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Abstract
We investigate shock-induced phase transformations in titanium (a-Ti) single crystals induced by shock loading along the [0 0 0 1],
½1 0 
1 0 and ½1 2 1 0 directions using molecular dynamics simulations. We ﬁnd a signiﬁcant dependence of the microstructure evolution
on the crystallographic shock direction, providing insight into the nature of the coupling between deformation and phase transformation.
For shock along the c-axis, the orientation relationships (ORs) ð0 0 0 1Þa ==ð1 0 
1 0Þx and ½1 0 
1 0a ==½1 1 
2 3x between parent and product
phases are observed, which diﬀers from that previously reported for Ti. For shock compression along the ½1 0 
1 0 and ½1 2 
1 0 directions,
there is a reorientation of the hexagonally close-packed a phase before the a ! x martensitic transformation, and the OR is consistent
with the previously proposed Silcock relationship. We associate the reorientation with a shuﬄe and shear mechanism and suggest that
shear stress is an underlying factor for the anisotropic phase transformation sensitivity.
Ó 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
Keywords: Shock compression; Martensitic transition; Titanium; Orientation relationships

1. Introduction
The group IV transition metal titanium (Ti) is amongst
the most desirable of candidate materials due to its widespread and successful applications in the aerospace, nuclear
and biomedical industries [1–4]. The allotropic phase transitions in pure Ti sensitively depend on tunable thermodynamic parameters such as external pressure and
temperature. In particular, the pressure-induced martensitic hexagonally closed-packed (hcp) a to hexagonal x
transformation is important because x phase formation
aﬀects toughness and ductility of Ti. This martensitic phase
transformation can occur in a-Ti under hydrostatic, shock
⇑ Corresponding authors. Tel.: +1 505 665 0419 (T. Lookman).
Tel.: +86 13379200208 (X. Ding).
E-mail addresses: txl@lanl.gov (T. Lookman), Dingxd@mail.xjtu.
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loading or high-pressure torsion conditions [5–7]. The
room temperature (RT) a ! x phase transformation has
been observed to occur at between 2 and 12 GPa, depending on the experimental technique, the pressure environment and the sample purity [8–12]. Furthermore, unlike
the a ! e transformation in pure Fe, the a ! x transformation in Ti exhibits a large hysteresis that is responsible
for retention of the metastable high-pressure x phase on
release to atmospheric pressure [5,6,8].
Transmission electron microscopy (TEM) has been
extensively used to understand the crystallography of the
a ! x transformation. As this transformation is accompanied by hysteresis and can be irreversible, the high-pressure
hexagonal x phase can be retained partially or almost fully
after unloading under ambient conditions [7]. Although
this is well established under both static and shock conditions, the crystallographic nature of the transformation in
Ti and Zr is still controversial [11,13–16]. In particular, it
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is not clear how the orientation relationships (ORs) depend
on loading conditions. Moreover, little is understood about
the coupling of deformation processes to phase transformation. Textural analysis below and above the phase transformation pressure suggests microstructural reorientation
[11]; however, the nature of deformation twinning or dislocation slip mediating the transformation is not clear. Measurements to date have been primarily on polycrystalline
samples and the anisotropy in shock response is not easily
inferred from these measurements. Thus, our focus here is
on studying the anisotropic response in single crystals,
thereby providing insight into the factors mediating the
phase transformation. We also suggest the types of measurements that can corroborate our ﬁndings.
ORs are key signatures of pathways that lead to a given
microstructure. Essentially three ORs between the starting
a and ﬁnal x phase have been observed so far in TEM studies
of polycrystalline samples of Zr and Ti under diﬀerent loading conditions. These are the so-called Variant I with the
ORs ð0 0 0 1Þa ==ð1 0 1 1Þx and ½1 0 
1 0a ==½
1 0 1 1x , Variant II

with the ORs ð0 0 0 1Þa ==ð1 2 1 0Þx and ½1 
2 1 0a ==½0 0 0 1x ,
and the form proposed by Song and Gray [14]
or Variant III with the ORs ð0 0 0 1Þa ==ð1 0 
1 0Þx and
½1 0 1 0a ==½1 1 
2 3x . The ﬁrst two were initially proposed by
Usikov and Zilbershtein on the basis that the a ! x transformation occurs via an intermediate b phase [17]. Variant
I has been primarily observed in hydrostatic and steady-state
pressure conditions in both Zr and Ti in the pressure range
2.9–9 GPa at RT [14]. This OR was also later observed by
Vohra et al. in dilute Ti–V alloys [18]. Variant II has been
observed in pressure-treated Zr samples by Rabinkin et al.
via electron diﬀraction measurements [19]. In pressure studies of Ti alloys, Silcock observed a direct a ! x transformation pathway for which the OR is the same as Variant II [20].
Note that although this OR is the same as Variant II, the
pathways are quite distinct. Over the last few years, the availability of computing power has made feasible the enumeration of atomic pathways in crystals, especially for non
group–subgroup transformations such as in Ti and Zr. Following this prescription, Trinkle et al. enumerated the lowest-energy pathways in Ti under hydrostatic pressure and
discovered a direct pathway (TAO-1) with a lower energy
than that noted by Silcock. This pathway has the same OR
as Variant I [16]. Recently, there have been a number of studies involving high-pressure torsion (HPT) measurements on
polycrystal Zr and Ti. The loading conditions favor sheardriven transformations leading to almost complete transformation to the x phase. However, the mechanism has not
been particularly well studied, although it has been suggested
that the OR is consistent with TAO-1 [8]. There have been a
number of studies of the ORs on shocked samples of Zr polycrystals. These studies largely ﬁnd the same OR as Variant II
[21]. The exception is the analysis by Song and Gray [14] who
observed Variant III [11,14] and also proposed a speciﬁc
pathway. This OR has been recently re-examined with the
conclusion that it is a subset of Variant I [15].
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Our objective here is to investigate how the ORs and
transformation pathways are inﬂuenced if a Ti single crystal is shocked in diﬀerent directions. Moreover, in order to
explain the range of behavior seen in the above experiments, we study the eﬀects on the phase transformation
of the deformation behavior during shock compression
and the anisotropy of the shock response. We ﬁnd that
loading along the c-axis gives rise to the ORs
ð0 0 0 1Þa ==ð1 0 1 0Þx and ½1 0 1 0a ==½1 1 2 3x , which have
not been observed previously though are related to the
ORs seen in shocked polycrystal samples of Zr [14]. However, under shock compression along the a-axis, the a-Ti
crystal experiences ﬁrst an eﬀective 90° rotation, which is
induced by a shear and shuﬄe (or atomic displacement
mode) mechanism. This is followed by the a ! x phase
transformation. The OR is consistent with the Silcock relationship or Variant II, and the pathway is the same as Silcock. We suggest that shear is an underlying factor
responsible for the anisotropic phase transformation
sensitivity.
2. Computational method
The molecular dynamics (MD) simulations were carried
out using the Large-scale Atomic/Molecular Massively
Parallel Simulator (LAMMPS) code [22] and a Ti modiﬁed
embedded atom method (MEAM) potential with a cubicsplines-based functional form [23]. This potential removes
the constraint of ﬁxed angular character and allows for
additional ﬂexibility of the potential compared with traditional MEAM potentials. The EAM views each atom as
embedded in a host lattice consisting of all other atoms.
Each atom in the system is viewed as an impurity that is
part of a host of all other atoms. The “embedding energy”
of the impurity is determined by the electron density of the
host before the impurity is added. The energy of an atom
(or impurity) is represented as a two-body energetic interaction plus an embedding energy computed on the basis
of an empirical electron density. Incorporating angular
terms in the EAM density functional has led to the development of spline-based MEAM:
1X
Ei ¼
/ðrij Þ þ U ðqi Þ;
ð1Þ
2 j
with the density at atom I given by:
X
X
qi ¼
qðrij Þ þ
f ðrij Þf ðrij Þg½cosðhjik Þ;
j

ð2Þ

jk

where /(rij) is a direct two-body interaction between atoms
i and j that depends only on the interatomic separation rij.
The total eﬀective electron density qi at atomic site i contributes to the total system energy through the embedding
function U(qi). The density q(rij) represents the contribution to the total eﬀective electron density at atom i due to
atom j a distance rij away. A radial cutoﬀ function f(r)
and a three-body angular term g(cos(h)) is used to describe
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the three-body eﬀect on the total eﬀective electron density.
hjik is the angle between atoms i, j and k centered on atom i.
The ﬁve functions /(r), U(q), q(r), f(r) and g(cos(h)) are
represented by cubic splines, and the spline parameters
are ﬁtted by lattice constants, elastic moduli, and cohesive
and surface energies.
The simulation presented in this study focuses on the
a ! x martensitic transformation in perfect Ti monocrystalline slabs of dimensions Lx = Ly = 24 nm and
Lz = 160–200 nm. Before impact the crystalline structure
of the target material is a-Ti. The z axis, parallel to the
[0 0 0 1], ½1 0 
1 0 or ½1 
2 1 0 crystallographic directions of
the a-Ti crystal, is chosen as the impact direction. Periodic boundary conditions are imposed in the x and y
directions, while the target has two free surfaces perpendicular to the z axis. The impactors have the same
cross-section 30 nm in length and an initial impact speed
of 0.9 km s1—see Fig. 1a. Altogether the target and the
impactor contain approximately 8 million atoms. Prior
to compression, the specimens were ﬁrst equilibrated to
achieve a minimum energy state and the initial temperature was set at 30 K. In addition, the time step for integrating the equations of motion is 1 fs, and the shock
run durations are up to 32 ps. The dependence of the
shock wave velocity (us) on the particle velocity (up) is
shown in Fig. 1b. The us–up relations for the [0 0 0 1],
½1 0 1 0 and ½1 
2 1 0 shock simulations are presented.
The MD data for single crystals were ﬁtted to the linear
us–up relation and this was compared to that from polycrystalline experimental results [24] for Ti in the up
velocity range 0–2.0 km s1 in all three orientations.
While it is still unclear how to construct a polycrystalline Hugoniot from the single-crystal Hugoniot, our
parameterization of the MD results for single-crystal
Ti shows reasonable agreement with the experimental
data.

3. Results and discussion
3.1. Shock wave propagation in pure Ti single crystals
Wave proﬁle measurements and interpretation play a
central role in shock physics research. Theoretically, much
information about the dynamic material response can be
deduced from a wave proﬁle. A more common type of
proﬁle for a solid has a two-wave or elastic–plastic wave
feature, whereas a shocked solid may demonstrate a
three-wave structure, i.e. elastic–plastic phase-change wave
fronts. A three-wave structure may become a two-wave one
if the plastic wave overtakes the elastic wave. In experiments, the shock wave proﬁles are measured using VISAR
(velocity interferometer system for any reﬂector) which
records the continuous motion at the back surface of the
sample undergoing shock compression and release. The
advantage of this diagnostic is that it measures both the
structure of the shock wave as well as the shock transit
time, and thus the shock speed. Phase transformations
and spall phenomena are two examples of processes which
manifest themselves in the wave proﬁle structure [25–27].
Fig. 2 illustrates particle wave velocity proﬁles of pure
Ti single crystals at three times, for (i) the [0 0 0 1], (ii) the
½1 0 1 0 and (iii) the ½1 2 1 0 orientations shock loaded at
up = 900 m s1. The rigid piston is to the left in Fig. 2
and the wave front propagates to the right-hand side.
The proﬁles are similar to those from experimental measurements using VISAR [26]. Note that a two-wave proﬁle,
which consists of an overdriven plastic front [28] and a
transformation front, exists for the ½1 2 1 0 orientation
shock loading but does not lead to a three-wave front
structure. On the other hand, for the shock along [0 0 0 1]
and ½1 0 1 0, the front splits into an elastic precursor, a plastic front and a phase transformation front, as shown in
Fig. 2.

Fig. 1. (a) Molecular dynamics simulation setup showing shock-wave propagation along three perpendicular directions [0 0 0 1]a, ½1 0 1 0a and ½1 2 1 0a . (b)
Single-crystal Hugoniot results for the above three crystallographic shock orientations obtained from our simulations. The black squares refer to
experimental polycrystalline data for Ti [24].
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Fig. 2. Particle velocity proﬁles for shocks along the three crystallographic
orientations as obtained from our simulations with piston velocity
up = 900 m s1. The shock front velocity, us, is obtained by following
the drops in the particle velocities as a function of distance for split threewave and two-wave structures as shown here for [0 0 0 1]a, ½1 0 1 0a and
½1 
2 1 0a directed shocks. HEL represents the Hugoniot elastic limit.

A closer look reveals a large dependence of the evolving
microstructure on the crystallographic shock direction
(Fig. 3). For shocks in the [0 0 0 1] direction, the evolving
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grains consist mostly of the x structure precipitated in
the a matrix and are relatively large, as shown in Fig. 3a
and b. Here, three x variants of the product phase are
observed that are separated by grain boundaries (incoherent twin boundaries). In contrast, the evolving microstructure for shocks in the ½1 0 1 0 and ½1 2 1 0 directions is more
complex. Here a variant reorientation process of a-Ti takes
place before the phase transformation. For shock loading
along the ½1 0 1 0 orientation, all the hcp ﬁrst reorients to
the [0 0 0 1]-hcp variant, as shown in Fig. 3c and d, and then
transforms to x. However, Fig. 3e for shock direction
½1 2 1 0 shows interfaces that in general have more curvature between the rotated and the unrotated regions than
Fig. 3c. This is related to the presence of more than one
rotated hcp variant for the ½1 2 1 0 direction shock
compression.
3.2. Shock-induced a ! x transformation along the c-axis
Fig. 3a shows an atomic conﬁguration from a typical
cross-section microstructure of the Ti sample following
shock along [0 0 0 1]. The a matrix with precipitated x
phase is seen to contain incoherent twin boundaries, consistent with the Zr polycrystalline shock experimental

Fig. 3. Microstructure shocked along the three directions [0 0 0 1]a, ½1 0 1 0a and ½1 2 1 0a after 8 ps. In the left panels (a), (c), (e), the shock direction is from
the left to the right. The right panels (b), (d) and (f) show the conﬁgurations corresponding to the transverse cross-sections at the vertical bars in the panels
(a), (c), (e), respectively. The orange and the blue (also blue stacking) colors represent the hcp a phase and the hexagonal x phase, respectively. The
reoriented parent a phase is represented by a0 . We note that shock along [0 0 0 1]a leads only to phase transformation without any reorientation of the
parent a. Shocks along the other two directions ﬁrst induce a reorientation of the parent a to a0 , which then transforms to the x phase. The green vertical
bars correspond to the elastic precursor in Fig. 2b. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Microstructural conﬁgurations showing the OR between the a phase and the transformed x phase of the sample shocked along the [0 0 0 1]a
orientation (Fig. 3a). Shown are one longitudinal cross-section (a) and two transverse cross-sections (b) and (c) (b is the same as Fig. 3a). From a
knowledge of the relationships from (a)–(c), we obtain the OR (0 0 0 1)a//ð1 0 1 0Þx between the a and x, as shown in (d).

results [14]. We can evaluate the crystallographic orientations of coexisting a and x phases during the phase transformation. We have selected in Fig. 4 atomic
conﬁgurations containing both parent and product phases
from three normal directions. Indexing of the parallel
atomic stacking planes has shown that the arrangement
of the two lattices for a and x in Fig. 4a–c leads to the
ORs ð0 0 0 1Þa ==ð1 0 
1 0Þx and ½1 0 
1 0a ==½1 1 
2 3x , i.e. similar
to those proposed by Song and Gray [14] for Zr. The orientations between the lattices in Fig. 4d match rather well;
thus, a small amount of shuﬄe and shear facilitates the
transformation.
Pathways for martensitic phase transformations can be
separated into strain (a global shape change) and shuﬄe
(small atomic relaxations) modes. There are inﬁnitely many
unique ways to transform one crystal continuously into
another, but only a few allow individual atoms to displace
a small distance. In order to conﬁrm our OR, we checked
the strain and shuﬄe parameters between the a and x lattices during the transformation. Fig. 5 shows the conﬁgurations of the (0 0 0 1)a and ð1 0 
1 0Þx planes in the lattice and
the atomic arrangements in the planes for the new transformation pathway. The lattice parameters for both a and x
phases are aa = 2.95 Å and ca = 4.69 Å, ax = 4.61 Å and
cx = 2.82 Å, respectively, and thus ca/aa = 1.593 and cx/
ax = 0.611. The new transformation pathway deduced
from observed ORs involves signiﬁcant atomic strains, relatively small shuﬄe and is a direct transformation pathway
with no intermediate state. Complete conversion to the x
structure can be demonstrated to occur by coupling a shear
strain along the [1 0 1 0]a orientation with an inner-atom
shuﬄe. The patterns of the atomic conﬁgurations in the

Fig. 5. Our proposed a ! x transformation pathway for a-Ti single
crystal under c-axis shock compression. (a) The (0 0 0 1)a plane (green) of a
phase before martensitic transformation. (b) The ﬁnal ð1 0 1 0Þx plane
(orange) of x phase after transformation. (c) The ORs connecting the a
and x phases are ð0 0 0 1Þa ==ð1 0 1 0Þx and ½1 0 1 0a ==½1 1 2 3x . (For
interpretation of the references to color in this ﬁgure legend, the reader
is referred to the web version of this article.)

(0 0 0 1)a and ð1 0 1 0Þx planes are superimposed in Fig. 5c
according to the OR. It can be seen that only a simple shear
is needed to transform one lattice to the other. The lattice
shearing direction is parallel to the ½1 0 1 0a or ½1 1 
2 3x
directions, which switches atoms along the ½2 1 1 0 axis in
the a phase to positions along ½1 2 1 9 in the x phase. In
addition, the global shape change is accompanied by small
movements of two inner atom shuﬄes in opposite
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directions to eﬀectively collapse closely spaced ð1 0 1 0Þx
planes, as shown by arrows in Fig. 5c.
3.3. Shock-induced a ! x transformation along the a-axis
Contrary to the shock response along [0 0 0 1] direction,
the microstructure evolution of Ti single crystals is more
complex when shocked along the ½1 0 
1 0 and ½1 
2 1 0 directions. The a ! x transformation takes place in two steps,
which include an eﬀective 90° reorientation and a subsequent phase transformation. In addition, the transformation pathway is diﬀerent from that along the c-axis
above. It is important to note that for pure Ti polycrystals,
the results of shock experiments show a decrease in the
velocity gradient in the compression wave instead of a double-shock conﬁguration above the Hugoniot elastic limit
(HEL) [29,30]. Razorenov et al. proposed that the steepness of the lower parts of the observed compression wave
in Ti is governed by the shear viscosity, whereas the steepness of the upper part is determined by both the shear viscosity and the kinetics of the transformation [29]. Our
simulation results suggest an underlying mechanism at
the atomic level in which the steepness decrease of the
velocity proﬁle is determined by the coupling of the reorientation processes to phase transformation.
3.3.1. Dynamics of 90° rotation
A quantitative analysis of the transformation mechanisms was carried out for the ½1 0 
1 0 and ½1 
2 1 0 shock
directions. We observe ﬁrst a 90° rotation as the shock
front passes the transformation region. The rotation is
the result of a shear and shuﬄe mechanism, analogous to
the 90° domain wall rearrangement that occurs in PZT
ceramics [31,32]. Fig. 6 illustrates the mechanism of rotation from (0 0 0 1)-hcp to ð1 0 
1 0Þ-hcp. The shear along the
h1 0 
1 1i direction changes the global shape by a strain
exx = 0.08 along [0 0 0 1]a and ezz = 0.08 along ½1 0 1 0a .
Meanwhile, the atomic shuﬄe occurs by small movements
of atoms as shown by arrows in Fig. 5a.
For shock loading along the ½1 0 
1 0 orientation, all the
½1 0 1 0-hcp rotates to one type of [0 0 0 1]-hcp variant with
an incoherent twin boundary (ITB), as shown in Fig. 7a.
However, Fig. 7c shows two diﬀerent types of rotated
[0 0 0 1]-hcp variants along the ½1 
2 1 0 shock direction,
and the angle between the two variants is rounded to 60°.
Similarly, the boundaries between the rotated and unrotated regions are ITBs, whereas a coherent twin boundary
(CTB) exists between two rotated variants. The diﬀerence
can be illustrated as follows: the ½1 
2 1 0 shock direction
forces the ½1 0 
1 0-oriented hcp to rotate to [0 0 0 1]-oriented
hcp. This occurs in two ways as shown in Fig. 7d. However, the ½1 0 
1 0 shock direction can only give rise to the
[0 0 0 1]-rotated hcp as in Fig. 7b.
As for translation, rotation represents one of the principal mechanisms of plastic ﬂow. Rotations are characteristic
of a crystal lattice in much the same way that turbulent
ﬂow is characteristic of ﬂuids. There are a variety of

Fig. 6. Schematic illustration of the reorientation mechanism from (a)
[0 0 0 1]-oriented hcp to (b) ½1 0 1 0-oriented hcp by a combination of shear
and shuﬄe operations. In (a) are shown the basal and pyramidal planes
before the reorientation. In (b) is shown the reoriented cell so that the
basal and pyramidal planes in (a) become the prismatic and pyramidal
planes, respectively, by a shuﬄing of the atoms in the directions shown.
The reorientation is accompanied by a strain exx = 0.08 along [0 0 0 1] and
ezz = 0.08 along ½1 0 1 0. Each color represents a unique atom. (For
interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

Fig. 7. The relationship between the shock direction and the number of
variants of the hcp a phase generated. Shock along the ½1 0 1 0a direction
(a) and (b) leads to one variant. However, shock along the ½1 2 1 0a
direction (c) and (d) leads to two variants.

reasons for the rotational movement in a crystalline solid.
It can occur in texture formation when plastic deformation
occurs on a speciﬁc plane and slip direction [33,34]. Rotational deformation, such as declinations, carried by grain
boundaries signiﬁcantly contribute to plastic ﬂow in
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nanomaterials [35–37]. Twinning is a particular form of
rotation deformation due to atomic rearrangement. What
is characteristic of twinning is the presence of special coherent boundaries separating rearranged regions, and the
boundary angle has a strict ﬁxed magnitude which is determined by the symmetry of the crystalline structure of the
material. For instance, a 90° reorientation in a twinning–
detwinning process is responsible for the spontaneous
polarization rearrangement in PZT ceramics [31]. In pure
Ti polycrystals, the deformation twin modes most commonly reported at RT are f1 0 
1 2g and f1 1 
2 2g for deformation parallel and perpendicular to the c-axis [38,39],
respectively. The rotation angle for f1 0 
1 2g twins is 85°,
close to 90°. However, we observe incoherent boundaries
in our a-axis shocked samples. Also, no partial dislocations
were observed to mediate the process. We speculate that
our shear and shuﬄe mechanism is related to incoherent
or irrational twins [40], similar to the observation of
{112} twins in face-centered cubic Cu or Ag [41,42].
3.3.2. Silcock transformation pathway
Following the process of hcp variant rotation, a-Ti converts subsequently to x phase. In order to determine the
transformation mechanism, we examined the relative orientation of coexisting phases in shocked specimens. An image
of an oriented thin section of the ½1 0 
1 0 and ½1 2 1 0
shocked specimens with indices of the parallel crystallographic planes is shown in Fig. 8. The other ORs observed
here were identiﬁed as: ð0 0 0 1Þa ==ð1 
2 1 0Þx and
½1 
2 1 0a ==½0 0 0 1x or the Silcock pathway, which is consistent with the mechanics of the transformation observed by
Kutsar et al. for Zr [21].
In our case, when the a phase transforms to the x phase,
there is a coordinated set of atomic shifts. The ﬁrst displacement involves movement in the ½1 
2 1 0 direction with
a magnitude of 0.74 Å and then in the ½1 0 
1 0 direction
with a magnitude 0.204 Å. The ﬁrst displacement occurs
in the same manner for three neighboring atomic rows
and in the opposite direction for the next three, and so
on. The second displacement occurs in the opposite sense
for successive (0 0 0 1) planes. This transforms the
ð1 2 1 0Þa plane into the (0 0 0 1)x plane. The details of this
phase transformation are given elsewhere [20]. While this
OR is not predicted theoretically (the TAO-1 pathway
has lower energy), it has been observed experimentally in
both Ti and Zr [19,21].

Fig. 8. Microstructure showing the OR between the reoriented a’ phase
and transformed x phase along the shock directions (a) ½1 0 1 0a and (b)
½1 2 1 0a . The ORs connecting the a0 and x phase are the same as obtained
from the Silcock relationship given by ð0 0 0 1Þa ==ð1 2 1 0Þx and
½1 2 1 0a ==½0 0 0 1x but diﬀer from that for shock along the c-axis
(Fig. 5). The color coding and labels are the same as in Fig. 3. (For
interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

where rzz is the normal stress in the shock propagation
direction, and rxx and ryy are transverse normal stresses.
Fig. 9 shows the z-component of the stress tensor (rzz)
and the shear stress plotted against sample depth at 18 ps
(or 22 ps) into the simulation (up = 0.9 km s1). We cannot
exclude the possibility that further relaxation may take
place on much longer time and distance scales than are
accessible in our simulations. The diﬀerent dynamics for
the three diﬀerent crystallographic shock directions are also

3.4. Shear stress analysis: mechanism of anisotropic
transformation
The shear stresses in the sample can be studied relative
to the shock pressure. The shear stress was determined by
the following equation since oﬀ-diagonal terms are
negligible:


1
1
s ¼ rzz  ðrxx þ ryy Þ ;
ð3Þ
2
2

Fig. 9. Proﬁles of the components of the pressure tensor (longitudinal rzz
and shear stress (rzz  (rxx + ryy)/2)) vs. sample depth. The shock waves
(piston velocity, up = 0.9 km s1) propagate from left to right. Proﬁles are
shown for ﬁxed times for the three major crystallographic orientations.
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reﬂected in the longitudinal pressure proﬁles, particularly
in the relaxation of the shear stress.
The role of stress deviators or shear stresses is often
ignored in shock-induced phase transformation studies
because in most cases the yield strength is very low compared to the phase transformation stress. As pointed out
by Duvall and Graham, there are notable exceptions such
as CdS, InSb and quartz [25,43,44]. The shear stress eﬀect
can be characterized by a shear level parameter k:
k ¼ s=rhyd ;

ð4Þ

where s is the maximum shear stress and rhyd is the transformation hydrostatic pressure. For dynamic high-pressure-induced phase transformation in Fe and Bi, k < 5%,
whereas k  30% for CdS and InSb [44–46]. In our simulation of pure Ti single crystals, k  26%, which suggests that
stress deviators play a signiﬁcant role in the a ! x phase
transformation. Note that even under quasistatic pressure
conditions, shear stress cannot be ignored during the phase
transformation. For example, HPT experiments show that
the application of shear stress, in addition to pressure, reduces the a ! x transformation pressure and hysteresis
[7,8,47]. Although the TAO-1 transformation pathway
[16] has the lowest energy barrier under hydrostatic pressure, the Silcock mechanism is also commonly reported
experimentally in both Ti and Zr. Thus, the shear stress
is likely the underlying reason for the anisotropic transformation pathways we have observed for pure Ti under
shock compression.
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the a-axis. This transformation pathway is consistent with
the previously proposed Silcock relationship. Using nonlinear elastic stress–strain relations, we have also calculated
the shear level parameter k  26%, which indicates that
stress deviators play a signiﬁcant role in the a ! x phase
transformation. We propose a hypothesis that the anisotropy of shear stress is responsible for the anisotropic transformation pathway.
Our predicted lattice rotation, preceding the phase
transformation, is a form of cooperative plastic deformation with an incoherent domain grain boundary between
the unrotated and rotated parent a. Although we do not
focus here on the precise mechanisms involved, we expect
that the characteristic signature of the rotation should be
detectable by TEM or X-ray diﬀraction measurements.
The emergence of in situ and high-resolution temporal
and spatial probes (e.g. coherent diﬀraction using XFEL’s
at facilities such as LCLS), provides an excellent near-term
opportunity to validate our predictions relating to the
anisotropic behavior under shock environments in highpurity single crystals of Ti.
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4. Summary and discussion
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