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A B S T R A C T

We perform molecular dynamics simulations to investigate the microstructural evolution and role of twinning on
ω-phase transformation in single crystal Ti for loading perpendicular to the c-axis under uniaxial strain condi-
tions. We find that both tension twinning and ω-phase evolve simultaneously and compete with each other. The
number of activated tension twin variants not only affects the overall twin volume fraction but also the ω-phase
volume fraction. For the case where four twin variants activate, the overall twin volume fraction is lowest and
ω-phase volume fraction is highest in comparison to the case where only two twin variants activate. Significant
amount of unconsumed parent HCP structure occurs for the case where four twin variants activate in comparison
to the case where only two twin variants activate. This suggests that the number of activated twin variants and
the spatial distribution of twins belonging to these variants play an important role on the amount of unconsumed
parent HCP structure. The presence of high dislocation density for the case where four twin variants activate in
comparison to the case where only two variants activate indicates that the number of activated twin variants also
affects the overall dislocation density. The foregoing observations can be useful to develop a dynamic material
strength model which can account for the coupled evolution of plasticity and phase transformation.

1. Introduction

The HCP metals such as Ti and Zr at ambient temperature and high
pressure conditions can transform to a simple hexagonal structure
known as ω phase with 3 atoms per unit cell [1–3]. This solid-solid
phase transformation can occur under static [2,4] as well as shock
loading conditions [3,5] and plays an important role on mechanical
properties such as ductility and toughness [1,6]. The experiments on
polycrystalline Ti and Zr samples [3,5,7] reported the presence of
profuse twinning (reorientations) along with pressure-induced ω phase
in shock-recovered samples. Note that the deformation twinning plays
an important role on texture evolution [8]. The experiments also re-
ported that the amount of ω phase increased with increase in reor-
ientations (twinning) [3] [Supplemental material [9]]. This means that
the microstructure of the material will be governed by the evolution of
deformation twinning, dislocations and phase transformation. While it
is known that the microstructure of the materials affects the mechanical
properties, a fundamental understanding of the microstructural evolu-
tion (evolution of dislocations, deformation twinning and phase trans-
formation) of the material under different loading situations is required.

The primary focus of experimental as well as computational studies
on Ti and Zr in the literature was to understand the transition pressure

for the ω phase [1,2,5], orientation relationship between α and ω
phases [6,9–13], role of oxygen content on the phase transformation
[5], role of peak pressure on the volume fraction of ω phase [3] and
kinetics of reverse ω to α transformation [14,15]. The experiments on
polycrystalline Ti [3] showed reorientations (profuse twinning) along
with phase transformation and these reorientations increased with in-
crease in volume fraction of ω phase. However, the nature as well as
role of deformation twinning on the phase transformation in the ex-
periments is not clear. This is primarily because the experiments were
performed on polycrystalline specimens and the deformation modes
were obtained from the texture analysis [16].

The classical molecular dynamics (MD) simulations are commonly
used to understand the basic mechanisms of deformation and fracture.
They are also frequently used to understand the defect evolution dy-
namics [17–20]. While it is difficult to understand the microstructural
evolution in experiments, especially under high strain rate situations,
the MD simulations can serve as a useful tool to explore the micro-
structural evolution of the material under different loading situations.
Zong et al. [9,16] performed molecular dynamics (MD) simulations to
understand the transformation pathways and orientation relationship
between α and ω phases in single crystal Ti with shock loading in dif-
ferent directions. They reported that for c-axis shock compression, α to
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ω phase transformation occurred without any compression twinning
while for shock loading perpendicular to the c-axis, they observed 90°
rotations along with α to ω phase transformation. However, those si-
mulations mainly focused on the transformation pathways and did not
report the evolution dynamics of twinning and phase transformation.
Recently, Rawat et al. [13,21] in their MD simulations on single crystal
Ti under c-axis uniaxial compressive strain conditions showed that the
{10 1̄1} compression twins activated and assisted the α to ω phase
transformation. They also reported the evolution dynamics of extension
twinning for loading perpendicular to the c-axis [18]. However, that
work [18] was limited to twin evolution dynamics and did not probe
the role of twinning on the α to ω phase transformation for loading
perpendicular to the c-axis.

In this work, we perform compression perpendicular to the c-axis
under uniaxial strain conditions at room temperature using two well-
known interatomic potentials [22,23] to investigate the microstructural
evolution of the material and understand the role of twinning on the
evolution of ω phase in single crystal titanium under uniaxial strain
condition.

The constitutive equations to describe the evolution of dislocation
slip and deformation twinning in HCP metals have been well described
by various researchers [24–27]. However, there is no existing dynamic
strength model which can account for the processes such as solid-solid
phase transformation for predictive continuum simulations. Moreover,
the ω phase transformation is typically described by static or equili-
brium phase diagrams which do not depict the time evolution of
ω-phase volume fraction. To develop a physics-based dynamic strength
model which can account for the coupled evolution of plasticity (dis-
location slip and deformation twinning) and phase transformation and
to develop a phase diagram under dynamic loading conditions, the
microstructural evolution of the material due to plasticity (dislocation
slip and twinning) and phase transformation should be understood. In
this regard, from a continuum perspective, one would be interested to
know: (a) What is the role of twinning on the ω-phase evolution? Does it
suppress or promote the ω-phase? (b) Does the number of activated twin
variants affect the volume fraction of ω-phase? (c) Does twinning
consume the parent HCP structure? (d) How dislocation density evolve
during the evolution of twinning and ω-phase? (e) Does number of
activated twin variants affect the overall dislocation density? These and
allied questions can provide a way to connect the atomistic information
to develop the material strength models which can account for the
coupled evolution of plasticity and phase transformation under dy-
namic loading conditions.

2. Computational method

We use LAMMPS [28] code to simulate the deformation of perfect
single crystal titanium under uniaxial strain conditions. These loading
conditions are connected to the high velocity impact experiments where
the passage of the shock deforms the target material under uniaxial
strain conditions [29]. The number of atoms in the simulation domain
is 4.6× 105 atoms and the side length of the simulation domain is 20 nm
in each direction. In this set up, the global X-, Y- and Z-directions of the
simulation domain are 〈 〉2 1̄ 1̄0 , 〈 〉01 1̄0 and 〈 〉0001 , respectively. We
apply periodic boundary conditions in each direction. To integrate the
equations of motion, we use velocity-Verlet algorithm. A timestep of 2
femto-second is used to integrate the equations of motion. We use Nose-
Hoover thermostat and barostat to control the temperature and pres-
sure of the system. First we equilibrate the system at 300 K temperature
and 0 bar pressure using an NPT ensemble up to 40 ps. After equili-
bration at 300 K and 0 bar pressure, an engineering strain rate of 109 s−1

is applied to deform the system at a constant temperature of 300 K
using an NVT ensemble. We use crystal analysis tool [30] and basal
plane vector (BPV) [31] analysis to process the atomistic data. To vi-
sualize the obtained results, we use Ovito [32].

We perform compression along 〈 〉2 1̄ 1̄0 and 〈 〉01 1̄0 directions and

categorize the loading conditions as case A for compressive loading
along 〈 〉2 1̄ 1̄0 direction and case B for compressive loading along 〈 〉01 1̄0
direction (Fig. 1). For case A where compressive loading is applied
along X-direction (〈 〉2 1̄ 1̄0 direction), the Y- and Z-directions are con-
strained so that the side lengths of the simulation domain along these
directions should not change during the deformation. Similarly, for case
B where compressive loading is applied along Y-direction (〈 〉01 1̄0 di-
rection), the X- and Z-directions are constrained so that the side lengths
of the simulation domain along these directions remain constant during
the deformation.

3. Results and discussion

For Ti, it is well known that the applied strain can result in twinning
as well as α to ω phase transformation [3,5,7,9,13,21]. In this regard,
first we investigate the structural evolution of the material under the
applied loading conditions by performing CAT analysis [30]. This
analysis provides information on the overall HCP structure (atoms be-
longing to parent as well as twins), stacking faults and unknown
structure (atoms which do not correspond to any known crystal struc-
tures, e.g. FCC, HCP, BCC etc.). Note that the twinned atoms belong to
an HCP structure while atoms belonging to an ω phase correspond to an
unknown structure [13,21].

Fig. 2 shows the evolution of overall HCP structure (number fraction
corresponding to parent as well as twins), unknown structure and
stacking faults obtained with the Kim and the Hennig potentials for
each case of the loading conditions. As observed from Fig. 2 that the
Hennig potential shows large number fraction corresponding to overall
HCP structure in comparison to the Kim potential for each case of the
loading conditions. In this regard, it should be noted that for both
loading conditions where compressive loading is applied perpendicular
to the c-axis, the activation of tension twin systems is expected [18].
This means that the large number fraction corresponding to the overall
HCP structure with the Hennig potential in each case of the loading
conditions could be due to the high growth of the twins in comparison
to the Kim potential [18]. From Fig. 2, it is also observed that the Kim
potential shows large number fraction corresponding to unknown
structure in comparison to the Hennig potential for both loading con-
ditions. Note that the compressive loading under uniaxial strain con-
ditions may also lead to the possible structural α to ω phase transfor-
mation [9,13,16]. This means that the large number fraction for
unknown structure with the Kim potential could be due to the possible
structural phase transformation which can obstruct the growth of twins
and consume the parent HCP structure.

Fig. 3 shows the snapshots for HCP and unknown structures ob-
tained with the Kim and the Hennig potentials for case A and case B
loading conditions. As observed from Fig. 3 that the orientation of some
of the atomic clusters belonging to HCP structure is different from the

Fig. 1. Applied loading conditions. Here open arrows (red) refer to the loading
directions (〈 〉2 1̄ 1̄0 (case A) and 〈 〉01 1̄0 (case B)) while solid arrows (green)
refer to the constrained directions. The size of the constrained direction does
not change during the deformation.
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parent HCP structure indicating the rotation of the c-axis (twinning).
This means that the HCP structure includes both parent as well as
twinned volumes. It is also observed from Fig. 3 that for each case of the
loading conditions with both potentials, the unknown structure is or-
iented similar to twinned volumes which could be due to the ω-phase
transformation. In this regard, note that the shock experiments on
polycrystalline samples [3,5,7] reported the twinning along with phase

transformation. In addition to this, the MD simulations on single crystal
Ti [9,16] under shock loading conditions also reported the °90 rotations
along with the phase transformation. However, the simulations [9,16]
did not show the evolution of microstructures which we present in this
paper albeit with loading conditions different from [9,16].

Fig. 2. Time evolution of number fraction belonging to overall HCP structure (parent as well as twins), stacking faults and unknown structure (atoms which do not
belong to any known crystal structures, such as FCC, BCC etc.) for each case of the loading conditions with the Kim and the Hennig potentials.

Fig. 3. Snapshots for HCP and unknown structures obtained with the Kim and the Hennig potentials for case A (170 ps) and case B (110 ps) loading conditions. Here
HCP structure includes both parent HCP structure and twinned volumes [18].
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3.1. C-axis misorientations and overall reorientations

To understand the c-axis misorientations due to deformation
(Fig. 3), we perform c-axis misorientation analysis. The c-axis mis-
orientation is defined as the angle between the initial (at t= 0) and
instantaneous c-vectors for each atom in the simulation domain. In this
analysis, we exclude those highly disordered atoms for which c-vector is
not computed. Fig. 4 shows the c-axis misorientation distribution ob-
tained with the Kim and the Hennig potentials for both loading con-
ditions. As observed from Fig. 4, the misorientation peaks occur in the
range of 50–70° and 85–90° indicating reorientation of the parent
matrix (rotation of the c-axis). The 50–70° peaks in the misorientation
distribution (Fig. 4) indicate the possible α to ω phase transformation
[13,21] while 85–90° peaks indicate the activation of tension twins
[18]. Note that the misorientation peak corresponding to 90° in Fig. 4
dominates over the other peaks for each case of the loading condition
with both potentials indicating dominance of the 90° rotations. These
90° rotations have been observed in MD simulations [9,16] as well as in
experiments [33]. Qualitatively, both potentials show 50–70° and
85–90° peaks in the misorientation angle distribution. However, the
magnitude of the peaks with the Kim potential is larger compared to
that with the Hennig potential in each case of the loading conditions.

To understand quantitatively the amount of 50–70° and 85–90°
peaks in the misorientation angle distribution (Fig. 4), we compute the
number fraction corresponding to these peaks. Fig. 5 shows the overall
reorientations (number fraction corresponding to 50–70° and 85–90°
peaks in Fig. 4) as a function of time for both loading conditions with
the Kim and the Hennig potentials.

As observed from Fig. 5 that for each case of the loading conditions,
the overall reorientations (number fraction corresponding to 50–70°
and 85–90° peaks in Fig. 4) with the Kim potential dominates over that
with the Hennig potential. Note that the shock experiments on Ti and Zr
[3,5] [Supplemental material [16]] observed the reorientations (twin-
ning) along with ω phase transformation and found a correlation be-
tween the overall reorientations and ω-phase volume fraction. In those
experiments [3,5,16], the high volume fraction of ω-phase was corre-
lated with the high reorientations. This means that the high reor-
ientations with the Kim potential could be due to an overall dominance
of twinning and ω phase in comparison to that with the Hennig po-
tential. Note also that the overall reorientations for case B dominates
over that for case A with each case of the potentials used. This could be
due to the activation of few twin variants for case B in comparison to
case A where activation of more number of twin variants may suppress
the growth of twins and thereby lead to smaller twinned volumes
[17,18]. Apart from that the structural phase transformation can also

suppress the growth of the twins [13].

3.2. Overall twin volume fraction

Recently, Rawat et al. [18] in their MD simulations on single crystal
Ti found that the activated twinning did not consume the entire parent
HCP structure. They also reported that the saturation of overall twin
volume fraction could be due to the unavailability of parent HCP
structure, suppression of twin growth due to twins of other variants and
presence of some other deformation mechanism such as phase trans-
formation. However, that work [18] did not probe whether the twin-
ning consumed the entire available parent HCP structure or not. Here
we present twin analysis to understand (i) whether the twinning con-
sumes the entire available parent HCP structure (ii) the contribution of
overall twinning to the overall reorientations and (iii) role of activated
twin variants on the overall reorientations (50–70° and 85–90° peaks in
Fig. 4).

Since the compressive loading is applied perpendicular to the c-axis,
the tension twins (also known as extension twins) should activate for
each case of the loading conditions [17,18]. The commonly reported
tension twins in Ti at room temperature are {101̄2} and {11 2̄1} [34].
The Schmid factor for {10 1̄2} twins is 0.37 for case A and 0.5 for case B.
While Schmid factor for {11 2̄1} twins is 0.28 for case A and 0.21 for
case B. We found that only {10 1̄2} twins activate for both loading
conditions [18]. Note that there are six possible variants of {10 1̄2}
〈 〉1̄ 011 twin system and the activation of these twin variants depends
on the applied loading conditions. For case A, four variants of {10 1̄2}
〈 〉1̄ 011 twin system activate while two variants of {10 1̄2} 〈 〉1̄ 011 twin
system activate for case B [18]. For the sake of completeness, here we
briefly describe the twin variant volume fraction and overall twin vo-
lume fraction for both loading conditions with the Kim and the Hennig
potentials. A detailed discussion on the twin evolution dynamics for
both loading conditions with the Kim and the Hennig potentials is de-
scribed elsewhere [18] and will not be presented in this manuscript.

The ab initio simulations and theoretical calculations showed that
the thickness of a stable twin should be ⩾6 layers [35–37] which cor-
respond to around 100 atoms [17]. Therefore, to compute the twin
volume fraction, we consider only those twins which contain atoms
⩾100. Fig. 6 shows the time evolution of number fraction corresponding
to overall twinned volume for both loading conditions with the Kim and
the Hennig potentials [18]. The number fraction corresponding to each
activated twin variant is also shown in Fig. 6. To understand whether
the activated twinning consumes the entire available parent HCP
structure, the number fraction corresponding to overall HCP structure is
also shown in Fig. 6.

Fig. 4. C-axis misorientation distribution obtained with the Kim and the Hennig
potentials for both loading conditions.

Fig. 5. Overall reorientations (number fraction corresponding to 50–70° and
85–90° peaks in Fig. 4) as a function of time for both loading conditions with
the Kim and the Hennig potentials.
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As observed from Fig. 6 that for case A, four twin variants activate
while for case B, only two twin variants activate both with the Kim and
the Hennig potentials [18]. The overall twin volume fraction for each
case of the loading conditions with the Hennig potential dominates and
contributes most to the overall reorientations (50–70° and 85–90° peaks
in Fig. 4) in comparison to the Kim potential. This is due to the rapid
growth of twins for case A with the Hennig potential in comparison to
the Kim potential [18]. For case A where four twin variants activate, the
contribution of overall twinning to the overall reorientations is small
while it is large for case B where only two twin variants activate. Note
that for each case of the loading conditions with the Kim potential, only
one twin variant has significant contribution to the overall twin volume
fraction while there are two twin variants which have significant con-
tribution to the overall twin volume fraction for each case of the
loading conditions with the Hennig potential. This indicates that the
spatial distribution of the twins for the Kim potential is different from
that for the Hennig potential. Note also that the {10 1̄2} twins in case A
with both potentials (Fig. 6) do not consume the entire available parent
HCP structure (as number fraction corresponding to the overall twinned
volume is smaller than that corresponding to the overall HCP struc-
ture), while they consume in case B with the Kim potential (number
fraction corresponding to the overall twinned volume is equal to that
corresponding to the overall HCP structure). For case B with the Hennig
potential, there is still a very small number fraction corresponding to
the parent HCP structure which is not consumed by twinning (Fig. 6).
This is reasonable since the activation of four variants (two conjugate
pairs) in case A hinders the growth of the twins of other variants. While
in case B where only two variants (one conjugate pair) activate, there is
no obstacle in the growth of twins due to other conjugate variants and
thereby they can consume the entire available parent HCP structure
(e.g. case B with the Kim potential). However, the spatial distribution of
twins may also affect the amount of parent HCP structure consumed by
twinning even for the case where only two twin variants (one conjugate
pair) activate (e.g. case B with the Hennig potential).

3.3. ω phase volume fraction

In previous section (Section 3.2), we have seen that four twin var-
iants (two conjugate pairs) activate for case A while only two variants
(one conjugate pair) activate for case B [18]. Note that for case A where
four variants (two conjugate pairs) activate (c.f. Fig. 6), the 50–70°
peaks in the misorientation distribution (Fig. 4) can occur due to the
misorientations between the conjugate variants which is 60° [38].
However, for case B where only two variants (one conjugate pair)

activate, the 50–70° peaks can not occur due to the misorientations
between the variants since the misorientation between the variants of a
conjugate pair is< 10° [38]. Moreover, the {10 1̄1} twins (compression
twins) (for which the theoretical misorientation angle is 57.2° [34]) can
not activate for loading perpendicular to the c-axis. This means that the
50–70° peaks in the misorientation angle distribution are neither due to
compression twins nor due to the misorientations between the variants.
In this regard, it should be noted that the shock experiments on Ti and
Zr [3,5] [Supplemental material [16]] observed the reorientations
(twinning) along with ω phase transformation. It should also be noted
that in our previous work on c-axis compression of single crystal Ti
under uniaxial strain conditions with the Kim and the Hennig potentials
[13,21], the structure factor analysis showed that the 50–70° and
85–90° peaks in the misorientation distribution was due to the ω phase
transformation. In addition to this, one of the possible pathways for α to
ω phase transformations was {0001} ||{10 1̄1}α ω; 〈 〉 〈 〉10 1̄0 || 1̄011α ω
[6,11–13,21]. This means that the 50–70° and 85–90° peaks in the
misorientation angle distribution (Fig. 4) are possibly due to the ω
phase transformation.

To confirm whether the 50–70° and 85–90° peaks in the mis-
orientation angle distribution (Fig. 4) belong to an ω phase, we compute
the per-atom structure factor (S(k)=∑ en

ik r. n) [39] corresponding to
different (hkl) planes for α [40] and ω [2,41] phases. To compute per
atoms structure factor, we consider only those atoms which belong to
unknown structure and show 50–70° and 85–90° peaks in the mis-
orientation distribution (Fig. 4). Fig. 7 shows the structure factor for
twin-like oriented unknown structure (atoms with 50–70° and 85–90°
peaks in the misorientation angle distribution) for both loading con-
ditions with the Kim and the Hennig potentials. As observed from
Fig. 7, the peaks corresponding to ω phase occur for both loading
conditions with the Kim and the Hennig potentials. This confirms that
the twin-like oriented unknown structure which shows 50–70° and
85–90° peaks in the misorientation angle distribution (Fig. 4) is due to
the pressure-induced ω phase transformation. To quantify the amount
of ω phase generated for both loading conditions with the Kim and the
Hennig potentials and to understand its contribution to the overall re-
orientations (Fig. 5), we perform c-vector analysis for the twin-like
oriented unknown structure (atoms which do not belong to any known
crystal structure and show 50–70° and 85–90° peaks in the mis-
orientation angle distribution). For c-vector analysis of the twin-like
oriented unknown structure (Fig. 2), we use c-vectors belonging to
{10 1̄2} and {10 1̄1} twins to confirm whether the atoms belonging to
50–70° and 85–90° peaks in the misorientation distribution (Fig. 4)
have twin-like orientations. Fig. 8 shows the time evolution of ω-phase
volume fraction as well as the number fraction corresponding to overall
reorientations (50–70° and 85–90° peaks in Fig. 5) for both loading
conditions with the Kim and the Hennig Potentials.

As observed from Fig. 8 that the ω-phase volume fraction for each
case of the loading conditions with the Kim potentials contribute sig-
nificantly to the overall reorientations (number fraction corresponding
to 50–70° and 85–90° peaks in Fig. 5). While its contribution to the
overall reorientations with the Hennig potential for each case of the
loading conditions is quite small. Apart from that the ω-phase volume
fraction for each case of the loading conditions with the Kim potentials
dominates over that with the Hennig potential. In previous section
(Section 3.2), we have seen that the overall twin volume fraction for
each case of the loading conditions with the Hennig potentials was
larger than that with the Kim potential (c.f. Fig. 6). This means that the
Hennig potential shows twinning dominated deformation in each case
of the loading conditions while the Kim potential shows a competitive
response of twinning and ω-phase to accommodate the applied strain
for each case of the loading conditions. Note that for case A with the
Kim potential where four tension twin variants (two conjugate pairs)
activate (c.f. Fig. 6), the volume fraction of ω phase is large compared to
the case B where only two tension twin variants (one conjugate pair)
activate. This indicates that the number of activated twin variants

Fig. 6. Time evolution of number fraction corresponding to overall HCP
structure and overall twinned volumes for both loading conditions with the Kim
and the Hennig potentials. The number fraction corresponding to each acti-
vated twin variant is also shown.
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affects not only the overall twin volume fraction (c.f. Fig. 6) but also the
volume fraction of ω phase. More number of activated twin variants
with the Kim potential leads to a smaller overall twin volume fraction
(c.f. Fig. 6) and larger volume fraction of ω phase. A similar trend is also
observed with the Hennig potential for both loading conditions. How-
ever, the volume fraction of ω-phase with the Hennig potential is re-
latively quite small in comparison to the Kim potential for each case of
the loading conditions.

Fig. 9 shows the parent HCP structure, {10 1̄2} twins, ω-phase and
unknown structure for case A loading condition with the Kim potential.

3.4. Dislocation density

To understand the evolution of dislocation density during the evo-
lution of twinning and ω-phase for each case of the loading conditions
with the Kim and the Hennig potentials, we perform dislocation ana-
lysis using Dislocation Extraction Algorithm (DXA) implemented in

Ovito [32]. For Ti, the most common slip systems which can activate
under the given loading conditions are prismatic 〈a〉 and pyramidal 〈c
+a〉 slip systems [42–44]. However, the pyramidal 〈c+a〉 slip system
does not activate at room temperature due to a very high critical re-
solved shear stress (CRSS) in comparison to the prismatic 〈a〉 slip
system [45,46].

From the Burgers vector analysis, we identify 1/3〈 〉1 2̄10 prismatic
dislocations, 1/3 〈 〉1 1̄00 partial dislocations on basal slip systems and

Fig. 7. Per-atom structure factor for twin-like oriented unknown structure (atoms corresponding to 50–70° and 85–90° peaks in the misorientation angle distribution)
for case A (180 ps) and case B (140 ps) loading conditions with the Kim and the Hennig potentials.

Fig. 8. The volume fraction of ω-phase as a function of time for both loading
conditions with the Kim and the Hennig potentials. The overall reorientations
(number fraction corresponding to 50–70° and 85–90° peaks in Fig. 5) for each
case of the loading conditions are also shown for comparison.

Fig. 9. Snapshot showing parent HCP structure, {10 1̄2} twins, ω-phase and
unknown structure for case A (146 ps) loading condition with the Kim potential.
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1/3〈 〉1 2̄13 pyramidal dislocations. In addition to these dislocations,
there are some dislocations which are unidentifiable. We call them
“other dislocations”. Fig. 10 shows the time evolution of dislocation
density for each case of the loading conditions with the Kim and the
Henning potentials.

As observed from Fig. 10 that for each case of the loading conditions
with the Kim and the Hennig potentials, the dislocation density in-
creases, reaches a peak and then decreases during the evolution of
twinning and ω-phase transformation. The overall dislocation density
with the Hennig potential is large compared to that with the Kim po-
tential for each case of the loading conditions. In this regard, it should
be noted that the stacking fault energy (213mJm−1) for the Kim po-
tential is higher than that for the Hennig potential (170 mJm−1) while
experimentally reported stacking fault energy for titanium is
300mJm−1 [47]. It is known that the large dislocation dissociation
into partials and high dislocation density occur for the low value of
stacking fault energy [48]. This means that the Hennig potential with
the low stacking fault energy will have high dislocation density in
comparison to the Kim potential which has comparatively high stacking
fault energy. This is what we observed in Fig. 10. This means that the
dislocation density strongly correlates with the stacking fault energy.
Note that the Hennig potential shows the large overall twin volume
fraction and small volume fraction of ω-phase in comparison to the Kim
potential. This indicates that the applied deformation for the Hennig
potential is primarily accommodated by twinning and dislocation slip.
While for the Kim potential where the overall dislocation density is
small in comparison to the Hennig potential, the applied deformation is
primarily accommodated by twinning and ω-phase transformation.

It is also observed from Fig. 10 that only partial dislocations on the
basal slip system and other dislocations make significant contribution
to the overall dislocation density for each case of the loading conditions
with the Kim and the Hennig potentials. For the Hennig potential, the
other dislocations dominate over the 1/3 〈 〉1 1̄00 dislocations and
contribute most to the overall dislocation density for each case of the
loading conditions. While for the Kim potential, the other dislocations
compete with the 1/3 〈 〉1 1̄00 dislocations for case A while for case B,
the other dislocations dominate and contribute most to the overall
dislocation density up to some time point (∼110 ps) and then they
disappear. After that the 1/3 〈 〉1 1̄00 dislocations for case B with the
Kim potential are the only contributor to the overall dislocations. Note
that the other dislocations lie on the twin-matrix interface [17] and for
case B with the Kim potential, there is no twin-matrix interface since
the entire available parent HCP structure is consumed by twinning
(Fig. 6). This is why the other dislocation density for case B with the
Kim potential becomes zero. This means that the large number of twin-
matrix interfaces leads to a large dislocation density corresponding to

other dislocations. This indicates a correlation between the dislocation
density corresponding to the other dislocations and the amount of un-
consumed parent HCP structure (c.f. Fig. 6). Large density of other
dislocations corresponds to the large amount of unconsumed parent
HCP structure for each case of the loading conditions with both po-
tentials. For example, for case A with the Kim potential, the amount of
unconsumed parent HCP structure is 7.1% at 160 ps while for the same
loading condition (case A) with the Hennig potential, there is a 38%
parent HCP structure at 160 ps which is not consumed by twinning.
This means that there is a large number of twin-matrix interfaces for
case A at 160 ps with the Hennig potential in comparison to that with
the Kim potential and thereby leads to a large density of other dis-
locations for case A with the Hennig potential. For case B where
twinning consumes the entire parent HCP structure with the Kim po-
tential (c.f. Fig. 6), the “other” dislocations disappear (Fig. 10) while
they decrease by an order of magnitude with the Hennig potential.

Table 1 shows the details of the overall reorientations, overall HCP
structure, parent HCP structure, overall twin volume fraction, ω-phase
volume fraction and dislocation density for case A (180 ps) and case B
(140 ps) with the Kim and the Hennig potentials. As observed from
Table 1 that the least dislocation density corresponds to the case B with
the Kim potential where there is no availability of the parent HCP
structure while highest dislocation density occurs for the case A with
the Hennig potential where the highest parent HCP structure is avail-
able.

3.5. Statistical analysis

To understand the variations in the overall twin volume fraction,
ω-phase volume fraction and overall dislocation density, we perform
statistical analysis. We consider 10 samples for each loading condition
with the Kim potential. This means that we perform a total of 20 si-
mulations for both loading conditions with the Kim potential. We ex-
clude the Hennig potential for this analysis due to a very high com-
putational time required to perform the analyses (2–3 times higher
computational time is required to simulate one sample with the Hennig
potential). To introduce the randomness in the simulations, we use a
different random number seed for each sample to initialize the atomic
velocities using Gaussian distribution at 300 K and equilibrate the
sample at 300 K and 0 bar pressure using an NPT ensemble with the Kim
potential. After equilibration, we deform the sample at 109 s−1 en-
gineering strain rate with the Kim potential under case A and case B
loading conditions. We compute overall reorientations, overall twin

Fig. 10. Evolution of dislocation density as a function of time for both loading
conditions with the Kim and the Hennig potentials.

Table 1
Details of the overall reorientations, overall HCP structure, parent HCP struc-
ture, Overall twin volume fraction, ω-phase volume fraction and dislocation
density for case A (180 ps) and case B (140 ps) with both potentials.

Kim Hennig

Case A Case B Case A Case B

Overall reorientations (%) 75.2 91.8 58.0 88.0
Overall HCP structure (%) 33.2 55.1 67.0 77.0
Overall twin volume fraction

(%)
29.0 55.1 45.7 76.4

Parent HCP structure (%) 4.2 0 21.3 0.6
ω-phase volume fraction (%) 18.4 15.8 10.4 4.5
1/3〈 〉1 2̄10 dislocation

density (m−2)
×2.23 10 51 0 ×6.13 1015 0

1/3 〈 〉1 1̄00 dislocation
density (m−2)

×2.75 1016 ×1.70 1016 ×1.21 1017 ×1.97 1016

1/3〈 〉1 2̄13 dislocation
density (m−2)

0 0 0 0

Other dislocation density
( −m 2)

×1.29 1016 0 ×2.38 1017 ×2.39 1016

Overall dislocation density
( −m 2)

×4.27 1016 ×1.70 1016 ×3.65 1017 ×4.36 1016
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volume fraction, ω-phase volume fraction and overall dislocation den-
sity for each sample for both loading conditions.

3.5.1. Overall reorientations, twinning and ω-phase
We perform statistical average of overall reorientations (number

fraction corresponding to 50–70° and 85–90° peaks in Fig. 4), overall
twin volume fraction and ω-phase volume fraction. Fig. 11 shows the
statistically averaged number fraction corresponding to overall reor-
ientations, twinning and ω-phase for both loading conditions with the
Kim potential. As observed from Fig. 11 that the variations in the
overall reorientations for case A are quite significant, especially in the
initial evolution regime. These large variations mostly correspond to
the variations in the initial evolution regime of the ω-phase volume
fraction. While for case B, the variations in the number fraction cor-
responding to overall reorientations as well as the ω-phase volume
fraction are quite small in comparison to case A. Note that the varia-
tions in the overall twin volume fraction for each case of the loading
conditions are not significant. Note also that for case A where four twin
variants (two conjugate pairs) activate, the overall twin volume fraction
competes with the ω-phase volume fraction in the initial evolution re-
gime and then dominates over the ω-phase volume fraction. While for
case B, the activation of twins is slightly delayed in comparison to
ω-phase but later the overall twin volume fraction dominates over the
ω-phase volume fraction. For the case where four twin variants activate
(case A), the ω-phase volume fraction is highest and the overall twin
volume fraction is lowest in comparison to the case where only two
variants activate (case B). This means that the number of activated twin
variants not only affects the overall twin volume fraction but also the
ω-phase volume fraction.

3.5.2. Overall dislocation density
We perform statistical average of overall dislocation density for

both loading conditions with the Kim potential. Fig. 12 shows the sta-
tistical average of overall dislocation density as a function of time for
each case of the loading conditions with the Kim potential. As observed
from Fig. 12 that the variations in overall dislocation density for case A
are quite large, especially in the initial evolution regime of the overall
dislocation density. These variations are also quite significant for case
B. Note that for case A, four twin variants (two conjugate pairs) activate
while only two twin variants (one conjugate pair) activate for case B.
This means that the large variations in the overall dislocation density
for case A are possibly due to the large variations in the twin-matrix
interfaces in comparison to case B.

4. Summary and conclusions

We perform compression of single crystal Ti along 〈 〉2 1̄ 1̄0 and
〈 〉01 1̄0 directions at room temperature to investigate the micro-
structural evolution and role of twinning on ω-phase under uniaxial
strain conditions using two well-known interatomic potentials. The
compressive strain applied perpendicular to the c-axis results in the
activation of {10 1̄2} twinning as well as the ω-phase transformation.
The activation of four {10 1̄2} variants for loading along 〈 〉2 1̄ 1̄0 direc-
tion leads to a different microstructural evolution from the loading
along 〈 〉01 1̄0 direction where only two variants activate. The main
conclusions of the present study are as follows:

• Twinning and phase transformation evolve simultaneously and
compete with each other.

• The volume fraction of the ω-phase for the case where four twin
variants activate is large in comparison to the case where only two
twin variants activate. On the other hand, the overall twin volume
fraction for the case where four twin variants activate is small in
comparison to the case where only two twin variants activate. This
means that the number of activated twin variants and their spatial
distribution not only affects the overall twin volume fraction but
also the volume fraction of the ω-phase. This suggests a correlation
among the number of activated twin variants, overall twin volume
fraction and ω-phase volume fraction. The large number of activated
twin variants leads to a smaller overall twin volume fraction and
larger volume fraction of ω-phase.

• For the case where only two twin variants (one conjugate pair) ac-
tivate, twinning consumes the entire available parent HCP structure
for the Kim potential while a very small amount (0.6%) of parent
HCP structure remains unconsumed for the Hennig potential. This
suggests that the spatial distribution of the twins for the Kim po-
tential is different from that for the Hennig potentials.

• For the case where four twin variants (two conjugate pairs) activate,
the amount of unconsumed parent HCP structure is significant for
both the Kim (4%) and the Hennig (21%) potentials. This suggests
that not only the spatial distribution of the twins but also the
number of activated twin variants affects the amount of un-
consumed parent HCP structure.

• During the evolution of the twinning and the ω-phase, the disloca-
tion density increases, reaches a peak and then decreases. The
overall dislocation density peaks corresponding to the onset of sa-
turation of overall twin volume fraction.

• The overall dislocation density for the case where four twin variants
activate is high in comparison to the case where only two twin
variants activate. This means that the number of activated twin
variants also affects the overall dislocation density.

• High dislocation density, large overall twin volume fraction and

Fig. 11. Overall reorientations (number fraction corresponding to 50–70° and
85–90° peaks in Fig. 4), overall twin volume fraction and ω-phase volume
fraction as a function of time for each case of the loading conditions with the
Kim potential.

Fig. 12. Statistical average of overall dislocation density as a function of time
for both loading conditions with the Kim potential.
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small ω-phase volume fraction for the Hennig potential indicate that
the applied deformation is primarily accommodated by the twinning
and the dislocation slip.

• Low dislocation density, large overall twin volume fraction and
large ω-phase volume fraction for the Kim potential indicate that the
applied deformation is primarily accommodated by the twinning
and the ω-phase.

These observations should help in constructing the dynamic mate-
rial strength models which can account for the evolution of plasticity as
well as phase transformation. To gain further understanding on the
evolution dynamics, it would be interesting to investigate the role of
temperature on the evolution dynamics of twinning and phase trans-
formation.
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