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Fig.2 Two forms of ISD: (1) ESAD+EFDI; (2) ESAD+EFTBI
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Fig.3 In-line LEEFI igniter of ATK company: (a) overall
structure diagram of ISD; (b) explosion view of the LEEFI
and ESAD; (c) physical expansion drawing of the LEEFI and
ESAD'"

i FH EFILAY 1ISD E A A Jay R 06 RO P 3 o AR 8 1431
] DA S o A S kT e AR A A ) PR
ESAD (EFI 1 TBI WA Jmy , Z FE AL 10 A JR i BEFRAL T &

N XK 2022 % H 304K H 48 (396-411)



398

A S K, VAT, e 0 R Db B

G XERE . Ensign-Bickford fifi 25 fiii K 5 B 45 28 /1
4 1SD 1 A Jay 5 R B o A an 8 4 s 19 =262 (a)
ISD £ 7% ESAD (EFI Fll TBIE N — &R 4745 7y, 5
[ A 2 Zh WL A K 2 B A ARG L7 AL 1% 42 1) 1 2l
T RGN A AT S, 5 8 s R, S 3 A4 35 7
K (b)ISD % 43 A 45 il AL 8 (1ISD Control Module)
K #EH (1SD Fire Module) , 45 i) 155 He — i i
ESAD Z1 Jl , MR 45 iy 4 12 %5 S I 22, a5 KBS
DC-DC &5 JF 7 6 B 50 F EFL 4L AL, PSR B al DL AR
7 2R A3 5 AR AN R A7 B G 2 {7 5 2k R e TR 2R 0%
25 () ¥4 1SD iy TBI LAk 43 55 1 o, 1SD kg 4 )5 38 2o
Z M2 R 5 B & (Flexible Confined Detonation
Cord, FCDCA )B4 25 f& % 245 TBI B it 3225 , it = 25 1Y
$5 2200 0o R NGB BT R 2 B2 SRS KR . 1K ISD
it T, Il ad T MIL-DTL-23659E 1 #iL 5
1) FL 6 R
(@)

Host Vehicle Control
and Power Systems

Ignition Safe
Device(ISD)

I1SD Control
Module

Rocker Motor

(b)

Host Vehicle Control
and Power Systems

Rocker Motor

i Ignition Sa
Host Vehicle Control )
and Power Systems Device(ISD)
Ordnance Transfer Line
.— (FCDCA)

Rocker Motor

B4 1SD 5347 J5 3 (@) ISD ARy — A B AU B A R K% 3T 9 5
(b)1SD J 1 A 42 i AL Sz JOREHR , 7 ) BEAT L 5 () 1SD A
7 378 3 8 1 FCDCA R TBI I sk A K
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FERRIIRE SR HE AR
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CHEREENRET N, XA ENA KRGS

SR K EARAT R, HIXSEKRGEN T N E
JAE LT B £ 8 EFDIFI ESAD, DRt 75 8 5 40 0
Z By SRR NI A 6] . EFDIAT ESAD £ /N Ak ] L /)N
SLPN 23 BT EBE A AT A Sk RGN
YEV . EFDIFTESAD MIARBEfL AN E v] L4 &5 B 81 X A
KR GE) UL IR AR T X DC-DC i % 40 BRot Y
%i,ﬁiﬁﬂ?ﬁﬁmmd\iﬂ:o RS N F WPl
R G TC A /NI EFDI A ESAD 45 44 — 4k i
— 2R UISEATAT B R % 2k . Ff EFDI 5 ESAD 5 2 4
B, AT DA /0N R B | A R R 4R e e R R
{H 3% 77 36 X 4 B R B B R A A BEOR R — E HER
ITHE
2.4 BIEER A ANEE(EFTBI)

T A 557 00 i R SRR B I, 77 A i) R SR £ 0
ﬂ&ﬁifﬁiiﬁdﬁﬂﬁfﬁ T K AR S5 40 SR = %,

Z R BRI W VE R . R T sk S R e S AR IR
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MBI 2R 5 R0 CDU % 82 19 EFDI, EFTBI AJ L 5 4 3l il
JE A T 2 sh AL S P B Bk

HE A EFTBI 5 R J5 & 28 % 82 77 U R R v LAy
g A2 A 18a fir s, % X EFTBIAY it
F= 245 55 iy A R A LR AR R L AN 32 R AR A o
TR A IR L0R] 5 e e L A% A AT 4% 3X Bl EFTBIAE
He PRI AE I AR 5 EFL T 40 i 4 B R A — i A
= EFTBI, 40 & 18b fif 7% , TBIitE 3 25 55 {ij 3% A9 LEEF1 18
I 7 R 1 B S 4, Y LEEF IR KR 5 28 B i 3 24 14
e n] LR AR TBI Y il 3225, TBI Y 52 32 24 37 %)
2 IR A 32 S 1 o e R T & L R
Z B ERNE JOE X —ZOoR KTk
%¢ 20 EFTBIAE A2 77 AN AF I6F ] L ol 5 2he | 7 fuff ) I5f
FEAEATREAC . 403 X EFTBIAE 4 2 i 8 3 HoA s 41
BAE TR

(a) &
Donor Explosive

Acceptor Explosive '

| Output Charge

B 18 EFTBIALEH : (a) FiE™ 5 (b) 432t
Fig.18 The structures of EFTBI: (a) directly connected*’,

(b) separately assembled”

EFTBIZ £ Lk Z R0, WK 19 s,
Excelitas 7 ]~ 143X 3 3 T ESAD 1 EFI1 (%) 1ISD, EFTBI
32 25 PR 2 B, B — SR 2 HINS 7 oo I3
R Ja A TR Ak 2 B 7 A R R B R TR AE
S G 25 0 BPN 24T o A2 2 1 T ke 2 4
P, 50— G0 24 10 A R B 4 2 R S R B ke 2 1Y
VE R, 00565 — 9026 25 4 Sy fin i 25 DR GIE EFTBI % i 11 1%
BE. X EFTBIMYZ £ 25 A8 25 E %ok KE 25 77 A=
4 R s R o D T A A K R L IR T B
JEHNS [ 4 AL 28 2 408 55 X BPN 24 HE 25 4 1) 52 1)

Sk T 3RE G — G 2 0] i 2 R Y A A 7 AR IR
AT 52 i) EFTBI K 8 4 HH 1 B L 0 76 58 — g3k 2 e
TR A AR ME 20 R . BEABASE
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VK 2 R ™ A A R T, R S BPN 24 A R T
KRR AR AR B LR Y ) R R E Y
MG T P GRE 2 43 B 1 R, 2 e U o B A
A H R BR AL, 25 S B8 A Y 2 oA S ) PR A 5 —
PAIE . (HAR TR EFTBI M B AR &5 10 A
PP 40 ] 20a TR B 2 5 A B Az ) LA
AT EF % S 11 RS 21 1 B AR 5 A8 B9 T 6 L F Tk b B AR
J2 PR ATl ST 2R ) 24 SR Y SOPR LA AN B AR
W& 20b fr 7w, B M 45 449 5 EFTBI 524 i — 141k , B A
J& T EFTBI A PN 35 [ A 2544 , SRR R 9 R A o

ESAD&CDU
EFI HNS

BPN

O

Bl 19 Excelitas 2w ) B AU AR 1SD
Fig.19 The in-line thru-bulkhead ISD from the Excelitas

company "

“ s BP

N
. LA
i ~_~§u—‘#r\*|
peTH 1\ |
Acceptor Housing
7
Cavity / I
lr=l
HNS LJ
BPN
) X /_‘l

20 A 2 SR B Z 9% FE 245 EFTBI: (a) Reynolds
Systems, Inc.”**’;(b) Agency for Defense Development™**)

Fig.20 Two EFTBIs with two-level charge and the air gap:
(a) Reynolds Systems, Inc.”*?', (b) Agency for Defense De-

velopment**’

EFTBI 32 2 25 B9, B 1 i 1T 0 25 4 0 55 — 4%
e 2l ik 2 k] LU R AT RO R R AR AR T R
WL AR Sy 51RO =, an 18 21 i 7R o Reynolds Sys-
tems 23 @ U EFTBITE BRAR 25 #0552 25 22 1] bR T
B A 25 A 38 AT O §E f (reactable member) F
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AW B (oxidizer member) 4 W05 — MM . 24
it 2 25 7 A 2 D0 Ao B AR AR AR A AR AR L
AR AR 6 Rk a2 205 2 B T & A R
b3 TR, 0 H R BRI & AR R DRI T DL R R
EFTBIAY 32 £ 25 o X Fl 3z = 25380k Jr =X, AR 40 L 45 1
FAE TR AE , o] Bk A — B 2 I P B A o g
B AR A T DK R T 4 R AR A R ST EFTBIIR I,
T A 5 8 EFTBI AR 28 4 1 R mT 5 7 45 110 A9 2 R T
B AAAS HE — 0 0 Lk B R K LB P R R
B AL S5 HE AT RGP SY .

Oxidizer

resANANNAAANRN

I 7T TTTT]

EFI
21 B R PERR AR R K g

Fig.21 Secondary reactable bulkhead igniter structure*"’

3 BEIXITARANE

LA 2 AT /A B X A RE A R A A R
& B RLE | T BPN & 22 ZEFRE MIL-STD-1901A HrifE —
VT B A0 28 2 bR fERLE , 2 B8 3l ok
J7 4 ep il R K 25 IR B 2 R A RN
IS F BPNARE . B UL, BF 5% B 41 3k H AR 200 T i
BPN # s kAL B R BR B At

1998 4F , Wang % f — g a2 S i 7 4 AT 5
BB A 0 BPN, (o FH 6 4 e g 100t ook 96 3 3 4
B A% 3% 25 BPN [ R 7, AT AR A5 BPN g K i i 1) i 3t
SKJE S HEZE RN 1.59 g-cm [ BPN 25 H: 1
Il S 45 K HE 124 1.52 GPa, i K SEIR B[] 4 3.45 s
TE 45 35 Jm BE A HEJE 221, Risha 2577 /v 48 7 —Fh Al LA
N2 9% e [P AR SR o o O %) 26 5 TR AR — N T
22 R A B Y S AR TR L R g - ] gl R R
% 0t 0 T LA T AR A5 K g 14 SR R A A S T
WFFE 45 R R W], BPN RGBS 7™ W) 3 202 8 AH i 43, (2 2
B 25 0 46 T B TH R, BPN LR b T e 4 14 K TR A%
7 R R B A3 A LA s 3% T AT
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2001 4F , Miyata 557 W 58 T BPN il -f&5 52 R
(boron-potassium perchlorate, BPP) Fl il 4 B2 #%
(boron-ammonium perchlorate, BAP) = Ff il & 15k
245 B AR B8 R AR N 52 I Bl 7 2 N S T2 SRR IX 43 )
TEWAR RGeS WESEIN 0, B A KNO, () 45
P 3 22 BE O, AR A SE B 4528 KNOL7E 606 K W 14
b, Wi AE 820 K %A 43 fiff S IE, A K BPN B4 32 22 Sz X
TEWRAH o BPN 7 AR B bl 45 4 v i) Bz 1oy 722 A fn &1 22
FiR  AERA B R T A — 2 R 145 il KNO, I AH 2 L B
i 3 B & AR RN AR B KBO,, A7 — & 43 58 4 R, A —
T 0 PR R B L B S S 8 AR 5 78 AR R KBO, 73 i
B,O,JE MU AL )2, BHL 1k B AL i — 20 & A SR AL R o

KBO,
/ Conversion from KBO,
. to B,O, Layer
o —
Boron .

‘& / Thick B,0, Layer
®

Gas Phase

Solid Phase
22 BPNZEMRBE UG i S 7 2 1 Y

Fig.22 The schematic diagram of BPN reaction in the com-
]

Liquid Phase

bustion wave'*®

h T k2L BPN Y SUKCRE FT L BPN 415
HEAT 40 Ak L) $E e Ak 2% B 7 3 R R R 8 380 B — A
ZFEAL T, AN BPN Y & 7 R R
Al HR 2 B KT .

20104, T35 % WF 58 1 A8 41 BPN BL J7 % 24 7
TAPERFZ R o 8 W AR BURAR S 3 pm ZE A
I KNO,, 28 )5 5 B A7 MU IR 4 , 26 45 570 0 19 A9 g
ARG . 45 AN, Y B I KNO, i i 2 B A
o1 B, 7 R R B AR A VR S B A5 ) A AR 1L AR
Ji5 BB AR TG 24 90 1Y) e LR L SR I U AR — 2B A
5% 1 4 BPN {2 4k, — J7 i H 25 L Bk 17 E3 1Y
G536, I3 — D TR 24 790 1 8 o R R R R B kAT
;2 BPN ELAG 48 o SR IR, R 48U B2 e R

2015 4F , Suzan Koc ZEMXF [k T “44 >k B 5 i K
B” “Ab2f it i b 2 57 5 & A RE 25 317 X BPN P BE 11 52
M . HEBF ST 45 SR . (1) & 48Kk B 1Y BPN (nano
B-BPN )& b o Ji B IR, B O I 22 T R R
1B 7% J3 fH R4 39 b 2 80K B B9 BPN (micro B-BPN) /)N ;
(2)nano B-BPN IY#ABER % (93% ) Lt micro B-BPN [
PREE R (62%) = 1R £ 5 (3)nano B-BPN Y48 5 /& %
At
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JE 8 I B AR 5 micro B-BPN #H X4 ; (4) & #4 B
BPN 2 5y AE iy #i i b Ak 2= 11 & L BPN 25580 & . 7
55 53 Rk A eSS L 1, Suzan Koc 25 A4 T 56
T4k B X BPN BB PERESZ A A F 98 . ani&l 23 Birow
M F micro B-BPN, nano B-BPN H. & ¥ & 14 & /1
L S A BRBRAE IR I E], JF H B R ARy —4 . [6]
BF 48, 400K B BLAR 25 3 5 BPN B 3if3E 1 B, (H 2 I
e A0 3R Z i 0% 2ok v oA S i 5 s ] A AR R R
BT I] o 53 A, 245 300REBE 43 A1 o F1 R 45 50 D 2D 23 115
25500 WA AN 5T B Je R B e TR B AL

= ——— micro BoronBEN
: ==
iy 7—
£ o
s 5
2 aF
A
2_
1_
=307 002 003 004 005 006 007 008

time /s
23 HOKIE BPN FIZ9K I BPN i A Be 1
Fig.23 The combustion pressures of BPN with micro boron

powder or nano boron powder™*

2016 4F , jita & Bk PR 4 HL A 52 T KN O, 1) 4 4 £k
AR SR B R B BB AR R R SE R A
KNO, i il % o 75 i 20 40 KNO, W I8 25 e i 1] 2t ,
FE T IS T AOM ANRCRE PR 7 0RE e e
LB AR A0 KNO, T, B R/ 1 R R4 I A6 I
TENTH R M PERE s 45 R R W, B 2 800 1.5% 1Y

AR\ ot T 40, 78 B8R 40 KN O, b7 W 7 445 He 141 58 3%
R H Y N BE MR B T 1% & S BB M
KNO, 4 f# & B J+ & o &l & T 3 F BPN: Ji K
fe)

B 200 °C # 320 °C
° p NC KNO,
&9 Decomposition Melting

S-BIKNO,

'Y 596
320 °C

KNO,-B,# 41 KNO,-B, # 41 KNO,/B & &k 1. J5EK
KNO,-B i 4 KNO,-B {{ i i fiff JLiR & , 41 KNO,/

AR FHIEHMEEBERERMERE s LAEA
- *9*1"3 mE 24 i . K242 R — 4B K
KNO, HLAE 2 % 2243 1 2 VL B MO 2 , 2 4k 7
o A XF 52 48 5 ] 24b R W8 ROK 5287 5 40 KNO,

WA RS e R T A AR
ZE¥y . BFIREE R o , 40 KNO,/B &2 & % T L B R

KNO,-B Fl# 40 KNO,-B B A 5 4 ({1 i
) i o SR R JEE SRR

e P I

a. SEM b. TEM

24 HAIKNO,/B & AR (1) SEM HI TEM [
Fig.24 SEM and TEM images of ultrafine KNO,/B composite

particles '

Zhong S 7E 2019 4F LUAS AL #3474 (NCOAE A %
45 30 4 A i R mE 2% T BPN . H T 5 i 1
BPN(S-B/KNO,) K& 1~5 wm, KNO,# NC F1B
A1 I E 25 iR BR BT NC S8 73 iR, SR 5 KNO,
AR S B &R A I s B 5 KNO, ¥ 5] 4 1i 1) S-B/
KNO, I ] #1589 A ¥ 2 1 B/KNO, [ b B 58 42 o
M m(B):m(KNO,)=1:1,NCH N 13% I, S-B/KNO,
) A A 7 R 5 T AR 90 B A7 5 WM B A5 e ) A b T
M 0.901 MPa T 5 %] 1.014 MPa, & J 3iE 38 i) [] pA
2.32 sPEIRE 2.18 s,

0.
& NO

NC (’NO

Pb&

i 400 C
| —— —
KNO,
Melting

BIKNO,
25 S-B/KNO,HI B/KNO, ¥ i 1 3t 72
Fig.25 The reaction process of S-B/KNO, and B/KNO,*
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H i 4 F BPN (B 5T, 22 5k F 41 43 b B 1Y) 4 oK
b R % =56 45 K9 25 % T BPN W Bk | 22 52 M A% b 4
PESEPERR B0 o 7E B MR R G A T E, B B
X A] 22 1 BPN BF S 6% 5 o % T E 9 4%
FE A UK B I 4 T8 T IR A ML A 58 BPN (9 588 1 7 A
LR | ST A8 e 4001 2R 24 500 20 43 (kL BE | 4l
I E 081 56 ) X K T A0 TR ) 5 ) DR 38 B LA, L 4
BPN F B K 98 A AN, o BB 20 J KR 9 A AR B

R ENARES GRS R

FH B A B AT A0 0 ) 25 B 0 S92 30 B0 S
4 BHIXNBHEESANEARBEXIRE

it EF 1A B 51 3ORS R/ a5 K2R G 04 IO R K T 36
ERIEHEESOr S PR 4 BN N ) e L el
A b o o b ] I g T s o A BF I A B
457 T E B 5 B SO K S A S bR o, gk
B

Table 1 Comparison of domestic standard to foreign standard*’

No. GJB title foreign standard
1 GJB 344A-2005 At R v R R 2 0 T RV MIL-DTL-23659D
2 GJB 345A-2005 5145 1 PR AR R B O ST 0 5 1K 0 -

3 GJB 1579-1993 Pl AR 4 1 LR 0 R gl T L -

4 GJB 373A-1997 CIRER7 N S e i ] MIL-STD-1316D
5 GJB 573-1998 SUE S 5 RE R T ik MIL-STD-331B
6 GJB 2178A-2005 G 4 25 2 MG D ik MIL-STD-1751

7 GJB 2865-1997 S S 588 i A A B PIL R K AR G 2 A M B MIL-STD-1901

8 GJB 3194-1998 T AT B R A A v MIL-STD-1911

9 GJB 6217-2008 /i R A K 2 -

10 GJB 6456-2008 S5 L 22 A 5 iR R DR I 2 T v U WSESRB

11 GJB 7073-2010 GE LT 28 4 5 M B (R8T R S 1 e e T Tk -

F N PAT 5 TUAR E E B AR T A R R A
THAYEE - (1) G)B 373A-1997 (51 17 % 4 Pk 5 it 1fE
WY FN G)B 2865-1997 J#i 15 5L [ 44 % sh AL £k
R AV HEN) 43 B2 5 HE LA R R
S A A Sl BIL A K R G 4 A U T I T2 b v TR AR 5
T B AR/ 5 K75 5(2)G)B 6456-2008( 5115
L F 48 42 5 bR R B 26 8 1 3 v ) ) 3 T B8 X
ESAD %1t ;5 (3) GJB 344A—-2005 ( H i 5 85 A
GJB 334A—2020) 4l 5% Fi i 15 25 38 FH MLV ) B E T )&
T B 2 4l BGRB8 1Y EFI A 22 &k B R 5 (4) GJB
573A-1998( 5| {5 H 5E 5 th RE I 18 ik ) s T H81
R T 91 75 0 A2 Y 5 e K

X5 AR DG T B8 R R 05 K R G N AR
AR b HH G R 1) 26 AR e AR T o AR 285 K i T ) K g
T B v AR T DB AR T R B IS L 5O T
WA By X R 3EAE bR R OB — M 2B . B Rl
MIL-STD-1316D & & 1T 2 F Jit , Al LA 7 ESAD i /&
GJB 6456-2008 iy JL it bk Hok ey it e 4548 & .
MIL-DTL-23659D & 1T & F i, Mt st K4 T 8 K
A K IR B K G S 8 2% FLYE (exploding foil ini-
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tiator certification) & gl 2 1 41 = i 42 #5 M 7E (in-line
initiator certification) , 3 FH.BH 8 15 B T 5 51 =X 3 4%
(In-Line Initiator, IL1) 4§ T 2 48 1% 48 17 5] ) 48 1 76
i 4 2% (Exploding Foil Initiator, EFD) A F 5k &40
() 1 3 3 I 5k 7% (Deflagrating In-Line Initiator,
DILI) 33k 79 o g i Bl o e o ax o il WY B 901 X4
A RKCBR Y ] 25 30 52 A AT AR A R TR AL
B
41 BHIXIRFENEITLZEIRE
MIL-STD-1901A 7£ 2002 4E 1% T 10 4F i i 1H
WA, S 18 T 324 R S 2 A A UK RGN R
S ARE, I 1] B8 2K A Y A A
MIL-STD-1901TA BLE T —~“500 V HL R 57,
FH 0 328 $5e < eV HEL Ja B R F O R 08 TR VR S T
MIL-1-23659 [ B 51 2 KA - izl B BEOR kA &
KRG P AR B, TR R B AN R DL 2 E
AR, T A AR T AL e B4 H IR TS &k, 58X R
KABARTE BUAER o Horh il v AL 5K R GEAE
Az 7 At A AT P ok AR bR AR LD B A R IR R
M —~500 V {# HL R T2 A, Rk 500 vV
St
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BRI 7 o % 2 —Fod A T B8 2 ks i R
G o m N I

bR ME R T Al 5 S R RE 2 R (I
4.2) WG BT, 2 25U P B DT ATL A £ 155 450 G 20 fiff P
e T AL G T 1 L 51) sk 2R G O 1 0

(1) Y 50K 90 o A it A 2 8 ), O
) DT E-ARWL . KRR E e o TAER R
/NT 500 VEC/NTAE“500 VRIS " rp A B K
LR (2

(2) 1 AP FN A 2 DL F& A4 i ] LA fifi
B BT LA < A5 28 I MIL-1-23659 Bff 55 A (19 B5K 5 3l
114500 VLGRS KK EUR KABR N R G 4
WA R fE 2B ARG, v T
ISD 1Y s K A AN BE PR WAL AT 38 A2 500 V HL R 5 " h
HH B R I KK

A UL, <500 VoEL R I 7T 8 2N kR I
TH22 A R I R 4 o T LY, RE WS B 1L 4500 V AL R
LA o = W= -G o = W U S S N
MIL-STD-1901A Jf- K B i 45 th 4% 500V B T T4 4>
PRI ) 2, (E 2 R ) 90 SRR BB AR
ARG 000 e8P Ao A 2 K s ] 2 L YR T S T
HLE— M 7E 480 V2L IR AT B R IA R 500 V HL R
W IR LR G T A S KR H B R 56 [ A
NI 7 N e o i UL R WP N E IR [ W W 35 oL
AR, B 2 58 A A Tl HL o AT LR 22
SRS AN AT I S B A R KRR Rk sk I R ok i
GRS
4.2 HIIKXIFASEGFRE

MIL-STD-1901A F1 MIL-STD-1316F“*' } & & 4
T 9 AT LI FH B 3 e 24 500 S LA G 6 1 i
HEWE 2,

DL B A 2 5 RE 24 700 L Al I 6 290 38 <F AH
K A fE LT AT 77 20 COn ik 5 45 & L 02 2% B
TSI L MOREAE ) BE T B e 24 70 A R BR AR 2k FE T

WA ZAE1SD R £ 2 PR IVA 2R, 75 2
R LT A R —

(1) 25 5 44 kL 0] LU 3 MIL-STD-1751 f4 32 56 2%,
L OD44811 “ e 1 25 5 4% BE R 7RI FAHF 22 83 K

(2) 4n 2R 25 590 B OB AN BB W 2 MIL-STD-1751 5
OD44811 1y iat 56 2 oK, HF 4 245 70 b4 kL W] L3 2o % [
I, B 25 A4 A9 BPN AL T 7] — 320 56 35 55 v ) 48 Jak
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BE R R E R WA 2RI MR RER S T
BPN, WU AT U

WFSE 1 N A6 1SD ¥ & B, BPN & Mt — 1551 X1
FH K25 HNS-IV 8 FH R B2 32 w8 o6 A 98 o 53 B A o
i U B H O 5 1R BPN, R I B 5B 9% 3 R R i
25590 1 R DG AR U

®2 VPSR R

Table 2 Approved energetic materials™® **’

type energetic material standard

pyrotechnic ~ BKO, MIL-P-46994
Comp A3 MIL-C-440
Comp A4 MIL-C-440
Comp A5 MIL-E-14970
Comp CH6 MIL-C-21723
PBX-9407 MIL-R-63419
PBXN-5 MIL-E-81111
PBXN-6 WS-12604
PBXN-7 MIL-DTL-82874
PBXN-9 MIL-DTL-82875
PBXN-11 MIL-DTL-32064

explosive
PBXN-12 MIL-DTL-3228
PBXN-301 MIL-E-82740
DIPAM WS-4660
HNS Typel or Type 2 Grade A WS-5003
Tetryl MIL-T-339
Tetryl Pellets MIL-P-46464
HNS-1V MIL-E-82903
RSI-007 WS-35173
EDF-11 MIL-DTL-32387
LX-14 MIL-H-48358

4.2.1 HNS-IViR#E

HNS-IV 3% 5745 i g MIL-E-82903(0S)™”, iZ% b5 i
il F 1994 4, A FHUL WS 32972A, MIL-E-82903
(OS)5E L HNS-IV A4 4} 52 — Pl 4 R, bE 3% 1 AL
5~25 m’-g™', JE%E HNS-IV 24 B Y % B R 78 (1.570+
0.005) g-cm™ . HNS-IV [ 47 SRk 2% P fE 2 5% e
SR 22 5 R AN M RE ) B R SR AR S
R EEIS . MIL-E-82903 (OS) % HNS-IV H H #il
fh2E g B B R B T35 3.

MIL-E-82903 (OS) il & T X T HNS-IV ) 7 /&
PR LR R REAS I AE T — RS AR, X RN T
— —F3R . 1999 4E MIL-E-82903 (OS) iy 1 5 & 1T
ZRNT HNS-IV R FH G P 25 0 A8 3 .

FNE T 2013 4 AT IS8 1 E AR A PR

N XK 2022 % H 304K H 48 (396-411)
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F3  HNS-IVYHLAIL PR
Table 3 Physical and chemical properties of the HNS-1V!*]

No. requirement value

1 vacuum stability:"

a. cubic centimeter per gram(cm?®-g™") for first 20 min 3.0 max
b. cm®-g™" per hour for additional 2 h 1.1 max

2 surface moisture and volatiles, (percent(%) by mass) 0.05 max

3 conductivity? 2

4 insoluble particles (% by mass) 0.1 max

5 chemical analysis (%) :
HNS 98.50% min
HNBIB or DPE” 0.65% max
photolysis products®’ 4
DMF” 0.5% max
wash solvents®’ 0.1% max

6 surface area (square meter per gram (m*-g™'))” 7

7 slapper test” ®

Note: 1) Specified values are volumes of gas at 0 °C and 760 mm pressure af-
ter evolution at (260=0.5) °C. 2) The conductivity of the HNS-IV shall
be less than the equivalent conductivity of a 1.0 parts per million
(ppm) sodium chloride (NaCl) solution. 3) HNBIB is hexanitrobiben-
zyl; DPE is dipicrylethane. 4) Total are calculated for photolysis prod-
ucts shall not be greater than twice the area found for the reference
HNS-IV material. 5) DMF is dimethylformamide. 6) Any other wash
solvents (methanol dioxane, etc.) used in the HNS-IV processing shall
be less than 0.1%. 7) When HNS-IV is ordered for any application, the
contract shall specify the minimum and maximum surface area re-
quired for the application. Most application will use a surface area be-

tween 10 m’-g"' and 15 m’-g™'. 8) Mean flyer velocity shall be be-

tween 2.70 mm- ps~' and 3.00 mm- ps™' with a standard deviation of

less than 0.15 mm- ps™' when tested at ambient temperature. When
3

detonated, the pressed charge (1.570+0.005 ) g-cm™ shall produce,
as a minimum, a hole through the witness plate with the back surface

spalled.

58 BE Ak T 04 R 52 01 4 1 19 G)B 8139-2013(#E 41/~
il 3 B K 2 B ) B T R R A S S R A 2
MR BOR, 53R 3 BAAE B h WY 0 X I7E T
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FE 22 120 min P By B, 76 B CSAR AR FREZER [
RVFBEBCEIER LG # K

(2) % F & 4l MK, GJB 8139-2013 L 5
50% & K HLE AR KT 1.7 kA, 1 MIL-E-82903(OS)
HLE KA R 2.70~3.00 mm - ps™'.

GJB 8139-2013 X T8 4 /< fiFf 2 B 17 7% 7 e ok Je&
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S, B BPN 432 9 AN 28 Y AN 2 B0 S 4 JU AT RS 1
AR A 53 R AN TR 500 o AN T) 2 RS [) 4 51 1) BPN Y
Yy #E i L 9E E BE G U7 A5 TE R A TR A 0 .
XFF BPN FEZ 84, Jo T8 ik i £F &5 MIL-B-51092
BRI S R 90~92% , i KoK AR W <1.5 wm s fil§
iR B N AF A MIL-P-156, fie KRR <15 wm ; il 76 &5
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6217-2008""" % I br e 2 % 36 Zoh , 45 A W N 4
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RSF 53 R AN TRV o A 25 BR300 i) BPN 17 4 fig
FVEC J5 % #8 A %F B A2 o % F BPN E 2 A4y, GJB
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B 5 6 210 BPN AFF 5 AN, F 1) & e, [ 9 40 X BPN
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BB A RE TR SR T2 45 X EF LR AR P fiE Y
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BNz N . SR, H R B O K 9 Ak
A BARBFZE A H UL, EFDIANISD £ LU H AR 7™ fh
HH PR T 5 o SHL R R N il 4 R 2 43 A A 2 L S
Bk o LA AR 9 A B R 1 A A — S AR A Y
l\'ﬂiﬂi\f:

(1) vy B4 05k BPN HLER AT BPN 21 43k B Xof
BEE S . B R EE shah R HNS E B IEA
WESE AR X T by i B3 UK BPN R BIL 3BT 52
SR E o 3 Ah, BE MR AN AR B R Y 1E A5 RE 40
BPN (1 0 FH , 75 %2 22 48 b AIF 58 BPIN &1 4 s J3 6 L g
S, 2 R 45 28 50 A, B SR 41 BPN 41 43 R
S 0] JER 11 a6 20 56 VBN | R ) R 4 BPN AR Y 4%
HEFE IS S50 TRl

(2)BPN Pl 45 ) 52 ) R 28 R o & U2y
FRI) R A A R R A KR R R L B R R I S AR A
TE A BB AR A LS A, T DAt 191 208 0 T B B st 2k
4 it 3 2595 3 B AR T o R ER T B8 SO A 9 A
KPP BN R K2 0 R FBR L, T ME— T2 T
KUK BPN G B AR A Y AR BT 2 32 32 25 32 K ik
e o IR R R R A A R B, DR T EEATE 5T BPN
Vi 2 32 32 205 % Tk o o 28 30k e 7 79 5 e PR R, 40 BPN
2 43 T A K g 1T TR AR A L AT B 5K BPIN 11 i Al &
KA

(3) Z P I M o5 K 45 4 1) 1 BB L 3 . 9T & BB
MR i K 52 FE 250k J7 R A 28 [ G 25 454
PR i TR TSR A L WO R - D WO -
F2 25 BPN Il B & Al f | A KCHE IR LR g e 1 1 g
ma), Pt 2 5 4 G B SO K T K RS L bR,
Xt ELA 2 A 0 PR AR S AR TR 4R R

(4)BPN # il & 77 1k K % MR i LAk . Bl % il
FH ARV 8 A 5T R AL ) S MU Y R R
B3 BPN A 77 il A i R, D0 A 80 il 1 g L 2 R i BB
SR KETH R R SRR By . BT
AN TSN e AR L AN S LT, 44k BPN
2453, i /N BPN AL 43R0 B 43 A5 5 1], 32 =5 BPN 41 4343
A ¥ — 1k, B 3% BPN 0k T S50 A4 7 1 o, LR T
BPN % J ] FE 1 R B M e

(5) B M K A R K BRI RN 78 0 R 4%
AT AR B /N B AR DL K AT G B 22 ORS B 4  OR
JKBELH (CDU+EFDI 8 CDU+EFI+EFTBI) i & 4 J

CHINESE JOURNAL OF ENERGETIC MATERIALS

2 RUTR AP B P KR B K A B A T A L
S EL A SRR K S KB T B S B B AR ME AT . B A
AR KK RGP AR DL A RGN % a1k
RRTE 5 270 R i Jde S B 2 B R 48 S T E &
PR fE

Sk

[1] Stroud J R. A new kind of detonator-the slapper [R].
UCRL-7739, Lawrence Livermore Laboratory, Livermore,
CZ ,USA, 1976.

[2] McCormick R N, Boyd M D. Bidirectional slapper detonator:
US, 4471697[P]. 1984.

[3] FUKJ, MR, Sefm il M 24 WOks B b i 7 ik A gt 5 A 52

). &rfigtkl, 2002, 10(3): 139-141.
ZHI Yong-fa, DENG Zhi-guo, NIE Fu-de. Effect of granular
size of explosive on initiation sensitivity of slapper[J]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2002, 10
(3): 139-141.

[4] O'brien D W, Druce R L, Johnson G W, et al. Method and
system for making integrated solid-state fire-sets and detona-
tors: US, WO 98/37377[P]. 1998.

[5] FRUE . iAo BT i I I 56 B FEAE GO F J M G 48 4% b 0 1oz )
[D]. mat: matH 1T k%, 2020.

XU Cong. Planar dielectric high-voltage switch and its applica-
tion in micro-chip exploding foil initiator[D]. Nanjing: Nan-
jing University of Science and Technology, 2020.

(6] VEM,FEAL, BEAE, % . FT MEMS T 20 45 K8 8 58 T JF 2%

W BOR L)), AR T2, 2021(4): 95-103.
WANG Ke, TANG Ke, CHEN Kai, et al. Reasearch status of
exploding foil initiator chip and high voltage switch based on
MEMS technology [J]. Aerospace Materials & Technology,
2021(4): 95-103.

[7] Yang Z, Zhu P, Chu Q, et al. A micro-chip exploding foil ini-
tiator based on printed circuit board technology []]. Defence
Technology, 2021, DOI:10.1016/j.dt.2021.06.008.

(8] #BC, Ky, ks, &% . 88 DUAR K T A8 23 BE 90 26 R ).
KT, 2018(1): 1-5.

CHU En-yi, ZHANG Fang, ZHANG Rui, et al. Preliminary
discussion of new concepts of the 4™ generation pyrotechnics
[J]. Initiators & Pyrotechnics, 2018(1): 1-5.

(9] #BSC, 5kT5, BRaltte, & . 4 AR TR EAN T[], K
T, 2020(6): 1-4.

CHU En-yi, ZHANG Fang, CHEN Jian-hua, et al. Supplemen-
tary discussion of concepts of the 4" generation pyrotechnics
[J]. Initiators & Pyrotechnics, 2020(6): 1-4.

[10] M Y YILMAZ. Design and analysis of a high voltage exploding
foil initiator for missile[ D ]. Middle East Technical University,
2013.

[11] BRiguE, B, 255 . B JE AR R S A WL BT T ke () ). 5 fiE

ok, 2019, 27(1): 79-88.
CHEN Qing-chou, MA Tao, LI Yong. Research progress in the
function mechanism of exploding foil initiator[J]. Chinese Jour-
nal of Energetic Materials( Hanneng Cailiao) , 2019, 27(1) :
79-88.

[12] Brugws . ohili b & 8 1E AL RS2 AR DR 5 (D). deat: Jbat
BT R, 2076.

N XK 2022 % H 304K H 48 (396-411)



410 A SR AT e g, R, oA i 3
CHEN Qing-chou. Function characteristic and influence of ex- [31] Neyer B, Knick D R, Moore P T, et al. Initiator: US, US
ploding foil initiators[ D ]. Beijing: Beijing Institute of Technol- 9534875 B2[P]. 2017.
ogy, 2016. [32] Nance CJ. Initiator assembly having low-energy explosion foil

[13] Kesner C, Winebrenner J, Harres R. Using Safe, Proven fuze initiator header and cover with axially threaded portion: US,
technology for rocket motor ISDs [C]//41st AIAA/ASME/SAE/ US 8726808 B1[P]. 2014.

ASEE Joint Propulsion Conference & Exhibit, 2005. [33] Hwang J, Jang S, Ryu B. Arm-fire device and method of Ignit-

[14] Barglowski M. Innovative MIL-STD-1901A Compliant ignition ing propulsion system using the same: KR, US 2018/0058830
systems[ C]//44th AIAA/ASME/SAE/ASEE Joint Propulsion Con- A1[P].2018.
ference & Exhibit, 2008. [34] Hennings G N, Reynolds R K,Nance C J.Energetic material ini-

[15] Joe Carvalho. Multi-point initiation for a SDACs system [C]// tiation device utilizing explosion foil initiated ignition system
58th Annual Fuze Conference, Baltimore, MD, 2015. with secondary explosive material: US, US 7661362 B2 [P].

[16] Max Perrin. New fuzing solutions for improved safety and oper- 2010.
ational capabilities[ C]//64th Annual Fuze Conference, 2021. [35] MIL-STD-1901A, Munition Rocket and Missile Motor Ignition

[17]) 22, 24 My RS2 55 . BIE B T2 42 1 BRI 10 e B R TR 9 System Design, Safety Criteria For[S]. the Department of De-
R W SR A4, 2015, 37(2):2-6. fense, 2002.

LI Dong-jie, LI hua-mei, TAN Liang, et al. Overview on fuze [36] Wang L, Feng C,Han C.Experimental study on boron-potassi-
elecronic safety and arming device development[J]. Journal of um nitrate initiated by shock [J]. Journal of Propulsion and
Detection & Control, 2015, 37(2): 1-6. Power, 1998, 14(4):416-420.

[18] Farris R, Johnson R N, Yates K. Enhancing dispenser system [37] Risha G A, Ulas A, Kuo K K, et al. Characterization of output
function using electronic safety and arming Technology [C]// mass and energy fluxes of a pyrotechnic igniter [C]//35th
48th Annual Fuze Conference, Charlotte, NC, 2004. AIAA/ASME/SAE/ASEE Joint Propulsion Conference & Exhibit.

[19] McEntire R S, Butler P. Fuzing & firing systems at sandia na- Los Angeles, California, 1999.
tional laboratories [C]//53rd Annual Fuze Conference, Lake [38] Miyata K. Combustion of boron-pyrotechnics[C]//37th AIAA/
Buena Vista, FL, 2009. ASME/SAE/ASEE Joint Propulsion Conference & Exhibit. Salt

[20] Cope R. Navy Overview[C]// 55th Annual Fuze Conference, Lake City, Utah, 2001.

Salt Lake City, UT, 2011. [39] EH, hochfr, & E, % -8R AT 25 i g S H M R BF

[21] Harward Thomas, Bonbrake Tim. Enhanced weapon arming 2] 4L TP {4, 2010(11): 38-41.
safety by controlled accumulation of arming energy [ C]//55th WANG Lei, XU Wen-zheng, WANG Jing-yu, et al. Study on
Annual Fuze Conference, Salt Lake City, UT, 2011. preparation and porperties of boron-potassium nitrate igniter

[22] Perrin Max. European LEEFI based fireset and ESAD [C]//59th [J]. Chemical Intermediate, 2010(11): 38—41.

Annual Fuze Conference, Charleston, SC, 2016. [40] FFigds, ook, WA, % . W/ A0RS IR B i K 25 0 Iy it I

[23] Curtis Shane, Church Adam. Advanced fuzing technology T U] &fesrel, 2011, 19(2):180-183.

[C]//63rd Annual Fuze Conference, 2020. QI Hai-tao, ZHANG Jing-lin, PAN Jun-jie, et al. Processin

[24] KDI Precision Products, Inc.. ESAD Technology Benefits to technology and formulation design of ignition composition of
ISD’s[ C]//49th Annual Fuze Conference, 2005 boron/ultra-fine potassium nitrate[)]. Chinese Journal of Ener-

[25] #odse, BRME0E, PR, 55 . (RBRRRIE 0H A K AT 5E 0], 5 RE#E getic Materials( Hanneng Cailiao), 2011, 19(2): 180-183.
kL, 2010, 18(4): 419-422. [41] Koc'S, Ulas A, Yilmaz N E. Characterization of BPN pyrotech-
YANG Zhen-ying, LIANG Guo-ying, CHEN Jing, et al. Study nic composition containing micro- and nanometer-sized boron
on low energy exploding foil igniter[)J]. Chinese Journal of En- particles[J]. Propellants, Explosives, Pyrotechnics, 2015, 40
ergetic Materials( Hanneng Cailiao), 2010, 18(4): 419-422. (5):735-742.

[26] TREA, =¥, U8, 5. SR R B IEH KRR S SO wr o)), [42] Koc S,Kombe F E,Ulas A. Ballistic performance of BPN igniter
KT, 2011(3): 6-9. compositions containing micron and nano-sized boron particles
ZHANG Yu-ruo, GAO Yan, YUN Ni, et al. Dual-factor exper- [C1//53rd AIAA/SAE/ASEE Joint Propulsion Conference, 2017.
imental study on low energy ignition of exploding foil[}]. Initi- [43] 7 4 Bk . o 20 i 1 B0 3 4 09 o) 45 RO MERE AU B SE (D). M 5t s 1
ators & Pyrotechnics, 2011(11): 6-9. LT R, 2016.

[27] Seddon D, Weller B, Bower S, et al. Development of an SHI Jin-qiu. The preparation and performance research of
in-line EFI ignition safety device (ISD) for fuzing of solid fuel ultra-fine potassium nitrate powder[ D ]. Nanjing: Nanjing Uni-
motors[ C]//59th Annual Fuze Conference, 2016. versity of Science and Technology, 2016.

[28] Pray D. Exploding foil initiator[ C]//64th Annual Fuze Confer- [44] Q Zhong, Y Li, ) Chen, et al. Boron/potassium nitrate micro-
ence, 2021. spheres fabricated by electrostatic spraying and their combus-

[29] Jang Seung-gyo, Hwang Jung-min, Baek Sung-Hyun. Analysis tion characteristic as pyrotechnic ignitor[J]. Journal of Thermal
on shock wave and sensitivity of explosives in Analysis and Calorimetry, 2019, 138(5):3349-3355.
through-bulkhead initiator[J]. Journal of the Korean Society of [45] O, ARmME . EA AR IE P SRR MER SR 4B )] KT8, 2013
Propolusion Engineers, 2017, 21(4):36-43. (1): 53-56.

[30] Kim Dong-seong, Jang Seung-gyo, Lee Hyo-Nam, et al. Reli- Yl Ruo, REN Li-ping. The analysis on the demand of standards

ability prediction of electronic arm fire device applying sensi-
tivity analysis[)]. Journal of The Korean Society for Aeronauti-
cal and Space Sciences, 2018, 46(5):393-401.

Chinese Journal of Energetic Materials, Vol.30, No.4, 2022 (396—411)

[46]

Sttt

for non-interrupted explosive train [J]. Initiators & Pyrotech-
nics, 2013(1): 53-56.

MIL-STD-1316F, Fuze design, safety criteria for[S]. Depart-

www.energetic-materials.org.cn



L9 SR K G A KA O R BT S T 411

ment of defense design criteria standard, 2017. [52] . HAKS KRG K FMEZ0)]. kT, 1997(1):

[47] MIL-E-82903(OS), Explosive, HNS-IV[S]. the Naval Sea Sys- 48-52.
tems Command, Department of the Navy, 1994. SHI Chun-hong. In-line ignition system and its acceptable

[48] MIL-E-82903 (OS) Amendment 1, Explosive, HNS-IV and chargel]. Initiators & Pyrotechnics, 1997(1): 48-52.
HNS-V[S]. the Naval Sea Systems Command, Department of [53] i E8F Tk AR L AF5E BT . G)B 6217-2008: Wl /A5 M2 4 ri 2k
the Navy, 1999. iMELS]. dbat: ERFRFEFOR Tk 52y, 2008.

[49] w[E T R4 BLAF ST BE . G)B 8139-2013: 4 40/~ filf 3L 1€ 1 25 1 China Ordnance Industrial Standardization Research Institute.
S dbat: P E N R A B &, 2013, GJB 6217-2008: Specification for boron/potassium nitrate ig-
China Academy of Engineering Physics.GJB 8139-2013: Spec- nition pellets[S]. Beijing: Commission of Science, Technolo-
ification of superfine particle hexanitrostilbene explosive [S]. gy and Industry for National Defense, 2008.

Beijing: the General Reserve Department of PLA, 2013. [54] B8, RN, WIS, 55 GO A 08 e G e 4 2 K HL 7 i 5 6 56

[50] MIL-P-46994B, Pellets/granules/boron/potassium nitrate [S]. o)), Sraep kL, 2019, 27(2): 167-176.
the Department of Defense, 1982. YANG Zhi, ZHU Peng, XU Cong, et al. Review on micro chip

[51] MIL-P-46994B (AR) Amendment 4, Pellets/granules/boron/ exploding foil initiator and its planar high-voltage switch [J].
potassium Nitrate[ S]. the US Army Armament, Munitions and Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
Chemical Command, 1993. 2019, 27(2): 167-176

Review on In-line Exploding Foil Ignition and Related Technologies

JIAN Hao-tian'*, WANG Ke'?, GAO Feng’, ZHU Peng'*, SHEN Rui-qi'*

(1. School of Chemistry and Chemical Engineering , Nanjing University of Science and Technology, Nanjing 210094, China; 2. Micro-Nano Energetic Devices
Key Laboratory , Ministry of Industry and Information Technology, Nanjing 210094, China: 3. The Seventh Military Representative Office of the Air Force in
Xi'an, Xi'an 710061, China)

Abstract: The applications and development status of in-line exploding foil ignition and related technologies were reviewed, in-
cluding the compositions of in-line exploding foil ignition system, the combustion mechanism and new preparation processes of
an approved pyrotechnic-boron potassium nitrate (BPN), as well as the relevant standards of in-line exploding foil ignition at
home and abroad. The in-line ignition system has the requirements of multi-function and multi-task. Therefore, the electronic
safe and arm device as the control module of the ignition system device presents the development trend of programming address-
ing and multi-point coordination. The components of the in-line exploding foil ignition system become miniaturized and low en-
ergy consumption. The particle size of the components of BPN processed by the new preparation process was micronized and
the core shell structure was generated. Hence, the combustion performance, moisture absorption and stability of BPN were opti-
mized. The relevant standards of in-line exploding foil ignition at home and abroad were summarized and compared. The prob-
lems to be solved in the study of the in-line explosive foil ignition were analyzed, which includes the mechanism of direct igni-
tion of BPN by slapper, the influence of BPN component particle size on impact ignition sensitivity, the influence factors and the
laws of thru-bulkhead ignition of BPN, performance comparison of various thru-bulkhead ignition structures, and new prepara-
tion processes of BPN with its performance optimization.

Key words: in-line exploding foil ignition; exploding foil initiator (EFI) ; slapper ignition; thru-bulkhead ignition ; boron-potassium
nitrate
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