
DOI: 10.1002/prep.201900378

Shaped-Charge Jet-Initiation of Covered RDX-Based
Aluminized Explosives and Effect of Temperature
Pin Zhao,[a] Lang Chen,*[a] Kun Yang,[a] Yiwen Xiao,[a] Kaining Zhang,[a] Jianying Lu,[a] and Junying Wu[a]

Abstract: Understanding the shaped-charge jet-initiation
mechanism of covered explosives and the effect of ex-
plosive temperature is important for ammunition safety. We
devised a method of using a shaped-charge jet-penetrating
cover to shock-initiate heated explosives. This method ach-
ieves uniform temperature control of explosives via heating
the upper and lower ends and preserves heat on the side
of the explosive charge. We experimentally tested the
method on hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX)-
based aluminized explosives (61 wt.% RDX, 30 wt.% Al,
9 wt.% binder) at different temperatures and cover thick-
nesses. The jet-penetration behavior and explosive deto-
nation-wave growth were observed via X-ray photography,
and the effect of explosive temperature on jet initiation
was analyzed. A numerical model of the shaped-charge jet-
initiating explosive was set up by considering the temper-
ature change of the explosive and analyzing the deto-
nation-wave growth and initiation thresholds of different

explosive temperatures under jet shock initiation. Under a
thin cover, the explosive showed prompt impact initiation
by the jet; the initiation occurred very near to the explosive
surface. However, for a thick cover, the explosion was ini-
tiated by a bow wave formed at a certain distance from the
upper surface of the explosive, and a retonation wave was
observed. The temperature of RDX-based aluminized ex-
plosives affects the two jet-initiation mechanisms. The
shock sensitivity of the explosives to the jet decreased with
increasing temperature, but the shock sensitivity increased
when the temperature exceeded a certain value. A simu-
lation method was established that can be used to predict
shaped-charge jet initiation at different explosive temper-
atures. We obtained the relationship between the cover
thickness and run-to-detonation distance under jet shock
initiation, which provides a theoretical basis for safety anal-
ysis and evaluation of a warhead charge that is attacked by
a shaped-charge jet.
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1 Introduction

Researchers who study ammunition safety are concerned
about the reaction mechanism and response law of ammu-
nition under jet attack. Under certain circumstances, an un-
expected condition arises in which ammunition may be
heated and penetrated by a shaped-charge jet. Therefore, it
is important to investigate the effect of explosive temper-
ature on jet initiation.

Earlier studies of shaped-charge jet-initiating explosives
suggested that a high-speed jet initiated the explosive via
direct impact [1,2]. Held [3] used X-ray photography to con-
duct experiments on jet-initiating explosives of different di-
ameters, and proposed that the squared jet velocity (V2)
multiplied by the jet diameter (d) was the critical value for
jet initiation. Mader et al. [4, 5] used the forest-fire model to
simulate the shock-initiation experiments conducted by
Held [3]. They found that, below the critical value of V2d, a
shock wave produced by the jet tip with a certain prop-
agation duration caused detonation in the jet-penetrating
explosive. This is different from the impact mechanism
based on initiation time. Chick et al. [6] used X-ray radiog-
raphy to observe the run-to-detonation distance in an ex-
periment where a curved shock-wave forward jet tip ini-

tiated an explosive under thick cover. Near the onset of
detonation, a retonation was produced that moved back
through the previously shocked explosive, which was ex-
panding radially. This behavior was termed bow-wave ini-
tiation and differed from prompt impact initiation under a
thin cover or without a cover. In subsequent experiments
[7] and simulations [8] with bow-wave initiation, Chick et al.
found that the run distance to detonation reached tens of
millimeters and lasted tens of microseconds, and the simu-
lation gave the explosive pressure distribution. Frey et al.
[9] simulated jet-initiating explosives covered by a thick
barrier and found that a long-distance was required to form
the bow wave, which delayed initiation and increased the
run distance to detonation. After summarizing the ex-
perimental results, Chick et al. [10] proposed that prompt
impact initiation occurred when the ratio of the critical fail-
ure diameter (D) to the jet diameter (d) was below 5, and
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bow-wave initiation occurred if D/d>5. Lawrence et al. [11]
used the forest-fire model to simulate impact and bow-
wave initiation and found that the explosive detonated
promptly under subsonic and supersonic jet penetration.
However, bow-wave initiation occurred only when the jet
diameter was small enough and penetrated the explosive
at supersonic speed. Chick et al. [12] carried out further ex-
periments on jet penetration by varying the barrier thick-
ness to initiate the explosive, and also found that D/d was a
determining factor in bow-wave initiation. Mellor et al. [13]
used the CREST burn-rate model to simulate a jet-initiating
covered explosive. The simulation showed that the pressure
during bow-wave initiation decayed from the jet tip to the
bow wave, and there was insufficient compression before
the bow wave to contribute to detonation. Explosive deto-
nation occurred only when the bow wave propagated a
certain distance in a period and reached a certain magni-
tude. Under critical conditions close to prompt impact ini-
tiation, a delay occurred in reaching a point where the det-
onation could diverge. This caused extended run distances,
which is consistent with the experiments conducted by
James et al. [14]. They found that cover materials [15,16]
also influenced impact and bow-wave initiation, and the
jet-tip shape only affected the impact initiation [17]. These
studies have focused on the jet-initiating mechanism and
law at ambient temperature; however, little investigation
has been conducted into jet-initiating explosives at high
temperature.

The explosive shock sensitivity changes with temper-
ature. Schwartz [18] conducted experiments with a flyer im-
pacting on heated 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB)-based explosives and found that the shock sensi-
tivity increased with increasing temperature. Urtiew et al.
[19] carried out shock-initiation experiments on heated oc-
tahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX)-based
explosives and reported that the shock sensitivity improved
significantly when the crystal HMX phase changed. Garcia
et al. [20] found that increasing the volume of 2,6-diamino-
3,5-dinitropyrazine-1-oxide (LLM-105) improved the ex-
plosive shock sensitivity. The particle velocity inside ex-
plosives was measured at different temperatures by Gus-
tavsen et al. [21–23], who found that the detonation
distance decreased with increasing temperature. Chen et al.
[24] conducted experiments using explosive-driven, flyer-in-
itiating, heated hexanitrohexaazaisowurtzitane (CL-20). The
CL-20 crystal phase changed at high temperatures, which
weakened the shock sensitivity. They [25] also found that a
decrease in shock sensitivity was caused by binder soften-
ing during the heating of RDX-based aluminized explosive.
Researchers understand the shock-initiation law of several
explosives at high temperature. However, studies are lack-
ing on the jet-initiation mechanism and law for heated ex-
plosive; hence, there is no theoretical basis for safety analy-
sis and evaluation of heated ammunition attacked by jets.

In this study, we assembled a device in which an ex-
plosive is heated in a shaped-charge jet-penetrating cover.

The upper and lower explosive surfaces are heated, and
heat preservation on the side of the explosive is used to
achieve uniform temperature control. X-ray radiography
was used to observe jet penetration of the cover and deto-
nation-wave growth. A shaped-charge jet-shock-initiation
experiment was carried out for RDX-based aluminized ex-
plosives at different temperatures and cover thicknesses.
We also analyzed the effect of explosive temperature on jet
impact and bow-wave initiation. The obtained relationship
between shock sensitivity and temperature was used to es-
tablish mathematical models of impact and bow-wave ini-
tiation. The laws relating the run-to-detonation distance
and initiation threshold with temperature were obtained
and analyzed for both initiation mechanisms.

2 Jet-Initiation Experiment for Covered and
Heated Explosive

Figure 1 shows the device for jet initiation of a covered and
heated explosive, which consists of a detonator, a metallic
liner, a shaped charge, a cover, a tested explosive, heaters,
thermocouples, and an aluminum plate. The structural di-
mensions of the metal liner and shaped charge are shown
in Figure 2. During the test, the shaped charge was placed
60 mm above the steel cover with a tested explosive charge
below the steel cover and an aluminum plate on the bot-
tom of the explosive. Heaters were placed on the upper
surface of the cover and the lower surface of the aluminum
plate to heat the explosive, and rock wool was wrapped on
the side of the explosive to preserve heat. Thermocouples
were fixed on the surfaces of the cover and aluminum plate
and on the side of the explosive to measure temperature.
The temperature of the heated explosive was controlled
with temperature-control machines [26]. The explosive was
heated initially. The explosive charges were heated to the
desired temperature by a rate of 5 K/min, then kept at this
temperature for a while. When the cover, aluminum plate,
and explosive reached the predetermined temperature, the
detonator initiated the shaped charge and a high-speed
metal jet was generated to initiate the covered explosive.

The jet initiation of the covered explosive was observed
via X-ray radiography, a schematic of which is shown in Fig-
ure 3. The experimental measurement system consisted of
two X-ray light pipes, a protective wall, the experimental
device, and negative films. Two X-rays were emitted from
the side and passed through the experimental device. Im-
ages were obtained on negative films behind the ex-
perimental device. Materials of different densities showed
grayscale variation on the negative films, indicating
changes in explosive structure. An electrical signal was used
to initiate the X-ray source and was measured with an ion-
ization probe on the upper surface of the shaped charge.
The radiograph times of the explosive were controlled with
two light-emitting tubes by setting different light-emission
delay times.
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The shaped charge was HMX-based explosive (95 wt.%
HMX, 5 wt.% binder), with a charge density of 1.8 g/cm3.
The experimental explosive was RDX-based aluminized ex-
plosive with a diameter of 40 mm and a charge 50 mm
long. The steel cover had a diameter of 150 mm. Jet ini-
tiation of the RDX-based aluminized explosive was per-
formed at 25 °C and 75 °C for steel cover thicknesses of
2 mm and 27 mm, respectively.

3 Simulated Jet Initiation of Covered and
Heated Explosive

Because of the limited number of experiments conducted,
only jet and detonation waves with a single time were ob-
served. It is difficult to carry out further analysis on the laws
and mechanisms of jet-initiating explosives. Therefore, we
simulated the detonation using nonlinear finite-element
analysis [27] to determine the jet-initiation law of explosives
at different temperatures.

Figure 1. Device for jet initiation of covered and heated explosive.

Figure 2. Structure of shaped charge and Unit: mm metallic liner. Unit: mm

Figure 3. Schematic of X-ray radiography for jet-initiating explosive
experiment.
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The model considered the metal liner, shaped charge,
cover, RDX-based aluminized explosive, and the surround-
ing air domain. A vacuum-material model was used to de-
scribe air, and an HMX-based shaped charge was described
using a high-explosive model and the Jones–Wikins–Lee
(JWL) equation of state for products. Table 1 shows the JWL
parameters for the HMX-based explosives. The copper liner
was described using the Johnson-Cook model and the Grü-
neisen equation of state. The elastoplastic hydrodynamic-
material model and the Grüneisen equation of state were
applied to the cover. Table 2 shows the material model pa-
rameters for the cover and copper liner. Initiation of the
RDX-based aluminized explosive was described by the Lee–
Tarver ignition-and-growth model and the JWL equation of
state, which considered the temperature variation of the ex-
plosive.

The equation of the ignition-and-growth reaction rate is
[28]

dl

dt
¼ Ið1� lÞbð

1

10
� 1� aÞxþ

G1ðTÞð1� lÞcldPyþG2ð1� lÞelgPz
(1)

where λ is the explosive reaction degree; t is the time; 1 is
the density; 10 is the initial density; P is the pressure; and I,
G1, G2, a, b, x, c, d, y, e, g, and z are constants. The first term
on the right of Eq. (1) is the ignition term, and I and x de-
termine the number of ignition hot spots. The latter two
terms on the right side are the growth and completion
terms, and G1(T) and d determine the early growth of the
hot spot after ignition. The parameter G1(T) changes with
increasing temperature. In the completion term, G2 and z
determine the reaction rate of the explosives at high pres-
sure.

The parameter G1(T) is fitted as a function of temper-
ature T for the RDX-based aluminized explosive [23]:

G1ðTÞ ¼
453� 1:960 T � 25ð Þ 25�C � T � 111�C

284þ1:579 T � 111ð Þ 111�C < T � 170�C

(

(2)

The unreacted and product JWL equations of state are
[26]:

PE ¼ Ae� R1VE þ Be� R2VE þ
wCvT0
VE

, (3)

where PE and Pp are the initial and product pressures, re-
spectively; VE and Vp are the initial specific volume and
product specific volume of the explosives, respectively; Cv is
the heat capacity; T0 is the initial temperature of the ex-
plosive; Tp is the product temperature; and A, B, R1, R2, and
ω are constants.

The jet-initiating covered explosive was simulated using
literature values [23] for the ignition-and-growth model pa-
rameters of the RDX-based aluminized explosive. The accu-
racy of the simulation results was verified by comparing
them with the experimental results. We calculated the jet
initiation at different explosive temperatures for different
cover thicknesses. Furthermore, we obtained the law relat-
ing the cover-thickness threshold to temperature and stud-
ied the effect of this law on the detonation-wave growth of
the RDX-based aluminized explosive for both impact and
bow-wave initiation.

4 Results and Discussion

4.1 Characteristics of Shaped-Charge Jet

Figure 4 compares the radiographed and simulated shaped-
charge jet and tip position at different times. The jet for-
mation can be observed via jet shapes at different times. At
6.5 μs, the jet began to form. At 7 μs, the jet tip reached
3 mm away from the shaped-charge, and the jet length was
28.55 mm. By 10 μs, the jet has reached a distance of
23 mm, and the jet length has increased to 47.85 mm. At
12 μs, the jet has increased to 61.2 mm. The jet tip has
flown 37 mm. The jet was in a progressive state before
14 μs and developed into a stable shape after this time. The
simulated and experimental jet shapes were consistent at
14 μs and 15 μs. The calculated jet lengths were 71.96 mm
and 81.45 mm and the experimental lengths were
74.81 mm and 77.79 mm at these respective times. The rel-

Table 1. Parameters of JWL equation of state of explosive prod-
ucts.

Explosive 10(g/cm
3) PCJ(GPa) D(m/s) E0(MJ/m3)

HMX-based 1.82 37 8800 0.102

A(GPa) B(GPa) R1 R2 ω
4.6 0.1802 4.6 1.3 0.38

Table 2. Parameters of material model.

Material 1
(g/cm3)

G0

(GPa)
σ0
(GPa)

C
(m/s)

s γ0 a

steel 7.83 67 1.85 4569 1.49 2.17 0
copper 8.96 47.7 – 3940 1.49 1.99 0
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ative error was within 5%. The jet-penetration speed was
calculated by measuring the jet tip position at different
times. The calculated jet velocity was ~7000 m/s, the ex-
perimental speed was ~6892 m/s, and the relative error
was 1.57%. The measured jet diameter was 2.19 mm, and
the calculated diameter was 2 mm with an error of 9.5%.
Therefore, the calculation describes shaped-charge jet-for-
mation effectively.

4.2 Jet-Initiation Characteristics of Explosive for Covers of
Different Thicknesses

Figure 5 shows X-ray radiographs of the shaped-charge jet
and explosive at 25 °C for a 2-mm-thick cover. The jet pene-
trated the explosive to a depth of 5.83 mm in the X-ray ra-

diograph at 18.65 μs, and a spherical detonation wave
formed around the jet tip inside the explosive. The deto-
nation wave-front was at a depth of 15.06 mm from the up-
per surface of the explosive charge, as shown in Figure 5(a).
At 19.65 μs, the detonation wave continued to propagate
downward and developed into a surface detonation wave
because of the effect of the side rarefaction wave. The dis-
tance between the detonation wave-front and the jet tip
was 11.66 mm. The detonation wave was faster than the jet
tip, as shown in Figure 5(b). Figure 6 shows the calculated
pressure distribution along the central axis of the longi-
tudinal section of the explosive at different times for the 2-
mm cover at 25 °C. Detonation-wave growth can be seen
from the graphs. At 15.95 μs, the jet tip had just entered
the explosive and the pressure reached 20 GPa at 0.7 mm in
front of the jet tip, which indicates that the explosive had
been initiated and a detonation wave generated. The
spherical detonation wave continued to propagate down-
ward. At 17.34 μs, the pressure decreased to 16.6 GPa and
the distance between the detonation wave-front and jet tip
increased to 2.75 mm. At 18.65 μs, the spherical detonation
wave expanded further and was about to reach the side of
the charge. The detonation wave shape was consistent with
that observed experimentally. The calculated detonation
wave position was 2.19 mm ahead of the experimental po-
sition, and the relative error was small. The maximum pres-
sure was 20.3 GPa. At 19.65 μs, the detonation wave had
propagated to the side of the explosive, which was con-
sistent with the experiment. The pressure reached 21.8 GPa,
which suggests that the detonation wave was stable.

Figure 7 shows X-ray radiographs of the shaped-charge
jet and explosive at 25 °C for a 27-mm-thick cover. The X-
ray radiograph at 26.95 μs shows that the jet penetrated
the explosive at a depth of 15.63 mm. The detonation wave
formed ahead of the jet tip at 19.54 mm from the upper
surface of the charge, as shown in Figure 7(a). At 28.95 μs,
the detonation wave continued to propagate forward and a

Figure 4. Comparison of radiographed and simulated shaped-
charge jet and tip position at different times.

Figure 5. X-ray radiographs of a shaped-charge jet and explosive at 25 °C for a 2-mm thick cover
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retonation wave appeared above the jet tip, which moved
back to the upper surface of the charge. The distance be-
tween the jet tip and the detonation wave was 10.17 mm,
and the detonation wave was significantly faster than the
jet tip, as shown in Figure 7(b). Figure 8 shows the calcu-
lated pressure distribution along the central axis of the lon-
gitudinal section of the explosive at different times for the
27-mm-thick cover at 25 °C. The detonation-wave growth is
visible in the graphs. At 26.0 μs, the jet tip penetrated the
explosive at a depth of 5.75 mm, and the explosive pressure
close to the jet tip reached 12.6 GPa. The pressure along
the central axis of the longitudinal section of the explosive
decreased gradually with increasing explosive-charge
depth. There was a minimum pressure of 6 GPa, 3 mm from

the jet tip. A pressure of 9.44 GPa was reached at a depth of
4.45 mm from the tip, showing that the explosive was ini-
tiated here and an initiation region had formed. At 26.1 μs,
when the jet tip penetrated the explosive to a depth of
6.25 mm, a curved detonation wave was formed ~3.25 mm
in front of the jet tip. The maximum detonation-wave pres-
sure was 10.9 GPa, which was lower than that under steady
detonation. At 26.95 μs, the bow wave continued to expand
further; it propagated downward and moved back to the
upper explosive surface, and the retonation wave formed.
The calculated detonation wave propagated to an explosive
depth of 15.2 mm, which was almost the same as the ex-
perimentally observed position. The maximum explosive
pressure was 20.8 GPa. The detonation wave propagated to

Figure 6. Calculated pressure distribution along the central axis of the longitudinal section of the explosive at different times for a 2-mm
steel cover at 25 °C.

Figure 7. X-ray radiographs of a shaped-charge jet and explosive at 25 °C for a 27-mm-thick cover.

Full Paper P. Zhao, L. Chen, K. Yang, Y. Xiao, K. Zhang, J. Lu, J. Wu

6 © 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

�� These are not the final page numbers!
Propellants Explos. Pyrotech. 2020, 45, 1–126 www.pep.wiley-vch.de

www.pep.wiley-vch.de


the side of the explosive and the maximum pressure
reached 21.6 GPa at 28.95 μs, at which point the detonation
wave reached a stable propagation state.

Figure 9 shows the calculated pressure distribution
along the central axis of the explosive at different times for
a 27-mm-thick cover at 25 °C. The jet-initiation character-
istics can be obtained from the pressure variation with
depth in Figure 9. At 26.0 μs, the pressure was 10 GPa at a
depth of 5.75 mm, which was the jet-tip pressure. At 6 mm,
the explosive pressure increased to 12.6 GPa. Then, the
pressure decreased gradually to 6 GPa with increasing ex-
plosive depth. Finally, the pressure increased to 9.44 GPa at
9 mm, followed by an immediate drop to 0, which indicates
that the explosive was initiated at 9 mm. These results are
consistent with the bow-wave-initiation characteristics de-
scribed by Chick et al [7, 8]. Therefore, a bow wave formed
at a depth of 9 mm. When the tip pressure at a depth of
9 mm was ~10 GPa at 26.95 μs, the explosive pressure in
front of the jet tip increased to ~13 GPa, and the pressure
decreased gradually. The pressure was 6 GPa until a depth
of 11 mm, which was the same tendency as in the pressure

distribution at 26.0 μs. The pressure increased slowly at a
depth of 14 mm. However, the pressure increased to
21 GPa abruptly at ~14.5 mm, which indicates that the det-
onation reaction had occurred. The shock wave generated
by the jet tip caught up with the former shock wave-front
and provided energy to support the explosive detonation,
which is an important condition for bow-wave formation.
Therefore, we conclude from the calculated pressure dis-
tribution along the central axis of the explosive at different
times that the initiation for a 27-mm-thick cover at 25 °C
was due to a bow wave.

These results show that the shaped-charge jet pene-
trated the thin cover to initiate an explosively high pressure
on the upper surface of the charge when the jet contacted
the explosive. Therefore, the explosive was detonated in a
short time with a short run-to-detonation distance. When
the jet penetrated the thick cover, the explosive was ini-
tiated at a certain distance from the jet tip inside the ex-
plosive, which caused a relatively long run-to-detonation
distance. A retonation wave appeared, belonging to the
bow-wave initiation mechanism.

Figure 8. Calculated pressure distribution along the central axis of the longitudinal section of the explosive at different times for a 27-mm-
thick cover at 25 °C.

Figure 9. Calculated pressure distribution along the central axis of the explosive at different times for a 27-mm-thick cover at 25 °C.

Shaped-Charge Jet-Initiation of Covered RDX-Based Aluminized Explosives and Effect of Temperature

These are not the final page numbers! ��
Propellants Explos. Pyrotech. 2020, 45, 1–12 www.pep.wiley-vch.de© 2020 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 7

www.pep.wiley-vch.de


4.3 Jet-Initiation Characteristics of Explosive at Different
Temperatures for Covers of Different Thicknesses

Figure 10 shows the jet and explosive X-ray radiographs
and calculated pressure distribution along the central axis
of the longitudinal section for different explosive temper-
atures with a 2-mm thick cover at 19.65 μs. The detonation-
wave propagation characteristics were almost the same as
those at 25 °C belonging to prompt impact initiation under
a thin cover. However, the detonation-wave propagation
distance of the explosive at 75 °C was shorter than at 25 °C,
indicating reduced shock sensitivity, and the detonation-
wave propagation distances at 120 °C and 75 °C were not
much different. The detonation-wave propagation distance
at 135 °C was longer than at 120 °C, which shows that the
shock sensitivity at 135 °C increased compared with that at

120 °C. Figure 11 shows the jet and explosive X-ray radio-
graphs and calculated pressure distribution along the cen-
tral axis of the longitudinal section for different explosive
temperatures for a 27-mm-thick cover at 28.95 μs. There
was a retonation wave, and the detonation-wave prop-
agation characteristics were almost the same as at 25 °C.
However, the detonation-wave propagation distance was
14.82 mm shorter at 75 °C than at 25 °C, which suggests
that the shock sensitivity of the explosive at 75 °C was low-
er than that at 25 °C. The detonation-wave propagation dis-
tance increased at 135 °C, indicating increased shock sensi-
tivity of the explosive at 135 °C. The detonation-wave
propagation distance at 150 °C was longer than that at
135 °C, showing that the shock sensitivity of the explosive
increased with increasing temperature.

Figure 10. Jet and explosive X-ray radiographs and calculated pressure distribution along the central axis of the longitudinal section for
different explosive temperatures for a 2-mm-thick cover at 19.65 μs.
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4.4 Effect of Explosive Temperature and Cover Thickness
on Detonation-Wave Growth

Many simulations were carried out for jet-initiating ex-
plosives with different cover thicknesses and temperatures
using the relationship between G1 and temperature in the
ignition-and-growth model. Figure 12 shows the calculated
critical cover thicknesses at different explosive temper-
atures and their fitted linear relationship for both impact
and bow-wave initiation. The cover-thickness boundary that
separates impact initiation and bow wave initiation de-
creased linearly as temperature increased from 25 °C to
111 °C. However, the cover-thickness boundary increased as

temperature increased from 111 °C to 170 °C. Equation (5)
shows the linear relationship obtained via piecewise fitting.
For bow-wave initiation in the range of 25–111 °C, the cov-
er-thickness threshold decreased linearly with increasing
temperature. For 111–170 °C, the thickness threshold in-
creased as the temperature continued to increase. Equa-
tion (6) shows the linear relationship obtained via piecewise
fitting.

The relationship between the cover-thickness boundary
that separates impact initiation and bow wave initiation
and explosive temperature is

Figure 11. Jet and explosive X-ray radiographs and calculated pressure distribution along the central axis of the longitudinal section for
different explosive temperatures for a 27-mm-thick cover at 28.95 μs.
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d1 ¼
14:003� 0:041T 25oC � T � 111oC

5:96þ 0:03T 111oC < T � 170oC

(

: (5)

The relationship between the cover-thickness threshold
and explosive temperature for bow-wave initiation is

d2 ¼
41:629� 0:09T 25oC � T � 111oC

25:3978þ 0:052T 111oC < T � 170oC

(

: (6)

In Eqs. (5) and (6), d1 and d2 are the cover thicknesses in
mm, and T is the temperature in °C.

These two equations can be used to analyze the safeties
of the jets that initiated explosions at different temper-
atures for different cover thicknesses.

The pressure generated inside the explosive was much
greater than the critical initial pressure under jet-impact ini-
tiation. Therefore, the jet-initiating sensitivity of the covered
explosive was determined mainly by the bow-wave charac-
teristics. The run-to-detonation distance reflects the shock
sensitivity of the explosive under certain conditions. Fig-
ure 13 shows the run-to-detonation distance calculated for
different explosive temperatures with covers of different
thicknesses for bow-wave initiation. The distance increases
as the cover thickness increases at constant temperature,
indicating gradual reduction of the shock sensitivity of the
explosive. Therefore, one can predict the jet-initiation sensi-
tivity of the explosive at different temperatures under dif-
ferent cover thicknesses.

5 Conclusion

We established a practical method for accurately control-
ling the temperature of a heated explosive under a jet-ini-
tiating cover. Jet-initiation tests were performed on a heat-
ed explosive. X-ray photography was used to obtain the

detonation-wave shape and propagation characteristics in
the jet-initiating heated explosive. Prompt impact initiation
occurred with a thin cover, and the explosion was initiated
near the upper surface of the explosive. However, the ex-
plosion under a thick cover was initiated by a bow wave
generated at a certain distance from the surface of the ex-
plosive, and a retonation wave was observed.

The temperature of the RDX-based aluminized explosive
significantly affected the shock sensitivity. For a certain
temperature range, the shock sensitivity of the explosive to
the jet decreased as the temperature increased; however,
above a certain temperature, the shock sensitivity increased
with increasing temperature. We established a method of
simulating the main parameters as piecewise functions of
temperature in each initiation model. Predictions can be
calculated for the jet-initiating explosive at different heated
temperatures. Calculating the run distance to detonation
during jet initiation at different explosive temperatures un-

Figure 12. Cover-thickness threshold of different explosive temperatures and fitted linear relationships for impact and bow-wave initiation.

Figure 13. Run-to-detonation distance of different explosive tem-
peratures covered by different thicknesses in bow-wave initiation.
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der covers of varying thicknesses provides a basis for safety
analysis and evaluation of warheads.
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