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P, ALZE SR e i 72 vh 5 PVDF [a] (4 B[] 76 086 75 5 ik
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WAL BRI TR AL B R T 2 AR
BRbe S R RE B . LR WES R B, PVDF 1R 8 2>
LA AT T AP R A R Y 2 — |, v DL 2
75 AL AR AR 0, 3% e T AL BE MRk
15 ALSURE 25 1 Bl 3508 19 B L2 B 55, 5 PVDF AR R Y
FHEAE 855 . M A AER B VAT AR . AR
il A5 A5 0 SR  R) %) 2 i i AR /D | B4 4 BRR A M
DUPRUE AR ZE A P h 50 380
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Yy 223k BRI RO R AR T R D R g
VA AR K by e B o ) R0 SR 0 T S T 3 390 v ) i
JE 22 S0 H B B AR AL TG G I 0 /AR v R
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KL A 7 . [HPVDF %5 B Y R [ AL, &
BRI B KM, 5 AR Z 8] A 12 1 s
A I R o e A AR A e R T AR S T
LT WO AN AR ) S R e R e L B A
AL RILAE T 5 AR A BAEH IS ERRA LA
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RE RN REE G MR, AoV R & & RN
B TR Ty i A R SR W X R R A R A5 B 9 R S R R RS
FE M TR BEAIG R R X R R R AT R AF
B A0 1 R o R TG AL 5 RS ) SO XT PV DF 2 T #E A T
HCPE AR 5] A B R A5 0 3 AT R A Sk 3 PV DF 1Y 5%
KPR, B8 PVDF 2R R 1, 41 B T4 % PVDF 5 Al
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R PYDF IR m ke B M 16 1k 13 81 T8 38 & i A
L SRR MRS S MR RE R A Y PVDF RS . I ek ik
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B M R AN AL A T AT IZ N . AR AR
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Ll 23R A BR A A
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ZE A AT BT AN, b mt 1E A S5 15 45 A BR A ] 5 ZEISS
sigma5000 4 9 4t + & 15 555 (SEM) |, {8 [ | /K 2% H]
£E A1 ; BRUKER XFlash 6130 fig % , 7 [ 45 & 72 28 7 .
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1.2 HEHEH&E
1.2.1 PVDF-OH /& &

$#0.56 g KOH [E &N A F] 8 g ok L BEh , 8
A3 10 min ff H 58 43 % %15 31 mol - L7 Y KOH i
VU o VT RO AR AR EE BB 70 °C L
0.4g PVDF it A 2] 1.5 g Be il &7 i KOH B W, LA
240 W I T R AL 1 min 5 it 18 VR T RS ) %
U5 AT B BE S PYDF-OH . Ry BF 58 AS [) Bl i Ak 2 A5 i)
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X il A 2 R, L 240 WL TR AR B 1 min il
#1348 PYDF-OH FE o 2 5% 0% 240 W R T %
AL HE 10 5,30 s.1 min 30 s F12 min il £ 15 2] 7 £ &
AT PVDF-OH-x(x=1~4) ; A 31 % 60,120,
180,480 W 4b H 1 min 15 2] (19 £ & BE 5K il b
PVDF-OH-x(x=5~8) , #F — 2 bff 52 1 I Ty 2% 4 i 1l
E A

PL70 CHEAEMA T min 5907 2 5 7 n ek vk
FE &L PVDF-OH(H) |, FLEAS [R] 4b B 7 15 T FF ) 5 5
T PRI
1.2.2 Al@PVDF-OH E &4 MBI a0 #I &

43 ¥ 0.2 ¢ PVDF,PVDF-OH Hil PVDF-OH (H)

ultrasonic dispersion _

y 8 -

=

KOH alcohol solution

PVDF

microwave treatment
for 1 minute

ultrasonic dispersio

ey

dry after filtration
N .

heat treatment
for 1 minute

VS f#AE 20 mL DMF 35500 o Bl 1) L epoim A 2 g 9K
BRORY TR 75 43X 20 min BT 70 CINGE- &5 RR 224 £
The FERFEASE K WRE LT ME] 50 mL LK &
fErf HETOED SN . R E IR Rk TR RS
#|7 Al@PVDF Al@PVDF-OH }2 AlI@PVDF-OH(H) &
GRREL, il A R A PR .

gk — 2 WF 58 PVDF-OH % & %t Al@PVDF-OH
52 A BRBHR VR BE 1% 52 e, 76 955 1 AL BT £ AH [R] 1415 2
T, #il &35 PVDF-OH & 88 5% .10%.15% .20% 1Y
Al@PVDF-OH &G #0EL . #4525 W8S AR A B AP IR
BAER SCKRE B ORI &2 5 88 PVDF-OH
S HEE N D-5% .D-10% .D-15% .D-20%.

PVDF-OH(H)
dry after filtration .
PVDF-OH

l ’\ . add dropwise to the ethanol f t '

\ dry after filtration

7R

Al@PVDF-OH

heat treatment

for 1 hour

Al
DMF solution
E1 Al@PVDF-OH il f& i 8 B 1A
Fig.1 Schematic diagram of the preparation process of Al@PVDF-OH

1.2.3 E5EEEHRFEROTE

¥ Al@PVDF ,AI@PVDF-OH & & LI & Al 5
PVDF-OH HLA IR A #9852 A HE2E 55 AL4 55, 3l
FAFH T LRI R T M (HTPB) A K 45wl 2 &
] A HE R R o AR 1 SR bR 70% e SRR BE (AP) |
12% K 25 5 HTPB .\ 15% 4 J& A BE DL K& 3% [ 4k 551 21
Ao A AR A ELAR 9 mim B IR TR i 0 ) R L AR 36
T AL R O AR T R (PVB) A s il T4 . K
75 0 4 T MR RE B AN TR] K ] 45 7 30 1 52 G TR 4
FIRE o 3e b T-0.T-1.T-2.T-3, Hp , T-0.T-1,
T-2 . T-3 %0 4 & Ak 5351 3 8 Al Al@PVDF-OH,
Al@PVDF, L K AILW IR & ¥ Al/PVDE-OH, ¥ il i #
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i PVDF-OH 5 PVDF &N 15%.
1.3 HmiteeRAENK
1.3.1 AlI@PVDF-OH £ & BA I K 52t A8 ik
RO R BN 2 Fr s o B R IR ARE SO A
F 25 mmx5 mmx1 mm (94 35 R P, S T %
MR N O & b I 22 [8 8 78 A g i M A2
], Ha, A 22 P g 5 R U TE BB OAE O R TR R IR R
12 Vo RS MBI B S K B 2501 S
25 T Fh Pl A 32 R RN B 3R 8 S 1000 fps.
K LT M BARBLIC 5% B M AR AL i R e o v Kt
Tk B2 AR A 5 SR FH i TR AR ML G R i 7 3 R JE DA A e
22 JbTF I BR RS TT ] A 9 B SR b8 ol A8 B AT 10 5% 5 18
O Xt
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DC adjustable
power supply
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camera

infrared camera
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quartz sheet

control system
B2 JR5E I AR I i S 0 2 R A

Fig.2 Schematic diagram of combustion performance testing

experimental device

BN R 58 45 o e 114 B[] BE 1) e o R4S, DA R
A8 R 2 B AR L) ROGR S JOE B AR G HE =, E
T T35 il 2 P JR T 5 LED T W) 97 FSF ) Ay 490 0 2%, A %o
T2 T G A5 K CHE R B[R] AT DL Z0mE R R
LED kT 5 ZE ¥ i Kk H B A% B[] 52 Ay a5 2K B 3R B ]
1.3.2 £ & B ¥ 3t 7 4 et B i

A HESE RS R ECE T AAJORG b R
< 4 325 50 TO0R  oe ARG PIL AE X T 2 R AT
FEH AN 25 SRR T 8 F SRR O 1 ST A R A R e
R 2 R ) AR R e R LR, TSR
1) w2 L PG v i T SR T 1 A B B B 5 1 ) (]
T 2R 20 50 4 1 AR R
1.3.3  RAENK

K FHAE L i AR 40 21 86 3% (FT-IR) 5 X P46
TREIEAL (XPS)BF5E T PVDF-OH N &84 T 45 ¥ 5 0
B R R A B B 0B (SEM) FTRE 3 {X (EDS)
W5 T Al@PVDF-OH & & #A L fOWIE 3 5 ot 4
B AER A E T R E MG R 10 )C-min™' R H
2R Al AU AI@PVDF-OH & & Bk e [ 14 He
HE ) A RERERRPESEAT T RFSY s R A AU S B T
Al@PVDF-OH & G408k e [ E R AR B P 5 R
PO BEAS 3 AT T A2 500 558 SR AR 7™ 0 (R RLAR 23 A

2 HR5WiE

2.1 SHRIE

AN [ Bl i Ak B 2% 4 F A9 21 19 PVDF-OH-x £ &
B3 BT7s o FR Bl 3R], B A oDk ) 30 1) 1 ik 5 B Dk
fob 35BS A] (9 14 1, PVDF-OH-x A% & 11 5231 €5 7 3 i 17
HEJEU R 2R Bl A B R S 9 PVDF-OH-x 20 T 5 T %
T A AL EUR TR T C—=C 454 . B 4% F N C—C 4%

Chinese Journal of Energetic Materials, Vol.32, No.11, 2024 (1145-1153)

a. PVDF-OH and PVDF-OH-x(x=1-4) with 240 W

microwave power at different time

60W 120W 180W 240W 480W

b. PVDF-OH and PVDF-OH-x(x=5-8) with different
microwave power for 1T min
3 Tl Al Ak RO [0 R ik e Dy R b B A5 B B R
Fig.3 Samples obtained after different heating times and mi-

crowave power treatments

T 38 22, 53— W S 06 30t 1 1 A9t 23 €8 1 % T o
Wo C—CHYIE AL HE T &R AL 5605 10 B Bk , Ay o B ik
A 5] ABRHE T 36 M7 8. B 5 A S C=C
() B B 22 ) A7 7 B S DG B, PRI T R o o 178 B3 € TR
E—ERE LTUERNERSESIKNSE ", M
I A Ty 2258 Ak A () K 9 PVDF-OH-x FF 5
B ER,HE B mMELSTE, My Rl
240 W B S0 A B )RR 1 min S A 1S B0
PVDF-OH-x 45 F K 5% 1] 23 & 4 2 Bk, 76 DMF 55 % 5
T W R B IR T R AR R f B IR W R .
PVDF-OH-x 4 F 7E BE KAk 5 5 ALFH 25 PEAR 25, 4k DA
Wk R AE R R R S S AR, A E K
PVDF-OH-x ¥ i 26 A M3 300 b 1) 5 i 1 5 72 0 3 i
G g T R DL 240 W E TR T A # 1 min
il % PVDF-OH ¥ & ¥ i J5 Z2 1 5% -

g E— %t O WF S A [) i 4k B 7 R PVDF 1Y
¥ e Ak ok ME SR, X PYDF-OH, PVDF-OH (H)
PVDF #E47T T FT-IR 1 XPS Mk, &5 S an il 4 i . i
Kl 4av] LA, PVDF 43 F L4 63E 1 1183.0 cm™
F11395.9 cm™ &b 4351 28 PVDF 43+ CF, B {1 4 9% 31
W i U 5 CH, 1Y 728 JE 3% 2l W g 0 5 1585.0 em ™' Ak Oy
C=CHEM M43, PVDF-OH(H) K —OH fifi 4
PRBNWERL T 3423.6 cm ™ 4k, 1T PVDF-OH 14 /% f2 FE 1t
WU 37 F 3256.3 em™ AT T R R L 0 7 Y R
T RS, X AT RE & BT PVDF-OH By 43 1 8] &
V5 5, 52 0H: W i g e 7 1 — 25 o) I 8 K000 1) g
N Lk
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a. infrared spectra
" M
S |PVDF-OH(H)
©
=
2
£ |PVDF-OH CH,-CF,/C-OH
CF, OO ~\2863 ChsCF
291.0 : 284.8

294 292 290 288 286 284 282
binding energy / eV

b. XPS

B4 N[E] A By 005 B Y EL R AR ZLA 5 XPS &
Fig.4 Infrared and XPS images of coating layer obtained by
different modification methods

%o BRULZAM, AT DL B PVDF-OH 43 F 19 CF, .
CH,, FE A1 W Yic i 5% 5 A7 B 2 B s PVDF-OH #f i
—OH Wiz g Fi C— C 5 W AT g i J32 34 5 T 85 o, 3k A,
& W I i Bh b B XA 2 B PVDF-OH B il e 3 55
I TR AL Bk P SCR T A . PYDF-OH i 19 72
SR BT WY B e A%, 3X AT g 2 B PVDF-OH 43
I B A7 AR SR T, 5 O AT 0 W A7 3 — 2 1) {1 IR K
i R A

Kl 4b S 7s 1 AN 6] 7 =X 80Pk Ak 35S # PVDF B oK
1) CICE MY XPSEEIXT H . 78 Con & ik & v, T DL ER
# 284.8 eV At CH—CF 1Y% . 286.3 eV 4b 11y CH,—CF,
8, C—OH % ,291.0 eV &b Y CF, I LA 2 287.7 eV 4b
C(O)—CH, &' PVDF-OH ' CH,—CF, 58 & 4
FFF B, i C(O)—CH, & CH=—CF W5 J& 1% 1 5 i .
4565 XPSHYILR & B4 i vl 13, 5 PVDF-OH(H)
FE Al e, PVDF-OH FE S 8 T &R & = ih 3.94% I
T+ % 5.88% , B LA B PERCR fe fd o X2 R BRI
Bly 4b B 5 200 DN S PG 385 |l oA S AR R AL TR
fLBE 2 JF PVDF 20 T4 A 3L a9 7= Ao i Ho 2
R fE AT
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2.2 Al@PVDF-OH o F 4 5 Bk 14 e R AE
2.2.1 Al@PVDF-OH =% 7 55 B R 4E

FI 14 i 7 BB X AI@PVDF-OH & 4 Bk
55 JEUR 9 K BR R 1 TEOU T B0 R AT T AT, A R A El 5
Jios o LS AT LA 400K 5 8 Sy 3 TG T Y BRIk
Wik (K 5a) , 1 Al@PVDF-OH fiUk: 2% 1 W) AR X5 58
HLBE (1 5b) . i 5¢ X Al@PVDF-OH #5011y
EDS RIS 45 vl A, C . F It R 5 Al ot R W 4 14 3 [l
HAFES WY PYDF-OH B & 76 Al £ 1f . (515
I E M JE , Al@PVDF-OH & & #% &l h PVDF-OH %
K, PVDF-OH 4> T4 sk tE b 3 5 Foc &
o BN FEAK, B I EDS BE IS P F T 2 W ik A R

a. nano Al b. Al@PVDF-OH

C

c¢. EDS surface scan results of Al@PVDF-OH

E5 AlLAI@PVDF-OH (¥ SEM #1142 5 EDS 14t 45
Fig.5 SEM images and EDS scan results of Al, Al@PVDF-OH

2.2.2 Al@PVDF-OH W87 aeds

hy dE— 5 BRGNS R AL 2 bR S G R R S R
ABARF I , Sl ER R O 5 2 A RRHY DSC EHME an il 6 Jir
R oo 54l M RE M L, Al@PVDF & A R R 1
489.5 CHY L T B & 1y il #40% , R B PVDF 5 Al & 4
T . AI@PVDF-OH Ml Lt T Al@PVDF fy jift #4
AR R T T 2 30 °C, fE 425.5 CHf T 4 ik,
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B 6 Al .Al@PVDF 1 Al@PVDF-OH iy DSC Hh £k
Fig.6 DSC curves of Al, AI@PVDF and Al@PVDF-OH

524.7 °CH} LS R, GIE B PVDF-OH 2 it b # ) fE
BP0 RE CRE B o R DR R O R R AT A S A A
PVDF-OH 5 Al Z [ B 45 & 55 hn % 5% |, 1% BB 29 T 4,
O3 77 A B HEF S5 S 77 W e SE PR b 7 HOR AR T
PVDF-OH 2 # 4 ¥ 5 & % & A T T B,
Al@PVDF-OH (AH=459.82 kJ-kg™") B it 1 sk B A
Ft Al@PVDF(AH=471.48 kJ-kg ) IEA T [
2.2.3 Al@PVDF-OH s N A K14 8k

itk — RS R AR B A BB e 1 R I 5
i), il 28 A5 20 1 5 A R EA T A I, L s B ok e
EUg e 7 iR . R 7 T I 1 Al@PVDF i K R
] 4 30 ms, #A % 4 208.33 mm-s'; Al@PVDF-OH(H)
5 AI@PVDF-OH 1y 5 K 1 3R B (8] 47 W] S 1, — 3%
PR 200~ 227.27 mm s F1263.16 mm-s™, BR# 43
PR E T 9.09% Ml 26.32%., 4R FEH, =F zh

Al@PVDF-OH 1 5 Kk %E 3R B 8] d5c S, 88 8 e e, R 4%
PEREE T AI@PVDF-OH(H) Al AI@PVDF.,

g it — 3 T fi PVDF-OH % & % Al@PVDF-OH
S5 RBHA e 1) 52 e, Xk LA AH (] B8 5T B Y A ORE
(D-5%,D-10%, D-15%, D-20% ) () #k b8 1 K 5 5
KO S SR TR 25 SRR R . R
AT, 5 SRR O L A5 ORI R S R e
KGR FER A BT . X JE D PYDF-OH 73 fiff 7 4=
F AL T LS AL SR T M A )2 & AR RO, 1 P R
TGP — 2 2 5 O, iF I 4 5 Al@PVDF-OH 1%
e B R B R AR FR AR R b ek AR b R BE R
JKEE L D-5%,D-10% , D-15% , D-20% F4 4% 14 B &
PVDF-OH & & i 34 in 5 3 B3 g T R i # .
M PVDF-OH & & # 3 15% i, HA0 i 5 09 [ 25 729
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Fig.7 High speed photographs of combustion processes of three types of composite fuels
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Table 1 Summary of combustion performance parameters of Table 2 Summary of combustion performance of solid pro-
ignition sample pellants
burning rate maximum flame ignition delay burning rate combustion heat
samples / mm-s™! temperature / °C time / ms samples metal fuel /mm-s™ /KJ-kg™
Al 195.7 1216.4 77 T-0 Al 1.281 13281
D-5% 198.4 1283.3 75 T-1 Al@PVDF-OH 1.915 14020
D-10% 202.2 1367.9 72 T-2 Al@PVDF 1.676 14295
D-15% 2257 1426.6 70 T-3 Al/PVDF-OH 1.453 13752
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Preparation and Combustion Performance of Microwave Assisted AI@PVDF-OH Composite Fuel

ZHU Kai-tian', ZHU Quan', HE Wei’, GUO Yan-Ii’

(1. School of Chemical Engineering, Sichuan University, Chengdu 610065, China; 2. Key Laboratory of Advanced Spatial Mechanism and Intelligent
Spacecraft, Ministry of Education, School of Aeronautics and Astronautics, Sichuan University, Chengdu 610065, China; 3. School of Mechanical
Engineering  Chengdu University , Chengdu 610106, China)

Abstract: Fluoropolymers such as polyvinylidene fluoride (PVDF) can effectively inhibit the agglomeration of aluminum powder
and enhance its reactivity. However, the affinity between fluorinated polymers and the surface of Al particles covered by alumi-
na is poor, and the inhibitory effect of fluorinated polymers directly coating the Al surface on Al aggregation is not ideal. In this
study, a microwave-enhanced reaction method was used to obtain hydroxylated modified PVDF-OH. PVDF-OH was coated on
the surface of aluminum powder by solvent/non-solvent method for preparation AI@PVDF-OH. Subsequently, the prepared
Al@PVDF-OH composite fuel is used to prepare composite solid propellants. The molecular structure and elemental composition
of PVDF-OH were studied using infrared spectroscopy and X-ray diffraction. Using equipment such as scanning electron micro-
scope, differential scanning calorimeter, high-speed camera, and oxygen bomb calorimeter study the microstructure composi-
tion and combustion performance of AI@PVDF-OH composite fuels. The results showed that the PVDF-OH prepared by
microwave-assisted preparation had a higher hydroxyl content, and the optimal treatment condition was 1 minute at a micro-
wave power of 240 W. The combustion performance of Al@PVDF-OH composite fuel was superior to that of AI@PVDF compos-
ite fuel coated with unmodified PVDF and AI@PVDF-OH (H) composite fuel coated with heat-modified PVDF-OH(H). The opti-
mal PVDF-OH content was found to be 15%. Compared to pure aluminum, the combustion heat value of AI@PVDF-OH com-
posite fuel with 15% PVDF-OH increased from 19140 kJ-kg™' to 24912 kJ-kg™'. Combustion tests mixed with ammonium per-
chlorate (AP) showed that the ignition delay time of Al@PVDF-OH composite fuel shortened from 77 ms to 70 ms, and the burn-
ing rate increased from 195.7 mm-s™' to 225.7 mm-s™' compared to pure aluminum. Compared to aluminum-based solid propel-
lants, solid propellants based on Al@PVDF-OH composite fuel exhibited an increase in combustion heat value from
13281 kJ-kg™" to 14020 kJ-kg™', an increase in burning rate from 1.2817 mm-s™ to 1.915 mm-s™", and a reduction in the particle
size D,, of condensed phase combustion products from 74.324 um to 52.749 pum.

Key words: polyvinylidene fluoride (PVDF) ; aluminum powder; microwave assisted; solid propellant; combustion performance;
composite fuel
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