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Table 1  Binders and their molecular structures

binder structural formula
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Note: Estane 5703: thermoplastic polyurethane; F2602: 26 type fluororub-
ber; PVDF: polyvinylidene fluoride; BR: butadiene rubber; NC: nitro-

cellulose; GAP: glycidyl azide polymer.
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a. optical microscope image b. SEM image
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Fig.3 Optical microscope and SEM images of F2602
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Fig.4 Optical microscope and SEM images of PVDF
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Fig.5 Schematic illustration of microdroplet formation in a
microfluidic T-junction
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Fig.6 Experimental procedures of preparing nAl@PVDF
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Fig.12 EDS images of nAI@PVDF@CL-20 composite mic-
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Fig.13 XRD patterns of nAl@PVDF@CL-20 composite mic-

roparticles and raw materials

20 b O % B AT DL W CL-20 /9 A B, X
nAl@PVDF@CL-20 & 4 1% WUk & H PVDF ., CL-20 Ji
BT T AR, R 14 TR . SRR TE
3000 cm™ Fff T A — 4 R, H i I 00 W2 A A e
780~1100 cm™ P if A — 21 HL Y (%) DU & 04 | F — 25 fif
E CL-20 5 e-fy But o197

WE 14 7R ,3016~3045 cm™ fHE 1 5 C—H (1)
181 45 41 3, 3% 35 4 16 & CL-20 1) C—H Fl PVDF
C—H Y1617 ~1664 cm™ 4bJ2& CL-20 1 N—O
B AS o R A 4 B8 50112272215 1006~1509 em™ [ I 55 &5
Z, FEAAE T PYDF i —CH, /9 25 it ik 3l (1428~
1509 cm™) . CL-20 H N—O fi¥ X % 11 45 4% 5 (1329~
1428 cm™) PVDFH C—F 42 (1204~1329 cm™).,
CL-20 % %8 =X F7 M 3 35 (1006~1159 cm™) 1272
800 cm™ Fff T 4 4 CL-20 H O—N—0 Ay i 45 i 5h .
AW D L TR | R | L =R € I A2 s o AR D
TR CL-20 #1 PVDF, [R] I &2 4 CBURE 19 21 71 5

Chinese Journal of Energetic Materials, Vol.30, No.4, 2022 (341-348)

MEWERA R AT, B A 4 oy 2 0] LR A 5 A
e

§-CL-20
PVDF N-O CF

nAI@PVDF@CL-20,C-H w
1 L 1 i 2 1
4000 3000 2000 1000

wave number / cm'’
14 nAl@PVDF@CL-20 & & fBURL 5 JFEHY £L 40 a3k 18
Fig.14 FTIR spectra of nAlI@PVDF@CL-20 composite mic-

roparticles and raw materials

4.2.3 O

TE & A (50 mL-min™) JHE# % 5 K-min™
M) 45 fF N XF CL-20 J5t BF . PVDF J kL | i % 1
nAl@PVDF@CL-20 & A it i i LA & nAl/PVDF/CL-20
MRMIEST T TG-DSC I, 25 R 4n &l 15 fros .

TG-DSC &5 %, CL-20 JFURH/E 232.15 Cib A
— B B0 TR P 3X R CL-20 A4 43 i 5 A L RH IO M A
TGk R M Kk N 81.59% . MALHIR &
nAl/PVDF/CL-20 #F Bt 73 fi# it ¥4 W gy 229.77 °C
nAl@PVDF@CL-20 & & il Wl ki 4 fft e #4 0% hy
216.16 °C, 5 CL-20 JFURHH EL 18 Fr$2 /1, Ui B 5 nAl
HPVDF 8 & AT LA BE CL-20 il 43 f# , 1 3900 45 4 R
5 19 2 A TOBORL LU AILBRTE & 459 21 (9 b RE 45 20 55 4 43
A N8 AY N AR HE O B A

TG il & h nAl@PVDF@CL-20 & & 1 i kL F
nAl/PVDF/CL-20 # BHS A = Bt s i R i 72, H
T E I AR A o B — BT R K 33.72% 4 CL-20
(3 ik 7 . 5 nAI@PVDF & & Uk 26, 45 — Bt
AR = B o A 401 K 3k AR 43 3 X I DSC i £k v i A
A FE 370~430 °C & 4 PVDF 5 & AL 45 1Y 7l 5k
F I, iR 7.15%,430~530 °C g oK L W B PVDF
53 i ok F2  [R)BFA] BE AF AR BB A% 5 PVDF 43 i 77 W) S L
L B RN 23.91%.. X TS AN A g
nAl@PVDF@CL-20 & & kL Lt nAl/PVDF/CL-20 #4
BHPERT 7 23.02 °C, A E T &, AR EH NS
nAl/PVDF/CL-20 #1 ¥l # Lt , nAl@PVDF@CL-20 & &
UKL 45 20 43 A0 43 A 583159, CL-20 43 fif 1) 44 it F
— AP T R PVDF [ 4 g, R &L T nAl S
PVDF 43 i 7 ) 19 S
N Lk

www.energetic-materials.org.cn



T 2 4 %% nAl@PVDF@CL-20 & £+ % RE T BURL 19 1 4 55 F£AF

347

10

- Texo ,229.77 °C
216.16 'C

N
T

474.09 C

|
(2]
T

heat flow / mW-mg’
ro

L ——PVDF
o —CL-20
L ——nAl/PVDF/CL-20
14 ——nAI@PVDF@CL-20
100 200 300 400 500 600 700 800
temperature / °C
a. DSC curves
——PVDF
100 —CL-20
——nAl/PVDF/CL-20
8or Am=-33.72% | __nAI@PVDF@CL-20
o — 0,
% 60 ,Am__81'59 $AM=-7.15%
(72}
© — 0,
£ ol Am=-23.91%
20} —
0 1

100 200 300 400 500 600 700 800
temperature / °C

b. TG curves

E 15 nAl@PVDF@CL-20 & & UMUK .nAl/PVDF/CL-20 #4 ¥
M JECREPVDF . CL-20 f) TG-DSC ik

Fig.15 TG-DSC curves of nAl@PVDF@CL-20 composite mi-
croparticles, nAl/PVDF/CL-20 material, PVDF, and CL-20

5 452

(1) MR 3 130 1 25 BR  RA5 500 =2 ) 1% 1
e AR5 ) TSR R 45 50 5 R B T Ak Y B T 5k T Al
B ), I SR 9 o 3R A AR A 0 7 % 28 45 R0 R Ok
W HIE B, 254 8 v ) PVDFAE il & &2 & T ok
B 455

(2) RHBMmAEF ARG % T nAl@PVDF X4 T
& ORIl nAl@PVDF@CL-20 = 2H T & 4 & gt i
o A B AURL EE 43 B 45 R K BT, nAl@PVDF Al
nAl@PVDF@CL-20 % & WUBURL BROE B2 8 L 70 B R
U RLAR A3 A 25 R BE 3 A B4 5) R AR R 10~20 pum
BR ) T 4 R BT X EDS 25 S & W], nAl@PVDF@CL-20
AR A Ay sy A 5] . LLAMERE R B4 A5y
ZUEWHE A AR5

(3) TG-DSC 45 X % W , £ nAl@PVDF A
nAl@PVDF@CL-20 & & i MUkL f , PVDF 1R 2 1 1Y
AL E R AE T WS K RN R 8 AR 1E PVDF 1 43 f# .
[F B}, 5 nAl A PVDF & & 6 Be {2 i#f CL-20 Y J i , fift

CHINESE JOURNAL OF ENERGETIC MATERIALS

H Ay i e BE AR BT . 5 nAl/PVDF/CL-20 #1841 1,
nAI@PVDF@CL-20 & & 1 WUkE 45 21 43 A8 43 A1 5 fin 3
57, PR CL-20 43 fife 1 41 a2 455 51 | 8 3, 38 — il
UG LT 23.02 °C, XA K [ N 1) PVDF 43 i DL &
nAl 5 PVDF 43 fift 7= ) I 0 2o A s o 22 At

SE N

[1] Nielsen A T. Synthesis of polyazapolycyclic caged polynitra-
mines[]]. Tetrahedron, 1987, 54: 11793-11812.

(2] PhBESR, DT JME BB , 56 . B AULL RS CL-20 2 & B 4R 2K T fiE
s SR s )] R T A Sk, 2020, 39(7): 76-78.
SUN Xiao-le, WAN Li-lun, YANG Zhuo-jun, et al. Influence
of Al/O on underwater energy output structure of CL-20-based
aluminized explosives [J]. Ordnance Industry Automation,
2020, 39(7): 76-78.

[3] WG 5tE R, NBEAR, 5. N A BN A2 1022 08 (CL-20) 1Y
WrseHE L) ). S hEskE, 2000, 8(3): 130-134.

ZENG Gui-yu, NIE Fu-de, LIU Xiao-dong, et al. The Develop-
ments of hexanitrohexaazaisowurtzitane[J]. Chinese Journal of
Energetic Materials, 2000, 8(3): 130-134.

(4] FEBSL, HHW, BIHN, 5. AR LTINS H 2RI

2508 3 T BUME 5K T B SR AT R ). IR T2, 2016, 37
(3 F12). 23-28.
WANG Qiu-shi, NIE Jian-xin, JIAO Qing-jie, et al. Experimen-
tal research on underwater explosion of CL-20-based alumi-
nized explosives with different Al/O ratios[J]. Acta Armamen-
tarii, 2016, 37(Suppl.2): 23-28.

[5] MAO Xiao-xiang, JIANG Long-fei, ZHU Chen-guang, et al. Ef-
fects of aluminum powder on ignition performance of RDX,
HMX, and CL-20 explosives [J]. Advances in Materials Sci-
ence and Engineering, 2018, 2018: 1-8.

(6] 1e, eI T, 2 4% . CL-20 3 & R AE 25K T ML iF i 5

HUEBAL) ] S REM KL, 2018, 26(8): 686-695.
FENG Song, RAO Guo-ning, PENG Jin-hua. Experimental
study and numerical simulation of CL-20-based aluminized ex-
plosive in underwater explosionl]]. Chinese Journal of Energet-
ic Materials( Hanneng Cailiao), 2018, 26(8): 686—695.

(7] Tk T, R &, A L CL-20 JE 75 0 M 20 % 5% D e T 9% 1) 3o 3

LR R D] KM, 2015, 38(1): 8-11.
SHEN Fei, WANG Hui, YUAN Jian-fei, et al. Relationship be-
tween normal velocity and curvature of detonation wave front
for CL-20-based aluminized explosive [J]. Chinese Journal of
Explosives & Propellant, 2015, 38(1): 8-11.

[8] AARAG, ™ b, 25T, % . CL-20 X AI/HMX-XLDB # 2 71 4%

Be it RA W R ] BB R 22 S AR, 2013, 19(3)
241-247.
SONG Zhen-wei, YAN Qi-long, LI Xiao-jiang, et al. Effects of
CL-20 on the condensed combustion products of Al/
HMX-XLDB propellants [J]. Journal of Combustion Science
and Technology, 2013, 19(3): 241-247.

(9] SEvbWT, BRMKS , #0555 . AL AP RLZR X CL-20 Hi 3t 77 48 1
P 5 D EAR 77 W R ) 2 [) ] K K2 22, 2021, 44(3)
367-371.

WU Hao-ming, CHEN Lin-quan, DONG Xin-gang, et al. Ef-
fects of particle size of Al and AP on agglomeration and prop-

erties of condensed combustion products of CL-20 propellant

N XK 2022 % H 304K H 44 (341-348)



348

WOREZ, E AR EE

[10]

[11]

[13]

[16]

[J]. Chinese Journal of Explosives & Propellant, 2021,44(3) :
367-371.

EBE, EIEW],BEL AF . CL-20 B2 X GAP/AP/AL S BE i 2t 77 4%
BEPERERYIENA[)]. KHEZG 244, 2021, 44(3): 336-341.
WANG Ying, WANG Zheng-ming, ZHAO Yu, et al. Effects of
CL-20 particle size on combustion on performances of GAP/
AP/Al high-energy propellants [J]. Chinese Journal of Explo-
sives & Propellant, 2021, 44(3): 336-341.

g, 2 by, XU 2R, S L R T IO A 1 AR B4 BRI il B 5
DI, ks, 2015, 43(12): 1942-1954.

SHEN Feng, LI Yi, LIU Zhao-miao,
micro-droplets coalescence using microfluidics [J]. Chinese
Journal of Analytical Chemistry, 2015, 43(12): 1942-1954.
X BIREE, B LA ORI AR o BOE K9 24 B 3k
fiE[)]. S hER R, 2017, 25(9): 717-721.

LIU Huan-min, LI Zhao-gian, WANG Yan-jun, et al. Prepara-

et al. Advances in

tion and characterization of spherical propellant by microfluid-
ic technology[]]. Chinese Journal of Energetic Materials(Han-
neng Cailiao), 2017, 25(9): 717-721.

ZHOU J, WU B, WANG M, et al. Accurate and efficient
droplet microfluidic strategy for controlling the morphology of
energetic microspheres [J]. Journal of Energetic Materials,
2021: 1-18.

LIU S, WU B D, LI Z, et al. Multilevel strategies for composi-
tion and formation of DAAF/HNIW composite crystals [J].
Cryst Eng Comm, 2021, 23(44): 7750-7759.

Owens D K, Wendt R C. Estimation of the surface free energy
of polymers[J]. Journal of Applied Polymer Science, 1969, 13
(8): 1741-1747.

Huang C, Jian G, Delisio J B, et al. Electrospray deposition of

[19]

[20]

[21]

energetic polymer nanocomposites with high mass particle
loadings: A prelude to 3D printing of rocket motors[J]. Ad-
vanced Engineering Materials, 2015, 17(1): 95-101.
Osborne D T, Pantoya M L. Effect of Al particle size on the
thermal degradation of Al/Teflon mixtures[]]. Combustion Sci-
ence and Technology, 2007, 179(8): 1467-1480.

NG, E A0, BRI A GOR TR e-CL-20 fty L% R g 5 [) ]
T, 2017, 38(HT11): 220-225.

SUN Lu, YAN Shi, JIAO Qing-jie. Effects of nano-combustible
fuels on &-CL-20 crystal transition [J]. Acta Armamentarii,
2017, 38(Suppl.1): 220-225.

Von Holtz E, Ornellas D, Foltz M F, et al. The solubility of
£-CL-20 in selected materials[]]. Propellants, Explosives, Py-
rotechnics, 1994, 19(4): 206-212.

Kholod Y, Okovytyy S, Kuramshina G, et al. An analysis of
stable forms of CL-20: A DFT study of conformational transi-
tions, infrared and Raman spectra[ﬂ. Journal of Molecular
Structure, 2007, 843(1-3):14-25.

BT . PVDF JUBK 3RE Y £ 51 P g e B Ao 2 [ ). Bos T
Mk, 2003, 33(12): 45-48.

HUANG Ning. Infrared spectrum and component analysis of
PVDF fluorocarbon coatings [J].
2003, 33(12): 45-48.

Holtz E V, Ornellas D, Foltz M F, et al. The Solubility of
e-CL-20 in Selected Materials[]]. Propellants, Explosives, Py-
rotechnics, 1994, 19(4): 206—212.

ZHU W H, XIAO H M, XU X J. DFT studies on the four poly-
morphs of crystalline CL-20 and the influences of hydrostatic

Paint & Coatings Industry,

pressure on &-CL-20 crystal[J]. The Journal of Physical Chemis-
try B, 2007, 111(8): 2090-2097.

Preparation and Characterization of nAI@PVDF@CL-20 Composite Energetic Particles Assembled via
Microfluidic Method

CHENG Ya-zhi, WANG Qian, REN Hui, YAN Tao
(State Key Laboratory of Explosion Science and Technology , Beijing Institute of Technology , Beijing 100081, China)

Abstract: The explosives and propellants containing hexanitrohexaazaisowurtzitane (CL-20) and aluminum (Al) powders show
excellent energy properties, and Al/CL-20-based energetic materials have become the focus of research. By using polyvinylidene
fluoride (PVDF) as binder combined with nano-aluminum (nAl) powders and CL-20, the nAl@PVDF and nAl@PVDF@CL-20
composite energetic particles could be prepared via microfluidic technology. The morphology, internal structure, and particle
size of two composite particles were observed by scanning electron microscope (SEM) and laser particle size analyzer. Chemical
structure of composite particles was analyzed by Fourier transform infrared spectrometer (FTIR). Thermogravimetry-differential
scanning calorimetry (TG-DSC) was used for thermal analysis. The results show that the as-prepared composite particles exhibit
high sphericity, good dispersibility, and uniform particle size distribution with the particle size of 10—20 pwm. The components of
composite particles are well-distributed, and there is no chemical bond between the components. Thermal analysis results dis-
play that both nAlI@PVDF and nAl@PVDF@CL-20 composite particles exhibit pre-ignition reaction between PVDF and surface ox-
idation layer of nAl. The heat released from the pre-ignition reaction could promote the decomposition of PVDF. The decomposi-
tion reaction of CL-20 could be accelerated by combining with nAl and PVDF. Compared with nAl/PVDF/CL-20 material ac-
quired by mechanical mixing, nAl@PVDF@CL-20 composite particles prepared by microfluidic method possess homogeneous
component distribution.

Key words: microfluidic method;hexanitrohexaazaisowurtzitane (CL-20) ; composite particle;binder
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