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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 12m. 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)06421-§

I. INTRODUCTION which every point of the continuum consists of a small rigid
body. Thus, the deformation of this continuum is described
For almost a decade now, Meshcheryakov and his assoanot only by the displacement, but also by the rotation of the
ates have been investigating the shock response of metalsrigid element, both depending on position and time. The gov-
the grain level by use of a two-channel interferometer anderning equations of Makaroisee Sec. )l are identical in
optical and electron microscopy? Among many features form to those found in micropolar elasticit{.
they discovered at the grain levi@etails of the experiment The well-acknowledged difficulty in dealing with the mi-
are given in Sec. )| there are several key observations thatcropolar equations is the determination of constitutive equa-
are relevant to the present investigation. They(ajea non-  tions concerning the couple stress and the nonsymmetric
equilibrium distribution of shock-induced particle velocity, component of the stress tensor. At present there is no known
(2) particle velocity dispersioridefined as the standard de- experimental technique to determine these properties unam-
viation of particle velocity distribution at the grain leyg(3) biguously. In early calculatiofsMakarov usedad hocas-
a rotational mode of deformation that is said to be caused bgumptions to determine the materials constants. No specific
the particle velocity dispersion, an@) dynamic fracture value was mentioned for the couple stress constants. In a
mechanisms that are controlled by the rotational deformamore recent calculatiohhe avoided use of the couple stress.
tion. It was also speculated that “turbulent-like microflows The rotational motion is controlled only by the nonsymmet-
may occur in polycrystals when the particle velocity disper-ric stress which is postulated to be a linear function of the
sion reaches a certain critical leveP” second invariant of total plastic strain to imitate the behavior
The concept of the rotational deformation describedof single crystals. No explanation for the choice of the con-
above was first proposed by Panin and his associates asstant was given.
distinct carrier of solid deformation at the grain levele- Meyers and Carvalho investigated the dispersion of shock
scribed as meso or structural leyéisThey indicated that wave propagation in polycrystalline solids using a probabi-
conventional mechanisms of crystallographic shear are distic model of crystal orientatioht They found that the
translational nature and inadequate to describe completelyave front becomes irregular as it propagates into the mate-
the plastic deformation of solids that have unique hierarchitial. For instance, for a planar shock wave in nickel whose
cal microstructures and interior boundary surfaces. Thegrain size is 10um, the irregularity becomes 16m thick
translational mode of deformation is said to be incapable ofvhen the wave has propagated 1.5 mm into the material.
fully reflecting “the nature of dislocation sources and the Since the thickness of the irregularity is comparable to the
relationship governing the self-organization of dislocationgrain size, it was concluded that “the grains are subject to a
ensembles” at the structural level. To better describe thestress state that is obviously different from the one that
plasticity of solids at the structural level, they introduced thewould be imposed by a perfectly planar wave.”
concept of “structural deformation elemerit®lume.” The In all, there is strong evidence, both experimental and
motion of such a finite sized structural element involves bothanalytical, that indicates the existence of heterogeneous, non-
translation and rotation. The subject was recently reviewe@quilibrium processes in shock compression of metals at the
by Panin’ grain level that are not described by the orthodox continuum
Among many theoretical investigations of the above de-model of shock wave structuté.In this study, we investi-
scribed idea, in Russia, the work of Makarov contains thegated the shock response of polycrystalline copper at the
most extensive model calculatidtfswhich attest to the im- grain level through use of a discrete-element code called
portance of rotational deformation and vortical velocity DM2. This code, described in Sec. Il, was developed at
fields at the grain level. His model is an interpretation ofNorth Carolina State University in collaboration with S. Psa-
Panin’s concept, through use of the Cosserat tH8ary  khie of the Russian Materials Center, Tomsk. Section IlI
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FIG. 1. Schematic illustration of discrete element modeling in \

comparison with continuum modeling.

discusses the computational model of polycrystalline copper.
Results are presented in Sec. IV.

Il. DM2 CODE

The fundamental theory and basic capabilities of the DM2 Yielding
code are described in Ref. 13. What follows is a recapitula-

tion of those elements that are directly relevant to the preserilton in discrete element representation. Particles of different shad-

calculation for purpos_e of a, self—conta!ned discussion. Th‘?ng represent deferent materials. Arrows show rotation of particles
DM2 code is a two dimensional, quasimolecular dynamlcsduring plastic deformation.

code in which material bodies are represented by single par-
ticles (called elemengsand/or by an assembly of such ele-

ments. Flgurg 1 |Ilustrate§ a sphemaﬂc .Of the pqsm idea. total interaction force between a pair of elements consists of
space occupied by materials is divided into a finite numbegi force from the central potential, a shear force, a central

of interacting Qiscrete elements. In many Of. the appIication%ampmg force, a tangential damping force, and a dry friction
we have considered, ™ the elements had diameters on theforce. These forces are regarded as effective, discrete-

ordetr of mlcr:ometers. hB|Ut n s;()j_emal appllcgtlonsc}hese elteélement representations of materials response behavior. In
ments may have much largér dimensions depending on ge pyo, stress at a point is defined at the center of an

rglatwe. scale of microstructure Wlth. respect to the overall, ;o \ont using forces acting on its surface. Momentum bal-
dimension of the system under considerafidh’

> . . ance is considered for one side of an element separated by a
Although materials mass is represented by “discrete ele P y

ments” in the DM2, the underlying methodology is still a cross section at element centroid,

continuum modeling of materials behavior. It assumes that )

thermomechanical response can be effectively represented by ' « M

the aggregate motion of interconnected discrete elements and Aoijn :kzl fi— 24 @
the evolution of their internal state parameters such as tem- -
perature and composition. For example, Fig. 2 is a schematic
illustration of fracture and plastic deformation in the DM2
representation. Obviously, plastic deformation involves both
translation and rotation of elements. But, an important depar-
ture from the usual continuum modeling is that the motion of
elements is governed by classical dynanfmsasimoleculgr

and not circumscribed by the form of continuum conserva-
tion equations. Nevertheless, the DM2 does not violate the
conservation of mass, momentum, and energy.

There are several advantages of the DM2 over orthodox
continuum approaches. For example, microstructural geom-
etry that contains inhomogeneity and anisotropy can be eas-
ily developed by the selective assignment of material prop-
ertles,_ bon(_:ilng apd_c;ontact Statgs of elements, and _areas of FIG. 3. Schematic illustration of mechanical interaction models
materials discontinuities. Interfacial layers and properties cag, ppy. interaction forces arél) central potential force(2) central
be treated in a simple, realistic fashion. These properties cafymping force,(3) shear resistance forcé4) tangential damping
also be selectively distributed among elements and clustefgyce, and(5) dry friction force. Model parameters arg (interele-
of elements. The difficult problem of dealing with mass pen-ment distance at yieldingr . (interelement distance at braking of
etration and mixing in continuum description does not re-the bond, yy (yielding shear strain andy,e (residual shear strain
quire any special consideration. Superscripts andj represent elementsandj, v is the translational

The mechanical interactions between two elements in theelocity, andw is the angular velocity.

FIG. 2. Schematic illustration of fracture and plastic deforma-

urrent code are schematically illustrated in Figa)3The
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where subscripts andj signify indices of coordinatesh is TABLE |. Bonding states between elements.
the cross section ares, is the normal vector pointing out- - _ _
ward, oy; is the stress tensof, is the interaction force of ='min Linked and in contact
elementk (k=1,...)") andM is the element mass. The ac- fmn<r<fo  Linked and in contact if the elements were
celeration of the elemert; is defined as follows: linked previously, or in contact otherwise
r0<rsrmaxb Linked if the elements were linked previously, or
: flk unlinked and not in contact otherwise
=2 @ rpas<r Unlinked and not in contact
wherel is the total number of interacting elements. 8 mins  Minimum interelement distance below which unlinked ele-

Strain is harder to define than stress and typically involve%ments become linked. _ o
the positions of contacting neighbor elements. Since thef max: Maximum |r?terelement distance beyond which linked ele-
neighborhood changes during motion, only Eulerian strainMents become unlinked.

€;j is defined. For a pair of elements andk, . , . . . )
ficient,v' andV! are translational velocities of elememtsnd

Co L{AuM™ AU j, ® andw' are the angular velocities of elementandj, q'’
Aejj AL +—k‘|_m N/, (3 s the distance between the contacting point and the center of

elementi, and g/ is the distance between the contacting
whereL™is the distance between two element centaf¥, point and the center of elemept
is the component of a unit vector in the radial direction origi- Damping forces are used to represent inelastic collision of
nated at the center of elememt Ae{}”‘ andAuimk are incre- elements as well as to control high frequency oscillations. A
ments of strain and relative displacement at the contact poirquadratic function was also tested, but did not reveal any
between the elements. The shear components of the straiew feature. In applications we have considered so far, the
reflect the displacement in the transverse direction. Equatioradial interactions were sufficient for the hydrodynamic de-
(3) may be averaged over all interacting elements to evaluatecription of solids under high-pressure shock wave compres-

the strain increment at the element centrmt,-”j“. sion.
The connectivity between a pair of neighboring elements
m ! Aei"j’k in the DM2 code is a function of the relative central distance.
Aejj= > - (4)  Bonding states are summarized in Table I. Depending on the

k=1 .. . . .
connectivity status, different interaction forces are selec-

The central interaction potential can be represented by Hvely activated. For example, frictional force is used only for
variety of functions, but the Lennard-Jones potential wadhe element pairs that are in contact, but which are not linked
used in the present calculation. The resulting central poterf"0 bond. Also, these mechanical states can be manipulated

tial force between elemeitand;, fg s to create heterogeneous, init_ial micr(_)struct_ures such as flaws,
cracks, and weakly bonded interfacial regions.
- amn p\ —(+1) p\—(m+) The motion of elements is described by classical dynam-
fa(r)=-— ro(n——m)( (E) - (E) ]n" ics. The governing equations for eleménhaving masv'

and inertial momend' are given by

wherer is the interelement distanceg is the equilibrium L

value ofr. a, m, andn are the material parameters that rep- M'i' = 21 F, (7)
resent effective hydrostatic compression behavior (n). =

n'' is the unit vector in the radial direction pointing from [

elementi to j. In the present calculation, the Hugoniot data JO = 2 Ki, (8)
were used to determine these coefficients. In tension, the =1

above function is supplemented by a temperature depend
yielding segment as shown in Figii. The shear resistance
is described by an elastic, perfectly plastic model as illus
trated in Fig. 8). The dry friction is based on Coulomb’s
law of friction. The central damping force is assumed to be
linear function of the radial relative velocity.

Where double overdots () signify second order time de-
rivative, r' and @' are position and angular vectors of ele-
‘ment,F! andK! are the force and moment due to interacting
neighbors, andlis the number of interacting elements. These
aequations are comparable to the micropolar elastititged

by Makarov in which the equations of motion have the form

ij ij
fD_CnVn ' U

pU; = 0Tij j» ()
i — (yil . il )il v
Vn_(VS n )n ' Ji0i=6ijk0'jk+,ujiyj, (10)
vi=vi—vi— (gl + g e)xnl, (6)  where the first equation is the ordinary equation of motion in

. ) ) ) continuum mechanics except the nonsymmetric stress tensor
wherefg is the damping force acting on elementiue to ., J; is a measure of the rotational inerti,is the rotation
elementj, Vlnl IS the relative radial velocity of elemeptvith ang|e,eijk is the alternator tensor, ar,_dj is the couple(or
respect toi, vJ is the relative velocity of elemerjt with momenj stress required by the assumption that moment as
respect td at the contacting poinC,, is the damping coef- well as force is transmitted through an area separating two
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parts of a body. The closure of Eq9) and(10) requires the whereAQ is the heat transfer from elemejto i over one
constitutive equations for nonsymmetrig; and w;;. The  time stepAt, \ is the thermal conductivityT' andT’ are the
latter involves a torsion rate tensor. The inclusion of inelastidemperatures of elememtand j, andd is the interelement
deformations can be dealt with formally by separating thedistance.

force and couple stresses into elastic and inelastic p&us, Regarding the thermal effects, we note that simulation of
very little specifics are given in Ref. 8. In a more recentshock wave propagation in a linear chain using the viscous
paper® the driving force for rotation is specified by the an- damping and the temperature changes described above

tisymmetric components of the stress tensor, shows that the overall temperature change between initial
and terminal states is independent of the damping coefficient
and that the magnitude agrees with that expected from the

of}=—ofj= BF[grad €], (1D : d P

jump conditions. The viscous damping affects only the shock
rise time. Thus, the conservation of energy is not influenced

where 8 is a material parametef, is a fitting function, and by the choice of damping coefficient.

€P is plastic strain.
The micropolar theory is a mathematically consistent ex-
tension of continuum theory to include rotation for structural ||, DM2 SIMULATION OF THE MESCHERYAKOV
elements of deformations at the mesolevel. But it has the EXPERIMENT
disadvantage of introducing greater conceptual cost, com- ) ) )
plexity, and constitutive equations that are near impossible to 1he Meshcheryakov experiment that motivated our inves-
determine experimentally at the present time. In contrast, thiigations is a plane impact testing of metallic plates with a 37
DM2 formulation is physically motivated and does not re- MM bore diameter compressed air gun. Impacting and target
quire any new ideas such as the asymmetric stress and tRéates are made of the same material. The range of impact
couple stress. Onad hoc feature, however, is the use of velocity was 50-500 m/s. In the majority of tests the thick-
effective interaction forces that are not intuitively evidentNess of the platet3—10 mm was adjusted to produce spal-
except for materials such as powders and granules. ling in the target plate. Free surface velocities of targets were
In solving the dynamic equations, the DM2 imposes twomonitored by a two-channel interferometer with 90° phase
conditions on time increment. They af@&) that elements shift betwee_n mterfer_ence signals. The beam was focused to
cannot penetrate each other along the radial line in one tim@n area having the diameter of 80—16m and detects par-
step and(2) that the momentum transferred between twoliclé motion, called mesoparticle velocity, over an area of
elements in a single time step should not exceed the tota—10#m in diameter. The combination of the signals with
momentum exchange during the whole collision process?0° phase shift provides the mesoparticle velocity dispersion
The latter is equivalent to the Courant stability condition for (PVD), which is defined as the width of the particle velocity
numerical solution of hydrodynamic conservation equationsdistribution over the laser beam cross sectiee Ref. 18 for
The equations of motion are integrated by use of a secongathematical details Interferometers used elsewheffier
order leapfrog method. example, VISAR suppress the_d|str|but|on to improve the
The DM2 contains several internal variables such as temMeasurement of average velocity. .
perature, composition, and thermodynamic potentials to deal "€ measurement of PVD, in conjunction with metallur-
with thermochemical processes. At the grain level on thedical observations of post shock samples by optical and elec-
order of micrometers, dynamic loading creates a highly noniron microscopy, was used to gain insight into the mesome-
uniform temperature field and heat conduction can no |ongeq;han|gal features of pla.stlc and frapture behavior of metallic
be considered a slow process. In the current code, the tenflaterials that are subjected to high pressure shock wave
perature change of an element consists of two mechanismgompression. The materials studied include copper, ductile

The first is the dissipation of mechanical energy given by steel, aluminum, aluminum aIons,_ and titanium. Copper was
chosen for our study because of its low shear strength.

i Some early calculations of the Mescheryakov experiment
de _ (19 were reported in Ref. 19 where a formation of vortical ve-
com" locity fields and particle velocity dispersion were observed in
a region immediately behind the shock front for a relatively
whereAT' is the temperature change over one time intervallow velocity (89 m/9 impact. In the present study, computa-
dé is the total increment of dissipated ener@y, the spe- tional impact tests were performed for two impact veloci-
cific heat at constant volume, adi the mass of element  ti€s: 89 m/s and ZSQ m/s. At p_resent there is no experimen-
The above expression assumes implicitly that the interactiofp! data for the high velocity impact. Also, a new
potentials are isentropic functions. That is, the effect of isenomputational copper specimen, which has a better back free
tropic compression on radial force is subsumed in the potersurface profile than that of the previous specimen, was de-
tial function. The second mechanism is heat conductionveloped. _
which is treated by Fourier's law where heat flux is propor-  1h€ new model specimen was created by a slow compres-

tional to the gradient of temperature between two linked oSion of copper particles of 12m in diameter, on the aver-
contacting elements: age. The patrticles in the starting specimen become grains in

the final specimen. Element diameter wagrh. The orien-
P tation of element packing in each particle was assigned ran-
AQ=—>\T -T AAt (13) domly to create local anisotropy. Voids between particles
d ' were eliminated by compression of particles. When elements

AT'=



13676 K. YANO AND Y. HORIE PRB 59

Free Surface (Ref. 2. The velocity of 250 m/s was chosen to represent the
& ey upper limit of their velocity range. To eliminate transverse
boundary effects, the left and right boundaries were made

periodic.

The model material was assumed to have no shear
strength. So, only the central potential and central damping
forces were activated for mechanical interactions. The mag-
nitude of the latterf; is given by

w26

fo=C,Au, (14)

whereC, and Au are the damping coefficient and relative
velocity of an element pair in the radial direction, respec-
tively. At present there is no mesomechanical model to
evaluateC,, for shock loading. Therefore, in the present in-
FIG. 4. Initial geometry of the model copper specimen. Thevestigation, we evaluated this coef_ficient by_assuming that
rectangle about the center and graisB, andC are referenced in the stre;s C,Iue to, the central damping force is equivalent to
Fig. 5 and Fig. 11, respectively. shear yielding viscous stress, propqsed by Barfd and '
otheré®??to describe global energy dissipation processes in

. . . . shock compression of solids. In one spatial dimensigris
of neighboring particles come into contact, they form bondsgiven by

with grain boundary strength. After compression to the ter-

minal density of 95% TMD(theoretical maximum density ) du
the applied load was gradually reduced to zero. This percent- TsT M€= N gy (15

age is arrived at by using the formula,,,/N whereng, is

the number of elements in the specimen &hid the number where 7 is effective viscosityy is the particle velocity, and

of elements if the specimen were filled in a dense-packing is the spatial coordinate taken in the direction of the wave
arrangement. Maximum local residual stress+d.05 GPa  propagation. By the assumption,
was found in some of grain boundary elements. The residual

stress is considered negligible when compared with the CrAu _ ﬂ
shock pressure of 3 to 10 GPa in this study. A Tax

The initial geometry of the model specimen is shown in hereA is the cross section area between elements. By con-
Fig. 4 where individual grains have, on the average, abouf’ - BY

113 elements. We consider this number to be the minimurﬁidermg a unit length in the dirgction perpg—:-ndicular tq the_
required for evaluating the velocity and stress distributionscoordmate axes, the cross sectional area in two spatial di-

within a single grain. The diameters of these grains wer enS|ons_|9°\=d>§1, v_vhered 1S the dlamgter of an element.
chosen to be comparable to the spatial resolution of the Me-he velocity gradient in the right-hand side over the distance

scheryakov’s interferometer. The region marked by a rectpf dis Au to the first order. So, Eq16) yields

angle in Fig. 4 is enlarged in Fig. 5 to illustrate a triple point Co~7. (17)
grain boundary and anisotropy of grain orientations. n

To reduce computing time, the model specimen was ar- The value of is taken from the work of Grady in
ranged to impact a rigid wall located at bottom of the speciwhich the viscosity is defined as the ratio of the maximum
men. Thus, the initial velocity of the specimen is half of the shear difference between the Rayleigh line and the Hugoniot
impact velocity in Meshcheryakov experiments. That is, thenydrostat and the average strain rate associated with the
VelOCity of 89 m/s is equivalent to the impaCt test of 178 m/SCompressive shock. In this mode},becomes a function of

shock pressure,, given by

n=kpy?, (18)

wherek is the material constant. For coppkris determined

to be 271.4(GP3?Pas?? Hydrocode application of this
model in a three-dimensional framework shows that this con-
stant reproduces well the measured wave profiles of copper,
for the pressure range of our interéstOther material pa-
rameters used in the calculation are listed in Table II.

Aepunog slpouad

97 um

(16)

IV. RESULTS AND DISCUSSIONS

The calculated steady stress behind the shock front was
lower than that expected from the jump conditions. For ex-

FIG. 5. An enlarged triple point grain boundary in the region ample, the shock pressure for the impact velocity of 250 m/s
marked by a rectangle in Fig. 4. Line segments in individual graingvas 8.0 GPa, whereas the corresponding magnitude by the
are drawn to show the anisotropy of grain orientations. jump conditions is 9.6 GPa. The reduction in two dimensions



DISCRETE-ELEMENT MODELING OF SHOK . . . 13677

TABLE Il. Material parameters used in the discrete element

aor 89 m/s and 250 m/s impact velocities, respectively.
‘Based on spall stress of copp&ef. 23.
dselected so that initially unlinked pair will never be linked.

is attributed to the following two effects:(i) the existence

of about 5% void space and) a reduction in effective lon-

gitudinal wave propagation speed due to random orientation 15
of grains. In the current calculation, the interaction coeffi- [
cients were determined so that the shock speed agrees witr e
the jump conditions when grain orientations are aligned in ==
the direction of wave propagation. Thus, when the grains are 10,2%
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randomly oriented, the longitudinal speed decreases accord- (um)

ingly. This shows that an appropriate distribution of the in-
teraction coefficients must be considered in order to improve
the calculation of shock speeds in polycrystals.

Figure 6 shows the velocity field at 14 ns after impact,
with an impact velocity of 89 m/s. It is clearly evident that
the wave front is nonuniform and located somewhere be-
tween 35 to 45um from the impact end. Also, we observed

the appearance of a flow field with localized rotational de-

formation. The vortical structure is highly transient and de-
pends greatly on such parameters as shock strength and loca
microstructure. The typical lifetime of these vortices is on
the order of a few nanoseconds that are comparable to acous’®

tic propagation times across the grains. 2

As indicated in the Introduction, there exists a parallel
between DM2 and Makarov’s approach. But the origins of

. e ; ; 25
the rotational velocity field are not exactly identical. In the

former, vortices are caused by the interaction of shock-

induced flow with both local anisotropy and grain bound-

aries. There is no explicit dependency on plastic strain. It

results from complex interplay between flow and grains. But, Y >~ -

(nm)
(b)

FIG. 7. An enlarged view of the velocity field marked @& the
large and(b) the small rectangles in Fig. 6.

in the latter, the key factor is the postulated asymmetric
stress as a function of plastic strain that tends to localize in
the region of stress concentration, such as grain boundary.
So, the rotation of mesovolumes that arises from localized
strain is built into the model with some difficult-to-determine
parameters.

Two major vortices in Fig. 6 are marked out by rectangu-
lar borders and are magnified in Figgajfand 1b). The size
of these structures is in the range of 10 to . The region
of the vortex of Fig. 7a) lies within a single grain, but the
one in Fig. Tb) is found at a triple point grain boundary. No
preferred locations were observed for the formation of local-
ized vortical flow.

The vortex in Fig. Th) has a diameter of about }0m and

FIG. 6. Velocity field in the model specimen at 14 ns after the circumferential velocity of 50 m/s. So, the rotational
impact for the 89 m/s simulation. The two rectangles are explaineghear rate of the vortex is on the order of ¥8. According

in Figs. 1@ and 1b).

to Mescheryakov, such an intense localized velocity field,
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FIG. 8. Fracture pattern observed in the experiment by Me-  -30}-- |
scheryakov and his associates. The fiducial lines represeptlO
(Courtesy of Yu. I. Mescheryakoy. -40 | f : L | |
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érain liumber
coupled with the existing microstructure, results in the rota- ] ] o o
tional mode of deformation which, at appropriate conditions, . FIG. 1Q. Particle velocity deviation from the average for indi-
lead to fracture and shear bandih@ne such example is Vidual grains at the back free surface.
shown in Fig. 8. In our calculations, however, we have not
observed fracturing of grains in the interior of the specime
while it was in compression.

Flow fields for the impact velocity of 250 m/s were quite

ndisper:~:ionAup, to the average particle velocity,,, is an
indicator of the transition to the rotational mode of deforma-

. i . . tion. In the present computation, however, the ratios for the
different from those of the low impact velocity. Small vorti- two cases were found to be about the same as discussed

ces shown n .F'g' 9, having the c_Jlam_eter less tha,ani_ below. Thus, for the two cases that were investigated, the
became ubiquitous. Overall velocity fields appeared disor-

dered. The decrease in dimensions of vorticity is almost in_ranoAup/up Is not a sensitive parameter to differentiate the

versely proportional to the impact velocity. That is, there is aﬂOW patterns. . .
. ' In Mescheryakov’'s experiment, PVD, which was mea-

three-fold decrease in diameter for the velocity change of 89 Fs,
to 250 m/s. A similar observation was made in a recent?u:eol ?r: the b;Ck fre_e tsu:cf?ﬁbup .(_ZAhuP)k’ ;Nasttr_lrehllarg-l
molecular-dynamics study of structure formation in singlees a14 € r/nef |ar1[hp0|27§ /e rising stqc - fron .t i ISt V?_#e
crystals under high-pressure shock wave compre§§i0n.\’v‘"}S & VS Tor de : 89m‘°; s_yrr:Lne re |m_pac|: _esl. i IS
Both results suggest the existence of a general rule betweeff °CIY corresponds 1o 89 m/s In In€ humerical simuiation,
the scale of shock-induced microstructures and shock/here the particle velocity dlspersmn; were evaluated when
strength. At present, there is no theoretical model for such € average _back _free ;urface veIoc!ty reached he}If of the
relationship at the mesolevel. Impact velocny..T|meW|se, the maximum dlsper_S|on oc-
Mescheryakov suggested that the ratio of particle velocit)f:urrEd at approximately 40.8 ns and 33'5 hs after impact for
89 m/s and 250 m/s, respectively. Since the measurements
are said to have a spatial resolution of 3 tauf, the com-

50 yur LS B :
f' ?\"*\:'{ ';ﬁ\*\,\ \"{\,‘\%I\ \‘ = 1‘: H{ fif i# ,/, putational free surface velocities are also averaged over a
VR LM ig“\'- ’ _:5 W O by 'y ‘I sim_ilar distance. That is, the velocities are averaged over
45y b\ R A S\ g WMWY grains that are located at the free surface. The results are
SR DU O b ot e i ‘{l%ﬂ‘«l‘\ shown in Fig. 10. In this figure, the particle velocity devia-
;Qg ‘\:Q DA AN AT e Al AR tion from the average is shown for each grain. Two pairs of
40 .':_:fl;;y?. ; ,7‘ @ « “Q‘z::;:ﬁ‘;:;i_‘ [;T 23 parallel lines represent the standard deviations of granular
. S_Ij\”z\*; 4}—}/ \,i b 5' /“’ =N f /- particle velocity from the average for the two impact veloci-
E as N i 33l A=t Br ties. For the 89 m/s case, the width of the particle velocity
R SRS AR~ St B .,,_—-_,*wf; distribution is 13.5 m/s, which agrees well with the measured
E > N NN ST e R value of 14 m/s. The dispersion for 250 m/s is 44.6 m/s.
30 b e m TN T IR VB LIS N There is no experimental value yet for this velocity.
R ahES S iy ‘}Aff.;“ Dt zon 2 The ratio of particle velocity dispersion to impact velocity
do ety ST TR EAN SRS at the median pointAu,/u,, is about the same for the two
B ;';::‘:‘.\;;{:;..Y.K‘:}lk S xS cases investigated: 6.75/89.076 and 22.3/2560.089.
ML SR S A A e .“}'—\;; txX\/7  An additional calculation for the impact velocity of 175 m/s
2038:’".{ é’u;’ ’41;) ‘f‘f;/z;r’l;"\‘." ;0 G 2;5 Ve L A gave the value ofvu,/u, to be 14.5/175-0.083. Compa-

(um) rable experimental data for steel is 12.4/43R089(Ref. 3.
Therefore, there may be a weak dependencawgf onu,,
FIG. 9. Eddy-like velocity fields are observed immediately be-but at present, we do not find it to be a sensitive indicator of
hind the shock front for the 250 m/s simulation at 18 ns after im-flow characteristics.

pact. Reynolds number at the grain level is also of interest,
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FIG. 11. Profiles of the particle velocity distribution function FIG. 12. Ejection of elements from the back free surface with

within three grains indicated b%, B, andC in Fig. 4 for the 89 m/s  velocity vectors and element links for the 250 m/s simulation.
simulation.

iirtlFularly the value associated with the fluctating fIOW’the grain level. If the location of grai€ is used to estimate
o

the characteristic relaxation timefor the distribution, thern
can be estimated byUg wherel is the longitudinal distance

pDAU between the centers of grafnandC. The value estimated is
e= P (19 11.5 ns. This magnitude is comparable to several times the
7 sound wave propagation across the grains.

The appearance of multipeaks in the distribution functions
wherep is the local density an® is the grain diametef12 reflec.t§ the fact that the direction and mggnitude of parpicle
um on the average For the impact velocity of 250 m/s veIQC|t|es have some features over the dimension of a single
where the flow was characterized as “unstable state” bydrain- But, thg exact causes are not yet well understood. The
Mescheryakov,p=9.48 g/cnd and 5=29 dyns/crd. Thus, ngture of multlpgzaks may bg affec_ted by factors such as grain
the Reynolds number for the local flowfe=0.87. Surpris-  S1Z€, element size, and lattice anisotropy.
ingly, this number is close to the value of unity Mescherya-, Finally, we have observed the ejection of copper elements
kov hypothesized to describe the flow regime. Using a fluid™®M grain boundaries at the free surface. Such ejection is
dynamic analogy, he suggested that ‘the energy exchand@ported in Ref. 25. Figure 12 shows an example qf ejecting
between adjacent flows that are separated by zones of vort&ements from the free surface for the impact velocity of 250
motion is negligibly small and the “turbulence” becomes m/s. There was no ejection of e_zlements for 89 m/s. Linked
independent of external conditiond!n contrast, for the im-  €léments are connected by solid lines. The key factor that
pact velocity of 89 m/s, p=9.13g/cni and 7 controlg the ejection is craqkmg along grain boundaries in
—252dyns/crA These values yiel®Re=0.029, which is the horizontal d|rect.|on, again emphasmng the nqnplanarlty
only 1/30 of the number for 250 m/s. Therefore, for the 89Of “p'?‘”e wave Ioadlng” _at the grain level. Interestingly, the
m/s case, the inertia force is much smaller than the viscouE!OCity Vectors of ejecting elements are almost parallel to
force at the grain level. This is consistent with the observalhe direction of wave propagation, and the ejection velocities
tion that small scale vortices were absent in the 89 m/s im\_/vere.about 1.3 times larger fchan the average free surface
pact calculation. vglocny. H_owever, no attempt is made to compare the results

Another result of interest is the distribution of particle with expenmental data because of the preliminary nature of
velocity itself. It will shed light on the nonequilibrium nature the calculation.
of shock compression in macroscopically homogeneous,
polycrystalline metals. Figure 11 shows the distribution
functions of longitudinal particle velocity for the case of 89
m/s at three different locations identified As B, andC in
Fig. 4. These locations represent three distinct Shock wave loading of polycrystalline copper was nu-
points: within the rising shock front, immediately behind it, merically investigated by means of a discrete-element model.
and a certain distance away from the front. The distributiorNonuniform wave front and complex flow patterns were ob-
evolves from a Poisson-type distribution to a more normakerved and are attributed to anisotropy in crystal orientation
Maxwellian distribution, indicating that nonequilibrium ef- and grain boundary surfaces in the polycrystal. Formation of
fects are the hallmark of the shock compression process a&brtical flow was observed for the impact velocity of 89 m/s.

V. CONCLUSION
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