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Abstract: Armour penetration is an essential outcome for shaped charges,
especially when the behind-armour effect is considered. Hemispherical liners
produce superior jet mass compared with those of traditional conical shape.
In this paper two different materials have been studied as hemispherical
shaped charge liners. The reference liner was hemispherical oxygen-free high-
conductivity copper (OFHC); the other liner material was zirconium. These liners
were experimentally tested against 4340 steel targets in shaped charges loaded
with the same amount of Composition B explosive. Zirconium liners were found
to offer superior performance with experimental penetration and crater diameter
respectively 16% and 20% greater than OFHC. Ansys Autodyn hydrocode
simulation results demonstrated that both liners produced superior jet masses
exceeding 50% of the total liner mass. Moreover, zirconium had a jet tip velocity
of 4869 m/s compared with 3886 m/s for OFHC. Additionally, zirconium
had a superior average jet collapse to plastic deformation temperature ratio
0f 0.73 compared with 0.34 for OFHC. This is the first time the relation between
the jet temperature during collapse and jet stretching has been reported.

Keywords: hollow charge, penetration, copper liner, zirconium liner,
jet temperature
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1 Introduction

Modern troops can be easily protected from fragmentation warheads using
armoured vehicles. However, there is no effective protection against anti-
armour shaped charges in either main battle tanks or light armoured vehicles.
Shaped charge performance depends on various parameters including
liner material, geometry, stand-off distance, and explosive charge; Figure 1.
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Figure 1. Jet and slug formation as a function of shaped charge angle

More recently, hemispherical liners have been attracting increasing attention
as they can generate a high jet mass compared with the traditional conical shape.
Therefore hemispherical liners could find wide application in advanced hollow
charge applications against armoured vehicles. Such liners could be effective
as the main liner for armour piercing shaped charges; Figure 2(a). They could also
be effective as the tipping charge for Tandem warheads; Figure 2(b).
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Figure 2. Schematic armour piercing shaped charges (a) single shaped charge,
(b) (Tandem) warhead

Various materials have been employed as shaped charge liners [1].
In this application, zirconium, copper, silver, steel, titanium and depleted uranium
have been studied due to their jet break-up time and effective jet length [2-4].
Glass has also been investigated as a liner material and exhibited a large breakup
time in comparison with the traditional copper for large stand-off distances [3],
but its low density compared to copper eliminates it for wide usage. Non-
traditional metallic sheet liners such as pressed compacted powder liners
were patented in 2001 by Reese and Hetz [5]. Stinson et al. [6] patented
the methodology for producing single phase tungsten or molybdenum liners
using the hot iso-static pressing technique. Walters et al. [7] have fired un-
sintered copper tungsten liners against steel targets at short stand-off distances
using the OMNI shaped charge. Halliburton Energy Services patented
a number of different powder liners including tungsten, copper, lead, tantalum
and molybdenum [8, 9]. Hemispherical liners can produce superior jets with larger
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mass compared with the traditional conical shape and also lower off-axis drift
velocities at extended stand-off distances [10].

This research is devoted to the design of precursor shaped charges
with a high capability of achieving large perforation depth and a wide crater hole
in an armoured body to boost the behind-armour effect caused by the main charge.
In addition, pyrophoric zirconium liners were tested and compared to the baseline
of copper as their shaped charges have been used independently to defeat
light armoured vehicles. Zirconium could offer a large penetration depth due
to its high ductility and cumulative jet length [2]. Additionally zirconium
could be accompanied with an enhanced behind-armour incendiary effect
due to its pyrophoric nature. Its stretching jet has been reported as reaching
a high temperature [11]. Two different materials (zirconium and copper)
were tested in hemispherical liners in precursor charges. Numerical modelling
using the Ansys Autodyn hydrocode was performed to study the effect of liner
properties on the coherency of the produced jets and their characteristics.
The numerical hydrocode was also used to assess the temperature reached
by jets of copper and zirconium and the accompanying behind-armour effect.
The performance of these two liner materials was also assessed by static firing
against 4340 steel targets, for which both the penetration depths and the crater
diameters were measured. Zirconium liners gave 16% greater penetration
and 20% greater crater diameter compared with oxygen-free high-conductivity
copper (OFHC) in experimental penetration tests.

2 Experimental

2.1 Liner manufacture

The jet material is required to have high ductility in order to sustain long breakup
times as well as enhanced coherent performance [12]. The baseline hemispherical
liner was OFHC, grade C10100. This material has high purity (99.99%),
low oxygen and phosphorus contents. C10100 has a minimum 101% IACS
conductivity rating. The impurity percentages of the copper material employed
are listed in Table 1. This copper is finished to a final form in a carefully regulated,
oxygen-free environment.
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Table 1. The elemental percentage of impurities in reference copper
alloy C10100 grade material

Element Impurities amount [%]
Cu 99.99%
Pb 0.0005
Zn 0.0001
Fe 0.001

P 0.0003
Ag 0.0025
As 0.0005

0 0.0005
Sb 0.0004
Te 0.0002
Ni 0.001

S 0.0015
Se 0.0003
Bi 0.0001

*) The minimum copper content in this copper grade is >99.99% and is determined precisely
by the difference between the total impurities and the 100% (according to the ASTM B152/
B152M-09 standard for C10100)

On the other hand zirconium is an interesting material due to its long
cumulative jet length and high ductility factors [2]. The raw material was a solid
cylinder of pure zirconium 4N (99.9951) having a diameter of 46.17 mm
and a length 0 99.89 mm with a density of 6623 kg/m?3. The impurity percentages
of the zirconium material employed are listed in Table 2.

Table 2.  The elemental percentage of impurities in the zirconium material

Element Impurities [wt.%]
Fe 0.005
Cr 0.0009
C 0.001
N 0.008

Zirconium rod was annealed at 900 °C for 1 h in order to obtain a relative
small average grain size. This process improves its ductility and breakup time,
thereby improving its performance as a liner material [ 13]. Copper and zirconium
liners were manufactured by a turning technique using a high precision CNC
machine (5 pm precision) (Figure 3).
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Figure 3. The manufactured zirconium (left) and copper (right) liners

Composition B composed of 60/40 RDX/TNT by weight was used
in the shaped charges. Composition B was developed by melting TNT in a steam-
jacketed kettle; RDX was then added slowly with stirring. Composition B
has a detonation velocity of 8027 m/s, and a density of 1590 kg/m? [14].
Table 3 summarizes the main explosive properties of Composition B.

Table 3.  The detonation characteristics of the explosive used

Loading Detonation | Detonation Heat
Sample density velocity pressure of detonation
[kg/m?] [m/s] [kPa] [kJ/m?]
Composition B 1620 7836 2.40 - 107 9.204 - 10°

Shaped charges were loaded with 50 g of Composition B. They were then
attached to AISI 4340 steel targets which had been annealed at 810 °C to give them
ayield strength of 470 MPa. Two different stand-off distances (80 and 100 mm)
were employed (see Figure 4). These stand-off distances were evaluated
using Autodyn hydrocode so as to maintain continuous jet penetration during
crater formation.
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Figure 4. The experimental penetration test setup

3 Numerical Calculations

3. 1 Autodyn numerical hydrocode

Three different schemes including jetting analysis, jet formation, and jet interaction
with the steel target (penetration) were implemented. The jetting analysis (based
on unsteady state PER theory) was employed to the calculate the masses
and velocities of the jet and slug, as well as the resultant kinetic energy and jet
momentum [15]. The collapse, flow and jet velocities, the liner collapse,
deflection angles, and jet kinetic energy were also estimated. The jet radius
and elemental break-up time were estimated based on the output standard
jetting analysis [15]. Jet formation was performed using an Euler solver based
on continuum mechanics to obtain the jet profiles at different times (s) [16].
The output of this scheme (jet having a certain momentum at certain time)
was employed as the input of a Lagrange-Lagrange jet-target interaction scheme.
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Jet penetration of the steel target was modeled using the Lagrange method.
In this scheme, the obtained jet was remapped to Lagrangian moving grids
and impacted the steel target. The overall crater profile inside the steel target
could be monitored. Further details such as erosion strain effect and mesh
sensitivity analysis as well as the validity and verification of reference [17].

3.2 Material model

The equation of state (EOS) for the high explosive employed is the Jones-Wilkins-
Lee (JWL) equation. The experimental constants for the explosives employed
were determined from sideways plate push dynamic test experiments [18]
and the cylinder expansion test [19-21]. The Composition B explosive loading
density was 1.62 g/cm?®. The parameters 4, B, o, R, and R, in the JWL
EOS equation were 8.1658 - 108 kPa, 1.6228 - 10" kPa, 0.185, 4.067, and 1.377,
respectively. The detonation velocity was 7836 m/s, and the detonation pressure
was 2.40 - 107 kPa. The C-J energy per unit volume was 9.204 - 10% kJ/m?.
The copper liner material had a density of 8.9 g/cm?. Copper was modeled
using a linear EOS with bulk modulus 1.0 - 108 kPa and a reference temperature
of 293 K. The strength model used was Johnson-Cook (J-C) (Equation 1).

o =(A+Be")(1+ Clné*)(1—T/M) (1)

where o, ¢, A, B, n, C, and m are dynamic flow stress, effective plastic strain,
yield strength, hardening constant, hardening exponent, strain-rate constant,
and thermal exponent constant, respectively. £ is the normalized effective plastic
strain-rate (i.e. the applied true strain-rate divided by the reference strain-rate).
Ty is the homologous temperature that can be calculated using Equation 2.

T., = T—Troom

)

Tmeit—Troom

where Tioom, Tmeir are room temperature and melting temperature, respectively.
The J-C constants for the copper and zirconium materials are listed in Table 4.

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



Hemispherical Zirconium Liner for Advanced Shaped Charge with Enhanced... 301

Table 4.  The material model and the mechanical properties of the liner
materials used

Parameter Unit . . Material
Zirconium Copper

Reference density [g/cm?] 6.623 8.93
A [MPa] 170 90
B [MPa] 450 292
n — 0.6 0.31
C — 0.01 0.025
m — 0.5 1.09
& [1/s] 8-10° 1
Parameter C [m/s] 3296 3958
Parameter S - 1.271 1.497
Reference temperature [K] 300 300

The explosive charge case was polyvinyl chloride (PVC) of 0.915 g/cm?
density with shock EOS parameters C=2901 m/s and S=1.481. The steel target
material had a density of 7.86 g/cm? and shock EOS parameters Gruneisen
coefficient 1.67 and parameters C = 4397 m/s and § = 1.73. The strength
model employed for the steel target was the von Mises criterion of shear
modulus 74 GPa, and yield stress of 470 MPa. The material parameters
of the target are listed in Table 5.

Table 5.  Properties of casing, and steel target materials [16]

Material
. Steel Targets
Parameter Unit PVC Har dnegs;
HB 217

Equation of state — Shock
Reference density [g/cm?] 0.915 7.86
Gruneisen coefficient — 1.64 1.67
Parameter C [m/s] 2901 4397
Parameter S — 1.481 1.73
Reference temperature [K] 300
Strength model — — von Mises
Shear modulous [GPa] — 74
Yield strength [MPa] - 470
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4 Results and Discussion

4.1 Numerical shaped charge jetting analysis

Jet velocity-cumulative jet mass for the two liner materials (copper and zirconium)
were obtained using a numerical shaped charge jetting analysis. Even though
the two liners had the same wall thickness of 2 mm, the jet collapse velocities
produced are different, and therefore the flow velocity, the stagnation velocity
as well as their jet velocity are different. Whereas the copper liner exhibited
a maximum jet tip velocity of 3886 m/s, that for zirconium was 4869 m/s.
While the cumulative jet mass in the case of the copper liner was 52%
of the total liner mass, zirconium produced a faster jet with 55% of the total
liner mass (Figure 5).
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1000 - -

0 T T T T
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Figure 5. Thejet velocity-cumulative jet mass for the two liner materials studied

The maximum flow velocity was found to be 1786 and 2222 m/s for the copper
and zirconium liners, respectively. These values were found to be much lower
than the limits of the coherent jet values of 4846 m/s for copper and 4054 m/s
for zirconium [22]. Figures 6 and 7 shows the sequence of the jet formation
in both liners as well as jet stretching up to time 31 ps.
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Figure 6. The copper jet profile and its velocity at 0, 20, 28, and 38 ps
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Figure 7.
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The zirconium jet profile and its velocity at 15.3, 25.7, and 31.1 ps
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The copper jet demonstrated a lower velocity than zirconium. This could
be ascribed to its higher density. Consequently it has a higher resistance to plastic
deformation compared with zirconium.

HTML post processing data for the jetting analysis was used for further
calculations in the two cases to estimate the jet radius and the breakup time
for both liners. The breakup time (z,) was calculated based on the simple
Hirsch equation using Equation 3.
2r

t, =
b ™ vpy,

3)
where 7 is the initial radius of the jet element when the jet has just
formed (Equation 4).

— (B
r = 4/2RT} sin (E) 4)
where R, f are the initial inner radius of the liner element and elemental collapse
angle of the liner element, respectively.

4.2 Jet velocity — breakup times

VpL s a characteristic plastic velocity representing the average velocity difference
between the neighboring jet segments. The reciprocal of Vpp (1/VpL) represents
the specific breakup time for liner materials. It has been found to scale linearly
with the (71/Cp) values for the zirconium material, the scaling being described
by Elshenawy et al. [3] in the following Equation 5:

1 1571 -16.169 (g—;) (5)

VpL

which is similar to that proposed by Hirsch [23] for the copper liner material,
which is
Ty

1 _13.886 —101.149 (—) (6)

VpL Cp

where (71/Cp) is the liner thickness scaled to the charge diameter.

Elemental breakup time calculations showed an average breakup time
of 125 ps in the case of zirconium, by comparison with 64 us in the case
of the copper jet (Figure 8).
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Figure 8. The jet velocity-breakup times for both copper and zirconium charges

The enhanced break up times for zirconium could be ascribed to the enhanced
jet radius as well as an enhanced characteristic plastic velocity. This can offer
superior performance for zirconium liners compared with traditional OFHC.
Table 6 summarize the main jetting parameters of the hemispherical zirconium
liner compared to traditional OFHC.

Table 6.  Thejetting calculation outputs for the baseline copper and the zirconium

Parameter Unit Material - -
Copper Zirconium

Liner mass [g] 28.6 20.7
Jet mass [g] 14.9 11.30
Jet percentage [%] 52 55

Jet kinetic energy [kJ] 17.3 20.0
Maximum jet tip velocity [m/s] 3886 4869
Maximum flow velocity [m/s] 1786 2222

4.3 Crater formation

The remapped jets from Euler solvers were allowed to impact steel 4340 targets,
the total penetration depth being calculated either when the jet is totally consumed
on the crater walls or when its velocity falls below a certain value (termed the cut-
off element). The penetration craters for both liners are represented in Figure 9,
for copper and zirconium liners.
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Copper

Figure 9. The numerical crater profile inside steel targets for copper
and zirconium liners

While the copper liner exhibited a penetration depth of 51 mm, the zirconium
liner achieved a larger penetration depth of 62 mm. Additionally, zirconium offered
an enhanced crater profile with a larger volume compared with OFHC (Figure 10).
This may be attributed to the high velocity obtained by the zirconium jet.
The emphasized penetration crater was achieved and found sufficient to perforate
armoured vehicles. One more factor that should be considered is machining
safety during manufacturing of the zirconium liner. All these parameters
should be optimized in order to choose a final optimum liner design in general
and the liner material specifically.

Figure 10. Thepenetrated steel targets for copper (left) and zirconium (right) targets

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland
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4.4 Crater growth calculations
Since the crater radius is our goal, the crater was estimated using Held’s
formula [24], where the crater radius as a function of time was estimated using
the jet parametric data obtained from the jetting analysis and target resistance
to plastic deformation (Equation 7).

2
r.(t) = \/g - < /g_ r? - t\/§> (7)

with constants 4 and B defined as

A=—1 (8)
(+f5)
Pj
2R
B=2 ©)

where p., p;, t, V;, r;, and R, are respectively the target and jet densities, time,
jet tip velocity, jet radius, and target strength. Target strength (resistance
to penetration) can be defined by Equation 10.

2E
R =AY, (1+BInZ) (10)

where £ is the Young’s modulus and Y; is the target yield strength [25].
It was found that 4 = 1.38 and B = 0.73 for a cavity expansion model using best
data fitting optimization [26], and thus, Equation 10 has the form

R = 1.38Y, (1 +0.73 lnz—i) (11)

Based on the previous equations, the maximum crater radius (7cm)
could be estimated by

Tem = |5 (12)
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The final calculated crater times based on the above equation were found
to be 6.78 and 8.44 us for copper and zirconium jets, respectively.
On the other hand, the crater radius calculations were found to be 7.1 and 8.5 mm
for the copper and zirconium jets, respectively. The main reason behind
the difference between the calculated and experimental values of the crater
radius was found to be the target strength value: the target strength (R;) was taken
to be 3.33 GPa [26]. Figure 11 shows the crater evolution with time for both
copper and zirconium jets.

9 — Zirconium

Crater radius [mm)]

Final crater formation time
r

0 T T L L] T 1 1
0 2 4 6 8 10 12 14
Time [ps]

Figure 11. Crater development with time for both copper and zirconium jets

Penetration depth calculations were conducted using a modified virtual
origin (VO) model [26]. The target strength effect on the penetration reduction
was not considered. The equation of the continuous jet is represented
by Equation 13.

1 1

P =2, [(%)? - 1] (1 R 2) for 0 < Zy <Vt (Z—)? (13)

PjVC

where:
—  Z,1s the effective jet length measured from the VO to the target surface,
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— V. and V¢ are the jet tip and cut-off velocities, respectively,

— 7 is the square root of the target-jet density ratio, i.e. y = /o, / p;,

— A is a constant determined from real experiments, which was found
tobe 200.31 from the average of four experimental tests using concrete targets.
The corrected prediction showed good agreement with experimental

results [17]. On the other hand, Elshenawy et al. [26] reported that target yield

strength was considered for the estimation of 4 as follows:

4=10.8322Y,+0.6122 (14)
where Y, is in GPa for AIS1 4340 steel target, and Y, =0.47 GPa. For ¥;=0.47 Pa,

A approximately equals 1. Figure 12 demonstrates the stand-off distance
and the location of the VO point inside the liner.

Target

—50 5} SOD

Zo
SOD  Stand-off distance
V.0. Virtual erigin peint
So Distance from VO to liner base
Zo Effective stand-off distance in V.O. penetration model

Figure 12. The location of the VO point and the VO stand-off model parameters

The real location of the VO point and the distance to the liner base
is represented in Figure 13 for copper liners using the same approximation
as used by Agu et al. [27]. Considering the numerical data obtained from
the standard jetting analysis, a similar curve was developed for zirconium
shaped-charge liners. The VO point was found to be 5.03 mm from the liner
base for zirconium as compared to 4.47 mm in the case of copper.
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Figure 13. The determination of the VO location for copper shaped charge
Table 7 shows the shaped charge jet characteristics, the target materials,
penetration corrections and penetration calculation parameters for the two shaped

charges with copper and zirconium liners. Both charges were tested against steel
target material grade AISI 4340 of hardness 217 HB.

Copyright © 2021 Lukasiewicz Research Network — Institute of Industrial Organic Chemistry, Poland



312 T.A.E. Elshenawy, S. Elbasuney

Table 7.  The calculated penetration parameters for copper and zirconium

shaped charges
Parameter Unit Material : .
Copper Zirconium
Target Yield strength [GPa] 0.470 0.470
pr [kg/m? 7800 7800
Di [kg/m? 8900 6510
y - 0.94 1.09
Zy [mm] 84.47 105.03
Vi [m/s] 3886 4869
Ve [m/s] 2327 2728
Break-up time t, [ms] 0.0640 0.125
P-ideal? [cm] 6.16 7.33
1

|7AV2
.ty (VZ) - 86 201
P-Exp.? [cm] 5.64 6.53
P*-Num.® [cm] 5.1 6.2
Reduction? [cm] 0.52 0.80
E, [GPa] 205 205
R [GPa] 3.33 3.33
Ri/piV2 — 0.069 0.069
AMEq (14)) — 1.00 1.00
AR Jpi VS - 0.069 0.074
P-Ana® [cm] 5.73 6.82
Error? [%] -1.59 —4.44

d P-Ideal: ideal penetration calculated using Equation 13 without strength correction term.

Y P_Exp.: experimental penetration depth.

9 Numerical penetration depth calculated using Autodyn hydrocode.

9 Reduction = (P-ideal) — (P-Exp.)

9 P-Ana : the penetration depth using Equation 13 considering target resistance and correction term.
9 Error % = ((P-Exp.) — (Penetration))/(P-Exp.) - 100, where (Penetration) is taken from Equation 13.

Table 7 shows that zirconium liners achieve about a 16% greater experimental
penetration depth into steel targets than baseline copper ones. The main reasons
behind this result could be the change in the jet characteristics such as jet tip
velocity, cut-off velocity, and the effective stand-off distance (Z). Table 7 also
confirms that the classical VO model overpredicts the penetration depth,
which was corrected by the target strength correction term that reduced
the penetration depth with ratios about 7% and 7.5% for copper and zirconium
liners, respectively.
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4.5 Jet temperature calculation

The overall behind-armour effects for a shaped charge jet were summarized
by Held [28] and reported as being spalls, heat, light, noxious fumes, smoke,
blast and incendiary effects in addition to residual jet material. The residual
jet material and the incendiary heat effects of zirconium were studied as part
of further consideration of enhanced behind-armour effects of zirconium jets [1].
Arabei et al. [29] stated that zirconium bursts into bright flames at 420 °C
in addition to its pyrophoric nature. Thus, the heating of shaped charge jets
during plastic deformation is an important issue to be studied numerically
due to the difficulty in making measurements experimentally. Three different
mechanisms could withstand jet heating including liner grazing by the detonation
wave of the explosive, the heating of the liner during its collapse process,
and heating due to plastic deformation during jet stretching. It has been found
that the third mechanism is the predominant one and has the largest impact
on jet heating [11]. Thus, the Autodyn hydrocode was employed to investigate
jet heating during shaped charge jet formation using the Mie-Gruneisen
thermodynamic model based on the shock equation of state for both the copper
and zirconium liners [3].

To verify the Autodyn jet temperature calculations during liner
collapse and jet stretching, jet temperature calculations were compared
to the measured values. The results were quite similar [30]. In an attempt
to calculate the temperature of the jet, a few gauge points were assigned within
the liner elements to investigate the temperature around the circumference
of the jet core. These gauge points were also added to copper liners to check
the jet temperature for comparison. The locations of the selected gauge points
are represented in Figures 14 and 16 for zirconium and copper jets, respectively.
Figures 15 and 17 show similar behaviour of jet heating starting from time 0
as well as during the stretching phase, until it reaches steady state. Figures 14
and 16 show similar contours and temperature variation for both copper
and zirconium jets. It can be seen that the temperature varies across the width
of the jet. The highest temperature was found at the inner core of the jet,
decreasing gradually towards the outer surface.

The first peak represented in Figures 15 and 17 was attributed to jet heating
during the collapse of the liner element until reaching steady state condition.
In order to quantify the contributions of both of the two mechanisms
(i) liner heating during the collapse process and subsequent jet stretching
and (i) plastic deformation, the maximum temperature was recorded for each
gauge point separately and listed in Table 8 for the two liner materials studied.
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Figure 14. The locations of the moving gauge points inside the zirconium jet
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Figure 15. The calculated temperature along the jet length and its circumference for the zirconium liner
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Figure 16. The locations of the moving gauge points inside the copper jet
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Table 8.  The summary of the collapse and plastic deformation (Plast. Def.)
heating temperatures for copper and zirconium jets

Zirconium jet Copper jet
T-Plast. | T-Collapse/ T-Plast. | T-Collapse/

Gauge T—C[(gl(ljaipse Def. (T—PlaIs)t. Gauge T-C[gl(lja]tpse Def. (T—Plagt.
[°C] Def.) [°C] Def.)

1 433 590.2 0.73 1 231 646.8 0.36
2 477 558.5 0.85 2 232 694.5 0.33
3 459 548.8 0.84 3 225 641.4 0.35
4 426 542.7 0.78 4 220 655.3 0.34
5 363 5344 0.68 5 212 636.3 0.33
6 273 498.7 0.55 6 207 661.6 0.31
12 426 691.0 0.62 7 205 576.1 0.36
13 433 542.3 0.80 8 196 461.4 0.42
29 304 442.0 0.69 14 205 666.3 0.31
25 147 469.5 0.31

It can be concluded from Table 8 that most of the gauges show a ratio between
the liner collapse temperature to the plastic deformation temperature of 0.55
to 0.85 with an average value of 0.73 for the zirconium liner. Copper exhibits
lower values of the ratio (between 0.31 to 0.42) with an average value
of 0.34. This difference between the copper and zirconium jets may be caused
by the difference in the jet velocities in the two cases. This could result
in different strain rates and therefore different values for the corresponding
temperature in both mechanisms of jet or liner heating. Generally, most
of the jet elements in the case of the copper liner exhibit higher temperatures
than those in the zirconium liners, but the pyrophoric nature of the zirconium
liner and the destructive behind-armour effects make the zirconium liner a higher
priority to the traditional copper one.

5 Conclusions

¢ Two different shaped charges with copper and zirconium as liners
have been suggested as precursor shaped charges.

¢ Relevant analysis for both shaped charges has revealed that zirconium
liners can achieve 16% greater penetration depths compared to traditional
copper ones. Besides, calculated radial crater analysis and verified experiments
showed that the zirconium liner material also produces a 20% greater
crater diameter. Additionally, numerical calculations of jet temperature
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showed that copper liners have a higher temperature during jet formation
than zirconium ones, but zirconium is preferred for its pyrophoric nature
and behind-armour incendiary effect. Therefore it is recommended
as a precursor charge for direct attack mode missiles.

Numerical analysis showed that the average ratio between the collapse
temperature and the plastic deformation temperature during jet stretching
was found to be 0.73 for zirconium jets and 0.34 for copper jets.
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