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Fig.2 FESEM and TEM images of carbon nanotubes
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Fig.3 TEM images of the CuU@CNTs composite materials pre-

pared by electrochemical deposition at different temperatures
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Fig.4 XRD pattern of the Cu@CNTs composite material
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Fig.5 HRTEM image of the Cu@CNTs composite material
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Fig.6 SAED image of the Cu@CNTs composite material
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Table 1 Elemental analysis of the Cu@CNTs composite
material %
elements C O Cu S

mass ratio 41.77 2.48 52.90 2.85

molar ratio 76.36 3.40 18.28 1.95

3.3 HEECuN,),eCNTsEA SR EBRPRIE

Pl 8 FEL 9 43 5l hy it A7 28 S Ak RN S5 A4 RERE b 1)
XRD &1 TEM & . i & 8 7] DL 3 B 52 4 S5 4E 437 5
Vg, o BT YRR AR AT ST 0% (11.805° . 16.366° .
27.942° . 31.916° | 32.462° . 33.436° . 35.845° .

+Cu(N),

PYEET)

intensity / a.u.

hshbididin

10 20 30 40 5 60 70 80
201(°)

B8 Cu(N,),@CNTsH: Ay XRD &
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Fig.10 DSC curves of the Cu(N,),@CNTs composite films at

different heating rates
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9.4 o Sauares | 002488
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Value Standard Erro
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Fig.11
for the Cu(N,),@CNTs composite film
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Plot of the activation energy obtained by Kissinger
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Table 2 DSC data of the Cu(N,),@CNTs composite film at different heating rates

@/K-min”" T/C T./K TK In(d/T.2) E/kJ)-mol™"  A/min” T.,/°C T,/°C
5 199.60 472.75 2.115%1073 -10.7077
10 205.01 478.16 2.091x1073 -10.0373
230.00 1.66X10% 185.32 193.18
15 207.00 480.15 2.083%x1073 -9.6401
20 211.02 484.17 2.065%1073 -9.3691
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Table 3 The electrostatic sensitivity of the silicon-based
Cu(N,),@CNTs composite film by lifting method
i discharge voltage/kV ~ n, n; in,
2 1 2 0
1 2 5 3 5
0 3 5 6 0
-1 4 2 5 -2
-2 5 0 2 0
h3 - 14 16 7

Note: n, is the number of fires, and ng is the number of unfired.
3¢ 3 & JGRBEREL n > K JARIRUEL ng, b7 FH

BWE n=n,, X X,=5,n=14,A=7,d=1,“+"H“+", %7 A%
{ETHEAS 50% K KL Uy, =3+(7/14+1 /2)=4.0 kv

I 360 4K 45 FH ) L 25 {2 500 pF, 3 4 HL 25 % B
AR
E=Lcur (7)
2
P12 RE S 50% &K fE B E,,,=1/2X500%

107""%(4.0x10%)°=4.0 mJ.

TE 3 E LB B Cu(N,),@CNTs & & 7 At i Y
LRSS R WL R 4, R ATFTHI, Uy, i 4.0 kV,
A Epy, M 4.0 m), 5 3CHK 19 [ 4GE TP 40 ok & A
FRAR 1Y Esyp, i 0.2 m) A EE , 2035 35 .

R4 I Cu(N,),@CNTs & 24 I 5 g
Table 4 Electrostatic  sensitivity of the silicon-based
Cu(N,),@CNTs composite film

electrode gap/mm capacity/pF Usgo,/kV Esoo,/m)
0.12 500 4.0 4.0
4 &g

(1) SR FH e iy 8 26 B A 4R A T o 4 T ek 3 2 1L
SRR I T FESEM A, 45 5% 3 B 9 1 1 L 42
25150 nm,JBEEZ1.2 pm.,

(2) 38 A2 SO TR A 2 FL AU AR L IE P
T AR I LU TOVE M, A T ORE S
Cu@CNTs & & & Be i i , i#f 17 FESEM . TEM (XRD 4%
FAFE, 25 5 3 T RUFE Bk 40 K A8 R %) ] Ry 490 K S8 445
¥, BLIF AR &R B AT RS .

(3) ¥ rEHE Cu@CNTs & A& 7 AE I B T il iR 7
VN B A AR A B Y ,Jﬁz‘z o i1 &
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T A W 1 R LR AL BE E,°4 230.00 kJ-mol™, il HU il &
T, 0 193.18 °C; i LB EE A ZE A BT, Cu(N,),@CNTs
O A5 O BB I R R A Cu(N) , B S 0% | B, M
4.0 mJ,

SZ Xk

[1] Zhang F, Wang Y, Bai Y, et al. Preparation and characteriza-
tion of copper azide nanowire array [J]. Materials Letters,
2012, 89(24): 176-179.

[2] sk, FICH, #A] . Cu(N,), R HEZ 545
W] KT, 2018(1): 54-56.
ZHANG Guo-ying, WANG Hong-yang, YANG Li. Molecular
dynamics simulation of Cu(N,), composites[]]. Initiators & Py-
rotechnics, 2018(1): 54=56

[3] Zhou M, Li Z, Zhou Z, et al. Antistatic modification of lead
styphnate and lead azide for surfactant applications[)]. Propel-
lants, Explosives, Pyrotechnics, 2013, 38(4): 569-576.

[4] Fedoroff BT, Aaronson H A, Reese E F, etal. The encyclopedia
of explosives and related items(Volume 1)[M]. United states:
National Technical Information Service, 1968: A532-A535.

[5] Cartwright M, Wilkinson J. Correlation of structure and sensi-

(LR DI )

tivity in inorganic azides i effect of non-bonded nitrogen nitro-
gen distances [J]. Propellants,
2010, 35(4): 326-332.

[6] Badgujar D M, Talawar M B, Asthana S N, et al. Advances in
science and technology of modern energetic materials: An
overview!| ) ].Journal of Hazardous Materials,2008,151(2-3):
289-305.

(7] 2286, JeF =4 ZFL -9 25 Cu(N,), AL G U MEMS &

AN HRFELD]. B A MR TR A, 2015,
LI Na. Study of MEMS energy chip based on in-situ synthesis of

Explosives, Pyrotechnics,

three-dimensional porous micro-nano structured Cu(N,),[D].
Nanjing: Nanjing University of Science and Technology,
2015.

(8] SRABL. B4 K AT ST S AR 52 & &5 BT R0 T 25 T B T F
FELD]. At MU R, 2016,
GUO Rui. Fabrication and application of carbon nanotubes
composite energetic materials[ D]. Nanjing: Nanjing Universi-
ty of Science and Technology, 2016.

(9] W2, AWM, I, % . IREALRan ARG S vk A 525 41
PRSI ]. MRS, 2017(19): 87-93.
CHANG Yi, PEl Jiu-yang, ZHOU Su-sheng, et al. Progree in
functionalized carbon nanotubes-modified thermoplastic poly-
mer nanocomposites| ) |. Materials Review, 2017(19): 87-93.

[10] Rubtsov I A, Pruuel E R, Ten K A, et al. Electric conductivity
of high explosives with carbon nanotubes[]]. Journal of Phys-
ics: Conference Series, 2017, 899(9):092012.

[11] LiH, Ren H, Jiao Q, et al. Fabrication and properties of insen-
sitive CNT/HMX energetic nanocomposites as ignition ingredi-
ents[)]. Propellants, Explosives, Pyrotechnics, 2016, 41(1):
126-135.

[12] Pelletier V, Bhattacharyya S, Knoke I, et al. Copper azide con-

fined inside templated carbon nanotubes[])]. Advanced Func-

Sttt

www.energetic-materials.org.cn



fif 5k Cu(N,) ,@CNTs & & & fe Wi I 1y il %5 5 3R A 563

tional Materials, 2010, 20(18): 3168-3174. [16] B Rl HoA Tl 22 5122 .G)B377-83,1987 , B il 46 H T+ I

(13] Edlies, skor, ska, &5 . JRUL RN ik i 4 5T 2 S0P A A ik 20 HELST, Abat. AR fE A, 1987,

KGR, EReM B, 2016, 24(4): 386-392. National Defense Science and Technology Industry Commis-
WANG Yan-lan, ZHANG Fang, ZHANG Lei, et al. In-situ sion. GJB377-83, 1987, Lifting Method for Sensitivity Test
preparation of carbon nanotubes array confined with copper [S], Beijing: Standard Press of China, 1987.

azide[J]. Chinese Journal of Energetic Materials( Hanneng Cail- [17] Kissinger H E. Reaction kinetics in differential thermal analysis
iao), 2016, 24(4): 386-392. [J]. Analytical Chemistry, 1957, 29(11): 1702-1706.

[14] FRFEN . H 78 R AL 092 M BR K E ' & e Rl &5 [18] Zhang TL, HuR Z, Xie Y, et al. The estimation of critical tem-
TEREBFFELD ). B Rt B AU TR, 2017. peratures of thermal explosion for energetic materials using
ZHANG Cheng-gang. Fabrication and performance of non-isothermal DSC [J]. Thermochimica Acta, 1994, 244
Cu(N,) ,-filled aligned carbon nanotubes composite energetic 171-176.
materials [D]. Nanjing: Nanjing University of Science and [19] Wang Q, Feng X, Wang S, et al. Metal-organic framework
Technology, 2017. templated synthesis of copper azide as the primary explosive

[15] Lee W , Park S J . Porous Anodic Aluminum Oxide: Anodiza- with low electrostatic sensitivity and excellent initiation ability
tion and Templated Synthesis of Functional Nanostructures[]]. [J]. Advanced Materials, 2016, 28(28): 5766—5766.

Chemical Reviews, 2014, 114(15):7487-7556.

Preparation and Characterization of Silicon-based Cu(N,),@CNTs Composite Films

WEI Hai, LIU Xu-wen, HU Yan, TANG Hui-liang, YE Ying-hua, SHEN Rui-qi
(School of Chemical Engineering , Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: Considering the problem that copper azide (Cu(N,),) has high electrostatic sensitivity and it is difficult to be practical-
ly applied, the silicon-based Cu(N,),@carbon nanotubes (CNTs) composite energetic film which can be compatible with Micro-
electro Mechanical Systems (MEMs) was designed. First, the silicon-based porous alumina film with CNTs grown inside the
pores was prepared by a modified two-step anodic oxidation method. Then copper nanoparticles were deposited in the CNTs by
electrochemical deposition. The hydrogen azide gas was prepared by reaction between the nitric acid and sodium azide, which
reacted with the copper nanoparticles to synthesize Cu(N,),. The morphology, structure and composition of the prepared sili-
con-based Cu (N,) ,@CNTs composite energetic films were characterized by field emission scanning electron microscopy
(FESEM) , transmission electron microscopy (TEM) and X-ray diffraction (XRD). Thermal decomposition kinetics of the compos-
ite energetic film was studied by differential scanning calorimetry (DSC). Electrostatic sensitivity of the composite energetic film
was tested by lifting method. Results show that activation energy of the silicon-based Cu(N,),@CNTs composite film is about
230.00 kJ-mol™, while the critical temperature of thermal explosion is about 193.18 °C and the 50% ignition energy is about
4.0 mJ. The electrostatic sensitivity of silicon-based Cu(N,),@CNTs composite energetic film is significantly reduced.

Key words: composite energetic films; Cu(N,),@CNTs;electrostatic sensitivity ;electrochemical deposition
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