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Discrete-element modeling of shock compression of polycrystalline copper
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Shock compression of polycrystalline copper was numerically investigated by use of a discrete-element
model to highlight underlying heterogeneous and nonequilibrium processes at the grain level. The average
diameter of model grains was 12mm. Results show highly transient vortical flow fields and strong particle
velocity dispersion that are consistent with the experimental results of Mescheryakov and his associates.
Characteristic times for these phenomena were on the order of acoustic propagation times across the grains.
The number of vortices increased with shock strength, but their size decreased almost inversely. Ejection of
copper particles from the back free surface of the specimen was also observed. The cause of ejection is grain
boundary cracking.@S0163-1829~99!06421-8#
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I. INTRODUCTION

For almost a decade now, Meshcheryakov and his ass
ates have been investigating the shock response of meta
the grain level by use of a two-channel interferometer a
optical and electron microscopy.1–4 Among many features
they discovered at the grain level~details of the experimen
are given in Sec. III!, there are several key observations th
are relevant to the present investigation. They are~1! a non-
equilibrium distribution of shock-induced particle velocit
~2! particle velocity dispersion~defined as the standard d
viation of particle velocity distribution at the grain level!, ~3!
a rotational mode of deformation that is said to be caused
the particle velocity dispersion, and~4! dynamic fracture
mechanisms that are controlled by the rotational deform
tion. It was also speculated that ‘‘turbulent-like microflow
may occur in polycrystals when the particle velocity disp
sion reaches a certain critical level.’’5

The concept of the rotational deformation describ
above was first proposed by Panin and his associates
distinct carrier of solid deformation at the grain level~de-
scribed as meso or structural levels!.6 They indicated that
conventional mechanisms of crystallographic shear are
translational nature and inadequate to describe comple
the plastic deformation of solids that have unique hierarc
cal microstructures and interior boundary surfaces. T
translational mode of deformation is said to be incapable
fully reflecting ‘‘the nature of dislocation sources and t
relationship governing the self-organization of dislocati
ensembles’’ at the structural level. To better describe
plasticity of solids at the structural level, they introduced t
concept of ‘‘structural deformation elements~volume!.’’ The
motion of such a finite sized structural element involves b
translation and rotation. The subject was recently review
by Panin.7

Among many theoretical investigations of the above
scribed idea, in Russia, the work of Makarov contains
most extensive model calculations8,9 which attest to the im-
portance of rotational deformation and vortical veloc
fields at the grain level. His model is an interpretation
Panin’s concept, through use of the Cosserat theory10 in
PRB 590163-1829/99/59~21!/13672~9!/$15.00
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which every point of the continuum consists of a small rig
body. Thus, the deformation of this continuum is describ
not only by the displacement, but also by the rotation of
rigid element, both depending on position and time. The g
erning equations of Makarov~see Sec. II! are identical in
form to those found in micropolar elasticity.10

The well-acknowledged difficulty in dealing with the m
cropolar equations is the determination of constitutive eq
tions concerning the couple stress and the nonsymme
component of the stress tensor. At present there is no kn
experimental technique to determine these properties un
biguously. In early calculations,8 Makarov usedad hocas-
sumptions to determine the materials constants. No spe
value was mentioned for the couple stress constants.
more recent calculation,9 he avoided use of the couple stres
The rotational motion is controlled only by the nonsymm
ric stress which is postulated to be a linear function of
second invariant of total plastic strain to imitate the behav
of single crystals. No explanation for the choice of the co
stant was given.

Meyers and Carvalho investigated the dispersion of sh
wave propagation in polycrystalline solids using a proba
listic model of crystal orientation.11 They found that the
wave front becomes irregular as it propagates into the m
rial. For instance, for a planar shock wave in nickel who
grain size is 10mm, the irregularity becomes 16mm thick
when the wave has propagated 1.5 mm into the mate
Since the thickness of the irregularity is comparable to
grain size, it was concluded that ‘‘the grains are subject t
stress state that is obviously different from the one t
would be imposed by a perfectly planar wave.’’

In all, there is strong evidence, both experimental a
analytical, that indicates the existence of heterogeneous,
equilibrium processes in shock compression of metals at
grain level that are not described by the orthodox continu
model of shock wave structure.12 In this study, we investi-
gated the shock response of polycrystalline copper at
grain level through use of a discrete-element code ca
DM2. This code, described in Sec. II, was developed
North Carolina State University in collaboration with S. Ps
khie of the Russian Materials Center, Tomsk. Section
13 672 ©1999 The American Physical Society
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PRB 59 13 673DISCRETE-ELEMENT MODELING OF SHOCK . . .
discusses the computational model of polycrystalline cop
Results are presented in Sec. IV.

II. DM2 CODE

The fundamental theory and basic capabilities of the D
code are described in Ref. 13. What follows is a recapitu
tion of those elements that are directly relevant to the pre
calculation for purpose of a self-contained discussion. T
DM2 code is a two dimensional, quasimolecular dynam
code in which material bodies are represented by single
ticles ~called elements! and/or by an assembly of such el
ments. Figure 1 illustrates a schematic of the basic idea
space occupied by materials is divided into a finite num
of interacting discrete elements. In many of the applicatio
we have considered,13–15 the elements had diameters on t
order of micrometers. But in special applications these e
ments may have much larger dimensions depending on
relative scale of microstructure with respect to the ove
dimension of the system under consideration.16,17

Although materials mass is represented by ‘‘discrete e
ments’’ in the DM2, the underlying methodology is still
continuum modeling of materials behavior. It assumes t
thermomechanical response can be effectively represente
the aggregate motion of interconnected discrete elements
the evolution of their internal state parameters such as t
perature and composition. For example, Fig. 2 is a schem
illustration of fracture and plastic deformation in the DM
representation. Obviously, plastic deformation involves b
translation and rotation of elements. But, an important dep
ture from the usual continuum modeling is that the motion
elements is governed by classical dynamics~quasimolecular!
and not circumscribed by the form of continuum conser
tion equations. Nevertheless, the DM2 does not violate
conservation of mass, momentum, and energy.

There are several advantages of the DM2 over ortho
continuum approaches. For example, microstructural ge
etry that contains inhomogeneity and anisotropy can be
ily developed by the selective assignment of material pr
erties, bonding and contact states of elements, and are
materials discontinuities. Interfacial layers and properties
be treated in a simple, realistic fashion. These properties
also be selectively distributed among elements and clus
of elements. The difficult problem of dealing with mass pe
etration and mixing in continuum description does not
quire any special consideration.

The mechanical interactions between two elements in

FIG. 1. Schematic illustration of discrete element modeling
comparison with continuum modeling.
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current code are schematically illustrated in Fig. 3~a!. The
total interaction force between a pair of elements consist
a force from the central potential, a shear force, a cen
damping force, a tangential damping force, and a dry frict
force. These forces are regarded as effective, discr
element representations of materials response behavio
the DM2, stress at a point is defined at the center of
element using forces acting on its surface. Momentum b
ance is considered for one side of an element separated
cross section at element centroid,

As i j ni5 (
k51

l 8

f j
k2

M

2
aj , ~1!

FIG. 2. Schematic illustration of fracture and plastic deform
tion in discrete element representation. Particles of different sh
ing represent deferent materials. Arrows show rotation of partic
during plastic deformation.

FIG. 3. Schematic illustration of mechanical interaction mod
in DM2. Interaction forces are~1! central potential force,~2! central
damping force,~3! shear resistance force,~4! tangential damping
force, and~5! dry friction force. Model parameters arer s ~interele-
ment distance at yielding!, r max ~interelement distance at braking o
the bond!, gy ~yielding shear strain!, andg res ~residual shear strain!.
Superscriptsi and j represent elementsi and j, v is the translational
velocity, andv is the angular velocity.
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13 674 PRB 59K. YANO AND Y. HORIE
where subscriptsi and j signify indices of coordinates,A is
the cross section area,ni is the normal vector pointing out
ward, s i j is the stress tensor,f j

k is the interaction force of
elementk (k51,...,l 8) and M is the element mass. The a
celeration of the elementaj is defined as follows:

aj5 (
k51

l f j
k

M
, ~2!

wherel is the total number of interacting elements.
Strain is harder to define than stress and typically invol

the positions of contacting neighbor elements. Since
neighborhood changes during motion, only Eulerian str
e i j is defined. For a pair of elementsm andk,

De i j
mk5

1

2 S Dui
mk

Lmk nj
mk1

Duj
mk

Lmk ni
mkD , ~3!

whereLmk is the distance between two element centers,ni
mk

is the component of a unit vector in the radial direction ori
nated at the center of elementm. De i j

mk andDui
mk are incre-

ments of strain and relative displacement at the contact p
between the elements. The shear components of the s
reflect the displacement in the transverse direction. Equa
~3! may be averaged over all interacting elements to evalu
the strain increment at the element centroid,De i j

m .

De i j
m5 (

k51

l
De i j

mk

l
. ~4!

The central interaction potential can be represented b
variety of functions, but the Lennard-Jones potential w
used in the present calculation. The resulting central po
tial force between elementi and j, f P

i j , is

f P
i j ~r !52

amn

r 0~n2m! H S r

r 0
D 2~n11!

2S r

r 0
D 2~m11!J ni j ,

~5!

where r is the interelement distance,r 0 is the equilibrium
value of r. a, m, andn are the material parameters that re
resent effective hydrostatic compression behavior (n.m).
ni j is the unit vector in the radial direction pointing from
elementi to j. In the present calculation, the Hugoniot da
were used to determine these coefficients. In tension,
above function is supplemented by a temperature depen
yielding segment as shown in Fig. 3~b!. The shear resistanc
is described by an elastic, perfectly plastic model as ill
trated in Fig. 3~c!. The dry friction is based on Coulomb’
law of friction. The central damping force is assumed to b
linear function of the radial relative velocity.

f D
i j 5Cnvn

i j ,

vn
i j 5~vs

i j
•ni j !ni j ,

vs
i j 5vj2vi2~qji vj1qi j vi !3ni j , ~6!

where f D
i j is the damping force acting on elementi due to

elementj, vn
i j is the relative radial velocity of elementj with

respect toi, vs
i j is the relative velocity of elementj with

respect toi at the contacting point,Cn is the damping coef-
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ficient,vi andvj are translational velocities of elementsi and
j, vi andvj are the angular velocities of elementsi andj, qi j

is the distance between the contacting point and the cente
element i, and qji is the distance between the contacti
point and the center of elementj.

Damping forces are used to represent inelastic collision
elements as well as to control high frequency oscillations
quadratic function was also tested, but did not reveal a
new feature. In applications we have considered so far,
radial interactions were sufficient for the hydrodynamic d
scription of solids under high-pressure shock wave comp
sion.

The connectivity between a pair of neighboring eleme
in the DM2 code is a function of the relative central distan
Bonding states are summarized in Table I. Depending on
connectivity status, different interaction forces are sel
tively activated. For example, frictional force is used only f
the element pairs that are in contact, but which are not lin
~no bond!. Also, these mechanical states can be manipula
to create heterogeneous, initial microstructures such as fl
cracks, and weakly bonded interfacial regions.

The motion of elements is described by classical dyna
ics. The governing equations for elementi, having massMi

and inertial momentJi are given by

Mi r̈ i5(
j 51

l

Fj , ~7!

JiQ̈i5(
j 51

l

K j , ~8!

where double overdots (̈ ) signify second order time de
rivative, r i and Qi are position and angular vectors of el
ment,Fj andK j are the force and moment due to interacti
neighbors, andl is the number of interacting elements. The
equations are comparable to the micropolar elasticity10 used
by Makarov in which the equations of motion have the fo

rüi5s i j , j , ~9!

Ji ü i5e i jks jk1m j i , j , ~10!

where the first equation is the ordinary equation of motion
continuum mechanics except the nonsymmetric stress te
s i j , Ji is a measure of the rotational inertia,u i is the rotation
angle,e i jk is the alternator tensor, andm i j is the couple~or
moment! stress required by the assumption that momen
well as force is transmitted through an area separating

TABLE I. Bonding states between elements.

r<r min
a Linked and in contact

r min,r<r0 Linked and in contact if the elements were
linked previously, or in contact otherwise

r 0,r<r max
b Linked if the elements were linked previously, or

unlinked and not in contact otherwise
r max,r Unlinked and not in contact

ar min : Minimum interelement distance below which unlinked el
ments become linked.

br max: Maximum interelement distance beyond which linked e
ments become unlinked.
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PRB 59 13 675DISCRETE-ELEMENT MODELING OF SHOCK . . .
parts of a body. The closure of Eqs.~9! and~10! requires the
constitutive equations for nonsymmetrics i j and m i j . The
latter involves a torsion rate tensor. The inclusion of inelas
deformations can be dealt with formally by separating
force and couple stresses into elastic and inelastic parts.8 But,
very little specifics are given in Ref. 8. In a more rece
paper,9 the driving force for rotation is specified by the a
tisymmetric components of the stress tensor,

s i j
A52s i j

A5bF@grad~ep!#, ~11!

whereb is a material parameter,F is a fitting function, and
ep is plastic strain.

The micropolar theory is a mathematically consistent
tension of continuum theory to include rotation for structu
elements of deformations at the mesolevel. But it has
disadvantage of introducing greater conceptual cost, c
plexity, and constitutive equations that are near impossibl
determine experimentally at the present time. In contrast,
DM2 formulation is physically motivated and does not r
quire any new ideas such as the asymmetric stress and
couple stress. Onead hoc feature, however, is the use o
effective interaction forces that are not intuitively evide
except for materials such as powders and granules.

In solving the dynamic equations, the DM2 imposes t
conditions on time increment. They are~1! that elements
cannot penetrate each other along the radial line in one
step and~2! that the momentum transferred between t
elements in a single time step should not exceed the t
momentum exchange during the whole collision proce
The latter is equivalent to the Courant stability condition
numerical solution of hydrodynamic conservation equatio
The equations of motion are integrated by use of a sec
order leapfrog method.

The DM2 contains several internal variables such as t
perature, composition, and thermodynamic potentials to d
with thermochemical processes. At the grain level on
order of micrometers, dynamic loading creates a highly n
uniform temperature field and heat conduction can no lon
be considered a slow process. In the current code, the
perature change of an element consists of two mechani
The first is the dissipation of mechanical energy given by

DTi5
dei

Cv
i M i , ~12!

whereDTi is the temperature change over one time interv
dei is the total increment of dissipated energy,Cv

i the spe-
cific heat at constant volume, andMi the mass of elementi.
The above expression assumes implicitly that the interac
potentials are isentropic functions. That is, the effect of is
tropic compression on radial force is subsumed in the po
tial function. The second mechanism is heat conduct
which is treated by Fourier’s law where heat flux is prop
tional to the gradient of temperature between two linked
contacting elements:

DQ52l
Ti2Tj

d
ADt, ~13!
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whereDQ is the heat transfer from elementj to i over one
time stepDt, l is the thermal conductivity,Ti andTj are the
temperatures of elementi and j, and d is the interelement
distance.

Regarding the thermal effects, we note that simulation
shock wave propagation in a linear chain using the visc
damping and the temperature changes described a
shows that the overall temperature change between in
and terminal states is independent of the damping coeffic
and that the magnitude agrees with that expected from
jump conditions. The viscous damping affects only the sho
rise time. Thus, the conservation of energy is not influen
by the choice of damping coefficient.

III. DM2 SIMULATION OF THE MESCHERYAKOV
EXPERIMENT

The Meshcheryakov experiment that motivated our inv
tigations is a plane impact testing of metallic plates with a
mm bore diameter compressed air gun. Impacting and ta
plates are made of the same material. The range of im
velocity was 50–500 m/s. In the majority of tests the thic
ness of the plates~3–10 mm! was adjusted to produce spa
ling in the target plate. Free surface velocities of targets w
monitored by a two-channel interferometer with 90° pha
shift between interference signals. The beam was focuse
an area having the diameter of 80–100mm and detects par
ticle motion, called mesoparticle velocity, over an area
5–10 mm in diameter. The combination of the signals wi
90° phase shift provides the mesoparticle velocity dispers
~PVD!, which is defined as the width of the particle veloci
distribution over the laser beam cross section~see Ref. 18 for
mathematical details!. Interferometers used elsewhere~for
example, VISAR! suppress the distribution to improve th
measurement of average velocity.

The measurement of PVD, in conjunction with metallu
gical observations of post shock samples by optical and e
tron microscopy, was used to gain insight into the mesom
chanical features of plastic and fracture behavior of meta
materials that are subjected to high pressure shock w
compression. The materials studied include copper, duc
steel, aluminum, aluminum alloys, and titanium. Copper w
chosen for our study because of its low shear strength.

Some early calculations of the Mescheryakov experim
were reported in Ref. 19 where a formation of vortical v
locity fields and particle velocity dispersion were observed
a region immediately behind the shock front for a relative
low velocity ~89 m/s! impact. In the present study, comput
tional impact tests were performed for two impact velo
ties: 89 m/s and 250 m/s. At present there is no experim
tal data for the high velocity impact. Also, a ne
computational copper specimen, which has a better back
surface profile than that of the previous specimen, was
veloped.

The new model specimen was created by a slow comp
sion of copper particles of 12mm in diameter, on the aver
age. The particles in the starting specimen become grain
the final specimen. Element diameter was 1mm. The orien-
tation of element packing in each particle was assigned
domly to create local anisotropy. Voids between partic
were eliminated by compression of particles. When eleme
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13 676 PRB 59K. YANO AND Y. HORIE
of neighboring particles come into contact, they form bon
with grain boundary strength. After compression to the t
minal density of 95% TMD~theoretical maximum density!,
the applied load was gradually reduced to zero. This perc
age is arrived at by using the formula,nelm/N wherenelm is
the number of elements in the specimen andN is the number
of elements if the specimen were filled in a dense-pack
arrangement. Maximum local residual stress of60.05 GPa
was found in some of grain boundary elements. The resid
stress is considered negligible when compared with
shock pressure of 3 to 10 GPa in this study.

The initial geometry of the model specimen is shown
Fig. 4 where individual grains have, on the average, ab
113 elements. We consider this number to be the minim
required for evaluating the velocity and stress distributio
within a single grain. The diameters of these grains w
chosen to be comparable to the spatial resolution of the
scheryakov’s interferometer. The region marked by a re
angle in Fig. 4 is enlarged in Fig. 5 to illustrate a triple po
grain boundary and anisotropy of grain orientations.

To reduce computing time, the model specimen was
ranged to impact a rigid wall located at bottom of the spe
men. Thus, the initial velocity of the specimen is half of t
impact velocity in Meshcheryakov experiments. That is,
velocity of 89 m/s is equivalent to the impact test of 178 m

FIG. 4. Initial geometry of the model copper specimen. T
rectangle about the center and grainsA, B, andC are referenced in
Fig. 5 and Fig. 11, respectively.

FIG. 5. An enlarged triple point grain boundary in the regi
marked by a rectangle in Fig. 4. Line segments in individual gra
are drawn to show the anisotropy of grain orientations.
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~Ref. 2!. The velocity of 250 m/s was chosen to represent
upper limit of their velocity range. To eliminate transver
boundary effects, the left and right boundaries were m
periodic.

The model material was assumed to have no sh
strength. So, only the central potential and central damp
forces were activated for mechanical interactions. The m
nitude of the latterf D is given by

f D5CnDu, ~14!

whereCn and Du are the damping coefficient and relativ
velocity of an element pair in the radial direction, respe
tively. At present there is no mesomechanical model
evaluateCn for shock loading. Therefore, in the present i
vestigation, we evaluated this coefficient by assuming t
the stress due to the central damping force is equivalen
shear yielding viscous stressts proposed by Band20 and
others21,22 to describe global energy dissipation processes
shock compression of solids. In one spatial dimensionts is
given by

ts5hė5h
du

dx
, ~15!

whereh is effective viscosity,u is the particle velocity, and
x is the spatial coordinate taken in the direction of the wa
propagation. By the assumption,

CnDu

A
5h

du

dx
, ~16!

whereA is the cross section area between elements. By c
sidering a unit length in the direction perpendicular to t
coordinate axes, the cross sectional area in two spatia
mensions isA5d31, whered is the diameter of an elemen
The velocity gradient in the right-hand side over the distan
of d is Du to the first order. So, Eq.~16! yields

Cn'h. ~17!

The value ofh is taken from the work of Grady21 in
which the viscosity is defined as the ratio of the maximu
shear difference between the Rayleigh line and the Hugo
hydrostat and the average strain rate associated with
compressive shock. In this model,h becomes a function o
shock pressureph given by

h5kph
22, ~18!

wherek is the material constant. For copper,k is determined
to be 271.4~GPa!2 Pa s.22 Hydrocode application of this
model in a three-dimensional framework shows that this c
stant reproduces well the measured wave profiles of cop
for the pressure range of our interest.22 Other material pa-
rameters used in the calculation are listed in Table II.

IV. RESULTS AND DISCUSSIONS

The calculated steady stress behind the shock front
lower than that expected from the jump conditions. For e
ample, the shock pressure for the impact velocity of 250 m
was 8.0 GPa, whereas the corresponding magnitude by
jump conditions is 9.6 GPa. The reduction in two dimensio

s
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PRB 59 13 677DISCRETE-ELEMENT MODELING OF SHOCK . . .
is attributed to the following two effects:~i! the existence
of about 5% void space and~ii ! a reduction in effective lon-
gitudinal wave propagation speed due to random orienta
of grains. In the current calculation, the interaction coe
cients were determined so that the shock speed agrees
the jump conditions when grain orientations are aligned
the direction of wave propagation. Thus, when the grains
randomly oriented, the longitudinal speed decreases acc
ingly. This shows that an appropriate distribution of the
teraction coefficients must be considered in order to impr
the calculation of shock speeds in polycrystals.

Figure 6 shows the velocity field at 14 ns after impa
with an impact velocity of 89 m/s. It is clearly evident th
the wave front is nonuniform and located somewhere
tween 35 to 45mm from the impact end. Also, we observe
the appearance of a flow field with localized rotational d
formation. The vortical structure is highly transient and d
pends greatly on such parameters as shock strength and
microstructure. The typical lifetime of these vortices is
the order of a few nanoseconds that are comparable to ac
tic propagation times across the grains.

As indicated in the Introduction, there exists a para
between DM2 and Makarov’s approach. But the origins
the rotational velocity field are not exactly identical. In th
former, vortices are caused by the interaction of sho
induced flow with both local anisotropy and grain boun
aries. There is no explicit dependency on plastic strain
results from complex interplay between flow and grains. B

TABLE II. Material parameters used in the discrete elem
calculation.

a ~mJ! m n Cn ~kg/s! r max/r0 r min /r0

0.697 1 2 25.7,a 2.91b 1.01c 0.90d

a,bFor 89 m/s and 250 m/s impact velocities, respectively.
cBased on spall stress of copper~Ref. 23!.
dSelected so that initially unlinked pair will never be linked.

FIG. 6. Velocity field in the model specimen at 14 ns af
impact for the 89 m/s simulation. The two rectangles are explai
in Figs. 7~a! and 7~b!.
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in the latter, the key factor is the postulated asymme
stress as a function of plastic strain that tends to localize
the region of stress concentration, such as grain bound
So, the rotation of mesovolumes that arises from localiz
strain is built into the model with some difficult-to-determin
parameters.

Two major vortices in Fig. 6 are marked out by rectang
lar borders and are magnified in Figs. 7~a! and 7~b!. The size
of these structures is in the range of 10 to 15mm. The region
of the vortex of Fig. 7~a! lies within a single grain, but the
one in Fig. 7~b! is found at a triple point grain boundary. N
preferred locations were observed for the formation of loc
ized vortical flow.

The vortex in Fig. 7~b! has a diameter of about 10mm and
the circumferential velocity of 50 m/s. So, the rotation
shear rate of the vortex is on the order of 107 l/s. According
to Mescheryakov, such an intense localized velocity fie

t

d

FIG. 7. An enlarged view of the velocity field marked by~a! the
large and~b! the small rectangles in Fig. 6.
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coupled with the existing microstructure, results in the ro
tional mode of deformation which, at appropriate conditio
lead to fracture and shear banding.1 One such example is
shown in Fig. 8. In our calculations, however, we have
observed fracturing of grains in the interior of the specim
while it was in compression.

Flow fields for the impact velocity of 250 m/s were qui
different from those of the low impact velocity. Small vort
ces shown in Fig. 9, having the diameter less than 5mm,
became ubiquitous. Overall velocity fields appeared dis
dered. The decrease in dimensions of vorticity is almost
versely proportional to the impact velocity. That is, there i
three-fold decrease in diameter for the velocity change o
to 250 m/s. A similar observation was made in a rece
molecular-dynamics study of structure formation in sing
crystals under high-pressure shock wave compressio24

Both results suggest the existence of a general rule betw
the scale of shock-induced microstructures and sh
strength. At present, there is no theoretical model for suc
relationship at the mesolevel.

Mescheryakov suggested that the ratio of particle velo

FIG. 8. Fracture pattern observed in the experiment by M
scheryakov and his associates. The fiducial lines represent 10mm.
~Courtesy of Yu. I. Mescheryakov.!

FIG. 9. Eddy-like velocity fields are observed immediately b
hind the shock front for the 250 m/s simulation at 18 ns after
pact.
-
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dispersionDup , to the average particle velocity,up , is an
indicator of the transition to the rotational mode of deform
tion. In the present computation, however, the ratios for
two cases were found to be about the same as discu
below. Thus, for the two cases that were investigated,
ratio Dup /up is not a sensitive parameter to differentiate t
flow patterns.

In Mescheryakov’s experiment, PVD, which was me
sured at the back free surface,Dup

FS(52Dup), was the larg-
est at the median point of the rising shock front. This va
was 14 m/s for the 178 m/s symmetric impact test. T
velocity corresponds to 89 m/s in the numerical simulatio
where the particle velocity dispersions were evaluated w
the average back free surface velocity reached half of
impact velocity. Timewise, the maximum dispersion o
curred at approximately 40.8 ns and 33.5 ns after impact
89 m/s and 250 m/s, respectively. Since the measurem
are said to have a spatial resolution of 3 to 5mm, the com-
putational free surface velocities are also averaged ov
similar distance. That is, the velocities are averaged o
grains that are located at the free surface. The results
shown in Fig. 10. In this figure, the particle velocity devi
tion from the average is shown for each grain. Two pairs
parallel lines represent the standard deviations of gran
particle velocity from the average for the two impact velo
ties. For the 89 m/s case, the width of the particle veloc
distribution is 13.5 m/s, which agrees well with the measu
value of 14 m/s. The dispersion for 250 m/s is 44.6 m
There is no experimental value yet for this velocity.

The ratio of particle velocity dispersion to impact veloci
at the median point,Dup /up , is about the same for the tw
cases investigated: 6.75/89'0.076 and 22.3/250'0.089.
An additional calculation for the impact velocity of 175 m
gave the value ofDup /up to be 14.5/175'0.083. Compa-
rable experimental data for steel is 12.4/139'0.089~Ref. 3!.
Therefore, there may be a weak dependence ofDup on up ,
but at present, we do not find it to be a sensitive indicator
flow characteristics.

Reynolds number at the grain level is also of intere

-

-
-

FIG. 10. Particle velocity deviation from the average for ind
vidual grains at the back free surface.
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particularly the value associated with the fluctuating flo
Dup :

Re5
rDDup

h
, ~19!

wherer is the local density andD is the grain diameter~12
mm on the average!. For the impact velocity of 250 m/s
where the flow was characterized as ‘‘unstable state’’
Mescheryakov,r59.48 g/cm3 and h529 dyn s/cm2. Thus,
the Reynolds number for the local flow isRe50.87. Surpris-
ingly, this number is close to the value of unity Meschery
kov hypothesized to describe the flow regime. Using a fl
dynamic analogy, he suggested that ‘the energy excha
between adjacent flows that are separated by zones of vo
motion is negligibly small and the ‘‘turbulence’’ become
independent of external conditions.’2 In contrast, for the im-
pact velocity of 89 m/s, r59.13 g/cm3 and h
5252 dyn s/cm2. These values yieldRe50.029, which is
only 1/30 of the number for 250 m/s. Therefore, for the
m/s case, the inertia force is much smaller than the visc
force at the grain level. This is consistent with the obser
tion that small scale vortices were absent in the 89 m/s
pact calculation.

Another result of interest is the distribution of partic
velocity itself. It will shed light on the nonequilibrium natur
of shock compression in macroscopically homogeneo
polycrystalline metals. Figure 11 shows the distributi
functions of longitudinal particle velocity for the case of 8
m/s at three different locations identified asA, B, andC in
Fig. 4. These locations represent three disti
points: within the rising shock front, immediately behind
and a certain distance away from the front. The distribut
evolves from a Poisson-type distribution to a more norm
Maxwellian distribution, indicating that nonequilibrium e
fects are the hallmark of the shock compression proces

FIG. 11. Profiles of the particle velocity distribution functio
within three grains indicated byA, B, andC in Fig. 4 for the 89 m/s
simulation.
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the grain level. If the location of grainC is used to estimate
the characteristic relaxation timet for the distribution, thent
can be estimated byl /Us wherel is the longitudinal distance
between the centers of grainA andC. The value estimated is
11.5 ns. This magnitude is comparable to several times
sound wave propagation across the grains.

The appearance of multipeaks in the distribution functio
reflects the fact that the direction and magnitude of part
velocities have some features over the dimension of a sin
grain. But, the exact causes are not yet well understood.
nature of multipeaks may be affected by factors such as g
size, element size, and lattice anisotropy.

Finally, we have observed the ejection of copper eleme
from grain boundaries at the free surface. Such ejectio
reported in Ref. 25. Figure 12 shows an example of ejec
elements from the free surface for the impact velocity of 2
m/s. There was no ejection of elements for 89 m/s. Link
elements are connected by solid lines. The key factor
controls the ejection is cracking along grain boundaries
the horizontal direction, again emphasizing the nonplana
of ‘‘plane wave loading’’ at the grain level. Interestingly, th
velocity vectors of ejecting elements are almost parallel
the direction of wave propagation, and the ejection velocit
were about 1.3 times larger than the average free sur
velocity. However, no attempt is made to compare the res
with experimental data because of the preliminary nature
the calculation.

V. CONCLUSION

Shock wave loading of polycrystalline copper was n
merically investigated by means of a discrete-element mo
Nonuniform wave front and complex flow patterns were o
served and are attributed to anisotropy in crystal orienta
and grain boundary surfaces in the polycrystal. Formation
vortical flow was observed for the impact velocity of 89 m

FIG. 12. Ejection of elements from the back free surface w
velocity vectors and element links for the 250 m/s simulation.
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The average dimension of vortices was 10–15mm. The cor-
responding local strain rate was on the order of 107 l/s. The
calculated particle velocity dispersion at the back free s
face was 13.5 m/s, which is in agreement with the exp
mental value of 14 m/s. For the impact velocity of 250 m
the average dimension of vortices decreased to about 5mm.
Vortices became ubiquitous and the overall flow field a
peared to be disordered.
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