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For the design o f  the novel anti-explosive reactive armor tandem warhead, a prerequisite is to 
improve the reaming capacity and the damage performance o f the preceding kill element so that the 
channel is ready fo r  the subsequent penetration by the kill element. Meanwhile, the selection o f 
appropriate shaped charge liner material in the warhead could help enhance the integrated 
penetration performance o f  the kill element. Traditional shaped-charge liners made o f  metals or 
metal alloys with high density, high sound speed and good ductility are capable o f  forming a 
good-shape and stable je t kill element, which also demonstrate the advantages o f  large impact and 
high-performance penetration depth against the target. When the traditional liners are used to impact 
reactive armor, however, the weak reaming capacity and easily-induced charge explosions prevent 
the subsequent penetration o f kill element into the main armor. In addition, the je t kill element 
formed by shaped-charge liners with low-density materials generally displays a low penetration 
depth against the reactive armor. In the present study, filled modifiedpolytetrafluoroethylene (PTFE) 
was selected as the material ofthe shaped charge liner. The damage performances on the armor from  
the kill elements formed with metallic or nonmetallic liners were evaluated and compared based on 
the numerical simulations and experimental studies. The results showed that the head diameter o f  the 
PTFE-Cu je t kill element was increased by 11.1% as compared to the PTFE je t kill element, and the 
former was twice as large as that o f the copper je t kill element. The stronger reaming capacity 
against the target was essential fo r  the opening o f a channel fo r  the tandem warhead’s subsequent 
element. In addition, when compared to the PTFE je t kill element, the penetration depth and the je t 
hole diameter o f  the PTFE-Cu one were increased by 45.8 and 12.6%, respectively, demonstrating 
the high damage potential o f the PTFE-Cu je t kill element. Therefore, the present comparative 
analysis o f the kill element damage performance with different materials under high-speed impact 
loading has provided a reference fo r  the research and the design o f  the anti-armor tandem warhead 
with large penetration apertures and high damage performance.

Keywords: explosion m echanics, penetrator, X -ray test, num erical simulation, damage 
efficiency.

In tro d u c tio n . In the m odern anti-arm or warfare, the issues o f  overcom ing the 
arm ored targets w ith wrap-type explosive reactive arm or and im proving the overall 
penetration perform ance o f  the shaped charge je t kill elem ent rem ain topical [1]. Previous 
studies [2 , 3] suggest that the key to solving such problem  is to control the length, shape, 
mass, energy and several other param eters o f  the kill element, am ong w hich the selection o f  
the right liner m aterials is essential, as suitable line m aterials can improve the integrated 
penetration perform ance o f  the kill elem ent [4]. Striving to find the appropriate shaped 
charge liner materials, researchers pursue advanced m aterials w ith high density, subsonic 
and sonic speeds, dynam ic elongation rate and non-vaporization properties. Several metals, 
such as copper, tungsten, molybdenum , and nickel, have been w idely used as shaped charge 
liner materials. Hu et al. [5] studied the shaped charge m aterial m echanical properties o f 
M o, Ta, and W, and found that these m etals and their alloys generally had high densities, 
high or moderate speeds o f  sound, good dynam ic elongation rate, and could form ductile 
kill elements under explosive loading. Furtherm ore, the penetration performances o f  the kill 
element w ith Mo, Ta, and W  addition were significantly im proved as com pared to the kill 
elem ent w ith conventional copper liner material. Guo et al. [6] studied the developm ent
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status o f  the shaped charge liner materials, and discovered that the liner m aterial plasticity, 
density and sound speed w ere directly related to its penetration perform ance. W u et al. [7] 
studied the shaped charge w ith the liner m aterial o f  a pow der-type tungsten alloy, and 
found that the penetration aperture could be greatly enhanced. Obviously, the traditional 
shaped charge that adopts metals, m etal alloys and high-density m aterials could form 
continuous and stable kill elements w ith a certain length. A lthough it shows the advantage 
o f  large im pact and great penetration depth against the target, the shortcom ings include 
w eak ream ing capacity, small penetration aperture and lim ited lethality. A t present, the 
design requirem ent for the new  generation anti-explosive reactive arm or’s tandem  warhead 
is to im prove the ream ing capacity o f  the kill elem ent w ith a certain penetration depth as a 
prerequisite, and to open channels for the kill elem ent subsequent target penetration. 
Therefore, studies [8, 9] on the use o f  low -density m aterial as shaped charge liner m aterial 
to achieve the goal o f  large perforations against the target have becom e a m ajor research 
direction o f  anti-arm or munitions. M a et al. [10] adopted non-m etallic graphite, ceramics 
and plexiglas as liner materials, and found that these m aterials form ed je t kill elements w ith 
lim ited penetration capability, and often failed to achieve the m axim um  penetration. Dong 
et al. [11] adopted low -density m aterials (e.g., nylon, resin glass and titanium ) to form 
shaped-charge jet. The results showed that the shaped charge kill elem ent using these 
m aterials generally displayed a certain degree o f  penetration ability, but the overall 
penetration and ream ing capability w as not ideal due to very  low density o f  the kill element 
[12, 13]. To solve these problem s, the present study proposes to use filled m odified PTFE 
[14] (PTFE-C u) as the shaped charge liner material, and analyzes the form ation and 
dam age perform ance o f  corresponding kill element. In addition, arm or target penetration 
perform ance using the kill elements w ith the proposed liner or other m aterials is evaluated 
and com pared based on num erical sim ulations and experim ental studies. In other words, the 
dam age perform ances o f  the kill elem ent against the armor w ith different m aterials under 
high-speed im pact loading are studied. Therefore, the present study provides a necessary 
reference to the research and the design o f  the anti-arm or tandem  w arhead w ith large 
penetration apertures and high dam age perform ance.

1. F in ite  E lem en t M odeling  o f th e  K ill E lem en t F o rm a tio n  fo r  D ifferen t 
M ateria ls .

1.1. G eom etrical M odel. In this study, the penetration level into steel 45 targets using 
the kill elem ent formed by  40 mm  caliber w arhead was studied. The structure o f  the shaped 
charge was taper liner w ith uniform  w all thickness, and the taper top w as fillet processed. 
The in itial param eters w ere: the cone angle o f  the liner w as 55°, the charge heigh t w as 
40 mm, the charge m ass was 60 g, and the explosion height w as 130 mm. In order to test 
the dam age perform ance o f  the P T F E -C u  jet kill element, liner w arheads com bined w ith 
copper, PTFE and P T F E -C u material, respectively, w ere adopted to form je t kill elem ent 
w ith the same shaped charge structure, and their penetration against steel 45 targets were 
studied accordingly. The w all thickness o f  the copper liner w as 1.1 mm, and that o f  PTFE 
and P T F E -C u liners w as 3.5 mm.

1.2. Constitutive R ela tions a n d  P aram eters o f  the M a in  M aterials. In num erical 
sim ulation, the used liner m aterials included copper, PTFE and PTFE -C u, and the target 
plate m aterial w as steel 45. Charge “B” was adopted. The constitutive relations and the 
param eters [15] o f  the m ain m aterials are shown in Tables 1 and 2. In Table 2, po  is 
density, D  is the detonation velocity o f  charge B, while A , B , R 1 , R 2 , and m are the 
input param eters under the dynam ic test conditions, E 0 is the initial ratio o f  the internal 
energy, and PC J  is C -J  pressure.

1.3. F in ite  E lem en t M odel. Since large-scale deform ation o f  m aterials occurrs when 
warhead explosion forces the liner to form a kill element, the Euler algorithm  is applied to 
handle the large-scale deform ation problem  in the w arhead region. On the other hand, the 
Lagrangian algorithm is applied to the target region. These two algorithms are also
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T a b l e  1
Constitutive Relations and Basic M aterial Parameters

Material Density
(g/cm3)

State equation Strength model

G , GPa aY, MPa

Cu 8.93 Shock 46.00 90
PTFE 2.16 Shock 2.33 S0

PTFE-Cu 3.06 Shock 1.37 46
4S steel 7.8S Linear 81.80 3S2

T a b l e  2
Basic Param eters of W arhead Charge

P 0> 
g/cm3

D , 
km/s

A,
MPa

B ,
MPa

Rl R2 m E »
kJ/m3

Pc- J , 
GPa

1.717 7.98 S24230 7678 44.2 11.1 0.34 8.S • 106 29.S

integrated using the fluid-solid coupling method. In order to improve the calculation 
accuracy, structured grids were adopted and FLOUOUT w as used as the boundary 
condition. In order to im prove com putational efficiency and to save shaped charge 
resources, gradient m eshes w ith interm ediate regions encrypted w ere adopted in  the Euler 
domain. The target w as m odelled using uniform  grid w ith two grids per mm. W hen copper 
w as used as the liner m aterial to form kill element, the penetration depth was significantly 
larger than the scenario w hen non-m etallic kill elements were used due to high density of 
kill elem ent in the former case. Therefore, a thicker target plate was established for copper 
w arhead in  finite elem ent modeling, and the target plate w as split into two sections. The 
length o f  the target plate penetrated  by  the copper kill elem ent w as 100 and 50 m m  from 
the top and bottom , respectively. O n the other hand, the length o f  the target plate penetrated 
by the PTFE kill elem ent and the P T F E -C u kill elem ent w as 50 and 50 m m  from the top 
and bottom , respectively. The finite elem ent m odel o f  the target penetration o f  the kill 
elem ent form ed by  the w arhead w as constructed.

2. N um erica l S im u la tion  o f K ill E lem en t F o rm a tio n  w ith  D ifferen t M ateria ls.
2.1. T he F orm ation a n d  Velocity C loud Im ages o f  K ill E lem en ts with D iffe ren t 

M aterials . Finite element models were established according to above-mentioned parameters, 
and the num erical sim ulation results showed that the kill elem ent form ed using the liners o f  
three different types o f  materials generally displayed similar patterns as is shown in Fig. 1. 
The explosive detonation w ave first reached the top o f  the liner while initiating, and then 
began to act on the liner after 3 i s .  Due to the effect o f  detonation wave, the liner m oved 
closely to the central axis after 5 i s .  A fter the liner axis collision, a je t  head started to form, 
and the basic form  o f  the je t w ould form  after 20 [is. Since the je t head speed was 
significantly higher than the tail one, the je t w as gradually stretched and attenuated w ith 
time. Afterwards, slight differences am ong the je t kill elements w ith three different kinds o f 
m aterials w ould appear. N ecking phenom enon in the je t firstly appeared in  the copper jet, 
then in  the PTFE one, and finally in the P T F E -C u one. In spite o f  the necking 
phenom enon, the je t was not pulled o ff  yet. Subsequently, the copper je t was firstly pulled 
o ff until 45 i s ,  and the PTFE je t w as then pulled o ff  at 50 i s .  However, the P T F E -C u je t 
w as not pulled o ff  even at 60 i s .  Therefore, the superior ductility o f  the P T F E -C u je t was 
sufficiently dem onstrated, w hich yielded valuable inform ation for the im provem ent o f  its 
penetration perform ance. The velocity cloud im ages o f  the P T F E -C u and PTFE je t kill 
elem ent show ed that there was a uniform  velocity gradient in the kill element, w hich was
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uniform ly stretched as tim e w ent by. The P T F E -C u liner and the PTFE liner w ere capable 
o f  form ing w ell-shaped je t kill element. Furtherm ore, they displayed certain extension 
characteristics and, thus, could not be easily pulled off. A s a result, they are quite prom ising 
liner materials. As can be seen from  the je t form ation process at different phases, after the 
same duration, the P T F E -C u  je t kill elem ent has a small slug, a good-shape head and good 
consistency in  the je t tensile process, m ainly due to higher density and low er shear m odulus 
o f  P T F E -C u  as com pared to the PTFE.
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Fig. 1. The formation and velocity cloud images of kill elements with different materials: Cu (a), 
PTFE (b), and PTFE-Cu (c) jets.

2.2. N um erica l S im ula tion  R esu lts  a n d  A na lysis  o f  the K ill E lem en t Form ation.
N um erical sim ulation o f  the je t  form ation process com prises three processes, including the 
shaped charge detonation, liner crush, and je t form ation and stretching. These three 
processes are all axisymmetric. In the follow ing analysis, the length, head diameter, and 
head speed o f  the je t kill elem ent w ere used as the indices, and the kill elem ent 
perform ances w hen the liners w ere form ed w ith these three different m aterials were 
com paratively analyzed. Since the densities o f  the m aterials are significantly different 
(PTFE <  P T F E -C u <  Cu), w ith the same shaped charge structure and duration under the 
im pact o f  detonation, the PTFE m aterial form ed the longest je t flow, whereas the copper 
m aterial form ed the shortest je t flow, w ith the P T F E -C u m aterial in  between. This indicated 
that the plastic deform ation o f  PTFE was larger than that o f  PTFE-C u, and the m aterial 
utilization o f  the copper liner w as the m ost inadequate. Since the shear stress generated 
from  the interlayer velocity difference in  the copper linear was less than the shear strength 
o f  the material, m ost liners converged into a sym m etrical bullet shape. As can be seen from 
Table 1, since the com pression strength o f  the P T F E -C u  w as greater than that o f  PTFE, the 
PTFE m aterial could form longer kill elem ent at a faster pace under detonation pressure. 
The stretching rate o f  the PTFE-Cu kill elem ent was sm aller than that o f  PTFE. Before the 
kill elem ent w as pulled o ff  (50 i s ) ,  the kill elem ent lengths o f  P T F E -C u and PTFE were 
226 and 238 mm, respectively. The PTFE kill elem ent w as 5.31%  longer than the PTFE -C u 
one.
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As can be seen from  the stretch length history diagram  o f  the kill elem ent (Fig. 2a), 
the kill elem ent form ed by PTFE w as slightly longer than the P T F E -C u one w hen the 
shaped charge structure and duration rem ained the same under the im pact o f  detonation. 
W ith the passage o f  time, the length difference first increased and then decreased. Finally, 
there w as alm ost no detectable difference in length at the tim e o f  60 i s .  From  Fig. 2b, it can 
be seen that the head diam eter o f  the copper je t kill elem ent was the sm allest after the je t 
kill elem ent becam e stable w hen the shaped charge structure and duration rem ained the 
same under the im pact o f  detonation. The kill elem ent head diam eter form ed by  PTFE was 
sm aller than the P T F E -C u kill element. The kill elem ent head diam eter no longer changed 
w ith time: after 20 i s ,  it rem ained in the steady state. The kill elem ent head diam eters o f 
the P T F E -C u and the PTFE w ere 3 and 2.7 mm, respectively. The P T F E -C u kill element 
head diam eter w as larger by 11.1% than that o f  PTFE one, and w as tw ice that o f  the copper 
one. Since the diam eter o f  the P T F E -C u head was the largest, it should have the higher 
ream ing capability against the target, or for the opening o f  the channel for the tandem  
w arhead subsequent penetration.

Fig. 2. Evolution of the kill element parameters for different materials: (a) length L; (b) head 
diameter D; (c) head speed V .

c

From  Fig. 2c, it can be seen that the act o f  the detonation pressure on the shaped 
charge liner resulted in  the crush o f  the liner and rapid form ation o f  the kill elem ent head. 
A t about10 i s ,  the kill elem ent m axim um  head speed reached 6021, 5766, and 4860 m/s 
for PTFE, PTFE -C u, and Cu, respectively. Subsequently, during the gradual stretching 
process o f  the kill element, a velocity gradient w as form ed betw een the kill elem ent head 
and the slug. However, there w as still a relatively high penetration speed o f  the reactive 
armor, and the penetration could be effectively conducted. A t 40 i s ,  the kill elem ent head
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speed was 5455, 5158, and 4642 m /s for PTFE, PTFE -C u, and Cu jets, respectively. The 
P T F E -C u kill elem ent head speed was higher by  11.1% than that o f the Cu one and, thus, 
w as significantly im proved. O n the other hand, the P T F E -C u kill elem ent head speed was 
by 3.5%  low er than that o f PTFE one. Because the am plitude o f the reduction was 
relatively small, it was helpful for the im provem ent o f  deep penetration capability.

3. N u m erica l S im ula tion  of T arget P en e tra tio n  by  K ill E lem en t from  D ifferen t 
M ateria ls .

3.1. Je t K ill E lem en t P enetration into D ifferen t Targets. To further study the 
penetration capability o f  the kill elements w hen com bined w ith three different materials, the 
finite elem ent m odel was established to calculate the penetration capability against the steel 
45 armor. Starting w ith the w arhead detonated, the copper je t kill elem ent head started to 
penetrate the steel 45 target plate w ith a speed o f  4743 m /s at the tim e o f T  — 31 i s .  The 
PTFE je t kill elem ent started to penetrate the target plate w ith a speed o f  5575 m /s at the 
tim e o f T  — 25 i s ,  w hich was 6 i s  earlier than the copper je t kill element. The P T F E -C u 
je t kill elem ent penetration into the target plate w ith a speed o f  5263 m /s started at the tim e 
o f  T  — 27 i s ,  w hich was by 2 i s  later than that o f PTFE one. The penetration process is 
shown in Fig. 3.

a b e

Fig. 3. The process target penetration by the kill element jet from different materials: Cu (a), PTFE 
(b), and PTFE-Cu (c).

3.2. Com parative A na lysis  o f  Je t P enetration R esu lts  fo r  D iffe ren t M aterials. The
num erical sim ulations o f  je t form ation and penetration against the steel 45 by shaped 
charge liner w ith the three m aterials dem onstrated that the copper je t had the low est head 
speed bu t the h ighest penetration  capability, w ith  a penetra tion  dep th  o f  98.4 m m . The 
PTFE je t head speed reached 5575 m/s, w ith the penetration depth as 22.1 m m . The 
P T F E -C u je t head speed reached 5263 m/s, and the penetration depth was 30.3 mm. 
O verall, due to the m aterial m odification o f  PTFE, the P T F E -C u je t head speed was 
reduced by 5.6%  as com pared to the PTFE one. The head diam eter o f  P T F E -C u  je t was 
3.2 mm, w hile the diam eter o f  PTFE je t was 2.7 mm. The head diam eter o f P T F E -C u je t 
w as increased by 18.5% com pared to the PTFE jet. The P T F E -C u je t perforation diam eter 
in the target plate was 19.6 mm, w hile the PTFE je t was 17.4 m m . The penetration aperture 
w as increased by 12.6%; however, its penetration capability was increased by 37.1%, thus 
dem onstrating quite significant improvement.

4. E x p e rim e n ta l S tud ies on K ill E lem ents w ith  D ifferen t M a te ria ls  P en e tra tin g  
T arget. The process o f the je t kill elem ent penetrating target is a com plex reaction process, 
and the num erical sim ulation cannot fully describe the real situation. In  order to obtain a 
m ore realistic penetration effect, the kill elem ent form ation and the penetration into steel 45 
arm or by using the liner from three different m aterials and their com binations were 
experim entally tested under blast loading conditions. Figure 4 shows the experim ental 
results o f the kill elem ent form ation and the penetration into steel 45 armor. The Cu je t 
penetration depth was 97.5 m m , and the perforation diam eter was 12.1 m m . The PTFE jet 
penetration depth was 19.0 m m, and the perforation diam eter was 18.3 mm. P T F E -C u je t 
penetration depth was 27.7 m m , and the perforation diam eter w as 20.6 mm. From  Fig. 4
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T a b l e  3
A Comparison between the Numerical Simulation and Experimental Results

Jet kill 
element

Density
(g/cm3)

Jet head 
velocity 

(m/s)

Numerical simulation Experimental results

Penetration 
depth (mm)

Perforation 
diameter (mm)

Penetration 
depth (mm)

Perforation 
diameter (mm)

Cu 8.93 4743 98.4 10.2 97.5 12.1
PTFE 2.16 5575 22.1 17.4 19.0 18.3

PTFE-Cu 3.05 5263 30.3 19.6 27.7 20.6

a b c

Fig. 4. The penetration results for kill elements from different materials: Cu (a), PTFE (b), and 
PTFE-Cu (c).

and Table 3, it can be seen that the experim ental data are in good agreem ent w ith the 
num erical sim ulation results.

C o n c l u s i o n s

1. For the present study w ith the kill elem ent formed by a  com bination o f  three 
different m aterials, num erical sim ulations and X -ray tests indicate that both P T F E -C u and 
PTFE liners can form a  good-shape je t kill element. The head velocity o f  the copper je t kill 
elem ent was the smallest, w hereas that o f  the PTFE one was the largest, w ith P T F E -C u one 
exhibiting the in-between value.

2. Sim ulation results indicated that the head diam eter o f  the P T F E -C u je t kill elem ent 
w as 3 mm, w hereas that o f  the PTFE je t kill elem ent was 2.7 mm. Therefore, the former 
w as im proved by 11.1% , as com pared to the latter, and was twice as large as the head 
diam eter o f  the copper je t kill element. Since the head diam eter o f  the P T F E -C u je t kill 
elem ent w as the largest, it dem onstrated the highest level o f  ream ing capability against the 
target, and could facilitate the opening o f  the channel for the subsequent stage in the 
tandem  warhead.

3. For the experim ental studies on the penetration perform ance o f  kill elements 
against steel arm or w hen three different m aterials were applied, the penetration depth o f  the 
PTFE je t kill elem ent was 19.0 mm, w hereas the penetration depth o f  the PT F E -C u je t kill 
elem ent w as 27.7 mm. Therefore, the penetration depth o f  the latter w as im proved by 
45.8% as com pared to the former. The perforation diam eter o f  the PTFE je t kill element 
w as 18.3 m m , w hereas that o f  the P T F E -C u je t kill elem ent was 20.6 mm. Therefore, the 
perforation diam eter o f  the latter w as im proved by 12.6% as com pared to the former, 
indicating a  high dam age perform ance o f  the P T F E -C u je t kill element.
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