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A spatially-resolved crystal plasticity Fast Fourier Transform (FFT)-based model is employed to study the effect
of alloying addition on twin thickening and twin transmission in hexagonal close packed (HCP) magnesium. In
the simulations, the influence of alloying additions is represented through the differences in the critical resolved
shear stress (CRSS) of different slip and twinning modes. The results show that for the same grain orientation,
twin type and boundary conditions, anisotropy in the CRSS values have a significant effect on twin thickening

and twin transmission. Those with large differences in CRSS favor both twin thickening and twin transmission,
and vice versa for those with small differences. However, less difference among the CRSS values enhances the
dependence of thickening and transmission on the neighboring grain orientation.

1. Introduction

The plastic deformation of low-symmetry hexagonal close packed
(HCP) metals and their alloys is accommodated through a combination
of dislocation glide (slip) and deformation twinning [1-5]. The most
commonly observed slip mode in HCP magnesium and its alloys is basal
(a), with prismatic (a) and pyramidal (¢ + a) providing smaller shear
contributions [1,3]. These slip modes operate in crystallographic planes
and along crystallographic directions with different atomic density. As
a consequence their activation barriers or critical resolved shear stress
(CRSS) are not the same. The sensitivity of the plastic response of a
crystal to its orientation increases with larger differences between the
CRSS values for these slip modes. For a given Mg alloy, the ratios of
CRSS values can change with strain and extrinsic variables like strain,
strain rate and temperature [6] as well as microstructural variables, like
grain size, lattice crystallographic orientation, stored dislocation
structure, and impurities, etc [7-11]. However, comparatively these
ratios can vary even more strongly among the different alloys of Mg.
For instance, addition of Al and Zn in pure Mg [12], and the addition of
Nd in Mg-1Mn [13] increases the CRSS for basal slip, which decreases
the non-basal to basal CRSS ratio, and reduces its plastic anisotropy.
Alloying of Mg with Li is believed to reduce the CRSS for (¢ + a) pyr-
amidal slip [9,14]. These are just some of the numerous examples of
how alloying can impact microscopically the CRSS ratios for slip and
macroscopically the plastic anisotropy of the alloy [15,16].

Because twinning often operates in addition to slip, the effects of
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alloying on twinning are even less clear. To make the comparison it
helps to consider the CRSS for twinning. The most common twin mode
is the {1012}, while migration of the coherent twin boundary involves
the motion of defects on the twin boundary [17,18], it is accepted that
such migration is driven by a resolved shear stress (TRSS) on the twin
plane and direction. Nucleation of a twin, on the other hand, is a local
process driven by local stress states and dislocation reactions at grain
boundaries [19]. We are not concerned with the latter process in this
work. An effective (averaged) CRSS has been characterized along with
the CRSS values of the slip modes operating alongside twinning. In
doing so, the activation “strengths” for slip and twinning can be directly
compared and propensity for twinning relative to slip estimated.
Twinning can become favorable when its CRSS lies in between those for
the distinct modes of slip or close to that of the easiest slip mode. For
instance, WE43 and WES54 are rare earth Mg alloys exhibiting low
plastic anisotropy, thought to be associated with an increase in the
CRSS for twinning and a decrease in the CRSS for the non-basal slip
modes [10,20]. Fig. 1 presents deformed microstructures of the AZ31
Mg alloy, pure Mg and the WE54 alloy, containing {1012} tensile twins.
For similar grain sizes and loading conditions, they developed sig-
nificantly different amounts of twins, with ~ 50% twin area fraction in
AZ31 Mg alloy at 3.9% strain, ~ 42% in pure Mg at 3.0% strain
and < 5% in WE54 Mg alloy at 5% strain.

Apart from the average twinned area, details like whether twins are
few and thick or numerous and fine or connected across neighboring
grains can impact hardening. The harder pyramidal (¢ + a) slip system
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(c) WE54

Fig. 1. Electron Back Scattered (EBSD) microstructural images of (a) AZ31 Mg alloy at 3.9% compressive strain (reprint from [21] with permission), (b) pure Mg at 3% compressive strain
(reprint from [22] with permission), (c) WE54 Mg alloy at 5% compressive strain (reprint from [10] with permission). Despite the variation in initial texture, in all three cases, the
imposed compression in a specific direction is the best way of loading the material to activate {1012} tensile twins. The propensity for tensile twinning is high in AZ31 Mg alloy and in Pure

Mg, and almost negligible in WE54 Mg alloy.

tends to be activated within thick twin domains [23-25]. Several thin
twins can induce a separate hardening effect by introducing numerous
twin boundaries that can hinder the glide of dislocations [26]. Twins
that are connected across grain boundaries, or adjoining twin pairs
(ATPs), can lead to the formation of fatigue cracks and premature
failure [27-29].

It can be expected that alloying would affect the morphology of a
twin while expanding within a grain. Twin propagation is driven by the
stress state acting at its boundaries, which is the result of a combination
of the applied stress and the accommodation strains induced by the
characteristic shear and reorientation of the twin. These twin boundary
strains are largely plastic [30-34] and alloying would influence the
magnitude and extent of this stress field as well as the sensitivity of this
field to crystallography of the parent and twin.

The relationships between alloying and the development of the twin
microstructure at this scale have not been thoroughly explored.
Systematic experimental studies would not be trivial, as alloying tends
to change many other aspects of the microstructure that could affect the
relative amounts of slip and twinning. Many mean-field polycrystal
models, such as self-consistent schemes and the Taylor model, have
been employed to treat constitutive behavior of many alloys
[23,25,35-37]. Our recent work, for instance, employed the effective
medium visco-plastic self-consistent (VPSC) model to study the effect of
alloying additions on macroscopic plastic properties such as Lankford
coefficients and tension-compression asymmetry ratio through the
amounts of twinning activity [15]. However, while these polycrystal
models allow for efficient calculations of bulk texture, stress-strain, and
twin volume fractions, they do not capture details of the heterogeneous
stress field of twin domains within a crystal or spanning a few crystals.
Calculating the stress fields produced locally around a twin and inside
its domain requires the use of spatially resolved crystal plasticity
techniques. In this respect, full field crystal plasticity (CP) simulations,
such as CP Finite Elements (CPFE) and Fast Fourier Transform (CP-FFT)
[31,32,38-40], have an advantage over homogenization techniques
since they can calculate the distribution of stress concentrations and
their relationship to local microstructure.

In this work, the crystal plasticity Fast Fourier Transform-based (CP-
FFT) model is employed to study the effect of alloying additions on the
stress fields and in particular driving forces relevant for twin thickening
and twin transmission. The effects of alloying are introduced here
through the changes that alloying induces in the CRSS values of slip and
twin systems. Based on these CRSS values, the same plastic anisotropy
(PA) measure introduced in a previous mean-field polycrystal work
[15] will be used to quantify the alloying effects. The analysis indicates
that the high-PA alloys favor twin thickening and transmission, com-
pared to alloys with the low-PA measure alloys. Also in low-PA alloys,
these two modes of twin propagation are more sensitive to the
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orientation of the neighboring grains than high-PA alloys.
2. Modeling and analysis approach
2.1. Full field Fast Fourier Transform model

The particular CP-FFT approach used here is a recently advanced
version to account for the twinning shear transformation associated
with twin domains [31]. It has been used in prior to work to calculate
the local stresses associated with finite size twin lamellae interacting
with neighboring grains at grain boundaries for pure Mg [31,32]. The
model calculates the stress state at each material point while accom-
modating the imposed deformation via crystal elasticity and plasticity.
For reference, the constitutive model is briefly revisited below and for a
general review of the mathematical formulation and solution proce-
dures in CP-FFT we refer the reader to [40].

Material deformation follows elasto-viscoplastic constitutive beha-
vior under an infinitesimal strain approximation with shear transfor-
mation, which can be written as

o(x) = C(x): e (x) = CO0)(e(x) — eP'(x) — e (x)) ®

where o (x) is the Cauchy stress, C (x) is the elastic stiffness tensor, and
£¢l(x) is the elastic strain at material point x. The £° (x) can be written as
the difference between the total strain ¢ (x), and the plastic strain £ (x)
due to crystallographic slip and the twinning transformation strain
£ (x).

We solve for the local stress field at material point x by using an
implicit time discretization of the form:

A (x) = C(x):(e*A (x) — Epl,t(x) _ E'pl,t+At(x’ FHAYAL — ght(x)

_ AEtr,t+Al(x)) (2)
where,
N
&Pl(x) = m*(x)7* (x)
s; 3
70 = 1 LT s 0 )
3 (€]

where y*® and 7; are, respectively, the shear rate and the critical resolved
shear stress (CRSS) associated with slip systems s. In Egs. (3)-(5),
ms = %(bs®nS + n*@b*), is the Schmid tensor and b* and n® are unit
vectors along the Burgers vector and slip plane normal slip directions.
The integer n is the stress exponent.

For points x within the twin domain, we build up the twin trans-
formation strain by imposing the following change

Ag"(x) = m™ (x) Ay™ (x) (5)
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where m"™' = %(b“"’@ntw + n™@bW) is the Schmid tensor associated
with the twinning system. Unit vectors b* and n™ are directed along
the twinning direction and the twin plane normal, respectively. The
twinning transformation is achieved via N™™" increments of shear
strain, according to

tw —
Ay™ () = N twiner (6)
until the characteristic twinning shear s™ is reached. The time incre-
ment, At = 10~*s and the number of increments to achieve the twinning
transformation N™'"" are set sufficiently low and high, respectively, to

ensure convergence.

2.2. A measure for CRSS differences in Mg alloys

As mentioned above, alloying can cause a change in the CRSS values
among the slip modes in the hcp crystal. Several measures have been
presented for elastic anisotropy [41], but only a few for quantifying
plastic anisotropy. One approach was presented by Yu et al. [42], who
defined a ratio between non-basal to basal slip CRSS values as a plastic
anisotropy (PA) measure. More specificity for non-basal modes would
be needed, however, since more than one non-basal slip mode, e.g.,
prismatic (a) and pyramidal (¢ + a) slip, as well as tensile twinning, can
contribute non-negligible amounts to accommodate plastic deforma-
tion. In prior work, we introduced a PA measure as the ratio of the
difference in CRSS between the easier slip modes to the difference in
CRSS between the easiest slip mode and tensile twinning [15]. For Mg,
basal (a) slip is the easiest mode of slip and the next easiest is prismatic
(a) slip and thus the PA measure would be given by:

Prismatic Basal
PA = T — T
—  _TTwin Basal
To - T ()

where 7 is the CRSS value and the superscript indicates the slip or twin
mode. This PA measure proved to be useful in correlating alloying ef-
fects on CRSS values with plastic anisotropy at the polycrystal level e.g.,
Lankford coefficients and tension-compression asymmetry ratio [15].
The intent of this PA measure was to facilitate analysis of Mg alloys, as
opposed to offering a universal measure of plastic anisotropy for all
alloys. As defined, it gauges slip relative to twinning. When PA = 1,
prismatic (a) slip and tensile twinning have equal activation stresses
and when PA < 1, slip is favored and vice versa when PA > 1. In this
work, we employ this ad hoc measure to reflect how alloying additions
adjust the relative activation stresses or CRSSs of prismatic slip and
tensile twinning. That is, if a particular alloying addition inhibits the
activity of tensile twinning, then it reduces plastic anisotropy, and vice
versa.

2.3. Alloying elements in Mg and CRSS values for slip and twinning

To study the effect of alloying on twinning in Mg, five commonly
studied Mg alloys shown in Table 1 were selected. In all five cases,
alloying did not alter the HCP crystal structure of Mg and negligibly
altered the elastic properties and lattice parameters.

Alloying, however, substantially altered their plastic properties. The
corresponding CRSS values for the basal (a), prismatic (a) and pyr-
amidal slip (¢ + a) slip modes, as well as tensile twinning are given in
Table 2. Determining the slip-mode CRSSs for a given polycrystalline
aggregate is not as straightforward as elastic moduli determination and
are usually found via indirect methods. The CRSS values in Table 2 are
obtained from applying crystal plasticity models using a hardening law
based on the evolution of dislocation densities and fitting the hardening
law parameters by matching predictions with the experimental mea-
surements of deformation textures and stress-strain responses at the
polycrystal level. These CRSS values were used to calculate a PA mea-
sure in Eq. (7) and are presented in Table 2. This measure varies widely
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among the selected five alloys, from 0.45 (small plastic anisotropy) to
23 (significant plastic anisotropy). Three are high- PA alloys with PA
values above unity and three are low- PA alloys with PA values below
unity.

Grain effects can be important when there are not sufficient num-
bers of grains (multi-crystals with large grains) or potentially different
inelastic deformation mechanisms occur, such as in nanocrystalline
materials. The grain sizes for the five alloys and pure Mg are also
presented in Table 2. For the chosen five, tests were carried out on
traditional polycrystalline grain structures with average grain sizes in
the range of 10-100 pm.

Based on the above review, in the simulations that follow we set the
c/a ratio and elastic modulus for Mg alloys in Table 1 to those for pure
Mg at room temperature and ambient pressures, i.e., c/a = 1.624 and
C11 58.58, C12 25.02; C13 = 2079; C33 = 61.11; C44 16.58
(GPa) [45]. With a fixed c/a ratio, all five alloys and Mg will have the
same characteristic twin shear s and twin plane for the (1012) twin.
Concerning elastic anisotropy, the values of the elastic modulus for an
HCP Mg crystal give elastic anisotropy factors of 1.09, 1.01 and 1.23,
where 1.0 represents isotropy [41]", suggesting minimal elastic aniso-
tropy. Consequently differences in the stress-strain fields and hence
driving forces for twinning calculated by the CP-FFT model can be at-
tributed to the effects of alloying on the plastic response.

2.4. Deformation simulations and reference twin resolved shear stress

2.4.1. Model set up

Fig. 2 shows a schematic of the 2D simulation cell, comprised of
three grains surrounded by a layer with a uniformly random distributed
texture. A twin lamella will be inserted into the parent grain (grain 1)
that traverses from the boundary of one neighboring grain to the
boundary of the other neighboring grain. The central parent grain or-
ientation has its c-axis aligned with z-direction (see Fig. 2). Both
neighbors have the same orientation (grain 2), which generally differs
from the parent. To study the effect of neighboring grain on twinning,
the central grain orientation will be fixed while the neighboring grains
orientations are varied over the entire orientation space. Using incre-
ments of 10° produces 121 distinct neighboring grain orientations.

The simulation unit cell is discretized into 3 X 510 X 510 voxels, and
the buffer layer size is 20 voxels. This unit cell is sufficiently large to
avoid the influence of boundary effects on the twinning in the central
parent grain [31,32]. In actuality, twin lamellae form while the crystal
is under stress. To mimic this situation, we first apply a stress state that
would favor formation of a twin in the central crystal. In the present
case, a compression stress along the y-axis, which, given the c-axis or-
ientation of the central parent crystal, highly favors formation of the
(0112)[0111] twin variant. For Mg, the inclination of its twin boundary
would be 43.1° with respect to the y-direction.

As the far-field compressive stresses on the twin-free tricrystal are
applied and increased, the stress state in the outer polycrystalline layer
and each of the three crystals develops. In all cases simulated, the stress
states are uniform across each crystal but differ from grain 1 to grain 2
due to the differences in orientation and relative amounts of slip sys-
tems activated. After imposing initial compression along direction 2, a
{1012} tensile twin is introduced inside the central parent grain. To
represent a newly formed fine lamella, the twin is made six voxels thick
corresponding to a small twin volume fraction of 1.6%. Then the crystal
orientations of those voxels are re-oriented to the twin-matrix re-
lationship, and the characteristic twin shear of 13.0% is imposed over
several increments [31].

* Anisotropic indices are defined as the ratios of the eigenvalues of the elastic stiffness

Ci11+C12—-C22 Cé6 c®
41 = = . Where
(411 C12 ’ B Caq 2C44

tensor as a and

CizVa?+8
> .

c® = C+Ci1+Cr2 _
2
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Table 1

Chemical composition of the studied magnesium alloys. RE stands for ‘rare earth elements’.
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Mg alloys Chemical composition (wt%) of alloying elements and balance is Mg Reference
Al Zn Mn Li Zr Ce Y Nd Other REEs

Pure Mg - - - - - - - - - [22]
AZ31 3.0 1.0 - - - - - - - [43]
Mg4Li - - - 4.0 - - - - - [91

ME21 - - 2.0 - - 0.7 - - - [8]
ZK60A - 4.8-6.2 - - 0.5 - - - [44]
WE54 - - - - - - 5.0 1.6 2.6 [10]

Table 2

Critical resolved shear stress (CRSS) for basal, prismatic, pyramidal and tensile twin deformation modes of the studied magnesium alloys along with grain size. The CRSS values are

obtained from the crystal plasticity modeling literature.

Mg alloys Grain size (micron) Method / Tool Initial CRSS values [MPa] PA measure Reference
Basal Prismatic Pyramidal T. Twin

Mg4Li 5&30 EPSC 5 14 52 25 0.45 [9]

WES54 17-20 EPSC 10 80 115 115 0.67 [10]
ME21 10-30 EPSC 10 37 50 39 0.93 [8]

Pure Mg 20-100 VPSC 3.33 35.7 86.2 20.0 1.94 [22]
ZK60A 10-30 EVPSC 40 115 125 56 4.69 [44]

AZ31 13 CPFE 11.6 46.82 157.02 12.8 29.35 [43]

/ Buller

y

Fig. 2. Schematic representation of the tri-crystal simulation unit cell. The twin is em-
bedded in a central grain (grain 1) and the twin front is arrested at the grain boundary
with the neighboring grain (grain 2). A buffer layer with random crystal orientations
surrounds the tri-crystal. This configuration represents a polycrystal in which only three
grains are magnified for numerical simulation purposes. The region £ in the neighboring
grain is the potential region where twin transmission may occur and where the stresses
available for twin transmission are calculated. The region X in the middle of the twin
boundary is the potential region where twin growth may occur.

Inserting a twin at a given stress implies that the stress state in the
parent crystal is sufficiently high to support formation and propagation
of the (0112)[0111] twin across the grain. The critical stress to form the
twin is challenging to determine, and it might not be a singular value
covering all stages in the twin embryo to lamella process, or determi-
nistic, i.e. constant from twin to twin. The character of this stress is
unknown as well, and would correspond to the driving forces needed to
expand the twin and migrate the twin boundary. These driving forces
depend on the specific defect configuration at the twin-parent interface,
their activation barriers, and their mobility [46]. In this work, we use
for a driving force to move the twinning dislocations along the twin
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boundary the stress projected onto the twin plane and in the twinning
direction, i.e., the twin resolved shear stress (TRSS).

The actual value of the TRSS at which twins form is naturally sta-
tistically varying. Different assumptions can be made to define a rea-
sonable critical TRSS for twin growth. In this work, the twin is inserted
when the TRSS in the parent crystal rises above the CRSS for {1012}
twinning (Table 2). Thus the TRSS at which the twin is inserted is ar-
bitrarily above the CRSS and defined here as a reference stress, t.s. After
twinning, we can increase the applied load and calculate the local rise
in the stresses along the twin boundary. As a criterion for twin growth
we assume that the local TRSS at the twin boundary must reach or
exceed T;. We use this criterion consistently in all simulations as the
orientations of the neighboring crystals change.

3. Results
3.1. Effect of PA on the self-suppressing twin backstress

In order to represent a full picture, the entire space of neighbor
orientations is tested. Calculations of the micromechanical fields (stress,
strain, strain rate) generated around twins are performed for all Mg
alloys. For each alloy, the calculations are repeated with 121 distinct
neighboring grains. Fig. 3(a) shows a typical TRSS distribution, using
the AZ31 Mg alloy with (0°, 70°, 0°) neighboring grain orientation as an
example. The field is heterogeneous, possessing a negative TRSS in the
vicinity of the twin in the parent and positive TRSS (in the twin di-
rection) in the neighboring grains, particularly near the twin tips.

To better determine how this field could impact further twin ex-
pansion, we plot the corresponding TRSS profile along twin boundary
in Fig. 3(b). The lowest and highest values of TRSS occur where the
twin tip meets the grain boundary, with the former in the parent and
the latter in the neighbor. The TRSS increases from the tip along the
twin boundary to the center of the parent grain, where it plateaus. The
difference in the TRSS in this region, before and after twinning, is de-
noted here as a backstress.

To demonstrate the effect of alloying we show the same calculation
for the same parent-neighbor orientation relationship for pure Mg and
WES54 Mg alloy in Fig. 3(c) and (d), respectively. We selected these
since pure Mg has a lower PA measure than WE54 and even lower value
compared to AZ31. Despite the stark contrast in PA measure, the stress
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(a)AZ31 (PA = 29.35) 150 = Fig. 3. (a) Twin plane resolved shear stress (TRSS)
i i (b) AZ31 (PA = 29.35) distribution after twinning in AZ31 Mg alloy. The
! 100 TRSS profile along twin boundary before and after
Stress concentration twinning for (b) AZ31 Mg alloy, (c) pure Mg, and (d)
—_ 50 J WES54 Mg alloy. The neighboring grain orientation
§ for all three cases is same as (0°, 70°, 0°).
g 0 froredreccrccccccccccccecacctanan
.50 STB \
~Before twinning
-100 o
— After twinning
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Distance from twin tip along TB [voxels)
150 150
(c) Pure-Mg (PA = 1.94) (d) WES4 (PA=0.67)
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E
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Distance from twin tip along T8 [voxels)

field bears the same form. Taking the TRSS as a potential driving force,
the neighboring grain experiences a stress that could favor further twin
expansion, even if it were not oriented well for this twin variant. On the
other hand, the parent grain, originally well oriented for this twin
variant, experiences a TRSS that opposes further twin growth. This
trend is characteristic of the twin/parent/neighbor configuration and
likely applies to all cases of Mg and its alloys.

(a) AZ31 (PA=29.4)

(b) ZK60A (PA =4.69)

Distance from twin tip along TB [voxels]

3.2. Twin thickening

As seen in the prior section, under the current applied 7., the local
stress state near the twin is not conducive for growth; the sense of TRSS
at the twin tips and along the twin boundary in the parent grain acts
against twinning. The anti-twinning (negative) value is highest at the
tips and reduces towards the center. To thicken the twin, the applied

(c) Pure Mg (PA=1.94)

5
4
3
2

-
2
£
m
=
2}

-1 . . . . .

5 25
4
.3
£ ®
w2 £
I m
7] 1 (/')—
0
1 : : : : 05 ‘
1 1.5 2 25 3 3.5
Compressive strain [X 10 ]
(d) ME21 (PA =0.93)
15 12

3 35 4 45 5 55 6 65 7

Compressive strain [X 10'3]

(e) WES4 (PA=0.67)

156 2 25 3 385 4 45 5

Compressive strain [X 10'3]

(f) Mg4Li (PA = 0.45)

St/ Tef

0.2

05—

4 6 8 10 10 15

Compressive strain [X 10'3]

12 14

Compressive strain [X 10'3]

20 25 30 35 40 2 3 4 5 6 7 8 9 10

Compressive strain [X 10'3]

Fig. 4. Evolution of the ratio between the average TRSS in the region X (see Figs. 2 and 3) in twin boundary middle, Stp, and reference stress (z.¢f) of (a) AZ31, (b) ZK60A, (c) pure Mg, (d)
ME21, (e) WE54 and (f) Mg4Li. Different curves in each plot correspond to different neighboring grain. The normalization reference stress (z,f) for tensile twin systems is same as the

CRSS values for tensile twins presented in Table 2.
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load would need to be increased to a level that causes the local stress
state acting at the twin boundary, to reach or exceed z.¢. To estimate
the corresponding additional applied load needed to reach or exceed
Tref, We track the evolution of Sty (see Fig. 3(d)) as we further increase
the load. Stp is the TRSS averaged within a region X in the middle of the
twin, where the local stress is the highest (see Fig. 1). The initial dif-
ference between Stg and 7. is referred to as a backstress.

Fig. 4 shows the increase in Stp (normalized with the reference
stress, Tt at which the twin was first introduced) as the compressive
strain in the y-direction increases. Each plot refers to a single alloy and
the individual curves for a given alloy corresponds to a different
neighboring grain orientation. When Stp/7. reaches unity, the TRSS at
the boundary has recovered to its original value at the moment the twin
was introduced. According to the criterion discussed earlier, (values of
Ste/Tet @above unity are viewed here as a favorable state to expand the
twin in region X. In all cases, for the load when the twinning occurs,
StB/Tret is less than one and increases as the applied strain increases.

Whether Stp/CRSS = 1 is achieved depends on alloying and local
neighborhood. For alloys with PA > 1, which are here AZ31, ZK60A,
and pure Mg, it is possible to increase the applied strain until - a critical
value is reached such that Stp/Sgr exceeds unity. The value of critical
strain for these alloys displays some dependence on neighborhood, but
generally the spread is small. In contrast, for alloys with lower PA, such
as ME21, WE54 and Mg4Li, the evolution of Stp/7 is sensitive to
neighborhood. For some orientations, the critical strain is relatively
large, even to the point where Stp/7es does not reach unity under fur-
ther straining. The saturation in Stp/7.s is a likely consequence of the
lack of hardening of the CRSS in the model. Nonetheless, the sensitivity
of twin growth to neighboring orientation clearly decreases as PA in-
creases.

To see this trend, Fig. 5 presents the critical strain to reach Stp/Tes
= 1 for all neighboring orientations, plotted as a function of PA. For the
high PA -measure alloys, namely AZ31, ZK60A and pure Mg, the critical
strain required is less than 0.15%, and the variation among neighboring
grain orientations is also small. For ME21, with a value of PA slightly
below one, the required additional strain for twin thickening ranges
from 0.12% to 0.48% and a strong dependence of neighboring grain
orientation emerges. For WE54 and Mg4Li, not all the neighboring
grain orientations allow for the possibility of twin thickening. Only 76%
and 72% of the cases for WE54 and Mg4Li, respectively, provide for the
possibility of twin thickening. In essence, high PA -measure alloys are
more prone to expand the twin under an increasing applied strain (or
stress) and this tendency exhibits less sensitivity to neighboring grain
orientation compared to low PA -measure alloys.

Hard twin | Easy twin
thickenin i i
126 ening ! thickening 120
- [ !
z
O O
S 10.0 100 "
£ 7]
H &
.§ 8.0 80 /\E
- v
2T s
32 60 60 3
iz 3
£ b
s o
g 4.0 40 -
g ®
;g 2.0 ! PureMg: PA= 1.94 s :A:“g Z31: PA=294 20
2 : .

PA measure ——»

MigdLi: PA = 0.458ME21: PA = 0.93 3

0.0

Fig. 5. Effect of alloying represented in terms of plastic anisotropic (PA) measure, on twin
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3.3. Twin transmission

As we have seen in the calculations presented in Section 3.1, the tips
of twins stopped at a grain boundary can produce stress concentrations
in the neighboring crystals. This stress concentration from one twin can
act as a driving force for forming a new twin in the neighboring grain at
the twin/grain boundary intersection. Signatures of this event can ap-
pear as adjoining twin pairs (ATPs) or as a chain of connected twins.
Compared to single twins, ATPs have a heightened ability to resist
detwinning, act as a potential site for crack and void formation, or
provide a path for inter-grain crack propagation or shear banding
[27-29]. Characterization studies involving large data sets of ATPs in
pure metals have shown that they tend to occur at boundaries with low
grain boundary misorientation. Previously the CP-FFT model was ap-
plied to these pure metals (HCP Mg, Zr and Ti) to study whether stress
fields produced at twin tips can explain how and why ATPs happen
[47].

The stress concentrations generated at the tip are extended over a
finite region. For practical quantification of a driving force for a new
twin, we average the TRSS in a small region at the twin tip (marked as
region 2 in Fig. 2), with a radius equal to the thickness of the twin. The
maximum averaged TRSS in Q among all six tensile twin variants, de-
noted as the TRSS;,, is retained as a measure of the driving force for
twin propagation. The calculation for TRSSy;;, is repeated for each of the
121 neighboring orientations.

A distinctive situation among these cases considers an internal twin
of the same morphology embedded completely inside the parent grain.
Both twin tips lie within the single crystal and have yet to reach the
ends of the crystal or grain boundaries. As the crystal studied here is
optimally oriented for twinning, it is expected that the TRSS,;p, specially
denoted as TRSSsx, would be sufficient to propagate the twin to the
ends of the crystal without any further increase in load. For this reason,
TRSSsx is used as an ideal reference state for propagating a twin with
whom all other TRSS, are compared. As the central parent grain is
ideally oriented for twinning, any deviating neighboring orientations
would not be as well oriented under the same loading state and so
TRSSraiio = TRSS:ip/TRSSsx is expected to be less than one. A value of
unity implies that the driving force for twinning in the neighboring
grain at the tip of the twin is equal to that for twin propagation of the
same twin in its parent crystal.

Fig. 6 shows the variation in TRSS,;, with the misorientation angle
between the parent and the neighboring grain. This map is compared
for all six alloys. There are many similarities. For all six the TRSS, 40
decreases with misorientation angle, suggesting that the tendency for
ATP formation decreases with increasing misorientation angle. This
general trend is seen experimentally in pure metals as well as in similar
calculations [47,48]. However, the CRSS differences, as affected by
alloying, are seen to change many other details of these maps, sug-
gesting an alloying effect on ATP propensity. First, for every alloy, the
TRSS,41io for some neighboring orientations remains near 1.0 for a low
misorientation interval 0 to Af., and decreases below 1.0 with in-
creasing grain boundary misorientation angle. Larger A6, values are
associated with larger PA alloys. The values of A6, for AZ31, ZK60A,
and pure Mg are 30°, 15°, and 20°, respectively. Likewise, smaller PA
alloys (PA < 1) have shorter ranges, or smaller A8.. For AZ31 we note
that in this range, TRSS, ., can exceed one, suggesting that the driving
force to propagate a twin in the neighbor is greater than that to pro-
pagate a twin in its own crystal. Previously this effect was linked to
large differences in CRSS between the slip modes and not to the elastic
anisotropy of the crystal [47]. This result supports our previous work
conclusion in that all alloys here had the same elastic response and only
the alloy with the greatest differences in CRSS exhibited this “trans-
mission boost” effect. Secondly, the misorientation angle is not a
complete description of the grain boundary character. Therefore the
same misorientation angle A6 can be achieved with different neigh-
boring orientations. The lower PA alloys, WE43 and Mg4L, exhibit a
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greater sensitivity to neighboring orientations than others, indicated by
a spread in the TRSS, .o for the same A®, particularly in the low A6
regime where ATP formation is generally more likely. Last, a high (or
too high) misorientation regime is well marked by a cut-off mis-
orientation angle A6, above which the TRSS, ., is zero and chances
for ATP formation nil. In these maps TRSS;.ti, = O corresponds to a
calculated maximum averaged TRSS at the tip of zero or negative.
Taken together, these indicators point to high PA alloys, bearing mi-
croscopically larger differences in CRSS among the easier slip modes, as
being more prone to develop the driving forces to form ATPs.

To more directly appreciate effect of alloying addition on twin
transmission, the value of Af.,; with PA is mapped in Fig. 7. For higher
PA alloys, A, increases with PA, while for lower PA alloys, AB.y is
fixed at a low value of ~ 50°. This value is close to the 55° value based
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Fig. 7. Effect of alloying addition on twin transmission, represented by cut-off angles, in
magnesium alloys. Theoretical and practical cut-off angle corresponds to the grain
boundary misorientation angle at which the TRSS ratio is 0.0 and 0.5, respectively (see
Fig. 6(6).

on geometry only, the cut off angle above which either the twin di-
rections or planes of the twin pair on either side of the grain boundary
are not aligned [47]. We can arbitrarily define another cut-off angle,
associated with TRSS..tio = 0.5, which is arguably a more practical
choice than A6, since this angle corresponds to a neighboring grain
that bears a driving force that is 50% lower than that to propagate a
twin in its own parent crystal. These more practical cut-off angle defi-
nition follows the same variation with PA as seen in Fig. 7. However,
this 50%-chance misorientation angle is more likely to be consistent
with experimental observations. It is reasonable to expect that crossed
twins would rarely be seen, particularly when the data sets are small,
for misorientation corresponding to TRSS;atic = 0.5, which are 36° for
the low PA alloys and ~ 50° for the highest one.

4. Discussion

Polycrystal modeling has shown that one of the main influences of
alloying is to change the CRSS values among the various slip modes
used by HCP crystals [9,10,43,49]. The full-field elastic-viscoplastic
crystal plasticity calculations in this work strongly suggest that differ-
ences in CRSS values among the easier slip modes compared to differ-
ences between slip and twinning CRSS can greatly affect the propaga-
tion of a twin lamella. Presuming that all alloys can at least produce a
fine-scale twin that spans the grain, these calculations show that further
thickening of the twin and triggering another twin in a neighboring
crystal, depends sensitively on slip. Plastic slip accommodates the
characteristic twin shear imposed by the twin lamella. Larger differ-
ences in CRSS provide higher driving forces for both self-thickening and
inducing new twinning in neighboring grains. Additions of Li and rare
earth elements like Y, Nd, have been shown to reduce these differences
[9,10,49] whereas addition of Al tends to increases them, giving tensile
twin more opportunity to be formed [9]. In terms of the PA measure
introduced here, Al-added AZ31 Mg alloy correlates with a high- PA
alloy, while Li-added Mg4Li alloy and Y-added WE54 alloys correlate to
low- PA alloys. Provided a fine twin already is present in these alloys,
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plastic accommodation of this twin lamella could drive twin thickening
and transmission in the high- PA alloy and less so in the low- PA alloys.

Generally, smaller difference in CRSSs values among the slip modes
are known to be desirable for their association with greater formability
and weaker deformation texture development. Here we find that, apart
from formability, other important consequences of alloying effects on
CRSS can arise. In particular, the original implication of these studies is
that alloying can have a more direct effect on twin morphologies than
first thought.

5. Conclusions

Crystal plasticity based full-field Fast Fourier Transform (FFT)
model is applied to study the effect alloying additions in magnesium
alloys on twin thickening and twin transmission. The alloying effect is
accounted through microscopic level CRSS values of slip and twinning
deformation modes. To quantify the alloying effect, a plastic anisotropy
(PA) measure is formulated using the CRSS values of slip and twin
systems. The alloys with high PA measure favor twin thickening and
twin transmission, while the opposite applies for those with low PA
measure. Also the neighboring grain dependence is strong for low PA
measure alloys and almost negligible for high PA measure alloys. These
results provide an unprecedented aspect of alloying that can benefit
alloy design, particularly with twinning, strength, formability and
ductility in mind.
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