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I A0 2 7 2 338 0 2 0 9 B 5 7 1
HEF TR,

2 fR-ABYR MY RS &G E

2.1 YWEREE

W BER A  J F0E Y L A9 A0 45 Ry A 90 3R g 3 i B
HOEASEFREAGE RN MR &EA8WE HIT
HRA I E MR A C RSB B
Padhye ™ % i 9 BlLIE 4 35 il #5 19 AI/PTFE & & M K},
5 TR A A B AT R S A R R AR RN R AIG 1Y A
K EE . Dolgoborodov' ™ 4§ & 314 3R & il £ 11 Al/
PTFE S & A kAT Lk B 48 MU 204, Y AL i 3 4L
K 45% , H A ik 700~850 ms™', He ™ &l a5 T
RZ U (PDA) M B 5 PTFEY HIR & & T
Al@PDA/PTFE & &1L, & B0l LA i o 28 )2 1 2% 1
ok UE #% PDA JE B, T E B A bR RN TR M
Al@PDA K H 5 PTFEYHIR A J5 (il o BE IR -,
K1 iR . Wang "% H 45+ 4 (PFDOA) 0
AlJG 5 PTFE W HIR & . & 8L PFDOA Xf Al/PTFE & &
FAORY B T 2k R R R 2 ) 2 A W Y R E AR
FH o TEVE S K RS (F2602) 5 90 K 45 8y 9 B IR
A il # A BT A Al@F2602 B A RL 15T
TR AL T 2 X K R R B R S ) % RS I
£ 78 J2 A6 G5 52 A R VRS P 114 () e BB 8 i R A Ak
W A . McCollum?/ 45 4% 4> 45 % ik (PFPE)
VS AE PFS-2(—FIK 7> F it 2 R Bk ) J5 5 570k i 3R
HLREIE R AR AW, 8RR R R
120 nm ¥4 % 5500 nm, E AL A5 19 3% 1 B D 2 A 6
R IR b B JE /N 93% , B A b RHIR B v e 5 i 4k
PFPE 2 fi# 19 ALLO, 1 2 1 B IEAH K .

Yy BRR A v A P 2 B BUAAIR A RE T R

AI@PDA —{ )

200 nm

B1 (a)AI@PDARHIEEE ; (b) WHIE 4 AI@PDA/PTFE
EOESETER A
Fig.1 (a) SEM image of AI@PDA (b)SEM image of Al@PDA

[25]

/PTFE prepared by physical mixing
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K EX M BB RN & o AR R J7 2 2 R B4 4y 4 K
ANEE 5T BRI SR W 4 ke AR D L T A R B ARG
AT 5 T 42 A 38 B 7 ) R 6 3 T A R 1 409 K R
93 38 AT AE ™ T A R B G  A ad AR AR XA A5 AR
53 F SR W 30 o3 2l 33X 25 77 F 5 T A0 - GRS I
Wy I ) R g 3 P
2.2 BKEEE

Bl JB vk 2 ) FH AIF B A J5R 1 R R R B B, 4 A D R
RHPk B BR 5 Z0 b B A I R R ORE Y O i
W A T2 B RCERRE e BRI R 45 ) BEAS 52
M 67— 14 OO T 350, 1 17 2 o HL PR R0 Kl A
R R 0% 1 IR R} 22 ) 1 2 i TR W/ N IO
— ST EE BN T AR R R G WY HUIE &
P A MR SONE TG M o B R AR FE R O vk o A%
T AI/PTFEE G MK, Git e G i &5 57 U1, ALFTPT-
FE %% 35 fil 8 sUHE 1R 52 6 4 RE, 0 F B an 11 2 o
7N, R A I TR] B 3R AT R A2 5 R T BV 5 AL 19 )
PRASE %A KA 2E A8k . Sippel ™ 55 HIHL AR Bk
B U % AI/PTFE & & MR T2 G gkl b, &
A A A R LA S v I B 9 P R R AR Y kTR
JE RBEI A WK A5 52 6 b R 2 T /N R
{1 45 B A H 2 ) 2% R B 09 BN 58 4 HOE R TR
Sippel 45 3k F A Be 45 5 (10.7 k) - g™ O S Ak A 2
(PMF) & 8 PTFE, 38 &8 3K & 15 il 25 19 Al/PMF &2 & 44
BHR B S W E B, ATk 28.5 k) gl B AR
HH R FH VRS T 1 A0 RS 1 4 4% 1 AL/PME 245 4 R
A B SRR 0 AR R T P L LN IR L (A
AR AE il £ 3k Bt rp 2 T AR T K A AR A Bk
J& 1 2% 1) AL/PMEF 52 & BB BE BE 45 (21.51 k- g™ ) Ik
F ALPMF ¥ 3R & R be s (23.07 k). g™) o 22
SO0 TR A HLE R Y (OF) X & 45 HTPB [ 1A #i ik
R BatE e 52 ), FBR S VA il 48 T AI/OF Z /R,
WA 3] 4 JE R 0 8 B 8.9 mm - s B TR
10.9 mm s Kok Sk 3 B 38 A Bk TR A AR IR
R BN VEY) BT, RE 8 B2 R AR R 0 S T L AT K
TR B, B THR

BR S v A5 1 45 -0 W R T ) T R 1 %
P B e K% FIRCR Y Z s AR
%o HARBRAT YIRS IR G WA L, 3RS 4
1952 65 FOREEA 6 0 B BE P BE AR B8 SR T
fiEth REAS B i3 o BRI vk oAb B A0 A R 5 A Rk ) B
SR, U AT FH A 3 X VA P T AR 9 o S 1 R - R
E L7/ D QIR 3 /TR YAl AN W o TS = 1 2 N R B
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il 2 — A 22

-

B2 AI/PTFEMSEM IR : () BRIE T 5 (b) BRI 5"
Fig.2 SEM images of AI/PTFE: (a) before ball milling ; (b)
after ball milling™"

2.3 SHERME
2.3.1 ®EKSHE

FE3E 2 0 AR R I S O vk 1 T S T RN
L R 28 B T T A 2 0 R R ) Y A8
BWEEZAY R BEE — BN 0.1~300 pm",
Wang ** 85 SR I T 8 45 W0 5 10 v 10 M R 4R Ak
FIPTFECTS nm) I 5] ALCTO nm) , il £ T = fig 48
w A R RE L RE SRR 1.2 wm BB AR B AR
Y R A 4 4 L (FE-SEM) T 8] 3 77, R8¢ K 1 422 fi
TR, J I RS I I BE AR, AN R 358 °C, B i A AT A
3224.4 J- g™ ik & T CL-20( H Hif 68 & fi i L&
CHON JCZE R KEZG )1 2350 )-g7', & & A RHG K A 1%
& R Al LU i 202 PTRE AT ALY B e ol 48 o % /0
EOTVAR S IR W S 2 %43 5 S 50 WO 150 W il 15
) PTFE JEE A0 AL (% F 34 KRS B2 4/ o PTFE/AL 2 )2
i 5 [ JEE A 4l PTFE J R 4l AL AR HE , FLA B
A 35 R SR AR B A K SR VR AN AN AT LA ] % 7 o 5 g
Py CLG gk Ak 58 A0 7)) B TR A 4, 3 T DA & 5 7 LA
RS RIR A Y . Zhou t S Y g 45 I 5 7 vk 1 Rk
LR B T CuO/Mg/PTFE I = BIIA 45 M &2 A kKL,
O G ORE 2 T 5 K I B2 i R 3K 1) (158+4)°, B WU B
KT X A A TR KO B R KR T FE 35 °C
1) RS IR 95% HYAHXHR B TG 240 h 5, B IR F
H 82% M fb2¥aE .

T 95 W S 92 3 R A R LS R o S R -SRI IR
N G, 3R] DAAR R BB s A0 R 1 SR Ak A
v T MR AR A, A 22 IR B ik T RRUR R T
PR RN R A IR ERAL, W IR G HERS W EY
2 o YRGB T T 52 ) 52 L TR B RS JOIR B o (HR X
Bl g5 vk 7= A L HAE B AR AT BR A JL AR A R, T DL G
P VL ARSI A R RS W R X R A Y
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e T R AR L SR AR R, S 6 I AR 1) Ml 2 R
X &8 2R A BRI

3 AI/PTFE ) FE-SEM &
Fig.3 FE-SEM image of Al/PTFE""

2.3.2 FEMUESHERRAZE

S fr Ak = SR UTRRL 5 & T B A7 3R A A UL
R AR B8 AU W B AR SO A ST b s g
A R R S TR . Wang! A5 0 Y AR R B R A
—CF,— A W 3P 13 2 52 45/ 19 Al/PTFE R & # £ .
JEHR AR 4 B, 1 Se—CF,— H 1 3E7E Al IE R
I R B AL A SR S i — 2P 2R KB i PTRE 44 K J5k
Wil J5 5 22 19 PTFE 209 K J00k7 9t B 88 0 30 i 8 e ke ok, 49
H PTFE K I, i 45 1 % 72 2549 Al@PTFE &2 & M kLR
N (2430 J-g ) EPHIRA (470 ). g6, B4
A} 2 THT 7K B 2 fih £ RT3k 2 118°, JiC#E 0.01 mol - L™
A A A BN T T B S R LA L 2 AR R
8.6 15 , A1 PTFE & 7 M 48 By J/n 1 1R 45 09 1 )
ik

4 (R SCRIUBE 152 45 Al@PTFE ™
Fig.4 Core-shell structure Al/PTFE prepared by chemical va-

por deposition"*’

JE A A S SOMDL R BEAR R JEE b s py FR &
FLBER S B0, 2403 O T2 18] A 45 &, AT 83 &2
B RHER B8 I B4 N 1 1 R 1 5k i DL AR W) T A
AT BORS AR P, B LA AT LUOKS B 3 R B OB R W B
ol HG ok B e AR AR i LG, AT R S B ]
BAERIRE . MO, B9 R W B Ak R R R
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FITRUR W 5 45 5 E — 2 W] DAAG 250k e BRoR 1 AT 2R A
SR PEREAS BN RAIE . (H Ty vk HOdE T A R 9 JL A 36
R, N R A R JR B o i & R KA AL
FIFNAb 27 R, AR A AT RE ™ A= A 5 S, 6T R 5 1
W %
24 FHEBBEEAFZEK

T P T 55 10 2 — i R 7 R 3 0 0 T R A i TR
AR T 8B/ N VR TR 1 5, )P VT 3R TET A FL A AR ER
) — 2 A BRI VB R 2 A R ) DR I A
A J5URL I O RR R AT B il o 45 Y & sk & W 2
R W LM (PVDF) , BA R 4F 09 049 BL AR 1 5E F1 i i
PE . Yang! "' 5F FH #5535 V5K PVDF A 3 2140 B
I, T8 A% 5¢ 45 ¥ i Al@PVDF, 22 1 JE 55 14 5 T
%P4 PVDF & 50 B0 10% i, T 45 2 ik 1 i
SR RE R A Ak ) 42 i T A, A5 80 T TR AF B BR Be M B
Huang "4 i 28 i i 155 255 il 45 40 8 20 18038 21 1 AL/
PVDF & & B, 58 85 00 i A il 45 52 45 3 B A 52 #44p
fife 3R B K IR B AT . Wang ™ Z5 ] # L 5 & ALY
PVDF & & M B In A T 2 4L 1 Sio,, & 3 Sio, iy
AR LU PVDF B 32 #.53 fi# , DI 2 e S 0z il B
24 SiO, YIS I R 5% BF, Al/PVDF 8 B (4 )52 17 48
KA 3814 )¢ FM 6306 J-g7' BT SIiO,
1) 6 RS R 58 IS 114 - X W R ) 2 206 kPa, S R S i
SiO, WY 1.5 1% . VB N R S AME 2219 Si0, 23 1L
g AL A5 B T AR 22 AR KR . S R TR AR
KB TR e A M £ Tt Skt BB OB AT SR T
AT A 31 FRR S R X8 O A% A i 75 O A% B 3 B R
KL

i PR 27 22 % D 3L R S g AL, i F 25 Ak )
4 AN S B/ IN TR L TR BN SR . Ly AR
HL 277 22 1% I il % ) Al/CuO/PVDF & & 1k}, 2 1 8 31
W& 6 fir s, A BLES /N R 6 08 SR Ak A B8 0 e R T
sl 1) %85 3 0 S N BAAEE PR E L  FEL 22 1R A 1 S )
R G A LA AR bR AR RE J) o He " AR
25 221§ % 1 Al/PVDF G M RE, Bl 5 SCAE I L il 1 5]
A —Fi i e & B A WL 4L (EMOF) il 15 fe e ™= b, &
B AZ A EMOF RE 7™ A K dt SR A RU0GEE S 48 M 1R 45
WER G T BB ROR KON 1L 1 3 R PR
4 Al/PVDF 19 5 £ . # HL T 25 /97 22 3 3 & 76 7 W
HEAT A, AT LIRS 8 42 1 2 50, RRAR 25 5 (R % 7= e i
FR/INHEAT Y, 5 H A T7 35 A0 L, S 55 125061 45 1
P ORI A3 A B AE N O A 1 A e 45 R A - R
R RN T L P 3R G A A O A
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A G A S T AR ARG S B AR fE o R
P BT 5 3k T - 98 2R ) S M W) T i 2 ROR iR
fift T A LA TR T T 22 KRR ) Y T A TR 2 X A
I 7 B4 RO R 52 PR, % T T 1 AR 7 B DRI
ANREF T R RUAR A ™

5 AI@PVDF f) SEM JI§ j-+/
Fig.5 SEM images of Al@PVDF'*"’

6 Al/CuO/PVDF ) SEM JIg 14
Fig.6 SEM images of Al/CuO/PVDF!¥

2.5 BEFIAEET X

VAR /A % 300 3 AR R A B D M AL T
b U LIRS BV TS BT R B S A S A T
b BESRMT H ARV TR AR N R R VS O R B A
78 1E HoAb Yy TR 8 0 Yel ] 2R TR N
WO ke AR K AR (Viton B) £33 ) 5 by &
T, 151 7 45 M 19 Al@Viton B 42 4 b4k, 39 4 v 4
W& 7 B 7, 78 % I8 50% MR i fE 20 8 A
Ja L wl A AR IE S S R TR AN, B
FRORS 16 26 T £ 78 Viton BT, AE i B 9T 4 v s
Ke"*™ 45 FH ¥ 770 /3R 1% 770 15 il & 1 AI/PVDF 2 & M 8,
55 UM A A E B AT T A B K T Ak TR T A
FRZ R BRI A T PVDF J5 Al K # 4 filb £ 1
24.5°4% = 5] 104.0°, 78 25 °CHY /K ool & 1R, 1% R4
A FRHER R — 2 UL PVDF REXT Al ZEAT A
B R

V85 390 1 % 700 9 15 1 T o S 8 % R IR L SRR
e I ELRE FH T RS A 7= | e O 1 S 76 A LI R oh Ak
P4 JE MR AT RS 1L A5 O YA A I Ak il
2R - R RN M W 5 L L B R A 3 T A 1
FERCR SROROR, € N )1k LS S (SN Ay
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ES R S i

TEAE ] A A rp 27 AR R R A, A RS 2 R
R A BILI R B, X PR B i s e o e Ah , 200
W A VB2 (AT AR AR U R 2k ) 0L P S L
RARR

$4800 15.0KV 7.5 mm x100 k SE(M)
7 Al/Viton BfJ SEM [}
Fig.7 SEM image of Al@Viton B!

2.6 3D¥TED

3D AT B2 DLt S ALRE 2 S B il iz W] 36 M
RE 2 2 TR T 2Ok AT B U 92 A Y PR A
R . BT X OGB4 (Selective Laser Sinter-
ing, SLS) . /& fill #k B A % (Fused Deposition Mod-
elinh, FDM)Z Z 1 H; R . McCollum' %2 3D T E
AR T 58 - 960 R W B b R A%, 55 L AL I A%
Al/PVDF & &ML, W15 T fifk $44b 3 3ok 72 %0 52 & 4 8}
JNE PR FBE b M R i SZ e, 3 IR R 2B b R Y 8
AR 40 0 2 43 B R 6% B, 24 b kL BE BE 4k 15
BRBE o S JE R A AR E O, XS E R
g NI SR B U R NI (EN Ui R T (UR AN
A SWRGE 3 R BN JE S A L 2 R 390 AT AU /NI A RS
J¥ . Bencomo'** 45 75 il £ ik B rp i A B B S I A R
F R (PMMA) |, FH S Rl T BB A o & Hh 3RS 1 4 1
Al/PVDF & & M RE, ik 38 3R i) (] 5 3 46 46 HLge ™ 2k
FROEAERE M JCHE . AT LLIE 5 2 A8 PMMA BV JE T 2
G A MR BRBEPERE  HLAS 2 248 AL PVDF 19 2
RHLHI . Rehwoldt” 4K PVDF % F DMF it Jffin A
AL BTIRE , 5 B A5 52 5 W, AL RE R 50
43 A 4 PVDF i . Nuglo'™ 45 B 5 i A i 75 Al/
THV (THV 2y U35 24, 75 98N M R G — 9 £ 0 7 2R
G W) A MORL B0 DR IR 2 2 UL B AR AT A 4 oK
ALSE G B RE Y KON A% 45 3 B 2 BOK AL & B R I
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5% Y ERIR 28 3R 0 FLAR A 31 2 mm, KIGAERE T
SE . Wang ™' HI B 5 WA 2 4l 4 T AlI/PVDF (AI/THV
Al/Viton & & M 8, & 3L AI/PVDF & & M6 B A S5t
4R B8 8, H KM IR EE 1500 K, /T Al/Viton
(2000 K)Fll Al/THV (2500 K) & & ¥ R K IR
VEF N R R & B S0 THY, 2 R4 R 272 4 £
() CF FEE /D g HF AL CF 2 0 23 B o 22 (1 fE
FECAITHV & A MR KGR B 5 5 L Al/PVDE E G 1
B L BT ] 8 TR

3D AT B ] XA BT AR 04 S5k 2R 4T 282 iR, 55 8
TUREL BE 55 g b, 43 BACTE SR W 6 v, A SR AN AR
LI S T2 it T B A, DA A 55 40 4 1Y) R i R, I
LR NE MRS ERR, EAME T EB D
A0 8 A 4 R 58, 4 00 7 RS BE R IBROIE IR %
— B IR BB 2 Tk e i sE il . 55 RE A RLAY
TR GEMLA N T3 B2 AR A AT R i R, 3X XTIz R s 1) (7%
HI 3 G0 5 e i LR, LA Xt N B g5 3 Y

...........

10.0 kV 15.4 mm x50 k SE(M)

B8 Al/PVDF iyl 1
Fig.8 SEM image of Al/PVDF!*

2.7 AEHEFENEFR

— RO A5 R R IR ) 2 T kR R A
B A MBI 2 HAT T AT 1 B8 4 R CRR TR RUA B
AE . W) PIR & AN RE R SR R M R Y Y i A B AR,
{CRE B /DB S50 AR W AR TE — i, &2 65 MR R
REFAE ALY 22 (8] 04 42 il T8 B A B, O BB X R R R E
A7 B (0 A 2 5 BB 12 D3 ) 2 5 ) 4 o B U0 o A% i
W ARG AR R IR R Y B EE G — R, 4%
fik T AR, A% B R B /N A2 G MERL Y B B 4 O S
JE IR RE 5 TR A AR TR | R 55 3k R /R
VR T DA & A R e S5 A MR B
4t
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7O G54 AL BE AN AN RE U0 G AE 1R RE R e 1k
fiE , L BEXT A% ALBEAT ORI, 48 2 & ORI BB A
P RE 5 T2 W S0 ) 25 308 W R 5 B RE SRR LA
7042 S Th BROK , (45 B I 2 0 ek B IR, S I R ) o
K ;3D AT ENIE Wl 5 w5 <6 Js 1A & 19 52 & B REAE JEE O, B
LA 4 ) 2 R0 1 B0 BB (L 5 kL 1 B
AE ™ A2 AR 1 1 10 O B B SCR A i CHE SR I (]
B E A

3 fA-RMEYRNMEYRERNIERE

3.1 BEARMRMNITRE

AR A — B B[] N, 57 2% 1A 4201k 508 oA o R 1
2% RE = BB A TRk . SR Osborne™ 45 & B 6
R 53 ik 7 ) Re 551 M SRR AR R AR IO RN L I R
N S 2 4k SRR E R A A X e OB KA AR R
N ZHI, B K A T 58 A KRB (Preignition reaction,
PIR) , b FR i —42 il G 7R BTz . i
22 W R A ST PIR I AR 52 45 B RIS g M B LA
fE A B WK, Kappagantula' ™ 28 76 44 K 475 #5261 40 7
—JZ PFTD #1 PFS, & Pl —CF,—%% # K 1Y PFTD fE A %L
FAEAR PIR 2 4f B 07 Tt B2, A5 T KO A% 5 1 TR = 1Y
BAMEL, Mulamba 44 1 T AN E 8K PTFE 5 Al
Wy R, ke B K AR i PTFE B 25 5 24 it 2B Bk R A
%, 5 AR B PIRTRIZL . Padhye™ 45 &k BLY) IR
A ALF PTFE B i 8 09 35 700 CIE 2 %8 P9 B L 5 P9 )
% g 2 1 7 PR BB B R A SE R . 4 7R RT LA e i
7 3% TH 0 R 1) BRI B R P ok R R R M BE L AE T
i (PR FR 0.9% ) Fil 55 T4 B (AR R 0.1 % ) AT — 2 it Y
KT IE e HR K A AR 2 BT DA IE O o Hh Ak B 1) R R
T 2 R 5 B2 AR . PIR PR gl B el b i F Dt HRUAR T
AR AR 2 TG R IR B Al—F &, BT L) PIR A9 20 AR
L5 3¢ F L % RGO L, AE T IR P AL B G AL/PTFE 1Y
PIR S W U2 IE S BERY 2.1 5. McCollum™ #7458 %
AR A )2 B PIR A AR K5 ), 6 AH [ il 2% 25 1R 1
R )2 TR S5 2 50nm B PIR R0 5 B 5, F 1 {6 75 g 4 1%
REEER R PERE TR 47

WF 98 35 A1 3l TA Ay — S R -0 SR W) s g PR ) B A
P2 TR R R ek AR AT DL IR B« R 32 I 1
S P AR 5 ) BB R 1 ER 3 B S X R R A Pl 3k S 4R
By 2 1 1 M ALO, I, I R I ik — 25 i i 4R
Y0 43 ik, B b SCRT IR PIR , 2 J 22 88 S (1 AL £ ok
IV 58 ) TSR W Ak 22 A AR B ALF,, 3X — 2B g FR o
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FNE o PIR 5 3 W E ARG, PIR B H B 2 1y # s, ok
YL 1 o L 2 TR
3.2 REHAIRMRETRE

B REA R BE i o DURRBE R K 5 R O AT
R, 3 1 b 5 2B L A5 i, I DA SR DR R A/
QAT BT A R I Y R R T A b SR AE B BE AR
SHKCFIRBE RN o Delisio™™ 45 J] iR B PR IR 3/ K 47
J % F R R 58 AI/PVDF B R 0 3 2 , 48 H HF SR
M RECRT 20 = A B B . B8, 5 ALO, ik 2 42 fir
) PVDF #£ 400 C#¥ fi Ak 73 fi% A= B T HEF SR il ]
P CHF, AR i (1) fias o ok, R 5 ALO, W 1
JZ % fl 1 PVDF A8 K 2016 500 °C 32 P4t 1 i HF <
P a8 C HF, DA B A an sz i =X (2) i, B
AT ALO,TE T 2 B A7 A6 X PVDF A9 $0Z4 fi 12 13 3 A7
KRS . a4 R h AT E |, 32 45 51 i
HF AR A5, G s i 2 (3) BT, 5 7 3 B2 AR X
NS, — B HF AR, B i Ak st & & A4, sy 5K
(4) fir 7w B i 1 72 J2 Z 0 AIF, 5 HF £ fil sl
TC ) 0 PN R R ORI AT ROV o SR A5 AR
W R T Al/PVDFE & & R e I 45 25 W ot 1) 2
N AR (R Z B 53T o
(1) f#4k PVDF 43f# (PIR)

AlLO,+—(C,H,F,),— — (CHF,)+HF(g)

(2) PVDF 52 $ 1

—(C,H,F,),— — CHJF+ HF(g) +C
(3) ™[RR 43 1%

CH,F,—HF(g) +C
(4) HRMHE L

2Al+6HF(g)—2AIF,+3H,

B0 A5 I R R R /AT T R SR AR 5
Al/PVDF 1 J I 3o % , & B2k A PVDF 45 Rl 5 14 1% 2
75 Fr ORL T BE W8 A AR AL BR 45 A L 3l 3k B R i 4R Ak
B TR AT R A T B Y L 45 i B PVDF
G HE L HF 78 200 )2 Bl B8 28 3 30K 43 i R 5
SEAMEIN G, AL B 2 i 5025 AR R Th B A8 ok,
] B ALFE S o A8 vh 5 5 R 29 A8 09 HF OB, fie i
A AIFFITH, .,

I 57 560 3R W s 1 4 5 R TR R B R
N3 R Y AF 5T K 22 4 R #E AI/PVDF & & MR H ik ib
T B B, W 5E & AT Dy S PVDF 43 i 7= ) HE 5
ALHEAT ROBE, DT RE B Hh R et R

N XK 2021 4% %294 %148 (78-86)



ES R S i

4 FERMRE

FURT 58 41 © 28 0] LA 32 4 1 o Jst B R Ak b
FH 2% A [R) 1 4 07 3 4 0 2 A BT SR R R
Wy B S I DG I 9 S AN TR A i) B Ak
JiPE RE 2 B AR AR A, (H e 2 1 59 T8 oh - 2 ) 4
FERERF VRO v BALAE R ORLRE /DN (20 I HLad ]
TORMUBEAE 7= (9 7 iy, 75 H AT A4 ) 45 77 % b BEA AT
— M7 5 RE T AL L3 T A R 2 R 2RO A Tl
P A= 77 I T [T Ry € Y Jis 22 B AT S O 1] T RE 4
B 1) F Bt sl 25 5 B 45 07 vk AT RE 6 52 BL AR - 98
W B A ) T KR AR 7 TE A iR B IE 5T R o
o — Bl (14 il 8 7 U5 B A A IR PR LB D7 vk il
B TR EAT B

e AN, AN TR J7 3 il 4 04 B 1k 4 5 40 S SR R W
Mg & LB HLBE R RE G = RGERETE, 5 SRR 500 AR
oy AR BEAT 58 3, BORT SE B dh Y R Ak 4L R Tl
LRI R 5 — AR o TE R WL DT I S A
AT E 28X 45 Bl 6 - 50 R W SR Ak o i T AR 22
FE AN R ZWEFEAT IF TR0, JE AR g BN ML A 5 45 1k
3R RIS SN LB T, JCH R PIR K2R
J IS 0 e A M B i 2 TR YOG R SR W 5 R
75 S BB BILBHE 55 7 I A5 T ar B2, RV B 5T
52 22 (19 AI/PTFE & & BB, o A RE T 20 b i i HE %
B e . AEA IR B IE R TR LR GRS - R
Wy 52N 0 T 2 17 AL B % T 4 RGN, P S L o
FERh DI BEAL S BLPE AR, B B A

SE

(1] Pk, AT, EROE . ERE LML dbat. I8 Tk
HRTEE, 1995: 1-20.

SUN Ye-bin, HUI Zhao-ming, CAO Xin-mao. Military mixed
explosives[M]. Beijing: The Ordnance Industry Press, 1995:
1-20.

[2] Grishkin AM, Dubnov L V, Davidov V'Y, et al. Effect of pow-
dered aluminum additives on the detonation parameters of
high explosives[]]. Combustion, Explosion and Shock Waves,
1993,29(2):239-241.

[3] B, BOO, il . S9OKRG B I A 2i it ot [) ] K2
4R, 2002(2):1-3.

HUANG Hui, HUANG Yong, LI Shang-bin. Research on com-
posite explosive with nano-aluminium [J]. Chinese Journal of
Explosives & Propellants, 2002(2):1-3.

(4] F/E, TP, i, 45 A SR CAP) & B0 Ak 25 i 4532 1 g
. 84 Sukik, 2005,25(1):26-30.

JIANG Xiao-hua, LONG Xin-ping, HE Bi, et al. Numerical

simulation of detonation in aluminized explosives containing

Chinese Journal of Energetic Materials, Vo0l.29, No.1, 2021 (78—86)

[14]

Sttt

oxidiser (AP)[]J]. Explosion and Shock Waves, 2005, 25(1):
26-30.

Zhou Z Q, Nie J X, Ou Z C, et al. Effects of the aluminum
content on the shock wave pressure and the acceleration abili-
ty of RDX-based aluminized explosives[]]. Journal of Applied
Physics, 2014,116(14):144906.

AW, 2505 35, WY . K5 B B KE 245 04 52 00 X A7 Fu AEL i 1
B[], K2R, 1994(1):26-28.

ZHU Li-xian, LI Qi-zhi, PAN Yong-ping. Effect of reaction of
water and aluminum-containing explosives on stock aerial gun
shells(in Chinese) [J]. Chinese Journal of Explosives & Propel-
lants, 1994(1):26-28.

Jouet R J, Carney J R, Granholm R H, et al. Preparation and
reactivity analysis of novel perfluoroalkyl coated aluminium
nanocomposites| ]]. Materials Science and Technology, 2006,
22(4):422-429.

EF, SROGH, R, S GOR BB R RT R )] K
4R, 2014,37(4):1-8, 44.

WANG Jun, ZHANG Wen-chao, SHEN Rui-qgi, et al. Re-
search progress of nano thermite[]]. Chinese Journal of Explo-
sives & Propellants, 2014, 37(4): 1-8, 44.

KB, A, ISR, S5 AR 2R I M BOR BF 5T
[)]. #reettkl, 2020, 28(10): 1017-1025.

LIU Yong, BAI Hai-jun, GAN Qiao-yu, et al. Surface modifi-
cation technologies of energetic aluminum powders: a review
[J]. Chinese Journal of Energetic Materials(Hanneng Cailiao) ,
2020, 28(10): 1017-1025.

Wang J, Qu Y, Gong F, et al. A promising strategy to obtain
high energy output and combustion properties by self-activa-
tion of nano-Al[J].Combustion and Flame,2019,204:220-226.
Li X, Guerieri P, Zhou W, et al. Direct deposit laminate nano-
composites with enhanced propellent properties[J]. ACS Ap-
plied Materials & Interfaces, 2015,7(17):9103-9109.

Pantoya M L, Dean S W. The influence of alumina passivation
on nano-Al/Teflon reactions[)]. Thermochimica Acta, 2009,
493(1):109-110.

Yarrington C D, Groven L J, Reeves R V, et al. The effect of
doping on the combustion and reaction kinetics of silicon reac-
tives[)]. Combustion and Flame, 2013,160(9):1835-1841.
Kettwich S C, Kappagantula K, Kusel B S, et al. Thermal in-
vestigations of nanoaluminum/perfluoropolyether core-shell
impregnated composites for structural energetics[J]. Thermo-
chimica Acta, 2014,591:45-50.

Jouet R J, Warren A D, Rosenberg D M, et al. Surface passiv-
ation of bare aluminum nanoparticles using perfluoroalkyl car-
boxylic acids[J]. Chemistry of Materials, 2005,17(11):2987~
2996.

Kaplowitz D A, Jian G, Gaskell K, et al. Aerosol synthesis and
reactivity of thin oxide shell aluminum nanoparticles via fluo-
rocarboxylic acid functional coating[)]. Particle & Particle Sys-
tems Characterization, 2013,30:881-887.

Granier J J, Pantoya M L. Laser ignition of nanocomposite ther-
mites| J]. Combustion and Flame, 2004,138:373-383.
Wb, BRGR, R, AF . AT DU R B G K B R Y )
Beai KRk BetERe )] K224, 2012,35(6):70-75.

YAO Er-gang, ZHAO Feng-qi, HAO Hai-xia, et al. Prepara-
tion of aluminum nanopowders coated with perfluorotetradec-

anoic acid and its ignition and combustion characteristics[J].

www.energetic-materials.org.cn



B -90R W R T ) S5 A B o i TR

85

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[32]

Chinese Journal of Explosives & Propellants, 2012, 35(6) :
70=75.

Kappagantula K'S, Farley C, Pantoya M L, et al. Tuning ener-
getic material reactivity using surface functionalization of alu-
minum fuels[)]. The Journal of Physical Chemistry C, 2012,
116(46):24469-24475.

Kappagantula K S, Pantoya M L, Horn J. Effect of surface coat-
ings on aluminum fuel particles toward nanocomposite com-
bustion [J].
456—459.
Ke X, Guo S, Gou B, et al. Superhydrophobic fluorine-con-

Surface and Coatings Technology, 2013, 237:

taining protective coating to endow Al nanoparticles with
long-term storage stability and self-activation reaction capabili-
ty[J1. Advanced Materials Interfaces, 2019,6(19):1901025.
He W, Liu P, He G, et al. Highly reactive metastable inter-
mixed composites (MICs) : Preparation and characterization
[J]. Advanced Materials, 2018,30(41):1706293.

Padhye R, McCollum J, Korzeniewski C, et al. Examining hy-
droxyl-alumina bonding toward aluminum nanoparticle reac-
tivity[J]. The Journal of Physical Chemistry C, 2015,119(47):
26547-26553.

Dolgoborodov A Y, Makhov M N, Kolbanev | V, et al. Deto-
nation in an aluminum-teflon mixturelJ]. Journal of Experimen-
tal and Theoretical Physics Letters, 2005,81(7):311-314.

He W, Liu P, Gong F, et al. Tuning the reactivity of metasta-
ble intermixed composite n AI/PTFE by polydopamine interfa-
cial control[J]. ACS Applied Materials & Interfaces, 2018, 10
(38):32849-32858.

VAR, DB, S RGBT A K R T RE Y S
WEoE[)]. JE 1444, 2019,40(8):1611-1617.

YAN Tao, REN Hui, MA Ai-e, et al. Effect of fluororubber
coating on the properties of nano-aluminum powders[]J]. Acta
Armamentarii, 2019, 40(8): 1611-1617.

McCollum J, Pantoya M L, lacono S T. Catalyzing aluminum
particle reactivity with a fluorine oligomer surface coating for
energy generating applications[]]. Journal of Fluorine Chemis-
try, 2015,180:265-271.

Huang S, Pan M, Deng S, et al. Modified micro-emulsion syn-
thesis of highly dispersed Al/PVDF composites with enhanced
combustion properties [J].
2019,21(5):1801330.

Valluri S K, Schoenitz M, Dreizin E. Fluorine-containing oxi-

Advanced Engineering Materials,

dizers for metal fuels in energetic formulations []]. Defence
Technology, 2019,15:1-22.

Huston M R, Sippel T R. Confined flame propagation of Al/PT-
FE mechanically activated composites [J]. Combustion and
Flame, 2019,203:83-91.

B2, E eI, AP S BRR /SR DU R £ 0 BT 16 B e A R
B g B FGROUL P BE F 52 )] MR 3 4. 2018, 32 (6) -
894-898.

TAO Jun, WANG Xiao-feng, HAN Zhong-xi, et al. Prepara-
tion and microstructure of aluminum powder/polytetrafluoro-
ethylene machanical activated energetic composites[]]. Mate-
rials Review, 2018, 32(6): 894-898.

Sippel T R, Son S F, Groven L J. Altering reactivity of alumi-
num with selective inclusion of polytetrafluoroethylene
through mechanical activation[)]. Propellants, Explosives, Py-

rotechnics, 2013,38(2):286-295.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[33]

[34]

[36]

[38]

[39]

[41]

[43]

S

Sippel TR, Son S F, Groven L J. Modifying aluminum reactivi-
ty with poly (Carbon Monofluoride) via mechanical activation
[J]. Propellants, Explosives, Pyrotechnics, 2013, 38 (3) :
321-326.

JEAT2E kA, TIRUE, . AIPMF(IRAL A 88 ) & & 8 K 1 il
S APEREL) ] AR, 2018,41(3):350-355.

TU Ren-ju, ZHANG Dong-mei, WANG Xu-Bo, et al. Prepara-
tion and thermal properties of AI/PMF composite powder[]].
Journal of Solid Rocket Technology, 2018, 41(3): 350-355.
BL, WM, MR, LA ALY Z A W HTPB
HEBEFIABEVERE RS2 A ()], K KEZG 244, 2016,39(6):74-79.
LI Yi, GUO Xiao-yan, YANG Rong-jie, et al. Effect of alumi-
num/organic fluoride composite on the combustion properties
of aluminized HTPB propellants[)]. Chinese Journal of Explo-
sives & Propellants, 2016, 39(6): 74-79.

Wang J, Jiang X, Zhang L, et al. Design and fabrication of en-
ergetic superlattice like-PTFE/Al with superior performance
and application in functional micro-initiator[J]. Nano Energy,
2015,12:597-605.

VNE T, AN, 4. PTFE/AL RN 2 J2 M6 1 il 4 & 12
PERED)]. S REM KL, 2014,22(3):365-370.

JIANG Xiao-jun, WANG Jun, SHEN Jin-peng, et al. Prepara-
tion and mechanical properties of PTFE/Al reactive multilayer
films [J]. Journal of Energetic Materials (Hanneng Cailiao) ,
2014, 22(3): 365-370.

Zhou X, Xu D, Lu J, et al. CuO/Mg/fluorocarbon sand-
wich-structure superhydrophobic nanoenergetic composite
with anti-humidity property[]]. Chemical Engineering Journal,
2015,266:163-170.

Wang J, Qiao Z, Yang Y, et al. Core-shell Al-polytetrafluoro-
ethylene (PTFE) configurations to enhance reaction kinetics
and energy performance for nanoenergetic materials[J]. Chem-
istry=A European Journal, 2016,22(1):279-284.

Yang H, Yang H, Huang C, et al. Tuning reactivity of nano-
aluminum with fluoropolymer via electrospray deposition [J].
Journal of Thermal Analysis and Calorimetry, 2017,127(3) :
2293-2299.

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

Wang H, Delisio ) B, Holdren S, et al. Mesoporous silica
spheres incorporated aluminum/poly (vinylidene fluoride) for
enhanced burning propellants[)]. Advanced Engineering Mate-
rials, 2018,20(2):1700547.

Lyu J, Chen S, He W, et al. Fabrication of high-performance
graphene oxide doped PVDF/CuO/Al nanocomposites via elec-
trospinning [J]. Chemical Engineering Journal, 2019, 368:
129-137.

He W, Li Z, Chen S, et al. Energetic metastable n-Al@PVDF/
EMOF composite nanofibers with improved combustion perfor-
mances[J]. Chemical Engineering Journal, 2020,383:123146.
TR AR RE BRI 55 A S R B RERAE LD .
FAT B AU TR %, 2015,

WANG Hai-yang. Electrospray formation of nano energetic
materials and characterization of the combustion properties
[D]. Nanjing: Nanjing University of Science and Technology,
2015.

2021 4% %294 %148 (78-86)



86 ES R S i

[46] Kumar R, Siril P F, Soni P. Tuning the particle size and mor- Nanjing University of Science and Technology, 2017.
phology of high energetic material nanocrystals [J]. Defence [55] Osborne D T, Pantoya M L. Effect of Al particle size on the
Technology, 2015,11:382-389. thermal degradation of Al/Teflon mixtures(]]. Combustion Sci-

[47] Ye M, Zhang S, Liu S, et al. Preparation and characterization ence and Technology, 2007,179(8):1467-1480.
of pyrotechnics binder-coated nano-aluminum composite parti- [56] Mulamba O, Pantoya M L. Exothermic surface chemistry on
cles[J]. Journal of Energetic Materials, 2017,35(3):300-313. aluminum particles promoting reactivity [J]. Applied Surface

[48] Ke X, Guo S, Zhang G, et al. Safe preparation, energetic per- Science, 2014,315:90-94.
formance and reaction mechanism of corrosion-resistant Al/ [57] McCollum J, Pantoya M L, lacono S T. Activating aluminum
PVDF nanocomposite films[J]. Journal of Materials Chemistry reactivity with fluoropolymer coatings for improved energetic
A, 2018,6(36):17713-17723. composite combustion [J]. ACS Applied Materials & Interfac-

[49] McCollum J, Morey A M, lacono S T. Morphological and es, 2015,7(33):18742-18749.
combustion study of interface effects in aluminum-poly (vinyli- [58] Delisio ) B, Hu X, Wu T, et al. Probing the reaction mecha-
dene fluoride) composites [J]. Materials and Design, 2017, nism of aluminum/poly (vinylidene fluoride) composites [J].
134:64-70. The Journal of Physical Chemistry B, 2016, 120(24) : 5534~

[50] Bencomo ] A, lacono S T, McCollum J. 3D printing multifunc- 5542.
tional fluorinated nanocomposites: tuning electroactivity, rhe- [59] NI . gk B 3L 2 A o GE W B L G BR 00 4% B S I R 1 F 95
ology and chemical reactivity[)]. Journal of Materials Chemis- [D]. Mat: M TR, 2015.
try A, 2018,6:12308-12315. HUANG Chuan. Preparation and reaction properties of nano-

[51] Rehwoldt M, Wang H, Kline D J, et al. Ignition and combus- aluminum based composite energetic film and microsphere
tion analysis of direct write fabricated aluminum/metal oxide/ [D]. Nanjing: Nanjing University of Science and Technology,
PVDF films[J]. Combustion and Flame, 2020,211:260—-269. 2015.

[52] Ruz-Nuglo F D, Groven L J. 3-D Printing and development of [60] Gaurav M, Ramakrishna P A. Effect of mechanical activation
fluoropolymer based reactive inks[J]. Advanced Engineering of high specific surface area aluminium with PTFE on compos-
Materials, 2017,20(2):1700390. ite solid propellant [J]. Combustion and Flame, 2016, 166:

[53] Wang H, Rehwoldt M, Kline D J, et al. Comparison study of 203-215.
the ignition and combustion characteristics of directly-written [61] Sippel TR, Son S F, Groven L J. Aluminum agglomeration re-
Al/PVDF, Al/Viton and Al/THV composites [J]. Combustion duction in a composite propellant using tailored Al/PTFE parti-
and Flame, 2019,201:181-186. cles[)J]. Combustion and Flame, 2014,161(1):311-321.

[54] B0 X Mo . % 7509 45 B8 b4 R 38 b4 i 1 3 56 28 48 vh b4 R G T 200 [62] LiuS, Ye M, Han A, et al. Preparation and characterization of
PERFSE (D], m st m Rt B TR, 2017, energetic materials coated superfine aluminum particles []].
SUN Yi-long. Study on process adaptability of energetic materi- Applied Surface Science, 2014,288:349-355.

al in additive manufacturing by solvent method[D]. Nanjing:

Preparation and Research Progress of Aluminum-fluoropolymer Reactive Materials

WANG Jing-yan', WANG Yi-zhi’, HAN Zhi-wei'
(1. School of Chemistry Engineering , Nanjing University of Science and Technology, Nanjing 210094, China; 2. Nanjing Changshan Chemical Co., Ltd.,
Nanjing 211103, China)

Abstract: Six preparation methods of physical mixing, ball milling, vapor deposition, electrostatic spray/spinning, solvent/
non-solvent and 3D printing for aluminum-fluoro reactive materials are summarized. Recent research progress of Al-fluoropoly-
mer reactive materials are reviewed from the aspect of product performance and method advantages and disadvantages. The reac-
tion process of aluminum-fluoropolymer reactive materials at slow heating rate and fast heating rate are introduced. The promis-
ing research directions in the future are pointed out, including design a new method that combines the advantages of various
preparation methods and more attention should be paid to strengthen the research on the reaction mechanism of aluminum-fluo-
ropolymer reactive materials when heated.

Key words: aluminum;fluoropolymer;reactive material ; preparation method;reaction process
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