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Nonequilibrium Fluctuations in Shock Compression of
Polycrystalline �-Iron

Y. Horie and K. Yano

Applied Physics Division, Los Alamos National Laboratory
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Abstract. We report a numerical study of heterogeneous and nonequilibrium fluctuations in shock
compression of �-iron at the grain level. A quasi-molecular code called DM2 is used to model the interactions
of a plane shock wave with grain boundaries and crystal anisotropy over the pressure range of 5-45 GPa.
Highly transient eddies that were reported earlier are again observed. We show new features through an
elementary statistical analysis. They are (1) a characteristic decay constant for the non-equilibrium fluctuation
on the order of 20ns, (2) a resonance phenomenon at an intermediate shock pressure, and (3) a more uniform
shock structure for very high pressures.

INTRODUCTION

 The existence of mesoscale stress and velocity
fluctuation has been recognized by experimentalists
and theoretical analysts. Good examples are stress
fields around crack tips and in composite materials.
However, the issue of heterogeneous and
nonequilibrium shock-front dynamics on the grain
scale has been largely ignored, in spite of the fact
that they must strongly influence the processes
such as shear banding, fracture, and phase
transition occurring under the above conditions.
These phenomena are governed by the interaction
of shock wave with local material properties,
crystal anisotropy effects, and microstructure, as
well as the nature of interfacial boundaries. The
traditional diagnostics including VISAR have not
been capable of providing spatially resolved
information about the nonuniformity of shock
dynamics at the grain level. A possible exception in
the mid-80’s is that of Mescherykov and his
associates who quantified the fluctuations in terms
of particle velocity dispersion [1]. New emerging
measurements that have requisite spatial and time
resolutions do indeed exhibit nonequilibrium
fluctuations [2]. 

The purpose of this study is to extend an earlier
numerical simulation where we have observed
turbulent like velocity fields as well as velocity
dispersion in shock compression of polycrystalline
copper [3]. The calculated velocity dispersion was
comparable to the measurements by Mescheryakov
and his associates [1].

DISCRETE ELEMENT SIMULATION

Basic idea of the simulation technique is
described in Tang et al. [4]. It is a quasi-molecular
method in which continua are represented by a
collection of finite size, circular particles called
elements. The underlying assumption is that the
thermomechanical response of solids can be
effectively represented by the aggregate motion of
interconnected discrete elements and the evolution
of their internal state variables such as temperature,
phase, and composition. Interactions of elements
with neighboring elements include two basic
mechanisms: mechanical and thermal. Mechanical
interactions are based on a pair wise potential
function, a link and contact algorithm, and an
inelastic force representing a damping mechanism.
The potential allows virtual interpenetration of
elements.  Other mechanisms such as friction have



been considered, but are not included in this study.
Element motions in the current code are two
dimensional and are determined by Newton’s
equations of motion. Thermal interaction represents
heat conduction between linked and contacting
elements. Temperature of an element is calculated,
based on both reversible and irreversible thermo-
mechanical interactions.

SHOCK WAVE SIMULATION

The computational microstructure used in this
study is same as that we used for simulation of the
�-� transition in iron [5]. However, the phase
transition was not considered. Thus, properties of
the model represent �-iron. Element and average
grain sizes were changed to 0.9�m and 15 �m
respectively. Average number of elements per
grains is about 230. The dimension of the
computational specimen is approximately 80 �m
by 220 �m. Crystal anisotropy in this specimen is
simulated by randomizing close-packing
orientation of grains (polygons) over the range of
0º and 60º. 

A plane shock wave is generated by impacting
the specimen at rigid wall in the direction of the
long axis. Periodic boundary conditions are
assumed in the transverse direction (short axis).
After preliminary test calculations, three impact
velocities were chosen for analysis. The velocities
are 150, 300, and 1,000 m/s and correspond to the
Hugoniot pressures of 5.5, 12, 45 GPa,
respectively.   

 Figures 1 and 2 show the particle velocity
fluctuations in the longitudinal and transverse
directions respectively.  Velocities are normalized
with respect to the initial longitudinal particle
speeds to highlight fluctuation. These figures show
the intensity of fluctuation in contours. Obviously a
simple shock is no longer simple at the grain level.
A complex structure results from the interaction of
shock wave with local microstructure and property
variation. As a result these fluctuations intensify
near grain boundaries. There are several
noteworthy features of shock dynamics at the grain
level. For example, when the shock speed is lower
than some acoustic directions, one observes the
dispersion of the shock front as a consequence of
the sound speed distribution due to the grain

orientation. This is a numerical demonstration of
the dispersion discussed by Meyers and Carvalho
[6]. However, when the shock speed becomes
faster than acoustic speeds in all directions, the
front acquires a more uniform character as
expected. Fluctuations in the transverse direction
basically parallel those in the longitudinal
direction. Both fluctuations, however, do not arise
until the shock has traversed at least one grain,
indicating that the observed fluctuations are
primarily caused by the reflection and refraction of
waves at the grain boundaries. One unexpected
result is the strength and duration of fluctuation for
the 300m/s impact. This feature is best illustrated in
Fig. 2 for the transverse fluctuation. At present it is
not understood why the shock loading at this
strength produces longer lasting fluctuations than
the other cases. There appears to be some kind of
resonance for this velocity.  

We note without a figure that when the 45 GPa
shock reflects at the free boundary, the resulting
dispersion propagating backwardly into the
specimen is highly non-uniform in comparison
with the other two cases. This can be again
explained by the distribution of sound speeds in the
unloading waves.
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Figure 1. Calculated longitudinal velocity fields for three
impact velocities: 150, 300, and 1,000 m/s. They correspond
approximately to the shock pressures of 5.5, 12, and 45 GPa
respectively. 

The interaction of shock wave with grain
boundaries produces not only fluctuation, but also
short-lived (at most a few nanoseconds) velocity
fields resembling eddies. Figure 3 illustrates such
patterns right after the passage of the shock “front”



in the polygonal region identified in Figs 1 and 2.
The over all appearance of eddies becomes more
chaotic as shock strength increases, but the trend is
obscured to some extent because of a resonance
like phenomenon at the impact velocity of 300 m/s.
We believe that these rotational velocity fields are
a source of shear deformation in addition to the
standard shear that results from translational
velocity gradients. The idea that such mechanisms
exist at the grain level has been proposed by Panin
and his associates [7].
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Figure 2. Calculated transverse velocity fields for three impact
velocities: 150, 300, and 1,000 m/s. They correspond
approximately to the shock pressures of 5.5, 12, and 45 GPa
respectively. 

Makarov used a Cosserrat continuum theory to
demonstrate rotational deformation fields [8]. In his
theory the appearance of rotational fields depends
strongly on the assumption of couple stress and
asymmetric stress tensor. In DEM simulation, no

assumption is necessary for the stress tensor. The
rotational fields result from wave interactions with
local microstructure. At present it is not known
whether the grain level wave interactions can be
modeled by a Cosserrat type theory or not.

In order to gain a quantitative understanding of
the fluctuation fields shown in Figs. 1 and 2, an
elementary statistical analysis was conducted using
a sampling window that covers the area equal to the
transverse height and the width of three elements in
the longitudinal direction. The approximate number
of elements in the window is 200. This window is,
then, used to sweep the shocked region from the
impact end to the shock front to gather elementary
statistical information.
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Figure 3. Appearance of transient eddies during shock
compression of solids at the gain level. The size of eddies
appears to decrease in proportion to shock strength. 
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Figure 4.  Statistical analysis of the fluctuating fields for the 150
m/s shocks in Figs. 1 and 2.



Figures 4 and 5 show a statistical characterization
of the fluctuating fields using four quantities for the
150 and 1000 m/s shocks respectively. On the left
are the standard deviations for the particle velocity
fluctuations and the average transverse velocity. On
the right is the probability distribution function for
the transverse velocity at a location near the shock
front. Two features stand out in the figures. The
maximum standard deviation is same for both cases
and is on the order of 15 %. The 150 m/s shock
shows a slightly faster decay, but the trend is same.
The characteristic time constants for decay are both
on the order of 20 ns. What is intriguing is that
average transverse velocity is not necessarily zero
on the gain scale. This velocity is zero for the entire
specimen, but the local average over the distance of
three element diameters fluctuates. This will
produce a shear on the scale comparable to the
spatial scale of this fluctuation. 
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Figure 5.  Statistical analysis of the fluctuating fields for the
1,000 m/s shocks in Figs. 1 and 2.
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Figure 6.  Statistical evaluation of the fluctuating fields for the
300 m/s shock in Figs. 1 and 2.

Figure 6 shows the above described analysis for
the 300 m/s shock. Again the maximum variance is
same as the other two cases. However, as
qualitatively shown in Figs. 1 and 2, the standard
deviations persist at the 10 % level. The reason is
not well understood at present, but it appears to be a
resonance phenomenon of some kind at the grain
level. 

CONCLUSIONS

A simulation of shock dynamics in a
polycrystalline solid at the grain level been repeated
for �-iron and confirms earlier results about highly
complex shock structure that results from the
interaction of a plane shock wave with local
microstructure and material property variation.
Simple shocks are longer simple at the grain level.
Numerically found features are

1. Short-lived rotational velocity fields, 
2. Maximum variance on the order of 15%

for shocks in the pressure range of 5-45
GPa,

3. Decay constants for the non-equilibrium
fluctuation on the order of 20 ns,

4. Resonance of some kind for the 300 m/s
shock,

5. Non-Maxwellian velocity distribution.
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