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Evolution of Shock-Induced Orientation-Dependent Metastable States in Crystalline Aluminum
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The evolution of orientation-dependent metastable states during shock-induced solid-liquid phase
transitions in crystalline Al is followed using moving window molecular dynamics simulations. The
orientation-dependent transition pathways towards an orientation-independent final state Hugoniot
include both ‘““cold melting” followed by recrystallization in [110]- and [111]-oriented shock waves
and crystal overheating followed by melting in [100] shock waves. The orientation-dependent dynamics
take place within a zone that can extend up to hundreds of nanometers behind the shock front.
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Anisotropic mechanical properties are characteristic of
crystalline solids exemplified by variation of their elastic
constants in different crystallographic directions [1].
Therefore, such an orientation-dependent mechanical re-
sponse might also be expected upon uniaxial compression
of single crystals by shock waves [2,3]. In fact, molecular
dynamics (MD) simulations have predicted an orientation
dependence in the shock-induced melting transition in
face-centered cubic (fcc) metal single crystals [4—7]. For
example, the Cu crystal was overheated without melting
by as much as 20% above the equilibrium melting line for
shock compression in the [100] direction but exhibited a
so-called ““cold melting” in the [110] and [111] directions
that occurred at temperatures about 7-8% below the melting
line [6]. A similar behavior was found in Pt leading to
orientation-dependent solid-liquid Hugoniots [7]. For such
intense shock waves, this behavior is puzzling, as only an
orientation-independent Hugoniot was observed in experi-
ments on single Cu crystals shocked along the [100], [110],
and [111] directions at somewhat lower shock-wave
strengths [8].

We provide a solution to this conundrum by following the
evolution of orientation-dependent metastable states during
shock-induced solid-liquid phase transitions along the [100],
[110], and [111] directions in single crystal Al using a novel
moving window molecular dynamics (MWMD) technique
[9,10]. Our results show that distinctly different transition
pathways for shock compression along different directions
converge towards an orientation-independent 7 — P
Hugoniot, even for single crystals. However, they also in-
dicate that orientation effects can persist over large enough
distances in the after-shock flow to be probed experimentally.

The dynamics of solid-liquid phase transitions in a
perfect fcc Al crystal under shock loading were investi-
gated using samples in which the x axis of the MWMD
box was oriented along the [100], [110], and [111]
crystallographic directions, with periodic boundary con-
ditions imposed along the lateral y and z directions.
Typical samples contained ~4 X 10° atoms and had
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PACS numbers: 62.50.Ef, 02.70.Ns, 64.70.dg, 64.70.dj

dimensions L, = 200-400 nm and L, = L, = 12 nm.
The interatomic interactions in Al were described by an
embedded atom method potential specifically developed
to simulate conditions of extreme stress [10,11] and
validated [10] (see Supplemental Material [12]) against
experimental data [13] encompassing the elastic, plastic,
and melting regimes of shock-wave response. Using this
potential, a series of MWMD simulations was performed
for steady shock-wave speeds u; in the interval 8.5-15 km/s
to include the melting regime.

A good probe of atomic order is the radial distribution
function (RDF), which can detect correlations far beyond
the first coordination shell and hence aid in determining
if the system is liquid or solid. For a shocked material
undergoing a phase transformation in the after-shock flow,
the spherical RDF is not applicable, however, because the
material properties change along the flow direction (x axis in
our simulations). Rather, the in-plane RDF [14] is used
because at the steady-state conditions of our simulations
the averaged system properties do not change at a constant
distance behind the shock front. A cross section of the MW
simulation cell was used to evaluate this function, with
atoms displaced along x by £0.05 nm from the cross sec-
tion counted as part of the plane.

The local order parameter Q¢ [15] was used to construct
color images of the rich structure that can occur during
melting and solidification. Qg was first evaluated for a
given atom by including only that atom and its nearest
neighbors [16] defined by Voronoi decomposition. These
atomic-centered values were then averaged over the sev-
eral hundred atoms contained in a small rectangular box
extending across the simulation cell [long axis parallel to
the z axis of the cell and passing through the point (x, y)] to
obtain Qg(x, y) used in the color map. Steady profiles of
Q¢(x), denoted by Qg(x), and T(x) were obtained by tem-
poral and spatial averaging of data collected 100 times over
~15 ps from a thin lateral slice of the simulation cell
located a distance x from the shock front and containing
~5300 atoms.
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To illustrate the major features of material evolution
from single crystal through cold melt to polycrystalline
solid in both the [110] and [111] directions, consider the
case of a shock wave propagating in the [110] direction
with speed u; = 10.07 km/s corresponding to a particle
velocity u, = 3.420 km/s. See Fig. 1. Initially, the
shocked material experiences high strain rate deformations
and very large shear stress buildup, which is later released
by shear-induced mechanical melting accompanied by a
rapid rise in 7(x). This ultrafast mechanical melting,
completed within a ~1-2 nm thick shock front, results in
a state at a temperature 984 K lower than the simulated
equilibrium melting temperature for Al at the given shock
pressure and hence is termed ‘“‘cold melting.”
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FIG. 1 (color online). Cold melting followed by recrystalliza-
tion produced by a [110] shock wave with u; = 10.07 km/s.
Top pane: Snapshot of color map of Q¢(x, y). Green (red) regions
of the map correspond to the solid (cold-melted) phase. Middle
pane: Steady-state profiles of Q¢(x) and temperature T(x).
Increase of Q4(x) and T(x) in the after-shock flow corresponds
to recrystallization of the supercooled melt. Horizontal dashed
line indicates boundary separating red (liquid) from green (solid)
color scales in the top pane. Bottom pane: In-plane RDF at
positions behind the shock front specified by the vertical dashed
lines in the middle pane. Also shown in this pane is the in-plane
RDF for the reference supercooled state described in the text.

High strain rate deformations and large shear stress
buildup are also present during elastic-plastic transforma-
tions caused by a strong shock wave with an intensity
somewhat below the onset of cold melting. In that case,
however, the large shear stress buildup at the shock front is
released by the production of point and extended defects,
including dislocations, and the material does not melt. In
contrast, the metastable cold-melted state has a structure
measured by the in-plane RDF (see Fig. 1) and self-diffusion
coefficient (see Supplemental Material [12]) that are practi-
cally the same as a metastable supercooled liquid reference
state at the same temperature and density as the liquid state
present at the end of cold melting.

The reference supercooled state was formed by rapidly
quenching an equilibrium melt at the same density as the
cold-melted state in a periodically repeated simulation cell
to the temperature of the shock-induced cold-melted state.
When followed using NVE MD (constant number of par-
ticles, volume, and energy MD), this supercooled melted
state persisted for ~53 ps at the quench temperature,
whereupon a critical nucleus formed and recrystallization
began accompanied by an increase in 7.

The cold-melted state predominates to ~35 nm behind
the shock front, largely solidifies over the next ~80 nm,
and then gradually approaches a polycrystalline solid, as
reflected by the changing slopes of T(x) and Q4(x) in
Fig. 1. Because the shock front moves at 10.07 km/s but
the particle flow velocity behind it is 3.42 km/s, a thin
slice of material recedes from the front at 6.65 km/s and
hence resides in the cold-melted region for ~5 ps before
taking ~20 ps to solidify. Although the change in T
accompanying solidification of the cold-melted and refer-
ence supercooled states is the same, the shorter time the
slice resides in the cold-melted state suggests that a few
crystallites survive the process of cold melting, later to
serve as nucleation centers during solidification.

Accompanying the transition from cold-melted to
solid state, the in-plane RDF evolves from one corre-
sponding to a liquid to one exhibiting many peaks.
This could not have occurred if the cold-melted state
had been a solid rather than a liquid. Indeed, even if
the cold-melted state had been an amorphous solid at
the glass transition temperature 7, the required atomic
rearrangements would have taken at least 10° s plus or
minus an order of magnitude or two [17]. However, this
time is at least 11 orders of magnitude slower than
the ~20 ps required for resolidification. Furthermore,
because the temperature of the cold-melted state must
then be above T, and the final solid is at the same
pressure as the melt but at a higher temperature (see
Fig. 2), the final solid is not a glass. This is not surpris-
ing, as pure metals are not known to form glasses except
perhaps via vapor deposition of thin films on ultracold
substrates [18]. As the final solid state is not a glass and
not a pure crystal, it is a polycrystalline solid.
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FIG. 2 (color online). Simulated solid Hg, and liquid Hjg
branches of the 7 — P Hugoniot for shock compression of Al
in the [110] direction together with the theoretical melting line
T,,(P). The thinner red dashed line with open diamonds corre-
sponds to initial metastable supercooled states right behind the
shock front; the thicker blue solid line with solid diamonds
corresponds to equilibrium recrystallized states far behind the
shock front.

Fast cold melting followed by slower recrystallization
was observed in the after-shock flow of Al for both the
[110] and [111] directions within the range of shock-wave
velocities u, = 9.1-10.8 km/s. For a given u,, two (P, T)
points were determined from the pressure and the tempera-
ture profiles: (P, T;) for the supercooled molten state of
Al right behind the shock front and (P,, T,) for the solid far
behind the shock front. By plotting points 1 and 2 for each
ug, T — P liquid and solid branches of the Hugoniot were
obtained as shown in Fig. 2 for [110] shock-compressed Al,
where the red dashed (blue solid) line with open (solid)
diamonds corresponds to initial (final) supercooled
(polycrystalline) states right (far) behind the shock front.
Figure 2 also includes the theoretical melting line T,,(P)
obtained by the phase coexistence method.

In the [110] direction, the regime of cold melting fol-
lowed by recrystallization was observed in the range of
shock pressures 61-100 GPa. The black vectors in Fig. 2
connecting the open and solid diamonds indicate trajecto-
ries from the supercooled melt to the final recrystallized
material in the after-shock flow. The first solid black vector
corresponds to a specific case u; = 9.0 km/s and involves
both the initial supercooled state (61 GPa, 1150 K) and the
recrystallized final state 63.8 GPa, 1663 K. The theoretical
equilibrium melting temperature at 61 GPa was T,, =
2670 K; therefore, the initial cold melting occurred at a
temperature lower than 7, by 1520 K. The dashed vector
corresponds to the case u; = 10.07 km/s discussed above
and shown in Fig. 1. The blue solid diamond at = 54 GPa
and the red solid diamonds above 123 GPa correspond to
plastic and melted states below and above the states below
and above the cold melting followed by recrystallization
regime.

The red vector, starting from the supercooled state
(109.4 GPa, 3038 K) and ending at the equilibrium melting
line shown in Fig. 2, corresponds to partial recrystallization
at u;, = 10.63 km/s. The time it takes the supercooled melt
to reach the final state rapidly increases, as the difference
between the temperature of the supercooled state 7| and
the equilibrium melting temperature 7,, at a given shock
pressure P decreases. Therefore, for u, = 10.63 km/s,
which has an initial state close to the equilibrium melting
line, the final equilibrium state was impossible to achieve
within a 600 nm long MWMD box, the largest used in our
simulations.

Having underlined the importance of shear stresses in
shock-induced solid-liquid phase transitions, it is natural to
expect a different mechanism of shock-induced melting in
the [100] crystallographic direction based on the well-
known fact that for fcc crystals the [100] shear stresses
are much smaller than those for the [110] and [111] direc-
tions under the same uniaxial compressive strain. Indeed, a
substantial overheating followed by melting, rather than
cold melting followed by recrystallization, was observed
upon shock compression of Al in the [100] direction within
the interval of shock velocities u; = 10.8—11.05 km/s.
Therefore, uniaxial shock compression along the [100]
direction resulted in overheating of Al above the equilib-
rium melting line right behind the shock front. Such an
overheated metastable state subsequently underwent a
melting transition in the after-shock flow.

An example of overheating followed by melting
produced by a [100] shock wave with u, = 10.85 km/s
(corresponding to a particle velocity u,, = 4.019 km/s) is
shown in Fig. 3. The overheated solid predominates for
about 15 nm right behind the shock front, largely melts
over the next ~40 nm, and then gradually approaches an
equilibrium liquid over the next ~240 nm, as reflected by

the changing slopes of T(x) and Q(x) in Fig. 3. Because a
thin slice of the material recedes from the front at a speed
of 6.83 km/s, it only resides in the overheated region for
~2 ps before taking ~40 ps to arrive at the completely
melted final equilibrium state accompanied by a reduction
in T(x) from 3970 K to 3420 K.

The in-plane RDF for the shock-induced overheated
metastable state is practically identical to that of an
overheated metastable reference state. The reference
state was formed by uniaxially compressing an Al crys-
tal along the [100] direction to the same density as the
shock-induced overheated state, heating it to the tem-
perature of the shock-induced overheated state and then
using NVE MD to follow its evolution until it melted in
~20 ps. The agreement between the two RDFs indicates
that the shock-induced overheated state is largely crys-
talline and, hence, does not have sufficient time to
undergo significant plastic deformation prior to melting.
Nevertheless, the narrow extent of the shock-induced
overheated state suggests that the shock wave does first

125505-3



PRL 109, 125505 (2012)

PHYSICAL REVIEW LETTERS

week ending
21 SEPTEMBER 2012

0,(x.y)

i3 2, 1;
4 g
L L ! ’_- 0.55
3 ) T
o | L] qos
2 | ! s
< 2 P
H ! [ 10.45
o R Qo) ] L]
i oL
0 I T T T E I B R |
-280 -240 -200 -160 -120 -80 -40 0
distance x (nm) from planar shock front
3 «+++ overheated reference solid
— (1) overheated shocked solid
20 R (2) melting
a — (3 liquid
£ (3) liqui
g
=3
a
~
P
g 10 -
=
R
0 1 1 1 1 1
0.2 0.6 1 14 1.8

in-plane radius (nm)

FIG. 3 (color online). Overheating of the Al crystal followed
by melting produced by a [100] shock wave with u, =
10.85 km/s. Top pane: Snapshot of color map of O4(x,y).
Green (red) regions on the map correspond to the solid (liquid)
phase. Middle pane: Steady-state profiles of Qg(x, y) and tem-
perature T(x). Decrease of O(x,y) and T(x) in after-shock flow
corresponds to melting of the overheated crystal. Horizontal
dashed line indicates boundary separating red (liquid) from
green (solid) color scales used in the top pane. Bottom pane:
In-plane RDF at positions behind shock front specified by
vertical dashed lines in middle pane. Also shown is the reference
overheated state described in the text.

introduce some residual disordering that serves to promote
melting.

The solid and liquid branches of the 7 — P Hugoniot for
shock compression in the [100] direction are shown in
Fig. 4. Because of the substantially smaller shear stresses
along [100] direction ( < 1.9 GPa), the shocked material
remains solid up to the onset of equilibrium melting at
101 GPa. See solid blue squares on solid blue line in Fig. 4.
The overheated states right behind the shock front ap-
peared in the interval of shock pressures between 101
and 122 GPa (see open blue squares on dashed blue line
in Fig. 4), with final states at the equilibrium melting
line for shocks with pressures between 101 and 119 GPa
The black vectors connecting open and solid squares

5
xxx Al EAM meltlng. line Hyol , Hliq

_ — Hugoniot for solid
E 4 |— Hugoniot for liquid #ﬁj
= .
© ’
£ g
g | Tm(P) ////
g .
g 2
3

1 R D A S T T

1 1
0 20 40 60 8 100 120 140 160
pressure P (GPa)

FIG. 4 (color online). Simulated solid Hy, and liquid Hyg
branches of the T — P Hugoniot for shock compression of Al
in the [100] direction together with the theoretical melting line
T,,(P). The thicker blue dashed line with open squares corre-
sponds to initial metastable overheated states right behind the
shock front; the thinner red solid line with solid squares corre-
sponds to equilibrium melted states far behind the shock front.

indicate trajectories from the overheated crystal to equilib-
rium partially melted or fully melted states in the after-
shock flow. The dashed black vector corresponds to the
case u; = 10.85 km/s, shown in Fig. 3.

In contrast to the [110] and [111] compressions, we were
able to observe partial solid-liquid phase transitions along
the [100] direction to their completion for cases having
final equilibrium states lying on the melting line T,,(P).
The only exception is indicated by a small solid red vector
in Fig. 4, close to the intersection of the solid Hugoniot and
the melting line. The maximum overheating temperature
observed in our simulations was only 583 K above the
corresponding melting point 7,,(P). Above 123 GPa the
[100] crystal underwent ultrafast equilibrium melting
within a very narrow zone behind the shock front.

Despite very different pathways, the final solid and
liquid states all converge to the same Hugoniot, consisting
of both solid and liquid branches connected by a segment
of the equilibrium melting line. The solid and liquid
Hugoniot lines H, and Hj;, in both Figs. 2 and 4 are fits
of combined [100] and [110] sets of equilibrium and
metastable (P, T) points. The metastable states in both
cases (open red diamonds for the [110] direction and
open blue squares for the [100] direction) lie on metastable
branches of Hg, and Hy;y extrapolated beyond the corre-
sponding orientation-independent Hugoniots.

Although all directions converge to the same Hugoniot,
this need not imply that the microstructures of the final states
are identical. In particular, cold melting followed by recrys-
tallization produced by [110] and [111] shock waves yield
polycrystalline solids that are more disordered than the cor-
responding solid produced by a [ 100] shock wave resulting in
practically the same point on the final Hugoniot. These
orientation effects should persist for many microns in the
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shock after flow making them experimentally accessible
using the novel capabilities of dynamical X-ray scattering
[19-21].
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