb <0

; (13)

where _g0 is a reference slip rate (arbitrarily set to be 0.001 s�1) andm is a strain rate sensitivity factor (set to be 0.02 for both
slip and twinning systems).

For the tac and tbc evolution, we use the hardening law for AZ31 described in (Ardeljan et al., 2016). The hardening law
adopted is a dislocation density based hardening law employing rate equations for dislocation density including thermally
activated dynamic recovery. The basic formulation of this particular hardening law dates back to 2008 (Beyerlein and Tom�e,
2008) and since then has been adapted for simulation of several low symmetry metal systems including Be (Knezevic et al.,
2013a; Zecevic et al., 2015a), Zr (Knezevic et al., 2015b; Zecevic et al., 2016a), Mg (Lentz et al., 2015a, 2015b; Risse et al., 2017),
Ti (Zecevic et al., 2017), and U (Knezevic et al., 2012, 2016a; Zecevic et al., 2016b, c) as well as cubic metals (Knezevic et al.,
2014a, 2014b, 2015a; Zecevic and Knezevic, 2015; Zecevic et al., 2016d). The equations are provided in appendix A, while the
parameters for AZ31 used in this work are taken from (Ardeljan et al., 2016).
3. Explicit incorporation of twinning in CPFE

3.1. Starting 3D microstructures

We produced a synthetic microstructure using the publicly available software called DREAM.3D, which stands for Digital
Representation Environment for the Analysis of Materials in 3D (Groeber et al., 2008; Groeber and Jackson, 2014). Compared
to those typically generated via the Voronoi tessellation scheme, DREAM.3D generates grain morphology and grain size
distribution that are more realistic. DREAM.3D provides 3D synthetic voxel-based microstructures and surface meshes for
each individual grain based on specified grain size and grain shape distributions. For our interests, we further define voxel
density/resolution in themodel in order to achieve the desired number of surface finite elements. We use the surface mesh as
a bridge between a voxel-based model and a volumetric (in our case tetrahedral) mesh.

The surface mesh is used for 3D mesh generation. Starting from the surface mesh, 3D solid meshing of individual grains is
performed to ensure ‘conformal’ grain boundaries in MSC Patran Version (2013). Conformal boundaries mean mesh
conformance between grain boundaries, an aspect that is important when phenomena due to grain-to-grain interactions
need to be analyzed, such as stress concentrations at quadruple points. The reader can find a detailed step-by-step expla-
nation of this meshing procedure in (Knezevic et al., 2014c).
3.2. Procedure of incorporating and thickening of twin lamellae in an FE mesh

Explicitly including a twin lamella into the finite element framework required the development of an automated pro-
cedure. Hence, scripting capabilities offered in software packages such as Matlab, Patran and Abaqus were successfully
employed. This procedure is described in detail in (Ardeljan et al., 2015a; Ardeljan et al.) and consists of several geometric
manipulations and mesh generations. For this purpose, we developed a script in Matlab, which writes Patran and Python
script files containing specific commands for Patran and Abaqus, respectively. The Patran scripts perform either surface or
solid meshing and the Python script files either extract the surface mesh from the solid mesh model or perform the Abaqus
mesh cleanup procedure. After this procedure is initially performed in this study, the final result is a twin lamella with a 2%
volume fraction inserted with the appropriate crystallographic orientation and shape relative to a selected parent grain that
maintains the overall conformity with the parent and neighboring grains. Further executions of this procedure result in
thickening of a priory nucleated and propagated twin lamella according to prescribed twin volume fraction values.
3.3. Procedure for enforcing the characteristic twin shear within reoriented twin lamella volume

So far, we explained all the necessary geometric and FE mesh operations in order to form and thicken the twin lamella.
However, to fully model the twin, in addition to the crystal lattice reorientation, intrinsic shearing imposed by creating and
thickening twin lamella must be kinematicaly consistent (Ardeljan et al., 2015b). Once the twin lamella is formed, the volume
fraction of the predominant twin system (b ¼ tw; pts) in the corresponding volume reaches unity. To ensure that the strain
accommodated by the twin variant b ¼ tw; pts corresponds to its volume transferred from the parent either during the twin
formation or subsequent thickening, we enforce the twinning shear strain in the twin using

Fp
�1

tð Þ ¼
n
I� Stw;ptsmtw;pts

0

o
: (14)
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Additionally, we ensure that any strain accommodated by the same selected twin variant is removed from the parent grain
using

Fp
�1

tð Þ ¼ Fp
�1

tð Þ
n
Iþ f tw;ptsStw;ptsmtw;pts

0

o
: (15)

tw;pts
In the above equations, f is the accumulated volume fraction of the selected twin variant in the parent grain. Both
Eqs.( (14) and (15) follow from Eq. (11) and take into account Eq. (5). In summary, Eqs. (14) and (15) enable the required
transfer of strain after a twin has formed from the parent to the twin by updating values of Fp which is simultaneously carried
out for all elements belonging to the parent grain and twin.

4. AZ31 twin model

4.1. The model set up

Fig. 2 shows the 3D FE microstructural model. This 3Dmicrostructure contains 29 grains and approximately 570,000 finite
elements. Each grain consists of roughly 20,000 finite elements. Discretization uses linear tetrahedral elements with one
integration point (i.e., type C3D4 in ABAQUS). In order to reveal the interior of the model and to show the grainmorphologies,
we cut the model in half and expose the two cut planes (see the two right-most images in Fig. 2).

We randomly assign crystal orientations to every grain except the green grain in the center of the FE model. The crystal
orientation of this grain is selected such that it favors
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extension twinning under simple compression along

the normal direction (ND), i.e. z-direction (Fig. 3). The simple compression is performed by imposing displacement in the z-
direction (ND), where the lateral sides are traction-free, and hence free to expand. The compression consists of several
deformation steps, necessary to initially form and then thicken the twin lamella, as will be detailed below. The chosen parent
grain orientation is defined by Bunge-Euler angles of (50

�
;95

�
;180

�
). The same crystal orientation is assigned to each finite

element within each grain, which results in the initial intra-granular misorientations of zero for each grain. Supplementary
material of the paper contains the model setup.

For the 3Dmodel grain structure and central grain, once a threshold is reached for twin nucleation, it needs to be inserted,
and where it is inserted in the microstructure could have a significant influence on its subsequent growth characteristics.
Thus, the key question is where should it form? Twins are a localized phenomenon and not strongly correlated with average
properties or average stresses or strains (Christian and Mahajan, 1995). Twins are most likely to form at points with the
highest stress concentration (Bell and Cahn, 1957; Wang et al., 2010a). For the stress concentration component, we elect to
use, as a driving force, the resolved shear stress on the twin plane and in the twinning direction (RSSTW) and calculate the
stress concentration in RSSTW by considering the value of RSSTW normalized by its critical value, which evolves with
deformation and it is governed by dislocation density hardening law. Before moving forward, it is important to keep in mind
that the full tensorial fields are calculated at every increment. Should another driving force be deemed more appropriate, it
can be easily calculated and used.

Prior to the initial twin lamella formation, a pre-strain of approximately 0.002 in simple compression was applied to a
polycrystal along the z-direction. As an implication of a local stress-driven event, it is not necessary that the twin variant with
the highest Schmid factor based on the average grain orientation and the applied compression ND load would be the variant
that would form. For the purpose of the extension twin variant selection and determining where to insert the twin lamella,
Fig. 2. A finite element model of explicit grain structure that consists of 29 grains and 570,000 C3D4 elements. The two semi-sections that are perpendicular to
each other show the interior of the granular model where the initial crystal orientation of the central grain (colored in green) is set to be favorable forn
1012

oD
1011

E
extension twinning for simple compression along the z-direction (ND direction). Note that the models on the left and in the middle are in one,

while the model on the right is in a different frame. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)



Fig. 3. Distributions of normalized resolved shear stresses ðRSSTWÞ along the twin plane in the twin direction for all six extension variants after a pre-strain of
approximately 0.002 necessary to nucleate initial twin lamella. Normalization was performed with corresponding threshold values for twinning.
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we study the RSSTW fields for each of the six extension variants in the grain cluster (Fig. 3). Looking at the central grain alone,
we observe that two of the six variants appear to have high RSSTW values with the ð0112Þ½0111� variant being the highest and
thus we choose to nucleate this variant in the simulations hereinafter. This particular extension twin variant becomes the
predominant twin system (pts) as soon as its accumulated twin volume fraction reached a threshold value to form an initial
twin lamella. In the present study, the threshold value of 2% is chosen as appropriate. Smaller than 2% is possible to handle by
the procedure but is much more challenging to handle as far as geometry and mesh generation due to very small thickness.
Fig. 4. Distributions of the von Mises stress normalized by the applied stress over the parent grain without a twin lamella (aee) and after formation of 2% twin
lamella (fej). Different Y-Z sections of the parent grain at constant X are shown to expose different stress concentration points (without the twin lamella (aec)
and with 2% twin lamella (hej)). Note that (a) and (h), (b) and (i), and (c) and (j) are the same sections at constant X with each belonging to different strain/time
point (i.e. before and after the twin is propagated). Note also that grains shown in (d) and (f) are in a different frame. The black arrow indicates the location of the
highest stress concentration.
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Due to the specific nature of deformation in AZ31, we see that the neighboring grains could easily deform by twinning as well,
but here for simplicity, we carry out explicit modeling of twin lamella for the central grain only. Note that twinning is allowed
in all surrounding grains by employing the pseudo-slip model. Next, the location for the twin lamella of twin variant is
determined. As mentioned earlier, it is assumed that favorable twin nucleation sites are found at the grain boundaries at
points of highest stress concentration (Bell and Cahn,1957; Beyerlein et al., 2011; Moln�ar et al., 2012;Wang et al., 2014, 2010b,
2010c; Zheng et al., 2012). As a measure of determining these stress concentration points we use the von Mises stress values
normalized by the applied stress over the entire volume of the grain model (Fig. 4). Fig. 4(aee) show the contours of
normalized vonMises stress values after the pre-strain is applied, while (f-j) show those after the twin propagation. The point
of highest stress concentration at the grain boundary of the central grain is indicated by the black arrow. The twin plane
location is chosen such that it intersects the volume in the parent grain with the highest twin driving force (RSSTWÞ while
also connecting the points of the highest stress concentrations found at the parent grain boundaries. Consequently, the exact
location will depend not only on the properties of the parent grain, but also on neighborhood orientation and morphology
and the applied strain state. Fig. 4 also shows contours of normalized vonMises stress values when 2% twin lamella is formed
and very small amount of strain is applied (f-j) necessary to establish the stress equilibrium after the twin is inserted. Images
show the actual locationwhere the initial twin lamella has been placed. Images (a-c) show different Y-Z sections at constant X
of the parent grain before the twin is formed, while (h-j) are the corresponding images after twin lamella is formed. We note
that the assumption that twin nucleated at the point of highest stress is not necessarily always the case. The twin partial at the
tip near the grain boundary and other slip transfer mechanisms across grain boundaries as well as twin transmission from
grain-to-grain have also been identified as nucleation sites (Wang et al., 2010c).

After forming the twin a choice can be made about the twin dislocation density. Three extreme cases are considered. One
involves fully recovering the dislocations within the transforming parent material volume in the twin. Thus the twin-
dislocation density is independent of the history of the parent crystal and the strain of twin formation. In the second case,
the twin-dislocation density adopts the stored dislocation density at the time of twin formation. In this case, the deformation
conditions at the time the twin is first formed affect the twin-dislocation density. The last case models the Basinski effect,
wherein the twin dislocation density is higher than the dislocation density stored in the crystal right before twinning.

To augment the dislocation densities while propagating and thickening the twin, the dislocation densities at the inte-
gration points associated with the mesh of the parent are transferred to the integration points corresponding to the mesh of
the twin. Only the values in the parent grain locatedwhere the newmesh of the twin region exists are altered. In first case, the
density in the twin volume increment corresponds to an annealed state (1012 m�2), while the existing twin volumemaintains
the current heterogeneous dislocation density distribution. The new increment in volume has a homogeneous distribution of
dislocation density. In the second and third cases, the dislocation densities can vary from point to point in the increment
because the values are based on the current dislocation distribution in the parent transforming to the twin. These assign-
ments to incremental volumes only set the initial dislocation density and with further straining the dislocation density in the
twin is allowed to evolve. Appendix B is provided to further clarify the procedure.
4.2. The twinned grain

We first consider effect of a newly formed twin on the stress field of a deformed polycrystal. The new stress field after the
twin lamella forms would influence how and where twin growth would initiate. Unless stated otherwise, the instantaneous
dislocation density just before twinning is used for the twin-dislocation density. Fig. 4 compares the von Mises stress field
before and after twinning. We see that the parent stress field in this cross section has not changed substantially and the
largest changes occur at the twin tips, where the stress concentrations increase (Fig. 4g). Further, despite the relatively small
2% volume fraction of this newly formed twin, the stress fields in the neighboring grains have been altered. In particular, we
see that relaxation occurs primarily in the neighboring grains that do not intersect the twin. Based on these results, it would
seem that the same twin would thicken rather than nucleating a new twin since stress fields along the twin boundary have
not dropped or decreased.

To thicken the twin from the initial 2% twin volume fraction, we applymore ND compression to the 3D grain cluster model.
The twin is then made to expand in five different deformation steps to volume fractions of 5%, 10%, 20%, 36% and 45%. For the
growth step, the FE mesh is altered in a similar manner as twin propagation. Maintaining the same twin normal and location
of the initially propagated twin, we cut the surface mesh of the parent grain by two parallel planes with a specified separation
in order to expand the twin volume (Fig. 5). In this case, the surface mesh of the parent grain is now reduced for the volume of
the previously formed twin lamella. The distance between the cutting planes is changed in order to reflect the twin growth.
Appendix B summarizes the procedure. Every time the twin variant propagates, the iterations are performed to ensure that
the shear strain accommodated by the twin variant corresponds to its size (Eq. (14)) and that the parent grain is free of any
strain accommodated by the same twin variant (Eq. (15)). In the current modeling approach of explicit twin lamellae, it is not
practical to grow its volume every strain increment as the twin accommodates the plastic strain since this would be extremely
computationally challenging. We chose the discrete values of twin volume fractions (e.g. 5%, 10%, 20%, 36% and 45%) to
facilitate growth of the lamella to a size often observed in AZ31. The sizes of these steps were optimized by considering the
distributions of normalized resolved shear stresses (Fig. 9), which is a measure of the driving force to grow a twin. The steps
were not made excessively large to influence the parent's grain propensity to further twin, while they are not too small to



Fig. 5. Twin propagation and thickening with respect to the surrounding neighboring grains in the 3D model. Grain structure with propagated (a) 2% twin,
thickened (b) 5% twin, (c) 10% twin, (d) 20% twin, (e) 36% twin and (f) 45% twin. Different colors are used to highlight the twin thickening increments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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unnecessary increase the deformation steps needed to achieve the target volume fraction (i.e. 45%). We ensured that more
frequent increments would not reveal any new phenomena that we did not reveal with the present choices.

One of themain questionswe seek to address concerns the role of the internal twin dislocation density on twin thickening.
All calculations below are, therefore, repeated in the case where the dislocation density at integration points associated with
the mesh are maintained before twinning (case 1, “the same dislocation twin”), or are reduced to 1 � 1012/m2 (case 2,
“removed dislocation”) or doubled from their current value before twinning (case 3, “the increased dislocation twin”). In prior
work (Ardeljan et al., 2015b) the twin-dislocation density was arbitrarily assumed to adopt the current value of the stored
dislocation density in the parent at the time of twin propagation and thickening (case 1, same dislocation twin).

Fig. 6 compares the von Mises stress fields produced by the twin under load. Since the hardening parameters are adjusted
for AZ31, the magnitudes are realistic and thus not normalized. The stresses grow in extent and intensity as the twin grows
and the applied strain increases. Many of these details are a consequence of the history of loading, the grain orientations, and
the topology of the grain boundary surfaces. With all else being fixed, the comparison shows that the twin volume fraction
has the greatest effect on the characteristics of the field, and comparatively, the three twin-dislocation density (DD) situations
have relatively small effects. Appendix C shows von Mises contours for the other two cases (i.e. case 2 and case 3). The
important point to note is that when the twin dislocation density is removed as it grows, it produces less intense regions of
stress. The effect becomes more pronounced as the twin thickens. Thus, whether the twin stores additional dislocations,
maintains them, or removes them as it grows, can affect localized stress states not only in the parent grain and the neigh-
boring grain, but the next nearest neighboring grains as well.

To thicken the twin, the applied strain is increased, just enough to increase the local stress at the twin/grain boundary
junction to rise again. Table 1 presents the twin volume fraction and its corresponding applied strain. As the applied strain
increases to 1% and ultimately to 7.5% true strain, the twin in this particular grain thickened from its starting 2%e45% twin
volume fraction.

Fig. 7 examines the rate of growthwith plastic strain. The casewherein the twin removes dislocation density (DD) grows at
a slightly higher rate than the other cases. Once again, the effect of the twin-DD interactions is slight, even when the twin
encompasses 45% volume fraction. Fig. 8 shows the corresponding total DD (including forest and substructure) development
within the twin. When the twin is just 2% volume fraction, the increased dislocation twin increases the rate of dislocation
density storage over the other cases. When the twin grows larger than 2%, the effect of twin-DD interactions is negligible.
However, as a consequence of the initial boost in storage rate, the accumulated DD in the entire grain is greater in the
increased dislocation twin than the “same dislocation twin” or the “removed dislocation twin”.

The RSSTW stress fields after the twin has thickened at every step are shown in Fig. 9. In every case the RSSTW driving
stresses for the same twin system have dropped for regions within the twin lamella, which can be expected since the sig-
nificant ~86� reorientation has caused other slip systems to be favored.



Fig. 6. Distributions of the von Mises stress (VMises) for different twin volume fractions (same dislocation twin i.e. case 1): (a and a’) 2% twin, (b and b’) 5% twin,
(c and c’) 10% twin, (d and d’) 20% twin, (e and e’) 36% twin and (f and f’) 45% twin. In the bottom row (denoted with primed labels) the corresponding parent and
twin grains pulled out from the rest of the grains in the cluster are shown.

Table 1
Different aspects of the granular structure relevant to the twin lamella formation and thickening at particular stages of this process.

TVF relative to the parent grain x10�2 2.08 4.91 10.07 19.76 35.77 44.94
TVF relative to the entire FE model x10�2 0.0969 0.26 0.56 1.06 2 2.44
Applied effective strain 0.0021 0.006 0.0127 0.0259 0.0489 0.0671
Effective strain accommodated by the twin 0.0019 0.0057 0.0121 0.0241 0.0434 0.0558

Fig. 7. Evolution of the twin volume fraction (extension twin) within the central parent grain during simple compression when (a) dislocation densities are
transferred from parent to twin region “as is” (same dislocation twin) and (b) the comparison between the three cases with different dislocation density content
within the twin region. In the plot 7a different colors are used for different stages (deformation steps) in the process of twin thickening. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Calculated dislocation density in the twin region for three considered dislocation density cases. The results for the total dislocation density in the twinned
grain containing two twins are very similar.
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Fig. 9 can also be used to assess the driving forces for further growth that prevail in the parent grain outside of the lamella.
For a more quantitative assessment, we averaged the RSSTW on both twin planes for each twin thickness after trans-
formation. To be more precise, this quantity of averaged RSSTW (normalized twin driving force) was calculated as
1
V
PNel

i¼1
ttw;ptsi

ttw;ptsi
c

Vi for a prescribed volume of the parent grain, where tw,pts is already defined as the predominant twin system.

Fig. 10a shows the variation with twin growth in this averaged RSSTW near the twin boundary in the parent. As the twin
thickens, the average RSSTW remains close to the CRSS. This serves as validation for the growth criterion and shows that the
applied strainwas increased just enough to thicken the twin in each case. A similar calculation of the averaged RSSTW ismade
for the entire matrix volume and the results are shown in Fig. 10b. In this case, the value begins to decrease as the twin
thickens, suggesting that as the twin thickens at the later stages of deformation, more strainwould be needed to create a new
twin elsewhere and self-thickening becomes increasingly preferred.
Fig. 9. Distributions of normalized resolved shear stresses along the most dominant twin plane in the twin direction (ð0112Þ½0111�) for different twin volume
fractions before transformation: (a) 2% twin, (b) 5% twin, (c) 10% twin, (d) 20% twin, (e) 36% twin and (f) 45% twin.



Fig. 10. Normalized twin driving force in the central parent grain calculated for different twin volume fractions using two domains: (a) volume close to twin-
matrix interface and (b) the entire parent grain. Different colors are used for different stages (deformation steps) in the process of twin thickening. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Self-thickening versus two twins

In the above simulations, the increase in applied work is dissipated by the increase in twin thickness, since the average
driving force along the twin plane surfaces is maintained just at the characteristic stress for twinning.We find that the driving
force is also maintained in the remainder of the parent grain and only begins to decrease when the twin volume fraction
exceeds 35%. Thus, when the twin is still fine (<35% in volume fraction), the conditions are favorable for forming a second
twin in the same grain. Next we apply the model to examine whether twin-DD interactions can affect the preference for
achieving the same twin volume fraction by one or two twins.

In the model, as with the first twin, the second twin is formed where the stress concentrations are the highest along the
region where the twin boundary intersects the grain boundary. Fig. 11 shows the von Mises contour maps for the two twin
cases (configurations) for all three types of twin-DD interactions. We find that in this case, the tips of the bottom twin
experience a different stress state than the upper twin tips. This can be expected since the two twins have different neighbors
and morphologies. Fig. 12 shows the slip activity maps. Compared to similar maps for the single twin cases, we observe that
having one versus two twins does not substantially affect the slip activity in thematrix (again predominantly basal slip) and in
the twin (mixed mode slip of pyramidal, basal and prismatic). Once again, the type of twin-DD interactions has second-order
effects on the slip activity in the two-twin cases.
Fig. 11. Two grain structure configurations with parent grain containing (a) one 45% twin lamella and (b) two lamellae, one of 36% and another of 9% volume
fraction. Distributions of the von Mises stress contours for all three types of twin-DD interactions are shown.



Fig. 12. Distributions of the accumulated shear strains across the whole grain model for basal and prismatic slip systems after equal amount of applied strain of
approximately 0.005 with one and two lamellae grain configurations. Accumulated shear strains on basal slip mode in a grain model containing (a) one twin
lamella, (b) two twin lamellae and prismatic slip mode with (c) one twin lamella and (d) two twin lamellae. The comparison is also made considering all three
types of DD-twin interactions.
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The calculation is carried out on both the one twin and the two-twin configurations needed to achieve 45% twin volume
fraction. To determine whether one or two twins is more favorable, we incremented the applied plastic strain and calculated
the associated increment in strain energy in four volumes: the parent, the twin lamellae, the entire grain (parentþ twin), and
the entiremulti-grain cluster and considered changes in the plastic workWs;where s represents the number of twin lamellae
in the grain model. This change is calculated for the four domains using the relationship Ws ¼ 1

V
Pn

1
R
V
sijDε

p
ij, where the

increment in plastic strain of 0.005 is applied from the same onset configuration, i.e., the configuration after incrementing



Table 2
Comparison of plastic work difference between one lamella and two twin lamellae calculated over the specific volume as indicated in the table.

Same dislocation twin Removed dislocation twin Increased dislocation twin

DW
�
MJ
m3

�
x104 DW

�
MJ
m3

�
x104 DW

�
MJ
m3

�
x104

Grain cluster 0.28 �2.06 2.4
Parent grain þ twin 0.29 �0.17 0.4
Parent grain 0.13 �0.12 0.03
Twin lamella 0.16 �0.05 0.37
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either the existing lamella to 45% volume fraction for the one twin case or the configuration after creating the second lamellae
without incrementing the existing lamella to 45% volume fraction for the two lamellae case. The results are then compared for
each DD-twin interaction case and the difference between the two twin grain configurations is calculated as: DW ¼ W1 �W2
(Table 2). Table 2 presents calculations of the system energywhen the 45% twin volume fraction is embodied in one lamella or
two separate lamellae. These results showa remarkable effect of twin-DD interactions.When the stored density is maintained
or increased, forming a second twin lamella (with 9% volume fraction) is more energetically favorable than increasing the
volume fraction of the original lamella. Although not shown, the twin driving force in the parent grain along the two twin
boundaries would lead to the same conclusion. It is just slightly higher in the case of two separate twin lamellae than in the
one twin lamella case. However, when the twin removes dislocation density, growth of a single twin is preferred.

To better understand the preference, we analyzed the dislocation density evolutionwithin the twin lamella and the parent
matrix. Fig. 13 presents the calculated evolution of the dislocation density on each slip mode (a) within the parent matrix of
the twinned grain and (b-d) within the twin lamellae for the three different cases. Despite the preference for basal slip in this
Fig. 13. Evolution of the dislocation density in (a) the parent matrix and (bed) the twinned domains for three different dislocation density cases, (b) same
dislocation twin, (c) removed dislocation twin, and (d) increased dislocation twin case. There was no significant difference in the dislocation storage rates for the
parent matrix in the three cases so (a) is representative of the state of the parent matrix in all three cases. The total DD in (bed) is the same as in Fig. 8.
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alloy, all slip modes are active within the parent matrix and within the twin lamella. For the matrix, basal slip slightly
dominates. The selected slip modes in the parent matrix are also not sensitive to how the growing twin affects the stored
dislocations and thus it suffices to show the representative calculation in Fig. 13a. We found that the evolution of the
dislocation densities in the parent matrix is similar for all three different DD-twin cases that were considered. This suggests
that the parent orientation and that of its next nearest neighboring grains largely govern slip activity in the parent. The most
interesting difference among the three cases within the twin lamella is that the removed dislocation twin case can be
distinguished by a lower dislocation density than the parent and the lowest activity of pyramidal slip among the three cases.
We propose that these differences provide an explanation for why self-thickening would be favored over formation of a new
twin for the situation in which twin thickening recovers previously stored dislocations. It has recently been reported that
dislocations can readily be transmitted through extension twins in Mg alloys (Molodov et al., 2017). As a result, extension
twins in AZ31 could contain a low level of dislocation density. Since extension twins in AZ31 are observed to be thick with
majority of grains containing a single or lowmultiplicity of twin lamellae (Knezevic et al., 2010), our results about the effect of
low level of stored dislocations in twin domain on self-thickening is consistent with this new finding about the transmissivity.

5. Conclusions

Using the recently developed framework for explicitly modeling discrete twin lamellae within a 3D crystal plasticity finite
element (CPFE) models, we investigated the effects of dislocation density on twin propagation. For a magnesium alloy AZ31
containing extension twins, we calculated the stress fields and analyzed the driving forces for twin growth for three cases of
twin dislocation density: full recovery (the twin domain removes the stored dislocation density), maintenance (the twin
domain retains it), and the Basinski effect (the twin domain adopts a much larger stored dislocation density, by two times in
this case). We show that these cases have little effect on the twin growth rate, the stress field in the twin and neighboring
grains, and the slip activity inside and outside the twin. However, we find that the increase in dislocation density content
within the twinned region can slow down the twin propagation process and increase the rate of stored dislocations in the
entire grain and thus its hardness. The analysis also suggests that when a twin recovers dislocations as it grows self-
thickening is preferred over forming a second twin lamella. On the basis of the results here, we propose that this prefer-
ence occurs when the rate of evolution of dislocation density within the twin is slower than that of the parent.
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Appendix A

Here, we present for completeness a summary of a dislocation density hardening law formulation used to compute the
evolution of slip and twin resistances as a function of strain, temperature and strain rate originally proposed in (Beyerlein and
Tom�e, 2008).

The resistance for activation of slip considers contributions of several different terms: a friction stress ta0;f , a forest
dislocation interaction stress tafor and a dislocation substructure interaction stress tasub

tac ¼ ta0;f þ tafor þ tasub: (A1)
The model for the resistance for twin activation differs from that for slip. It accounts two distinct contributions: a
temperature-independent friction term tb0 and a latent hardening term coupling the active slip and the twin systems. It is
expressed as

tbc ¼ tb0 þ mb
X
a

Cabbbbarafor : (A2)

Here mb, bb and Cab represent the elastic shear modulus, Burgers vector on the given twin system, and the latent hardening

matrix used for coupling, respectively. The behavior of tafor and tasub is governed by the evolution of the dislocation densities in
the form of forest rafor and substructure rasub dislocations. These relationships, for each dislocation type, can be expressed in the
form of a Taylor law

tafor ¼ cbama
ffiffiffiffiffiffiffiffi
rafor

q
; and; tasub ¼ ksubm

aba
ffiffiffiffiffiffiffiffiffi
rsub

p
log
�

1
ba

ffiffiffiffiffiffiffiffiffi
rsub

p
�
; (A3)

where c ¼ 0:9 is a dislocation interaction parameter and k ¼ 0:086 is a mathematical parameter that insures that Eq. (A3)
sub
compensates the Taylor law at low dislocation densities. Since the material is assumed to start in an annealed state, the initial
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dislocation density in all simulations was set to 1012 m�2. The stored forest density rafor evolves via a competition between the
rate of storage and the rate of dynamic recovery:

vrafor
vga

¼
vragen;for
vga

�
vrarem;for

vga
¼ ka1

ffiffiffiffiffiffiffiffi
rafor

q
� ka2ð_ε; TÞrafor ; Drafor ¼

vrafor
vga

jDgaj; (A4)

where ka1 is a coefficient for the rate of dislocation storage due to statistical trapping of gliding dislocations by the forest

obstacles and ka2 is the coefficient for the rate of dynamic recovery, which is given by the following expression:

ka2ð_ε; TÞ
ka1

¼ cba

ga

�
1� kT

Dab3
ln
�

_ε

_ε0

��
: (A5)

a a
In Eq. (A5), k, _ε0, g and D are respectively Boltzmann's constant, a reference strain rate, an effective activation enthalpy
and a drag stress. Furthermore, the increment in substructure development is proportional to the rate of dynamic recovery of
all active dislocations and can be expressed as:

Drsub ¼
X
a

qba
vrarem;for

vga
jDgaj; (A6)

where q is a coefficient defining the fraction of an a-type dislocations that do not annihilate but become substructure
dislocation. The hardening parameters have been calibrated in the earlier study and used here.

Appendix B

This appendix provides a more detailed description of the automated procedure developed for twin lamella incorporation
into finite element (FE) mesh. The procedure provides explanation of the necessary steps to initially form a twin lamella in a
previously selected parent grain, which can be further thickened with additional straining of the polycrystal (granular
microstructure). Additional straining is conducted via a series of consecutive deformation steps resulting in an incremental
increase of the twin's volume. These deformation steps are necessary, because straining has to be interrupted at specific strain
levels to alter the FE mesh and reflect the twin formation and growth. The number of these deformation steps depends
primarily on how often polycrystal deformation is interrupted and the amount of twin volume increment used to thicken/
grow the twin lamella. In order to better facilitate description of this procedure Fig. B1 is shown. Next, the procedure per-
formed between deformation steps to either initially form/propagate or thicken/grow a pre-existing twin lamella in selected
parent grain is described.

As previously mentioned, this procedure is made autonomous thanks to scripting capabilities provided in Matlab, Patran
and Abaqus software packages. A master script developed in Matlab was used to write appropriate Patran and Python script
files with sets of specific commands necessary to be executed in Patran and Abaqus, respectively. Patran was mainly used to
perform surface or solid meshing, while Abaqus was used to extract the surface mesh from the solid mesh model or to
perform the Abaqus mesh cleanup procedure.

Once the deformation step is accomplished to a certain prescribed strain level (Fig. B1a), procedure starts by obtaining the
deformed surface meshes of all individual grains (Fig B1b). This step in the procedure is always performed independently on
whether a new twin lamellawill be formed first or an existing twin lamellawill be thicken for a prescribed volume increment.
At this stage, the predominant twin system (pts) and its location have already been determined. Next, either forming (Fig. B1c)
or thickening (Fig. B1d) of a twin lamella is performed. Knowing the predominant twin system in the parent grain, the two
corresponding twin planes in 3D at specific distance where twin lamella is located in the parent grain can be defined. This
distance should reflect the incremental growth of a twin lamella achieved in the previous deformation step. TheMatlab script
determines the intersection points between these two twin cutting planes and the 3D surface mesh of the parent grain. The
Patran script then uses coordinates of these points to reconstruct the closed loops that define each of the two intersected
planes and to mesh them with triangular elements. After the meshing is done, intersection plane surface meshes are
exported, which are then used to construct a new parent and twin grain surface meshes. The new twin surface mesh de-
termines the increment in twin's volume and for each deformation step they are all differently colored, as it is shown in Fig. 5
in the paper. Next, the Matlab script writes a Python script for surface mesh cleanup in Abaqus to collapse any elements with
bad aspect ratio. This procedure is performed on a surface mesh of a whole polycrystal. Every triangular element with the
edge aspect ratio greater than 4 is been collapsed. Finally, the Matlab script writes an Abaqus input file containing the new
mesh, state variables, and boundary conditions for the subsequent deformation step.



Fig. B1. Procedure for explicit incorporation of twinning in CPFE: (a) Deformation step performed in simple compression; (b) Individually deformed surface
meshes of all grains. The intersection between the two twin cutting planes and the 3D surface mesh of the parent grain in the case of (c) twin formation and (d)
twin thickening. Differently colored regions (on the right hand side images (c) and (d)) represent the surface mesh of the increment in twin volume.
Appendix C
Fig. C1. Distributions of the von Mises stress (VMises) for different twin volume fractions (removed dislocation twin i.e. case 2): (a and a’) 2% twin, (b and b’) 5%
twin, (c and c’) 10% twin, (d and d’) 20% twin, (e and e’) 36% twin and (f and f’) 45% twin. In the bottom row (denoted with primed labels) the corresponding
parent and twin grains pulled out from the rest of the grains in the cluster are shown.
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Fig. C2. Distributions of the von Mises stress (VMises) for different twin volume fractions (increased dislocation twin i.e. case 3): (a and a’) 2% twin, (b and b’) 5%
twin, (c and c’) 10% twin, (d and d’) 20% twin, (e and e’) 36% twin and (f and f’) 45% twin. In the bottom row (denoted with primed labels) the corresponding
parent and twin grains pulled out from the rest of the grains in the cluster are shown.

Appendix D. Supplementary data

Supplementary data related to this article can be found at http://dx.doi.org/10.1016/j.ijplas.2017.09.002.
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