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Abstract: The study of deformation twinning has long history. However new, sometimes surprising,
findings have shown that the phenomenon of deformation twinning still is not completely understood.
During recent years, some debates are taking place in the scientific literature concerning deformation
twinning mechanisms in metals with hcp structure. These debates deal with the importance of special
twin boundary dislocations named disconnections, growth and nucleation of twins, non-Schmid
behavior of twinning, difference of deformation produced by twins from simple shear. They invoked
new propositions for atomistic mechanisms of deformation twinning. The purpose of this review is
to compare the classical theories of interfacial defects with the new findings and prove that many of
these findings can be understood in terms of these well-established theories. The main attention is
paid to summarizing the explanations of different phenomena in terms of disconnection mechanisms
in order to show that there is no contradiction between these mechanisms and the new findings.
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1. Introduction

Mechanical (deformation) twinning is an important mechanism of plastic deformation in metals
with hexagonal crystal structure [1-7], e.g., magnesium or titanium alloys. An increase of interest
has been observed for twinning mechanisms in these materials during the last 10 years linked to the
development of new lightweight materials for automotive and aerospace industry as well as materials
for biomedical applications.

Since twinning is a common phenomenon in materials, its study has a long history [8]. It is
worth to note that deformation twins are only a particular case of the objects, which are called
“twins”. For a general twin the so-called “crystallographic” definition can be provided, for instance
as follows [9]: a twin involves two different configurations of a crystal, meeting at a plane, called
the twin plane or composition plane, such that the positions of atoms in the two can be related by
an isometry. In contrast, deformation twins can be defined in the following way [3]: a deformation
twin is a region of a crystalline body, which has undergone a homogeneous shape deformation in
such a way that the resulting product structure is identical with the parent but oriented differently.
The twin is a reoriented part of material, which often has specific and well-defined orientation relative
to the surroundings. The commonly observed symmetry relations between twin and matrix are
reflection in twinning plane (Kj), rotation of 7t about twinning direction (171), reflection in the plane
normal to 77 or rotation of 7w about the normal to Kj [2,7]. Other types of twins such as growth twins,
annealing twins and transformation twins from phase transition can have different mechanisms of
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formation in comparison to deformation twins. Deformation twinning plays a crucial role in plastic
deformation of hcp materials. Consequently, the definition of deformation twinning as homogeneous
shape deformation is important for the description of mechanical behavior of materials. On the other
hand, the “crystallographic” description of deformation twins is also important to the recognition of
the twin region by diffraction methods.

The characteristics of a deformation twin lead to the following constraints [3]: if the twin and
matrix are to remain in contact, the deformation must be an invariant plane strain. Since the two
structures are identical, there can be no volume change, so that the deformation must be a simple
shear. Based on this, twins are identified by four crystallographic parameters (Figure 1). The invariant
(undistorted) plane of this simple shear is denoted by Kj, and the direction of shear (lying in K;) by
1. Kj is called the composition or twinning plane. The second undistorted (but rotated) plane of the
simple shear is denoted by K, and the plane perpendicular to K; and K, by S. The plane S is called
the plane of shear, and it contains 77; and intersects K3, in the direction 1,. A mode of deformation
twinning is completely defined by the elements K; and 1, but it is usual to quote the four elements
Ki, m, Kz, 2. Corresponding to this twinning mode there exists a conjugate (or reciprocal) twinning
mode, with the same magnitude of shear, defined by the elements Ky, 171/, Ko/, 7y where Ky = Ky, Ky
=Ky, n1r =12, 2 =11. Ky and 1, are thus called the reciprocal twinning plane and reciprocal twinning
direction, respectively.

1

Figure 1. Illustration of twinning elements: K;—twinning plane, n;—twinning direction, K;—conjugate
twinning plane, 7,—conjugate twinning direction.

Recently, papers dealing with twinning mechanisms have brought a significant progress in
the topic. New, sometimes surprising, findings have shown that the phenomenon of deformation
twinning still is not completely understood. For instance, it was demonstrated that faceting of
twin boundaries is quite common and real twinning interface does not necessarily coincide with
Kj plane [10-19]. The development of facets in twin boundaries were demonstrated in detail by
atomistic simulations [10-12,15,17,18] as well as by experimental observations [13,14,16,19]. It was
found that twin boundaries can be asymmetrical, e.g., basal-prismatic (BP) interface was widely
discussed for {10T2} twin [10-12,14,18]. The main peculiarity of this twin, compared with the other
twins in hcp metals, is that this twin is the most frequent, but the growth mechanisms at the atomic
level of this twin are the same as for any other twin in the hcp metals. The fact that the macroscopic
shape of the twin differs from the typical straight lamella is due to the existence of non-invariant
facets, such as BP, as we describe below. This non-standard shape stimulated the development of new
theories and many debates concerning atomistic mechanisms of deformation twinning are present
in recent literature. These debates deal with the importance of special twin boundary dislocations
named disconnections [20,21], growth and nucleation of twins [22-25], the possibility of non-Schmid
behavior [26,27], deformation produced by twins e.g., inclinations from simple shear [28]. The purpose



Metals 2020, 10, 1134 3 0f 20

of this review is to compare the classical theories of interfacial defects with the new findings and prove
that many of these findings can be understood in terms of these well-established theories.

We begin with the comparison of bulk dislocations and twin boundary (TB) dislocations and the
description of special TB dislocations, i.e., disconnections and their sources at the TB. Then we describe
faceting as an aspect related to the invariance of the twin plane. The last section focuses on the { 10T2}
deformation twinning describing the concepts that, together with the plane invariance, have generated
much debate such as zero shear and Non-Schmid behavior.

2. Dislocations and Disconnections

2.1. Crystal Dislocation Versus Twin Boundary Dislocation

Twin boundaries (TB), like grain boundaries in general, have intrinsic line defects with dislocation
character. A TB dislocation that has, in addition, step character is named disconnection [20,21].
Like bulk dislocations, the characterization of the Burgers vector of a TB dislocation can be done by
means of the Burgers circuit. It follows a comparison of Burgers circuits applied to a bulk dislocation
and a TB dislocation.

Figure 2 presents a crystal dislocation (Figure 2a) and a TB dislocation, disconnection in this
example, (Figure 2b) together with the corresponding Burgers circuits. In the case of a crystal dislocation,
the reference configuration, where the circuit is reproduced, is the ideal crystal and the closure failure
(Burgers vector) is equal to a translation vector of the crystal (Figure 2c). However, the situation is
a bit different for a dislocation settled in the TB. The reference configuration is now a bicrystal that can
be visualized by the dichromatic pattern [20], and the closure failure of the circuit is not a translation
vector. The dichromatic pattern, shown in Figure 2d of {1012} twin [29], is produced by superimposing
twin and matrix lattice sites with a coincident. {1012} plane; the lattice sites of each crystal were marked
by white and black symbols respectively. Notice that the two atoms at each lattice site are not included.

Given the Burgers circuit, one can identify two translation vectors with common origin (the C point,
for instance), so that the difference is the Burgers vector. This is valid for both cases. Although in the
crystal dislocation both translation vectors (e.g., CS and CF) belong to the same lattice, and hence the
difference is a crystal symmetry too, in the TB dislocation the translation vectors belong to different
lattices, CS is in the white (upper crystal) and CF is in the black (lower crystal). In the latter case,
the difference is not a translation vector and its magnitude can be much smaller than the Burgers
vector of a crystal dislocation. In the case shown in Figure 2 the value of the Burgers vectors are ag and
0.152a for the crystal dislocation and disconnection respectively. Where a is the hcp lattice parameter.

Thus, apart for the difference of Burgers vectors just described and the fact that grain boundary
dislocations are confined to the grain boundary, bulk and grain boundary dislocations have the
same characteristics, such as conservation of Burgers vectors, Frank rule for the energy balance of
a dislocation reaction, etc.

2.2. Description of Disconnections

When two crystals are put together to produce a bicrystal, there are symmetries of each of them
that are broken in the bicrystal. Then the line defects occurring at TB can be associated with these broken
symmetries. A special defect exists in the TB described as a line defect that have both, dislocation,
with Burgers vector b, and step character, with step height h. Such defect was called “disconnection”
in order to distinguish it from TB dislocations without step. If the disconnection has appropriately
oriented Burgers vector, it can glide along the TB; we name it twinning disconnection. A twinning
disconnection glides under an applied stress due to its dislocation nature. This glide is accompanied
by TB migration due to the boundary step associated with the disconnection. This chapter reviews the
migration of twin boundaries due to glide of disconnections along the boundary. To do so, it is applied
to the well-established theory of dislocations to the behavior of disconnections.
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Figure 2. (a,c) Edge dislocation in an hcp single crystal with dislocation line along [1]. Crystal
dislocation encircled by a Burgers circuit, which is reproduced in the perfect crystal below. Atoms are
colored according to their energy. The circuit is plotted anticlockwise from S to F. The Burgers vector
of the dislocation is indicated below the closure failure in red. It corresponds to a lattice vector ay.
Projection in [1] direction. (b,d) disconnection in {10T2} twin boundary from atomistic simulations. The
{10T2} twin boundary is indicated by red dashed line. The disconnection produces step in the boundary.
The Burgers circuit is reproduced in the dichromatic pattern. It starts in the S point at the black crystal,
and continues in white crystal from point C, which is common for both crystals. It continues to the
point F. The vector FS is the Burgers vector of the disconnection. Projection in <1§10> direction.

Let us illustrate the idea of disconnection with the case of the frequently discussed {1OT2}

twinning in magnesium. A two-layer step disconnection in {10T2} twin boundary is shown in Figure 3.
As proved in the previous subsection by drawing a Burgers circuit, this step has dislocation nature.
For a Burgers circuit on a high resolution transmission electron microscopy (HRTEM) image of the
same disconnection, see reference [16]. Such proof is based on the definition of dislocation and leaves
no room for debates such as “the corresponding Burgers vector is zero”, as was claimed by some
authors [28,30].
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Figure 3. Disconnection in {1012} twin boundary from atomistic simulations. The atoms are coloured
according to their energy. Twin boundary lies along the plane containing red and dark blue atoms. The
disconnection is settled in the step on the boundary. (Reproduced from [12], with permission from IOP

publishing, 2014).

The motion of glissile disconnections produces two effects, on the one hand, it accommodates
plastic deformation and, on the other hand, the motion of the step transforms one crystal at the expenses
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of the other [31]. By this way, the TB is displaced and the twin may grow or shrink. Macroscopically,
this is a mode of plastic deformation. At the atomic level, the motion of the disconnection produces
displacements of the atoms at the core of the disconnection. These displacements include the shear
associated to the dislocation character, s = |b|/h (here b is Burgers vector, h—step height), and an
additional rearrangement of atoms (shuffles) to restore the lattice transformed by the step [3,32,33].
Shuffles can be envisioned to be associated with the motion of the step part, and shear from the motion
of the dislocation part. Figure 4 shows a dichromatic complex, where the two atoms of each lattice site
are represented, with the total displacements of the atoms decomposed into shear (red) and shuffles
(blue). Whereas the shear is cumulative, shuffles are local and affect only the atoms swept by the
step [34]. This can be seen in Figure 4: the shear of layer 4 is four times the shear of layer 1, but the
shuffles of layer 4 are the same as for layer 1. Notice that the net distortion of the crystal produced by
shuffles is zero.

Dichromatic complex

2nd layer 3 N g '¢

1st Iayeg

0 layer.

Figure 4. Dichromatic complex of the {1012} twin with the displacements of atoms, produced by the
passage of a disconnection, decomposed into shear (red) and shuffles (blue). (Reproduced from [32]
with permission from Taylor & Francis Ltd., 2013).

2.3. Sources of Disconnections

Disconnections with small step height and small Burgers vector can reasonably be created as
dipoles in pristine interfaces under a locally high stress concentration.

The interaction of the boundary with bulk dislocations can produce interfacial defects that act as
sources of disconnections [29]. The residual defect produces disconnection dipoles in adjacent twin
planes via stress concentrations. The mechanism is efficient for the twin growth if the source can move
together with the boundary in a conservative motion, i.e., no atomic diffusion is needed [29] (see section
“faceting of twin boundaries” for details). The mechanism happens in the main crystallographic
structure (hcp, bce and fcc) and depends on the crystallography of the interface and the energetic
balance of the decomposition of Burgers vector. This twin thickening controlled by twin dislocation
sources resulting from slip dissociations at twin interfaces is referred as slip-assisted [35]. Sources
of disconnections in {1012} twin boundary [29,36-38], in {112} twin boundary [39] and in {410} grain
boundary [40] are examples for hep, bec and fec crystals respectively. If the twin dislocation source
does not require previous slip activity, the source is slip dislocation-independent [35]. Then the creation
of disconnections occurs from sequential emission from grain boundaries, external surfaces or stress
concentrators [41], cross-slip [42] and spontaneous formation of dipoles caused by fast propagation of
twinning dislocations [43].

3. Faceting of Twin Boundaries

Some twin boundaries contain interface segments that are not invariant with respect to the
twinning shear deformation. This situation can be easily understood if a 3-dimentional structure of
twin is taken into account. The 3-dimentional object cannot have all its boundaries in coincidence
with Kj planes. One can expect that non-invariant interfaces can occur in twin tips or in the other
irregularities in twin boundaries. In the last case, they can lead to faceting of twin boundaries, i.e.,
to the situation when twin boundary consists of segments with different crystallographic orientation.
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The resulting interface either can coincide in average with K; plane or can be curved or irregular.
A prominent example of such faceting is the occurrence of basal-prismatic facet in the { 1012} twin in

hcp metals. This case is interesting also because the energy of (0001)/ {1010} interface is comparable to

the energy of {1012} boundary [12,18]. Due to this fact, abundant occurrence of the basal-prismatic
interfaces was observed in hcp metals (e.g., magnesium and cobalt) both experimentally [44-49] and
theoretically [10,11,18,48], which leads to significant inclination of twin interface from { 10T2} plane.
An example of faceted twin tip is shown in Figure 5 [44]. The similar faceted twin tip was also
experimentally found in magnesium [14,48] or zinc [50].

Figure 5. High resolution transmission electron microscopy image of {lOTZ} twin in magnesium

containing basal-prismatic facets. (a) Morphology of a {10T2} twinning tip. The theoretical {10T2}
twinning plane is denoted by a yellow solid line. (b) Selected area electron diffraction pattern of
a twinning boundary along the <1§10> zone axis. (c) HRTEM image of the twinning tip highlighted by

ared circle in (a). Three kinds of facets are shown, including a straight {IOTZ} interface, a basal-prismatic
and a prismatic-basal, which are marked by yellow and red lines, respectively. (Reproduced from [44],
with permission from Elsevier, 2014).

It was demonstrated that facets can be nucleated by pile-up of disconnections [10-12]. Such pile-up
can produce a disclination, which is settled in the facet junctions and accommodates the misorientation
difference between facets. This mechanism was demonstrated by Ostapovets and Groger by using
atomistic simulations for the case of {1012} twin in Mg [12]. More general theoretical analysis was

provided by Barrett and El Kadiri [10,11], who predicted possible faceting on {IOTI}, {1012} and
{1013} twin boundaries in hcp. These authors demonstrated that dislocation pile up can lead to
nucleation of basal-prismatic (0001) / {1010} or conjugate twin {105} (Kp) interfaces in the case of {1012}
twinning; basal-pyramidal (0001)/ {1011}, pyramidal-pyramidal {1011}/ {10T3} or conjugate {10@}
twin interfaces in the case of {1011} twin. The facets predicted for the {10T3} twin are of the same type
as for the {1011} twin. The only difference is interchanging of K; and K, planes. It is worth noting that
such faceting was observed experimentally, e.g., Figure 6 shows an example of faceted in {1013} twin
boundary in cobalt [51]. The boundary contains (0001)/ {1011} and {10T1} facets. The {10T1}/ {1013}
facets were reported in {1011} twins in Ti [19] and in {1011} twin in AZ twin in AZ31 magnesium

alloy [52]. Basal-pyramidal facets were also observed in {1011} twins in magnesium [13]. The segments



Metals 2020, 10, 1134 7 of 20

of K, conjugate twin facets were also experimentally observed in the tips of {10T2} twins in Zn [50] and
Mg [14].

LA

Figure 6. (a) High-resolution transmission electron microscopy showing the morphology of (1013)
twinning boundary. Two positions marked with the red rectangular boxes 1 and 2 in (a) are shown in
(b) and (c), respectively, at a higher magnification. In (b,c), the 1013 twinning boundaries are denoted
by the yellow lines, and the (1011) twin facets are indicated by the orange lines. The (0002)”(1011)
basal-pyramidal interfaces and (0002)||(1OTl) pyramidal-basal interfaces are colored in green and red,
respectively. (Reproduced from [51], with permission from Elsevier, 2015).

The examination of the disconnection in Figure 2 reveals the fact that its core contains the short
segment of basal-prismatic interface. Consequently, the “pile up” of several disconnections gliding in
parallel planes can produce basal-prismatic facet in quite natural way as it is demonstrated in Figure 7.
It is worth noting that long facet can migrate by gliding of disconnection along it. Such disconnection
can incorporate into the neighboring facet when it reaches the facet junction, as it was demonstrated
in [10,11,53]. Barrett and El Kadiri [10,11] have shown that such incorporation can easily lead to
conversion between facets due to the topological properties of disconnections. This process is illustrated
in Figures 8 and 9. Recently, conversion of basal-prismatic interface into coherent {10T2} twin boundary
by rearrangement of disconnections was directly observed in rhenium nanocrystals by in-situ high
resolution transmission electron microscopy [54]. The process was observed during growth of twin
embryo, which was initially bounded by basal-prismatic interfaces.
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Figure 7. Formation of basal-prismatic facet in { 10T2} twin by pile-up of disconnections in atomistic
simulations: (a) an initial configuration of the atomic block with six disconnections (no strain applied);
(b) the block after ey, = 1.5%; (c) the block after ey, = 3% showing the formation of the basal-prismatic
interface. Projection in the [1210] direction. (Reproduced from [12], with permission from IOP
publishing, 2014).

Figure 8. Different stages of twin embryo growth under applied shear strain. The faceted {10T2}
twin embryo is bounded by K; twin boundaries (AB and FE), basal-prismatic facets (AH, BC, DE,
FG) and conjugate {10ﬁ} K5 boundaries (CD and HG). Arrows point to disconnections. (a) Initial
relaxed configuration with one disconnection in the {10T2} boundary and one disconnection in two
basal-prismatic boundaries; (b—d) Different stages of twin growth under applied shear strain. Arrows
point to disconnections. (Reproduced from [53], with permission from Taylor & Francis Ltd., 2014).
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Figure 9. Scheme of FG facet migration with subsequent growth of neighbor facets due to incorporation

of gliding disconnections step into them. (a) Nucleation of b%_ disconnection dipole in the BP

1/1

facet nearby existing disconnection; (b) Interaction between two blr;l facets with production of b2 2

disconnection, which is absorbed in facet junction G; (c¢) Nucleation of another blil disconnection

dipole nearby existing disconnection and subsequent nucleation of bzlj , disconnection; (d) Absorption

of bgi;z disconnection in facet junction F. (Reproduced from [53], with permission from Taylor & Francis
Ltd., 2014).

The mechanism of facet formation due to pile up of disconnections can lead to formation of
conjugate twin facets as discussed above. The interesting consequence of this mechanism takes place
for the case of so-called type I and type II twins. The twin modes with rational K; and K, planes are
called compound twins. However, in some cases, one of these planes can be a plane with irrational
indices. The twin with rational K; and irrational K, plane is called type I twin. Correspondingly;,
the twin with irrational K; and rational K, plane is called type II twin. It is clear that type I and type II
twins are conjugate to each other. It was recently proposed that the formation of irrational type II twin
interfaces can be interpreted as a pileup of disconnections ghdmg on rational planes [55,56] It was
proposed that type I twins form preferentially when the ratio G/Nis sufficiently large, and type II for
lower values G represents the twin growth rate, which is dominated by the disconnection mobility on
the K; glide plane, and N is the nucleation rate of disconnection pairs on this plane.

The previous analysis considered two-dimensional faceting of twins. Some recent papers also
reported three -dimensional faceting [57,58]. The boundary lateral to the shear direction of the twin is
hard to observe by electron microscopy due to its crystallography. Liu et al. [57] characterized lateral
boundaries of {1012} deformation twins in magnesium. It was found that the boundary is serrated
and comprised of {1012} coherent twin boundaries and semi-coherent twist prismatic-prismatic {ZHO}
boundaries that control twin growth. Liu et al. [58] provide statistical analysis of twin shapes viewing
along three orthogonal directions: the view along the twin shear direction (171), the twinning plane
normal view (k;) and the view along the direction A (A = k; X 11). It was shown that twins in the 1
and A views normally exhibit a lenticular shape, whereas they show an irregular shape in the twinning
plane normal view. It was also found that twins grow faster along A the lateral direction than along
11 the forward propagation direction at the initial stages of twin growth. These twin sections are
irregular, indicating that growth is locally controlled and the overall shape is not perfectly ellipsoidal.
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Such behavior can be explained by differences in the mobility of the edge and screw components of the
twinning disconnections [58,59].

Another way of facet nucleation is the interaction of the coherent twin boundary with a crystal
dislocation. Serra and Bacon [29] reported one example of such nucleation at the {1012} twin boundary
when it interacts with a 60° <a> dislocation. The dislocation is absorbed by the interface and
it is transformed into n disconnections, whose core is shown in Figure 2b, that glide away and
a basal/prismatic facet with Burgers vector b. The conservation of the Burgers vector during the
reaction relates the total number of gliding disconnections “n” with the magnitude of b, which is
related to the length of the facet. The reaction is the one with smaller magnitude of b, which depends
on the c/a ratio (n = 3 for Mg, Ti and Zr). This study was in agreement with a pioneering experimental
research by Lay and Nouet on the study of {1012} twin deviating from exact orientation in zinc and

magnesium [36,60] and the morphology of {1012} twins in zinc and related interfacial defects [37,38].

4. The {1012} Deformation Twinning

The main peculiarity of {1012} twin, compared with the other twins in hcp metals, is that this twin
is the most frequent in metals like magnesium or cobalt. However, macroscopic shape of the twin
often differs from the typical straight lamella [46,61,62] due to the existence of non-invariant facets
such as basal-prismatic [18,44]. This non-standard shape stimulated the development of new theories.
These theories claim, for instance, zero shear produced by this mode, pure shuffle mechanisms of
its growth without acting of disconnection etc. However, the growth mechanisms of this twin at the
atomic level are the same as for any other twin in the hcp metals. In the following, we show that the
classical theory explains in a systematic manner all phenomena covered by the new theories.

4.1. Twinning Shear of {1012} Twin Mode

A dispute on the value of shear for the {1012} twin appeared in the recent literature. This fact is
surprising since the study of this frequent twinning mode has long history [2,7]. However, dozens of
papers have considered this topic in the last five years. For instance, Li and Zhang [28] postulated:
“Twinning shear should be zero for {1012} mode because of the breakdown of the invariant plane
strain condition, which is a fundamental assumption in classical twinning theory.” This claim was
based on the observation of basal-prismatic facets on {1012} boundaries and on the observation of
the transformation twin-parent through the migration of basal-prismatic interfaces in micro-pillar
experiments [63].

The zero-shear claim invoked new experimental verification of the shear value by Molodov et
al. [64] that provided a direct measurement of the twinning shear. The amount of twinning shear for
{1012} twins was determined directly from the deflection of marker lines to be s = 0.126, in excellent
agreement with the theoretical value.

The authors of [30] replied to the direct measurement of shear by the claim that “deflection will
most likely be observed after twinning as a result of the one-to-one lattice transformation, but such
deflection does not indicate a finite twinning shear which should be unique-valued and must occur on
the first invariant plane” [65]. The last statement is based on the idea that “the actual twin boundary
can be extremely incoherent on the atomic scale” and microscopically the deformation is different from
simple shear (the authors of [30,65] even claim zero value of shear).

In principle, macroscopic shear can occur in this case as some kind of averaging of local values.
However, zero microscopic shear value unlikely results into finite and well-defined macroscopic shear.
Consequently, this value (s = 0.126) should occur as consequence of microscopic twinning mechanism.

It was proposed [30,63,66,67] that twinning proceeds either through “pure shuffling” or (another
term for the same process) by basal-prismatic “unit cell reconstruction”. These propositions were
inspired by observations of basal-prismatic interface in {1012} twins. The mechanism is illustrated in
Figure 10 [63]. It converts basal plane of parent crystal into prismatic plane of twin and vice versa. It is
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worth noting that tetragonal transformation was recently reported as first stage of twin nucleation in

rhenium [54].
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Figure 10. Transformation from parent hcp (blue) to twin hep (red) via shuffling atomic rearrangement
(Reproduced from [63], with permission of Springer Nature, 2014).

The tetragonal transformation shown in Figure 10 corresponds to the following deformation
gradient [68]:

1 0 0
c/a
F=|0 V \Of (1)
3
0 0 oa

The matrix F is obviously the plane unimodular deformation and consequently can be decomposed
to a combination of simple shear and rotation as it was proven in [69]:

F=QG=Q(+sb®m) @)

It was shown [48,68,70] that simple shear G is exactly the shear on {1012} plane with value

_ 2
s = % The rotation Q is 3.7° about <a> direction of hcp lattice. This is the exact rotation

necessary to put into coincidence the basal plane of the parent crystal with the prismatic plane of the
twin. This process is schematically illustrated in Figure 11 [71].

Both processes, twinning shear on {1012} plane and “unit cell reconstruction” shown in Figure 10
lead to the same deformation of material and to the same shear value. The difference is only in the
product orientation. Such difference can be accommodated by the presence either of disclinations or
the corresponding dislocation walls [53]. Figure 12 is the map of misorientation angle distribution
around twin embryo. The embryo is bounded by the combination of {1012} and basal-prismatic facets.
The variation of misorientation shows the presence of disclinations settled in the facet junctions. It was
shown in the previous section that basal-prismatic facet and core of twinning disconnection in {1012}

boundary are crystallographically the same.
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twinning simple shear tetragonal deformation rotation
(pure shear)

Figure 11. Scheme of interrelation between twinning simple shear on {1012} plane and basal-prismatic
tetragonal deformation (from [71]). Black rectangle ABCD is the projection of hcp unit cell in <a>
direction (AB is the trace of basal plane and BC is the trace of prismatic plane). Due to twinning shear
on {1012} plane, the black rectangle is deformed into green one. Basal-prismatic tetragonal deformation
deforms black rectangle to the red one. Red and green rectangles have the same shape, but different
orientation (Reproduced from [71] under terms of Creative Commons Attribution 3.0 licence).

(b)

Figure 12. Variation of misorientation around faceted twin core. Distribution of lattice misorientation

angle relative to the center of core (a) and scheme of disclinations located in the facet junctions (b).
(Reproduced from [53], with permission from Taylor & Francis Ltd., 2014).

The exact orientation of twin relative to the parent crystal is dependent on the facet sequence
as it was demonstrated in [48]. This is caused by the presence of disclinations in the facet junctions.
However, the lattice correspondence and shape strain are the same in all cases. This shape strain
is equivalent to the theoretical twinning shear. This shear has finite and measurable value and it is
an important physical characteristic of the mechanical behavior of the material. It is worth noting
that the shear value itself is independent on the shape of twin and on the twin boundary position.
In this sense it is defined by the transformation shown in Figure 10, which is well known for {1012}
twin mode. Such basal-prismatic transformation was proposed for this mode long time ago by Le
Lann and Dubertret [72] and there was no doubt that it is compatible with the measured shear value.
The breakdown of the invariant plane condition for the twin boundary plane does not mean zero
shear. The change of materials shape drives the twin transformation. In this context, the boundary
position is defined by the transformation mechanism but not vice versa. The classical theory used
the “invariant plane condition” to predict the position of the twin boundary. However, it is obvious
that the invariant plane condition gives only the simplest possible solution for the interface between
parent and twin crystal. This condition cannot be satisfied for all interfaces of 3-dimensional twin
and other type of interfaces can occur as it was discussed in the previous chapters. It is worth noting
that the disconnection mechanism of twin growth is compatible with the breakdown of the “invariant
plane condition”. The dislocation nature of disconnections provides efficient way how to satisfy strain
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compatibility on the “non-invariant” planes. Thus, denying the mechanism shown in [10,11,53], as the
proof of the zero shear of the {1012} twin [28], is an unsubstantiated speculation.

4.2. Non-Schmid Behavior

The plastic deformation is normally governed by the Schmid law. The Schmid law can be
formulated in the following way [73,74]: dislocation slip would occur when the shear stress resolved
on the glide plane and in the glide direction reached a critical value, the so called critical resolved shear
stress (CRSS). This law is also applicable to twinning. The CRSS have to be reached on K; plane in m;
direction in this case.

However, a breakdown of Schmid law was reported for some materials. The most known
example of non-Schmid behavior is slip in bcc metals, where CRSS is dependent on the stress
components perpendicular to the Burgers vector for glide of 1/2[111] dislocation. This phenomenon
was demonstrated both theoretically [75-77] and experimentally [78,79]. Non-Schmid behavior of
dislocations in bcc metals is caused by non-planar spreading of dislocation core. Due to such spreading,
the core contains Burgers vector components, which are perpendicular to the total Burgers vector of
dislocation. The sum of these component is zero and therefore total Burgers vector is not affected
by core spreading. However, the presence of the perpendicular components leads to situation that
non-Schmid stress components have influence on dislocation behavior. The deviations from Schmid
law are also observed in intermetallic compounds (e.g., NizAl) [80,81] with L1, structure and in
atomistic simulations of screw dislocations in magnesium [82].

The non-Schmid behavior of twinning in hcp metals was also discussed in literature. However, this
phenomenon is up to certain extent elusive and some authors maintained that the {1012} twinning obeys
the Schmid law [27]. The most notable manifestation of non-Schmid behavior was the observation of
significant portion of {1012} (1011) twins with low Schmid factor [83-85]. It was proposed that such
unpredictable behavior of twinning is a consequence of nucleation mechanisms, which depend on
the nature of defects and their spatial organization in the crystal. For instance, Beyerlein et al. [25]
pointed out that the accurate prediction of twin variants is possible when treating the nucleation in a
probabilistic manner rather than by a deterministic approach based on the Schmid law. Wang et al. [86]
studied twin nucleation by slip transfer in titanium. They conclude that twins activated by this
mechanism always had the highest value of slip-transfer parameter (') among the six available {1012}
(1011) twinning systems, while the Schmid factor was a less significant indicator of twin activity.
Through slip transfer, deformation twins sometimes formed despite having a very low global Schmid
factor. The dependence of twin nucleation on non-Schmid stress components was also demonstrated by
Barrett et al. [26] by modelling nucleation events under differently loaded magnesium single crystals.
It was shown that non-Schmid behavior is reflected in the retardation of {1012} (1011) twins and the
initial nucleation of {1121} and (1011) twins instead. However, once {1012} twins nucleated, other twins
rapidly stop propagating.

Another hypothesis discussing the deviation from Schmid law for {1012} (TOll) twinning, has been
proposed by Cayron [87]. This hypothesis is based on a hard sphere model and claims that twinning
transformation can pass through intermediate stages, which have different atomic volume from the
ideal crystal. Consequently, it was claimed that the transformation path is not a simple shear, despite
the fact that the initial and final configurations are the same as in the case of simple shear deformation.
It was proposed to replace the Schmid law by a criterion based on a positivity of interaction work,
W = Tj; X &;j, with the usual Einstein summation convention, where I is the external stress field and
deformation matrix ¢ (W is also the so-called Frobenius product between the two matrices). It is
necessary to mention that this criterion does not consider critical resolved shear stress in its original
form in contrast to classical Schmid law and replaces it by “critical interaction work”. Probably further
development of the idea is necessary in order to provide more detailed connection between critical
interaction work and measurable materials parameters.
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In order to calculate this interaction work, a deformation matrix that corresponds to the maximum
volume change in the twinning path can be used. If the crystal is initially loaded along the c-axis
direction of the hcp lattice, then one can also consider its rotation by an angle 6 around the direction n
normal to the {1012} plane and a tilt by the angle ¢ around the {1210} axis, while keeping the initial
loading direction (see Figure 13). It was shown in [87] that the crystal had a positive interaction energy
for tilt angles ¢ € [-59°, 59°]. In contrast, the calculation that used only a simple shear deformation
matrix yielded positive interaction energy for a narrower tilt range ¢ € [-43°, 47°]. The enlarged range
of tilt angles ¢ allowed for twinning can serve as possible explanation to the experimental fact that
Mg twins can form for low or even negative Schmid factors. Unfortunately, the hard sphere model is
quite crude model and real atomic trajectories can be more complicated than predictions of this theory.
Kana et al. [88] compared several possible transformation paths by the use of ab-initio calculations.
They concluded that the application of Cayron’s interaction work criterion to their paths yields to
the range of tilt angle ¢ € [-45.4°, 45.6°], ¢ € [-44.6°, 42.4°] or ¢ € [-43.5°, 45.8°], for different paths
with relaxation of atomic position. These inclinations from Schmid law are smaller than predicted
from hard-sphere considerations. It means that more careful consideration of atomic paths is needed
for reliable predictions. It is possible to speculate that the original form of Cayron’s criterion is more
adequate to the case of homogeneous nucleation than to the case of twin growth. Its application to
growth stage needs taking into account atomic relaxation near twin boundary and disconnection cores.

Figure 13. Scheme of loading, which is used for study of inclination from Schmid law in [87].
The definition of angles 0 and ¢ is illustrated. OZVY is the projection of hcp unit cell along <a> hcp
direction (Reproduced from [87], with permission from Elsevier, 2017).

Shear is a constant-volume deformation; so, volume changes along the transformation path can
indicate that the transformation is not a simple shear in the sense mentioned by Cayron [87]. It is also
worth noting that a volume relaxation is more likely to be found in the core of a twinning disconnection
than in the perfect crystal. Consequently, the non-Schmid phenomena can be also treated in the
dislocation description of the deformation twinning. The migration of the dislocation core through
some material region can lead to reversible change of the region volume. However, the situation
is more complex in this case. First of all, twin boundary itself has excess volume, i.e., volume of
material nearby the boundary is different than volume in the bulk. Since twin growth is connected to
the migration of the twin boundary, the passage of twin boundary through some region of material
naturally leads to evolution of its volume. The excess volume of twin boundaries was studied by
density functional theory (DFT), for instance in [89] for different hcp metals. All metals studied in
this paper (Cd, Zn, Mg, Zr, Ti and Be) have a positive excess volume associated with the formation
of {10T1} and {1013} twin boundaries. However, the excess volume for the formation of the {10T2}
boundary is negative for Zr and Ti and positive for Cd, Zn and Be. For the basal-prismatic interface
a positive excess volume was found for Be and a negative excess volume for Zn, Cd and Zr. The excess
volume of {1012} and basal-prismatic twin boundaries is slightly positive and close to zero for Mg.
These values are different from those predicted by considering different transformation paths [87,88].
However, it is possible to expect that Cayron’s interaction work criterion can be also applicable in some
sense to the twin growth stage.
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The above discussion was in terms of homogeneous deformation; it was claimed [66] that
non-Schmid behavior call into question that twinning is controlled by disconnections. How can we
see the problem under the point of view of disconnections? To check the excess volume and atomic
movements during twin boundary migration mediated by disconnection glide we have performed the
following simulation.

Figure 14 shows a selected volume, which is transformed by the migration of a {1012} twin
boundary through it. The simulation in Figure 14 was performed using the Liu et al. [90] interatomic
potential for magnesium and LAMMPS code [91]. The simulation block contained a twin boundary in
its centre stepped by a disconnection as shown in Figure 14. The disconnections, due to the migration
through periodic boundary conditions, transform sequentially layer by layer the matrix crystal to the
twin one. The motion of disconnections was studied under an applied xy shear strain with increments
of 5 x 107°. Energy minimization was performed after each strain increment. The corresponding
atomic trajectories are shown in Figure 15a. An enlargement of the trajectories shows that they are quite
complicated and differ from circular or linear as it was proposed in [87,88,92]. The trajectories consist
of sections, which correspond to sweeping of subsequent atomic layers by disconnections. The atom
Dy was considered as reference. Consequently, the atomic trajectories are movements of other atoms
in the unit cell relative to Dy. The atom Cy has only shear movement, whereas Ny, Ly and Kj atoms
are also shuffling. It is interesting that shear and shuffling take place simultaneously as it can be seen
from Figure 15. The results obtained are in agreement with previous studies by Khater et al. [32] and
Pond et al. [34].

- - - - - - - W™, W= - -

g By g W 1o 0 g 0 g 0" )e 0 g0 g0,
e ®¢g 0 g 04 @ e ® ¢ 0 g 04 0 o _® o 04 0,4 o
0 g 0 4 0 4 0 4 0 g 0 4 04 04 ® g 0 4 0 4 0,
®o o0 00 oo 0 g 0 g 04 04 0 g 04 0 4 o0,
P 5% o ® ¢ ® g o0 4 ‘e ® o _® ¢ ® o |
® A 4 > oo 60 o0 0 _® ¢ 04 04 o

. ® g O g © 4 ¢

e o0 o060 o

a) b) c)

Figure 14. Passage of disconnection step through selected volume. Atoms of parent and twin crystals
are shown as white and black circles, respectively. Atoms in {1012} twin boundary are shown as blue
circles. Parallelogram indicates selected volume. (a) Selected volume is located in parent crystal.
Disconnection is present as step in the twin boundary. (b) Disconnection migrates to the right and causes
twin boundary migration downwards. The twin boundary intersects selected volume. (c) Migration of
another disconnection leads to further migration of { 10T2} twin boundary. Selected volume is located
in twin crystal now.

Thus, there is no contradiction between the description of twinning as “homogeneous deformation”
and the “disconnection description”. These two descriptions are two levels of approximation, but they
do not contradict to each other. Possible non-Schmid behavior of disconnections needs a more detailed
study. As far as we know, there are no ab-initio studies of atomic relaxations during disconnection
glide in literature. The simulation shown in Figures 14 and 15 is done with quite popular empirical
Liu et al. potential. It results in negative excess volume per unit surface for {1012} twin boundary
(=0.08 A) and for disconnection on it (—0.04 A). This value of excess volume per unit surface for
{1012} twin boundary is different from the one predicted by ab-initio calculations (about 0.02 A) [89].
This discrepancy confirms the strong dependence of these effects on interatomic forces rather than on
pure geometrical considerations.



Metals 2020, 10, 1134 16 of 20

C06 L Boi Lo trajectory Ao trajectory
" |
W o ™ cr i
@ PoO Ao (b) ©
N, trajectory
M, trajectory Ko trajectory

S

-

——Co
.E-mO.B - N0 lh"_J
N € 506 Ko
C, trajectory o trajectory §‘§) 041 Lo d'-b—v-
- S é': 7 )
b"‘ é,‘ .{?‘; 2 <
W J 2 O.ZA
0 = —

0 250 500 750 1000 1250
(9) (h) (i) Timestep. x1000

Figure 15. (a) General view of atomic motions during passage of disconnections through volume
ApByCyDy; (b) Trajectory of atom Ly; (c) Trajectory of atom Ag; (d) Trajectory of atom Ny; (e) Trajectory
of atom My; (f) Trajectory of atom Kj; (g) Trajectory of atom Cy; (h) Trajectory of atom By; (i) Dependence
of displacement distance on timestep for selected atoms. Shear and shuffling take place simultaneously.
Trajectories are shown, relative to the atom Dy, which was taken as a reference.

5. Summary

The following experimental results published during the last decade, related to deformation twinning
in hcp metals, have been presented by some authors as counterexamples of the classical theories:

1. Twin boundaries in hcp metals can be significantly inclined from the classical description that
satisfy the “invariant plane conditions”.

2. The observations of abundant twin boundary faceting and frequent occurrence of basal-prismatic
interface in {1012} twin, invoked debates on possible deviations of twinning deformation from simple
shear. This idea exists in two variants: the proposition of zero shear and the proposition of non-constant
volume along the transformation path, despite the fact that final twin structure is the same as in the
case of twin shear.

Besides, debates on the relevance of twinning disconnections take place on the basis of the
mentioned experiments.

The present review demonstrates that the findings listed above do not contradict the classical
theory of twinning and they are in agreement with the disconnection mechanisms of twin growth.

“Breakdown of invariant plane condition”:

The faceting of twin boundaries can be understood as “pile-up” of disconnections gliding in
parallel planes. Moreover, the disconnection cores themselves often contain a short segment of one of
the frequently observed facets. Consequently, the phenomenon of significant twin boundary inclination
from the invariant plane fits the idea of disconnection growth mechanism. The breakdown of “invariant
plane condition” on such facets is the natural consequence of the dislocation nature of disconnections.

“Claim of zero shear for {10T2} twin”:
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The breakdown of “invariant plane condition” for a given experiment does not mean zero shear
(several theoretical and experimental considerations prove this statement). In fact, the product twin of
this experiment is still obtained from the parent crystal by shear deformation (with value equal to the
theoretical one), but the orientation of the product can be slightly different from the situation when
the invariant plane condition is satisfied. In this case, a rigid rotation of the product relative to the
classical position occurs. Replacement of shear twinning deformation by tetragonal Bain deformation,
which was proposed in recent literature, does not lead to physically new type of deformation and it is
equivalent to change of coordinate system.

“Claim of non-constant volume twinning paths”:

Finally, the idea of variable volume during the transformation path is in agreement with the
disconnection mechanism. The atomic paths in disconnection cores are quite complicated and each
disconnection core has defined excess volume. The glide of a disconnection through some material
point leads to temporary change of material volume in this point. This behavior can be important for
further study of non-Schmid behavior of twins. In this context, the study of disconnection cores can be
the next step towards a better approximation in comparison to the models that consider twinning as
a homogeneous transformation.
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