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PENETRATION OF SEMI-INFINITE AD995 ALUMINA TARGETS 
BY TUNGSTEN LONG ROD PENETRATORS FROM 1.5 TO 3.5 KM/S 

R. Subramanian and S. J. Bless 
Institute for Advanced Technology, The University of  Texas at Austin, TX 

Summary- -The  performance of confined AD995 Alumina against L/D 20 tungsten long 
rod penetrators was characterized through reverse ballistic testing. The semi-infinite 
ceramic target was cylindrical with a diameter approximately 30 times the rod diameter. 
The target configuration included a titanium confinement tube and a thick, aluminum 
coverplate. The impact conditions ranged from 1.5 to 3.5 km/s with three or four tests 
performed at each of six nominal impact velocities. Multiple radiographs obtained during 
the penetration process allowed measurement of the penetration velocity into the ceramic 
and the consumption velocity, or erosion rate, of the penetrator. The final depth of 
penetration was also measured. 

Primary penetration approaches 75% of the hydrodynamic limit. Secondary 
penetration is very small, even at 3.5 km/s. The effective R t value decreased from 90 kbar 
to 70 kbar with increasing impact velocity over the range of velocities tested. 

In tests in which the ratio of target diameter to penetrator diameter was reduced to 15, 
R t dropped by 30% to 50%. When a steel coverplate was used, total interface defeat 
occurred at 1.5 kmJs. 

INTRODUCTION 

Penetration of relatively thick armor components by long rod projectiles (LRP) is known to take 
place mainly in a steady fashion. A rod that strikes with velocity, vi, displays a nearly constant 
penetration rate, u. Characterization of u as a function of v i is necessary to estimate the erosion rate of 
penetrators as they pass through armor components. In a sense, determination of u (v i) is the most funda- 
mental measure of the performance of an armor material. Consequently, there have been systematic 
attempts to obtain these data for metals and ceramics [1,2,3,4]. Herein, we report the results of such 
measurements on AD995 Alumina manufactured by Coors Porcelain. The density of this material is 
3.89 g/cm 3. The porosity is about 2%. 

EXPERIMENTS 

A series of 29 terminal ballistics experiments were performed to measure the penetration of a long 
tungsten rod against a confined AD995 Alumina target as a function of impact velocity from 1.5 to about 
3.5 km/s. Six of the tests were excursions from the basic test series: three to measure the effect of a 
denser coverplate material and three to measure the effect of increasing the rod diameter and thus 
decreasing the lateral confinement. 

These experiments were performed in the reverse ballistic mode using a 38 mm launch tube two- 
stage light-gas gun. The experimental techniques are described in a companion paper [5]. 

The launch packages consisted of a 23.6 mm diameter cylinder of AD995 Alumina slip-fit into a 
titanium tube along with a 3.2 mm thick aluminum 6061-T651 coverplate and an aluminum backplate. 
Figure 1 illustrates the two target geometries used for the tests; the shorter target was intended to lower 
the launch mass for higher velocity tests but was ultimately used only at the lower velocities due to a 
limited number of targets. In all experiments, the tungsten penetrator was completely eroded and final 
penetration into the target was at least 15 penetrator diameters from the rear surface of the ceramic. 
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Fig. 1. Confined alumina targets for reverse impact testing (dimensions in parenthesis are mm). 

The long rod penetrators were right circular cylinders of pure (99.95%) tungsten (pp = 19.3 g/cm3). 
All of  the penetrators were Lo/D = 20 with the exception that an Lo/D = 15 penetrator was used for the 
high velocity confinement test. For all but the three confinement tests the penetrator diameter was 
D = 0.76 ram. For the confinement tests the penetrator diameter was increased to 1.52 ram. 

Four radiographs were obtained in each experiment. The last radiograph was taken after penetration 
had stopped. The radiographs were analyzed to derive distance-time data as described in [5]. Measured 
quantities included x, Qc, and t (penetrator/target interface position, consumed length of  the penetrator, 
and time). Impact with the coverplate occurs nominally at (0,0,0). Figure 2 shows one such radiograph 
in which the debris column is clearly resolved. 

To calculate the penetration rate into the target (u) and the consumption rate of  the penetrator (Vc) we 
applied linear regression fits to the x-t and ~c-t data obtained from the radiographs. Although the impact 
time is independently measured, it was not included in the regression fit; only data obtained once 
penetration had proceeded through the aluminum coverplate and into the ceramic was used. The two 
regression equations were: 

x = ut + x o , (1) 

~c = Vc t + Qco • (2) 

where u and v c are the average penetration and consumption velocities, and x o and ~co are the intercepts 
with t = 0 axis (impact time). 

Fig. 2. Radiograph from IAT-035, a confinement test with an impact velocity of 3.08 km/s. 



Penetration of semi-infinite AD995 alumina targets 809 

Although the two velocities u and v c were independently measured, they are functionally related. 
Specifically, the consumption velocity of  the rod is the difference between the average velocity of  the 
penetrator, v, and the penetration velocity: v c = v - u. Rearranging, we see that the sum of the two mea- 
sured velocities equals the average velocity of  the penetrator, often termed the tail velocity: v = u + v c . 

The test matrix was laid out with mult iple tests at six nominal  impact velocities.  This approach 
al lowed us to obtain multiple data points from which to measure the penetration and consumption veloc- 
ities and estimate uncertainties. Unfortunately, ballistic test data are never exactly at the specified impact 
velocity. Therefore, to combine data from different tests, the original data must be corrected for small 
variations in impact velocity. In the approach described below we focus on the x-t data but the approach 
is equally valid for Qc-t data. 

Assuming that the tests are repeatable, it is reasonable to assume that the x-t data obtained can be 
described as some function of  the impact velocity, v i, and the time after impact, t: 

x = f (vi, t) (3) 

We wish to correct a value of  x obtained at some impact velocity, v i, to a new value, x n, at the same 
time but at the nominal  impact velocity Vin. Taking the first two terms of  a Taylor series expansion about 
a point x, we can extrapolate to the corrected data point, x n, as: 

x n = x + 3 f  (Vin - vi) , (4) 
3v i 

where  Of/~v i is the part ial  der ivat ive  of  the function f(vi,t) taken with respect  to v i. (Because  the 
corrected data point is at the same time as the original data point, the partial with respect to time is unnec- 
essary.) We have already assumed that the penetration process can be well described by a linear fit, so 
our function f(vi,t ) is: 

x = f ( v i , t  ) = u t + x  o , (5) 

where u and x o are functions of the impact velocity. 
Taking the partial derivative with respect to the impact velocity: 

Of _ 3u t + bXo (6) 

~v i ~v i ~v i 

The partial derivatives of u and x o with respect to v i w e r e  found by fitting the (x-t) data from each 
individual shot, plotting the resultant values for u and x o versus impact velocity, and assuming linear 
variation with v i. The (Qc-t) data were adjusted using the same approach. In practice, the corrections to 
the x and Qc data were of  similar magnitude to measurement uncertainties. 

RESULTS F R O M  B A S E L I N E  TESTS 

The measured average penetration and consumption velocities are listed in Tables 1 and 2. They are 
plotted as a function of impact velocity in Figs. 3 and 4, respectively. In these figures, the open circles 
were obtained from linear fits to the data from each shot and the filled circles were obtained from fits to 
the combined data at each of  six nominal impact velocities. The solid lines are linear fits to penetration 
and consumption velocities from individual shots, which yield the following correlations: 

u = 0.836 v i - 0.742 , (7) 

v c = 0.148 v i + 0.659 . (8) 

These correlations are strictly empirical,  and should not be taken to suggest that underlying physics is 
linearly related to the impact velocity. 
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Table 1. Data from Baseline Experiments 

Test v i u v c Pp/L PTotal* 
(mm/~ts) (mm/Bs) (mm/~ts) (mm) 

0 l l  1.989 0.892 + t 18.7 

012 2.519 1.550 + t 

013 3.012 1.908 1.143 1.669 29.8 

016 2.018 0.920 + + 17.0 

017 2.018 0.888 1.139 0,780 17.0 

018 2.612 1.391 1.017 1.368 24.8 

019 3.128 1.808 0.923 1.959 28.7 

021 2.533 1.416 1.020 1.388 23.0 

022 2.000 0.896 ? + 19.9 

024 3.529 2.036 1.316 1.547 25.5 

025 1.448 0.667 0.692 0.964 8.4 

026 1.750 0.724 0.933 0.776 12.8 

027 1.512 0.389 1.042 0.373 8.2 

028 1.764 0.809 0.907 0.892 15.6 

033 1.750 0.694 0.920 0.754 13.1 

034 1,510 0,508 0.798 0.637 9.7 

036 2.990 1.785 1.133 1.575 26.0 

037 2.498 1.316 1.032 1.275 22.4 

038 3.488 2.140 1.175 1.821 29.4 

039 3.488 2.279 1.111 2.051 32.6 

041 1.518 0.494 0,875 0.565 9.7 

043 1.723 0.614 0.937 0.655 11.1 

PTotal includes 3.2 mm coverplate. 
I Too few points to measure. 

- Not measured. 

Table 2. Measured Velocities from Combined Baseline Data 

v i u v e Pp/L 

(mm/~s)  (mm/Bs) (mm/ps)  

1.50 0,48 +0.06 0.82 +0.07 0.59 

1.75 0,73 __+0.04 0.92 --+0.03 0.79 

2.00 0.93 +0.03 1.04 ±0.1 t 0.89 

2.50 1.39 +0.05 1.02 __+0.04 1.36 

3.00 1.82 +0.08 1.05 __-/-0.08 1.73 

3.50 2.09 +0.15 1.22 +0.10 1.71 
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Fig. 3. Average penetration velocity as a function of impact velocity. 
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Fig. 4. Average consumption velocity as a function of impact velocity. 

Of great interest  is the approach to the hydrodynamic  limit, which is g iven by: 

= P , ~  P//'-~- = 2.23 , PHD 
L V P t  

(9) 

UHD - vi_____ - 0.69 v i , (10) 
I + ~/Pt/Pp 

Vc HD = vi - u = 0.31 v i . (11) 

The hydrodynamic  l imits are shown as dashed lines in Figs. 3 and 4. Even  at the highest  impact  velocity, 
3.5 km/s,  the average penetrat ion velocity is only 85% of  the hydrodynamic  value. 
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If deceleration of the penetrator is negligible the tail velocity should equal the impact velocity; a 
value less than the impact velocity indicates deceleration. Figure 5 is a plot of the measured average tail 
velocity from the individual shots (open circles) and from the combined data (filled circles). The solid 
line represents the ideal case of  v = v i. Nearly all the data lie below the ideal case of no deceleration, 
with as much as 150 m/s deceleration in some cases. 

The measured velocities can be used to calculate the primary penetration, P_, which is the depth of 
penetration that would have occurred if the penetration and consumption velocities were constant at their 
average values. Steady state penetration implies: 

dx - PP - u 
d0 c Lo Vc (12) 

This quantity is of paramount importance to designers of layered ceramic armor in that it defines the 
thickness of ceramic required to erode a given length of  penetrator. Computed primary penetration is 
shown in Fig. 6. The primary penetration increases nearly linearly over the velocity range from 1.5 km/s 
to about 3.0 km/s, with less change between 3.0 and 3.5 km/s. The softening of  the slope is presumably 
due to the approach of Pp/L to the hydrodynamic limit; however, even at 3.5 km/s, the penetration is only 
75% of the limit value. 
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Fig. 5. Computed tail velocity (u + v c) compared to impact velocity. 
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Fig. 6. Normalized primary penetration (filled circles) and corrected final penetration (open 
circles) plotted as a function of impact velocity. 
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Ptotal in Table 1 includes the coverplate penetration and thickness, Tcp. We can calculate the nor- 
malized final penetration in the ceramic Pc/L c in which L c is L o minus the length eroded in the coverplate 
and Pc = Ptotal - Tcp" In [5] we report u (vi) and v c (vi) for 6061-T651 aluminum. We also conducted 
AUTODYNE simulations [6] and showed that the average penetration properties of  the aluminum cover- 
plate in the present experiments were essentially the same as measured for thicker aluminum blocks in 
[5]. The u and v c relationships for aluminum from [5] were: 

UA1 = -0.211 + 0.788 v i , (13) 

and 

VcA 1 = -0.032 + 0.271 v i , (14) 

Tcp _ UA1 
Lo.L c VcAI (15) 

The normalized final penetration is included in Fig. 6. The behavior is quite different from what was 
observed for aluminum [5]. There is almost no residual penetration, defined as the difference between 
the final penetration and the primary penetration. In [5], we present the hypothesis that secondary 
penetration is caused by impact of the debris column on the floor of the crater. We have not obtained 
good values for the debris column velocity in these tests, but the value predicted from hydrodynamic 
behavior of  the penetrator is v - 2u = v c - u. At the highest impact velocity, 3.5 krn/s, the debris velocity 
is 0.9 + 0.2 km/s. Evidently, the ceramic retains sufficient strength below the crater that it presents an 
impenetrable barrier to the tungsten debris. According to conventional analysis, this implies an effective 
strength of  the ceramic which exceeds pp(V c - u)2/2 = 73 + 20 kbar. 

RADIAL CONFINEMENT EXPERIMENTS 

In an excursion from the basic test series, three tests were performed in which the size of the rod was 
doubled to investigate radial confinement effects. The radial dimensions of  the target were not changed; 
thus the ratio of  the diameter of  the ceramic to the diameter of the penetrator (or "diameter ratio") was 
reduced from 31 to about 15. The thickness of  the coverplate was doubled to match the increased 
penetrator diameter. Launch constraints prevented doubling the overall length of the target. 

There was no measurable radial expansion during penetration of  the baseline targets. However, in the 
radiographs from these tests (Fig. 2 is an example) radial expansion of  the titanium confinement sleeve 
was visible. In the lower velocity tests, the expansion is visible only at later times. In the hypervelocity 
test, the expansion was present in all images. 

The measured values for the penetration and consumption velocities from these tests are summarized 
in Table 3. The primary penetration in the confinement tests was 0.97 + 0.13 at v i = 1.45 krn/s and 
2.05 + 0.19 at v i = 3.08 km/s. These values are, respectively, 65% and 18% greater than the primary 
penetration in the baseline tests. Thus, at 1.5 km/s reduction of  the confinement ratio from 31 to 15 has a 
severe effect on the penetration resistance of the ceramic. This has important implication for design of 
armor tests and laboratory screening experiments. At hypervelocity, the effect is much less because the 
penetration rate is approaching the hydrodynamic limit. 

C O V E R P L A T E  E X P E R I M E N T S  

Although aluminum is used as a coverplate in some ceramic armor designs, other designs use a steel 
coverplate. To investigate the effect of  the coverplate material on the performance of  the AD995 ceramic 
in this target configuration, we performed three tests in which the aluminum coverplate was replaced with 
a steel (RHA) coverplate of  the same thickness. The hardness of the steel was measured to be BHN 230. 
All other target components and the penetrator used were identical to the shots of  the basic test series. 
Two of  these tests were at 1.5 km/s and one was at 1.75 km/s. 
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Table 3. Data from Excursion Experiments 

Test v i u v c Pp/L PTotal* 
(mm/p.ts) (mm/~s) (mm/Ms) (mm) 

Confinement Tests 
030 1.442 0.667 0.669 0.997 17.4 
032 1.447 0.684 0.723 0.946 21.4 
035 3.080 1.954 0.952 2.053 

Coverplate Tests 
029 1.443 n/a n/a n/a 3.2 
031 1.736 0.661 t t 12.2 
040 1.500 n/a n/a n/a 3.2 

PTotal mcludes 3.2 mm coverplate. 
t Too few points to measure. 
- Not measured. 

The most significant finding from the coverplate experiments was that total surface defeat of the rod 
occurred at an impact velocity of 1.5 km/s. That is, penetration proceeded through the coverplate and 
then stagnated on the surface of the ceramic until the rod was fully consumed. Figure 7 show the four 
radiographs from one of the two tests at 1.5 km/s. There is no penetration into the ceramic material, 
although the coverplate has separated slightly from the ceramic. 

In the one test at 1.75 km/s there was no sign of surface defeat or dwell. There was more penetrator 
erosion in the coverplate, but no more than would be estimated from penetration data for semi-infinite 
steel. 

Extended interface dwell has been previously observed in subscale tests. It was first reported by 
Hauver in an oral presentation [7]. Systematic studies of the effect of coverplates were reported in [8]. 
However,  the set of  observations reported here is perhaps the starkest demonstration of  the threshold 
nature of  the effect. 

C A L C U L A T I O N  O F  T H E  TATE T E R M ,  R t 

Steady state penetration is often represented by an equation of the form [9]: 

o r  

12 p p ( v - u )  2 + Y p  = l p t  u2 +Rt  ' 

(Rt-  Yp) : pp pt . 

(16) 

(17) 

Here Y_ and R, represent the strengths of the projectile and target. Regardless of  its often discussed p t 
l imitations,  this approach has proven very helpful in analyzing terminal ballistic data because the R t 
parameter  provides a useful way to express penetration resistance. 

In order to evaluate Rt, we assumed a penetrator strength Y_ = 20 kbar. We then computed values of 
u and v c, which are compared to the measured values in Fig. 8. The error bars represent uncertainties in 
the measured velocities. Increasing value of u corresponds to increasing impact velocity. 

It is evident that the baseline data at lower velocities are described by R t = 90 kbar. At higher veloc- 
ities, a better description is provided by R t = 70 kbar. A single value of R t = 85 kbar would pass through 
almost all the error brackets, but it is clear that a decreasing value of R t is a better fit. R t decreasing with 
velocity runs counter to recent speculation that R t might increase with velocity due to the increase of 
shear strength with pressure in ceramics [10]. 

The underconfined data are also presented in Fig. 8. For those shots, the effective value of  R t can be 
seen to decrease from about 60 kbar to about 30 kbar. 
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Fig. 7. Rad iog raphs  f rom IAT-029 with R HA coverplate.  I m p a c t  velocity was 1.44 km/s.  
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CONCLUSIONS 

When 0.76 mm diameter tungsten rods impact AD995 Alumina at velocities up to 3.5 km/s, 
penetration and consumption velocities are approximately linear functions of impact velocity: 

u = -0.742 + 0.836 (vi) , (18) 

v c = 0.659 + 0.148 (vi) . (19) 

At 3.5 kin/s, u falls below the hydrodynamic limit by 15%. Neither the primary penetration nor the total 
penetration (i.e., final depth of penetration) reached the limiting value of 2.23 suggested by hydro- 
dynamic theory, The residual penetration, which is the difference between the total and primary 
penetration, was almost zero at 3 to 3.5 km/s. This suggests that the ceramic retains considerable 
strength ahead of the penetrator/target interface. The effective value of R t decreased slightly with 
increasing impact velocity, from 90 kbar at ordnance velocity to about 70 kbar at 3,5 km/s. In tests with 
smaller ratios of target to rod diameter (15), penetration velocity increased substantially. In tests with 
steel coverplates, there was no penetration into the ceramic at an impact velocity of 1.5 km/s. At 
1.75 kin/s, there was no dwell at the coverplate/ceramic interface. 
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