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Table 1 Basic parameters for conventional substrates': ® '’

substrate therma} corjductivity resistance
/W-m™-K"' /Q-m

alumina 31.00 >10"

epoxy resin 0.20 10’

silicon 141.20 10*-10°

pyrex7740 glass 1.18 >10*

SU-8/PET 0.80 >10"

R2 MR AU T R O R A5 R

Table 2  Firing test results of thin-film bridge-type electrical
initiators'"!
no firing . firing .
99.9% firing ignition
sample substrate  current energy .
current / mA composition
/ mA / mj
1 alumina 500 1200 3.5 lead styphnate
2 epoxy resin 250 1200 5.0 lead styphnate
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fiE 7C Al % S A 9 & K RE &L (3.5 m)) , [ i HL 4% B
{1 A (500 mA) .

Liu W 48" R F &5 #CRY BE (Si) 3k IS A 4 #4 1Y
Pyrex7740 3¢ 38 5L IS, 43 5l il 25 1 I 3% nh B8 = 1 Ni-Cr
Vo A8 BE T 1 0 A SR R A 24 700 A Sk o 3l A X i
1733 wWF HLZS TR 19 L R O BE I 3 ] A, R ik BRIE
9 Ni-Cr 45 BE JC /9 WL & KR S 11 v, TR ]
Pyrex7740 3% 55 3 JiK 1) Ni-Cr #6058 T 19 HEL & kO AY
H5.28 Vo X —Z5 R BT HL ARG T PR 22
A A Tk ae T LA PO BRI B 7E R B X
Sl BAOR BUE H RE T AE AR L R R R K

Taton G % HE— 5 B 58 1 4 $4 L JFC A RS T J
AE JC K K fig & 19 52 WA, 43 51 7E SU-8/PET i 5 g
(SU-8-3050/polyethylene glycol terephthalate, i 4
He 20 e /R K R £ g ) \Pyrex7740 B 35 J
JIE ST E il A T M RE T H T AL/CuO g4 K41 34
R RN ) o sk TR 25 3 R, A [) B i 46t fig
JCA R KN/ B R HES R - SU-8/PET JEJiK 4 fig T
(250 mA) <Pyrex7740 B 3 3k Jig 4 fig 7€ (500 mA)
<SidJEHAEITT (KT 4 Ao el H, BT Su-8/
PET 3 IR A1 B P 3 R R AR (X 0.8 Wem™ -K™)  fE
FAEH LR BB AN 5 kA AP FE S, B B0
14 BE R RCR | IR SU-8/PET 2 JiE # BE JT T 75 &= &

Al/CuO nanofilms

SU-8/PET
membranes

a. Ti-Al/CuO transducer based on SU-8/PET membranes

Pyrex7740 glass / Si substrate
b. Ti-Al/CuO transducer based
on Pyrex7740 glass / Si substrate

B 1 Ti-Al/CuO #efb T gt n s El
Fig.1 Schematic diagrams of Ti-Al/CuO transducers""
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100 pm
d. Crbridge

a. polysilicon bridge b.
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e. Tibridge
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Fig.2 Schematic diagrams of snake-shaped ignition bridges

fabricated by different resistance materials'>™ *7/
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Table 3 Parameters for bridge area and firing capability of snake-shaped ignition bridges fabricated by different materials
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RO

LAk, P Pyrex7740 B3 SU-8/PET W fii
5 2 PR RE G M RE B AT R S B R 1 T 7E IR BE
ST W AT HE & . BT W56 6 i 0 S IS A RHY
VeHE, B B AR (R U PR R AR B BE T IR BE &k
) B — JZ T, i = X6 J BE 0 IR A N BRI 2 ] B0
Mk R TR o AR ik — 2 45 & SE bR T A
N 5, 5 5 IR A i R AR X R IR KR KRB B Y 5 T
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[2-3, 5-7]

resistance material resistivity / Q) -m thickness / pm width / um  length / pm  firing voltage / V ignition composition
: 20.0 400 100.00 lead styphnate
polysilicon?™' 10°-10° 0.500
70.0 3000 40.00 Zr doped propellant
Pt-®] 1.06x1077 - 30.0 5000 38.73 AP/HTPB
cr’! 2.22x1077 2.500 101.6 1930 20.30 RDX
Tit! 4.20x107 0.206 50.0 1730 8.00 gunpowder/AP/Al/Fe,O,
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Fig.3 Schematic diagram of the structure of TaN thin-film ig-
nition bridge™’
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a. structures of Ni-Cr thin-film transducers with different shapes

Chinese Journal of Energetic Materials, Vol.31, No.3, 2023 (251-265)

S-150 L-1
b. heat transfer simulations of Ni-Cr thin-film transducers with different shapes

B4 RFEIJEARA Ni-Cr iR BE TS5 H 758 38 P B HAR DX A% PRy B2 2R

Fig.4 Schematic diagrams of structures of Ni-Cr thin-film transducers with different shapes and their heat transfer simulations'"
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Jin . 100 wF LA BCH &4 T, ik 8 R [ TR R
Ni-Cr ¥ I% 4 BB T 19 & K S8R 4 iR . Hdh %S

®a  AEIBAR M Ni-Cr i E5 i 70 % k S 80(100 pF dL 28 )

V-50 9 f1 % Ni-Cr 8 (19 & K R B IR0l 3.5V,
KKBE K (0.286 m)) , iX A& K 4 5 V-50 1)
I AT B DX s ROSH S5/, o300 2% 3 de K, BT 7 A
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Table 4 Firing parameters for Ni-Cr thin-film transducers with different shapes (100 wF capacitor discharge) '

sample V-50 V-100 F-150 T-50 T-100 S-100 S-150 L-1
resistance / Q) 6.57 5.57 5.23 8.65 6.58 9.17 8.14 8.66
firing voltage / V 3.5 4.5 5.5 5.0 5.0 5.0 6.0 4.5
firing energy / m) 0.286 0.367 0.601 0.555 0.353 0.548 0.779 0.334
conversion efficiency / % 46.6 36.3 39.7 44.4 28.2 43.9 43.3 33.0

B T bR ¥ BB TR R AL B T, B IO 2 iR
BEXF e fE DT M X RSP UL ECHF e T K& 5. B/
SEVT) P G I A R 7 4 P RE A 1Y Pyrex7740
PSR AR T NI-Cridi RGBT o 38 o X H AR IX
Yo BE R BSR4 RUST SR F 5 R A 12 R A fiE T
14 R AR & K HL T B A AT DX 5 B 1 /0 AT JIBE S R 1y
T BEAR o 8 R AR IX 98 B (0.1~0.25 mm) FIR
JEJ(0.3~0.6 pm )i [l P, 12 8 46 B8 7 19 A7 X 56 )&
e ARTE N 0.1 mm, #F B JRE BE A AR E 8 0.6 um, A fix
k4% KH KN 6.25 V/47 wF.

TE 5 T 7 B IX 25 4 1 SRtk L, i B 22 40 i —
W T XK (0.1~0.3 mm)  BF X 58 5 (0.05~
0.25 mm) L K B I E (0.3~1.2 wm) 25 R 2 800
6 8 0 K KCHL TR 1 52 LA o B AT DX R A DR
B X 56 BE (VT 0.1 mm) AR BEJE BE (VN T 0.9 wm) 11
B, 4 6 70 f IR A KL R BRI {H SRR IXCFE R T
0.1 mm MR KT 0.9 wm B, HfiE o i A% & Kl
FE XA B K k. mBba] g, % 4 e oo 0 BF X R
WE M XK B LS8 BE S 0.1 mm, # BB R EE R
0.9 wm i, H I 5 & K CBE R A%, i SR I 4 % ks
JE M 4.09 V/47 wF.

JEF 45 BB O AT JE AR AL R IXORSF DR S ) P ) £ £k
S R SCHE IR AL R T 2 S AR B fE TR RE &

Bl 5 Ni-Cr il [ i o AR I IR S OB SRR B

Fig.5 Picture and shape diagram of Ni-Cr thin-film transducer'”
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B6 i £ L L0 S PR 4 Rl T i

Fig.6 Schematic diagram of semiconductor bridge transduc-

[16]

er applied by capacitor discharge

R5 EAWAERBMEREBIEITCSH LR KLIE
(100 wF)!"®
Table 5
ductor bridge transducers suitable for capacitor discharge
(100 wF)t®

Parameters and 99.9% firing voltages of semicon-

99.9% firing

sample length / width  resistance / ©

voltage / V
1# 1:7.5 1.26 3.382
2# 1:7.5 2.77 3.163
3# 1:22.5 0.41 4.105
44 1:3.76 0.87 5.177
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Fig.7 Schematic diagrams of semiconductor bridge transduc-

ers suitable for constant-current excitation"'*’

F6 EAHETINAE S ANHAE TS B A K K AL (5 ms)™®
Table 6

ductor bridge transducers suitable for constant-current excita-

Parameters and 99.9% firing currents of semicon-

tion (5 ms)!®!
. . 99.9% firing

sample length / width resistance / Q) current / A
5# 1:1.6 1.96 0.311

6# 1:1 2.75 0.315

7# 1:2 3.51 0.601

8# 1:0.35 11.84 0.261

9# 1:0.3 22.70 0.168

ZERZ MW, bk kv e S & 9# R BE T,
HAe Rk KBk 0.168 A/5 ms,

LA ok A, Ni-Cr #4508 JT 19 & ok 45 0 1 1k 13
TR IE AR AL (V7 FZIE 22T ), BIHF X KB
Vi BE LA B W 5 JRE JE 45 A IX R <H S B R DU L, 25 A A IX
G F 3 T 1 W BT LA R, O A 0 L PR R B DT K
KRB Y BEARER AL T H R A S8 ok SRR
3 BE T 11 R IR P A 38 111X 43 Hia, 28 P, R 3 38 D 19 ol
MUK 25 5 R R AL 2 B 2 TR SR
X A4 R4 P 5 R AE RS D S AE PN, 7 Tl DA X3 3 ol
£ 2 H A 4 RE AR RE S KR I SR R R . ROk
N i — 2 TR FE A FAAS IR 53 BT A5 W BT B B AE R ok 2
P i (i I B AR 42 T4 e S0 A DX 45 4 1 13 )
A T 30OR 50 B 5 2 P K 46 B OT Kk Ak RE R 19 T
Hs o
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Wrge e 2 e e fig ot B B UURLAI/NG B/Ti %
S IR R AR5 Bk 2 S A S i T B 3
Mk, X AUNIX —& Sk R w KAk 4R
JoE N B B8 AR S 1381 J-g7' s Qiu X AR )
i s W S N 2 2 20 oA R 7 STO, R 2 R K

Silicon

Reacted
film
AINi film Silicon oxide
a. structure of AI/Ni thin-film b. comparison charts of unre- c.
transducer acted film and reacted film

8 AI/NI IR & e g T 2 e

Fig.8 Schematic diagrams of Al/Ni thin-film composite transducer™'

FHEE T AN G G AR BT, B/Ti Z a) 1) 5 5T 2
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Sy B BEAA R CHBLBELTE 2~3 Q 22 1] ), B 5 350 AL B JHE S 4
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Fig.9 Schematic diagram and firing picture of multilayer B/Ti

thin-film composite transducer'*?!
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b. real picture of TaN transducer

10 EWRZJEB/Ti M BN 4 TaN el yon 2 &>

Fig.10 Schematic diagrams of TaN transducer integrated with multilayer B/Ti thin-films

KT e C IR R 2625 i T 28 -4 Jm f b Z 1)
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O FEHE B 99K BRI I A T S S A FE Al/Fe,O,
AT (AI/CuO & A W (Al/Co,0, %2 & 1
2D AI/MoO, & A W 5 DL & AIPTFE &2 & 1
e R BRGI A R EE SRR 7 iR .

Barbee T W %522 Al/Fe,O, & RE 18 2 5 M AE &
A AN Z 2 B 5 KR b 56T 58 3SR A ik —
T BE DG A B I BE T L Sk IR g R R
Al/Ni Z 2GS N T B he i ol LS L2 R
A 0 R A B I AL/Fe,O, R BT IR, S 5 A ik
JL I 5 K R T BE A ST BT B R AR 2 AR AR 1) A
B RE L, W Al/Fe,O, 55 P IR 1Y 45 iU 2
ST 49 flE 0 Xt T A i TR R A 24 114 KRR IR B

Al/CuO 40 K 57 $ A Z8 PRHL A o 1) B o o 8
SR FH RERR e 76 A B BE T TR Tz i
9%. Zhang K L2235 T #GR k Cu BRI 4 1 BAT 4k

R7 WIMPHREREESH

Table 7 Basic parameters for conventional thermite systems

3

reactants heat of reaction /J-g™"  density ;,,,, / g-cm”
Al/Fe,O, 3957 4.175

Al/CuO 4077 5.109

Al/Co,0, 4236 4.716

Al/MoO, 4705 3.808

Al/PTFE 8530 -

Note: density ., is theoretical maximum density.
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¢. fabrication process of TaN transducer

[23]
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Fig.11

tured size in the composite transducer

Schematics diagrams of Al/CuO thin-film and its fea-
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Fig.12 High-speed pictures of the combustion process of Al/

4
~

CuO, composite energetic semiconductor bridge'
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Fig.13 Schematic diagram of the fabrication process of Al/Co,O,

energetic semiconductor bridge"®’
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Fig.14 Schematic diagrams of morphological changes before

Before explosion

and after Al/MoO, energetic semiconductor bridge firing*"
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MoO, nanofilm and its firing pictures (high-speed) **’
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Schematic diagrams of the fabrication process of Al/
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a. micromorphology b. comparison charts of unreacted

and reacted igniter
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c. high-speed pictures of ignition process
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Fig.16 Schematic diagrams of AI/PTFE energetic igniter®
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Fig.17 Schematic diagrams of Cu-film bridge and energetic

Cu-film bridge after electrophoretic deposition of B/Ti film"*”’
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Fig.18 High-speed pictures of transducers integrated with Al-Bi,0,/GO composite films™
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Fig. 19
bridge transducers firing with different printed thicknesses of
Al/Pb,O, energetic inks™*

High-speed pictures of composite semiconductor
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Research Progress on Efficiency Improvement of Electrical Initiator Transducers

GU Bo-nan'?, XU Jian-yong'*, SHI Wei'*, SONG Chang-kun'*, YU Chun-pei'*, CHENG He'*, YE Jia-hai'?,
REN Wei’, ZHANG Wen-chao'*

(1. School of Chemistry and Chemical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China; 2. MIIT Key Laboratory of
Micro-Nano Energetic Devices, Nanjing 210094, China; 3. Science and Technology on Applied Physical and Chemistry Laboratory, Shaanxi Applied Physics
and Chemistry Research Institute, Xi'an 710061, China)

Abstract: As the core components of electrical initiators, transducers are essential for the safety and reliability of electrical initia-
tors. The development trends of miniaturization of the structure of electrical initiators, informatization the transducing process
and integration of the firing sequence have put forward higher requirements for transducers. How to realize reliable ignition un-
der low energy stimulation and enhance the ignition output capacity has become one of the major issues for the current research
of transducers. To this end, this review summarized the latest research progress on the low-energy firing and output efficiency en-
hancement of electrical initiator transducers in recent years from the perspectives of the preferential selection of transducer sub-
strate and resistive materials, the optimal design of firing structure, the efficiency enhancement of self-contained energetic inte-
gration and energetic film composite. On this basis, the focuses of future research on the efficiency enhancement of transducer
are discussed: establishing a gene pool of transducer material parameters, improving the efficiency of transducer firing structure
optimization design by means of machine learning algorithms, conducting basic research on novel transducer systems such as
wide-bandgap semiconductor materials, and exploring the integration of novel energetic films such as energetic Metal-Organic
Frameworks (MOFs) and chalcogenide on transducers.
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