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Wave shaper effect on formation behavior and penetration performance of reactive liner shaped charge
(RLSC) are investigated by experiments and simulations. The reactive materials liner with a density of
2.3 g/cm? is fabricated by cold pressing at a pressure of 300 MPa and sintering at a temperature of 380 °C.
Experiments of the RLSC with and without wave shaper against steel plates are carried out at standoffs of
0.5, 1.0, and 1.5 CD (charge diameter), respectively. The experimental results show that the penetration
depths and structural damage effects of steel plates decrease with increasing the standoff, while the
penetration depths and the damage effects of RLSC without wave shaper are much greater than that with
wave shaper at the same standoff. To understand the unusual experimental results, numerical simula-
tions based on AUTODYN-2D code are conducted to discuss the wave shaper effect, including the
propagation behavior of detonation wave, the velocity and temperature distribution of reactive jet, and
penetration depth of reactive jet. The simulations indicate that, compared with RLSC without wave
shaper, there is a higher temperature produced inside reactive jet with wave shaper. This unusual
temperature rise effects are likely to be an important mechanism to cause the initiation delay time of
reactive jet to decline, which results in significantly decreasing its penetration performance.
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1. Introduction

Reactive liner shaped charge (RLSC) is an extremely efficient
demolition technology because of the unique performances, typi-
cally such as much greater behind-armor effectiveness and
enhanced structural damage effects after penetrating [1]. RLSC
produces an energetic material jet that releases its chemical energy
within the target during or at the termination of the penetration
process, resulting in dramatically catastrophic structural damage to
concrete, masonry or geologic material targets [2,3], especially the
excellent fragmentation effects of steel plates [4]. Due to the po-
tential applications in shaped charge warheads, the reactive ma-
terials liner has been studied extensively and intensively in recent
years. In general, the reactive liner materials are fabricated by
introducing active metal powders into a polymer binder via a
pressing/sintering process, typically such as Al/PTFE reactive ma-
terials [5-7]. The Johnson-Cook strength model of Al/PTFE was
developed by the Split Hopkinson bar and quasi-static compression
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experiments to study the formation behavior of reactive materials
jet, which fitted well with that of X-ray tests [8,9]. The standoff
effect experiments of RLSC illustrated that the excellent concrete
damaging capability was greatly influenced by standoff, namely,
the damaging capability was better in a region between 0.5 and 1.0
CD of standoff, but the demolition capability dropped off signifi-
cantly at standoff 2.0 CD [10]. The damage mode and fragmentation
mechanism of concrete and steel targets were not only influenced
by the effective mass of reactive jet inside the penetration hole, but
also remarkably affected by the initiation location of reactive jet. In
other words, the terminal damage effects of RLSC will enhance with
increasing the jet effective mass and penetration depth [4,11].
However, compared with the traditional metal jet, such as the
copper jet and aluminum jet impacted steel targets by producing a
deep penetration hole, whereas the reactive materials jet pene-
trating steel targets just produced a lower penetration hole. It is
therefore extremely important to enhance the penetration perfor-
mance of RLSC against steel targets.

Generally, a wave shaper can be actively inserted in the explo-
sive of traditional metal liner shaped charge to adjust detonation
wave shape, in order to increase the jet tip velocity and eventually
improve the penetration performance and the terminal damage
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effects of shaped charges [12,13]. The methods of embedding a
wave shaper into the charge have been employed and are still
widely used in the traditional metal liner shaped charges [14-16].
An extreme overpressure zone [17] emerges at the top of the liner
when a wave shaper is embedded in charge, which significantly
enhances the high velocity impact between particles at axial line of
liner, resulting in the temperature rise inside the liner. For the inert
metal liner, the temperature rise can improve the ductility of the jet
[18] and thus increase the penetration depth. However, for the
reactive materials liner, high temperature may promote fast
chemical reaction of reactive materials, which will cause more
deflagration during jet formation and less deflagration inside the
penetration hole [11].

In recent years, studies involving the shock induced chemistry of
Al/PTFE [19-22], the combustion of Al/PTFE under high pressures
and high strain rates [23-26], as well as high temperature induced
reactive materials initiation [27,28] were widely conducted, by
means of drop-weight test, ballistic impact, and differential scan-
ning calorimetry (DSC) experiments and the like. It was obvious
that, during shock load compression or intense dynamic loading, a
temperature rise within reactive materials was resulted due to
plastic deformation, jetting, and fracture. More importantly, the
shock temperature was directly influenced by impact velocity
(shock pressure), whereas the reaction rate and efficiency of reac-
tive materials were significantly controlled by the temperature
[22]. This phenomenon was observed from the experimental re-
sults obtained by Ames [23,24] which showed that the reaction
efficiency increases with increasing the impact velocity, and it was
also calculated that the initiation time of reactive materials after
impact will drop with increasing the shock pressure. Baker [10]
observed that high pressure inside reactive jet affected the damage
effects of concrete targets. Moreover, Lee I. presented the PTFE will
decompose at about 530 °C, at the same time, the micron-scale Al
particles will participate in the reaction with the decomposition
product of PTFE [27]. Dustin observed the violent exothermic re-
actions between the micron-Al and fluorinated gases at 600 °C
around [28]. Hence, the temperature is a key parameter that can
control the reaction behavior of reactive materials. It is well known
that the jet velocity and temperature will increase when embedded
a wave shaper in charge. However, the influence of temperature
rise inside reactive jet on its formation and penetration perfor-
mance of RLSC has not been well understood.

This paper begins with a series of RLSC penetrating steel plates
experiments to investigate the effect of wave shaper on the pene-
tration performance and structural damage effects. Subsequently,
the propagation behavior of detonation wave, the velocity and
temperature distribution of reactive jet are simulated. Finally, the
effect of the temperature inside reactive jet on the initiation delay
time and penetration performance is analyzed.

2. Experiments
2.1. Experiments of reactive liner shaped charge

2.1.1. Reactive materials liner specimens

The processing method of the reactive materials liner would
consist of four steps. Firstly, the reactive liner materials were the
mixture of 73.5wt% PTFE and 26.5wt% Al powders by mass
matched ratios. The average sizes of the PTFE and Al particles were
approximate 100 and 44 pm, respectively. Secondly, putting a
certain amount of the mixture powders into the pre-prepared
mold, and then cold isostatic pressing the powders with a corre-
sponding top mold at a high pressure. Again, sintering the pressed
reactive liner specimens at a temperature of 380°C in a vacuum
oven. Lastly, the sintered reactive liners were reshaped to prevent

the liner deformation during the sintering process from affecting
the jet formation. The prepared reactive liners are shown in Fig. 1.
The experimental reactive liners were of the same shape and mass,
with the base diameter of 66 mm, the wall thickness of 6.6 mm, and
the cone angle of 60°.

2.1.2. Experimental setup

In order to investigate the penetration performance of RLSC
with and without wave shaper impacting steel plates, six experi-
ments were carried out. Three of them were the RLSC with wave
shaper, the rest tests were the RLSC without wave shaper. In
addition to the wave shaper, the shaped charge consisted of a
reactive liner, high-energy explosive, case and detonator, and the
experimental setup is shown in Fig. 2. The height of main charge
was 110 mm and the explosive was initiated by a detonator which
was placed on the center of the charge. The boat tail case was
machined by LY12 Aluminum with a thickness of 2 mm. The boat
tail could reduce the main charge and the mass of the whole
warhead, and maintain similar jet characteristics. The target plate
was #45 steel cylinder with 120 mm in diameter and 100 mm in
height.

2.1.3. Experimental results of reactive liner

The experimental results are presented in Table 1. The results
show that as the standoff increases, the penetration depth and the
entrance hole diameter gradually decrease for the RLSC with wave
shaper against steel plates. The largest penetration depth and
entrance hole diameter occur at the standoff 0.5 CD, and the values
are 0.7 and 0.68 CD, respectively. However, compared with the
results of standoff 1.0 CD, the penetration depth and the entrance
hole diameter decrease rapidly when standoffis 1.5 CD, reducing by
about 47.5% and 36.2%, respectively.

Table 1 also shows that, when the standoffs are the same, the
penetration depths and the entrance hole diameters of RLSC with
wave shaper are all smaller than those without wave shaper. When
the standoff is 0.5 CD, the RLSC without wave shaper has a
maximum hole-diameter of 0.91 CD, which is about 25% larger than
that with wave shaper. When the standoff is 1.0 CD, the penetration
depth of RLSC with wave shaper is a slightly smaller than that
without wave shaper, but the entrance hole diameter falls more
than 37%. Especially, at the standoff 1.5 CD, the penetration depth
drops off significantly, which declines about 58% of the RLSC
without wave shaper. These indicate that the RLSC with wave
shaper is more sensitive to standoff and its penetration capabilities
dramatically reduce when standoff exceeds 1.0 CD.

Fig. 3 shows the damage effects of RLSC with wave shaper
penetrating steel plates under different standoffs. When the

Fig. 1. Reactive liner specimens.
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standoff increases from 0.5 to 1.5 CD, there is no crack in the upper
surface of the steel plate while some cracks occur in the inner
surface of the penetration hole. Fig. 5 demonstrates the enhanced
damage effects of RLSC without wave shaper. When the standoff is
0.5 CD, the steel plate is slightly broken up into two fragments and
there are four cracks emanating from the hole under the combined
effect of kinetic and chemical energy. When the standoff is 1.0 CD,
four cracks are formed and three of them propagate throughout the
steel plate upper surface, but there is no crack in the steel plate at
1.5 CD. Especially, the width of cracks near the inner surface of hole
are larger, and the throughout cracks continue to propagate axially
downwards from the upper surface of the plate. Moreover, it can
also be seen from the test results that the penetration channel and
the fracture surface are adhered by some black detonation products
of reactive materials. It can be clearly observed that the upper
surface of steel plate is almost completely covered by black deto-
nation products.

In addition, it should be noted that the hole-diameter from the
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Fig. 2. Experimental setup.

Table 1
Experimental results of RLSC with and without wave shaper to steel plates.

surface of plate to the bottom of penetration hole is basically of the
same widths under the smaller standoff (the left picture in Fig. 4
and Fig. 6). According to the experimental results, compared
with the RLSC with wave shaper, an enhanced structural damage to
the penetrated steel plate is produced by the RLSC without wave
shaper at the standoff 0.5 and 1.0 CD. It indicates that the
dramatically catastrophic damage effects of RLSC without wave
shaper on steel plates strongly depend on the standoff.

2.2. Experiments of copper liner shaped charge

The above described structure and material of the wave shaper
is a well-established technique that has been verified by experi-
ments of copper liner. However, in order to better describe the
problem, the contrast experiments of the copper liner shaped
charge (CLSC) with and without wave shaper were carried out
again. Except for the wall thickness of copper liner is 1.7 mm, the
values of remaining dimensions are identical to ensure that its mass
is the same as that of the reactive liner. Four experiments of copper
liner were conducted, two of which were with wave shaper and
two were without wave shaper. The experimental setup is shown in
Fig. 7(1), and the typical results of CLSC with and without wave
shaper impacting steel plates are shown in Fig. 7(2) and Fig. 7(3).

Based on the experimental results, with the standoff increasing
from 1.0 to 1.5 CD, the penetration depths all increase significantly
for CLSC with and without wave shaper (see Table 2). However,
when the standoffs are 1.0 and 1.5 CD, the penetration depths of
CLSC with wave shaper are always greater than that without wave
shaper, increasing by about 15% and 20%, respectively. As such, a
wave shaper is embedded in charge such that the way has been
widely used in the traditional metal liner shaped charge warheads
because the wave shaper can adjust the detonation wave to in-
crease the jet tip velocity and eventually improve the penetration
depth. Nevertheless, we found that the effect of wave shaper on the
penetration behavior of RLSC against steel plates was significantly
different from that of the CLSC.

Sequence Standoff/CD Wave shaper Penetration depth/CD Entrance hole-diameter/CD Number of crack
1 0.5 Yes 0.77 0.68 No crack

2 1.0 Yes 0.61 0.58 No crack

3 1.5 Yes 0.32 0.37 No crack

4 0.5 No 0.79 0.91 Four cracks

5 1.0 No 0.73 0.84 Four cracks

6 1.5 No 0.76 0.59 No crack

Fig. 3. Experimental results of RLSC with wave shaper.

Please cite this article as: Guo H-g et al., Effect of wave shaper on reactive materials jet formation and its penetration performance, Defence

Technology, https://doi.org/10.1016/j.dt.2019.05.005




H.-g. Guo et al. / Defence Technology xxx (Xxxx) xxx

e 2346878

32346678 9

|

(1) (2) )

Fig. 7. Experimental setup and results (1) experimental setup (2) experimental results of CLSC without wave shaper (3) experimental results of CLSC with wave shaper.
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Table 2
Experimental results of CLSC against steel plates.

Sequence Standoff/CD Wave shaper Penetration depth/CD Entrance hole-diameter/CD
1 1.0 No 3.68 0.61
2 15 No 4.34 0.58
3 1.0 Yes 423 043
4 1.5 Yes 5.22 0.40
3. Analysis and discussion
Us =cg + Sup (1)

To understand the unusual experimental results of RLSC with
and without wave shaper against steel plates, numerical simula-
tions based on AUTODYN-2D code are conducted to discuss the
wave shaper effect on the propagation behavior of detonation
wave, the velocity and temperature distribution of reactive jet, and
further analyze the influence of temperature rise inside reactive jet
on the initiation delay time of reactive jet and penetration
performance.

3.1. Numerical method and material model

In order to analyze the wave shaper effect on the jet formation
and penetration performance of RLSC against steel plates, a
Lagrange-Eulerian model was developed based on the platform of
AUTODYN-2D code. The numerical geometrical parameters and the
penetration schematic of RLSC are shown in Fig. 8 and Fig. 9,
respectively. The explosive, case, wave shaper, and reactive liner
were meshed by Eulerian algorithm to reduce the great deforma-
tion while the steel plate was meshed by Lagrangian algorithm for
fracture and fragmentation. The mesh used a smaller size of
0.5 x 0.5 mm per cell for the Euler domain of 50 x 500 mm, and the
mesh size of steel plate was 1.0 x 1.0 mm. The boundary condition
of air (Euler) domain was set as “Flow out (ALL EQUAL)” to elimi-
nate the influence of the boundary effect.

The entire model of RLSC against steel plate mainly consists of
six parts: air, liner, explosive, case, wave shaper, and steel target.
Detailed material strength models and EOSs of RLSC each part are
shown in Table 3.

The material parameters of air were derived from reference [18],
and the main parameters are shown in Table 4, in which Cp and Cv
are the specific heat at constant pressure and specific heat at con-
stant volume, and Ej is the air in the specific energy.

The material of liner was reactive materials, and the reactive
liner materials were modeled with a shock equation of state. The
relation between the velocity Us and the particle velocity up can be
approximated by Ref. [8].

110
o
[o))
ol
< o5 8| B
200
) ” b -

Fig. 8. Geometry (in mm) of RLSC with wave shaper.

where c¢p and S were based on date from plate-on-plate impact tests
performed on the material. The Griineisen parameter, I, was
treated as a constant. The values for I', ¢y, and S in Table 5 were
obtained from Taylor [8,29].

The reactive liner materials were described by the Johnson-Cook
strength model, which expressed the behavior of materials sub-
jected to high strains, high strain rates and high temperatures. This
material model can be expressed as follows:

oy = [A+B(&")"][1+Cn(&")] [1 = (M) m} )

Tm - Troom

where A, B,C, M, N are material constants, " is the effective plastic
strain, and " is the dimensionless strain rate. Ty, is the melting
temperature of the considered material, T and Tyoom are the sur-
rounding and the room temperature, respectively.

The material of steel target was #45 steel, which was also
chosen as the shock equation of state incorporating the Johnson-
Cook strength model. The main parameters of reactive liner ma-
terials [8] and #45 steel [4] are shown in Table 5.

The choice of main charge is 8701 explosive, which material
modeled by using the Jones-Wilkins-Lee (JWL) EOS. Table 6 rep-
resents the main parameters of 8701 [4].

The materials of wave shaper and case are EPOXY RES and
Aluminum, respectively, which material parameters were derived
from the material library in AUTODYN™ [30], as shown in Table 7.

3.2. Detonation wave propagation behavior

The purpose of a wave shaper embedded in charge is mainly to
adjust the shape of detonation wave front, control the direction of
detonation wave propagation, and change the time of the detona-
tion wave reaching the liner. Fig. 10 shows the propagation process
of detonation wave in RLSC with and without wave shaper. It can be
seen that the detonation wave of RLSC without wave shaper
propagates with a spherical wave front centering on the detonation
point along Wy (Fig. 10(1), t =3 pus). After initiation at 5 ps, the
detonation wave front reaches the top of the reactive liner, and the
angle between the wave front and liner generatrix is ;. However,
for the RLSC with wave shaper, the propagation of detonation wave
is divided into two paths (Fig. 10(2), t =5 ps). One path of detona-
tion wave passes through the wave shaper to the reactive liner
along W1. Another path travels along W, and W3, which will su-
perimpose after climbing the wave shaper to form an axisymmetric
and convergent conical wave (Fig. 10(2), t =8 us). The pressure at
the superposition point rises sharply to form an extreme over-
pressure zone, and its pressure peak value can instantly reach
300 GPa. At this time, the detonation wave front reaches the top of
the liner, and the angle between the wave front and liner generatrix
is (,. It is apparent that the angle §, is less than (4, so the initial
impacting pressure on the surface of reactive liner with wave
shaper is higher than that without wave shaper based on the Taylor
formula [31]. As such, according to the momentum equation M dv/
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Fig. 9. Penetration schematic of RLSC against steel target.

Table 3
Material strength models and EOSs of RLSC each part.

Part Materials EOS Strength model Erosion

Air Air Ideal Gas None None

Liner Reactive materials Shock Johnson Cook None

Explosive 8701 JWL None None

Case Aluminum Shock None None

Wave shaper EPOXY RES Shock None None

Steel target #45 steel Shock Johnson Cook Geometric Strain 1.5
Table 4
Material parameters of air [18].

Material p/(kg-m~3) v Cpl(kJ-kg™'- K1) CoJ(kJ-kg~1-K~1) T/K Eo/(k]-kg™1)

air 1.225 14 1.005 0.718 288.2 2.068 x 10°
Table 5
Parameters of the reactive liner materials and #45 steel materials.

Materials pl(kg-m3) G/GPa A/MPa B/MPa n C m Tm/K Troom/K r co/(m-s~1) S

Reactive liner 2.27 0.67 8.04 250.6 1.80 0.400 1.00 500 294 0.90 1450 2.26

#45 steel 7.83 77.00 792.00 510.0 0.26 0.014 1.03 1793 300 217 4570 1.49
Table 6
Parameters of the explosive.

Material p/(kg-m~3) D/(km-s1) Pj/GPa e/GPa A/GPa B/GPa Ry R, w Vo

Explosive 1.71 8.315 28.6 8.499 524.23 7.678 4.2 1.1 0.34 1.00
Table 7 3.3. Reactive jet velocity distribution
Parameters of the wave shaper and the case materials.

Materials pl(kg-m~3) I Cy/(ms™1) S Because the wave shaper causes the superposition of detonation

EPOXY RES 1.186 113 2730 1.493 waye to Produce extreme ovgrpre'ssure' zone, the }mpact pressure

Aluminum 2785 2.00 5328 1.338 acting directly on the reactive liner is much higher than that

dt =S P, the compressive and closed speed of reactive liner element
with wave shaper will increase with a higher initial impacting
pressure. In addition, the overpressure detonation wave takes 1 s
to completely pass through the top of the liner while the one
without wave shaper takes 2 ps to do the same thing. This phe-
nomenon indicates that the time of the detonation wave acting on
the liner dramatically decreases with increasing the pressure of
detonation.

without wave shaper. Moreover, based on the Gurney theory of
explosive casting plates [32], when the angle § decreases, the
detonation products behind the wave front will impact the liner at a
higher speed, which further improves the compressive and closed
speed of the reactive liner. Due to such two points, the wave shaper
can improve the utilization of the explosive energy and thus
advance the kinetic energy of the reactive jet, as shown in Fig. 11.
For the RLSC with wave shaper, with increasing the kinetic energy,
the tip velocity of reactive jet increases, resulting in decreasing the
time of jet formation at the same standoff. Fig. 11 also verifies this
phenomenon that the reactive jet formation time of RLSC without

Technology, https://doi.org/10.1016/j.dt.2019.05.005
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Fig. 10. Propagation behavior of detonation wave in explosive process.
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Fig. 11. Kin. Energy-time curves of reactive liner materials.

wave shaper is 24.7 ps while RLSC with wave shaper is only
20.9 ps at the standoff 1.0 CD. Also, it is obvious from Fig. 12 that the
tip velocity of reactive jet with wave shaper is about 23.7% higher
than that without wave shaper.

3.4. Reactive jet temperature distribution

Under the action of detonation wave, the reactive liner element
obtains the compression and closed speed so that a shock wave
inside the liner is formed. Due to the difference in the time of the
shock wave action, the adiabatic shear deformation zone is pro-
duced in each section of reactive liner, and then the reactive liner
materials are subjected to the action of the velocity inertia to make
the large compression shear strain. The shear deformation of
reactive liner mainly includes two parts, one is the adiabatic shear
deformation of reactive liner along the vertical surface under the
shock wave, and the other is the radial extrusion shear deformation
belt formed by the reduction of reactive jet diameter during the

V=8 620m - s7!
8000
W 6000 |
; = ogl
g, With wave shaper Vg=d 4l
z
g 4000
©
g
b
2000 :
Without wave shaper
0 20 40 60 80 100 120

Distance from jet tail/mm

Fig. 12. Velocity distribution of reactive jet along the axis.

compression and closed process of liner. As such, the temperature
rise inside reactive jet should be composed of two parts: 1) the
temperature rise caused by the shock wave, 2) the temperature rise
caused by the plastic deformation [33].

Fig. 13 and Fig. 14 show the temperature distribution of reactive
jet with and without wave shaper at different standoffs, respec-
tively, in which the black curve refers to the temperature values
along the axis of reactive jet. Compared with reactive jet without
wave shaper, there is a higher temperature produced inside reac-
tive jet with wave shaper, especially that the temperature at the
head and the rear parts of reactive jet exceed 900 K (900 K is about
the initiation threshold temperature of reactive liner materials
[28]). This is mainly because when embedded a wave shaper in
charge, the detonation waves superimpose at the top of reactive
liner and produce an extreme overpressure zone, which will lead to
the following two situations. Firstly, the peak value of shock wave
pressure increases, which will directly cause the rise of tempera-
ture inside reactive jet [34]. Secondly, the compression and closed
speed of the liner element increases, leading the plastic
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Fig. 14. Temperature distribution of reactive jet without wave shaper.

deformation of reactive liner to enhance, which will cause the rise
of temperature inside reactive jet. However, for the reactive jet
without wave shaper, the average temperature of the jet is rela-
tively low, and its values are below 800K (see in Fig. 14). In addi-
tion, it is very violent that the element at the interface between the
jet and the slug collides during the initial stage of jet formation,
causing the local high temperature at the interface, which will drop
quickly as the jet elongation. Figs. 13 and 14 can verify this phe-
nomenon that when the standoff increases from 0.5 to 1.5 CD, the
temperature at the interface decreases gradually.

3.5. Reactive jet temperature effect on penetration performance

Under the high pressure of shock wave, the reactive liner pro-
duces high strain rate plastic deformation, which may activate the
reactive liner materials. That is, the high-polymer PTFE molecules
in the mixed powder materials will decompose, and the decom-
position reaction releases fluoride with strong oxidation capability.
As time passes, the metal powder Al rapidly undergoes a redox
reaction with the fluoride, releasing a large number of high-
temperature and high-pressure gas products and producing a sig-
nificant deflagration effect [35]. The period of time from activation
to initiation is called initiation delay time of reactive materials,
during which assuming that reactive jet penetrates steel plate like
metal jet. But when the time after activation reaches the initiation
delay time, the reactive materials will rapidly have a deflagration
reaction and the chemical energy would be immediately released,
resulting in the reactive jet without the capability to continue to
penetrate the target. As such, the reaction rate of reactive materials
significantly influence on the initiation delay time. According to
reference [22], the reaction rate and efficiency of reactive materials
are significantly controlled by the temperature, so the temperature

is also likely important to affect the initiation delay time of reactive
materials.

Reference [27] presented the PTFE will decompose at about
530°C, at the same time, the micron-scale Al particles will partic-
ipate in the redox reaction with the decomposition product of PTFE,
resulting in about 65% mass loss of the mix powders. Therefore, for
the reactive jet with wave shaper, the reactive materials of the jet
head and rear parts may have a deflagration reaction during the
stage of jet formation, so it may be the middle part of reactive jet
that essentially contributes to the penetration capability. Based on
the assumptions mentioned above, in order to more closely simu-
late the penetration performance of reactive jet with wave shaper
against steel plates, the head part of jet that has undergone
chemical reaction is deleted first (see in Fig. 15 (a)), and then the
remaining jet penetrator is used to re-penetrate the steel plate (see
in Fig. 15 (b)). However, as the average temperature of reactive jet
without wave shaper is lower, it is assumed that the reactive jet
chemical reaction will not occur before penetrating.

According to these two simulation methods, the penetration
depth of reactive jet with and without wave shaper under different
initiation delay time are shown in Fig. 16. Note that when the
penetration depths of simulations are agreement with the experi-
ments, the initiation delay time of reactive jet could be calculated. It
is obvious that the initiation delay time with wave shaper is be-
tween 40 and 50 us, whereas the initiation delay time without
wave shaper is between 70 and 80 ps. The calculated results have
also provided insight into the mechanism that the higher temper-
ature or pressure [10] inside the reactive jet is likely important to
increase the reaction rate of reactive materials and cause the
initiation delay time of reactive jet to reduce. The conclusion also
fits well with the experiments obtained by Ames which showed
that the initiation time of reactive materials was inversely
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Fig. 16. Comparison of experimental and numerical penetration depths.

proportion to the initiation threshold stress [23]. Moreover, the
numerical results also demonstrate that, for RLSC with or without
wave shaper, the penetration depths increase markedly with
increasing the initiation delay time under given conditions of
standoffs and targets. However, when the initiation delay time is
identical, namely, 7 =60 us, the penetration depths of RLSC with
wave shaper are much larger than that without wave shaper. This
phenomenon indicates that, if the initiation delay time is suffi-
ciently long, a positive effect of wave shaper on penetration per-
formance of RLSC is similar to the traditional metal liner shaped
charge due to the increased jet tip velocity. Though the higher jet
tip velocity can produce the deeper penetration depth, this effect is
likely not suitable for RLSC. This conclusion is drawn on the basis of
data obtained during the experiments that though the wave shaper
can control the detonation wave front and produce higher jet tip
velocity, its penetration depth of RLSC with wave shaper is lower.
Hence, it is a safe conclusion that the initiation delay time is the
primary determinant of the penetration depth of RLSC.

In Figs. 14 and 15, tg refers to the time when the reactive jet
reaches the upper surface of steel plate, which increases with the
increase of standoff, so the effective penetration time will decrease
gradually. Consequently, for the RLSC with wave shaper, the

penetration depth decreases as the standoff increases from 0.5 to
1.5 CD. Especially, when the standoff is 1.5 CD, the effective pene-
tration time is only about 15 s, resulting in the penetration depth
dropping off significantly. For the RLSC without wave shaper, the
penetration depth decreases first and then slightly increases with
increasing the standoff. This may arise for two reasons: one is that
the effective penetration time and the jet tip velocity are larger at
0.5 CD, and the other is that the reactive jet penetrator is longer at
1.5 CD. Moreover, as a result of the decrease of the initiation delay
time of reactive jet with wave shaper, the penetration depths are
smaller than that without wave shaper. In particular, with the in-
crease of standoff, such deviation becomes larger. The first and
most important reason is that, when the standoff is smaller, the tip
velocity of reactive jet with wave shaper is much higher than that
without wave shaper, which will have a significant advantage to
penetration depth. Another important thing to be considered is
that, when the standoff is larger, the effective jet velocity that
involved in the penetration effects will decrease drastically (see
Fig. 15 (b)) due to most part of reactive jet head with chemical re-
action, which also leads the penetration depth to decrease. The last
but important reason is that, when the standoff is 1.5 CD, the
effective penetration time of reactive jet with wave shaper is much

Technology, https://doi.org/10.1016/j.dt.2019.05.005
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less than that without wave shaper, which will cause a remarked
reduction in penetration depth.

Furthermore, compared with the characteristics of reactive jet
with and without wave shaper (see in Figs. 13 and 14), it is apparent
that the mass of the slug with wave shaper is relatively larger,
whereas its diameter of jet head is smaller than that without wave
shaper. According to the Held.M radial expansion formula [36], the
radius of penetration hole is proportional to the jet radius. As such,
the entrance hole-diameters of reactive jet with wave shaper are all
less than that of without wave shaper at the same standoff, as
shown in Figs. 4 and 6.

In addition, the enhanced structural damage effects of the RLSC
against steel plates are remarkably influenced by the effective mass
of reactive materials into the penetration hole [4]. For the RLSC
without wave shaper, the effective mass of reactive jet decreases
with the increase of standoff. The main reason is that when standoff
is smaller, the jet is not stretched enough, forming a short and thick
cone penetrator, which leads to a higher mass per unit length inside
the penetration hole. When the standoff is 0.5 and 1.0 CD, due to
the more effective mass of reactive jet, the pressure produced by
the deflagration of reactive materials is much greater than the yield
limit of the steel plate, which would lead the steel plates to split
into two fragments or form many large cracks, as shown in Fig. 5.
However, for the RLSC with wave shaper, due to the thinner
diameter of jet head and the shorter initiation delay time of reactive
materials, the effective mass of reactive jet inside the penetration
hole is too little to produce enough pressure to fracture the steel
plate or even form a few small cracks (see in Fig. 3).

The higher temperature inside reactive jet is primarily respon-
sible for the initiation delay time decrease if temperature induced
initiation is assumed. Once the reactive jet initiates, it will heat the
surrounding materials to the initiation threshold temperature and
cause more deflagration during jet formation phase, resulting less
deflagration inside the penetration hole, which will decrease the
enhanced structural damage effects of the reactive liner shaped
charge warheads. Hence, when a new reactive liner shaped charge
warhead is considered, the temperature inside reactive jet should
be controlled as much as possible so that the reactive materials
chemical reaction is not occurring during jet formation to a larger
extent, which will increase the initiation delay time of reactive jet
and further eventually enhance its penetration behavior.

4. Conclusions

The effect of wave shaper on penetration performance of RLSC
against steel plates was studied. Several conclusions are presented
as follows:

(a) Significantly differing from the wave shaper effect on tradi-
tional metal liner shaped charge, a negative effect of wave
shaper on penetration performance of RLSC was revealed,
including smaller hole diameter, lower penetration depth,
and much less structural damage effects against steel plates.

(b) The negative effect of wave shaper on penetration perfor-
mance of RLSC strongly depended on the standoff, showing a
significant increase with increasing the standoff. Generally,
when the standoff was higher than 1.0 CD, the penetration
depth dropped off enormously.

(c) For mechanism considerations, when embedded a wave
shaper in charge, the detonation waves superposition at the
top of reactive liner produced an extreme overpressure zone,
which dramatically increased the temperature inside reac-
tive jet and decreased the initiation delay time of reactive jet,
resulting in remarkably decreasing penetration performance
and structural damage effects of steel plates.
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