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A void growth .. based failure model to describe spallation 
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(Received 20 April 1988; accepted for pUblication 18 October 1988) 

A new dynamic failure model to describe void nucleation, growth, and coalescence in ductile 
metals is reported. The model is based on a pressure-dependent yield criterion for compressible 
plastic flow, This three-dimensional, plasticity-based continuum damage model is incorporated 
into a finite difference, wave propagation code. A procedure to determine the failure model 
parameters is proposed, In this procedure, the model parameters are calibrated based on the 
ability to match the experimental free-surface velocity history with code simulations. Model 
parameters for oxygen-free high-conductivity copper have been determined successfully using 
this procedure. 

I. INTRODUCTION 

Dynamic failure processes in metals have been studied 
extensively for the last few decades, There are numerous 
journal articles, technical reports, and conference proceed­
ings on this subject. Investigators with widely varying back­
grounds, such as applied mechanics, metallurgists, and 
shock physicists, have been contributing to the understand­
ing of dynamic failure. The fundamental failure mechanism 
associated with dynamic fracture in ductile metals is one 
which considers the failure process as being initiated by the 
nucleation of voids around inclusions and their subsequent 
growth and coalescence as suggested by McClintock. 1 Dur­
ing the last two decades, different approaches have been tak­
en by several investigators2

-
11 to apply this mechanism as a 

means of predicting ductile failure. 
The present paper describes a failure model which is 

based on microvoids nucleation and growth, The effect of 
damage (void volume fraction) on strength (flow stresses) 
is incorporated through associated flow rule based plasticity 
equations. An improved yield function is proposed to de­
scribe the effect of pressure and void volume fraction on the 
von Mises (effective) yield stress. The strain rate effect on 
the failure process is modeled through a viscoplastic matrix 
description. Model parameters are determined from a few 
split Hopkinson bar tensile tests data and a free-surface ve­
locity history of a target plate in a plate impact test. Using 
the proposed model, spallation in oxygen-free high-conduc­
tivity copper (OFHC) is successfully modeled. 

II. CONSTITUTIVE/FAILURE MODEL 

We identify four phases in the constitutive modeling of 
damaged materials that were initially intact. The first phase 
of the modeling is the description of the intact material be­
havior. Prior to the development of damage, the aggregate is 
the fully dense matrix material which is usually modeled by 
incompressible plastic flow theories. The second phase is the 
description of the damaged material. We require a model to 
describe the behavior of the aggregate material which con­
tains microvoids/microcracks. In the third phase, depend­
ing on the nucleation mechanism, a mathematical descrip­
tion of the process will be required. This phase will also 
require a model to describe the growth of damage. The last 
phase of modeling is the coalescence of damage leading to 

total failure. In the present approach, separate modeling of 
the coalescence process is not needed. The void growth law is 
such that the growth rate is rapidly increased as the damage 
approaches its critical value. 

A, Matrix material 

The fully dense, void-free matrix material can be mod­
eled through the state variable based viscoplastic constitu­
tiveequations of Bodner and Partom (RP model).!2 The BP 
model in terms of equivalent plastic strain rate b ~ and effec­
tive stress Y", is given by 

. 2 [(n + 1)( Z )2n] D~ =-.,-Doexp - -- - , 
V3 2n Y", 

(1) 

where 
. WI.~ 

D~ = 'Jj€t~. (2) 

Z is a state variable. Do is the limiting value of the plastic 
strain rate. The value of Do is usually set to lOX Is for metals. 
n is a parameter that is mainly related to strain rate sensitiv­
ity. The state variable Z describes the overall resistance of 
the material to plastic flow and it depends on the loading 
history. The evolution equation for Z is 

Z = rn(ZI - Z) Wp , (3) 

where Wp is the plastic work rate, ZI is the maximum value 
that Z can attain and m is a parameter that embodies the 
strain-hardening behavior of the material. For highly strain 
hardening materials like copper, m is described by 

(4) 

where m 1 and a are additional model parameters, For less 
strain-hardening materials, m I and a are assumed to be zero. 
Rajendran, Bless, and Dawicke Ll described the BP model 
parameter evaluation scheme for three different metals. In 
their scheme, all the parameters were determined from a few 
(at least three) tensile split Hopkinson bar stress-strain 
curves at different strain rates and the steady-state value of 
the Hugoniot elastic limit (HEL), UHEL' 

Until voids nucleate, the aggregate behavior can be de­
scribed by the BP modeL The plastic flow in the void-free 
aggregate is incompressible, i.e., the sum of the principal or 
orthogonal plastic strains is equal to zero. However, the nu­
cleation of voids will introduce dilatation and the plastic 
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yield behavior will depend not only on the second invariant 
J2, but also on the mean stress or pressure. The constitutive 
model for the aggregate must include these effects. For this 
purpose, we selected a yield-crIterion-based plastic flow rule 
in which the pressure dependence enters explicitly into the 
calculations. 

So Modeling of aggregate with voids 

We considered a yield-criterIon-based approach in the 
constitutive model formulation. For randomly distributed 
voids or microcracks contained in the aggregate, the yield 
behavior will be inftuenced by not only the second invariant 
ofthe deviatoric stress (J2 ) but also by the pressure or mean 
stress (II)' The following form of the yield function has been 
considered: 

A (p)J2 + B(p)Ii = /j(p) Y~" (5) 

where A, E, and {j are functions of relative density, p. Ym is 
the effective stress in the material. (Note: the subscript m 
means matrix material and not a tensorial index.) Based on a 
critical total deformation energy, Doraivelu et af. 14 derived 
the following expressions for A and B: 

A (p) = 2 + p2 ( 6) 

and 

(7) 

The expression for 8(p) under dynamic loading regimes was 
given by Rajendran, Grove, and Bless l5

: 

8(p) = e-tl[(I ~p)/pJ. (8) 

In general, this function is material dependent while 
functions A and B are independent of the matrix material 
behavior. Thus, the yield condition for the aggregate can be 
written as 

ct> = (2 + p2)JZ + [(l - p2)/31Ii - {j(p) Y~" = O. 
(9) 

The viscoplastic strain rates in the aggregate can be cal­
culated using the flow rule derived as 

( 10) 

The proportionality factor ). can be obtained using the flow 
rule in conjunction with the following relationship: 

(1-!)Ymb~, =Ui/=~' (11) 

where! is the void volume fraction and related to relative 
density p through! = 1 - p. Note that m is a subscript and 
not a tensorial index. The above expression was derived from 
the definition that the total plastic work in the aggregate is 
entirely due to the plastic work done by the matrix. By com­
bining Eqs. (10) and (11), l can be expressed by 

l = [(1 - I) Ymh~,] JI( a<l> Uij)' (12) 
/ \ aUij 

The plastic strain rates in the aggregate can be written as 

i:t = [[ (1 - f) y,j)~, l/f a<I> a rl )] act> . (13) 
\aO'rl aO'ij 

In the constitutive model formulation, the total strain rate is 
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decomposed into elastic and plastic strain rates. The elastic 
strain rates Eij are related to the stress through Hooke's law 
as 

(14) 

where Dik is the inverse of elastic modulus matrix, E ik • 

Using the consistency condition which holds during the 
plastic flow, we can obtain an expression for Ym as 

. [( act>. alP .)' I act> 
Ym = - aO'ij O'ij + ali j/ ay

m
' 

(15) 

An expression for iT ij can be obtained from Eq. (14) by re­
placing the elastic strain rate as the difference between total 
and plastic strain rates, 

iT ij = Eil ( € lj - iE'ij). (16 ) 

We now need an evolution equation to calculate/at any 
given instance of the loading history. The void volume frac­
tion rate i contains two parts: one due to the growth of exist­
ing voids and the other due to the nucleation of new voids. 

C. Void nucleation and growth 

The most widely used void nucleation model was the 
one that was initially used by Chu and Needleman 16 in their 
analysis of localized necking in biaxially stretched sheets. 
The model was based on a mechanism in which voids are 
nucleated due to debonding of inclusions from the matrix. 
The debonding can occur due to either a stress or a strain 
criterion or both. The corresponding model is given by 

in = Fa{iTm +h +Fj)~" (17) 

where 

F - (1'/ (2······) 1[(Ym +P-aN)Is,l' 
a-VI SrI! rr e , (18) 

and 

F. = (fz/s2,j2rr)e· H(D~,- e,,)/s,1'. (19) 

If the nucleation is only due to the matrix debonding 
from inclusions, then the total void volume nucleated must 
be consistent with the volume fraction of second-phase parti­
des. Therefore, the values determined for the parameters J; 
andfz must meet this requirement. O'N and eN are the mean 
equivalent stress and strain, respectively, around which the 
nucleation stress and strain are distributed in a Guassian 
manner. Sj ands2 are the standard deviations of the distribu­
tions. These two parameters will control the ranges of stress 
or strain over which most of the voids can be nudeated. 

The growth law can be directly related to the dilatation 
due to growth of voids in the aggregate. By definition, the 
growth rate is given by 

h=O-/)£f;, (20) 

where repeated index means summation and Ef; are plastic 
strain rates in the three principal directions and! = 1 - p. 
By taking derivatives of the yield function with respect to the 
stress components and by summing up the plastic strain 
rates (13), the equation for void growth rate (20) can be 
written as 

. = 3p2 b ~ (1 _ p2) (~) 
Is D(p) Y

m 
. 

(21) 
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The evolution equation for the void volume fraction is 
then given by the sum of~ andj;, as 

i= (1 - f)€~ + Fu( Ym +.h + F<b~" (22) 

where Fa and Fc are given by Eqs. (18) and (19). Six model 
parameters have to be determined to describe the void nu­
cleation process, when the process is due to both stress and 
strain criteria. 

When the stress state is triaxial with (P IYm ) > 1, the 
nucleation process is stress controlled; whereas under uniax­
ial stress states, such as in a thin ring or cylinder under plane 
stress condition, the mechanism is dominated by strain. It is 
fairly well established that under high strain rate and high­
pressure loading conditions, the void nucleation mechanism 
is dominated by the pressure (mean stress). To mode! the 
spall-type failure, void nucleation due to Fe in Eq. (17) is 
negligible and, in turn, we can set F. = 0 in the calculations. 
Effectiveiy, the void volume fraction model will include only 
three parameters which can be determined from the plate 
impact tests data. 

The rate equations (1), (3), (13), (15), (16), and (22) 
must be solved numerically to describe the stress-strain re­
sponse of a void contained aggregate material. In particular, 
these equations were carefully rearranged to create a weIl­
behaved set of first-order ordinary differential equations. 
These equations are solvable by a first-order diagonally im­
plicit Runge--Kutta (DIRK) scheme. 17 A first-order DIRK 

scheme is designed to be stable, second-order accurate, and 
efficient for stiff differential equations. The corresponding 
numerical algorithm was appended to the STEALTH finite 
difference code. 18 For this purpose several special purpose 
subroutines were developed. Numerical exercises were con­
ducted using these new subroutines. The exercises were 
based on a plate impact test simulation. (Note: A description 
of the plate impact test is given in a later section.) Results 
showed that the subincremental time steps of the DIRK 

scheme had to be unrealistically small to sustain a stable 
solution when (j(p) approached zero. Even for reasonably 
small time steps, a definite finite difference grid sensitivity 
was noticed due to the widening gap between the STEALTH 

time step and the DrRK scheme time step as 8(p) approached 
zero. Further investigation revealed that this grid sensitivity 
was due to the exponential form of the 8 (p) function [see 
Eq. (8)]. We investigated this aspect of the modeling as 
discussed in the following section. 

D. A new form for S(p) 

The conditions on the coefficient of the matrix effective 
stress in the yield function is (5 (p) = 1 at p = 1 and 8 (p) = 0 
atp = Per' We proceed initially with the form 

(5(p) = [g(p) -g(Pcr)]I[g(1) -g(p,.,)], (23) 

which satisfies the conditions on the /5 function. A new func­
tion for g(p) is proposed here as 

g(p) = [1(- (N/INj)(l-p)]N. (24) 

A negative value of N makes Eq. (24) a hyperbolic power 
function which we find to be numerically more efficient than 
the exponential form. This fact has been substantiated 
through the numerical simulations of a plate impact test con-
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figuration. In these simulations, the initial slope of 8(p) at 
p = 1 influenced greatly the slope of the spall signal. Thus, 
we introduce the void growth model parameter, {3, where 
{3 = 0' ( 1 ). With /3, N, and Pc, as model constants, the cor­
responding value of K can be solved by a simple iterative 
scheme. 

m. PLATE IMPACT SIMULATIONS 

In this section, the plate impact experimental technique 
is briefly described. Detailed discussions on planar plate im­
pact can be found in Refs. 19 and 20. Determination of the 
failure model parameters is aided through the simulation of 
plate impact tests. Simulations are carried out using the 
STEALTH one-dimensional finite difference code. The effect 
of each model parameter on the spall behavior is evaluated 
from the simulation results. A methodology to determine the 
parameters is outlined. The model also has been successfully 
used to describe spallation in OFHC copper. 

A. Physical features 

The impact of a 2-mm-thick copper flyer against a 9-
mm~thick OFHC copper target is modeled using the 
STEALTH code. The constitutive and failure models de­
scribed in Sec. II were used to characterize the high strain 
rate behavior of copper. Our first objective is to demonstrate 
the experimentally observed important physical features of 
the free-surface velocity profile. In Fig. 1, results from two 
different simulations are shown. In the first simulation, the 
model parameters were chosen so that the target spalls. A 
typical spall signal, as is usually observed in an experiment, 
can be seen in Fig. L In the second simulation the spall is 
suppressed by choosing a zero value for the nucleation pa­
rameter, j~. The complete unloading of the velocity history 
as indicated by the dotted line clearly demonstrates the ab­
sence of span in the target. 

In Fig. 2, the velocity histories obtained from simula­
tions at different impact velocities are shown. The most im­
portant physical features in the velocity profiles are the ve-

u .. 
0.16 

~O.12 
IE: 
IE: 

>-
t­
;:;0.06 

9 
ILl 
:> 

0.04 

I 'SPALL 
I , 
\ , 
I 
I 
\ 
I 
I , 
\--NO SPALL 

\ , 
----------0.00 ........ _...L..l __ -I. __ --'-__ ==;;;;...! 

I 234 5 6 
TIME (fL!>ecl 

FIG. 1. Simulated velocity history for a target without and with spall fail­
ure. 
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FIG. 2. Simulated free-surface velocity histories at different velocitie~. 

(Note: As velocity decreases, at V = 50 mis, no spall occurred.) 

locity level, ~ V" and the time duration or period, 7 s , of the 
wave transit between the spall plane and the free surface. 
!l V, corresponds to a stress level around which rapid micro­
void or microcrack nucleation occurs (note that 
(7 N = i pet.. v, ). If the impact velocity is greater than b. Vs ' 

as in the cases of plots A, B, C, and D in Fig. 2, then spana­
tion will occur, as indicated by the span signal. However, at 
an impact velocity of 50 mis, it can be clearly seen that spall 
nucleation has not occurred. The tensile stresses in the target 
at this impact velocity are lower than the mean nucleation 
threshold stress aN (;:::: 16 kbar). In the nucleation model, 
nucleation is assumed to occur at (7 N ± 3s, where s is the 
standard deviation. Figure 3 shows that at velocity V = 100 
mis, the tensile peak stress was around 13 kbar, compared to 
a peak stress of 18 kbar in compression. This is due to void 
softening of material which reduced the stress levels. 

The void volume fraction distribution levels in the target 
at three different times are shown in Fig. 4. The distribution 

90r-------~r-~----_,--------_, 

60 

~ 

" .0 
~ 

30 en en 
LI.l 
0:: 
I-cn 

0 

-30~--------~------~--------~ 
I 2 3 4 

TIME (JLsec) 

FIG. 3. Simulated stress history at the spall plane. Stress relaxation under 
tension is shown for three impact velocities: 100, 185, and 500 m/s. (Note: 
Stress is negative in tension and positive in compression.) 

1524 J. Appl. Phys., Vol. 65, No.4, i 5 February 1989 

1.0....-----,-----,-----,-----, 

z 0.8 
o 
~ 
<:[ 

if 0.6 
w 
::!i 
::l 
..J 
~ 0.4 
o 
o 
:> 

0.2 

t ~ 6 p.sec 

t· 4 p.sec 

0.0 '--_-=::±::::::::._ ....... --==="""""' __ ....l 
6 7 8 

DISTANCE FROM IMPACT PLANE Imml 

FIG. 4. Model simulated void distribution in the impacted target plate for 
t = 3, 4, and 6 ms. 

clearly shows that the maximum void volume fraction is at 
the span plane which is around 2 mm (flyer plate thickness) 
from the free surface (at x = 7 mm). The presence of voids 
at and around the spall plane has been supported by metallo­
graphical studies conducted on different materials. II 

In Fig. 5, the loading path at the span plane of the target 
is shown. The void volume levels are shown by dotted lines. 
Initially the strength is independent of pressure, as can be 
seen between points A and B. Damage nucleation has not yet 
initiated and therefore f remains zero. At B, the nucleation 
occurs. As the pressure increases, the void volume also in­
creases between the loading points Band C. Strength rapidly 
decreases between points C and D. At 1 % void (around D), 
the void containing aggregate can no longer sustain tensile 
pressure, so the pressure rapidly decreases as the void vol­
ume reaches 10%. Failure (coalescence of voids) occurs 
between points E and F. Both pressure and strength ap­
proach zero as the material completely fails. 

--- f· 0.005 0.8 
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10 

FIG. 5. The loading path (,j3J2 IY", vs 3P IY",) at the spall plane in a 
simulation. 
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B. Stability of the solution 

The integration of the ordinary differential equations 
for the constitutive model by a DIRK scheme is known to be 
stable and at least second-order accurate. But if the time 
intervals of the DIRK scheme are much smaner than the time 
step determined by the Courant criterion in the STEALTH 

wave propagation code, then the stability and accuracy of 
the solution becomes uncertain. Depending on the DIRK 

time step size, the STEALTH stable time step for a particular 
zone (or element), as determined from the Courant condi­
tion, may be reduced by an integer factor ranging from 2 to 
10. This factor is initialized to 1, indicating no reduction in 
the stable time step. Then the factor is either increased by 1 if 
the last DIRK time step is less than one-tenth of the STEALTH 

time step, or decreased by 1 if the last DIRK time step is 
greater than two-tenths of the STEALTH time step. This 
method allows a gradual, but not necessarily permanent, re­
duction in the STEALTH stable time step down to one-tenth 
of the stable time step computed from the Courant condi­
tion. Since there is no mathematical criterion of stability for 
the entire solution, a few numerical exercises were devised to 
check for solution stability and accuracy. These exercises 
involved several plate impact simulations. One effective nu­
merical test was to determine if the total momentum and the 
total energy remained constant during a plate impact simu­
lation. The solution was accepted only if this condition was 
met. The second exercise was to determine if the entire solu­
tion remained essentially the same if the grid size was varied. 
The results are shown in Fig. 6 for two impact velocities (200 
amd 500 m/s) with three different grid sizes. It is possible to 
absolutely ensure stability and accuracy by forcing the 
STEALTH time interval to be the same as the DIRK scheme 
time interval, but this is costly in terms of programming 
effort and excessive computer time. In any case, numerical 
exercises to vary the numerical integration and stability pa­
rameters should be conducted to optimize the stability, accu­
racy, and computer time of the solution. The results so far 
indicate that the solution is stable and reasonably accurate. 

C. Sensitivity study 

It is important to evaluate the effects of various model 
parameters (UN'/i' S, [3, N,hr) on the numerically simulat­
ed failure process. For this purpose, we conducted a sensitiv­
ity study. The sensitivity of the dynamic failure model pa­
rameters on the solution (in the free-surface velocity versus 
time plot) can be checked by varying the values systemati­
cally. The variation in the values of the three void nucleation 
parameters, (UN'/I' and s) were examined first, and then 
the three void growth parameters (13, N, and hr ) were exam­
ined. 

An increase in the value of (J' N caused the spall signal to 
occur later while the solutions during the rebound tend to 
merge together. Likewise, a decrease in the value of II caused 
the spall signal to occur later while the solutions during the 
rebound tend to merge together. It appears the void nuclea­
tion parameters ()N and It have a strong influence on the 
initial span signal, but become a negligible influence on the 
void growth which affects the rebound. The standard devi-
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FIG. 6. Demonstration of grid (or mesh) independeney of the solution for 
three different grids at two velocities. 

ation s can be defined as a fraction of UN' The sensitivity 
study used three different fractions, 0.125, 0.25, and 0.5. Re­
call from Eqs. (17) and ( 18) that the model for void nuclea­
tion due to stress follows a Gaussian distribution with mean 
(J' N' which allows nucleation to occur for a stress range of 
UN ± 35. Since void nucleation in metals can only occur dur­
ing tension, a practical upper limit for the fraction is one­
third. This prevents a negative lower bound for the nuclea­
tion stress range. Varying the stress standard deviation, s, 
had only a minor effect on the span signal or the rebound. 

The rebound peak of the spall signal increased for in­
creasing values of the void growth parameters (J and IN I. 
The initial slope of the span signal was less influenced by N 
than [3. Further sensitivity studies showed that the void 
growth parameter (J seems to affect the slope significantly. 
Taking advantage of the negligible influence of N on the 
slope, the parameter f3 can be estimated by matching the 
spall signal slopes between the simulation and experiment. 
VaryingJ~r from 0.6 to 1.0 had a very minimal impact on the 
spall signal and the rebound. Therefore, we can arbitrarily 
choose a value of 1 for hr which is consistent with the defini­
tion of/at failure. 

In summary, the sensitivity study indicates that the fail­
ure model parameters can be systematically determined by 
matching the simulation results with the spall signaL UN can 
be obtained from the relationship, Un = !pCllV" wherep is 
the mass density and C is the wave speed. The value for t:. V, 
is available from the velocity history. The value for 5 can be 
arbitrarily chosen to be one-fourth of UN' A theoretical value 
of 1 can be assigned for f.." .. The only remaining parameters 
that need to be determined from the spall signal arelt .!3, and 
N. II can be determined by matching the spall arrival time, [3 
is chosen based on matching the stope of the spall signal, and 
finally N is selected based on matching the rebound peak of 
the spall signal. We successfully employed this scheme and 
determined the model parameters for OFHC copper. The 
following section describes this effort. 
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D. Model parameters for OFHC copper 

The constitutive and failure models discussed in Sec. II 
were used to describe OFHC copper at high strain rate load­

I 

Do 
(lIs) 

1.1 15.0 

The plate impact experiment on annealed OFHC copper re­
ported by Rajendran et al. 15 was employed in the failure 
model parameter evaluation, A 2-mm copper flyer was im­
pacted against a 9-mm copper target at an impact velocity of 
185 m/s. The free-surface velocity history of the target was 
determined by velocity interferometer system for any reflec­
tor (VISAR) measurements. This velocity hi.story was used 
in the model parameter calibrations. 

Based on the sensitivity study discussed in the preceding 
section, the failure model parameters are estimated. Out of 
the six parameters (aN' s,h .. ,/l' (3, and N), determination 
of the first three is fairly straightforward. The calculated 
value for UN was 16 kbar, as determined from the measured 
value of b.. V,. In order to minimize the number of model 
parameters by taking advantage of the fact that s andhr are 
less sensitive to the failure processes, we arbitrarily assigned 
s = 0.25 UN andhr = 1. We mentioned earlier that the spall 
signal did not show significant differences for s = 2,4, and 8. 
Similarly, for hr >0.5, the results showed similar trends and 
therefore a theoretical value of 1 was chosen for ler. 

The remaining parameters /3, N, and!, were determined 
by adjusting them until the simulated free-surface velocity 
matched well with the experimental data. Following the 
guidelines discussed in the preceding section,1I was adjusted 
to approximately match the spall signal arrival time. Thenp 
was modified until the average initial slope ofthe span signal 
matched with the experimental data. Finally, the value of N 
was chosen so that the peak velocity of the spall signal re­
bound matched with the data. The corresponding failure 
model parameters for OFHC copper are given below: 

aN s II f3 N j~r 
(kbar) (khar) 

16 4 0.01 65 -2.4 

It can be seen from Fig. 7 that the simulated free-surface 
velocity history using the newly developed dynamic failure 
model in the STEALTH finite difference code compared ex­
tremely well with the experimental data. The model param­
eters were systematically developed using standard high 
strain rate experimental techniques. The developed model 
evaluation scheme can be extended to other materials which 
fail under dynamic loading conditions due to void nuclea­
tion, growth, and coalescence. 

IV. CONCLUSIONS 

Void nucleation and growth-based constitutive and fail­
ure models to describe spallation-type failure processes in 

1526 Jo AppL Phys., Vol. 65, No.4, 15 February 1989 

ing. Rajendran and Bless21 determined the BP model param­
eters from split Hopkinson bar experimental data and the 
steady-state value of a HEL . The corresponding parameters 
are given below: 

n 

150 0.4 

Zo 
(kbar) 

8.0 

ZI 
(khar) 

65.5 

ductile materials under dynamic loading conditions were 
presented. The model is three-dimensional and based on mi­
cromechanical parameters. Strain rate dependency on the 
strength (flow stress) and the pressure effect on the plastic 
flow were also included in the model formulation. New sub­
routines incorporating a sophisticated numerical procedure 
were successfully developed to describe the failure model in 
the STEALTH finite difference code. Numerical stability of 
the stiff differential equations that describe the model was 
demonstrated through plate impact simulations. 

The matrix material description through the Bodner­
Partom model introduces the necessary strain rate depen­
dency into the model. The Bodner-Partom model param­
eters were determined from the split Hopkinson har stress­
strain data at three diiterent strain rates and the steady-state 
value of the Hugoniot elastic limit from the plate impact 
experiments. Rajendran et af. described the procedure to de­
termine BP model parameters elsewhere in Ref. 13. 

The pressure-dependent yield function served as a plas­
tic potential through which the damage growth and degra­
dation of material strength were effectively modeled. The 
void nucleation and growth models contained six param­
eters. The plate impact test simulation results demonstrated 
that only three parameters, j;, /3, and N, have to he deter­
mined by adjusting them to reproduce the experimentally 
observed free-surface velocity history of the target. Deter­
mination of the other three parameters (0'."1' S,h,) was 

0016 r 
u ! ., , 
E-Ool 2 L 
~ ! - , 
>- I 
I- ! g 0.08!-
..J ! w , 
> ! 

0004 
EXPERIMENTAL 
MODEL 

O.OO'"--_oL.l. ___ ...l..... ___ .l....... __ --l 

I 2 3 4 5 
TIME (fLsec) 

FIGo 7, Comparison between model simulation and the experimental data 
of the free-surface velocity historyo 
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straightforward and did not require any calibration. How­
ever, in the future, the effects of matrix material model pa­
rameters on the determination of these three parameters 
have to be studied additionally. 

This model can be implemented into any one-, two-, and 
three-dimensional finite difference/element wave propaga­
tion/dynamic codes. We successfully implemented it into 
the STEALTH finite difference code and determined the mod­
el parameters for OFHC copper. Generality of the proposed 
three-dimensional failure model in configurations other 
than plate impact tests is yet to be evaluated. The validity of 
the model parameters must be evaluated by conducting ad­
ditional plate impact tests with different thicknesses of both 
the flyer plate and target. 
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