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In this work, the effect of alloying addition on the propensity for twin-twin interactions to transform into
crossed-twin structures in magnesium alloys is investigated. A full-field elasto-viscoplastic fast Fourier
transform (EVP-FFT) framework combined with a discrete twin model and dislocation density-based
hardening law for slip strengths is used to calculate the micromechanical fields in the crystalline matrix
around the interacting twins. AZ31 and MgLi alloys are selected along with pure Mg to study the influence
of plastic anisotropy in connection with alloying elements. These alloys were selected since their plastic
anisotropy measure, which is defined as the ratio between the critical resolved shear stress for pyramidal (c
+a) and basal (a) slip modes, spanned a wide range. To quantify the role of twin thicknesses, we probe a
range of impinging twin thicknesses while fixing the recipient twin thickness. The analysis reveals that: (i)
the local driving stress for crossed twin structure formation generated from the interaction of the two twins
is lower in a low plastically anisotropic material, like a MgLi alloy, than a high plastically anisotropic ma-
terial like pure Mg and (ii) the critical impinging twin thickness needed to form the crossed twin structure
in pure Mg, AZ31 and Mgli alloys is ~0.5, ~0.75 and ~1.5 times the recipient twin thickness. We propose a
relationship between the tendency for crossed twin structure formation and the experimentally observed
higher ductility in MgLi alloys compared to pure Mg. One key implication of the findings is that crossed-
twin structure formation can be hindered and the ductility of magnesium alloy thereby improved by
properly choosing alloying elements that lower the slip strength for pyramidal (c + a) slip.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction leads to highly anisotropic and asymmetric deformation responses

with limited ductility and formability [9,11-13]. In the last two

Magnesium and its alloys are attractive materials for many
structural applications where lightweight and high-specific strength
engineering components are required [1-3]. The applicability of
these alloys is primarily governed by their load carrying capacity and
the level of plasticity or ductility. The available slip modes in hex-
agonal close-packed (HCP) Mg for accommodating plastic deforma-
tion are basal (a), prismatic (a), and pyramidal {c + a) [4-6]. The
activation stress for the pyramidal slip is so high compared to the
other (a) slip modes [7]. Thus, the accommodation of straining along
the c-axis of the crystal by dislocation slip is limited. In turn, the
plasticity is accommodated by a combination of dislocation slip and
deformation twinning [8-10]. The wide variation in the activation
stress for slip and the activation of directional dependent twinning
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decades, numerous strategies have been proposed to reduce the
plastic anisotropy and to improve the formability. Mainly texture
weakening and alloying additions are investigated extensively as
plausible strategies. The texture weakening, via prior thermo-
mechanical processing, certainly improves the ductility by reducing
the activation of deformation twinning [14-16]. However, the tex-
ture weakening also reduces the strength of the material, which is
not desirable. On the other hand, the alloying addition shows pro-
mising benefits on strength, ductility, and anisotropy |[17-23]. First,
the alloying addition increases the strength of the material via solid
solution and precipitate strengthening and controlling the grain/
twin boundary sliding and migration [24-28]. Second, the alloying
elements lower the c/a ratio of the HCP magnesium lattice and thus
increase the activation stress for basal slip, enhancing the activity of
non-basal slip [7,29]. Lastly, the addition of alloying elements like Li
and rare-earth elements induces significant variation in the stacking
fault energy landscapes [30| and facilitates the dissociation and
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formation of (c + a) dislocations on the pyramidal plane [7,18,21,31].
However, the formation and interaction of deformation twins in
magnesium alloy systems are still significant, which necessitates the
understanding of twinning.

Unlike slip, the twins are of volumetric domains within a grain or
crystal with significant localized shear and abrupt lattice rotation
[5,8,32]. For instance, the most observed {1012} tensile twin in
magnesium imposes a localized shear strain of ~13% and a lattice
rotation of ~86° about the (1120) direction. Deformation twins in
HCP polycrystals most often nucleate at the grain boundaries where
the suitable local stress and defects are present [33]. The nucleated
twin embryos propagate into the grain and mostly terminate at the
opposing grain boundaries or at the precipitates in the precipitate
hardened alloys [34-37]. The terminated twins at the grain bound-
aries can transmit across the boundaries and eventually form a long
twin chain [38-41]. Based on the loading direction, in HCP crystals,
more than one crystallographically equivalent twin variant can be
activated [42,43]. For example, a tensile loading along the c-axis of
the crystal can equally activate all six twin variants. Thus, the for-
mation of deformation twins can introduce the following interac-
tions: twin-slip, twin-precipitates, twin-grain boundaries, and twin-
twin. All these interactions affect the strength and ductility of the
material systems and also the microstructural evolution [22,44-50].
In this work, we focus on twin-twin interactions (TTI) in Mg alloys.

The activation of non-parallel twin variants leads to the forma-
tion of twin-twin junctions (TTJ) and a complex 3D network struc-
ture [42-44|. Based on the zone axes of the constituting twins,
{1012} twin-twin junctions are classified as co-zone (twin variants
sharing the same zone axis) or non-co-zone (two twin variants with
different zone axes). The formation of TTJs is commonly observed in
magnesium and its alloys. In the 1960’s Roberts and Partridge ex-
perimentally characterized the accommodation that occurs around
interacting tensile twins in magnesium [10]. The TTI is known to
affect the strain hardening response and failure of the material
[43,44,47,49-51]. Specifically, the twin-twin interactions can play a
distinctive role compared to isolated twins in their interactions with
glide dislocations, twin propagation, and local strain hardening. For
example, Yu et al. showed that the increase in yield strength and
strain hardening under cyclic loading is primarily due to the in-
creases in the number of TTJs [43]. El Kadiri et al. compared the twin
nucleation and growth behavior in grains with single and two non-
parallel variants [52]. They found that the grain with the two non-
parallel twin variants, that are formed by prismatic plane normal
direction compression, had a higher twin nucleation rate and lower
twin thickening rate than the grain that formed only one twin var-
iant by (a)-axis compression loading. Chen et al. observed abnormal
twin boundary migration on both sides of the TT] using in-situ
electron backscattered diffraction [53]. Morrow et al. found that the
presence of TTJs retards the detwinning process under cyclic loading
[54,55]. Furthermore, the TTI sites are known to nucleate cracks in
many material systems, including cubic and hexagonal structure
materials. In the 1960 s, Reid showed that the microcracks nucleate
at the TTI site in body-centered cubic (BCC) iron and iron-silicon
alloys [56,57]. Recently, via in-situ characterization of micro-
structures, Russell et al. showed that the twin-grain boundary and
twin-twin interactions develop large cracks in HCP magnesium alloy
[58]. With that being said, the twin-twin interactions do improve the
material's performance. For example, the presence of twin-twin
junctions weakens the crystallographic texture during re-
crystallization [59]. Also, it has been shown that the formation of
several twin crossings increases the strength of the material by re-
ducing the mean free path for dislocation motion while maintaining
the ductility [60-63]. Thus, understanding the formation of TTJs is
paramount to assess and improve the performance of Mg alloys.

The experimental literature often reports observations of crossed
twin structures in Mg or Mg alloys [37,43,52,64,65]. In this
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configuration, the two twins appear to interpenetrate, wherein the
same twin variant of one twin lies on both sides of another twin.
Crossed twins have two twin-twin junctions (TTJs) and hence in-
creased chances of nucleating cracks. Existing numerical studies of
TTIs mainly focus on one twin interacting with another [66-70], but
less so on the formation of crossed twin structures. Using the crystal
plasticity model, Kumar et al. recently proposed a mechanism for the
formation of a crossed twin structure from a TT] [68]. They showed
that the local stress field created by the impinging twin may help to
create a new twin on the opposite side of the junction. Upon further
loading, these two now crossed twins grow by the thickening. Thus,
a cross-twinned structure forms by the impinging twin “hopping”
over the recipient twin, rather than transmitting into and out of the
recipient twin. With the general process recently understood, the
factors that can influence the formation of crossed-twin structures
have not been explored, such as the effect of alloying additions or
relative thicknesses of the two participating twins.

In this work, using the crystal plasticity modeling approach, we
investigate the effect of the thickness of the interacting twins and
the plastic properties of the Mg alloy induced local stresses. The
stress fields around two interacting co-zone twins are calculated
using a computational model that is built on the elasto-viscoplastic
fast Fourier transformation (EVP-FFT) framework and incorporates a
model for discrete twin domains and for dislocation density-based
hardening model for the critical resolved shear stress (CRSS) values
for slip systems [27,71-74]. To elucidate the effect of alloying addi-
tions, we consider pure Mg and two Mg alloys, Mg-4Li and AZ31. To
investigate the role of twin thicknesses on crossed twin, the calcu-
lations are repeated for a range of twin thicknesses. Analysis of the
local stress fields and dislocation densities finds that the local stress
that encourages crossed twin structure formation increases with the
thickness of the impinging twin and is highly sensitive to the al-
loying addition. The critical impinging twin thickness needed for
crossing structure formation is lower in the more plastically aniso-
tropic pure Mg compared to the plastically less anisotropic MgLi
alloy.

2. Numerical method
2.1. The crystal plasticity model

In this work, the EVP-FFT model with dislocation density-based
constitutive law is used. The original FFT-based method was devel-
oped to study the local and effective mechanical response of non-
linear composite materials [75]. Later, it was adapted by Lebensohn
to study polycrystalline materials [76]. Over the years, the FFT ap-
proach has been extended to apply to many distinct deformation
regimes for such materials, such as elasticity [77], incompressible
visco-plasticity [78], and infinitesimal elasto-visco-plasticity [79].
Here, we use the infinitesimal elasto-viscoplasticity model along
with the following additions: 1) module for explicit twinning shear
transformation simulation [73,74] and 2) dislocation density-based
hardening law [80]. The EVPFFT framework, constitutive model, and
hardening laws are briefly revisited here.

Under an infinite strain approximation, the elasto-viscoplastic
constitutive behavior of the materials is written as,

(%) = C(x): ((e(x) — €!(x) — £"(x))) (1)

where o (x), C(x), £¢(x) are the Cauchy stress tensor, elastic stiffness
tensor, and elastic strain at a material point x, respectively. In this
expression, the elastic strain is the difference between total strain
£(x) and the sum of the plastic strain £P!(x) and transformation strain
£ (x). Using an implicit time discretization scheme, the stress tensor
at time t + At is given by,
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Fig. 1. (a) Schematic of the EVPFFT unit cell for TTI simulations. The central parent grain contains the recipient twin (T2) and the impinging twin (T5). (b) Model calculated twin
plane resolved shear stress (TRSS) distribution in pure Mg with TR=IT;/RT; = 1 after forming the twin-twin junction.

otHAL(x) = C(X): (ef+At(x) — gPLt(x) — gPLI+AL (x,

GIHANAL — gl (x) — Agtht+At(x)) (2)

where P! is the viscoplastic strain rate, and it is assumed to be
accommodated by dislocation glide. In turn, the ¢” is constitutively
related with the stress at material point x through the summation
over N active slip systems, of the form:

, N mso [
2lx) = o Y. mi(x) ri(é—;) sign(ms: o)

3)

where 1¢ is the critical resolved shear stress. A dislocation density-
based hardening scheme is used to evolve t} with strain as a function
of the imposed strain rate ¢ and temperature T. The term
m’(m’ = 0.5( (b’ Q® n®+ n’hs))) is the symmetric part of the
Schmid tensor, where b® and nsare two orthonormal unit vectors
representing the slip direction and slip plane normal, respectively.
The shear rate y, is a normalization factor, and n is the rate-sensi-
tivity exponent.

The twin transformation strain within the explicit twin domain is
imposed via successive increments using:

s[’W
A (x) = mYAy™(x) = mthtwincr (4)

where m™ is the Schmid tensor associated with the explicitly si-
mulated twin system, s and N*Wincr are the characteristic twin shear
and number of increments, respectively.

Following the work of [80], the critical resolved shear stress
(CRSS) is expressed in terms of dislocation density as:

1
7 =10+ b e, + kdeb#bs‘/—pdebl()g(ﬁ) )
/ Mdeb

Here, 1 is the initial slip resistance that depends on slip mode, solute
density, temperature, and strain rate. The second and third terms
represent work hardening due to dislocation interactions. In the
above equation the terms y, p, Kdeb, Pporr  Pgep  aT€, TeSPectively,
the interaction coefficient, shear modulus, material-independent
constant, forest dislocation density and debris dislocation density.
The following equation governs the evolution of dislocation density:

a_p - apgen _ aneb _ apunn
¥ oy oy oy (6)

which states that the rate of accumulated dislocation equals the
difference between the rate of generation and the rate of removal,
which includes the dislocation density that converts to sessile
debris, pg,p, and that is annihilated, p,,,. We refer the reader to [80]
for more details of the constitutive law and dislocation density
evolution.

2.2. Model setup and numerical simulations of TTI

The EVP-FFT model setup for the TTI simulations is shown in
Fig. 1(a). The unit cell is periodic in all three directions and consists
of a parent matrix grain (light blue) containing the TT] and the
surrounding buffer layer (dark blue). The unit cell is discretized into
3x500x500 voxels with 40 voxels thick buffer layer. The crystal
orientation of each voxel in the buffer layer is randomly assigned.
The crystallographic orientation of matrix grain is taken as (0°,0°,0°)
in the Bunge convention, which aligns the Y and Z axes with the
[0110] and [0001] directions of the matrix grain. The voxels with red
and orange colors designate explicit twin domains of variant T2-
(0112)[0111] and T5-(0112)[0111], respectively. We will refer to
them as the recipient twin (RT) and impinging twin (IT). The twin-
ning plane normal and shear direction of both twins are in the YZ
plane. There is no out-of-plane twin shear in XY and XZ planes.
Because of this, considered 2D columnar microstructure is sufficient.

The unit cell is subjected to a compression strain of 0.5% along
the Y direction while applying stress-free boundary conditions in the
Z and X faces. This imposed stress state corresponds to a Schmid
factor of nearly 0.5 for both the twin variants. Though the chosen
initial strain value is arbitrary, but it is sufficient to activate twins in
all three material systems. Further, the effect of this initial strain
value on the derived qualitative concussions reported in the fol-
lowing sections is minimal. It is confirmed by repeating a few cal-
culations at 1% initial strain level. For the sake of compactness, those
calculation results are not shown. After the initial pre-straining, the
RT is introduced first in the preselected domain by reorienting the
crystal following the twinning relationship and imposing the char-
acteristic twinning shear of 12.9% over 1000 numerical steps at a
fixed macroscopic boundary condition. Then, the IT is formed at the
same macroscopic loading. Though the twin formation is a se-
quential stochastic process, for the sake of simplicity, the static twins
are introduced in the pre-selected regions. Following our recent
work, the considered rectangular twin shape is expected to have less
effect on the calculated micromechanical fields [81]. In all simula-
tion stages, the deformation is accommodated by a combination of
anisotropic elasticity and slip-dislocation mediated plasticity. The
details of elasticity, plastic deformation modes, and the associated
parameters are given in the next section.

The EVP-FFT simulations with different twin thicknesses are
performed to understand the effect of relative twin sizes on TTI in-
duced local stresses. Accordingly, for a fixed recipient twin thickness
(RT; = 12 voxels), the impinging twin thickness (IT;) is varied. The
considered impinging twin thicknesses are 3, 6, 9, 12, 15, and 18
voxels, which corresponds to the thickness ratios (TR) of
TR = IT;/RT;=0.25, 0.5, 0.75, 1.0, 1.25 and 1.5. These thickness ratios
cover different stages of TTI, starting with the thin impinging twin
(TR < 1) to the expanded one (TR > 1).
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Table 1
Chemical composition of studied Mg alloys and the corresponding CRSS values along with PA ratio.
Mg alloys Composition (wt%) CRSS at 0.5% strain before twinning [MPa] PA Ref.
Al Zn Li Basal Prismatic Pyramidal T. Twin
Pure Mg - - - 3.85 36.2 87.2 1 227 [87]
AZ31 3.0 1.0 - 121 473 158.0 13 131 [88]
MgLi - - 4.0 55 17.1 53.0 25 9.6 [64]
2.3. Materials selection and the associated parameters 3. Results

The most common wrought AZ31 and magnesium-lithium (MgLi)
alloys are selected to study the effect of alloying additions on the TTI.
Pure Mg is also considered as a reference case. These Mg alloys are
potential alternatives to aluminum alloys, and readily available in
different forms, such as plate, sheet, and bar [82-84]. The chemical
compositions of these alloys are given in Table 1. Since the effect of
alloying elements on the lattice parameters and elastic constants is
commonly considered minimal [85,86], we can reasonably use the
lattice parameter, c/a ratio, and anisotropic elastic constants for Mg
for all alloys. Accordingly, c/a=1.624, and the anisotropic elastic
constants in GPa are: G1 = 59.5; G, = 26.1; G3 = 21.8; GG3 = 65.6 and
C44 = 16.3 [86]. For plastic deformation, three slip modes, basal (a),
prismatic (a) and pyramidal (c+a) are made available. The initial
CRSS and the associated hardening parameters for these slip modes
for Mg and two alloys are taken from [64,87,88]. The values from
these works are directly taken because they have used the same (i)
deformation framework (infinitesimal strain formulation), (ii) set of
plastic dissipative slip modes (basal<a>, prismatic<a>and pyr-
amidal < c+a>), (iii) constitutive law for slip activity (power law
equation with strain rate sensitivity, n), and (iv) strain hardening
model (DD-based hardening law) as in the present work. Thus, there
is no need to re-characterize them here. Furthermore, note that
these values in [64,87,88]| are obtained by fitting the experimental
stress-strain responses and texture evolution for several macro-
scopic loading conditions like tension and/or compression along
different directions.

A plastic anisotropy (PA) measure is proposed to quantify the
effect of alloying on plasticity. It is well documented that the plastic
anisotropy in the HCP materials is primarily governed by the dif-
ferences in the CRSS values between basal and non-basal slip modes.
Both the prismatic<a> and pyramidal (c+a) slip modes are non-
basal. However, between these two slip modes, only the pyramidal
(c+a) slip can accommodate the c-axis deformation and hence for
the PA calculation, pyramidal (c+a) slip considered the key non-basal
slip mode. Based on this, we define the PA measure as the ratio
between the CRSS values of pyramidal (c+a) and basal (a) slip
modes. Similar or slightly modified measures have been proposed in
the literature to study the effect of anisotropy in slip plasticity on
tension-compression asymmetry and the twinning process [89-92].
Using the initial CRSS values, the PA measure for pure Mg is 25.9
(£ = 333MPa and Y™™l = 862MPa [87]); for AZ31 is 13.5
(¥ = 11.6MPa and 7Y™l = 157.0MPa [88]), and for MgLi is
104 (§*¥ = 5.0MPa and ¢Y™™i4! = 52 OMPa [64]). According to
the PA, the AZ31 and MgLi alloys are plastically less anisotropic than
pure Mg and Mgli is less anisotropic than AZ31. Since the CRSS va-
lues will evolve with deformation, the PA measure will change ac-
cordingly. Table 1 shows the PA measure calculated using the
instantaneous CRSS values after pre-straining, or just before the TTI
calculations. Apart from the slight changes in the PA measure values,
the order of plastic anisotropy among these three material systems
remains the same.

3.1. Twin-twin interaction induced local stresses

The EVP-FFT model calculates the full stress and strain tensor at
every material point and at every strain step in the simulation. For
our analysis, we analyze the full stress and strain field at three key
steps: after pre-straining, after recipient twin formation, and finally
after TT] formation (which means forming the impinging twin with
the recipient twin present). The latter case is the most pertinent for
understanding the TTI-induced local stresses for crossed twin
structure formation. From the stress tensor, the twin plane resolved
shear stress (TRSS) for a given twin variant is calculated since it
drives the activation for twin embryo formation, twin tip propaga-
tion, and twin boundary migration. The TRSS values are calculated
for all six variants. The recipient twin variant is variant-2 (V2) and
the impinging twin variant is variant-5 (V5), which share the same
shear zone. Fig. 1(b) shows TRSS distribution for V5 (TRSS-5) sur-
rounding the co-zone TTJ in pure Mg. The thicknesses of the inter-
secting twins are equal, with a thickness ratio (TR) = IT;/RT; = 1. The
twin domains are removed from the visualization, and the TRSS
distribution shown only focuses on where the two twins meet. Al-
though not shown, at the pre-strain level and before forming the
twins, the TRSS fields for both V2 and V5 are homogeneous, and the
values are positive and higher than the CRSS. As shown in Fig. 1(b),
after forming the TTJ, the TRSS-5 field becomes highly hetero-
geneous. This TRSS distribution shown in Fig. 1(b) is consistent with
the previous studies on co-zone TTJs, which only considered
IT,/RT; = 1 [66,68,93]. On the impingement side and along the im-
pinging twin boundaries, the TRSS-5 value is negative. The growth of
the impinging twin is thus unlikely without any further macroscopic
loading. The TRSS-5 in a localized region on the opposite side of the
TT] is, however, higher than the CRSS value (=11 MPa). The nuclea-
tion of an IT variant twin here would be favored, and should it occur,
it would lead to a crossed twin structure.

To check the possibility of forming other twin variants, Fig. 2
shows the TRSS profile along the recipient twin boundary from point
A to B, as marked in Fig. 1(b). The position along the RT boundary is
normalized with the RT thickness and the TRSS values are normal-
ized with respect to the twin CRSS value given in Table 1. The two
vertical dashed lines in Fig. 2 correspond to the points in the RT top
boundary where the IT boundaries intersect the RT. The profiles
indicate that the twin-twin interaction locally increases the TRSS
values for all the variants compared to those without the twins. The
TRSS for the RT and IT variants, however, are higher compared to
those of the other variants. Thus, either the RT can grow locally, or a
new twin of the IT variant can form on the top boundary of the RT.
This observation agrees with the experimental observations in single
crystal pure Mg, AM30, and AZ91 alloy [37,43,52,65]. These experi-
mental studies found that the variant of the twin formed on the
opposite side of the {1012} tensile twin co-zone junction is the same
as of the impinging twin. Hereinafter, only the TRSS field for the IT
variant is studied in detail.



J. Wang, M.A. Kumar and 1]. Beyerlein

S N A

Normalized TRSS

A

-10 T — T

4 2 0 2 4
Normalized position along T2 top boundary (voxels)

Fig. 2. The model calculated TRSS profile (normalized with twin CRSS value) in pure
Mg with TR = IT;/RT; = 1 along the RT boundary for all six twin variants. The position
is normalized with the RT thickness. Variants 2 and 5 correspond to the RT and IT,
respectively. The vertical dashed lines correspond to the points where IT would im-
pinge on RT top boundary. See Fig. 1(b) for positions A and B.

3.2. Crossed twin structure: effect of twin thicknesses

In this section, we study the effect of TT] twin thicknesses on the
TRSS boundary stresses that would drive IT (V5) expansion. Fig. 3
shows the change in the TRSS-5 profile along the RT top boundary
with varying IT thicknesses for pure Mg. As before, the TRSS-5 is
normalized with respect to the twin CRSS. To help visualization, only
the TRSS profiles for IT thickness ratios of 0.25, 0.5, 1.0, and 1.5 are
shown. The vertical dashed lines correspond to the points in the RT
top boundary where IT would impinge on RT. For reference, the
TRSS-5 profile is also shown for the case with TR= 0.0, corresponding
to a crystal with only the RT and not the IT. In the TR=0.0 case, the
TRSS values are negative, in the anti-twin shear sense. Thus, a new IT
twin is unlikely to form at the RT top boundary of the RT. From the
TRSS-5 profile in Fig. 3 with the interacting the IT and RT twins, a
high TRSS concentration develops within a narrow region in the RT
top boundary. The degree of localization intensified with increasing
IT thickness. For TR of 0.5 and greater this value exceeds the CRSS.
The apparent crossed twin structure formation is, therefore, possible
for IT thicknesses slightly higher than half of the RT thickness.
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Fig. 3. Effect of constituting twins’ thicknesses on stress localization for crossing
structure formation. TR=0 corresponds to the case where there is no impinging twin.
IT thickness is varied in terms of RT thickness from 0.25 to 1.5. The vertical dashed
lines represent the points in which IT would impinge on RT top boundary and are
colored following the IT thickness cases.

Journal of Alloys and Compounds 935 (2023) 168094
3.3. Crossed twinned structure: effect of alloying additions

The effects of alloying on the TTI-induced local stresses and the
minimum thickness ratio needed for creating the crossed twin
structure is studied here. Fig. 4(a) compares the TRSS-5 profiles
along the top boundary of the RT for all three material systems for a
twin thickness ratio of 1.0. The TRSS-5 values are normalized with
the corresponding twin system CRSS values from Table 1. Fig. 4(a)
reveals that, for a similar TTI configuration, the stress localization
that may drive the formation of a new twin on the RT top boundary
is highest in pure Mg. For MgLi, this stress concentration is lower
than 1.0 implying that crossed twin structure formation is not fa-
vored compared to the AZ31 alloy. The possibility of crossed twin
structure formation is directly correlated with the material PA (see
Table 1). The more plastically anisotropic the material the more
likely cross-twinning is.

To identify the minimum twin thickness ratio needed for crossed
twin structure formation, we have calculated the average TRSS-5 in a
small region of radius 3 voxels, Q, shown in Fig. 1(b), in the vicinity
of the IT tip at the RT top boundary. The average TRSS-5 values
normalized with the corresponding CRSS values for all three mate-
rials systems are plotted in Fig. 4(b) as a function of thickness ratio.
The value at which the normalized TRSS reaches the value of one in
pure Mg, AZ31, and MgLi alloy is 0.5, ~0.75, and ~1.5, respectively. It
suggests that to nucleate a new twin at the RT top boundary, the IT
needs to be thicker in plastically less anisotropic materials, like MgLi,
than that in more anisotropic materials, like pure Mg.

3.4. Possibility of impinging twin growth

Twin-twin junction formation usually involves an IT that newly
propagates into the grain and impinges on the RT. As such the IT is
most often thinner than the RT, except for a few favorable loading
conditions when the thicknesses of the IT and RT are comparable
[94]. Thus, the IT/RT twin thickness ratio most likely be less than
one. As mentioned in the previous section, the critical thickness ratio
needed for twin crossing to occur in MgLi alloy is higher than one,
whereas in pure Mg and AZ31 twin can cross for thickness ratios less
than one. Thus, the subsequent growth of the crossed twin structure
formation in MgLi alloys is possible only if the IT grows. To check
whether the IT can grow in MgLi alloy, Fig. 5 studies the TRSS-5
profiles along the left and right boundaries of IT (as marked in
Fig. 1(b)) for the MgLi alloy. The TRSS-5 in the reference, isolated RT
case is negative. For all non-zero IT thicknesses, the twin-twin
junction lowers the TRSS-5. This suggests that IT thickening is un-
likely without increasing the macroscopic loading. However, in-
creases in the macroscopic loading could also help grow the RT. As a
result, the twin thickness ratio could remain low and in turn, the
formation of a crossed twin structure in MgLi alloy is unlikely.

4. Discussion

In this study, the effect of alloying additions on the possibility
and minimum twin thickness ratio needed for crossed-twin struc-
ture formation is numerically studied. In a plastically less anisotropic
material like MgLi alloy, the driving force for forming a crossed-twin
structure associated with the stress concentrations developed from
the intersections of the IT and RT is less, and the minimum IT
thickness needed is high. The situation is reversed for a plastically
high anisotropic material like pure Mg, and so in such materials,
crossed twins can be achieved even for relatively thin ITs. The de-
pendence on plastic anisotropy is directly correlated with the
availability of pyramidal (c+a) slip. For example, in MgLi alloy, the
difference in the CRSS values of basal (a) and pyramidal (c+a) slip is
low compared to pure Mg, and so the twin-induced stresses are
more easily relaxed by pyramidal slip and the stress concentration
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Fig. 4. (a) Effect of alloying addition on the TTI-induced driving stress for crossing structure formation. The TRSS profiles correspond to the case of TR= 1.0. (b) The variation in the
localized TRSS in region Q as a function of twin thickness ratios. Here the TRSS values for each material system are normalized with its corresponding twin CRSS values.

for crossed twinning reduced. In pure Mg, the activation of pyr-
amidal (c+a) slip is limited, and so the twin-twin interaction de-
velops large stress concentrations, favoring crossed-twin structure
formation.

Next, we analyze the dislocation densities associated with the
stress-fields around the TT]J. Fig. 6(a) shows the dislocation densities
for the prismatic, basal, and pyramidal slip modes as a function of
twin thickness ratios in MgLi alloy. Here the slip-mode dislocation
densities are calculated by adding the dislocation densities of in-
dividual slip systems belonging to the same mode, e.g., the basal
mode dislocation density is the sum of the densities developed in all
three basal slip systems. In Fig. 6(a), the dashed, dotted, and dashed-
and-dotted lines correspond to the matrix domain, RT, and IT, re-
spectively, whereas the solid lines show the total dislocation density
in the entire unit cell. For all slip modes and for all domains of in-
terest, such as matrix, RT, and IT, the dislocation density significantly
increases upon TTJ compared to the case of an isolated RT, i.e., twin
thickness ratio of zero. This is consistent with the concept of TTJ-
induced formation of defects and strain hardening, reported in
[42,43,52,54,59,65,67,69,93,95]. Further, the dislocation density
slightly increases with the twin thickness ratio. To understand the
effect of alloying additions, the change in the total dislocation

(a)°
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density (combining all three modes) for all three material systems
with twin thickness ratios is plotted in Fig. 6(b). The total dislocation
densities are normalized with respect to that for the isolated RT twin
case. Fig. 6(b) clearly reveals that the increase in dislocation density
due to TTJ is significantly higher in the MgLi alloy compared to pure
Mg and the AZ31 alloy. Evidently, accommodation of TTJ-induced
local stresses by slip dislocations dominates in MgLi. To correlate
dislocation activity with twin-crossed structure formation, the dis-
location densities are calculated in a small region at the tip of the IT
on the RT boundary, i.e., in the Q region marked in Fig. 1(b), where a
new twin could form and lead to a crossed-twin structure. Fig. 6(c)
shows the basal, prismatic, and pyramidal dislocation densities in
the MgLi alloy. The results suggest that pyramidal (c+a) dislocations
mainly accommodate the TTJ-induced stresses. Like Fig. 6(b), the
total dislocation density ratio in region Q is plotted for all three
material systems in Fig. 6(d). The activation of dislocations in region
Q is significantly higher in the MgLi compared to other material
systems, suggesting a reduced propensity of crossed-twin structure
formation. The primary difference among these three material sys-
tems is only on the difference between the CRSS of the (a) and (c+a)
slip modes. Thus, this indicates that crossed-twin structure
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Fig. 5. The model calculated normalized TRSS profiles along the (a) left and (b) right boundary of IT in MgLi alloy for various twin thickness ratio cases. The position along the IT

boundary is normalized with RT thickness.
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Fig. 6. The effect of twin-twin interaction and alloying addition on dislocation densities. (a) Variation in the model calculated prismatic (blue), basal (red) and pyramidal (green)
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the normalized total dislocation density (sum of prismatic, basal, and pyramidal modes) for all three material systems. (c) Changes in the prismatic, basal, and pyramidal
dislocation density in the region Q, marked in Fig. 1(b), for MgLi alloy. (d) Effect of impinging twin thickness on the normalized total dislocation density in the region Q for all

three materials.

formation can be controlled by tailoring the CRSS difference be-
tween the basal and pyramidal (c+a) slip modes.

The reported findings can rationalize the experimentally re-
ported ductility in pure Mg, AZ31, and MgLi alloys. The ductility, i.e.,
the tensile strain to failure, for pure Mg varying between ~10% and
~20% [7,17,96], for AZ31 ranges from ~25-30% [17,44,97], and for
MgLi alloy is higher than 35% [7,17,64,98]. It is well documented in
the literature that the crack will most likely nucleate at the twin-
twin interaction sites [47,49,50,58]. Accordingly, the failure of the
component can be directly correlated with the number of twin-twin
interaction sites in the material. When a twin-twin junction changes
to a crossed-twin structure with strain, the number of sites changes
from two to four. The EVP-FFT model calculations suggest that this is
more likely in pure Mg than in MgLi and AZ31 alloys, leading to more
twin-twin interaction sites in pure Mg than in AZ31 and MgLi alloys.
The implication is that the ductility of magnesium alloy can be im-
proved by properly choosing an alloying element that lowers the
activation stress required for pyramidal {(c + a) slip via preventing
the crossed twin structure formation.

5. Conclusions

The effect of alloying addition and the constituting twin thick-
nesses on the development of twin crossed structure formation in
magnesium is studied. A full-field elasto-viscoplastic fast Fourier

transform (EVP-FFT) framework combined with a discrete twin
model and dislocation density-based hardening law for slip
strengths is employed to simulate the twin-twin interactions. AZ31
and Mgli alloys are selected along with pure Mg to study the in-
fluence of plastic anisotropy in connection with alloying elements.
Twin-twin interaction simulations are performed for a range of
impinging twin thicknesses while fixing the recipient twin thickness
to study the influence of twin thicknesses on crossed structure for-
mation. This detailed study provides the following key findings.

e In a plastically less anisotropic material like MgLi alloy, the
driving force for forming a crossed-twin structure associated
with the stress concentrations developed from the intersections
of the IT and RT is less compared to plastically more anisotropic
pure Mg and AZ31 alloy.

e The minimum IT thickness needed to form the crossed twin
structure in pure Mg, AZ31, and MgLi alloys is ~0.5, ~0.75, and
~1.5 times the recipient twin thickness. These minimum IT
thickness ratios are scaling with the plastic anisotropy.

e Since the dependence on plastic anisotropy is directly correlated
with the availability of pyramidal (c+a) slip in comparison with
(a) slip, the crossed twin structure formation can be controlled by
tailoring the CRSS difference between the basal and pyramidal (c
+a) slip modes.
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The model predictions help to rationalize the experimentally
reported ductility in pure Mg, AZ31, and MgLi alloys. Specifically,
the TTI simulations find that ductility of the material system can
be directly correlated with the plastic anisotropy via the pro-
pensity for the formation of crossed twin structures. Finally, this
work suggests that the ductility of magnesium alloy can be im-
proved by properly choosing an alloying element that lowers the
activation stress required for pyramidal (c + a) slip via pre-
venting the crossed twin structure formation.
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Table A1
The DD-based strain hardening model parameters taken from [64,87,88] for pure Mg, AZ31, and MgLi alloys. Here B, Pr and Py refer to basal (a), prismatic (a) and pyramidal (c + a),
respectively.
Pure Mg AZ31 alloy MgLi alloy
B Pr Py B Pr Py B Pr Py
Burgers vector value, bs ( A) 3.21 3.21 6.12 3.21 3.21 6.12 3.21 3.21 6.12
Initial slip resistance, 7o (MPa) 3.33 35.7 86.2 11.6 471 157.7 5 14 52
Drag stress, D (MPa) 600.0 7980.0 24,330.0 100.0 150.0 225.0 3500.0 2500.0 3300.0
Normalized activation enthalpy, g 3.36e-3 3.36e-3 3.36e-3 6.4e-4 1.2e-4 6.2e-4 3.3e-3 3.3e-3 9.0e-3
Creation rate, K (1/m) 6.7€9 8.0e9 7.2e9 6.0e6 9.8e7 1.5e8 1.5e8 2.5e8 5.5e9
Reference strain rate, ¢g (1/s) 1.0e7 1.0e7 1.0e7 1.0e7 1.0e7 1.0e7 1.0e7 1.0e7 1.0e7
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