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Fig.2 Booster structure of micro fire-train''

2 feE TR EEIRIT 5EE MK

He RETCIE K Tl AE 1 e 40 2 1, RIDRE PR B e 45 i
A ARSI AR RE B, E T R K 2R 7 A 4
Be ol MR M A A5 1R o Bl BEJC R — BRI MEMS T Z
i/ R AR RO 7EROR B R e i o0, — e EA P T2
RS B T AT KAt A skl o A TR 22 4
AETC A RE AT BN S) (AR TR R ) 2 A4 4 JEE £ 47 3L
AEIA 5, Bt B DT T B A P45 A, ol LU RL B

CHINESE JOURNAL OF ENERGETIC MATERIALS

B2z 4 O B AL b 1) 15 40 2 i 5 RS e 4% A AR 2 B 0L
ST AR AR MR S L R BRI
ARET 2 A ORI AL B 938 T B 5 i+ % | oS 42
LA R AL 1 5 s A% A 2 X U P B 5
WL VR R SRR B Y R IK S K g A
TR S AILRG 1 1 A2 08 225 J I 00 i R R, il R
mhfi SR AE IR 2 MG IR 2R R T S BE . H AR
75 TR A I R 5 R 28 ) AR RS AR T 4] A% 4% 45 F s R L
&l 2 7 o

flyer MEMS S&A device

control circuit micro-detonator

B Ok AR T 5 4 s

Fig.1 Structure diagram of micro fire-train'"*

direct-writing explosive
]

electrical
signal

micro-
flyer detonator

1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
i passway i
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1
1 1

direct-writing CL-20
explosive

______________________________

b. armed condition

RORST CRLEE KB T8 i R JRE 32 ) e S 08 0 5
SR L O FE R AT RLBE VR AR . B, AR R A RO R B
FE 70 AL BH 3R EL A RO A hy 1 e B 5 i A 490 i o P
ARACAFAE A A5 s S RE DT T IR A VIR IR e 4,
AT TR AR 5% R B A7 9 5 33 R R 11 AR
i BE T RE I TR T Z B R IE AR

41 ] 20 tH 20 60 4F AR FF 4f BIF 52 K T 9 15 fal e
RE TG , L0906 E b BHA NI R AR, I NiLP-Ni, &k
B AE 29 VL BV K 20 48 70 4R AU T IR 1R R

N XK 2023 4% F 314 %o (606-634)



608

T, 4 B X022 AN R AR, R

NICr 3 B AF 77, S22 AT f - Fi A7 M AR Ay
FLBEL 28 THT 1) KT R T SR AT M B ek S B R T
Z YL MR BE T . 21 2 LR, Pt AL TaN 45
2 S RE U A R A AR L, B R4S RROR [ BB R
[Fi] 235 g ) SR A58 A 460 B C 4 L ] 5 L TR L MEMS
T ity B AR A 25 B A 2 B 520

Tl e fE 0 A Ry TS I8 9 ) i o B PR G, e
TR AR T 5 1 K KA B AN A A R E T 52 e R
520 4 VR R MR B o DIRG9 11 SR 1Y A B R O
Tl B 0 & K ot A v A i e LR R B R AR A Ak ANl
JEAL 24 D718, AT R AR R G R KRB R TR 2R
T 48 BB 0 70 A P ok A v 2 T I 3 A e e AR 0o 3 S
BRI, T R e RE T AR R R EE R & b
VEF, 75 B4R i e e 2 vk AR L e AR
Ji A AL e e AR L B BE T Y 3 B AR R
AT H P 4 | HC H IS 7 R A R T 1 v A1
M AV RE M S8, AR /A4 T ke
T L I 3 A ATE AT 0
2.1 e TEEEIRITHA

TEARBEAL 3 7 187, 1999 4F , B 1 EMS 23 & 2 F
il 77 A BE T AR 4 TR W 2245 BE T, I A 1 T

s AE T BAT AR H /N R KRB, 5 3 /N T 100 ), i
W% K gL 40 ). 2003 4R BIMFH4E & b, % DR A
& TR v (Armament Research and Development
Engineering Center, ARDEC) ) Neha Mehta "'/ 44 T
ARDEC/Tanner 1 58 HIL#4 WF i 79 DU AR {3448 iE T (Micro
Energetic Initiators, MEI) , I LU 8¢ T & AR Z 8] & ki
Jis B 72 A e, AR R G R BE K K T e KR 1A 3
Fs o

Micro Assembly Technologies 2% # Y Chopin
Hua '/ 4 TR A MEMS B fE T (45 3 T 4 )8
W R BE T A RE AT R BE T Y 2 R BEOT . TR W
AETCHH T M100 H &7 4 Ay e B, S Jm & e 1 AR,
HEr AR ZE A An & 4 PR 38 i Neyer 1 T AT, 56
= AR BE OC 9 O 2 K KR TR 1.6088 V(0 =
0.0966 V) &K KHLEHN 2.0 V. AR KHBIER 1.2V,
o5 DU AR Bk B BE T /Y SF- 2 & KO R O 1.2097 V(o=
0.0220 V) 2K KHIER 1.6 V. AREKHIER 0.7 V,
X WA R4 BB TC B AT BRI A 24 v BRI 55 1 fE 12
A PR, AT N FAE 40 mm AR b RE MR 4 AE OTE i
Az A A AR S R R A /S R A AR 2 R, iR
2 R, TR 0.3~1 mm BB EDF-11 3625, 35 1)

ARDEC/Tanner 1st generation Bridges

2nd Generation Headers Fired with Lead Styphnate
3rd generation of ARDEC/Tanner Bridges loaded
with Lead Styphnate

4th Generation Headers with polyimide substrate
(Photoresist Insulated Bridges)(Bruceton test)

4} Vishay Bridges(unknown shape)

4 pom

Vishay &
ARDEC/Tanner
Headers

10,0 /mF\-
9.0_ ‘\\\VUV_‘..’VV

8.0
7.0
6.0- .

5.0

voltage / V

4.0 2 (<]
301 & ,0 A&
2.0+

1.0 v

0.0

Other shapes

==

Ee=e]
_‘_

_IJ"_

10 15 20 25 30 35 40
RIQ

3 ARDEC/Tanner } Vishay 2> 7] 4 I8 40 8 oG & K A S 162

45 50 55 544552
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[27]

[27]

samples resistance / Q) all fire energy / pJ ignition time / ws no fire current / A no fire duration /s all fire current / A
NiCr 2-8 down to 1000 down to 250 0.5-1.2 2-10 down to 1

TaN 2-10 down to 50 down to 50 0.3-0.8 2-5 down to 0.8
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Fig.11 Different structure of the three kinds of micro-detonator - "
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a. porous Cu

b. in-situ primary explosive

c. micro-detonator integrated onto S&A

12 JRUAEHE 2 B 5 SRA SRR
Fig.12 The in-situ explosive and its integration with S&A'?
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Fig.13 Direct-writing process of precursor ink and microstructure of micro-detonator**’
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Fig.14 The packaged independent micro-detonator of
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a. printing sample of RDX

Dense RDX, ~0.5 mm thick, printed
on overhead plastic sheet and
taped to steel witness plate

EDF-11 Booster

Detonator

Detonator

| » teel plate g

b. detonation test upon steel witness plate

Bl 15 B4R 2 KO PR
Fig.15 Direct-writing explosive/polymer nanocomposite and

detonation test'*"’
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Fig.16 Diagram of micro direct-writing platform of UV-curing
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24 RSE N 1T mmx 1 mm B, GBS 7E B 4 42 90°83 f 1Y
V6 M P I A5 48 . Li Qianbing'® ¥ CL-20 75 BE i A&
S B AE RO MR a2 el 5 g5 ] R 0T,
1.0 mm [H5E 58 B T G AR LR 11 wm, Im 7
FES RS CRE #1294 0.3 mmx0.3 mm , 48 2% I Al 76
24> 90 JiE A BE I Ak A5 1 o A im SRR S RO E o Ty
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& T — P FEEBE B CL-20 5698 4 M il 5
Be 7 CInE 17 Frzs ), lhim S 0.153 mm, 1 24
i 8088.9 m-s',

200

a. SEM image of CL-20

b. direct-writing explosive
ink of CL-20

B 17 CL-20 ¥E 25 SEM JE il B 5 25 4
Fig. 17 SEM image of CL-20 and direct-writing explosive

ink[seﬁ
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FEVE 2 Z. T 75 T R 10 AR T 1 7K 42 3o 2L Vi 78 266 485 1A
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Aoy A, DU K CL-20 2 4E 25 8 i i CL-20 %
SRR CL-20 @ B3 B0 AR, R T PVA K
VS R K AH L GAP &R £ T V5 W T AH ik i 80 Al
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|

_Zc’_, e printed sample
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a.
i CL-20 based
o i
2 i
2 1!
raw &-CL-20
]
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E18 CL-20 HE A M MG (a) FURHE & B RAAE G2
B (o) SRR B 47 72 o 707
Fig.18 Crystal transition of CL-20 ink (a) raw materials is

e-type, printed sample is B-type™ (b) raw materials and

printed sample are all B-type”*
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PR A 38 10.47 GPa, BEE N 0.22 GPa, JBHL T
KU 124 BE . Li Chunyan' ' ffi i CL-20 1 4 75 fig
MORL, AT 500 (GO E b T REIEDR} , A (41 AR K
BAWRET, B0 CL-20 Fh B2 EA KT 10%
FIFLBR 2 PRI R AR & T 131%.

TE B 5 CL-20 % 25 %R I8 ¥ 5 1, LA PVA KR i
7K AH FEVE R £ g 5 WA 1 RE B B 7K A 7 7L v 7Y
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YEZ5 i SR AT S, B & 0 18 O 58 RN EE 4 ) 4y il
216 N A1 4.5 ), M b JFORE e-CL-20 fi <f 2% 3 0 8 488 Uk
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13.0 cm'*® o MR HIAS IO RN R T S K & ) R S h
TG PR A | = RR R - TR SR A O g1 R
F il g n] PR [ A CL-20 I 82 BC 5, AL A i fi o R
BE T 355 39.8 cm 7,

h TR 5 MEMS T2 B e A PR OB A% 4
Al EoR B R . B E S RBEAR ol LS i
FRUBEAG H5 2 25 TR (TR R A A T DERU RN 75 72
IERIIT T 09 A B, B TR0 98 R 2 4 Tl S RGT
JRRRE 25 2 WU PR BRI RIE ST, AR R 5 S i A R R 2%
b R AR LR A B ST, A 45 SOULIBORE 45 14 X v o A
FROSE MR 7 BE AL B Y i o A PR AR Y 25 D7 TG o DA Y
FAIE, HATE SN CL-20 2 H 5 3 25 EDF-11 D258 1l 1
S SE T A [ N TE U S AR 2 Y il R T T A
D5 vk R BRI 5 B O T T T R E R AR 25
BT R HORIG N — 2D A T e 4 e T AR
4.2 WMEBRHGBEERS CHEFE

TS 8% PP 510 SRe P Tl 490 4 A R 0% 24 48 O HE I ) e i
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TR P = TN E s W v 953 7 | B v e o
A IR a2 5 o8 ST 7 AR R R 3
7k, Horh B A 56 A AT EER ) Gurney
A7 Yadav BB SRR A 5N X 0 B (R AR
J7 ik FER A LS-DYNA AUTODYN % i X 3h % Uy
B R AR 25 3K B K Y e R e AR e I
45 96 F £ 3% 8 W 2 R 4 (Photonic Doppler Velo-
cimetry, PDV)7" 35 T #5 1l # (Velocity Interfer-
ometer System for Any Reflector, VISAR)!® ™%/ &£ J5
o AT T ENIX 3 AN TT A A 4 O 8 24 48 A K
Bl TR B HE SR B0, JF SAE s | GG AR AR A 2
ai S RUST RO B RE X TR R R Y 5 e R

FE A U B T 5 T, 9K LY SR A Gurney
AT S B A AR 2% 3K B € R i Bl b, R
PDV AW 1 R A5 4 9K 20 % (% 3R Iy L AR 4l
W2 235 SR OF 45 5 TGRSR A5 0 S5 A BT - R 3 B 3R
AXBEAT THEIE 2 7 BB I 7 IR ) T Gk
R AN UK B R B R TR 50, 2 S S TR T AR R 2
TE 7% LA o AH 2 %35 05 ¥ A e — e PR, KE 25 1Y
JoTHE A UE PR o 2 A ik R RS ki 110 3 24 RS AR 1k
A2 A, 5 SR A B AR 45 A BTt L S 52 56 445 2R E 47
FE o BEAN, AR 2 B P B B R AR AN
2y — BV R 5 HUAR 2 R R A A TR R o 3 R
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245 AV IE N1 B 2 — R

) BCME T35 05 v A7 B0 R 24 I 0 2 2 0K 3 6
R I R T A P 0 ) R DA S 2 WL
(Jones-Wilkins-Lee) IR 7 B S8 r 2 . WL S
BB AR BN 3 25 B AT JE T b A A SN R A O AR L
A (i BRW! VLW YIEE) BTy 7 B LAk
F R A AR k. R AR X 24 R Y
2 i B AR A R TR e 2 AR M W 2 X 25K, H AT
WP AT SR B 2 WL 5 R 56 A 52 T A G, HfiE
KRR o S TSR LG IR A R 2 JW LR S
FFESH . W PFFOR T B B R I T S A A
T 24 RUSE R 1Y % 5 803, A A0 25 R A0 1 2 A
SE R s oy AR T RS B T IWLRES
TSR, W3R 2 s, B0 B A0 45 R 5 S 50 AH W
A M2 5% LLIN . Peng Yue'™ i F Explo5 #4 /1
SFRRT RIS S A R W 0 R AR R
IWLARE TS (mER 2 0R), @ditFEETER
P4 AT 2 24 ) RS 1R 2 O B K KR O G R
BT VLW VHL . VPL 3 FuR S T B X & ALl iR 5 2
B sZm CaniEl 19 iR ), 45 SR B VP LR J7 B8 19 15
FLAE R 5 85 W) & B AT

K2 BEALS IWLIRE T MG S5
Table 2 The coefficients of JWL EOS of copper azide

p A B Calibration

No- /g-cm™ /GPa  /GPa R Ry ¢ method Ref:
1229 410 4.5 490 1.3 0.3 yEOS [90]
2 1.1465 50.04 -0.1338 5.01 0.37 0.899 VLW EOS [87]
3 1.1465 31.6  1.45 3.63 1.08 0.26 Explo5 [87]
4 2215 147.83 1.735  3.12 0.733 0.6 VLW EOS [91]
5 2215 2242 2.157 3.79 0.93 0.7 VHLEOS [91]
6 2.215 173.3 0.625 3.53 0.816 0.6 VPLEOS [91]

Note: p is density of the explosive. A, B, R, R, and » are constant parame-

ters of the JWL equation of state.

FE K H IR L R EG 2OR H PDV R GE %
B T3 T S A T A 2 2h ) S i A A A K B
C B R R (AN 20 BoR ) L 3618 T IR TS
B, WOR B AL AL 25 AR 1.0 mm, in 2 AR 4 R
SERPT.0 mmx1.0 mm, & KA EE B30 wm, B
R PDV R GE IR T AU B ke 25 3K B 6 A AR
PE, KB B CA s R, R gy
0.5 ws M 5 #E Ik B e K R E AT, K
BT 2~3 s NORIFERE , X Bl BEARE R C S 3 fig
T —ADEEAE . R R EREMBT YIS A
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a. the isentropic expansion P-V data of

2.215 g-cm™ copper azide
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b. comparison on flyer velocity of the three EOS
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Fig.19 The equation of state (EOS) of in-situ copper azide and comparison on flyer velocity'

| detector I

|

| amplifier |
|

| oscillo graph |

a. schematic diagram of PDV speed measurement
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Review on Micro Fire-train based on Flyer Impact Initiation

LIU Wei, CHU En-yi, LIU Lan, REN Xiao-ming, XIE Rui-zhen, REN Wei, LI Jiao
(Science and Technology on Applied Physical Chemistry Laboratory , Shaanxi Applied Physics and Chemistry Research Institute , Xi'an 710061, China)

Abstract: As information, intelligence and miniaturization progresses in ammunitions, Micro-Electrical-Mechanical System
(MEMS) based initiator was derived to meet the need of the information of energy-transferring, miniaturization on structure and
integration of energy sequence. As one kind of a system-level MEMS initiator, the present micro fire-train was integrated based
on initiation detonation mechanism of the flyer impacting the next booster explosive. By focusing on the application and techni-
cal requirements of micro fire-train, the state-of-art of the fire-train was reviewed from five aspects, including the micro-heater
design and firing energy control, microscale detonation energy control and devitrization, energy transmission and safety control,
micro fire-train design and integration, and reliability evaluation of the fire-train. Based on the analysis of state-of-art of micro
fire-train, some suggestions for future development were proposed, and the key points for the further development of micro
fire-train are discussed: strengthen the basic research of initiation and detonation mechanism under micro scale; promote digital
engineering and improve forward-design capability; build mass production capacity including element-level, component-level
and system-level of the micro fire-train; enhance the qualification and improve technology maturity of micro fire-train. It is vital
useful for the peers to pay more attention on the design, fabrication, test and evaluation of the micro fire-train.

Key words: MEMS initiator; micro fire-train;energy control;micro-detonator;booster explosive;flyer;reliability
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