Int. J. Impact Engng, Vol. 20, pp.375-386, 1997
©1997 Elsevier Science Ltd. All rights reserved

P a n ghts reserv
ergamo Printed in Great Britain
0734-743X/97 $17.00+0.00

SHAPED CHARGE PENETRATION IN ALUMINA TARGETS
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Summary—Laminated targets consisting of steel/ceramic/steel layers have a high level of
protection against shaped charge penetration. However, using very thick ceramic layers the
targets loose their protective capability. This implies that different physical effects run con-
trary enhancing or weakening the shaped charge performance. Possible mechanisms causing
this penetration behavior are investigated and discussed. The knowledge of effective protec-
tion mechanisms enables one to better design ceramic layers in heavy targets against shaped
charge threat.

INTRODUCTION

That ceramics have a high ballistic resistance against KE projectiles is well known. Therefore,
ceramics are frequently applied in light armors. Their most important intrinsic material properties
are very likely to be the hardness, compressive strength, and crack behavior. However, little is
known about the ballistic resistance of targets against shaped-charge jet penetration, if they con-
tain a ceramic component. The use of ceramics would offer the option of reducing the mass of a
conventional steel target to two-thirds of the overall mass and still maintain the same protection
against a given shaped charge jet impact, provided the penetration of the jet follows hydrody-
namic laws [1,2]. Of course, in actual heavy target constructions, steel can be only partially re-
placed by ceramic material. Hence, the achievable target mass reduction will be less than one third
of the overall mass, and the important question arises whether ceramics offer an effective option
for heavy targets. Adequate experiments are required to determine possible mass reduction and
answer the open question.

This paper describes experiments that were carried out to deal with the above problems and
unravel penetration mechanisms in laminated steel/ceramic/steel targets. The difficulty encoun-
tered in the experiments was the problem to single out the various effects that might be respon-
sible for these mechanisms, because experimental penetration data usually represent an integral
reaction to all the effects. Further, there are only a few experimental techniques available that are
capable of measuring time-resolved data which help to elucidate local penetration effects. In order
to quantify the influence of a single effect on the penetration behavior of shaped charge jets sev-
eral assumptions have further to be made.

EXPERIMENTAL

The alumina ceramic material used in the investigated laminated targets had a density of 3.5
g/cm’. The ceramic consisted of 92 % alumina, 6 % S0,, 1 % M,0, and 1 % other phases. In the
laminated target, a steel plate of 20 mm thickness was positioned in front of the ceramic layer
absorbing the non-steady phase at the beginning of penetration. Behind the ceramic layer a num-
ber of steel plates, each 50 mm thick, sufficed to consume the entire jet. The ceramic layer con-
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sisted of multiple plates, each having 15 mm thickness and lateral dimensions of 90x90 mm?. The
total thickness of the ceramic layer, T¢, varied from 15 to 320 mm. All steel and ceramic layers
were glued together. The ceramic layer was surrounded by a square steel tube and the spaces
were filled with an epoxy resin of approximately 4 mm thickness. A schematic of the target setup
is shown in Fig. 1.

The shaped charge used in these tests was unconfined and of caliber 55 mm. It was equipped
with a 60° copper liner having 1.5 mm thickness and a base diameter of 45 mm, Fig. 2. The ener-
getic material in the shaped charge was Composition B. The tip velocity of the jet produced by
the shaped charge was measured to be 6.8 km/s and the jet end velocity to be 2.0 km/s. The
cumulative length of a fully particulated jet was 350 mm. Figure 3 shows the jet characteristics;
that is, the jet velocity versus the accumulated particle lengths. To define the experimental condi-
tions measurements also included determination of the stand-off curve for steel (reference values
Py). Figure 4 presents the measured stand-off curve, penetration depth P vs. distance in calibers,
in mild steel (hardness: 250 HV). As apparent from Fig. 4, the maximum penetration of about
215 mm was achieved at 6-calibers stand-off distance. The experiments for examining the effect
of the thickness of the ceramic layer on jet penetration were carried out at two selected positions,
i. e. at 2- and 6-calibers stand-off, to consider different times of jet breakup inside the target.
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To compare the penetration data into the steel/ceramic/steel targets with the reference case,
the ceramic mass was mathematically converted into a mass equivalent steel layer having a re-
duced thickness, T.cqu, given by

p
Tm—cqu = (_Qj T(‘,
Ps

where pcand ps are the densities of ceramic and steel, respectively.

ey
The total mass equivalent penetration depth, Pn.q, Of the jet into this fictive target of thickness
Tr-cqu 1S then:

Y .
Pm-cqu = TF + (—[:)—C_j 'IC + PR
S

2

where Tr denotes the thickness of the front plate (steel) and Pg the residual penetration depth into
the steel plate backing the target.

Likewise the Vp-law equivalent thickness of the ceramic layer and the total ¥ p-equivalent pene-
tration were calculated by the equations:
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RESULTS

Figure 5 shows in two P (Pucqu, Pvpcqu, OF Priequ, exp) VS, Tc diagrams experimental results (full
points), obtained from the 2-caliber (top) and 6-caliber (bottom) tests which are superimposed by
a data fit (solid curve) and by dashed curves (Pu.cq and Pyp.cqu) derived theoretically. In the
evaluation of the experimental data it became apparent that the dependency shown for both the 2-
caliber and 6-caliber stand-offs corresponds qualitatively to earlier data obtained with glass/steel
targets [3]. As indicated in Fig. 5 by the hypothetical, horizontal, dashed curve, Pp.cq, the resis-
tance of the laminated target against shaped charge penetration corresponds to the resistance of a
fictive steel target having the same mass. For this case, the penetration depth, Pn.cq, is equal to
the penetration depth, Py, of the reference target, and is independent from the thickness of the
ceramic layer. If the penetration process in ceramics would follow simple hydrodynamic theory,
then the experimental penetration data should lie on the Py,..q curve. However, real experimental
data deviate from both hypothetical curves and follow the data fit (solid curve in Fig. 5). Thus the
experimental curve displays a steeper decrease in performance than predicted by the Vp-law. For
both the 2- and 6-caliber stand-offs, more pronounced in the 6-caliber data, these curves pass
through a minimum (at 200 mm for 2-caliber and at 120 mm for 6-caliber stand-offs). From the
subsequent increase in penetration depth it follows that the resistance of ceramic layers against
shaped charge jet penetration decreases with Tc, so that their protective capability diminishes.

For target designers it is most important to be aware of the fact that such a minimum exists,
and specifically what effectiveness levels can be achieved. For the minima E,, values of 1.45 (2-
caliber series) and 1.8 (6-caliber series) were attained. It is quite evident that these values must
depend on both the ceramic and shaped charge properties. For the shaped charges used here, best
protection is obtained at the minimum of the data fit curves in Fig. 5, and the laminated
steel/ceramic/steel targets need only 68 % or 56 % of the mass of the reference target.

Figure 6 shows in a series of X-ray photographs the jet visualized in front of the target, and
behind 60 mm and 120 mm thick ceramic layers for stand-offs of 2-calibers and 6-calibers. The
photographs reveal that the form of the jets is more or less disturbed after they have passed the
ceramic layer. At a ceramic layer thickness of 120 mm, the jet perturbation is more pronounced
than at 60 mm, and in the 6-caliber stand-off photographs the jet is more disturbed than in the 2-
caliber stand-off recordings. Most likely, these perturbations are due to the crater collapse process
[4]. At present, other physical effects which might be responsible for such effects are not known.
Thus, the crater collapse process will be the main mechanism responsible for causing the observed
decline of the experimental data fit curves.

Next the stand-off effect was considered. If the same mass is distributed along different layer
distances, the jet elongates more at greater distances and the penetration can increase. But if we
are beyond the maximum of the stand-off curve for a semi-infinite target, the penetration should
decrease. This geometrical effect was tested for a 6-caliber stand-off distance and a 120 mm thick
ceramic layer. Different mass distributions were tested (Fig. 7) by measuring the residual penetra-
tions into a steel backing just behind these configurations comparing the total mass equivalent
penetration values Pp.equ, exp With the penetration into a semi-infinite steel target. The penetration
into this steel target was P = 215 mm. The target configuration on the inner left side of Fig. 8
consisted of a 20 mm thick steel front plate, a 120 mm thick ceramic layer and the steel backing.
In this case a Ppequ, exp Of 119 mm was obtained, i. e., a reduction in penetration of about 45 %
compared with the reference target. Then the ceramic layer was replaced by a steel plate with a
mass equivalent thickness of 52 mm and an air gap of 68 mm, so that the distance between front
plate and backing remained constant. In one configuration the steel plate was positioned directly
behind the front plate and in another one it was positioned in front of the backing. These two
configurations on the right side of Fig. 7 resulted in total penetrations of 200 mm and 195 mm
according to a reduction in penetration of about 8 % of Py both cases. This is a much smaller
effect than the observed 45 % effect in case of the layered ceramic target. Thus the high protec-
tion capability of the ceramic layer is not effected from the elongation and/or particulation of the
jet.
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Fig 5. Mass equivalent penetration as a function of the ceramic layer thickness
for the 2- and 6-caliber series.
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Te = 120 mm, 6-calibers

Fig. 6. Radiographs of the disturbed jets behind a 60 mm and 120 mm ceramic
layer at 2- and 6-caliber stand-off.
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Figure 8 presents the experimental setup used to determine the jet velocity at the bottom of the
crater, V;, and the penetration velocity, V¢, inside the ceramic layer. These experiments were
designed to prove the validity of the Jp-law already discussed with Fig. 5. The ceramic layer
thickness, T¢, varied in the range of 15 to 210 mm. The stand-off distance was 2 calibers. Again,
X-ray photography served as the diagnostics.
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Fig. 8. Experimental set-up to measure the jet (V;) and penetration velocity
(Vc¢) inside the ceramic layer.

In Fig. 9 the open circles represent the measured data, Tc vs. time t, and the solid curve is a
data fit, a least square fit using a polynomial approximation. Figure 10 shows two curves. The
upper curve, Vj vs. Tc, is a data fit to the measured values of V; (open circles). The lower curve,
Ve vs. Tg, is a data fit to the values developed by differentiating the data of Fig. 9.

Penetration and jet velocities, V¢ and V), at the crater bottom are related by the simple hydro-
dynamic theory, including an additional y-factor:

2 .
Yoy (V) = Vo) =pr VE )
where p;y denotes the density of the jet material and pr the density of the target material. Here

these densities were 8.9 g/cm’ for copper and 3.5 g/em’ for ceramics. y is a factor which accounts
for all (possibly unknown) factors that can influence the penetration of the shaped charge jet. In



382 U. HORNEMANN and A. HOLZWARTH

particular, it accounts for the separation of the particles after the jet breakup has started. Solving
Eqn. (5) with respect to y and using the densities for copper and ceramic one obtains:

2
35 V,
A o
89\V; - V¢

Figure 11 shows a representation of the y vs T¢ data derived from the above jet and penetra-
tion velocities. For a thickness of the ceramic layer of 0 < T¢ £ 75 mm the y-value approaches 1
with slight deviations from the horizontal line, which are attributed to the uncertainty inherent in
the differentiation of experimental curves as well as to the high sensitivity of y to the velocity data.
For thicker ceramic layers, the y values fall of monotonically with increasing thickness Tc¢. This
behavior is most likely due to the particulation of the jet, because the penetration velocity de-
creases as the separation between the jet particles increases. For the values approaching y =1 (T¢
< 75), the Vp-law is valid. This result appears to be not consistent with the experimental data of
Fig. 5. However, this inconsistency can be explained by considering that for the determination of y
only some part of the front region of the jet was involved. However, the experimental Pp.cqu, exp
values were produced by the whole jet. Even if, at early times, when the tip of the jet enters the
target, the Vp-law would determine jet penetration, at later times, when the middle and rear part
of the jet take part in the penetration process, other physical effects, such as the crater collapse
will influence the jet penetration leading to the observed deviation of the Pp.cqu xp curve in Fig. 5.

Also, y ~ 1 may indicate, that the compression effect is not responsible for the steep decrease
of the 2- or 6-caliber curve in Fig. 5. [5,6]. If there is a compression effect at all, it should be
strongest at the beginning of penetration where the penetration velocity is high. It should then
decrease with increasing Tc. Further, under the condition of jet loading the ceramic may have a
high dynamic strength, which should increase their protection effectiveness [7,8]. ¥ = 1 indicates,
that strength effects may be neglected for small ceramic layer thicknesses. But it may be dominant
at larger depths, where the crater is generated by a relatively slow jet. In this region however, an
increase in jet performance was observed, whereas a high target strength should reduce the pene-
tration.

Therefore, it can be assumed, that compression and strength effects have a subordinate influ-
ence in penetration. Thus the crater collapse is considered the effective source of the deviation
from the Vp-law for the region covering the range from zero to the minimum in Fig. 5.

For thick ceramic layers, represented by the curve in Fig. 5 following the minimum (T¢ > 200
or 120 mm), penetration depths increase. Consequently, the protection capabilities of layered
ceramic targets partially diminish. Figure 12 shows possible penetration curves derived for various
responses of the ceramic layer to jet penetration. They can be described by:

P=P, —(n" @-] Tc @

In this equation 7 is a function of T¢, n = f(T¢). The n-function is thought to characterize the
protection capability of the ceramic layer. Assuming a constant protection for each depth inside
the ceramic layer, straight lines in the P vs. Tc diagram are obtained. If the ceramic behaves like
the same mass of steel, a straight line parallel to the x-axis with n = 0.44 is obtained and if it
behaves according to the Vp-law n will be equal to 0.66. The front region of the experimental
curve corresponds to 1 = 1.35 All curves with 1 = const. terminate at the dashed straight line
(Dg = 0). For each value of v this line represents the ceramic layer thickness Tc at which the
residual penetration becomes zero. If the experimental value of n would remain constant, the
highest protection value would be at point A (Tc = 145 mm; P = 84 mm). In this case, the so-
called factor of mass effectiveness, E,, would be of the order of 2.55 corresponding to a mass
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reduction of the target of 39 %. In the real measurement, the curve ends at point B (T¢ = 300
mm; P =155 mm), which represents approximately the maximum protection performance consis-
tent with the Vp-law.
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Fig. 12. Discussion of penetration curves by the n-function using the (P-T¢) diagram.

Because of the velocity gradient existing along the jet, it can not be assumed that the crater
collapse remains constant throughout the entire cratering process. The rear of the jet has a smaller
velocity and a larger mass per unit length. This results in a reduced effect during the crater
collapse process, and the jet is less perturbable. However, the reduction of the crater collapse
effect cannot explain the increase of the shaped-charge jet penetration depth in thick ceramic
layers. It possibly can explain the occurrence of a constant penetration depth of Prycqu, oxp after the
curve has passed the minimum. When the crater diameter in the ceramic layer is larger than in the
steel plate backing the target, the tumbling particles of the jet can penetrate the ceramic crater
without having wall contact. In the steel backing the target, the probability for the particles strik-
ing the crater wall and eroding increases causing a reduction in penetration depth. With increasing
ceramic layer thickness T¢, the crater depth in steel decreases, while the crater depth in ceramic
increases; i.e., at larger values of T, less disturbed particles erode in the small steel crater before
reaching the bottom. This would result in an increase of total penetration. Indeed, by measuring
the crater diameters in the ceramic layers higher values were obtained than in the steel backing.
However, it is very difficult to verify by means of experimental techniques such a crater diameter
effect.

Because of the high sound velocity in ceramic during the penetration process, a pressure wave
develops and travels ahead of the crater bottom formation. It runs through the ceramic layer, is
reflected at the opposite steel plates and at the lateral target boundaries. As observed in earlier
experiments with glass laminated targets [9], the ceramic plates can rupture due to the force
applied by superimposed pressure and rarefaction waves. Before the jet impacts at the end plate,
the ceramic can be already broken reducing their protection capability. The increase of the pene-
tration depths after the minimum may be caused by such effects.

In order to prove the breaking effect a test series was carried out using targets with 3 mm thick
rubber layers between the ceramic plates, altering the earlier setup used in the experiments of Fig.
5. The experimental penetration depth behavior in Fig. 13 corresponds qualitatively to the de-
pendency shown in Fig. 5. For the same ceramic layer thickness, the typical minimum appears in
the penetration curve. Qualitatively, there is no difference for the ceramics with and without
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rubber. This result can be interpreted by assuming that cracks, which may occur, have no influ-
ence on the penetration depth or that the rubber does not sufficiently attenuate the pressure
waves.

To substantiate the above findings, a further test series was performed in which the rubber
layers were replaced by 3 mm wide air gaps. In addition, the lateral steel covers were removed.
Thus the 15 mm thick ceramic plates were nearly free mounted between the front and the rear
steel plates. Again in this series the penetration curve slopes steeply to the same protection level
(Pmin = 125 mm) of the minimum of the standard curve (Fig. 14). But, for larger layer thicknesses
the protection behavior changes. The effectiveness remains constant indicating that ceramic layers
thicker than 100 mm behave like an equal mass of steel. More investigations are required to sup-
port this finding and verify the conclusions.

CONCLUSIONS

The aluminum oxide ceramic/steel configuration used in these experiments yields a very effec-
tive protection against a shaped-charge threat, in particular at large distances.

Importantly, an optimum protection thickness of the ceramic layer was determined. Any fur-
ther increase in layer thicknesses reduced the effect.

Most important for the protection are the Vp-law dependency during the early phase of jet
impact and the crater collapse process effective at a later stage.

Protection decreases for large ceramic layer thicknesses, supposedly because of reduced crater
collapse and the crater diameter effect.

Effects of crack processes, known from impact studies with kinetic energy projectiles, are neg-
ligible in shaped charge penetration studies, if they actually occur.

Targets with spaced ceramic tiles without any confinement show the same maximum perform-
ance as compact targets.

The results can be suitable for designing targets with ceramic layers against a shaped charge
threat.
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