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ABSTRACT 

The penetration resistance of hard layers, such as ceramics and hardened steels, struck by high velocity 
long rod projectiles can be characterized by the depth of penetration (DOP) test. The DOP test can be 
used to calculate average penetration resistance, which can be expressed as RT. The tests can also be used 
to compute differential efficiency. For hard materials, these values differ markedly from those for 
conventional armor steel (RHA). Implications for the effectiveness of hypervelocity penetrators are that 
the optimum velocity for energy efficient penetration will be much higher for hard materials than for 
RHA. Furthermore, ceramics will continue to substantially outperform armor steels, while high 
hardness steels will lose their relative advantages against long rod projectiles above 3 km/s. 

INTRODUCTION 

Bless, et al., (1987) investigated the response of ceramic tiles to short hypervelocity projectiles and found 
that penetrator effectiveness increased with velocity. The case of long rod projectiles was treated by 
Frank and Zook (1987), who showed that the functional form of penetration by long rods into most 
materials implied that there was an optimum velocity at which penetration is maximized, assuming 
projectile shape and energy are held constant. Several cases were discussed for which the optimum 
velocity was near 2 km/s. This work has led several research teams working on high velocity penetrators 
to focus on alternatives to long rods, e.g., Orphal et al, 1992. The purpose of this paper is to point out 
that the optimum velocity identified by Frank and Zook (1987) was particular to rolled homogeneous 
armor (RHA) and similar hardness steels (neighborhood of BHN 270), and that much higher optimum 
velocities are expected from harder barriers. 

We analyze penetration of materials by high velocity rods by using steady state theory, develop by Tate 
(1967) and others and discussed in detail by Anderson and Walker (1991). An important advantage of this 
analysis is that the resistance of a target to penetration is described by a single effective strength 
parameter, RT. 

Very high-velccity penetration of semi-infinite targets is only approximately described by the Tare 
theory, largely because nonsteady processes account for considerable penetration after completion of the 
steady-state process (Anderson, et al., 1993). For example, Fig. 1 illustrates the discrepancy between 
steady-state theory and penetration data for RHA, using the value of RT derived from penetration rate 
measurements (Hauver, 1992a). It is noteworthy that since the difference between the steady-state model 
[based on Tate (1967)] and data does not increase with velocity, the discrepancy cannot be readily 
accounted for by terminal cratering effects, which normally have a velocity to the 2/3 power dependence, 
e.g., Christman and Gehring (1966). Nevertheless, the Tate model provides the correct trends even if the 
quantitative numbers do not agree exactly with experimental values. 
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Fig. 1 Comparison of Tate (1967) analysis and data from Siisby [11] for 
tungsten rods into armor steel. P/L is penetration divided by length. 

On the other hand, most proposed applications of hard materials are layered designs in which the hard 
material is sandwiched between RHA or structural materials. Thus, penetration of layers of hard 
materials is more relevant for armor design than penetration of semi-infiulte materials. Tate theory is 
more accurate for layers because effects due to deceleration are relatively less important 

The depth of penetration (DOP) test is very useful for evaluating armor layers. An armor element or 
layer is placed on a substrate and struck with a projectile that penetrates through into the substrate. As is 
now well known, the differential efficiency of a layer relative to a substrate is given by the equation: 

eA = WR#- W+ 
We 

where WRef is the penetration density (penetration times density) in the substrate with no armor layer, 
WR is the penetration density below the armor test layer, and Wc is the arial density of the test layer. 
Thus, for example, when the differential efficiency is two, the test material is equivalent in penetrator 
stopping resistance to a layer of the substrate that is twice as heavy. The reference material for 
differential efficiency is usually RHA. 

RT can be computed by several different methodologies. These methodologies are summarized in the 
Appendix, along with limitations of their use. For the purposes of this paper, RT is primarily calculated 
by two methods, both of which use DOP experiments. 

DEFINITION OF PROBLEM 

Our first interest is the optimum velocity for penetration by a constant-shape constant.energy projectile. 
The numerical values provided by Frank and Zook (e.g., length-to-diameter ratio) were for RHA. 
According to Hauver, the steady state value of RT for RHA is 53 kbar. Cavity expansion analysis 
predicts that RT is proportional to flow stress, which is in turn proportional m Brinell hardness. Mil- 
spec 46100 (high hard) steel is 1.9 times harder than RHA, so the value of R T for this material should be 
about I00 kbar. Harder steels are also available that may have higher RT values. Therefore, we want to 
extend the Frank and Zook analysis of penetration of steel to values of R T over 100 kbar. We will use 
conventional steady state theory, which, as discussed above, is reasonably accurate for penetration of 
layers. 
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Ceramics have lower densities and similar RT values to armor steels. In this analysis, we will use (Pt = 

3.2 g/cm 3 (target density), which is in the mid-range of armor ceramics. Values of RT for ceramics 
penetrated by rods vary from about 40 to 1 I0 kbar. 

Moreover, RT values for ceramics may depend on impact conditions. The strength of some ceramics, 
like titanium diboride and aluminum nitride, is pressure dependent (Rosenberg, et al., 1992); strength, 
and hence RT, may double over the pressure range 100 to 200 kbar, which loosely corresponds to impact 
velocities of 3 to 5 km/s. Likewise, the strength of these ceramics may be strongly affected by impact 
face confinement CrIauver, 1992a, Bless, et al.,1992). Other ceramics, such as B4C, have been shown to 
pressure soften (Kipp and Grady, 1989). Kozhushko, et al., 1991 have postulated a dramatic change in 
RT values when u transcends CF, the maximum crack front speeds in ceramics. Values of CF in 
ceramics are said to be 3 to 4 km/s. Values of RT for u > CF may exceed 300 kbar. 

Thus, as regards ceramics, it is worthwhile to extend Frank and Zook's analysis to case of R T of over 
300 kbar for target densities of about 3.2 g/cm 2, and for cases where R T depends on dynamic pressure or 
penetration velocity. 

Hauver (1992b) has observed that Rt decreases during penetration of very thick ceramic tiles. In this 
paper, which treats layers, we ignore this effect. We also limit our analysis to tungsten alloy rods, for 
which pp (projectile density) = 17.4 g/cm 3, and Yp (projectile strength) = 18 kbar (1.8 GPa). 

OPTIMUM PENETRATION VELOCITIES 

We first consider the case of a steel layer. We use conventional Tare theory (including projectile 
deceleration) to compute the scaled penetration, P/L. We convert this to the case of a constant-energy 
constant-shape rod by multiplying by (vo/v) 2/3. The reference velocity, Vo, was taken as 1.6 km/s. 
Fig. 2 shows penetration as a function of v. As noted by Frank and Zook, there is an optimum velocity 
for each RT value. However, the optimum becomes much broade~ for large RT values. Rg. 3 shows the 
variation of the optimum velocity with RT. It can be seen that for high hardness steels, the optimum 
velocity increases to over 3 kra/s. 
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Fig. 2. Penetration as a function of  velocity for constant-shape constant-  
energy long rod striking steel. 

The same calculations were carried out for a generic 3.2 g/cm 2 ceramic. This calculation was only 
carried out to RT = 200 kbar, because for higher values the maximum became so broad the concept of 
optimum penewation velocity had little meaning. The results are also shown in Fig. 3. For ceramics, 
the optimum velocity increases steadily with increasing target resistance. Over the range that is probably 
of greatest application, 60 < RT < 90 kbar, the optimum velocity increases from about 2.6 to 3.4 km/s. 
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Fig. 3. Velocity for maximum long rod penetration as a function of 
target strength parameter.  

These results are not substantially altered by step increases in RT occurring when u > CF, for which the 
maximum in the p/L vs. v curve is slightly drawn out. However, if materials of substantially lower CF 
values were examined, the result would be to shift the optimum velocity to lower values. Increases in 
RT due to higher dynamic pressure will have a similar effect in depressing optimum velocity values. 

OPTIMUM ARMOR 

Relative efficiency will also be a function of impact velocity. Fig. 4 is a graph of the variation of 
efficiency predicted for hypervelocity rods striking layers. The efficiency of RHA is unity by definition. 
The efficiency of high hardness steel (RT = 90 kbar) decreases, so that by 3 kin/s, there is little advantage 
to this material. Ceramics also decrease in efficiency. As velocity becomes very high and penetration 
approaches the hydrodynamic limit, the efficiency of ceramics will approach (PRHA/Pceramic)1/2 = 1.56. 
Thus, ceramics will remain effective, but for hypervelocity they are less effective, and thus may not be 
worth their additional cost. 
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Fig. 4. Efficiency of armors as a function of impact velocity for long 
tungsten-alloy rods. HHS is a steel with RT - 90 kbar, the ceramic 
example is for RT - 60 kbar. 

SUMMARY 

We have shown how DOP tests can be combined with Tare theory to predict the response of layers of 
very hard materials to hypervelocity impact. The optimum velocity for penetration, which is about 2 
km/s for armor steel, increases substantially for these materials. Selection of armor for hypervelocity 
projectiles should favor ceramic armor over high hardness steels. 
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Table A1 
RT Data for Two Alumina Ceramics 

Proj. Tile Tile 
Mat'l Width Thick. 

(mm) (mm) 
DU NR NR high dens. steel 60+_5 eq. A-4 Gooch, 1992 

(AD995) 

WA'- NR NR high dens. steel 55 eq. A-1 Hauver, 
(AD995) 1992b 

Alumina Substrate RT 
Grade (kbar) 

Method Reference 

WA 150 23-37 high dens. steel 65 eq. A-4 Woolsey, 
(AD995) (large 1992 

scatter) 
59 eq. A-6 

WA 75 25 high dens. A1 70 eq. A-4 Bless, 
(H.P.) unpublished 

WA 98 89 high dens. steel 65:L-9 eq. A-1 Burkett, 1992 
(round) (AD995) 

WA NR ! NR med. steel 47+1 eq. A-1 Hauver, 
dens. 1992b 

(AD90) 
..... WA 150 25-50 med dens. steel 55+1 eq. A-4 Mariano & 

(AD90) Woolsey, 
1989 

47+1 eq. A-6 

WA 100 28-42 med dens. steel 65+3 eq. A-4 Anderson & 
(round) (AD90) Morris, 1992 

58+2 eq. A-6 

Notes: 
Projectile: All projectiles are long rods impacting at about 1.5 kin/s; the material is either tungsten 

alloy (WA) or depleted uranium (DU). 
Dimensions: NR means not reported. 
Alumina grade: AD are Coors Porcelin designations, and hot processed is Ebon A, a Cercom 

designation. 
RT: There are a lot of scatter in RT data; uncertainty estimates are based on data sets, including dividing 

the standard deviation by the root of the number of data points, where appropriate. Uncertainty where 
not given may be as much as 15%, which is a typical value of standard deviation in a test series. In 
calculating RT, we used 18 or 20 kbar for WA strength and 12 kbar for DU strength. 

Method: PR means calculation based on residual penetration, and extrapolated means linear 
extrapolation to tile thickness where rod is fully consumed; u means calculated directly from 
measurements of penetration velocity. 
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APPENDIX: The Calculation of RT 

There are several ways to compute the target resistance RT, with each having advantages and 
disadvantages. The various methods are summarized here. 

Experimentally Measured Penetration Velocity Method. The most straightforward way of finding R T is 
to experimentally measure the steady-state penetration velocity. Assuming that the projectile flow stress 
Yp is known (20 Y_.2 Kbar), RT is found from the modified Bernoulli equation: 

1 _ l p t u 2  R T = rp +-~pp(V-U)  2 (A-l) 

where v is the tail velocity of the projectile, u is the penetration velocity, and p is the density. The 
subscripts p and T refer to the projectile and target, respectively. The penetration velocity is found by 
taking a sequence of flash X-rays of the penetration process and differentiating the position-time data. 
Unfortunately, this procedure must generally be performed in the reverse ballistics mode or with low 
density materials (and little confinement) in order for the X-rays to penetrate the target and expose the 
film. Further, RT does change with depth of penetration (e.g., see Anderson, et al. (1992)], but in the 
quasi-steady region of penetration, RT varies very slowly. Although there are X-ray systems with the 
energy capable of penetrating large targets, e.g., 1-2 MV systems or larger, usually only one data point 
per test can be obtained. Thus, a number of "duplicate" experiments must be performed with different 
time delays for the X-ray pictures. Although impact velocities may be approximately the same, they are 
never identical. Also, for very hard but brittle materials, experimental experience has shown there can be 
considerable variability in target performance from test to test under nominally identical conditions. 

Critical Velocity Method. Rosenberg and Tsaliah (1990) used the concept of critical or threshold 
velocity, below which no penetration occurs. The critical velocity is given by the expression: 

v 

V P, 
(A-2) 

for the case of R T > Yp. A projectile is f led at successively lower velocities until it does not penetrate 
the target material; this gives Vc. Then Eq. (A-2) is used to find RT. Several tests are required to 
determine v c , but the procedure is straightforward. It would appear, however, that care must be taken 
with the nose shape of the projectile; a hemispherical nose would seem to be the most appropriate nose 
shape. The methodology gives a value for the target resistance near the critical velocity. 

Layered Tate Model Method. Target resistance can change with impact velocity, which could indicate a 
potential weakness of the critical velocity technique. But Rosenberg and Tsaliah (1990) adapted the "late 
model to compute penetration through a layered target. In their work, they performed depth-of- 
penetration (DOP) experiments where a relatively thin ceramic tile (12-20 mm thick) was bonded to a 
"send-infinite" steel backup plate. The residual depth of penetration was measured in the steel substrate. 
The authors report good agreement between the results from the layered Tate model, using the RT values 
obtained from the critical velocity experiments, and the measured depths of penetration. 

The use of the layered "late model has been extended to analyze DOP test data, i.e., critical velocity 
experiments were not performed to obtain an estimate of RT. Instead, R T is varied in the model until 
agreement is reached between the model results and the measured residual penetration (Rosenberg and 
Tsaliah, 1990; Yaziv, 1992). In application of a layered Tate model, assumptions must be made on the 
transition of penetration from the hard layer to the steel substrate. It is also assumed that the penetration 
process can be described as nominally steady state, in both the ceramic and the substrate, since the Tare 
model is a steady-state model. 

Average Penetration Velocity Method from DOP Test Data. The depth of penetration into the substrate 
can be used to obtain an estimate of the penetration velocity in the hard layer assuming that penetration 
is steady state in both the hard layer and the substrate (the steady-state velocity, in general, is different in 
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the two layers). An estimate of the projectile eroded, AL, in going through the hard layer is needed. AL 
is found by assuming that penetration into the substrate is proportional to the residual rod length, i.e.,: 

L L-A/. (A-3) 

where P .  is the depth of penetration into the substrate material with no hard layer, Lo is the original rod 
length and P1 is the measured residual depth of penetration with the hard layer in place. With these 
assumptions, the penetration velocity in the hard layer if given by: 

U= 
v 

(A-4) 

Equation (A-3) is a reasonable approximation for impact velocities between 0.8 and 1.8 km/s for 
tungsten-alloy long rod projectiles into armor steel. In this velocity regime, penetration is linear with 
velocity. However, above 1.8 km/s the penetration curve begins to saturate with impact velocity, and 
the linear relationship is no longer valid. On the other hand, what is particularly nice about this 
methodology is its simplicity; there is no need to run the Tate model, as in the preceding and following 
methodologies. 

Extrapolated Tile Thickness Method from DOP Test Data. This methodology uses the residual 
penetration and the tile thickness to estimate the depth of penetration T c into a semi-infinite target made 
of the hard material. It is assumed that the residual penetration is linearly dependent on the thickness of 
the hard layer. 

P I _  1 T 
P.. (A-5) 

T c is the thickness of the tile to give zero residual penetration. Equation (A-5) can be rearranged to give 
the following: 

TP.. 

?- - (A-6) 

Once Tc is known, RT is adjusted in the Tate model until the depth of penetration predicted by the model 
gives T c. 

This methodology works over the entire velocity range of the preceding methodology, but it can also be 
extended to impact velocities above 1.8 km/s. Although the Tare model is used iteratively to find RT 
similar to the layered Tate model methodology, no assumptions need be made concerning the transition 
of penetration from the hard layer into the substrate material. However, the larger the residual 
penetration, the more critical the assumption of linearity in Eq. (A-5). In general, linear extrapolations 
are reasonable, even for rather nonlinear responses, up to approximately 10% change. Clearly, the more 
linear the response, the further the extrapolation can be made. In practice, residual penetrations have 
often been over 50% of the semi-infinite penetration. 

Summary. Each of the methodologies is based on application of steady-state theory, and in particular, 
application of the Tare model. But each of the methodologies, aside from the steady-state premise, 
invokes different assumptions. Three of the methods for determining RT use the DOP test: the layered 
Ta~ model method, the penetration velocity method, and the extrapolated tile thickness method. As 
contrasted to the critical velocity method, where a series of tests must be performed to find the critical 
velocity, only one DOP test is required to estimate RT. This is really academic, however, since the 
scatter in ceramic DOP test data generally mandates that a minimum of three DOP tests be conducted at 



Penetration of hard layers by hypervelocity projectiles 93 

nominally the same impact conditions in order to obtain an averaged response. The DOP test measures 
the performance of the ceramic in an pseudo armor-like configuration (e.g., see Anderson and Morris, 
1992), and at the nominal impact velocity of interest. Implicit in a DOP test is that there should be at 
least several rod diameters of penetration into the substrate to avoid the very rapid deceleration of the tail 
velocity (that occurs in the final stage of penetration) as the projectile transitions between the hard layer 
and the substrate. The linear extrapolation method is least affected by a very small residual penetration. 

The value of Yp assumed for the flow stress is not particularly critical in any of the methods. Armor 
steels have values of RT that are 50 khar or larger. The uncertainty in Yp is approximately 2 khar, 
i . e . ,Yp  = 20 :t: 2kbar. This uncertainty (some of which is due to various investigators using different 
tungsten alloys) has only a 4% variation or less on RT. If the Tare model is used to fmd RT, a variation 
of 2kbar makes only lkbar difference in the value of RT. 

Table A=I compares calculated RT values for several sets of DOP experiments. Reasonably good 
agreement has been obtained for target resistances of ceramic tiles calculated using the various 
methodologies. This is encouraging, and suggests that the concept of a target resistance for hard 
materials is fairly robust and that it can be used to quantitatively rank the ballistic performance of a hard 
material. 


