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The role of grain boundary structures on the shock response of hexagonal-close-packed (hcp) metals is
little understood. We use molecular dynamics simulations to investigate deformation mechanisms in
shock compressed Ti bicrystals with three types of grain boundary (GB) microstructure. Our results show
the shock response of phase Ti polycrystals are influenced by the GB characteristics, i.e., elastic shock
wave induced inelastic deformation occurs on both sides of the f1012g coherent twin boundaries (CTBs)
but only on one-side of the symmetric incoherent twin boundaries (ITB) or f1210g tilt grain boundaries
regions. In particular, we find that the elastic shock wave can readily trigger the a/u transformation at
f1012g CTBs but not the other two GBs, and the a/u transformation at CTBs leads to considerable wave
attenuation (i.e., the elastic precursor decay). Combined with first principle calculations, we find that
CTBs can facilitate the overcoming of the energy barrier for the a/u transformation. Our findings have
the potential to influence interface engineering and materials design under extreme conditions.

© 2016 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Improving our understanding and predictive capability of
shock-loaded materials requires understanding the complex
interaction of shocks with the material microstructure. It is well
known that microstructure affects the response of a material to
dynamic loading as dislocations, stack faults, grain boundaries
(GBs) and other heterogeneities can act as defect sites that can
promote plastic deformation and phase transformation [1e5]. The
behavior of GBs under dynamic mechanical loads is of particular
interest as it impacts the bulk properties of polycrystal materials in
many respects [2,6,7]. In particular, when the grain size is reduced
to ultrafine or nano-scale, the effects of GBs on the material prop-
erties become more significant since the traditional deformation
mechanisms based on nucleation and propagation of dislocations
are replaced gradually by GBmediated processes, such as GB sliding
[8,9], grain rotation [10,11], dislocation nucleation or absorption at
GBs etc [2,12]. Therefore, the influence of GBs needs to be
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considered in detail in understanding and modeling the shock
response of materials (broadly defined to include plastic defor-
mation and phase transformation).

In previous experimental and numerical work, plastic defor-
mation and phase transition under shock compression have been
routinely studied in polycrystalline solids via experiments [13,14]
and nano-polycrstalline solids using molecular-dynamics (MD)
simulations [6,15,16]. Recent experimental work by Kanel et al.
indicate that the onset of stress for dynamic fracture (i.e. spall
strength) of single-crystal Cu is more than twice that of poly-
crystalline Cu [17], which suggests that the threshold stress for
nucleation of voids at a GB might be significantly lower than for
homogeneous nucleation. Germann et al. point out from simula-
tions of the ae εmartensitic transformation in Fe nanocrystals that
grain boundaries play an important role in determining the shock
wave profiles and phase transformation kinetics [15]. It has also
been shown that grain boundaries can change the coupling be-
tween plasticity and phase transformation, resulting in different
phase transformation mechanisms [6]. However, it is still unclear
what the role of the atomic structure of GBs on the dislocation glide
or phase transformation processes, particularly in low symmetry
crystal metals even though recent experiments have further
stressed the importance of GBs during shock wave loading [18e20].

Given the vast number of GB types and grain characteristics, it is
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Fig. 1. Schematic configurations of Ti bicrystals with (a) a f1012ga coherent twin
boundary, CTB (b) an incoherent twin boundary, ITB and (c) f1210ga asymmetric tilt
grain boundary, ATGB. Shock loading is normal to the interface, and the shock waves
(piston velocity, up ¼ 0.8 km/s) propagate from left to right.
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highly desirable to investigate some elemental processes, such as
bicrystals, to gain specific insight without being overwhelmed by
the complexities of abundant random GBs. The role of the GB
structure on mechanical response has been widely discussed in
bicrystals under quasi-static loading conditions [21,22]. The defor-
mation mechanisms at GBs have been found to depend upon not
only the misorientation between grains but also the GB plane
inclination [9,23,24]. Besides the commonly observed tilt grain
boundaries, several special GB structures have attracted consider-
able attention since they often form during fabrication and play a
crucial role in determining mechanical performance. For example,
symmetric

P
3{111} GBs or coherent twin boundaries (CTBs) in Cu

exhibit a superior combination of ultrahigh strength, good ductility
and high fatigue resistance, compared to other GB structures
[25,26]. Our previous studies on 90� GB or incoherent twin
boundaries (ITBs) in Ti demonstrate that the deformation mecha-
nisms of ITBs is dominated by a uniaxial stress coupled GB migra-
tion [23].

In this study, we investigate the shock response of Ti bicrystals
with three different GB geometries (i.e., CTB, ITB as well as tilt GB)
by a combination of MD simulations and first principle calculations.
Our results indicate that the dislocation activity and the a/u
phase transformation kinetics in shock-loaded Ti depend on GB
structures. In particular, a f1012g CTB activated a/u trans-
formation is observed. The outline of the paper is as follows. We
describe in Section 2 the atomic simulation methodology. In Sec-
tions 3 and 4, we choose models of Ti bicrystals containing three
types of GB structures to study the interaction of shock waves with
these GBs. We investigate the corresponding deformation mecha-
nisms at the GBs and clarify the underlying mechanisms for the GB
structure dependent a/u transformation processes. Finally, the
main results and conclusions are summarized in Section 5.

2. Methodology

The molecular dynamics (MD) simulations were carried out
using the Large-scale Atomic/Molecular Massively Parallel Simu-
lator (LAMMPS) code [27]. Up to about 3.0 millions atoms were
used to ensure that the simulations were adequate to cover both
the atomistic details and the phase transformation microstruc-
ture. The initial Ti bicrystal samples (the GB normals are defined
as the z-axis) with dimensions Lx ¼ 17.3 nm, Ly ¼ 17.3 nm, and
Lz ¼ 112.4 nm were constructed by using the coincidence site
lattice method. In our simulations, three types of samples (i.e.,
sample A, B and C) are employed, and the orientations of the
grains are given in Fig. 1. Specifically, the crystallographic orien-
tations of two grains within sample A are
ð1012ÞGrain2//ð1012ÞGrain2 and ½1010�Grain1//½1010�Grain2, similar to
f1012g CTBs. Sample B has the same crystallographic orientations
as ITBs reported in our recent studies [28,29], i.e.,
ð1010ÞGrain2//ð0001ÞGrain2 and ½1210�Grain1//½1210�Grain2. Sample C
with a f1210g asymmetric tilt grain boundary (ATGB) is created
by requiring the crystallographic orientations ð1012ÞGrain2//
ð0001ÞGrain2 and ½1011�Grain1//½1010�Grain2.

The interaction between atoms is described by a modified
embedded atom method (MEAM) potential with a cubic-spline
based functional form [30], and the potential provides a reason-
able description of the pressure induced a/u phase transitions in
Ti [31]. Periodic boundary conditions are applied in the x and y
directions to mimic the uniaxial strain condition of planar shock
loading. Shock waves are generated along the z axis by taking two
surface layers at one end of the sample as a reflecting “momentum
mirror” or stationary piston and driving the sample towards the
mirror at a certain drift velocity. The drift velocity refers to the
particle velocity behind the shockwave. The trajectory of each atom
is then integrated by a predicter-corrector scheme with a time step
of 1 fs. A bond-angle distribution related order parameter (ADOP)
developed by Ackland is utilized to distinguish the different
structural phases [32]. Prior to compression, the as-constructed
bicrystals are first equilibrated to achieve a minimum energy
state using the conjugate gradient method, and then annealed at
30 K for about 100 ps. We choose this low temperature deliberately
as our main aim is to study the dislocation activity and martensitic
transformation at GBs. Since the temperature increases under
loading, a low starting temperature allows us to identify disloca-
tions relatively easily. What’s more, the stress (sij) and particle
velocity (uzz) profiles are extracted fromMD simulations via a one-
dimensional (1D) binning analysis. For a given simulation geome-
try, we divide the simulation cell into fine bins along the shock
direction, and the average physical properties are obtained within
each bin. The center-of-mass velocity of a bin is removed when
calculating temperature and stress. Stress for each bin is the aver-
aged virial stress plus thermal contributions.

In addition to MD simulations, ab initio calculations using the
Vienna ab initio simulation package (VASP) [33] were performed to
compute the energy barrier for homogeneous hcp-u trans-
formation in Ti with a generalized solidestate nudged elastic band
(G-SSNEB) method [34]. The energy cutoff for the plane-wave basis
was set to 400 eV, and a 15� 11� 11 k-point was utilized according
to the Monkhorst-Pack scheme. The exchangeecorrelation func-
tional was constructed according to the generalized gradient
approximation (GGA) of Perdew Burke Ernzerhof (PBE) [35]. The
calculations converged to 10�5 eV/cell and the NEB was considered
to be complete when the total force on each image of atomic
configuration was less than 0.02 eV/Å.
3. Results

3.1. The interaction of shock waves with grain boundaries

Wave profile measurements and their interpretation play a
central role in shock physics research. Theoretically, much infor-
mation about the dynamic material response of Ti bicrystals can be
deduced from the wave profiles. The best way to understand the
resulting shock wave states is graphically using wave propagation
position-time (x-t) diagrams. Therefore, we plot the evolution of
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particle velocity (uzz) and the shear stress (sv ¼ szz � (sxx þ syy)/2)
in the position-time diagrams, as shown in Fig. 2 and Fig. 3,
respectively.

Fig. 2 shows a particle velocity uP profile for Ti bicrystals in
terms of a position-time diagram. The position-time-velocity dia-
gram consists of four regions, i.e., a shocked region (S-region), a
transmissive region (T-region), an unshocked region (O-region) and
a release region (R-region), respectively. This evolution of uP is as a
result of the incident shockwaves IGB, the subsequent interaction of
the incident waveswith the GBs (which can lead to the formation of
transmission wave TGB and reflection wave RGB, see the arrows in
Fig. 2), as well as the release fans originating at the free surfaces. It
is interesting to note that we observe a sharp particle velocity
attenuation (from S-region to T-region in Fig. 2) as the elastic pre-
cursor passes through the GB (with a CTB local structure), due to
the wave reflection and scattering associated with the GBs.

Our main interest concerns how the GB geometry affects the
dynamic response of the Ti bicrystals. The interaction of shockwave
with GBs can lead to inelastic deformation (such as dislocation
activity and a/u transformation), giving rise to considerable
structure changes and stress relaxation. We compare the difference
of shock response among the up ¼ 0.80 km/s shock-loaded CTB, ITB
and ATGB bicrystals, and the results are shown in the shear stress
profiles of Fig. 3. As the compression loading is applied, shock
waves in the bicrystal samples propagate toward the GB (black
dashed lines in Fig. 3) from the left free surface. For the sample
containing CTB, the shear stress on both sides of the GB is reduced
sharply as the leading elastic shock passes the CTB (at ~8 ps).
Further loading gives rise to the interaction of the incident plastic
wave (or phase transition wave) with the GB reflected inelastic
wave in Grain I (t > 13 ps), leading to more shear stress reduction
(as shown in the red triangle of in Fig. 3(a)). This indicates two
inelastic shock waves (hereafter referred to as two-side GB plas-
ticity), i.e., one reflected shock in the left grain (Grain I) and one
transmitted shock in the right grain (Grain II), are triggered when
the elastic precursor arrived at CTB. It is important to note that such
two-side GB plasticity is triggered by the elastic precursor, not due
to the arrival of the plastic shock wave. This is quite different from
the shock response of Cu bicrystals, where the CTB region is intact
upon the passage of the elastic wave [36].
Fig. 2. The position-time-velocity diagram for the CTB bicrystal loaded with piston
velocity, up ¼ 0.8 km/s. The impact plane is at z ¼ 0. Color coding is based on particle
velocity Vzz. Region O: unshocked; S: shocked; T transmitted; R: release. The arrows
indicate the shock wave associated with the GB: IGB, TGB and RGB are incident wave,
transmission wave and reflection wave, respectively. CTB represents the f1012ga
coherent twin boundary, and GB is grain boundary.
In contrast, the other two types of GB structures show a different
dynamic response under shock loading, and both cases show an
elastic precursor triggered inelastic deformation only on one-side
of the GB regions (hereafter referred to as one-sided GB plas-
ticity). As shown in Fig. 3(b), only a transmitted inelastic shock in
grain II is induced when the ITB is swept by the elastic precursor at
tz 8 ps, and the shear stress in the ITB region closed to grain I side
keeps unchanged before the arrival of the incident plastic shock
wave. Fig. 3(c) demonstrates the other type of one-sided GB plas-
ticity in the ATGB region. The interaction of the elastic wave with
the ATGB leads to a reflected inelastic shock in grain I, while grain II
is unaffected before the incident plastic shock passes the grain
boundary.

3.2. Plastic deformation and phase transformation at grain
boundaries

In order to understand the difference in the shock response of Ti
bicrystals, we studied the deformation mechanisms involved in the
elastic-wave triggered GB plasticity. Previous studies on the shock
response of nanocrystalline fcc metals have indicated that the
occurrence of GBs introduces more complexity in the deformation
mechanisms in GB regions, including stacking fault formation,
pronounced twinning, dislocation slip and GB sliding [2,16]. By
examining multiple snapshots stored during the MD simulations
along with relevant parts of the atomic trajectories, we find that
three deformation modes, i.e., dislocation slip, GB migration and
a/u phase transformation are involved in the GB plasticity for
shock compressed Ti bicrystals with different GBs. The dominant
deformation mechanisms are sensitive to the GB geometry.

3.2.1. f1012g coherent twin boundaries
Fig. 4 shows the corresponding atomic microstructure evolution

of the shock-loaded Ti bicrystal containing a f1012g CTB. The Ti
atoms are colored according to their local atomic packing deter-
mined from characteristic bond angle analysis [32]. Atoms with a
hcp environment are shown as orange spheres and represent the a
phase, whereas the blue and orange regions mark the u phase,
other colors denote defect atoms. After a drift velocity of
up ¼ 0.80 km/s is applied to a perfect Ti bicrystal sample (Fig. 4(a)),
the elastic, plastic as well as phase transformation waves origi-
nating at the impact plane begin to propagate toward the CTB, and
the a / u martensitic transformation occurs from the impact
plane. Interestingly, we noticed that the a / u transformation is
also triggered at the CTB region when the elastic precursor arrived
at CTB (Fig. 4(b)). Further loading leads to the growth of theu nuclei
within the CTB region toward the interior of both grain I and II
(Fig. 4(c) and (d)). This process is consistent with the two-sided GB
plasticity indicated in the triangular region of Fig. 3(a). Thus, we can
summarize that the a/ u transformation contributes significantly
to the GB plasticity in CTB bicrystals. Our finding is also consistent
with our previous study on shocked Zr polycrystals [18,28], which
showed some deformation twinning mediating the a / u trans-
formation process. In addition, we find that the a / u trans-
formation process is also accompanied by a complex dislocation
activity. As the shock wave propagates toward the CTB, a consid-
erable number of dislocations gliding on the same slip system first
nucleate at the plastic shock front (see the green atoms in Fig. 4(b)).
As the elastic precursor sweeps past the CTB, some partial dislo-
cations are emitted from the CTB region (Fig. 4(b)). Under further
loading, the density of dislocations increases and more than one
slip system is activated, giving rise to a more complex dislocation
morphology, as shown in Fig. 4(c) and (d).

For a better understanding of dislocation activity in shock
compressed Ti CTB bicrystals, we re-examined in detail the



Fig. 3. The position-time-shear stress diagram for the CTB, ITB and ATGB bicrystals shock-loaded with up ¼ 0.8 km/s. Color coding is based on the local shear stress
(szz � (sxx þ syy)/2)). The black dot dash line is the updated grain boundaries position, and the red triangle region shows where elastic wave induced phase transformation occurs.
As the leading elastic shock passes the grain boundaries, the shear stress on both sides of the CTB is reduced (a); However, shear stress reduction only occurs in the ITB region closed
to grain II side (b), and the shear stress decreases in the ATGB region closed to grain I side (c). Here, CTB, ITB and ATGB are coherent twin boundary, incoherent twin boundary and
asymmetric tilt grain boundary, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Snapshots of the CTB response to the elastic, plastic and phase transition shocks with a piston velocity of up ¼ 0.80 km/s. When the shock wave is applied to a perfect Ti
bicrystal (a), basal dislocations are formed at the incident plastic wave front, and u phase also nucleate at the CTB upon passage of the elastic precursor (b). Under further loading, u
phase in the CTB region continues to grow, accompanied by the formation of a complex dislocation morphology ((c) and (d)). The orange and orange-and-blue regions represent the
hcp a phase and the hex u phase, respectively. The atoms belong to partial and full dislocations are colored by green and dark blue, respectively. CTB represents the f1012ga
coherent twin boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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dislocation glide process by a direct atomic configuration analysis.
The plastic deformation of hcp metals is dominated by the move-
ment of 〈 a!〉 dislocations with the shortest Burgers vector: 〈1210〉.
In quasi-static deformed a-Ti, the easiest slip mode is prismatic
f1010g 〈1210〉, and the basal slip and the first order pyramidal slip
operate as the less prominent slip modes [7,37], inidcated as P, B
and p in Fig. 5(a), repectively. Fig. 5(b) shows a snapshot of shock
compression-induced deformation microstructure at 10 ps, espe-
cially the dislocation morphology within the CTB bicrystal. We find
that 〈 a!〉 dislocations gliding in basal planes are first generated as
the incident plastic wave penetrates into the material. This is in
agreement with the results of recent measurements on Zr [38],
which show that anomalous basal slip activity dominates the
plasticity under high strain rate. At the same time, a considerable
number of basal partial dislocations (brown color) are emitted from
the CTB region due to the elastic precursor. With the advancing
shock front, the basal dislocations emitted from the CTB interact
with the basal dislocations nucleated at the incident plastic wave
front (Fig. 5(c)), giving rise to the operation of pyramidal slip (p in
Fig. 5(d)). When the whole sample is shocked (18 ps), the disloca-
tion morphology consists mainly of 〈 a!〉 dislocations gliding in the
pyramidal plane (p in Fig. 5(e), yellow color). And a small amount of
prismatic glide (P, green color) is also observed in the plastic
deformed region. These results demonstrate the significant effect of
CTBs on changing dislocation slip systems in shocked a-Ti.

3.2.2. Incoherent twin boundaries
The incoherent twin boundary (ITB) is another GB equilibrium

structure within hcp-Ti, which can be decomposed into several CTB
segments connected by 〈a þ c〉 dislocations. Recent investigation
reveals that the migration of ITB also plays an important role in
accommodating the plasticity of hcp metals undergoing extreme
compression [28,39]. Fig. 6 shows the atomic details of a Ti bicrystal
with ITB for different deformation stages under up ¼ 0.80 km/s
shock compression. When deformation occurs, only an a / u
martensitic transformation process is triggered from the impact
plane, and no dislocation activity was observed, as shown in
Fig. 6(b). In addition, a wavy GB is formed during the passing of the



Fig. 5. Dislocation mediated plasticity at a CTB in Ti bicrystal shock-loaded at up ¼ 0.8 km/s. (a) Sketch of 〈 a!〉 dislocation glide planes in a-Ti. As the compression loading is applied,
a considerable number of basal dislocations are emitted from the CTB (b). These dislocations interact with the basal dislocations nucleated at the incident plastic wave front (c),
forming pyramidal dislocations (d). As a result, a pyramidal dislocations dominated morphology is formed after 18.0 ps (e). The orange and orange-and-blue regions represent the
hcp a phase and the hex u phase, respectively. The symbols colored brown, yellow and green show the dislocations gliding in the basal (B), pyramidal (P) and prismatic (p) planes,
respectively. CTB represents the f1012ga coherent twin boundary. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 6. The microstructure evolution of the ITB bicrystal response to shock compres-
sion with up ¼ 0.8 km/s. When a perfect ITB bicrystal (a) is shock compressed, the
passing of the elastic precursor leads to the ITB moving along the shock direction (b),
preceding the a e u phase transformation process (c). The orange and the light blue
(also blue stacking) colors represent the hcp a phase and the hex u phase, respectively.
ITB represents the incoherent twin boundary. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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elastic precursor (Fig. 6(b)). As the shock front advances, the grain I
begins to grow at the expense of grain II, and a trapezoidal GB
structure is formed, as shown in Fig. 6(c). This indicates the
occurrence of the shock compression driven 90� GB motion. Our
previous work suggests that this boundary migration process is via
a transformation-like lattice reorientation accompanied by a col-
lective action of dislocations and deformation twins. In addition, a
considerable volume fraction of precipitated u phase is observed in
the lattice regions left by themoving GB, indicating strong coupling
between the GB motion and the a/ umartensitic transformation.
It is quite different from the CTB case, where the u phase directly
nucleated from the CTB region. Such coupling mechanism associ-
ated with the ITB is the response to the one-sided shear stress
reduction shown in the triangular region of Fig. 3(b).
3.2.3. Asymmetric tilt grain boundary f1210g
Fig. 7 shows the different deformation stages for a Ti bicrystal

under shock with an f1210g asymmetric tilt grain boundary
(ATGB). As shown in Fig. 7(a), the equilibrium structure of the ATGB
shows a plane with a certain interface roughness, which can facil-
itate dislocation nucleation in later GB deformation stages. Upon
shock compression, both the a/umartensitic transformation and
dislocation glide occurs in the region swept by the plastic shock
(Fig. 7(b)), and basal partial dislocations in the GB region are
nucleated and emitted continuously into grain I due to the elastic
shock wave. The interaction between these basal partial disloca-
tions leads to the formation of pyramidal glide dominated dislo-
cation morphology (Fig. 7(c)). We note that the dislocation activity
occurs only in Grain I but not in Grain II, which coincides with the
one-sided GB plasticity inferred from Fig. 3(d). This phenomenon
can be attributed to the asymmetric GB with different orientation
angles in the two lattices, and the nucleation of dislocations in the
grain with low orientation angle is energetically preferable. The



Fig. 7. The microstructure evolution of the ATGB bicrystal response to shock
compression with up ¼ 0.8 km/s. The initial configuration (a) is a perfect ATGB
bicrystal. The propagation of the elastic, plastic and phase transition shock front leads
to the formation of a high density of pyramidal dislocations as well as the growth of u
phase ((b) and (c)). The orange and orange-and-blue regions represent the hcp a phase
and the hex u phase, respectively. The symbols colored brown, yellow and green show
the dislocations gliding in the basal (B), pyramidal (P) and prismatic (p) planes,
respectively. ATGB represents the f1210ga asymmetric tilt grain boundary, and GB is
grain boundary. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

Fig. 8. Evolution of the lateral stress syy wave profiles for the CTB bicrystal shock-
loaded with up ¼ 0.8 km/s. The initial position of the CTB is marked with a black
dashed line. The interaction of the elastic wave with the CTB gives rise to considerable
stress attenuation Dsyy. CTB represents the f1012ga coherent twin boundary.

Fig. 9. The longitudinal pressure szz decay associated with CTB in the Ti bicrystal
sample shock-loaded with up ¼ 0.8 km/s. CTB is the f1012ga coherent twin boundary.
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propagation of the shock front then leads to the formation of a high
density of pyramidal dislocations as well as the growth of u phase
(Fig. 7(c)). It is interesting to note that the ATGB is almost intact
during the passage of the elastic wave and the plastic shock only
induces minor GB structural changes.

3.3. Effect of coherent twin boundaries (CTB) on shock wave
damping

Another interesting phenomenon accompanied by the unique
structural features in CTB regions is the strong elastic shockwave
decay. We then studied the corresponding stress profiles in Ti CTB
bicrystals. Fig. 8 shows the evolution of lateral stress syy for a CTB
bicrystal shock-loaded with up ¼ 0.80 km/s (syy is most illustrative
amongst sxx, syy, and szz as regards wave features). It is shown that
the elastic precursor induces GB plasticity accompanied by a decay
in the elastic-wave amplitudewhen crossing the CTB. AGB-induced
phase transformationwave plateau develops (from 12 ps to 15 ps in
Fig. 8). The elastic wave decay is due to the a / u martensitic
transformation in the GB region triggered by the elastic shock
(Fig. 4). However, the plastic shock wave initiated from the impact
plane first interacts with the elastic-precursor-induced plastic wave
as well as phase transformation wave in Grain I (12 ps). It then
arrives at the CTB and passes through it and further interacts with
the GB phase transformation in Grain II (15 ps). During these in-
teractions, the strength of the plastic shock wave is also reduced
(18 ps). Thus, a five-wave structure is formed across the CTB,
including the transmitted elastic shock, GB phase transformation
shock, transmitted plastic shock, plastic shock, and phase trans-
formation shock marked in Fig. 8 at 18 ps by numbers 1e5.
Although the five-wave features cannot be obtained directly from
the longitudinal stress szz profile, the decay in szz has also been
observed as the elastic wave sweeps past the CTB, as shown in
Fig. 9.
The shock wave decay in the longitudinal and lateral stress
profiles indicates that the f1012g CTB can modulate shock waves
via the GB triggered a / u phase transformation, giving rise to
considerable wave attenuation or shock damping. In order to
confirm this damping effect, we further investigated with simula-
tions the damping efficiency of CTBs of a model Ti polycrystal
containing 40 CTBs (up to 0.5 mm). Fig. 10(a) shows the evolution of
the szz stress profiles as a function of time, and the rapid decay of
the elastic precursor can be readily identified. We quantify the
elastic shock strength as a function of propagation distance at
different times (Fig. 10(b)), and find that szz decreases from an
initial value of 19.6 to 12.3 GPa after the elastic precursor traverses
40 CTBs, corresponding to an elastic shock decay of ~40%. Fig. 10(c)
shows the corresponding atomic microstructure located near the
free-surface end (after considerable decay), and considerable u
phase is observed in the CTB regions. Previous studies usually
attribute the elastic precursor decay to the dislocation activity
mediated stress relaxation behind elastic shock front. Our MD
simulation results indicate that the CTB-induced phase trans-
formation is another effective decay mechanism, and this unique



Fig. 10. Shock response of a Ti sample containing many CTBs shock-loaded with up ¼ 0.8 km/s. (a) The longitudinal pressure szz profiles of the multi-CTBs Ti sample for t ¼ 20 ps,
40 ps, 60 ps and 80 ps, respectively. (b) The elastic precursor decay due to multi-CTBs plasticity. The position refers to the elastic shock front position during its propagation. (c)
Atomic configuration of the multi-CTBs Ti sample for t ¼ 80 ps near the target end. CTB represents the f1012ga coherent twin boundary.
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feature can potentially be used for designing new types of shock-
damping materials.
4. Discussion

Simulations on shock compressed Ti bicrystals reveal that
f1012g CTBs can promote a/ umartensitic transformation, and u
phase can even be triggered by the elastic precursor (Fig. 4). In
contrast, grain boundary induced phase transformation does not
occur in the other two types of bicrystals containing an ITB or ATGB.
Our discussion below emphasizes that the unique shock response
of f1012g CTBs stems from its intermediate-state-like local atomic
packing.
4.1. Crystallographic modeling of CTB assisted a / u

transformation

Crystallographically, the martensitic transformation process can
be expressed as the result of the coupled effects of shear strains and
shuffles (or atomic displacements). Fig. 10(a) shows the atomic
configurations containing both parent phase and product phase in a
shocked Ti bicrystal, which shows an atomic stacking rearrange-
ment from ð1210Þa (black tetragon in Fig. 11(a)) to ð0111Þu (red
tetragon) during the a / u transformation process. We suggest
that the ð0111Þu stacking can be obtained by shifting two inner
atom shuffles in opposite directions (shown by arrows in Fig. 11(c)),
facilitated by the presence of f1012g CTBs. As shown in Fig. 11 (c),
the atomic stackings of ð1210Þa and ð0111Þu are compared with the
corresponding local packing of the CTBs, which is selected from the
f1012g CTB regions (blue tetragon in Fig. 11(b)). It can be seen that
the inner-atom shuffle is reduced with the assistance of the f1012g
CTBs. In addition, we calculated the radial distribution function
(RDF) of the relevant local structures (Fig. 11(d)); the RDF of the
f1012g CTB regions has the characteristics of both a phase and u
phase indicating that the f1012g CTB has an intermediate structure
of a phase and u phase. Therefore, in a a-Ti bicrystal containing
f1012g CTBs, the u phase nucleating in the f1012g CTB region is
not only feasible but also easier than nucleating directly in the a
matrix.
4.2. Role of CTBs in overcoming the energy barrier of the a/u

transformation

The kinetics of martensitic transformation are often associated
with the transformation pathways or mechanisms as these deter-
mine the nucleation barrier for amartensitic embryo. There are two
commonly observed direct (without intermediate structures)
transformation pathways in Zr, Ti for the a / u transformation,
namely, Silcock [40] and TAO-1 [41]. In order to determine the
phase transformation mechanism, we examined the relative
orientation of coexisting phases in shocked specimens. An image of
an oriented thin section of the shocked CTB specimen with indices
of the parallel crystallographic planes is shown in Fig. 11(a). The
orientation relationship observed here was identified as follows:
ð0001Þa//ð1011Þu and ½1010�a//½1011�u or TAO-1 pathway, which is
consistent with the mechanics of the transformation observed by
Song and Gray for Zr [42].

In order to probe the underlying mechanism for the connection
between f1012g CTBs and the a / u phase transformation ki-
netics, ab initio calculations were performed to determine the en-
ergy landscape along the TAO-1 pathway. During the calculations,
the lattice parameters of each crystal structure were optimized to
minimize the total energy. The change of the chemical energies
with respect to the hcp structure of a phase for each intermediate
structure is shown in Fig. 12(a). According to the energy landscape
along the TAO-1 pathway (Fig. 12(a)), if there is a local shear strain
or shuffle rearranging the atoms to the metastable structure shown
by the arrow in Fig. 12(a), the energy barrier will be overcome and
the transition can then occur more easily. Thus, the atomic rear-
rangement provides assistance. Indeed, the local atomic configu-
rations along the f1012g CTB are similar to the TAO-1 metastable
structure shown by the arrow in Fig. 12(a). As shown in Fig. 12(b),
the RDFs of both the TAO-1 metastable structure and the f1012g
CTB are similar, i.e., the calculated positions of the first three peaks



Fig. 11. Comparison of local structure in a phase, u phase and CTBs. (a) Microstructure showing the orientation relationship between the a phase and transformed u phase,
indicating a TAO-1 pathway. (b) Local atomic configuration for a perfect CTB. (c) The corresponding atom stacking of ð0111Þu , ð1210Þa and CTB planes. The arrows point in the
shuffle direction. (d) The radial distribution functions for a, u and the local structure of CTBs. Here, CTB is the f1012ga coherent twin boundary.

Fig. 12. Similarity between CTB local structure and the metastable structure mediated the a e u phase transformation. (a) Change of potential energy during the a e u phase
transformation according to TAO-1 pathway, which involves a metastable state. (b) Comparison of the radial distribution functions between CTB and metastable structure shown in
(a). CTB represents the f1012ga coherent twin boundary.
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in both cases are coincident. This indicates that f1012g CTBs assist
in overcoming the energy barrier for the a/ u transition pathway,
and explains why the a / u phase transformation in the f1012g
CTB regions can occur at a much lower pressure, i.e., the elastic
wave readily can trigger the a / u phase transformation (see
Fig. 4).
5. Conclusion

The influence of grain boundaries on phase transformation in Ti
under shock compression is investigated via a combination of MD
simulations and first principle calculations. We draw the following
conclusions: (1) Simulations of shock compressed Ti bicrystals
show drastically different shock response (plastic deformation and
martenstic transformation) in the presence of GB structures. We
find that the elastic shock wave can readily trigger a / u trans-
formation in f1012g CTB bicrystals, and an elastic wave driven
grain boundary migration is observed in ITB bicrystals. However,
the f1012g ATGB is almost intact during the passage of the elastic
wave. (2) The dislocation activity in shocked Ti bicrystals with a CTB
or ATGB is dominated by the movement of 〈 a!〉 dislocations. The
〈 a!〉 dislocations gliding in basal planes are first generated at both
the GB and incident plastic wave front, and their subsequent
interaction leads to the operation of pyramidal slip. (3) The CTB
assisted a / u phase transformation is accompanied by strong
elastic wave attenuation, which can be used for designing new
types of shock-damping materials. Although the observations
presented and the associated conclusions are based on hcp-Ti, we
believe that the coupling between deformation twinning and phase
transformation should also apply to other hexagonally trans-
forming metals.
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