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ABSTRACT

In this work, an elasto-viscoplastic fast-Fourier-transform (EVP-FFT) model with a dislocation-density
(DD) based hardening law is employed to study the growth of a {1012} tensile twin that is blocked
by basal-precipitates in precipitate-hardened AZ91 magnesium alloy. It is frequently reported that twin
growth is hindered in precipitate-hardened Mg alloys; however, thick twin domains are often observed
experimentally in these material systems. Detailed numerical investigation of deformation twinning start-
ing from an early propagation stage, before twin growth, reveals that the stress fields that result from
two sequentially propagated twins co-impinging on a precipitate relaxes the twin back stress locally and
promotes twin growth at the twin-precipitate junction. Based on these findings, a two-step growth mech-
anism is proposed for twins arrested by precipitates. In the first step, the interaction of a twin tip with a
precipitate develops a stress concentration on the other side of the precipitate, prompting the formation
of a second twin. Subsequently, the back stresses associated with the first twin are relaxed by the forma-
tion of the second twin, allowing the first twin to grow at the twin-precipitate junction and eventually
engulf the precipitate. This mechanism suggests that twin growth can be achieved locally with minimal
additional external forces, explaining how relatively large twin domains can develop even in the presence

of arrays of precipitates.

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Interest in hexagonal close-packed (hcp) magnesium alloys in
structural applications has intensified over the last few decades
due to their low density, high specific strength, abundance, and
recyclability [1,2]. A common strategy to bolster the mechani-
cal properties of Mg alloys, such as AZ91, is to form a disper-
sion of precipitates throughout the microstructure that blocks the
glide of dislocations [3-7]. The precipitates that form in AZ91 al-
loy, for instance, are either thin lath-shaped basal or rod-shaped
prismatic Mgq;Aly, precipitates with a body-centered cubic (BCC)
crystal structure [8,9]. The habit planes of basal- and prismatic-
precipitates are parallel to the basal and prismatic planes of the
parent hcp phase, respectively. Plastic deformation of the AZ91 al-
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loy under relatively low strains and at room temperature is accom-
modated by both dislocation slip and deformation twinning [9,10].
The amount of twinning that develops affects the ductility, me-
chanical stability, strain-hardening response, and texture evolution
[11-16]. Compared to precipitate-dislocation interactions, the inter-
actions between the precipitates and twins have received less at-
tention but are clearly of equal importance in understanding the
deformation behavior of precipitate-strengthened Mg alloys.

Twin development generally consists of three stages: nucle-
ation, propagation, and growth, and precipitates can have a distinct
influence on each [17]. Precipitate/matrix interfaces have been sug-
gested to serve as nucleation sites due to their high defect content
and stress concentrations [18]. Consistent with this notion, some
studies have reported greater numbers of twin lamellae but simi-
lar twin volume fractions with precipitates than without [19-21].
In propagation, precipitates act as obstacles, causing the moving
twin-tip to fully arrest or skew from the twin habit plane to by-
pass the precipitate [17,22]. Where the twin-tip impinges the pre-
cipitate, and the ratio of the twin thickness to precipitate width
have been found to influence the path taken by the twin-tip [23].
Specifically, in our previous work, we have shown that the interac-
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tion between an impinging precipitate and twin develops a high-
stress concentration on the opposite side of the precipitate. The in-
tensity of stress localization depends on the relative sizes of twins
and precipitates, and also the interaction location, such as the pre-
cipitate tip versus the center of the precipitate. This local stress
favors the formation of a new twin on the opposite side of the
precipitate.

In regards to twin growth, it is commonly reported that the
presence of precipitates hinders the twin thickening [19,24-29].
Several numerical studies aim to quantify the effect of precipitates
on twin growth by simulating the following two different config-
urations: (i) twin boundary interaction with the precipitates, and
(ii) twin tip interaction with the precipitates. For example, using
the phase field model, Liu et al. simulated the migration of ten-
sile twin boundaries in the presence of precipitates [30]. In their
simulations, a perfect twin boundary that is not pinned by any
obstacles starts to migrate uniformly under macroscopic loading
and gets pinned locally by the precipitates. In order to continue
the migration of twin boundaries, additional macroscopic loading
is needed to de-pin it from the precipitates. Using these simula-
tions, the authors have reported an effective critical resolved shear
stress (CRSS) for twin growth in the precipitate-hardened mate-
rial, which is significantly higher than in precipitate-free materials
and increases linearly with the precipitate volume fraction. On the
other hand, using crystal plasticity modeling, Siska et al. studied
the interaction of a twin tip with the precipitates and its influence
on twin thickening [22]. The authors found that the interaction of
a twin with the hard precipitates alters the CRSS for slip activity,
and so increases the CRSS for twin growth.

Evidently, the interactions between propagating twins and pre-
cipitates are complex, making it difficult to predict how twins may
develop in the presence of arrays of precipitates. Clarifying how
twins interact with precipitates and eventually bypass them or en-
gulf them is desired in the design of precipitate-strengthened mi-
crostructures in Mg alloys, such as AZ91. To the best of our knowl-
edge, none of the existing literature rationalize the experimentally
observed large twin domains by investigating the growth of twins
arrested by arrays of precipitates in AZ91 alloy.

In this work, the interactions between Mgq;Al;, plate-shaped
basal precipitates and {1012} tensile twins at different stages
of twin development in AZ91 are studied. Specifically, the
growth of a twin that is blocked by precipitates is studied. An
elasto-viscoplastic fast Fourier transform (EVP-FFT) model with a
dislocation-density (DD) based hardening law is employed to cal-
culate the spatial distribution of internal micromechanical fields
and dislocation densities corresponding to each interaction. The re-
sults indicate that twins interacting with precipitates grow asym-
metrically, with one twin boundary remaining relatively parallel to
its crystallographic twinning plane and the other forming a ser-
rated structure that deviates from its crystallographic plane. We
discuss how these findings can explain the twin morphologies near
precipitates observed in transmission electron microscopy (TEM)
observations of deformed AZ91 [31,32]. Last, we propose a two-
step mechanism for the growth of an early-stage thin twin that is
enabled by interactions between sequentially formed twins and a
precipitate.

2. Numerical method
2.1. EVP-FFT model

We employ a crystal-plasticity-based elasto-viscoplastic fast-
Fourier-transform (EVP-FFT) model that was originally developed
by Lebensohn et al. [33] and later advanced by Kumar et al. [34] for
explicit twins. A similar modeling framework was recently used to
study pathways taken by twins after the initial interaction with a
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precipitate [23,35]. Here, hardening via dislocation density evolu-
tion in the HCP slip families is included. Both the EVP-FFT formu-
lation and dislocation density law are briefly reviewed below.

In EVP-FFT, the initial microstructure is represented by a peri-
odic unit cell, discretized into regularly spaced voxels whose center
point is located at x. The Cauchy stress tensor field, o (x), at a time
t + At is described by a time discretized generalized Hooke’s law:

o—tJrAt (X) — C(X) . 5e,t+At (X) (1)

where C(x) is the elastic stiffness tensor, and £€(x) is the elas-
tic strain tensor. Under a small strain approximation, €¢(x) is the
difference between the total strain tensor, €(x) and the inelastic
strain tensor. The inelastic strain is given by the sum of the plastic
strain due slip, €P(x), and the homogeneous twinning shear trans-
formation strain in the twin domain, &'V (x), i.e.,

8e,t+At (X) _ 8t+At (X) _ Ep.t (X) _ ép,t+At (X)At
—e™(x) — Ae™ (x) (2)

The £P(x) is constitutively related to the stress at each material
point through a sum over the N active slip systems:

N
EP(x) = Ym0y ()

s=1

— Ims(x) 1 o )]\
=% stm() sgn(m' ) :o(x)  (3)

S
= ()

In the above, the Schmid tensor, m®, is the symmetric part of
(b’ ® n®), where b* and n® are the unit vectors along the slip di-
rection and the slip plane normal, respectively, of slip system s.
The slip resistance t$(x) is the current critical resolved shear stress
needed to activate slip system s. The rate y, is a normalization
factor and n is the stress exponent. In the twin domain, the to-
tal plastic strain due to twinning is equal to the product of the
characteristic twin shear and its volume [36]. For convergence, it
is necessary to apply the twinning strain increment, Ag!¥, on the
twin plane in the twinning shear direction with sufficiently fine
increments (i.e.,, 2000 steps in this case). Tensors & and AgtV
outside of the twin domain are zero.

2.2. Slip strength hardening law

The evolution of t{ of every slip system, s, is calculated based
on a dislocation density (DD) based hardening law [37]. Each slip
system has its own relationship to strain rate and temperature.

The 7§ is comprised of a sum of multiple factors given by:

S _ +S s s
T =T + Tdebris + Tforest (4)

where 7§ represents the initial slip resistance, or Peierls stress, of
slip system s. This resistance 7 is dependent on the temperature,
initial dislocation density, and intrinsic material properties. In this
work, it is assumed to be a scalar quantity and scales with tem-
perature as:

75 = Bexp (—g) (5)

Here, T is the temperature (in K), and B and C are the material
parameters. The resistance tj,, .. is associated with the resistance
to slip provided by arrays sessile dislocation substructures and is
given by:

- 1
Taebris = Kub®/ pdebris IOEW (6)

where K is a material-independent constant and is assumed to be
0.086 [37-39]. u is the temperature-dependent shear modulus, b’



B. Leu, M. Arul kumar, K. Xie et al.

is the Burgers vector, and p%® is the total debris dislocation den-
sity. The generation of pds is equal to the sum of debris con-
tributed by each slip system and is written as:

ap;
S rem S
qu Dy —tdy (7)

a:Odebris
where q is set equal to 4 and defines the rate coefficient for how
debris grow from point defects. The density o3, is the popula-
tion of dislocations from each slip system that contribute to the
formation of debris and f* is a term that describes the dislocation-
dislocation interactions that lead to debris formation and can be
written as:

fS = ASh® pdebris (8)

In the above, AS is a term that relates the temperature depen-
dency of dislocation interactions. Finally, r;orest represents the re-
sistance to slip due to a random arrangement of forest dislocations
[40,41] and is related to the square root of the dislocation den-

sity, p%, of slip system s via Taylor’s law, i.e.,

r;orest = xub’ ZhSS/’OS, 9)
\ 5

In the above, x is the dislocation interaction coefficient and is
set to 0.9. % is a latent hardening matrix for the interactions be-
tween dislocations from different slip modes. The stored forest dis-
location densities evolve via a competition between a dislocation
generation term, k3, that describes the storage of dislocations by
statistical trapping of gliding dislocations by forest dislocations and
a thermally controlled annihilation term, k3, for dynamic recovery
of stored dislocations [42-44]:

ap’

B = kivps — kK€ T)p’ (10)
The annihilation term, k5, is given by [37]:

ks, x b kT g

E = g5<1_D5b3 lng.()) (11)

where k, €, €, D%, and g° is the Boltzmann’s constant, strain rate
at each voxel, reference strain rate (set to be 107 1/s), drag stress,
and normalized activation energy of slip system s.

2.3. Characterization of AZ91 alloy slip strength hardening model
parameters

Before performing the explicit twin-precipitate interaction sim-
ulations within an individual crystal, we need to determine the
DD-based hardening model parameters of the dominant slip modes
in precipitate strengthened AZ91. Experimental uniaxial tensile
stress-strain curves at 293 K and 463 K for a strain rate of 1 x
10~* 1/s of this alloy from Dini et al. [45] are used to aid parame-
ter estimation. The model finds a single set of material DD param-
eters that will enable the DD-EVP-FFT simulations of a polycrystal
of the same alloy to achieve agreement with all measured curves.
Fig. 1a shows the simulation cell of the polycrystalline microstruc-
ture. It is discretized into 64 x 64 x 64 voxels and consists of
128 equiaxed grains with a uniform distribution of crystallographic
orientations and approximately 7.5% volume fraction of Mg;Alj
precipitates, colored in black [45]. Accordingly, every grain is rep-
resented by approximately 2048 voxels. The Mgq;Al;, precipitates
have a body-centered cubic (bcc) crystal structure and share a Pot-
ter orientation relationship with the parent grain that it resides in,
desgribed by (Oool)Hcp 2° from (O]])Bcc, [ZﬁO] HCP//[lillBCCv and
(0111)pcp//(110)pcc [8,9,17].

Over the deformation period, the Mg;Al;, precipitates remain
elastic, while the AZ91 matrix deforms elastically and plastically.
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The cubic elastic constants Cy;, Cj, and C44 of the Mgq;Al, pre-
cipitates at different temperatures are not available, and thus, val-
ues calculated from Density Functional Theory (DFT) were used
corresponding to 86.8, 29.0, and 20.0 GPa, respectively, for both
temperatures [46]. The five elastic coefficients Cyq, Cqp, Cy3, C33, Ca4q
of AZ91 were approximated by the coefficients of pure Mg at 293 K
and 463 K with values of 59.0, 25.5, 21.5, 61.0, 16.7 and 57.0, 25.4,
21.1, 58.0, 15.0 GPa, respectively [47]. The shear modulus, u, used
in Egs. (6) and (9), for AZ91 at 293 K and 463 K were set to equal
to Cy44, which is 16.7 and 15.0 GPa, respectively [48]. For plastic slip
in the AZ91 matrix, three slip modes were made available: pris-
matic (a), basal (a) and pyramidal-I (c+ a) slip. Twinning defor-
mation was not taken into account in the parameterization since
its contribution was reported to be negligible in deformation [49].
The simulation begins with the initial values of the slip resistance
for prismatic, basal, and pyramidal-I {c+ a) slip modes for AZ91
from Bhattacharyya et al. [10]. with self and latent hardening set
to be 0.15 [50].

Fig. 1b compares the calculated stress-strain response (red solid
lines) to the experimentally measured curves (symbols). The corre-
sponding constitutive law parameters for all three slip modes are
listed in Table 1. These parameters are characterized for the matrix
material in AZ91 outside of the precipitates and therefore are inde-
pendent of precipitate size or distribution. The model operates on
the mesoscale length scale and does not account for the individ-
ual interactions of single dislocations with precipitates. It is possi-
ble for an additional term, tprmp,mte, to be included in Eq. (4) to
phenomenologically capture the effects of the precipitate, since, in
reality, the precipitate spacing can affect the flow stress of disloca-
tions and twins. Here, the effect of the precipitates are accounted
for by explicitly distributing the precipitates throughout the mi-
crostructure to closely replicate the microstructures commonly re-
ported in experiments [31,32,45]. Thus, the simulated results may
be to closely tied to the size, shape, distribution, volume fraction
and type of precipitate. For validation, we also compare the evolu-
tion of the total (gray), prismatic (red), basal (blue) and pyramidal-
I (green) dislocation densities with respect to applied strain at
293 K and 463 K in Fig. 1c and d, respectively, with the measured
densities (designated by a square marker) by Dini et al. [49]. No-
tably, the predicted densities fall within the reasonable agreement
of experimentally measured values at both temperatures.

3. Model set-up for twin/precipitate interactions

In the calculations that remain, we consider twin/precipitate in-
teractions within crystals. The reorientation and shear of a finite
twin lamella are represented explicitly through the reorientation
of a predefined twin domain and the incremental development of
the characteristic twinning shear homogeneously within the twin
domain [34]. For the {1012} tensile twin, the voxels within the
domain are reoriented 86.3° about (1210) and uniformly sheared
by the characteristic twinning shear of 12.9%. The precipitates are
also predefined domains with crystallographic and material prop-
erties of the commonly observed Mgq;Al;, plate-shaped precipi-
tates that lie on the basal plane of the parent matrix. Fig. 2 de-
picts the simulation setup with two precipitates of the same size:
precipitate-1 and precipitate-2 in orange and red, respectively. The
twins and precipitates are embedded in an AZ91 matrix (light
blue). The crystallographic orientation in the Bunge convention of
the parent grain is chosen to be (0°, 88.16°, 0°), and it is illus-
trated by the hexagonal inset in Fig. 2. Following the frequently ob-
served Potter orientation relationship [8,9,17], the crystallographic
orientation of the precipitates is assigned to be (39.23°, 114°,
63.43°). Other orientation relationships and variations in orienta-
tion may exist between the matrix and precipitates and can be
easily accounted for in the model. In the present work, the most
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Fig. 1. a) Visualization of the polycrystalline AZ91 simulation cell used to obtain the DD constitutive law parameters. The unit cell consists of 128 equiaxed grains with
a 7.5% volume fraction of Mgy;Al; precipitates, shown in black. b) Comparison of the predicted uniaxial tensile stress-strain response (in red) to experimentally obtained
curves (in black) from Dini et al. [45] at 293 and 463 K. In the model calculations, a strain rate of 1 x 10~ 1/s is imposed in the x-direction. Comparison at ¢) 293 K and d)
463 K of the predicted total (gray), prismatic (red), basal (blue), and pyramidal-I (green) dislocation densities by the EVP-FFT model with those measured (square marker)

by Dini et al. [49].

Table 1

Dislocation density-based constitutive model parameters that are found by fitting to the ex-
perimentally obtained stress-strain response of AZ91 alloy under uniaxial tension at 293 K and

463 K.
a =1 o =2 a =3
Prismatic (a) Basal (a) Pyramidal I (c +a)
& [MPa] 100 35 160
b* [m] 3.231e-10 3.231e-10 6.0771e-10
&o [1/s] 1.0e + 07 1.0e + 07 1.0e + 07
po [1/m?! 1.50e+12 1.50e+12 1.50e+12
Pdebris [1/m?] 1.0e-01 1.0e-01 1.0e-01
ASgsk 20 0 0
ek 0 10 0
k% [1/m] 9.0e+09 3.5e+09 1.0e+07
g 5.0e-03 5.0e-03 1.0e-03
D* [MPa] 5.0e+03 5.0e+03 9.0e+03

commonly observed orientation relationship was considered for
simplicity.

The simulation cell size is discretized into 3 x 550 x 550 vox-
els. During the early stages of propagation, twins can assume a
lamellar shape and may eventually thicken to an elliptical shape
under further loading after the twin tips have become arrested
[51-53]. The present work aims to study precipitate-twin interac-
tions during the propagation stages of twinning, before significant
twin thickening has occurred. The twin thickness, t, and precipi-
tate width in the Y-direction are both four voxels, appropriate for
representing thin, newly propagating twins. In experiments, the as-
pect ratio of precipitates can be seen to vary between 1-100 [32].
Thus, the precipitate length in the Z-direction is taken as 40 voxels
that corresponds to the aspect ratio of ten. The twin-tip/precipitate
interactions depicted in Fig. 2 is often seen in experimental obser-
vations [32]. Furthermore, the precipitate length was chosen in or-

der to keep the twin impingement site far away from the edges
since these events make up a majority of twin-precipitate interac-
tions. Edge impingement can also occur in either the Z-direction
or the X-direction; however, it is less likely to occur due to the
relatively large surface area of the plate-shaped precipitates. In the
event that edge impingement does occur, the resulting stress states
are more complex [23]. In this case, the propagating twin may
not be effectively arrested by the precipitates and, as a result, the
twin growth mechanism is distinct from the what is reported in
this work. Seven different precipitate spacings, d, were considered,
ranging from 4 to 200 voxels, representative of what is commonly
observed in deformed AZ91 [32].

The parent matrix is surrounded by a buffer layer (dark blue)
of 50 voxels thick in the Y and Z directions, with uniformly dis-
tributed crystallographic orientations. This buffer layer approxi-
mates the response of a polycrystalline medium and shields the
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Fig. 2. Simulation setup consisting of a single crystal AZ91 (light blue) surrounded by a polycrystalline buffer layer (dark blue). Within the parent grain, twin-1 impinges
upon precipitate-1, causing twin-2 to form between precipitate-1 and precipitate-2. The crystallographic orientation of the parent grain is represented by the hexagonal inset
in the top right. A zoomed-in region around the precipitates is outlined by black dashed lines for closer inspection.

parent matrix from overlapping fields due to the periodic bound-
ary conditions. There is no buffer layer in the X-direction. The sim-
ulation uses periodic boundary conditions, which causes the mi-
crostructure to adopt a columnar microstructure. This microstruc-
tural simplification is appropriate to use when studying the in-
teractions of twins with thicknesses that are much smaller than
the dimensions of the precipitates in the X and Z-direction, such
as twins during the early stages of propagation being studied
here. Furthermore, the crystallography of the twin, with its twin
plane normal and twin shear direction in-plane, permits study of
a columnar structure, as shown in Fig. 2 since any gradients in the
out-of-plane direction will be negligible.

We adopt a simplification of the intricate microstructures found
within twin and precipitate-hardened AZ91 alloy. The real mi-
crostructure may contain many twins and precipitate with geome-
tries that are more complex than those represented here. Consider-
ation of other types of precipitates and significantly different dis-
tributions of precipitates would involve recalibrating the model.
However, the idealized model scenario permits the isolation of the
interactions between two sequentially formed twins without the
additional complications from other precipitates and twins. The
model setup describes situations that may occur just as a twin has
finished propagating in the twinning shear direction and has been
arrested at a precipitate. Previously, such calculations have shown
that depending on the precipitate-1 thickness with respect to the
twin-1 thickness, a second twin, twin-2, may form on the other
side of precipitate-1 and may eventually become arrested by an-
other precipitate, say, precipitate-2 [23]. When faced with an array
of precipitates, twins may continue to successively impinge on one
side of each precipitate and reform on the other side in order to
continue propagating. However, it is often observed that twins can
also thicken and eventually engulf precipitates as they propagate
through an array of precipitates. The influence of precipitates and
precipitate spacing on twin thickening after impingements have
yet to be investigated. The calculations that follow aim to identify

the likely growth mechanisms of twin-1 and twin-2 and the role
of the inter-precipitate spacing that stands in their way.

4. Results and discussion
4.1. Effects of precipitates on localized plasticity in twin-free crystals

Uniaxial compression strain is applied in fine strain incre-
ments to a twin-free, precipitate-containing crystal in the (a)-axis-
direction of the parent grain. To determine the path taken by a
twin approaching the precipitates, the twin plane resolved shear
stress (TRSS), a relevant driving stress component for twin forma-
tion or twin boundary propagation, is examined. An initial 4% com-
pressive strain is applied, comparable to the strains experienced in
precipitate-hardened AZ91 in the work by Xie et al. [32], where
many newly propagated twins can be seen interacting with precip-
itates. A TRSS of approximately 30 MPa is produced in the parent
matrix, appropriate for the formation of tensile twins [54-56]. The
stresses are inhomogeneous and result from the mismatch in elas-
tic and plastic properties between the elastically hard precipitates
and elasto-visco-plastically deforming AZ91 matrix [34,57]. Plastic
deformation is seen to concentrate in the matrix around the hard
bce precipitates, regardless of precipitate spacing. Fig. 3 shows the
distribution of the average slip resistance values after the initial
4% compression for each slip mode in the parent matrix in a small
region around the precipitates outlined by dashed lines in Fig. 2.
For all three slip modes, the slip resistance increases or hardens
the most along the short sides of the precipitates and the least
along the long sides of the precipitates. Basal slip experiences the
most significant hardening. The lowest slip resistances values were
2.9 times greater than its initial CRSS (44.8 MPa). Larger resistance
to plastic deformation around the precipitates can result in higher
stresses and stress concentrations in the parent grain with the ad-
dition of approaching deformation twins.



B. Leu, M. Arul kumar, K. Xie et al.

CRSSPrismatic

-350.

CRSSBasal

Acta Materialia 242 (2023) 118471

CRSSPyramidal—I

190 440.
160 i o
170 410 G
»n
160 400 —
390 =
150 ' &
380 =
140 370
130 360.

Fig. 3. Average CRSS values of prismatic, basal, and pyramidal-I slip modes around the precipitate after an initial 4% strain in the X-direction (out-of-plane) parallel to the
(a)-axis of the parent matrix, demonstrating significant local hardening around the precipitates.
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Fig. 4. TRSS distributions around precipitates: a) After an initial 4% compression in the (a)-axis of the parent matrix. Positive TRSS develop along the long sides of the
precipitate, supporting the development of twins, while negative TRSS arise along the short sides of the precipitates, resisting twinning. b) After the formation of twin-1,
a localized stress concentration developed in wqpp, suggesting the likely formation of twin-2 in this region. Strong backstresses arise around twin-1, resulting in negative
TRSS around twin-1, indicating that growth is difficult. ¢) After the formation of twin-2, TRSS is augmented in @y, showing that twin-2 can aid in the growth of twin-1 by
increasing the driving stresses for twin boundary migration near the precipitate that they co-impinge upon.

Fig. 4a shows the TRSS field of the twin-free, precipitate-
containing crystal at 4% compression strain. Along the short sides
of the precipitates, the TRSS is approximately —81 MPa and re-
sists twinning. The TRSS values along the long sides of the pre-
cipitate/matrix interface, however, are positive and enhanced. The
peak TRSS lies at the center, reaching up to 32 MPa, more than
three times higher than the surrounding matrix (~ 9 MPa). The
positive twin stresses can aid twin development, whether nucle-
ation of a new twin from the interface or the growth of twin that
propagates into the vicinity of the precipitate. The former situation
would support the experimentally observed increase in the twin-
ning density with the precipitates [21,26], and although important,
we focus this study on the latter situation. If an incoming twin im-
pinges the short ends of the precipitates, its stress field will inter-
act with an anti-twinning contribution from the precipitate, pos-
sibly resisting the propagation of the twin. In contrast, it would
encounter less resistance should it impinge the center of the long
side of the precipitate.

4.2. Stress fields around precipitates and twins
To study the stress fields corresponding to precipitate/twin in-

teractions, deformation twins are introduced to the crystal contain-
ing precipitates under a fixed macroscopic loading. We first con-

sider the case that twin-1 propagates up to precipitate at its center,
while under 4% compressive strain. Twin-1 is much finer in thick-
ness than the precipitate length, [, in the Z-direction. Fig. 4b shows
the calculated TRSS field resulting from this interaction. Fig. 4b
shows the calculated TRSS field resulting from this interaction. We
note that the TRSS fields are qualitatively similar to the fields cal-
culated and reported in [23] without pre-straining. A TRSS concen-
tration forms on the opposite side of the precipitate, in the region
wopp, Teaching up to 155 MPa, about five times greater than that
from the initial macroscopic loading alone (~ 32 MPa). A new twin
of the same variant could, therefore, form in wqpp. To determine
how this new twin could expand while twin-1 remains arrested,
Fig. 5¢ and d present the TRSS field in between the two adjacent
precipitates along two lines in the vicinity of where this new twin
would be. Near wgpp, corresponding to the left side of Fig. 5c, and
d, the TRSS is greatly enhanced from ~32 MPa before twin-1 im-
pingement (gray points) to values between 135 and 150 MPa after
twin-1 impingement (red points). The five-fold increase in driving
force supports forming a second twin-2 of the same variant as the
first.

Fig. 5a and b closely examine the calculated TRSS profiles in the
parent matrix along the upper and lower twin boundaries of twin-
1, which are relevant for twin boundary migration during the twin
growth stage. Along the entire upper and lower boundary of twin-
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illustrates the twin-1 and twin-2 boundaries. Gray markers represent the TRSS along the twin boundaries after an initial 4% compression in the (a)-direction, i.e., before
twinning. Red and blue markers correspond to the TRSS after forming twin-1 and twin-2, respectively, for the same macroscopic loading.

1, the TRSS is negative, indicating resistance against twin bound-
ary migration and the need for more applied deformation for twin
growth. Here, we classify the decrease in TRSS stresses resulting
from the reaction of hard, elastic precipitate to the twin shear as
backstresses [57]. The largest backstresses are experienced near the
precipitate, corresponding to the right side of Fig. 5a and b. Since
the backstresses are much less at the upper twin-1 boundary than
the lower twin-1 boundary at the twin/precipitate junction site, it
is anticipated that twin-1 would expand asymmetrically, initiating
from the upper boundary first.

Based on the foregoing observations, calculations are performed
for the situation in Fig. 2, in which twin-2 is formed where the
peak TRSS had developed and extended between precipitate-1 and
precipitate-2 and made with equal thickness as twin-1. In the sim-
ulation, this process occurred under the same macroscopic loading
after the formation of twin-1. Reminiscent of twin-1, the leading
tip of twin-2 causes a rise in TRSS of up to ~ 155 MPa on the
opposite side of precipitate-2, seen in Fig. 4c. Severe backstresses
result in intensely negative TRSS in the vicinity of twin-2 bound-
aries. Specifically, along the twin-2 boundaries, the magnitude of
the TRSS is nearly —160 MPa where twin-2 impinges upon both
precipitate-1 and precipitate-2 at an acute angle, that is, on the
left of the upper boundary and right of the lower boundary, see
blue profiles in Fig. 5c and d. The lower twin-2 boundary near
precipitate-1 develops slightly higher TRSS due to its closer align-
ment with the peak TRSS concentration generated by twin-1 [23].
It is reduced to —100 MPa near the center of the twin. At the
same time, the backstresses along the boundaries of twin-1 are re-
lieved by the formation of twin-2, shown by the blue markers in
Fig. 5a and b. The TRSS in the upper and lower twin boundaries of
twin-1 near precipitate-1 increase by as much as 100 MPa. The up-

per boundary of twin-1 experiences a greater relief than the lower
boundary, reaching up to 150 MPa in w,,, see Fig. 4c, much greater
than the ~ 32 MPa that existed after the initial straining.

The augmented TRSS fields from twin-2 on twin-1 suggest a
two-step mechanism for the growth of twins that are interacting
with precipitates. First, twin-1 must propagate and impinge upon a
precipitate, triggering the nucleation and propagation of twin-2 on
the other side of the precipitate. Secondly, twin-2 encourages the
growth of twin-1 along the upper boundary near the precipitate
that they co-impinge upon. With the formation of twin-2, little to
no additional applied stresses would be needed for the growth of
twin-1. The mutual aid between twin-1 and twin-2 allows for the
migration of twin-1 boundary around precipitate-1. This result is
similar to the observation reported in Kumar et al. [58], where the
effect of twin-twin interactions across the shared grain boundary
fostered their mutual growth.

4.3. Effect of precipitate spacing

Thus far, the precipitate spacing d has been fixed. The effects of
d on twin-1 growth are investigated next. Fig. 6 shows the evo-
lution of the TRSS along the twin-1 boundaries after each step
in the interaction process: 1) the initial 4% (a)-axis compression
(gray), 2) the formation of twin-1 (red) only, and 3) the formation
of twin-1 and then twin-2 (blue). In all cases, twin-2 extends from
the first precipitate to the second and has length d. The average
TRSS in the two regions shown in Fig. 6a are studied: at the twin-
tip/precipitate junction (solid lines) and in the center of the twin
lamellae (dashed lines). Each region is equal to the twin thickness.
In the second step, when the twin first interacts with the precipi-
tate, the TRSS fields around twin-1 under external load are insensi-
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near the precipitate-1 interaction site are outlined by black boxes to be considered for further detailed analysis. The variation in average TRSS taken along the (b) upper and
(c) lower twin boundary of twin-1 near the center and the impingement site as a function of precipitate spacings, d, normalized by the twin thickness, t. The average TRSS
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are shown in gray, red, and blue lines, respectively. Solid and dashed lines represent the averages taken near the impingement site and center of the twin-1, respectively.

tive to the spacing d. It appears that the heterogeneous stress fields
around precipitate-2 are too far away to influence the TRSS fields
at twin-1, even for the closest spacing of d/t = 1. Fig. 6b shows
that for all d/t ranging from 1 to 50, the average TRSS along the
upper boundary reduced from ~ +20 MPa (gray dashed lines) to
~ —20 MPa in the center (red dashed lines) and from ~ +30 MPa
(gray solid lines) to ~ —50 MPa at the twin tip (red solid lines)
after twin-1 impinges on precipitate-1. In Fig. 6¢, for the lower
boundary of twin-1, we observe a reduction in TRSS to ~ —20 in
its center and to ~ —130 MPa at its tip. Thus, we find that migra-
tion of the lower boundary near the twin tip is more limited than
that of the upper boundary.

The spacing d has an important influence on the stress field
once twin-2 has formed and extended to precipitate-2. For tight
precipitate spacings, d = 1t to 5t, the average TRSS along the top
boundary of twin-1 increases rapidly from ~ —20 to 62 MPa near
the tip (solid blue lines) and modestly from ~ —20 to —7 MPa
near the center (dashed blue lines) of twin-1, seen in Fig. 6b. The
larger d, the greater the enhancement by twin-2 on twin-1, with
the largest effect near the tip. For d > 5t, the enhancement satu-
rates with TRSS values reaching up to ~ +80 and —2 MPa at the
tip and central regions, respectively. Similar trends are observed
along the lower boundary of twin-1, however, the TRSS values re-

main negative and less favorable for twin boundary migration. As
shown in Fig. 5, for all d/t cases, both upper and lower boundaries
of twin-2 remain resistant to twin boundary migration and con-
sequently are not shown here. Although the subsequently formed
twin-2 may not thicken, it can support the migration of the up-
per boundary of twin-1 when d is large, enabling twin-1 to grow
around the precipitate. Without twin-2, the ability of a twin-1 to
thicken independently and bypass the precipitate is unlikely due to
the large backstresses that develop when the twin becomes con-
strained at both tips.

To sum, larger precipitate spacings further enable twin growth.
However, a saturation limit exists for d > 5t, beyond which signif-
icant enhancement of twin growth is not expected. The likely re-
gion for the initiation of twin growth is shifted from the center of
the twin to the twin tip near the upper twin-precipitate junction.
In principle, this boundary migration mechanism for circumventing
precipitates can continue with each new precipitate encounter. Af-
ter twin-2 impinges precipitate-2, another twin, twin-3, can form
on the opposite side of precipitate-2, resulting in the relief of the
backstresses on twin-2 and helping it to grow. Several assumptions
have been made in this study, including the amount of external
load prior to twinning and relative thickness of the twin to the
precipitate, which may alter the calculated twin stresses. However,



B. Leu, M. Arul kumar, K. Xie et al.

Pre-twin strain

Acta Materialia 242 (2023) 118471

-2.5e+14

-2.495e+14

-2.49e+14

prismatic

-2.485e+14

-2.48e+14

1.8e+14
1.6e+14
1.de+14
1.2e+145
le+ld §
8e+13 2
6e+13
4e+13

-4.5e+12

I-2.0e+l4

1.92e+13
1.9e+13
-1.88e+135
T
1.86e+13°E
1.84e+13 2
Il.szens .
1.8e+13

l— 1.94e+13

(c+a)
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it is found that even without any external load and for twin thick-
ness twice are large that considered here, the results are qualita-
tively similar, yielding saturation limit at d > 5t These results are
presented in the Appendix. Other assumptions made within this
study involve the relative precipitate size, shape, distribution, vol-
ume fraction and types of precipitates considered in this study.
Changes to these factors may potentially influence the calculated
stress fields.

4.4. Effect of precipitate spacing on dislocation densities

In the following section, we analyze and present the model pre-
dicted dislocation density evolution near the precipitate-twin in-
teraction site. The strain fields calculated in the simulations are
associated with slip activity. Fig. 7 depicts the dislocation den-
sity fields that arise during the different stages of the simulation:
after the pre-twin strain, after forming twin-1, and after form-
ing twin-2. In Fig. 7, the precipitates are colored in black. Af-
ter pre-twin straining, a heterogeneous distribution of dislocations
emerges around the precipitates, with dislocation densities much
greater than the initial value of 1.5 x 102 m~2 for all slip modes.
Prismatic activity in the parent matrix was the greatest, resulting
in densities that grew by two orders of magnitude. Greater densi-
ties of prismatic dislocations developed near the short edges of the
precipitates than compared to the long edges of the precipitates,
as seen in Fig. 7a. The opposite trends are seen for the pyramidal
dislocation densities, resulting in more dislocations along the long
edges of the precipitates than the short edges, seen in Fig. 7c. The

development of basal dislocations was concentrated at the corners
of the precipitates.

After forming twin-1, prismatic dislocation densities remained
relatively constant, and additional pyramidal dislocations were
generated only in the twin near the impinging twin tip. The basal
dislocation field experiences the greatest change, with increased
densities all along the precipitate/matrix boundary and large con-
centrations of dislocation appearing inside the impinging twin tip
and in w,y. After twin-2 forms, again, prismatic dislocation den-
sities do not change. Evidently, twinning does not significantly in-
fluence prismatic slip activity. Pyramidal dislocations were primar-
ily generated at the twin tips of twin-2 and twin-1 tip that co-
impinges on precipitate-1. The formation of twin-2 caused basal
dislocations densities to increase significantly inside and around
each tip of twin-2. Furthermore, additional basal dislocations can
be observed in the twin-1 tip that co-impinges the precipitate and,
in the region wp;.

Next, a closer inspection of the regions near the center of the
twin-1 and near the twin-1 and precipitate-1 interaction site, as
outlined in black boxes in Fig. 6a, is presented. For the following
analysis, only the upper boundary of twin-1 is considered since it
has favorable stresses to support its migration, as seen in Fig. 6.
The increase in average dislocation density for each slip mode, i,
due to the formation of twin-2 is calculated as,

N; ) )
AT = 1\1_] Z ( élfter twin-2 pfefore twm—Z) (12)
Ps=1
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Fig. 9. a) Schematic representation of three successive twins and the migration of their twin boundaries. b) TEM micrograph showing serrated structures, pointed out by
white arrows, and twins that have grown preferentially along a single twin boundary while the other boundary remains relatively flat, highlighted by dashed white lines.

Micrographs adopted with permissions from Elsevier, Leu-et al. [23].

where p;s is the dislocation density of slip system, s, in the region
either near the twin center or impingement site. N; is the number
of slip systems in each mode: prismatic, basal, or pyramidal-I.

Fig. 8 shows the change in the total average stored dislocation
densities per slip family, AT ismaticc Albasal: and AT pyramidai—1
that accrues due to the formation of twin-2 for d between 1t to 50t
The results show that twin-2 does not generate additional disloca-
tion densities of any kind near the center of the twin-1, indicated
by hollow box symbols in Fig. 8. However, near the twin-1 tip,
the total stored basal dislocation density increases by ~ 6 x 1012
for even the smallest precipitate spacing considered, d = 1t, and
increases up to ~ 7.2 x 1012 for d = 50t, shown by solid mark-
ers in Fig. 8b. The total stored pyramidal I dislocations also in-
creased with the formation of twin-2, however, to a much lesser
degree. The increase in total stored pyramidal-type I dislocation
densities ranges from ~ 0.9 x 100 to 2.7 x 1010 for the corre-
sponding d ranges from 1t to 50¢t, seen in Figure 8c. Pyramidal
(c+ a)-type 1 densities steadily increased with increasing d. The
development of twin-2 is observed to increase the local concen-

10

tration of defects in wy,. Overall, the interaction between twin-2
and precipitate-1 increases the favorable driving stresses for twin-1

growth (shown in Fig. 6) and increases dislocation structures in the
region wyp.

4.5. Two-step twin growth mechanism

It is generally thought that twin growth in precipitate hardened
Mg-alloys is difficult because the elastically hard precipitates can
pin migrating twin boundaries. This notion mostly does not ac-
count the effect of precipitates on twin front propagation. Instead,
most of these studies directly start with a fully propagated twin
and the migration of the twin boundaries through twin thicken-
ing in the twin plane normal direction [34]. Here, a mechanism is
identified that allows twins to thicken around an array of precipi-
tates, beginning with a newly propagating twin. Typically, the twin
is thought to be arrested; however, when the approaching twin is
of comparable thickness as the precipitate, the proposed two-step
mechanism provides an alternative path for twins to engulf precip-
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itates, distinct from the studies that only treat twin growth as the
translation of the entire twin boundary in the twin-plane-normal
direction [28,30,50,59].

The analysis suggests that the two-step bypass mechanism
could explain the experimentally observed asymmetric twins and
serrated morphology of twin boundaries in the presence of pre-
cipitates [32]. When twin-1 expands around the precipitate, its
growth is easier along one side. For all the precipitate spacings
considered here, the upper boundary gains sufficient driving forces
to migrate while the lower twin boundary does not. Twin growth
would initiate where twin-1 and the precipitate come together at
an obtuse angle, leading to the formation of serrated twin bound-
ary structures, as schematically illustrated in Fig. 9a. Such serrated
twin boundary structures are observed in the postmortem TEM mi-
crographs of heavily twinned AZ91 with dispersions of Mgq;Aly;
basal-plane precipitates, see Fig. 9b [23]. Serrated features are ex-
hibited by white arrows, and relatively straight twin boundaries
are highlighted by white dashed lines, consistent with our simu-
lations. Upon further loading, as the twin domains can continue to
expand and engulf the precipitates, the serrated features from the
locally augmented stress fields from the twin-precipitate interac-
tions may be washed out by the driving stresses for twin expan-
sion. The two-step twin growth mechanism described here helps
to explain how large twin domains develop through the interac-
tions of propagating twins and precipitates.

There is also the possibility that a second twin of the same vari-
ant could be independently formed, and it interacts with the same
precipitate as the first twin but on two opposing sides of the pre-
cipitate. If this were the case, then the site where the second twin
interacts the precipitate could occur anywhere along the long side
of the precipitate. Two twins independently interacting the same
precipitate may help to mutually relieve their backstresses if the
location of their interaction sites were positioned near each other
and on opposite sides of the precipitate. Any misalignment of the
two independent twins could cause preferential growth of one of
the twin boundaries over the other depending on how the two
twins are offset from each other.

5. Conclusions

An elasto-viscoplastic fast-Fourier transform (EVP-FFT) model
has been used to calculate the micromechanical fields and disloca-
tion content associated with the interaction of a twin lamella and a
precipitate during the early stages of twin propagation and growth
in presence of an array of precipitates in AZ91. Specifically, the
growth of a precipitate-blocked twin is investigated. The proposed
twin-growth mechanism may help to explain how large twin do-
mains can develop despite frequent reports that twin growth is
suppressed in precipitate hardened magnesium alloys. Initially, it is
reasoned that an initial thin twin can impinge upon a precipitate
and cause another twin to form on the other side of the precipi-
tate. The interactions between the precipitate with the impinging
twin and the subsequent twin changes the local stress fields and
dislocation content. The key findings are summarized below:

o The growth of a precipitate-blocked twin can be realized in
two-stages. First, the initial propagation and impingement of a
twin on a precipitate cause a local stress concentration to de-
velop on the opposite side of the precipitate. Secondly, the for-
mation and propagation of another twin from the far side of
the precipitate counteract the backstresses that develop from
the impingement of the initial twin. The augmented TRSS fields
along the boundaries of the initial twin support its growth
without any additional external macroscopic loading.

The amount of relaxation provided by the newly formed sec-
ond twin on the first twin is related to the length of the sec-

o]
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ond twin, which, in precipitate-hardened AZ91, is mostly deter-
mined by the precipitate spacing, d, a microstructural feature
that can be controlled through alloying and heat treatment. A
precipitate spacing that is five or more times the twin thick-
ness allows for nearly the greatest enhancement of the driving
stresses for twin growth.

o The propagation of twin-2 also increases basal (a) and
pyramidal-1 (c+ a) dislocation densities near the twin-1 im-
pingement site.
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Appendix

Various assumption had been made in the simulation set-up,
such as the implementation of a 4% external compression prior to
the formation of twin-1 and the twin thickness. Here, we explore
the how modifications of these assumptions may affect the calcu-
lated stresses along the upper twin-1 boundary. Fig. A.1a schemat-
ically illustrates the microstructure after twin-1 impinges against
precipitate-1 (orange) and the successive formation of twin-2 in
between precipitate-1 and precipitate-2 (red). Fig. A.1b shows the
evolution of the average TRSS in the center and tip regions of
the upper twin-1 boundary after an initial pre-twin 4% compres-
sion strain (gray), after the formation twin-1 (red) and after the
formation of twin-2 (blue), as seen in Fig. 6. After the formation
of twin-1, strong backstresses develop around the twin-1 bound-
ary that would inhibit the ability of twin-1 to grow, as indicated
by the drop in TRSS in both the center and tip regions. Further-
more, results suggest that the formation of twin-2 helps to re-
lieve the backstresses around twin-1, enabling twin-1 to grow by
strongly increasing the TRSS along the twin-1 boundary, espe-
cially near their co-impingement site at the twin-1 tip. The in-
crease in the TRSS along the twin-1 tip caused by the formation
of twin-2 increases greatly as the length of twin-2 increases, dic-
tated by the precipitate spacing. After a relative spacing of d/t > 5,
the TRSS begins to saturate towards 80 MPa. Next, we consider
what would happen if no pre-twin strain were implemented, as
shown in Fig. A.1b. Here, a similar trend is observed, with in-
creasing precipitate spacing leading to larger TRSS along the twin-
1 tip and saturating around a spacing of about five. Evidently,
the inclusion of a pre-twin strain did not seem to qualitatively
influence the stress fields, although it did result in larger calcu-
lated values of TRSS. We further considered an additional case in
which the twin thickness was doubled, while keeping the pre-
twin strain. These results also qualitatively agree with the origi-
nal twin thickness case. In this case, the increase in the TRSS at
the twin-1 tip increases more rapidly with increasing precipitate
spacing, however, again begin to plateau at d/t > 5. The results
indicate a limit in the ability of twin-2 to aid in twin-1 growth at
the tip.
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Fig. A.1. Compares the evolution of the twin stresses along the upper twin-1 boundary under different simulation parameters. a) An enlarged view of the simulated twin-
precipitate interaction region. The fields along the upper boundary of twin-1 near the center of twin-1 and near the precipitate-1 interaction site are outlined by black boxes
to be considered for further detailed analysis. b) The variation in average TRSS taken along the upper twin boundary of twin-1 near the center and the impingement site
as a function of precipitate spacings, d, normalized by the twin thickness, t, as seen in Fig. 6. c) The variation in the average TRSS in the upper twin-1 boundary with no
applied pre-twinning external strain as a function of precipitate spacing. d) The variation in the average TRSS in the upper twin-1 boundary with 4% pre-twinning strain and

double the original twin thickness as a function of precipitate spacing.

References

[1] B.L. Mordike, T. Ebert, Magnesium Properties - applications - potential, Mater.
Sci. Eng. A. 302 (2001) 37-45, doi:10.1016/S0921-5093(00)01351-4.

[2] T.M. Pollock, Weight Loss with Magnesium Alloys, Science (80-.) 328 (2010)
986-987, doi:10.1126/science.1182848.

[3] E Wang, ].J. Bhattacharyya, S.R. Agnew, Effect of precipitate shape and orien-
tation on Orowan strengthening of non-basal slip modes in hexagonal crys-
tals, application to magnesium alloys, Mater. Sci. Eng. A. 666 (2016) 114-122,
doi:10.1016/j.msea.2016.04.056.

[4] J.F. Nie, Effects of precipitate shape and orientation on dispersion strength-
ening in magnesium alloys, Scr. Mater. 48 (2003) 1009-1015, doi:10.1016/
S$1359-6462(02)00497-9.

[5] J.D. Robson, N. Stanford, M.R. Barnett, Effect of precipitate shape on slip and
twinning in magnesium alloys, Acta Mater. 59 (2011) 1945-1956, doi:10.1016/
j.actamat.2010.11.060.

[6] JJ. Bhattacharyya, F. Wang, N. Stanford, S.R. Agnew, Slip mode dependency of
dislocation shearing and looping of precipitates in Mg alloy WE43, Acta Mater.
146 (2018) 55-62, doi:10.1016/j.actamat.2017.12.043.

[7] S.R. Agnew, R.P. Mulay, EJ. Polesak, C.A. Calhoun, J,J. Bhattacharyya, B. Clausen,
In situ neutron diffraction and polycrystal plasticity modeling of a Mg-Y-Nd-
Zr alloy: effects of precipitation on individual deformation mechanisms, Acta
Mater. 61 (2013) 3769-3780, doi:10.1016/j.actamat.2013.03.010.

[8] J.P. Zhou, D.S. Zhao, RH. Wang, ZF. Sun, J.B. Wang, J.N. Gui, O. Zheng, In situ
observation of ageing process and new morphologies of continuous precipi-
tates in AZ91 magnesium alloy, Mater. Lett. 61 (2007) 4707-4710, doi:10.1016/
j.matlet.2007.03.013.

[9] M.X. Zhang, PM. Kelly, Crystallography of Mg17Al12 precipitates in AZ91D al-
loy, Scr. Mater. 48 (2003) 647-652, doi:10.1016/S1359-6462(02)00555-9.

12

[10] ]J. Bhattacharyya, S.R. Kada, M.R. Barnett, S.R. Agnew, Crystal plasticity and in-
situ diffraction-based determination of the dislocation strengthening and load-
sharing effects of precipitates in AZ91, Materialia 6 (2019) 100308, doi:10.1016/
j.mtla.2019.100308.

[11] G. Gottstein, T. Al Samman, Texture Development in Pure Mg and Mg Alloy
AZ31, Mater. Sci. Foru. 495-497 (2005) 623-632, doi:10.4028/www.scientific.
net/MSF.495-497.623.

[12] B.A. Simkin, B.C. Ng, M.A. Crimp, T.R. Bieler, Crack opening due to deformation
twin shear at grain boundaries in near-y TiAl, Intermetallics 15 (2007) 55-60,
doi:10.1016/j.intermet.2006.03.005.

[13] C.C. Aydiner, ].V. Bernier, B. Clausen, U. Lienert, CN. Tomé, D.W. Brown, Evolu-
tion of stress in individual grains and twins in a magnesium alloy aggregate,
Phys. Rev. B. 80 (2009) 1-6, doi:10.1103/PhysRevB.80.024113.

[14] RH. Wagoner, X.Y. Lou, M. Li, S.R. Agnew, Forming behavior of magnesium
sheet, ]J. Mater. Process. Technol. 177 (2006) 483-485, doi:10.1016/j.jmatprotec.
2006.04.121.

[15] SJ. Zheng, J. Wang, ].S. Carpenter, W.M. Mook, P.O. Dickerson, N.A. Mara,
IJ. Beyerlein, Plastic instability mechanisms in bimetallic nanolayered
composites, Acta Mater. 79 (2014) 282-291, doi:10.1016/j.actamat.2014.
07.017.

[16] ].B. Clark, Age hardening in a Mg-9 wt.% Al alloy, Acta Metall. 16 (1968) 141-
152, doi:10.1016/0001-6160(68)90109-0.

[17] M.A. Gharghouri, G.C. Weatherly, ].D. Embury, The interaction of twins
and precipitates in a Mg-7.7 at% Al alloy, Philos. Mag. A Phys. Con-
dens. Matter, Struct. Defects Mech. Prop. 78 (1998) 1137-1149, doi:10.1080/
01418619808239980.

[18] J. Wang, 1]. Beyerlein, C.N. Tomé, An atomic and probabilistic perspective on
twin nucleation in Mg, Scr. Mater. 63 (2010) 741-746, doi:10.1016/j.scriptamat.
2010.01.047.


https://doi.org/10.1016/S0921-5093(00)01351-4
https://doi.org/10.1126/science.1182848
https://doi.org/10.1016/j.msea.2016.04.056
https://doi.org/10.1016/S1359-6462(02)00497-9
https://doi.org/10.1016/j.actamat.2010.11.060
https://doi.org/10.1016/j.actamat.2017.12.043
https://doi.org/10.1016/j.actamat.2013.03.010
https://doi.org/10.1016/j.matlet.2007.03.013
https://doi.org/10.1016/S1359-6462(02)00555-9
https://doi.org/10.1016/j.mtla.2019.100308
https://doi.org/10.4028/www.scientific.net/MSF.495-497.623
https://doi.org/10.1016/j.intermet.2006.03.005
https://doi.org/10.1103/PhysRevB.80.024113
https://doi.org/10.1016/j.jmatprotec.2006.04.121
https://doi.org/10.1016/j.actamat.2014.penalty -@M 07.017
https://doi.org/10.1016/0001-6160(68)90109-0
https://doi.org/10.1080/01418619808239980
https://doi.org/10.1016/j.scriptamat.2010.01.047

B. Leu, M. Arul kumar, K. Xie et al.

[19] N. Stanford, M.R. Barnett, Effect of particles on the formation of deformation
twins in a magnesium-based alloy, Mater. Sci. Eng. A. 516 (2009) 226-234,
doi:10.1016/j.msea.2009.04.001.

[20] J. Wang, M. Ramajayam, E. Charrault, N. Stanford, Quantification of precipitate
hardening of twin nucleation and growth in Mg and Mg-5 Zn using micro-
pillar compression, Acta Mater. 163 (2019) 68-77, doi:10.1016/j.actamat.2018.
10.009.

[21] ].D. Robson, N. Stanford, M.R. Barnett, Effect of particles in promoting twin
nucleation in a Mg-5 wt.% Zn alloy, Scr. Mater. 63 (2010) 823-826, doi:10.1016/
j.scriptamat.2010.06.026.

[22] E Siska, L. Stratil, J. Cizek, T. Guo, M. Barnett, Numerical analysis of twin-
precipitate interactions in magnesium alloys, Acta Mater. 202 (2021) 80-87,
doi:10.1016/j.actamat.2020.10.053.

[23] B. Leu, M. Arul Kumar, K.Y. Xie, 1J. Beyerlein, Twinning pathways enabled
by precipitates in AZ91, Materialia 21 (2022) 101292, doi:10.1016/j.mtla.2021.
101292.

[24] N. Stanford, M.R. Barnett, Solute strengthening of prismatic slip, basal slip and
{1012} twinning in Mg and Mg-Zn binary alloys, Int. J. Plast. 47 (2013) 165-181,
doi:10.1016/j.ijplas.2013.01.012.

[25] ]. Jain, WJ. Poole, C.W. Sinclair, M.A. Gharghouri, Reducing the tension - com-
pression yield asymmetry in a Mg -8Al -0 . 5 Zn alloy via precipitation, Scr.
Mater. 62 (2010) 301-304, doi:10.1016/j.scriptamat.2009.11.024.

[26] P. Hidalgo-Manrique, ].D. Robson, Interaction between precipitate basal plates
and tensile twins in magnesium alloys, Metall. Mater. Trans. A Phys. Metall.
Mater. Sci. 50 (2019) 3855-3867, doi:10.1007/s11661-019-05301-1.

[27] B. Zhang, C. Yang, Y. Sun, J. Li, F. Liu, Effects of AIN reinforcement particles on
the twinning nucleation and growth in AZ91 alloy, Mater. Today Commun. 24
(2020) 101023, doi:10.1016/j.mtcomm.2020.101023.

[28] M.R. Barnett, Twinning super dislocations to help understand strength,
Magnes. Technol. (2017) 143-145 2017.

[29] J.D. Robson, M.R. Barnett, The effect of precipitates on twinning in magnesium
alloys, Adv. Eng. Mater. 21 (2019) 1-10, doi:10.1002/adem.201800460.

[30] C. Liu, P. Shanthraj, J.D. Robson, M. Diehl, S. Dong, ]. Dong, W. Ding, D. Raabe,
On the interaction of precipitates and tensile twins in magnesium alloys, Acta
Mater 178 (2019) 146-162, doi:10.1016/j.actamat.2019.07.046.

[31] X. Ma, Q. Jiao, LJ. Kecskes, ].A. El-Awady, T.P. Weihs, Effect of basal precipi-

tates on extension twinning and pyramidal slip: a micro-mechanical and elec-

tron microscopy study of a Mg-Al binary alloy, Acta Mater. 189 (2020) 35-46,

doi:10.1016/j.actamat.2020.02.037.

K. Xie, D. Zhao, B. Leu, X. Ma, Q. Jiao, J.A. El-Awady, T.P. Weihs, 1]. Beyerlein,

M.A. Kumar, Understanding the interaction of extension twinning and basal-

plate precipitates in Mg-9Al using precession electron diffraction, Materialia

(2021) 15, doi:10.1016/j.mtla.2021.101044.

R.A. Lebensohn, A.K. Kanjarla, P. Eisenlohr, An elasto-viscoplastic formulation

based on fast Fourier transforms for the prediction of micromechanical fields

in polycrystalline materials, Int. J. Plast. 32-33 (2012) 59-69, doi:10.1016/j.
ijplas.2011.12.005.

M. Arul Kumar, AK. Kanjarla, S.R. Niezgoda, RA. Lebensohn, C.N. Tomé, Nu-

merical study of the stress state of a deformation twin in magnesium, Acta

Mater. 84 (2015) 349-358, doi:10.1016/j.actamat.2014.10.048.

[35] B. Anthony, B. Leu, LJ. Beyerlein, V.M. Miller, Deformation twin interactions
with grain boundary particles in multi-phase magnesium alloys, Acta Mater.
219 (2021) 117225, doi:10.1016/j.actamat.2021.117225.

[36] M.H. Yoo, J.K. Lee, Deformation twinning in h.c.p. metals and alloys, Philos.
Mag. A Phys. Condens. Matter, Struct. Defects Mech. Prop. 63 (1991) 987-1000,
doi:10.1080/01418619108213931.

[37] LJ. Beyerlein, C.N. Tomé, A dislocation-based constitutive law for pure Zr in-
cluding temperature effects, Int. J. Plast. 24 (2008) 867-895, doi:10.1016/j.
ijplas.2007.07.017.

[38] R. Madec, B. Devincre, L.P. Kubin, From Dislocation Junctions to Forest Harden-
ing, Phys. Rev. Lett. 89 (2002) 1-4, doi:10.1103/PhysRevLett.89.255508.

[39] L. Capolungo, 1J. Beyerlein, C.N. Tomé, Slip-assisted twin growth in hexago-
nal close-packed metals, Scr. Mater. 60 (2009) 32-35, doi:10.1016/j.scriptamat.
2008.08.044.

(32]

(33]

(34]

13

Acta Materialia 242 (2023) 118471

[40] EF. Lavrentev, Y.A. Pokhil, Effect of Forest Dislocations in the {1122} (1123)
system on hardening in Mg single crystals under basal slip, Phys. Status Solidi.
32 (1975) 227-232, doi:10.1002/pssa.2210320125.

[41] P. Franciosi, A. Zaoui, Multislip in f.c.c. crystals a theoretical approach com-
pared with experimental data, Acta Metall. 30 (1982) 1627-1637, doi:10.1016/
0001-6160(82)90184-5.

[42] UE. Kocks, H. Mecking, Physics and phenomenology of strain hardening: the
FCC case, Prog. Mater. Sci. 48 (2003) 172-268, doi:10.4324/9781315279015.

[43] H. Wang, B. Clausen, L. Capolungo, 1]. Beyerlein, J. Wang, C.N. Tomé, Stress

and strain relaxation in magnesium AZ31 rolled plate: in-situ neutron mea-

surement and elastic viscoplastic polycrystal modeling, Int. J. Plast. 79 (2016)

275-292, doi:10.1016/j.ijplas.2015.07.004.

M. Lentz, M. Klaus, M. Wagner, C. Fahrenson, IJ. Beyerlein, M. Zecevic,

W. Reimers, M. Knezevic, Effect of age hardening on the deformation behavior

of an Mg-Y-Nd alloy: in-situ X-ray diffraction and crystal plasticity modeling,

Mater. Sci. Eng. A. 628 (2015) 396-409, doi:10.1016/j.msea.2015.01.069.

H. Dini, N.E.N. Andersson, A.E.W. Jarfors, Effect of Mg17Al12 fraction on me-

chanical properties of Mg-9%Al-1%Zn cast alloy, Metals (Basel) 6 (2016) 1-9,

doi:10.3390/met6100251.

[46] N. Wang, W.Y. Yu, B.Y. Tang, LM. Peng, WJ. Ding, Structural and mechanical
properties of Mg17AI12 and Mg24Y5 from first-principles calculations, J. Phys.
D. Appl. Phys. (2008) 41, doi:10.1088/0022-3727/41/19/195408.

[47] PAT. Olsson, First principles investigation of the finite temperature depen-
dence of the elastic constants of zirconium, magnesium and gold, Comput.
Mater. Sci. 99 (2015) 361-372, doi:10.1016/j.commatsci.2015.01.005.

[48] M. Avedesian, H. Baker, ASM Specialty Handbook: Magnesium and magnesium
alloys, ASM International, 1999.

[49] H. Dini, A. Svoboda, N.E. Andersson, E. Ghassemali, L.E. Lindgren, A.E.W. Jarfors,

Optimization and validation of a dislocation density based constitutive model

for as-cast Mg-9%Al-1%Zn, Mater. Sci. Eng. A. 710 (2018) 17-26, doi:10.1016/j.

msea.2017.10.081.

N. Bertin, C.N. Tomé, L]. Beyerlein, M.R. Barnett, L. Capolungo, On the strength

of dislocation interactions and their effect on latent hardening in pure Magne-

sium, Int. . Plast. 62 (2014) 72-92, doi:10.1016/j.ijplas.2014.06.010.

[51] A. Fernandez, A. Jérusalem, I. Gutiérrez-Urrutia, M.T. Pérez-Prado, Three-
dimensional investigation of grain boundary - twin interactions in a Mg AZ31
alloy by electron backscatter diffraction and continuum modeling, Acta Mater.
61 (2013) 7679-7692, doi:10.1016/j.actamat.2013.09.005.

[52] Y. Liu, P.Z. Tang, M.Y. Gong, RJ. McCabe, J. Wang, C.N. Tomé, Three-dimensional
character of the deformation twin in magnesium, Nat. Commun. 10 (2019) 1-7,
doi:10.1038/s41467-019-10573-7.

[53] K. Liss, X. Thibault, H. Li, P. Bendeich, Synchrotron Micro Tomography Reveals
3D Shape of Precipitates in Cast Magnesium Alloy, Journal of Materials Science
and Engineering 5 (2011) 195-199.

[54] L. Beyerlein, R.J. Mccabe, C.N. Tome, Effect of microstructure on the nucleation
of deformation twins in polycrystalline high-purity magnesium : a multi-scale
modeling study, ]. Mech. Phys. Solids. 59 (2011) 988-1003, doi:10.1016/j.jmps.
2011.02.007.

[55] J. Jain, P. Cizek, W,J. Poole, M.R. Barnett, The role of back stress caused by pre-
cipitates on {101-2} twinning in a Mg-6 Zn alloy, Mater. Sci. Eng. A. 647 (2015)
66-73, doi:10.1016/j.msea.2015.08.091.

[56] J. Wang, X. Wang, K. Yu, TJ. Rupert, S. Mahajan, EJ. Lavernia, ].M. Schoenung,
1J. Beyerlein, Manipulating deformation mechanisms with Y alloying of Mg,
Mater. Sci. Eng. A. 817 (2021) 141373, doi:10.1016/j.msea.2021.141373.

[57] Y. Zhu, X. Wu, Perspective on hetero deformation induced (HDI) hardening and
backstress, Mater. Res. Lett. 7 (2019) 393-398.

[58] M. Arul Kumar, L. Capolungo, RJ. McCabe, C.N. Tomé, Characterizing the role of
adjoining twins at grain boundaries in hexagonal close packed materials, Sci.
Rep. 9 (2019) 1-10, doi:10.1038/541598-019-40615-5.

[59] X.Z. Tang, Y.F. Guo, The engulfment of precipitate by extension twinning in
Mg-Al alloy, Scr. Mater. 188 (2020) 195-199, doi:10.1016/j.scriptamat.2020.07.
020.

[44]

[45]

[50]


https://doi.org/10.1016/j.msea.2009.04.001
https://doi.org/10.1016/j.actamat.2018.10.009
https://doi.org/10.1016/j.scriptamat.2010.06.026
https://doi.org/10.1016/j.actamat.2020.10.053
https://doi.org/10.1016/j.mtla.2021.101292
https://doi.org/10.1016/j.ijplas.2013.01.012
https://doi.org/10.1016/j.scriptamat.2009.11.024
https://doi.org/10.1007/s11661-019-05301-1
https://doi.org/10.1016/j.mtcomm.2020.101023
http://refhub.elsevier.com/S1359-6454(22)00848-5/sbref0028
https://doi.org/10.1002/adem.201800460
https://doi.org/10.1016/j.actamat.2019.07.046
https://doi.org/10.1016/j.actamat.2020.02.037
https://doi.org/10.1016/j.mtla.2021.101044
https://doi.org/10.1016/j.ijplas.2011.12.005
https://doi.org/10.1016/j.actamat.2014.10.048
https://doi.org/10.1016/j.actamat.2021.117225
https://doi.org/10.1080/01418619108213931
https://doi.org/10.1016/j.ijplas.2007.07.017
https://doi.org/10.1103/PhysRevLett.89.255508
https://doi.org/10.1016/j.scriptamat.2008.08.044
https://doi.org/10.1002/pssa.2210320125
https://doi.org/10.1016/0001-6160(82)90184-5
https://doi.org/10.4324/9781315279015
https://doi.org/10.1016/j.ijplas.2015.07.004
https://doi.org/10.1016/j.msea.2015.01.069
https://doi.org/10.3390/met6100251
https://doi.org/10.1088/0022-3727/41/19/195408
https://doi.org/10.1016/j.commatsci.2015.01.005
http://refhub.elsevier.com/S1359-6454(22)00848-5/sbref0055
https://doi.org/10.1016/j.msea.2017.10.081
https://doi.org/10.1016/j.ijplas.2014.06.010
https://doi.org/10.1016/j.actamat.2013.09.005
https://doi.org/10.1038/s41467-019-10573-7
http://refhub.elsevier.com/S1359-6454(22)00848-5/sbref0060
https://doi.org/10.1016/j.jmps.2011.02.007
https://doi.org/10.1016/j.msea.2015.08.091
https://doi.org/10.1016/j.msea.2021.141373
http://refhub.elsevier.com/S1359-6454(22)00848-5/sbref0064
https://doi.org/10.1038/s41598-019-40615-5
https://doi.org/10.1016/j.scriptamat.2020.07.020

	Investigation of twin growth mechanisms in precipitate hardened AZ91
	1 Introduction
	2 Numerical method
	2.1 EVP-FFT model
	2.2 Slip strength hardening law
	2.3 Characterization of AZ91 alloy slip strength hardening model parameters

	3 Model set-up for twin/precipitate interactions
	4 Results and discussion
	4.1 Effects of precipitates on localized plasticity in twin-free crystals
	4.2 Stress fields around precipitates and twins
	4.3 Effect of precipitate spacing
	4.4 Effect of precipitate spacing on dislocation densities
	4.5 Two-step twin growth mechanism

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgments
	Appendix
	References


