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Abstract: Copper tungsten liner manufactured using uniaxial pressing
technique has been characterized numerically and experimentally in comparison
with a baseline shaped charge copper liner produced by deep drawing technique.
The jet properties resulted from these two shaped charges were different according
to their liner types and relevant densities which affect the resultant penetration depths
into rolled homogeneous armour (RHA) targets. Different copper-tungsten powder
liners have been studied and analysed using Autodyn hydrocode, from which
an optimum powder design was chosen based on its maximum jet kinetic energy
that can be coherent. The compacted liner elastic properties have been measured
using SONELASTIC apparatus, whereas its real density is determined using
helium gas pycnometer. Baseline copper liner obtained by deep drawing
technique of uniform density exhibited lower penetration depth in comparison
with the copper-tungsten liner (higher density powder). Besides, the penetration
crater resulted from the powder liner showed clean hole without clogging because
there was no massive slug as in the case of the copper liners. Experimental field
tests of the two liners against (RHA) targets exhibited different penetrations depths,
which have been accounted in this research.
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1 Introduction

Various liner materials have been used to manufacture shaped charge liners using
different techniques [1]. Zirconium, copper, silver, steel, titanium depleted uranium
liners were studied according to their jet break-up time [2-4] and effective jet length
[2]. Glass liner was tested and exhibited a large breakup time in comparison with
the traditional copper liner at large stand-off distances [5]. Compacted powder
pressing materials acted as a shaped charge liners were patented in 2001
by Reese et al. [6] as a shaped charge oil well perforator liner for oil and gas well
field completion. Stinson et al. have patented the methodology for producing
single phase tungsten or molybdenum liners for warhead application using hot iso-
static pressing technique, after which the final liner dimensions were obtained
by machining [7]. 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
[8]. 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
[9]. Hirsch and Mayseless discussed and analysed the characteristics of the shaped
charge powder jet and its penetration capability into soft and hard targets [10].
Zhang et al. have measured the jet velocity of copper-tungsten powder liner and
the effect of both water and air as a medium on the attenuation of its jet tip velocity
[11]. Glenn used composite liner composed of copper, tungsten, graphite and tin
powders for oil well perforating concrete targets [12]. All the discussed liners
produce different profiles of jet and slug based on the liner design and the
type of the liner material as well as the required purpose. For instance, the un-
sintered powder mixture liners were introduced to resolve the problem caused
by the massive copper slug that clogs the oil well after it has been completed.
They require certain chemical treatment and further additional cost to remove
the massive slug and re-open the penetrated hole again.

Our research is devoted to design precursor shaped charge of a thermobaric
warhead capable of achieving large perforation depth into armour body without
clogging the penetrated hole. The thermobaric main warhead has its designated
crew causalities even with a very small thermobaric charge. After the main armour
has been perforated by shaped charge jet, a prolonged reflected shock waves
generated from thermobaric weapon has a lethal mechanism and crew causalities.
In addition, the behind armour effect would be expected to enhance within
the confined limited space of the tank [13].
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In this paper, alternative liner material design is introduced depending on the
powder technology, in which the produced jet can create a clean hole into armour
material without clogging the perforated hole. The powder liner is designed
based on extensive comparative study of its mechanical properties and its density
effect on the produced jet characteristics and its coherency criteria. The expected
jet characteristics of both the optimized powder design and the baseline copper
liner are obtained using Autodyn hydrocode. Two different techniques were used
in this research for the manufacture of shaped charge liners; one of them is used
for production of copper-tungsten powder (as a green products un-sintered
liner), while the other is deep drawing technique for production of copper liner.
The density of the prepared green product liners obtained from the uniaxial
powder pressing technique has been measured using helium gas pycnometer.
On the other hand, the elastic properties of the compacted powder liner have been
obtained using SONELASTIC advanced Impulse excitation technique apparatus.
Extensive numerical trials using Autodyn hydrocode have been performed
to study the effect of liner properties on the coherency of the produced jet and
its characteristics. Selected copper-tungsten liner has been produced and studied
experimentally in comparison with copper liner as a baseline. The performance
of both the compacted copper-tungsten powder and the deep drawn copper
liners have been assessed by the static firing of the two shaped charges including
these two liners against RHA steel targets.

2 Experimental work

2.1 Manufacturing of liner by different methods

Copper-Tungsten liners (CTL) have been manufactured using uni-axial pressing
technique. The base diameter of the liners was 30 mm, a cone apex angle 44°
and the liner wall thickness was 1.2 mm. All the powders were obtained
from Sigma Aldrich UK, limited. The optimum mixture of the powder liner
composition was copper 35%, tungsten 55%, tin (coating mixture) 8.5% and
graphite (as a lubricant) 1.5% mass percentages. The average grain size of copper,
tungsten, tin and graphite was 3 pm, 0.6 um, 45 um, 20 pm, respectively.
The drying temperature of the powder was 60 °C, after which the powders
were mixed together with the specified ratio for 30 min. until the mixture
became homogeneous. The pressing process of the mixture was performed
uniformly at low rate of 2 MPa per second up to maximum value of 350 MPa
using Instron uni-axial hydraulic press. The product is called “green product”
which is a brittle material without sintering. Schematic drawing of the uniaxial
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powder pressing die, punch and ejector and their necessary accessories are shown
in Figure 1.

Pressing

|

U\

Upper punch

Pressed liner

Eiector

Figure 1. Uni-axial pressing sketch

The baseline copper liner used in this research was electrolytic Copper
of grade C10100 OFHC (Oxygen Free High Conductivity Copper). This material
has high purity (99.99%), very low oxygen and phosphorus contents for relatively
high ductility (which is needed for the jet material to sustain longer breakup time
and have a better coherent performance) [ 14]. The copper liner was manufactured
using the deep drawing technique, because this technique is economical and
efficient for producing large quantities of small calibre liners with a reasonable
accuracy [15]. It starts by cutting a circular copper disc and applying five
steps of drawing by hydraulic press with an intermediate annealing of 400 °C
(2 min) to decrease the strain hardening and maintain the material ductility [15].
Photo for the two tested liners is shown in Figure 2.

Figure 2. Photo of the two tested liners; copper—tungsten liner powder (left)
and the baseline copper (right)

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



614 T. Elshenawy, G. Abdo, A. Elbeih

2.2 Preparation of explosive filler

Plastic bonded explosive (PBX) based on 1,3,5-trinitro-1,3,5-triazacyclohexane
(RDX) bonded by polyurethane matrix was prepared for filling of the shaped
charges [16]. RDX is a product of Eurenco Co., Paris, France. The polyurethane
polymeric matrix contains hydroxyl-terminated polybutadiene (HTPB, product
of ARCO Co.), hexamethylenediisocyanate (HMDI, product of Shandong
Yucheng Yiao Technology Co.Ltd., China), tris-1-(2-methylaziridinyl)phosphine
oxide (MAPO, product of Hangzhou Yuhao Chemical Technology Co. Ltd.,
China) and dioctyladipate (DOA, product of Island Pyrochemical Industries,
China). The production method was based on placing the liquid ingredients,
HTPB (prepolymer), MAPO (bonding agent) and DOA (plasticizer) in a vertical
mixer and mixed for 20 min at 40 °C followed by vacuum mixing for a further
20 min to drive out entrapped air. Then RDX was added in three portions during
30 min. Finally, HMDI (curing agent) was added to the mixture at 55 °C and
the ingredients were mixed for a further 30 min under vacuum. The prepared PBX
cured at 60 £2 °C for seven days under vacuum. The cured HTPB binder system
was prepared with an NCO/OH ratio of 1.3. MAPO was 0.5 wt.%, while DOA
was 20 wt.% of the total mass of the binder system. The prepared PBX contained
88 wt.% of RDX and 12 wt.% of polyurethane, and was designated as RDX-HTPB.

2.3 Sensitivity and detonation properties of PBX

Impact sensitivity of the prepared PBX was measured by using impact tester
with exchangeable anvil (Julius Peters) [17] and the friction sensitivity
was determined by using a BAM friction test apparatus [17]. Using the Probit
analysis technique [18], the 50% probability of initiation is reported
in Table 1 as impact and friction sensitivities. The initiation reactivity
and the shock sensitivity of RDX-HTPB were recorded in Ref. [19, 20].
The detonation velocity was measured by using EXPLOMET-FO-2000 produced
by KONTINITRO AG [21]. Three samples in the form of cylinders with diameter
21 mm and length of 300 mm were tested and the average value is reported
in Table 1 as detonation velocity. The detonation properties were calculated
by using EXPLOS thermodynamic code [22]. BKWN set of parameters
for the BKW EOS was applied (¢ = 0.5, b = 0.298, k = 10.50, O = 6620).
The calculated detonation properties (detonation velocity, D, heat of detonation,
0., and detonation pressure, P) are reported in Table 1.

2.4 Shaped charges static penetration test
The outer casing of the tested shaped charges were steel 4340 with an average
wall thickness 2 mm manufactured by using CNC from cylinder of diameter
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40 mm. The prepared PBX (RDX-HTPB) was used for filling the shaped charges,
where 30 g was weighted and casted under vacuum into the steel container before
the curing process, followed by pressing the liner slowly to avoid cracking and
failure of the green product powder liner. The prepared shaped charges left
for 7 days at 60 °C to complete the curing process of the PBX. The two charges
are placed and fixed over the RHA steel layers with 40 mm stand-off distance
as shown in Figure 3. Laminated layers of RHA steel armour with total
thickness of 150 mm are used in the penetration test. Detonator no. 8 was used
for electrically firing the shaped charges. The depth of penetration was measured
for both charges as a measure of the performance of both compacted powder
and baseline copper sheet liners. Besides, the crater profile and remaining slug
closing the crater hole is also considered as the main objective of this research.
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Figure 3. Test setup and the manufactured shaped charges

Table 1.  The detonation characteristics of the used explosive load
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2.5 Mechanical testing of the compacted liner mechanical
properties

The compacted powder mechanical properties have been determined for different
liner compositions using SONELASTIC advanced Impulse excitation technique
apparatus released by ATCP Physical Engineering, Brazil. Sonelastic® Software
consists of a transient vibrations analyser, from which the frequencies
are extracted to calculate the elastic moduli and respective decay rate
for the damping ratio calculation. The software identifies the vibration frequencies
and respective damping ratios by processing the sample’s acoustic response
to a mechanical impulse (light impact on the sample). This technique is described
in the ASTM E1876 and correlated standards. The SONELASTIC enabled
us to estimate £; Young’s modulus, K; bulk modulus, v; the Poisson’s ratio and
bulk density of the tested compacted liner specimen.

3 Numerical calculations

3.1 Autodyn Numerical hydrocode

Three different Autodyn numerical schemes have been implemented in the current
research; these schemes are the jetting analysis, jet formation and jet interaction
(penetration) with the RHA target. The jetting analysis based on the unsteady
state PER theory [23] is used to calculate the jet and the slug velocities and
masses as well as the resultant kinetic energy and momentum of the jet.
The collapse, flow and jet velocities, the liner collapse and deflection angles
as well as the jet kinetic energy of the jet are all estimated as an attached HTML file
when the jetting analysis is finished. The jet formation is performed using Euler
solver based on continuum mechanics to obtain the jet profiles at different time
stages. The output of this scheme will be a jet having certain momentum at certain
time as is used as the input of Lagrange-Lagrange jet-target interaction scheme.
The last scheme is the penetration of the jet with the RHA target, which is modeled
using Lagrange method. In this scheme, the jet obtained from the second
scheme is remapped to Lagrangian moving grids and impacts the RHA target.
The overall crater profile inside the RHA target is monitored. Interested reader
for further details such as erosion strain effect and mesh sensitivity analysis
as well as validity and verification of this hydrocode refer to Ref. [24].

3.2 Material model
The equation of state (EOS) for the used high explosive is Jones-Wilkins-Lee
(JWL) equation. The values of the experimental constants for some
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explosives have been determined from sideways plate push dynamic test
experiments [25] and the cylinder expansion test [26-28]. The explosive loading
density was 1.62 g/cm?, parameter 4 in the JTWL EOS is 8.1658x108 kPa and
parameter B is 1.6228x107 kPa. R; and R, equal to 4.067 and 1.377, respectively,
while constant @ = 0.185. The detonation velocity =7836 m/s, while the detonation
pressure =2.40x107 kPa and the C-J Energy per unit volume = 9.204x10° kJ/m?.

The copper liner material has density of 8.9 g/cm® and is modeled by
linear EOS of bulk modulus 1.0x10% kPa and reference temperature 293 K,
while its strength model is neglected for extremely large pressure on the liner
walls according to jetting tutorial by Autodyn century dynamics [29]. The copper-
tungsten powder liner is modeled using the real densities obtained by pycnometer,
whereas the bulk modulus is obtained using the SONELASTIC apparatus for each
liner element individually.

The material used for the charge case was steel 4340 of density 7.83 g/cm?
with the shock EOS of parameter C; = 4569 m/s and S; = 1.4. Johnson Cook
strength model was used with the steel casing of shear modulus 8.18 x 107 kPa,
yield strength of 3.5 x 103 kPa and reference strain rate is 1.

The RHA target material has a density of 7.86 and shock EOS of Gruneisen
coefficient 1.67 and parameter C; = 4610 m/s and S; = 1.73. The strength
model used with the RHA target is the Von Mises criteria of shear modulus
6.41 x 107 kPa, and yield stress of 1.5 x 10° kPa.

4 Results

4.1 Optimum liner selection
The elastic properties of the compacted copper-tungsten powders obtained using
the SONELASTIC apparatus are listed in Table 2. The difference in the elastic
properties may be attributed to the difference in the mixture bulk density
of its ingredients because both the two effective materials; copper and tungsten
have different grain sizes. Thus the overall bulk density may vary and so the
young’s modulus as well as Poisson’s ratio have different values for the five
compacted powder compositions. According to Table 2, as the tungsten percent
increases in the powder mixture, the expected average bulk grain size decreases,
thus the young’s modulus decreases; whereas the Poison’s ratio increases.
This result is similar to that obtained for nanocrystalline tungsten [30].

The elastic properties are needed to quantify the sound speed limit that
must not be exceeded when compared to the maximum flow velocity of the liner
element during its collapse. Cowan and Holtzman [31] presented an overview
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for the jetting condition criteria in the explosive welding applications.
Chou et al. [32] summarized the jetting and coherence conditions, which determines
the maximum coherent flow velocity in the subsonic regime; i.e. (V> < Cy),
where V> is the maximum flow velocity of the liner element during its collapse and
C is the longitudinal sound speed of the solid liner material given by

CL: 3mco

in which, C, = /K/po

where p, is the jet density, K is the bulk modulus and v is the Poisson’s ratio.

The conditions of the jet formation and its cohesion was confirmed
by Harrison [33] and Walker [34] experimentally where flash X-ray was used to show
that a coherent jet is formed when V> < C;. Therefore, coherency criterion for a given
shaped charge, is necessary during the selection of its optimum liner material.

The coherency criteria for the studied five compacted liners is applied
for the flow velocity estimated from the shaped charge jetting analysis model
obtained from Autodyn. The sound speed limit is compared to the maximum
flow velocity obtained from AUTODYN for each liner. Table 3 lists the various
speed limits and the maximum flow velocity indicating the coherency jet state.
W30-Cu60 liner type exhibited non coherent jet because its flow velocity exceeds
that of the sound speed limit. The other four liners have coherent jet, in which
is liner ingredient may be recommended. Other factors should be considered
such as powder availability and its cost. Our final decision was to select
the W35-Cu55 design, which achieved 0.987 of its maximum flow velocity
that can be obtained with coherent jet according to Table 3. Besides, this powder
contains the lowest possible percent of tungsten that can produce coherent jet,
which has the lowest price because the tungsten powder price is five times
that of the used copper powder.

(1

Table 2.  The elastic properties obtained from the SONELASTIC apparatus
for copper-tungsten powders

Code Density [g/cm?] E [GPa] Y K [GPa]
W30-Cu60 10.325 50 0.36 59.52
W35-Cu55 10.775 49 0.38 68.06
W40-Cus50 11.225 47 0.39 71.21
W45-Cud5 11.675 45 0.40 75.00
W60-Cu30 13.025 42 0.41 77.78
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Table 3.  The elastic properties and relevant jet coherency calculations
of compacted powder mixtures

Code | C,[m/s] | C[mis] | C/C, Veﬁi’l.‘t'yﬂ["n‘;js] 7,/C, | Coherent
W30-Cu60 | 2401.05 | 2852.87 | 1.190 2926 1026| No
W35-Cus5 | 2513.18 | 2917.70 | 1.161 2830 0.987 | Yes
W40-Cus0 | 2518.74 | 2890.03 | 1.147 2843 0.984 | Yes
W45-Cud5 | 2534.56 | 2873.92 | 1.134 2300 0.974| Yes
W60-Cu30 | 2443.65 | 2737.89 | 1.120 2682 0.980 | Yes

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 [35]. The real density
distribution was considered in the jets formed from powdered metal liners and
its effect on the penetration has also been discussed analytically [36-38] and
experimentally [39]. The jetting summary for the studied four liner compositions
is listed in Table 4 with the jet summaries. Composition W35-Cu55 shows
the largest coherent jet kinetic energy of 41.8 kJ, which is also predicted to have
the largest penetration depth when compared to other studied liners. Figure 4
shows the jet velocity-cumulative jet mass for the studied five powder liners.
As the liner density decreases, it collapse velocity and flow velocity increase,
thus its jet tip velocity increases, whereas its jet percent from the total liner mass
decreases. The five curves have similar profile but little difference showing
the density effect on the jet velocity and its cumulative mass cannot be neglected.
Unfortunately, the liner of the highest velocity, which is W30-Cu60, has non-
coherent jet, therefore next W35-Cu55 liner is confirmed to be the optimum one.

Table4. Theoretical jetting calculations of the different initial
powder compositions

. Liner | Jet Jet |Jet K.E. Jet ti.p Max. ﬂow Ts jet
ode mass | mass [%] k] velocity | velocity coherent?
[g] | [g] [m/s] [m/s]

W30-Cu60 | 31.6 | 54 | 17.1 | 41.8 6274 2926 No
W35-Cu55 | 33.0 | 5.6 [ 17.0 | 414 6176 2880 Yes
W40-Cu50 | 344 | 58 | 16.8 | 41.1 6088 2843 Yes
W45-Cud5 | 357 | 59 | 16.6 | 40.8 5994 2800 Yes
W60-Cu30 | 399 | 64 | 16.1 | 39.7 5732 2682 Yes
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Figure 4. The jet velocity-cumulative jet mass for the studied five powder
liners

4.2 Real liner characterization

Since the density of the produced green product liner is crucial during
the estimation of shaped charge jetting analysis, it has to be measured
precisely to guarantee the correctness and the reliability of the used hydrocode.
The AccuPyc1330 helium gas pycnometer has been used for determine liner
density by measuring the occupied volume according to the pressure change
of helium in a calibrated volume. The weighed sample at an accuracy of 0.1 mg
is determined at different heights from the liner base. Every compacted powder
liner is divided into tiny pieces and marked according to the liner height
positions, after which the helium gas pycnometer is used to determine its density
as shown in Figure 5. The relation between density of the liner and the distance
from the apex is represented on Figure 5 for the practical measurements
of the tested pressed powder liner. The non-uniform density of uniaxial pressed
liner is obtained due to the pressing forces distribution along the liner cone part
and the non- regular stresses distribution along the inclined liner conical side.
The obtained density profile is used within the Autodyn hydrocode in order
to estimate the jet profile and its penetration capability into steel RHA targets.
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Figure 5. Real measured density of liner elements at different distances
from the liner apex

The jetting analysis summary is shown in Table 5 for both studied liners;
the baseline copper and the pressed copper-tungsten compacted powder.
The higher liner mass of the pressed powder liner exhibited a lower mass and
so lower jet tip velocity. On the other hand the lower density shown for the copper
material liner showed higher jet tip velocity, but its net kinetic energy was lower
than that of the copper tungsten powder liner. Therefore, the jet penetration
capability of the powder jet into the tested RHA is expected to be more effcient
than that of the traditional baseline copper. A detailed jetting curve of jet velocity
with cumulative jet mass for both jets is shown in Figure 6, which shows both
different fingerprint curves with lower jet tip velocity of the powder liner but with
lower mass of its jet.

Table 5.  Thejetting calculation outputs for the baseline copper and the selected
pressed copper-tungsten compacted powder (of the real measured
density) liners

Parameter Copper Powder W35-Cu55
Liner mass [g] 27.25 31.10
Jet mass [g] 4.78 5.2
Jet percentage [%] 17.5 16.7
Jet kinetic energy [kJ] 43.4 44.9
Maximum jet tip velocity [m/s] 6617 6519
Maximum flow velocity [m/s] 3080 2902
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Figure 6. Sample of the jetting summaries for both liners; the Cu-W powder
liner and the baseline copper one

A different profile of the liner element and its collapse to form the jet and
the slug is shown in Figure 7 for both liners at O us, 10 ps and 20 ps from
the moment of explosive initiation. The different colours in the powder liner
is shown because all the liner elements with different densities are entered
into the Autodyn as a new different material with its specific real measured density
based on the gas pycnometer measurements. The phase of jet formation for both
jet histories is somewhat different because of two reasons; first is the jet percentage
difference between the two liners, which shows higher slug mass in case
of powder liner. The second reason is there is nosychronization between
the two jets due to the difference in their jet velocities, which makes the copper
jet faster and has its final shape at earlier stages than that of the powder one.

Copyright © 2018 Institute of Industrial Organic Chemistry, Poland



High Penetration Performance of Powder Metallurgy Copper-Tungsten... 623

15—

-151—

15—

X-mm

Figure 7. The jet profile at different time for copper-tungsten powder liner (top)
and solid copper liner (bottom)

Figure 8 shows the calculated numerical crater profiles for the two stuided
jets. The difference in their penetration depth is attributed to the diffrence in their
kinetic energy, while the big entry hole in case of the copper-tungsten powder
liner is accounted for its massive slug exceeding 22 g of its mass.

0 20 40 60 80 100 110

X-mm

Figure 8. The crater profiles for copper-tungsten powder liner jet (top) and
solid copper liner (bottom)

The effectiveness of the clean entry hole achieved with powder liner
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is shown in Figures 9-10 in comparison with other massive copper slug embaded
inside its hole. To show the copper slug size, the first top plate was removed
from the entire welded laminated steel layers keeping the intact real final shape
of'the copper slug. The figure shows that the massive slug has clogged the created
hole that has been created primary for target opening to allow the blast wave
passes through and thus has a severe damage, which was previously described
as behind armor effect.

Figure 9. The front profile of the two shaped charge jets penetration into
RHA steel targets for both copper-tungsten powder liner (right) and
copper liner jet (left)

el

Figure 10. The first top perforated RHA plate for both copper liner (left) and
powder non clogged hole (right)
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The resulted measured penetration depths were 11.5 cm for uniaxial pressing
liner and 9.3 cm for traditional baseline copper, as shown in Figures 9-10, using
the same strength targets to avoide target strength effect on the penetration
reduction [40]. Excess penetration of uniaxial pressing liner (24% excess)
have been expected according to calculated and experimental measurment
of the liners, with another advantage of the powder liner, which exhibits
no massive slug that clogs the armor after it has been penetrated as that caused
by traditional copper liners.

5 Conclusions

Uniaxial pressing technique, which produces non-uniform density distribution
has been implemented to produce shaped charge liner used as anti-armour device
capable of achieving large penetration depth without massive slug that clog
the armour after penetration. Analysis of studied copper-tungsten compacted
powders has shown that the liner mixture containing 35% tungsten and 55%
copper by weight can achieves the fast coherent jet compared with copper liner.
This mixture has been tested experimentally against RHA target in comparison
with deep drawn copper as a shaped charge liners. Results demonstrated
that the proposed optimized powder liner achieved enhanced larger penetration
depth in comparison with baseline copper liner (i.e. 24% increase in the depth
of penetration). As a result of the low cost of the compacted copper-tungsten
powder liner and the clean penetration hole produced by its penetration,
it might be candidate to replace the traditional deep drawn baseline copper
for the specified anti-armour device.
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