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Ricochet of 0.300 AP projectile from inclined polymeric plates
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Abstract

When a rigid armor piercing (AP) projectile impacts an inclined plate it can be deflected by the
asymmetric forces, which the target exerts on the projectile. This is a well-known phenomenon which has
been investigated by several workers impacting various metallic targets with AP projectiles. These works
have shown that if the incidence angle is small enough the projectile can ricochet from any metallic target,
provided the target is thick enough. In the present study we investigated the deflection, and ricochet, of 0.300

AP projectiles impacting inclined polymeric targets, which, to our best knowledge, were not investigated
before. We concentrate our attention on Plexiglas targets, which turned out to exert the strongest
asymmetric forces on the AP projectile. We present a thorough 3D numerical study following the important
properties of the target, which control the ricochet and deflection processes. It turns out that these
properties are the high compressive strength and the low tensile strength of the target. In other words, the
high brittleness of Plexiglas is responsible for the large deflection which was observed in our experiments.
Other polymers, less brittle, resulted in a much lower effect or no effect at all.
r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

The interaction of kinetic energy projectiles with an inclined plate is characterized by
asymmetric forces, which are exerted by the plate, deflecting the projectile from its initial line of
attack. This asymmetry takes place during the early stages of penetration, until the projectile’s
nose is fully embedded in the target plate. Given the right combination of projectile velocity,
target strength and angle of attack, these asymmetric forces can result in a ricochet of the
projectile, preventing perforation of the target. Goldsmith [1] reviewed much of the literature
concerning inclined plate impact, including the analytical model of Tate [2] for rigid long rod
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ricochet. In recent works on long rods [3,4] the bending of the nose was taken into account, in
order to simulate a more realistic situation for these interactions. The most extensive work on this
subject is by Recht and Ipson [5] who analyzed the various parameters involved in the interaction
of armor piercing (AP) projectiles with inclined metallic plates. They outlined a configurational
map which gives the outcome of this interaction in terms of deflection, ricochet and shattering of
the projectile as a function of obliquity and impact velocity. Most of the work which has been
done on this subject is concerned with strong metallic plates, in order to achieve ricochet at
maximum efficiency (minimum target weight and high obliquity).
The work described here is concerned with 0.300 AP projectiles impacting inclined polymeric

targets. The aim of our work was to find whether these low-density materials could exert strong
enough forces on the projectile in order to deflect its course of penetration. The materials we
investigated included: Plexiglas, epoxy, PVC and polycarbonate. Of these, Plexiglas and epoxy
(Epon 815) resulted in the strongest asymmetric forces, as evidenced by flash X-rays, following the
course of the projectile. The strong effect of Plexiglas was discovered by Yeshurun et al. [6] and
Yeshurun [7] about 5 years ago in an extensive study which included the above mentioned
materials. In order to understand the important material parameters, which determine the
asymmetric interaction, we performed a large series of three-dimensional (3D) simulations with
the lagrangian processor of the Autodyn 3D code, which will be described here. We should
emphasize that our aim was to understand the general features of the mechanism causing this
strongly asymmetric interaction, rather than simulating the process in an accurate manner. It is a
3D process which by nature, is very complex to simulate. Thus, we did not wish to go into a
detailed 3D numerical simulation work, involving complex material modeling. Rather, the
simulations we performed illustrate some overall effects instead of quantitatively describing AP
projectile impact on real Plexiglas plates.

2. Experiments

The experiments were performed in the Ballistics laboratory at RAFAEL, using several types of
0.300 AP projectiles. The cores of these projectiles weigh 3.5–5.5 g and their muzzle velocities are in
the range of 720–850m/s. The targets were positioned some 7m from the rifle, at various
obliquities ranging from 20� to 50� (relative to the projectile line of flight). Their thickness ranged
between 10 and 50mm and their lateral dimensions were 250� 80mm2. Several 150 kV flash X-
ray tubes were used to follow the deflection of the projectile from the moment of impact at
consecutive time intervals of about 150ms. Typical results with a 20mm Plexiglas plate at an
obliquity of 30� are shown in Fig. 1. One can clearly see the projectile emerging from the target
with a large deflection from its original orientation. The most interesting feature in these
experiments is the large angle between projectile axis and its line of flight, after it emerges from the
target. This phenomenon is very different from what we are used to see with regular ricocheting of
AP projectiles from metallic targets, where the projectile axis remains along its line of flight. Due
to the brittleness of the Plexiglas target, a large area around the impact point (tens of centimeters)
is highly cracked.
Another important point to note is that at an obliquity of 30�, metallic plates are often

penetrated by these projectiles (if not shattered by the high strength of the target). In order to
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achieve a ricochet from an aluminum plate a much more acute angle of obliquity is needed. Thus,
we can clearly state that the Plexiglas plate is influencing the projectile via a new mechanism which
we did not observe with metallic plate. The projectiles emerging from inclined Plexiglas targets are
both extremely deflected and yawed. This mode of interaction was also observed with epoxy
targets, while all the other polymers we tested did not result in such an effect. The epoxy we used is
Epon 815 which was cast to plates with dimensions similar to those of the Plexiglas targets.

3. Numerical simulations

A series of numerical simulations, with the lagrangian processor of the Autodyn 3D code, was
performed in order to gain some understanding for the physical processes which are responsible
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Fig. 1. Typical flash X-ray results of experiments with 20mm Plexiglas plate at an obliquity of 30�.
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for the strong effect observed with the Plexiglas targets. The steel projectiles were simulated with a
simple von-Mises yield criterion (Y0 ¼ 1:5GPa=const, with no strain hardening or strain rate
effects) and the well known equation of state parameters for steel. The material parameters for the
steel were r0 ¼ 7:83 g/cm3, c0 ¼ 4:58mm/ms, G ¼ 81:8GPa and Pmin ¼ �3GPa. For the Plexiglas
targets we used the common values for density, sound velocity and shear modulus (r0 ¼ 1:18 g/
cm3, c0 ¼ 2:57mm/ms, G ¼ 2:3GPa). In different simulations we varied the mechanical properties
of the Plexiglas plate in order to determine their influence on the ricochet phenomenon. In all our
simulations the thickness of the target plate was 20mm and impact obliquity was 30�. Also, unless
otherwise specified, the impact velocity was 720m/s (the muzzle velocity of the AK47AP rifle we
used in the experiments). The targets in our simulations had 30 elements on their thickness
(20mm).
Our initial understanding was that there are three material properties which maximize the

asymmetric interaction between Plexiglas and the projectile. These are: (1) high dynamic
compressive strength, (2) high brittleness and (3) low density. In the following paragraphs
we describe our simulation results, as obtained by changing the corresponding properties
of the Plexiglas plate. These results demonstrate the importance of these three material properties
for the ricochet phenomenon. We would like to stress again an important point concerning
the overall aim of these simulations. Our main interest is in conducting a sensitivity study
rather than finding a perfect match between simulation and experiment. Thus, we were looking
for trends in the ricochet phenomenon and, particularly, the important material parameters
which are responsible for this very strong effect. As we show later on, a close resemblance is
obtained between simulation and experiment by using material properties which are common for
Plexiglas. Thus, we did not find it necessary to use a comprehensive characterization of this
material.

3.1. The effect of compressive and tensile strengths

Plexiglas is known to have a relatively high dynamic compressive strength. Plate impact
experiments by Barker and Hollenbach [8] have shown that its Hugoniot elastic limit is
about 0.7GPa. This means that the dynamic compressive strength of this material is near
0.35GPa which is also the value tabulated in codes like the Autodyn. This relatively high
value of compressive strength is the result of the high strain rates which the Plexiglas
experiences under dynamic loading conditions. The material is also known to be extremely
brittle with a spall strength of 0.1–0.15GPa (see [9,10] for example). Thus, one should assign a
very low dynamic tensile strength for this material in the simulation. The appropriate material
parameter which represents dynamic tensile failure in the code is Pmin; the spall strength of the
material.
The way these two parameters affect the ricochet process can be explained as follows: The

high compressive strength is needed in order to exert a large asymmetric force on the nose
of the projectile by the target during the first stages of penetration. This force will deflect its
line of flight inside the target. The high brittleness is needed to ensure that the asymmetric
forces will continue to act during later times. This is achieved by the fact that target material
near the entrance hole fails by tension, due to release waves from the impact face. At the same
time target material in the bulk is still intact, exerting the upward push continuously. This
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Fig. 2. The asymmetric force acting on the projectile during penetration of a brittle plate (Y ¼ 0:4GPa,
Pmin ¼ �0:02GPa).

(b)

(a)

Fig. 3. (a) The trajectory of the projectile in a ductile target with Pmin ¼ �0:1GPa, and (b) experimental result with a
ductile target (20mm thick polycarbonate plate).
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situation is very clear in Fig. 2 which is taken from one of the simulations to be described later on.
Material elements which failed are white while intact elements are dark. It is clearly seen that the
projectile is constantly experiencing an upward push by the intact material below its nose, as the
arrows show. In this simulation we used Y ¼ 0:4GPa and Pmin ¼ �0:02GPa for the Plexiglas
plate.
In order to strengthen this interpretation we performed a similar simulation with a much higher

value for Pmin (=�0.1GPa, appropriate for a more ductile material) and a lower compressive
strength (Y ¼ 0:1GPa). Fig. 3a shows that in this case the projectile perforates the target,
performing the familiar S shaped perforation channel due to the similar asymmetric forces at the
impact and back faces. Clearly, the material near the impact face does not fail so that the
asymmetric nature of the forces is much smaller. Fig. 3b shows our experimental result with a
20mm PC plate which was perforated by the projectile in a similar way.
Fig. 4 shows the penetration process in a simulation with Y ¼ 0:4GPa and Pmin ¼ �0:005GPa

for the Plexiglas plate. One can clearly follow the deflection and yaw imparted to the
projectile by this extremely brittle plate. This is the most extreme combination of Y and
Pmin we used in our simulations, representing the most brittle case. In fact, one can assign a
brittleness figure of merit through the ratio of Y to Pmin (the higher this ratio the more brittle is
the material).
Fig. 5 shows a comparison between this simulation result and an actual experimental X-ray

flash at 200ms after impact. The orientation of the projectile is well reproduced in the simulation,
as well as its position in the target. Thus, one can conclude that the values we chose for Y

(=0.4GPa) and Pmin (=�0.005GPa) represent the overall effect of the Plexiglas on the AP
projectile. Moreover, the massive failure of the Plexiglas plate around the impact point in the
simulation, as shown in Fig. 5a, is very similar to the extent of damage in our recovered targets.
As stated above, large sections of the target are totally shattered and removed. The rest of the
plates were found to be highly cracked in a very brittle way.
In order to demonstrate the relative importance of each one of these strength parameters we

show in Fig. 6 the state of the projectile in simulations with varying compressive strength at a
constant Pmin (Fig. 6a) and with varying Pmin at a constant compressive strength (Fig. 6b). In
another simulation we increased the compressive strength of the target to 1.0GPa and obtained a
regular ricochet, as obtained with metallic targets (see Fig. 6c). Here the projectile is deflected
before embedding into the target.
One can clearly see the strong sensitivity of the asymmetric action to these two material strength

parameters. In particular, with a low value of Y (=0.1GPa) the projectile perforates the target
exiting with an orientation nearly parallel to the target faces. This value of compressive strength
is, apparently, too low to prevent full perforation of the target. Still, the axis of the projectile is
along a different direction than what is usually experienced with ductile targets, which deflect a
rigid projectile towards the normal to the target faces (as in Fig. 3).
The influences of tensile and compressive strengths can be further demonstrated through the

evolution of projectile deflection and yaw angles during the process of penetration (Fig. 7a and b,
respectively). With increasing brittleness, the deflection and yaw of the projectile, as it exits from
the plate, are higher. The deflection is the angle between the original direction of the projectile and
its axis at a given time while the yaw is the angle between its axis and direction of flight at any
instant.
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3.2. The influence of target density

The next issue we investigated was the influence of plate density. This was done for strength
values of Y ¼ 0:3GPa and Pmin ¼ �0:005GPa, changing the density of the plate from 1.2
(Plexiglas) to 2.7 (aluminum-like) and 4.5 g/cm3 (titanium-like). Fig. 8 shows the results of
these simulations at 130 ms after impact. Clearly with a higher density of the target, less
failure is observed in the parts above the projectile, resulting in less deflection. We should
note that these are only sterile simulations, in the sense that no aluminum or titanium plates
can be made so brittle. Still, we see that the density of Plexiglas is low enough to amplify the
deflection of the projectile. A possible explanation for the influence of target density can be
obtained by considering the velocity imparted by the impact shock wave to the target elements.
At a given impact velocity a lower target density will result in a lower shock amplitude
but a higher material velocity in the target. Thus, the failed elements above the entrance
hole will be removed more quickly for the lower density targets, exerting less force on the
projectile. On the other hand, with higher target densities the amplitudes of the shock waves
generated by the impact will be higher, so that more damage is expected in the target. This
is clearly seen in Fig. 8 where more cells have failed in the bulk of the denser targets. Still, these
cells remain at their position for longer times, as compared with the failed cells in the less dense
targets.
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  Impact   t=50µsec 

  t=100µsec   t=150µsec 

Fig. 4. Time evolution of projectile penetration into a very brittle Plexiglas plate (Y ¼ 0:4GPa; Pmin ¼ �0:005GPa).
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3.3. The influence of projectile velocity

The simulations described above were performed with an impact velocity of 720m/s which
represents the muzzle velocity of AK47AP projectile. Our understanding is that a nondimensional
parameter which should be relevant in this case (as in many of the terminal ballistics phenomena)
is rpV2=Yt (rp=projectile density, V=impact velocity and Yt=target strength). In order to check
this point we performed two extra simulations changing both V and Y in such manner that V2=Yt

remains equal to a reference simulation with V ¼ 720m/s and Y ¼ 0:25GPa. Fig. 9 shows the
state of the projectile in these simulations at selected different times (since the impact velocities are
very different). One can clearly see the overall resemblance in projectile position for these different
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Fig. 5. Comparison between simulation and experiment (at 200 ms after impact).
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cases. Thus, the nondimensional parameter, rpV2=Yt; is relevant also for the strong effect which
we analyzed here.

4. Additional verification

The simulations described above enhance our phenomenological picture for the interaction
between the AP projectile and the brittle Plexiglas plate. In particular, we find that target elements
at the front face, around the impact point, lose their strength relatively early in the process,
exerting a negligible force on the projectile. At the same time, target material below the projectile
nose remains intact for a longer time and continues to deflect the projectile. In order to enhance

ARTICLE IN PRESS

(a) 
Y=0.1GPa        Y=0.2GPa  Y=0.4GPa 

(b) 

Pmin = -0.005GPa Pmin = -0.01GPa    Pmin = -0.02GPa 

(c) 

Fig. 6. (a) The influence of Y for constant Pmin ¼ �0:01GPa (at 200ms after impact). (b) The influence of Pmin at

constant Y ¼ 0:2GPa (at 160ms after impact). (c) Increasing target strength to Y ¼ 1:0GPa (Pmin ¼ �0:01GPa) results
in a regular ricochet (at 70ms after impact).
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this explanation we performed an experiment and a simulation, with a specially designed Plexiglas
target, in which the failure of the material around the impact area is reduced. This was achieved
by adding another Plexiglas layer (20mm thick) to the regular 20mm target. The additional layer
had a square section removed from it so that the impact point was at the middle of this 40mm
target, as shown in Fig. 10.
The idea behind this arrangement is to have the same 20mm target material for the projectile to

penetrate (as before), while the impact face above the penetration channel is thickened to 40mm.
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Fig. 7. (a) Time evolution of projectile deflection angle during the penetration of Plexiglas plate in simulation. (b) Time

evolution of projectile yaw angle during the penetration of Plexiglas plate in simulation.
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This way we should prevent the early failure of the area above the impact point, reducing the
asymmetric forces. This reduction should result in a complete penetration by the projectile, if our
phenomenological description is correct.
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t=260µsec t=190µsec
  t=70µsec

V=455m/s, Y=0.1GPa    V=720m/s, Y=0.2Gpa     V=1440m/s, Y=1.0Gpa 

Fig. 9. Simulation results for low and high impact velocities (Pmin ¼ �0:01GPa).

ρ=1.2g/cc ρ=2.7g/cc ρ=4.5g/cc 

Fig. 8. The influence of target density on projectile deflection (at 130 ms after impact).

Fig. 10. The composite 40mm target with the square section removed in the center.
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Fig. 11 shows the results of both simulation and experiment. In both cases the projectile
perforated the lower 20mm of the target, as expected. Moreover, even the orientation of
projectile axis is similar in simulation and experiment. Thus, our simple picture for
this complicated interaction is strongly enhanced by this combination of experiment and
simulation.

5. Conclusions

Inclined Plexiglas and epoxy plates have been found to exert a strong asymmetric force on
impacting 0.300 AP projectiles. This interaction results in a strong deflection and yaw of the
projectile, which has not been evidenced by other inclined targets (either metals or polymers). In a
series of 3D simulations we showed that the important material properties, which govern this
effect, are high brittleness (large compressive strength and low tensile strength) and low density of
the plate material. We also demonstrated the similarity of simulation results for different cases
with a constant rpV2=Yt ratio, which has been shown to be an important parameter in many
terminal ballistics phenomena.

ARTICLE IN PRESS

(a) 

t=100µsec  t=190µsec

(b)

Fig. 11. Simulation and experimental results: (a) simulation for 100 and 190 ms; and (b) flash X-ray at 200 ms.
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