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Abstract: Explosive reactive armour (ERA) is widely used to protect military
vehicles against shaped charges and kinetic projectiles, but the use of the ERA
element with metal plates is potentially hazardous to the surroundings. A patent
claim has recently been issued on explosive reactive armour without metal plates.
The non-metallic ERA consists of an explosive, a heavy metal powder and a binder.
The aim of the present work was to experimentally test the effectiveness of such
armour for disrupting cumulative jets. HMX was used as the explosive matrix
and RTV silicone as the binder. Tungsten (W) powder was added to the explosive.
The disruption of the cumulative jet was assessed on the basis of X-ray images,
the number and size of holes in a steel plate, which was placed under the shaped
charge, and the penetration depth of a steel target. It was shown that reactive armour
consisting of HMX and W powder was effective in dispersing the cumulative jet,
especially for a small impact angle (30°). The influence of the W particle size
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and the content of the W powder in the armour on jet were investigated. Finally,
the effectiveness of one of the tested reactive armours was compared with that of
classic reactive armour with steel plates.

Keywords: reactive armour, metalized explosives, jet penetration

1 Introduction

Shaped-charge warheads and kinetic energy penetrators are known to pierce
steel armour walls. However the penetrating effect of a shaped charge or kinetic
energy penetrator can be effectively weakened by reactive armour elements.
Usually, the reactive armour element is a multi-layer structure including plates
made of metal or a composite material and at least one intermediate layer of an
explosive or any other energetic material [1]. Upon initiation of the energetic
material by the jet or rod, the released gases drive the plates and displace them
away from thetarget. The heavy metal plates disrupt the metallic jet or damage and
break up a kinetic energy penetrator, weakening their penetrating efficiency [2].
The reactive armour can also contain non-metallic plates such as ceramics,
fiber reinforced plastics, aluminium and polyethylene [3, 4].

The explosive reactive armour (ERA) is the most effective protection against
both shaped charges and kinetic projectiles, but the use of a fully detonable
explosive in the element is hazardous to the surroundings due to metal fragments
or moving plates. Another complication is that a conventional ERA is made of
flat plates and is not suitable for protecting non-flat surfaces [5]. One proposal
to reduce this threat while maintaining the effectiveness of the armour was to use
non-detonating energetic materials instead of explosives [6, 7]. The authors of
the patent [8] proposed a new reactive armour that reduces the lateral damage on
the surroundings and can be easily applied to non-planar surfaces. The invention
relates to arigid or flexible reactive element for protection against shaped charges
and kinetic projectiles. The element consists of a metallic or ceramic powder
dispersed within a matrix of plastic explosive and a binder. 1,3,5,7-Tetranitro-
1,3,5,7-tetrazoctane (HMX) and 1,3,5-trinitro-1,3,5-triazinane (RDX) can be used
as the explosive component and hydroxyl-terminated polybutadiene (HTPB) or
polydimethylsiloxane (PDMS) can be the binder. The metal powders proposed
in the patent [8] are tungsten (W) powder with an average particle diameter
of 120 mm, and tungsten carbide powder with an average particle diameter
of 80 mm. The patent [8] does not specify the efficiency of the new reactive
armour in dispersing the cumulated jet and its effectiveness in weakening jet
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penetration into a steel target. The question we wanted to study is whether reactive
armour composed of only explosive and W powder is effective in disrupting
the cumulative jet.

The jet disturbance by an explosive layer with no other plates and an explosive
layer with only one plate around it, was tested and numerically simulated in [9].
The experimental and numerical results were compared with those obtained for
a two-plate ERA configuration. According to the authors of [9] it seems that the
disruptive power of the flow of detonation products, although powerful, is limited
and that a steel plate exhibits a much stronger disruptive power.

The aim of the present work was to experimentally test the effectiveness
in disturbing a cumulative jet by a model reactive armour without steel plates,
consisting of an explosive and W powder. HMX was the explosive matrix,
and room temperature vulcanizable (RTV) silicone was used as the rubber.
The jet dispersion was assessed by means of the pulse X-ray technique and
by using a steel witness plate, and the jet penetration efficiency was tested in
a steel target (rod). The influence of the W powder size, the powder content in
the explosive composition, the reactive armour thickness and the angle between
the jet direction and the armour surface, on the effectiveness of the reactive
armour were investigated. A comparison of the effectiveness of one of the tested
reactive armours and the classic armour with steel plates is also presented.

2 Materials

The metallized compositions were prepared using crystalline HMX (particle
size below 75 pm) and two types of W powder. According to the technical data,
the particle size of the first powder was between 5 and 50 um (mean size 35 um)
and that of the second was between 1 and 10 um (mean size 4.5 um).
Single-component condensation-type RTV silicone was used to bind the
ingredients together.

The process of preparing the composition began with weighing out the
appropriate amounts of HMX, W powder and RTV silicone. Initially, portions
of silicone were added to the W powder. The mixture was continuously stirred.
After a homogeneous mixture had been obtained, HMX was added with
continuous stirring. Granules with the consistency of wet sand and of uniform
colour were obtained and further elaboration was commenced. The resulting
reactive mixture was transferred to an appropriate 3D printed mold. The entire
charge was finally pressed using a hand press. The time from the addition of
silicone to the completion of the elaboration process was only about 30 min,

Copyright © 2022 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



116 W.A. Trzcinski, K. Zalewski, Z. Chytek, L. Szymanczyk

due to the ongoing silicone cross-linking process. The prepared charges
were left for 24 h. After this time the charges were relatively stiff and durable.
The compositions of the formulations used in the tested reactive armours
are presented in Table 1.

Table 1.  Compositions of the formulations used in the tested reactive armours

. . Formulation composition [wt.%] | Average

Formulation Particle size o density
of W [um] HMX W Silicone 3

[g/cm’]
PR-1 ~35 3.46
PR-2 28 60 12 3.23
PR-3 45 35 50 15 2.62
PR-4 ' 42 40 18 2.22
PR-5 49 30 21 2.16

The reactive armour consisted of a formulation selected from Table 1,
placed in the 3D printed mold made of PLA filament. The thickness of the mold
wall was 1.5 mm. The reactive armour diameter was 120 mm, with variable
thicknesses. The explosive layer was covered by a 1 mm thick filament plate.

3 Test Methods

Friction sensitivity measurements of the formulations obtained were made on
a Julius Peters Apparatus according to the standard [10]. The impact sensitivity
was determined by the Fall Hammer Method using a 5 kg drop hammer [11].
In both methods, the so-called lower sensitivity limit was determined,
i.e. the minimum force (friction sensitivity) or the minimum impact energy of the
hammer (impact sensitivity), for which at least one positive result was obtained
in six consecutive trials.

In the set up for testing jet dispersion, the diagnostic shaped charge was
placed above the reactive armour at a distance of 50 mm (Figure 1). The angle ()
between the armour surface and the axis of symmetry of the shaped charge
was 90°, 60° or 30°. The medium caliber shaped charges were made of pressed
PBXW-11 (85 g) and had sintered copper liners (24 g) with a cone shaped
angle of 60° and a base diameter of 37 mm. The sintered liners were chosen
for their availability. The charge casing and the lens were made of a 3D
printing filament. The jet tip velocity, determined on the basis of images taken
using X-ray photography at various times after the initiation of the shaped charge,
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was 8300 m/s. The jets were linear and coherent, and the repeatability of the jet
velocity was high (a deviation £50 m/s).

In order to test the ability of the reactive armour to dissipate the cumulative
jet, the technique of pulse X-ray (SCANDIFLASH) was used. In each test,
X-rays were released after 35 ps from the moment of initiating the detonation of
the shaped charge. In addition, a steel witness plate with a thickness of 2 mm and
dimensions of 500x500 mm was placed at a distance of 500 mm under the armour.
The plate was perpendicular to the symmetry axis of the shaped charge.

PBXW-11-
Casing—
Spacer—]
tube
Reactive
armour

(a) (b)
Figure 1. Schematic and X-ray photo (inversion) of the set up for testing
jet dispersion

To assess the effect of the reactive armour on the ability of the jet to
penetrate a steel target, the system shown in Figure 2 was used. A mild steel rod
with a diameter of 60 mm was used as the target. The tested reactive armour
was placed between the shaped charge and the target. The standoff distance of
the shaped charge was approximately 70 mm from the target surface for angles
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o equal to 90° or 60° and about 90 mm for a = 30°. After the test, the steel rod
was cut and the penetration depth was measured.

Reactive
armour

Steel
rod

(@ IO
Figure 2. Schematic and photo of the set up to test the jet penetration depth

4 Results and Discussion

From the tests performed on a Julius Peters Apparatus, it appears that the lower
sensitivity limit was 172, 252 and 330 N for formulationsPR-1, PR-2 and PR-
5, respectively. For comparison, the sensitivity of crystalline HMX was 149 N.
The impact sensitivity determined by the Fall Hammer Method was 7.5 J
for HMX, PR-1 and PR-2, and 10 J for PR-5. The tested mixtures are relatively
sensitive to impact. Therefore, the process of elaborating the explosive
composition with W particles should be improved in further research.

X-ray images of the cumulative jets taken at the same time (35 ps) after
initiation of the shaped charge are shown in Figures 3-5 for different configurations
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of the reactive armour. The photo in Figure 3(a) shows the undisturbed jet and
a 100 mm long metal thin rod located 100 mm from the base of the copper liner.
The rod was used to calibrate the photo.

The influence of the angle a on the degree of jet dispersion is shown
in Figures 3(b-d) for the reactive armour PR-2 with a thickness of 10 mm.
The reactive armour penetration by the jet at an angle of 90° generates
a strong shock wave in the reactive material and HMX detonation is initiated.
The detonation wave moves from the center of the charge (Figure 3(b)).
The jet front is partially worn out by interaction with the W particles in the
reactive material, but a tunnel free of these particles is probably formed in the
armour at a later stage. W particles are accelerated in the direction of the detonation
wave propagation. The photo shows that the front part of the jet is disturbed,
but the rest of the jet is coherent. Lateral rarefaction waves in the explosion
products and W particles behind the detonation wave do not disturb the jet.
However, such an interaction is possible for angles less than 90°. In the case
of setting the reactive armour at an angle of 60°, the jet is disturbed along its
entire length, but it is still relatively continuous (Figure 3(c)). The jet is almost
completely dispersed when the reactive armour angle is at 30° (Figure 3(d)).
It should also be added that the penetration path of the jet into the reactive armour
is extended to 11.5 mm for an angle of 60° and to 20 mm for an angle of 30°.

The effect of the reactive armour thickness on jet dispersion was investigated
for the PR-1 armour (Figures 4(a) and 4(b)) and for the PR-2 armour (Figures 4(c),
4(d) and 3(d)). In all cases the jet impact angle was 30°. As would be expected,
thicker explosive armour disrupts the jet more strongly. The analysis of the
photos in Figures 4 and 3(d) shows that the reactive armour from the PR-2
formulation containing W particles with an average diameter of 4.5 um are more
effective in disturbing the jets than PR-1 armour containing larger W particles.
It seems that the greater effectiveness of the reactive armour with finer W powder
is due to the fact that this powder is more easily accelerated in the flow of
detonation products in the rarefaction wave behind the detonation wave front and
during the lateral expansion of the products towards the jet. The full explanation
of this phenomenon requires, however, numerical simulation of the flow of the
two-phase gas-solid particle mixture.

The influence of the W particle content on the efficiency of the jet dispersion
is shown in Figures 3(d) and 5. The reactive armour thickness was 10 mm,
and a = 30°. Formulations PR-2, PR-3, PR-4 and PR-5 contained 60, 50,
40 and 30% W particles, respectively. All reactive armours were effective for
the applied angle of impact. However, it can be seen that reducing the W content
results in a slightly lower jet dispersion.
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(©) | (d
Figure 4. X-ray photos of cumulative jets for a = 30°: PR-1, thickness 5 mm
(a), PR-1, thickness 10 mm (b), PR-2, thickness 5 mm (c) and PR-2,
thickness 7.5 mm (d)
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Figure 5. X-ray photos of cumulative jets for thickness 10 mm and a = 30°:
PR-3 (a), PR-4 (b) and PR-5 (c)
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Figures 6-8 show fragments of steel witness plates with dimensions
of 250x250 mm cut around the holes formed after the impact of the
jet particles. The photos in Figures 6-8 correspond to the photos of the jets
in Figures 3-5. On the basis of the plate photos, the following parameters
were determined: number of holes, total area of holes, diameter of the smallest
circle containing all the holes. The values of these parameters are presented
in Table 2. Whenever possible, the holes from the slugs were not taken
into account. For this reason, the designated area could be overestimated;
if the slug hit the place of penetration of the jet particles, its hole could not be
separated (Figures 6(c) and 7(b)).

@
Figure 6. Jet penetration of a steel plate (thickness 10 mm) for no reactive
armour (a) and for PR-2, o = 90° (b), 60° (c¢) and 30° (d)
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Figure 7. Jet penetration of a steel plate for o =30°: PR-1, thickness 5 mm (a),
PR-1, thickness 10 mm (b), PR-2, thickness 5 mm (c) and PR-2,
thickness 7.5 mm (d)
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Figure 8. Jet penetration of a steel plate for thickness 10 mm and o = 30°:
PR-3 (a), PR-4 (b) and PR-5 (c)

Earlier studies have shown that in the system without the reactive armour,
the jet length before fragmentation is 280 mm. Thus, at a distance
of approximately 500 mm from the shaped charge the jet was fragmented.
At the time of fragmentation, the jet particles may have a small horizontal
velocity component, as a result of which they hit the steel plate at different places,
punching a large-area hole in it (Figure 6(a), Table 2). The use of reactive
armour creates more holes in the plate. In general, an increase in the efficiency
of the armour in disturbing the jet should result in an increase in the radius of
the circle containing all the holes in the steel plate, an increase in the number
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of holes and an increase in the area of the holes. However, the effective
disturbance of the jet also produces small particles at a lower velocity which
cannot penetrate the 2 mm thick plate. Craters formed after the incidence of
such particles were not included in Table 2. Hence, for example, the use of the
armour perpendicular to the jet increases the number of holes, but also reduces
the total area of the holes (Figure 6(b), Table 2).

Table 2.  Number of holes, total area of holes and holes scatter diameter
determined from Figures 6-8

Layer Numb Total area | Holes scatter
Formulation | thickness ?,C t}l lrln ler of holes diameter Figures
n] | U1] TR0 | ey |

— 90 2 429 38 6(a), 3(a)
9 370 55 6(b), 3(b)
PR 10 60 7 1055 106 6(c), 3(c)
39 437 177 6(d), 3(c)
7.5 42 652 178 7(d), 4(d)
5 50 925 195 7(c), 4(c)
10 30 525 176 7(b), 4(b)
PR-1 5 301353 1111 124 7(a), 4(a)
PR-3 39 461 214 8(a), 5(a)
PR-4 10 43 671 222 8(b), 5(b)
PR-5 43 810 189 8(c), 5(c)

The results from the examination of the angle a on the plate penetration
parameters were ambiguous due to the slug hitting the area of impact of the
jet particles in the case of a = 60° (Figure 6(c)). The reduction of the reactive
armour thickness from 10 to 5 mm for a = 30° caused a slight increase in the
diameter of the circle surrounding the holes, but a visible increase in the number
of holes and in the total area (Table 2). This means that a greater part of the jet
pass through reactive armour of a smaller thickness (Figures 4(c), 4(d) and 3(d)),
and that the jet particles have a greater velocity and are able to pierce the plate.

The steel plate data for reactive armour with different W powder contents (PR-
2, PR-3, PR-4, PR-5) are presented in Table 2. For W powder contents from
60% (PR-2) to 30% (PR-5), the cumulative jet is effectively dispersed for the
angle o = 30° (Figures 6(d) and 8). However, reducing the amount of W causes
asignificant increase in the total area with a slight increase in the number of holes.
The reason for this is the passage of a greater mass of jet through the reactive
armour for a lower content of W powder (Figures 3(d) and 5).
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A more reliable assessment of the effectiveness of the reactive armour
in dissipating the cumulative jet is the depth of the crater in the steel target.
Figures 9 and 10 show pictures of the cut targets for selected reactive
armour configurations, and Table 3 shows the penetration depth.

Figure 9. Jet penetration of a steel target (thickness 10 mm) for no reactive
armour (a) and for PR-2, a equals: 90° (b), 60° (c) and 30° (d)
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(b)

Figure 10. Jet penetration of a steel target for & = 60°: PR-2, thickness 5 mm (a),
PR-1, thickness 10 mm (b) and PR-5, thickness 10 mm (c)

Copyright © 2022 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Experimental Study of the Effectiveness of a Model Reactive Armour without... 129

Table 3.  Jet penetration depth in a steel target for tested reactive armour

Armour Armour thickness | « Penetration Figures
formulation [mm] [°] [mm]

No armour — 90 178 9(a), 3(a), 6(a)
142 9(b), 3(b), 6(b)
PR 10 60 112 9(c), 3(c), 6(¢c)
30 26 9(d), 3(d), 6(d)

5 140 -

PR-1 10 60 134 -

PR-5 122 _

The use of any type of reactive armour reduces the crater depth. Decreasing
the angle between the direction of the jet and the reactive armour surface causes
a reduction in the penetration depth, drastically for a = 30° (Figure 9, Table 3).
The craters shown in Figure 9 correlate well with the quality of the jets shown
in the photos in Figure 3.

The influence of reactive armour thickness and W powder content
on the penetration depth was investigated for o = 60°, as for this angle
significant differences in the penetration depth were expected. As the reactive
armour thickness was increased, the penetration depth of the steel target
was decreased (Figures 10(a) and 9(c) for PR-2). The PR-2 armour containing
finer W powder protects the steel target better than the PR-1 armour with coarser
powder (Figures 9(c) and 10(b)). The penetration depth determined for the PR-5
armour containing 30% W powder was only slightly greater than the penetration
depth measured for the PR-2 armour (60% W) of the same thickness (Table 3
and Figures 10(c) and 9(c)).

In order to compare the effectiveness of the explosive reactive armour made
from an explosive containing metal powder with classic ERA, armours of such
types with the same surface density of ~4.0 g/cm?® were constructed. The reactive
armour of the PR-2 composition was 12 mm thick and was covered on both sides
with PLA filament plates 1.5 mm thick and having a density of 1.0 g/cm?. In the
metal ERA, a layer of putty-like explosive [12] with a thickness of 6.5 mm and
a density of 1.4 g/cm® was placed between two steel plates with a thickness
of 2 mm. X-ray pictures of the cumulative jet dispersed by the tested armours
set at the angles of o = 30° and 60° are shown in Figure 11, and the results of the
penetration of the steel target by the jets in Figure 12 and in Table 4. The traces
of the jet on the steel plates (witness) were not analyzed, because large holes
appeared after being hit by the ERA plates, which made it impossible to compare
them with the plates from the tests with the PR-2 armour.
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The analysis of the jet photos taken at the same time (35 ps) from the
initiation of the detonation of the shaped charge shows that the jets were more
dispersed by the ERA armour. The jets disturbed by the PR-2 reactive armour
are thicker. The effectiveness of both types of armour in dispersing the jet was
confirmed by the results of the penetration of the steel rod. It should be noted,
however, that the PR-2 armour is effective in dissipating the jet for the case
of an impact angle of 30°. This fact, combined with the absence of a threat from
high-speed driven steel plates, makes it possible to expect that this type of reactive
armour will also be used for ballistic protection of vehicles.

(a) (b)
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© " (@)
Figure 11. X-ray photos of cumulative jets: PR-2, a =60° (a), ERA, a = 60° (b),
PR-2, a =30° (c) and ERA, a = 30° (d)
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L

Figure 12. Jet penetration of a steel target: PR-2, o = 60° (a), ERA, a = 60° (b),
PR-2, o =30° (c) and ERA, a = 30° (d)
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Table 4.  Jet penetration depth in a steel rod for the compared reactive armours

Armour type o [°] Penetration depth [mm] Figures
PR-2 60 109 11(a), 12(a)
ERA 66 11(b), 12(b)
PR-2 30 29 11(c), 12(c)
ERA 16 11(d), 12(d)

5. Conclusions

Reactive armour consisting of HMX, W powder and silicone can effectively
disperse the cumulative jet generated by a medium caliber shaped charge.
The effectiveness of jet weakening increased with a decrease in the angle
between the jet direction and the reactive armour surface. This conclusion
was confirmed by the results of examining the penetration depth of the steel
barrier by jets hitting the reactive armour at various angles. However, it should
be emphasized that a significant reduction in the penetration depth
was obtained only for the 30° angle of impact.

The reactive armour from the formulation containing W particles
with an average diameter of 4.5 um was more effective in disturbing the jet
than that containing larger W particles (~35 um). This was confirmed
by the results of the penetration depth test.

As expected, thicker reactive armour disrupts the jet more strongly,
resulting in a significant reduction in the penetration depth of the jet
in the steel target.

A reduction in the W particle content resulted in a slightly lower jet
dispersion and, consequently, a slightly greater penetration depth.
Reactive armour made from an explosive containing heavy metal powder
was less effective than the classic ERA. However, taking into account
the effectiveness of such reactive armour and the lack of shrapnel threat,
this type of reactive armour may be an alternative solution to reactive armour
with metal plates.

The results of the experimental research presented in this paper
can be the basis for the verification of mathematical models describing
jet dispersion by reactive armour consisting of an explosive and heavy
metal particles. They can also be useful in planning further research
on the effectiveness of this type of reactive armour in dispersing the jets
generated by larger shaped charges.
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