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Phase transition lowering in shock compressed single-crystal aluminum: Atomistic insights
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Investigating the shock-induced structural phase transition (PT) in Al is of paramount interest due to its
extensive use in numerous dynamic compression experiments. In this paper, we report nonequilibrium molecular
dynamics simulation of shock compression in single-crystal Al to unfold structural PT at the atomic scale.
Study along three major crystallographic orientations reveals that shock-induced fcc → hcp and fcc → bcc
transitions are initiated at 18.8 and 30 GPa for the [001] direction and 32.2 (38) and 44 (46.1) GPa for the
[110] ([111]) directions, respectively. Interestingly, these transition pressures are significantly lower than the
values reported in the static compression experiment of Akahama et al. [Phys. Rev. Lett. 96, 045505 (2006)] and
the ramp compression experiment of Polsin et al. [Phys. Rev. Lett. 119, 175702 (2017)]. Signatures of PT are
identified from radial distribution function and virtual x-ray diffraction patterns. Domains of different phases are
manifested in the pressure-temperature diagram of the principal Hugoniot.

DOI: 10.1103/PhysRevB.109.104101

I. INTRODUCTION

The propagation of shock waves in crystalline solids is
often accompanied by polymorphic phase transitions (PTs).
The rapid formation of new crystalline structures is one of
the most interesting problems in shock wave physics and has
tremendous application in strength enhancement and obtain-
ing metastable high-pressure phases. The dynamic nature of
PTs with the coexistence of different lattice structures is a spe-
cial feature of shock waves [1], e.g., conversion of about 65%
of α-Ti into the ω phase due to shock propagation [2], and the
formation of diamond from polycrystalline graphite [3].

Aluminum is one of the most useful materials for many
high-energy density systems. It is used as a flyer in gas-
gun [4], high-explosive [5], and laser-driven [6,7] dynamic
compression experiments and is a potential candidate for ra-
diative ablators [8] in inertial confinement fusion experiments.
Al and its alloys find important applications as structural
components of spacecraft, impact shields, and many other
systems that suffer from the potential risk of hypervelocity
impact-induced damage [9]. Consequently, it is prudent to
develop detailed knowledge of its microstructural response
and polymorphic phase transformation under dynamic loading
at extremely high strain rates.

At ambient conditions, metallic Al is stable in face-
centered-cubic (fcc) form. Early first-principles density func-
tional theory (DFT) calculations predicted an fcc → hcp →
bcc PT path in bulk Al with transition pressures around 200
and 400 GPa [10,11], while the inclusion of phonon effects
modified them to 205 and 565 GPa [12]. More recent calcu-
lations have a clear consensus on PT pressures of 176 and
373–380 GPa [13,14].

The hcp phase was observed at 217 GPa in a
room-temperature (RT) diamond-anvil cell (DAC)
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experiment [15,16]. Confirmation of a transition to a bcc
structure initiating at 320 GPa and persisting up to 370 GPa
came from a recent experiment combining synchrotron x-ray
diffraction (XRD) with DAC [17].

While DAC experiments in association with the in situ
XRD technique have enabled the study of structural PT under
static loading conditions, there remains a lack of quanti-
tative data on dynamic compression-induced PT, primarily
due to the limitations in experimental techniques to capture
these extremely rapid phenomena. The continuum-level mea-
surement, traditionally used for the investigation of shock
compressed targets, has severe limitations in resolving mi-
crostructural changes. Although shock recovery experiments
are often used to quantify the structure-property relationships
of materials exposed to uniaxial compression [18], it is nev-
ertheless quite challenging to probe the incipient plasticity
originated PT with them, primarily due to the instantaneous
nature of PT, which is completely/partially reversible on
shock release and, most importantly, the constructed phase be-
ing interspersed with multiple types of lattice defects. Current
state-of-the-art synchrotron radiation and ultrafast laser-based
visualization techniques are most suitable for observing lat-
tice PTs [19]. The utilization of this technique yielded a
direct observation of α-ε crystallographic PT in shocked iron
[20,21].

Although numerous dynamic compression experiments
have been reported, a free-surface velocity (FSV) profile has
never been able to indicate a PT in Al [22]. Very recently,
a laser-driven ramp compression experiment with nanosec-
ond in situ XRD reported the observation of fcc → hcp and
hcp → bcc transitions at 216 and 321 GPa, respectively, with
the bcc phase extending up to 475 GPa [23,24]. The PT
sequence and transition pressures are in close agreement with
the static calculation and RT-DAC experiment. Subsequently,
a nonequilibrium molecular dynamics (NEMD) simulation
supported the experimental observations [25].
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FIG. 1. Shock Hugoniot of single-crystal Al along three different crystallographic directions: (a) Shock velocity vs particle velocity;
(b) pressure (z component) vs density. The inset shows the time history of the piston velocity. In each case open circles represent MSST
results, whereas half-solid and solid circles refer to NEMD data for the elastic and plastic waves, respectively. Experimental data are shown by
stars.

The above discussion establishes that Al undergoes a
solid-solid PT along both types of thermodynamic paths: RT
isotherm (static loading) and isentropic compression. Hence,
the obvious question is what happens to the lattice structure
when Al is compressed along the principal Hugoniot (shock
adiabat)? This paper attempts to answer this query from an
atomistic perspective.

Phase boundaries in rapidly compressed solids strongly
depend on the loading rate. In shock compression, material
strength-dependent resistance causes the generation of sig-
nificant shear stress. Since the shear relieving mechanism is
either a structural phase transition or a plastic deformation,
shock loading quite often leads to the lowering of transition
pressures from hydrostatic values [26,27]. This motivates us
to explore the shock-induced PT in single-crystal (sc)-Al.

To gain insight on the dynamic evolution of the crystal
structure of this simple metal we have carried out systematic
NEMD simulations of impact-induced shock propagation. It is
shown that both fcc → hcp and fcc → bcc transitions occur
at significantly lower pressures than the static compression
experiments of Refs. [15,16] as well as ramp compression
experiments of Refs. [23,24].

NEMD simulations have made it possible to accurately
predict the shock-induced solid-solid PTs in Ga, Fe, and Cu
at the atomic level [27–30], which tally with experiments. In
a recent work, we have estimated the Hugoniot elastic limit
(HEL) of submicron-thick sc-Ta by NEMD simulation and
extrapolated the results to reproduce the experimental HEL
of mm-thick targets with excellent accuracy [31].

II. SIMULATION METHOD

NEMD simulations have been performed to investigate
piston impact-driven shock propagation in sc-Al along three
different crystal orientations, namely, [001], [110], and
[111]. In investigating dynamic compression-induced PT in
ultrathin samples one needs to pay attention to the elastic-
plastic two-wave (EPTW) region. The piston velocity (Vimp =

0.4–5.0 km/s) is tuned so as to capture the EPTW coupled
structure for the chosen crystal orientations. The piston-
velocity pulse shape [32] is shown in the inset of Fig. 1(a).
We have also carried out equilibrium MD simulations using
the multiscale shock technique (MSST) [33] with the shock
velocity (Us) varying from 6 to 13 km/s. The large-scale
molecular dynamics code LAMMPS [34] is utilized for this
purpose while the input crystal structures are created using
ATOMSK [35]. More details of these simulations are provided
in the Supplemental Material [32]. The interaction between
atoms is treated by the embedded atom model (EAM) po-
tential, parametrized by Winey et al. [36] which has been
successfully utilized to address the shock Hugoniot, melting,
and plasticity of sc-Al [37–39].

III. RESULTS

A. Shock Hugoniot and EPTW regime

The shock velocity (Us) versus particle velocity (Up) Hugo-
niot for three crystal directions are displayed in Fig. 1(a).
NEMD results convey that for weak shocks, Up � Up1 (Up1 ≈
0.5, 1.2, and 1.2 km/s for [001], [110], and [111] directions),
defect-free sc-Al responds elastically. For intermediate ve-
locities, Up1 < Up � Up2 with Up2 ≈ 2.3, 3.6, and 3.6 km/s,
the shock wave splits into a leading elastic wave (half-solid
symbols) and a slower-moving plastic wave (solid symbols),
thereby creating an elastic-plastic two-wave (EPTW) struc-
ture. The difference between the elastic and plastic wave
velocity within the EPTW zone can be clearly seen in
Fig. 1(a). Microstructural changes, lattice deformation, and
crystal defects are initiated in this region. For Up > Up2 , a pure
plastic wave travels into the medium.

The widely used MSST simulation on the other hand can-
not resolve the EPTW region, but it nevertheless provides a
good idea about the EPTW zone boundaries [solid lines of
Fig. 1(a) joining the pure elastic and pure plastic ends].

The HEL (lower end of the EPTW region) for [001],
[110], and [111] directions as clearly visible in the pressure
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FIG. 2. Atomistic visualization of elastic-plastic wave propaga-
tion (along the z axis) after 6 ps due to impact at 1.5 km/s. Atoms are
colored according to their kinetic energies with red being maximum
and blue minimum (unshocked).

(PH )-density (ρ) Hugoniot curves of Fig. 1(b) are 10, 25, and
28 GPa, respectively. In the case of uniaxial compression, it is
appropriate to use the component of pressure along the shock
direction, i.e., Pzz as the Hugoniot pressure. Our simulations
thus reveal a strong crystal anisotropic effect in longitudi-
nal stress at HEL. The plastic parts of the Hugoniot curves
for three crystal orientations as obtained by both MSST and
NEMD methods are indistinguishable and follow experimen-
tal data (stars) [40].

A distinct elastic-plastic feature is illustrated in the visual-
ization plot of Fig. 2 displaying the kinetic energy distribution
of atoms at 6 ps due to impact at 1.5 km/s. The clear appear-
ance of a broad elastic zone and a well-separated plastic zone
can be visualized for the [001] direction, whereas elastic pre-
cursors (fringes at the disturbance front), elastic dip, and the
onset of a plastic wave can be observed for the [110] direction.
The [111] direction exhibits feeble signatures of a two-wave
structure at this time. This inherent anisotropy of the elastic
properties as reported in Refs. [41,42] is also evidenced in the
space-time evolution of longitudinal and transverse stresses
(two representative impact cases are shown in Fig. S1 of the
Supplemental Material [32]). Figures 1(a) and 2 also confirm
that the compression-dependent longitudinal sound velocity
is highest for the [110] and lowest for the [100] direction
and for all three directions they agree with the experimental
values [43].

The elastic-plastic transition can also be explained from
the FSV profile of the sample, as presented in Fig. 3(a)
([001]) plotted for Vimp = 1.5 km/s. The arrows indicate the
propagation of three different waves [44]. The three-wave
feature would be less pronounced in a thicker sample due to
the attenuation of the longitudinal stress associated with the
elastic wave [45,46]. The FSV profiles for a wide range of
impact velocities corresponding to three orientations are given

FIG. 3. (a) Time evolution of different structural phases (fcc, hcp, bcc, disordered) for [001] sc-Al due to impact at 1.5 km/s. The right
axis shows the corresponding free-surface velocity profile. Statistics of different nucleated phases as a function of increasing pressure (Pzz)
for shock traveling along the (b) [001], (c) [110], and (d) [111] directions. Results for NEMD (solid symbols–solid lines) and MSST (open
symbols–dashed lines) simulations as obtained by iCNA are compared.
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in Fig. S2 of the Supplemental Material [32]. Compression-
rarefaction dynamics, showing the spatiotemporal evolution
of Pzz, and the corresponding density and temperature within
the 100-nm sample are presented in the contour plots in
Figs. S3, S4, and S5 of the Supplemental Material [32].

B. Phase transition

To resolve local structural changes at the atomic level and
extract information on the PT we have employed a heuris-
tic crystal classification algorithm of the interval common
neighbor analysis (iCNA) [47] as implemented in OVITO soft-
ware [48]. To elucidate the dynamics of the PT we analyze the
time evolution of different structural phases in [001] sc due
to impact at 1.5 km/s as illustrated in Fig. 3(a). In the com-
pression phase, the fcc atom fraction continuously decreases
with time at the cost of increasing other regular structures
(predominantly hcp) and becomes minimum when the elastic
wave reaches the free surface (first arrow). It is interesting to
observe that for this weak shock case, the crystal nearly reverts
back to the original structure (an increase in the fcc count to
93% is an indication of recrystallization) on shock release.
Thus, the PT in the elastic-plastic regime is reversible.

The percentage of atoms belonging to fcc (green), hcp
(red), and bcc (blue) templates as generated for discrete values
of Vimp along [001] sc are noted at the time when the fcc count
is minimum. The resulting phase distribution as a function of
increasing pressure (Pzz) is presented in Fig. 3(b). A similar
exercise has been carried out for two other directions as well
and the corresponding phase distributions are displayed in
Figs. 3(c) ([110]) and 3(d) ([111]). For every pressure the
remaining atoms belong to the noncrystalline structure [the
gray line of Fig. 3(a) classified as “other”] arising due to
various types of defects.

Thus, for a relatively soft material Al, a solid-solid PT
along all three crystal directions is initiated even for weak
plastic waves. It can be observed that with the increase in
plastic pressure the fcc lattice initially transforms to the hcp
and subsequently to the bcc phase. Although the sequence
of the PT displayed in Figs. 3(b)–3(d) is analogous to static
loading, nevertheless, a significant lowering in PT pressures
is a special feature of shock loading. The conversions to both
hcp and bcc phases depend on pressure in such a way that
the number of atoms in the newly constructed phase relative
to the original structure initially increases, reaches maximum,
and finally reduces, paving the way for another phase, a crystal
defect or melting as the case may be.

It can be noticed that shock-induced fcc → hcp and fcc →
bcc transitions are triggered at 18.8 and 30 GPa, respectively,
for the [001] direction, which are one order magnitude less
than RT static compression and the 1000-K ramp compression
values of Refs. [15,16,23]. The same for [110] sc are 32.2
and 44 GPa and for [111] sc are 38 and 46.1 GPa. Moreover,
the [001] direction favors a phase change with a maximum of
55% hcp atoms occurring at 30 GPa and 88% of bcc atoms
at 48 GPa. The corresponding maximum hcp conversions
along the higher strength directions [110] and [111] are about
13% and 14% at 44 and 46 GPa, respectively. Similarly, the
maximum bcc atom fractions along these directions are 26%
and 31% with the transition pressure being 55 and 70 GPa.

Such anisotropy was also observed for another fcc metal,
Cu [27]. Further, the bcc phase persists at maximum up to
∼110 GPa ([001]), which is significantly lower than the ramp
compression pressure (∼475 GPa).

The shock-induced PT has also been examined by MSST
simulation and the resulting phase distributions are presented
in Fig. 3 (half-solid symbols). The visualization of the atomic
configuration with the iCNA predicted phase structures are
portrayed in Fig. S6 of the Supplemental Material [32]. No-
ticeably, the equilibrium shock simulation shows only an
fcc → bcc transition at the onset of the plastic Hugoniot (up-
per end of the EPTW regime) with pressures much higher
than the corresponding NEMD case. Further, the phase frac-
tions predicted by the MSST method deviate significantly
from the NEMD case. The reason for this is that even
though the MSST approach saves computational time while
guaranteeing the simulation to reach the correct thermody-
namic end state by controlling shock through prescribed
continuum constraints, it does not predict crystal defects
accurately.

C. Pressure-temperature phase diagram

Next, we analyze the role of shock heating on PT. The
black line of Fig. 4 demonstrates the rise of shock temperature
(TH ) of sc-Al along the principal Hugoniot. We have con-
structed pressure-temperature phase diagrams, i.e., domains
of different phases achieved under uniaxial compression as
displayed in the shaded regions. Considering every point on
the black line as 100% atoms, the vertical line below passing
through different color zones denotes the individual share of
each template.

Even though it is difficult to capture signatures of PT from
the PH - ρ Hugoniot, the same is quite prominent in the PH - TH

curve. Evidence of an appreciable conversion to hcp, bcc, and
noncrystalline structures can be associated with a change in
the slope of the curve at the arrow-marked pressures. Along
with the strain rate-dependent plasticity and formation of de-
fects with locally ordered structures, shock heating is also
responsible for lowering the PT pressure. At low dynamic
pressures, low heating facilitates compression of the fcc struc-
ture without PT, and a marginal increase in slope of the curve
(between the first two arrows) indicates generation of stacking
faults having local orders of the hcp structure. For still higher
pressures, a steady rise of temperature initiates a bcc conver-
sion. The plateau region (between the second and third arrow)
for the [110] and [111] directions is originated from the dissi-
pation of compression-generated mechanical energy through
lattice deformation without generating any long-range ordered
state. The third arrow specifies a rapid increase of disordered
atoms making the sample approach a liquid state. This causes
a significant difference in the phase diagram of the shock
compressed sample from that of a hydrostatic one.

From the point of intersection of the PH - TH curve and
the melting curve (static pressure versus melting temperature
data) [49], we find that the shock-induced melting for the
[001], [110], and [111] directions is initiated at 131, 138, and
135 GPa, respectively. The corresponding melting tempera-
ture for the [001] direction (4833 K) is consistent with other
published work [14,37,50].
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FIG. 4. Pressure-temperature phase diagram of uniaxially compressed sc-Al. The black solid line shows the rise of the shock temperature
along the principal Hugoniot. The shaded area indicates PH - TH values for which pure fcc is observed and fcc-hcp, fcc-bcc, and fcc-hcp-bcc
phases coexist.

D. Phase transformation dynamics

The phase transformation dynamics can be better appreci-
ated from atomic configurations and sample radial distribution
function (RDF) as displayed in Fig. 5 pertaining to two com-
pressed states (6 and 10 ps) and two release states (18 and
22 ps) along the [001] direction. For 1.5 km/s, fcc → hcp is
the predominant PT with its count initially increasing, reach-
ing a maximum (∼60%) at 14 ps, identified by the clear hcp
peak in the RDF plot. The decrease of hcp atoms after shock
unloading is associated with reverting back the crystal to the
fcc structure as evidenced in the atomic configuration and
RDF plots. A signature of recrystallization can be ascertained
by noticing an almost similar profile of RDFs at 6 and 22 ps
of Fig. 5, except for the presence of a few disordered atoms

FIG. 5. Left: Visualization of microstructure evolution along the
[001] direction for Vimp = 1.5 km/s (top) and 3.0 km/s (bottom) at
6, 10, 14, 18, and 22 ps predicted by iCNA analysis. Green, red, and
blue colors represent fcc, hcp, and bcc atoms, respectively, whereas
gray refers to atoms of noncrystalline structures. Right: Correspond-
ing radial distribution functions.

on shock release. Thus, it can be concluded that the incipient
plasticity-induced PT is reversible. Incidentally reversible PT
has been recently observed in plate impact experiments with
the in situ XRD technique on the ionic crystal, CaF2 [51].

A higher velocity impact (3.0 km/s) causes a significant
rise in both shock pressure and temperature, leading to the
collective movement of atoms, thereby adopting an open
structure of bcc (valence electrons of compressed target com-
mensurate interstitials of a bcc structure). The double-hump
feature in the first peak visible in the RDF plot at 6 and
10 ps and at the shifted location for 14 ps of Fig. 5 is due
to a bcc conversion. Visualization plots corroborate this. Af-
ter shock breakout, the crystal exhibits a plastic deformation
with a greater number of atoms losing long-range crystalline
order as evidenced in the iCNA pattern and RDF profile at
18 ps. Fewer atoms still convert back to the original fcc
phase. The occurrence of disorder atoms is further enhanced at
22 ps as reflected in the nearly flat RDF spectrum. Recrys-
tallization to the fcc structure and reversibility of the PT on
shock unloading have been observed for two other directions
as well for low-impact strengths (refer to Fig. S7 of the Sup-
plemental Material [32]), but the extent of reorientations is
significantly less than that of the [001] direction. To sum up,
it can be concluded that as the strength of the plastic wave
increases, the PT switches from a reversible to an irreversible
one. Shock-induced heating and energy dissipation due to
plastic deformation is responsible for this. A further increase
in shock strength causes a significant rise in the disorder
atoms, eventually melting the solid in the compression phase
itself.

Signatures of PT are also identified from virtual XRD (as
implemented in LAMMPS) for three different impact velocities
showing no PT, a maximum hcp phase, and a maximum bcc
phase as shown in Fig. 6 (also shows the atomic configu-
rations). The dynamic distributions of the phases for these
velocities are presented in Fig. S8 of the Supplemental Ma-
terial [32].

The planar fault analysis along with iCNA of the templates
as depicted in Fig. S9 of the Supplemental Material [32]
demonstrates that the hcp structures for all directions are
locally ordered and they originate from stacking faults. The
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FIG. 6. Virtual XRD and visualization plots for three different impact cases with peaks showing a fcc structure (elastic wave), and
maximum hcp and bcc phases. Color coding used for atoms is the same as in Fig. 5.

bcc structure generated in the [001] direction is a perfect
crystal-phase transition with long-range order, however, in
contrast, for the other two directions they are locally ordered
with the presence of crystal defects. The generation of these
locally ordered structures plays a key role in lowering the
phase transition pressures in the shock compressed sample.

The incipient plasticity originated phase change is a tran-
sient feature with new phases partially/completely orienting
back to the ambient structure on shock release. The interaction
of a forward-moving compression wave and backward-
moving rarefaction waves results in a reconstruction of the
fcc structure to some extent, but largely destroys the structure,
leading to an increasing number of disordered atoms. Newly
constructed phases for both [110] and [111] single crystals
are intertwined with defect atoms. This is precisely the reason
why in spite of numerous shock wave experiments in Al, the
continuum level measurement (FSV profile) did not reveal a
shock-induced PT in Al.

IV. CONCLUSIONS

Nonequilibrium MD in conjunction with equilibrium MD
(MSST) is employed to explore the shock-induced structural
phase transition in single-crystal Al. The inevitable target
heating and plastic deformation during uniaxial compression
causes a huge disparity of PT pressures from that of static
compression values. Our study also reveals that the structural
phase transformation is strongly dependent on the shock prop-
agation direction with respect to crystal orientation. Finally,
we conclude that access to a dynamic compression experiment
with in situ visualization techniques would offer a good plat-
form to study shock-induced PT in Al.
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