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Full-scale ballistic experiments using tungsten rods and rolled homogeneous armour (RHA)
steel plates are expensive to perform. For this reason, a study has been performed into
the possibility of using less expensive, more easily available metals in small-scale laboratory
experiments. The metal pairs chosen listed in order as armour/penetrator materials were:
RHA steel/tungsten, dural/mild steel, and copper/aluminium. In order to be able to use as
many diagnostics as possible (including high speed photography, VISAR, stress gauges) the
reverse ballistic configuration was used. This configuration also allowed the determination
of the high rate, low strain mechanical properties of mild steel to be determined. Finally,
a comparison was made between experiment and numerical predictions made using a mod-
ified Armstrong-Zerilli constitutive model for the RHA steel/tungsten pair. The model was
found to underpredict the penetration, probably because failure mechanisms were not incor-
porated.

1. Introduction

1.1. Background to this study

A vast literature with a long history exists on the subject of terminal ballis-
tics, and publications in this area show no sign of slowing, particularly with the
recent improvements in hydrocode modelling.
The experimental data obtained in the field of terminal ballistics generally

consists of the following parameters:
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(i) velocity and trajectory of projectile prior to impact,
(ii) velocity and trajectory of projectile after impact,
(iii) masses, velocities and trajectories of fragments generated by the impact
process,

(iv) motion imparted to the target,
(v) hole size in and mass loss from the target,
(vi) shape and dimensions of the recovered projectile.
From these observations the nature of the penetration mechanisms and pro-

jectile deformation can be inferred. These can be plotted as a mechanism map [1]
in a manner similar to Ashby deformation maps [2]. The ballistic limit veloc-
ity (i.e., that required for perforation) may also be determined from such ex-
periments. Penetration mechanics is complicated when the deformation due to
impact includes the rear surface of the target [3].

1.2. Methods of study

Because we wished to use as many diagnostics as possible in order to con-
strain and exercise material constitutive models, we decided to perform reverse
ballistics studies on instrumented rods. Despite its many advantages in terms
of ease of instrumentation, the reverse ballistic configuration has a number of
drawbacks, including limitations on (i) the diameter of the target to that of the
available gun barrel, and (ii) the mass of the target (the heavier the target the
slower it can be fired). Also the movement of the target plate across the field of
view inevitably creates parallax.
The technique we used in all the experiments reported here was high-speed

photography. As debris clouds and fracture can obscure the target to optical
photography, we also performed single-frame X-ray flash radiography (some-
times combined with speckle analysis). These studies have been reported else-
where [4, 5].
Instrumentation of reverse ballistic impacts by, for example, foil stress gauges

permits the acquisition of a force history [6]. Stress histories may also be recorded
using VISAR (Velocity Interferometer System for Any Reflector), a laser inter-
ferometer system that measures the particle velocity produced by an in-material
stress pulse incident on a free surface [7]. Depending on the application, this may
be more convenient than embedded foil gauges. We used both techniques in this
study.

1.3. Why perform model ballistic experiments?

Penetration models are necessary in the development of both armour and
projectiles. In seeking to conduct experiments to enhance understanding, the
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designers of projectiles or targets can change: (a) the configuration, e.g., plate
thickness, plate spacing, reactive armour, projectile length, projectile nose shape,
segmentation of rod; (b) the material, e.g., ductility, toughness, yield strength;
and (c) the magnitude and direction of motion.
For example, some strategies used to protect a space include:
(i) deflecting the penetrator by angling the armour [8, 9] (this also has the
effect of increasing the target thickness along the projectile trajectory);

(ii) fracturing or eroding the penetrator by (a) placing very hard ceramic
plates at the front [10] or (b) moving the front plate very fast across the
projectile trajectory using explosives (reactive armour) [11];

(iii) dispersing the rod fragments by spacing the target plates [12–14].
Attempts to counter these strategies include:
(i) increasing the penetrator length so that a sufficient length remains after
erosion to perforate the target [15];

(ii) designing the penetrator so that different sections have different properties
[16], e.g., making the nose hard, dense and blunt so as to load the target
as severely as possible on impact while making the rear more ductile to
reduce the likelihood of fragmentation due to bending stresses;

(iii) increasing the impact velocity so as to stress the target more severely [17].
The wide variety of types of ballistic impact means that there is no optimum

configuration of materials to suit all situations [18]. Hence, the best armour
design for defeating shaped-charge jets will probably not be the most efficient
at resisting long rod penetrators [19, 20].
Experimental testing can be performed in three different ways:
(i) full-scale – this is expensive and not ideal for exploring a large set of
experimental parameters. The diagnostics that can be deployed may also
be limited on an outside range;

(ii) small-scale – the main advantages being that fabrication, machining and
assembly of equipment are much easier on a small scale. Experiments
are also easier to perform within a laboratory where the experimental
parameters can be more easily explored and a wide range of diagnostics
used. The main disadvantage is that scaling up to full-scale may not be
straightforward [21, 22];

(iii) material property testing – since the penetration process takes place in
several different phases [23–25], experiments characterising the material
response to each of the various different modes of loading (e.g., shock
propagation, adiabatic shear, dynamic fracture) need to be carried out.
Such experiments should be compared with appropriate constitutive mod-
els using numerical modelling.
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2. Experimental

The experiments reported in this paper consisted of impacts between long
rods and thin metal plates. Such plates allow the behaviour of the rear face
of the target to be observed using high-speed photography, but other aspects
of penetration (such as ricochet, ballistic limits, rod erosion and the influence
of the length/diameter (L/D) ratio on penetration depth) cannot be studied.
Also deformation of a thin plate is restricted to a small region surrounding the
impact point. The holes formed in the plates were found to be cylindrical and
to have contracted after impact as rods recovered after impact were unable to
fit through them.
The aspect ratio of the rods studied (L/D ≥ 10) was determined by the

requirement to be able to instrument them with stress gauges. Previous studies
have shown that gauges should be placed at least ten diameters from the impact
end to improve the approximation to uniaxial stress conditions [26, 27]. In order
to instrument the rods, the target had to be fired at the rods (reverse ballistics)
[28] (see Fig. 1). The gun used was primarily built for plate impact studies [29].

Fig. 1. Schematic diagram of the reverse ballistic set-up used in these experiments [28].

Annealed copper and tungsten alloy rods with hemispherical ends and with
diameter 10 mm and length 100 mm were supplied by QinetiQ. 9.5 mm diameter
mild steel rods were sourced locally and typically used in lengths of 215 mm (or
occasionally 340 mm) with either hemispherical or flat ends. The properties of
all the materials used are listed in Table 1. Pure aluminium and RHA steel
plates were supplied by QinetiQ for impact by the copper and tungsten alloy
rods respectively, whereas a work-hardened aluminium alloy (dural) was used
with the mild steel rods. The ratios of the rod-to-plate densities and rod-to-plate
yield strengths are given in Table 2.
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Table 2. Ratios of properties of rods to properties of plates.

Plate/rod pairs Rod density/plate density Rod yield stress/plate yield stress

Pure aluminium/copper 3.3 2.1

RHA steel/tungsten alloy 2.2 1.4

Dural/mild steel 2.9 3.2

A consequence of the rod lengths chosen was that the time taken for an elastic
wave to travel to the far end of the rod and return was often long compared to
the duration of the high-speed photographic sequences taken. This meant that
the nose of the rod remained nearly stationary during photographic observation
except for when significant plastic deformation (shortening) occurred in the rod.
As the diameter of the gun barrel used is 50 mm the rod diameter needed

to be significantly less than this so as to reduce edge effects during impact. The
minimum time before the edge of the metal target plate could have an influence
is the time for an elastic wave to travel from its centre out to the mounting
pillars and back (a distance of about 20 mm; see Fig. 2), i.e., around 6 µs.
The diameter of the rods also needed to be larger than the stress gauges used
(ca. 3 mm) and to be large enough to give reasonable photographic resolution.
A diameter of 10 mm was settled on as meeting these various requirements.

Fig. 2. Photograph of a 3 mm thick plate mounted at 45◦ on the front of a 50 mm diameter
polycarbonate sabot.

The parameters investigated were: velocity, plate thickness, angle of impact,
nose shape, and material. The choice of materials was influenced by the desire
to observe the effect of a range of properties (ductility, density, work-hardening)
while also trying to keep the ratio of the projectile/target properties as close as
possible to that of tungsten/RHA armour steel. This led to the choice of the
following pairs: annealed copper with annealed aluminium, mild steel and work-
hardened dural, tungsten/RHA steel. For these pairs, the ratio of rod density to
plate density varied between 2.2 and 3.5 and the ratio of yield strengths varied
between 1.4 and 3.2 (see Tables 1 and 2). These combinations ensured a variety
of perforation mechanisms could be observed.
The plates were thin enough that their rear surface exerted a mechanical

influence for most of the perforation process. Specifically, the thicknesses of the
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aluminium plates used were 5 mm and 10 mm, the RHA plates 5 mm, and
the dural plates 3, 6 and 10 mm. The plates were mounted at three different
angles to the rod axis (90◦, 45◦ and 30◦) onto a polycarbonate sabot using three
slender steel pillars near the edges (Fig. 2). The plates were glued onto the pillars
with metal-filled epoxy. The centre of the forward-facing face of the sabot was
recessed to reduce post-impact damage.
All the high-speed sequences were taken using an FS501 Ultranac camera

using back illumination from a flash tube. There are a number of issues to
be considered in the interpretation of the sequences. First, the motion of the
plate in the field of view means that the viewing angle changes (parallax). Also
because the images were taken in silhouette, the front and back surfaces were not
illuminated and thus the plate appears to change thickness during the sequence
(compare the beginning and end of the sequence shown in Fig. 3). This reduces

Fig. 3. High speed photographic sequence of reverse ballistic normal impact of a round
nosed copper rod by a 4.8 mm thick annealed aluminium plate at 855 m s−1.
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the measurement accuracy of times when events take place. The rod diameter is,
however, a reliable alternative distance scale marker. Second, for angled impact,
any rotation of the plate during launch also obscures events on the surface.
However, sabot rotation was never found to amount to more than 8◦, and was
usually much less. Third, because a dove prism was used to rotate the image by
90◦ so as to make best use of the frames output by the camera, shear distortion
was introduced into the photographs. This distortion can make a plate oriented
at 90◦ to the rod appear to be slightly angled (see, for example, Fig. 5).

3. Impact phenomenology

3.1. Characteristic times

The thickness of the plate determines, among other things, the fraction of the
perforation time before the rod is significantly affected by the rear free surface.
The effects of the relative dimensions of the plate thickness and nose radius
may be characterised by comparing the time when the nose of the rod reaches
a certain location with the time it would take to reach the same place if the plate
were not present (see Fig. 4). It is best to think of this procedure as a guide to
interpretation since errors are introduced into this scheme due to acceleration
of the rod caused by the impact.

Fig. 4. Diagram illustrating the times after impact, calculated from the impact velocity and
plate thickness, when the rod nose would (a) be just buried t′buried (b) have just reached the

rear surface t′rear (c) have just cleared the rear surface of the plate tclear′ .
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3.2. Round-nosed rods

The sequence of events typically seen in the normal impact of round-nosed
rods are as follows: for the first microsecond or so, the load is applied over a small
area which expands supersonically as more of the nose comes into contact with
the plate surface [31–33]. This produces rapid radial flow of target material which
jets laterally in a liquid-like manner (see Fig. 5). The geometry of the impact
means that the angle of jetting changes continuously as the rod penetrates the
plate. Thus the jets of material appear curved (Fig. 5d). Inspection of recovered
rods showed that rod material did not form part of the ejecta for this material
combination at this impact speed.

Fig. 5. Selected frames from the high-speed photographic sequence of the normal impact of
a 9.5 mm diameter round-nosed mild steel rod by a 3 mm thick dural plate at 835 m s−1:
a) light flash seen 0.5 µs after impact; b) 1.7 µs after impact; c) 4.1 µs after impact; d) 6.5 µs

after impact; e) 10.1 µs after impact; f) 34.2 µs after impact.

The rear surface of the plate will start to decelerate when the elastic stress
wave generated by the impact first reflects off it. However, visible bulging does
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not start until the plastic zone ahead of the rod reaches that surface (just before
1.8 µs in Fig. 3, for example). If the plate is sufficiently thin (as it is in the impact
shown in Fig. 3) this will occur before the nose of the rod has fully penetrated
the front surface. Plate material was pushed out by the rod eventually detaching
as a plug attached to the front of the rod. A narrow shear zone is required for
plugging, so plugging does not occur in metals which work-harden as this process
suppresses the formation of adiabatic shear bands (ASBs) [34, 35]. Hence work-
hardening materials flow uniformly to large strains. In these cases, a bulge forms
whose diameter larger than the rod and which eventually tears away. This had
certainly happened by 40 µs in Fig. 3.
Occasionally a brief flash of light was recorded at impact (Fig. 5a). The

probable reason this was only rarely seen is that the duration of such flashes is
substantially shorter than the interframe time of the camera, set to 0.3 µs in this
case. Possible origins for these light flashes include: (i) the thermite reaction,
if metals like copper and aluminium are used, or (ii) adiabatic compression of
trapped gas between the surfaces [36]. As steel and aluminium were used in
the experiment shown in Fig. 5, the latter explanation is more likely. In the
sequence shown in Fig. 5, jets of material were visible by 1.7 µs, reaching their
final angle to the surface by 6.5 µs and beginning to die off by around 9 µs. The
bulge began to be visible around 3 µs. The diameter of the bulge was nearly the
same as the rod diameter, a characteristic of thin plates. The plate bulged out
to a distance of three plate thicknesses before any notches appeared (the first
sign of plug failure) at around 14 µs, Subsequently, there were multiple failure
points leading to the break-up of the plug into small pieces (Fig. 5f).
In a similar experiment performed on a 6 mm thick plate, the bulge ap-

peared at around 7.0 µs. This is a significantly smaller fraction of t′rear than
for the thinner plate (7.0 µs is about 65% of 10.8 µs whereas 2.9 µs is 81% of
3.6 µs). The thicker plate also bulged less (one plate thickness) before notches
appeared.

3.3. Flat-ended rods

Figure 6 presents a typical high-speed sequence for normal impact on a flat-
ended rod. The major difference with the hemispherical-nose rod case is that
the full width of the rod enters the target on impact. This means there is little
lateral displacement of plate material and no jetting. There is, however, intense
shear around the circumference of the rod, increasing the likelihood of plug
formation. During the breakout phase little lateral flow of the plug material
would be expected (which causes plug thinning). The initial failure of the rear
face favours pieces of target material around the rod circumference breaking
away. This can be seen happening late on the sequence.
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Fig. 6. High speed photographic sequence of the normal impact of a flat-ended mild steel
rod by a 3.0 mm thick dural plate at 533 m s−1.

Tables 3 and 4 present data obtained from high-speed photographic se-
quences of the normal impact of hemispherical and flat-ended steel rods struck
by dural plates.
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3.4. Oblique rod impacts

Oblique impact requires an extra characteristic time to describe it, i.e., where
the centre of nose of the rod reaches the plate rear (see Fig. 7). The plate angle,
plate thickness and nose radius determine the order the events identified in this
figure occur in.

Fig. 7. Schematic diagram showing how the characteristic times are defined for oblique
impact.

An angled plate has more resistance to penetration than the same plate
oriented at 90◦ to the rod axis simply because of the greater thickness of material
in the direction of motion. This concept may be quantified by the ‘effective path
length’ (EPL) which is the distance that must be traversed by a rod through a
plate before its nose is completely clear of the original rear surface. In normal
impact of a hemispherical-nosed rod, the EPL will be the sum of the plate
thickness and the rod radius. In angled impact, the width of the rod becomes
important because the trailing edge of the nose reaches the original rear surface
later than the leading edge.
The mechanics of oblique impact are also more complex than normal impact

(see Fig. 8) as bending waves as well as longitudinal waves are generated [37].
Consider first a hemispherical-nosed rod (see Fig. 8). The initial phase can be
seen to be the ejection of plate material, mostly in the direction of impact. In
Fig. 9, ‘backward’ ejection of material can be seen to cease after about 6–7 µs.
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Fig. 8. Schematic diagram of wave phenomena due to ballistic impact of a rod on an angled
target. Adapted from reference [18] p. 299.

Fig. 9. High-speed photographic sequence of the impact of a 4.8 mm thick aluminium plate
at 45◦ on a round-nosed copper rod at 830 m s−1.
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In this experiment, very little sliding of the rod on the plate took place and the
rod started perforating the plate close to the impact point around 30 µs after
impact.
The craters due to oblique impact are usually symmetric in the plane. For

small amounts of slip, they are oval in shape. For large amounts of slip, they
have the form of long shallow grooves terminating where perforation occurs.
Elongated craters are often associated with bending of the rod, raising the fric-
tional forces between the rod and the plate. An example of this can be seen in
Fig. 10 where the bulge can be seen moving at a constant velocity along the rear

Fig. 10. Selected frames from the high-speed photographic sequence of the impact of a 5
mm thick RHA steel plate at 60◦ on a round-nosed tungsten alloy rod at 645 m s−1. Note
that in this sequence the time at which impact occurred is not known, so the first frame

(bottom right) is set as time zero.



176 L.C. FORDE et al.

surface of the plate for some time before perforation finally occurred at around
35 µs. This experiment was performed quite close to the ricochet angle.
For oblique impact it is not possible to predict where on the rear surface

the bulge will first appear. Often it is laterally displaced beyond the projection
of the rod cross-section. The resulting bulge subsequently lengthens along that
surface back towards the rod axis and then past it and a plug of material will
be pushed out as for normal impact.
Figure 11 presents a comparison at similar times between the oblique impact

of round-nosed and flat-ended steel rods by 6 mm thick dural plates. The main
difference is that the flat-ended rod produces a hinge of material in the target
that breaks off as a few (possibly even one) large pieces (Fig. 11d) whereas the
round-ended rod generates many small fragments in the dural plate (Fig. 11b).

a) b)

c) d)

Fig. 11. Comparison of 45◦ oblique impact of two types of mild steel rods by dural plates:
a) and b) impact conditions: 9.5 mm diameter, 215 mm long hemispherical-ended rod, 6 mm
thick plate at 550 m s−1; c) and d) impact conditions: 9.5 mm diameter, 215 mm long

flat-ended rod, 5.9 mm thick dural at 549 m s−1.

Figures 12 and 13 show up some of the similarities and differences between
the normal and oblique impact of dural plates on round-nosed mild steel rods
with that of RHA steel plates on a tungsten rod at similar impact speeds. Recall
that the reason for choosing the materials of the plate/penetrator pairs studied
was that the ratios of density and yield strength were similar to RHA/tungsten
(see Table 2). It can be seen from Fig. 13 that the RHA plate produces larger
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a) b)

c) d)

Fig. 12. Comparison of images taken at similar times after normal impact from high speed
photographic sequences of the impact of 9.5 mm diameter mild steel rod by a 6 mm thick
dural plate at 555 m s−1 (frames a) and b)) and a 10 mm diameter tungsten alloy rod by

a 5 mm thick RHA steel plate at 533 m s−1 (frames c) and d)).

a) b)

Fig. 13. Comparison of the impact of (a) a 5.9 mm thick dural plate against a 9.5 mm
diameter, 215 mm long round-nosed mild steel rod at 823 m s−1, 45◦ impact angle;
b) a 5 mm thick RHA steel plate against a 10 mm diameter, 100 mm long round-nosed

tungsten alloy rod at 810 m s−1, 45◦ impact angle.

fragments than the dural. It was also observed that the tungsten rods deformed
more than the mild steel rods and sometimes shattered, particularly in oblique
impact. Both RHA and tungsten are more brittle than either dural or mild
steel. So although dural/mild steel experiments can provide information useful
to the RHA/tungsten problem, there are important differences particularly with
respect to rod deformation and fracture of both target and penetrator. The main
advantage of using mild steel and dural in preliminary experiments is that these
materials are much cheaper and more readily available. Such experiments can
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provide an indication of expected events along with timings and outcomes of
various geometries. They can also provide useful results before committing to
more expensive, full-scale experiments [22].
Considering the other pair of metals studied (aluminium/copper), we see

from Fig. 14 that the main visual difference is that the aluminium deforms with-
out fracture to much larger strains than mild steel (compare Figs. 14b and 14d).
Copper and aluminium also strain-harden much more than the other pairs of ma-
terials considered. The impact stresses (normalised by the plate yield stress) for
the impact velocities studied were largest for the aluminium/copper pair, rang-
ing from 32–53. Those for dural/mild steel ranged from 20–30 and that for RHA
steel/tungsten ranged from 8–14. Thus we conclude that the aluminium/copper
combination is less useful for performing cheaper preliminary studies of RHA
steel/tungsten impacts than dural/mild steel.

a) b)

c) d)

Fig. 14. Comparison of selected frames from a high-speed photographic sequence taken of
the normal impact between a 4.8 mm thick pure aluminium plate and a 10 mm diameter,
99 mm long annealed round-nose copper rod at 549 m s−1 (frames a) and b)) with those at
similar times (frames c) and d)) from the impact of a 6 mm thick dural plate on a 9.5 mm

diameter, 215 mm long round-nosed mild steel rod at 554 m s−1.

4. Impact instrumentation

In order to decide what instrumentation to use, it is necessary first to consider
what stress-wave activity we might expect. On first impact, shock waves are
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launched into both the rod and the plate [38]. For a flat-ended rod struck by
a plate at normal incidence, those two waves are both initially planar. For other
geometries the shock structures are more complex. Behind the shock wave in the
rod, material flows plastically. Rarefaction waves also travel inwards from the
free surfaces modifying the shock structure and sometimes producing internal
fractures [39]. Elastic compression and shear waves meanwhile run ahead of the
plastic deformation front and reflect from any free surfaces they encounter.
As the stationary rod penetrates the moving plate, both the rod and plate

deform plastically. The stress at the boundary of the rod and the plate has the
effect of accelerating material within the rod up towards the velocity of the
impacting plate (Fig. 15). As this happens, the stress at the rod-target interface
decreases. When this drops below the flow stress, the rod starts to behave rigidly.
As the rod nears the rear surface of the plate, a bulge appears. A plug may also
form if the plate material is susceptible to ASB formation. When removed from
the constraint of the surrounding material, the plug may detach as a solid disc
or fracture into pieces, depending upon the plate thickness, ductility and strain-
to-failure etc. Blunting of the projectile nose is common. In addition, plastic
distortion may reach some considerable distance back into the rod.

Fig. 15. Plot of the rear surface of a 3 mm thick dural plate impacted normally by a 9.5 mm
diameter mild steel rod at 554 m s−1. Data were measured from the high-speed photographic

sequence taken. Visible plate bulging began around 6 µs.

Stress wave effects due to plate penetration and perforation make the rod
response more complex than in Taylor impact (Fig. 16). However, as in Taylor
impact, an elastic wave propagates to the end of the rod and returns to interact
repeatedly with the plastic front (Fig. 17), lowering the stress in the process.
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Fig. 16. Stress pulses from manganin pressure gauges embedded in a round-nosed mild steel
rod impacted by a 6 mm thick dural plate at 554 m s−1.

Fig. 17. VISAR trace for the rear of a round-nosed mild steel rod impacted by a 6mm thick
dural plate at 554 m s−1.

Because of the complexity associated with interpreting waves in rods gen-
erated by the impact and perforation of thin metal plates, some instrumented
experiments were performed using thin alumina plates (Fig. 18). These plates
maintain a high stress on the end of the rod for a relatively long period of time
producing a more flat-topped stress pulse allowing the effects of elastic wave dis-
persion to be assessed without the complexities introduced by early perforation.
Such experiments also allow the high rate, low strain mechanical properties of
the mild steel rods to be determined [40, 41].
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Fig. 18. High speed photographic sequence of the normal impact of a 9.5 mm diameter round
nosed mild steel rod by a 6.5 mm thick alumina plate moving from right to left at 525 m s−1.

Elastic wave dispersion in rods is well-known not only to reduce the slope of
the rise up to maximum stress but also to introduce oscillations into the mea-
sured signal. The major source of distortion is that the velocity of stress waves
in rods depends upon frequency. These effects were shown by both Pochham-
mer [42] and Chree [43] to be intrinsic to infinitely long, but finite diameter,
rods. They are, therefore, not artefacts specific to rods of finite length. However,
dispersion is considerably more complicated for finite-length rods and generally
agreed to be mathematically intractable [44].
Three experiments were performed, two with hemispherical-nosed ends and

one with flat. Figure 19 presents the two stress gauge traces produced by the
impact on a round-nosed steel rod of a 3 mm thick alumina plate moving at
541±5 m s−1 and mounted directly on the front of the sabot. The underlying
slew rate of the gauge power supply can be seen as a negative slope before
the arrival of the pulses. The time of impact was determined to an accuracy of
±0.7 µs from the high-speed photographic sequence taken.
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Fig. 19. Stress pulses recorded by two manganin stress gauges located at 90 mm (gauge 1)
and 140 mm (gauge 2) from the impact point of a 9.5 mm diameter, 215 mm long

round-nosed mild steel rod struck by a 3 mm thick alumina plate mounted on the front
surface of a polycarbonate sabot and travelling at 541 m s−1.

The stress can be seen to rise up to an initial overshoot followed by a ‘plateau’
region with some oscillations. These oscillations are due to dispersion and there-
fore do not occur at the impact face. They are, however, real at the gauge loca-
tion and not an artefact of the gauges. The stress pulses end when the tensile
release wave from the rear of the rod reaches the gauge locations. The time from
the start of the rise until the start of the decay gives a measure of the velocity
of the fastest elastic wave in the rod. The wave velocity calculated in this way
was 5200 m s−1 for the signal from gauge 1 and 5170 m s−1 for the signal from
gauge 2 which agree very well with the value of 5200 m s−1 measured using an
acoustic wave generator. The velocity calculated from the transit time between
the two gauges was 5520 m s−1, 5% different to the other values.
Note that in this particular experiment there was a discrepancy in the max-

imum stress reached that was greater than the variation in the gauge factor
(typically 2%). Gauge 1 recorded a stress of 0.65 GPa at the end of the rising
phase creeping up to 0.70 GPa by the end of the pulse, whereas gauge 2 recorded
a stress rising directly to 0.80 GPa. It is not known why this was so and this
difference was not seen in other experiments (see, for example, Fig. 20).
The rise time for the pulse recorded by gauge 1 was 2.1 µs and that for

gauge 2 was 3.1 µs. These times are in reasonable agreement with the 4 µs rise
time measured by Rosenberg and Bless [41] at a distance of 127 mm along
mild steel rods impacted at about half this velocity. Dispersion sets a lower limit
to the rise time and depends upon the distance the pulse has travelled along the
rod (see Fig. 21).
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Fig. 20. Stress pulses recorded by two manganin stress gauges located at 90 mm and
140 mm from the impact point of a 9.5 mm diameter, 215 mm long round-nosed mild steel
rod by a 6.5 mm thick alumina plate mounted on pillars on a polycarbonate sabot travelling

at 525 m s−1.

Fig. 21. Graph of the gradients of the rise and decay portions of the stress pulses shown
in Fig. 19 versus time from impact.

A VISAR measurement (see Fig. 22) was also performed on the rear end of
the rod. This trace confirms many features of the stress pulses shown in Fig. 19.
The velocity can be seen to rise to 0.033 mm µs−1, equivalent to 0.66 GPa using
the following relation:

(4.1) σ = 0.5ρcv,

where ρ is the density, c is the elastic wave speed of mild steel (see Table 1)
and v is the particle velocity.
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Fig. 22. VISAR trace recorded at the rear end of the round-nosed mild steel rod impacted
by a 6.5 mm thick alumina plate at 525 m s−1 (same impact as Figs. 18 and 20).

The initial rising slope is 0.009 mm µs−2, equivalent to 0.18 GPa µs−1. This
value lies between those for the two rises (0.28 and 0.30 GPa µs−1) and the two
decays (both 0.16 GPa µs−1) recorded by the stress gauges, consistent with the
fact that the pulse reached the end of the rod midway between the rise and decay
of the stress recorded at gauge 2. Since the loading at the impact face continues
for an extended period, the velocity of the rear of the rod does not decrease
during the course of the trace presented in Fig. 22, rather the velocity creeps
up steadily from the top of the initial rise. Then, there is a slight peak followed
by a dip of short-duration at around 80 µs after which the velocity rises again.
This peak occurs close to the time it would take for the elastic wave to return
from the rear of the rod to the location of gauge 2. So the dip may represent
a partial release of the gauge package. The velocity eventually rises significantly
beyond that expected on the basis of the stress gauge readings. This may be
due to the rear of the rod approaching the position of the duplex optical fibre
which brings laser light to and from the VISAR. As this happens, the VISAR
system compensates for the change in intensity of the beam reflected from the
rod, losing accuracy in the process.
The high-speed photographic sequence for this experiment (Fig. 18) confirms

the relatively long time that the alumina plate resisted penetration. During this
time the front of the rod can be seen to deform plastically and increase in
diameter (see, for example, the frame labelled 5.5 µs). Note also the jetting of
material visible about 3 µs into the impact. The angle of jetting is similar to that
for a ductile plate at about the same time (see Fig. 23), though as penetration
proceeds, the angle of jetting increases for a ductile material (Fig. 23d).
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a) b)

c) d)

Fig. 23. Comparison of impacts at similar times on a rod by (a) and (c) – an alumina plate
and (b) and (d) - a metal plate. Experimental conditions: a) and c) 9.5 mm diameter
round-nosed mild steel rod, 6.5 mm thick alumina plate moving from right to left at
525 m s−1; b) and d) 10 mm diameter round-nosed copper rod, 4.8 mm thick aluminium

alloy plate, moving from left to right at 855 m s−1.

Apart from the direct photographic evidence the rod deforming laterally
between about 5 and 10 µs into the impact (Fig. 23c), there is also indirect
evidence of rod deformation in that the position of the plate rear surface at the
end of the high-speed sequence (41.7 µs; not shown) is actually to the left of the
initial point of the rod nose by more than 1 mm, implying a negative thickness
for the ceramic material pushed ahead of the rod. However, if the double transit
time of the elastic wave in the rod (41.5 µs) is taken into account, the rod would
only just have begun to move bodily by this point. Thus, the rod must have
shortened. Another piece of evidence for this is that the time measured from the
photographs for the bulge to protrude a distance equal to a single plate thickness
is 25.3 µs. The implication of this is that the rear of the plate took the same time
to move out to one plate thickness as the rod would have done had it been unim-
peded, yet there appears still to be plate material ahead of the rod. But since
the rod had not yet begun to accelerate bodily, the rod must have shortened.
The third experiment in this series involved firing a 6.5 mm thick alumina

plate (mounted on rods) at 523 m s−1 against a flat-ended mild steel rod. Fig-
ure 24 presents the two resulting stress gauge traces along with the VISAR data
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Fig. 24. Stress pulses recorded by two manganin stress gauges located at 90 mm and
140 mm from the impact point of a 9.5 mm diameter, 215 mm long flat-ended mild steel rod
along with the particle velocity of the far end of the rod measured using VISAR. The rod was
impacted by a 6.5 mm thick alumina plate mounted on pillars on a polycarbonate sabot

travelling at 523 m s−1.

plotted on the same time axis. It is noticeable that the pulse from gauge 1 also
shows the same break in the plateau stress at approximately the same time as
for the second shot against a round-nosed rod (see Fig. 20). The stress oscilla-
tions are of much greater amplitude in these traces compared to those in the
round-nosed rod, particularly for gauge 1. Only the highest frequencies, with
reduced amplitude, are still seen by gauge 2. The periods of these oscillations
have values that are both longer and shorter than the time taken for an elastic
wave to traverse the rod diameter once (1.8 µs).
The technique of impacting a long rod with a strong target provides a method

of measuring the elastic wave amplitude under conditions of one-dimensional
stress at strain rates of 102–103 s−1 and small strains. The data generated is
therefore more directly comparable to plate impact (strain rates in excess of
105 s−1) than that obtained from the split Hopkinson pressure bar (SHPB)
which is normally used for the 103–104 s−1 strain rate regime. The other ma-
jor difference between the SHPB and plate impact is that the SHPB can only
be used to measure flow stresses in one-dimensional stress for plastic strains
greater than about 5% [45] whilst plate impact gives the yield stress under one-
dimensional strain (the Hugoniot elastic limit or HEL). This can make it difficult
to compare results from the two techniques in rate dependent or work-hardening
materials. We found the rod technique worked best using thin alumina plates
and round-nosed rods since a flat-ended rod (equivalent to reverse Taylor im-
pact) produces a stress pulse with higher amplitude oscillations (compare Fig. 20
and 25). In the light of the above considerations, all the rods were instrumented
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by embedding manganin foil stress gauges within them 90 mm from the nose
(gauge 1). For the longer steel rods, additional gauges were placed 140 mm from
the nose (gauge 2).

Fig. 25. Plot of the outputs of the manganin gauges located 90 and 140 mm from the
impact point of a round-nosed mild steel rod struck by a 3mm thick dural plate at

556 m s−1. The traces have been time-shifted so that the oscillations on the descending part
of the pulses coincide in time.

For accurate measurement of the stress, the epoxy layer used to embed the
gauge must be thin enough that the stress in the gauge package ‘rings up’ in
a small fraction of the timescale of the experiment. Also the gauge must be
positioned sufficiently far from the impact end so that three-dimensional end ef-
fects have died away. Ten rod diameters have been found to be sufficient [27, 44].
This was confirmed by modelling results (presented later in this paper in Figs. 29
and 30) which showed that in most cases the stress profile equilibrates by a dis-
tance equal to nine diameters of travel. Time-shifting the traces obtained from
gauges placed at different positions in the rods shows that the oscillations travel
at a lower speed than the bulk of the stress wave, and, hence, appear at a later
stage of the pulse recorded from gauge 2 (Fig. 25).
Checks were also made both on the reproducibility and accuracy of the

gauges. Reproducibility was checked by repeating experiments (Fig. 26). Ac-
curacy was checked by comparing the gauge trace with the output of a VISAR
(Fig. 27). As agreement was found to be satisfactory, most experiments were
performed with gauges only as this is easier to do.
A check was also made of the amount of lateral strain at the first gauge

location (nine bar diameters from the impact point) by replacing the stress
gauge at that point in one experiment by a constantan foil strain gauge. The
maximum strain recorded was only 0.17%, which is sufficiently small to imply
that lateral strain has a negligible effect on the output of the stress gauges.
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Fig. 26. Demonstration of the reproducibility of outputs of manganin gauges located 90 mm
from the impact points of two round-nosed mild steel rods impacted by 3 mm thick dural

plates at 556 and 561 m s−1.

Fig. 27. Comparison of the output of the manganin stress gauge at location 2 with VISAR
from the end of the rod for the impact of a 9.5 mm diameter round-nosed mild steel rod by

a 3 mm thick dural plate at 835 m s−1.

5. Modelling of tungsten rods perforating RHA plates

A modelling study of some of the round-nosed tungsten rod impacts on 5 mm
thick RHA steel plates was performed using the second generation Eulerian
hydrocode GRIM, which was developed by researchers in QinetiQ in order to
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investigate general problems in explosive technology and penetration mechanics
[46–50]. This hydrocode is capable of multi-material interaction in both 2D and
3D.
Three experiments were chosen for modelling: two at normal impact, 533 m s−1

(shot 41) and 833 m s−1 (shot 42), and one at 45◦, 810 m s−1 (shot 46). The
two normal impacts were treated as two-dimensional axisymmetric problems,
whereas the oblique shot required three-dimensional treatment. The Zerilli-
Armstrong (ZA) constitutive models (modified for the temperature variation
of shear modulus) were used for the two materials (Eq. (5.1) and Table 5):

(5.1) σ = (C0 + C1ε
n)µT /µ293 + C2 exp (−C3T + C4T log(∂ε/∂t)) ,

where C0 to C4 and n are constants and σ, ε, ∂ε/∂t and T are respectively
stress, strain, strain rate and absolute temperature, µ293 the shear modulus at
293 K and µT the shear modulus at the current temperature. The constants were
directly measured from interrupted tensile tests and are obtained by rearranging
Eq. (5.1) and calculating slopes and intercepts. The modified Armstrong-Zerilli
model was run in conjunction with a Mie-Grüneisen equation of state to describe
the hydrostatic response.

Table 5. Parameters of the modified Armstrong-Zerilli constitutive model
for the RHA steel and tungsten alloys used.

Parameter FNC tungsten RHA steel

Shear modulus [GPa] 13.4 9.545

C0 [MPa] 600 780

C1 [MPa] 750 715

C2 [MPa] 2700 950

C3 [K−1] 0.0043 0.0052

C4 [K−1] 0.00017 0.00026

n 0.65 0.65

The rods that supported the plates (see Fig. 2) were not included in the
simulations. Any influence of the plate mounts on the impact cannot occur until
approximately 7 µs after impact since they are located 10 mm from the plate
centre and an elastic double-wave transit of 20 mm in RHA steel takes 6.8 µs.
This would be seen at the gauge position some 25 µs or more after impact,
just after the peak stress. Their influence on the measured signal is likely to be
minor.
A mesh resolution study involving three mesh sizes of 1 mm, 0.5 mm and

0.25 mm was performed for each experiment to ensure that convergence was
achieved.
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The simulation technique was first used to calculate the axial stress in the
rod at a Lagrangian gauge position 90 mm from the rod end corresponding
to the measurements taken at gauge location 1 (Fig. 28). The simulated peak
stresses can be seen to match the experiments quite well (∼0.95 GPa), being
most similar to shot 46, but a little higher than the mean stress of 0.88 GPa.

Fig. 28. Comparison of modelling with experiment for the output of manganin stress gauges
90 mm from the impact end for three hemispherical-ended 10 mm diameter tungsten rods
impacted by 5 mm thick RHA steel plates. The solid lines are the experimental results; the
dotted lines are the simulations. Experimental conditions: shot 41: normal impact,

533 m s−1; shot 42: normal impact, 833 m s−1; shot 46: 45◦, 810 m s−1.

The elastic wave velocity used in the model was determined from ultrasonic
measurements on a plate made from the same tungsten alloy. This value appears
to be a little higher than the elastic wave velocity in the rod, leading to a slightly
early arrival (about 2 µs) of both the compression wave and subsequent release
wave, and thus to shorter pulse durations. The simulations also show more
gradual and prolonged rises at the start, and the experiments exhibit more
gradual ends to the rising phase. However, the maximum rates of stress rise are
similar in both the simulations and experiments, indicating wave dispersion has
been modelled quite well. The simulated pulses are more symmetrical with time
than the experimental ones, but then the latter appear disturbed and noisy after
about 27 µs and are, hence, probably unreliable after this, so the experimental
pulse shape is not certain after this time.
However, unlike gauges, modelling can give information about the stresses

at many points within the rod. Figure 29 shows the predicted stress distribution
within the rod and plate for shot 41 for three times after impact. The top section
of each frame is the simulation corresponding in time to the frames selected
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a)

b)

c)

d)

Fig. 29. Comparison of the simulated and experimental rod profiles of shot 41 (round-nosed
tungsten alloy rod impacted normally by 5 mm thick RHA steel plate at 533 m s−1. The

colours indicate the stress levels (key given in right part of figure).

from the high-speed photographic record (bottom section). Only part of the rod
lengths is shown. The elastic wavefront structure can be seen to become more
planar in each successive frame and appears to be almost flat in profile by nine
diameters (the location of gauge 1). As may be seen from Fig. 23, the high-speed
photographs show the plate obliquely. Hence, the plate appears thicker than it
truly is.
Note that when making a visual comparison between experiment and sim-

ulation the rear face of the plate can be seen in the photographs presented in
frames (a) and (b). Note also that jetting of material was not incorporated in
the simulation. The simulation overestimated the penetration time, probably
because failure by ASBs and fracture was not incorporated. The simulation also
overpredicted the extent of plate dishing (see particularly frame (d)). The rea-
son failure mechanisms were not incorporated in the modelling was that the aim
was to compare the simulations with the experimentally determined deforma-
tion of the rod and plate at early times. Since the Euler codes feature more than
one material in a cell, then a manifestation of failure can be observed when the
volume of the material falls below a set tolerance level in that cell.
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Figure 30 presents a similar comparison between experiment and modelling
for an oblique impact experiment (shot 46). One obvious difference to the nor-
mal impact case is the complexity of stress wave activity close to the nose of the
rod even at short times. However, the stress wave again settles down to a more
planar shape by the position of the first gauge location giving confidence that
the stress pulses were recorded accurately. By frame (d) the elastic wave has
returned to the nose, reflected, and is travelling back towards the rear a second
time. In frames (b) and (c) the stress in the plate has concentrated on one side
of the rod. Also the rod has flattened asymmetrically. However, by frame (d)
the rod has self-sharpened. Recht [51] suggested that deformed rods typically
shear off material so that their final diameter is no greater than 125% of the
original. Again the simulation predicts a faster penetration than actually oc-
curred, though much of the detail as to what is going on is hidden by debris in
the photographic sequences.

a) b) c) d)

Fig. 30. Comparison of the simulated and experimental rod profiles of shot 46 (round-nosed
tungsten alloy rod impacted at 45◦ by 5 mm thick RHA steel plate at 810 m s−1. The same

colour coding of stress was used as for Fig. 29.

To summarise, modelling is invaluable for giving insight into wave struc-
tures within the rod whereas experiments aid in ‘tuning’ the parameters of the
constitutive model. They thus complement each other well.

6. Conclusions

Small-scale reverse ballistics experiments proved their worth in allowing the
use of a wide range of diagnostics such as stress gauges, high-speed photogra-
phy, and velocity interferometry (VISAR). These diagnostics provided a great
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deal of information about plate perforation mechanisms. As the real materials
used on the battlefield (RHA steel and tungsten) are expensive, we performed
a study where less expensive pairs of materials with similar ratios of density
and yield stress to determine whether these could be used in preliminary exper-
iments to study the phenomenology of impact. We found that the less expensive
materials were more ductile. Hence, the fracture behaviour of the real materials
was not reproduced well, particularly in oblique impact. Even so, we found that
the cheaper experiments can provide useful results before committing to more
expensive, full-scale trials.
We also confirmed that it is possible to use stress gauges embedded in rods

to measure dynamic mechanical properties of materials at low strains and at
strain rates of between 102 and 103 s−1. We found this was best done using thin
ceramic plates and round-nosed rods. The patterns in the stress pulses often
allow the impact parameters to be inferred as does high-speed photography of
plate bulging or the deformation of in-plane grids. The results of stress gauge
measurements were confirmed to be reproducible by performing repeat experi-
ments and to be accurate by using VISAR. VISAR has a number of advantages
over gauges in that it is more sensitive to low stress levels, has a faster response
time, and can measure tensile release as well as compression. Dispersion of elas-
tic waves affects both methods of measurement. Stress gauges are, however,
cheaper and easier to use. They can also detect the exact time of impact if an
electric pulse is given out by the impact process.
The numerical modelling that was performed confirmed the importance of

including fracture if a predictive capability is required. This was particularly
true for oblique impacts.
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