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Constitutive modelling of spall fracture(*)

J. EFTIS and J.A. NEMES (WASHINGTON, D.C)

A PHENOMENOLOGICAL viscoplastic constitutive theory that includes the material
microvoid volume fraction as a scalar-valued damage variable has recently been used to
model high strain-rate deformation and ductile spall fracture caused by high velocity
plate impact. Numerical calculations that simulate three experimental plate-impact
configurations give realistic results, demonstrating the theory’s ability to describe ductile
spall phenomena. An oxygen-free high purity copper material was assumed for the plate
material. The numerical simulations describe the normal and oblique impact of plates
having equal lateral dimensions, and the normal impact of a small circular flyer plate
with a larger diameter circular target plate. For the plate configurations with large
lateral dimensions stress wave profiles are calculated, as are target rear-surface
velocity-time profiles and damage distributions across the target thickness. For the
circular plate impact the distribution of damage within the target, the target plate
configurations at spall and at post-spall, including fragmentation of the target, are
calculated. In the only comparisons with experiment that could be made, the predicted
stress and velocity-time profiles and the damage distribution for the non-oblique impact
compares well with available experimental data for OFHC copper.

Fenomenologiczna teoria konstytutywna lepkoplastycznosci uwzgledniajaca objetos-
ciowy udzial mikropustek w materiale jako skalarna zmienng uszkodzenia zostala
ostatnio wykorzystana do opisu duzych predkosci deformagii i ciagliwego dynamicz-
nego zniszczenia spowodowanego uderzeniem z duza predkoscia. Numeryczne ob-
liczenia, ktoére stanowig symulacj¢ trzech doswiadczalnych uktadéw zderzajacych sie
plyt daja zadowalajace rezultaty, co wskazuje na przydatnos$¢ teorii do opisu zjawisk
dynamicznego zniszczenia. Jako material badanej plyty przyjeto wolna od tlenu
wysokiej czystosci miedz. Numeryczne symulacje opisuja ortogonalne i uko$ne zderzenie
plyt majacych jednakowy wymiar podluzny oraz ortogonalne zderzenie mniejszej
poruszajacej si¢ plyty kotowej z kotowa plyta tarczy o wigkszej Srednicy. Dla
konfiguracji ptyt z duzym wymiarem podluznym okreslono profil fali naprezenia, jak
rowniez zmiang predkosci tylnej powierzchni plyty-tarczy w funkcji czasu oraz rozklad
uszkodzenia po grubosci tarczy. W przypadku zderzenia plyt kotowych okreslono
rozklad uszkodzen w tarczy, konfiguracje plyty-tarczy w chwili zniszczenia i po
zniszezeniu z uwzglednieniem fragmentacji. Mozliwe do przeprowadzenia poréwnania
z rezultatami eksperymentalnymi przewidywanych naprezen, zmian predkosci w czasie
oraz rozkladu uszkodzen dla ortogonalnego zderzenia daja zgodne wyniki w przypadku
miedzi OFHC.

DEeHOMEHOIOTHYECKAs OMPENEAIOIIas TEOPHS BA3KOMIACTHYHOCTH, YYHT bIBAKOLUAN
00BEMHOE Y4aCTHE MHKPOMYCTOT B MATEPHAIE KaK CKAJAPHYIO MEPEMEHHYIO MO-
BpEXICHHS, B IOC/EHEE BPEMS HCIOJbL30BaHA L1 OMHCAHHS OOJBLIMX CKOPOCTeil
nedopMaltii ¥ TAry4ero QHHAMHYECKOrO pa3pylIeHHs, BhI3BAHHOIO YAApoM C 6osb-
LLIOI CKOPOCT b10. YHC/IEHHBIE PACHET BI, KOT OPhIE COCT aBJIAIOT HMHTAUMIO TPEX JKCIIe-
PHMMEHTJIbHBIX CHCTEM CTa/IKHBAIOLIMXCH IUIHT, JAIOT YAOBIETBOPSAIOLIME DPe3y.I-
bTAThI, YT O MNOKA3bLIBAET HA NPHIOQHOCTb TEOPHH [15 OIHCAHWS ABJICHUH QHHAMHYEC-
Koro paspywenns. Kak marepuan Hcciaeayemoil IUIHTHI NMpHHSTA, cBobogHas ot
KHCJI0POAd, MEAb BBICOKOIl HHCT OT bl. HC/ICHHBIC HMATALMHE OMMCHIBAIOT OPT OrOHAT-
BHBIE H KOCHI€ CTOJIKHOBEHMS [UIMT, HMEIOIIMX OJMHAKOBHIH MPOJOJIBLHEIH pa3mep,
a TaKKe OPTOrOHAJBHOE CTOJIKHOBEHHE MEHbLIEH, ABHXYLIEHCS KPYroBOH IUIHTbI

(*) An expanded version of an invited lecture-paper at the 28th Polish Solid Mechanics
Conference, Kozubnik, Poland, Sept. 4—S8, 1990.
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C KpYroBoil ILTHTOH-MHIUEHbIO ¢ GoabliEM guamer poM. JIns KOHQUIypalMH ILIHT
¢ 60J1bIIMM NPOJOIILHEIM PAa3MEPOM OINpefesieH NpOoQHIb BOIHB HAMPSXKEHHS, KaK
TOX€ U3IMEHEHHE CKOPOCTH 3a/IHEll MOBEPXHOCT U ILIUT bi-MHILIEHH B GYHKLIMH BPEMEHH
H pacrnpeieiieHHs TOBPEXACHHS MO TOJIIHHE MHLICHH. B ciaH4ae CTO.IKHOBEHHS
KPYrOBBIX ILTAT OINpPEJE.IeHO pacrnpeie/ieH e MOBPEXICHHI B MHIUCHH, KOHQUIYpaLHH
IUIMTHI-MHLUICHH B MOMEHT Pa3pylUeHHs H MOCje pa3pylueHusi, ¢ y4erom ¢parmen-
Tauud. BOo3MOXHBIE 171 NPOBEICHHS CPABHEHHS C JKCIIEPHMEHT aJIbHBIMH DE3yJIb-
TATAMH MPeACKA3bIBAEMbIX HANPSDKEHUH, H3IMEHEHHH CKOPOCTH BO BPEMEHH M pacil-
penesieHus MOBPEXACHHIL U1 OPT OrOHAILHOIO CTOJKHOBEHHS [AIOT COBIA/AIOUIHE
pesyabrarhl B caydae meau OFHC.

1. Introduction

SPALL FRACTURE (spallation) is a particular kind of fracture that results from
the tension produced by the interaction of propagating rarefaction waves. Such
waves can be caused by the impact of a projectile against a target [1], the
detonation of a high explosive in direct contact with the target [2], or by
sudden deposition of an intense pulse of energy on the target surface [3]. More
specifically, in the case of plate impact the initial compressive stress wave
travelling across the target plate reflects back at the free surface as a propaga-
ting tensile wave. A similar process, oppositely directed, occurs in the flyer
plate. The superposition of the propagating tensile wave fronts, if of sufficient
intensity (amplitude) and time duration, can cause partial or complete
separation of the material along a plane perpendicular to the direction of the
wave fronts (cf. Fig. 1, [4-6]). Spallation as a particular manifestation of

FLYER PLATE TARGET PLATE

AFTER IMPACT

FIG. 1. Schematic of spall fracture induced by plate impact.

dynamic fracture and fragmentation in general, has been the subject of much
recent interest, particularly at the Stanford Research Institute [7-13], and the
Sandia National Laboratories [14-18]. The review articles on spall and
dynamic fracture by MEYERS and AIMONE [19], and by CURRAN, SEAMAN
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and SHOCKEY [20], provide access to much of the extensive literature on the
subject.

A plate-impact-spall experiment consists essentially of a thin flyer plate
acting as a high speed projectile that strikes a target plate with an impact
velocity that usually ranges between 100400 m/s. The transit time of the
stress waves that propagate across the plates is of the order of 1077 — 1076 s,
causing very high strain rates that range between 10* — 10 s™!, and defor-
mation that is essentially adiabatic. The impact produces mean stresses that
can vary in the 5—50 kbar low to moderate shock stress range.

In describing mechanical behavior of polycrystalline materials for ordinary
engineering applications, the presence of very small voids within the polycrys-
tal structure is not significant. However, in circumstances where material
degradation occurs, either because of high intensity stress loading, or because
of advanced deformation, the porosity of the material becomes important in
attempting to describe its mechanical response. Microvoids in polycrystalline
metals can range in size from 1072 — 107 ° cm., with an average density of the
order of 10° per cm3, and an average initial void volume fraction between
1073 — 1074

Post-fracture photo-micrographic observations have shown that spallation
represents the end result of an accumulation of microdamage that takes place
during the tensile phase of the stress wave loading. Figure 2 provides an
illustration of microdamage that consists of somewhat disoriented microcracks
of different sizes to the left, and of voids of varying size and configuration to the
right. In ductile materials the microdamage consists mostly of microvoids that
nucleate, grow and finally coalesce to form the plane of separation within the
material body (cf. [20]). In keeping with these known physical features of
ductile spallation, PERZYNA [21] has recently formulated a rate-type visco-
plastic-damage constitutive theory that includes the microvoid volume fraction
of the polycrystalline material as a scalar internal variable, which is regarded as
a damage measure that serves to quantify ductile type material degradation.
A local fracture criterion is utilized based upon attainment of a critical void
volume fraction. The constitutive model in the form shown here assumes no
temperature change or heat conduction, and is appropriate therefore to
situations of moderate shock where the temperature changes induced by the
high strain rate deformation are not significant.

The constitutive theory has recently been utilized in an attempt to describe
the spall fracture of thin plate for three different plate-impact geometries
[21-29]. For the first, plates that have equal lateral dimension and unequal
thickness, collide with the direction of the velocity of the flyer plate normal to
the plane of the plates (cf. Fig. 1). For this configuration the spall process takes
place under conditions of uniaxial strain along the direction of the plate
thickness. In the second configuration the impact of the parallel plates occurs
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FiG. 2. Photo-micrograph of microdamage caused by impact.

[402]



CONSTITUTIVE MODELLING OF SPALL FRACTURE 403

along the direction inclined relative to the flyer velocity direction, i.e., oblique
impact. This results in propagating waves of combined pressure and shear, with
corresponding normal and shear strains in the direction of the plate thickness.
This configuration is shown in Fig. 15. The third configuration involves
non-oblique impact of parallel circular plates having different diameters and
thicknesses. The circular plate configuration, shown in Fig. 23, provides a more
complex situation of multi-dimensional axisymmetric strains. Because of the
edge effect of the smaller flyer plate, nonplanar as well as planar waves are
generated and the region of spall covers only part of the target plate diameter,
resulting possibly in partial spall, or spall with post-spall fragmentation.

2. Elastic-viscoplastic solid with microvoids

2.1. Constitutive equations

The polycrystalline medium is assumed to be permeated with micro-voids,
where &= & (x,t) represents the void volume fraction &= (V— V°)/V at
location x and time t, Vis the volume of a material microelement and V* is the
solid constituent. The average initial void volume fraction for polycrystalline
metals is usually of the order £, = 0.001 — 0.0001, which for the more usual
kinds of engineering calculations is assumed to be negligible.

The constitutive equations are expressed in rate form where the rate of
deformation tensor is assumed to have additive elastic and plastic components

@.1) D = D¢ + D>,

The elastic deformation is of small order in strain, allowing the rate of elastic
deformation to be expressed as a linear function of the stress rate

1 v v
X f=—|T- t ;
(2.2) D 2 [T 1+v(rT) 1]

v
where T represents an objective stress-rate of the Cauchy stress tensor T. The
elastic properties of the solid are altered as the void volume fraction of the
material changes. According to the hollow sphere model proposed by
MACKENZIE [30], the elastic shear and bulk moduli can be expressed in
relation to their values for the ideal solid (without microvoids) through the
relations

<

o 6K + 12
@) m=u- 0 (1- Gpke),
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= 4uK(1-9)
2.4 =
=4 & 4u + 3K¢
and

13K -24
@3 "T2R+ i

where p, K are the elastic shear and bulk moduli values for the ideal material.
The inelastic rate at which the microvoid permeated material deforms can
be described by the following set of relations [31, 21],

of

'y A A
DP =@ (F)=— f
5 ()aT or F>0,
(2.6) X
D? =0 for F<O.

Here @ is a material functional of the yield function

Iy

2.7 F = ”

while ¢ serves as a rate of deformation control function that has as its
argument the ratio [(I,/I5) — 1]. It is defined such that for I, =I5, ¢(0) =0
and for I, < I3, ¢(..)=0. The rate of deformation invariant

(2.8) I, = ||(Tp) |

with ||(...)|| denoting absolute value, and

[ tr(D"-DY],

B | -

(2.9) My =

(2.10) D'=D- % (trD)1.

The value I, = I3 signifies the quasi-static rate of deformation, that is, the
strain rate below which no significant rate effect of the viscoplastic material is
observed by the usual means of laboratory testing at the temperature of
interest. The constant

.y
(2.11) y = ¥

includes the material viscosity coefficient y, and the rate-independent yield

stress x, = (1/\/5) 5
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The presence of microvoids introduces compressibility into the otherwise
incompressible plastic deformation. Therefore the yield function f, in reflecting
this circumstance includes the first invariant of the stress, [32-34],

(212 f=10y o & =1T5 +nlli,
where
1
(2.14) Jo= —H1=§tr (T - T,
1
2.15) T=T- (L

The material coefficient n proportions the relative effect of the dilatational and
deviatoric contributions to the yield. The isotropic hardening of the material
and the concomitant material softening as the microvoid volume fraction
increases, is expressed through the yield function

@.16) = (e 8) = [0+ e — 9)e™*"]? [1 - uz]’_

The coeflicients g, f are material hardening parameters, e.g., q is the stress at
which the strain hardening saturates. The material parameter n, is identified
below, and & is the equivalent plastic strain invariant

(2.17) P)V2||dr.

. 2
ef =) —||(IT

[yl
It should be noted that the form for the isotropic hardening appearing in Eq.
(2.16), which assumes nonlinear strain hardening that saturates as the strain
progresses, is a modification of the linear strain hardening proposed by
PERZYNA [21]. The reader is directed to Ref. [22] for discussion of the reasons
requiring such a change.

The material functional and the rate of deformation control function are

assumed to be power functions of their arguments

o oo (28T o5 (5]

with m,, m as material parameters. The general form Eq. (2.6) for the
visconlastic rate of deformation can now be given explicitly as
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_ Yo ’2+n€‘I12 i
(.19 D?= (& 3 l)"' [[q + (4o — q) e PP12[1 — n, E12]2 o 1]
2

X l(2n§.lll+T’).
%o
From Eq. (2.7)

.1 o of\)-12
s d(F) = — r.prYI1/2 .
220 @ = ter-prpe o (X I
which together with Eqgs. (2.11), (2.12), (2.16) and (2.18) produces the revealing
relation

(21) f=Jy+nllt=[q+ (%, — g e P12 [1 —n, Y22

tr(D?-D?)Y2 /] m 1/m
X {1 3 [% (1_32__ ) %o (12n2E2J% + 2.]’2)"”2] 1},
0 2

which describes the continuous change of the plastic flow stress as a result of
isotropic hardening, the strain-rate sensitivity of the inelastic deformation, and
the material softening associated with growth of the microvoid volume
fraction. Equation (2.21) is very useful for determining the values of the
material parameters.

2.2. Evolution equation for the void volume fraction

The material degradation or damage is represented by increase of the void
volume fraction from its average initial value £,. At nonelevated temperature
and high rates of deformation microvoids increase due to diffusional micro-
processes is not significant. Therefore nucleation of new voids and volume
growth represent the essential micromechanisms that are operative for ductile
spall damage at ordinary temperatures.

At the high rates of strain associated with deformation caused by high
velocity impact, the thermally activated mechanism for microvoid nucleation is
considered the most important. It can be modeled by the form suggested by
SEAMAN et al. [9, 20], which subsequently was modified by PERZYNA [21] to
futher include the effects of void interaction,

(2.22) (‘%) _ 1” if)é [exp (mz |<:c - ff~|> _ 1]’

where m,|a —ay|/k0 is the nucleation activation energy, o = (1/3)J, is the
mean stress, o, is the threshold mean stress for nucleation, 0 is the
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temperature, k is the Boltzmann constant, and m, is a material parameter. The
material function h(£) is meant to account for the effects of void interaction on
void nucleation.

The calculation for the rate of increase of the volume fraction of the
microvoids uses the hollow sphere model where the voids of the solid are
replaced by a random distribution of spherical voids of arbitrary size
embedded in a viscoplastic material that strain-hardens nonlinearly, (cf. Fig. 3),
and is given by the set of relations [25]

FiG. 3. Element of the solid with microvoids replaced by idealized spherical voids.

(2.23) (j—f) = %g Q) F(£,80) (6 —0ag),
]

for 0 < a; (tensile stress is taken as negative), where

_E\2 27-1
2.24) F(é,éo)=§c(l 5)3[5—(’5)3] ,

L=, %o
225 g ‘L“‘E)l”(l)[z A
. =/ )t bem 9G]
and
o[ Go=0 (1-EVE 6\
(2.26) Fl(é-éo)—e)(p[:;ﬁf([_fo)(l—fo> (':) ]

2,68 [ 1-¢\-3
+"""[3”(1—¢o)(1—:o) ]
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This result generalizes the earlier calculations of CARROLL and HOLT [35],
JOHNSON [36] and PERZYNA [21]. In these expressions o represents the void
growth threshold stress, # is the microviscosity parameter (associated with the
microvoid growth), and g (&) is a material function that accounts for the effects
of void interaction during microvoid growth. Since the functions 4 (&) and g (¢)
serve to hasten void nucleation and growth rates, they can be associated with
the void coalescence that takes place at the terminal stage of the microvoid
growth process. On the basis of observed void volume distributions in spalled
plates the material function g(£) was chosen to have the exponential form
g (&) = e*, where « is a material parameter, while the function h(£) was
assumed to have a constant value (cf. Ref. [37, 20]).

Thus for the given circumstances the instantaneous value of the void
volume fraction £(x, t) appearing in the constitutive relations (2.3), (2.4), (2.19)
and (2.21) can be determined by time integration of the void fraction rate
equation

(2.27) % Z_‘f + v-grad (6 = i@ [exp (mz IUk; cnv|) _ 1]

" % JOFEE) (0 — o)

2.3. Local criteria for ductile fracture

Micrographs taken from cross-sections of spalled plates show quite clearly
that ductile spallation represents, essentially, the macroscopic terminal stage of
the microvoid growth process [10, 20]. Accordingly, local criteria for ductile
fracture can be defined as the attainment of a critical void volume fraction, that
is, £ =&, at which the material element (point) of the body experiences
separation with corresponding catastrophic increase of the rate of inelastic
deformation. Thus

(2.28) fim. ¥ o0,
&= 3p

whereby from Egs. (2.19) and (2.16) it follows that

(229) (6% Ee=g, = [q + (4o — ) €™ P12 [1 — m &p4]% =

identifying the material parameter n,

(2.30) ny o=
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24. Values for the material parameters

In the results subsequently described and discussed, oxygen-free high purity
copper was assumed for the plate material because of the experimental data
from high strain-rate tests, and from spall fracture studies, that is available in
the literature. Discussion of the evaluation and assignment of the material
parameter values and the material functions for OFHC copper can be found in
Refs. [22, 23, 37]. Consequently only a tabulated summary is provided by
Table 1.

Table 1. OFHC copper material parameters.

u = 4.84x10* MPa n = 025

K = 140x10* MPa & = 3x107*

4 = 125MPa &y = 0.32

g = 614 n, = 177

pr = 893 gm/cm? oy = 500 MPa (tension)
I = 7x107*s7! m, = 2.025x107%3 ¢cm?
®y = 9.31 MPa h = 7037

Yo = 337s7! « =20

m = 1/2 kO = 4.05x10721J
m =2 n = 120 Poise

2.5. Predicted stress-strain-damage material response

The capability of the constitutive theory to model the rate sensitivity and
hardening characteristics of polycrystalline material response, as well as the
damaging effects associated with increase of the microvoid volume fraction are
shown by Figures 4—6. The uniaxial stress-strain and the uniaxial strain-stress
relations, shown graphically by these figures, are obtained by specializing the
set of constitutive relations given in Sect. 2.2 using the material parameters
listed in Table 1 (cf. Ref. [22]).

The predicted curves of Figures 4 and 5 assume no microvoid volume
increase. The first set illustrate the sensitivity of the yield stress to strain
rate, particularly at the higher rates, qualitatively similar to the experi-
mental data for copper reported by NICHOLAS [38], and DOWLING et
al. [39]. The predicted stress-uniaxial strain response for OFHC copper at
different strain rates shown by Fig. 5, are qualitatively similar in general
features to the experimentally constructed stress-uniaxial strain curves for
aluminum 1060 reported by KARNES [40]. They also demonstrate the yield
stress (Hugoniot elastic limit) sensitivity of copper to high rates of strain.
Both sets of figures show the relative softness of copper at moderate strain
rates.
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FIG. 6. Predicted stress-uniaxial strain response with damage at different strain rates.

In Fig. 6, which is also for uniaxial strain, the void volume fraction is
allowed to increase. (The negative signs signify tensile stress and strain). These
curves apart from showing the strong strain-rate hardening, illustrate the
dramatic softening (relaxation of stress) effect, and its rate dependence, caused
by the growing microvoid volume as the strain develops. The softening
continues until the stress is reduced to the smaller of the void nucleation and
void growth threshold stress values oy and ;. More discussion of these and
other features of the damage behavior can be found in Ref [22].

3. Simulation of plate impact spall fracture

3.1. Non-oblique plate impact

The constitutive theory presented in Sect. 2 can be used to simulate
plate-impact spall fracture experiments where the spallation is ductile. The
simplest and most frequently used plate-impact experimental configuration
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utilizes flyer and target plates of the same material that have the same lateral
dimensions (cf. Fig. 1). For a microsecond or so after impact the central
portions of the plates experience uniaxial strain along the thickness direction in
the form of longitudinal waves that propagate across the thickness and back,
prior to arrival of release waves from the edges of the plates.

Detailed component expressions for the constitutive equations, and for the
equations of motion, can be found in Ref. [23]. These equations are used in
conjunction with the finite-difference wave propagation code (WONDY) to
perform numerical simulations of plate-impact spall tests. Comparisons are
made with experimental data for OFHC copper obtained from the literature.
The experimental information includes: (i) distribution of the micro-damage
across the target thickness, (ii) measurement of the stress-time profile at a gage
embedded in a backup plate, and (iii) measurement of the velocity-time profile
at the rear surface of the target.

For the first experimental simulation where a flyer plate 0.6 mm thick
traveling at 160 m/s collides with a target plate 1.6 mm in thickness, the
calculated compressive stress wave profiles that initially are propagating across
the target are shown in Fig. 7. Considerable dispersion of the wave front is
evident as the wave moves across the target, a manifestation of the viscous rate
effect and nonlinear hardening of the material response. At 0.2 to 0.3 us the
leading edge of the elastic precursor wave begins to appear, followed by the
slower moving viscoplastic wave front. At 0.3 us the unloading edge of the
compressive wave begins to develop, and at 0.4 us the elastic-inelastic
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FiG. 7. Computed compressive stress wave profiles for 160 m/s impact.
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two-part structure of the unloading wave front can clearly be seen. The tensile
stress waves that are reflected in opposite directions from the rear surfaces of
the plates superimpose to produce the material damage und ultimate spall
facture of the target. Figure 8 shows the computed tensile stress distribution at
different instants, demonstraing the progressive stress relaxation as the void
volume fraction increases in the region of maximum tensile stress. The
corresponding calculated distribution of the void volume fraction is shown by
Fig. 9, which also shows the localization of the damage defining the
approximate location of the spall fracture plane, as well as the correlation with
measured porosity obtained from spalled copper plates [20].

In plate-impact testing stress can be measured indirectly by means of the
arrangement shown schematically in Fig. 10, where a manganin wire gage is
embedded in a low impedance buffer material, e.g., polymethalmethacrylate
(PMMA), and placed behind the target. The measured [9] and calculated stress
histories at the gage location (corresponding to the test simulation discussed
above) appear in Fig. 11, showing qualitatively similar stress-time profiles, with
close agreement between the time of arrival of the stress wave fronts. The
second peak of the stress-time curve, referred to as the “spall signal”, requires
some explanation. As the initial compressive stress wave passes through the
target, part of the wave is reflected back at the target-buffer interface as a rare-
faction wave, possibly causing spall damage within the target. The remaining
part continues on through the buffer resulting in the first compressive peak
stress recorded by the stress gage. If damage takes place in the target,

0
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-500
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2
= -1000
] 73 us
@
5 72 u8
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-1500
- 2000 1 1 1
0 04 0.8 1.2 1.6
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F1G. 8. Computed tensile wave profile illustrating the effect of damage accumulation (tensile
stress is shown negative).
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FiG. 9. Comparison of computed and measured void volume fraction across the thickness of the
target plate.

a second compressive wave caused by recompression of the material adjacent
to the damaged region as the tensile stress there is relaxed, travels to the right
of the spall plane to the buffer surface. Part of this wave is reflected back into
the target as a rarefaction wave, while the remaining part propagates through
the backup bulffer causing the second compressive peak stress at the stress gage,
thus its identification as a spall signal. The amplitude of the second stress peak
is related to the degree of the tensile stress relaxation in the target, and thus to
the extent of the damage that has taken place.

—p| 0.6 |gum
mm
=16 mm—|
PMMA
SPALL
PLANE
+~—| 0.5 mm
IMPACTOR AT “Agfc:: =
160 mi/s TARGET LOCATION
(COPPER) SPECIMEN

(COPPER)

FiG. 10. Flyer-target-backup plate configuration showing embedded stress gage.
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FIG. 11. Comparison of computed and measured stress histories at stress gage location for 160 m/s
impact.

In a second experimental simulation the thickness of the plates are in-
creased such that a 2 mm thick flyer impacts a 9 mm thick target at 185 m/s.
The computed compressive wave profiles moving across the target are
shown by Fig. 12. Because of greater thickness of target requiring a longer
transit time, the characteristic features of the elastic-viscoplastic stress
wave propagation are more fully developed. Clearly visible is the overall
dispersion of the propagating wave, and the appearance of the elastic
loading and unloading wave fronts that move further and further ahead of the
slower viscoplastic wave. The localization and evolution of the damage
within the target is shown by Fig. 13, where because of the greater target-flyer
thickness ratio the potential location of the spall plane moves closer to the
rear surface of the target. Figure 14 provides a comparison between the
calculated rear surface velocity-time profile and measurements obtained by
a velocity interferometer (VISAR) [41]. The calculated profile shows qualita-
tive agreement with the measured profile, including the appearance of a spall
signal, that is, of a second velocity peak due to the arrival of a second
compressive wave that is associated with the appearance of a fracture surface
in the target.
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F1G. 12. Computed compressive stress wave profiles for 185 m/s impact.
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Fig. 13. Computed void volume fraction across the thickness of the target plate for
185 m/s impact.

[416]



CONSTITUTIVE MODELLING OF SPALL FRACTURE

417

200

2
!

VELOCITY (m/s)
8
|

L 1 1

----- EXPERIMENTAL
—— COMPUTED

1

0
1.0 2.0 3.0 4.0
TIME (us)

5.0

6.0
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3.2. Oblique plate impact

An oblique impact of plates can be realized when the flyer and target
plates remain parallel but are inclined relative to the direction of the flyer
velocity. The experimental configuration is shown schematically by Fig. 15.

W T4
—

APPROACH VELOCITY
w

FI1G. 15. Schematic of oblique flyer-target configuration.
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This kind of plate arrangement imparts velocity components that are
normal and transverse to the plane of impact, thereby creating shear stress
as normal stress that vary along the direction of the plate thickness [42].
Thus far oblique plate impact experiments have been used principally for
the study of plastic response of metals at strain-rates above those obtainable
by the Hopkinson bar technique, with little, if any, work reported on its use
for spall fracture studies under combined normal and shear stress waves
[43—45].

The constitutive-damage model has been used to simulate low-angle
oblique plate-impact experiments involving material damage and ductile spall
fracture. With small angle of obliquity the mean stress that develops in the
target will be approximately an order of magnitude greater than the shear
stress, with the large tensile mean stress primarily responsible for the spall
damage. The constitutive equations and the equations of motion, suitably
specialized to the stress and rate of deformation conditions appropriate to the
oblique impact test configuration, are used together with a modified version of
the finite-difference computer code WONDY [46]. The analytical details of the
constitutive modelization and analysis appear in Refs. [26, 28].

Oblique impact of plates produces elastic and plastic longitudinal and
transverse waves. The elastic longitudinal wave propagating with wave speed
Cg, is followed by the slower longitudinal plastic wave travelling at wave speed
Cpr. These waves in turn are followed by slower elastic and plastic shear waves
Cgs and Cps, Where Cgp > Cpp > Cgs > Cps. The wave characteristics are
shown schematically in Fig. 16, where the elastic and plastic longitudinal waves
and the elastic shear wave are labeled by E, P and S, respectively. The plastic
shear wave is not shown, and to further simplify the diagram the waves are
drawn as if propagating at constant velocity, although in actuality they may
not. The elastic wave speeds will change through change in value of the elastic
constants when the stress thresholds for void volume increase are exceeded.
The plastic wave speeds are affected by the strain hardening of the material
and, conceivably, by damage accumulation as well. However, for purposes of
illustration, one can construct the diagram with the wave speeds as constants
without introducing serious qualitative error. The superposing of the op-
positely directed elastic and plastic waves of rarefaction which occur at the
times labeled as points (a) and (b) in Fig. 16, create the tensile mean stress
causing material damage and spall fracture across a plane parallel to the faces
of the plate. Point (d) corresponds to the time at which both reflected elastic
and plastic rarefaction waves from the flyer free surface have crossed the
flyer-target interface. Thereafter the normal stress across the plate reduces to
zero, and from this time onward the shear induced by the interface f{riction
between the plates stemming from the obliquity of the impact cannot develop,
causing slip between the plates.
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v A

*a
F1G. 16. Schematic distance-time plot showing wave paths.

The first test simulation has a 3 mm thick flyer impacting a 6 mm
thick target with angle of obliquity 8 = 26.6°, which is the angle used in the
experiments reported by KIM and CLIFTON [44]. The normal and
tangential velocities of the oblique impact are U, = 140 m/s and
Vo = 70 m/s, respectively. The calculated normal compressive stress
wave profiles for the Ty, stress component appear in Fig. 17 showing the
same features displayed in Fig. 7 for the nonoblique impact. This wave
propagates prior to the onset of material damage, which takes place after
the back surface reflection of the compressive stress wave. As may be seen
from Fig. 18, the void damage process begins at 2.65 us after impact,
localized at the midplane of the target where the tensile mean stress attains
peak value. Figure 19 shows the computed shear stress wave traveling at
roughly one half the speed of the longitudinal wave. Between 0.25 us and
1.0 us there is relaxation of the shear stress at the front face of the target,
and between 1.0 and 1.5 us unloading of the stress wave begins. Thereafter
the slip condition mentioned above begins at some instant between 1.5 and
2.0 us, where the reduction of normal stress associated with arrival of the
longitudinal rarefaction wave correspondingly reduces the friction induced
shear stress to zero as shown by the stress profiles at 2.0 and 2.5 us. The
oscillations appearing at the left end of these profiles are numerical in
origin.
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FiG 19. Computed shear stress wave profiles.

The predicted normal and transverse velocity histories at the rear surface
of the target plate for this simulation are illustrated by Fig. 20. The normal
velocity component which equals 140 m/s at the impact surface, shows little
attenuation, rising to approximately 135 m/s at the rear surface. The charac-
teristic spall signal is evident at 3.1 us, just after the void volume fraction
at the center of the plate approaches the spall condition at about 2.8 us.
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400
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FiG. 20. Calculated rear surface velocities for U, = 140 m/s and V, =70 m/s.
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F1G. 21. Calculated rear surface velocities for U, = 40 m/s and ¥, = 20 m/s.

The decrease of the transverse velocity from 70 m/s at the impact surface to
approximately 3 m/s at the recar surface can be explained as follows. In
a second simulation the impact velocity components are reduced to
U, =40 m/s and ¥V, = 20 m/s, insufficient to produce spallation. This may be
seen by the corresponding rear surface velocity components shown by Fig. 21,
where there is no spall signal in the normal velocity profile. The transverse
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FiG. 22. Calculated rear surface velocities (a) Uy, = 40m/s, ¥, = 20m/s,
(b) Uy =140m/s, ¥, = T0m/s, (c) U, = 140m/s, ¥, = 70m/s with damage suppressed.

velocity rises to approximately 4 m/s. More detail of the rear surface transverse
velocity is shown in Figs. 22(a) to 22(c). Figure 22(a), which is for the smaller
impact velocity (producing no spall damage) shows arrival of the elastic
precursor shear wave at about 2.6 ps, followed by the slower plastic shear
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wave. The decrease in transverse velocity, beginning at approximately 4.3 pus,
reflects the propagation of the slip condition at the front face which occurred
just prior to 2.0 us. Figure 22(b) is an enlargement of the transverse veloci-
ty-time curve shown in Fig. 20, corresponding to the higher velocity of impact
(producing spall damage). The leading elastic shear wave is followed by
a plateau. However there is no substantial increase in the transverse velocity
associated with arrival of the plastic shear wave. It seems plausible, therefore,
that the lack of a substantial plastic wave can be attributed to the damage
accumulation which would prevent the plastic shear from being transmitted
after the elastic shear had propagated through the material prior to the onset of
microvoid growth. This appears to be confirmed by the rear surface transverse
velocity history shown in Fig. 22(c). The physical conditions for Fig. 22(c) are
the same as for 22(b) (high impact velocity and spall damage), with the
exception that the generation of damage following the impact has been
suppressed. Without growth of the microvoid volume the transverse velocity
profile of Fig. 22(c) now shows arrival of the elastic shear wave followed by
a plastic wave front, similar overall in form to the velocity profile of Fig. 22(a)
for which there was no damage because of the low velocity of impact.

On the basis of these results, it appears that for oblique-impact experiments
the form of the shear wave signal appearing in the target rear surface transverse
velocity history can serve as an additional indicator of the inelastic-damaged
response of the target material, similar to the spall signal that appears in the
normal velocity profile.

33. Non-oblique impact of circular plates with unequal diameters

The third plate-impact experimental configuration studied employs thin
circular plates that have different diameters (cf. Fig. 23). An edge effect is
introduced because of the diameter difference. This causes radially directed
waves as well as waves that propagate across the target thickness, (cf. Fig. 24),

Ry

y L2

Rz

[ >

Fic. 23. Circular flyer and target plate dimensions.
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FIG. 24. Impact of the circular flyer with a larger diameter target.

TARGET

carrying three normal components and one radially directed shear component
for the stress and for the strain. The plate dimensions for the flyer are radius
R, = 20mm, thickness L, = 3mm, and for the target radius R, = 40 mm and
thickness L, = 6 mm. The numerical simulations were carried out for a total
time of Sus after impact, sufficient for several wave propagations across the
target thickness. Because of the smaller diameter of the flyer, spall initiates only
over the central region of the target. The post-spall behavior of the partially
fractured target plate was modeled by carrying the numerical calculations to
a total time of 50us. The calculations required use of the transient fini-
te-element computer code PRONTO [47] and were carried out on a Cray
X-MP computer. A detailed presentation and discussion of the equations of
motion, the constitutive rate equations, the boundary and initial conditions for
the given plate geometries, as well as the numerical methods employed are
given in Ref. [29].

3.3.1. Effect of impact velocity. Several simulations were performed over a range of
impact velocities from which it was possible to estimate a damage threshold
velocity of approximately 50 m/s, in agreement with previous experimental and
computational results for copper plates having the same flyer-thickness ratio
[24, 28]. It is also noted that for these computations there is no actual
separation of the material in the sense that the constitutive model does not
issue instructions for the severing of the element grid lines across the potential
spall plane. Numerically the material continues to be modeled as a continuum
in which extensive material damage takes place across the region of the
plate cross-section that includes this plane, appearing as excessive elon-
gation of the mesh elements. This is illustrated by Figs. 25(a)—25(c), where
(a), (b), (c) correspond to impact velocities of 100, 200 and 350 m/s, respec-
tively. These figures represent the plate configuration at 5 us after impact.
(For illustrative purposes the computed deformations shown in the figures
have been magnified by a factor of three). The corresponding contours of the
void volume fraction across the plate thickness are shown by Fig. 26.
Both figures reveal the pronounced effect of increasing the flyer impact velocity.
At 100 m/s the void volume of the target along midplane shows increase,
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(c)

FiG. 25. Deformed geometry at 5pus post-impact for impact velocity at (a) 100 m/s, (b) 200 m/s,
(c) 350 m/s.

although well below the critical value at 0.32. Correspondingly, material
softening accompanies the growth with elongation of the mesh elements across
the midplane. This becomes more evident at 200 m/s impact velocity where the
void volume approaches 0.32 over the mid-plane region implying spall fracture
across the midplane. At 350 m/s impact the rear spalled section of the target
has sufficient momentum to cause further widening of the opening in the plate.

With the impact velocity at 350 m/s Fig. 27(a) displays the time variation of
the location of the contour for the T,, normal stress component at 6000 MPa
compression. From 1.0 to 1.5 us the reflected tensile stress wave from the back
surface of the flyer travels forward causing forward shift of the location of the

http://rcin.org.pl
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(a)

(b)

(c)

FIG. 26. Contours for void volume fraction for impact velocity at (a) 100m/s, (b) 200m/s,
(¢) 350 m/s.

a) 5us

b)

S5 us
1.0}s

F1G. 27. Time variation of stress contours after impact at 350 m/s velocity (a) 7., = 6000 MPa,
(b) T, = 150 MPa.
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compressive stress contour. Simultaneously the inward movement of the
vertical edge of the contour reflects the interaction with the non-planar radial
wave from the circumferential edge of the flyer, reducing the diameter of the
region of the target experiencing the very high mean stress. This would seem to
indicate why the diameter of the spalled surface initially is smaller than the
diameter of the flyer. However, as Fig. 25 graphically illustrates, as the velocity
of impact increases, the correspondingly larger momentum of the spalled
section of the target causes the diameter of the area of separation to widen.

FIG. 28. Deformed geometry at 5us post-impact for microviscosity parameter n at (a) 10P,
(b) 120P, (c) 500P.

http://rcin.org.pl
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Figure 27(b) provides a similar plot for contours of the shear stress T, at
150 MPa at 0.5, 1.0 and 1.5 us following impact at 350 m/s. The stress contours
reflect the propagation of the non-planar shear wave from the edge of the flyer
traveling radially in, toward the center and across the target thickness.

332 Variation of the microviscosity material parameter. The results of having varied
several of the material parameter values related to the microvoid growth [25,
37] has shown that the microviscosity n has a large influence on the behavior of
the damaged material. It is apparent from Eq. (2.27) that larger values for the
microviscosity has the effect of reducing the rate of void growth, while Eq.
(2.29) indicates an associated hardening effect as the void volume fraction is
reduced. With the flyer impact velocity at 350 m/s several numerical simula-
tions were performed with the microvoid viscosity parameter n assigned values
of 10P, 120P and 500P. The plate configurations and the void volume fraction
contours at 5us post-impact are shown by Figs. 28 and 29, respectively,
illustrating the controlling influence of this material parameter on the
development of void growth and ductile material damage. As the microvis-
cosity increases in value, the extent of damage that can develop in the material

2
y z;ﬁ
15 L

. ™ 05 borsir
= 01
.00

< (b}

Fia. 29. Contours for void volume fraction for microviscosity parameter n at (a) 10P, (b) 120P,
(c) 500P.
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@

FIG. 30. Deformed geometry for a 3.0 mm flyer with 350 m/s impact velocity at (a) 5 us, (b) 15 us,
(©) 25ps, (d) SOps.

after 5 us is reduced considerably, while the material, which has correspondin-
gly smaller void volume, experiences greater strain hardening.

3.3.3. Post-spall behavior. The deformation of the plates at §, 15, 25 and 50 us after
impact by the flyer traveling at 350m/s are shown by Figs. 30(a)—30(d). In
these figures the deformation has not been magnified as in Figs. 25 and 28. Also
the element deletion capability available in the PRONTO computer code was

http://rcin.org.pl
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@)

FiG. 31.(a). Accumulated plastic strain at 50 ps. (b). Void volume fraction at 50 ps.

utilized, where upon reaching a prescribed void volume fraction the stresses in
the finite element are set to zero over several time steps and the element is
delated from further calculations.

At 5 us spall has developed along the mid-plane of the target, withthe rear
portion of the spalled segment moving out and away from the remainder of the
plate with momentum sufficient to cause it to continue its outward
motion. This leads to fracture at the edges of the spall seen at 15us. The
progressive deletion of elements along the edge of the spall simulates a she-
aring of the spalled material away from the remainder of the target.
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Actually it is the large tensile stress that develops as the deformation localizes
to a row of elements across the spall that causes the increase in void volume
fraction and subsequent deletion, with little increase in void volume adjacent to
the detached edges. By 5us the spalled segment has detached and has
developed some additionai fractures near the detached edges along the outer
highly curved tensile edge. At 50 us these edge fractures have advanced almost
entirely across the fragmet. Calculations at later times show only minor
changes from the configuration at 50 us, indicating that no further fracturing of
the segment is to be expected. Figure 31(a) displays the void volume
distribution at 50 us where, as expected, the highest values are adjacent to the
spall plane. The equivalent plastic strain distribution across the plates is shown
in Fig. 31(b). Here the regions of highest plastic strain are those in which the
edge effects are present due to the larger shear deformation that occurs. In
particular, the outer edge of the flyer along the flyer-target interface and the
edge of the spall, are regions of high shear deformation that is reflected in the
higher values of the equivalent plastic strain.

3.3.4. Change of the plate thickness ratio. In the calculations thus far the flyer plate
thickness was one-half the thickness of the target. For this thickness ratio the
spall plane is located at the mid-plane of the target. In the next plate impact
test simulation the flyer thickness is reduced to one-quarter the target
thickness, that is, L, = 1.5 mm with L, = 6.00 mm. With the flyer impact
velocity at 350 m/s, Figs. 32(a)-32(d) show the plate configurations at §, 15, 25
and 50us after impact. As to be expected, because of the thinner flyer the
reflected tensile stress wave from the rear surface of the flyer enters the target
sooner, thereby superimposing with the reflecting tensile stress wave from the
rear surface of the target at a location closer to this surface. The spall plane is
now located further back at three fourths the distance to the rear surface. The
comparatively thinner rear segment of the spalled plate, having less momentum
than the spalled segment of the previous simulation, is insufficient to cause
fragmentation.

(a)

(b



CONSTITUTIVE MODELLING OF SPALL FRACTURE 433

@

Fig. 32. Deformed geometry for a 1.5mm flyer with 350m/s impact velocity at (a) Sus,
(b) 154, (©) 25 s, (d) 50s.
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