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Abstract: In order to solve the problems of the complicated forming process, poor adaptability,
low safety, and high cost of special-shaped energetic grains, light-curing 3D printing technology
was applied to the forming field of energetic grains, and the feasibility of 3D printing (additive
manufacturing) complex special-shaped energetic grains was explored. A photocurable resin was
developed. A demonstration formula of a 3D printing energetic slurry composed of 41 wt% ultra-fine
ammonium perchlorate (AP), 11 wt% modified aluminum (Al), and 48 wt% photocurable resin was
fabricated. The special-shaped energetic grains were successfully 3D printed based on light-curing
3D printing technology. The optimal printing parameters were obtained. The microstructure, density,
thermal decomposition, combustion performance, and mechanical properties of the printed grain
were characterized. The microstructure of the grain shows that the surface of the grain is smooth,

3 and

the internal structure is dense, and there are no defects. The average density is 1.606 g-cm™
the grain has good uniformity and stability. The thermal decomposition of the grain shows that it
can be divided into three stages: endothermic, exothermic, and secondary exothermic, and the Al
of the grain has a significant catalytic effect on the thermal decomposition of AP. The combustion
performance of the grain shows that a uniform flame with a one-way jet is produced, and the average
burning rate is 5.11 mm-s— L. The peak pressure of the sample is 45.917 KPa, and the pressurization
rate is 94.874 KPa-s~!. The analysis of the mechanical properties shows that the compressive strength

is 9.83 MPa and the tensile strength is 8.78 MPa.

Keywords: energetic material; additive manufacturing; 3D printing technology; aluminum and
ammonium perchlorate; special-shaped energetic grain; combustion performance

1. Introduction

Special-shaped energetic grains can realize special functions and needs due to their
special shape [1], complex structure, and partial or full height symmetry, which makes
their demand in the fields of weaponry and aerospace more urgent [2]. For example, in the
field of weaponry, propellant is used as the energy source for barrel weapons to launch
projectiles, and its composition and structure are the key factors that determine the power
of the barrel weapon [3]. Improving ballistic efficiency is an important means to improve
the power of a weapon [4]; at present, the main way to improve the ballistic efficiency of
a propellant is to control the burning rate and burning surface of the propellant, and this
requires special-shaped propellant grains to achieve. Similarly, in the field of aerospace,
propellant grains are used as the power source for propulsion systems, and different shaped
propellant grains need to be designed to achieve different working capabilities, thereby
achieving the controllable flight attitude and adjustable flight speed of the aircraft [5-7].

For the forming of special-shaped energetic grains, there is mainly the melting-casting
method, the casting method, and the press-stretching method [8]. Among them, the grains
obtained by the melting and casting method have the disadvantages of a long solidification
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time and limited life of the mold tank, and there may be some defects such as pores or
cracks in the grain during casting. In addition, for the forming of complex special-shaped
grains, corresponding molds need to be made, which greatly increases the production and
manufacturing costs. At the same time, the requirements for processing technology and
mold manufacturing are relatively strict, and it is difficult to meet the ideal requirements.
Extrusion molding may increase the local pressure of grains, which is dangerous to some
extent. At the same time, human-machine isolation cannot be completely realized. It can
be seen that the forming and manufacturing process of special-shaped energetic grains
generally has defects such as complicated and tedious processes, the poor adaptability
of special-shaped grains, poor process safety, etc. Therefore, it is necessary to improve
the manufacturing technology of energetic materials. 3D printing technology is a kind
of technology based on the 3D model data of the sample which uses a high-energy beam
source or other methods to stack and bond liquid, powder and other materials layer by layer,
creating the final form by stacking [9]. 3D printing technology has been successfully applied
in various fields [10,11], including military [12,13] and aerospace fields [14-16]. At present,
the additive manufacturing technologies applied in the field of energetic material forming
mainly include direct writing technology [17-23], melt extrusion technology [24], inkjet
deposition printing technology [25-27], screen printing technology [28], and electrophoretic
deposition technology [29]. The energetic materials obtained by these technologies are
mostly planar structures or microstructures [30-37]. Although there are very few printed
three-dimensional structures [38—40], the dimensional tolerance and structural accuracy
of shaped grains have a certain gap between the ideal model of the design [41,42]. As an
additive manufacturing technology, light-curing 3D printing technology can make up for
the shortcomings of the previous technologies, and it has the characteristics of fast printing
speed, high precision, the ability to free-form complex structures, green production and so
on [43,44]. Therefore, light-curing 3D printing technology is applied to the forming field of
energetic materials to realize an efficient, safe, green, convenient and automated mold-free
production pattern of complex special-shaped energetic grains.

There is little research on the application of light-curing 3D printing technology in the
forming field of energetic materials. The Netherlands Organisation for Applied Scientific
Research (TNO) has done some work on the manufacture of “LOVA propellant” by using
stereolithography (SLA) [45,46]. TNO researchers used SLA to print a photocurable ener-
getic resin composed of 50 wt% RDX and 50 wt% UV polymerizable acrylate binder, and
quincunx propellant grains with 19 longitudinal and radial perforations were obtained.
Then, the binder system was improved. The energetic resin system with the formula of
50 wt% RDX, 25 wt% acrylate binder, and 25 wt% energetic plasticizer was printed, and a
new type of high bulk density propellant grain sample with 14 perforations was obtained.
The combustion performance of the 3D-printed ribbon propellant was tested. At the same
time, a stack of porous disk propellants with a diameter of 29 mm with radial holes were
obtained, and the ballistic test was carried out on a Gau-8 (Goalkeeper) gun system with a
30 mm cartridge chamber with a muzzle velocity of 26-370 m/s. However, due to the use
of a large number of non-energetic binders, the power of gunpowder propellant is low; it
is only at the level of a single-base propellant [47]. A 3D-printed gun propellant based on
stereolithography (SLA) was developed by Weitao Yang and Rui Hu et al. [48,49], and a
demonstration formula composed of 50 wt% 1,3,5-Trinitro-1,3,5-triazinane (RDX), 25 wt%
epoxy acrylate, 12.5 wt% N-n-butyl-N-(2-nitroxyethyl) nitramine (Bu-NENA), 12.5 wt%
reactive diluent and additives was fabricated. Porous propellants with a thickness of 3 mm
and outer diameter of 40 mm were obtained. The mechanical properties and combustion
performance of the propellant were tested, and the gun launch experiment was carried out.
McClain M.S et al. combined direct writing technology with light-curing technology [50],
used hydroxyl-terminated polybutadiene (HTPB) and a UV-curable polyurethane binder,
printed ammonium perchlorate (AP) composite propellants at 85% solids loading, and
obtained a rectangular grain.
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In this paper, a photocurable resin was developed. A demonstration formula of
3D-printed energetic slurry composed of 41wt% ultra-fine ammonium perchlorate (AP),
11 wt% modified aluminum (Al), and 48 wt% photocurable resin was fabricated. The
special-shaped energetic grains were successfully 3D printed based on light-curing 3D
printing technology. The optimal printing parameters were obtained. The microstructure,
density and uniformity, thermal decomposition, combustion performance and mechanical
properties of the printed grains were characterized.

2. Experimental Section
2.1. Experimental Materials

Aluminum powder (Al) (AR grade) with a particle size of 1-5 um was purchased from
Shanghai Chaowei Nano Technology Co., Ltd., Shanghai, China. Ammonium perchlorate
(AP) (AR grade) with a particle size of 5-8 um was purchased from Dalian North Potassium
Chlorate., Co., Ltd., Dalian, China. Epoxy acrylic (EA) and polyurethane-acrylic (PUA)
were purchased from DSM (China) Co., Ltd., Beijing, China. 1,6-hexanediol diacrylate
(HDDA) was purchased from Shanghai Guangyi Chemical Co., Ltd., Shanghai, China.
Trimethylolpropane triacrylate (TMPTA) was purchased from Taiwan Changxing Chemical
Co., Ltd., Taiwan, China. Diphenyl (2,4,6-trimethylbenzoyl)phosphine oxide (TPO) was
purchased from BASF (China) Co., Ltd., Shanghai, China.

2.2. Characterization and Testing

The grains were prepared by a light-curing 3D printer (Self-built). Density was
measured by densitometer (AU-120S, Hangzhou Goldmic Instrument Co., Ltd., Hangzhou,
China). The microstructure of the grain was observed by a field emission scanning electron
microscope (FE-SEM, Ultra-55, Carl Zeiss, Oberkochen, Germany) and video microscope
(PMS-XHD-AE, Pulmis Precision Instrument Co., Ltd., Dongguan, China). The EDS energy
spectrum was measured by an x-ray energy spectrometer (EDS, INCA 100 Hitachi, Tokyo,
Japan). Mechanical properties were measured by the electronic universal testing machine
(UTM4304, Shenzhen Sansi Zongheng Technology Co., Ltd., Shenzhen, China). The DTA
curve was measured by a high-temperature differential thermal analyzer (DTA, CRY-2P,
Shanghai jingke tianmei scientific instrument Co., Ltd., Shanghai, China). The burning
flame shape was recorded by a high-speed camera (UX100, Photron, Tokyo, Japan). Burning
velocity was calculated after recording the time with a Tektronix oscilloscope (TBS1102B,
Shenzhen Zhongru Electronics Co., Ltd., Shenzhen, China).

2.3. Formula and Printing Process Parameters
2.3.1. Formula and Preparation of Energetic Slurry

Using self-made photocurable resin (formula as shown in Table 1) as the binder, modi-
fied aluminum powder Al (TEM, Figure 1a) and ultra-fine AP (TEM, Figure 1b) as solid filler,
the energetic slurry was prepared according to the technological process of Figure 2. Accord-
ing to the basic formula of HTPB propellant (HTPB/AP/Al = 14 wt%/68 wt%/18 wt%) [51],
the formula of energetic slurry is obtained; that is, photocurable resin/ AP/ Al = 48 wt%/
41 wt%/11 wt%. The formula of the energetic slurry is shown in Table 2.

Table 1. The formula of photocurable resin.

Component Fraction (wt%)
Prepolymer EA 44.06
POy PUA 21.98
Dil HDDA 14.15
iluent monomer TMPTA 14.15
TPO 4.72

Additives 0.94
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Figure 2. The preparation process of photocurable resin and the energetic slurry.

Table 2. Description of the energetic slurry composition.

Component Fraction (wt%)
Photocurable resin (self-made) 48
Ultra-fine AP 41
Modified Al 11
Other additives < 2 (in addition)

2.3.2. Optimization of Printing Parameters

Energetic slurries with solid filler contents of 40%, 50% and 60% was prepared, and the
slurry with different solid contents was printed. The shaped grains were shown in Figure
3a—c. According to the precision and combustion situation of shaped grains, the relationship
between the slurry solid content and the printing process parameters was explored.

Figure 3. Cross-section of shaped grain samples with different solid contents: (a) 3D printed sample
with solid content of 40%; (b) 3D printed sample with solid content of 50%; (c) 3D printed sample
with solid content of 60%).

It can be seen from Figure 3 that with the increase of solid content, the precision of
the shaped grain gradually weakens. When the solid content is 40%, the grain sample has
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high fidelity and high forming precision, but due to the high resin content, the combustion
performance is poor so, the grain is not easily ignited. When the solid content is 50%, the
grain basically restores the shape of the model, which can be ignited and meet the basic
needs. When the solid content increases to 60%, the grain sample is deformed, the layers
fall off, and the grain precision is poor.

At the same time, the printing parameters were adjusted, and it was found that when
the solid content of slurry was 52%, the precision and combustion performance of the
printed grain were relatively good. The specific parameters of 3D printing are shown
in Table 3. In order to ensure that the shaped grain was firmly bonded to the printing
platform, the first 10 layers (each layer with a slice thickness of 100 pm) need a longer
exposure time. In the later stage of printing, each layer was exposed for about 60 s, and
the slurry can be completely cured. According to the data in Table 3, it takes about 1.9 h to
print a grain with a height of 3 cm.

Table 3. Process parameters of light-curing 3D printing.

Layer Exposure Time/ms Up Speed mm/min Down Speed mm/min Lift Height/mm Settle Time/ms

0 200,000 20 40 100 3000
1 150,000 30 50 80 2600
3 100,000 40 60 60 2200
5 50,000 50 70 40 1800
10 10,000 60 80 20 1400
20 8000 70 90 10 1000
30 7000 70 90 10 1000
40 6000 70 90 10 1000
50 6000 70 90 10 1000
60

2.4. Experimental Process of Light-Curing 3D Printing

The light-curing 3D printing technology uses a digital light processor to irradiate and
cure the photopolymer while curing the entire cross-section. It is in the way of the surface
layer by layer superposition until the specimen is finally printed and formed. A schematic
diagram of light-curing 3D printing technology is as shown in Figure 4.

Z axis movement

» Lifting platform

Liquid tank Printing platform

(Baseplate)

Molded specimen

= Light curing slurry

UV light source

Control unit Light curing 3D printer

Figure 4. Schematic diagram of light-curing 3D printing technology.

The light-curing 3D printing forming process of special-shaped energetic grains mainly
includes four processes: construction of the three-dimensional model, pre-processing, the
printing and curing process, and post-processing, as shown in Figure 5.
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® Construct a three-dimensional gram model  ® Model support / shell extraction treatment ® Prin{ base ® Strip/remove support
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cross-seclion laver

Construction of 3D model Pre-processing Printing and curing process Post-processing

Figure 5. Light-curing 3D printing forming process of special-shaped energetic grains.

According to the experimental steps in Figure 5 and the designed 3D models of special-
shaped grains, the energetic slurry with a solid content of 52% was printed. The specific
printing process is shown in Figure 6a, and the printed energetic grains are hung on the
printing platform (red area). After printing, the formed samples are post-processed to
obtain different special-shaped grains, as shown in Figure 6b.

Figure 6. (a) The specific process of 3D printing. (b) Real samples of special-shaped energetic grains.

The printed real samples of different special-shaped grains were compared with the
three-dimensional CAD models of special-shaped grains, as shown in Figure 7 (the light
color represents grain 3D models, while the dark color represents real grain samples).

() (b) (c) (d) (e)

Figure 7. Three-dimensional CAD models of special-shaped grains and printed real samples of
special-shaped grains: (a) Porous shape; (b) Star shape; (c) Wheel shape; (d) Multi-row annular
hollow groove tube shape; (e) Cross-section of multi-row annular hollow groove tube shape.
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It can be seen from Figure 7 that the real samples of energetic grain printed by the
light-curing 3D printing technology highly and truly restored the characteristics of the 3D
models of the grains with high printing accuracy and fast forming speed.

3. Results and Discussion
3.1. Density and Uniformity Test

According to the principle of drainage method, the density of energetic grain was tested
by a densitometer. The density uniformity was considered by testing the density of the
upper, middle and lower parts of the grain, and the standard deviation was calculated. The
density was measured according to the GJB772A-97. The test results are shown in Table 4.

Table 4. Density of the 3D-printed grain.

Grain Density Average Density Standard Deviation of Density Theoretical Density
Number 3 _3 _3 -3
/(g-cm—?) /(g-em—2) /(g-em—2) /(g-em—>)
1 1.606
2 1.609 1.606 0.002 1.619
3 1.604

It can be seen from Table 4 that the average measured density of the grains is
1.606 g/cm?, and according to the formula, the theoretical density of the grains is cal-
culated to be 1.619 g/cm3, which has little difference when compared with the measured
density. The standard deviation of the experimental density of the 3D-printed grains is
0.002 g/cm3, which indicates that the density of the grain has better uniformity.

3.2. Surface and Internal Structure

The surface structure of the 3D-printed grain (Red block diagram area in Figure 8a)
was observed by optical microscopy and scanning electron microscopy (SEM). The results
are shown in Figure 8b,c respectively.

(b)

Figure 8. A 3D-printed energetic grain and its surface structure: (a) Printed grain; (b) Surface
structure observed by optical microscope; (c) Surface structure observed by SEM.

It can be seen from Figure 8 that the surface of the 3D-printed grains is flat, smooth,
and without obvious defects. In addition, according to the SEM of a grain surface in
Figure 8c, when the grain surface is further enlarged to 10,000 times, the grain surface is
still smooth, and there are no obvious cracks and other defects, which indicates that the 3D
printed grain surface has high flatness and integrity.

Figure 9 shows the SEM of the internal structure of the 3D-printed grain. Figure 9a,b
shows the microscopic morphology of the cross-section of the grain under different mag-
nifications. Figure 9¢,d shows a further detail of the cross-sectional morphology of the
corresponding position (red circle). In order to further characterize the distribution of ele-
ments in the grain, EDS analysis was carried out on the purple block diagram in Figure 9b,
as shown in Figure 9e, and the element distribution results are shown in Figure 9(e1-€5).
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Figure 9. SEM images of the cross-section of the 3D-printed grain: (a,b) the micro-topography of the cross-section of the

grain; (c,d) a further detail of the micro-topography of the cross-section of the grain; (e) SEM images of a further detail of

the cross-section of grain; (el-e5) EDS images of Al, Cl, C, N and O elements in (e).

It can be seen from Figure 9a,b that the 3D-printed grains have good cross-section
integrity, compact structure, and no obvious cracks, holes and other defects. In addition, it
can be seen from Figure 9¢,d that no obvious cracks, holes and other defects are still found
in the grain cross-section under a larger magnification, and the cross-section is relatively
complete as a whole. It can be seen from Figure 9 (e1-€e5) that Al, Cl, C, N and O elements
are uniformly distributed inside the 3D-printed grain, indicating that the distribution
of oxidant (AP), reductant (Al) and resin systems in the system is relatively uniform.
The SEM/EDS of the cross-section of the grain shows that the light-curing 3D printing
technology has achieved a compact internal structure of the energetic grain and reduced the
formation of defects; at the same time, all elements in the grain were uniformly distributed.

3.3. Mechanical Property Test

Using an electronic universal testing machine, the compressive and tensile properties
of the printed samples were tested at 25 °C and a relative humidity of 50%. The compressive
strength of a cylindrical grain with a size of 20 mm x 30 mm was tested with a loading
rate of 2 mm/min. The maximum load Q. on the compression load-displacement curve
of each test represents the compressive load of the grain, and the effective compression
distance AL, of the grain is expressed by the distance between the displacement at 10% Q.
and the displacement at Q.. According to Q. and AL, the compressive strength S. and
compression ratio of each test were obtained. The measurement was carried out according
to the standard GB/T 2569-1995. The compressive load-displacement curve of the grain is
shown in Figure 10. A dumbbell-shaped specimen with a size of 200 mm x 20 mm x 8 mm
was tested for tensile strength, and the tensile speed was 1mm/min; the measurement
was carried out according to the standard GB/T 2568-1995. The stress-strain curve of the
specimen is shown in Figure 11. The relevant data of the quasi-static mechanical properties
are shown in Table 5. Tensile and compressive strength tests were tested five times for each
specimen, and the average value of three test data with good parallelism is selected.

It can be seen from Figure 10 that the compressive load of the 3D-printed grain
increases slowly with the increase in displacement, sharply increases to its peak value,
and then decreases sharply, which indicates that the grain has been deformed and broken
at this time. The Q. is 3089.73 N, AL, is 0.63 mm, the compression ratio is 2.1%, and the
average compressive strength is 9.83 MPa (the compressive strength is calculated according
to the ratio of the Q. to the initial cross-sectional area of the grain).
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Figure 10. Compressive curve of a 3D-printed grain.
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Figure 11. Tensile curve of a 3D-printed specimen.

Table 5. Data of the quasi-static mechanical properties of a 3D-printed specimen.

Compressive Strength Fracture Force (F,)/N Tensile Fracture Stress Tensile Strength Tensile Elastic
(Sc)/MPa b (oy)/MPa (oym)/MPa Modulus (E{)/MPa
9.8300 259.5060 6.4877 8.7845 1027.2150

It can be seen from Figure 11 and Table 5 that during the tensile test of the specimen,
it is found that with the increase of tensile force, the specimen only produces a very small
elongation. When the tensile load increases to a certain extent (point D), a fracture occurs
near the middle of the specimen, and the fracture surface is generally flat. The tensile
strength at break of the specimen is 8.78 MPa, while the tensile break stress is 6.49 MPa.

To sum up, it can be seen that the compression and tensile properties of the grain
formed by light-curing 3D printing are better.

3.4. Analysis of Thermal Decomposition Behavior

Using a high-temperature differential thermal analyzer, the differential thermal analy-
sis of the 3D-printed grain was carried out. The heating rate was 10 °C/ min, while the
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raw material of the test grain is 6 mg. The differential thermal analysis (DTA) curve of the
grain is shown in Figure 12.

Stage 1 Stage 2 Stage 3
65
I 374.60°C
60 L 303.42°C
=
55 £
-
~~ %]
> =
= 50 5
2
=)
= 45
~—
=
=
Wr ga710C
35
OF e e
247.42°C
25 | L | s 1 " 1
100 200 300 400
T (°C)

Figure 12. DTA curve of the 3D-printed grain.

It can be seen from Figure 12 that the grain occurs in a small range of endothermic-
exothermic phenomena at 82.71 °C (red block diagram). It is speculated that this stage is
the endothermic-decomposition-exothermic stage of the photocurable resin. (The glass
transition temperature of the resin is 80 °C). At the same time, the DTA curve of the grain
has one endothermic peak and two exothermic peaks. The endothermic peak at about
247 .42 °C indicates the crystal form transformation process of AP, wherein AP changes
from its orthorhombic crystal form to a cubic crystal form; the endothermic enthalpy of
this process is 7.75 J /g. The first exothermic peak at 303.42 °C, which is the first stage
of AP thermal decomposition (low-temperature decomposition), wherein AP partially
decomposes and produces intermediate products (such as, NHj, etc.). In the second
exothermic peak at 374.60 °C, which is the second stage of AP thermal decomposition
(high-temperature decomposition), AP is completely decomposed into volatile products
(such as Oy, HCI, Clp, Ny, etc.), and the exothermic enthalpy of the entire exothermic
process is 758.10 ] /g. Compared with the DTA curve of pure AP (endothermic peak 247 °C,
low-temperature decomposition 322.7 °C, high-temperature decomposition 477.2 °C) [52],
it can be found that Al has basically no effect on the crystal transformation process of
AP; however, because of the Al, the low-temperature decomposition temperature of AP
was reduced by 19.42 °C. Similarly, the high-temperature decomposition temperature was
reduced by 102.6 °C, which indicated that the Al in the grain has a significant catalytic
effect on the low-temperature decomposition process of AP and, especially, on the high-
temperature decomposition process of AP.

3.5. Analysis of Combustion Characteristics

A constant volume combustion test is used to evaluate the gas pressure output during
the combustion of energetic materials. The peak pressure (Pmax) in the pressure-time
curve is related to the gas production during the combustion of energetic materials. After
igniting the sample to be measured in a constant volume combustion chamber, the sample
to be measured rapidly generates its peak pressure at a certain pressurization rate. The
pressurization rate is determined by the slope of the pressure-time rising curve (from 10%
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to 90% of the peak pressure) [53]. In this paper, the pressure-time curve of each sample is
measured three times and averaged. The closed combustion chamber device for pressure-

time curve test is shown in Figure 13. Figure 14 shows the pressure evolution process of
the 0.5 g sample to be measured.

Pressure
sensor

-

Power
supply

Sample

R ———
Combustion
chamber

Figure 13. Diagram of a closed combustion chamber device.

50

—
P,,=45.917 KPa

Pressure (KPa)

Time (s)

Figure 14. Pressure-time curve of the sample.

It can be seen from Figure 14 that the peak pressure of the sample is 45.917 KPa and
the pressurization rate is 94.874 KPa/s.

A cylindrical grain with a size of ® 5 mm x 8 mm is ignited, and the flame condition
during combustion is recorded by a high-speed camera. The combustion effect in some
periods is shown in Figure 15. Before the experiment, liquid paraffin was coated on the
side of the cylindrical grain to ensure the grain burned on the end surfaces.
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Figure 15. Combustion effect diagram of the 3D-printed grain at different times: (a) t=2s; (b)t=3s;(c)t=4s;(d)t=5s;
(e)t=6s,(H)t=75;(g)t=8s;(h)t=9s;(i))t=10s; (j)t=11s; (k) t=125; (1) t =13 s.

It can be seen from Figure 15 that the grain was successfully ignited, and the height
of the flame is the same, indicating that the grain burning is uniform. The shape of
the flame is roughly divided into three states (represented by the pink rectangle, yellow
rectangle and green rectangle). Figure 15a—d (pink rectangle) shows that the flame has
a wide diffusion shape, and it is speculated that this stage is mainly the burning of the
photocurable resin. In Figure 15e-h (yellow rectangle), the flame is uniformly columnar
and sprays vertically upward. At this stage, the resin burns to generate a certain amount
of heat, and when the temperature reaches the decomposition temperature of AP, it will
cause AP to decompose; at the same time, Al in the grain in contact with AP promotes the
decomposition of AP. When Al burns, it diffuses outward together with the gas products
produced by AP decomposition, and then a uniform flame with a one-way jet is produced.
In Figure 15i-1 (green rectangle), the flame appears to “jump”, indicating that unstable
combustion occurs at this stage. The main reason for this phenomenon is that in the later
stage of the grain combustion, part of the solid residue produced by the resin combustion
hinders the contact between AP and Al and the path of flame stable combustion, so an
irregularly shaped flame appears.

Based on the principle of target-breaking and target-passing, at 25 °C, the energetic
strip with a length of 30 mm and a wide of 3 mm was tested by using the testing system
shown in Figure 16, and the average value was obtained after five measurements. The
burning rate test system is mainly composed of an electric detonator, a target line, a digital
oscilloscope and a data processing system. According to the length of the strip and the
burning time recorded by the digital oscilloscope, the linear burning rate of the energetic
strip can be calculated by the formula (1). The burning rate is measured in accordance with
standard GJB 772A-97, and the average burning rate was obtained after five measurements.
The test results are shown in Table 6.

v =Lt 1

where v represents the linear burning rate of the 3D-printed energetic strip in mm-s~1,
L represents the distance between two target lines in mm, and t represents the burning time
in seconds.

Table 6. Test results of the burning rate of the 3D-printed strip.

Strip Number Distance between Target Lines Burning Time Burning_Rlate Average Burrlilng Rate
(mm) (s) (mm-s—1) (mm-s—1)
1 30 5.61 5.35
2 30 6.15 4.88
3 30 5.35 5.61 5.11
4 30 6.05 4.96
5 30 6.34 4.73
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According to Table 6, the average burning rate of the 3D-printed strip is 5.11 mm-s~?,

and the standard deviation is 0.32.

Energetic grain/strip Tgnited

Electric detonator

Digital oscilloscope Data processing system
Figure 16. Burning rate test system of the energetic grain/strip.

4. Conclusions

In this paper, 3D-printed energetic materials that integrate ammonium perchlorate
(AP), microscopic aluminium (Al) and photocurable resin were developed. A suitable
formulation of the photocurable resin and conditions in which they can be prepared as
a slurry were derived. The parameters used for the production of 3D-printed shaped
pellets were obtained. Based on the 3D printing technology, the additive manufacturing
of special-shaped energetic grains has been successfully carried out. The mechanical and
thermal properties of the new formulation are well achieved, and the printed grains are
found to have high precision and fast speed.

In addition, in this paper, light-curing 3D printing technology is applied to the mold-
ing field of energetic materials, which realizes an efficient, safe, green, convenient and
automatic production mode of special-shaped energetic grains. At the same time, the
whole molding process is remotely controlled by a computer with reduced human par-
ticipation, which better realizes human-machine isolation and ensures the safety of staff.
This opens up a new method for the further development of energetic materials, which
is in line with the future development concept of “green, safety and automation”. There-
fore, the development of this research will be a breakthrough for the molding method of
energetic materials.

In future scientific research, we can focus on how to increase the content of solid
energetic fillers while meeting the conditions of the light-curing 3D printing slurry to
obtain an energetic grain with superior comprehensive performance, such as in combustion
and explosion, to meet different military requirements.

Author Contributions: Methodology, Y.C., S.B.; software, Y.C.; formal analysis, H.R.; investigation,
Y.C.; resources, S.B.; data curation, Y.C.; writing—original draft, Y.C.; conceptualization, S.B.; supervi-
sion, S.B., H.R.; visualization, Y.C.; project administration, S.B., H.R.; writing—review & editing, Y.C.,
S.B. and H.R. All authors have read and agreed to the published version of the manuscript.

Funding: This work is supported by the National Natural Science Foundation of China (Funder: Hui
Ren. Funding number 21975024).



Micromachines 2021, 12, 1509 14 of 16

Acknowledgments: The authors gratefully acknowledge the support from the National Natural
Science Foundation of China (Grant number 21975024). Y.J. Chen acknowledges the support of
experimental materials and instruments from Shuhong, Ba of Shenyang Ligong University, China.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Billheimer, J.S.; Wagner, ER. The Morphological Continuum in Solid Propellant Grain Design, Propulsion Re-Entry Physics, 1st ed.;
Contensou, P., Duboshin, G.N., Hilton, W.E,, Eds.; Elsevier Ltd.: Pergamon, Turkey; New York, NY, USA, 1970; pp. 152-187.
[CrossRef]

Wang, Z.S. Introduction to Energetic Materials, 1st ed.; Harbin Institute of Technology Press: Harbin, China, 2006; pp. 1-13. Avail-
able online: https:/ /xueshu.baidu.com/usercenter/paper/show?paperid=0fb4e373956e8c2f55a4639316675751&site=xueshu_se
(accessed on 30 October 2021).

Yang, W.T.; Li, Y.X,; Ying, S.]. Fabrication of graded porous and skin-core structure RDX-based propellants via supercritical CO,
concentration profile. J. Energ. Mater. 2015, 33, 91-101. [CrossRef]

Krier, H.; Summerfield, M. Interior Ballistics of Guns; American Institute of Aeronautics and Astronautics, Inc.: Washington, DA,
USA; New York, NY, USA, 1979; pp. 409—-412. Available online: https:/ /ui.adsabs.harvard.edu/abs/1979PrAA...66.... K/abstract
(accessed on 30 October 2021).

Reid, D.L.; Kreitz, KR.; Stephens, M.A.; King, E.S.; Nachimuthu, P; Petersen, E.L.; Seal, S. Development of highly active
titania-based nanoparticles for energetic materials. J. Phys. Chem. C. 2011, 115, 10412-10418. [CrossRef]

Konetny, P; Hruby, V.; KfiZan, Z. Design optimization of solid propellant rocket motor. In Proceedings of the 23rd International
Symposium on Ballistics, Tarragona, Spain, 16 April 2007; pp. 515-522. Available online: http:/ /aux.ciar.org/ttk/mbt/papers/
isb2007 / paper.x.isb2007.1B35.design_optimization_of_solid_propellant_rocket_motor.an.2007.pdf (accessed on 30 October 2021).
Pérez-Roca, S.; Marzat, J.L.; Piet-Lahanier, H.; Langlois, N.; Farago, F.; Galeotta, M.; Gonidecd, S.L. A survey of automatic control
methods for liquid-propellant rocket engines. Prog. Aerosp. Sci. 2019, 107, 63-84. [CrossRef]

Zhou, X.; Mao, Y.F; Zheng, D.W,; Zhong, L.; Wang, R.H.; Gao, B.; Wang, D.]J. 3D printing of RDX-based aluminized high
explosives with gradient structure, significantly altering the critical dimensions. J. Mater. Sci. 2021, 56, 9171-9182. [CrossRef]
Gibson, I.; Rosen, D.; Stucker, B.; Khorasani, M. Additive Manufacturing Technologiesm; Springer: Cham, Switzerland, 2014;
pp. 23-51. Available online: https:/ /link.springer.com/book/10.1007%2F978-3-030-56127-7 (accessed on 30 October 2021).
Zhakeyev, A.; Wang, P.F; Zhang, L.; Shu, WM.; Wang, H.Z.; Xuan, J. Additive manufacturing: Unlocking the evolution of energy
materials. Adv. Sci. 2017, 4, 1700187. [CrossRef]

Ruiz-Morales, ].C.; Tarancon, A.; Canales-Vazquez, J.; Mendez-Ramos, ].; Hernandez-Afonso, L.; Acosta-Mora, P.; Marin Rueda,
J.R.; Fernandez-Gonzalez, R. Three dimensional printing of components and functional devices for energy and environmental
applications. Energy Environ. Sci. 2017, 10, 846-859. [CrossRef]

Zunino III, J.L.; Schmidt, D.P.; Petrock, A.M.; Fuchs, B.E. Inkjet printed devices for armament applications. Nanotechnology
2010, 21, 542-545. Available online: https:/ /briefs.techconnect.org/papers/inkjet-printed-devices-for-armament-applications/
(accessed on 30 October 2021).

Adedeji, B.B.; Vhance, V.V.; David, L. Additive Manufacturing Handbook: Product Development for the Defense Industry; CRC Press:
Boca Raton, FL, USA, 2017; pp. 127-168. Available online: https://www.routledge.com/Additive-Manufacturing-Handbook-
Product-Development-for-the-Defense-Industry /Badiru-Valencia-Liu/p/book/9780367871215 (accessed on 30 October 2021).
Hernandez, R.N.; Singh, H.; Messimer, S.L.; Patterson, A.E. Design and performance of modular 3-D printed solid-propellant
rocket airframes. Aerospace 2017, 4, 17-25. [CrossRef]

Cesaretti, G.; Dini, E.; De Kestelier, X.; Valentina, C.; Laurent, P. Building components for an outpost on the Lunar soil by means
of a novel 3D printing technology. Acta Astronaut. 2014, 93, 430-450. [CrossRef]

Fateri, M.; Kaouk, A.; Cowley, A; Siarov, S.; Palou, M.V.; Gonzalez, F.G.; Marchant, R.; Cristoforetti, S.; Sperl, M. Feasibility study
on additive manufacturing of recyclable objects for space applications. Addit. Manuf. 2018, 24, 400-404. [CrossRef]

Wang, D.J.; Guo, C.P; Wang, R.H.; Zheng, B.H.; Gao, B.; Nie, ED. Additive manufacturing and combustion performance of CL-20
composites. J. Mater. Sci. 2020, 55, 2836—2845. Available online: https:/ /link.springer.com/article/10.1007 /s10853-019-04209-w
(accessed on 30 October 2021).

Mao, Y.F; Zhong, L.; Zhou, X.; Zheng, D.W.; Zhang, X.Q.; Duan, T,; Nie, ED.; Gao, B.; Wang, D.J. 3D Printing of Micro-Architected
Al/CuO-Based Nanothermite for Enhanced Combustion Performance. Adv. Eng. Mater. 2019, 21, 1900825. [CrossRef]

Xu, C.H.; An, CW.; He, Y.N.; Zhang, Y.R; Li, Q.B.; Wang, ].Y. Direct ink writing of DNTF based composite with high performance.
Propellants Explos. Pyrotech. 2018, 43, 754-758. [CrossRef]

Xu, CH.; An, CW.,; Li, Q.B,; Xu, S.; Wang, S.; Guo, H.; Wang, ].Y. Preparation and Performance of Pentaerythrite Tetranitrate-Based
Composites by Direct Ink Writing. Propellants Explos. Pyrotech. 2018, 43, 1149-1156. [CrossRef]

Xu, CH.; An, CW,; Long, Y.L.; Li, Q.B.; Guo, H.; Wang, S.; Wang, ].Y. Inkjet printing of energetic composites with high density.
RSC Adv. 2018, 8, 35863-35869. [CrossRef]

Wang, J.Y.; Xu, C.H.; An, CW,; Song, C.K,; Liu, B.; Wu, B.D.; Geng, X.H. Preparation and Properties of CL-20 based Composite by
Direct Ink Writing. Propellants Explos. Pyrotech. 2017, 42, 1139-1142. [CrossRef]


http://doi.org/10.1016/B978-0-08-006931-9.50012-X
https://xueshu.baidu.com/usercenter/paper/show?paperid=0fb4e373956e8c2f55a4639316675751&site=xueshu_se
http://doi.org/10.1080/07370652.2014.910567
https://ui.adsabs.harvard.edu/abs/1979PrAA...66.....K/abstract
http://doi.org/10.1021/jp200993s
http://aux.ciar.org/ttk/mbt/papers/isb2007/paper.x.isb2007.IB35.design_optimization_of_solid_propellant_rocket_motor.an.2007.pdf
http://aux.ciar.org/ttk/mbt/papers/isb2007/paper.x.isb2007.IB35.design_optimization_of_solid_propellant_rocket_motor.an.2007.pdf
http://doi.org/10.1016/j.paerosci.2019.03.002
http://doi.org/10.1007/s10853-021-05869-3
https://link.springer.com/book/10.1007%2F978-3-030-56127-7
http://doi.org/10.1002/advs.201700187
http://doi.org/10.1039/C6EE03526D
https://briefs.techconnect.org/papers/inkjet-printed-devices-for-armament-applications/
https://www.routledge.com/Additive-Manufacturing-Handbook-Product-Development-for-the-Defense-Industry/Badiru-Valencia-Liu/p/book/9780367871215
https://www.routledge.com/Additive-Manufacturing-Handbook-Product-Development-for-the-Defense-Industry/Badiru-Valencia-Liu/p/book/9780367871215
http://doi.org/10.3390/aerospace4020017
http://doi.org/10.1016/j.actaastro.2013.07.034
http://doi.org/10.1016/j.addma.2018.09.020
https://link.springer.com/article/10.1007/s10853-019-04209-w
http://doi.org/10.1002/adem.201900825
http://doi.org/10.1002/prep.201800075
http://doi.org/10.1002/prep.201800069
http://doi.org/10.1039/C8RA06610H
http://doi.org/10.1002/prep.201700042

Micromachines 2021, 12, 1509 15 of 16

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Li, Q.B.; An, CW.,; Han, X.; Xu, C.H,; Song, C.K; Ye, B.Y.; Wu, B.D.; Wang, ].Y. CL-20 based Explosive Ink of Emulsion Binder
System for Direct Ink Writing. Propellants Explos. Pyrotech. 2018, 43, 533-537. [CrossRef]

Bencomo, J.A.; Tacono, S.T.; McCollum, J. 3D printing multifunctional fluorinated nanocomposites: Tuning electroactivity,
rheology and chemical reactivity. J. Mater. Chem. A. 2018, 6, 12308-12315. [CrossRef]

Thnen, A.C.; Lee, W.Y,; Fuchs, B.; Petrock, A.M.; StecIl, D. Ink jet printing and patterning of explosive materials. U.S. Patent 929624,
29 March 2016.

Thnen, A.C.; Petrock, A.M.; Chou, T.; Fuchs, B.E.; Lee, W.Y. Organic Nanocomposite Structure Tailored by Controlling Droplet
Coalescence during Inkjet Printing. ACS Appl. Mater. Interfaces 2012, 4, 4691-4699. [CrossRef]

Ihnen, A.C.; Petrock, A.M.; Chou, T.; Samuels, PJ.; Fuchs, B.E.; Lee, W.Y. Crystal morphology variation in inkjet-printed organic
materials. Appl. Surf. Sci. 2011, 258, 827-833. [CrossRef]

Muray, A.K.; Novotny, W.A,; Fleck, T.J.; Emre Gunduz, I; Son, S.; Chiu, G.T.-C.; Rhoads, J.F. Selectively-deposited energetic
materials: A feasibility study of the piezoelectric inkjet printing of nanothermites. Addit. Manuf. 2018, 22, 69-74. [CrossRef]
Sullivan, K.T.; Zhu, C.; Duoss, E.B.; Gash, A.E.; Kolesky, D.B.; Kuntz, ].D.; Lewis, J.A.; Spadaccini, C.M. Controlling material
reactivity using architecture. Adv. Mater. 2016, 28, 1934-1939. [CrossRef] [PubMed]

Nafday, O.A.; Pitchimani, R.; Weeks, B.L.; Haaheim, J. Patterning high explosives at the nanoscale. Propellants Explos. Pyrotech.
2006, 31, 376-381. [CrossRef]

Knepper, R.; Tappan, A.S.; Wixom, R.R.; Rodriguez, M.A. Controlling the microstructure of vapor-deposited pentaerythritol
tetranitrate films. J. Mater. Res. 2011, 26, 1605-1613. [CrossRef]

Knepper, R.; Browning, K.; Wixom, R.R.; Tappan, A.S.; Rodriguez, M.A.; Alamet, M.K. Microstructure Evolution during
Crystallization of Vapor-Deposited Hexanitroazobenzene Films. Propellants Explos. Pyrotech. 2012, 37, 459-467. [CrossRef]
Meeks, K.; Pantoya, M.L.; Apblett, C. Deposition and characterization of energetic thin films. Combust. Flame 2014, 16, 1117-1124.
[CrossRef]

Meeks, K.A ; Clark, B.R.; Cano, J.E.; Apblett, C.A.; Pantoya, M.L. Effects of rheological properties on reactivity of energetic thin
films. Combust. Flame 2015, 162, 3288-3293. [CrossRef]

Clark, B.; McCollum, J.; Pantoya, M.L.; Heaps, R.J.; Daniels, M.A. Development of flexible, free-standing, thin films for additive
manufacturing and localized energy generation. AIP Adv. 2015, 5, 087128. [CrossRef]

Clark, B.; Zhang, Z.H.; Christopher, G.; Pantoya, M.L. 3D processing and characterization of acrylonitrile butadiene styrene (ABS)
energetic thin films. J. Mater. Sci. 2017, 52, 993-1004. [CrossRef]

Knepper, R.; Wixom, R.R.; Marquez, M.P; Tappan, A.S. Near-failure detonation behavior of vapor-deposited hexanitrostilbene
(HNS) films. In Proceedings of the AIP Conference Proceedings, Tampa Bay, FL, USA, 13 January 2017; p. 030014. [CrossRef]
Huang, J.; Wang, J.; Mao, Y.F; Xu, R].; Zeng, G.Y.; Yang, Z.]J.; Nie, ED. Preparation of CL-20/TATB Composite Charge Structure
by 3D Printing Technology. Chin. J. Energ. Mater. 2019, 27, 931-935. [CrossRef]

Chandru, R.A.; Balasubramanian, N.; Oommen, C.; Raghunandan, B.N. Additive manufacturing of solid rocket propellant grains.
J. Propuls. Power 2018, 34, 1090-1093. [CrossRef]

Fleck, T.J.; Murray, A.K.,; Gunduz, LE.; Son, S.F.; CChiu, G.T.; Rhoads, J.F. Additive manufacturing of multifunctional reactive
materials. Addit Manuf. 2017, 17, 176-182. [CrossRef]

Mezger, M.J.; Tindle, K.J.; Pantoya, M.; Groven, L]J.; Kalyon, D. Energetic Materials: Advanced Processing Technologies
for Next-Generation Materials, 2nd ed.; CRC Press: Boca Raton, FL, USA, 2017; pp. 115-128. Available online: https:
/ /books.google.ae/books?hl=zh-CNé&lr=&id=hkUrDwAAQBA]&oi=fnd&pg=PP9&dq=Energetic+Materials:+ Advanced+
Processing+Technologies+for+Next-Generation+Materials&ots=wk4CEChgNT&sig=7]hg7dXIUZLXXFMzteOjKP{xSE&
redir_esc=y#v=onepage&q=Energetic%20Materials%3A% (accessed on 30 October 2021).

Woods, H.; Boddorff, A.; Ewaldz, E.; Adams, Z.; Ketcham, M.; Jang, D.J.; Sinner, E.; Thadhani, N.; Brettmann, B. Rheological
Considerations for Binder Development in Direct Ink Writing of Energetic Materials. Propellants Explos. Pyrotech. 2020, 45, 26-35.
[CrossRef]

Selimis, A.; Mironov, V.; Farsari, M. Direct laser writing: Principles and materials for scaffold 3D printing. Microelectron Eng. 2015,
132, 83-89. [CrossRef]

Zarek, M.; Layani, M.; Cooperstein, I.; Sachyani, E.; Cohn, D.; Magdassi, S. 3D printing of shape memory polymers for flexible
electronic devices. Adv. Mater. 2016, 28, 4449-4454. [CrossRef] [PubMed]

Straathof, M.H.; van Driel, C.A.; van Lingen, ].N.; Ingenhut, B.L.; Tessa ten Cate, A.; Maalderink, H.H. Development of Propellant
Compositions for Vat Photopolymerization Additive Manufacturing. Propellants Explos. Pyrotech. 2020, 45, 36-52. [CrossRef]
Driel, C.V,; Straathof, M.; Lingen, J.V. Developments in additive manufacturing of energetic materials at TNO. In Proceedings of
the 30th International Symposium on Ballistics, Long Beach, CA, USA, 11 September 2017; DEStech Publications Inc.: California,
CA, USA, 2017; pp. 11-15. [CrossRef]

Yang, W.T.; Liu, Z.; Zhang, Y.C.; Yang, ].X. Calculation and Analysis on Energy Characteristics of Foamed Propellant. Chin. ].
Energ. Mater. 2017, 25, 726-731. [CrossRef]

Yang, W.T.; Hu, R.; Zheng, L.; Yan, G.H.; Yan, W.R. Fabrication and investigation of 3D-printed gun propellants. Mater. Des. 2020,
192,108761. [CrossRef]

Li, MM.; Yang, W.T,; Xu, M.H.; Hu, R.; Zheng, L. Study of photocurable energetic resin based propellants fabricated by 3D
printing. Mater. Des. 2021, 207, 109891. [CrossRef]


http://doi.org/10.1002/prep.201800064
http://doi.org/10.1039/C8TA00127H
http://doi.org/10.1021/am301050n
http://doi.org/10.1016/j.apsusc.2011.08.125
http://doi.org/10.1016/j.addma.2018.05.003
http://doi.org/10.1002/adma.201504286
http://www.ncbi.nlm.nih.gov/pubmed/26669517
http://doi.org/10.1002/prep.200600051
http://doi.org/10.1557/jmr.2011.177
http://doi.org/10.1002/prep.201200013
http://doi.org/10.1016/j.combustflame.2013.10.027
http://doi.org/10.1016/j.combustflame.2015.05.018
http://doi.org/10.1063/1.4928570
http://doi.org/10.1007/s10853-016-0395-5
http://doi.org/10.1063/1.4971472
http://doi.org/10.11943/CJEM2019042
http://doi.org/10.2514/1.B36734
http://doi.org/10.1016/j.addma.2017.08.008
https://books.google.ae/books?hl=zh-CN&lr=&id=hkUrDwAAQBAJ&oi=fnd&pg=PP9&dq=Energetic+Materials:+Advanced+Processing+Technologies+for+Next-Generation+Materials&ots=wk4CEChgNT&sig=ZJhg7dXIUZLXXFMzteOIjKPfxSE&redir_esc=y#v=onepage&q=Energetic%20Materials%3A%
https://books.google.ae/books?hl=zh-CN&lr=&id=hkUrDwAAQBAJ&oi=fnd&pg=PP9&dq=Energetic+Materials:+Advanced+Processing+Technologies+for+Next-Generation+Materials&ots=wk4CEChgNT&sig=ZJhg7dXIUZLXXFMzteOIjKPfxSE&redir_esc=y#v=onepage&q=Energetic%20Materials%3A%
https://books.google.ae/books?hl=zh-CN&lr=&id=hkUrDwAAQBAJ&oi=fnd&pg=PP9&dq=Energetic+Materials:+Advanced+Processing+Technologies+for+Next-Generation+Materials&ots=wk4CEChgNT&sig=ZJhg7dXIUZLXXFMzteOIjKPfxSE&redir_esc=y#v=onepage&q=Energetic%20Materials%3A%
https://books.google.ae/books?hl=zh-CN&lr=&id=hkUrDwAAQBAJ&oi=fnd&pg=PP9&dq=Energetic+Materials:+Advanced+Processing+Technologies+for+Next-Generation+Materials&ots=wk4CEChgNT&sig=ZJhg7dXIUZLXXFMzteOIjKPfxSE&redir_esc=y#v=onepage&q=Energetic%20Materials%3A%
http://doi.org/10.1002/prep.201900159
http://doi.org/10.1016/j.mee.2014.10.001
http://doi.org/10.1002/adma.201503132
http://www.ncbi.nlm.nih.gov/pubmed/26402320
http://doi.org/10.1002/prep.201900176
http://doi.org/10.12783/ballistics2017/16867
http://doi.org/10.11943/j.issn.1006-9941.2017.09.005
http://doi.org/10.1016/j.matdes.2020.108761
http://doi.org/10.1016/j.matdes.2021.109891

Micromachines 2021, 12, 1509 16 of 16

50.

51.

52.

53.

McClain, M.S.; Gunduz, LE.; Son, S.F. Additive manufacturing of ammonium perchlorate composite propellant with high solids
loadings. Proc. Combust. Inst. 2019, 37, 3135-3142. [CrossRef]

Yuan, ].E; Liu, ].Z.; Zhou, Y.N.; Zhang, Y.W.; Cen, K.F. Thermal decomposition and combustion characteristics of Al/AP/HTPB
propellant. J. Therm. Anal. Calorim. 2020, 143, 1-10. Available online: https://link.springer.com/article/10.1007/s10973-020-092
97-4 (accessed on 30 October 2021). [CrossRef]

Li, ES.; Liu, L.L.; Ma, Z.Y. Catalytic Effect of Nanometer Metal Powders and Nanometer Fe;O3 on the Thermal Decomposition of
Ammonium Perchlorate. In Proceedings of the 2004 Annual Meeting of Chinese Society of Particulates, Cross-Strait Particulate
Technology Seminar, Yantai, China, 29 August 2004; Available online: https://xueshu.baidu.com/usercenter/paper/show?
paperid=2ef82981081fde9da032412bele80dfe&site=xueshu_se&hitarticle=1 (accessed on 30 October 2021).

Dai, ].; Xu, ].B.; Wang, F,; Tai, Y,; Shen, Y.; Shen, R.Q.; Ye, Y.H. Facile formation of nitrocellulose-coated Al/Bi203 nanothermites
with excellent energy output and improved electrostatic discharge safety. Mater. Des. 2018, 143, 93-103. [CrossRef]


http://doi.org/10.1016/j.proci.2018.05.052
https://link.springer.com/article/10.1007/s10973-020-09297-4
https://link.springer.com/article/10.1007/s10973-020-09297-4
http://doi.org/10.1007/s10973-020-09297-4
https://xueshu.baidu.com/usercenter/paper/show?paperid=2ef82981081fde9da032412be1e80dfe&site=xueshu_se&hitarticle=1
https://xueshu.baidu.com/usercenter/paper/show?paperid=2ef82981081fde9da032412be1e80dfe&site=xueshu_se&hitarticle=1
http://doi.org/10.1016/j.matdes.2018.01.056

	Introduction 
	Experimental Section 
	Experimental Materials 
	Characterization and Testing 
	Formula and Printing Process Parameters 
	Formula and Preparation of Energetic Slurry 
	Optimization of Printing Parameters 

	Experimental Process of Light-Curing 3D Printing 

	Results and Discussion 
	Density and Uniformity Test 
	Surface and Internal Structure 
	Mechanical Property Test 
	Analysis of Thermal Decomposition Behavior 
	Analysis of Combustion Characteristics 

	Conclusions 
	References

