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Su mmary - -T h e  penetration of aluminum oxide tiles inserted into a 4340-steel block that also serves 
as a "semi-infinite" steel substrate is investigated for two length-to-diameter projectiles at a nominal 
impact velocity of 1.5 km/s.  The experimental observable is the depth of penetration of the projectile 
into the backup steel. These data are compared with the total penetration into semi-infinite steel. 
The data are analysed and displayed as normalized depth of penetration as a function of areal 
density and tile thickness. Data from Woolsey et al. (Fifth Annual TACOM Armor Coordinating 
Conference, Monterey, CA, 1989) are in good agreement with data from this study, and are used 
to extend the range of tde thicknesses. A methodology, assuming quasi-steady-state penetration, 
provides an estimate of the penetration resistance R~ of the ceramic tile; Rt is then used to estimate 
the erosion rate and length of projectde eroded as it penetrates the ceramic. A second approach 
that does not rely as heavily on the assumption of steady-state penetration is also developed and 
applied to the data to estimate the length of projectile eroded. It is found that the various measures 
ofceramic performance, for a well-confined target, are relatively constant as tile thickness is varied. 
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NOTATION 

average of c~ and c L 
shear wave speed 
longitudinal wave speed 
projectile diameter 
diameter of ceramic tile 
diameter of steel holder 
depth of penetration adjusted to the reference velocity 
measured depth of penetration 
crater diameter 
projectile length 
erosion rate 
initial length of projectile 
(effective) length of projectile when projectile enters substrate 
length of rigid projectile 
length of projectile eroded during penetration of ceramic tile 
mass of projectile 
empirical factor for critical yaw angle 
depth of penetration 
penetration into steel substrate (residual penetration) 
total penetration of ceramic and steel substrate (Pr  = t + Pr) 
depth of penetration into semi-infinite steel 
differential penetration (AP = Pc  - Pr) 
spread in D O P  data 
target resistance 
slope of P~/L  versus V curve 
tile thickness 
tile thickness to just prevent penetration of substrate 
a rmor  thickness 
interface (penetration) velocity 
projectile (tail) velocity 
impact velocity 
(effective) velocity of projectile when projectile enters substrate 
experimentally measured impact velocity 
ballistic limit velocity 
reference impact velocity 
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Y~, projectile flow stress 

x/Ppl P, 
p density 

PAt) areal density of target (PAt) = pt) 
Z axial stress, along the centerline, at the projectile-target interface ("Tate pressure") 
r time 
0 yaw angle 

Subscripts 
cer ceramic 

p projectile 
stl steel 

t target 

INTRODUCTION 

A typical measure for evaluating ballistic performance is the ballistic limit velocity [1].  
The results of ballistic limit testing, however, apply only to the target and the penetrator 
used in the tests, that is, the ballistic limit test is design specific. A more fundamental test 
was desired for a study of ceramic materials. It was decided that the test procedure should 
meet three criteria: 

(i) the test should be able to discriminate between the ballistic performance of various 
ceramic materials; 

(ii) the test should evaluate this performance to ballistic impact in a somewhat realistic 
target design; 

(iii) the test should provide information relevant to armor design. 

Further, it was decided that the overall thrust of the technical effort was to be focused 
more on heavy armor than lightweight armor. This consideration mandated the use of 
long-rod kinetic energy penetrators as the threat and implied that the performance of 
"thick" tiles was of interest. The "depth-of-penetration" test (DOP test) emerged as a test 
that satisfied the criteria stated above. 

The DOP test has several variations. In general, a ceramic tile is backed by a 
"semi-infinite" metallic substrate. The penetrator is launched at the target--obl iqui ty is 
zero degrees--and the depth of penetration into the metallic substrate is used as the 
measure of ballistic performance. The test procedure was first applied to the testing of 
ceramics by Bless and co-workers [2].  Up to this time, virtually all ceramics were tested 
as " thin"  tiles bonded to a metallic substrate that had a thickness of the same order as 
the ceramic. As described by Rosenberg et al. [3],  one of the reasons for adopting the 
DOP test procedure was to diminish the tensile failure of ceramics and the "testing" of 
the bond layer and substrate. The authors found that the D O P  results were more sensitive 
to the ability of the ceramic to resist penetration, and that efficiency measured by this 
technique could be more readily considered a reflection of a material property of the 
ceramic. In these early experiments, the ceramic tile was bonded to an aluminum block 
[2 -3 ] .  Further work by Rosenberg and Yeshurun [4]  also used aluminum as the substrate 
material. 

In the present effort, we decided to see if further information could be gleaned from the 
DOP test. By knowing the depth of penetration, and making a few assumptions, an estimate 
for the length of the penetrator eroded as it passed through the ceramic could be made 
(this procedure will be described later in the paper). To estimate the length of the penetrator 
as it exits the ceramic and enters the metallic substrates requires that a relationship be 
established between the depth of penetration with the length and velocity of the eroded 
penetrator. If the residual projectiles penetrates (and decelerates) as a rigid body, then the 
actual length of the eroded penetrator can be determined in a post-test measurement. 

An analytical study of the impact of a long-rod penetrator into aluminum was performed 
with the Tate model [ 5 - 7 ] ;  the Tare model is summarized in the Appendix. The analysis 
was compared to data for maraging steel long rods shot into aluminum in which the 
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projectiles remained rigid during the entire penetration process [8].  Parametric studies 
were performed on the strength of the penetrator lip and the target resistance Rt. Yp must 
be greater than R t for the projectile to penetrate as a rigid body. After matching the data, 
the projectile was changed to a tungsten alloy. The strength of the tungsten alloy was 
determined from a dynamic compression test in a split-Hopkinson pressure bar [9].  It is 
demonstrated by Anderson and Walker [ 10], through the use of numerical simulations, 
that the dynamic flow stress is an appropriate interpretation of Yp. The analysis indicated 
that at the impact velocities of in te res t - -on  the order of 1.5 k m / s - - t h e  projectile will 
erode in aluminum until it is decelerated below a critical velocity, somewhere around 
1.2 km/s  or slightly lower. Therefore, it was concluded that the projectile would continue 
to erode within the aluminum substrate until it transitioned to rigid-body penetration. 
This was then demonstrated experimentally in our laboratory. At impact velocities above 
1.2 km/s ,  the projectile eroded within the aluminum; below approximately 1.2 km/s ,  the 
long-rod projectile penetrated as a rigid-body.* It was realized that the combination of 
erosion and rigid-body penetration into the substrate would seriously complicate any 
analysis that seeks to deduce the direct effect, such as projectile erosion, of the ceramic tile 
on the penetrator. 

A number of studies had indicated that ceramics were more effective when backed by 
steel than when backed by aluminum. Woolsey et al. [11],  Mellgard et al. [12]  and 
Rosenberg and Tsaliah [ 13] conducted D O P  experiments using armor  steel as a substrate 
material instead of aluminum. The steel substrate has an additional advantage. At the 
impact velocities of interest, virtually the entire projectile erodes as it is penetrating. With 
complete erosion, it is possible to estimate the length of the projectile necessary to create 
the crater, although the procedure requires an estimate of the velocity of the "residual" 
projectile as it enters the substrate. This will be discussed later in the paper. 

One last issue remained, the issue of confinement. Ceramics have higher compressive 
strengths under confinement [ 14]. The tests by Woolsey et al. [ 11 ] used 15.2 cm square 
ceramic tiles to provide self-confinement. Similarly, Rosenberg and Tsaliah [13]  used 
15.0 × 20.0 cm ceramic tiles. We wanted to apply the test procedure to ceramics tiles, some 
of which were over 5 cm in thickness; processing procedures limited the maximum diameter 
of some of the tiles to approximately 10 cm. At the time we were performing our study, 
these were among the thickest (individual) tiles being evaluated by researchers. Confinement 
of the tiles was a serious issue, and one that still is not completely understood. It was 
decided to hollow out a cavity into the steel substrate; the cavity was machined to each 
specific ceramic tile. A metal-filled epoxy was used to pot the ceramic into place. 

EXPERIMENTAL TEST PROCEDURES 

Target holders 

The diameters of the ceramic tiles were approximately 10 cm. But the question still 
remained: How much surrounding steel was required for "good"  confinement.? The 
substrate needed to be sufficiently thick that penetration would end at a minimum of two 
projectile diameters, and preferably at least five projectile diameters, from the rear surface. 
This would ensure that the substrate acted as a semi-infinite target. To determine the 
diameter of the steel target holder, we relied on an empirical formula proposed by Bless [ 16]. 

Bless had observed in a series of tests that the performance of unconfined (no lateral 
confinement) ceramics generally fell into three distinct groups that appeared to correlate 

*A point of interest was noticed in these "rigid-body" experiments. The projectile had a tendency to veer off 
the shotline, i.e. not travel in a straight-line trajectory. Analogies can be made to aerodynamics where the flight 
path is unstable if the center of pressure is in front of the center of mass. 

?Actually, the issue of whether to perform the tests with or without a cover plate still remained. The tests were 
performed without a cover plate. At the time of this paper, there are mixed results concerning the efficacy of a 
cover plate on ballistic performance of ceramics [15]. No consistent explanation has been put forth that can 
explain all experimental observations. 
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FIG. I. Schematic of steel holder ~ r  ceramic targets. 

TABLE 1. PROPERTIES OF 4340 STEEL AND AI203 

4340 Steel AI20 3 (90%) 

Density (g/cm 3 ) 7.84 3.60 
Young's Modulus (GPa) 200 276 
Shear Modulus (GPal 77 117 
c L (km/sJ 5.06 8.76 
c, {km/sJ 3.14 5.70 

with tile thickness. If the ceramic tiles were too thin, then performance appeared to be 
associated with the ability of the backing material to resist bending. But with tiles more 
than 1.25 cm thick, the ballistic performance (as measured by a D O P  test) was quite good 
unless the tile became too thick. Bless inferred that this drop was due to relief waves from 
the edge of the substrate and the loss of lateral confinement. He developed a relationship, 
based on limited data, between tile width Dec r and thickness t: 

D¢~ r t /2  
- - >  (1) 

U 

where ( is the average of the shear and longitudinal wave speeds. Essentially, Eqn (1) 
states that the penetrator is at least halfway through the ceramic before the wave has time 
to go out to the edge of the ceramic and back to the penetrator. Using the geometric 
definitions in Fig. 1, Eqn ( 1 ) can be rewritten to calculate the thickness of the confining 
steel to account for wave travel through both the ceramic and the confining steel: 

2 \ 2u (¢er/" 

The minimum diameter of the steel cylinder is then given by: 

Dst I ~> 2ds, + D¢~r. (3) 

Morris and O'Kelley had performed some tests on ceramics using shaped charges [17]. 
The expression in Eqn (1) was applied to the experimental data. It was found that it did 
a fairly good job of separating ceramic performance as a function of ceramic thickness. 
Equation (3) was thus used to estimate a minimum diameter for the substrate material. 
Material properties for 4340 steel and aluminum oxide are listed in Table 1. At an impact 
velocity of 1.5 km/s (the nominal impact velocity of interest), the steady-state velocity of 
a tungsten-alloy penetrator is estimated to be approximately 0.75 km/s. The resulting 
thickness of steel necessary to "confine" a 5-cm thick, 10-cm diameter ceramic tile is 4 cm. 
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Steel rounds come in specific diameters. We used the smallest diameter that was greater 
than the 18-cm diameter implies from application of Eqn (3); this was a 20.3-cm diameter 
cylinder. 

The holders for the ceramic targets were fabricated from 20 to 23 cm lengths of 4340 
steel bar stock of 20.3-cm diameter. The steel cylinders were heat treated to a nominal 
Rockwell hardness of R c 27 _+ 2. The diameter and thickness of each target tile were 
determined, and a holder was machined for each particular target. The diameter of the 
cut-out area was approximately 0.3 mm larger than the measured diameter of the tile, and 
the depth of the cut-out was up to 0.13 mm greater than the tile thickness. Air spaces 
between a tile and its steel holder were filled with a thinned Belzona Super Metal epoxy. 
A small amount  of the epoxy mixture was placed in the bot tom of the holder recess, and 
the tile was pushed into place, forcing the excess epoxy up the sides of the tile. Once the 
face of the tile was flush with the face of the target holder, additional epoxy was placed 
around the edges of the tile. 

Test procedures 

The tests were conducted using tungsten-alloy long-rod projectiles with length-to- 
diameter (L/D) ratios of 10 and 15. All projectiles had the same mass; all had hemispherical 

r~ 
-:, ~:,~-:- 

FIG. 2. Example of penetration crater. 
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noses. The chemical composi t ion of  the projectiles was reported by the supplier as 90.91% 
tungsten, 4.47% nickel, 1.95% iron and 2.67% cobalt ;  the density, as reported by the 
manufacturer,  was between 17.39 and 17.42 g / c m  3. 

Or thogona l  flash X-rays were used to determine the velocity and total yaw of the 
projectile prior to impact. Tests were conducted against 4340 steel slab targets and against 
A120 3 targets. The depth of penetrat ion into the steel is often measured by sectioning the 
crater and then measuring the depth of  penetrat ion;  the assumpt ion made is that  the saw 
cut is along the centerline of the projectile trajectory. An alternate procedure,  and the one 
used in this study, is to take an X-ray radiograph of the target. An example of the resulting 
" s h a d o w g r a p h "  of a crater is shown in Fig. 2. 

EXPERIMENTAL RESULTS 

Baseline 4340-steel penetration tests 

An initial test series was conducted to determine the penetrat ion capabilities of  the 
L/D = 10 and L/D = 15 rods into 4340 steel and to compare  these results with those 
reported by Woolsey et al. [11] .  (Woolsey et al. used a 10% less massive projectile; also, 
only L/D = 10 projectiles were used in their experiments.) Table 2 contains the data  for 
the L/D = 10 experiments, and Table 3 presents the data  for the L/D = 15 test series into 
the steel targets. In the tables, the experimental results are normalized by either the length 
of the projectile L, or  the projectile diameter D. P~  is the depth of penetrat ion into the 
semi-infinite steel, and H is the diameter of  the impact  crater. The column marked " Y a w "  
in the tables represents the square root  of the sum of the squares of the pitch and yaw 
measured from the flash radiographs  of  the projectile prior to impact. 

TABLE 2. 4340-STEEL PENETRATION FOR L/D = 10 RODS 

Projectile 4340 Steel 

Test Velocity Yaw P,/L H/D 
no. (km/s) (°) (--) (--) 

1 1.017 1.05 0.386 1.56 
2 1.106 1.15 0.464 1.69 
9 1.265 2.86 0.610 1.77 

10 1.324 5.45 0.678 - -  
11 1.481 1.50 0.881 1.71 
14 1.490 6.47 0.783 - -  
24 0.845 2.31 0.202 1.66 
25 1.042 1.58 0.410 1.57 
27 1.348 3.39 0.716 1.80 
28 1.515 0.65 0.909 1.83 
29 1.548 0.95 0.982 1.83 

TABLE 3. 4340-STEEL PENETRATION FOR L/D = 15 RODS 

Projectile 4340 Steel 

Test Velocity Yaw P ~ / L H / D 
no. (km/s) (o) (__) (__) 

5 1.109 2.22 0.386 1.56 
6 1.087 1.14 0.467 1.70 
7 1.228 1.04 0.507 1.76 

18 1.307 2.03 0.602 1.76 
30 1.492 5.67 0.695 1.86 
31 1.490 2.56 0.827 1.87 
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Fx6. 3. Normalized depth of penetratnon into semi-infinite steel versus impact velocity. 

The normalized penetration data in Tables 2 and 3 are displayed graphically in Fig. 3 
as a function of impact velocity. The P~/L data fall into two distinct groupings as a 
function of impact velocity. The L/D = 15 data are consistently beneath the L/D = l0 
data. This is the well-known phenomenon that the smaller the L/D, the more efficient the 
penetration as measured by P~/L. It is also seen that two of the data points, shown as 
hollow symbols, fall below the linear trend. These two data points had fairly high impact yaw. 

The maximum yaw, defined as the yaw at which the tail of the projectile just strikes the 
crater wall, is given by: 

O = sin-, { (H/D -1) /2  + n} Z/-# (4) 

where n is some fraction of a projectile diameter and allows for the last little bit of the 
projectile tail to encounter the crater wall and affect the total penetration only very slightly 
[ 18]. Equation (4) does not account for any erosion of the projectile. Using 1.83 for HID 
(Tables 2 and 3) for an impact velocity of approximately 1.5 kin/s, and taking n to be 
zero, the acceptable yaws for the LID = 10 and 15 projectiles are 4.76 and 3.17 °, respectively. 
These criteria are probably a little too stringent because of shortening of the projectile by 
erosion, but are nevertheless indicative of impact yaws above which penetration performance 
is affected. Woolsey et al. [ 11 ] examined the depth of RHA penetration versus total yaw 
for their LID = 10 projectiles at a nominal impact velocity of 1.5 km/s. They determined 
a P~/L of 0.86 _+ 0.02 with no degradation in penetration performance for yaws less than 
3 ° within this scatter, 4% degradation at 5 ° yaw, and 8% at 6.5 ° yaw. 

Woolsey et al. [ 11 ] performed a least-squares curve fit to their data for total yaws of 
3 ° or less. The data are fitted to a linear expression for depth of penetration versus impact 
velocity V. Their curve fit, after normalizing by the length of the penetrator, is 

P~ - 1 . 06V-  0.712 (LID = 10). (5) 
L 

The data fit is valid for 0.85 ~< V ~< 1.77 km/s. 
The P~/L data of Tables 2 and 3 were also fit to linear expressions relating normalized 

penetration to impact velocity, with the exception of Tests 14 and 30, which had excessive 
yaw. The resulting expressions for LID = 10 and L/D = 15 projectiles are 

P~ - 1 .075V-  0.719 (L/D = 10) (6) 
L 
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FIG. 4. Comparison of normahzed depth of penetrauon into semi-infinite steel with curve fits from the literature. 

P~ - 0.997V - 0.682 (L/D = 15). (7) 
L 

Sorensen et al. [ 19], present an expression for scaled penetration that is independent of 
projectile L/D for L/D >1 15. Data are fitted to a hyperbolic equation so that the curve fit 
can tend towards an asymptotic (hydrodynamic) limit at higher velocities. The expression is 

P~ 
- 0.275 + 0.596V - 0.940~/1.304 - 1.259V + 0.315V 2. (8) 

L 

Equations (5) and (8) are plotted in Fig. 4 along with the data points of Tables 2 and 3. 
The linear curves representing Eqns (6) and (7) are not plotted in this figure since they 
essentially coincide with the curves of Eqns (5) and (8). Agreement between all of the 
expressions and the data is good. 

The depth of penetration in semi-infinite steel provides the baseline data for the analysis 
of the ballistic performance of ceramic tiles. In particular, Eqns (5)-(7) are used to make 
adjustments to the DOP experimental data to a reference impact velocity. 

A I 2 0 3  (AD90) ceramic tile tests 

Sintered (90%) alumina manufactured by Coors Ceramics, generally referred to as AD90, 
was selected as representative of a "good armor"  ceramic to investigate the applicability 
of the experimental procedure. AD90 can also serve as a baseline for comparing the ballistic 
performance of other ceramic materials once the experimental methodology was established. 
Coors reported the hardness as 78.6 on the Rockwell 45N Scale, and an average density 
of 3.593 g/cm 3. This density compares to a value of 3.53 g/cm 3 reported in ref. [11-]. 

AD90 tiles of nominal areal densities of 10 and 15 g/cm 2 were tested with L/D = 10 
and L/D = 15 projectiles at impact velocities of approximately 1.5 km/s. The thicknesses 
t and the areal densities PAD (the product of the tile density and thickness) of the ceramic 
tiles are given in Table 4. The impact velocity, impact yaw, projectile L/D and the normalized 
residual penetration P,/L into the steel block are also given in the table. 

The total depth of penetration, PT = t + P ,  normalized by the initial length of the 
penetrator for each test, is plotted in Fig. 5 as a function of impact velocity. Also shown 
in the figure are the linear curves for the normalized semi-infinite steel penetration, Eqns 
(6) and (7). Although there exists scatter in the data,* the total penetration is slightly more 

*The ballistic performance of ceramic targets has considerably more scatter than metallic targets. This 
experimental observation has been observed by numerous investigators. The underlying causes of this scatter 
remain unknown at this time, although we speculate that the scatter results from differences in confinement and 
substrate support (nominally identical tests are different because of the experimental realities of air spaces, 
bonding, etc.). 
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TABLE 4. BASELINE CERAMIC (AD90) RESIDUAL PENETRATIONS FOR IMPACTS AT 1.5 km/s  

175 

Test V L/ D Yaw t PAo P,/ L 
no. (km/s)  ( - - )  (-) (cm) (g/cm-') ( - - )  

32 1.484 10 5.81 2.794 10.04 0.53 
33 1.513 10 3.15 2.804 10.08 0.59 
34 1.508 15 2.57 2.781 9.99 0.55 
35 1.500 15 3.38 2.796 10.05 0.55 
37 1.498 10 0.43 4.194 15.07 0.47 
45 1.500 10 0.44 4 194 15.07 0 44 
38 1.493 15 3.89 4.!96 15.08 0.47 
39 1.513 15 3.27 4.194 15.07 0.50 
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FtG. 5. Normalized total depth of penetration of AI20 ~ and steel versus nmpact velocity. 

into the AD90/steel target than into semi-infinite steel at the nominal impact velocity of 
1.5 km/s. However, the AD90/steel target is less massive due to the difference in density 
of AD90 and the steel. 

It is useful to compare the ballistic performance of a ceramic as a function of the 
line-of-sight density, i.e. the areal density, to account specifically for ballistic performance 
as a function of target mass. Although the impact velocities were all nominally 1.5 km/s, 
it is evident from Fig. 4 that total penetration into steel is fairly sensitive to small changes 
in velocity (the slope of the P ~ / L  versus V curve is approximately 1.0 s/km). There is 
reason to believe that the velocity dependence of ceramics is just as sensitive. Woolsey et 
al. [ 11 ] adjusted the experimental depth-of-penetration data DOPex p to a common velocity 
V~ef using the following expression 

DOPadj = DOPexp + s( Vr~f -- V~xp) (9) 

where s is the slope of the P ~ / L  versus V linear curve fit. This is a reasonable first 
approximation for small adjustments of the measured DOP's  to a common reference 
velocity. Woolsey et al. [ 11 ] referenced all their data to an impact velocity of 1.494 km/s. 
They then performed a linear least-squares curve fit for Pr as a function of PAD- Since they 
used a different length projectile, we have normalized their data by the length of the projectile 

Pr 0.867 0.0293pAD. (10) 
L 

This equation and the normalized experimental residual penetrations from the current 
study (Table 4) are plotted as a function of areal density in Fig. 6. The data are shown as 
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open symbols. The total penetrations into semi-infinite steel for the two L/D projectiles 
are shown as solid symbols at an areal density of 0.0. An indication of the scatter in the 
Woolsey et al. experiments is indicated by the vertical error bars in the figure. Equation (10) 
is the extent of the analysis reported by Woolsey et al. [ 11 ]. Further analyses of the data 
are presented here to obtain more fundamental measures of ballistic performance. 

A common approach in analysing the response of finite-thickness targets is to express 
an independent variable as a function of the tile thickness t normalized by the diameter 
of the projectile D. Equation (10), rewritten in this form, is 

Pr _ 0.867 - 0.0813 --.t ( 11 ) 
L D 

Equation (11) and the experimental data are plotted in Fig. 7. The use of t/D instead of 
the areal density as the dependent variable results in a discrimination between the L/D = 10 
and L/D = 15 projectiles. The agreement between our data and those of Woolsey et al. 
is reasonably good for the L/D = 10 projectiles, and the straight-line trend observed by 
Woolsey and his colleagues continues to higher areal densities. The extrapolation of the 
L/D = 10 data (and curve fit) back to t/D = 0 virtually intersects the data point (solid 
circle) for semi-infinite steel penetration I-0.867 from Eqn (11) versus 0.872 from Eqn (5)]. 
There appears to be an L/D effect (same projectile mass); an extrapolation of the very 
limited data for the LID = 15 projectiles indicates that the extrapolated point falls 
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TABLE 5. DATA FROM REF [11] ON AlzO 3 lAD90) 
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Test No t tOa.D P,/ L APRIL* AP ' t f, R, 
ID pomts (cm) (g,'cm 2) ( ) ( ) ( ) (cm) (GPa) 

7-1 4 I 270 4.48 0.74 0.048 0.84 8. I 4.8 
7-2 2 1.905 6.72 0.67 0.024 0.83 8.2 4.7 
7-3 7 2.540 8.97 0.60 0.094 0.83 8.3 4.7 
7-4 4 3.175 11.21 0.54 0.032 0.83 8.3 4 7 
7-5 3 3.810 13.45 0.47 0.024 0.82 8.3 4.7 

*The spread in experimental data is centered on P [Eqn ( 10)] except for Series 7-1; for this series, P, provides 
the lower bound of the experimental data. 

significantly below the semi-infinite steel penetra t ion point  (solid d i a m o n d  [0.67 for the 
ext rapola ted  value versus 0.81 from Eqn (7)].  

ANALYSIS 

Two  difficulties exist in the display of the data  in the preceding section. First, the 
adjus tment  made  to compensa te  for different impact  velocities is p robab ly  valid only over  
a very limited velocity range. Second, it is desired to use the data to derive some proper ty  
of the ceramic that  can be more  readily identified as some sort of intrinsic proper ty  of the 
ceramic. As already ment ioned,  a number  of exper imental  data  points have been compiled 
by Woolsey  et al. [ 1 1 ]. They  tested five different areal densities in their series of experiments.  
We decided to use their data  to extend the exper imental  data  set, and in par t icular  extend 
the range over  which the tile thickness is examined.  Unfor tunate ly ,  no tables exist in 
ref. [1 1], and the da ta  have all been normalized,  using Eqn (9), to an impact  velocity of 
1.494 km/s .  However ,  they do provide a curve fit of depth of penetrat ion into the steel 
substra te  as a function of areal d e n s i t y - - E q n  (10) is this curve fit except for normal iza t ion  
by the original length of the p r o j e c t i l e - - a n d  individual da ta  points are plotted in a graphical  
display. We have used Eqn (10) to obta in  nominal  values of penetra t ion depth, and then 
measured  the spread in the data  at the five areal densities tested. These values are tabulated 
in Table  5; the Test I D  is our  nomencla ture  for distinguishing between the various areal 
densities. The  second co lumn in Table  5 gives the number  of  tests performed at each tile 
thickness. The sixth column,  APRIL, gives the spread in the depth of penetra t ion data  at 
each areal density. In the analyses using these data, the spread in per formance  is computed  
from the spread in the da ta ;  however,  only the average values of per formance  are presented 
in the tables. These average values are denoted by a bar  over  the parameter ,  and as solid 
squares  in the figures.t  

Normalized differential penetration: (P~ - P~)/t 

Equat ions  (6) and (7) permit  an est imate of the differential penetra t ion Ap  = P~, - Pr- 
This procedure  accounts  directly for small differences in impact  velocity. The term A P / t  
can be viewed as the reduct ion of penetra t ion into the backup  steel per unit thickness of 
ceramic. The  A P / t  data  from Tables  5 and 6 are plot ted in Fig. 8; error  bars denote  the 
spread in the da ta  f rom Table  5. (It  should be noted that  the absolute  spread in the data  
for some of the da ta  sets in Table  5 is identical. However ,  the ordinate  is normalized by 
the tile thickness; therefore, the thicker the tile, the less the " a p p a r e n t "  spread in the data.)  
The  same data  are plot ted as a function of t /D  in Fig. 9. N o  conclusive trends are evident 
in the two figures, but  there is some indication of a t /D  affect. For  the thicker tiles, A P / t  

tAs already mentioned, the spread in experimental data is inherently greater for ceramic targets than for 
metallic targets. Thus, conclusions drawn from a limited number of data points with ceramic targets must be 
made carefully and with some trepidation. This is another reason why we have elected to extend our data set 
with that from ref. [ 11]. 
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TABLE 6. MEASURES OF PENETRATION RESISTANCE OF AI203 (AD90) 

Test F P r /  L P ~ / L A P / t t c R,  

no. (km/s)  ( - - )  ( ) ( - - )  (cm) (GPa) 

32 1.484 0.53 0.88 1.0 7.1 5.6 
33 1.513 0.59 0.91 0.92 8.0 5.2 
34 1.508 0.55 0.82 1.0 8.4 6.4 
35 1.500 0.55 0.81 1.0 8.7 6.1 
37 1.498 0.47 0.89 0.82 8.9 4.5 
45 1.500 0.44 0.89 0.88 8.3 4.9 
38 1.493 0.47 0.81 0.86 10.0 5.3 
39 1.513 0.50 0.83 0.84 10.5 5.2 
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is 0.842 _ 0.025. As the tiles become thinner and t/D becomes smaller, AP/t appears to 
be increasing (except for the very thinnest ceramic tile). We speculate that this dependence 
is due, in part, to the relative differences in various stages of penetration, e.g. the shock 
phase, steady-state phase and "break-out" phase from the ceramic into the steel substrate. 
This will be discussed further in the paragraphs below. 
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The least-squares curve fit of the residual penetration P, versus areal density PAD data 
in ref. [- 11 ] essentially passes through the mean of all the data points for each tile thickness 
except the thinnest (1.27 cm) tile. For this thickness tile, the data are either on the curve 
fit or all to one side, e.g. Figs 6 and 7. The thinnest tile is at the lower limit of the tile 
thickness for which the DOP test provides a fairly reliable measure of ballistic performance; 
the performance of thinner tiles is quite sensitive to the substrate material. Small variations 
in the contact between the ceramic tile and the steel substrate could possible influence the 
observed ballistic performance of the 1.27 cm ceramic tile, with the best performance given 
by "good"  contact. The influence of the bond between the tile and the substrate will be 
less for thicker tiles. This "skewed" performance of the 1.27 cm tiles is apparent in all the 
subsequent analyses. 

Ceramic resistance: R, 

It is possible to estimate an average resistance to penetration. This resistance is identified 
with the t e rm R|  in Tate 's  one-dimensional steady-state model (see Appendix). Rosenberg 
and Tsaliah [13] showed that a consistent value of R| could be obtained for alumina tiles 
between 1.27 and 1.91 cm thick. They used a threshold impact velocity (see the Appendix), 
below which no penetration occurs, to obtain R~. A different procedure for obtaining R t 

is used here. The thickness of tile t c necessary to just prevent penetration into the substrate 
is estimated from: 

t c = tP~ / (P~  - Pr)" (12) 

Once t c is determined from Eqn (12), then R| is varied in the Tate model until the final 
depth of penetration is t c. These results are tabulated in Tables 5 and 6. 

Rt is presented as a function of tile thickness in Fig. 10. The data are remarkably 
consistent, but several comments are warranted. The Tate model is a "steady-state" model 
and does not account for transitory effects such as residual crater growth, sometimes 
referred to as the residual penetration phase or "afterflow". The LID = 15 data consistently 
are above the L/D = 10 data. P ~ / L  is slightly larger for smaller L/D projectiles; this 
translates into a slightly lower R,-- just  as observed in Fig. 10--both  for semi-infinite steel 
(t = 0) and the ceramic tiles. It is reassuring, however, that R, for the steel is approximately 
the same as the Rt's calculated for the AD90 ceramic tiles since the total depth of penetration, 
e.g. Fig. 5, is approximately the same for the steel experiments as the ceramic/steel 
experiments. An average Rt of 5,1 GPa  for AD-90 is slightly lower than the 5.8 GPa  for 
AD-85 found by Rosenberg and Tsaliah [ 13]. They also determined an Rt of 7.0 GPa  for 
a 92 -94% fine-grain alumina BC90G manufactured by Armoflex [20]. Although the 
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present results for R, are nominally consistent with those of Rosenberg and Tsaliah's, the 
present results are slightly lower. Two points are worth mentioning that could possibly 
explain this "anomaly". First, the methodology for obtaining R t is difficult. Second, R, is 
very sensitive to the depth of penetration. For example, the spread in Rt--from 3.8 to 
5.6 G P a - - a t  a tile thickness of 2.54 cm (Fig. 10) results from only +4  mm penetration 
about the mean. The depth of penetration is very sensitive to target strength [10]; thus, 
the differences in R t could solely by the result of differences in the hardness of the steel 
substrate. 

Hauver 1-21] has found that when he plots R I versus tile thickness for experiments from 
a wide variety of sources, the "best" performance (highest R t )  values all agree fairly well, 
but that R t is degraded for increasing tile thickness (neglecting the thinnest tiles). There is 
a slight indication of degradation of performance with tile thickness in the data of Fig. 
10. The explanation for the degradation of R t a s  tile thickness increases ranges from 
inadequate confinement or rubblization of the tile in front of the penetrator. Although this 
issue remains open, we speculate that it may be nothing more than the influence of unsteady 
penetration effects, as will be discussed below. 

R t is not solely a material parameter; the target resistance incorporates the strength of 
the target as well as the effects of confinement (radial flow of target material), which must 
be incorporated in some artificial manner in a one-dimensional formulation such as the 
Tate model [10]. R t c a n  change as the impact velocity is varied, and it will vary if there 
is inadequate confinement. Nevertheless, the concept of target resistance is used by many 
researchers to rank the ballistic performance of a ceramic. 

Normalized projectile erosion: AL/t  

Steady-state approximation. The target resistance is now used to obtain an estimate of 
the amount of projectile eroded as it penetrates the ceramic tile. The eroded length should 
be independent of the projectile length provided the projectile overmatches the ceramic, 
but it will depend on the impact velocity since the erosion rate is a function of impact 
velocity. The Tate model was used to estimate the penetration velocity, the erosion rate 
and the length of projectile eroded as it passes through the tile. The penetration velocity 
u is found from the modified Bernoulli expression, Eqn (A1)in the Appendix. Except for 
deceleration by elastic wave propagation, the projectile does not decelerate appreciably 
during penetration until only a couple projectile diameters remain [ I0]. Assuming a value 
of 2.0 GPa for Yp [10], and the values of R t from Tables 5 and 6, estimates are obtained 
for the penetration velocity, erosion rate J = (V - u) (considered positive here), and the 
length of projectile eroded normalized by the thickness of the tile AL/t  = l/u, as shown 
in Table 7 by test number.* 

The term AL/t  is the length of projectile eroded per unit tile thickness and represents 
the erosion efficiency of the ceramic tile. AL/t  is plotted in Fig. 11 as a function of tile 
thickness. Considering the assumption of steady-state penetration, the results are quite 
satisfying. The more "steady state" the penetration, the more applicable the assumptions 
used in the analysis. The penetration is non-steady during the initial impact phase (shock 
phase), and the breakout phase as the projectile transitions from penetrating the ceramic 
to penetrating the steel substrate. 

Transient approximation. One last procedure was tried to evaluate the ballistic 
performance of a ceramic tile. This approximation is similar in philosophy to the preceding 
analysis in that an estimate is made of the amount of projectile eroded within the ceramic; 
however, this procedure is not so dependent upon the steady-state Tate model in deriving 
AL. 

*The erosion rate and length of projectile eroded, assuming steady-state penetration, are calculated quantities 
dependent on Rt, and are thus not independent quantities. However, the length of projectile eroded is a more 
readily useful number than R, for an armor designer. 
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TABLE 7. ESTIMATES OF PROJECTILE EROSION RATES AND LENGTH ERODED ASSUMING STEADY-STATE PENETRATION 

Test V L/D u ] AL/ t  
no. (km/s)  ( - - )  (km/s)  (mm//2s) ( - - )  

32 1.484 10 0.75 0.73 0.97 
33 1.513 10 0.81 0.70 0.87 
34 1.508 15 073 0.78 1.1 
35 1.500 15 0.74 0.76 1.0 
37 1.498 10 0.84 0.66 0.79 
45 1.500 10 0.82 0.68 0.84 
38 1.493 15 0.78 0.71 0.91 
39 1.513 15 0.81 0.70 0.87 
7-1 1.494 10 0.82 0.68 0.83 
7-2 1.494 10 0.82 0.67 0.82 
7-3 1.494 10 0.82 0.67 0.81 
7-4 1.494 10 0.82 0.67 0.81 
7-5 1.494 10 0.83 0.67 0.81 

<1 

-iJ 

O"J 

'1o 
¢1 

O3 

1.75 

1.50 

1.25 

1.00 

0 .75  

0 .50  

0 .25  

0.00 

" I " I j ,Lio-,o i L/D 15 
L/D lO (ReI 11) 

• " I I 

i, i 

I , I , , ! I . , 

0.00 1.00 2.00 3.00 4.00 5.00 

Tile Thickness, t (cm) 

FIG. I I. Normalizcd projectilc erosion vcrsus tilc thickness assuming steady-state penetration. 

The procedure assumes that the crater depth in the steel substrate is uniquely determined 
by the projectile length and velocity. The first step in the procedure is to estimate the 
length of projectile necessary to create the measured crater in the semi-infinite substrate 
(assuming no ceramic front-face). This was determined by first assembling a data base of 
42 entries from refs [22-24]  plus the present work. This data base included the following 
ranges of parameter values: 

L/D: 3, 6, 10, 12, 15, 23; 
Nominal projectile mass (g): 17, 34, 65, 67, 75, 100; 
Impact velocity (kin/s): 1.22-1.86; 
Projectile material: tungsten alloys; 
Target material: RHA or 4340-steel equivalent; 
Obliquity: 0°; 
Yaw: 3 ° or less. 

The LID values of 10 and 15 represent the projectiles used in the present test program. 
The shorter LID projectiles may be thought of as representing longer but "eroded" 
projectiles. The majority of the impact velocities included in the data base are between 1.30 
and 1.55 km/s. 

The functional form selected for fitting the data is that used initially by Grabarek [25]. 
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Grabarek related the thickness of the target T and the ballistic limit velocity VL for just 
perforating the target at 0 ° obliquity by the expression 

T -- = a(MV2L/D3) 0"625. (13) 
D 

Morris and O'Kel ley  [17] modified Eqn (13) by adding a term including the LID ratio 
to the right-hand side of the equation. For the present work, the left side of Eqn (13) was 

replaced by P/(otL), where ~ = x/~p/Pt" 
The functional form of the expression used for the "least-squares fit to the data base 

described above is 

- a 1 ( 1 4 )  
aL t,D,] \ ~ , , /  

where V is the impact velocity in km/s ,  M is the mass in g, D is the diameter in cm, and 
a 1, a 2 and a 3 are constants to be determined by the fit. We note here that the (MV2/D 3) 
is a dimensional quantity, and ideally it is desired that nondimensional expressions, be 
developed. Morris and O'Kel ley  tried a variety of nondimensional expressions, but they 
achieved the best correlation with experimental data using the (MVE/D 3) term. Thus, 
we have kept the dimensional term in the present analysis. The resulting equation, after 
performing the least-squares curve fit, is 

~ -L-  0.03487 \ ~ j . (15) 

This equation fits the input data within 5% of the test values for 79% of the data points, 
and within 10% of the test value for 98% of the points. The average error between the 
predicted and test values is 3.6%. 

The ceramic tile is assumed to cause the length of the projectile to erode from the original 
value of L to a shorter length L e. It is the length Le which results in the penetration P, 
into the steel substrate. The projectile mass with length L~ is rc(DZ/4)L,po. Equation (15) 
can be rearranged to yield L, directly in terms of the geometric and material parameters, 
and the velocity 

L¢ = 139.2 D -0.371 j0; 1.390 Ve2.781 (16a) 

where Ve represents the velocity of the projectile when it "perforates" the ceramic tile. For 
the particular case here of~z = 1.488 and pp = 17.4 g /cm 3, Eqn (16a) becomes 

L~ = 1.521PrI'371D -0"371 V~ -2"781. (16b) 

The effective length can now be computed, provided a reasonable estimate can be made 
for the velocity of the projectile when it exits the ceramic tile and begins to penetrate the 
steel substrate. The assumption is that the projectile penetrates and perforates the ceramic 
tile, and then penetrates into the steel substrate, i.e. there exists no interaction between the 
material layers.* However, the nose of the projectile is traveling at the penetration velocity 
u and the tail is traveling at the velocity v. We define V¢ as the effective velocity of the 
projectile as it perforates the ceramic and begins to penetrate into the substrate. The 
analysis is performed for two values of V~: V e = the impact velocity V, and V~ calculated 
from a momentum balance. 

*Numerical solutions show that the steel substrate begins to deform before the projectile reaches the substrate, 
and that some ceramic material remains "caught" between the projectile and the steel due to confinement. That 
is, the effect of the substrate influences penetration a couple of projectile diameters before the substrate, and the 
"trapped" ceramic effects penetration into the substrate for another projectile diameter or so. The details of this 
interaction are not well understood, and the results of numerical simulations depend upon assumed constitutive 
behavior of the ceramic. We therefore have idealized the dynamics in our analysis. 
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TABLE 8. ESTIMATES O1" PROJECTILE EROSION WITH V e = Vtmpact 
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Test V L/D L, /L AL/t 
no. {km/s) ( - - )  { - - )  ( - - )  

32 1.484 10 0.50 1.5 
33 1.513 10 0.55 1.3 
34 1.508 15 0.58 1.6 
35 1.500 15 0.59 1.6 
37 1.498 10 0.42 1.1 
45 1.500 10 0.38 1.2 
38 1.493 15 0.48 1.3 
39 1.513 15 0.50 1.3 
7-1 1 494 10 0.77 1 4 
7-2 1.494 10 0.68 1.3 
7-3 1.494 10 0.59 1.3 
7-4 1.494 10 0.50 1.2 
7-5 1.494 10 0.42 1 2 
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FIG. 12. Normahzed projectile erosmon versus tile thickness for V~ = V, mpac,. 

For the case of V~ being defined as the impact velocity, Eqn (16b) can be used directly 
to compute Le. The test number, impact velocity, projectile L/D, normalized effective length 
Lc/L, and the length eroded normalized by the tile thickness t, are all tabulated in 
Table 8. The length of rod eroded, normalized by the tile thickness, is plotted versus tile 
thickness in Fig. 12. There is a noticeable decrease in the normalized length eroded as the 
tile thickness increases. This dependence vanishes when a different effective velocity is used 
in the estimation procedure. 

Although the tail of the projectile undergoes very little deceleration until near the end 
of penetration [5, 10, 11 ], the nose of the projectile is moving substantially slower than 
the impact velocity. Anderson and Walker [10] show that the projectile, at an impact 
velocity of 1.5 km/s, is flowing plastically for approximately two diameters away from the 
projectile/target interface, and that the velocity profile along the centerline of the projectile 
varies in a linear manner from the penetration velocity to the tail velocity over this region. 
The effective velocity of the projectile can be estimated from a momentum balance: 

V c = { D ( u  -I- Vimpact) -k- ( L  e - 2O)Vimpact}/Lc. (17) 

This expression is inserted for V~ in Eqn (16b). An iterative procedure is required to find 
L~. Both V~ and L~/L are tabulated in Table 9. This procedure leads to a reduction in 
velocity of approximately 5-8%.  This is in good agreement with experimental data by 
Lambert [-26] for impacts in which the projectile greatly overmatched the target plate. 
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TABLE 9. ESTIMATES OF PROJECTILE EROSION WITH I" e FROM EQN (17) 

Test V L/  D V c Lc/ L AL/ t  
no. (km/s)  (--} (km/s)  ( - - )  ( - - )  

32 1.484 10 1.37 0.626 1.09 
33 1.513 10 1.41 0.669 0.962 
34 1.508 15 1 43 0.674 1.26 
35 1.500 15 1.42 0.685 1.21 
37 1.498 10 1.37 0.529 0.917 
45 1.500 10 1.36 0.495 0.982 
38 1.493 15 1.41 0.565 1.11 
39 1.513 15 1.43 0.585 1.06 
7-1 1.494 10 1.42 0.889 0.687 
7-2 1.494 10 1.41 0.783 0.845 
7-3 1.494 10 1.40 0.705 0.914 
7-4 1.494 10 1.38 0.619 0.946 
7-5 1.494 10 1.37 0.535 0.960 
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FIG. 13. Normalized projectile erosion versus tile thmkness for F c given by Eqn (17). 

L e is used to estimate AL/t. These values are plotted versus tile thickness in Fig. 13. 
Neglecting the data for the thinnest tile, using an effective velocity calculated from Eqn 
(17) instead of the impact velocity provides a normalized erosion that is fairly independent 
of tile thickness, e.g. Figs 12 and 13. The difference in the results displayed in 
Figs 12 and 13 is a reflection of the sensitivity of erosion to the velocity used in the 
estimation procedure. 

Several things are evident in comparing Figs 11 - 13. The steady-state normalized erosion 
is less than the normalized erosion estimated after accounting for increased penetration 
efficiency of shortened L/D projectiles. In comparing Fig. 11 to Figs 12 and 13, it is seen 
that the higher velocity in the steady-state approximation is somewhat compensated by 
not accounting for the increased penetration efficiency of the shortened L/D projectiles. 
At this stage, with the uncertainties in our knowledge concerning the dynamic response 
of ceramics, and the assumptions used in the analysis procedures, the results of Figs 11-13 
are very encouraging. 

One last trend, albeit the data are limited, is evident in Figs 11-13. For  equal mass 
projectiles, the longer projectiles tend to erode more than shorter projectiles in penetrating 
the same thickness of ceramic. The L/D = 15 data are consistently above the L/D = 10 
data. Since the projectiles were the same mass, the diameters are slightly different 
(approximately 14% different); the LID = 15 data are approximately 15% above the 
LID = 10 data. We can speculate that there is a slight diameter effect. Tate et al. [23],  
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have reported a projectile diameter  effect for penetra t ion into homogeneous  metallic targets. 
Fur ther  invest igat ion is needed, and perhaps the tile thickness should be scaled by the 
projectile diameter  as one of the opt ions in any such experimental  series. 

SUMMARY 

An experimental  procedure conceptual ly  developed by Bless, Rosenberg and co-workers 
[ 2 - 4 ]  using a l u m i n u m  substrates has been extended to thick ceramic tiles by encasing 
them within a steel substrate  in the present effort. The depth of penet ra t ion  into the steel 

substrate  can be used directly as a measure of ballistic performance of ceramic tiles as a 
funct ion of areal density. It has been shown, with the assistance of several simplifying 
assumptions ,  that D O P  data  can be used to provide more fundamenta l  informat ion about  
the ballistic performance of a ceramic tile, such as the target resistance R t and the length 
of projectile eroded in penetra t ing through the ceramic tile. It was found that these various 

measures of ceramic performance,  for a well-confined target, are relatively cons tant  as the 
tile thickness is varied. With the limited set of da ta  available, there appears to be a diameter  
effect in the erosion of the projectile, i.e. for cons tan t  mass projectiles, longer rods erode 
more than shorter  rods for the same thickness of ceramic. The erosion rate is 

velocity-dependent,  and only one impact  velocity has been examined in this study. Fur ther  
work needs to be performed to confirm if the methodology can be extended to other impact  
velocities and  other ceramic materials. 
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APPENDIX 

Summary o f  the Tate model 

A one-dimensional model, independently proposed by Tate [5-7]  and Alekseevskii [27], has become the 
standard reference for long-rod penetration of thick targets. The model assumes that the projectile is rigid, except 
for a thin region near the target-projectile interface where erosion can occur. This region has no spatial extent, 
but contains the interface between the target and projectile. The behavior at this interface is controlled by Y-, 
which is motivated by a modification of the Bernoulli equations 15,6] 

Y_, = ½pp(v - u) 2 + Yo = ½Pt u2 + R,. (A1) 

In this equation, pp and Pt are the projectile and target densities, respectively, v is the speed of the rear portion 
of the projectile, u is the penetration speed, Yo is the strength of the projectile, and R t is defined as the target 
resistance in the one-dimensional formulation. The physical meaning of Z, often called the pressure along the 
centreline, should be viewed as the hydrodynamic pressure plus a term due to the strength of the material [ 10]. 

The projectile is decelerated by a force transmitted from the interface along the length of the projectile. The 
stress the projectile can sustain is Yp, so with I the current length of the projectile, the deceleration is: 

dv 
ppl -~ = - Yp. (A2) 

The projectile is decelerated by a force transmitted from the interface along the length of the projectile. The 
stress the projectile can sustain is Yp, so with l the current length of the projectile, the deceleration is 

dl 
- -  = - ( v  - u ) .  ( A 3 )  
dr 

Physically, the penetration event is not one-dimensional. Thus, in a one-dimensional model, some artifcial 
means must be invoked to account for lateral confinement by the target. This is the role of R,. The constraint 
to radial flow in the target is modeled by increasing the target material strength (uniaxial flow stress) by some 
factor which is typically four to seven times the flow stress of the target material [ 7, 10]. Although various analytical 
expressions have been proposed to compute Rt, summarized in ref. [10], the most expedient way of obtaining 
target resistance is to vary R t in the Tate model until the final depth of penetration from the model agrees with 
experiment [ 10]. 

For cases where Yp > R,  there is a critical velocity given by [2( Yp - RO/pt] i12 below which the projectile 
behaves as a rigid body. For this case, the "pressure" at the projectile-target interface is given by 

~, = ½PrY 2 + Rt (A4) 
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and the equation of motion is 

do 
ppl , -~  = --(½9,o 2 + R,) (A5) 

where I s is the length of the rigid-body projectile. Finally, for Yp < R,, there is a critical velocity given by 
['2(R~ - Yp)/p~] I/2 below which penetration no longer occurs; however, the projectile will continue to erode. 


