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ARTICLE INFO ABSTRACT
Keywords: The {1121}(1126) deformation twin is common in nominally pure HCP Ti, Zr, Re, Co, but not in Mg. Rare-
Mg rare earth alloys

earth (RE) solutes such as Y and Gd at low atomic concentrations, however, can activate this twin mode
and make it competitive to the regular {1012}(1011) extension twin in Mg. Previously models have not
explicitly revealed the role of RE solutes on twinning and the RE-effects remain poorly understood. Using
a reduced-constraint (RC) slip path, DFT calculations and two newly-developed interatomic potentials for
MgY and MgAl, we reveal the physical origin of the RE solute effects in activating the {1121}(1126) twin
in MgY alloys with random and short range order solute states. The RC-path shows that localized slip in
the (1126) twinning direction simultaneously drives shear and (1100)-direction shuffle displacements on
the corrugated {1121} twinning plane. The shuffle displacements are essential to reverse the asymmetry of
{1100} atom-planes to satisfy the twin symmetry. However, such shuffle displacements are insufficient in
pure Mg or MgAl, leaving twin nucleation to the multi-layer slip path with high energy barriers. Y-solutes are
able to enhance the slip-driven shuffling to levels sufficient to reverse the {1100} atom-planes asymmetry,
leading to spontaneous nucleation of multi-layer twin embryo with reduced energy barriers lower than that
for the competing {1012}(101 1) extension twin in Mg. The RC-slip path and {1121}(1126) twin nucleation
is directly demonstrated in atomistic simulations of a blunted cracks under mode-II loading. This slip driven,
solute-modulated twin nucleation mechanism is expected to be general across all HCP metals and alloys.

Deformation twinning
Nucleation mechanism
Density-functional theory calculations

1. Introduction is complex and depends on multiple factors, including loading con-

ditions, temperature, grain sizes [9] and alloying compositions [10].

HCP metals have complex and disparate dislocation slip systems [1,
2]. The (a) slip typically has low critical resolved shear stresses (CRSS),
but cannot provide plastic strain accommodation in the crystallo-
graphic (c) direction. Slip in the (c) direction cannot be carried out by
(c) dislocations as their edge or mixed segments have climb-dissociated
sessile cores [3,4]. Normal strain in the (c) direction cannot be provided
by glide of (c) dislocations even if they were highly mobile. The (c+a)
slip is thus necessary, but nucleation of (¢ + a) dislocations passes
through high energy barriers, requiring considerably higher stresses
to activate [5,6]. Glide of {c + a) dislocations can also be limited by
transformation to climb-dissociated sessile cores [4,7]. Alternatively,
deformation twinning is activated as a secondary deformation mech-
anism in the family of HCP metals [8]. The activation of twinning

The activated twinning modes also differ within the HCP family [1]. Ti
and Zr have at least 4 active twinning modes, while others have less.
Mg has 2 common twinning modes: the {1012}(101 1) extension and
{IOTI}(I OTE) contraction twins. The {1 151}(??2 6) extension twin
(Fig. 1a,b), common in Ti [11], Zr [12], Re [13] and Co [14], has never
been experimentally observed in pure Mg. However, this twin mode
is activated and can be prevalent in Mg alloyed with rare-earth (RE)
solutes (MgY [15-17], WE54 [18], MgGd [19,20], Mg-RE [21,22]).
Despite a number of early studies [16,17,20,23], the physical origin
of the RE effects on the {1121}(1126) twin activation is not well
understood in Mg.

The criteria for the onset of deformation twinning are well-
established in elemental FCC metals and alloys. Twinning in FCC can
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occur by sequential atomic slips in the (1 12) direction on consecutive
close-packed {111} planes. The energetics of these slip processes can be
robustly described by the generalized stacking fault energy (GSFE [24])
and generalized planar fault energy (GPFE [25]) profiles with char-
acteristic unstable, metastable (local minima) and twin fault energies,
i.e., yus> 7ist and yyy. The critical loading for twin nucleation can be
quantitatively predicted using a Peierls criterion at crack-tips [25,26]
and grain boundaries (GBs) [27]. With the material-dependent y,, 7
and y,, the GSFE-based Peierls criterion has successfully established
the twinning tendency consistent with experiments across a wide range
of FCC structures [25,26,28].

The success of the GSFE-based twinning criterion largely relies on
the simple kinetic path during twin nucleation in FCC structures. All
FCC metals (except Pt) exhibit a distinct, metastable SF, which is a
necessary condition for the formation of the first extended SF and is
generally required for subsequent twinning. In addition, slip across the
close-packed {111} plane is the dominant atomic displacement during
twin nucleation. In HCP (or BCC) structures, however, no metastable in-
trinsic SF exists on the classical GSFE y-lines on some twinning planes,
making the application of GSFE/GPFE to twinning both conceptually
and practically difficult in these structures [29,30]. For example, the
present {1121}(1126)y-line do not have metastable SF in pure Mg.
To circumvent these difficulties, constrained multilayer-slip, built upon
early unstable single or multilayer SFs, is introduced to estimate the
twin nucleation path and minimum twin thickness [31,32]. However,
the imposed constrains reduce or eliminate atom shuffles which are
often essential during twin nucleation and growth in non-FCC struc-
tures [33]. Furthermore, the matrix-twin may have material-dependent,
microscopic degrees of freedom in addition to their macroscopic mirror
reflection symmetry [30,31,34], which raises additional variations in
the multilayer constrained slip process. The above complexities present
great challenges for systematic investigation of twin nucleation and
growth in general.

Recently, we employed a reduced-constraint (RC, similar to the
modified GSFE [6,30,35]) slip path to unveil the twin nucleation
and growth mechanism across BCC transition metals [30,36]. The RC
method naturally allows both slip and shuffle displacements across
multiple atom-layers, and enables a unified, GSFE-based treatment of
dislocation and twin nucleations across all FCC, BCC and HCP struc-
tures. The GSFE profile by RC (y,.) accurately captures the energetics
during localized slip displacements and reverts to the classical y-line
if shuffle displacements do not occur (see Refs. [6,30,35] and below).
The critical condition for twin nucleation in HCP structures can now be
established in a similar Peierls framework as of FCC [25,26] and BCC
structures [30].

In this work, we apply the RC method to unveil the {112 1}(1126)
twinning path and the role of RE-solutes in activating this twin in Mg—
RE alloys. In particular, we study the classical and RC-based GSFE
y-lines and associated atom trajectories during localized slip in the
(TTZ()) twinning direction on the {1 121} twinning plane in pure Mg
and Mg with Y or Al solutes. GSFE y-lines calculated with density-
functional theory (DFT) show that multilayer twin embryos are spon-
taneously nucleated along the y,. slip path in the presence of Y-
solute environment while no twin embryo is formed in pure Mg or
Mg with Al solutes. The twin nucleation is enabled by Y-solute en-
hanced atom shuffle displacements in the (1100) direction when the
local shear or localized slip displacement reaches that corresponding to
the {1 121 }(TTZ 6) twinning Burgers vector b;. Furthermore, the DFT-
based GSFE results and effects of Y-solutes are directly demonstrated
at crack-tips in atomistic simulations of Mg-1.5at.%Y and Mg-3at.%Y
alloys. These MgY simulation results are then cross-compared with that
in Mg-3at.%Al where the {1121} twin is not observed. The explicit
simulations show that the presence of Y solutes at low concentra-
tions (e.g., 3at.%) facilitates both the nucleation and growth of the
(1121 }(TTZ 6), but such effects are not seen with Al solutes or in pure
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Mg under the same loading conditions. These results are consistent with
broad experimental results [15-17,20].

In the following, we first briefly introduce the RC method, the
details of the supercells and DFT calculations, followed by the semi-
infinite crack models and the interatomic potential used for the direct
twin nucleation simulations. The DFT-based classical GSFE y-line, y,-
lines, atomic slip and shuffle displacements are then presented for pure
Mg, Mg with Y or Al solutes at different configurations. To assess
the appropriateness of previous and the present simulations, further
comparisons are made with DFT on the corresponding data from extant
interatomic potentials commonly used in the literature and the new
XMEAM potential. The twin nucleation and growth mechanisms are
then presented and compared with the RC slip path used in calculating
the y,.-lines. The critical loads for twin activation in the simulations
are benchmarked with the prediction based on the Peierls framework
proposed for dislocation nucleation but employed here for twin nu-
cleations. Finally, comparisons with previous twin activation models
are then discussed, followed by a brief conclusion and suggestions for
further works in the general HCP family of metals and alloys.

2. Computational methods and supercells
2.1. Reduced constraint slip path and GSFE

The {1121}(1126) GSFE y-lines are calculated using both the
classical and RC methods. In both methods and with a slab-vacuum
supercell, the crystal is divided into two blocks along the slip/twin
plane (i.e., the K;-{1 121} plane, Fig. 1c). All atoms above the twin
plane (layer 9 and above, Fig. 1c) are incrementally displaced by é&s
along the direction of shear 5,-[1126], followed by structure opti-
mization to obtain the GSFE y-line as a function of the imposed slip
displacement s. The difference between the classical and RC y-lines lie
in the degrees of freedom allowed in each structure optimization step.
In the classical method, all atoms are fixed in the in-plane directions
within the slip/twin plane and atomic displacements are generally only
allowed in the slip/twin plane normal direction. In the RC method,
only the atoms immediately above and below the twinning plane (layer
8 and 9) are fixed in the twinning #,-direction and all other degrees
of freedom are optimized (Fig. 1d and see Ref. [30]). For the fully
periodic tilt supercell, the incremental slip is introduced by adding
6s to the supercell vector in the slip direction, followed by structure
optimizations with the same prescribed degrees of freedoms as that in
the slab—vacuum supercell. Since the applied displacement §s creates
slip discontinuity between two atom layers and does not predetermine
the resulting nucleation types, (dislocation or twin), we refer &s as slip
along #, in the twinning K, -plane below, similar to that used by J. R.
Rice [37] (quite often, one may insist the word “shear” to describe
5s, as slip might be reserved for dislocation processes and not rightful
for twinning. As we showed previously [30] and below, nucleation of
twinning and dislocation can be described within the same generalized
Peierls framework and thus “slip” is entirely appropriate).

2.2. Supercells for GSFE calculations in DFT

In the DFT calculations, we consider 4 configurations: Mgy, Mgy Y,
Mg,,Y, and MggsYs (Fig. 2). The first 3 configurations use a slab—
vacuum supercell containing an HCP lattice with supercell vectors ¢; =
[1 156], ¢, = [lTOO], and c¢; in the normal direction of the K;-(1 151)
twinning plane. The supercell vector ¢, is along the direction of shear
7y, ¢, is in the normal of the plane of shear [8], while ¢; is extended to
include a total of 36 (112 1) atom-layers. Periodic boundary conditions
(PBCs) are imposed in all directions and a vacuum layer of 15 A is added
in the ¢; direction to isolate image interactions. The last configuration,
Mggs Y3, is a periodic supercell with ¢; = [1126],¢, =2[1100] and ¢; =
[55 ES]. This supercell contains 22 (1 12 1) atom-layers and no vacuum
layer is introduced. Supercell Mg,,, Mg, Y and Mg,,Y, contain 72



J. Xiao et al. Acta Materialia 285 (2025) 120648
{1121}(1126) twin A BA B e d

A A e O et © =7 % o @ o o
180 O ® &P & B ©.d © o g 9 49 9 ¢
14— o1~ d) | d) | 14 Q ) p ) 14 O O
13— o ® oL © 13 o) ) 13 %) o
12— S ® 1o I 12 @\ © 12— O O
11---—=--- O~ O OB N0) 1 =) o 11 ¢> @)
10O~ - ® 10-— <O 9 ; 10— O @)
9 Bt D@ 9 _ H @ Wnplane o g g
50 g0 O] 29 0 P o x PO u-Cfuh
8059 ¢ ®L @ 80 o O 4 60 4 O tedins
40 {}~W—$? [1126] qig qu oo} 4 O @ Ilﬁﬁ 4-O @
2é::::g::§::: “pio0], ©F @ N2 50 © @) © Lo 3 o ¢ O ©
1Ah @A O- HONN A O A O [1100] A @® A O

B iE AR B B B B

Fig. 1. The {1121}(1126) twin structure in HCP Mg and the reduced-constraint slip method. (a, b) The twin structure calculated in DFT for pure Mg viewed in 2 directions. The
plane of shear is (1100) and has an ---ABAB--- stacking sequence. (c) Atoms above the twin plane are incrementally displaced by s in the twinning direction. (d) The displaced
structure is optimized with only two layers of atoms above and below the twin plane (layer 8 and 9) fixed in the s direction and all other degrees of freedom fully relaxed.
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Fig. 2. The supercells for calculating the y,-lines in the [1126] direction on the (1 121) plane in HCP Mg and Mg with Y solutes. (a, b) Supercell for Pure Mg. (c, d) Mg with a
single Y solute in the supercell. (e, f) Mg with 2 Y solutes on a (1121) plane in the supercell. (g, h) Mg with 3 Y solutes at energy favourable 2nn positions indicated by the grey

triangles [38]. The yellow arrows indicate the incremental slip step &s in the direction of shear 5, = [1126]/3. In (b, d, f), some atoms are drawn with half-spheres to illustrate the
contacts among different (112 1) atom-layers and the corrugated (112 1) atomic planes. In the bottom row figures, atom colours are chosen based on their distance in the viewing
direction to reveal the corrugated (1121) planes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

lattice points/atoms each. Mgy, contains 72 Mg atoms, Mg,; Y and
Mg,oY, have one and two Mg atoms replaced by Y solutes near the
twining plane (Fig. 2c—f). The PBCs introduce image interactions in the
in-plane directions, effectively creating Y solutes segregated at the 4th
nearest neighbouring (nn) positions in Mg, Y and at the 4th and 5th
nn positions in Mg,,Y,. DFT calculations show that the pair-interaction
energies are slightly negative or nearly zero at these nn positions
(see Ref. [39]). Mg, Y and Mg,,Y, thus represent configurations with
some local solute segregation due to random solute fluctuations and
localized shear (slip) occurs at these solute fluctuations. Nucleation in
the truly random solute configurations under stresses are simulated in
separate atomistic simulations of mode-II loaded cracks (see below).
Lastly, Mggs Y5 contains 88 atoms and is constructed with 3 Y solutes
placed at the energetically favourable 2nn positions, which is consistent
with the solute short range ordering (SRO) present in Mg-RE experi-
ments [38,40-43] and DFT calculations [39,44] (Fig. 2g,h). In this case,
incremental slip &s is realized using the tilt-cell method, i.e., by adding

an incremental slip §s to the supercell vector ¢;, which tilts the supercell
in the ¢, slip direction, followed by structure optimization with 2
(1 12 1) atom-layers fixed in the slip direction (Fig. 2i, see Refs. [6,45—
47] for details). We emphasize that the Y-solutes are placed near the
slip/twin planes, since nucleation typically occurs at local favourable
sites. Therefore, the number of Y solutes in Mg,; Y, Mg,oY, and Mggs Y3
has no direct association with Y solute concentrations in experiments.
Furthermore, we also calculate the GSFE of Mg;,Al, (Y replaced by Al)
for comparison; there is no experimental observation of {1121}(1126)
twin in this well-developed alloy system.

2.3. Density functional theory calculations

The GSFE y-lines and associated atom displacements are calculated
using first-principles density functional theory (DFT) calculations as
implemented in the Vienna ab initio Simulation Package (VASP [48,
49]). In DFT, the exchange and correlation interactions are described
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Fig. 3. The semi-infinite crack model and crack tip structure. (a) Schematics of the cylindrical simulation cell of radius R and boundary thickness 2r.. (b) The crack-tip atomic
structure. Six (211 1)-plane atom layers are removed to create the blunted crack. The blunted crack-tip is terminated along the low-energy (000 1) plane (white atoms). Interactions
between atoms located within 2r, ~ 15.3 A from the upper and lower crack surfaces (atoms coloured dark green and yellow) are cancelled to prevent crack closure, creating
traction-free crack surfaces. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

using the generalized gradient approximation (GGA) functionals in the
Perdew—Burke-Ernzerhof (PBE) form [50]. The core electrons are re-
placed by the projector augmented wave (PAW [51]) pseudopotentials.
The valence states are 3s2, 3523p! and 4524p®5s24d! for Mg, Al and Y,
respectively. A cutoff energy of 520 eV is used for the plane-wave basis
set and a first-order Methfessel-Paxton method [52] with a width of 0.1
eV is used to smooth the partial electron occupancies. The Monkhorst—
Pack k-point mesh [53] is used to sample the Brillouin zone with a
linear k-point spacing of ~0.2 /0\71. Convergence is assumed when the
total energy variation drops below 10> eV.

2.4. Twin nucleation and growth at crack-tips in Mg, MgY and MgAl

To complement the DFT results, we study the {1121}(1126) twin
nucleation and growth in pure Mg and Mg with random Y or Al solutes
using atomistic simulations. We simulate local stress concentrations
using a slightly blunted, semi-infinite crack under mode-II loadings.
The crack-tip produces a general stress concentration with localized
shear/slip deformation, which is also similar to that at triple junctions
of sliding GBs [27,54], at dislocation pile-ups near GBs, etc. This
approach is commonly used in predicting twinning and dislocation
emission in FCC and BCC structures [25-27,30,55].

Specifically, a crack is constructed with a (5 11 1)[OT 10] orientation,
where (2111) and [0110] are the crack plane and crack front direc-
tion, respectively (Fig. 3). The selected crack orientation and loading
mode are favourable for the {112 1}(1126) twin nucleation. The crack
system consists of a cylinder of radius R ~ 200 A, and with its axis
aligned in the z-axis and the crack plane parallel to the x — z plane
(Fig. 3a). Periodic boundary conditions are applied in the z direction.
The thickness of the cylinder, i.e., the crack front length, is ~5.5 AQ
periodic spacing) for pure Mg and ~45 A (8 periodic spacings) for the
alloy. Although we are only concerned with quasi-2D crack response in
pure Mg, MgY and MgAl alloys, a thicker crack model is required for
the alloy for at least two reasons. First, when the model thickness is not
significantly larger than the average solute spacing, the effective solute
concentration along the z-direction will be larger than the apparent
volumetric concentration due to the periodic boundary conditions in z.
When the effective concentration increases beyond the solubility limit,
the HCP structure may become unstable (as exhibited by the current
XMEAM interatomic potential and see phase diagram for the binary
MgY system [56]). Second, crack tip responses (nucleation events)
can be quite sensitive to near-tip solute distributions [57]. Increasing
crack front length offers wider sampling opportunities and thus makes
simulation results less sensitive to change of solute distributions.

Furthermore, the crack-tip is slightly blunted, since the initial nu-
cleation and later lateral growth of a twin lamella may require se-
quential nucleations of twinning disconnections on adjacent twinning
planes [55,58]. In practice, the blunted crack is created by removing
six (211 1)-plane atom layers terminated along a low-energy (0001)
plane (white atoms in Fig. 3b). The free surface of the blunted crack
tip readily provides nucleation sites for such twinning disconnections
which are not available at a sharp crack tip under mode-II loading.
Furthermore, the traction-free crack surface is modelled by cancelling
the interactions between atoms located within 2r, ~ 15.3 A 2 x
the cut off distance of the interatomic potential) from the upper and
lower crack surfaces (atoms coloured dark green and yellow in Fig. 3b),
which also prevents potential crack closure under mode-II loadings. The
above treatment is a common approach used in atomistic simulations
of twin nucleation in FCC and BCC structures [25,30,58].

Atoms within 2r, from the outer cylinder surface are treated as
boundary atoms and all others as free atoms (Fig. 3a). The crack is
loaded by incrementally displacing the free/boundary atoms according
to the asymptotic anisotropic elastic solution of a semi-infinite crack
under plain strain conditions [59], i.e.,

us @%{A<W>B‘I}K, @

where A, B, p, are the Stroh matrices and eigenvalues, r and ¢ are the
polar coordinate centred at the crack tip, (-) denotes a diagonal matrix
and K is the stress intensity factor (for details, see Ref. [59]).

The crack is first directly loaded to Ky, = 0.080 MPa\/E by
displacing all atoms according to the elastic solution u(Kpy). Below
this threshold stress intensity factor (SIF), the crack system restores
to the initial state upon unloading. The applied load is then increased
incrementally with AK;; = 0.005 MPa\/E by displacing only the
boundary atoms to u(Ky + ndKy), where n is the incremental step.
Between each load increment, the structure is optimized with boundary
atoms fixed at the corresponding u(Kj;). During each structure opti-
mization, convergence is assumed when the atomic forces fall below
107 eV/A on the free atoms.

To demonstrate the distinct effects of Y and Al solutes on the
{1121}(1126) twin nucleation, we study the crack-tip responses under
loading in pure Mg, Mg-1.5at.%Y, Mg-3at.%Y and Mg-3at.%Al. The
{1121}(1126) twin is prevalent and absent in the last two alloys
(i.e., Mg-10wt.%Y and Mg-4.5wt.%Al) during room-temperature de-
formation experiments [16,17]. In the alloys, Y and Al solutes are
distributed randomly and 8 samples with different random seeds are
generated and simulated.
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In the mode-II loaded simulations, the crack tip will eventually
reach elastic instability (localized slip between two layers or more) and
emit a dislocation or form a twin nucleus at critical loadings Ky, gim-
Alternatively, the critical loading may also be estimated using the Rice
criterion with inputs of the unstable SFE y,, elastic constants [37] and
crack orientation as

KIIe,Rice =y Vus(A_l)n, @)

Here, the unstable SF energy 7, can also be taken as the barrier to
nucleate a twin nucleus y,, if a twin is subsequently formed at the
metastable SF position on the y,.-line [36], and A = %ZR{iAB‘l} is
a positive definite Hermitian matrix in the Stroh formalism. We shall
compare the critical SIF Ky, values from both the direct atomistic
simulations and the theoretical model.

2.5. Atomistic simulations using XMEAM potentials for MgY and MgAl

Atomistic simulations are carried out using the Large-scale Atomic/
Molecular Massively Parallel Simulator (LAMMPS [60]). Interatomic
interactions are described by new potentials for MgY and MgAl [61].
These potentials accurately reproduce a wide range of lattice and defect
properties for the MgY and MgAI binary systems, including the Y-Y
and Al-Al pair interaction energies and the {1 151}(7726)y-1ines in
agreement with DFT. Below we briefly describe its key features and
compare relevant properties for the current study with DFT. Details of
the potential development will be reported separately, but the potential
can be accessed immediately [61].

3. Results
3.1. GSFEs and atom displacements in pure Mg

We first compare the y-lines calculated using the classical and RC
methods. Since {1121}(1126) deformation twinning was observed
in previous MD simulations of pure Mg using two EAM interatomic
potentials [23,62,63], we also benchmark these two potentials against
the y-lines based on DFT. Fig. 4 shows the classical and RC y-lines
in pure Mg calculated using DFT, XMEAM, the EAM potential by Sun
et al. [62] and the EAM potential by Liu et al. [63]. On the classical
{1121}(1126) y-lines, all four models show rapid increases of GSFE.
with increasing slip s. No metastable SF is seen in any model even
after the slip distance s well-passes the twinning Burgers vector b, =

—— b = 0.0869b [1], where b = [TTZE]/S. The rapid increase
4(c/a)? +1

of the GSFE on this plane is also higher than the GSFE for (c + a) slips
(~0.2-0.3 J/m?) on pyramidal planes [6], suggesting that nucleation of
dislocation or twin on the {1121} plane encounters a higher energy
barrier and is highly unfavourable compared to (c + a) dislocation
nucleations and slips in Mg.

Fig. 4b shows the respective y,.-lines calculated by the RC method.
In all the models, the RC method reduces the GSFE by more than 50%
from their respective classical y-lines. This is not surprising, since the
slip path along (1126) is corrugated on the {1121} plane and shuffle
displacements are expected along (1 10 0) (Fig. 2a). For example, when
the blue atom-layer is displaced in the n, direction, it will encounter
the brown atom-layer, resulting in shuffle displacements in the other
2 directions perpendicular to #,. In the classical y-line, such shuffle
displacements are constrained (Fig. 4c) while the RC method removes
these constraints completely (Fig. 4d). The two EAM potentials possess
metastable SFs at s ~ 0.07b and s ~ 0.09b close to the twinning
Burgers vector b,. Their unstable SFE y,, are 0.137 and 0.213 J/m?,
which are 63% and 42% lower than the DFT value. These two EAM
potentials significantly underestimate the barrier to activating dislo-
cation slip/twinning on the {1121} plane and thus cannot provide
quantitative predictions on the dislocation/twin nucleation conditions.
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In contrast, the XMEAM has nearly the same y,.-line profile as that in
DFT; both have no metastable SF near s = b;.

Fig. 5 shows the atomic displacements of all four models. The
structures in the two EAM potentials are chosen at their metastable SF
positions, while that in DFT and XMEAM are at slips near b;. Along
the y,. path, all models exhibit appreciable atom displacements in the
K, -plane normal direction; the displacements are localized above and
below the slip plane (between layer 8 and 9). In addition, shuffle
displacements are seen in the (1 100) direction (green arrows in Fig. 5),
as dictated by the corrugated atomic structure of the {1121} plane.
The shuffle displacements propagate away from the slip plane and their
magnitudes vary among the models. The overall shuffle displacements
are smallest in DFT, and largest in the two EAM potentials. In partic-
ular, a 4-layer twin is spontaneously formed in EAM-Sun during RC
slip (Fig. 5c). All the slipped structures are then further optimized by
removing all constraints to examine their stability. In DFT and XMEAM,
the structures are unstable and revert to the original perfect lattice,
consistent with the lack of metastable SFs on their respective y,.-lines
(Fig. 4b). On the other hand, the slipped structures are stable in EAM-
Sun and EAM-Liu; the structure further grows to a 4-layer twin in
EAM-Liu (Fig. 5f). We note that the {1121}(1126) twin was observed
in MD simulations of pure Mg using these two EAM potentials [23];
the easy activation of this twin mode is a result of the deficiency of
the underlying interatomic potentials (substantially lower y,¢ and the
presence of the metastable SF). Furthermore, the previous MD results
are not consistent with broad experiments where neither dislocation
slip nor twinning is normally activated on this plane in quasi-static
deformation of pure Mg.

For the current {1121}(1126) twin in Mg, DFT calculations here
show that the slipped structure at s = b, is not even metastable, which is
similar to that of the {11 2}<TT 1) twin in BCC W and Mo [30]. For such
cases, the generalized planar fault energy (GPFE [25,31,32]) can be
employed to give an upper bound of the twin nucleation barrier. Fig. 6
shows the GPFE curves computed by DFT and XMEAM. Both GPFE
curves have similar profiles with no obvious meta-stable SFs. To form a
three-layer twin, the barriers from DFT and XMEAM are 0.397 J/m” and
0.425 J/m?, respectively. While the GPFE curves suggest that a three-
layer twin is not stable, nucleation may still be possible under large
applied shear loadings such as at blunted crack-tips, as demonstrated
in MD simulations below. Nonetheless, the GPFE curves suggest that
{1121}(1126) twinning encounters high energy barriers in pure Mg.

3.2. GSFEs and atom displacements in random MgY and MgAl alloys

Since the EAM-Sun and EAM-Liu potentials do not have accurate y,.-
lines and cannot quantitatively predict the onset of twinning, we focus
on the results of DFT and XMEAM below. Fig. 7 shows the respective
classical and RC y-lines in Mg, Y, Mg,,Y, and Mg,oAl,. The XMEAM
potential for MgY again exhibits y-lines close to that of DFT. In both
structures, the y,.-lines are much lower than the corresponding y-lines
due to the reduced constraints allowing shuffle displacements. Mg,; Y
has y,.-line profiles similar to that in pure Mg; both y,.-lines increase
monotonically without any metastable SF at slips close to the twinning
Burgers vector b,. In contrast, Mg,,Y, in DFT first reaches a peak y,,, =
0.319 J/m? at s ~ 0.075b, followed by an energy valley/a metastable
SF yory Of 0.299 J/m? at slip s ~ 0.08b close to b, [8]. The XMEAM
also has a meta-stable SF at s ~ b, in Mg,,Y,, in agreement with DFT.
Furthermore, both DFT and XMEAM do not show a meta-stable SF on
the y,.-lines in Mg,(Al,, demonstrating the distinct effects of Y and
Al solutes in Mg. On the other hand, the metastable SFs in EAM-Sun
and EAM-Liu are artefacts for pure Mg, which further highlights the
complexities and challenges in fitting accurate interatomic potentials
for HCP systems.

The presence of the metastable SFs are dictated by the shuffle
displacements in the (1 100) direction (Fig. 7d,e), as expected from the
corrugated slip path on the K, twinning plane (Fig. 2b). The amount
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of shuffle depends on the electronic structure/interatomic bondings
and thus varies among the elemental HCP metals or with local solute
species in their alloys. In DFT and XMEAM for pure Mg, the shuffle
displacements are rather small compared to that required for the twin
formation (cf. Fig. 8a and d). In contrast, Mg,; Y and Mg,,Y, have their
shuffle displacements enhanced in the (1 10 0) direction by Y solutes
(cf. Fig. 8d, e and f). In particular, Mg,qY, has substantial atomic
shuffle in (1 100) among multiple (112 1) planes above and below the
slip plane. For example, the shuffle displacements are ~0.42 and —0.59 A
in layer 8 and 7 (Figs. 7c and 8f), which are close to +0.465 A to reverse
the asymmetry of the (1 TOO) A and B atom-planes [8] and satisfy the
crystallographic requirement for the formation of the {112 1}-twin. The
Y-enhanced shuffle is not surprising since Y has a large misfit volume
in Mg (4V /V, = 0.6 [39]) and thus induces stronger repulsion along
the RC slip path (Fig. 2f). In Mg;,Al,, both DFT and XMEAM show
that the shuffle displacements are rather small and similar to that in
pure Mg; no twin embryo is formed along the RC slip path (Fig. 7f,g),
corroborating the lack of meta-stable SF on their y,.-lines.

Similar to that in pure Mg, the slipped structures in Mg,; Y and
Mg,oAl, are unstable when optimized with all constraints removed;
these structures fall back to the initial HCP structure (Fig. 8d to a, e
to b), consistent with its y,.-line. In contrast, the structure in Mg,,Y,
at the critical slip |s| = 0.078|b| ~ 0.84 A spontaneously transforms
into a {1121} twin embryo of 7 atom-layers during constraint-free
optimization (Fig. 7d). Within the twin-embryo, the shear deformation
follows the homogeneous twin shear s = a/c, as dictated by the

(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

symmetry requirement of the (1121) twin [8]. Neither of the 2 twin
boundaries (TBs) enclosing the twin embryo lands on the atom layer
with Y solutes. This is not surprising either, since the Y-enhanced
shuffling initiates at the slip plane with Y and spreads in opposite
directions normal to the slip plane. The constraint-free optimization
further decreases the excessive energy to 0.274 J/m?, slightly higher
than 2 X y3,, = 245 mJ/m? of the TB energy in pure Mg [20]. This
small difference may arise from interactions of the 2 TBs and the
presence of the Y solutes close to the TB in the current supercell.
Furthermore, the XMEAM for MgY and MgAl exhibit similar shuffle
displacements and twin formation as in DFT (cf. Fig. 7d and e, f and g),
which demonstrates their appropriateness for the atomistic simulations
in Section 3.5.

3.3. GSFE and slipped structures in MgY alloys with random Y solutes

While the above reduced-constraint GSFE and atomic structures
clearly demonstrate the effectiveness/ineffectiveness of Y/Al solutes on
activating the {1 121 }(TTZ 6) twin, the supercells are still special since
the solutes are strategically placed around the slip plane. To examine
the GSFE and slipped structures at random solute environment (perhaps
closer to some experiments), we create a larger supercell with 3at.% Y
randomly distributed (Fig. 9a). Six GSFE y,.-lines are calculated using
the XMEAM potential for MgY (Fig. 9h). Among them, meta-stable
points are seen in four y,.-lines where Y is located above or below the
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chosen slip plane (Slip plane 2, 3, 4, 5), while no meta-stable point is
seen in the other two slip planes with no Y nearby (Slip plane 1 and 6).
Similar to the cases shown in Fig. 7, the {1121} twin is spontaneously
formed in the cases with the meta-stable point (Fig. 9c¢,d,e,f), and no

twin is formed in the rest (Fig. 9b,g). This further demonstrates the
generality of the Y-enabled twinning mechanism and its operation in
random solute environments.

3.4. GSFEs and atom displacements in MgY alloys with SRO

The combination of slip in [TTZE] and Y-enhanced shuffling in
(ITOO) provides the required atomic displacements for the {1 121}
twin formation (Fig. 1a,b). However, the present Mg,,Y, supercell
contains a layer of Y solutes which can only be realized locally under
random solute fluctuations. Such a configuration can be statistically
important with increasing Y solute concentrations. On the other hand,
Y solutes in SRO may also facilitate the twin formation. In general, SRO
exists in solid solution alloys at any finite temperatures, as dictated by
thermodynamics and independent of whether it can be detected or not.
SRO is widely reported in Mg-RE alloys. The energetically favourable
2nn-SRO configuration has a zig-zag atomic arrangement when viewed
in the (c) axis (Fig. 2g), which is consistent with HAADF-STEM images
showing Y-enriched regions in Mg-2at.%Y after homogenization and
ageing [38,40,42], HAADF-STEM images showing different Y occu-
pations in Mg-11wt.%Y after homogenization and ageing [38], as
well as observations in MgGd [43] and MgNd [41]. In addition, DFT
calculations show that the 2nn-SRO configuration has the lowest energy
among a broad range of configurations including ordered, random and
segregation structures [44]. It is also the precursor to the formation of
solute clusters/G. P. Zone and following #’ (Mg,Y) and g” precipitates
in the MgY system. Given the widely reported SRO in experiments and
computational results, we next examine the y, -line in MggsY5 (Fig. 10).
The y,.-line has a similar profile as that in Mg and Mg, Y; no metastable
SF is present. Y-solutes again increase the y,.-line relative to that in pure
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Furthermore, the 2 atom-layers immediately above and below the
slip plane (layer 6 and 7 in Fig. 10e) now contain a mixture of Mg
and Y. The RC slip method constrains the relative displacements of all

Mg; this increase is expected since Y-solutes are placed in the energy-
favourable SRO positions and the slip process pulls the Y-solutes out of
the SRO configuration.
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atom species in these two layers in the slip direction s, while the Mg
and Y atoms should have different amount of slips. The RC slip is thus
still over-constrained; atomic strains between different species will arise
and are not fully relieved along the slip path. The y, -line should be
viewed as an upper bound. The current RC slip leads to severe lattice
distortions above and below the slip plane in the other 2, constraint-free
directions in MggsY5. In particular, the shuffle displacements in (1100)
are even larger than that in Mg,,Y, (Fig. 10d), which again severely
distorts the (1700) A and B planes above and below the slip plane.
The RC slipped structure transforms into a 10-layer twinned structure
in subsequent constraint-free optimization (Fig. 10d to f). The final total
excessive energy is yop, ~ 0.250 mJ/m?, close to the combined energy
of two standalone TBs. This transformation occurs via the propagation
of the (1100) shuffling from the Y-containing atom layer towards
opposite directions, which is similar to that in Mg,,Y,. The two TBs
are thus always located away from the Y-solute layer (Fig. 10b). In
the SRO configuration, the XMEAM potential exhibits similar y, -line
and twinning behaviour as that in DFT. The Y-solutes in the 2nn-SRO
configuration can thus facilitate the {1121}(1126) twin nucleation.
We emphasize that SRO is not a necessary condition for the activation
of this twin, but merely has similar effects as random configurations
with some local fluctuations.

The above results demonstrate the Y effects in nucleating the
{1121}(1126) twin in Mg. Essentially, localized slips in the twinning
direction provide the required atomic displacements to achieve the
twinning shear while the shuffle displacements are the natural response
of the slip on the corrugated twinning plane. The amount of shuffle
is insufficient in pure Mg and Y-solutes increase the shuffle to that
required for twin formation as dictated by crystallography. While the
presence of Y-solutes slightly increases y,. relative to that in pure
Mg, Y solutes stabilize the structure at the critical slip s.;; ~ b; and
enable the twin nucleation. The corresponding energy barrier at s.g;;
is yyw ~ 0.3 J/m? (Fig. 7b), similar to that for the nucleation of
(c+a) dislocations on the pyramidal I or II planes [6]. Twin nucleation
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thus becomes an alternative deformation mechanism competitive to
dislocation nucleations when shear is localized to a few atom layers,
such as at dislocation pile-ups, GB triple junctions or crack tips [5].
Without the Y-solutes, the {1121} twin may be nucleated via the
multilayer slip mechanism. However, this scenario is unlikely in pure
Mg since the corresponding energy barrier is much higher (Fig. 6).
All of the above results are also consistent with (i) solution-treated
MgY experiments where {1121} twinning becomes dominant in alloys
with increasing Y/Gd concentration [17,20] and (ii) WE54 experiments
where ageing treatment reduces Y solute concentrations and deacti-
vates the {1121} twinning [18]. The activation energy barrier y,,, can
be further reduced by Y solutes in random alloys with local fluctuations,
as examined below.

3.5. Twin nucleation and growth at crack-tips in Mg and random MgY
alloys

Fig. 11 shows the crack-tip responses in pure Mg and Mg-3at.%Y.
In pure Mg, a basal (a) dislocation is first nucleated at a critical stress
intensity factor (SIF) of Ky g, = 0.105 MPay/m (Fig. 11a), followed
by the nucleation of the {1121}(1126) twin at a much higher SIF
(Fig. 11d). The twin nucleation occurs by first forming a slip fault at
Ky =~ 0.135-0.145 MPa\/E, which qualitatively resembles the slipped
structure along the RC path (cf. Fig. 12a—c and d-e). This early slip
fault is unstable (and with no hysteresis) upon unloading, which is
consistent with the y,.-line (Fig. 4b). Twin nucleation thus must occur
via multilayer-slip, as that in BCC Mo and W [30]. Using the barrier
Yus & 0.425 J/m’ for forming a 3-layer twin from the GPFE curves
(Fig. 6), the critical SIF (Eq. (2)) is Kpe gice & 0.154 MPay/m, which
is close to the Ky gim ~ 0.145 when the twin nucleus is formed in
the simulation (Fig. 12e). This close agreement is remarkable, but is
perhaps a co-incidence, since several complexities are not taken into
account in applying the Rice criterion. For example, the effects of
surface step [58] and the bluntness of the crack-tip may have strong
influences on the critical SIF. The GPFE curve is constructed following
a prescribed slip sequence, i.e., first slip between layer 8 and 9 to
b,, followed by between 9 and 10 (Fig. 2d). Such a prescribed slip
sequence should be viewed as an upper bound of the energy barrier.
At the crack tip, the actual nucleation path may not follow the exact
sequence and the true barrier may be lower than that on the GPFE.
Further increasing the load to 0.150 MPa4/m drives the nucleation of
a pair of twinning disconnections and the formation of a 4 atom-layer
twin nucleus (Fig. 12f). In addition, the growth of the twin appears
sluggish and requires continuous increase of Kj;; the twin length grows
to 4.7 nm with the applied load increased to 0.160 MPa\/E (Fig. 11g).

In the alloys, two types of crack-tip responses are observed; one
with the nucleation of a basal (a) dislocation followed by twinning
(case I), and the other with the nucleation of the twin directly (case
ID. In case I (Fig. 11b,e,h), the first (a) dislocation is nucleated at a
critical SIF Ky gim ~ 0.110 MPay/m, similar to that in pure Mg. With
increasing the applied loads, a {1121}(1126) twin is subsequently
nucleated at Ky ~ 0.135 MPay/m, 10% lower than that in pure Mg.
With further increasing the load to Kj; = 0.160 MPa+/m, the twin grows
to 9.9 nm, which is nearly 2 times that in pure Mg. In contrast, a twin is
directly nucleated at Ky gjy ~ 0.110 MPa+/m in case II (Fig. 11f). The
nucleation occurs at local favourable sites and the twin nucleus varies
along the crack front (Fig. 12g-i). The nucleated twin grows rapidly in
the crack front and twin thickness directions, and reaches a length of
~14 nm approaching the fixed-displacement boundary imposed in the
simulation (Fig. 11i).

Fig. 13 reveals the twin growth mechanism. Here, growth takes
place through two separate processes: (i) lengthening at the advancing
twin tip and (ii) thickening at the TBs. The former is carried out by
localized shear/slip to overcome y,s or y,, manifest in the respective
¥rc-lines (Fig. 7b), while the latter is achieved by the nucleation and
glide of twinning disconnections. Since the three cases shown in Fig. 13
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

are at the same load, the advancement of the twin tip is clearly more
difficult in pure Mg than in the Mg-3at.%Y alloy. This is not surprising
as no metastable SF exists on the y,.-line of pure Mg and the actual
barrier, as suggested in the multi-layer GPFE profile (Fig. 6), is much
larger than y,, in the alloy.

Twin thickening can proceed if twinning disconnections can nu-
cleate from the free surface at the crack tip. However, this process
will be kinematically limited when the twin thickness H grows above
the blunted crack-tip height ¢ (e.g., six {1121} atom-layers or less
in Fig. 3b). Subsequent growth requires nucleation of twinning dis-
connection dipoles or loops on the flat TBs. In HCP structures, such
heterogeneous nucleation on TBs generally has low barriers due to the
small twinning Burgers vectors (|b,| = 0.94 ;\, and see Ref. [65]), which
is distinctly different from that in FCC structures [25,26,55,58]. In case
IT of Mg-3at.%Y, twinning disconnection dipoles can be nucleated con-
tinuously on the earlier flat TBs and H reaches more than 2¢, resulting
in the lenticular twin shape observed in a broad range of experiments in
Mg-RE alloys [15-17]. In contrast, deformation twinning typically has
a nanoscale, rectangular shape in FCC structures [66] where twinning
disconnections are difficult to nucleate on the flat TBs, leaving stress
concentrations such as GBs [27] or crack-tips [25,26,58] as the primary
twin nucleation sites.

Furthermore, nucleation of twinning disconnection dipoles will also
be influenced by other nearby disconnections nucleated earlier (via
their elastic interactions), which in turn is affected by how far the twin
tip can propagate. As a result, the nucleated twin only grows to a height
H of 7 atom layers in pure Mg, while the two cases in Mg-3at.% Y
reach 11 and 14 atom layers at the same load Ky = 0.160 MPa+/m.
In case II Mg-3at.%Y, the twin tip advancement is constrained as it
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approaches the fixed boundary in the current simulation (Fig. 11i, sim-
ilar to constraints at grain boundaries which break lattice continuity).
The twin length would presumably be larger in bulk grains where the
boundary effects are remote and twinning disconnection dipoles can be
nucleated continuously on the earlier flat TBs. Overall, the prevalence
of the {1121}(1126) deformation twinning is limited by nucleation
and advancement of the twin tip, while twin thickening is generally not
the limiting factor in Mg or MgY alloys with dilute Y concentrations.

Fig. 14 shows the measured twin length as a function of the ap-
plied load for all the sampled cases. In Mg-1.5at.%Y and Mg-3at.%Y,
all random configurations show twin nucleation at similar or lower
Ky compared to that in pure Mg. The critical loads K g, where
the twin length becomes appreciable (>2 nm) is 0.135 MPa\/E and
0.110 MPa4/m in case I and II, which are close to Kige rice = 0.125 MPa
/m based on the Rice criterion with y,, = 0.3 J/m* from Fig. 7b and
elastic properties of the interatomic potential (Eq. (2)). The correspond-
ing critical load is Ky gimy = 0.150 MPa\/r_n in pure Mg, which is ~36%
higher than that of the most favourable configuration in case II of Mg—
3at.%Y. Comparing the two Y solute concentrations, the cases in the
higher Y concentration alloy generally have lower critical loads and
higher growth rates in both case I and II, which is also consistent with
MgGd experiments where the relative frequency of the {1 121} twin
increases with the concentration of Gd and the {1 12 1} twin becomes
more prevalent than the competing {1 OTZ} twin at 2.44 at.%Gd [20].
In contrast, nearly all cases (except one in case II) in Mg—3at.%Al have
almost the same critical load and growth rate as that in pure Mg,
suggesting the ineffectiveness of Al solutes on the activation of the
{1 151} twin and consistent with broad experimental observations in
MgAl alloys.
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Furthermore, the nucleation and growth show minor variations longer lengths at the same load in the alloy when compared to that in
within the case I and II random configurations, even though y., pure Mg. Once nucleated, all the cases have similar twin length growth
depends on local solute fluctuations in the alloy. Given the small rate d//0Ky. Nonetheless, the absolute Kj; is always ~50% higher in
variations, we can use the measured critical SIF Ky g, to estimate pure Mg than that in case II of Mg-3at.%Y. Clearly, in the absence of
the effective y,,, for activating twinning using the Rice criterion, a metastable SF in pure Mg (Fig. 6), higher K;; loads are required to
neglecting the details in nucleation path. For example, using Ky gim = drive the twin tip advancement overcoming the higher barrier, even
0.110,0.135 from the simulations, the effective y,,, based on Eq. (2) after successful nucleation at the crack-tip.
are in the range of y,, € {0.23,0.35} J/m?, which is comparable While the above sampling using 8 random configurations is not
t0 yyw = 0.255 J/m? for nucleating the competing {1012}(1011) exhaustive, it provides a validation of the proposed mechanism based
extension twin in pure Mg. Similarly, the effective yy, is 0.4 J/m> on the DFT-calculated y,., i.e., the slip driven, Y solute-enhanced shuffle

for the {1121}(1126) twin in pure Mg. In addition, all twins grow to  displacement induces a metastable SF in the [1126] twinning direction
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0.160 MPay/m. When the twin thickness

(number of {1121} atom layers) grows larger than the initial crack bluntness, further twin thickening is realized by homogeneous nucleation of disconnection dipoles near the

crack tip, resulting in a twin of lenticular shape and in agreement with a previous model [65]. See Fig. 11 caption for interpretations of atom colours.

12

Fig. 13. Twin growth at the crack-tip by (i) lengthening at the advancing tip and (ii) thickening via the nucleation and glide of twinning disconnections at the twin boundaries.

(a, b) Pure Mg. (c, d) Case I in Mg-3at.%Y. (e, f) Case II in Mg-3at.%Y. In all the cases, the crack models are loaded to the same K
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Fig. 14. The twin length as a function of applied stress intensity factor K load. (a) Mg, Mg-1.5at.%Y and Mg-3at.%Y. (b) Mg and Mg-3at.%Al. The length of the twin / is
taken as the horizontal distance between the crack tip and the twin tip. The twin tip is defined as the boundary separating the HCP and non-HCP atoms identified by aCNA [64]
(Fig. 13). The solid and dashed lines denote two typical responses in Mg alloys: case I emission of a basal (a) dislocation followed by twin nucleation, and case II direct twin
nucleation, respectively. The vertical blue line marks the critical load Ky, predicted by the Rice criterion for Mg-3at.%Y (Eq. (2)).

on the (1 12 1) twinning plane, which in turn enables direct formation
of the {1121}(1126) twin nucleus, reduces the barrier to the advance-
ment of the twin-tip, and enhances twin growth. If more samplings
were conducted, the critical SIFs will be a distribution around the
values shown in Fig. 14. In experiments of bulk alloy samples, more
favourable nucleation sites should exist with even lower critical SIF
K1 Deformation twinnings, such as the case II shown here, will thus be
activated first, which in turn relieves local shear stress concentrations
and prevents or delays activations of other deformation mechanisms
such as basal (a) slips or the competing {1012}(101 1) extension twins.

Finally, we examine the stability of the nucleated twins. The applied
K loads are reversed to the respective threshold values corresponding
to the formation of the twin nucleus. Fig. 15 shows the comparison
of twin structures along the loading and unloading paths. For pure
Mg (Fig. 15a,d,g), the twin length / and heigh H first increase from
2.0 nm to 4.7 nm and from 4 atom-layers to 7 atom-layers with a
load increment AK;; = 0.01 MPa\/E, and then reduces to 2.3 nm
upon reversing AKy. The twin thus nearly completely reverts to its
initial structure with only the earlier twin nucleus remaining (Figs. 11d
and 12f), suggesting that the twinning disconnections have a relatively
low migration barrier/lattice friction. This is consistent with (i) their
small Burger vectors (|b;| = 0.94 A) and (ii) the corresponding y,.-line
(Fig. 4b) where no metastable SF is present and the localized shear
at the twin tip is unstable. In the alloys, the twins exhibit similar
growths as that in pure Mg with increasing load AKj;, although the
absolute Kj; values are lower. Upon reducing the same load 4Kj;, the
twin length / shrinks by 0.8 nm and 1.9 nm in case I and II, but
the remaining twin length is nearly two times that in pure Mg. The
larger remaining twin length in the alloy may arise from at least two
factors: the increased friction of the twinning disconnection due to
Y solutes and the metastable twin nucleus manifest on the y,. line.
Overall, the load—unload cycle and the twin growth shown in Fig. 13
together suggest that the Y solutes facilitate twin nucleation and twin
tip advancement, while Y solutes increase the lattice friction of the
twinning disconnections but such increase does not retard twin growth
(Fig. 14).

4. Discussion
The above simulations give a qualitative trend of the effects of Y

solutes rather than a quantitative prediction of the exact solute con-
centration and critical SIF for the twin nucleation. These simulations
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validate the DFT-based y,. analysis and reveal the physical mechanism
of Y-enhanced {1121}(1126) twinnability in MgY alloys. The new
mechanism is distinctly different from previous models. For example,
the prevalence of {1121} twins was phenomenologically attributed to
the reduction of TB energy by Gd [20]. However, in solution-treated
Mg-RE alloys, solutes are distributed randomly or with some SRO.
Operation of the {1121} twinning requires 2 steps: nucleation and
growth. Nucleation occurs at local favourable positions as shown in
Mg;,Y, and MggsY3, while growth is carried out by TB disconnection
glide and twin tip advancement, which sample through a random or
SRO solute environment. If Y solutes substantially reduce the {1 121}
TB energy (negligible at 3at.% in random distribution), they would
exert a strong solute pining effects on TB migration and thus slow twin
growth [67]. The effects of Y/Gd on TB energy thus do not directly
promote the activation or growth of the {1 121} twin. Furthermore,
the TBs here are always at several atom layers away from the Y solutes,
since the twin nucleus is first formed by Y-enhanced shuffling and the
TBs migrate in both directions away from the Y-sites (Fig. 7c,d). The
final TB energy with or without Y again is not directly relevant to the
twin nucleation.

Separately, the activation of the {1 121} twin was also attributed
to the change of ¢/a induced by solutes [17], since Y reduces c/a
towards that in Re, Zr and Ti [17,68,69]. However, the reduction is
rather small (0.01 at 5wt.%Y [68]) and insensitive to ageing treatment.
Furthermore, Co has nearly the same ¢/a as Mg (~1.623 vs. ~1.624), and
exhibits {1 151} twins intrinsically [14], while Be has a much lower
c/a (~1.568) and {1 121} twinning is not reported. Therefore, change
of ¢/a is unlikely responsible for the activation of the {1121} twins
in Mg-RE alloys either. Furthermore, the {1121} twin activation may
be ascribed to hardening of other deformation modes by RE solutes
since they increase the yield and flow stresses [15-17]. However, if
stress were the primary limiting factor, the {1 151} twins would be
activated in pure Mg or any other alloys capable of reaching a flow
stress between ~200 MPa and ~300 MPa where the {1 151} twins are
observed in Mg-RE [16,17]. Such stresses are not uncommon in Mg
alloys, e.g., Mg—Al [70], Mg-Zn [71,72], Mg-Al-Ca [73,74], AZ91 [75],
WE43 [76]. However, the {1 151} twins are not reported in such
alloys (e.g., Mg—-3Al-1Zn-0.4Mn [77]). In addition, the {1121} twin is
reported in solution-treated (ST) WE54, but not seen after precipitation
treatment which presumably increases the CRSS of all dislocations to
levels higher than that in solid solution state and favours the {1 151}
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Fig. 15. Crack-tip responses during incremental mode-II loading and unloading. (a, d, g) Pure Mg. (b, e, h) Case I in Mg-3at.%Y. (c, f, i) Case II in Mg-3at.%Y. The top row
shows the crack-tip configurations when the twin embryo is just formed during load increments; the middle row shows crack-tip configurations when the twin grows under further
increasing loads; the bottom row shows the crack-tip configurations after unloading to the same SIF as that in the top row. See Fig. 11 caption for interpretations of atom colours.

or a mix of mode I and II, twin nucleation may still be possible through
direct nucleation of the twinning disconnection dipoles at crack tips.
Such mechanisms are not considered to be viable in FCC structures, but
is highly likely in Mg and other HCP metals. Future works may thus
study the crack-tip responses with different loadings, tip geometries,
crack front lengths, solute distributions, sample radii, as well as thermal
activations. With the present XMEAM interatomic potentials for MgY
and MgAl [61], the competition among all dislocation and twinning
modes, as well as their dependence on solutes, can also be studied
systematically. Direct MD simulations can also be performed using
polycrystalline samples to reveal twin nucleation and growth at GBs.
In addition, the exact twin nucleation path in pure Mg is not explicitly

twin activation [18]. Therefore, extant experiments do not support the
stress-limited/CRSS hypothesis.

In the current study, although the {1121}(1126) twin is acti-
vated in pure Mg, MgY and MgAl alloys, the twin nucleation and
growth clearly become easier with increasing Y concentration as in
experiments. Additional simulations are performed with higher Y con-
centrations (5at.% and 10 at.% above its solubility) and show similar
or further increased Y-enhanced {112 1}(1126) twinnability in Mg. In
the alloys, the key difference between case I and II lies in the nucleation
of the first basal (a) dislocation, which changes the crack-tip geometry,
reduces the crack height 7 to only 2 atom-layers and leads to early onset
of disconnection dipole nucleations. In sharp cracks loaded in mode II
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determined, since the multilayer slip path only provides an upper
bound and the stable twin nucleus has not been revealed (Fig. 6).
Instead, an effective y,, is measured directly in the mode-II loaded
crack simulation. This twin nucleus is only stabilized under the large
shear stress of the crack-tip, similar to that in W [30,36,78]. Further
study is being carried out to determine stress effects and the minimum
stable twin thickness in pure Mg.

Separately, the RC method [6,30,35] is general. It can be extended
to calculate y,.-lines on other slip planes and determine the relevant
transition paths and energetics for both dislocation and twin nucle-
ations. For example, preliminary DFT calculations have been carried
out for the (1011) twin on the {1012} plane in pure Mg. A meta-
stable point (not present in the classical y-line) is revealed at slip
s~ by, in the (101 1) twinning direction on the y,.-lines using DFT and
the XMEAM potential for Mg. The corresponding meta-stable structure
spontaneously transforms into a twin structure. The barrier for this twin
nucleation is similar to or slightly lower than that for (c+a) dislocations
on the pyramidal I and II planes, consistent with experimental obser-
vations that the (1011){1012} twin is prevalent in deformation of
pure Mg. Following this approach, the barriers for different dislocation
and twin nucleations can be systematically determined across all HCP
systems, which will eventually reveal the activation and preference
among competing deformation mechanisms. These details, particularly
the general trend across all HCP structures, will be reported in future
works.

In summary, we reveal the physical origin for the activation of
the {1121}(1126) deformation twin in Mg upon Y solute additions.
Twinning can be activated by (i) localized slip which provides the shear
displacements in the twinning direction on the twinning plane and (ii)
Y-solutes enhanced shuffle displacements in the perpendicular direc-
tion. The combined shear and shuffle lead to spontaneous formation
of the twin nucleus at an energy barrier comparable to or lower than
that for other deformation mechanisms. Since the mechanism is based
on crystal geometry of the twinning plane, is seen in both random
and SRO solute environment, and correctly distinguishes the effect of
different solutes (Y and Al), it is expected to be general in other Mg—
RE solid solution alloys. The activation of new twinning mode may
provide an alternative mechanism to increase plasticity and toughness
in the intrinsically brittle Mg; it may help blunt crack-tips and thus
arrest their fast propagation. Direct atomistic simulations will be useful
to study this new phenomenon fully across a wide range of Mg alloys
when accurate interatomic potentials (such as the current XMEAM for
MgY) are available for such Mg-based alloy systems. Furthermore, the
current work provides a general computational approach to quantita-
tively investigate twinning paths, associated energy barriers, as well as
alloying effects across the HCP family.
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