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Received in revised form behavior. In this work, deformation of a single crystal Ti under uniaxial compression perpendicular to the
22 February 2019 c-axis was investigated by using atomistic simulations. Very interesting phase transformations between
Accepted 1 April 2019 body centered cubic (BCC), hexagonal close-packed (HCP), face centered cubic (FCC) structures were
Available online 9 April 2019 observed. These phase transformations are only transitory. Before twin nucleation, HCPparent —BCC
” transformation occurred. The lattice transformation can be described as: (1010)p— (110)pcc, and
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Tityanium (0002)p — (110)pcc. Then the BCC phase transformed to HCP which satisfies {1012}<101 l> twin rela-
Pha'SE _tranSformatiOH tionship with the HCP parent. This transformation is accomplished by atomic shuffles and no shear is
Twinning involved. After the BCC phase was entirely transformed, the deformation was dominated by twin growth.
At the twin boundary (TB), a FCC phase was present, separating the parent from the twin. The FCC
structure was transformed from the HCP parent. This transformation is also transitory and involves both
shear and shuffle. Shuffling transforms the double-layered (1010), plane of parent into a close-packed
(111)gc plane, and then a shear with a Burgers vector of half a Shockley partial dislocation on the
(111)gcc plane generates the correct FCC structure. It was observed that the formation of FCC phase at the
TB hinders twin growth. But as the strain increases, the FCC phase transformed to the HCP twin and this
process involves Shockley partials on the interface. Strain accommodation was analyzed to explain the
formation of the FCC phase at the TB. These transitory phase transformations during deformation
twinning further corroborate that {10T2}<10TT> twinning completely departs from the classical

twinning behavior.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction behavior. Twinning in metals with cubic crystal structures is always

mediated by well-defined twinning dislocations which are partial

In plastic deformation of hexagonal closed-packed (HCP) metals dislocation and strictly glide on the twinning plane [11—13]. For
(e.g. Ti, Co, Zr and Mg), deformation twinning plays a crucial rolein  other twinning modes than {1012} in HCP metals, similar classical
the mechanical behavior of this important class of engineering behavior has been observed [1,14—16], with a major difference
materials [1-6]. Among all the twinning modes that were well  being that the twinning dislocations are “zonal twinning disloca-
predicted and described by classical twinning theory [1],  tions” involving two or more twinning planes simultaneously

{10T2}<10TT> twinning is the most important and has been [1,14,16]. In sharp contrast, {1012} mode presents a variety of non-
classical properties that challenge the descriptions of the classical

extensively observed and discussed in both experimental and - - . >
theory [17—21]. In early 1960s, using optical microscopy, Partridge

simulation studies [7—10]. The most salient feature of this partic-

ular twinning mode is its departure from the classical twinning et al. [22] observed that a {1012} twin boundary (TB) in pure Mg
evolved into “extremely” incoherent structures, i.e. bulging in or

out, when a hardness indenter tapped into the material at the vi-
cinity of the TB. They estimated that, if there were “twinning dis-
* Corresponding author. Department of Chemical and Materials Engineering, locations” on the incoherent TBs, the spacing between the twinning

University of Nevada, Reno, USA. dislocations would be 0.4—0.5nm which is impossibly small.
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Abnormal properties of {1012} twinning were later observed by
Gharghouri et al. [23] by using transmission electron microscopy
(TEM). They found that a {1012} twin variant can change its habit
plane when it encounters and interacts with a precipitate and the
variant can entirely engulf the precipitate without being stopped
during twin growth. Using in-situ TEM, Liu et al. [24] observed that
a {1012} twin can grow without producing any shear strain on a
single crystal specimen of Mg. TEM studies of TB structure also
showed that {1012} TBs may entirely deviate from the theoretical
twinning plane by very large angles (tens of degrees) [18,25].
Consistent with these experimental observations, numerous
atomistic simulations of {1012} twin growth showed that
migrating TBs are mostly incoherent [8,17,26]. This abnormal
behavior led Serra et al. [27] to the proposition of “twinning dis-
connections” on the TBs. However, this concept cannot explain why
only this particular twinning mode departs from the classical
behavior, whereas other twinning modes generally closely follow
the descriptions of the classical theory.

Another highly abnormal phenomenon is the presence of face
centered cubic (FCC) phase at {1012} TBs, as reported in most
recent studies [28,29]. Ren et al. [28] observed the transformation
from HCP to FCC at a {1012} TB in deformation of single crystal Ti in
their atomistic simulations. Hirth et al. [29] also reported that an
FCC phase was generated at a {1012} TB and the FCC phase was
eventually sandwiched in between the parent and {1012} twin.
They suggested that the FCC phase was formed by “disconnections”
at TBs. However, no detailed analyses were provided in these
works. Questions such as how the FCC phase is actually formed at
the TBs and how it interacts with TB migration remain unclear. Also,
the orientation relationship (OR) between the FCC, HCP parent and
HCP twin was not analyzed in these reports.

In this work, atomistic simulation of uniaxial compression on a
Ti single crystal perpendicular to the c-axis was performed. Sur-
prisingly, BCC and FCC transitory phases were observed in activa-
tion of {1012} twinning. The OR between multiple phases was
carefully analyzed and the underlying mechanisms for the phase
transformations were investigated. Energetics of the phase trans-
formations and their influence on TB migration was calculated. This
work provides new insight in phase transformations initiated in
plastic deformation of HCP metals.

2. Simulation method

The embedded atom method (EAM) potential [30,31] for Ti—Al
binary system developed by Zope and Mishin [32] was used in this
work. This potential has been used in a number of atomistic sim-
ulations of deformation of Ti and Ti alloys [16,33]. The initial
configuration is shown in Fig. 1. A single crystal of Ti was first
constructed with a dimension of 25 x 25 x 25 nm?, containing a
total of about one million atoms. Free surfaces were applied to all
three dimensions. Periodic boundary condition was not used in this
work because undesirable local stresses can be generated from the
interaction between atoms on opposite boundaries. To track the
structural evolution during deformation, the basal planes of the Ti
crystal are colored alternately in red and blue, such that the ...
ABABAB ... HCP stacking sequence is revealed. To identify the lattice
transformation during structural evolution, five prismatic planes of
the crystal were pre-selected and colored differently. The color
pattern of the whole system was retained during simulation and
this allows one to unambiguously analyze to what planes these pre-
selected planes were transformed. This step is crucially important
for analyzing the deformation mechanisms with clarity.

The system was fully relaxed before an external compression

Fig. 1. Initial configuration of the simulation for a single crystal of titanium. The basal
planes were colored alternately to show the ... ABABAB ... stacking sequence. Five
prismatic planes were pre-selected and colored differently to track the lattice trans-
formation. A compressive load was applied along the [1010] direction.

strain was applied along the [1010] direction of the crystal. The
compressive strain was generated by moving the atoms on the left
free surface towards right at a constant displacement rate of
0.01 nm per femtosecond, corresponding to a strain rate of
4.0 x 10'!/sec. The temperature was maintained at 100K during
simulation. Free surfaces were applied to all three dimensions. The
visualization tool Ovito [34] was used to analyze the simulation
results. Common neighbor analysis (CNA) [35] was used to distin-
guish the crystal structures and lattice defects.

To examine the energies of different phases, the density-
functional theory (DFT) calculation was performed with Vienna
Ab-initio Simulation Package (VASP) [36—38]. The Projector
Augmented Wave (PAW) [39,40] and the Generalized Gradient
Approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [41] were
applied. The 3d34s! electronic configuration of titanium was the
valence state for the PAW pseudopotential. The total energy cutoff
was 600 eV. A Monkhorst-pack 13 x 13 x 13 mesh was used, and
the electronic self-consistent field was set at 10~6 eV/A.

3. Results

Transformation from HCP parent to BCC phase in time sequence
is displayed in Fig. 2. In the CNA, atoms in the HCP parent are shown
in red, whereas those atoms in the BCC phase are shown in blue.
Although the compressive load was applied along the [1010], of the

parent crystal and such a loading condition favors {1012} exten-
sion twinning, the BCC phase was first nucleated before the acti-
vation of extension twinning (Fig. 2a), as the compressive strain
was increased to a threshold value. The BCC phase was nucleated
near the top and bottom free surface, as well as in the interior of the
parent. As the compressive strain increases, the BCC phase grows at
the expense of the HCP parent (Fig. 2b). It can also be seen that the
interface between the HCP parent and the BCC phase is highly
irregular and incoherent. As the strain further increased, the BCC
phase continued to grow, and eventually the middle section of the
parent was transformed into the BCC structure. It is noted that the
HCP to BCC phase transformation creates a slight contraction
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Fig. 2. (a)—(c) Common neighbor analysis (CNA) of transformation from HCP parent (in red) to BCC (in blue) in time sequence. (a) Nucleation of BCC near the surface and the center.
(b) Growth of the BCC inside the parent. The boxed region is selected to compute the energy evolution. (c) As the strain increases, the BCC continues to grow. (d) Magnified view of
the boxed region in (c) without CNA. After transformation the double-layered (1010), prismatic of the parent was transformed to single-layered close-packed planes (110)p of
the BCC. In this orientation relationship, (0002) || (110)gc. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this

article.)

perpendicular to the loading direction, as manifested at the top and
bottom surfaces (Fig. 2¢). A slight extension is also created in the
[1210] direction (not shown).

To track the structural evolution during deformation and phase
transformation, the boxed region in Fig. 2c is magnified and
analyzed in Fig. 2d. In this plot, the CNA is turned off, so all the
atoms have the originally assigned colors, irrespective of the crystal
structure of phases. This helps identify the lattice transformation
and the orientation relationship. It can be readily seen that, in the
BCC region, the originally corrugated, double-layered yellow pris-
matic plane of the parent, i.e. the (1010)p, has transformed to a flat,
single-layered (110)p.c of the BCC phase, whereas the originally flat
basal plane of the parent has now transformed to the (110)g- of
the BCC phase. Thus, the lattice transformation can be described as:
(1010)p — (110)gc, and (0002)p — (110) g The orientation rela-
tionship between the HCP parent and the BCC phase can be
described as: (0002)p || (110)gcc, (1010)p || (110)gcc. This orienta-
tion relationship is essentially identical to the reports in the liter-
ature [42—44].

As the compressive strain further increased to a critical value,
the BCC phase started to transform into HCP. However, as analyzed
below, the newly formed HCP is 90° away from the HCP parent

around the zone axis of <1§10>, and this misorientation satisfies

{10T2}<1OTT> twin relationship, although the theoretical

misorientation equals 85°. Why these two HCP phases are {1012}
twins is demonstrated in Appendix. The transformation process is
shown in Fig. 3. The HCP phase emerges in the central region of the
BCC phase (Fig. 3a). In the CNA analysis, both the HCP parent and
the HCP twin are colored in red, The HCP twin continues to grow by
consuming the BCC phase as the deformation proceeds (Fig. 3b).
The interface between the BCC phase and the HCP twin is irregular
and incoherent. In Fig. 3¢, the HCP twin continues growing at the
expense of the BCC phase. Note the interface appears to be a cir-
cular shape in 2D view, indicating that the habit plane is not well
defined. After the two thin walls of BCC are consumed, the HCP twin
and the HCP parent become in contact. To examine the orientation
relationship between the newly formed HCP twin with respect to
the HCP parent and the BCC phase, the boxed region in Fig. 3b is
magnified and further analyzed in Fig. 3d. Compared to the HCP
parent, the (0002), basal planes of the parent are parallel to the
(1010); prismatic plane of the newly formed HCP twin and vice
versa. The newly formed HCP and the original HCP parent satisfies

{1012} twin relationship, i.e. 90°<1710>. It can also be observed

that the single-layered (110)p.- planes of the BCC phase are
transformed to the double-layered (1010); prismatic plane of the
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Fig. 3. (a)—(c) Common neighbor analysis (CNA) of transformation from BCC to HCP twin in time sequence. (a) New HCP lattice nucleates inside the BCC. (b) The HCP twin grows. (c)
The HCP twin grows at the expense of the BCC. The interface between the BCC structure and the new HCP structure is highly incoherent. (d) Magnified view of the boxed region in
(b) without CNA. The misorientation between the new HCP and the original HCP satisfies 90°1210, which is a {1012} twin. The orientation relationship between the HCP, BCC and
HCP twin can be described as: (0002), || (110)pcc || (1010); and (1010)p || (110)cc || (0002);.

HCP twin. Thus, the orientation relationship between the HCP
parent, BCC phase and HCP twin can be described as:
(0002), || (1T0)gcc || (1010); and (1010)p || (110)cc || (0002)y.

In Fig. 4a, the nucleation of FCC phase (shown in green in CNA)
can be observed at the interface between the HCP parent and the
HCP twin. The FCC phase at the TB grows into the parent and
propagates toward the top and bottom free surfaces, forming four
wedge-shaped FCC regions that separate the twin from the parent
(Fig. 4b). Note that the four wedges naturally bridge the free sur-
faces of the parent and the twin, between which a misfit strain is
produced by the twinning. It can be readily seen that an expansion
in the vertical direction is produced after the BCC structure is totally
consumed by the extension twin. As the straining continued, the
FCC phase was transformed into the HCP twin through the gliding
of the Shockley partial dislocations (denoted by the white circles)
on consecutive (111)gcc planes. In contrast, no well-defined inter-
facial dislocations were observed at the interface between the FCC
and parent. Fig. 4c shows the magnified view of the boxed region in
Fig. 4b without CNA. The orientation relationship between these
different structures can be determined as: (1010)p || (111)pc
I (0002);.

To further verify that the FCC phase at the TB was transformed
from the HCP parent, the evolution of FCC at the lower right corner
of the twinned region was tracked, as shown in Fig. 5. In Fig. 5a, no

FCC structure can be observed because the FCC nucleus (Fig. 5a) is
growing but has not reached surface region. As the strain increases,
the FCC structure emerges at the interface between the parent and
the twin. A local shear strain that appears to be a slope on the
surface of the FCC phase can be seen (Fig. 5b). The FCC phase further
expands toward the parent as the strain increases (Fig. 5¢). The FCC
phase keeps thickening until the misfit strain between the parent
and the twin is fully accommodated by the local shear strain
(Fig. 5d). Combined with Fig. 4c, it can be seen that the single
layered, close-packed (111)g planes of FCC phase are transformed
from the double layered (1010), prismatic planes of the HCP
parent. Thus, atomic shuffles must be involved in this
transformation.

4. Analysis and discussion
4.1. The mechanism for HCP— BCC phase transformation

It is interesting that HCP, BCC and FCC structures were all
observed in pure Ti in a single simulation of uniaxial compression
perpendicular to the c-axis. This loading condition strongly favors
extension twinning. But the BCC and FCC structures are only tran-
sitory and eventually transform back to HCP (Figs. 3—5). For the
transformation of HCPparent —BCC—HCPy,;;, the orientation
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Fig. 4. (a)—(b) Common neighbor analysis (CNA) of structural evolution. (a) Nucleation of FCC phase (in green) at the twin boundary (TB). (b) The FCC phase grows by transforming
the HCP parent. Meanwhile, the FCC phase transforms into the HCP twin by the glide of Shockley partial dislocations (denoted by the white circles). (c) Magnified view of the boxed
region in (b) without CNA. The orientation relationship satisfies: (1010), || (111)g || (0002);. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

relationship (OR) between the phases can be described as:
(1010), || (110)gcc || (0002); and [1210]p || [001]cc || (1210} The
BCC structure disappears as the compressive strain increases. This
OR is the same as the Burgers OR [42]. With this OR, six f (BCC)
variants can be activated from an o (HCP) phase during the a—
phase transformation [45,46]. Conversely, twelve o variants can be
generated during the f— o phase transformation [46—48]. Thus,
there are 72 potential oq—f—oa, phase transformation paths,
including 12 paths which can restore the original o; orientation
[46,49,50]. In terms of crystallography, the observed orientation

relationship (90°<1§10> reorientation) in this work, ie.,

{0001}, || {11034 || {lOTO}aZ, indeed belongs to a type of
a1 — B— 0y phase transformation. In Appendix, it is demonstrated

that when two o crystals form an OR of 90° <1§10>, they are {1012}

twins despite the theoretical misorientation equals 85°.

The analysis of transformation mechanism from HCP parent to
BCC is displayed in Fig. 6. To better understand the transformation
process, the HCP (in red) lattice and the BCC (in blue) lattice ob-
tained in the simulation were taken out and superimposed such
that they have exactly the same OR as in Figs. 3 and 4. In Fig. 63, the

(110)gcc plane of the BCC phase is superimposed on the (0002),

basal plane of the HCP parent. The viewing direction is along the
[0001] of the parent. It can be seen that the projected 2D structures
of the parent basal and the (110)p of the BCC phase are so close
that only small atomic shuffles are needed to transform a (0002), to
a (110)g¢c. The atomic shuffles are denoted by the yellow arrows.
As a result of the shuffling, the double-layered (1010), prismatic
planes of the parent become single-layered (110)p- planes of the
BCC. If the superimposed view is plotted along the [1010], of the
parent, as shown in Fig. 6b, the projected structure of the (1010),
parent prismatic plane is almost identical to the structure of the
(110) ¢ of the BCC phase. Minor shuffles are required such that a
slight elongation in the [1210], direction and a slight contraction in
the [0002], direction are produced. As such, the shuffles are able to
transform the HCP parent to the BCC structure without involving
any dislocation-mediated shear deformation.

The lattice transformation in Fig. 6 can be described as:
(0002)p— (110)¢, and (1010)p— (110)gec. To better reveal the
transformation process, the 2D views in Fig. 6 were translated into a
3D representation of lattice transformation in Fig. 7. The HCP parent
is shown as the red lattice, while the BCC unit cell is shown in blue.
The atoms in red and blue are shared by both lattices. It can be
observed that the shaded (110)g plane and (110)g.- plane are
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Fig. 5. The formation and growth of the FCC structure at the expense of the HCP parent lattice in time sequence. The boxed region in (d) is selected to compute the energy evolution

during transformation.
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HCP, BCC HCP BCC

Fig. 6. Analysis of transformation from HCP parent (in red) to the BCC structure (in
blue). The HCP parent and the BCC are taken from the snapshot at 106 ps and 114 ps,
respectively. (a) The (110)pc plane of the BCC structure is superimposed on the
(0002)p basal plane of the HCP parent. The major atomic shuffles are denoted by the
yellow arrows which transforms the (0002), of the HCP parent to the (110)gc of the
BCC. (b) The (110)pe plane is superimposed on the (1010), plane of HCP parent.
Minor atomic shuffles are required along the [0001] and [1210] direction. The lattice
transformation can be described as: (0002)p — (110)¢¢, and (1010)p, — (110)cc. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)

parallel to the basal plane and prismatic plane of the parent,
respectively. The atomic shuffles are indicated by the green arrows.
To transform the double layered (1010), parent prismatic plane to
the single layered (110)p- plane, the atoms on every other parent
basal plane must shuffle to reach the center positions of the pris-
matic planes, i.e. those positions indicated by the blue atoms. This
lattice transformation is exactly the same as in Fig. 6. The magni-

tude of the atomic shuffles equals ~ ig—" = 0.085 nm, with a being

" (110)gcc

Fig. 7. 3D representation of the lattice transformation shown in Fig. 6. The HCP parent
is shown in red lattice and the BCC in blue. The shaded (110)¢ plane and (110)pcc
plane are parallel to the basal plane and prismatic plane of the parent, respectively. The
atomic shuffles (indicated by the green arrows) transform the basal and the prismatic
of the parent into the two close-packed {110}cc of the BCC. This process only involves
atomic shuffles. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

the lattice parameter of HCP Ti. The major shuffles are along the
[1010] and minor shuffles are also needed along the [0001] and
[1120] such that the perfect BCC structure can be obtained. Ac-
cording to Ojha and Sehitoglu [43], the HCP lattice undergoes a
dilation in the [1210] and a contraction in the [1010] when the
perfect HCP lattice transforms to the perfect BCC lattice, such that
the angle between the two diagonals of (0002), plane is adjusted
from 120° to 109.47° which is the angle between the two diagonals
of the (110)pc. In fact, a contraction in the [0002] direction is also
generated and this can be seen from the slight contractions on the
top and bottom surfaces (Fig. 2c). This indicates that this
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transformation is dominated solely by atomic shuffling. The
geometrical relationship of (0002)p || (110)pcc and
(1010)p || (110)g also indicates that no dislocation-mediated
shear is involved, otherwise these two parallelisms would be
destroyed by such shear deformation. The above analysis of the
transformation process is consistent with the proposed mechanism
by Li. et al. [51] in a Ti—Nb alloy via examining the atomic pro-
jections. They show that intermediate steps are involved during the
transformation of the double-layered (1010), plane to the single-
layered (110)p close-packed plane, which only involves atomic
shuffling. In the simulation results of this work, such intermediate
steps seem unnecessary because the shuffles are very simple.
Campbell et al. [52] observed rapid martensitic transformation
from HCP to BCC, which is induced by nanosecond laser irradiation
using a novel nanosecond electron microscope. Their results sug-
gested that this transformation is driven by lattice distortion due to
rapid concentration in strain energy.

As the straining continues (Fig. 3), the BCC phase transforms to

HCP twin which has a misorientation of 90°<1§10> with the HCP

parent. It can be seen from Fig. 7, this transformation can be easily
accomplished when the (110)p transforms to the (0002) of HCP,
and the (110)g transforms to the (1010) of HCP. The lattice
transformation is shown in Fig. 8. The (0002); basal plane of the
HCP twin (in red) is projected to the (110)p plane of the BCC
phase (Fig. 8a). The viewing direction is along the [110]/[0001] di-
rection. The yellow arrows represent the major atomic shuffles.
From the projection view, it can be observed that the atomic
shuffles on the (110)g plane along the [110] direction transform
the (110)pcc to the (0002); basal plane of the twin. Concurrently,
the (110)g plane is transformed to the double-layered (1010)
plane of twin lattice, as shown in Fig. 8b which is a projection view
along the [110]/[1010] direction such that the (1010); prismatic
plane of the HCP twin is superimposed on the (110)p. plane of the
BCC phase. Again, minor shuffles in the other two directions are
required for the atoms to reach the perfect HCP positions. This type

mo?o?.;

i (b)
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e 0o 0 0 0
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170 1010 : 110 0001
110L001 0001T_,1§10 : 110 T—>001 IOIOT—vlfIO
BCC HCP, BCC HCP,

Fig. 8. The transformation from the BCC structure (in blue) to the HCP twin (in red).
The BCC is taken from the snapshot at 114.5 ps, and the HCP twin is taken from the
snapshot at 119 ps. (a) The (110)gcc of the BCC is transformed to the basal plane of the
HCP twin by atomic shuffles along [110] direction. (b) The (110)p of the BCC is
transformed to the (1010); of twin. Minor shuffle is observed in the [001] direction.
The orientation of the new HCP is reoriented by 90° around the 1210, which satisfies
twin relationship with respect to the original HCP lattice. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of
this article.)

of transformation path, i.e.,, 6 Ti — « Ti, has been reported by a
number researchers [42—44,53—56]. Burgers [42] proposed that
this transformation can be accomplished by two independent
processes: (1) atomic shuffling on every other (110) plane in the
[110] direction; (2) a shear on the {112}z plane along the [111]¢
direction. The results in this work show that atomic shuffles are all
needed to accomplish the lattice transformation and no
dislocation-mediated shear is involved.

4.2. The mechanism for HCP<« FCC transformation

The HCP < FCC transformation was investigated by a number of
researchers in the literature. Two types of OR between FCC and HCP
were reported: (1) {0002}, || {111}z and [1120]p || [110]pcc
[57—59]; (I1) {1010} || {110} g and [0001]p || [001]p[28,60—62].
For the type I OR, Zhao et al. [58] reported that the successive

gliding of 1 (1010 Shockley partials on every other basal plane is
3

responsible for the transformation of an HCP lattice to an FCC lattice
during cold rolling. These Shockley partials originate from the

dissociation of full a :%<l§10> dislocations. Yu et al. [57] also

observed an FCC phase in pure Ti by in-situ TEM, where the FCC and
HCP phase have type [ OR, and the transformation mechanism is
also identical to that in Ref. [58]. For type Il OR, the transformation
mechanism is controversial. Hong et al. [60] observed a stress
induced transformation of HCP to FCC under a cryogenic channel
die compression. Ren et al. [28] also investigated this type of
transformation by MD simulation. In both studies, they reported
that {10T0}%<11§0> Shockley partials accounted for the phase
transformation. In contrast, Wu et al. [63] suggested that type II
transformation can be accomplished by either a pure shuffle

mechanism or a shear-shuffle mechanism. Recently, Yang et al. [64]
proposed a more detailed mechanism in which the gliding of

23080230250
030.0880880

©
O §=0.90 nm

s S
|b| :E=0.09nm

1010 112 0001
1210 0001 110 L»111 ﬁmT—»wio
HCP, FCC HCP,

Fig. 9. Transformation of HCP parent to the FCC which separates {1012} twin from the
parent. A shear strain is generated to compensate the misfit strain between the parent
and the twin. The displacement S over ten layers of close-packed planes is ~0.9 nm,
which corresponds to a shear with half a Shockley partial dislocation on each of the ten
planes. The (111)g of the FCC structure is transformed from the (1010), of the
parent. Meanwhile, the (0002), basal is transformed to the (111)cc. Shear and shuffles
are needed for this transformation.
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{1OT0} : <1 1§0> Shockley partials were involved, and adjustments

for interplanar spacing and volume expansion were needed. In
these studies, an FCC phase was embedded within and surrounded
by an HCP matrix.

The OR between the FCC and HCP phase in this work is special in
the sense that the FCC structure is sandwiched by the HCP parent
and HCP twin. As shown in Fig. 9 which is a magnified view of
Fig. 5d, the misorientation between the FCC and the HCP twin is
exactly type I OR. However, the OR between the FCC and the HCP
parent is a new relationship, ie. (1010)p || (111)g and
[1210]p || [110]gc- The overall relationship between the HCP

parent, FCC and HCP twin satisfies: (1010)p || (111)g || (0002)7. In
Fig. 9, the FCC phase bridges the HCP parent and the HCP twin, and
a shear can be clearly observed on the surface of the FCC. Thus, the
slope on the surface serves as a strain accommodation at the TB (see
more details below). The overall shear displacement S spanning

over 10 layers of (1010), prismatic plane is ~0.90 nm. Thus, the
magnitude of the Burgers vector (‘ E’) on each layer is ~0.090 nm,

and this value corresponds to half a Shockley partial dislocation.
The double layered (1010), planes of the parent are transformed to
the (111)g planes of the FCC. Concurrently, the (0002), planes of
the parent are transformed to the (111)g.- planes of the FCC.
However, the double layered (1010), prismatic planes cannot
transform to the single layered (111)g planes of the FCC solely by
shear, so atomic shuffles have to be involved.

The detailed process of shear and shuffle involved in the
HCPpgrent — FCC transformation is schematically shown in Fig. 10.
The structure of the HCP parent is plotted in Fig. 10a in which the
basal planes are colored alternatively in red and blue to show the ...
ABABAB ... stacking sequence. As the strain is increased sufficiently
large to start TB migration, two processes occur. One of them is
atomic shuffling such that a double-layered (1010), right adjacent
to the TB is transformed into a single-layered close-packed plane by

atomic shuffling. The magnitude of the shuffle is ~%§ch,: (Fig. 10a).
These shuffles cause a dilation in the vertical direction to change

a- (b) ...
e oo e® 0® _o°
o0 000 .0:.0
odo0 00 .0‘.0
8.0000 Shuffle & .0...
»"... Shear .“.‘
o000 0 0® o ©°
XXX s ® 2.0
Y XXX s & ® T
o000 ._g__?___?___ -
0001 112
1210 —1010 I10T—.111
HCPP FCC

Fig. 10. Mechanism of the transformation from the HCP parent to the FCC structure. (a)
The HCP parent. The basal planes are colored in red and blue to show the ... ABABAB ...
stacking sequence. (b) First, a double-layered (1010) is transformed into a single-
layered close-packed plane by atomic shuffling. Then the close-packed plane is
sheared by half a Shockley partial dislocation, creating the ... ABCABC ... stacking of the
FCC. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)

the interplanar spacing of the parent basal planes from § (c is the

other lattice parameter of the HCP lattice) to % (apcc is the lat-
tice parameter of the FCC lattice). The other process involves a
simple shear that occurs on each of the close-packed planes by half
a Shockley partial dislocation, creating the ... ABCABC ... stacking of
the FCC. Obviously, a simple shear and atomic shuffles have to occur
simultaneously to accomplish the transformation. Note that,
although locally the OR between the FCC and the HCP parent is
(111)pcc || (1010)p, the average interface is not along the (1010)p,
but close to the (2021)p, i.e. the white and the blue atoms at the
interface in Figs. 4 and 5.

For the FCC— HCPy,,;, transformation, Shockley partial disloca-
tions are involved in this process. The partial dislocations are
nucleated at the interface between the FCC and the HCP twin, and
glide toward the free surfaces, as shown in Fig. 4. An enlarged view
of the partial dislocation that is recovering the FCC stacking back to
the HCP stacking is shown in Fig. 11a. One Shockley partial with a
Burgers vector of % [112] recovers two layers of the (111)g- planes
of the FCC to HCP stacking. In Fig. 11b, the (0002); basal planes of
the HCP twin are superimposed on the (111)g planes of the FCC. A
full dislocation on the (111)g plane can dissociate into two partial
dislocations:

%[ﬁo] :%[TZT] +% [211] (1)

The gliding of a Shockley partial along the [121] direction carries
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Fig. 11. Analysis of transformation from FCC to HCP twin. (a) 3D view of the Shockley
partial on the (111)ge. (b) The (0002); of the HCP twin is superimposed on the
(111)gcc of the FCC. The glide of the Shockley partial carries the atoms in “C” layer to
“A” layer. (c) The ... ABCABC ... stacking sequence of FCC structure is changed to the ...
ABABAB ... stacking sequence of the HCP twin by Shockley partial dislocations on the
interfacial (111)gc. Because one Shockley partial transforms two (111)g layers,
partial dislocations on every other (111)g. plane are only needed to transform the
whole FCC phase to the HCP twin.
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the atoms in the “C” layer to the “A” layer. Consequently, as shown
in Fig. 11c, the ... ABCABC ... stacking sequence of the FCC is changed
tothe ... ABABAB ... stacking sequence of the HCP twin. Because one
Shockley partial recovers two (111)g.c planes to the HCP stacking,
Shockley partials on every other (111)g plane are needed. For
example, there are ten layers of (111)g planes in the FCC in Fig. 9,
only five Shockley partials are needed to completely transform the
FCC to the HCP twin. This can be clearly seen in Fig. 11c in which
letter notation was used to demonstrate how Shockley partials on
every other (111)g planes accomplish the FCC— HCPyy,
transformation.

HCP parent lattice

.

4.3. Strain accommodation of the phase transformations during
deformation

For deformation induced phase transformations, the volumetric
strains generated in the structural transformation are effective to
accommodate the plastic strain, in addition to dislocation slip and
shear-induced deformation twinning. To quantitatively evaluate
how much strain was accommodated by the phase transformations,
the evolution of radial distribution function (RDF) of different
phases that were present during deformation was plotted as shown
in Fig. 12a—d. An RDF represents the probability of finding the
neighbors of an atom within a certain interatomic spacing. The
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Fig. 12. The radial distribution function (RDF) of structural evolution during deformation. The characteristic peaks, which stand for the distances between nearest neighbors,

represent the corresponding specific crystal structure.
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characteristic peaks, which stand for the distances between nearest
neighbors, correspond to a specific crystal structure. Both the
parent and twin have HCP crystal structure, so the RDFs are almost
identical. The lattice parameters of the parent and the twin are
determined as 2.948 A (Figs. 12a) and 2.945 A (Fig. 12c), respec-
tively. The minor difference in lattice parameters between the
parent and the twin is due to the residual stress. Fig. 12b shows the
lattice parameter of the BCC structure is 3.256 A. A split of the peaks
can be observed in Fig. 12b, indicating that the BCC structure is
distorted. In Fig. 12d, the lattice parameter of the FCC structure is
determined as 4.145 A. Two atoms (highlighted in red) in a unit cell
were also tracked during transformation, and the misfit strain along
the loading direction can be calculated from the change of the
distance between the two atoms. The misfit strain can be expressed
D, —

DDDU, where Dy is the distance between the two tracked

atoms before transformation and D; is the distance after trans-

formation. Thus, the misfit strain along the loading direction for the

transformation of HCPpgrent — BCC equals &1 = % =
parent

9.83%. The misfit strain for the transformation of BCC— HCP;in

equals &, = )—arw—nf& = 1.58% (1 = £ = 1.588 for HCP Ti). The net
20apcc

as: ¢ =

misfit strain along the loading direction generated by {1012}
Miwin— \/§apﬂrent
V30parent

was produced by twinning.

The presence of the FCC phase at the {1012} TB is also a
manifestation of strain accommodation. As shown in Fig. 133, in
addition to the strain component along the loading direction,
another strain component perpendicular to the loading direction is

twinning equals e;y;q = = — 8.3%, and no shear strain

also generated, and this component equals V3uwn e _ g 155,

Alparent

This strain creates a dilation along the c-axis of the parent. Thus, the
continuity of the material requires that the parent lattice near the
junction of the TB and the free surfaces experience a tensile strain,
whereas the twin lattice near the junction of the TB and the free
surfaces experience a compressive strain (Fig. 13a). This strain
localization produces the driving force for the HCPpgrene — FCC
phase transformation. As a result, the FCC phase is nucleated and
forms the wedge-shaped regions right on the TB (Fig. 13b).

The transitory phase transformations, i.e. the presence of BCC

and FCC phases as intermediate structures during {1OT2}<1OTT>

twinning strongly suggests that this most common twinning mode
in HCP metals cannot be mediated by “twinning dislocations” and
no twinning shear on the {1012} twinning plane should be
involved [17—-21,65,66].

4.4. Energetics of the phase transformations during deformation

To gain a deeper insight into how the transitory phase
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Fig. 14. (a) Energy-lattice parameter relations for different crystalline structures of Ti
calculated with the EAM potential. (b) Energy-lattice parameter relations for different
crystalline structures of Ti calculated with VASP.

transformations occur during deformation twinning, it is necessary
to quantitatively evaluate the energies of different crystal struc-
tures of pure Ti and the energy barriers for the lattice trans-
formations. A question that needs to be answered is whether the
phase transformations are triggered by the strain energy or by the
difference in lattice energy of these phases. To this end, the equi-
librium lattice energy of these three structures were calculated. The
calculation with the EAM potential [32] potential for Ti is shown
Fig. 14a. It can be seen that the HCP has the lowest energy
(—4.85eV/atom) at the equilibrium lattice parameter (0.295 nm).
This energy is 30 meV/atom lower than that of the BCC, and 10
meV/atom lower than that of the FCC. The calculated energies are
consistent with the values reported by Zope and Mishin [32] who
showed that the energy of the FCC and the BCC is 11 meV/atom and
30 meV/atom higher than that of the HCP.

For comparison to the atomistic calculations, DFT calculations of
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Fig. 13. Strain accommodation by the presence of the FCC phase at the TB. (a) Without the FCC, strain localization occurs because of the misfit strain between the parent and the
twin lattices. (b) The strain localization is mitigated by the formation of the FCC phase at the TB.
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Table 1
Comparison of the cohesive energy (eV/atom) of HCP Ti.

Present work  Present work  Experiment Zope and Mishin [32] Hennig et al. [71] Kim et al. [69] Mehl et al. [67] Baskes et al. [70] Gibson et al. [72]
(EAM) (DFT) [68] (EAM) (DFT) (MEAM) (DFT) (MEAM) (DFT)
485 5.51 4.85 4.85 5.17 487 4.86 487 5.55

the lattice energies of the three crystal structures of Ti were also
performed, and the results are shown in Fig. 14b. Compared to the
results from the EAM potential (Fig. 14a), the DFT calculations
generate similar energy differences. It is seen that the HCP Ti has
the lowest energy and the BCC has the highest energy. The ground
state HCP structure is 90 meV/atom and 50 meV/atom lower in
energy than the BCC and the FCC structures, despite that these
values are three to five times larger than the results obtained from
the EAM potential. Using DFT, Mehl et al. [67] reported that the
energy difference between the HCP and the FCC is 13 meV/atom,
and the energy difference between the HCP and the BCC is 67 meV/
atom. These atomistic calculations and DFT calculations indicate
that the transitory phase transformations were triggered by the
external strain in the simulations.

Table 1 summarizes the calculation results in this work and
some of the values in the literature [67—72]. It can be found that our
results are in good agreement with the experimental and the
simulation results reported by other researchers. It should be noted
that the energies from our DFT calculations are lower than those
from the semi-empirical EAM and MEAM potentials. This issue is
well known when DFT is applied for the transition metals [73].
Overall, the EAM potential gives a good description of the equilib-
rium lattice energy of different crystal structures. The calculations
using the EAM and the DFT indicate that the energy differences
between the BCC and the HCP, the FCC and the HCP are not high,
especially for the two close-packed structures, the energies are
pretty close. Thus, the transitory phase transformations in this
work occurred as a result of strain accommodation.

The atomistic simulations also allow one to calculate the energy
barriers for the transitory phase transformations. To perform these
calculations, groups of atoms were selected and the evolution of the
average energy of these atoms during deformation were calculated
and plotted. The locations of selected atoms are shown in Figs. 2b
and 5d. The result for the HCPpgren: — BCC transformations is shown
in Fig. 15. The boxed region in Fig. 2b contains 154 atoms. The
evolution of the crystal structure of the selected atoms during
deformation is also superimposed on the figure. As the deformation
proceeds, the energy gradually increases as a result of the elastic
strain. As the external strain further increases, at ~110 ps, a sharp
increase in the energy can be seen, which corresponds to the
initiation of the HCPpgrent —BCC transformation. A careful exami-
nation reveals a small plateau before the peak energy, which comes
from the growth of the BCC phase. At ~115 ps, the energy reaches a
maximum followed by a plummet which signals the beginning of
the BCC— HCPy,;, transformation. The energy peak (—4.81eV/
atom) is slightly higher than the equilibrium value (—4.82 eV/atom,
Fig. 14a) due to the strain energy. The energy barrier of the dynamic
HCPpgrent — BCC transformation is ~38 meV/atom. Compared to the
energy difference of the ground state in Fig. 14a (30 meV/atom), this
value is reasonable.

The energy barrier for the HCPpgrent — FCC transformation is also
shown in Fig. 15. 136 atoms are contained in the boxed region of
Fig. 5d. The evolution of the crystal structure of the selected atoms
is also superimposed on the figure. After the external strain is
applied, the energy increases as the deformation proceeds. At ~110
ps, an energy drop occurs which corresponds to the energy drop
caused by the BCC — HCP,,,;, transformation. Then a sharp increase
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Fig. 15. Energy evolution of the selected region during transformation from HCP to
BCC (in blue) and from HCP to FCC (in green). The energy barriers are ~38 meV/atom
and ~43 meV/atom, respectively. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

in energy occurs at 120 ps, corresponding to the beginning of the
HCPpgrent — FCC transformation. As indicated in the snapshot, the
left layer of the double-layered prismatic plane of the HCP parent is
becoming a single-layered close-packed plane of FCC. As the
deformation further proceeds, the energy plummets and the
transformation to the FCC is completed. The energy barrier of the
dynamic HCPpgrent — FCC transformation is ~43 meV/atom, which is
slightly higher than that for the HCPpgrens —BCC transformation.
The higher energy barrier is likely due to the fact that the pathway
for this HCPpgrent — FCC transformation is more complex and both
shear and shuffle are involved.

5. Conclusions

Atomistic simulations of {10T2}<10TT> twinning in pure Ti

was conducted by applying a compressive strain perpendicular to
the c-axis of a single crystal. Transitory phase transformations were
observed during deformation. Lattice correspondence analyses
were performed to resolve the mechanisms for these phase trans-
formations. The following conclusions can be reached:

1. A transitory BCC phase was observed prior to {1012} twin
nucleation. Then a {1012} twin nucleated inside the BCC phase.
The OR between the HCP parent, the BCC phase and the HCP twin
can be described as: (1010)p || (110)gc || (0002); and
[1210]p || [001]gc || [1210]7. The transformation from HCP
parent to the BCC phase is dominated by atomic shuffling. The
transformation process can be described as: (1010)p— (110)pcc,
and (0002)p— (110)gcc. The transformation process from the
BCC to the HCP twin can be described as: (110)gc-— (0002),i10
and (110)ge-— (1010)q,,;,- This process is also dominated by
atomic shuffling.

2. Atransitory FCC phase was also formed at the TB. The OR among
the HCP parent, the FCC and the HCP twin can be described as:
(1010), || (111)gcc || (0002);. The FCC phase was formed due to
the misfit strain between the parent and the twin. During
twinning, a dilation perpendicular to the loading direction
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occurs, causing localized strains at the junction between the TB
and the free surfaces. The formation of the FCC phase at the TB
mitigates the strain localization. The HCPpgrent — FCC trans-
formation is accomplished by both shear and atomic shuffles.
Shuffling transforms the double layered (1010), plane into a
close-packed (111)g plane, and a shear with a Burgers vector
of half a Shockley partial dislocation on the (111)g plane
generates the correct FCC structure.

3. Energy calculations show that the HCP structure has the lowest
energy among the three crystal structures. Although the BCC
phase has the highest energy, the HCPpgrens—BCC trans-
formation can serve as an intermediate structure for the {1012}
twinning because the atomic shuffles required in this trans-
formation are simple. The presence of the BCC and the FCC
phases during twinning unambiguously demonstrates that no
twinning dislocations should be involved in this particular
twinning mode.
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Appendix. Lattice correspondence analysis of { 1012 } < 1011 >
twinning

In the framework of classical twinning theory [1], deformation
twinning is accomplished by a homogeneous simple shear on the
twinning plane, i.e., the first invariant plane K;. The simple shear is
achieved by twinning dislocations which can only glide on the
twinning plane. As a result, the actual twin boundary (TB) should
coincide with the twinning plane. This is the case except for

{10T2} <10T1> mode. Extensive experimental observations have

shown that {1012} TBs can be extremely incoherent and largely
depart from the twinning plane [18,74] and the misorientation

angle between the parent and twin does not have a unique value
[25,74]. In most of the atomistic simulations, the misorientation
angle between the parent and twin equals 90° rather than the
theoretical values (85° for Ti and 86.3° for Mg) [9,17,26,29,75]. Two
examples are shown in Figure Al.

Figure Al(a) shows the simulation result of {1012} TB migration
in pure Mg [75]. The misorientation angle equals 90°. Solid, red
lines are added to the original figure to mark out the traces of the
(0002) and {1010} planes in the crystals A and p. From the red
atoms on the top surface, it can be seen that the (0002) of A has
transformed to the {1010} of p. Reciprocally, the {1010} of A has
transformed to the (0002) of . Because the misorientation angle
equals 90°, (0002); || {1070}, and {1010}, || (0002),. Thus, the
magnitude of twinning shear should be zero because any non-zero
twinning shear would destroy these two parallelisms. Figure A1(b)
shows a similar analysis on the simulation result reported by Hirth
et al. [29]. In this case, the misorientation angle between the parent
and twin also equals 90°. Solid, red lines are added to the original
figure to show the same lattice transformation. Thus, the magni-
tude of twinning shear should be zero as well.

The “parent basal to twin prismatic and parent prismatic to twin
basal” lattice transformation in Figure A1 can be translated into a
3D representation shown in Figure A2 [17], which was proposed by
Li and Ma [65]. The {1010} of parent (red lattice) is transformed to
the (0002) of twin (blue lattice), and the (0002) of parent is
transformed to the {1010} of twin. It can be seen that the two
lattices satisfy {10T2}<1OT1> twin relationship because the
shaded plane is perfectly shared by both lattices. But the twin lat-
tice is distorted. To correct the distortion, atomic shuffles are
required. The shuffles will distort the shaded twinning plane and
thus the invariant plane strain condition in classical twinning is not
satisfied. This is the root cause of all the anomalous properties of

{sz} <10T1 > twinning.

Kadiri, Acta
Materialia 63 (2014) 1-15 [75].

Hirth et al., Progress in Materials Science 83
(2016) 417-471 [29].

Fig. Al. Two examples of {1012} twinning in which the misorientation angle equals 90° [29,75] (with permission from Elsevier). Solid, red lines are added to the original figures to
show the lattice transformation. In both cases, the lattice transformation can be recognized as “parent basal to twin prismatic and parent prismatic to twin basal” which is exactly
the same as the Li-Ma shuffling model [65]. A 3D representation of the lattice transformation is shown in figure A2.



(0002)p — {1010}y

P. Chen et al. / Acta Materialia 171 (2019) 65—78 77

Fig. A2. 3D representation of the lattice transformation in Figure A1(a) and (b) during
{1012} TB migration (adapted from Ref. [17] with permission from Elsevier). This
lattice transformation is exactly the same as the Li-Ma shuffling model [65] in which
the parent prismatic is transformed to the twin basal and the parent basal is trans-
formed to the twin prismatic.
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