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Using molecular dynamics simulations, the plastic deformation behavior of nanocrytalline Ti has been investigated
under tension and compression normal to the {0001}, {1̄010}, and

{
1̄21̄0

}
planes. The results indicate that the plastic

deformation strongly depends on crystal orientation and loading directions. Under tension normal to basal plane, the
deformation mechanism is mainly the grain reorientation and the subsequent deformation twinning. Under compression,
the transformation of hexagonal-close packed (HCP)-Ti to face-centered cubic (FCC)-Ti dominates the deformation. When
loading is normal to the prismatic planes (both {1̄010} and {1̄21̄0}), the deformation mechanism is primarily the phase
transformation among HCP, body-centered cubic (BCC), and FCC structures, regardless of loading mode. The orientation
relations (OR) of {0001}HCP||{111}FCC and ⟨1̄210⟩HCP||⟨110⟩FCC, and {1010}HCP||{110}FCC and ⟨0001⟩HCP||⟨010⟩FCC
between the HCP and FCC phases have been observed in the present work. For the transformation of HCP → BCC → HCP,
the OR is {0001}

α1||{110}β ||{1010}α2 (HCP phase before the critical strain is defined as α1-Ti, BCC phase is defined as
β -Ti, and the HCP phase after the critical strain is defined as α2-Ti). Energy evolution during the various loading processes
further shows the plastic anisotropy of nanocrystalline Ti is determined by the stacking order of the atoms. The results in
the present work will promote the in-depth study of the plastic deformation mechanism of HCP materials.
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1. Introduction

Titanium (Ti) has been regarded as strategically important
metal due to its excellent properties within a very wide tem-
perature window, and exceptionally strong resistance to acid
and alkali attack. Ti and its alloys have a number of outstand-
ing qualifications such as low density, high specific strength,
decent ductility, and good biocompatibility.[1–4] As such, they
are widely used in rockets and other aerospace applications,
which earn it the nickname of “space metal”.[5,6] Single phase
Ti may be characterized as the hexagonal close-packed (HCP)
structure, namely stable α phase at room temperature, while
undergoing an allotropic phase transition to the body-centered
cubic (BCC) phase at high temperature (882 ∘C).[1] Differ-
ent from the ample slip systems in face-centered cubic (FCC)
and BCC structured metal, the slip system in HCP metal is
finite. However, there are profuse twinning systems in HCP
metal. Therefore, HCP metals usually undergo plastic defor-
mation through twinning deformation rather than dislocation
slip. It has been reported that there are six types of twins
in deformed Ti,[7,8] including tensile twins of {112̄1}⟨112̄6⟩,
{101̄2}⟨101̄1⟩, and {112̄3}⟨336̄2⟩, as well as compressive

twins of {101̄1}⟨101̄2⟩, {112̄2}⟨112̄3⟩, and {112̄4}⟨224̄3⟩.
Moreover, the “twin-like” reorientation[9–12] has also been in-
vestigated as a new deformation mechanism for HCP metals.
That is to say, although dislocation propagation is limited,
HCP metals can undergo plastic deformation in other forms
to ensure good plasticity.

It is known that plastic properties are dependent on crys-
tal orientation for crystalline materials, which also determines
the plastic deformation mechanism of the materials. Due to
the lower spatial symmetry than BCC and FCC structures,
HCP metals and alloys dramatically show anisotropic plastic-
ity with loading applied along different crystal orientations.
There have been numerous researches on the effect of crys-
tal orientation on plastic deformation of HCP materials, and
have obtained fruitful theoretical results in recent years. Re-
searches on the plastic behaviors of HCP metallic materi-
als are mainly focused on several common materials such as
Mg,[13,14] Ti,[15–21] and Zr.[22] Ni et al.[13] simulated the ten-
sile properties of HCP-Mg nanowire in ⟨1120⟩ orientation and
discovered primary and sequential secondary twinning domi-
nated the plastic behavior, which finally resulted in ultrahigh
60% elongation. Chen et al.[14] performed molecular dynam-
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ics (MD) simulations exploring basal/prismatic twin bound-
ary migration with compression loading applied along [101̄0]
of parent phase. And an abnormal reversible HCP → FCC
phase transformation was observed, which was induced by the
misfit strain between the matrix and twin. The fact indicates
that pure Mg can also achieve plastic deformations through
phase transformation under certain crystal structure and load-
ing mode, although its main plastic deformation is twinning
deformation. As for the HCP-Ti, ample efforts have been
made to approach the nature of plastic deformation mecha-
nism. For the case of tension loading applied along c axis,
Ren et al.[15] reported that the {101̄2}⟨101̄1⟩ twin is observed
when tension loading is applied along [0001] direction, and
the phase transformation from HCP to FCC has also been an-
other new deformation mechanism during the tension process.
An et al.[16] further found that the formation of basal/prismatic
interface and the motion of SFs in “twin” grains dominate the
deformation mechanism in [0001] tension. As for the com-
pression loading applied along c axis, both plastic behaviors
in simulations and experiments exhibit different deformation
patterns compared to the condition of tension loading. Yu and
his colleagues[17] performed in situ TEM experiments for the
compression testing on single crystal Ti oriented along c axis,
they found that ⟨c+a⟩ dislocations are the preferred slip mode
and ⟨c+ a⟩ dislocations could operate as single-arm sources.
In simulation, Ren and his coworkers further confirmed the
deformation mechanism in all [0001]-oriented nanopillars is
dominated by the pyramidal ⟨c+a⟩ slip.[18] While An et al.[16]

found something new during the compression loading imposed
along [0001] direction of Ti nanoplate with internal stacking
faults (SFs). And FCC band emerges during the compres-
sion and the blockage of SF boundary to the FCC-Ti phase
boundary in compression is the main deformation mechanism
in this condition. In the case of loading applied for the pris-
matic plane of the HCP-Ti, the results are also different from
the previous conclusions. Yu[19] tested the tensile properties
of Ti nanopillar along [21̄1̄0] direction through ex-situ and in
situ experiments. They concluded that the SFs are possible to
be activated, and the presence of SFs has consequences on the
work hardening and plastic flow: the SFs debris interact with
prismatic dislocations, and serve as obstacle to hinder runaway
dislocation avalanche. Ren et al.[18] presented the simula-
tion results that the plasticity of the [112̄0]-oriented nanopil-
lars with compressive strain is predominantly produced by the
edge dislocation lines. Moreover, Chen[20] reported very in-
teresting transitory phase transformation between BCC, HCP,
and FCC structures in HCP-Ti when compression loading is
applied along the [101̄0] axis.

According to the above fruitful results, one thing should
be emphasized is that both crystal orientations and loading di-
rections have a dramatic influence on the plastic deformation

behavior of HCP materials, and Ti shows anisotropic plastic-
ity under various working conditions. However, the previous
results are too scattered and lack of systematic research on
the influence of crystal orientations and loading directions on
the plastic behavior of HCP materials. Moreover, due to the
large difference between the models adopted in simulations
and experiments, the impact of the model size on the mechan-
ical behaviors of nanometer materials is unknown. Despite the
ample literature work, it is still unclear how the coupled crys-
tal orientations and loading directions affects the microstruc-
ture evolution of HCP-Ti, whether there is plastic anisotropy
during loading process. In this work, the effect of crystal ori-
entations and loading conditions on the deformation behav-
iors of HCP-Ti is investigated using MD simulations, which
has been used widely to explain the mechanical behavior and
detailed deformation process of materials.[23–28] The results
show that the deformation behavior strongly depends on ori-
entation and loading mode. This work will provide a new sight
in the orientation-dominated plastic deformation mechanism.

2. Simulation methods
In our previous work, we have investigated the effect of

SF on the mechanical properties of nanocrystal Ti. For com-
parison, similar models are constructed in this work. And
the details of the initial models are presented in Fig. 1. For
HCP structure, the close-packed plane is (0001) plane, and the
stacking sequence of atomic planes is ABABAB· · · , as shown
in Figs. 1(b)–1(d). The crystal orientations of the basal plane
model are X-[1̄21̄0], Y -[0001], and Z-[1̄010]; and the orienta-
tions of the prismatic plane I model are X-[1̄21̄0], Y -[1̄010],
and Z-[0001]; while the orientations for the prismatic plane II
are X-[1̄010], Y -[1̄21̄0], and Z-[0001]. The lattice constants for
α-Ti at room temperature are a = 0.295 nm, c = 0.468 nm,
and c/a = 1.578, respectively. In the present work, the di-
mensions of the samples in X and Z directions are 3.0 nm and
10.3 nm, and the dimension in Y direction is 45.0 nm. Periodic
boundary conditions are applied in X and Y directions, while
Z direction is a free boundary condition.

The accuracy of the potential directly affects the reliabil-
ity of the simulation results. The potential used for describing
the interaction of metal atoms has evolved from embedded-
atom method potential (EAM) to the second-nearest-neighbor
(2NN) modified EAM.[29–31] The 2NN MEAM is an im-
proved one of describing surface relaxation, thermal expan-
sion, and amorphous structure based on the previously devel-
oped Baskes MEAM Si potential. It can describe various fun-
damental physical properties: elastic, structural, point defect,
surface, thermal (except melting point), and cluster. However,
the EAM potential used in this work is developed by Wadley
and Zhou,[32,33] which has been verified to describe the Ti–
Ti interatomic interactions correctly.[34–36] It is well fitted to
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basic material properties such as lattice constants, elastic con-
stants, bulk moduli, vacancy formation energies, and sublima-
tion energies. Verlet integration algorithm is used to obtain the
motion of Newton atoms with a time step of 3 fs. To obtain the
energy minimum state before loading, the structure is initially
equilibrated for 24 ps in NVT ensemble, and 30 ps in NPT
ensemble. Upon the completion of equilibrium process, ten-
sion or compression loading is applied perpendicularly to the
basal or prismatic planes for all the models with the strain rate
of 6.7× 108 s−1. And the temperature is fixed as 10 K dur-
ing the simulation process. For discerning the different crys-

tal structure, and lattice defects, the common neighbor analy-
sis (CNA)[37] is applied by using the Open Visualization Tool
(OVITO).[38] The dislocation extraction algorithm (DXA) is
used to identify dislocations in the simulations. It can con-
verts identified dislocation networks into continuous lines and
determines their Burgers vectors in a fully automated fashion
even in highly distorted crystal regions, which is a general and
powerful method for characterizing the topological structure
of dislocations from atomic simulations.[39,40] In this work,
the HCP, BCC, FCC, and non-structure atoms are colored red,
blue, green, and white gray, respectively.
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Fig. 1. (a) The schematic diagram of the nanocrystal HCP-Ti under tension/compression loadings. (b)–(d) The details of the initial models of (b) basal plane
model; (c) prismatic plane I model; (d) prismatic plane II model. In the simulation, the tension/compression loading is applied perpendicular to basal plane
and prismatic planes.

3. Results
3.1. Plastic deformation of Ti under loading perpendicular

to basal plane
3.1.1. Tension loading

The deformation behavior of nanocrystal Ti under ten-
sion loading perpendicular to basal plane is investigated, and
the atomic configurations evolution is demonstrated in Fig. 2.
It is observed from Fig. 2(a) that some new grains nucleate
from the free surfaces at the strain of 7.6%. And the inset
of Fig. 2(a) shows the atomic stacking sequence of the initial
Y –Z plane. The corresponding DXA in Fig. 2(b) shows that
the dislocation networks generate between the new grains and
the matrix. 1/3⟨1̄100⟩ partial dislocations in basal slip system
and 1/9⟨1̄103⟩ partial dislocations in the prismatic slip sys-
tem are observed during the tension process. The new grains
expand continuously with the increase of strain until they en-
counter each other or reach the free surfaces of the model. Ac-
tually, the crystal orientation in tensile direction of the new
grain is different from the parent Ti laminate, and there are
three twin variants inside newly formed structure, as displayed

in Fig. 2(c). The inset picture shows the Y –Z plane’s atomic
stacking sequence of twin variant I during the tension process.
Comparing with the inset picture of Fig. 2(a), the stacking se-
quence of the matrix and variant is quite disparate, and the
grain reorientation dominates the initial plastic deformation of
the material. With the tensile strain going on, a second lin-
ear elastic stage is observed due to the formation of the new
grains. After the elastic stage, some defects first emerge at the
junction of new grain boundaries and free surface. Since then,
some new grains nucleate from the free surfaces and grow in
the Ti laminate, and a polycrystalline model is obtained at the
strain of 16.8%, as shown in Figs. 2(d)–2(e). For the larger ten-
sile strain, twinning and slip bands emit from the grain bound-
aries or free surfaces and propagate at the internal grains, as
plotted in Fig. 2(f).

For exploring the details of the grain reorientation in
Fig. 2(a), the close-up section of the reorientation is presented
in Fig. 3(a). It is observed from Fig. 3(a) that the orienta-
tion of the new grain is about 90∘ rotated from the matrix
lattice, which can be regarded as the “twin” phase. That is
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to say, the basal plane in the parent body transforms into the
prismatic planes of the new lattice. Microstructure indicates
that the basal/prismatic (B/P) interface is formed between the
two phases. Due to the misorientation, the B/P interface is
a semi-coherent interface, and there are mismatched disloca-
tions at the interface, as shown in Fig. 2(b). The phenomenon
in this work is consistent with Ren’s observation in HCP-Ti
nanopillars,[15] and the detailed structure is shown in Fig. 3(b).
The plateau and stepped region on the B/P interface emerge
between the matrix and the “twin” phase. One thing should be
noted here is that angle between the matrix and the twin phase
in {101̄2} twins is 84.7∘ in HCP-Ti. However, the angle be-
tween the two phases is about 90∘ in the present work, which
is a little larger than the angle of {101̄2} twins.
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(e)

(f)

basal/prismatic
interface

twin variants
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grain boundary

twin
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Fig. 2. The atomic configurations of the nanocrystal Ti at different strains
when the tensile loading is perpendicular to basal plane at 10 K for (a)
ε = 7.6%, (b) ε = 7.6%, (c) ε = 8.4%, (d) ε = 14.1%, (e) ε = 16.8%, and
(f) ε = 25.1%.
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Fig. 3. (a) The close-up section of the reorientation shown in Fig. 2(a). (b)
The details of “twin” shown in tension of Ti reported by Ren.[15]

Therefore, we suppose that the formation of the B/P in-
terface during the tension process along c axis is a twin-like

behavior. The conclusions are also consistent with the pris-
matic/basal interface reported in HCP-Mg[9,10] and the ser-
rated basal/prismatic interface in HCP-Co.[11] In the results
of HCP-Mg, Liu et al.[9] considered that reorientation is twin-
like structure. As the strain concentration occurring near the
interface or other defects, the basal plane of the matrix lattice
is no longer completely parallel to the prismatic plane of the
new lattice in many regions, and the orientation of the crystals
between these interfaces is close to 90∘, rather than 86.3∘ of
{101̄2} twins. While for the HCP-Co, Wang et al.[11] thought
that both the coherent twins and the basal/prismatic interfaces
exist at the serrated interface between the new grain and the
matrix. Therefore, the formation of B/P interface is an effec-
tive complement to the plastic behavior of HCP metal.

3.1.2. Compression loading

As the compression loading applied normal to basal
plane, the deformation behavior of nanocrystal Ti is greatly
different from the tension condition, and figure 4 shows the
atomic configurations of the nanocrystal Ti at various com-
pressive strains. It is observed from Fig. 4(a) that the FCC-Ti
nucleates from the free surfaces at the strain of 4.1%. As the
compression loading continues, the FCC-Ti region expands
and the interphase interface forms between the two phases.
The illustration of Fig. 4(b) shows a partial enlargement be-
tween the HCP and FCC phases, and there are dislocations
at the interfaces. DXA further shows that dislocations form

(a)

(b)

(c)

(d)

(e)

FCC Ti

Y

Z

HCP stacking faults

Fig. 4. The atomic configurations of the nanocrystal Ti at different strains
when the compression loading is normal to basal plane at 10 K for (a)
ε = 4.1%, (b) ε = 4.6%, (c) ε = 4.6%, (d) ε = 5.9%, and (e) ε = 19.1%.
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in the interface due to different crystal structures (Fig. 4(c)).
With the increase of compressive strain, FCC-Ti grows con-
stantly until the interfaces reach the opposite free surfaces.
Meanwhile, HCP SFs emerge in the FCC grains as the result
of partial dislocations propagation, as shown in Figs. 4(d) and
4(e). And the dislocations propagation and the accumulation
of SFs in FCC-Ti dominate the subsequent plastic deforma-
tion.

3.2. Plastic deformation of Ti under loading vertical to
prismatic plane I

3.2.1. Tension loading

As the tension loading applied perpendicularly to the pris-
matic plane I, the plastic behavior is different from the tensile
behavior of Ti under loading normal to basal plane, exhibiting
obvious plastic anisotropy.

(a)

(b)

(c)

(d)

(e)

Y

Z

FCC Ti

BCC Ti

Fig. 5. The atomic configurations of the nanocrystal Ti at different strains
when the tension loading is perpendicular to prismatic plane I at 10 K for (a)
ε = 10.7%, (b) ε = 10.9%, (c) ε = 11.2%, (d) ε = 17.9%, and (e) ε = 30.1%.

Figure 5 depicts the microstructure evolution of nanocrys-
tal Ti in Y –Z plane during the stretch process. As shown in
Fig. 5(a), some BCC-Ti atoms occur at the strain of 10.7%,
the inset indicates that partial atoms in {0001} basal plane of
parent phase move along the ⟨101̄0⟩ direction and finally form
the BCC structure. And no dislocation motions are found dur-
ing the phase transformation. Subsequently, the BCC-Ti re-
gions continue to expand and FCC-Ti phases appear on both
sides of the model, described in Fig. 5(b). The inset describes
the orientation relationship between the HCP, BCC, and FCC
lattices, which is {101̄0}HCP||{110}BCC ||{110}FCC for differ-
ent structures. With the increase of tension strain, the FCC-Ti
phase regions expand continuously accompanied by the for-
mation of HCP SFs induced by propagation of partial dislo-
cations at the internal grain. Simultaneously, the BCC atoms

gradually vanish with the increase of tensile strain. Since then,
the interaction between the partial dislocations and SFs domi-
nates the plastic behavior, as shown in Figs. 5(c)–5(e). During
the process, the BCC structure seems to provide a bridge for
the phase transformation of HCP to FCC crystal, and the tran-
sient BCC phase transformation in nanocrystal Ti allows the
transition between different crystalline structures without dis-
location motion.

3.2.2. Compression loading

Figure 6 shows the atomic configurations of the nanocrys-
tal Ti at different strains when the compression loading is nor-
mal to prismatic plane I. It is observed that some BCC-Ti
atoms emerge at the strain of 7.4%, as shown in Fig. 6(a).
The illustration exhibits the crystalline relationship between
the HCP and BCC structures, and the atomic shuffles also con-
tributes to the formation of BCC crystal. When the compres-
sion strain increases to 9.8%, the HCP-Ti has transformed to
BCC-Ti completely. Different from the phenomenon of ten-
sion, the BCC phase transition in compression is relatively
stable. As the strain increases to 11.7%, the BCC crystal be-
gins to transform to HCP structure, and there are some in-
terfaces between HCP-Ti and BCC-Ti regions in the crystal,
as shown in Fig. 6(c). What should be noted here is that the
newly formed HCP-Ti is different from the crystal orientation
of the initial HCP phase, which has been rotated at a cer-
tain angle in space relative to the parent phase, as shown in
the inset of Fig. 6(c). The BCC-Ti has transformed to HCP-
Ti again at the strain of 15.1%. The interesting thing is that
there are many grain boundaries in the nanocrystal Ti, i.e., the
sample changes from single crystal to polycrystalline struc-
ture, displayed in Fig. 6(d). Simultaneously, some SFs occur
at the internal grains resulting from the movement of partial
dislocations. Upon further loading, dense FCC SFs in HCP-
Ti accumulate and form SFs band, namely the FCC-Ti phase.
Hereafter, numerous HCP SFs form and interact with the grain
boundary, as shown in Figs. 6(e) and 6(f).

(a) 

Y

Z

(b) 

(c) 

(d) 

(e) 

(f) 

Fig. 6. The atomic configurations of the nanocrystal Ti at different strains
when the compression loading is normal to prismatic plane I at 10 K for (a)
ε = 7.4%, (b) ε = 9.8%, (c) ε = 11.7%, (d) ε = 15.1%, (e) ε = 20.3%, and
(f) ε = 24.3%.
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3.3. Plastic deformation of Ti under loading perpendicular
to prismatic plane II

3.3.1. Tension loading

The deformation behavior of nanocrystal Ti under tension
loading perpendicular to prismatic plane II is demonstrated in
Fig. 7. It is interesting that the deformation process is similar
to the sample under compression loading normal to prismatic
plane I. There are twice phase transformations during the ten-
sile process: the HCP-Ti transforms to BCC-Ti at the strain of
9.2% and then BCC-Ti transforms to HCP-Ti at the strain of
16.9%, as shown in Figs. 7(a)–7(c). At the strain of 17.8%,
the BCC-Ti has completely transformed to HCP-Ti. Similar
to Fig. 6, there are also some grain boundaries in the newly
formed structure, which exhibits the polycrystalline trend dur-
ing the stretch process. With the increase of tension strain,
some SFs occur in the new grains, which arrange symmetri-
cally on both sides of the interfaces, as shown in Fig. 7(e).
Figure 7(f) indicates that when the SFs accumulates, FCC-Ti
phase generates, accompanied by the movement of HCP SFs.
And the inset in Fig. 7(f) shows the orientation relations be-
tween HCP and FCC phases is ⟨1̄210⟩HCP||⟨110⟩FCC.

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Y

Z

Fig. 7. The atomic configurations of the nanocrystal Ti at different strains
when the tension loading is perpendicular to prismatic plane II at 10 K for
(a) ε = 9.2%, (b) ε = 9.8%, (c) ε = 16.9%, (d) ε = 17.8%, (e) ε = 21.1%,
and (f) ε = 34.0%.

3.3.2. Compression loading

As the compression loading applied perpendicularly to
prismatic plane II, the deformation behavior of nanocrystal Ti
is particularly given in Fig. 8. The deformation process is sim-
ilar to the sample, which is normal to prismatic plane I under
tension loading at initial stage. It is observed from Fig. 8(a)
that some BCC atoms nucleate and generate from both side

of the sample at the strain of 8.8%, and the partial enlarged
picture describes that the atomic shuffles contributes to the
formation of BCC structure. With the increase of compres-
sion strain, the plastic deformation behavior of nanocrystal Ti
turns to be more complicated. BCC phase grows gradually in
laminate, and some BCC structural atoms transform into HCP
structure. Meanwhile, dislocations movement and subsequent
stacking dislocation growth emerge in the HCP-Ti, as shown
in Fig. 8(b). The inset of Fig. 8(b) demonstrates that the ori-
entation of newly formed HCP is different from the original
HCP structure. Hereafter, the FCC SFs gradually generate and
propagate along the nanocrystal Ti due to the dislocations mo-
tion. Meanwhile BCC atoms turn to disappear upon further
loading, as shown in Figs. 8(c) and 8(d). And the polycrys-
talline trend presents during the compression process. As the
loading continues, the SFs move constantly in the new grains,
which results in the destruction of the free surfaces in both top
and bottom of the sample, as shown in Figs. 8(e)–8(f). The
enlarged picture in Fig. 8(e) indicates that orientation between
HCP structure and FCC SFs is {0001}HCP||{111}FCC. It is
noted here although there is dense FCC SFs emerging in the
nanocrystal Ti, they do not accumulate to form stable FCC
phase. Therefore, the plastic deformation of the material at
this condition is mainly phase transformation of HCP → BCC
→ HCP, which is slightly different from the phenomenon of
forming stable FCC phase when tension loading applied verti-
cally to the prismatic plane I.

Y

Z

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

Fig. 8. The atomic configurations of the nanocrystal Ti at different strains
when the compression loading is normal to prismatic plane II at 10 K for (a)
ε = 8.8%, (b) ε = 9.0%, (c) ε = 9.5%, (d) ε = 15.6%, (e) ε = 17.8%, and
(f) ε = 30.1%.

4. Discussion
4.1. Orientation relation for allotropic phase transforma-

tion of HCP→ FCC

As mentioned above, the plastic behaviors of nanocrystal
Ti vary with the crystal orientation and loading direction. And
the phase transformation has been reported as a representative
plastic deformation mechanism in nanocrystal Ti. Especially,
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the phase transformation from HCP to FCC lattice has been in-
vestigated by numerous researchers. Above these researches,
three types of orientation relation (OR) were reported: (I)
{0001}HCP||{111}FCC and ⟨1̄210⟩HCP||⟨110⟩FCC;[20,22,41] (II)
{1010}HCP||{110}FCC and ⟨0001⟩HCP||⟨010⟩FCC;[15,16,42,43]

(III) {1010}HCP||{111}FCC and ⟨1̄210⟩HCP||⟨110⟩FCC.[20] For
the first OR, the interface between two phases is parallel to the
basal plane of HCP matrix {0001} plane, the OR is denoted
as B-type OR. For this type of OR, Zhao et al.[22] regarded
that the Shockley partial dislocations with Burgers vectors of
the (1/3)⟨101̄0⟩ were generated and glided on (0001) plane
during deformed process. Coordinated activation of these par-
tial dislocations gliding on every other (0001) planes gradu-
ally converted the HCP structure to the FCC structure. Yu and
his coworkers[41] also observed the B-type OR in Ti, and they
concluded that the mechanism for HCP-FCC transformation
relies on glide of partial dislocations. While for the second
OR, the longitudinal boundary between the two phases is par-
allel to the prismatic plane

({
101̄0

}
plane

)
of HCP matrix,

then the OR is named as P-type OR. However, for the P-type
OR, there are some controversy about the mechanism of phase
transformation from HCP to FCC phase. Hong et al.[42] re-
ported the stress-induced HCP to FCC phase transformation
in Ti under cryogenic plane-strain compression, which is in
consist with our previous simulation results.[16] Ren[15] sim-

ulated the tension properties of Ti nanopillars and found the
HCP-FCC transformation, and the P-type OR is caused by the
(1/6)⟨112̄0⟩ Shockley partial dislocations gliding on {1010}
plane. However, Wu et al.[43] suggested that either a pure shuf-
fle mechanism or a shear-shuffle mechanism may dominate
the deformation mechanism of HCP to FCC transformation for
the P-type OR. Zhao and his coworker[22] thought the P-type
transformation were attributed to both the pure-shuffle and
shear-shuffle mechanisms by successive gliding of opposite-
signed 2-layer steps. Furthermore, Yang et al.[21] proposed a
more detailed mechanism that the FCC phase is preferred af-
ter the slip of Shockley partial dislocations of (1/6)⟨12̄10⟩ on
{1010} planes, and the adjustment of interplanar spacing and
the volume expansion were energetically favorable and could
happen spontaneously without any energy barrier. The third
type of OR is reported by Chen recently.[20] They produc-
tively constructed a sandwich model of HCPparent → FCC→
HCPtwin, in which the orientation between the sandwich struc-
ture was (101̄0)P||(111)FCC||{0002}T. The double layered
(1̄010)P planes of the parent phase were transformed to the
(111) planes of the FCC crystal. Concurrently, the {0002}T

planes of the parent are transformed to the (111̄) planes of the
FCC crystal. But the double layered (1̄010)P planes could not
transform to the layered (111)FCC planes by shear and atomic
shuffles.

A
B
C
A
B
C
A
B
C

(a)

A
B

A
B

A
B

A
B

ABA
BABABABABABABAB

<0001> HCP

<001> FCC

(c)(b)

b/↼a/↽<>
-

-

Fig. 9. The close inspections of the transformation from HCP configuration to FCC configuration presented in Fig. 4(b).

In the present work, we have observed both B-type OR

and P-type OR during the HCP to FCC phase transformation,

and different type of orientation relationships have been listed

in Table 1. Further exploring, figure 9 shows the detailed OR

of the transformation from HCP to FCC structure in Fig. 4(b).

It is observed from Fig. 9 that the OR belongs to the P-type

OR. The slip of (1/6)⟨112̄0⟩ Shockley partial dislocations on

1010 plane is accounted for the phase transformation, which is

indicated by Fig. 9(c). According to the dislocations analysis,

the 𝑐+𝑎 dislocations with Burgers vector of 𝑏= (1/3)⟨1̄1̄23⟩
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have also been activated during the deformation, which glide
on {1̄101} planes continuously. This OR has been detailedly
reported in our previous work,[16,44] and the transformation
process is found to be induced by the local stress concentra-
tion.

While for the B-type OR, figure 10 presents the en-
larged drawing of the HCP to FCC phase transformation
of Fig. 6(e). The B-type OR is observed with the OR of
{0001}HCP||{111}FCC and ⟨1̄210⟩HCP||⟨110⟩FCC, as shown in
Fig. 10(a). The DXA indicates that the Shockley partial dislo-
cations with Burgers vectors of the (1/3)⟨101̄0⟩ generate and
glide on (0001) plane during the compression process, which
is the underlying plastic mechanism for the transformation of
HCP to FCC phase. Furthermore, there are deformation twins
(white lines represent twins in FCC structure, and black lines
represent twins in HCP structure, as shown in Fig. 10(a)) at the
internal grains, which also owes to the dislocations glide on
the certain crystallographic planes. Dislocations propagation
promotes the phase transformation of HCP to FCC structure,
and simultaneously activates twinning deformation at different
crystal structures. Therefore, the nanocrystalline Ti possesses
better plastic properties under the compression loading applied
along [101̄0] axis.

(1/3) <1010>

others

-

(a) (b)

Fig. 10. The partial enlarged drawing of the HCP to FCC phase transforma-
tion shown in Fig. 6(e).

4.2. Mechanism for allotropic phase transformation of
HCP→ BCC→ HCP

It is observed from Figs. 6–8 that there is a phase transfor-
mation from HCP to BCC, and BCC phase transforms to HCP
phase again. Searching for more details of the phase transfor-
mation of HCP → BCC → HCP, the microstructure evolution
of nanocrystal Ti under compression loading is taken as an ex-
ample. Figure 11 shows the OR of HCP and BCC during the
transformation. It should be mentioned that the HCP phase
has transformed to BCC completely at a certain critical strain.
For simplicity, the HCP phase before the critical strain is de-
fined as α1-Ti, and BCC phase is defined as β -Ti, while the
HCP phase after the critical strain is defined as α2-Ti. In the
process of transformation of HCP to BCC phase, the atoms
in the basal plane of HCP structure are shuffled from the ini-
tial 60∘ to 70.53∘ between the two adjacent ⟨1120⟩ directions.
The HCP structure is deformed to be a narrow hexagon, in
which the atoms in A layer is stretched, while the atoms in B
layer move to the center of the rhombus formed by movement
of the atoms in A layer. Then the BCC structure generates
and the orientation relationship between the α1-Ti and the β -
Ti is {0001}

α1||{110}
β

and ⟨1120⟩
α1||⟨111⟩

β
, as shown in

Fig. 11(a). Analogously, repeating shuffle sequence of group
of atoms on every {110} BCC plane by the same shuffling
magnitude finally forms the HCP nucleus, which results in the
OR of between the β -Ti and α2-Ti is {110}

β
||{0001}

α2 and
⟨111⟩

β
||⟨1120⟩

α2, as shown in Fig. 11(b). One thing is noted
here is that the view direction of Fig. 11(b) is along ⟨1010⟩

α1

direction. That is to say, the allotropic phase HCP → BCC
→ HCP of the nanocrystal Ti during the compression load-
ing has an OR of {0001}

α1||{110}
β
||{1010}

α2. Summarily,
atomic shuffles are needed both in the processes of HCP-BCC
transformation and BCC-HCP transformation. The results in
present work consist with the conclusion in Ref. [1].

(a)

Y

X <1210>

<1010>
−

<1120>α1||<111>β

{110}β||<0001>α2

<111>β||<1120>α2

<1210>

<0001>

{0001}α1||{110}β||{1010}α2

{0001}α1||{110}β
Z

X

(b)

atomic shuffles

− − -

-

- - --

Fig. 11. The transformation from (a) HCP to BCC at compressive strain of 6.8% and (b) BCC to HCP at compressive strain of 8.7%.
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Table 1. Main plastic deformation behaviors of nanocrystal Ti under different loading directions.

Model Loading direction Main plastic deformation behaviors
Orientation relationship of
FCC phase transformation

Basal plane
Tension Grain reorientation →

deformation twinning
–

Compression Phase transformation:
HCP → FCC

P-type

Prismatic plane I
Tension Phase transformation:

HCP → BCC → FCC
P-type

Compression Phase transformation:
HCP → BCC → HCP → FCC

B-type

Prismatic plane II
Tension Phase transformation:

HCP → BCC → HCP → FCC
B-type

Compression Phase transformation:
HCP → BCC →
HCP (with dense FCC SFs)

B-type

Table 1 summarizes the main plastic behavior of
nanocrystalline Ti at different crystal orientations and loading
directions. As the table indicated, the plasticity of nanocrys-
talline Ti not only shows tension–compression asymmetry, but
also exhibits crystal lattice orientation anisotropy. Compared
with BCC and FCC crystals, the slip system of HCP crystal
is relatively limited. Thence, the plastic deformation behavior
is mainly dominated by grain reorientation, phase transforma-
tion or other forms, while dislocations motion is relatively dif-
ficult to activate. Furthermore, due to lower spatial symmetry
than the two crystal structures mentioned previously (FCC and
BCC), the deformation behavior of nanocrystalline Ti actually
shows anisotropic plasticity.

4.3. Energy evolution of phase transformation during
loading process

Actually, energy evolution of nanocrystal Ti under vari-
ous loading process also shows anisotropic plasticity. Differ-
ent plastic deformation mechanisms in loading process indi-
cate the different energy evolution paths. Therefore, the en-
ergy evolution in the loading process should be paid more at-
tention to, especially in the case of different phase transforma-
tion mechanisms. Figure 12 expounds the potential energy
evolution during the loading process. For simplicity with-
out loss of generality, only two cases of tension loading, i.e.,
[1̄010] tension and [1̄21̄0] tension models are plotted in Fig. 12,
and the red stars indicate inflection points of the energy–strain
curves. Meanwhile, the atomic fraction-strain curves of HCP,
FCC, and BCC structures have also been plotted to obtain a
more intuitive transformation process. Obviously, the energy
evolution present different trends when tension loading is ap-
plied along the [1̄010] and [1̄21̄0] axes. For the case of [1̄010]
tension, a phase transformation of HCP → BCC → FCC is
presented in Fig. 12(a), and a transient BCC phase transfor-
mation is observed. As is shown in Fig. 12(a) that the HCP
has the lowest potential energy (−4.842 eV/atom) at the equi-
librium lattice parameter (0.295 nm). There is high poten-

tial energy barriers of 53 meV/atom needed to be overcome
when the HCP-Ti transforms to BCC-Ti. While the energy
difference between HCP and FCC structures is 16 meV/atom
when the FCC begins to occur. While for the case of [1̄21̄0]
tension, more complicated phase transition of HCP → BCC
→ HCP → FCC and a stable BCC phase transformation are
shown in Fig. 12(b). It is observed that a potential energy bar-
riers of 21 meV/atom needed to be overcome when the HCP-
Ti transforms to BCC-Ti, and the BCC-Ti is a stable state.
While the BCC-Ti have to overcome the potential energy bar-
riers of 3 meV/atom when it transforms to HCP-Ti. When the
FCC-Ti structure begins to generate, the potential energy is
11 meV/atom lower than the initial HCP-Ti, which is lower
than the case of [1̄010] tension. That is to say, on one hand,
the energy of the multi-stage transformation of HCP → FCC
is more stable, which is more favorable to maintain plastic de-
formation; on the other hand, the phase transformation is an
energy triggered process. Chen et al.[20] reported that the en-
ergy in HCP is 30 meV/atom lower than that of the BCC, and
10 meV/atom lower than that of the FCC when a monocrystal
Ti is taken into consideration (i.e., just one state HCP, FCC
or BCC exist). The result is obviously different from the re-
sults of this work, the reason is attributed to that there are three
states of HCP, BCC, and FCC concomitant during this process,
and the grain boundary, the SFs boundary and twin boundary
exist in the sample.

The energy evolution of nanocrystal Ti under compres-
sion loading applied for the prismatic plane is the same trends
as the tension case. The difference is that the compression
along the [1̄010] axis is more complicated, and the energy bar-
rier is smaller. In addition, the phase transition (HCP → FCC)
with compression loading applied along the c axis also has a
high energy barrier. Above all, these do indicate anisotropic
plasticity during deformation of nanocrystal Ti. What should
be emphasized here is that the potential energy of the sys-
tem is only related to the relative positions of the neighboring
atoms. Combining with the energy evolution and microstruc-
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ture evolution under different loading conditions, the plas-
tic anisotropy is mainly related to the arrangement of atoms.
Different lattice planes have different atomic stacking forms,
and atoms move in different paths when loading is applied,
which finally leads to the anisotropic plasticity. In the present
work, we only selected a few special lattice planes, and ob-
tained the anisotropic plasticity of nanocrystal Ti during dif-
ferent loading processes. Actually, there are many other crys-
tal planes and forms of loading, much more attention should
be paid to obtain in-depth mechanisms of anisotropic plasticity
of nanocrystal Ti.

HCP BCC FCC

transient BCC 
phase transformation

-4.821 eV/atom -4.818 eV/atom 

-4.831 eV/atom 
DE=21 meV/atom

DE=11 meV/atom

DE=24 meV/atom

HCP BCC HCP FCC

stable BCC
phase transformation 

-4.789 eV/atom 

-4.826 eV/atom 

D
E

=
5
3
 m

e
V

/
a
to

m
  

DE=16 meV/atom  

Fig. 12. The potential energy evolution of phase transformation during the
tension process. (a) [1̄010] tension and (b)

[
1̄21̄0

]
tension.

5. Conclusions
We have performed MD simulations to study the effect

of crystal orientation and loading condition on the mechanical
properties of nanocrystal Ti. The results show that the defor-
mation behavior under different crystal orientations and load-

ing directions presents anisotropic plasticity. The conclusions
of this paper are as follows:

(I) Under loading vertical to basal plane, the deformation
mechanisms change with the loading direction. In case of the
tension process, the deformation mechanism is the formation
of “new grains” and subsequent deformation twinning. For the
compression process, the transformation from HCP to FCC
phase dominates the plastic deformation, which is due to the
numerous dislocations propagation and accumulation of dense
SFs.

(II) Under tension loading vertical to prismatic plane I,
the deformation mechanism is phase transformation of HCP
→ BCC → FCC. Atomic shuffles of the partial basal atoms
accounts for the phase transition of HCP → BCC phase, while
FCC phase is induced by the glide dislocations and movement
of stacking faults. While under compressive load, the phase
transformation of HCP → BCC → HCP → FCC is observed,
as well the subsequent movement of SFs in FCC crystal.

(III) Under tension loading vertical to prismatic plane
II, the deformation mechanism is mainly manipulated by the
phase transformation of HCP → BCC → HCP → FCC. For
the compression case, the phase transformation from HCP →
BCC → HCP dominates the plastic deformation.

(IV) During the deformation, both the B-type
orientation relationship of {0001}HCP||{111}FCC and
⟨1̄210⟩HCP||⟨110⟩FCC, and P-type orientation relationship of
{1010}HCP||{110}FCC and ⟨0001⟩HCP||⟨010⟩FCC are observed
between the HCP and FCC phases. Meanwhile, the orien-
tation relationship between the HCP and BCC phases are
{0001}

α1||{110}
β
||{1010}

α2, during the process of transfor-
mation of HCP → BCC → HCP.

(V) Energy evolution also shows anisotropic plasticity,
and multistage phase transformation is more stable, which is
more favorable to maintain plastic deformation. The plastic
anisotropy of nanocrystalline Ti is determined by the stacking
order of the atoms.
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