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Fig.3 Burning process of energetic grain
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Fig.4 Combustion products of energetic grain
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Table 1 Delay property parameters of energetic grain
N target line density average density delay time average standard burning rate average burning standard
o.
spacing/mm  /g-cm™  /g-cm™’ /s delay time/s deviation/s /mm-s™"' rate /mm-s”' deviation/mm-s™'
1 1.510 12.44 0.804
2 10 1.510 1.507 12.44 12.43 0.0158 0.804 0.805 0.0012
3 1.501 12.41 0.806
X400
X200
a.  surface of energetic grain without solvent soaking b. surface of energetic grain after removing
burning rate regulator
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c. surface of energetic grain after removing d. surface of energetic grain after removing AP
light-cured liquid resin
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Fig.5 Surface micrographs of energetic grain after soaking in different solvents
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Text
建议删除”符合低燃速延期药标准“这句话。
由于延期药种类不同，其低燃速标准不同，没有统一的标准数据。
经查阅相关文献资料，低燃速硅铁延期药的燃速1.44mm/s-1.97mm/s，低燃速硼系延期药为1.36mm/s-3.90mm/s，本文提出的有机延期药的平均燃速为0.8mm·s-1，低于低燃速无机延期药的标准，因此提出”符合低燃速延期药标准“。
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Fig.6 DSC curves of AP, Mg, and burning rate regulator be-
fore and after adding light-cured liquid resin
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Table 2 L, (4") orthogonal factor level table

experimental factors

burning rate ammonium

level Mg(C) light-cured

regulator (A) perchlorate(B) .
/g resin(D) / g

/g 8

1 1 52 1 23

2 3 55 3 25

3 5 58 5 27

4 7 61 7 29
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建议最好说明放热峰温多少，其该变量ΔTp如何，再与上文的标准比较以说明相容性如何。请斟酌修改下
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罪恶蓝度
Text
各放热峰温在前面的叙述中已经体现，第一放热峰即为放热峰温，将高亮部分修改为:AP分解峰ΔTp=1.6595℃，Mg分解峰ΔTp=1.574℃，燃速调节剂ΔTp=1.907℃。
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各放热峰温在前面的叙述中已经体现，第一放热峰即为放热峰温，不需要重复。
将高亮部分修改为”AP分解峰ΔTp=-1.6595℃，Mg分解峰ΔTp=1.574℃，燃速调节剂分解峰ΔTp=-1.907℃。这些峰温的变化均小于2℃，“
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Table 3 Orthogonal design of formulation and performance

parameters of energetic grain

average burning

No A B C D e
1 1 1 1 1 12.82
2 1 2 2 2 12.93
3 1 3 3 3 11.41
4 1 4 4 4 17.20
5 2 1 2 3 12.01
6 2 2 1 4 12.41
7 2 3 4 1 14.23
8 2 4 3 2 15.64
9 3 1 3 4 11.23
10 3 2 4 3 10.27
11 3 3 1 2 16.40
12 3 4 2 1 13.42
13 4 1 4 2 11.25
14 4 2 3 1 11.43
15 4 3 2 4 12.63
16 4 4 1 3 12.28
R 1.9425 2.875 1.05 2.5625
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Delay Property of Energetic Grain via Digital Light Processing Photocurable 3D Printing

BA Shu-hong, YANG Yu-long, SHEN Hong-qi, WANG Shu-tao, SUN Wen-dong
(School of Equipment Engineering , Shenyang Ligong University , Shenyang 110159, China)

Abstract: An energetic slurry formulation was designed by light-cured liquid resin, magnesium powder (Mg), ammonium per-
chlorate, and burning rate regulator. The energetic grain was printed by Digital Light Processing(DLP) photocurable 3D printing
technology. The combustion process, delay performance, uniformity, and compatibility of energetic grain were evaluated, and
the influence factors of delay time were analyzed. The results show that the optimal mass fraction of energetic slurry formulation
is 7.53% burning rate regulator, 62.37% ammonium perchlorate, 3.22% Mg, and 26.88% light-cured resin. Performance test of
slurry displays that viscosity, curing time, curing hardness, and shrinkage are 325 mPa-s, 3.2 s, 2H, and 4.98%, respectively.
A cylindrical energetic grain was successfully printed with the size of @6 mmx11.5 mm and the average density of 1.507 g-cm™.
The printed energetic grain exhibits evenly distributed components, good compatibility, stable combustion process, bright yel-
low flame, and combustion residue rate of 4.98% without black smoke generation. The average delay time and burning rate are
(12.43+0.0158) s and (0.805+0.0012) mm-s ', respectively. The obtained delay time meets the standard of long second delay
composition, and the delay accuracy conforms the requirements of second delay composition. The influence on delay time grad-
ually decreases from ammonium perchlorate, light-cured liquid resin, burning rate regulator to Mg. The delay time of energetic
grain can be controlled to achieve diverse delay targets by adjusting component content of energetic slurry.

Key words: digital light processing(DLP) ; photocurable 3D printing;energetic grain;brning process;dlay property
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Burning process of delayed energetic grain

The delayed energetic grains are successfully manufactured by using DLP photocurable 3D printing technology. The burning
process and delay property of energetic grain are studied. The factors affecting delay accuracy are analyzed. The delay time of
energetic grain can be controlled to meet the requirement of different delay time by adjusting the component content of energetic

slurry.
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