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Abstract: Twin-twin interactions are an important component of the microstructural evolution of
hexagonal close-packed metals undergoing plasticity. These interactions are prevalent because of the
predominance of twinning due to limited easy slip modes. Despite their importance, the complexities
of the atomic-scale behavior of interacting twins has limited robust characterization. Using interfacial
defect theory, we developed a three-dimensional model of twin—twin interactions, double twinning
and other complex interfacial reactions that occur between twins acting on different interface planes.
Using molecular dynamics, {1122} and {1121} twins in titanium were activated and produced
facets, twin—twin interactions and double twins that we characterized with our model. The results
showed excellent agreement between the molecular dynamics results and the model. Surprisingly,
some highly ordered and mobile boundaries can be produced by these complex reactions, which
could provide important insights for higher scale models of plasticity.

Keywords: HCP metals; plastic deformation; titanium; twinning; dislocations

1. Introduction

Twin—-twin interaction mechanisms in hexagonal close-packed (hcp) materials have
been identified as a major factor influencing formability and hardening [1]. This has been
studied in magnesium [2,3] and titanium [4] experimentally; however, characterization of
the interaction process at the atomic scale has been challenging due to the complex nature
of interfacial defect reactions [5]. Understanding these interactions could play a crucial role
in the advancement of higher performance Ti alloys through twinning-induced plasticity
(TWIP) effects and microstructural refinement [6,7].

The strain rate, directional stresses, texture, grain size [8] and temperature all play
roles in how twinning modes are activated. This suggests that carefully controlling these
conditions could lead to more desirable microstructures through the interactions of multiple
favored twin modes. Titanium, being a hcp structure, has a limited selection of available slip
directions. Hence, twinning and detwinning processes play a critical role in the mechanical
evolution of hcp structures [9].

In fact, more kinds of twins are activein Ti ({1012}, {1011}, {1013}, {1121} and
{1122}) than in certain other hcp materials, such as Mg. Each of these has six different
variants, which together make possible a great variety of interfaces and interactions. Twin
faceting is also important as recent work has shown that twins in Ti form many facets on
different planes, which drives their motion and stability [10]. In this research, we applied a
mathematical model based on interfacial defect theory (IDT) to create and analyze {1122},
{1012} and {1121} twins in Ti with molecular dynamics.

In the last few years, the characterization of facets and their migration has developed
into an active research area [5,11-16]. IDT forms the foundation upon which faceting
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mechanics is built [17-19], as it was earlier the basis for describing twin boundary migra-
tion [20-23]. Innovating from these concepts, the present authors previously introduced
the trichromatic complex (TC) to describe faceting and interfacial disclinations [13,24].

Some other authors have preferred descriptions using disconnection arrays [16] or
using disclinations with dichromatic complexes (DCs) [25], referred to as the topological
model (TM) to describe facets. The relative merits of these approaches have been debated;
however, they agree quantitatively on how facets behave. We found that none of these
approaches have been fully capable of addressing the complexities of interactions in three
dimensions when two twins with different shear planes interact; however, the TM is more
extensible to these cases.

The most prolific twin {1012} [26] has been the most studied with regard to faceting
and deservedly so. {1012} twins facet extremely readily, and these facets play a key role
in the nucleation process and early embryo growth [16,27,28]. It was the first twin in which
non-tilt (pure screw) facets were reported [29]. The more mature understanding of {10 TZ}
twin facets suggests that facets may play a similarly important role in the migration of
other twin boundaries, which have been less studied.

Supporting this idea, non-tilt facets were recently been observed in {1122} twins [10].
The interactions between the {1012} twin and basal dislocations demonstrate highly com-
plex facet-transmutation reactions, which actually generally enhance the mobility [23,30-32].
Similar work on other twin boundaries has not demonstrated dislocations encouraging
boundary migration [33], which has been suggested as a major reason that the {1012}
twin is the most prolific [30].

Twin-twin interactions for {1012} and {1121} twinning were first discussed by Reed-
Hill and Buchanan [34] in Zr who noted the ‘zigzag’ pattern observable in microscopy from
the results of these interactions. The majority of work since then has been experimental
and much of it focused on {1012} twins that nucleate and grow more easily than other
modes. They are generally thought to contribute to hardening [35-37]. Twins can interact
with other twins through a variety of scenarios [9,38]. Shooting twins may collide with
an existing twin boundary and stop, or they may penetrate through, forming a new twin
inside the crossed twin and crossing back to the parent to continue shooting.

This scenario was demonstrated in atomistic simulation by Barrett et al. [39]. When
co-zonal {1012} twins interact, their misorientation is less than 8° apart and they have
been reported to react by a method sometimes called zipping [9], which leaves dislocations
at the intersection between the two twins producing a low-angle tilt wall. When the
misorientations are further apart, more complex reactions occur, and the interface between
the two twins is less well understood.

The {1121} and {1122} twins have been reported by Morrow et al. [4] to facet
onto asymmetric tilt planes using transmission electron microscopy (TEM). This was
confirmed and new facets were reported by [10] for {1122}. In addition, Morrow et al. [4]
studied twin—twin interactions between cozonal {1122} twin variants and non-cozonal
{1012} twin variants, which demonstrated a complex faceted morphology. Similar cozonal
interactions were reported previously for {1121} twin variants [39].

However, the presence of active disconnections on the produced interfaces has not
been elucidated, and neither has their mobility been estimated. In this work, we analyze
disconnections likely to be active on the {1122} and {1121} facets using interfacial
defect theory. Moreover, twin—twin interactions arising from these twins and nucleated
{1012} twins are fully characterized. Since this work is three-dimensional, we rederived
the interfacial defect theory related to twin faceting and twin—twin interactions in a more
general way, which enables explicit atomic-scale characterization.

2. Methods
2.1. Atomistic Simulations

Molecular dynamics simulation is used to elucidate the dynamics of twin-twin in-
teractions for the cozonal {1122} and {1121} twin modes in titanium. Titanium was
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selected since it is a major structural material, it activates the {1122} twin (unlike Mg) and
has a highly accurate modified embedded-atom method/spline (MEAM/spline) potential
available Hennig et al. [40]. The {1122} twin is not captured correctly by many hcp
interatomic potentials due to the subtleties of its shear and shuffling [41] but is correctly
reproduced by the Hennig et al. [40], Dickel et al. [42] and Nitol et al. [43] potentials.

In this work, we used the MEAM/spline [40] and Rapid artificial neural network
(RANN) [43] potentials. The twin—twin interaction processes should be expected to be
similar for other hcp metals, which activate {1122} twins. Large-scale Atomic/Molecular
Massively Parallel Simulator (LAMMPS) [44] software was used, and a one femtosecond
timestep was employed in all simulations. The polyhedron template-matching modifier in
OVITO visualization software is used to color atoms and identify local orientations [45]. A
new RANN [46] potential for Ti was recently developed by Nitol et al. [43], which is used
to verify the twinning evolution produced by the Hennig et al. [40] potential.

This machine-learning-based interatomic potential shows outstanding performance in
density functional theory (DFT) accuracy for pure Ti, which accurately describes the «,
and w phases in titanium. RANN potentials [46] use physically motivated features based
on the MEAM formalism [47] and successfully show DFT quality results for Mg [48] as
well as Ti [43], Zr [43] and Zn [49]. The RANN Ti potential incorporates angular screening
similarly to MEAM potentials.

For {1122} twin interactions, a simulation cell was constructed and oriented such
that the x-direction was along [1123] with a length of 35.6 nm, and the y-direction was
along [1100] with a length of 21.2 nm. The z-direction had a length of 44.2 nm. Free
surfaces were used in x and z and periodic conditions in y.

A (1122) twin band oriented along [112 3] was inserted through the middle of the
simulation spanning from the -x surface to the positive x surface centered with respect
to the z direction. The width of the twin band was 4.3 nm. A (1122)twin embryo was
inserted above this band spanning from the positive z free surface to 4 nm above the (1122)
twin band oriented along the [1123] direction. This band was 2 nm thick. To insert these
bands accurately, an array of dislocation lines were introduced with the Burgers vector of
the {1122} twin spanning the area encapsulating the twin bands using the isotropic elastic
solution for line segments [50,51].

The elastic distortion fields imposed by this array were imposed upon the reference
atomic positions both inside and outside the twin embryos, hence accounting for the total
distortion in the crystal. Inside the embryos, additional shuffles were imposed, which
rearrange the atoms to the twin position as defined by El Kadiri et al. [41], replicating the
actual displacements of the atoms experienced during the twinning process.

For the {1121} twin interactions, a similar approach was used but with {1121}
twins. A smaller cell with smaller bands were used, which replicates the observed thinner
behavior of these twin embryos. This follows naturally from the fact that their shear is
three times that of {1122} twins. The simulation cell was oriented such that x was along
[1126] with a length of 34.8 nm, y was along [1100] with a length of 20.7 nm, and z had
a length of 43.7 nm. The twin bands were 1 nm thick and created similarly to above but
along twinning directions of [1126] and [112 6], with twinning parameters appropriate for
{1121} twins. For these simulations, the stress was concentrated to near the center of the
simulation box rather than the grips by introducing a ‘dogbone’ profile, as seen in Figure 1.

The simulation was first relaxed under an imposed load to stabilize the twin embryos.
Approximately ten layers of atoms on the top and bottom were then fixed to supply the
applied stress. An initial uniaxial stress of 1 GPa on the z-axis was imposed to prevent
detwinning. For the {1122} twin, the shear provides (c)-axis compression and for the
{1121} twin, the shear provides (c)-axis extension. After relaxation, the simulations were
equilibrated for 5 ps with the box dimensions fixed. Following this, a constant strain rate
was applied at 10°s~! along the (c)-axis, which was compressive for {1122} and extensive
for {1121}.
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Figure 1. Depiction of the initial setups. (a) Compression twin setup with inserted 4.3 nm{2112}
twin band and 2 nm {2112} twin embryo. The compression evolution is depicted at 0%, 1%, 3%
and 12.5% compression. (b) Tension twin setup with inserted 1 nm {2111} twin band and {2111}
twin embryo. The tension evolution is depicted at 0, 0.75%, 1.5% and 5.5% tension. These frames
were selected since they show most of the interactions found in the microstructural evolution of the
tension and compression cases here studied. The MEAM/spline potential was used here; however,
the results from that RANN potential were similar.



Metals 2022, 12, 895

5 0f 30

2.2. Interfacial Defect Theory of Twin—Twin Interactions

In order to develop a more complete interfacial defect theory for twin—twin interac-
tions, it is useful to reiterate interfacial defect theory for twinning and faceting. Much of the
discussion in previous literature has made use of small strain approximations or assumed
tilt facets. In the discussion that follows, neither of these are required, which enables a
more robust theory to tackle twin-twin interactions in a fully three-dimensional manner.

2.2.1. Disconnections and Dichromatic Patterns

Twinning dislocations and other defects, which are attached to an interface and impart
translational distortion are called disconnections. The role of the interface in their definition
become apparent when the classical method of identifying dislocations by the Burgers
circuit is considered. For a perfect dislocation in a lattice, a closed circuit is constructed
around it, and then the same circuit in a perfect reference lattice demonstrates a closure
failure between two symmetric points in the lattice.

These points are symmetric in the sense that if the lattice were shifted by the vector
difference between them, no change in the lattice would be visible. If the closure failure
does not connect symmetric points, then the dislocation is not perfect and will leave a
trailing stacking fault. This is seen, for example, for the Shockley partial (1010)/3, which
does not connect atom or lattice sites, and the (c + a) partial (2023)/6, which connects
atom sites in the HCP lattice; however, if the lattice were shifted by this vector, half of the
atom positions would change.

These same ideas are extended to defects abiding in an interface. A perfect defect
in the interface has a closure failure in its reference lattice, which connects symmetric
points. However, when constructing a closed circuit about the defect, half of the circuit goes
through the upper lattice and half through the lower lattice, as seen in Figure 2. Moreover,
many of these defects produce a step in the interface—a movement up or down of the
interface plane.

For these reasons, the reference lattice for the interfacial defect must be created by
interpenetrating the lattices corresponding to the crystals on either side of the interface.
This double reference lattice is called a dichromatic pattern—referring to one lattice as
“white” (A) and the other as “black” (u). The lattice points are made to coincide along the
interface and will deviate from on another progressively away from the interface. In this
way, a circuit may be constructed in the reference corresponding exactly to that around the
defect.

Starting at coinciding points on the interface, the half circuits through the upper and
lower lattices are traced forward and backward, respectively, leading to the closure failure
at the opposite ends of the half circuits, where, in the defected lattice, they meet at the
interface. In the reference lattice, these points will not only fail to coincide but also generally
fail to both be on the interface as seen in Figure 2 where the closure failure is seen below
the interface. This demonstrates that disconnections have two properties that arise from
the closure failure—the Burgers vector and the step height—unlike a dislocation, which
has only one. The step height is the distance from the closure failure to the interface in the
reference lattice.

The closure failure in the reference lattice is symmetric if it is a sum of symmetric
translations in both lattices. Since the contributing translation vectors from each lattice are
often nearly equal and opposite, disconnection Burgers vectors are generally much smaller
than lattice dislocations. There are also many more perfect disconnections than dislocations
since they are composed of the combinations of all perfect dislocations from both lattices.
For this reason, imperfect disconnections are rare.

As with dislocations, imperfect disconnections must leave a trailing stacking fault
(e.g., [31,52]). If this fault is superimposed on the interface boundary, the imperfect disloca-
tion may separate two interfaces with the same misorientation but different local structures.
The interface structure on either side of a perfect dislocation must be the same, although it
can be translated or mirrored [12].
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This work uses a combination of discrete math for lattices and the continuous math
of continuum mechanics along with tracking the orientations of up to three different
interacting lattices, each of which may be locally rotated or twisted to coincide along
interfaces. All told, this level of complexity requires some new and somewhat difficult
syntax to quantify in a consistent way, while the initial discussion will be difficult to follow
as the notation is familiarized, we think that the power of analysis it lends to twin—twin
interactions makes it worthwhile.

(@)
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Figure 2. Disconnection identification in the {1012} twin interface in Ti. (a) A closed circuit is
constructed around the interface defect. (b) Using a reference pattern showing the lattice positions
from both crystals coinciding at the original interface position, a reference circuit with closure failure
is constructed. The closure failure gives the Burgers vector and step height of the disconnection.
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R(a") =

Notationally, we will use syntax as follows to make the discussion mathematically
explicit. The vector v- represents a crystallographic direction in the A lattice represented
in a coordinate system aligned with the u lattice. Another vector w- with no superscript
represents a vector in the same coordinate system but not necessarily a lattice vector.

Matrices that map vectors from the y coordinate system to the A coordinate system are
denoted as M~, while ones that map y lattice vectors to A lattice vectors both viewed from
the y coordinate system are denoted as M- . The symmetric vectors t1- and t1- are used to
denote the symmetric translations from the black (1) and white (A) lattices, respectively,
such that:

b- = t1- — t1- (1)

The step height is
h = tl--i- )

where i- is the interface plane normal. t1- and t1- are not unique; there are an infinite
number of vector pairs (t2-, t2-), etc., that produce the same Burgers vector and step height;
however, the specific values of t1- and t1- become important hereafter. The deformation
gradient imparted by a disconnection moving along the interface is:

b-®i-

E:H-h ®3)

where I is the identity matrix. Using the definitions of & and b-, it may immediately be
proven that F- t1- = t1-.

The actual deformation of the atoms imparts a small simple shear, yet the resulting
twin has a misorientation from the parent, which can be large. The orientation of the twin
may be computed as follows. The axis of rotation is given by:

a-=b- xi- 4)
and the angle of rotation may be computed to be:

0,1 = arccos (f . <E>> &)

A

where (c) is the [000 1] direction.
A rotation matrix may be defined as a function of axis and angle:

cosf + dy?(1 —cosf)  dydy(1—cosf) —d,sinf dydz(1— cos) + dysin 6
dydy(1 —cosf) +dysinf  cosf+d,*(1—cosh)  dydz(1—cosf) — dysin® (6)
A2 (1 — cos0) —a,sinf dzdy(1—cosf) +dysin®  cos6 + d*(1 — cosb)

Thus, the rotation from the y coordinate system to A coordinate system is R~ =
R(a-,0,,). The notation here indicates that R~ maps the coordinate system from y to A.
The related rotation R- = RE maps crystallographic vectors from y to A while both are
expressed in a coordinate system aligned with .

Since Equation (5) always produces a positive angle, it is necessary to verify that
R(a-, 0ur/ 2) i- = (c)-, since a rotation halfway from y to A should orient the interface plane
along the (c), direction. If the verification fails, redefine 6, = —0,,, and R~ = R-T.
Once R~ is known, any crystallographic vector may be rotated from a y frame to a A frame:
v = R-v-.

2.2.2. Lattice Correspondence

All martensitic transformations, including twinning, enforce a uniform lattice cor-
respondence, meaning that all atoms along any crystallographic direction in the parent
are mapped uniformly to a crystallographic direction in the twin [26,53,54]. Likewise,
all the atoms making up one plane in the parent are mapped to a specific plane in the
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twin by the simple shear deformation on the twin plane in the twinning direction. These
observations are useful to help characterize faceting and twin-twin interactions because
facets preserve the same lattice correspondence as the twin plane, and twin-twin interfaces
must correspond to the same original plane as in the parent when mapped back through
either twin.

We can define a certain twinning process by three lattice vectors. a- = a- is the twin
axis, which is the same lattice direction in the twin and parent. g- is a vector lying in the
twin plane, generally along the twinning direction, although this is not required. g- will
be in the same crystallographic family as g-, but its specific variant will differ. g- = Rlg.
and g- have the same magnitude and direction when the y and A lattices are oriented and
aligned to create a twin interface.

Since a- = a., this forces all crystallographic vectors lying in the twin plane to be
symmetric between p and A as they may be expressed as a weighted sum of g and a.
g- should be selected to be a full lattice vector in the twin plane, which is as small as
possible and independent of a-. Finally, the vectors t- and t. define the out-of-plane lattice
correspondence. These vectors may be obtained from a Burgers circuit as in Figure 2 or
from the literature. t- and t generally do not have the same magnitude or direction. Once
these vectors are defined, any vector in 4 may be expressed in terms of a, g and t as:

vt, = [a-gt] v @)

where the exponent —1 denotes matrix inversion and [a-g-t-] is a 3 x 3 matrix composed of
three vectors. The new vector vt; defines rational fractions of a, g, and t. v- may be scaled
by a small integer to make all the components of vt integers. The mapping of v- to v- is
given by:

v = [agt|v = R-F v, ®)

Thus, a description based upon the deformation gradient, Burgers vector, rotation
from yu to A orientations and interface normal is redundant with the lattice correspondence
method; however, they have differing strengths, and so the derivation below relies upon
both of them. The complete lattice correspondence matrix is:

C = |agt|[agt] " =R-F ©)

where the notation indicates that C simultaneously transforms the coordinate system from
u to A and transforms y lattice vectors to A lattice vectors.

2.2.3. Twin Faceting

Faceting occurs when a series of identical straight line disconnections pile up with
uniform spacing such that their spacing and step heights effectively create a new, difference
interface. When the spacing is ideal, the core structures of the individual disconnections
homogenize so that they are no longer observable, and instead a complete new interface
is seen. In HCP materials, faceting is observed for all twin boundaries. Facets append
low-index planes and obey the same lattice correspondence as the twin from which they
arise.

This means that the matrix C has the exact same values along the facet as the original
twin interface; however, R and F are both different. Tilt facets are created from edge
disconnections and may be characterized by viewing them from the twin shear plane.
Mixed and twist facets also occur from mixed and screw disconnections and may be
similarly characterized—although the process is somewhat more complex. For tilt facets, it
has been useful to graphically analyze their formation and movement using trichromatic
patterns. However, these do not generalize well to twist and mixed facets, and thus our
description here relies entirely on analytical rather than graphical methods.

In order to describe the total dislocation content of a facet, which may be as large
as a dozen disconnections from which it forms, the total disconnection Burgers vector is
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divided into components along and normal to the new interface. The component normal to
the new interface produces a disclination dipole with poles at the two facet junctions.
Then, the remainder of the Burgers vector content becomes a coherency strain in the
new interface. This rotation and strain, along with the deformation from defects moving
on the interface, effect the same global deformation as the deformation on the original
interface. To make these concepts more explicit, it is useful to use the vectors t- and t-.
For a given facet plane, if-, t- should be selected such that it lies within it. This may be
accomplished by recognizing that t- is not unique, and new valid values may be obtained
by
tf- = st + ma- + ng- (10)

where n and m are integers. s generally should be unity; however, other small integers can
occur. tf- should be accompanied by tf- as

tf = st + ma- + ng-, bn- = tf- — tf- = sb- (11)

If s cannot be unity to create tf- such that it lies on the if- plane, it means that formation of
the particular facet requires the pile-up of multiples of s disconnections.

The original interface, i-, is assumed to be a symmetric twin plane for convenience. If
the misorientation between u and A is defined by the original interface, then the interface
planes of the new facet will generally not align if- # if-, because the misorientation across
the new interface or facet differs from that of the original interface. (if- = F-if-.) There is a
line defining the intersection between the facet plane and the original interface:

af- = i- x if- (12)

This vector defines the axis of rotation for the disclination dipole, which has a strength
given by:

6f, = arccos (ﬁ . i%:) (13)

The angle and axis are then used to define the disclination rotation matrix, Rf- =
R(af-, 0f,). Since Equation (13) always produces a positive result, the sign should be
checked to ensure REif- = if- and if not, redefine 0 fu = —0f, and Rf- —> RE

In some previous literature, the facet rotation was applied entirely to A to create a new
lattice x such that the local interface reference structure was represented by a dichromatic
pattern between y and «. In other literature, both lattices were rotated equally so that a new
interface was formed between u and A’ lattices. The latter approach is better representative
of the elastic partitioning of distortion—although the final deformation after passage of
the interface and the local structures are identical in both approaches. Herein, we apply
equal and opposite rotations to both lattices for the sake of thoroughness. Therefore, new
rotation matrices may be defined:

Rf = R(af,0f,/2), RE = R(af, —6f,/2) (14)

which rotate tf- and tf- as
t = RE tf, tf = Rftf (15)

Additionally to the rotation into the plane, there is an in-plane rotation and strain,
which aligns £ and t together. This may defined as:

(tf:/ - tf:/) ® af-
tf - af-

=1~

FE =1+

(16)
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Similarly to the rotation, the in-plane deformation is partitioned equally between p’

and A/
-1 ! e 1
o = Bt

2
Ff:/-// 14 (tf: —_::f: )®af—
ek 17)
e _ (tf. iff- )mf—
tf- -af-

FE” = F"FE

Once a new facet has been created, which stores this deformation from the original
interface, it may be lengthened, shortened or migrated by interactions with disconnections
colliding with the facet junction. Suppose a new disconnection with Burgers vector b- on
the original twin boundary comes to the facet junction. The different possible reactions
between this disconnection and the disclination at the facet junction may be represented
by the various possible values of tf- as specified in Equation (11). If tf- lies on the plane
if-, then it will be absorbed and will lengthen the facet by tf-. Inversely, the facet can emit
disconnections while shortening itself.

In general, a disconnection at the facet junction will be altered by the lattice alterations
u = p"’" and A = A", If we consider all possible products of Equation (11) including
those that do not lie in the plane of if- and refer to them as tfn-, then the facet junction will
transform the incoming disconnection in the following manner:

bn- = tfn. — tfn-
bf- = tfn_ — tfn”’

11 v/

tfn. = Ff.'Rf. tfn (18)
tfn. = Ff.'Rf- tfn-
hf =€ -if

In this process of disconnection transformation, the disclination pole is moved by the
vector tfn-, which alters the Burgers vector of the disconnection. The straining again alters
the Burgers vector. The final disconnection may have an entirely different Burgers vector
magnitude and direction than that on the original interface, yet the transformation process
is entirely conservative, and the total Burgers vector content is conserved. All that changes
is whether the deformation is stored in a local disconnection core or within a facet.

If if and bf- are both not zero, the new disconnection produces a step in the facet,
which causes it to migrate as the disconnection moves. Disconnections produced by
disconnection transformation from glissile defects should likewise be glissile. They often
have non-zero Burgers vector components normal to the new interface, yet remain glissile
because this dilatory volume change is canceled by the volume change from the movement
of the in-plane strain.

The Burgers vector content stored within the disclination dipole and the in-plane
strain are given by:

dfr = (Rfi“’fi - fi) - (Rf."fi — fi)

~I el ol ool - ~I=I1 — -~ — -~ (19)
st = (F£RE'E —RE'E) — (FERE'E — REF)
where f- refers to the lattice vector corresponding to the complete distance between the
disclination poles comprised of the successive additions of tf- vectors.
Notably, the lattice correspondence for a twin facet should be the same as the original
twin; thus,

—/ v/ —//I!

C: =Coy = Copon (20)
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This means that, if the atoms that make up a particular crystallographic plane in y are
mapped to a certain crystallographic plane in A by the twin plane interface, then they will
be likewise mapped to the same A" plane by the facet.

Recently, tilt facets for {1122} twinning in Ti were reported, which notably do not
obey these rules for facet formation [10] and lattice correspondence. In that work, it was
argued that the facets that actually formed had substantially lower interfacial energy;
however, the formation mechanism was unknown. In our results below, the facets expected
by interfacial defect theory are observed; however, we suggest that they might observe or
emit dislocations to reduce their boundary energy, producing the modified facets observed
in TEM.

2.2.4. Twin—-Twin Interactions

Twin-twin interactions may be characterized by appending the faceting and lattice
correspondence properties of two different twins, which collide to produce a new interface.
Any interface generated between one twin and another must correspond on both sides to
the same plane in the parent. Thus, twin—twin interactions are analyzed as follows. We
denote the first twin’s lattice as A as above and the second twin’s lattice as k. In principle,
any low index plane in the parent can become a twin—twin interface; the best candidates
may be found using lattice correspondence, results from transmission electron microscopy
or atomistic simulations.

To analyze these interactions, we begin by defining two lattice vectors in the parent,
which will span the interface: til- and ti2-. The interface normal in y is given by:

ii- = til- x ti2- (21)

Next, we use lattice correspondence to find the corresponding vectors and planes in A
and «x: 5 - o
til. = C-til-, ti2. = C-ti2-
tile = CTtil, ti2o = Coti2-
il = til- x ti2
i = tilo x ti2.

(22)

The vectors til and ti2 defined in this way will always be rational fractions of lattice
vectors in A and k; however, full lattice vectors should be used. Thus, if til or ti2 is not
a full lattice vector in A or x, it should be scaled by its denominator in all lattices. Using
the misorientation matrices, R~ and R, these vectors are rotated into a coordinate system
aligned with u.

til- = R-TH1., ti2- = R-Tti2
til’ = R-TH1., ti2" = R-Tti2° (23)
ii- = RLii., ii- = R~Tiic

As in the case of facet formation, the formation of the twin—twin interface includes
creating a disclination dipole, which appends ii- to ii- and an in-plane deformation, which
aligns ti1- to til- and ti2- to ti2". These may be computed similarly to those created by
faceting. The disclination axis and strength are computed as:

ai- = ii- x ii’, 6, = arccos (il i), Ri” = R(ai-, 0iy) (24)

where the sign of 0i, should be chosen such that Ri‘ii. = ii-. Asin faceting, the rotation is
partitioned equally between A and « to produce locally rotated lattices A" and «:

Ri- = R(ai’,0i,/2), Rii" = R(ai-, —6i,/2) (25)
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We also define the in-plane deformation similarly:

ti1” = RiZ'ti1, ti2” = Ri. ti2:
ti1” = RiZti1:, ti2” = Ri~ ti2-

A . . v
1 = i = T p = gip” = B2 TE2
i’ = Ri‘'ii5, i = Ri’"ii’ 26)
o1 oL e |
Fi” = [til-”tiz-”ii-’} {til-ltiz_’ii_’}
Fi:/v// _ [tiliﬁtizi//ii:,} |:ti1:/ti2:,ii:,:| —

As with faceting, twin—twin interfaces can react with incoming disconnections, emit
disconnections, or in some cases have glissile steps, which move the interface. These
reactions may be assessed similarly to facets in which the lattice vectors from which the
disconnection is constructed are deformed by the action of the rotations and strains to
produce the resultant disconnection. We refer to the lattice vectors in this scenario as tin;
they can be generated from Equation (10) by selecting various values of s, m and n. As
with t1 and t2 above, tin should be a full lattice vector in the parent and both twins, if itis a
fraction in any of them, it must be scaled by its denominator.

bin- = tin- — tin-

. N .o .o
bin- = tin- — tin-

bin- = tin- — tin-

It N “ 27
tin”’ = Fi''Ri’"tin’ (27)

tin”’ = Fii"'RiZ"tin
tin- = Fi- tin- = RLC tin-

In general, one incoming disconnection on the y — A interface may react at the twin—
twin junction and produce two defects, one in 4 — k and the other in A” — k”. Alternately,
two defects may meet at the junction to create one product. For certain values of t, one or
the other of these defects may have no Burgers vector, thus, indicating that only a single
product is produced. This is, in fact, how the twin—twin interface nucleates. Geometrically,
all defects produced this way are glissile, although some products may not form or move
easily. 4 — x and u — A defects defined by these equations are geometrically required to be
integer multiples of the standard twinning dislocation.

The lattice correspondence for A — x or A” — x” is simply:

oIl o —~ 1]

Cv//v// - (:w - C-va (28)

In some cases, this lattice correspondence may correspond to a new twin boundary
between the two original twins.

2.2.5. Double Twinning

Double twinning, when a twin nucleates within another twin and then forms an
interface with the parent, is locally the same process as twin—twin interaction but viewed
from a slightly different perspective. The lattice correspondence is given by rearranging
Equation (28):

C- =C-C- (29)

Likewise, the misorientation may be computed as:
R~ = R-R-~, (30)
and the total deformation gradient is given by rearranging Equation (9):

F = RrRIC. (31)
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The interface of a double twin is typically not highly symmetric as with a single twin
but is comparable to facet interfaces, which include local strains and rotation to bring the
appropriate crystallographic vectors and planes into correspondence. In most cases, the
double twin interface is close to or exactly the same as the interface of the first twin. We can
define the interface by giving two vectors in p, which lie within it: td1- and td2-, and then
the analysis proceeds much like faceting. Similarly to Equations (21)—(27), the disclination
strengths at the triple points, the coherency strain deformation, etc., are all computed:

td1- = F-td1-, td2" = F-td2-
id- = td1- x td2., id: = td1- x td2-
ad- = id x id’, 0d;x = arccos (id" - id")
Rd" = R(ad-,0d,), Rd" = R(ad-, —6d,)
1 = = 42-t1, ) 0 — ! = & +2-t27 (32)
id” = Rd7id;, id’ = Rd."id:
/=11 =11 ~// -/ -/ -/ -/ -1
Fd'” = [td1_ td2” id-] [tdl_ td2” id_}

v/

Fd" = [tdli”tdzi/’id:/} [tdﬂtdzi’idi/} -

Using a probe vector generated by Equation (10), tdn-, valid disconnections on the
double twin boundary may be explored. As with tin, it must be a full lattice vector in the
parent and in the double twin. Triple point reactions between the double twin interface
and two twin interfaces may be analyzed as follows.

bdn- = tdn- — tdn-
bdn- = tdn. — tdn-
bdn""" = tdn” — tdn-

tdn” = Fd” " 'Rd”tdn (33)
tdn." = Fd”"'Rd”"tin’
tdn- = F- tin-

2.2.6. Compound Reactions

The mathematics of compound reactions between double or triple twins and other
single, double or triple twins up to arbitrary order may be derived for an interface spanned
by given vectors in i by simply continuing to compute in order the appropriate lattice cor-
respondences, misorientations, disclinations, deformation gradients, etc., using Equations
(29)-(31) and then Equations (21)—(27).

In some cases, triple point lines will separate multiple interfaces, which are rotated
and strained into coherency. In this case, disclination poles from different dipoles will be
superimposed on the same point and the disconnection reaction equations will have to
incorporate the distortion from multiple interfaces. For example, suppose y-A is a double
twin interface, which is strained to be locally coherent. This interacts with another twin
of the parent, ¥, which has a naturally coherent interface with yu but must be strained into
coherency with A. Then, a probe vector, ten for a reaction affecting all three interfaces
would be expressed as:

ben. " = Fd''Rd"ten” — FdZ7'Rd” ten:
~lI~l ~/~!

ben”” = Fii"'Ri.“ten” — Fi© 'Ri- ten” (34)
ben- = ten- — ten-

Remarkably, some of these complex reactions produce highly symmetric (and mobile)
interfaces, which make them worthy of investigation. In our results, we characterize a
{2111}-{1102} double twin interacting with a {1102} twin in the parent to form a
{1103} twin boundary. The mathematics presented here are exactly confirmed by the MD
simulations that the {1103} boundary is produced and that the lattice correspondence
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matches the fundamental two-layer disconnection on that boundary reported by Wang
etal. [33].

3. Results and Discussion
3.1. Synopsis of Results

The evolution of the twins under loading is depicted in Figure 1. In the case of tension
with {1121} twin embryos, the twins rapidly intersected and formed a stable interacting
boundary. Over time, both thickened and formed some short tilt facets. Eventually, {1012}
tension twins also nucleated and interacted with the {1121} twins. One {1012} twin
nucleated in the parent and another within the {1121} twin, and these twins subsequently
formed an interface with one another.

The results did not show any substantial differences between the RANN and MEAM/
spline potentials. In compression, the observed results were more complex. The shorter
{1122} embryo was repelled from the other {1122} twin and detwinned almost entirely.
The larger {1122} variant grew and thickened before nucleating {1121} twins within it.
In the MEAM/spline potential {1124} twin facets were observed but not in the RANN
potential. Both potentials nucleated facets on the basal and prismatic planes, as has been
previously reported.

In what follows, we analyze the specific interfaces and their interactions beginning
with the observed facets from both twins and proceeding through the twin—twin interac-
tions, making extensive use of the mathematics developed in Section 3. For Ti, we take
a =295.08 pm and c = 468.55 pm. Most of the calculations are done numerically in three-
dimensional orthonormal coordinates aligned with the parent and the box such that x- =
[2110]/3,y-=[0110], z- = [0001]. The Miller-Bravais lattice vectors are mapped to these
coordinates by

3a 3
[a1a2a3¢1] — [zla (2a2+a1)%a clc] (35)

In this mapping, the magnitudes of a and ¢ are also included so that the last value is
scaled by c and the first two by a. Likewise, planes are mapped to this system by:

V3m ay o V3
2a a 20 '2¢

(a1aza3¢1) — l (36)

The results from the interfacial defect theory above are presented numerically for the
faceting and interaction results. For facets, analytical results may be reasonably derived and
are applicable to most hcp metals; however, more complex interactions and double twins
become too cumbersome to represent analytically. Therefore, all calculation results herein
are presented numerically. Moreover, because of the three-dimensional nature of many of
the reactions, dichromatic patterns are not always practical, and thus our analysis avoids
them—obtaining results strictly through mathematical calculation rather than graphically.

3.2. Tilt Faceting onto the {1122} Boundaries
The twinning disconnection for the (2112) twin is [55-57]:

i’
NZEE 2(92 -2
b3; = "6+ , h= 37’7’ 5 = (77) (37)
0 2V +1 3

in coordinates along the interface, where v is the c/a ratio. The twinning disconnection
Burgers vector is aligned along [2113].
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The lattice correspondence matrix for this twin variant is:

_ [-033333333 0.0 —0.83969694
= 0.0 1.0 0.0 (38)
1.058583 0.0 —0.33333333

3.2.1. The {2111}||{0001} Facet

According to Morrow et al. [4] and Wang et al. [10], the {11 52} twin facets onto
the {0001}||{2112} asymmetric tilt boundary. This, however, conflicts with the lattice
correspondence for {1122} twinning, which prescribes that the {0001}||{2111} facet
should be produced.

There are at least two possibilities for these unusual facets: either they are formed by a
different process of facet nucleation, which can be achieved by emitting lattice dislocations
as the facet is formed, or they are formed from the pile-up of four-layer disconnections,
which easily form short {0001}|[{2112} facets unlike the observed three-layer discon-
nections. The facet appears to lie exactly between {0001}||{2112} and {0001}|[{2111},
differing 7° from both of them. This is mainly a result of it being too short to easily
characterize.

Examination of the facet lengths in Morrow et al. [4] indicate that two of them are
~ 1.0nm in length while the longest is ~ 1.5nm long. Thus, the lengths correspond closely
to pile-up of two and three disconnections three-layer disconnections, respectively, but do
not match well with an integer multiple of the minimum {0001}|[{2112} facet length.
There are also other issues with the possibility of {0001}||{2112} nucleation: the four-
layer disconnection has an opposite sense of shear from that of the three-layer disconnection
and would accommodate (c)-axis tension, as was noted by Wang et al. [10].

In our molecular dynamics results, {2111}|[{0001} and {0001}|[{2111} facets
were initially produced as shown in Figure 3. However, the interface structure was highly
distorted, and in one case, a (202 3) /6 dislocation was emitted leaving an I; fault trailing
to the interface and leaving the interface structure somewhat closer to {2111}||{0001}.
Thus, we hypothesize that the {2111}|[{0001} facet forms conservatively as with other
observed facets but is unstable and decomposes into {2112}|[{0001} by interacting with
lattice dislocations, which induce rotation of the interface plane from {2111}||{0001}.

View direction: [0110]||[0110]

,, ) -
7S 0 000000000000000997
F')A ’Q&Q:?;ooooiooooouovoooooooo
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\ : 25 9
Y N\ 20000000 TIOOVITTE
ol \‘2\'&\)::::.00000“‘5"“'...”

N , 98988888
TP 20 00000000OVSPITT e
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g xE o ooooooooooooooOOOOC
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Figure 3. Facet between the (2111) plane of the parent and the (0001) plane of the twin. The
(2112) twin plane interface is also visible in the upper portion of the figure.
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The vector tf- is taken to be [2 TT6_] /3.if- = (2111). From the lattice correspondence,
tf.=[2110] and if- = (0001). af- = [0110] since this is a tilt facet. We find that 6f, = 8.118°.
This gives the following:

[ 0.99749151 0.0 0.070786187 099749151 0.0 —0.070786187

Rf = 0.0 1.0 0.0 ] RE = [ 0.0 1.0 0.0 ] (39)
| —0.070786187 0.0 0.99749151 0.070786187 0.0  0.99749151
[ 0.99333176 0.0 —0.016895743 1.0074006 0.0 0.018751299

Ff = 0.0 1.0 0.0 , FE = 0.0 1.0 0.0 (40)
| —0.016895743 0.0 0.95719017 0.018751299 0.0 1.0475114

Selecting tfn- = [4223]/3, with a corresponding lattice vector tfn. = [4223]/3, we
find that the disconnection transforms to:

0.1825853
bf-=a
0.034612401

—0.0 ] hf = 1.43074456 (41)

In coordinates aligned with the interface such that x; = [0110] and z; = if, this is
represented as:

—-0.0

bf; = 4 0.099224991 (42)
0.15712992

Choosing different values of tfn- will generally lead to results that are either equal to

or integer multiples of tf- or tfn- as given above.

3.2.2. The {2118}|[{2110} Facet Interface

We use the same twin variant (2 T_T_Z) and thus the same lattice correspondence matrix
and rotation matrix. The {2118}||{2110} facet was observed using both potentials in our
simulation results as shown in Figure 4.

View direction: [0110](/[0110

Figure 4. (2112) facet onto the (2118)||(2110) interface. A mobile one-layer step is visible on
the interface.
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—/

Rf-

==

Ff-

As with the {2111}||{0001} facet, this one is presumed to be unstable and sponta-
neously decompose into {2116}||{2110}, which was observed by Wang et al. [10].

Proceeding with the analysis as above, tf- is taken to be [8443]/3, af- remains [0110]
and if- = (2118). The lattice correspondence gives if-= (2110). 0,1 = 3.94527°, which
gives the rotation and strain matrices as:

[ 0.99940738 0.0 0.034422156 0.99940738 0.0 —0.034422156
0.0 1.0 0.0 ] R = [ 0.0 1.0 0.0 ] (43)
| —0.034422156 0.0 0.99940738 0.034422156 0.0  0.99940738
1.0448588 0.0 —0.019620853 0.95947282 0.0 0.017726244
0.0 1.0 0.0 ] Ft ' = 0.0 1.0 0.0 (44)
| —0.019620853 0.0  1.008582 0.017726244 0.0 0.99224669

_ Disconnection transformation onto the new facet is computed using the value tfn- =
[1100]. From the lattice correspondence, tfn. = [1123]. We find that the disconnection
transforms to:

—0.017557534
bf-=a
0.066008642

0.0 ], hf = 0.55344079 (45)

In coordinates aligned with the interface such that x; = [0 1 TO] and z; = if-, this is
represented as:

0.0
bf; = a | —0.042538102 (46)
—0.053440786

3.2.3. The {2114} Twin Facet

Using geometric considerations alone, every hcp twin may produce a facet onto its
conjugate twin interface. However, energetic considerations may prevent some of these
possible facets from forming. This facet is shown in Figure 5.

View direction: [0110]|([0110]

Figure 5. (2112) facet producing (2114) twin interface. The facet disclination is large, thereby,
producing evident distortion of the parent lattice orientation. The interface produced by the
MEAM]/spline potential for the (2112) and (2114) interfaces sometimes showed significant distor-
tion during twin-growth reminiscent of the « to w phase transition.
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Proceeding with the analysis as above, tf- is taken to be [4223]/3, af- remains [0110]
and if- = (2114). The lattice correspondence gives if-= (2114). 6,, = 12.4915°, and this is
very large for facet formation. The facet formation elastic energy scales with the disclination
strength squared [58]. This may be why the facet is not observed with the RANN potential.
Experimental validation would be needed to determine whether a facet with such high
distortion can actually form. The rotation and strain matrices are:

0.99406438 0.0 0.10879341] 0.99406438 0.0 —0.10879341
Rf = [ 0.0 1.0 0.0 , RE = [ 0.0 1.0 0.0 ] (47)
—0.10879341 0.0 0.99406438 0.10879341 0.0  0.99406438
1.0 00 0.0] 1.0 00 0.0
Ff = [0.0 1.0 00|, F£" = [0.0 1.0 0.0] (48)
00 0.0 1.0 00 0.0 1.0

As expected, the computation shows no in-plane strain on the new twin interface.

Disconnection transformation onto the new facet is computed using the value
tfn- = [1100]. From the lattice correspondence, tfn. = [1123]. We find that the disconnec-
tion transforms to:

—0.17275028
bf-=a
—0.10879341

0.0 ] hf = 0.93269323 (49)

In coordinates aligned with the interface such that x; = [0110] and z; = if-, this is
represented as:
—0.20415353
bf; =a { 0.0 ] (50)

0.0

The Burgers vector has no z component in this reference because there is no in-plane
strain. This is the standard twinning vector for {2114} twins.

3.3. Faceting on the {1121} Boundaries
According to Serra and Bacon [55], the {1121} twin has a Burgers vector and step

height given by:
1
1 0% 1
bj=—F———=| 0 |, h=———es, s=—— 51
2y/4v? +1 ( 0 ) 2y/4v?+1 i b
The Burgers vector direction is [2116]. The lattice correspondence matrix is:
-1.0 0.0 -0.6297727
C-=1]00 1.0 0.0 (52)
0.0 0.0 -1.0

The {1122}||{1120} Facet Interface
We use the values t- = [1210], g- = [1213]/3 and a-[0110]. The {2110}|[{2112}
facet was observed using both potentials in our simulation results as shown in Figure 6.
Proceeding with the analysis as above, tf- is taken to be [2113]/3, af- remains [0110]
and if- = (2112). The lattice correspondence gives if. = (2110). 6, = 2.7554°, which
gives the rotation and strain matrices as:

Rf- = 0.0 1.0 0.0
0.024043109 0.0  0.99971092

0.0 1.0 0.0
—0.024043109 0.0  0.99971092

(53)

0.99971092 0.0 —0.024043109] [0.99971092 —0.0 0.024043109}
3 , Rf-
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Ff- = 0.0 1.0 0.0
0.035439877 0.0 0.94661688

0.0 1.0 0.0 (54)

» 097647225 0.0 0.035439877
—0.041882283 0.0 1.0630873

[ 1.0278047 0.0 —0.041882283

Disconnection transformation onto the new facet is computed using the value tfn- =
[1100]. From the lattice correspondence, tfn. = [1010]. We find that the disconnection

transforms to:
0.21588149
bf- =a

0.0 , hf =1.2692674a (55)
—0.74235214

In coordinates aligned with the interface such that x; = [0110] and z; = if, this is
represented as:

0.0
bf; = a|0.73787124 (56)
0.23073263

View direction: [0110]||[0110]
QIIVIINVIIIIDO

Figure 6. (2111) twin facet onto (2112)[[(2110). A one layer step is visible in the interface.

3.4. {1121} Twin-Twin Interactions

As seen in our results, the two cozonal {1121} twin variants readily interact to form
an interface, which appears to be the {1122} twin. Similarly, we found a double twin,
{1121} within {1122}, which forms a {1121} interface with the parent. Using the
mathematics described above, these reactions can be explicitly quantified, confirming that
the standard {1122} twin interface is produced by two interacting {1121} twins. The
twin—twin interaction is depicted in Figure 7.

By inspecting the figure, we may identify the vectors: t1- and t2-, which span the new
interface. One of these is the axis t1- = t1- = t1. = [0 110], which is common to the parent
and both twins. The other vector is t2- = [0001]. In some cases, it may be more practical to
first identify 2° or t2. and use the lattice correspondence matrix to derive t2-. The interface
normal direction in y is computed as [2110]/3. The specific variants of {1121} twinning
active in Figure 7 are (2111) in green and (2111) in yellow. The lattice correspondences
for these twins are:

0 1 0 0 1 0
0 0 -1 o o0 -1

_[-1 0 —062077270]  [-1 0 062977270
c- = , C- = (57)

The rotation matrices are:
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—0.81958221 0 —0.57296160 —0.81958221 0  0.57296160
R~ = 0 1 0 , Re= 0 1 0 (58)
0.57296160 0 —0.81958221 —0.57296160 0 —0.81958221
Computing the interface normal directions using these matrices, we find:
ii- = [0.99884386 0 0.04807232] Tl = [0.99884386 0 —0.04807232] ! (59)

From these, we find that the triple point disclination has a strength: i, = 5.5108°. If
the A normal direction is rotated into a A reference frame: ii- = R~ii- and then converted
back into a four-index plane, the plane coordinates (2112) are produced. Likewise, doing
the same in x produces (2112). This, along with the axis of [0110] lying in the interface
with the same indices in coordinate systems aligned with either twin, confirms that the

interaction produces a (2112) twin.

View glirection: [01iQ]|_|II©1i@II| |[[0110]

g RN | st W S
[ hola, %o, N AN
\-/ (2111) /Parent {w)

A A

&
i/
~

‘!'
g,
i
7,

88

v
78,

';‘{’{

7

SRAN

g
N

I ADAT DY
/A2112)
~

—~

L

2,
~

,u!—
200
g8

&,
7

%
288
<

L
?ZE

Figure 7. Twin—twin interaction between co-zonal (2111) (yellow) and (2111) (green) twins. The
twin-twin interface was a (2112) twin boundary, which had limited mobility as visible in the figure.
Steps could nucleate and move in the new boundary; however, the triple points cannot conservatively

move left or right.

Finding ai- is the next step; in this case, it is trivial: ai- = [0110]. With the angle and
axis, we determine the local rotation matrices Ri. and Ri”’ and the interface coherency
strains. As with the case of faceting onto the {1124} twin interface, coherency strains to
produce this twin interface may be explicitly computed to be nil.

0.99884386 0 0.04807232 0.99884386 0 —0.04807232
RiZ = 0 1 0 , Rii’ = 0 1 0 ,
—0.04807232 0 0.99884386 0.04807232 0  0.99884386 (60)
100 100
Fi'=|0 1 o, ii"=1]0 1 0
00 1 00 1

If we consider a twinning disconnection, b- moving on the y — A interface toward
the triple point, multiple reaction values are possible depending upon the selection of tin-,
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much like in the case of faceting. We observed the movement of the triple point by the
disclination dipole reacting with incoming disclinations. A couple of different cases are
noteworthy. First, we consider the case: tin- = [0001]. From this, we obtain:

[—0.090208894
bin- =a 0 , hMN = 0.476914854
| 0.2864808
[0.090208894
bin- =a 0 , W = —0.47691485a (61)
| 0.2864808
0
bin~ = |0], W' =0
0

This vector represent a disconnection coming from the y — A twin interface, which
moves the triple point in the positive z direction and emits a twinning disconnection on the
ux interface. Thus, the new twin-twin interface is grown by this process. The total defect
content left on the A" — «” interface is nil.

Secondly, we consider a probe vector of [1210]/3. From this, we obtain:

[—0.090208894]
bin- =4 0 , h' = 0.47691485a
| 0.2864808 |
[—0.090208894]
bin- =a 0 , W = 0.47691485a (62)
| —0.2864808 |
0
bin_ =4 0 , W' =0.423089124
—0.53289996

This vector represents the triple point moving to the right by absorbing a disconnection
coming from the y — A twin interface and emitting disconnections on the ux and A”«”
interfaces. Notably, the produced disconnection on the A”«” interface is not the standard
twinning disconnection. Rather, it has a step height one third the standard value and
a Burgers vector substantially larger and with the opposite sense of shear. Since this
disconnection is not observed experimentally, we hypothesize that any geometric reactions
that produce it are energetically suppressed. Our simulations support this hypothesis as
the triple points for this twin—twin interaction are uniformly seen to move up and down,
along the (c), direction, however, never in any other direction.

The failure to produce an active defect on the A”x” interface is also reflected in that
the lattice correspondence matrix C.,o as produced by Equation (28) does not match the
one produced for (2112) twinning by Equation (9):

o - 1 00 -12595454] —0.33333333 0 0.83969694
CX{(2111) - (2111)} = [0 1 0 , C{(2112)} = 10 1 0 (63)
0 0 1 ~1.058583 0 —0.33333333

The lattice correspondence produced by double twinning corresponds exactly to a
{1122} one-layer disconnection, which is observed by some atomistic potentials but does
not match the experimental results.

3.5. {1121}-{1012} Twin Interactions

Unlike the previous results, {1121}-{1012} interactions are fully three-dimensional
and thus more challenging to analyze. Nevertheless, the mathematical framework was
derived for fully 3D interactions so the process proceeds similarly to above. Figure 8 shows
an interaction between a (2111) twin and a (1102) twin.
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View direction: [0110]||[0110]||[1121]
", - O aote View direction: [1123]|([1125]||[2110]

.....

esumuTedele
sigRcsais:

(©)

Figure 8. Twin-twin interaction between (2111) and (1102) twins. Three points of view for the
interaction are displayed to aid characterization. The (1102) twin interface is a basal-prismatic
boundary as can be identified in (a,c). The (2111) twin plane boundary can be identified from (a,b),
as can the new interface between the twins.

By observation of Figure 8, the vectors t1- = [0110] and t2- = [1123]/3 are chosen.
The lattice correspondences and rotation matrices are given by:
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-1 0 —0.6297727 0.25 0.4330127  —0.94465905
cC=]|0 1 0 , C. = | 04330127 0.75 0.54539916
0 0 -1 0.79393724 —0.45837988 0 (64)
—0.81958221 0 —0.5729616 0.31501875 0.39547411 —0.86276498
R~ = 0 1 0 , R~ = 1039547411 0.77167292 0.4981176
0.5729616 0 —0.81958221 0.86276498 —0.4981176 0.086691671
From these, we find the interface normal directions:
) 0.9538297 ) 0.94239658
ii- = 0 , ii- = | —0.022604357 (65)
0.30034796 0.33373301

These correspond to the (2111) and (0112) planes, respectively. The disclination
strength, which is the angle between these plane normals, is 0i), = 2.40129645°. The axis is
computed by Equation (24), and thus the rotation matrices become:

[ 0.99978621
—0.010812676
| 0.017624354
[ 0.99978621
0.010752767
| —0.017660969

0.010752767
0.9999361
0.0034904601
—0.010812676
0.9999361
—0.0033002033

—0.017660969 ]

—0.0033002033
0.99983859 |
0.017624354
0.0034904601

0.99983859 |

(66)

Since the (2111) and (0112) planes are not coherent, finite in-plane strains will be

produced as computed by Equation (26):

1.0039188
—0.005412462
| —0.011912197
[ 0.99628902
0.0051254197
| 0.01128045

ool

Fi- =

I
1- =

0.0077478573
0.98929905
—0.023551533

—0.0073369606

1.0101334
0.02230251

—0.011443045
0.01580455
1.034784
—0.014966378
0.96706075

0.010836179 ]

(67)

We consider a couple of different possible disconnection reactions at this twin-twin
interface. First, we select tin- = [1123]/3.

0
bin- = |0|, W =0

—0.13003751
bin- = a | 0.075077189
0.13765549

0
0 , h/\//K// _ 0
0

bin. =

0

] , W =1.17045397a

(68)

This indicates that an incoming disconnection on the (1102) interface can extend the
twin—-twin interface, leaving no products behind on the twin—twin interface or the (2111)

twin interface.
Secondly, we select tin- = [0001].
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—0.090208894]

bin- =a [ 0 , hM" = 0.476914852a

0.2864808 |

—0.13003751]

bin_ =a [0.075077189 , Wi = 1.17045397a (69)

0.13765549 |
0.063337824

bin_ =4 [0.029032402] , W% = 0.476914854
—0.26813689

This reaction shows that a disconnection from the (2111) interface may react at the
triple point to form defects in both the (1102) twin interface and the twin-twin interface.
According to our simulation results, this defect in the twin-twin interface appears to
be glissile.

3.6. {1121}-{1012} Double Twinning

Similarly to the case above, we observed {1 012} twinning within a {1121} twin.
The specific variants were (2111) and (1102) and are shown in Figure 9.

View direction: [0110]||[0110]|([1121]

v SV (21T1) | O A2

(@) (b)

Figure 9. (1102) twin within (2111) twin. (a) The (1102) twin boundary is on the twin plane with
two-layer twinning disconnections visible from the [0110], view direction. (b) A second point of
view is displayed to aid in three-dimensional characterization.

The lattice correspondence and rotation matrices from y to « are given by:

C~ = | —0.4330127 0.75 0.27269958 —0.6095258 0.77167292  0.18165684 (70)

—0.25 0.4330127 —1.1021022 0.23614744 0.39547411 —0.88760048
’ R~ =
0.79393724  0.45837988 0.5 0.75677783  0.4981176  0.42328026



Metals 2022, 12, 895

25 of 30

By inspecting the figure, it is clear that the double twin interface with the parent
is near the (2111) plane of the initial twin. However, the local structure appears to be
aligned along (2112) with steps, which bring it to roughly (4113) overall. As with other
twin-twin interactions, a disclination dipole is produced with poles at either end of the new
interface and local strain and rotation to bring the interface into coincidence. We use id- =
(2112), which corresponds to id- = (1126) and id- = (2110). The interface is spanned by

the vectors td1- = [2113]/3 and td2- = [0110]. This produces disclination rotations with
an angle of 0d,,c = 2.59712319°. The rotation matrix and in-plane strains are:

[ 0.99978699 —0.014930352  0.014249616 |
Rd- = | 0.014796299 0.99984571 0.0094669457
| —0.014388763 —0.0092540876  0.99985365 |
[ 0.99978699 0.014796299  —0.014388763 |
Rd- = | —0.014930352 0.99984571  —0.0092540876
| 0.014249616  0.0094669457 0.99985365 |
[ 0.98943487 0.011094796 0.016947058]

(71)

—0.010141122  0.98947924  0.01698115
0.017663502  —0.017834798  0.97164267
1.0111866  —0.012240028 —0.017927255
Fd." = [ 0.011240278 1.0098086 —0.018759171]
—0.018719419  0.019736414 1.0300243

We consider a couple possible disconnection reactions. First, using tdn- = [2 11 3] /3,
the following disconnections are obtained:

—0.090208894
bdn_ =4 [ 0 ] , hM" = 0.476914852a
0.2864808
0
bdn" = H , W' =0 (72)
0
—0.027705116
bdn- = a|—0.075077189 |, W' = —1.17045397a
—0.18732649

Thus, a disconnection on (2111) can react at the double twin interface junction, emit
a disconnection on the (1102) twin interface inside the (2111) twin and lengthen the
double twin interface producing no defect on that interface.

Considering also the probe vector tdn- = [0002], we obtain the following reaction:

—0.18041779
bdn- =a [ 0 ] , h*N = 0.95382970a
0.5729616
—0.38048008
bdn""" = a|—0.11802556 |, h*'*" = —1.69235654 (73)
0.97131162
0.027705116
bdn- = [0.075077189] , WM = 1.170454a
0.18732649

In this reaction, bdn- is two times the (2111) twinning disconnection. Likewise,
bdn™ is equal to the (1102) twinning disconnection, when viewed from the y orientation.
Thus, this probe vector indicates that two incoming disconnections on the (2111) twin
interface can react at the double twin interface, producing a a step on the double twin
interface with the parent and a step on the (1102) interface inside the (2111) twin. These
steps appears to be glissile in our simulations.
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3.7. Interaction between {1121}-{1012} Double Twin and {1012} Twin

Further complicating matters, the observed double twin in our simulation interacted
with the (1102) twin in the parent. Above we described the interaction between this
(1102) twin and the (2111) twin. Now, we characterize the interaction between the same
(1102) twin and the double twin. Since the (211 1) twin is not involved in this interaction
anymore since it has re-twinned, our notation will be y for the parent, A for the double
twin and « for the (1102) twin of the parent. Figure 10 shows the interaction between the
double and single twins.

View direction: [0110]([0210]|[1121])|[1131] View direction: [1123]||[1123]||[2110]||[2110]

7~ .l . " AT AP va \‘Q ™) ) =) ® @ ®
0 % 302333333933233 i) 0%°0%0%0 o&
s R L L

() 9% ®
529

y = \ [ X
K"‘ (L 102)
O *v"""r"J-.A
5 \ v " v v

*

Figure 10. Interactions between (2111)-(1102) double twin and (1102) twin. All four lattice
orientations are visible in the images. (b) shows the (0113) twin plane interface viewed from the
shear plane direction, while (a) shows the shear plane direction for the initial (2111) twin.

Remarkably, as identifiable in the figure, the double twin and single twin together
produce a {1013} twin boundary. The lattice correspondence for this boundary does
not match the normal {1013} twin boundary—it has additional shear and a different
twinning direction.

As with the {1011} twin, the (0113) twin has two types of active disconnections.
A four-layer disconnection, which provides shear in the [0332] direction, and a two-
layer disconnection, which provides the same shear with an additional shearing in the
+[2110] direction. The four-layer disconnections have been observed to dissociate into
two dislocations, which have the step height of two planes. Successive motion of these
smaller disconnections with opposite axial components enable the axial shear to be fully
compensated and the observed twinning shear and direction to be achieved overall [59]. In
particular, the four-layer Burgers vector is:

-~ 49%2-9 _— 44/3¢
b4 = — —-[0332], h= —— 74
(27+472)[ ] V27 + 472 )
and the two-layer disconnection is:
- 492 -9 SR - 2+/3c
b2- = ————-[0332]|+ -[2110], h = —— 75
2(27+472)[ I+l ) 27 + 472 &
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Upon further investigation, the shear computed for migration of the boundary pro-
duced by the interacting (1102) twin and (2111)-(1102) double twin matches that for
the two-layer twinning disconnection active on the {0113} boundary. In the case of this
compound reaction, however, the combined shears from all of the active twins produces a
mobile {0113} twin interface with these two-layer steps, however, without the possibility
for a two-layer step with the opposite axial sense. Thus, the observed shear and twinning
direction are different from a normal {1013} twin.

To analyze the new interface, we choose the vectors til- = [0110] and ti2-[1213]/3.
The lattice correspondence and rotation matrices are given by:

—0.25 0.4330127 —1.1021022 0.25 0.4330127  —0.94465905
C- = | —0.4330127 0.75 0.27269958 |, C~ = | 0.4330127 0.75 0.54539916 |,
0.79393724  0.45837988 0.5 0.79393724 —0.45837988 0

(76)

—0.6095258 0.77167292  0.18165684 0.39547411 0.77167292  0.4981176

0.23614744 0.39547411 —0.88760048 0.31501875 0.39547411 —0.86276498
7 R_v ==
0.75677783  0.4981176  0.42328026 0.86276498 —0.4981176 0.086691671

From these, we find that the interface normal directions become in Miller-Bravais
coordinates: ii- = (0113) and ii- = (0113). The disclination strength is 6i,, = 4.80259290°.
The axis is given by:

0.16203948
ai- = [—0.84198185] (77)
—0.51459671

which produces rotation matrices as specified in Equation (6). The in-plane strains for this
interface are nil, as expected since a twin interface is formed.

Considering the behavior of a few probe vectors, we can identify some possible
disconnection reactions. First, using tin- = [0220]:

0
bdn- = H A =0

0
0.13003751
bdnl" =4 {—0.075077189} , W' = —1.17045397a (78)
—0.13765549
0
bdn” = H , =0
0

This indicates that a disconnection on the (1102) twin interface can react, moving the
triple point but producing no product disconections.
Secondly, we example a probe vector [0002]:

—0.38048008

bdn- =4 [—0.11802556], W = —1.6923565a
0.97131162

[—0.26007501]

bdn”™" = 4| 0.15015438 |, h*'*" = 2.34090794a (79)

| 0.27531098 |

[ 0.1484987

bdn’ = | 0.11613862 |, WM = 0.90324469

| —0.47159458 |

This reaction shows a disconnection on the double twin interface (matching the one
obtained in Equation (70)) reacting with two twinning disconnections on the (1102) twin
of the parent to produce a new disconnection on the novel {1013} twin interface. The
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new burgers vector and step height match exactly that of the previously reported two-layer
disconnection in Equation (75) when it is rotated to the same reference orientation.

4. Conclusions

In summary, in this work, simulations studying twin-twin interactions at the atomic
scale were conducted and analyzed in detail. In order to fully analyze complex twin
interaction interfaces at the atomic scale, interfacial defect theory was employed and
extended to accurately assess finite strain effects in three dimensions. To our knowledge,
an explicit geometrical theory of interfacial defect behavior during twin-twin interactions
had not been previously derived. The mathematics of facet reactions was also rederived in
a fully three-dimensional framework, thereby, enabling the analysis of non-tilt facets. Some
specific findings were as follows:

1. {1121} co-zonal twins readily react to form a {1122} twin boundary. However,
the boundary formed in this manner has limited mobility because the triple points
cannot conservatively move normal to the initial interface plane without the emission
of (¢ + a) dislocations.

2. {1121} twins faceted onto the {1120}||{1122} interface in agreement with the
experimental findings.

3. {1122} twins faceted onto the {0001}||{1121} facet. This disagreed with experi-
mental reports of the {0001} |[{1122} facet; however, according to interfacial defect
theory, the lattice correspondence requires that the former be the facet produced.

4. {1122} twins also faceted onto the {1120}||{1128} facet and the {1124} twin
boundary. The latter of these agrees with previous observations that all twins appear
to be able to facet onto their conjugate, which shares the same axis and shear.

5. Compound twin-twin interactions were observed, including one case where a double
twin ({1121}-{1102}) interacted with a single twin, (1012), to form a new mobile
twin boundary: {1013}. Cases where twins within twins lead to a highly mobile
ordered boundary like this were not anticipated, however, may have significant
implications for plasticity under highly strained conditions.
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