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P FURE A I A5 T T, L Ry 1 72 J2 3T B R 5K AT LA
AT X2 E R4 MMM, HCHEA , Zhong
LR T AI/CUO/FHAG IS 55 K, AT 3D T ERHE AR
ST HA S DML, SR RTIZEM T
MICs (Al/CuO/FAL L ) | I L A% 5 1) MICs B il 51,
Mao 55V B 3D AT BB i J7 ik, il A T 0SS R ALY
CuO G4 K FRFGR) , 45 R 3R W Tl 48 A0 I s 1 32 40 K 51 4
H B BR B P RE o

H HI A ¢ AI/PTFE & 50 b B IF 5% = B4 vh
e 75 it BE T = 2 A (Al 25 4 8 1 L AR a7 Y
9T B HRAH . ASBFSE R 3D FTERHAR  F%F AI/PTFE
FE TR MR S T S0 (A5 0 e BRI A 0 4 Bl 4
] s X6 45 748 AR (AL/CuO) At 48 Ak 2k (Al/Fe,O))
2 FiobA R AL ST B A 0 S5 A O SR A A HL A 6
BE 25 7N B AN v R (R 2R R G
WFFE T H GRS PR RE R 2 D) K STk e
FE 3 T A () b Rk AN [v) 465 ) 119 P e 0 3 A0 A [) 285 49 AS [
BRI PERE 22 5 o X WURIESE & BE A RERY /N AL T
AE AL AN Z5 R LI THER AL T AT BB, RO AE KT I R
45 LA S MEMS 25 5 2585 20 Ak s R 1 400 1A 98 e 1Y
N A8

1 SCIG#ERS

1.1 RFENEE

R H,50 nm,99.9%, [ 1 /K HI M AL BLH A B2
Al BRI Z M, 1 wm, 99.7%, BT T A= Ak B 57 15
ABRA A FAR K (FR, B15 F2311) , R AL T 58
Bt s BREFAE(CF) 1 um,99.9%, B4 T A= AL BHE Iy A5
B2 7] s 4 AR EE(SIO,), 100 nm,99.9%, Bl fi7 T 4= 1k
B+ B A R AR EALH (CuO),100 nm,99.9%,
BB B BE AL T BR A | A Ak Bk (Fe,O,) , 100 nm,

a. 3D printing device b.
B 1 3D ITER B e S5 BT s A

Fig.1 3D printing device and schematic diagram of structural design
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99.9%, g M AEBH AR AF ;LR TR, &
B2 T W, o3 B ol AR RHRE A T A FRA .

PLAEFE $ 4% (WB2000-M) , 5 [/] WIGGENS; % 11
P FE g (MSH-20D) , 7 M 28 i@ A a5 A PR 2 v ; 3D 4T ER
HLOR-V2000), 3 [l NORDSON ; 3 & 5 H1#i ti T B
%% (FE-SEM, Ultra-55, Carl Zeiss, Germany) ; [d]
PP BT AL STA449-F5(NETZSCH, Germany) ; 5 i 41
2 AL (Plantomv 12.0, UX50, Japan) ; B i B 5 i #4
#% (MS-3010D, MAISHENG) ; 4 [ 1% 52 RS1 (Ther-
mo Haake, Germany).
1.2 HEHE
1.2.1 2BKkE&E

Al/PTFE 25 7K il 48 K 91 K B8 B (1.5 g) 15K I 9
(3 g) BT LM ERT, FHRE ) Bt 7128 BUE 2 h, K
ARG WU T AR E BRI % T 5 M Emn &
2 T BR VWb, 58 4 T A A A B BE IR R L R 105
) SRAR S/ TR T B B 45 7 o e v SRR T AH i
BN 15% , 5ok AR DU S0 20 [ AR 5 ot E 40 B0k
85% , it 12 VS N £ TR TR U T 1L, MLARE R 12 h
Jo A5 BN SR E 1 AL/PTFE &K

e 21 2 ) — S AR 55 K ) 5 K ik 2 4R TROK R RN
AR AR UEAT TR A TOAL B A B SE R i 45 R A
W LR TR BEFE Y A0 A SR R AR R B
1 h G 15 Bk 2T 2/ — A A RE SR K .

Hog 8Kl 4 : Al/CuO (i 2 A 0.3) Fil Al/Fe,O,
(Fa it LR 0.35) A 7K il & i F2 W] AI/PTFE 52K .
1.2.2 3D Z#4TED

BT 3D T B AR 45 50 25 0 A 7S G R AR
B 25 0 25 K 19 ALPTFE 3 52 07 41 R, BIR 3825 400 25 4 119
Al/CuO 3 | Al/Fe,O, 3 2 I A4 %}, i £ J5 21 0 5] 1
iR

multi-layer needle and structural design principles

S
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W 1 5 0 BB OK A — A 10 mLES RS, IR
Fom#ERF NP 1a BT R A9 3D FTERAL b, 38 o 5 6
/I T B B AR R AR ~3 mim - s il B3 T A
B AI/PTFE 28 7K B M A5 31 520 28 4% 5 (O BUZ &1
OB AI/PTFE 85 /K M\ A0 % 85 th 13 2] 25 0 & &%
(& 1b) 5 i FIRUZ &t 3k 6 AI/PTFE 827K F1 Al/CuO 8K
S35 A 2 R = B A B A e g5 2 & (B 1b)
fifi F = 2 £ 3k ¥ CF/SiO, 8 /K Fil AI/PTFE 8 7K 43 51 A
Shgs Fir s £ AR B R A O 45 4 (K 1b) 8%
Al/PTFE B /K B 4k Al/CuO F1 Al/Fe,O, 55 7K Bl n] 15 5]
FH R A BRI S O S5 R 2R 2% o AR B Sk BLAR SE AR S KL
41 AR B GE EF Sk B4R 1.0 mm BUZ kAN R
1.25 mm, 4% 0.65 mm;2 > =25 3L i 3 > H R4
#°40.5.1.0.1.5 mm A10.5.1.25.2.0 mm,

1.23 HMRIE

SR OK A AR M it - I 0 5 RS, 5 8RS 20 mm,
B RIEE 0.1~100 7, B ML H B 1 Hz,

LR IRMIE B RAL 9 & R 7 WU i
R 10 kV, B2 107° Pa,

2R Ik 1 IR Oy i 1 B - TR B AR A BT AN, AU L
(99.99%) , TRLIE I Fl & 30~900 °C, FHE 3 % Ky 20 K-min™,
/N T 1 mg.

2R 2% 0 0k e R 3 . R R R A, A B R
5000 FPS(FPS: MiiZL/Fb) o mi Ak B« B HL I A2
HLE 7.5 V, 4 B M Cr-Nid 4 2 (EH4#:0.4 mm,
K3 em, /&5 :1200 °C).

24 T 2 R e O % T R R A I S AR R
300 mL, Zj & 100 mg, i F By L IR AR £ 7.5 V
HIEFTHC-NIG42(HZ:04 mm, KE .3 cm, &
A2 1200 °C) ¥ H A 23 AU BN S0k e B )
R IR AR AT SRR B B R SR W 1 R AR Ak

2 ZR5WiE

2.1 AIPTFEE/KHRTHMHE

g T PRAIE 3D AT B A AL B L 4T B Y S5 A TR
Fi R AF A BRI A5 OK 5 2 B R B A R
UF 0 H SRR BT OB I TE S5 A R R E 1 A
fify 11200 X6F AI/PTFE B8 7K 3t A8 R PR HE AT T A SC L, 45
R 2 R o WK 2a AT LUE Y, Y 87 P 3/ T
30 s IFCIXEE T ), BifiE 5 U0 3 AR A3 i, AI/PTFE 887K
R RE SR A, 2 BT P R R T 30 s ),
Al/PTFE 25 7K Kl B [ 2 AR K S A QR B A AR, R W
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YIEJIF , Al/PTFE B8 7K AR A 2 FER B R A L 3X 5 B2 7K Rk
FE R R A o X FPOE N 3D FTED Y U AR B BE g 4l
Al/PTFE 28 /K 78 AN it Jin e 7 i A U 28, A R T 76 6
RHAF 5 A6 il i — 22 FE 3 05 SORT RLRRE A1 87 i, HLH B
B e B —a i B S R AR R AR E B R .
2.2 AEFTED & & M0 549 5K

T 25 BT AlPTRE 88 /K HAG %5 4 10 i 78 1t
e [ X EEMERE, 78 SEM FWLER T 500 450 M TT 4G
T R BR 358 25 000 5 46 14 AL/PTFE 28 S5 I 25 4y , 245 SR &1 3
. B 3a AR T mm S0 454 AI/PTFE £ 4
BRI B o AR 2% 1 18 SEM B (I 3a1) el LA
IR RS M SRR R SR AN 3 5T 5 DN 2R 2R B A 1T JR)
K B (& 3a2) T LLE H, 44K 88 50k 5 ok 2 g
F L UKL 25 6 B %, Ul W] PR R B TR A 0 B 4
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Fig.3 Structural simulations images and SEM images at different magnifications of various Al/PTFE lines

FMIRCR I . N SR I SEM K (181 3b1) A DL
W, 28 0 S5 K AI/PTRE 2k 2% 45 0 52 4%, B JE2 3 - F — 3L,
TC Y48 A8 T 254 o0 R, Ui AI/PTFE BBk oA B4
M ISP 5 DN 45 e A T ) 3 e K 81 (181 3b2) W] A
Bl B TR R TS %, B 3chER
9 1.25 mm [ 8% 58 450 AI/PTFE-AI/CuO £k 4% i 31
Bl MR AR # T SEM I (I8 3c1) s al LA, FF
WIS 2 22 456 5% A Y 28 o B, ik B
2 i C 7 M AR R OAE 5 DN R A R T R 3 ik K A
(B 3c2) LR B, WAMNZ Z 45 & %, 028 o0, it
— IR T B 3¢ iR 4518, BB T2 45 & 5%, 5
5] A B R . K 3d A AR M 1.5 mm
B BR duk 2 0 25 48 AI/PTFE-CF/SiO, £k A YRR . M
2 M SEM I (K 3d ) Pl LB, NAb 2 R
] 45 A S, oo b 0 3R E ST R T AR S A
17 JRy 8 ik K (1l 3d2) v ml LU Y, A1 52 1 ik £F 4t 58
T R = A TO I & N R i E 7 e e =
] 45 A B %

R T VT O b S A 5 4 R R BR e 23 0 45 Xt
HAZ &5 R 5 4T T EDS-Mapping 2081 . K44 2
FREE R AR ST R . B 4t A% SE 45 M FE S
AlJC R FIF T & B9 SR A B, B 4a2 FEL 4a3 43 5]
Sy ST B AL TR FIF O 40 A5 B, B 421 ~[&] 4a3
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Fig.4 Element distribution of AI/PTFE lines with core-shell

and confined hollow structures

P EL AT 50 H T AT 11 X2 L A S22 1) 45 P B P A o 3, I
A2 G5 B W 58 A DS A R AL 2 DA A B
B 2 F 2l o 22 1) O A S Ve, 45 A B . B 4b1 IR
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FEEEN A B ARG, 2 5 R Z R A B, 2 ] 4
G R RFLIR AR . BRI R FRAT AT &
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6 5000 FPS T AN[aI 45 #4 Al/PTFE £ 45 7R [a] i) 2 B 40k 45t IR

1200 ms y

c. core-shell d. confined hollow

Fig.6  Burning snapshots of AI/PTFE lines with different structures at different times at 5000 FPS

JEE A EE TE A0 5 BRI 4 255 0 25 0 B A B b B s 0 2
o iy T BAT AN I W] B G R BE 0 A TR R b i A
LA SN TSR AR A B AR SE B (R BL T Sh e b1 R
F4 i o S, A DX IO P e R B R A | i B T TGk
AN BB BRGSO, AR 8 A MR BE Y BN Rk T
SR BE L MR E e R SR i TG IR R
KA THRIRIR . @ TSR] 4 FhOR R 451 2 R
SRR P 7 Bros o i B 7w LUE S [ Y
SEA IR B R ) AR B T 45 KX TR B M BE AT R
SR SRR 2 A e B AR T R AT L S R AR R BRI
SRR T AR R Y B T R WD A G T S0 2R A B

T 2.6 AL,
6.42

8
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Bl 7 A[EIZ5H Al/PTFE £ A M be i i
Fig.7 Combustion velocity of Al/PTFE lines with different

(o2}
T

N

combustion velocity / cm-s™
-

(==}
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L 25 A0k TSI T 5 2 Bl BRI b o i 7
He SR BB 7 A PR R 5 B B ol AR R 45
AVPTFE 25 4 4% L 55 25 1 6 7= i B 4k b 1 i
BB 3 5, 5 MR A o P = S 9 7 A (A
e % )y TR L T i I (L, T 09 U ke 33 o 54
Wi {1 JE 3 (pou) 169 10% 51 90% 2 I8 {19 &4 3% 5k

Chinese Journal of Energetic Materials, Vol.30, No.9, 2022 (877-885)

SE O I A SR R 8 TR WA R 5 B R R I
Tl R ATLUE B, G50 00 SR X R R AR T
A 5 S G5 R 2 2% A 2 R DK v £ 0
(B g 5 408 s R 2 e IR, 43 5 oy 233.52 kPa Al
593.88 kPa-s™ AH [ L J7 i 25 O S5 A UEEAE T ) 5 48 e ok
R T 254.70 kPaFl 681.74 kPa-s™, F W] T #R 4
TR KA R FRRBE (2R AT, fR B EA T I SRS .
] Ik 1) A% 57 245 A 28 2 55 R ) 2 1) 5200 S5 R R 4 0

260 | ——solid
ool hollow
© core-shell
a 220 ———confined hollow

' 200
@
$ 180
| =

160

140

0.00 0.25 0.50 0.75 1.00 1.25 1.50
time /s

B8 AIFZHT AI/PTRE L A% IH AR GE i i g - [l il £&
Fig.8 Pressure-time curves of constant volume combustion
of AI/PTFE lines with different structures

F 1 ARIZEH T AI/PTFE £k 5 15 25 #h be 1 0% 15 (p,,.,.) F1 18 &
Table 1

stant volume combustion of AI/PTFE lines with different struc-

Peak pressure (p,..) and pressurization rate of con-

tures

structure Poax | kPa pressurization rate / kPa-s™'
solid 233.52 593.88

hollow 254.70 681.74

core-shell 238.67 724.65

confined hollow 272.57 931.17

Note: p,  is the peak pressure of constant volume combustion of Al/PTFE

lines.
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LEMILR SARLE TR T A/CUOME N, i AR
6], {H 7E 58 42 5 Ry Bt R A/CuO 9 5 19 = &/ T
Al/PTFE [, 33X 0 S 3 1 B AR S b 2 BTG, PR b 0 (B R
J1IEAN T, 8 238.67 kPa, {H 25 B T Al/CuO H R 11
SN R A G R ORI IR ] T 724,65 kPa-sT
T B 355 24 00 &35 48 1) W L P ) 45 3 1 T R e K, 40
WIS B T 272.57 kPa #1931.17 kPa-s™', i T 1% 7 4
SC AT AR TER A B A AT W) BT 0 R e As 0 S A 2k 2R S
BRIR e 20 43 B AR T Hofh 3 41, 5 28 T BR 4k 25 o0 4
P 3R T+ % Re A4 RHER be kg T A R A AT .
o A S T A AR SE IS, AT LA B 45 A i S X A
PevEREr= R T E K m .
2.5 MRIBEHZEHIMRIEMERE

BT 2.4 54 IR A5 R, AT L & B BR g8k A o0 &
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Fig.9 Burning snapshots of confined hollow lines with different diameters and inner cores at different times at 5000 FPS
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Construction and Combustion Performance of AI/PTFE-based Reactive Materials with Hollow Structure

WANG Xin, ZHENG Da-wei, ZHOU Xu, HUANG Ye-ming, WANG Dun-ju
(Sichuan Co-Innovation Center for New Energetic Materials , School of National Defense Science and Technology , Southwest University of Science and

Technology, Mianyang 621010, China)

Abstract: In order to explore the effects of structure on combustion performance of aluminum/polytetrafluoroethylene (AI/PTFE)-based re-
active materials and improve combustion performance of fluorine-based thermite, additive manufacturing technology (3D print-
ing) was utilized to prepare Al/PTFE-based reactive materials with solid, hollow, core-shell, and confined hollow structures, as
well as Al/CuO-based and Al/Fe,O,-based reactive materials with confined hollow structures. The microstructure, thermal perfor-
mance, combustion rate, and gas production performance were assessed by scanning electron microscope (SEM) , differential
scanning calorimetry (DSC), high speed camera, and constant volume combustion chamber. The results show that each sample
exhibits intact structure and uniform components. Under the circumstance of same mass, the samples with core-shell and con-
fined hollow structures display lower heat release than that of samples with solid and hollow structures. The burning rate of sam-
ples with hollow, core-shell, and confined hollow structures is 1.44, 1.32, and 2.62 times higher than that of samples with solid
structure, respectively. Obvious improvement in gas production performance and pressurization rate appears for samples with
hollow and confined hollow structures, especially for samples with confined hollow structure. The burning rate of Al/PTFE,
Al/CuO, and Al/Fe,O, materials with confined hollow structure is significantly higher than that of corresponding samples with
solid structure, particularly for Al/Fe,O, materials. The approach to regulate combustion performance of lines by preparing mate-
rials with hollow structure is expected to provide a novel idea for designing new high-performance weapons.

Key words: fluorinated thermite;3D printing; microchannel construction; combustion properties
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