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Abstract: To improve the groove charge consistency and density and to reduce 
the  initiation synchronicity error of  a  rigid multi-point initiation explosive 
network, a CL-20-based ultraviolet (UV)-curable high-explosive ink, comprising 
42 wt.% sub-micron CL-20, a 55.4 wt.% binder system (including 2.0 wt.% NC 
and 53.4 wt.% butyl acetate), and 2.6 wt.% UV-curable resin, based on direct 
ink writing  (DIW) technology, was prepared. The properties of  the composite 
sample deposited via  DIW were  characterized. The  results indicated that 
the sample had good uniformity, with few defects, and a critical detonation size 
of around 1.5×0.283 mm. A six-point initiation explosive network was designed 
for the integration of DIW technology and precise press-loading of the charge. 
The  network featured six pre-pressed booster pellets with  the  same charge 
density (ρ0 = 1.89 g·cm−3, 95.8% of theoretical maximum density) as the output end 
charges, and a groove channel charged by DIW and press-loading. This procedure 
increased the density of the booster charge in the groove channels to 1.890 g·cm−3, 
effectively improved the consistency of the charge density between the groove 
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channels and  the  output ends and  lowered the  initiation synchronicity error 
of the network to 62 ns. The network can initiate a jetting projectile charge (JPC) 
with good shape and  small lateral  offset, implying  that the  network initiation 
capability and  synchronization meet the  operational requirements of  JPC 
shaped charges.

Keywords: multi-point initiation explosive network, UV-curability high-
explosive ink, direct ink writing/printing, initiation synchronicity error, precise 
press-loading charge

1	 Introduction

Shaped charges (SCs) have been extensively used in both military and civilian 
industry due to their great penetration capacity [1, 2]. The main goal of an SC 
designer is  to  obtain the  maximum performance using the  minimum high-
explosive (HE) charge. A synchronous multi-point initiation (MPI) explosive 
network is  often used in  SCs to  optimize the  detonation wave and  thus 
enhance the SCs ballistic performance without the need to change the warhead 
structure  [3,  4]. An  MPI explosive network is  an  explosives trace plate 
with  a  single-point input and  a  multi-point output. Unfortunately, there is 
always an error in the initiation synchronicity in an MPI explosive network, 
which affects the formation and penetration capability of the penetrator [5-7]. 
Therefore,  minimization of  the  synchronicity error of  the  MPI explosive 
network applied to  SCs is  clearly required, and  controlling the  error makes 
considerable sense.

Many types of MPI systems already exist [8, 9], for example, the mild MPI 
explosive network, the electric MPI system, and the rigid MPI explosive network. 
Of  these systems, the  rigid MPI explosive network has the most widespread 
application in SCs, and features a complex network structure and many small-
sized grooves. With limited machining accuracy, the explosive formulations and 
the groove charging methods are important factors affecting the synchronization 
of  a  rigid MPI explosive  network. Researchers have  prepared different 
polymer-bonded explosives [10-12] and proposed different charging methods, 
such as the silk screening technique [13], the micro-injection process [11, 12], 
and  the press-loading charge method  [9, 14]. Although there has been  some 
progress, problems remain relating to  charge density, charge  consistency, 
initiation  reliability, low  sensitivity and  synchronization. A  new  approach, 
direct ink writing  (DIW), is  now emerging. Compared with  conventional 
groove charging methods, DIW  is  an  attractive alternative for  depositing 
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explosives in small groove channels due to its programmable material assembly 
technique. To date, researchers have made some progress in the formulation, 
properties and DIW execution for HE inks. However, the majority of the HE ink 
is fabricated and cured by thermal initiation polymerization, which is difficult 
to complete in  a  short time and has  potential safety concerns in terms of 
operator handling [15-21]. Ultraviolet (UV)-curing technology is a high-speed 
phototreatment technology for  liquid resin polymerization using a  specific 
wavelength of  UV-light for  photoinitiator excitation  [22]. This  technology 
features rapid curing, safety, and excellent performance of the cured materials, 
and  plays an important role in  the  fabrication of energetic materials, which 
is expected to be applicable in groove charging of a rigid MPI explosive network.

ε-2,4,6,8,10,12-Hexanitro-2,4,6,8,10,12-hexaazaisowurtzitane (CL-20) 
has  been  reported to  have  a  high crystal density, high detonation velocity, 
excellent chemical and thermal stability, and  good compatibility with the 
majority of  binders  [23,  24]. The  critical diameter of CL-20 can  reach the 
micron level, which is expected to be the requirement in small-sized explosive 
networks  [11]. Moreover, research has shown that a  decrease in  the  size 
of  the  explosive particles decreases the  critical diameter and mechanical 
sensitivity, and increases the detonation wave propagation capability and safety 
of small groove charges [16, 25-26]. 

Here, in order to avoid heat curing during the DIW process, we  have 
developed a sub-micron CL-20-based UV-curable suspension HE ink, which 
is deposited to produce an energetic composite by DIW. The related properties 
of the printed samples have  been  investigated and  analyzed. Additionally, 
a rigid six-point initiation (SPI) explosive network was designed. The network 
was charged by  DIW technology and  a  precise press-loading method with 
the prepared CL-20-based UV-curable HE ink. The network synchronization, 
explosion resistance capability, initiation capability, and SC live projectile test 
were also investigated in detail.

2	 Preparation of CL-20-based UV-curable HE Ink and Ink 
Patterning

2.1	 Materials
Raw CL-20 (ε phase) was provided by Liaoning Qingyang Special Chemical Co., 
Ltd.  (Liaoyang, China). Nitrocellulose  (NC, 12%  N, industrial  grade) 
was  purchased from Foshan Junyuan Chemical Industry  Co., Ltd.  (Foshan, 
China). Ethanol and butyl acetate were obtained from Tianjin Guangfu Chemical 
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Industry  Co., Ltd.  (Tianjin, China). Epoxyacrylate  (EA) and polyurethane 
acrylate (PUA) were from Nanjing Jinlu Chemical Industry Co., Ltd. (Nanjing, 
China). Trimethylolpropane triacrylate  (TMPTA) and diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide  (TPO) were produced by  Sarn Chemical 
Technology  Co., Ltd.  (Shanghai, China) and  Shanghai Dibai Biotechnology 
Co., Ltd (Shanghai, China), respectively.

2.2	 Preparation of sub-micron CL-20
Sub-micron CL-20 particles were prepared by milling. Approximately 100 g 
of  pure raw ε-CL-20 was  milled using a  bidirectional rotary mill designed 
by  the National Special Superfine Powder Engineering Research Center of 
China (Nanjing, China) with a  liquid dispersant medium comprising ethanol 
and deionized water (having a volume ratio of 1:1). During the milling process, 
the suspension contained more than 70 wt.% deionized water and the temperature 
was less than 40 °C. After 5 h of milling, the slurry was filtered, washed with 
water and freeze dried, and sub-micron CL-20 samples were obtained.

2.3	 Preparation of UV-curable resin and CL-20-based HE ink
A UV-curable resin was added to the formulation of the HE ink, so  that 
the ink written in the grooves could be cured rapidly by irradiation with 
UV light. This prevented the flow of the HE ink and ensured the consistency 
of the groove charge. The UV-curable resin was prepared as follows (Figure 1(a)): 
Initially, 2.0 wt.% TPO, 4.0 wt.% TMPTA and 6.0 wt.% ethanol were mixed 
in a beaker with a mechanical stirrer at 100 rpm for 60 min at room temperature. 
Then 78.0 wt.% EA and 10.0 wt.% PUA were dissolved in the above solution 
and stirred evenly for 2 h.

The preparation of the CL-20-based UV-curable HE ink  (Figure  1(b)) 
was as follows:
–	 Initially, 2.0 wt.% NC and 2.6 wt.% of the prepared UV-curable resin 

were added and stirred into 53.4 wt.% butyl acetate solution at 100 rpm 
for 2 h at room temperature. 

–	 Secondly, 42.0 wt.% of the prepared sub-micron CL-20 sample was added 
to  the  solution and left to  stir for a  further 4  h at  50  rpm, followed by 
ultrasonication at 20 kHz for 30 min.

–	 A milky-white suspension, the CL-20-based UV-curable HE ink, was 
obtained, with relatively low viscosity and desirable stability.

–	 Finally, the prepared HE ink was housed in a syringe for ink patterning.
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Figure 1.	 Sample preparation: (a) UV-cured resin and (b) CL-20-based 
UV-cured HE ink

2.4	 Ink patterning
The DIW system, which comprises an MC400 three-dimensional (3D) motion 
platform (Beijing Zolix Instruments Co. Ltd., Beijing, China), an Ultra 2400 
dispenser (Nordson EFD, USA), and  a  UVEC-4 ultraviolet light  (Shenzhen 
Lamplic Technology Co., Ltd., Shenzhen, China), was used to print and deposit 
the CL-20-based UV-curable HE ink. Figure 2 is a schematic diagram of DIW, 
where instructional scheduled programs (3D motion control program and gas 
on-off control program) were applied to control the movement of the motion 
platform and the on-off state of the dispenser. During manufacture, the shape 
of the product is determined by the scheduled program of the motion platform 
and the on-off state of gas through which inks were printed and deposited onto 
grooves or  substrates. The deposited ink was  cured and patterned under the 
irradiation of ultraviolet light. After curing, and the CL-20-based composites 
had been fabricated, the pattern structures were freed of the remaining solvent 
for 24 h at 45 °C and −0.08 MPa in a vacuum oven.
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Figure 2.	 Direct ink writing

3	 Sample Characterization and Properties

3.1	 Characterization of the morphology 
Initially the ink was deposited on a steel substrate to test the functioning and stability 
of the CL-20-based UV-curable HE ink. The morphologies of the raw CL-20, sub-
micron CL-20, and post-cured CL-20-based composite (Figure 3) were examined 
using an  S-4800 scanning electron microscope (SEM, Hitachi,  Ltd., Kyoto, 
Japan). Figure 3(a) shows that the particle shapes of  raw CL-20 was mostly 
polyhedral, and the particle size was 80 to 150 μm. Figure 3(b) shows that the 
sub-micron CL-20 particles are 1 to 10 μm pseudo-spheres with a smooth surface 
after 5 h of wet ball milling. The morphologies of the post-cured CL-20-based 
composite, shown in Figures 3(c) and 3(d), show the smooth exterior surfaces and 
the compact particle network that comprises each element during the assembly 
and drying processes. There were no faults, such as cracks, porosities, voids, 
and  the  like, in  the  composite, which is  advantageous for  the  uniformity 
of the charge density and better safety and performance.
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(c)

(d)
Figure 3.	 SEM images of raw CL-20 (a), sub-micron CL-20 (b), and the printed 

CL-20-based composite (c, d)
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3.2	 XRD characterization
The usefulness of the CL-20-based HE ink patterning in an  MPI explosive 
network is  highly d ependent on the crystal polymorph. The  raw  CL-20, 
sub-micron  CL-20, and  post-cured CL-20-based composite were  therefore 
characterized by X-ray diffraction (XRD). The XRD patterns (Figure 4) were 
recorded using a D8 Advance diffraction system (Bruker, Germany) with Cu-
Ka (λ = 1.540598 Å) radiation at 40 kV and 30 mA. Figure 4 shows that the 
three strong diffraction peaks of raw CL-20, sub-micron CL-20, and the CL-20-
based composite are basically the same. The diffraction angles 2θ = 12.6°, 13.8° 
and 30.3° correspond to the (11-1), (200) and (20-3) crystal faces of ε-CL-20, 
which are in agreement with the standard PDF card (00-050-2045) of ε-CL-20. 
The  test results demonstrated that the milling, mixing, patterning and curing 
processes do not affect the form of ε-CL-20, which has a high energy density, 
high detonation velocity, and excellent chemical stability.

Figure 4.	 XRD diffraction patterns of raw CL-20, sub-micron CL-20, 
and the CL-20-based composite
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3.3	 Critical size of detonation
The critical size of detonation was tested by loading the CL-20-based UV-curable 
HE ink into a  wedge groove of  a  strip plate made of  45# steel  (Figure  5). 
The groove had length L0 = 150 mm, width 1.5 mm, and deepest side H0 = 3 mm. 
The wedge groove charge was initiated by an 8# detonator.

Figure 5.	 Wedge-shaped charge testing device

The critical size of detonation (Hc) can be calculated as [19, 20]:

� �0 0 c

c

0

H L L
H

L
� �
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where Lc is the length of the explosion track, which was 135.84 mm, as shown 
in Figure 6. The critical size of detonation Hc can therefore be calculated using 
Equation  1 as  0.283  mm, which  indicates that the  post-cured CL-20-based 
composite can be detonated steadily above 1.5×0.283 mm. 

Figure 6.	 Wedge-shaped charge test: (top) pre-detonation, (bottom)  post-
detonation
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3.4	 Density of the composite
In the field of energetic materials, density is an important parameter affecting 
the detonation properties. Given that the HE ink is commonly applied in small 
groove channels, the printed density should be as high as possible. To obtain 
the desired explosive effect along the initiation train, a charge density greater 
than 90% of theoretical maximum density (TMD) is generally required [21]. 
The TMD of the post-cured CL-20-based composite (ρTMD) can be calculated 
using the Urizar method (volume plus method) as [27]:

� �
i

TMD

i i,TMD
/

m
m

�
�

� �
� � (2)

where m i is the mass of an ingredient i (g) and ρ i,TMD is  the  TMD 
of the ingredient i (g·cm−3). 

The post-cured CL-20-based composite was removed from five different 
positions along the  wedge-shaped groove  (Figure  6) and the printed charge 
density was  then measured (see Table  1) using an  MH-300A high-precision 
electronic densimeter (Xiamen Yishite Instruments Co., Ltd., Xiamen, China) 
having a  testing accuracy of  0.001  g·cm−3. Table  1  shows that the standard 
deviation  (σ) of  the  printed density was  small, indicating that the  charge 
uniformity and  consistency was  good for  DIW. The  table also shows that 
the average printed density of the CL-20 based composite was 1.297 g·cm−3, 
which is only 65.7% of the TMD, lower than the 90% requirement. This means 
that the printed density of the CL-20-based composite is  low, and measures 
should be taken to increase the charge density when the composite is applied 
for the groove charging of an MPI explosive network.

Table 1.	 TMD and initial printed density of CL-20 based composite
TMD

[g·cm−3]
Measured density [g·cm−3]

1 2 3 4 5 Average σ
1.973 1.305 1.293 1.302 1.291 1.295 1.297 0.006
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4	 Explosive Network Charge and Performance Test

4.1	 Explosive network structure
A rigid synchronous SPI explosive network was designed on the basis of the 
experimental results of the detonation critical size and earlier research on MPI 
penetrator formation and MPI explosive network designs [5-7]. The network 
comprised a parent plate with six grooves. The plate was made of 45# steel 
and had diameter 100 mm and thickness H = 6 mm. Six rectangular grooves, of 
length R = 30 mm, width w = 1.5 mm and depth d = 2.0 mm, emanate radially 
from the center (see Figure 7).

Figure 7.	 Structure of the SPI explosive network (units: mm)

4.2	 Charging of the explosive network
Research has shown that, with limited machining accuracy for  the  network 
grooves, increasing  the  detonation velocity and  decreasing the  variation 
of  the  detonation velocity of  the  booster explosive can  effectively reduce 
the error in the initiation synchronicity of the MPI explosive network [8, 28]. 
The detonation velocity (D) and the charge density (ρ0) satisfy the relation [27]:

max max

0
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3

4 4

D DD �
�
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where Dmax and ρTMD are the theoretical detonation velocity and TMD of the 
composite explosive, respectively. It can be seen from Equation 3 that increasing 
the booster charge density ρ0 increases the detonation velocity D, and thus can 
reduce the error in the network initiation synchronicity. For a certain explosive 
network, the variation in the detonation velocity is related to the uniformity and 
consistency of the network groove charge [8]. For this purpose, in developing 
the charging of the explosive network groove, the DIW technology was used to 
deposit the CL-20-based UV-curable HE ink in the network grooves, and the 
ink in the grooves was cured under ultraviolet irradiation. The network then was 
placed in a vacuum oven (−0.08 MPa) and freed of solvent for 24 h at 45 °C. 
After drying the cured deposited ink in the network grooves, a specially designed 
pressing mold was used for pressing the groove charge to increase its charge 
density (see Figure 8).

  
(a)                                                        (b)

Figure 8.	 Pressing mold (a) and (b) of the pressed SPI explosive network

4.3	 Synchronization
The initiation synchronicity error of the MPI explosive network strongly affects 
the formation and penetration capability of the penetrator [5-7]. It is therefore 
necessary to validate the synchronization of the designed SPI explosive network. 
The initiation synchronicity error was measured using a PXI-1412 timing test 
system  (ADLINK Technology (China),  Co., Ltd., Shanghai, China) having 
a testing accuracy of 2 ns. Seven ionization probes labeled 0#, 1#, 2#, 3#, 4#, 
5#, and 6# were used to indicate the action times of the pressed SPI explosive 
network (see Figure 9).
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Figure 9.	 Measurement of the synchronization of the SPI explosive network

Figure 9 shows that the 0# probe is firmly fixed to the 8# detonator, 
and the other six probes are  closely placed on the network output end  face. 
After activation of the 8# detonator, the 0# probe generates a starting trigger 
signal. As the detonation wave propagates to the six-output ends, the 1#, 2#, 
3#, 4#, 5#, and 6# probes produce terminal trigger signals. The action times 
between the start signal and terminal signals were recorded by the PXI-1412 
timing test system. The lowest of the six action times was used as the standard 
value, and the others were compared with the standard value to obtain the relative 
times in Table 2, i.e. the initiation synchronicity error of the pressed SPI network. 

Table 2.	 Initiation synchronicity error of the pressed SPI explosive network

n Action time [ns] Synchronicity error [ns]
t1 t2 t3 t4 t5 t6 Δt1 Δt2 Δt3 Δt4 Δt5 Δt6

1 5824 5832 5958 5876 5904 5838 0 8 134 52 80 14
2 5814 5830 5942 5862 5926 5840 0 16 128 48 112 26
3 5802 5816 5814 5818 5856 5938 0 14 12 16 54 138
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Analyzing the results in Table 2, it can be observed that the deviation time 
of the network varies and the maximum value of  the initiation synchronicity 
error was 138 ns. When measuring the network synchronization by the ionization 
probe method, an SIM-type ultra-high-speed camera (Specialised Imaging Ltd., 
Pitstone, UK) was  used to capture light emission from the  six output ends 
(Figure 10, corresponding to experiment number n = 3 in Table 2). The maximum 
exposure speed of the camera was 6 · 106 fps, with an exposure time of 60 ns 
and  an  interval between images of  20  ns. The  phases of  the six output end 
light emissions shown in  Figure  10 are  inconsistent, which  implies that 
the synchronization of the pressed SPI explosive network is poor.

t = 5.86 μs t = 5.94 μs

t = 6.02 μs t =6 .10 μs
Figure 10.	 Evolution of the light emissions of the six output ends (for experiment 

n = 3 in Table 2)
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4.4	 Charge density 
The cured charge was removed from the six groove channels and the six output 
ends of the pressed SPI explosive network, respectively, and then the charge 
density was measured (see Table 3). The  results shown in Table 3 show the 
average density of the groove channel charges after pressing (viz. 1.890 g·cm−3) 
was  95.8% of  the  TMD, whereas at  the  output ends  (i.e.  1.389  g·cm−3), 
it was only 70.4%. The groove charge density was  increased by 45.7% after 
pressing, whereas at the output end by only 7.1%, compared with the composite 
printed charge density shown in Table  1. The  charge density in  the  groove 
channels and the output ends exhibited an  inconsistency which contributed 
to the poor network synchronization.

Table 3.	 Density of CL-20 based composite in the groove channels 
and output ends

Position TMD 
[g·cm−3]

Measured density [g·cm−3]
1 2 3 4 5 6 Average σ

Groove 
channels 1.973 1.891 1.885 1.887 1.888 1.902 1.886 1.890 0.006

Output 
ends 1.973 1.403 1.397 1.401 1.384 1.379 1.370 1.389 0.013

5	 Optimization and Performance of the Explosive Network

5.1	 Explosive network optimized
It was known from Section 4.4 that the inconsistencies in  the  densities 
in the groove channel and output-ends, and lower charge density of the output 
ends contributed to  the  poor synchronization of  the  pressed SPI explosive 
network. In order to reduce the error in the network synchronicity and to improve 
charge consistency, we optimized the SPI explosive network charge structure 
as shown in Figure 11:
–	 Firstly, the CL-20-based UV-curable HE ink cured by ultraviolet irradiation 

was placed in a vacuum oven (−0.08 MPa) and dried for 24 h at 45 °C.
–	 Secondly, the post-cured CL-20-based composite explosive was pre-

pressed into six 6.5(Φ)×6.0  mm cylindrical booster pellets with the 
same density (ρ0 = 1.89 g·cm−3, about 95.8% of the TMD, Figure 11(f)), 
which  were  used as  the  output end charges of  the  SPI explosive 
network (Figure 11(e)).
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–	 Thirdly, DIW technology was used to deposit the CL-20-based UV-curable 
HE ink into the six groove channels, and the ink in the grooves was cured 
under ultraviolet irradiation.

–	 Then the network was placed in a vacuum oven (−0.08 MPa) and dried 
for 24 h at 45 °C.

–	 Finally, a special pressing mold (Figure 11(c)) was used to  press 
the  cured groove channel charges and  increase the  charge density 
to  1.890 g·cm−3  (Figure 11(b)), and  to make the groove channel charge 
density consistent with the density of the pre-pressed booster pellets.

Figure 11.	 Charge structure of the optimized SPI explosive network 
and pressing mold

5.2	 Synchronization
In  the  same  manner,  the synchronization of the optimized SPI explosive 
network (Figure 11) was investigated using the timing test system and the ultra-
high-speed camera. The  results listed in  Table  4 and Figure  12 show 
the  initiation synchronicity error and evolution of the  six output end light 
emissions (corresponding to experiment n = 3 in Table 4) of the optimized SPI 
explosive network.
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t = 5.30 μs t = 5.38 μs

t = 5.46 μs t = 5.54 μs

t = 5.62 μs t = 5.70 μs

t = 5.78 μs t = 5.86 μs
Figure 12.	 Evolution of the light emissions of the six output ends (for experiment 

number n = 3 in Table 4)
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Table 4.	 Initiation synchronicity error in the optimized SPI explosive network

n Action time [ns] Synchronicity error [ns] 
t1 t2 t3 t4 t5 t6 Δt1 Δt2 Δt3 Δt4 Δt5 Δt6

1 5296 5328 5354 5316 5314 5330 0 32 58 20 18 34
2 5302 5352 5344 5364 5330 5312 0 50 42 62 28 10
3 5308 5318 5368 5330 5338 5354 0 10 60 22 30 46

Analysis of the results in Figure 12 reveals that there is no light emission 
at time t =  5.30  μs and six light emissions at  t  =  5.38  μs, implying that 
the synchronicity error of the optimized SPI explosive network is less than 80 ns. 
The test results in Table 4 show that the maximum error is 62 ns, which is less 
than the previous test results in Section 4. The pre-pressed booster pellets were 
thus used as  the  output end charges, and the DIW technology was applied 
for groove channel charging, ensuring the consistency of the network groove 
channel charges. The pressing mold was employed to increase the groove channel 
charge density and to eliminate the air gap between the groove channel charges 
and booster  pellets, ensuring the consistency of  the  groove channel charges 
and booster pellets. Therefore, using this optimized network charge structure, 
consistency of the charge density and the propagation reliability of the detonation 
wave were enhanced, improving the network synchronization.

5.3	 Explosion resistance 
The optimized SPI explosive network (Figure 11) used in a warhead is to 
simultaneously realize SPI of  the  main  charge. The  shock  wave, generated 
by the groove charge explosion, propagated and attenuated in the network parent 
plate should  not  initiate the  warhead main  charge, which  therefore requires 
the network parent plate to have a certain thickness and its explosion resistance 
to be effective. A  15(Φ)×10 mm cylindrical JH-2  (RDX-based explosive, 
ρ0  = 1.70  g·cm−3) HE charge was therefore placed on  a  steel witness plate 
(Figure 13). An optimized SPI explosive network (Figure 13, charge structure 
as Figure 11 and Section 5.1) was then placed on the JH-2 HE charge. After the 
action of an 8# detonator on the network, the results (Figure 13) showed a white 
powder mark remaining on the network parent plate and the witness  plate, 
demonstrating that the JH-2 HE charge was not  initiated, indicating that the 
explosion resistance of the 6-mm 45# steel parent plate was effective.
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(a)

(b)
Figure 13.	 Parent plate explosion resistance validation: (a)  pre-detonation, 

and (b) post-detonation

5.4	 Initiation capability
To facilitate a capability test of the initiation of the optimized SPI explosive network 
(Figure 11), six 10(Φ)×10 mm cylindrical JH-2 HE charges (ρ0 = 1.70 g·cm−3) 
were firmly fixed on the output end face centres of the optimized SPI explosive 
network (Figure 14). The charges were then fastened onto a steel witness plate. 
Following initiation by an 8# detonator, the  six dents generated on  the  steel 
witness plate  (Figure 14) revealed that the optimized SPI explosive network 
initiation capability is reliable.
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(a)

(b)
Figure 14.	 Validation of the optimized SPI explosive network initiation 

capability: (a) pre-detonation, and (b) post-detonation

5.5	 Live projectile test
In order to investigate the initiation capability and synchronization of the 
optimized SPI explosive network (Figure 11), a jetting projectile charge (JPC) 
SC (Figure 15) was matched with the optimized SPI explosive network in a live 
projectile  test. The  JPC SC consisted of  JH-2 HE  (ρ0  =  1.70  g·cm-3) with 
an eccentric sub-hemisphere liner. The length (Lc) and diameter (Dc) of the JH-2 
HE charge were 90 and 100 mm, respectively. The liner was made of pure copper, 
of dimensions shown in Figure 15. Two 450 kV Scandiflash flash X-ray systems 
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(Scandiflash AB, Uppsala, Sweden) were  employed to  obtain the  penetrator 
formation images, from which the parameters of the penetrator, such as formation, 
length (L), diameter (D), and average velocity (Vav) of the penetrator tip and tail, 
can be obtained. 

(a)

(b)
Figure 15.	 JPC SC: (a) cross section (units: mm) and (b) photographic view
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The results in Table 5 show the JPC formation parameters at times 
t = 150 μs and t = 180 μs for two initiation projects: center point initiation (CPI) 
and SPI. Analyzing the penetrator shape obtained from the X-ray photographs, 
it can be found that the JPC was stretched into a longer rod-like shape with SPI. 
The length-to-diameter ratio (L/D) and average tip velocity of  the penetrator 
was increased approximately 98.8% and 25.6% from the CPI to the SPI project, 
at time t = 180 μs. The increase in the L/D ratio and tip velocity is an advantage 
for JPC penetration. Note also that the optimized SPI explosive network forms 
a  JPC with good shape and small lateral  offset, implying  that the  initiation 
capability and synchronization of the optimized network meet the operational 
requirements of the JPC SCs.

Table 5.	 JPC formation for two different initiation projects

Project t = 150 μs t = 180 μs Vav [m/s]
Penetrator shape L/D Penetrator shape L/D tip tail

CPI 7.5 8.3 2177 1676

SPI 15.2 16.5 2735 1756

6	 Conclusions

♦	 The integration of DIW technology and explosive materials was investigated. 
A CL-20-based UV-curable HE ink, composed of:
–	 42 wt.% sub-micron CL-20,
–	 2.0 wt.% NC,
–	 53.4 wt.% butyl acetate,
–	 and 2.6 wt.% UV-curable resin (including 78 wt.% EA, 10 wt.% PUA, 

2 wt.% TPO, 4 wt.% TMPTA, and 6 wt.% ethanol)
	 was prepared and deposited to obtain CL-20-based composites. 
♦	 The properties of the CL-20-based composite were characterized by XRD 

and  SEM. The  results showed that the  crystal polymorph of  ε-CL-20 
was  not  changed, the  CL-20-based composite had  good uniformity 
without cracks, porosities and voids, and that the critical size of detonation 
was around 1.5×0.283 mm. The printed density of the composite was about 
1.297 g·cm−3, which is 65.7% of the TMD.
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♦	 Six 6.5(Φ)×6.0 mm pre-pressed cylindrical CL-20-based composite booster 
pellets with the same density (ρ0 = 1.89 g·cm−3, 95.8% of the TMD) were used 
as output-end charges of an SPI explosive network. The DIW technology 
was used to deposit the CL-20-based UV-curable HE ink into the network 
groove channels to realize groove booster charging. A precise press-loading 
method was used to increase the density of the booster charge in the groove 
channels to 1.890 g·cm−3, so that it matched the density for the pre-pressed 
booster pellets. In effect, this  improves the charging density consistency 
and reduces the initiation synchronicity error of the network to 62 ns.

♦	 The explosion resistance and initiation capability of  the  designed SPI 
explosive network were effective and reliable. The optimized SPI network 
was  matched with  a  JPC  SC in  a  live projectile  test. These  test results 
showed that the tip velocity and L/D ratio of the JPC were about 1.26 and 
twice as large as a CPI test. The network is expected to form a JPC with 
small lateral offset and good shape, thereby meeting the network application 
requirements of JPC SCs.
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