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Ballistic Limit Determination in Impacts on Multimaterial

Laminated Targets

K. N. KrevENHAGEN,* M. H, WaeNER,* J. J. Pigcuockr,t anp R. L. Bjork]
Shock Hydrodynamics, Inc., Sherman Oaks, Calif. £

Two-dimensional numerical analyses have been performed of projectile impacts at 15,000~
20,000 fps into finite laminated targets consisting of plastic layers backed by aluminum sub-
strates. These analyses used the SHAPE code, with a hydrodynamic-elastic-plastic distor-
tional model. Three solutions are discussed. The first illustrates phenomena occurring
during impacts just under the perforation threshold. Results showing the time-resolved
development of rear surface bulging are compared with dynamic observations of parallel ex-
periments. Good agreement is obtained. The second and third solutions show conditions
leading to perforation. Using a generalized plastic strain criterion, two failure modes are
identified. Petalling tends to occur where the plastic front layer of the target is relatively
thick and the failure criterion is first exceeded on the back surface near the axis. Plugging
occurs in thinner targets when the failure criterion is first exceeded at an off-axis location on

the plastic-substrate interface. Through use of SHAPE and this failure criterion, predictions
can be made as to whether a given impact will perforate a given multilayered target.

I Introduction

MPACTS at hypervelocities into thick or semi-infinite
targets have been examined in the past by two-dimen-

sional, axisymmetric numerical solutions, utilizing both
purely hydrodynamic models and hydrodynamic-elastic-
plastic models.1~*

Impacts into thin targets, where complete perforation
easily occurs, have also been numerically treated. In such
cases, behind-target debris characteristics are of considerable
interest in designing meteoroid bumpers. Reference 5 dis-
cusses results of a numerical study of such impacts.

For many design problems, the most important hyper-
velocity impact conditions are those which are near the
ballistic limit of a target, i.e., the threshold where a target is
just barely perforated by an impact. In these cases, the
early stages of impact are characterized by extreme pressures
and, hence, are primarily hydrodynamic in nature. The
final stages, in which the back of the target deforms and
subsequently comes to rest (or is just barely perforated), are
clearly dominated by the elastic-plastic properties of the
material.

In this paper, hypervelocity impacts against targets con-
sisting of a layer of plastic backed by a metal substrate are
examined, and a technique for predicting whether or not a
given impact will perforate such a target is demonstrated.

The numerical solutions which are illustrated herein were
obtained through use of the two-dimensional SHAPE pro-
gram. SHAPE, an acronym for Shock Hydrodynamic and
Plastic Elastic, utilizes either a Particle-in-Cell (PIC)® or an
Eulerian” code for analysis of the initial, essentially hydro-
dynamic processes. The solution is subsequently trans-
formed to a Lagrangian computational method for treatment
of the late-stage, strength-dominated response. The La-
grangian formulation which is used is based upon the model
of Wilkins.? The SHAPE program is deseribed in Ref. 9.
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II TImpact Response of Multilayered Targets

To illustrate the physical processes involved in impact on a
multilayered target, a numerical solution of such a problem
will be used. Figure 1 shows the impact conditions. Addi-
tional inputs required for the numerical solution are the
material properties and a failure criterion. For the plastic
material, the pressure (P) was preseribed by an equation of
state of the form

P = A(p) + Gne ey

where A(u) = 0.172u + 0.327u2 + 0.777u3, and where ¢ is
the internal energy per unit original volume, » is the relative
density, and u is the compression. A value of 0.504 is
assigned to the Griineisen constant G. The properties of the
plastic were further described by the specification of the yield
strength = 0.001 Mb and the shear modulus = 0.047 Mb.

The 6061-T6 aluminum was described by a Los Alamos-
type equation of state'®

P = (A 4+ Be + Cet)/(eo + ¢) 2)

where A = 1.187u + 0.763u2, B = 3.45 + 1.545u + 0.964u2,
C = 0.434 + 0.549y, and ¢ = 1.5. The aluminum was fur-
ther specified by the normal density = 2.7 g/em? and the
shear modulus = 0.274 Mb. The increase in strength as a
result of work hardening was accounted for by the empirically-
derived relationships ¥ = 0.0029 4+ 0.026¢, — 0.122¢,
(when &, < 0.106) and Y = 0.0043 (when &, > 0.106). In
these relationships, Y is the yield strength (in Mb) and &,
denotes the generalized plastic strain. The latter quantity is

defined by Hill'! as
€& = fdéza (3)
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and e;? are the tensor components of plastic strain.

Failure of a bilaminate target of the type shown in Fig. 1
occurs when the substrate layer is ruptured. To provide a
means in the numerical solution which would determine if
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substrate rupture would occur, a failure criterion was specified
for the aluminum. This criterion establishes a maximum
level of the generalized plastic strain, defined by Eq. (3),
which an element of material may suffer without failure.
Generalized plastic strain is a monotonically increasing func-
tion, which is increased by any type of plastic deformation
that the material suffers. The critical value of &, can be
derived from conventional tension failure test data. For
6061-T6 aluminum, €, =~ 0.3.in the case of equibiaxial load-
ing, which i3 approximately true for the problems of interest
here.

Figures 2 and -3 show spatial plots of mass position and
particle velocity at 0.24usec after impact. This is during
the hydrodynamic PIC portion of the solution. The field
of view shown in these figures corresponds to the computa-
tional region during the early stages. It does not include all
of the target thickness, but is confined to the active region
near the impact. As the shocked region enlarges, the
computational region is periodically expanded. In Fig. 2,
it is seen that the plastic target material is being compressed
by the oncoming projectile. Deformation of the relatively
stiff steel projectile is less marked. The velocity vectors in
Fig. 3 represent the average velocity of the mass in each
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Fig. 7 Principal stress field at 37.9 useec.

computational cell. Lateral flow of target material is be-
ginning to oceur, because of the proximity of the surface and
to geometric dispersion in the target.

The PIC solution was continued until the shock front
reached the plastic-aluminum interface, which occurred at
4.7usec after impact. At this point, the PIC computational
grid was overlayed by a rectangular Lagrangian grid. Param-
eters in each PIC cell at 4.7 usec were appropriately reparti-
tioned among the new Lagrangian cells, and the solution was
continued in the Lagrangian computational mode. From
this point on, material strength was explicitly included in the
solution.

As the shock wave impinges upon the substrate, it delivers
an impulse to that layer, thereby transferring the axial
momentum of the projectile to the substrate. The subse-
quent response of the substrate acts to transfer the axial
momentum laterally to adjacent parts of the target.

Figures 4-6 show the distortion of the Lagrangian net at
17.5, 27.4, and 53.9 psec (the end of the solution). The hole
in the plastic continues to increase in depth. The substrate
develops a large bulge in response to the impulse imparted
to it by the shock-wave system.
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Fig. 8 Principal stress field at 53.9 usec.
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Since perforation, if it oceurs, will be the result of rupture
of the substrate, it is of interest to observe the development
of the principal stress field in the bulging substrate. Figures
7 and 8 are enlarged views of this portion of the stress field
at 37.9 and 53.9 usee. The two-orthogonal principal direc-
tions in the 7~y plane are identified. In each principal direc-
tion, the magnitude of the corresponding principal stress is
plotted. The third principal direction is always in the
azimuthal () direction. Its magnitude is plotted along a
diagonal bisecting the prinecipal directions in the r-y plane.
As a sign convention, vectors having downward components
denote compression, while those having upward components
indicate tension.

In Figures 7 and 8, the only significant principal stresses
are the tensile stresses parallel to the substrate surface and
the diagonally-plotted tensile hoop stresses. Stresses normal
to the substrate surface are largely eliminated by the presence
of the free surface. Thus the substrate bulge is essentially
in a condition of membrane tension.

t =20 usec

t
Interface Free Surface
Distance Through Substrate

Fig. 11 Generalized plastic strain in substrate along axis
at several times after impact.
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As the substrate bulge enlarges, the membrane tension
acts as the mechanism for lateral transfer of axial momen-
tum to adjacent portions of the target. As the substrate
motion is thus gradually arrested, stress relief ocecurs, as is
evident near the crown in Fig. 8.

Figure 9 shows the velocity profile at the substrate bulge
apex. QOutward motion of the bulge apex stops at 48 usec,
followed by some inward motion, or recovery due to elastic
effects. Figure 10 shows corresponding bulge height-time
profiles, indicating that the bulge displacement reaches a
maximum value of 0.63 cm at about 50 usec.

Experimental data have been independently obtained for
this impaect condition by investigators at IITRI.'? These
data consist of a sequence of flash radiographs showing the
development of the substrate bulge displacement, plus post-
test measurements of the residual bulge height. The experi-
mental data points are plotted on Fig. 10 and are seen to
correspond very closely with the numerical solution.

III Prediction of Failure in Multilayered
: Targets

In the preceding problem, the substrate came to rest
without rupture. If subjected to a somewhat more energetic
impact, it is evident that rupture would have oceurred. A
numerical solution of such a case serves to illustrate the use
of the generalized plastic strain criterion for predicting
rupture.

The early time response of the target was similar to the
previous numerical example, and will not be repeated here.
The substrate absorbed axial momentum from the impact,
subsequently causing bulging. The generalized plastic
strain in each cell was monitored as the solution advanced in
time. The largest values were found along the centerline
of the bulge. Figure 11 shows the generalized plastic strain
in the row of computational cells immediately adjacent to
the axis at several times after impact. The values are always
greatest at the rear free surface, i.e., the crown of the bulge.
The critical value of €, = 0.3 is exceeded in that cell at 20
usec, indicating that rupture starts at that time. TFigure
12 shows &, in the apex cell vs time from the solution. Experi-
mental observations of this impact have also been made by
IITRI.22 From sequential flash radiographs of the sub-
strate rear surface, the time of initial rupture of the surface

Fig. 13 Petal-
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was bracketed between the values shown in Fig. 12. The
numerical prediction of failure time falls within this bracket.

In this experiment and in others where failure first oceurred
at the crown of the bulge, the substrate subsequently rup-
tured by petalling, as illustrated in Fig. 13.

Where the front layer or layers in a multilayered target
are not sufficiently thick to permif geometric dispersion of
the shock-wave system, the impulse delivered to the sub-
strate will be concentrated in a small area, and failure may
oceur by plugging as illustrated by Fig. 14. Figure 15 shows
the Lagrangian net from the numerical solution of an impact
which resulted in plugging. This net shows the distortion of
the substrate at the time the &, = 0.3 failure criterion was
first exceeded. This occurred in two off-axis cells on the
inside surface of the substrate (the interface with the plastic
layer). If an annular crack propagated through the target
at the radius of the outermost failed cell, a hole of about
0.45-cm radius would be formed. In an experimental im-
pact under these conditions, the hole formed had a 0.48-cm
radius.

Figure 16 shows &, in the row of cells through the substrate
along the centerline and along the 7th row of cells. In both
instances €, is greater on the inner surface of the substrate.
However, the €, = 0.3 criterion is first exceeded in the off-axis
cell.

IV Summary

It is seen that hypervelocity impact upon a multilayered
target produces a strong shock-wave system in the front
layer or layers. As this shock system propagates through the
front layers, it expands geometrically. When the shock
reaches the substrate layer, it delivers an impulse to that
layer, which in effect then becomes a momentum trap. In
order to survive the impact, the substrate layer must dis-
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Fig. 16 Generalized plastic strain at 12.9 ysec along axis
and along 7th row of cells.

tribute the axial momentum laterally to adjacent portions of
the target.

Failure of the substrate occurs by petalling or by plugging,
or a combination of these. Petalling-type rupture occurs
when the front layers of a target are sufficiently thick to dis-
perse the impulse delivered to the substrate over a relatively
large area. A broad buige i the substrate is thus formed.
Failure first occurs on the rear surface near the crown when
the material there reaches a critical value of generalized
plastic strain.

Plugging-type failure occurs when the front layers are not
thick enough to permit geometric dispersion of the shock-
wave system, such that a concentrated impulse is delivered
to the substrate. Failure by this mode first occurs on an
off-axis locus on the inner surface of the substrate. As in
the petalling case, failure by plugging is initiated when a
material element first suffers a generalized plastic strain
exceeding the given criterion.
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