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Twin nucleation in high symmetry cubic structures is closely related to the activities of dissociated lattice dis-
locations. However, in low symmetry hexagonal close-packed (HCP) metals, the nucleation mechanisms for
deformation twinning remain largely unclear. In this work, we conduct atomistic simulations and uncover a new
mechanism for nucleation of {1122}(1123) twinning which is an important mode in some HCP metals such as
titanium and zirconium. Our simulations show that a coherent {1122} twin boundary can be formed as a result of
twin-twin interaction between co-zone {1121} twin variants. During deformation, three co-zone {1121} twins
form first and then interact. Two of the {1121} twin boundaries (TBs) merge into a coherent {1122} TB. This
nucleation process does not involve any lattice dislocations or twinning dislocations. Lattice correspondence
analyses indicate that such a nucleation process is feasible because all these {1121} and {1122} twins have the
same (0001) Ko plane. The migration of {1122} TB is found to be mediated by the single-layer twinning

dislocations.

1. Introduction

Deformation twinning plays a crucial role in the mechanical prop-
erties of hexagonal close-packed (HCP) metals and alloys as various
twinning modes can be activated during straining. The vector of twin-
ning shear of each twinning mode has a component along the c-axis,
thus, mechanical twins effectively provide strain accommodation along
the c-axis which cannot be accomplished by easy dislocation slip systems
on the basal and the prismatic planes. The number of easy slip systems
fails to meet the von Mises criterion [1] for strain compatibility in
polycrystalline metals. In lightweight magnesium (Mg) and its alloys
that have been studied extensively over the past two decades, the
dominant twinning mode is {1012}(1011) as profuse {1012} twins can
be activated during deformation. Another twinning mode,
{1011}(1012), has also been frequently observed in Mg but with a much
lower density. The {1121}(1126) and {1122}(1123) modes are rarely
observed in Mg. In contrast, they are commonly observed in titanium
(Ti) and zirconium (Zr) in addition to the {1012} and {1011} mode [2].

The twinning mechanisms in double lattice HCP structures, in terms
of twin nucleation and growth, are more complex than in high symmetry
cubic structures and the twinning mechanism significantly differs from

* Corresponding author.
E-mail address: binl@iastate.edu (B. Li).

https://doi.org/10.1016/j.actamat.2024.120480

mode to mode. In face-centered-cubic (FCC) metals, twin nucleation can
be achieved by reaction between two dissociated lattice dislocations.
Mahajan and Chin [3] proposed that a three-layer twin embryo could be
developed when two dissociated lattice dislocations, i.e., 1[011]—
$[121] +1[112] and £[110]—-%[121] + [211] reacted such that the two
identical leading partials, i.e., 2[121], were forced to glide on two
separate, neighboring (111) planes due to the repulsive force between
the partials, and the two trailing partials reacted to form the third
twinning partial on top of the first and second twin faults. Based on
atomistic simulations, Li et al. [4] modified this mechanism and pro-
posed that the two identical leading partials actually merged into one
partial and then the two trailing partials reacted to form a twinning
partial that could only glide on a separate, neighboring (111) because of
the very high energy barrier for this partial to stay on the original (111)
since an A-A stacking sequence would ensue. This way, a two-layer
rather than three-layer twin embryo was created by the dislocation re-
action. For twin nucleation and growth in body-centered-cubic (BCC)
metals, a pole mechanism was proposed by Cottrell and Bilby [5] to
describe the dissociation of lattice dislocations and the reaction between
the partial dislocations. Although the pole mechanism was never vali-
dated by experiments and simulations, twin nucleation and growth in
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cubic structure are always closely related to activities of partial dislo-
cations. However, this is not the case for HCP metals.

For twinning modes in HCP metals, the twinning planes are all on the
first or second order pyramidal planes. Dislocation slip on these planes,
e.g., the {1011} and {1122}, requires a critical stress about two orders of
magnitude higher than that of the easy slip systems [6,7]. In fact, pro-
fuse {1012} twins can be observed shortly after basal slip is activated at
a very low stress (on the order of 1.0 MPa [8,9]) in polycrystalline Mg
samples. Even though a lattice dislocation may dissociate into a twin-
ning dislocation and a residual dislocation, the magnitude of the Burgers
vector of the theoretical twinning dislocations is generally a small
fraction of the lattice dislocations. Moreover, the twinning dislocations
are typically zonal dislocations that spread over multiple twinning
planes [10-12]. Thus, whether twin nucleation is associated with lattice
dislocations and how lattice dislocations and other defects facilitate twin
nucleation remain largely unclear. Recent studies indicate that there are
no well-defined twinning dislocation lines for {1012} and {1121} twin
boundaries (TBs) and only atomic shuffles are involved in twin nucle-
ation and growth [13-18]. This raises an interesting question as to how
deformation twins are nucleated in HCP metals. In the literature, there
have been very limited studies on the nucleation mechanisms of various
twinning modes in HCP metals [19,20].

The initial purpose of this work is to investigate the mobility of a
grain boundary (GB) that falls between a {1120} and a {1122} plane in
Mg. These two planes are a pair of corresponding planes in the
{1121}(1126) twinning mode based on our calculations. Experimental
observations and atomistic simulations have shown that when a GB
plane falls between two corresponding planes of a twinning mode, the
GB has finite mobility [21,22]. For example, the B||P interface, an
interface between the (0001) and {1010} which are a pair of corre-
sponding planes of {1012} twinning; and the Py||B interface, an inter-
face between the {1011} and (0001) which are a pair of corresponding
planes of {1011} twinning, have high mobility. Unexpectedly, a new
nucleation mechanism for the {1122}(1123) twinning mode is revealed
as a result of {1121} twin-twin interaction. Similar nucleation mecha-
nism is also observed in Ti and in other simulation conditions (Supple-
mental Material). This mechanism completely differs from the existing
dislocation-mediated nucleation mechanisms and provides new insight
on how {1122} twins are nucleated in HCP metals.
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2. Simulation method

The initial configuration of the simulation system before relaxation is
shown in Fig. 1a. The Mg bicrystal is comprised of two grains denoted as
G1 and G2. These two grains satisfy an orientation relationship (OR) of
(1122)5,1/(1120),, with the zone axis along the [1100] direction. To
construct the initial bicrystal, we use Atomsk [23], a toolkit for gener-
ating lattice structures and crystalline defects, to create the single
crystals and then orient them such that the desired (OR) is satisfied. This
particular OR is chosen because the {1122} and {1120} are a pair of
corresponding planes in {1121}(1126) twinning mode, according to the
crystallography-based calculations by Niewczas [24]. For example, GBs
between the {1100} and (0001) (the so-called P || B interface [25]) have
extremely high mobility. These two planes are exactly the corresponding
planes in the {1012}(1011) twinning mode. During twin growth, the TB
assumes a morphology that entirely departs from the theoretical {1012}
twinning plane [26,16], and the actual TB is often a P || B or B || P
interface or both rather than a coherent TB. Using in-situ transmission
electron microscopy (TEM), Liu et al. [21] observed that GBs between
the {10T1} and (0001) (the so-called Py || B interface), were developed
during c-axis compression of a Mg single crystal, and this type of GBs had
good mobility. It is noted that the {1011} and (0001) are exactly a pair
of corresponding planes of the {1011}(1012) twinning mode [12,24].

As shown in Fig. 1a, the simulation system has dimensions of 13.0
nm (W) x 22.5 nm (L) x 51.8 nm (H), containing a total number of
637,284 atoms. Free surfaces are applied to all three dimensions. No
periodic boundary conditions (PBC) are applied. In PBC, atoms on the
opposite boundaries interact. When a system such as the bicrystal in our
simulation lacks periodicity, the interaction of atoms on the opposite
boundaries differs from the interaction of the bulk atoms, and unin-
tended internal stresses are produced. This undesirable effect may
generate spurious structures in the simulation. The system is first
minimized in energy, and then relaxed for 200 ps. The simulation
temperature is maintained at 5 K. After the system is relaxed (Fig. 1b),
the top and bottom four layers of the system are fixed by imposing zero
force and velocity on each of these atoms, and then a compressive strain
is created along the normal direction to the (1122) plane by moving the
atoms on the top free surface downward at a constant displacement rate
of 0.01 nm per ps, corresponding to a strain rate of 1.93 x 10 /sec.

The Embedded Atom Method (EAM) potential [27-31] developed by
Liu et al. [32] for Mg is used for our simulations. This potential has been
used in numerous atomistic simulations of dislocation slip and

(b)
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Fig. 1. (a) The initial, unrelaxed configuration of the Mg bicrystal. The grain boundary (GB) is set up such that (1122)¢, ||(1120),, as indicated by the gray atoms.
(b) The structure of GB after relaxation. The GB becomes incoherent, consisting of multiple steps. Common neighbor analysis is turned on, where the atoms on the GB

are shown in gray.
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deformation twinning in Mg [33-35]. In recent years, different types of
potentials for Mg have been developed [36-40]. So, we also use other
EAM potentials developed by Sun et al. [41] and Wilson et al. [42], as
well as the modified embedded-atom method (MEAM) [43] potential
created by Kim et al. [44] for our simulations, and similar results are
obtained. The visualization toolkit OVITO is used to analyze and trace
the evolution of the system during deformation. Common Neighbor
Analysis [45] (CNA) is also used to distinguish different crystal struc-
tures generated during deformation.

3. Simulation results

After relaxation, the GB evolves into an incoherent morphology with
facets along the boundary plane (Fig. 1b). The longer facets are roughly
along the {1121} plane. The GB energy is ~143 mJ/m?. Because the
average GB plane falls between the two corresponding planes, i.e.,
{1120} and {1122}, the two grains do not satisfy the {1121} twin
relationship.

As the compressive strain is increased to a critical value ~3.39%,
basal slip is activated first in G1 from the free surface (Fig. 2). Two of the
three basal slip systems in G1 have a finite Schmid factor (~0.44),
whereas all the basal slip systems of G2 have a zero Schmid factor and no
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slip can be activated on these planes because the compression direction
is perpendicular to the basal normal (Fig. 2a). As the basal dislocation
impinges on the GB, further increase in compressive strain leads to the
nucleation of a (1121) twin (denoted as (1121);) which grows from the
GB into G1 (Fig. 2b). Zhang et al. [46] observed similar nucleation
behavior in their atomistic simulations where impingement of a basal
dislocation on a {1122} coherent TB led to nucleation of a {1121} twin.
The (1121) twin relationship can better be seen when the twin thickens
(Fig. 2¢). The two twin boundaries (TBs) (denoted as (1151)TBl where
the subscript TB1 means the TBs are within G1) are along the (1121)
plane of G1. Continuation of the compression results in a fully developed
{1121} twin inside G1 (Fig. 2d), with one tip terminating at the GB. The
(1121) twin inside G1 keeps thickening as the compressive strain further
increases. More basal dislocations are nucleated at the junction and glide
inside G2.

It is worth noting that in Fig. 2(d), at the impingement of the (1121)
twin tip at the GB, the interface (indicated by the black arrow) between
the (1121) twin and G2 forms a short, coherent (1122) TB, i.e., the
(1121) twin and G2 is at the (1122) twin relationship. More details are
shown in Fig. 3 below.

As the compressive strain further increases to 3.87%, another (1121)
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Fig. 2. Evolution of the bicrystal in time sequence under compression. The loading direction is perpendicular to the GB plane. (a) 190 ps. Basal dislocation slip is first
initiated. (b) 193 ps. A (1151)TI twin is nucleated from the GB and grows into G1. The twin boundary (TB) is denoted as (1 lil)TBl. (c) 195 ps. The (1121) twin
further grows and thickens and the basal planes inside the twin can now be seen. (d) 198 ps. The (1121) twin is fully developed inside G1. Note that the interface
between the (1121) twin and G2 is a (1122) TB.
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Fig. 3. (a) Nucleation of a second (1121) twin from the tip of the first one, but it grows into G2. The TB is denoted as (1121)y,. (b) As the (1121) twin in G2 grows,
the tip of the first (1121) twin in G1, which is part of the GB, is evolving into a coherent (1122) TB (denoted as (1122),5,), with respect to G2. (c) The coherent
(1122)p, extends further down into G2, forming a special twin configuration: above the GB, the twin is a (1121) twin with respect to G1, whereas across the GB, the
same twin is a (1122) twin with respect to G2. The first (1121) twin which is with respect to G1, and the second (1121) twin which is with respect to G2, also satisfy
the (1121) twin relationship. (d) Eventually, the second (1121) twin disappears, and two coherent (1122) TBs (denoted as (1122),;,) are formed, both with respect

to G2.

twin (denoted as (1121);,) is nucleated at the impingement and grows
into G2, as shown in Fig. 3a. This TB is denoted as (1121),;,, meaning
the TBs are inside G2. This (1121) twin lengthens and thickens via
consuming G2; meanwhile, the (1121) twin inside G1 also thickens and
its interface with G2 can now be better visualized, and indeed, the
interface is a coherent, mobile (1122) TB (denoted as (1122),) as it
gradually extends into G2 while both (1121) twins grow in G1 and G2,
respectively (Fig. 3b). While the TBs are migrating inside G1 and G2, an
interesting feature can now be observed. The interface between
(1121),,; and (1121),, is also a mobile interface that is exactly along the
(1121) planes of the two (1121) twins. In other words, the (1121)., and
(1121),,, which are in G1 and G2, respectively, also satisfy the (1121)
twin relationship (Fig. 3c). This interface, denoted as (1121)3, is mo-
bile. The top TB between the (1121);, and GB2 migrates downward,
while the (1121)p, migrates upward. When these two mobile TBs
eventually meet and merge, the (1121),, twin is entirely consumed and
disappears. As a result, a fully developed (1122) twin is formed inside
G2 with both TBs are perfectly coherent on the (1122) plane of G2.
Finally, a very interesting twin configuration is developed. Above the

GB, a (1151)Tl twin is formed in G1; however, this same crystal extends
into G2 but its orientation with respect to G2 satisfies the (1122) twin
relationship.

Careful examination shows that one-layer steps can be observed on
the (1122) TBs (Fig. 3b) and these are one-layer twinning dislocations
(TDs) that glide on the (1122) twinning plane. An example of the one-
layer TD is displayed in Fig. 4a which is a magnified view of the
(1122) TB. The step height equals the interplanar spacing of (1122)
twinning plane. Fig. 4b shows a view of the twinning plane along the
plane normal. The one-layer TD line can now be observed. A recent
study showed that the core zone of the one-layer TD spread because
atomic shuffling was involved for the parent atoms to be carried to the
twin positions [47].

To better reveal how the (1122) TBs are formed during the interac-
tion of (1121) twins in G1 and G2, we plot the motion of the TB triple
junctions that are formed during twin-twin interaction in Fig. 5. As
shown in Fig. 3, two of the (1121) TBs merge and grow the (1122) TB.
We highlight the three TBs that join and from a tripe junction with the
purple lines (Fig. 5a). The (1121);, which is the bottom TB of the
(1121),, twin, the (1121),;; which is the interface between the (1121),
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Fig. 4. (a) A magnified view of the structure of the (1122) TB in Fig. 3b. A one-
layer twinning dislocation (TD) can be identified. (b) The one-layer TD line
when viewed along the normal to the (1122) twinning plane. The glide of the
one-layer TDs thickens the (1122) twin.

twin and the (1121);, twin, and the (1122),;,, meet at TB triple junction
L. This triple junction is highly mobile (Fig. 5b). As it moves toward
lower left, the (1122) TB lengthens and the (1122) grows into G2.
Another TB triple junction is also formed (Fig. 5¢). This triple junction is
composed of the top (1121),, the (1121),, and the (1122) TB. Again,
the (1121),y, and the (1121),, merge and the (1122) TB grows at the
expense of the (1121),, twin which eventually disappears.

The nucleation mechanism for {1122} twinning via interaction of
{1121} twins is not only observed with the chosen GB plane and OR, but
is also observed in other simulation conditions. We obtain a similar
mechanism in single crystal Mg when a tensile strain is applied along the
[1126] direction (about 17° away from the c-axis). In this case, {1121}
twin variants are nucleated first, and their interaction facilitates the
nucleation of a coherent {1122} TB (Fig. S1 in Supplemental Material).
Similar twin-twin interaction between {1121} twins that gives rise to
nucleation of a (1122) twin is also observed in Ti. Details of the twin-
twin interaction, migration of the TBs, lattice correspondence analyses
are presented in Fig. S2-4 of Supplemental Material.

4. Analysis and discussion
4.1. Lattice transformation analyses

Our simulation results reveal an unusual but interesting scenario of
nucleation of (1121) and (1122) twins in pure Mg, although both
twinning modes are rarely observed in Mg in experiments. The (1121)
twinning mode has been observed and reported in rare-earth containing
Mg alloys [48-50] and in atomistic simulations of deformation of single
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crystal Mg [51,52]. According to Bilby and Crocker [53], Christian and
Mahajan [2], the magnitude of twinning shear s of (1121) mode equals
71 = 0.616 for Mg (y is the c/a ratio, 1.624 for Mg), and this value of s
corresponds to the second invariant plane, i.e., the K3 plane, (0001). In
theory, this twinning mode is mediated by two-layer zonal twinning
dislocations. The lattice transformation for this twinning mode is rather
simple because the basal (0001) plane of parent is directly transformed
into the basal plane of twin without the need of atomic shuffling.
However, Minonishi et al. [54] showed that shuffling was needed
because the mirror symmetry about the composition plane could not
exist and the stacking sequence in the parent and the twin must change.
Li and Chen [18] further demonstrated that no coherent (1121) TBs
existed, and the TB was no longer a plane but rather a distorted interface
zone that spread over multiple (1121) planes. Consequently, no
well-defined twinning dislocation lines could be identified.

The value of s of the (1122) mode in the classical twinning theory

2_
3r
rather small as compared to that of the {IOTZ} mode (s = % =0.129)

equals 272) _ 0.262 which corresponds to Ky = {1124}. This value is

and the {1011} mode (s = ‘L"\z/%f = 0.138). The corresponding twinning
dislocation would be a three-layer zonal [2], meaning the twinning
dislocation comprises three (1122) planes simultaneously. This in-
dicates that only one-third of the parent atoms are directly sheared to
the twin lattice by the homogeneous twinning shear, and complex
atomic shuffles should be required for the rest of atoms to transform the
parent lattice into the twin lattice. Li et al. [55,47] analyzed the lattice
transformation of the (1122) mode and found that the basal (0001)
plane of parent would be transformed into three consecutive {1121}
plane of twin, and a large distortion would be generated to the structural
motif of the HCP lattice. In our simulations, rather complex twin-twin
interaction and transformation of (1121) twin into (1122) twin oc-
curs. Thus, it is necessary to analyze the lattice transformation during
the twinning processes. As pointed out by Christian [56] and Niewczas
[24], deformation twinning is a linear mapping of the parent lattice into
the twin lattice during which an atomic plane of parent must be trans-
formed into a corresponding plane of twin. Such a lattice mapping can
be represented by a second rank tensor which is determined by the
choice of the Ky plane.

Fig. 6a shows our strategy of analyzing the lattice transformation
during twin growth and twin-twin interaction. First, we analyze to what
corresponding planes the basal (0001) planes in G1 and G2 are trans-
formed during the twinning processes. For this purpose, we select a basal
plane in G1 (colored in pink) and a basal in G2 (colored in cyan)
(Fig. 6a), respectively. The color of these two basal planes remains un-
changed during the simulation. This allows us to track the lattice
transformation without ambiguity. After twin nucleation, growth and
twin-twin interaction, the basal plane (in pink) of G1 has been trans-
formed into the basal plane of (1121),,. The cyan basal plane in G2 has
initially been transformed into the basal of (1121),, and then trans-
formed into the basal of the (1152) twin (Fig. 6b). Thus, in all these
twinning modes, (1121) and (1122), the K; plane is always the (0001)
basal plane. This analysis contradicts the predicted {1124} Ky plane for
the {1122} twinning mode in the classical twinning theory [2], but is
consistent with the results from the other atomistic simulations [57]
which showed that the (0001) basal plane should be the favorable Ky
plane and the twinning dislocation should be a single-layer regular
rather than a three-layer zonal twinning dislocation. The overall lattice
transformation of the pre-selected (0001) basal plane can be described
as:

(0001)62_)(0001)(1151) m‘n_)(OOOI)(niz)

twin

Indeed, the migration of the (1122) TB is mediated by the single-
layered twinning dislocation. Careful examination of Fig. 3b, ¢ show
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Fig. 5. (a) Formation of twin boundary (TB) tripe junction I. Three TBs (denoted by the purple lines), i.e., the bottom (1121),,, the (1121);, and the (1122),,

meet at the triple junction. (b) The bottom (1121),, and the (1121),,

merge such that the bottom (1122),,, grows and the triple junction I migrates toward lower

left. (¢) Formation of TB triple junction II. The top (1121),y, and the (1121),, merge such that the top (1122),;, grows and the triple junction II also migrates toward

lower left. (d) The (1122) twin grows at the expense of the (1121),.

that a single-layered twinning dislocation is formed and glides on the
(1122) TB.

Next, we analyze the lattice transformation of a (1124) plane in G2.
This plane is pre-selected because it was predicted as the K5 plane of the
{1122} mode predicted in the classical twinning theory. Similarly, we
first select a (1124) plane and color it in dark blue (Fig. 7a). After the
growth of the (1121);, twin in G2, this plane has been transformed into
the (1122) plane of the (1121),, twin (Fig. 7b). Later on, the (1121),,
twin is consumed by the growth of the (1122) twin, and the pre-selected
has been transformed into the (1120) plane of the (1122) twin (Fig. 7c).
After the disappearance of the (1121);, twin and the growth of the
(1122) twin, the dark blue plane is now entirely residing in the (1122)
twin and the corresponding plane can be better identified as (1120)
(Fig. 7d). The overall lattice transformation can be described as:

(1154)G2 (1122) 1121 T2 (1120) 1122

Following Niewczas’ method [24], we calculated the lattice corre-
spondence of {1121} twinning and the results showed that the (1120)
and the (1122) were a pair of corresponding planes in this twinning
mode. To verify this point, we also conduct the lattice transformation

analysis on the (1120) plane in G2 (Fig. 8a). Before deformation, this

plane is pre-selected and colored purple. After deformation twinning
and twin-twin interaction, this plane has first been transformed into the
(1122) plane of the (1121),, twin, and then transformed into the (1124)
of the (1122) twin (Fig. 8b). Thus, indeed, the (1120) plane and the
(1122) plane are a pair of corresponding planes in the {1121} mode, and
this analysis is consistent with our crystallography-based calculations.

4.2. Geometrical analysis in the lattice transformation

As mentioned above, the magnitude of twinning shear s for the
{1122} mode would equal 0.262 if the Ko plane were (1124) as pre-
dicted by the classical twinning theory. From the lattice transformation
analysis in Fig. 6a, the basal plane of G2 is sequentially transformed into
the basal of (1121),, and then into the basal of (1122) twin. Thus, these
twins all have the basal K, plane. This common feature is crucial and
makes possible the sequential lattice transformation. However, the
(0001) K» plane gives rise to the value of s = %which is 1.23. Such a huge
s was deemed unfavorable in the classical twinning theory which as-
sumes the magnitude of twinning shear of a twinning mode should be
less than 1.0. Most recently, Li et al. [47] conducted scanning trans-
mission electron microscopy (STEM) and atomistic simulation studies on

the {1122} TB. They found that the migration of TB was indeed
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Fig. 6. (a) To perform lattice correspondence analysis, a basal plane in G1 (colored in pink) and a basal plane in G2 (colored in cyan) are pre-selected before
compression. (b) After twinning, the pink basal plane of G1 is transformed into the basal plane of the first (1121) twin, indicating the K, plane for the (1121) twin is
the basal. Meanwhile, the cyan basal plane of G2 is transformed into the basal plane of the second (1121) twin and the (1122) twin, indicating the K, plane of these

twinning modes is the basal as well.

mediated by the single-layer twinning dislocations, rather than the
predicted three-layer zonal twinning dislocations. This single-layer
twinning dislocation corresponds to the (0001) Ky plane. They pro-
posed a half-shear-half-shuffle mechanism to account for the seemingly
very large value of s. In this mechanism, the single-layer twinning
dislocation moves the parent atoms by shear to the midpoint of the
overall displacement, and then the parent atoms shuffle to the twin
positions. In other words, from the parent lattice to the twin lattice, half
of the distance of the parent atoms comes from shearing which is
accomplished by the single-layer twinning dislocation, but the other half
is accomplished by shuffling. This way, the actual value of s is halved.
Despite this mechanism of reduced value of s, a fairly large strain can be
expected in the lattice transformation when the Ky is (0001) for the
{1122} mode. In the following, we provide a geometrical analysis on the
lattice transformation.

In Fig. 9a, we extract the pre-selected purple (1120) plane of G2, and
plot this atomic plane such that the viewing direction is along the plane
normal [1120]. After the twinning events, this atomic plane spans over
regions in G2, the (1121),, twin and the (1122) twin. The structural
change of the pre-selected plane can be seen in Fig. 9b. Apparently, a
dimensional stretch has occurred along the [0001] direction, but a
structural similarity can still be observed. Such a structural similarity
between the corresponding planes of a twinning mode is a manifestation
of the principle of lattice transformation in deformation twinning — the
parent lattice is linearly mapped into the twin lattice [56]. The boxed
region in Fig. 9b is then magnified and plotted in Fig. 9c in which the
lattices of G2, the (1121),, twin and the (1122) twin are colored in
purple, red and cyan, respectively. This allows us to compare the lattice
strain produced by the (1121) and (1122) twinning.

To quantify the lattice strain induced produced by twinning, two
layers of atoms on the (1120), (1122), and (1124) plane are separated
and superimposed, as shown in Fig. 10. The initial interatomic spacing
between two atoms on the (1120) plane along the [0001] is approxi-
mately 5.20 A. But after the (1121) twinning, the spacing is slightly
increased to 6.03 A. After the (1122) twinning, the spacing is further
increased to 8.23 A. The misfit strain before and after twinning can be
expressed as:

dinitial - dtwin

E=—7—— (@D)]

dinitial

where diyiq is the interatomic spacing on the (1120) plane of G2, and
duwin the spacing on the (1122) and (1124) plane after the (1121),, and
(1122), twins are formed. The relative misfit strain equals 0.16 between
the (1120) and (1122) twinning, 0.36 between the (1122) and (1124)
twinning, and 0.58 between the (1120) and (1122) twinning. These
values indicate that direct transformation from the (1120) to the (1124)
should be rather difficult because a substantial amount of lattice strain
would be created. Consequently, nucleation of {1122} twins directly
from the parent lattice would be difficult. This may explain why
nucleation of {1122} twins in atomistic simulations from dislocation
slip, free surfaces or grain boundaries has not been observed.

4.3. Nucleation of (1122) twinning by twin-twin interaction

Nucleation of deformation twins in metals is generally preceded by
dislocation slip [2]. In high symmetry crystal structures, twin nucleation
is associated with the glide of partial dislocations [58]. For instance, in
FCC metals, a twin can be considered a pile of planar faults (stacking
faults) produced by the Shockley partial dislocations. Thus, twin
nucleation and twin growth can be achieved by the glide of identical
Shockley partials on consecutive {111} planes. Twin nucleation in FCC
metals can also be accomplished by dislocation reaction [3,4]. In high
entropy alloys (HEAs) that have very low stacking fault energies and
nanograined materials, twin nucleation can also occur by piling up
stacking faults that are generated by Shockley partials with different
Burgers vectors [59], and in some special twin configurations the overall
Burgers vectors add up to zero such that no microscopic shear strain is
produced [60,61]. Note that in FCC metals, the twinning plane is also
the slip plane of lattice dislocations, but this is not the case in low
symmetry HCP metals in which the twinning mechanisms are far more
complex.

In HCP metals, all the twinning planes are not the slip systems that
have low critical resolved shear stress (CRSS). The easy slip systems, i.e.,
the (0001) basal and the {1100} prismatic slip systems are not twinning
planes because these planes already have mirror symmetry and thus a
simple shear on the basal or the prismatic planes would disrupt the
mirror symmetry and thus cannot produce a twinned structure.
Although the {1011} and the {1122} are both pyramidal slip planes, the
Burgers vectors of these pyramidal dislocations, i.e., (c +a) are huge if
compared with the Burgers vectors of the twinning dislocations, and
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Fig. 7. (a) Lattice correspondence analysis for a pre-selected (1124) plane which is blue-colored in G2. (b) As the second (1121) twin is formed, the atoms of the blue
(1124) plane are now residing on the (1122) plane of the second (1121) twin. (c) As the (1121) TB between the first and the second (1121) twin migrates and
consumes the second (1121) twin, the blue atoms of the (1122) are now residing on the (1120) plane of the (1122) twin. (d) The (1122) twin grows at the expense of
the second (1121) twin. All the blue atoms are residing on the (1120) plane of the (1122) twin.

there is no direct connection between twin nucleation and the pyramidal
dislocations that are difficult to nucleate and usually do not have a high
density during quasistatic deformation of bulk samples. The other two
twinning planes, i.e., {1121} and {1012} are not the slip planes, but the
{1012}(1011) twinning is the most commonly observed mode in all HCP
metals. In Mg, the CRSS for {1012} twinning is only a few MPa [9] and
close to that of the basal slip. Wang et al. conducted density functional
theory (DFT) calculations of the energy barrier to {1012} twin nucle-
ation and found the value was very low (~27 MeV/atom) [20]. They
proposed that nucleation of {1012} twins was purely via atomic shuf-
fling. Note that in their work, the atomic shuffles transform the parent
basal to the twin prismatic and the parent prismatic to the twin basal,
and this lattice transformation is exactly the shuffling dominated
mechanism proposed by Li and Ma for the {1012} mode [15]. He et al.
[62] performed in-situ atomic scale HRTEM observations of {1012}
twinning in rhenium (Re). They found that a {10T2} twin was readily
nucleated and grew rapidly via formation of highly incoherent TB that
was composed of {1100} pyen/|(0001) ;. and (0001) pyene | {1100) 7,
These interfaces were called B || P or P || B boundaries. No dislocation
activities were involved in the twin nucleation. Despite these observa-
tions, dislocation slip, especially those dislocations with a Burgers vector
component along the c-axis, may be able to facilitate twin nucleation

because the elastic strains of the dislocations may effectively accom-
modate the strains generated by the twin nucleation. TB migration
during growth of {1011}(1012) twins is mediated by four-layer zonal
twinning dislocations which tend to dissociate into two double-layer
partial zonal twinning dislocations [12], along with atomic shuffles
that are nearly perpendicular to the twinning shear. However, there has
been very little discussion on the nucleation mechanism of {1011}
twins. As to the nucleation of {1121} twins, Vaidya and Mahajan [19]
proposed that a pyramidal (c +a) = (2113) dislocation on the {1121}
plane could react with two type-(a) dislocations, i.e., 1(2110) and
£(1210), and form a twelve-layer zonal twinning dislocation. This
dislocation reaction creates a twelve-layer twin embryo. This mecha-
nism has not been validated by experiments and simulations.

The geometrical analysis of the lattice transformation (Figs. 9, 10) in
the {1122} twinning mode suggests that direct transformation from the
parent lattice to the twin lattice should be rather difficult because the
overall misfit strain is large (~58%), unless a high stress or high stress
concentration is present [63]. Thus, one would expect that the {1152}
twin volume fraction should be very low in deformation of HCP metals.
However, this is at odds with the experimental observations. Although
rarely observed in Mg, profuse {1122} twinning has been observed as
commonly as {1012} twins in Ti and Zr. High density {1122} twins were
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plane after the (1121) twins and the (1122) twin are formed. The purple plane now spans over the lattice of the G2, (1121),, and (1122) twin. The boxed region is
selected to compare the lattice structure of the initial and the twinned regions. (¢) The (1120) portion, (1122) portion and (1124) portion of the pre-selected plane are
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has to be stretched to form the (1122) and the (1124) plane.
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Fig. 10. (a) Comparison between the structure of (1120) (in purple) and (1122) (in red). The two planes are superimposed and aligned along the [1100] direction.
The misfit strain along the [0001] is ~0.16. (b) The misfit strain between (1120) (in purple) and (1124) (in cyan) is ~0.58. This may explain why direct trans-

formation from the (1120) to (1124) is rather difficult.

often observed along with {1012} twins in electron backscatter
diffraction (EBSD) analysis of deformed Ti [64]. This raises a puzzling
question as to how {1122} twins are nucleated in HCP metals.

Our results reveal a new mechanism for the nucleation of {1122}
twins in HCP metals, i.e., the twin-twin interaction between co-zone
{1121} twin variants. Two of the highly mobile {1121} TBs may
merge into a coherent {1122} TB, and the {1122} twin grows at the
expense of the {1121} twin. Such twin-twin interaction is possible for
the following reasons. First, the {1121} TBs do not have well-defined
twinning dislocation line and dislocation core. Minonishi et al. [54]
first reported that {1121} TBs did not have mirror symmetry. After TB
migration, the stacking sequence in the twin differed from that in the
parent. This indicates that atomic shuffling must be involved. Li and
Chen [18] carefully analyzed the {1121} TB structure and found that a
symmetric {1121} TB would have a much higher energy than an
asymmetric TB because the interplanar spacing between the {1121}
twinning plane, which equals 2\/:‘7:2?, is very small (0.70 A for Ti and
0.77 A for Mg) and the high repulsive force between atoms on the
mirrored positions forces the atoms to move apart from each other. This
leads to the breakdown of the mirror symmetry of the TB. They revealed
that each prismatic plane of the parent split into two separated layers
and these individual layers recombined with the separated layers from
the neighboring prismatic planes into the prismatic planes of the twin.
This process involves atomic shuffling in the direction perpendicular to
the twinning shear. Analyses of the progression of {1121} twin growth
showed that the TB was no longer a sharp atomic plane but rather a
distorted zone spreading over multiple {1121} planes, and no
well-defined twinning dislocation lines could be identified. The lack of
twinning dislocation lines on the {1121} TBs allows the merge of TBs of
co-zone twin variants into {1122} TBs whose migration is mediated by
the single-layer twinning dislocations (Fig. 4). If there were twinning
dislocations on the {1121} TBs, they would either repel each other or
react to form immobile configurations, and the triple junction would be
immobile. Second, formation of {1122} TBs is energetically favorable.
{1122} TBs are symmetric, coherent and with minimal lattice distortion.
Conceivably, {1122} TBs should have a lower energy than incoherent
{1121} TBs.

It is worth noting that non-co-zone {1012} twins can also interact
and form interfaces that are close to {1122} TBs, as shown by Nave and
Barnett [65] and Chen et al. [66]. {1012} twin nucleation and growth
also do not involve twinning dislocations on the TBs and are mediated
purely by atomic shuffles [15,16,67], which has been confirmed by
numerous experimental observations and atomistic simulations [62,13,

10

17,68]. Two non-co-zone {1012} twin variants are at an orientation
relationship (OR) that is close to ~60°(1100). This OR is frequently used
as a criterion in EBSD to characterize {1122} TBs in deformed HCP
metals. Indeed, when these variants impinge, the interface between
them is very close to a {1122} TB, but they are incoherent because a
deviation still exists. These interfaces have finite mobility, and eventu-
ally the interacting twin variants evolve into a morphology close to
{1152} twins. More recently, atomistic simulations [69,70] also showed
that incoherent interfaces close to {1122} TBs could also be formed in Ti
through an intermediate phase transformation, i.e., HCPparent = © —
HCPtwin.

The new mechanism for the nucleation of {1122} twins is difficult to
be observed in polycrystalline bulk materials because the nucleation
stage occurs at a very fine scale (a few nanometers). In bulk samples,
{1012}(1011) twinning is the dominant mode. {1012}, {1121} and
{1122} twins can interact and form very complex twin configurations.
However, the nucleation mechanism may be captured by carefully
designed in-situ HRTEM observations in which the OR of the bicrystal is
close to the OR in our simulations. For instance, {1121} and {1122}
twinning were successfully resolved in HCP rhenium on the atomic scale
in-situ HRTEM experiments conducted by He et al. [71,72]. The mech-
anisms of these twinning modes were found to be consistent with the
atomistic simulations [18,47].

5. Conclusion

In this work, we uncover a new nucleation mechanism for the
{1122}(1123) twinning mode in HCP Mg and Ti. The following con-
clusions can be drawn:

M A{1 152} twin may nucleate by twin-twin interaction between
{1121} variants. When three co-zone {1121} twins are formed
and interact, two {1121} TBs merge into a coherent {1122} TB.
This is feasible and energetically favorable because the {1121}
and {1122} twins have the same K, plane (0001). This {1122}
twin nucleation does not involve any dislocation reaction in
contrast to the twin nucleation mechanisms in cubic structures
that are closely related to activities of dissociated lattice
dislocations.

(2) After twin nucleation by twin-twin interaction, the growth of
{1122} twin is mediated by the single-layer twinning dislocations
that corresponds to the (0001) K5 plane. This K5 plane is consis-
tent with the other atomistic simulations and HRTEM
observations.
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(3) Lattice correspondence and geometrical analyses indicate that

direct nucleation of a {1122} twin from the parent lattice would
be rather difficult because a fairly large misfit strain (~0.58)
between the corresponding planes would be generated. Thus, by
forming {1121} twin variants as an intermediate step, the misfit
strain can be significantly reduced, and the nucleation of {1122}
twins is facilitated by the twin-twin interaction.
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