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SCHEL ) A R RE R 5R , ©BE A 2 S RE AT RHA R O 2R
AE 3R TH Ay — P AT AR g R RE IR G T AR B HEZY
MBPFRE N E . Bl HXF R E R HME N
B R EA SO0 T B BT CL-20/8R & A
K H M EE(GAP) 7' (CL-20/2,4,6,-= H LR H i —
R AL W (TPO) /2R S TR 9 J TR Y i (PUA) 0720 48
AT o B R S S RE 2 AR A . (R O R
5l B R M E LS K 24 9 B8 A T ) o
HP A A T RN K Y Rk VA ) S O R e AR
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KPR T A R B8 1L KT, 33 Bl s AE o 100 FE X T 3 R
GrE AR . AR, An S22 58 & B, R
BRI A 0 5 — R R iR AR g EANE IRV R Y /N
SR S A A R AT AR A i L A e Ak s
AE R I R T B A B R R SRR W T LR R = T ED
WRERTHE T, A AR TR 2 2R R A W ) 2R
fil, A A O 5 URR B (TDI) [ Ak 9 = g 33 nk
SEA AL I (DNTF)/GAP/TS L £F 4 £ (NC) R &, R
ARAG T 1.77 g-em™ Y FT BN 4% BE , L3Pk A i vy 2k
7.06 GPa, {HJ&, K&F LU 13w i BF 58 AH X452, i
HE IR R L GAP A £ XX T @ 2 4k (&2 7%
TR 3 5 T R H BN AR TR, 5L AR
W, F— 25 T & 0 B A KE 2 BE R AR R L T AR
WF5R R

Uiy 5 e SR ik (HTPE) J2& — Fh =2 & i IR 1 R ) 2%
PERE Y B 25 00, o or 7 vl 5 5 50 18R 2% b 0 OB 1l 38
K 009 2% I i 8 A 2 [ A, 76 v g Al SRR 0 1) L v T
[ S0 00 A B b g sz AL ST HTPE
R PERE , A8 HTPE S| AKEZG S Bh4h Ik R b %
TR T — B ) A R B R S HTPE/NC/TDI &2
BRI R WA, R T AT ER AR B A — O]
BEAGHRRE ), AR IEE T B /R SR I AR e
[ CL-20 K 25 1 A 5 2 il B8 = U 0 25 B4 18 T — b
DL TR & T Ry L35 300 1) 4 v =X 0 2 T 88 R AR 4T
BB AT & 928 T fOR ST TR 1 4 2 R [ Ak s Y, I %t
FTENFE 5 A0 L 25 B BOWIE S0 L 0 2 P M 24
P M DL R O S R HE AT TN A

1 SCIG#ERS

1.1 KFHFR
HTPE, M,=4081, 22 B4k T W 58 & 31 B 3= AT A R
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2] s NC, Tl 9, v B IS 8% Tl 48 B2 W) 255 5
TDI-100, Tolk g, K HE T 8 Bk 27 12l 50 A BR 2 A 5 It
BECL-20 K624 1L T R FAAL 2= Tk A Rl s LR O BR L 43
Br &t , 48 Je Ak 27 380 A R A | .
1.2 W’
1.2.1 MEHHEBNG &

22 T W30 E ALK 2 T S8 2 0 T
— RV B DR R AL J7 , 4800 K 1) 55 40
T, Fe 2 78 FE 25 M B2 60 5 4 4140 T i 03 B o 43 90K
15.32% CL-20 4 2§ . 0.67% NC. 0.67% HTPE,
0.08% TDI1.83.26% LR 1. il 4 X 2 7 58 20
BRANTE - V) FRHCZY & < 2R FH HL 43 BT K1 HE B Bk B
0.9200 g CL-20 #£245 ,0.0402 g HTPE.0.0402 g NC,
0.0048 g TDIE T 5.0000 g ZFR £ Fig H 5 (2) 41 431 ikt -
KB IPER 40 °C AF 40 kHz B A Z W F 7 60 min,
i 45 10 245 I 55 2% 41 40 70 00 VR 4 B A0 5 (3) 1 IE R
F o Ak 08 O Bk 2 il A B AN A A B i ok 2y
FlHE 8
1.2.2 FEmABIFTED

V48 TC T 4 %) 25 9ok 2 T A B T B A A i AR A
o DLW SR AT EN S 80RO M R 115V, 3k AU
0.05 MPa,fi¥ 5 ms, ik 5& 0.27 ms, #4172 39%, T
EJ L 50 mm-s™", W% Sk BT BN 26 1 5 B2 2 mm, $T Ep
FEMIR EE 50 °Co Jii 2l Wt A8 4T B 15 4544 4E 24 0l 28 U AR
FEFT BN He M 4 2 007 B, K 24 7 28 78 0 A S A B4 4
A% S v 500 Ak B CL-20 JE 5 B8 W, 28 30 3% 2% Mk AR
e 2645 30 W B B TR AR B AT ERRE & o T AR il il 25 7
BRI TR . WEERATENSE dS R AT EDRE SOl
KV HERT L 7E 50 CCRAFH3~7 d [E AL g Y,

zZ

print head
i explosive ink
L p

energetic film ~ ethyl acetate ~ HTPE
“NC
» CL-20 . 101

BT ITEIARR A i s R
Fig.1 The schematic diagram of the sample preparation by
inkjet printing
1.2.3 RS HERENIK

FIIE A K H MIRA3-LMH 34 i 7 5 S B (4
3¢ Tescan 2v ml ) X 4T BN RE & (19 2 1 A1 A BE 47 T
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BEIRAE Ut 50 LM, DU R e, SOOI, R, A, SR

=

U 38

fia B 4t A1) DX-2700 B X 5 2R A7 5L (PF 4R
T TSRS A R 7 ) X5 T ELRE & b i K 25w B AT T
DU, 03 2% 2 Sy A A 20 R0 &, 20 B A1 B2 0.05°, U
B [ (5°~55°) , SRAERT ] 0.5 s, 45 AL He FlAS HL I 43
1k 40 kV HT30 mA.

BE A% B 2l 0 MZ-220SD H F 2% B IR A (IR
YT F i85 AR A B2 7)) X T EAE & (1) % B 145 0
Ko B BORRE FE AT I3, OF ¥ )5 A5 B RE & SE

J17EPERE AT G200 44K IR X (£ E Agilent 22
FDXFTERAE S (8 T 2 PR REHEAT T DU, W4 4% 4 - 20 1
i1 65.03°f1 Berkovich Jk 3k , e KN #E & J1 300 mN, 7E
it 2 1T BE BIL R 8 AN AT 3k, 2% ot f5e A AR/ B (]
6 IR EHE 04 7 B (EAE Sy g v g i il 45 2R

P P BE < R FH DSC-800B 22 78 £ = #U (&
T 2 VRS 2 A A A B2 B KT T AR i 1 4040 1 g
rilse  FE R & 2 0.5 mg, FHR A :5.10.15 C-min™'
120 °C-min™',

22 I S RSE - SR IR 2% 25 3500 I 4T B R
sl B R 2 I A RS 3 A B0 MRS K 100 mm, i
1T mm, IR 3 mm.

. 5% GJB 772A-97 ik 7021 SR HH
PEEE W D L AT EDORE R MY B L R RS R

100 MmmX1T mmX1T mm,
2 ZFHR5iE

2.1 WMERSH

S Al B T B MOEE (SEM) T 3T EVRE S 16 2 T A
B AT R 2 iR o B 2a~2b AT, $T
EVRE i R AT EN R A TR HL A A B, AR AT EN R 98 24
230 pwm , FHAB AT EDEZR 4% Z 1] 9 IX 3 LE BORL RS | i —
AR R RS DX 38T DU o XA A R U S 4
R B LR 32 X T B il ) B 25 R R % 4 5
I SEM B R ([ 2c~2d) 7] & H AT EDRE il ) A 2
e R B, PR R BE 2900 25 pm, R A Y B2 o R
B, JO WY AL U 04 R 3 B 7S B LR AR
FR5ZEZI,
2.2 BBOW

F T X 5 2R 57 4% (XRD) X JEURF CL-20 LA B 3T Ef
FE G CL-20 KE 2543 5 AT R B0 I3, i 5 2R 5
PrifE B-CL-20 . &-CL-20""'f1) XRD I3/ Xf i, an &1 3 e
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/- single layer
25 um

¢. cross-sectional view(x200) d. cross-sectional view(x3000)

B2 FTERR S Y 2 T S BT SEM IR 7
Fig.2 SEM characterization of the surface and cross section

of the printed sample

raw material CL-20

:% o JFL«_JWMJ\AWMM M_Jﬂ@}?ﬂ%
E
O B-CL-20
L gy o) s
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20/(°)

B3 J5UR CL-20 54T EVEE A 9 XRD 3 1813
Fig.3 XRD test pattern of the raw material CL-20 and the
printed sample

IR FTERFEfh i CL-20 K 25 FfAiF 05 5 A5 i B-CL-20 £
XF I, ¢ BT ENRE S b CL-20 425 A AL

AC ) 4 s =X 00 24 il 28 B R CL-20 A HE 25 7 o
o B A 25 3 R FT ENAFE i p CL-20 KE 245 B iy & 78
AR T BAY, 43 BT IR R AT R R AR T B PR A A S
T, R0 ) PR A B0 CL-20 K 24 I WP b
Sl i 1) K S, 76T B B-CL-20 J5 58 A L % 14 15 1] fig
b (1 45 it A gk — 25 i AK h e-CL-20,
23 BESW

K H Explo 5(V 6.02) #{F 2 1T 545 B 4T B0 AE &
1 e KBRS % B (TMD) 2 1.92 g-cm™, i L 7%
JFE WA 4 S % 3 Be AT ERRE e R AT T, 45
mFE1IR,

M TR LLE 3 BT BB b S0 2 3 fe KM 2%
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R FTEIRR A SN 5 B

Table 1 Experimental density of printed sample

experimental samples experimental density / g-cm™

1 1.70
2 1.72
3 1.69
average value 1.70

0.03 g-cm™, 5 24 %5 i e KAH 2200 0.02 g-cm ™,
FE AT ERE 0 2% B2 3 — PR o % 3 I 5 P
PRI AG T ENFE S Y 5200 %% B2 1.70 g-em ™, A iR K3
WH L) 88.54% , K WAL T H AL 3D AT ENAE 25 3%,
AW FEAT 2 (25 25 BN BUE Y B B R
IR
2.4 NFEMEEESH

o I R Sk DA 2 - -0 2 v Oy L AR
U J1 2 300 mN B Z& AT FH A8 K F R AR T AT
AR S 9 ) 2 MR L A9 8] T K IR R ) 5 AT B
FE il BR B 1Y 28, an 181 4 B 7 L 3l i Agilent NanoSuit
BT A B FT ERE Sl A AR R
320
280
240
200
160
120
80

40

D(l 2000 4000 6000 8000

depth / nm
B4 ZOLINEE )5 EAFTENRE &R Y It £

Fig.4 The relationship between the probe loading pressure

elastic modulus / GPa  hardness / GPa
10.47 0.22

load / mN

and probe pressing depth into printed sample

4 K WIFT ERAE 5 8L 5 w38 10.47 GPa, H
B3R %] T 0.22 GPa, il i 3T EDRE S LA KL 4 0 416
Uit AR R T o b R R R O FE A IR R NC Sl
WIPE S 1 SN TIE R R R 2 28 T | B AR5 TDY i A
45 45 25 9 22 E AL BB BT HTPE/NC/TDI SBR[ 45
Xof - R T ENRE b A st A B R RE R B TR . BR
Ut 2 4h , HTPE 4 F Z2 W 4 HTPE 9 i A AT 3 5%
FTERAE il X5 81 7 19 92 A L 4 i 1 AT ERRE S KBt Ab
J1 b e AR T EDRR A 5 B IR .

WAL S He™ DL BIRIE SR 5 IR R T & Lol
90: 104 Bl 45 T 180 I PETN/EC/ A E (Viton)
K DNTF/NC/GAP/TDI/— H kPR — T R 8 (T-12) 1Y
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FTERHRE S A B AT 45 1 1424 CL-20/NC/GAP/
TDV/T-12, ¥E 2 5t & 53 50k 92% 9 XF B CL-20 4T Ep
FE Co BT ERE A (KE 2 BT 5 43 80 92% ) 5T ENFE
i ALB, DL RN IR CL-20 BE 4T ERAE i C AT ) 2 1 g
X, XSS R 2 s .

T2 FTEIRES: 5 X BREE S ) 22 PR X L
Table 2

the printed sample and control samples

Comparison of the mechanical properties between

experimental elastic hardness

component
samples P modulus/GPa  /GPa

printed simple CL-20/HTPE/NC/TDI 10.47 0.22
A PETN/EC/Viton 2.81 0.04
B DNTF/NC/GAP/TDI/T-12  7.06 0.18
C CL-20/NC/GAP/TDI/T-12 8.98 0.21

Hy ¢ 2 ot BB T LR R R B 45 AR R 4T
EVRE fh J B R [6] 19 24 PR BE  HTPE/NC 54T EDRE i
S AR B 55 R 451 10.47 GPa fi10.22 GPa, & T
GAP/NC DL J EC/Viton 451K R 4T EIFE fh , 3 W] A< Bf
R FRZ5 R R B L5 09 1 2F Rk .

2.5 HEEMESH

KA 22 R A A5 L 5.10.15.20 °C-min™
B I L 3 T FT B A i DA R X BE A R CL-20 R 4T T
DSC 43 #7, &5 R &l 5 o .

i 15 T LU Y, 5 TR CL-20 43 fif W A LE T
EIVRE S 19 40 fife Ve T AT P BRI, 3302 PR 4T ERRE v iy
B2 U R A TR BE L JEORE CL-20 41K, ELFT B RE b [ 4k
BT ek i e CL-20 K 25 A 4 2 00 24 il B P 285 A T
R K G /N UK B-CL-20, S BUFT ED BE i 78 45 T il
R T (1 DSC #443 fifk U4 Tk B 247 48 JRURE CL-20 3 —
TE TR YRR .

FIH Kissinger J7 2 (3 (1)) % 2B 5 19 $45
fift 8 1 2 S G AT I
In(’B) = In(AR £,

T; E, RT,
AP, BN THIR R, °C - min's T, 43 U {8 3 )% L K
ARFEETIN T3 RASARHE $,8.314 )-mol-K ' E, R
RWMTEALEE ,)-mol ™,

HRAE DSC MR 2 S 1 7 i 0 (B UL EE , F1 H Kissinger
D5 BRTESE S EURE CL-20 55 4T EVRE f AH R 28 WL 176 AL BE L H4
AU In(B/T,2) % 1/T, 3047 26 1k [ 19 4, 4R 4%
PG 7 T 0 A SR RO AR 3153 Lh X B B B A R Bl ) S
BATHEE R TR, KPR AMSILE.
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Ccomint | 25449°C
251.24 °C
246.41 C
237.59 °C
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heat flow / mW
>

%0 160 180 200 220 240 260 280 300
temperature / °C

a. printed sample

120
— 5 °C-min” 265.89 C
801 — 10 ‘C:min" 26274 C
= o P Cmin' 25612 °C
‘g- —— 20 °C-min” 24713 °C
E 0
40
o 160 180 200 20 240 260 280 300

temperature / °C
b. raw material CL-20
5 FTERE 5 RN CL-20 f9 DSC I 1A 1
Fig.5 DSC test chart of the printed sample and raw material
CL-20

R3 50 CL-20 59T EVRE it (9 B0 Mk 5y ) 24 2 80
Table 3 Thermal decomposition kinetic parameters of raw

material CL-20 and printed sample

apparent activation

experimental samples o InA R
energy/kJ-mol

raw material CL-20 159.83 35.92 0.99

printed sample 173.00 39.81 0.99

2% 3 iR AT R CL-20 5 4T B A
FW G AL BE S 54 159.83 kJ-mol Fi1173.00 k)-mol ™',
B 2 AT EDAE S ROULTE AL BB 5 JRURE CL-20 1Y R VLTS
e L2 T 13.17 kJ-mol ™
26 BRERRRSTSH

8 25 W RS 0 32 A s 0 a1 52 % b B OR n
Kl 6. XTELEl 6afl6b Al LLE 5l E4 2 5 44 24
BLIE MRS A7 A W] 30 4 5K A R ME IR G | AR 48 2he 28 M JE IR
DA R L %o i A KR SR 24 24 % R4 B 4 93.92 mm,

S5 ARSI ik a2 (2)
d= % x(L-1) (2)
Ao, d G B mm R IEZ A K mmsh Sl
B RE B R BE , mm s LA BB R K, mm.,
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b. after the test

Bl 6 5 SRS I AT ol S22 L R

Fig.6 Comparison of the optical images for the test pieces

before and after the detonation critical size test

F %% 24 2% 1 5 0k 25 SR h=3 mm, =100 mm,
1=93.92 mm , AR5 3 (2) T35 B0 FT ELAR & (14 48 22
lIf B RSF 2 1 mmx0.18 mm, 2 B 3T B RE & 78 28 24 )2
JE R I L R A AR R RE T
2.7 fHBMEEEST

R A5 0 A5 4 | 0 A AR AT R A BT Bk
ZHLR SR O 8054 m-s' . M I S A 1 52
Yot L BE R W 7 e, ek I a4 R R L 7
A DL 2 2 RS E B 2 SR M i R AR B ok 1 B,
e 247 MDA 4 7K 5 B 2 T4 K, T e 2 2 AR O I R 2
B AR, 2 3 B ke 2 MR 5K BE BE E S, B R
TV BOR G 58 R, AT AT ED e 25 7F 2 .3 B MR B 1L
P JR S AL IR LU AR RRE |, R Y A% 3 2o A v B i S 0
)R, FLAs AP AL b RE .

a. before the test

b. after the test

7 R DN LUHT IR SE P LR

Fig.7 Comparison of the optical images for the test pieces

before and after the detonation velocity test

A R A A
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(1) BC 1 Bx & 4> B0l 15.32% CL-20 #E 2 |
0.67% NC.0.67% HTPE.0.08% TDI 1 83.26% . &
LR 42 3 CL-20 FEHE 257 55 3 i e SR T BN AR XS
JLHEAT T AT ER ALY 4T ENAE S 1 A2 R W8 2400 230 pm,
PSR AN 25 pum, SEI % B 1.70 g-ecm”, GA
88.54% TMD.,

(2) FTERFE S A st A5 A B2 4390 0 10.47 GPa
F10.22 GPa, JBIL T L5 09 J 2= ek A SR A0 o s
PR Bl o SN MU X e 25 s e, LA R
IBE I P

(3) ZFh 45K 2 53 ff I B AR DL B CL-20 4 25 T 45
B A TR G /N BURE B-CL-20 [ SE M, 4T EQRE i 78 45 THIR
TR (R figp VA U E Y B JEORE CL-20 B — 8 i
FEAK . BRI, FTENAE S 1 2% AL AE 4 173.00 kJ-mol™,
SRR CL-20 FEZAH L& T 13.17 kJ-mol ™.

(4) 15 55 W 3 235 2R 3R WY T ERE i 4B S8 I 57 RS
1 mmx0.18 mm, B K 8054 m-s™', W] T FTENRE S
B R0 O AL R AR T A S W AR R R A e B
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Inkjet Printing and Performance Characterization of CL-20/HTPE Based Microscale Booster with High Strength

LIAO Dong-jie', XU Chuan-hao', KONG Sheng', YUN Ni’, LI Chun-yan', WU Xiao-xuan', WANG Zhi-xiong',
DONG Mei', AN Chong-wei'
(1. School of Environment and Safety Engineering, North University of China, Taiyuan 030051, China; 2. Science and Technology on Applied Physical

Chemistry Laboratory, Xi'an 710061, China)

Abstract: In order to develop a micro-scale booster for Micro Electro-Mechanical Systems (MEMS) pyrotechnics with excellent
mechanical properties. A fully soluble explosive ink was designed with hexanitrohexaazaisowurtzitane (CL-20) as the main ex-
plosive, hydroxyl terminated polyether (HTPE)/ nitrocellulose (NC) as the bonding system, ethyl acetate as the co-solvent, and
a certain amount of toluene diisocyanate (TDI). Inkjet printing technology was used to achieve high-precision charge molding,
and the cross-linking reaction of isocyanate and hydroxyl group was used to enhance the mechanical properties of micro charge.
The density, micro morphology, thermal stability, crystal form and mechanical properties of the samples were characterized by
electron densitometer, scanning electron microscope, differential scanning calorimeter, X-ray diffraction and nanoindenter. The
results show that the density of the printed sample is 1.70 g-cm™, which is 88.54% of the theoretical maximum density. The crys-
tal form of CL-20 in the printed sample is determined by & type change to B type. The apparent activation energy of thermal de-
composition is 173.00 kJ-mol™, which is 13.17 kJ-mol™ higher than that of the raw material CL-20. The nanoindentation test re-
sults show that the elastic modulus of the printed sample is 10.47 GPa and the hardness is 0.22 GPa, showing good mechanical
properties. Inkjet printing charge has good detonation transmission ability, and the critical detonation size and detonation veloci-
ty are T mmx0.18 mm and 8054 m-s™', respectively.
Key words: high strength; HTPE; CL-20;explosive ink;inkjet printing
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