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Fig.3 SEM images and EDS scanning results of pAl_1@xPEPE
(x=2.5%, 5.0%, 7.5%) samples
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PFPE-functionalized micro/nano aluminum samples
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Fig.5 p-tcurves and pressurization rates of different PFPE-functionalized micro/nano aluminum samples at 2 MPa O,

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK XXXX & XX A& HXX# (1-13)



6

SR, VAR A SRk

BT YRR (BRI B ) B R %
AR Y R &8 K, R T Z I m . (B A
Y PFPE B, 45 PFPE 43 ff 7= AR 1) RIS 2 (B A
BRI Y B k2D, E SRR = AR R B G A
ANfig Up R 3G R, AT O AR RE FA(E N R S 220 I N A
B A VEZy 5 B G T — A BT A R kL
UK PRPE ot 73 8. X — ML S E A A BE T 0 fE
BRI (B 4) — 20, Ul W 3G & PFPE (9 0 A fE 4%
IR B 7 2 25 R be T 1 S B AR 4R R AR 0 R ik
2.2 TEBBAGEH PFPE Ih BE 1L fU/40 58 ¥ I R 45 14
2.2.1 AERETHIE S -5 8 #h &

R T WEFEAS [RDRLAR B0 8 72 CL-20 28 25 BB h i) )
NP GE % AR AR TR IR AR AR R DA &
CL-20 & & FF i 09 0K b F 7 B B 1) 0 A2 Akl £
2 MPa AN [R]RL 42 57 83 76 CL-20 91 1Y p-r il 26 S Ho 3¢
JE 3R AN 6 s o

& 6 1T, BE & BROR R AR () 35 K, CL-20/Al R
AR R EAE R T 5 1G5 v, T 3G R R R 0

——CL-20
3600F ———CL-20+nAl_150
3362.6 ———CL-20+uAl_1
——CL-20+pAl_5

o 3200F 3150.8
o
o &S 2848.5
5 2800F
[}
3
£

2400

2000

00 05 10 15 20 25 30 35 40
time /s
a. p-tcurves

0.20
—'L’D
£
& 015F 0.139
= 0.130 0.128
°
[
< 0.10F
Qo
g
2
2 005} 0.048
2

0.00

CL-20  CL-20+nAL150 CL-20+pAl_1 CL-20+pAl_5
b. pressurization rates
6 2 MPa O, FARRKLAZ M TE CL-20 T Y p-t T 28 B2 H 4
P
Fig.6 p-t curves and pressurization rates of aluminum with
different particle sizes in CL-20 at 2 MPa O,

Chinese Journal of Energetic Materials, Vol. XX, No.XX, XXXX (1-13)

JE R 2 CL-20 43 F N Y AR 3R 5 R Ny R B T
53 F ] (4 48 A6 38 T S I 38 %, CL-20 H1 i ACAS [] KL
BB G, e AR E N R R 2 TR
e, [FH, CL-20 A AL ™ ¥ CO,.CO F1 H,0 S5 78 &
BB ENSS 50 E RN, B o, 1%
Tk A 32 B ER H R A R AR R R AR N R R
AR, B A B ) Y R T CL-20 9 S AR W .
1E & CL-20 K B2 7= 1 5 AL Z 18] /Y — Yk 2 I8 14 Jeil 2
FERESZ W T € 2 HR R T Y W (B e IR DL K1 TR
PRR T R EE o P UL, WS /N R AR B RO BE 06 1 5
CL-20 AR be 52 1 4 M C BIRK 58 J 107 34 56k 4 Joit ), 42
2.2.2 A[EPFPERE D H THIE /1-F 18] Bh £

S T WFFEAS 6] PFPE J5t & 43 85 /48 57 83 7€ CL-20
TE AR R 4 B I R | 38 I % P R R 2R DU T PFPE
I RE AL /20 55 0 DL B CL-20 1R & BE O B B2 5 ) Bl
1| Y AZ 4k #2802 MPa O, F nAl_150@xPEPE,
Al _1@xPEPE, pAl_5@xPEPE (x=2.5%,5.0%, 7.5%)
FE b FE CL-20 H By p-t il £k B L HE TR oR n & 7
7R o

m & 7 AT, B PFPE R EE > BROAY HOK
nAl_150@xPEPE £ i Fll wAl_1@xPEPE £f 5 W {7 JE /) Fl
9T R WK, Y PFPE & 2 # it 5.0% IR 3 T
Rl g BT 5 T CL-20/ALR & 1K & 5 b 1 12
RAI_5@xPEPE it W {5 i ) A o CL-20/AR & 1K &%
B R R = T CL-20/ANR & K & W TR 71 e W s
B R RS S, A5 CL-20/AIR AR R E R
AR o TR AR < A AN [ B iy 5 T SR L B/ 40 45k
p-t Hh £ Ko Ho 3 % (B 6) , 51 A PFPE 2 {2 iF 7 /48
R IR e T BE ), TR R Mo AE CL-20 T 1 )P B X —
L. X BITEF CL-20 H 19 p-t Hh 28 B H 3 i o % i
T PFPE DI REAL T3/ 550 B 5 (1 p-tifly 2k B HC 1 e 3k
RN AI PFPE BE— 3858 T ALLE CL-20 H B9 AR 8
FRE, I T A8 A B R AR 7 A T 22 ) SRS i
Y. B PFPE 55 15/9 55 85 & & 10 e 36 05 a0, 1 T Al
(9 1R be B IV T R BRI, B R R g . T
pAl_5@xPEPE £ 5 | PFPE 8 % fin Ht )z 1 8 %, {H
PIR N AN LS HE IR A5 R R R, R AR 1 &
71 BRI CL-20/ANRE AR o AUMAE CL-20 Hr i i
JE 71 R R %, WAl_5@xPEPE ¥ fh & T #4 )
= LA, 3 1 2E LA L nAl_150@xPEPE
FE & Al WAL T@xPEPE £ & J& T34 1 28 E R sh 112 -
s
N Lk

www.energetic-materials.org.cn



PFPE 31 i

B Ak B/ 40 BB R CL-20 R A R IR T 7
4000 s
I 0.214
3641.4 i I 0.196 0.203
3600 359347 oL oo 150 g 020
© 3348.8 —— CL-20+nAI_150@2.5%PFPE| S
& 3150.8 g LS = el
= 3200F . -1t P 0.15 0.130
2 ©
3 2800} S i
g £ 010
2400 ]
2 005}
2000r~ ] =
] 7 : ] ; g : 0.00
0O 45 18 15 timg'?s 25 80 83 40 CL-20+nAI_150 2.5%PFPE 5.0%PFPE 7.5%PFPE
a. CL-20+nAl_150@xPEPE p-t curves b. CL-20+nAl_150@xPEPE pressurization rates
4500 0.25
w000 4138.4 0216
i ——CL-20+pAl1 K I 0.197
s | | =3REemer :
: G ] o
§ 3500 [ 3362.6 _CL-ZO+ﬁL1g7A5%PFPE % 5s 0.156
2 3000} g | g2
g S o10f
S 2500 g 7
2000 2 005f
=
1500 L L L L L L L 0.00
00t D gl mesTal el CL20+pAl1 25%PFPE 5.0%PFPE  7.5%PFPE
c. CL-20+nAl_1@xPEPE p-t curves d. CL-20+nAl_1@xPEPE pressurization rates
3200 ——CL20A 5 0.08
—— CL-20+UAI 5@25%PFPE
3000} —— CL20+AL 5%5 OAPEPE ~
SR 2055 CLAOALBET SHPFPE e
o 2800f G 006} 558
> = 00476 00506 00503
< 2600f P
2 S 004}
8 2400f 5
= K
N
2200 is
2 005}
2000 g
00

18050 15 20 25 30 35 40
time /s

e. CL-20+nAl_5@xPEPE p-t curves

CL-20+pAI_5 2.5%PFPE 5.0%PFPE 7.5%PFPE
f. CL-20+nAl_5@xPEPE pressurization rates

7 2 MPa O, [ ANIA] PFPE 31 RE AL /4 5543 B A7E CL-20 Fv B8 p- £ 1HT 2 T HC 4 e i 46

Fig.7 p-tcurves and pressurization rates of different PFPE-functionalized micro/nano aluminum samples in CL-20 at 2 MPa O,
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Table 2

PFPE-functionalized micro/nano aluminum in CL-20

Laser ignition combustion process of pAl_5@xPEPE

Burning  rate  calculation  results  of

burning time burning rate

No. samples / ms Jcmes
1 nAl_150 283 7.067
2 nAl_150@2.5%PEPE 254 7.874
3 nAl_150@5.0%PEPE 233 8.584
4 nAl_150@7.5%PEPE 218 9.174
5 RAI_T 294 6.803
6 RAl_1@2.5%PFPE 268 7.463
7 RAl_1@5.0%PFPE 243 8.230
8 RAl_1@7.5%PFPE 231 8.658
9 RALS 698 2.865

10 RAl_5@2.5%PFPE 523 3.824

11 RAl_5@5.0%PFPE 422 4.739

12 RAl_5@7.5%PFPE 386 5.181
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Table 3

tion velocity of CL-20 based aluminized explosives

Measured detonation velocity and relative detona-

theoretical measured relative
samples detonation detonation detonation
velocity / m-s™"  velocity /m-s™"  velocity / %
JWL-1 8400 8081 96.2
JWL-2 8384 8107 96.7
JWL-3 8368 8125 97.1
JWL-4 8353 8061 96.5
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Table 4 Measured detonation heat and energy release effi-

ciency of CL-20 based aluminized explosives

theoretical ~ measured  energy

fuel
release

samples detonation  detonation

4 71 . composition
heat/kJ-kg™" heat/kJ-kg™" efficiency/%

JWL-1 9417.8 7986.3 84.8 WAL

JWL-2  9404.1 8021.6 85.3 WAl_1@2.5%PFPE

JWL-3  9349.3 8049.8 86.1 WAl_1@5.0%PFPE

JWL-4  9303.4 8028.8 86.3 WAl_1@7.5%PFPE
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Reaction Characteristics of Perfluoropolyether-Functionalized Micro/Nano Aluminum in
Hexanitrohexaazaisowurtzitane

WU Cheng-cheng', SUN Sen', LI Shi-wei*, GUO Xue-yong'
(1. State Key Laboratory of Explosion Science and Technology s Beijing Institute of Technology , Beijing 100081, China; 2. Liaoning Qingyang Special
Chemical Corporation, Liaoyang 111000, China)

Abstract: In order to investigate the reaction characteristics of oxidizer-fuel composite materials with different particle sizes in
constant-volume combustion, laser ignition and detonation environment of high energy explosive hexanitrohexaazaisowurtzitane
(CL-20) , three particle sizes of perfluoropolyether-functionalized micro/nano aluminum (nAl_150@xPEPE, wAl_1@xPEPE and
pAI_5@xPEPE, where x=2.5%, 5.0%, 7.5%) was constructed by particle suspension method, and CL-20 based aluminized ex-
plosive was prepared by kneading granulation method. The pressure-time curve, laser-induced ignition process, energy release
rate and efficiency of samples in CL-20 were studied by means of closed constant-volume explosive device, laser ignition, deto-
nation velocity and detonation heat test equipment, respectively. The results showed that with the increase of PFPE mass frac-
tion, the peak pressure and pressurization rate of nAl_150@xPEPE samples and pAl_T@xPEPE samples increased gradually,
while the peak pressure of pAl_1@7.5%PEPE sample reached 4138.4 kPa and its pressurization rate reached 0.216 MPa-ms™".
However, when the PFPE mass fraction exceeded 5.0%, the pressurization rate seemed to slow down. At the same time, with
the increase of PFPE mass fraction, the burning rate of PFPE-functionalized micro/nano aluminum in CL-20 increased gradually.
When x=7.5%, the burning rate of all the three samples with different particle sizes in CL-20 increased by 2.1 cm-s™, 1.8 cm-s™
and 2.3 cm-+s™', respectively. In addition, four kinds of fuel-rich CL-20 based aluminized explosives were designed. Among
them, the measured detonation velocity of JWL-3 explosive (62% CL-20/32% pAl_1@5.0%PEPE/6% binder) was 8125 m-s™',
the measured detonation heat was 8049.8 kJ-kg™', and the energy release efficiency reached 86.10% (measured by detonation
heat).

Key words: hexanitrohexaazaisowurtzitane; perfluoropolyether-functionalized micro/nano aluminum; constant-volume combus-
tion;laser ignition;detonation environment
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Based on the reaction interface oxidizer-fuel ratio design, this study took PFPE-functionalized micro/nano aluminum as the

research object to systematically carry out the reaction characteristics of aluminum powder with different particle sizes in

constant-volume combustion, laser ignition and detonation environment of high energy explosive CL-20, which can provide

technical support for the formulation design and reaction improvement of CL-20 based aluminized explosive.
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