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Abstract

(RHA) targets.

Various copper-tungsten shaped charge compacted powder liners have been studied and discussed in this
paper based on the produced liner density. Different powder compositions yield different jet characteristics when
these liners are used in shaped charge penetration test. Autodyn hydrocode has been implemented to study the
effect of the metal powder liner density on the produced jet characteristics. Liners have been produced by both
uniaxial pressing and cold isostatic pressing techniques. Liners produced experimentally using uniaxial pressing
technique exhibited density variation along the liner height, while those manufactured using cold isostatic pressing
are featured by relative uniform density. The former technique with non-uniform density distribution along the liner
height has shown efficiency when compared to the latter one of uniform density. The difference in the performance
of the two studied liners was confirmed experimentally using static filed testing against rolled homogeneous armour

Keywords: Shaped charge; Penetration liner powder; Isostatic
pressing; Uniaxial pressing

Introduction

Shaped charge jet has been used extensively due to its considerable
large penetration depth into different target materials. Various liner
materials have been used to manufacture shaped charge liners in
research so far [1]. Zirconium, copper, silver, steel, titanium depleted
uranium liners have been studied according to their jet break-up
time [2-4] and effective jet length [2]. Glass liner has been tested and
exhibited a larger breakup time in comparison with the traditional
copper liner. Compacted powder pressing material as a shaped charge
liner has been patented in 2001 by Reese et al. [5] as a shaped charge
oil well perforator liner for oil and well field completion. Stinson et al.
have patented the methodology for producing single phase tungsten
or molybdenum liners for warhead application using hot isostatic
pressing technique, after which the final liner dimensions are obtained
by machining [6]. Walters et al. have tested un-sintered copper
tungsten liners against steel targets at short stand-off distances using
OMNI shaped charge and described the bulk spreading jet particles
using flash x-ray radiograph [7]. Halliburton energy service, USA has
also patented some different powder liners including tungsten, copper,
lead, tantalum and molybdenum with their different loading densities
to test them in the oil industry. Their invention has been implemented
in the oil industry as oil well perforator to complete the well [8].
Hirsch and Mayseless discussed and analysed the characteristics of
the shaped charge powder jet and its penetration capability into soft
and hard targets [9]. Zhang et al. measured the jet velocity of copper-
tungsten powder jet and effect of both water and air on the attenuation
of its jet tip velocity [10]. Glenn used composite liner composed of
copper, tungsten, graphite and tin powders for oil well perforating
concrete targets [11]. All the discussed liner powder mixtures have
different densities based on their initial powder composition design,
which in turn yield different collapse velocities and therefore result in
different jet tip velocities due to explosive metal Gurney configurations
and unsteady state PER theory [12]. The density distribution was
considered in the jets formed from powdered metal liners and its effect
on the penetration has also been discussed analytically [13-15] and
experimentally [16].

In this paper, different powder mixture liners and their density

effect on the produced jet characteristics will be discussed. The
expected jet characteristics of the selected powder design are obtained
using Autodyn hyrdocode. Two techniques are used in the current
research to manufacture copper-tungsten shaped charge compacted
powder liners (as a green products non sintered liners). The uniaxial
powder pressing technique and the cold-isostatic pressing processes
have been implemented in our research. The density of the prepared
green product liners from both techniques has been measured using
helium gas pycnometer. Extensive numerical trials using Autodyn
hydrocode have been performed to study the effect of liner density on
the jet characteristics. The performance of the prepared liners have
been assessed by the static firing of two shaped charges including
powder liners manufactured differently against RHA steel targets.

Experimental Work
Material specification

Shaped charge liners have been fabricated with the designed liner
composition that yield the required density. The outer casing of the
shaped charges were steel 4340 of thickness 2 mm. the steel casing was
manufactured from a rod of diameter 50 mm using CNC machine. A
central hole of diameter 8 mm has been milled to insert the electric
detonator no. 8 for the charge detonation. All the needed chemical
powders for the liner have been obtained from sigma Aldrich UK,
limited and these powders are used as received. The pure copper
powder used as a mixture binder has an average grain size of 3 um
and a density of 8.5 g/cm®. Tungsten acting as the main powder has
small average grain size of 0.6: 1 pm in order to enhance filling the
powder matrix. The binder coating material used in this mixture was
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Tin with an average grain size lower than 45 pm and purity of 99.8%.
Graphite of low percent in the powder mixture has been used as a
lubricant with average grain size not exceeding 20 um. Different types
of plastic bonded explosives (PBXs) have been used for filling shaped
charges; explosives could be bonded by fluorinated hydrocarbons [17],
thermoset polymeric matrices [18] and thermoplastic matrices [19].
In our research, composition C-4 (RDX-C4) was used for filling the
studied shaped charges [20]. RDX-C4 was prepared by mixing of 91
wt% of RDX with 9 wt% polymeric matrix [21]. It has low sensitivity,
high thermal stability and detonation velocity of 8055 m/s at 1.61 g/
cm?® density [22-24]. Each shaped charge has been filled by 30 g of the
C4 plastic explosive.

Liner manufacturing

Uniaxial pressing liners: The powder metallurgy (PM) technique
hasbeen used previously to manufacture these liners. It has tested before
and exhibited a good penetration capability especially at short stand-
off distances [7,8,25,26]. Copper-Tungsten powder liners used in this
study have been manufactured using both uniaxial pressing technique
and cold isostatic pressing process. The liners have small base diameter
of 40 mm, a cone apex angle of 46° and uniform liner wall thickness
of 1.2 mm as shown in Figure 1 for the uniaxial pressed liner. The
composition of the optimized powder mixture ingredients are listed
in Table 1 with the function of each ingredient. Mall average grain
size with irregular particle shapes are chosen for the liner ingredients.
In the uniaxial pressing technique, the powders are dried at 60°C to
remove humidity and then mixed together with the designated mass
ratio until the homogeneous mixture blend is obtained, after which
they are pressed using Instron uniaxial hydraulic press. The applied
pressure was 100 MPa using the hydraulic press at a low rate (i.e. 1 MPa
per second) to avoid trapping air voids inside the liner material. The
product is a brittle material in the pre-sintering state and is called ‘the
green product’, which is tested in this state without sintering as shown
in Figure 1. Figure 2 shows a schematic layout for the uniaxial pressing
technique in comparison with the other cold isostatic pressing process.

4—40mm———>|
Figure 1: The produced pressed liner (left) and a sketch of the shaped charge
assembly (right).

Material Copper Tungsten Tin Graphite
Mass % 43 45 11 1

Av. grain size (um) 3 0.6:1 <45 <20
Function Binder Main powder | Binder coating|  Lubricant

Table 1: The mass percentage of the powder liners composition.

Advantage of this techniques is the smoothness of the produced liner
surface if both the punch and its die have been machined, ground and
polished before pressing.

Cold isostatic pressing liners: In cold isostatic pressing (CIP)
technique, the dried and mixed metal powder is placed and enclosed in
a flexible polyurethane rubber mould. The assembly is then pressurized
hydrostatically in a chamber usually using water. The usual values
of pressures lies between 400 and 1000 MPa are normally used. The
powder gets compacted and the green compact is taken out the high
pressure chamber. Advantages of this technique are producing liners
with relative uniform density over the entire liner height and therefore
no remarkable density gradient is observed. Figure 2 shows schematic
drawing of hydrostatic pressing process.

Measurement

The liner density has been measured using AccuPyc1330 helium
gas pycnometer. It determines volume by measuring the pressure
change of helium in a calibrated volume. The pycnometer operates on
Archimedes principles of gas displacements to determine the volume.
The samples are weighted on a digital scale (accuracy 0.1 mg). The
analyser measures the volume of the samples, from which density
can be derived. Each green product compacted powder liner is dis-
integrated into tiny pieces and marked due to its position on the liner
height. Several pieces are used for each liner sample. The results gave
a complete picture about the effect of the pressing technique on the
produced bulk density for every produced powder liner.

Experimental field testing

The explosive charges were filled into the steel casing by extrusion,
and then the liners were pressed slowly against the steel casings
containing explosives to avoid holding air gaps inside the explosive
charge. Care should be taken during the pressing stage to avoid
cracking and failure of the produced brittle green product liners. The
two tested charges have been attached to the upper RHA steel layer of
the test configuration as shown in Figure 3 to assess the performance
of each charge in terms of its penetration depth achieved into to the
RHA, which was laminated layers of RHA of total thickness 12 cm.
The stand-off distance 4 cm was maintained between the charge base
and the upper RHA surface. The firing of the shaped charges was
done electrically using detonator no 8. The depth of penetration was
measured for both charges as a measure of the compacted powder
liners performance comparison.
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Figure 2: Sketch of the uniaxial pressing (left) and hydrostatic pressing (right).
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Numerical Hydrocode

Autodyn hydrocode is used in this paper to assess the jetting
characteristics of the produced jet elements considering the liner
density parameter. The Autodyn shell jetting analysis algorithm is
based on the analytical unsteady PER model [27], which is solved
numerically using finite difference technique to calculate the jet
and slug velocities, masses and the collapse velocities and deflection
angles of the jet elements [28]. The jetting analysis was validated by
comparing the jetting analysis results of the 90 mm shaped charge with
real experimental results [29]. In this scheme, the explosive, the charge
casing and the explosive materials are filled into the global Euler multi-
material part [30], but the liner must be assigned as a shell element, in
which the liner thickness and the solution jetting points are determined.
General uniform square meshes 0.50 mm of the Euler grids were used,
while a total numbers of liner jetting nodes are specified as 40 node.

The explosive required for shaped charges must have high velocity
of detonation and high density to provide a high detonation pressure,
which results in fast jet tip and therefore large penetration depth
is achieved. The explosive material used for filling the meshes of the
explosive inside the shaped charge was C4. The equation of state for the
used explosive was “Jones-Wilkins-Lee” (JWL) equation, which gave
the following energy equation:

p=A e-rl1 v+Be-r2 v+C v-(1+w) (1)

Where p is the pressure, v is the relative volume, A, B, rl, r2, C
and w are constants. The values of these constants for many common
explosives have been determined from dynamic experiments. The
values of these constants should be considered as a set of interdependent
parameters. The input data to AUTODYN-2D for the explosive
material are listed in Table 2.

The material used for the charge case was steel 4340. The equation
of state for the steel is shock EOS, while its strength model was

. :‘i_.'-'

Figure 3: Test setup and the experimental test configuration.
Parameter Value
Density (g/cmd) 1.61
Parameter A (KPa) 6.0977 x 108
Parameter B (KPa) 1.295 x 107
Parameter r, 4.5
Parameterr, 1.5
C-J detonation velocity (m/s) 8055
C-J energy/unit volume (kJ/m?) 9 x 108
C-J pressure (kPa) 2.8 x107
Parameter w 0.25

Johnson-Cook. This constitutive model aims to model the strength
behavior of materials subjected to large strains, high strain-rates and
high temperatures [30]. The model defines the dynamic yield stress Y
[31] as:

0=(A+Be")(1+Cln[e'])(1-T™) (2)

Where o is the dynamic flow stress, € is the effective plastic strain,
A is the yield strength, B is the hardening constant, n is the hardening
exponent, C is the strain-rate constant and m is the thermal exponent
constant. € is the normalized effective plastic strain-rate (ie. the
applied true strain-rate divided by the reference strain-rate). TH is the
homologous temperature. The five material constants are A, B, C, n
and m. The expression in the first set of brackets gives the stress as a
function of strain when &* equal to 1.0 sec* and TH=0 for laboratory
experiments at room temperature. The expressions in the second and
third sets of brackets represent the effects of strain-rate and temperature,
respectively. The constants in these expressions determined by means
of material tests over a range of temperatures and strain-rates. The
input data to Autodyn for the case material are listed in Table 3.

The material modelling of the copper tungsten powder is more
complicated than that of the pure material because it required some
dynamic material testing to conclude its mechanical properties such
as shock Equation of state. Alternative method has been implemented
within this research, which had been used successfully by Yingbin and
Zhaowu [26]. The theory of mixture rule simply calculates a certain
mixture parameters by formulating its parameters with component
percent fractions. The selected equation of state of the liner material
is the linear EOS. The present form of this equation considering the
initial elastic behaviour expressed by an approximation to Hooke’s Law
which can be written as:

p:K (3)

Where p is the pressure, y is the compressibility and equals (p/p,)-
1, Kis the bulk modulus, p, is the reference density and p is the current
density. The input data to AUTODYN-2D for the calculated liners are
shown in Table 4.

Reference density (g/cm?) 7.83
Tensile strength (MPa) 744
A (MPa) 792

B (MPa) 510

n (non) 0.26

C (non) 0.014

m (non) 1.03
Gruneisen coefficient 1.93
Parameter C, (m/s) 4569
Parameter S, (non) 1.4
Ref. temperature (K) 300

Table 3: Input data to the code for the charge casing material [30].

Material | Tungsten Copper Tin (%) @ Graphite | Density = Bulk mod.
(%) (%) (%) (g/cm?) (MPa)
Function Main Binder | Binder | Lubricant
powder coating
A 31 57 11 1 10.38 1.82 x10°
B 52 37 10 1 12.30 2.19 x10°
C 72 19 8 1 14.16 2.54 x10°
D 90 5 4 1 15.90 2.88 x10°
E 96 2 1 1 16.53 3.01 x10°

Table 2: Input data to Autodyn for C4 explosive charge.

Table 4: The designed powder mixtures for the numerical study.
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Results
Density effect on the produced jet characteristics

According to Gurney formula for different explosive-metal
configurations, various jet characteristics have been obtained because
of the effect of the explosive-metal mass ratios. Table 5 lists the jetting
output summary results for different densities liners obtained from
Autodyn numerical work. It can be simply concluded that the liner
densities has shown a direct influence on the produced jet velocities.
Theoretically the most efficient jet tip velocity is expected to be of the
lowest density of 10.38 g/cm’, that has the largest kinetic energy of
44.3 KkJ, but other parameters of direct importance, which cannot be
neglected, which are the breakup time and the effective jet length that
must also be considered. Besides, the binder coating percentages lower
than 10% have a negative effect on the cohesiveness of the produced
green product liners. Therefore, the range of the liner density that will
be prepared experimentally is from 10.38 to 12.30 g/cm’. Thus, the
real liner preparations and their testing include both liners; uniaxial
pressing and isostatic liners for penetration performance comparison
within the selected density range.

Liner density measurement

The density measurement of the liners was carried out using
AccuPyc1330 helium gas Pycnometer. The liners were disintegrated
and cut down at different distances from its apex, and then the density
of every part is determined independently using a single density
measurement trial. Figure 4 demonstrates the relation between density
and the distance from the apex for both numerical and measured
experimental measurements for both cold isostatic liner and uniaxial

pressed powder liners. Due to the fact of the forces distribution over
the inclined cone part of the liner and the non-uniform stresses
distribution, non-regular density profile has been obtained as shown in
the uniaxial pressed powder liner. The apex region has more stress that
result in squeezing the powder between both upper punch and lower
die, which results in this density gradient. However, general attitude
between the numerical and the real density is observed as shown in
Figure 4. On the other hand, the cold isostatic powder liner exhibited
relative homogeneous density in comparison with previous one.

Numerical simulation for the density profile of the liner produced
by powder compaction using uniaxial pressing technique at different
times have been demonstrated on Figure 5.

Penetration performance of the two studied liners

The standard jetting analysis has been conducted on the two liners
considering the density obtained from the real measurements. Figure 6
shows the jet velocity-cumulative jet mass fingerprints for the studied
two liners; uniaxial pressed liner and isostatic pressed one obtained by
jetting analysis. The two liners have nearly the same pattern, but slight
velocity difference can be observed between them. The figure shows
slight increase in the jet tip velocity of the uniaxial pressed liner due
to its lower density at the jet tip section, but their jet tails have very
close values of 3500 and 3583 m/s. The difference between their jet
lengths (as listed in Table 6) shows that the uniaxial pressed liner has
about 7 mm excess in the jet length more than the other isostatic one.
This difference is confirmed by the performance penetration depth of
the two shaped charges including both manufactured liners. The two
penetration tests have been conducted in the same way at the same

Liner Liner average Liner Geometry Output
(glem?) ick. (mm ass (g et tip vel.V, | Jet tail velocity et reak-up time | Average jet radius Jet length (V-V,
bulk density  pjck M Jet tip vel.V. | Jet tail veloci JetKE (kJ) | Break-up time A jet radius  Jet length (V-V
cm
9 (m/s) V, (m/s) t,(us) (mm) t, (mm)
A 10.38 1.2 36.7 5977 3750 443 325 1.50 72.38
B 12.30 1.2 42.0 5610 3690 43.7 32.8 1.56 62.98
C 14.16 1.2 42.96 5430 3662 42.0 30.2 1.43 53.39
D 15.90 1.2 48.3 5270 3460 41.0 294 1.40 53.21
E 16.53 1.2 52.1 4980 3251 39.5 28.7 1.36 49.62
Table 5: The jetting output results for different densities linear.
12.50
100 % | Li B DENSITY (g/cm3) | . ‘§ ;
° 1 Iner Base 1.1408+01 1 ¥
| 1.135e+01 /5 i‘
.00 | i + N \
291 Numerical Cale. Relative : e Ous ¥ Y 20ps /
Distance (%) | 11196401 \
m’; | — 1.114e+01
5 11.50 1 1/ Liner A 1 1.108e+01
?“ 0 % Y iner Apex | 1.103e+01
- i | B 1.098e+01 v
£ Measured Exp; - REC A J A ]
C 1100 | B qos7ee01 % J \ Y f \ A
g 1 1.082e+01 % i ‘% ? i y
—i 1.0768+01
™. Uniaxial-Num. 1.0718401 25us 30us 3us
10.50 - Uniaxial Exp. L 1.0668+01
Iso-static pressing Exp. 1.061e+01 \ }‘ \ l
1.055e+01
1.0508+01 v
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Relative Distance from the apex (%)

Figure 4: The measured and calculated densities at different distances from

the liner apex.

Figure 5: Density profile at different times from the begining of powder pressing
for the uniaxial pressed powder liner.
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Liner type Liner density (g/ Liner Geometry Output
cm’) Thick. (mm)  Mass (g) Jettip vel.V, Jettail velocity JetKE (kJ) = Break-up Average jet Jet length
(m/s) V, (m/s) timet (us) radius (mm) | (V-V)t (mm)
Uniaxial liner 11.85: 10.65 1.2 329 6272 3500 45.2 31.6 1.50 87.59
Isostatic liner Average11.25 1.2 33.5 6122 3583 44.8 31.8 1.51 80.74

Table 6: The performance of the uniaxial and isostatic liner based on real density measurements.

6500 1
6000
5500 4
5000 4
4500
4000
3500 4
3000

2500 4 —— uni-axial
2000 4

1500 4

fffff iso-static

Jet Velocity (m/s)

1000 4
500 4

0 500 1000 1500 2000 2500 3000 3500 4000

Cum. Jet mass (mg)

Figure 6: The jet velocity-cumulative jet mass for the studied two liners;
uniaxial pressed liner and isostatic pressed one.

Figure 7: The shaped charge penetration testing against RHA target; right:
using uniaxial pressed liner; left: hydrostatic pressed liner.

specified stand-off distances using the RHA targets. The penetration
effect of the liner produced by uniaxial pressing showed enhanced
penetration in comparison with other uniform density liner produced
by isostatic liner as shown in Figure 7. The obtained penetration depths
were 10.5 cm and 9.7 cm into RHA for uniaxial and isostatic pressing
liners respectively (i.e. 8% excess).

Conclusions

Unlike powder liners produced by cold isostatic pressing technique,
the powder liner produced using uniaxial pressing technique exhibited
non-uniform density distribution along the liner height. It has been
shown that density of the liner material has significant effect on the
produced jet characteristics. The liner produced by uniaxial pressing,
which exhibited non-uniform density distribution, has larger effective
jet length than that produced with cold isostatic liner. Therefore, it has
achieved penetration depth into RHA target material larger than that
achieved with cold isostatic liner with uniform density.
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