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On the role of nose profile in long-rod penetration
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Abstract

The superiority of depleted uranium on tungsten-alloy penetrators has recently been assigned to the
self-sharpening mechanism, at the tip of the DU rods, due to the adiabatic shear failure which this material
experiences. The purpose of the work presented here was to further investigate the role of deformed nose
profile on the deep penetrations of long rods into semi-infinite targets. This was achieved through a series of
2-D numerical simulations and several perforation experiments where we recovered and examined the
residual penetrators. The simulations were performed for rigid tungsten-alloy rods having five different nose
shapes with the density and elastic properties of tungsten alloys. For the normal impact experiments we
chose three rod materials: a tungsten alloy, a copper and a titanium alloy. The residual rods (after perforation
of finite thickness targets) were imaged by flash X-ray and softly recovered using sand boxes. As expected, the
nose shapes of these rods were very different from each other. ( 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The deep penetration of long-rods into semi-infinite metallic targets has been considered, for
over 20 yr, to be a quasi-hydrodynamic process [1—3]. Experimental evidence, gathered during the
last decade, has shown that the process is much more complex, especially when the rods are made
of very strong and semi-brittle materials, such as depleted uranium (DU) or tungsten alloys (WA).
One of these non-hydrodynamic effects is related to the superiority of DU over WA penetrators, as
far as deep penetration into steel targets is concerned. The effect was attributed in [4] to
a self-sharpening mechanism which is much more pronounced in depleted uranium undergoing
adiabatic shear failure. The DU penetrator is more efficient by about 10% in the range
1.2—1.9 km/s, as compared with tungsten alloys of comparable density.
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Another effect is related to the geometric non-scaling in the deep penetration of both DU and
WA rods. Magness and Farrand [5] showed that the normalized penetration (P/L) of full scale
penetrators is higher by 20% than that of the 1 : 4 scale in the velocity range 1.4—2 km/s. These
higher P/L values of the full scale rods could not be accounted for by strain-rate effects, as shown in
[6]. We have hypothesized [7] that this non-scaling is the result of the semi-brittle nature of the
failure mechanism of the penetrator material.

The purpose of the work presented here was to further expand on these issues. Particularly, we
investigated the role of deformed nose profile on the penetration capability of the long rod. Both
2-D axisymmetric numerical simulations and normal impact perforation experiments were per-
formed to highlight the role of the shape of the penetrator’s tip in determining its penetration
capability.

2. Results

2.1. 2-D simulations

The purpose of the 2-D simulations was to explore the ballistic performance of long-rods with
various nose shapes. These were selected to represent the different shapes which are observed to
develop naturally during the penetration process. One should note that in an earlier work Walker
and Anderson [8] examined (numerically) the role of the initial nose shape on the penetration
capability of eroding long rods. They found that after penetrating about two rod diameters, all
the rods attained the same shape for the deformed nose profile with no resemblance to the initial
nose shape.

In order to avoid these difficulties, we used axially symmetric, ideally elastic, rods in our
simulations with the PISCES 2DELK code, described in [7]. Choosing an ideally elastic material
model for the rod highlights the role of nose shape, which can be quantified in terms of ballistic
efficiency. The steel targets in these simulations were large enough to be considered as infinite. The
cylindrical rods were given a density of 17.1 g/cm3 (similar to WA) and behaved elastically (very
high yield strength). Five different nose shapes were simulated, as shown in Fig. 1. The simulations
were performed for two impact velocities, 1.2 and 1.7 km/s. As is clearly seen in Fig. 1, the five nose
shapes represent various cases encountered in long-rod penetration processes.

The final penetration depths are given in Fig. 2 for the five nose shapes at the two impact
velocities. It is clearly seen that, the final penetration depths vary by a factor of three when
comparing the sharp cone and the blunt mushroom noses. Thus, for eroding rods with nose shapes
which resemble the simulated shapes, substantial differences between final depths of penetration
may be expected. Hence, the relatively small difference of 10% between penetration depths of DU
and WA long-rods may easily be accounted for by minor differences in nose shape of these
materials, developed during penetration, as suggested by Magness and Farrand [4].

2.2. Experiments

Several perforation experiments with various rod materials were performed in order to follow
the differences in rod nose shape as the rods exit a finite thickness target. Three rod materials were
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Fig. 1. The five nose shapes tested in the present simulations. Rod diameters are 6 mm and their length is 38 mm.

Fig. 2. Final penetration depths for the five nose shapes.

tested: tungsten alloy (WA), copper and titanium alloy (Ti6Al4V). Titanium alloys are known to fail
by adiabatic shear banding under high strain rates, making them ideal representatives of materials
which fail in this mode (like depleted uranium). The material we used for these experiments was
tested in a split Hopkinson bar system and found to fail adiabatically at a strain of about 20% (see
[9]). Copper was chosen to represent the other extreme of material behavior, being an ideally
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Fig. 3. Flash radiographs and residual rod shapes as recovered from the perforation experiments (the shot numbers are
given near each rod).

ductile material. All the rods in this study were ¸/D"10, hemispherical-nosed, with a diameter of
9 mm. Targets were 40 mm plates of either steel (RHA), for tungsten-alloy rods, or aluminum
(2024T351) for the titanium and copper rods. With this arrangement, some material similarity is
preserved, as far as the rod/target density ratio is concerned for the tungsten/steel and tita-
nium/aluminum combinations.

The residual rods were shadowgraphed by two flash X-ray tubes as they exited the targets, in
order to determine their shape and velocity (see Fig. 3). In addition, the rods were recovered in large
sand boxes which served to gradually decelerate them, without any further deformation. Table 1
lists the relevant data for these shots. The residual length (¸

R
) of the recovered rod was the same as

that recorded by the flash X-rays, indicating that this is indeed a soft recovery process. (Fig. 3 shows
the three recovered rods.)

It is interesting to note the fact that both WA and titanium rods decelerate much more than
a copper rod because of their much higher strength. As for the nose shapes of the different rods,
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Table 1
Relevant data for recovery shots

Shot No. Penetrator/target Impact velocity Residual velocity ¸
R
/¸

O
Nose shape

(m/s) (m/s)

214 Ti6Al4V/Al2024 1320 953 0.63 Sharp, chisel-like
215 WA/RHA 1327 1078 0.27 Partially mushroom
220 Ti6Al4V/Al2024 1150 592 0.55 Sharp, chisel-like
231 Copper/Al2024 1191 1024 0.38 Mushroom
232 WA/RHA 1196 755 0.23 Partially mushroom
261 Ti6Al4V/Al2024 1586 1348 0.6 One-sided shear

a clear distinction is obtained between the fully ductile (copper), semi-brittle (WA) and adiabati-
cally sheared (Ti6Al4V) materials (see Fig. 3). As expected, the copper rod has a fully mushroomed
nose shape while the WA rod has a somewhat rounded shape.

The most interesting feature is the shape of the titanium-alloy rods, which is more chisel-like
rather than conically sharp. This may be due to the rolling process by which the titanium plate was
processed, resulting in some anisotropy in material properties. The two chisel planes are inclined at
roughly 45° to the rod axis. Moreover, with both projectiles, one of the planes was larger than the
other, which gives the nose an asymmetric shape. This asymmetry was even more enhanced for the
high velocity shot at 1586 m/s, resulting in a single plane at 45° to the rod axis.

The last experiment we performed was aimed at better understanding of the non-scaling issue
which was raised by Magness and Leonard [5] and discussed by us in [7]. Our explanation for this
non-scaling, with both tungsten alloy and depleted uranium penetrators, is based on their
semi-brittle properties and some fracture mechanics considerations. This semi-brittleness can result
in a sharper nose for the larger penetrator, thus enhancing its penetration capability. In order to
strengthen this hypothesis, an additional perforation experiment was performed with a larger
tungsten-alloy rod having a smaller ¸/D ratio (16 mm diameter and 66 mm long). This penetrator
was made from the same material we used for the smaller ones and was about twice as large as
those in experiments d215, d232. Thus, if the explanation for the non-scaling effect is correct,
some difference between the nose shapes of these rods should be evidenced. Specifically, a relatively
smaller mushroom was expected at the larger penetrator’s nose. This ¸/D"4 rod was shot at
a 30 mm RHA target, compared with the 40 mm target which was used for the smaller, ¸/D"10,
rods. Impact velocity was 1339 m/s (similar to shot d215) and the residual velocity 1144 m/s.
Fig. 4 shows the residual rod, which was recovered in the sand-box together with the smaller rod,
for comparison. As expected, the relative mushrooming is much smaller for the larger rod. In terms
of the ratio of mushroom’s mean diameter to the original rod diameter, the values are 1.38 for the
smaller rod and 1.12 for the larger one. Thus, the result of this experiment is consistent with the
non-scaling associated with the nature of nose mushrooming, as we suggested in [7]. However, we
should point out here that there are other explanations, besides our semi-brittle nature of rod
erosion, which can be assigned to this phenomenon. One such explanation is related to the strength
of the rod. Examining the blunt mushroom models of Fig. 1, it is very likely that the width and
thickness of the overhang, which is supportable under the condition of fully plastic shear erosion,
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Fig. 4. A comparison between residual WA rods of two scales. Not the much smaller mushroom shape of the larger rod.

will be different for different rod diameters under identical impact velocity conditions. We should
also add that the larger WA rod in our experiment had a lower ¸/D value compared to the other
rods. Also, the steel plate we used as a target was thinner for this experiment. These different details
make it difficult to point out which of the different explanations for mushroom shape is the right
one. More experiments are needed in order to resolve this issue.

3. Summary

A series of normal perforation experiments and axisymmetric numerical simulations were
conducted in order to further investigate the role of nose shape on the ballistic performance of long
rods. The experiments showed that the adiabatic shear failure, of titanium-alloy rods, sharpens
their noses along planes oriented 45° to the rod axis. Moreover, this sharpening is very asymmetri-
cal at high impact velocities (1600 m/s) for which case a wedge shaped nose is obtained. Copper
long rods result in a round, mushroomed, nose shape while tungsten-alloy rods show an intermedi-
ate behavior. These trends are in accord with previous studies which compared the performance of
depleted-uranium and tungsten-alloy rods. Our 2-D simulations demonstrate the importance of
nose shapes, of rigid long-rods, in determining their penetration capabilities. Simulating five
different nose shapes resulted in a large variation of penetration depths, differing by a factor of
3 between the two extremes. Thus one can safely state that even small variations in the nose shapes
of long-rods can result in meaningful differences between their penetration depths. The issue of
non-scaling in terminal ballistics of long-rods has been also addressed in this study by comparing
nose shapes of two tungsten-alloy rods whose dimensions differed by a factor of 2. The larger rod
exhibited a smaller mushroom profile. The nature of mushrooming and erosion do not scale
geometrically and is probably the main reason behind the geometric non-scaling in terminal
ballistics.
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