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Summary- -An experimental investigation has been performed to investigate the ballistic performance of ceramic 
tiles as a function of the extent of confinement. A secondary objective of the study was to generate experimental 
data for ceramic modelling validation studies. Two impact velocities were used for the testing, nominally 1.52 and 
1.79 km/s. The depth-of-penetration (DOP) into the backup steel cylinder was the measure of penetration 
performance. 99.5%-pure aluminium oxide tiles, 2.54-cm thick, were used for the study. Confinement was changed 
by varying the type and thickness of a cover plate. Differential ceramic tile performance, calculated from the DOP 
measurements and baseline penetration into semi-infinite steel, varied in the range ~ 1.5-2.8, depending upon the 
type of confinement and the impact velocity. The data are compared with other data in the literature, and 
conclusions are made concerning ceramic tile performance as a function of confinement and impact velocity. 
© 1997 Elsevier Science Ltd. 
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NOTATION 

Aec differential tile efficiency 
En~ mass efficiency 
D projectile diameter 
L, Lo initial projectile length 
P~  depth of penetration in a semi-infinite steel target 
Pr (residual) depth of penetration into steel substrate 
P r" total penetration (Tcp + Tc + Pr) 
Rt target resistance 
Tc ceramic thickness 
Tct estimate of the depth of penetration into a semi-infinite ceramic tile 
Tcp cover plate thickness 
u penetration velocity 
V impact velocity 
Yp projectile flow stress 
pp projectile density 
,Ost steel density 
Pt target density 

1. INTRODUCTION 

The depth-of-penetration (DOP) test has been used to investigate the ballistic performance of ceramic 
tiles since approximately 1986 [1]. In this arrangement, the ceramic tile is placed on, or in a cavity 
of, a metallic (aluminium or steel) substrate; the evolution of the DOP test is discussed in Ref. [2]. It is 
well-known that the performance of ceramic tiles increases with confinement [3,4]. In this context, there 
are two issues relative to confinement: lateral (or radial) confinement, and confinement by a cover plate. 
Partom and Littlefield [5] have modified cavity expansion theory to examine lateral confinement. Lateral 
confinement can be achieved by having sufficiently large (wide) tiles, or by placing the ceramic tile 
within a metal cavity. Reference [2] describes an empirically-based formula for estimating the amount of 
radial confinement necessary to achieve 'saturated' ballistic performance. Less well-studied and 
documented is the efficacy of cover plates. In general, it has been noted that a cover plate improves the 
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ballistic performance of the tile, but if lateral confinement is not adequate, the performance is degraded 
by the cover plate [6]. 

Numerical simulations of the response of ceramic tiles of flyer plate impacts has met with some 
success as described in Refs [7-10]. However, the ability to predict the performance of a ceramic target 
to ballistic impact is considerably more uncertain, e.g. Ref. [8-11]. Therefore, the present investigation 
had a two-fold purpose. First, there is a desire to investigate the ballistic performance of ceramic tiles as 
a function of the degree of confinement offered by cover plates. Nominally, three different experimental 
conditions were investigated: no cover plate, confinement by a mild steel cover plate, and confinement 
by a high-hard steel cover plate. It was hypothesized that if cover plate confinement was important, the 
ballistic performance of the ceramic should increase as the strength of the cover plate increased. 

Second, the experiments were designed to provide a suite of tests for numerical simulations. 
Generally, ballistic impact experiments have been required to determine some of the constants in 
ceramic constitutive models, in particular, the flow stress of the comminuted material. Therefore, to 
ensure that the agreement is not a result of 'tuning' of the constitutive constants to one impact velocity, 
the experiments were designed to obtain data at two velocities. Thus, the experimental data can serve as 
benchmark data for numerical simulations since issues of confinement and impact velocity are addressed 
in the test matrix. 

2. EXPERIMENTAL PROCEDURE 

2.1. Projectiles 

The experiments were conducted using tungsten-alloy long-rod projectiles with length-to-diameter 
ratios, including the hemispherical nose, of 10. All projectiles were made by Teledyne Firth Sterling 
from their X27X alloy (91.23% W, 5.98% Ni, and 2.79% Co), which has a density of 17.54 g/cm 3. The 
projectile radius was 0.381 cm, and the length, 7.62 cm. The projectiles were cold worked (swaged) 
25%, and aged at 400°C for 1 h, giving the alloy an ultimate tensile strength of 1.5 GPa at 9% elongation 
with little or no work hardening. Threads (3/8-16UNC-3A) were placed exterior to the main portion of 
the cylindrical rod over the center 3.81 cm to provide a gripping surface for the sabot. The total mass of 
the projectile was ~ 66.7 g (60 g for the cylindrical portion of the rod, and 6.7 g for the threads). A four- 
piece puller aluminium sabot was used to launch the projectiles from the SwRI 30-mm powder gun. 

2.2. Targets 

The aluminium oxide tiles were 2.586+0.003 cm thick and 10.16 cm in diameter. The ceramic tiles 
were 99.5% pure A1203 (CAP3 from Coors), with a density of 3.90 g/cm 3. A variety of target 
configurations (see Fig. 1) were used to vary the degree of confinement: 

• unconfined (bare) ceramic tile (UCC); 
• radially-confined (by a steel surround) ceramic tile (RCC); 
• ceramic confined by a steel surround and with a 0.635 cm thick mild steel cover plate (1 MSCP); 
• ceramic confined by a steel surround and with a 0.635 cm thick high-hard steel cover plate (1 HHCP); 
• ceramic confined by a steel surround and with two 0.635 cm thick mild steel cover plates (2 

MSCP);and 
• ceramic confined by a steel surround and with two 0.635 cm thick high-hard steel cover plates (2 

HHCP). 

The steel surround was a 15.2-cm diameter cylinder of 4340 steel heat treated to a Rockwell C hardness 
of Rc 314-2. The length of the surround was sufficient to totally contain penetration. A 2.54-cm deep 
recess was machined in the steel for the ceramic tiles. Prior to gluing, the target recess was cleaned with 
acetone to remove any remaining cutting oil. The ceramic was glued in place with epoxy (Easypoxy K20 
by Conap). A thin coat of epoxy was evenly applied onto the bottom surface of the ceramic and a thin 
bead (~  5 mm in diameter) was placed at the base of the tile wall. The ceramic tile was then pressed into 
the recess. The tile was turned in the recess to spread the adhesive evenly on the walls. The excess epoxy 
was removed from the surface with acetone and the epoxy was allowed to cure for 24 h at 20°C. The 
unconfined ceramic tile was glued directly to the steel surface. 
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Fig. 1. Schematic diagram of target configurations. 

2.3. Cover plates 

Socket head grade 8 (Rc 35)bolts, 0.95 cm in diameter, equally spaced around the circumference, were 
used to attach the cover plates to the steel surround. The recess for the ceramic was slightly less than the 
thickness for the ceramic, thereby ensuring that the cover plate was in direct contact with the ceramic 
tile. The bolts were torqued to a tightness of 81.3 N m. The mild steel plates had a Rockwell B hardness 
of RB 48.5, and the high-hard steel plates had a hardness of Rc 48.5, per MIL-A-461000. 

3. EXPER/MENTAL RESULTS 

3.1. Baseline RHA penetration data 

Prior to testing the ceramic targets, the baseline performance of the projectile into the steel target was 
quantified. The depths of penetration into the targets were measured, and are plotted as normalized 
penetration P/L as a function of impact velocity in Fig. 2. A linear least squares fit through the data, 
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Fig. 2. Baseline penetration. 
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represented by the solid line in Fig. 2, gives the following correlation: 

P ~  
- -  = 1.030 V - 0.695. (1) 
L 

Woolsely et al. [12,13] have obtained data for L/D-10 projectiles made from the X27C and X21C alloy, 
using targets with an average hardness of  Rc 27+2.  The regression line through the Woolsey et al. data 
is denoted by the dashed line. The targets used for this study were Rc 31-t-2; adjusting Woolsey 's  data to 
the same steel hardness used in this study gives the dotted line in Fig. 2, which is in very good agreement 
with current data. Therefore, Eqn (1) is used to provide the reference penetration performance as a 
function of  impact velocity. 

3.2. Ceramic testing 

Two impact velocities were used in the testing, nominally 1.53 and 1.78 km/s, denoted by the vertical 
dot -dash  lines in Fig. 2. The residual depth of  penetration Pr into the backup steel cylinder was the 
experimental  measure of  penetration performance. The target code, the test number, tile thickness, cover 
plate thickness, impact velocity, residual penetration into the steel substrate, and the total penetration 
(cover plate plus ceramic tile plus substrate) are listed in Table 1. The target code is as follows: the first 
two numbers give the approximate impact velocity, and the third number is the number of  cover plates. 
The two alphabetical  characters provide further information about confinement: UCC stands for the 
unconfined ceramic, RCC stands for the (no cover plate) radial ly-confined ceramic, MSCP represents 
the use of  a mild steel cover plate, and HHCP denotes the high-hard steel cover plate. 

Examination of  the post-test targets is illustrative of  the large forces exerted on the cover plates. 
Originally, eight bolts were used to secure a single 0.635-cm thick cover plate (Tcp/D = 0.833). The mild 
steel plate underwent such severe deformation, presumably as a result of  the bulking of  the highly 
comminuted ceramic, that the plate was ' torn '  after a test; and at 1.78 km/s, the deformation was even 
more severe. The high-hard cover plate resisted the deformation observed for the mild steel cover plate; 
instead, the bolts failed in tension and/or shear and the cover plate was not attached to the main target 
after the test. The number of  bolts was doubled to 16 to spread the load among more bolts. Although the 

Table 1. Experimental conditions and results for ceramic tests 

Target code Test No. Tc Tcp V Pr PT 
(cm) (cm) (km/s) (cm) (cm) 

150RC 6 2.586 0 1.55 4.32 6.90 
150RC 7 2.583 0 1.52 4.32 6.90 
170RC 14 2.591 0 1.78 6.06 8.65 
170RC 15 2.586 0 1.79 6.20 8.78 
151MS 8 2.586 0.635 1.56 3.40 6.62 
151MS 9 2.581 0.635 1.53 3.37 6.58 
171MS 20 2.588 0.635 1.70 4.38 7.60 
171MS 21 2.581 0.635 1.78 4.78 7.99 
151HH 10 2.583 0.635 1.52 3.25 6.47 
151HH 11 2.586 0.635 1.51 3.05 6.27 
151HH 32 2.583 0.635 1.55 2.86 6.08 
151HH 33 2.581 0.635 1.51 2.84 6.06 
171HH 22 2.581 0.635 1.78 3.51 6.72 
171HH 23 2.586 0.635 1.80 4.62 7.84 
150UC 18 2.586 0 1.50 4.65 7.23 
150UC 19 2.583 0 1.48 4.36 6.94 
170UC 16 2.588 0 1.78 6.18 8.77 
170UC 17 2.588 0 1.79 6.30 8.89 
152MS 29 2.588 1.27 1.47 2.72 6.58 
172MS 24 2.588 1.27 1.78 4.45 8.30 
172MS 25 2.588 1.27 1.79 4.52 8.38 
152HH 30 2.586 1.27 1.52 2.67 6.52 
152HH 31 2.591 1.27 1.48 1.97 5.83 
172HH 26 2.586 1.27 1.80 4.50 8.35 
172HH 27 2.586 1.27 1.75 4.14 8.00 
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Fig. 3. Total normalized penetration versus impact velocity. 

bolts again failed, the plate was more severely deformed for the 16-bolt configuration, indicating that the 
plate must have remained in place longer before the bolt failure. At the higher impact velocity, the bolts 
must have failed sooner since there is not as much deformation in the cover plate. 

Next, it was decided to use two 0.635-cm thick plates, for a total thickness of  1.27 cm (TepiD -- 1.67), 
to increase the overall stiffness of  the cover plates. 1 Although the plates bulged outward for the two mild 
steel cover plates at the 1.5 km/s impact velocity, the double-thick plates remained intact after the test, 
that is, there was no ' tearing'  of  the plates. At the high impact velocity, deformation was sufficient to 
cause the plates to again tear, but nowhere to the extent of  the single-plate test. The double-thick high- 
hard steel cover plate arrangement had sufficient stiffness that only a few of  the bolts failed at the lower 
impact velocity, and the plates remained attached in one of the tests. At the higher impact velocity, the 
bolts again failed, but there was considerably less overall deformation of the cover plates as compared to 
the single high-hard steel cover plate. 

The total penetration normalized by the projectile length PT/L is plotted versus impact velocity in 
Fig. 3. Solid lines connect similar target geometries. For comparison purposes, Eqn (1) for semi-infinite 
steel is also plotted in the figure. 

4. ANALYSIS 

It is informative to compute some measures of  performance for the ceramic such as the mass 
efficiency, the differential tile efficiency, or the target resistance. The mass efficiency Em compares the 
ballistic performance of the target with that of  the baseline steel target, and is defined as [14]: 

P~Pst (2) Em = 
TcpPst + TcPc + PrPst 

The Em values are tabulated in Table 2. Probably of more interest is the differential tile efficiency Aec, 
since it specifically provides a quantitative measure of  the performance of the ceramic tile as contrasted 
to the performance of the target-penetrator combination. Therefore, the differential efficiency more 
readily permits comparison of  the data here with that of  other researchers. It is defined as [14]: 

Aec = [P~ - (er -}- Zcp)]Pst (3) 
Tcpc 

The Aec values are plotted in Fig. 4, and are listed in Table 2. The solid lines connect nominally 
identical tests. 

1The authors did not investigate the effects of one 1.27-cm thick cover plate versus two 0.635-cm thick cover plates. 
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Table 2. Calculated values of ceramic performance 

Target code Test No. E m Aec R t (1) R t (2) 
(cm) (cm) ac(km/s) (cm) 

150RC 6 1.23 1.99 5.73 6.68 
150RC 7 1.18 1.81 5.21 6.11 
170RC 14 1.18 2.04 5.65 6.40 
170RC 15 1.17 1.99 5.48 6.20 
151MS 8 1.31 2.27 6.53 7.55 
151MS 9 1.27 2.12 6.11 7.11 
171MS 20 1.28 2.36 6.80 7.73 
171MS 21 1.30 2.55 7.37 8.30 
151HH 10 1.28 2.14 6.18 7.20 
151HH 11 1.32 2.24 6.43 7.49 
151HH 32 1.44 2.64 7.45 8.59 
151HH 33 1.38 2.40 6.84 7.95 
171HH 22 1.60 3.54 10.11 11.26 
171HH 23 1.35 2.79 8.10 9.08 
150UC 18 1.09 1.42 4.02 4.76 
150UC 19 1.12 1.52 4.38 5.18 
170UC 16 1.16 1.94 5.30 6.00 
170UC 17 1.15 1.91 5.18 5.86 
152MS 29 1.18 1.76 5.10 6.03 
172MS 24 1.24 2.30 6.58 7.43 
172MS 25 1.24 2.31 6.58 7.42 
152HH 30 1.27 2.10 6.06 7.08 
152HH 31 1.40 2.40 6.80 7.93 
172HH 26 1.25 2.39 6.85 7.71 
172HH 27 1.26 2.36 6.78 7.67 
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Fig. 4. Differential tile performance. 

Examining Fig. 4, there are several conclusions that can readily be made concerning the ballistic 
performance of ceramic tiles, albeit there are counter-examples to these observations: 

• the ballistic performance of a ceramic tile increases with confinement (unconfined ceramic tile to 
radially-confined ceramic file, to confinement with a cover plate); 

• a steel cover plate improves the ballistic performance of a ceramic tile (for a radially-confined 
ceramic tile); and 

• the ballistic performance of  a ceramic tile is a function of the hardness and thickness of  the cover plate 
(differences in penetration of the cover plates due to cover plate hardness are implicity included in the 
calculation of  Aec). 
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• there appears to be a strong increase in ceramic performance with impact velocity for V ranging 
1.50-1.55 km/s, but then the performance increases considerably slowly with velocity up to 
1.80 km/s. 

There are two, and perhaps three, points that are notable counter-examples to the last observation. The 
slight variation between Test Nos. 18 and 19 is almost certainly due to test-to-test variability and 
therefore should be considered as indicative of 'data scatter,' as opposed to a 'violation' of the observed 
trends. However, Test Nos. 31 and 22 show significant increases in ceramic performance relative to other 
similar points in the matrix, and are counter to the trends exhibited by the other data. In particular, Test 
No. 22 has a Aec value of ~ 3.6, considerably larger than any of the other Aec values. More will be said 
about these latter observations in the paragraphs below. 

An alternative expression for tile performance is the Tate resistance Rt. There are two ways of 
calculating Rt from DOP data [15]. Both methods are based on the application of steady-state theory, and 
in particular, application of the Tate model [16]. However, the assumptions invoked, aside from the 
premise of steady state, are slightly different. The first method uses the residual penetration and the tile 
thickness to estimate the tile thickness T~' that would result in zero residual penetration: 

T~:  rcP~ 
Po~ - (Pr + rcp)" (4) 

Rt in the Tate model is adjusted until the depth of penetration predicted by the model gives Tc'. The Rt 
values calculated with this method are given in Table 2 under the column Rt (1). The second method for 
calculating the target resistance requires an estimate of the penetration velocity u in the ceramic tile. R t is 
then calculated from the modified Bernoulli law: 

1 1 
Rt =-- Yp + ~pp(V - -  U) 2 - -~p t  u2. (5) 

The penetration velocity is estimated by assuming that the penetration into the substrate is proportional 
to the residual rod length, which after some simplification, reduces to: 

V 
u = (6) 1 + L[1-(Pr+Tep)/Poc]" 

Tc 

The R t values calculated using this methodology are listed in Table 2 under the column R t (2). 
The calculated target resistances are plotted in Fig. 5, but the data are displayed somewhat differently 

than the data in Fig. 4. The differences in the calculation of Rt from Eqns (4-6) are used, along with the 
spread in the experimental data, to estimate the uncertainties in R t. (The sample standard deviation is 
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used to give an estimate of the uncertainty.) The two 'anomalous' data points, Test Nos. 31 and 22, are 
plotted separately, denoted by the open circles. The same conclusions can be drawn from Fig. 5 as those 
from Fig. 4. 

4.1. Comparison with data from similar investigations 

Measures of performance such as Em or PT/L are strongly dependent on the semi-infinite steel 
reference penetration. For example, changing the hardness of the steel substrate material can change Em 
by as much as 30% [17]. An advantage of calculating Aec or Rt is that these measures of performance 
can be more readily compared with results from similar experiments by other investigators, since the 
reference penetration is taken into account to estimate tile performance. In particular, by expanding the 
database, the data from this study can be compared with ceramic performance at other impact velocities 
and tile thickness. We will examine data from Woolsey et al. [12,13,18], Wilkins et al. [17], and Hohler 
et al. [19], and compare Aec. The calculation of Ae~ requires the baseline penetration performance Po~ 
of the projectile into semi-infinite substrate material. The reference performance for the Woolsey et al. 
experiments is shown in Fig. l, those of Wilkins et al. and Hohler et al. are reported in Refs [17,19], 
respectively. 

Woolsey et al. used square tiles, 15.24 cm on a side. The tiles were confined laterally in a 1.9-cm thick 
steel frame; tile thickness were varied in the range 1.0-4.0 cm. The substrate material was RHA, with a 
hardness of Rc 274-2. Woolsey provides only Pr adjusted to the nominal impact velocity of 1.49 knds, so 
all data are shown at that velocity. Woolsey tested many different ceramic materials (using UD-IO 

tungsten-alloy projectiles), but only the results for Coors 99.5% A1203, with a reported density of 3.89 g/ 
cm 3, will be discussed here. The 1.0-cm thick tile results are not plotted since these clearly are not 
representative of (and are considerably below) the results for the thicker tiles. Examination of their data 
shows that ballistic performance, as measured by Ae~, falls into two distinct categories. Most of the data 
yield a differential tile efficiency of ~ 2.0, independent of tile thickness (1.9 cm <_ T~ _< 4.0 cm). 
Occasionally, however, the ceramic performs better, with a Ae~ value of ~ 2.7. Both of these values are 
plotted in Fig. 6, along with an estimate of the uncertainties calculated from the spread in the 
experimental data. Also plotted in Fig. 6 are the averaged values for the unconfined and radially- 
confined ceramic tiles from this study (see Fig. 4). The lower value for Aec (,-~ 2.0) from Woolsey et al. 
agrees quite well with the present 'confined' experiments. At ~ 1.5 km/s, the unconfined 10-cm 
diameter tile (open square symbol) does not provide sufficient inertial confinement, and ceramic 
performance, as measured by Aec, is 25% less than the radially-confined tile (solid square) or the larger 
tiles used by Woolsey et al. At 1.78 km/s, as already noted, the unconfined tile performance is only 
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marginally less (4-5%) than that of the radially-confined tile, and within the scatter of the data of 
Woolsey et al. for tiles with thickness of 1.9-4.0 cm range. 

The data from Woolsey et al. demonstrates that ceramic performance, under nominally identical test 
conditions, can vary by ~ 30% (Aec values of ,-~ 2.0 and ,,~ 2.7). Similar behaviour is observed for the 
data in Fig. 4, specifically Test Nos. 22 and 23 (the open triangle at ,,~ 1.78 km/s), where performance 
differs by ~ 25%. Exactly why ceramic tile performance can vary so dramatically is unknown, although 
there has been considerable speculation. 

In Refs [17,19], square tiles (10.0, 15.0 or 18.0 cm on a side) were wedged into a 2.0-cm thick steel 
frame. The substrate material was a German armor steel with a hardness of Rc 40±1. A 1.0-cm thick 
mild steel cover plate (TepiD ~ 1.46) was placed in front to provide further confinement to the ceramic, 
but with a 3.0-cm diameter hole for projectile impact. A 0.15-cm thick piece of rubber was placed 
between the mild steel cover plate and the ceramic for damping. In the Wilkins et al. work [17], total tile 
thickness was varied in the range 7.0-9.0 cm. The target was assembled by using a two-part adhesive to 
stack 3.0 and 4.0 cm thick tiles until the total thickness of 7.0, 8.0, or 9.0 cm was achieved. The 99.5% 
A1203 tiles were made by Dow Chemical, and had a density of 3.87 g/cm 3. The impact velocities were 
nominally 2.0 and 2.5 km/s. These results are plotted in Fig. 6. On average, there is a slight increase in 
tile efficiency in the range 1.95-2.45 km/s (8%). However, on average, ceramic performance for the 
DOW ceramic is ~ 12% less than the new data presented here or the data of Woolsy et al. [18]. This 
decrease in performance is likely due to the substantially increased tile thickness, as discussed in the 
paragraphs below. 

Hohler et al. [19] conducted experiments on A1203 tiles (trade name A1898), with a nominal density of 
3.8 g/cm 3, manufactured by Hoechst CeramTec. Total ceramic thickness were varied in the range 1.98- 
10.0 cm by stacking nominally 2.0-cm thick or 1.0-cm thick tiles together. Tungsten-alloy long rods 
(L/D = 10 and 12.5) were fired at ~ 1.25, 1.75, 2.5 and 3.0 km/s. The authors show that Aec decreases 
with increasing tile thickness. Yaziv and Partom [20] found similar behaviour with AD-85 tiles, using an 
impact velocity of 1.38 km/s, but they also found that the effect was considerably less pronounced if the 
tile was radially confined. Likewise, Hauver et al. [6] show a decrease in R t for increasing tile thickness 
for a number of different ceramic materials. 

For the purposes here, Aec was calculated from the data in Ref. [19] for the 2.0- and 3.0-cm thick tiles 
and averaged. The difference of the two results provide an estimate of an uncertainty. The results are 
plotted in Fig. 6. Although Hohler et al. report a decrease in Ae~ with increasing tile thickness, the effect 
becomes less and less pronounced as the impact velocity increases. Their Aec value at 3.0 km/s is 
relatively independent of tile thickness; for example, for 8.0 cm of ceramic, Aec is only 6% less than the 
value shown in Fig. 6. 

Several observations can be made, consistent with those already stated, concerning the Hohler et al. 

[19] data. There is an increase in ceramic performance with impact velocity in the range 1.25-1.7 km/s. 
In the range 1.7-2.5 km/s, there is a very slight improvement in performance on average, which then 
decreases slightly at 3.0 km/s. However, within the data scatter, ceramic performance is approximately 
constant with impact velocity for V _> 1.7 km/s. 

5. SUMMARY 

The ballistic performance of a ceramic tile improves with confinement. As shown in Figs 4 and 6, 
performance is velocity dependent, but the more the confinement, the less the dependence on impact 
velocity. Within the data scatter, the data of Hohler et al. [19], Wilkins et aL [17], Woolsey et al. [18], 
the radially-confined data at 1.53 km/s, and both the unconfined and radially-confined data at 1.78 km/s 
agree quite well. The ballistic performance of a ceramic tile is quite sensitive to changes in confinement 
at low impact velocities (V < 1.5 krn/s). The results of Refs [19,20] show that tile performance is a 
function of tile thickness at the lower impact velocities, although Yazi and Partom [20] report that this 
dependence is less for a radially-confined ceramic. Additionally, for a given confinement, ceramic 
performance is relatively sensitive to impact velocity for V < 1.5 km/s. Ceramic performance appears to 
increase slowly until V ,,~ 2.5 km/s. At higher impact velocities, performance within the data scatter is 
constant. 

From analysis of the results with cover plates, it has been demonstrated that ceramic performance is 
dependent on both the thickness and the hardness of the cover plates used. The fact that tile performance 



712 C.E. Anderson Jr. and S.A. Royal-Timmons 

decreased with an increase in cover plate thickness suggests that there is some optimum thickness for 
cover plate performance. Lastly, at the higher impact velocities (V> 1.7 km/s), provided there is 
adequate confinement, the ballistic performance appears to be only moderately sensitive to tile thickness 
for the conditions examined. The data of Woolsey et al. [18], at V =  1.49 km/s, also showed little 
thickness dependency implying that their test protocol provides adequate confinement for the thickness 
of tiles tested. 

Lastly, numerical simulations have been performed for the cover plate experiments [21]. The constants 
for the constitutive model (the Johnson-Holmquist brittle model [22]) were obtained from independent 
flyer plate experiments, and then used in simulations of the ballistic experiments (with no changing of 
the constitutive constants). Details are provided in Ref. [21], but overall, the computations correctly 
predict the total penetration to first order as a function of impact velocity. However, the computations do 
not capture the effects of differences in confinement which are clearly observed in the experiments. The 
discrepancies between computational and experimental results could be related to numerical issues or 
constitutive issues. Since these two issues are coupled in the calculations, it is difficult at this point to 
identify the cause of the discrepancies. Therefore, although the results of the computations show 
promise, work remains. 
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