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Table 1 Comparison of the characteristics of three typical energetic materials 1°7*
parameters HMX CL-20 DNTF
ON O,N—NZ “N—NO o7
" " N o, \
molecular structure < > ON—N N—NO; OZN}—Q_S—(NOZ
N N
OZN/ —~ \NOQ 0,N—N N—NO, /\O/\ N/\O/\N
morphology white crystalline powder white crystalline powder pale yellow crystalline powder
density/g-cm™ 1.900 2.035 1.937
melting point/°C 278 210 110
flash point/°C 287 228
solubility soluble in acetone, nitromethane, di- soluble in acetone, ethyl acetate, tri- soluble in acetone, acetic acid, con-
methyl sulfoxide, insoluble in water  chloromethane, insoluble in water centrated nitric acid, insoluble in water
stability 5 g sample at 100 °C for 40 h, the air 5 g sample at 120 °C for 22 h, the air 5 g sample at 100 °C for 48 h, the air
volume is 0.4 ml volume is 0.5-0.8 ml volume is 0.42 ml
friction sensitivity/% 100 100 64

features fall high H,,/35.65 cm, 5 kg hammer

oxygen balance/% -21.62 -10.95
explosion temperature
327 284

(55)/°C
standard enthalpy of for-

. 4 104.8 460.0
mation/kJ-mol
TNT equivalent/% 140 180
explosion heat/k]-kg™' 5715 6238
detonation velocity/m-s™" 9100 9500
detonation press/GPa 39 43

H,,/20 cm, 2.5 kg hammer

H,,/38.9 cm, 5 kg hammer
=20.51

308

657.2

168
5799
9250
41
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Fig.1 DSC curves of three typical energetic materials'® *77*/
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Scheme 5 Formation mechanism of C—=0, C=N and NH bonds'*’

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1173-1196)

Sttt

www.energetic-materials.org.cn



=l R RE R R R ) M R U BT 5T

1179

T REWSE BT DNTF B0 it LA 77 AR 1 £
AN AT . HET, DNTF2F A C—NO, i 5
NO, B 56 B B , 31X 2 B 3 3 422 32 (9 90 1 03 1 20 9%
T A0 SR FH AR YL 2T A D A7 Tt A R I 2 DNTF RRAIE ik
EiQISE- USSR S k=R AU SR SF 07 N i b/ B N
TE W AR B, IR T LL B 3 R R AE L A 1 8l )
SR EE R BE A IR T, 3 R Rk Y R
R R NP e, I ELRONE I PR RN I A - i
HE> 4 Ak wk np R >k 0y 3 B UL R R R S Y 2 2
e e 14 RN S 6 T 7 T 23R () B A 1 B I Ui
A% A, &7 b b SR a5 R R W] C— N b 24 pr
Te /N T C—CHEW A rizae it . Kk, A 4fE
i DNTF 73 fif B 62 C—NO, B W 2 .

g AECV R H B RS (DFT) F 5 T
DNTF 5> 745 ([ 2) , 5 R K W], DNTF 4> 7K
B EE S C(3)—N(11),C(17)—N(20),C(7)—C(16),
C(2)—C(6),0(9)—N(10), 32 #J5  $& 5 2 {5 b
2. JF H R N—O Hf (9 S0 0 T4 3 0 285 7 Ak
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Fig.2 Geometric atomic number of DNTF*"
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Scheme 6 Diagram of the decomposition mechanism of DNTF!
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50 nm fL & T A bR 0 i TR E BEIK 1~5 °C, il FE
12 nm fLA& T Ih 000 A 0 B R PR AR 4~11 °C. K

o ZFN

o3 2l I 2 Tl — 2 A L SRR R O Ak 2

3.1.1

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1173-1196)

50, 53]

RS I, Sz R R R 2 BE 2 . Fathollahi
SFUTHRTE T AR IRLA R R HMXORLBE X H AR A3 i 14 5
Wi, 45 R 3R W HMXCRLAR K, 8 A AR f 1 52 5 ft
AL RE L3 K, I HLAE A R T R T /N UKL Y 5 A
it JEE AR T RBORE A 5 fift i [ o e PR DA R A /s,
B2 T B K, W ARG g i 7 A e S A BT AR
WD AT G ikl T ARG 5 ik e b

HW G HMXJE Z @ BAE & ), AT Y a3 B A A
T 9 AR S P L i EL 32 #0R 2 A7 7 AN TR 8 22 Tl Y
FE el o — Mook UL, A 22 0 B P R RRE Y R
B-HMX. 1 550 SR HIAE A W12 20 45 dh ik,
Sttt

www.energetic-materials.org.cn



=l R RE R R R ) M R U BT 5T

1181

B-HMX i 43 8 58 4= 5 Ak K a-HMX, BF 5T a/B-HMX iy
W a3 AT Ry, A5 R R T, - HMX i A B 5 38
a/B-HMX TR A fib 1A ) 32 UL TG A6 BE B A, $4 43 il Jic A i
W, HE BFTE T a-HMX & A % B #5305 1%, 46
a-HMX 74 1 2 U015 b AE HE 45 B-HMX AR 4.1 %, 1fif 34
SRR 4.8%
3.1.2 R0 A0

PEE BT Al A Al i as n ), 3 N T HMX
B il 3 R O 2 WO Y T AR S T ] . AH G A
FHE T IR M ARZ BN RARA] 53 AL AE 4 8 2k
&IE K& AY R MAEIAY I, k2 fin,
HR AR N AR S5 2 ff 6 T O 25, & B0 B T A9 i e s 2
NI A S 050 (4n Sio,  Cu %5 ) 45 & £ 2 ik
HMX 4 fift B VR T, A5 S8 4% in 570 (i ANPZO %) Tl 25 %6t
HMX 43 i 7= Az 300 355

(1) THIESE2E

TEALAE 43 Ja8 b Rk — B SRR U0 S5 A9 P e AR 14 1L

F2 OREEINGRT HMX B3 A 5 1 52 o 2 7

AT 2 KT, R LUR FE R AR SR K
PR 6 & T A B I AL A B (N-GO) , IF H %
X HMX A3 i b R (0 52 ), 45 51 B8R HMOX 9 T3 3R
I3 U N 283.16 CHEAT 2 281.96 °C, LW iE L fiE
M 514.61 kJ-mol ' [% £ 484.36 kJ-mol™, i A 2 N Ji
THBAGHE N B B R BT 7 AKX 17X,
BN Ak A B e 2 1 PR far 25 B R AT 2 5 RO Y I
Mo (RIS 2w 0 LG5 A8 3G O B T A ke AR 42 B )
fiff 7= A B /NGy RV PR 1 B

B0 AR P A A HMX/CNTs (i
QUK ) B A MR X A R v RE E AT B ST L S5 R
LY THEE R H 2 Kemin ' H K E 10 K-min "B, &
BT (TG) 2 ) w75 10 % 2l {5 TG il &8 AR IF
ToAEAL, B CNTs AN U8 HMX 1Y 3 i HLEE . 4 5+
TR E T 10 Kemin ' B, TG i IR 507 B AT
AL HMX B 38 0 8 47 R LT B 32 T iR R
B 52 0, AH CNTs 1] L HMX B 5 AR 5% A2 I8 BE Fn 44

Table 2 Effects of different additives on the thermal decomposition characteristics of HMX

additive/ rest heating  HMX decomposi-peak decomposi- decomposition literature
category mixed samples HMX mass rate tion tempera- tion temperature of peak temperature
method B resources
ratio /°C+-min”'ture/°C mixed system/°C  deviation/°C
N-GO/HMX 20:80 DSC 10 283.16 281.96 -1.20 [57]
inorganic HMX/CNTs 1:99 TG 2 272.90 271.10 -1.80 [58]
nonmetal HMX/SIO, 20:80 DSC 10 284.80 249.87 -34.93 [59]
HMX/GO-2 2:98 DSC 10 284.93 284.84 -0.09 [60]
20%-Al-HMX 20:80 DSC 5 280.94 280.96 0.02 [61]
CoFe,O,+HMX 1:4 DSC 10 283.20 277.60 -5.60 [62]
Bi,,-Fe,O,/HMX 1:4 DSC 5 284.00 261.00 -23.00 [63]
Al/Fe,O,/HMX 1:1 DsC 5 285.00 272.00 -13.00 [64]
metal and metal
oxide HMX/Cu - DSC 10 289.09 253.56 -35.53 [65]
HMX+MgWO,-GO(urea) 1:4 DSC 10 283.42 268.36 -15.06 [66]
LaFeO,@Mn0O,/HMX 1:4 DSC 10 283.04 273.44 -9.60 [67]
HMX+TiO, 1:99 DSC 5 285.00 275.00 -10.00 [68]
HMX@PDAQTIO, - DSC 20 289.00 249.57 -39.43 [69]
[Ag(tza) ] /HMX 1:19 DSC 10 282.60 280.90 -1.70 [70]
NC-coated HMX - DSC 10 285.15 284.05 -1.10 [71]
] HMX/ANPZO 1.46:1 DSC 10 289.00 297.80 8.80 [72]
:(rj:;:)cund HMX/BR 5:95 DSC 20 288.20 275.70 =12.50 [73]
HMX-N@PANI-2 - DSC 10 282.60 278.80 -3.80 [74]
HMX-F@PANI 5:95 DSC 15 286.54 295.57 9.03 [75]
Ph-Fe/HMX 3:10 DSC 10 295.25 287.35 =7.90 [76]

Note: N-GOis nitrogen-doped graphene oxide. CNTsare carbon nanotubes. GO-2 is graphene oxide with a mass fraction of 2%. PDA is polydopamine. [Ag(tza) ],

is a complex of tetrazole-T-acetic acid and Ag. NC is nitrocellulose. ANPZO is 2, 6-diamino-3, 5-dinitropyrazine-T-oxide. BR is cis-1, 4-polybutadiene.

HMX-N@PANI-2 is polyaniline coated with ammonium peroxydisulfate modified HMX with shell material content of 4.2%. HMX-F@PANI is polyaniline sur-

face modified fluororubber coated HMX. Ph-Fe is phloroglucinol-Fe complex.
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Fig.3 Effects of additives on the thermal decomposition tem-

perature of HMX

4 S T 751 4 K 3 4 B 1 AR 2 HMX 9 #4140 M, 491 & Cu
N 0 79 5 v Tl HMOX 0 i 068 L 45 15 7 3T 40 °C, T
o 4 Ja K& i AL B i 77 K 2 v HMX 43 ff 06
HEARTTZ 2~20 °C. &8 X 4 &8 E AL i n v ge % B
F L HMX B0, 2B 2 A5 B & /9 R il A
JE - PR 11 i R S0 8 I T R R A R | A AR A
WMWY, 5 HMX R B IR 454 . CHLAE & R
LU N AR A B e SR RN RE S 2SR RL, 40 SiO, . CNTs
L, R ZEOICHLAE & 8 FE I I A A Al F 42 3E HMX Y
i, AT A HMX 43 i 0 R 4R 1T 0~3 CAE AT, B M s
BRIGJE SiO,, AT HMX 1) 43 fif W L $2 1 29 40 °C, %
Wk F , THLAE 48 2800 R i AL RO IE R 28, &
BIE R B i LR BRI B A LA 25 H R A
=P ey 1 BRik 2z A, B A B BRI W R
AE MY GO %5 TCHLAE 4 8 M Bt 3 JAE Bl EGR . A&
JB-AHLE G ENAENAGRB N REZES
A 3E A3 4 R0 R, AT A HMOX 20 i I TR AR BT 1~10 °C,
M7 T RS 35 0 1) A ISR 5 0 R U B R I ) 5 B A AL
/NGB B UR IR R o Ty W i = v A £l L
HMX (1 53 ff , ATEE HMX B9 40 IR 42 5 10 “CAE 4 -
3.2 CL-20

CL-20 AR H & B m R it %5 1 (H R 2 e Mg
R B, TR SR RS CL-20 B EEIN R . s H
PO e, AT R BE CL-20 A 8 A f A i . H
I FE 5% W) CL-20 #R 43 fige R 32 0 10, B %o G [ B 45 4 F
FEA, T 2 M R AR A VR N R B & )
3.2.1 BEHE£MHEN

CL-20 k742 R F 0t 280 5%k JHL 4000 i 1 i 45 7= A
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BRI R 52k FOHESE T 0.48, 15 um Al
120 pm A AR AR CL-20 B Ao AT R, 45 R o, 3
ki A2 CL-20 /9 34 7 fif IR 34 7E 250 °C, (B47) 46 I
J3 %R 230,232 °CHI1 235 °C, BBl & RS 98070, 4
U6 0 T E AR T o KR R TR/ R BORE , 2 TR K,
Z I o) I AR BE A AIG, [R] IR 45 R A st Sk 2 T A
KRG E% , Xt SFHHLES H . Wang
SR OVSR 7 T 55 S B R B CUSEA) 52 R il 45 °F
BIRiAE A 270 nm 44K CL-20 i kL, iz B DSC & Ail
TG ik S P e, 45 9 R, 48K CL-20 ik
Pl 232.9 °C, HH ML CL-20 #2812 °C, A H
1) e H T8 TR A8 RN B R Y B R BB A . k2 R R 4ok
CL-20 Uk RS/ it 2 oA Bl B 20 IR T3/, 53 il
BRI

Nedelko %23 A [ i 78 9 CL-20 #4453 fift i 75 ok
40T, 45 BT, R [R) b 8 (4 CL-20 #4822 T Ay
e>y>a. £ CL-20 3 B B B, 22 B A N ey FlI
M e—y BIFAE . IF H i e-CL-20 JE WL %) y-CL-20 He i
a-CL-20 JE iU y-CL-20 B o o X &N E 22 1Y
PR A0 OB K R AR ) S8 T Ak 22 o ff 1 R A=, Wy 3 ik
TR 23 SR i R (R TR 28 0 10 52 e o K 1 5 g M

A L AT R AR R ST N CL-20 B 38 43 1o 72 it
LML MR B, 1 G — BB RN R
RSFAZ /NG, CL-20 (18 P i 4 155 563 il /) L 3 T AR
Ko BRUILZ AN, CL-20 MR [] Y 37 #05E mi AS ], ELAAK
PEE T H e>y>a,

3.2.2  RINFIA R M

HHT I AT Jn 552 A %00 5 CL-20 #1443 i 1 e
B 2 B o A RIS IR AT CL-20 2 5 T v A 5 i)
G5O 3,0 LR LA R ] 4o T HLAE & R
X &R K E R AR AL AW, Xt CL-20
P A S T A R 2 S K, T TR ARCRL AR 43 B

(1) THLAES R 3%

FE B BE A AL 40035 5 6 TE ML AE 4 T8 2 im0 F A 43
PR . BREE GBI 4 F R AL fL R (3D
HOPC) Xt CL-20 # 53 fi% B 5% ), % b 1 46 3D HOPC
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HOPC Jii & 43 50 66.7%) B & 4 4 ff 6 B BR AR T
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Table 3 Effects of different additives on the thermal decomposition characteristics of CL-20
. heating  CL-20 decompo-peak decomposi- decomposition .
. additive/CL-20 test o ) literature
category mixed samples . rate sition tempera- tion temperature of peak temperature
mass ratio method . ) o resources
/°C-min~" ture/°C mixed system/°C  deviation/°C
3D HOPC/CL-20 2:1 DSC 10 240.50 211.10 =29.40 [83]
inorganic NGO/CL-20 1:4 DSC 10 252.13 245.63 -6.50 [84]
nonmetal rGO/CL-20 1:4 DSC 10 252.13 246.82 -5.31 [84]
CL-20/wax 4:96 DSC 5 244.50 245.30 0.80 [85]
CL-20/n-Al 3:7 DSC 2 231.20 228.90 =2.30 [86]
WO,/CL-20 1:2 DSC 10 248.83 245.88 =2.95 [87]
Al/Ti+CL-20 - DSC 5 231.60 230.70 -0.90 [88]
ZnCo,0,(HCs)/CL-20  30:70 DSC 10 252.31 246.04 -6.27 [89]
metal and
, rFe,0,/G/CL-20 - DSC 10 252.13 243.79 -8.34 [90]
metal oxide
pFe,0,/G/CL-20 - DSC 10 252.13 244.44 -7.69 [90]
y-Fe,0,/G2/CL-20 101 DSC 10 252.13 234.72 -17.41 [91]
nano-ZnCr,0,/CL-20 - DTG - 247.35 240.56 -6.79 [92]
CL-20/nano-NiCr,0, 1:5 DTG 10 251.75 241.65 -10.10 [93]
CL-20/NiBa-MOF 1:5 DSC 15 248.00 245.20 -2.80 [94]
GAP-HDI/CL-20 40:60 DTA 20 247.50 200.30 —47.20 [95]
CL-20/HATO 45:55 DSC 10 245.90 250.70 4.80 [96]
_ CL-20/TNT 25:75 DSC 10 256.93 222.88 -34.05 [97]
organic
8 CL-20/DMMD 1:5.34 DSC 10 236.60 240.10 3.50 [98]
compound
£-CL-20/Cu-en 0.02:2 DSC 10 257.00 232.00 —25.00 [99]
MF/CL-20 3:97 DSC 10 244.90 251.00 6.10 [100]
Cu(2-MIM),(N,),/CL-20 1:9 DSC 20 254.30 235.20 -19.10 [101]
CL-20/PDA-Ni-Ant 1:5 DSC 5 241.50 238.20 -3.30 [102]

Note: 3D HOPC is 3D hierarchically ordered porous carbon. NGO is nitrogen-doped graphene oxide. rGO is reduced graphene oxide. rfFe,0,/G is rod-like Fe,O,

and graphene composite. pFe,O,/G is granular Fe,O, and graphene composite.y-Fe,0,/G2 is y-Fe,O, and graphene composite, where 2 represents the gra-

phene concentration is 2 mg-mL™". NiBa-MOF is NiBa-metal-organic framework. GAP-HDI is glycidylazide polymer and hexamethylene diisocyanate.

HATO is dishydroxylammonium 5, 5'-bistetrazole-1, 1'-diolate. DMMD is 2, 4-dinitro-2, 4-diazapentane. Cu-en is Cu(en)zNOx, where en is ethylenediam-

line. MF is melamine-formaldehyde. 2-MIM is 2-methylimidazole. Ant is antisolvent method.

FE O] 43 fift 7= ) N O, 76 34 3 (1) 22 90 L 38 P PRl B Ak,
55 AR L BE PN 108 T P o s 7 G 4 ik O B

Zhang 55 %R FH /K ik i a5 HLAT nl 8 J2 R &5 44
R A A B A B (NGO) , FEXF T T
NGO Fl rGO Xf CL-20 #443fff ixf B (1 52 i, 45 R o,
NGO Fl rGO ffi15 CL-20 1) e—y iy AU 5% A5 I B Y AR
[Fi) A B 1 SE S5, T AR 4 e e I DU S B o T A A
NGO HA L rGO ] i iy 42 #4E FH ,NGO/CL-20 ¥
WL Ak BE A A 1 R 43 0 R 22.79 k) mol ™
6.50 °C. XK NJEFIEI T CL-20 /Y H fif 2 &
A 28 M 2% THT 9 355 M 057 0, ook E R 43 ik s 7 v i i
BT 2L R B A AR EA I R e b RE L I NGO
T T HE SR A AL AE T T NGO X & B 5% A 1 5%
M) Jist 2L AT I 1 R W R o

TCHLAE 4 J& A1 kL AT UAR 47 b i b CL-20 #4453 i
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[ii] Bk 358 43 1 38 AT 42 3 CL-20 IR e 1 . Bl AR 451
KK B e CL-20 R A8 — 2 A 1 (wax) , IF
Xof FCATUAR 1 I AR 23 A M RE WE AT WA, 45 2R B A
fL B 5 Y CL-20 HUAURREE AR, AR e PR RE $ v, i 02
H1 A7 05 EL AT B I BRRE 1, nT L AT ] R R T
T AL, A0 7E A A 1) ST SR 335 1 1 o

P B SN g K B Ry R 4 oK BE R 4 0 S
£-CL-20R & , & F3E 45 1R 22 75 494 o A 0 o JHE ot 2
AR BPEATHI S AR R M BIHE S T e-CL-20
0 i B AR R L B T AR E MERE  H R EE R Y
ROR 0 T AR kY o [, %) 4 e-CL-20 DL K 2 Fif
B A R RTEA R A2 (o) T 5% i SN 1 3R VLT AL g
(E, )AL AT OETE R IANAGKGE R 19 IR &
R 546 e-CL-20 1 E, ~a, B AL REFAH L, AE A 24 K 1
oy BOIR A 1A AR AN [R] 3R] BE 2 R T A0 K B R 2 ek
& Be A A 2023 & %31 %
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B I N P R N AL B T 490 K T A AN AN R R T
il I Y RE 22, I I AR R N LR

Z¢ Al %0, 3D HOPC . rGO NGO %5 HA 4 K Tt
FEUE R F B LI S5 48 (4 B A4 RE, X CL-20 19 # fi 2ot
R AR, X FEE RN N CL20T LS E &
T M S AT Bl B ARk 78 4 4 il B I [ BT 43 i ) AR
P nl DLIRGE P B, 10 wax Z 5 T HLIE £ )8 bR
B G 5 00 S A s T SR L 1 S R
15 55 e R BRI AF T

(2) &8 K& E ek

4 B N4 JE S A — B A S g el RN AF
FE X4, AE & A RORE AT BR K 45 69V TR AT 20
Mao ZE 0 9 K 48 (n-AD 5 CL-20 1R &, IF Xf CL-20
M CL-20/n-Al [l #453 fift PE BE AT B 9T, 245 31 iR | n-Al
9 A CL-20 1 #4216 AL BB W AT BEAIG, 2443 ik 2o
PR X2 T n-Al B BAF b /E R . JF B
AR M2 T 1A 5 B 5 CL-20 #1 CL-20/n-Al 4 #4
o3 2N 1 2 BOR Sy n 9% [ A Ak R T, CL-20 #4411
SN R A Ak Bl ) o R R B IR T CL-20/
n-Al, 8] n-AlEE KT CL-20 $400 ff F2 107 14 55 2 1 il
A ik BE ) .

Zhao 55" LUK R B R BR R JEURE , S0K R TLVE
F 38 2ok R B T A TR RO ST S 23.4 nm Y
NiCr,O, Bk , 3 % £ HXF CL-20 #4453 i P RE 1Y 22 i
45 W5 R, nano-NiCr,O, ffi CL-20 (1) #4443 ik 16 T 5 AI%
10.1 K, #5530 7% FL RERE IR 12.0 k)-mol™, FEE
4 nano-NiCr,O, 45 #) th Ni** Fl Cr* 1l 5| & H F i
B, FORLAR B/ B8 3 T A7 TE A A BB L L 2 1 BLAR
KAEFE S NPT Crr 5 CL-20 M RS 2 45 &, f2 4l
N—NO, P i & .

BT T AR OR K Gk il A T BORL R SH AR 150~
300 nm 38 [l Y I 448 K WO, kL, I 3 FH T CL-20 Y
ol B S5 R, 54l CL-20 M L IR G R R
B A fif W 3R 22 /D BRI T 2.95 °C LD WO, B 5Ue vt T
CL-20 YoM o 3K 2 K WO, BURL RS /)N | 22 1 fig
i, AT LAAT 0 B CL-20 3 fif 7= 25 1 NO, 3 S 4A , fi2
HE N—NO, 5 W 24 | [ if 28 fif A8 iR 35 B AL A& P
TR JhE A DR PR 3 R B ) R T 5 B 3 A v
DR

Song 45 R FI ML AR 3K B vk i 5 T Bk K
3.76 pm [ Al/TiBKE & 4 W0kE, If 38 i DSC %5 R %
AT A 4% CL-20 A i i R A s, 25 S 32
MBI EZRE 5 °C-min” T} & £ 20 °C -min' i+,
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CL-20+Al/Ti 5 A Wy () 3443 ik 0 1 1) 85 877 101 B 8y ()
I, 52 4 W) 193 AL B 284.455 kJ-mol™, 5 CL-20
Fo B A T 46.65 kJ-mol™, B Al/Ti & 4 v 42 ¥ CL-20
B AT i . X TR AT A 4 B0k BB BRI L 3R
10 A, A T CL-20 FOKE 5 6 4 UKD 22 0] 1 1% 3
25 5 FABRIE LR, DT A2 32 53 1%

F ] UL, RO 8 /N & s M 4w A Ak, L 3R im
FEURE G 35 K, () S P9 8 A A 0 s SR B 1T DL 3 e
F 1 N—NO, # B AE A2 W7 24, DT A 204 i
CL-20 I #4453 fif

(3) HAHLEDZ

& & - HLARE A HL S RE AR R HLER A W b kL
BN T CL-20 By $A53 fi of 72 v, BROOR i A DL BEOR
SR TR AHE: (i Ak SR 0 4 h BH . Chen 281V 4%
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PbBa-MOF Fll NiBa-MOF, Jf- #ff 5% H X CL-20 #4443 fi#t
PP B fE R L 45 L R L #E 15 °C - min”! FHE D %
T, 5 CL-20# [, CL-20/PbBa-MOF i& & ¥y i #443 fift
g 315 N 2 W % Ak BE [ MK 2.2 °C A1 23.76 k)-mol™. #H
4 F PbBa-MOF,NiBa-MOF E. 47 5 )i, i) 41 1k 7% 4 |
fli 45 CL-20 19 4 43 ik 0 3% A1 2% 0L 7% 1k B8 43 501 B 1K
2.8 °CH142.01 kJ-mol™, X &K Kl A PbBa-MOF
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SR LR S, B ES T ON— N B IR s M 2L
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BT R R ER (HD) A Bk, SR FH VS e - 358 e v LA S L
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PRk RE 45 R Bon 5 CL-20 M L, 3 Rl & A A R
B A i I IR 2 /D FRAIR T 47.2 °C,CL-20 19 & 2 il /b
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HhFL TR £ BRI 3% 28 0 K 01, A R 2007 A 2 T R0RE
B 50 T, GAP-HDI/CL-20 4 #4423 fife 6 B FEAR L 43 i
BRI W GAP [ BE I B 420 S RE M 2L a4,
1 BLA A CL-20 43 OV

FE AR CL-20 AR B 19 AH GBI 58 b, A WILAE M &5
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e A Mok, I iz B 5 i B 6408 (TEM) Fit DSC
R AR H S 5P RE, 45 R BoR L 4 CL-20/TNT
W)L 75/25 BF B BLR A% 7e 2540 B AT, 7 )2 R 24
4 20~30 nm. 5 CL-20/TNTIR G H 1L, e E &
A ) 55— R A I R ol A e gk Rl Bt T, 5 W B R
A W B AEE S o X R TR R TNT R AR AR /N, S5 B0k,
AEE  Z AT R, T TNT I 4E A, CL-20
T E B Z e KA IR A . BEE CL-20 B9 JCHA
SR, Z M BE AR I T TNT 4 R . Bk
CL-20/TNT & G 4 B} i i JA e s A8 3R, ik 2 TR
A kRS CL-20 KL B TNT 408, i g 40 )2 TNT
WK

PR B AR L CL-20 5 Al R AR 2L R b
(DMMD) 2 J5 8, >R F o W 3k il 12 i 4% 3 CL-20/
DMMD ( —fiff 2 — & e ke ) 3t i 4 25, JF R ] DSC
S AR X A3 ik RE E AT I, 45 SR R AH SR T4l
CL-20 1 DMMD, CL-20/DMMD & 5 % 24 11 45 55 43
SRS T 21.5 °CHI1120.9 °C., I H CL-20/DMMD 3t
Al B 43 AN e CL-20 #EJ5 T 3.5 °C, X J2 1 T4
e B HE 25T i B, CL-20 I DMMD 43 F- i) JE i &
SR 7 S o AR Y TR BB AR BT I K A U BE B
AR HEAT , 43 18] 9 1 FE T 320 34 o o 3R

B HLEMERA YA R LA 2 B8 ki
T REA R AR, 32 R AR e R ) A PR R
5 AR AR S . Yang U UR MR EUME BB IR
(MF) JEA 38 A il £ CL-20 JE 73 e 4 | o L b i it 7
AT SR BN A MFEE G, CL-20 ) e—y
i R A A R R PR RO 19 163.2 CCHEJ5 & 179.9 °C, i
RUFE 0 VERE LA T 42 &, W] ) CL-20/MF 1 45 fige i
WOELAE G B4 IR S T 6.1 °CL B UL MF A (178
FIA R AR CL-20 A i it 72 ORI MF R R
U 1 PR P LB 5 R A R B T L )
Py b PV B L DA 48 22 $4 53 it

B 4 VT AN SR T TR X-BF 2R 0 R AT A CDRC A
XRD)WFFE i F2 He 5 T & (HTPB) | Y 24 — 5 50 R T
(TDI) % MR — ¥ & (DOS) . ~ HHmM® — T 4
(T-12) 2NN 57 X e-CL-20 i T 56 A8 47 o 1§20, 4%
R oR,HTPB Fl TDIAY A 25 i /& AL % 722 15 3] 1Y
y-CL-20 & &/, 1 DOS A/ R 5 2 ATH I,
T-12 5 — 21 4 B 5% W RO B/ o X & B T HTPB A
TDI TG ig & o — 2 oy ik 2 W IR A, &8 ] 48 CL-20 b
FOIE AL T )2 O 00 R A AR BROAR B — T-12 K
R (H 2 & 5 HTPB HI TDIAR R 15 A I, 25
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AL )2 % A, e [ 3400 o) o 8 A AR A AL AT
P CL-20 AR B MR fE . 1T DOS 20 F v & A7 B 3k | i
fi% 55 CL-20 i A 5l g S I, o A ot 28 2 710 g 22 0 {2
i B A

53 AT, A AL G 0 28 M BHAE CL-20 #4453 fif 1
PR8I EL A F R T, BE T AR @ B AT R A% Y 53 (R
G509 25 2R CL-20 WKL /DN, ] B R AR A B 2R
B P IR 2 Al CL-20 B 340 i ok B2 4 i 2 4
PERE I FLiR T LU AE & 8 -A WAL & 9 b i B 44, £7
TUE 4 & ORI R AL RCR o BRI Z A0 A ALIE
fiE b Rk 2 H A A5 2035 08 O T MU 5T I — 25 Rk, R
ML, it wEErA.

P14 g 95 10 30 Fofr 285 6 CL-20 F 43 fiff Tt B 14 5% Wi 1
Ao & 4 FTAL, B ORT CL-20 43 i i 72 b k5T AN
B0 0 4 Jm XA R A ALY 25, X CL-20 By #A 53 il i
FIEVEAE L, K CL-20 9 #4050 i 1 TR 2 /i 0~10 °C
WAN GO E YT R W) & JE-A L &9, A
o2 DL 4 N 4 T AR SR SR 0 RO s, R
B BE 5 CL-20 (19 & HL A 25 9 NOE BLUEC 5 40
H 55 N—NO,, i {2 7 CL-20 B9 23 % . EHLAE 4 R
FEUS IR DL bR 3 3D HOPC NGO .CNTs
S5, TR AR S 0 SR BORE ) B 2 BT P AR
A S HERE . b 3D HOPC i 1L R1R B B
i, AT CL-20 @9 4 45 fifk W iR 4 1T 29 20~80 °C, & #4
Gy AR T R ) BRAR R B LR R VBl ER 1 JE AL AE 4
Ja& 2 TR 5 Can wax 55 ) | i Bl 09 2 A% $ORTIE 3
fe. BR&E-AHLE A Y (a0 Cuf HLE & W 45) 4h, L
TNT R AR 194 B & 68 4 8E o 1 S 0 Jn 50 B 1 42 ik

30
20} BTATz(3,6-Bis(1H-1,2,3,4-tetrazol-5-yl-amino)-1,2,4,5-tetrazine) class

f
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Y

20 Cu organic complexes
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Fig.4 Effects of additives on the thermal decomposition tem-
perature of CL-20
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CL-20 Hy #43 fi ok 72, m] Al CL-20 B9 43 fifk U6 IR 42 1T 24
15~40 °C. 1A L& REA ELHA v DL T 22 % CL-20 1
A fif AL CL-20 515 P A AL 5 g bkl o 3L &
S8 R AR, 40 CL-20/DMMD . 53 41 LA MF Ji 4
TR ERIEEA LS T REW, 7R AR A
CL-20 54 LB 4 , i 101 22 fif CL-20 ) AN E 43 il , vl
fii CL-20 9 73 i W IR A8 Ji5 6 “CAE A o
3.3 DNTF

FII FH DNTF = %% B Il = B o 55 8 20 S B H R )
B IR N AR B RE MRS B O T TR B 2R
G0 R, SR T T AR A0 Mg 1 i Y I 5 R 45 R
YT Ay AR AT ) AR, 2 A A el i iF DNTF 119
I fire AT 2 7o LR o 1 B A B AT 41 ) DNTF /Y
I3 figp AT 2 i FL AR E MERE o XS M DNTF #4043
fiff P BB B A OGN, F B 0 5 4 R SRS Jn )
Y o5 1 il — 5 52
3.3.1 BESZ£MMEm

DNTF J& — g7 74 /& RE A4 R}, BB 5L %% B 4y, (H AR
R PEREAFAEAR ST A L o DNTF F B &0 0 5 Y 25 52
S0 H AR E M BE A — E R RE W A R SO
ao v R 2 AR R 2 O R LR A
T - 3% B FH 2 R X DNTF 10 22 4 i 48 1k LA KA 56
HUHR PEAT 9T, 45 30 B, R TR &k 72 b DNTF # #4
3 fifk W 3 I 0 B S 20 (F AT 4 R TR A R
T BE A 220, JE TG R i D 195.1 °C T & AR R i AE
199.0~202.0 °C, HV jin i & {1k nl DL ¥ 3% DNTF 19 #452
FEMERE  (H ) 25 5 e AR BL AR BE 1 TR . X R
SRy A T A R A PR A A A BB A A AR AR I AT
P i BT A B 4 e TRD B2 Ak ok A b AR B A SR AR R
DU SR A 1 A B, T DNTF (R AILBR R % A A8 1k

7E DNTF [ il 5 o B2 v, AS 1T 3Bk 4 1 2% A7 76 — 0k
WIS 24 IR BE =1L A (TFO) UK I T (b, ) % fk
W SR AL A B AL S W (BFFO) 2 Rl 4% it , b % 58 2%
JF X DNTF #Aa E R8 19 52 M, = A 45100l o) B 28
25 VeI g R R B L R 9T T AR 98.6% A
99.5% Y DNTF By R e MERE , 45 R Bon , 4l JE
98.6% Y DNTF Hy-F- ¥ it i 29 7y 0.60 mL-g™, A &
KR EE N 236.6 °C, 1M 99.5% A DNTF i < & N
0.11 mL-g™, A& KRN 229.6 °C. X & K 4% i
1 A7 AE 5 BUR & 1R & 1Y 750 i I 8 26 DNTF (9 73 <
R S 2% S A AR B T, 25 %6 DNTF #4043 fige ol 72 7=
W R0 FH A0 75 2 A 9 DNTF B & K T B 4 7 7 °C
LRSI FRAEAE X DNTF (1 #4845 v BE A7 AF —

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1173-1196)

E 5 A

At , DNTF 19 32 i 1% A7 2o 72 0k A A< 1 22 %
Tl PR v, A5 ) 2 1 A DNTF &b A4 & o & A
A5 R K BT R A SER . Xt T AR e R B 2R,
D AEAEXT DNTF AR 2 tE e A — & i ik H 3
PRS2 A K
3.3.2 RMFIA R

DNTF 8 B2 A 8, 203 i R B A, AN T 76 o il
T 38 R T DNTF #4045 i ok B o (4 78 i )
ANASCAT DL PRI w3 55003 i, 3 AT LA el st L 3R e M
X DNTF B9 #4538 47 S #H G B 98 S0 45 43 B n 3¢ 4 B
L FRATTAT DA B H T 2 0 R R 2 A SR T
5L EEESE L& R A B MAEIE DI, K
AT LI #E DNTF $40 i hy .

(1) &8 Kk&Ratw

H i 7€ DNTF B 58 h i 3 2 1 2 4 s e &2 )i R
e W 2R R k2= IR A5 R LR & vk il a8 1 &
5% 4K ALFIE 25% ok ALRIR G KE25 (DHAE) DL R &
30% Tk AR A KEZS (DAE) , I % HRE G P RE HEA T
WHoE, 45 R W DHAEKEZG i <5t 0.86 mL-g™', i
DAE YE25 B < 9 1.80 mL-g™", dy It AT A & B 5
K ALAEE , 98K ALRT DL 25 48 5 DNTF By #R2 8 Pk
B XJE T A0k AL R e M AL Z B, A S0
PEAR DT V68 2% 43 it S5 0 ) B B, 1 B DHAE JE 25 119
R LD

T e 3 45073l i W 9% A R R R ) &4, DNTF
DL K DNTF/AH L B e A6 048 2R 00 #0000 i R AR, 4 R 3R
B, PbO X DNTF () #473 fifg 2 24 7R, Y e 3% K
IF, DNTF $453 fiff ok #2245 53 R 95 20, B DNTF (9 3 43 fi%
B RS S 5 0 2R G RN o TS R T B R
DNTF/CuO & &) 5 4 DNTF M L , #4443 i I It 1 30
TIRBEIG . (B2 PbO fifi DNTF Ay 43 fif 1g 1 %
BCAE 1 CuO A 7= A IR N, B I v] %1 PbO Bl A8
T DNTF 0973 il FLE .

H B0 T DNTF #8507 vb i) 42 8 X 4 I 484k
Y Fh e £, K 24 o T R BRI 7T, 1M X 52 PR A9 52
M) AL B BAF 5 A 2

(2) AHE T2

A AL AN FIAE DNTF ke & P 0T 58 [
BRI T T M. AR S0 LR (VSL)
5 DNTF Z [6] i M1 B4R, 25 SR 0 IR A 1A 2 19 40 i
R 5 4l DNTF AR L, BEAR T 73 °C, RO LKA 3 m
ATDLA R 3 DNTF 40 . REIRHATIRAERD
N Lk
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Table 4 Effects of different additives on the thermal decomposition characteristics of DNTF
additive/ heating DNTF decom- peak decomposi-  decomposition
. pressure . . literature
category mixed samples  DNTF rate position tem-  tion temperature of peak tempera-
_ method /MPa . ) o resources
mass ratio /°C-min~" perature/°C mixed system/°C ture deviation/°C
inorganic nonmetal DNTF/C 1:1 PDSC 2 10 276.90 271.40 —-5.50 [107]
DNTF/CuO 1:1 PDSC 6 10 276.90 283.40 6.50 [107]
metal and
. DNTF/PbO 1:1 PDSC 6 10 276.90 213.10 -63.80 [107]
metal oxide
DNTF/CuO 1:1 PDSC 1 15 276.70 277.00 0.30 [108]
DNTF/¢-Cu 1:1 PDSC 6 10 276.90 253.80 =23.10 [107]
DNTF/¢-Pb 1:1 PDSC 4 10 277.50 276.90 -0.60 [107]
DNTF/AD 1:1 PDSC 2 10 276.90 264.40 =12.50 [107]
DNTF/LS 1:1 PDSC 6 10 276.90 198.60 -78.30 [107]
DNTF/CuSa 1:1 PDSC 1 15 276.70 275.70 —-1.00 [108]
DNTF/-Cu 1:1 PDSC 1 15 276.70 263.10 -13.60 [108]
organic compound  DNTF/Cu(PA), 1:1 PDSC 1 15 276.70 273.90 -2.80 [108]
DNTF/PbSa 1:1 PDSC 1 15 276.70 279.80 3.10 [108]
DNTF/VSL 1:1 DSC 1 10 271.00 198.00 =73.00 [109]
DNTF/PBT 1:1 PDSC 4 10 275.30 166.80 -108.50 [110]
DNTF/HATO 10:90 PDSC 2 10 282.30 229.60 -52.70 [117]
DNTF@TA - DSC 5 278.83 289.13 10.30 [112]
DNTF@TA-Cu - DSC 5 278.83 289.67 10.84 [112]

Note:

¢-Cu is copper phthalate.¢-Pb is lead phthalate. AD is copper adipate. LS is lead salicylate. CuSa is copper salicylate.8-Cu is cupric 2, 4-dihydroxybenzoate.

Cu(PA), is copper telephthalate. PbSa is lead salicylate. VSL is vaseline. PBT is 3, 3-bis(azidomethyl) oxetane/tetrahydrofuran copolymer. HATO is dishy-

droxylammonium 5,5'-bistetrazole-1,1’-diolate. TA is tannic acid.

O M A BRAL S DNTF (19 50 fif ot 428 114 S804k 030 2 24 4
F T L A e e 1 I T 2 e o B B Rk R T B- 24
FEAE T R EITEMEH A R A SRS TR NOL Y
JiE HE DT I 3 T DNTF (850 1 ol it 22 4505 i i
JE 2% R F i #403k (PDSC) At 44 -3 /i #4 E 3k
(TG-DTG) % Jr k58 X8 W iR T . BEER (PBT)
5 DNTF Z [al iy AH B AR, 25 5 3R W], PBT/DNTF IR &
R ZR o3 R 166.8 °C, 54 DNTFAH L, 32 5T T
108.5 °C, H) PBT ] LA A &4 i # DNTF (1 53 fi i #2 .
A — BB MR, AT fEJE PBT A B H & TG Ik 2
2 5 DNTF ) N—O—N £ . —NO, . N—O [-A7 O
KRR, 51 % DNTF 3 53 fif

DNTF it ] 5 H 4l & ie M BHR G H . £
iy 5 5 B -1, 17 - TR TR i (HATO) 5
DNTFIR A, il £ A [F & & 1 DNTF/HATO &4,
X H S i R VE AT OE Y, OF 456 4y F 3 D1 SRR
TR A A 0 8% AR Ak K sg o HLER A o BT, 25 SR R,
RAR R BB S 4l DNTF 4 S %% 0.7 °C, X &
H T HATO (&8 43 fif , (115 DNTF I A 5 1R 25 44 1
R VE I BREIR . 55 b, DNTF/HATO TR A W (19 53 i
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VAL AE B T DNTF 347 10 304 R 8 A 4R T, X2 AL Oy
DNTF M 4& SRR, 52 UG RS  HATO 28k 76 W AH 25
BN o AR o i SRR . IRl HATO 43 7= )
FIURE (0 P AT {2 7 DNTF 43 1% , DNTF 43 i B i
B NO, %5 i 2 i ¥F HATO B9 43 f# . B 2r T3 12
FEFBL B0 485 SR 2 M7, 24 HATO i 43 508 ik, DNTF 43
T i C—NO, PL F 3y C— O il i 5 1 3% W7 06k /)
DNTF/HATO 1R & W) 10 45 14 o 1 522 04 m A e 94
38k DNTF A BARR I W E S5 e
RE R L ST b AR L 2, 4- T R
fik (DNAN) A1 DNTF 2 J5kL, il % 1 DNAN/DNTF —
JCALIE Y, I 38 2 e 22 IVl i 0 (PDSC) X 3
PR e HEATWF T, [R) I 2R F Materials Studio % H:
HEAT 312 D L, 45 3R B E DNTF & &t (19 3
Jin, DNAN/DNTEF () #4828 PERE A 22, X DNTF A9 B8 /K
I3 BUAE 10%~50% I, 77 4E DNTF Fl DNAN 2 > 43 i
W 17 4 DNTF (9 B2 R 43 B0 60%~90% I, H A7 7
DNTF 43 fiff W o AHAE X 2 FP & 50 T DNTF (4 53 fif 1 iR
Y T4l DNTF 20 W i, X 2 B T DNAN B AT 5 4y
B #Ra e PERE , ZEZE T DNTF (9 #4 o fi o 2, {5 24
N XK 2023 % £ 31 %
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DNTF & &3 K if , DNTF 43 i to 23 s DNAN (5 43
fift o [R5 F 8l Sy AL 25 R 0 DNTF & 3Kk,
DNTF ¥ H 1) N— O By & K 5 K, M\ i i DNAN/
DNTF 45 9 1 Fee P A8 22 .

YA HLR & YR 5, 78 DNTF 194 758 P &
WESE L B T R AF AR Lan S8R T BT R
(TA) 19 A 21 %% e g, B2 il % 7 DNTF@TA Fi
DNTF@TA-Cu & & # K, I XF I 3453 ff 14 R 22F 17
L85 R Bk, TAFI TA-Cu 2 X% DNTF B K &1 £
BAH .5 DNTFAH L , DNTF@TA il DNTF@TA-Cu
(4 B0 28 AR B D | [ BT AT 04 40 s 43 Sk T R 0
TP A BT v, BD TA I TA-Cu AT 42 75 DNTF 1y #454
EME . H BT TA M DNTF 22 [ it 0 B 3 1 4
TIAHE AR {45 TAFI TA-Cu 2 i %5 16 DNTF ki %
T, AT L 2 B P 2 T DNTF 2895 A9 48 FH , TG 22 fit
DNTF B4 fift ok 72 o[RS 72 DNTF ¥ 4 43 f# 5, TA-Cu
JE P Cu 2 i1k DNTF B9 40t , 5 35000 ik e = e

H JH AT, BE A A E DNTF S0t i G HLAE AL )
HAL PR AR T AR A B A B 2 B 16 PR R AL, ) Gn R
JE H IR AL, LIS DNTF &2 R . A LS REA R
5 DNTF R AW 7E B i ko8 b i A =20 A7, 1
WA LR A WY R 4 2 LR R DNTF A9 #E
S P BB 32 9 N — b R TR

H Aif DNTF [ 8 5875 &b F & e By B, 1 5 2 4 in
PP 2T DNTF B4 it B 1 52 ) LA, 78 DL AEAS T
T RIIUNE 3 o R T R O R % = O N g - &g 2
MIEMANALSWIIE FEMRNSE ., &8 LB A
1k ¥y 26 0T LLAT S04 #E DNTF 59 43 i, Horpr PbO W] i
DNTF 1) 43 fif i IR $2 1 60 °C 424 o i B A 1 Uk 3 Al

150

= AD ,

= organic compound
100 e inorganic nonmetal
a metal and metal oxide

50F

-Cu &
| cuogePo _ _ _ _ _ _______ Tt
O C0gz 5 AD
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Fig.5 Effects of the type of additives on the thermal decom-

position temperature of DNTF
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1A LY FN 4 s - BLBC A 9, 491 4 PBT . VSL .e-Cu 5§
WS IR AARL 6 DNTF 43 fif 1 42 2R 5 5 5 o B G, v
PBT #4 B} B J2& 6 DNTF /9 43 fff W B2 150 T 29 110 °C,
T2 AR K S bR LA B TR M AT B4 JE S M R
O o BB AR IE Y A SC B9 b DNTF HA 38K
SIS E TS = o o 7 i = 2 (1 O W DO I
DNTF 43 fif i) J7 kAN Ak T #R & B B, 8 ao A 4 )2 S 3
R SR 7 vk A BRI WF 5508 ), it TA 3 TA-Cu 2
B)ZREUE NS DNTF 9 2 i W IR A8 5 10 °CAE A -
3.4 NG5

253 65 ) 3 o LAY S B A A A AR A T R
IYNT B SG, B RE AR B A R SR OG 2R A i e T A 3
Bilt PRUZR , 5 RE A BRI R A28 /0N | G L 3 T AR 2 A X 34
KT 5 Z Ao TR, 5 BE MR AG 45 F 5 A 4 IR
M, K ZHALAE 2 Fh B 25 0, PRSP BB 1 A [) i
TE 53 fiff 3o 2 R A7 A b B ) (4 AR L 4 . TR G AR F T
SR IBI 22 I o A PN (3 R 7. o 1% e MO = I 8
SRR RRAE R R 1 LA R PR RE

B b 22 A0 51 AU Jn 30 R LR o e R A5 9 4
FTREAT BB B PR RE . LA B 3 S B BE AL R T R
FH B RE 05 A7 R0 AR HE R RL S iR USR], 2 DL B R
200 T O 1 4 TR R4 JE AR W 2 DL RO A T TR
A HLAE A 2ok 33X 3 Rl & BE M R T AR
YT, A & & BT R0 R R 2B 4R
4 8 E AL W 25 DL KA BILZS R RL Y AT 5 U A 3 R
INE , DA 2 e R4 53 Mgt 1) 2 2

% it S BB AL RE IO A ol B 4R L AR R RE Y
Ji vk BB 3F T, 0k A R PR 2 A A B
AbFR b 25 R AR AN BE U B RE AR AL, 2
PR Y05 AR LS B AR A ™ . 5 A 3E IR R
MRS BLIE S AL, 7E — 5 R B L AT ARG 7 RE AR A
B R H T I A s R AE D vk N B, DA
B AL FILAS B A 25 ) R 7 0 7 A D) A 2 9
1) 8 B 5, 465 A AR AT 5% & B0, (0 7 A e 1 o 288 o 5
ARG 8 4R B4 Ja AL Y A A B & (0 3
PEFE TR A G 2 b1 RL R 25 B& — 2 i R, B0
R AHLACPEBE , 35 R 4F 1y W AR SCR s S i B AT fE .
Bl i e g T S R R R R T LA 2% B RE A RE DY
AR S 2B B, R B AE 7 Gy it (R TR LA I B R
B R BB Y 1 I AR B TR B B M RE SRR, AT LA B
AN AR B 45 0 R A AR AR B RE A R AR Rk
FEBE 5 53 40 16 M 2 e M R Rl S L B A RL , 76
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BRI B KE 25 HMX 8 B 44 1 2 CL-20 Ak if
e AE 25 DNTF 2 H i & A8 A Rk G SOCHE x4,
AR SCHRAE A 1 3 2 B 5 BE A RL AT 1) AR 0 i A T
FEHE R A LR 458

(1)HMX . CL-20 1l DNTF 4B 5 A %5 5 114 % i 145
W RE A, 25 BAL A & BE A RE 1 3 b A Rk % BIL Ak Jak
JE AR E M RE Y AEAE R R A AR YR R ¢ g
i, AR A R S SR M DA 2 B0 RN A oK

(2)3 T & Be AR 50 i 1 B2 3 86 T C—NO, 3
N—NO, 8 i W72, B NO, 19415 21 I s , [+ st B il i %)
S AL NO, SR 23 7= AR s ZUAY A AL RN, 3 i HA
O3 i ) 2E— 25 s

(3)TESTHTRE 1 3 Fh &5 GE M4 L 3843 fift V8 A A1 56
IR B, BR 3 A0 & RE A RE B B 25 KR8 Pk 19 5% e A1 38 3k
A BRI I0ARE AR 7 AT L B HE B o A A A AT %0
o o 4 JE K 4 R E AR E AR B f A R Tl
il 3 b5 BB AR B ik W T 4R T 1~60 °C 5 AT HLAL
G W2 T3 3R RE AR IAER E M X B i
AL B 30 A T, AT 3 S BB A R Y AR o) M U TR A S
5~10 °C.

H Ay 3 Fi 780 5 G A4 R 4 BIF 5 AT A7 7E 7 22 AN B
ZA TS R F A ) A R R i & 1, T LA
T IUAS T T 5 2k BB 2 R 5T

QBB A N SR TN 2 8 1B L) A
T2 TR 3255 RE A RE Y 3 ik L BE AN 3 22 16
I AH K 22 J B 400 4 il 35 19 T8 s R E R R A I 24
FLELAR o fiff B A% H AT o 8 20 b . Rk, T A 2R
[ S0 ¥ a5 A e ik i RAE R 5 1A Ry
05 BE AR i AL BE R AT 0 5 SR B o

(2) FF A 5 3043 it A 1 590 A 350 3 ) 4% 0 Rz
WESE . & BB RL A W 0 302 R FH G R A 48 I B
FVRGEHEIE 1 0 T 2 BE M B 00 M 1 2 2 AN 34 5
P, A A 2 R o DA 3k B BEARL 08 40 A R . T
A U 0 3R S B e A RE SR 4 3 AT A L S
U A o B RE R

(3) JF J A7 5 #0oy fide 400 ol 300 19 8 31 il & Rz
WFoE . SREM B A B B & 2 A5 kAo i R )
JE I 2 0 AR A e 4 o T R R R AT DL2E
EREMOR I P il B NI A B b e ok . H
w3 A TR R S B A R 4 f U H T R

CHINESE JOURNAL OF ENERGETIC MATERIALS

R AR AR S TE BRI T J5 5, AT LAY R0 5 & RE AT R A £
TR AETERE . DL, ey ise o2 2 A K 0 figk 400 il 500 K 2
AR E L Z—

SE

[1] GAO Hai-xiang, SHREEVE ] N M. Azole-based energetic salts
[J]. Chemical Reviews, 2011, 111(11): 7377-7436.

[2] ZHANG Shi-jie, GAO Zhen-guo, LAN Di, et al. Recent ad-
vances in synthesis and properties of nitrated-pyrazoles based
energetic compounds[]]. Molecules, 2020, 25(15): 3475.

(3] H353, &, sk, 5. & B BHE 2 5% 15 AR i i Bk
B R[] ¥k, 2018, 47(5): 8-11.

MA Xiu-qing, JIN Lyu, ZHANG Ya-jun, et al. Application sta-
tus and development of continuous extrusion technology for
energetic materials[J]. Plastics, 2018, 47(5): 8-11.

[4] CAO Wen-li, TARIQ Q U N, LI Zhi-ming, et al. Recent ad-
vances on the nitrogen-rich 1,2,4-oxadiazole-azoles-based en-
ergetic materials [J]. Defence Technology, 2021, 18 (3) :
344-367.

(5] B EAR . R R A8 A1 0 O 2 5 B EHOR SR 5T D] Vi f T
2019(4): 300-301.

ZENG Sheng-hua. Development of civil blasting equipment
and exploration of blasting technology[J]. Jiangxi Chemical In-
dustry, 2019(4): 300-301.

[6] WANG Fu-ping, Du Gang-yan, Liu Xin-chi, et al. Molecular
dynamics application of cocrystal energetic materials: A re-
view[]]. Nanotechnology Reviews, 2022,11(1): 2141-2153.

[7] YAO Yu-yang, LIN Qiu-han, ZHOU Xin-li, et al. Recent re-
search on the synthesis pentazolate anion cyclo—NS’[J]. Fire-
PhysChem, 2021, 1(1): 33-45.

[8] ZHAO Kun, SHI Ya-meng, LI Hong-li, et al. Composite ener-
getic salt based on 3-nitramino-4-(1H-tetrazol-5-yl) furazan
[J]. Polyhedron, 2020, 192: 114810.

[9] ZHAO Xu, LI Zi-jian, ZHANG Jian-hu, et al. Regulating safe-
ty and energy release of energetic materials by manipulation of
molybdenum disulfide phase [J]. Chemical Engineering Jour-
nal, 2021, 411: 128603.

[10] LI Gang, ZHANG Chao-yang. Review of the molecular and
crystal correlations on sensitivities of energetic materials [J].
Journal of Hazardous Materials, 2020, 398: 122910.

[11] LI Hui, ZHANG Lei, PETRUTIK N, et al. Molecular and crys-
tal features of thermostable energetic materials: guidelines for
architecture of "bridged" compounds[]]. ACS Central Science,
2020, 6(1): 54-75.

[12] BN, R, skBRB. S Rep Rl R RS T F )], K2
fit, 2022, 45(4): 435-438.

XIAO Chuan, SONG Pu, ZHANG Mo-he. Some thoughts on
the development of energetic materials[)]. Chinese Journal of
Explosives & Propellants, 2022, 45(4): 435-438.

[13] HBHf, FMPET, IR, 4. RDX HMX B CL-20 fy 1A 1 o I
JEARAE BT se R ()], 5 REAT B, 2020, 28(9): 902-914.
GAO Chan, SUN Xiao-yu, LIANG Wen-tao, et al. Review on
phase transition of RDX, HMX and CL-20 crystals under high
temperature and high pressure[J]. Chinese Journal of Energetic
Materials (Hanneng Cailiao), 2020, 28(9): 902-914.

[14] YAN Ting-gou, MA Jin-chao, YANG Hong-wei, et al. Intro-

duction of energetic bis-1, 2, 4-triazoles bridges: A strategy to-

N XK 2023 % #3144 #1148 (1173-1196)



1192

EVYNESINS P NN I SN

[22]

[25]

wards advanced heat resistant explosives [J]. Chemical Engi-
neering Journal, 2022, 429: 132416.

LR HMXES @) 2 R OB SRR LD . i . shdbk
%, 2020.

WANG Lei. Study on the crystallization thermodynamics and
crystal morphology control of HMX[D]. Shanxi: North Univer-
sity of China, 2020.

PRoCug, JEJRI, AR S, AF . R R O T 5 vk i o A0 o
HMX B AR TP I [) ). & RERF L, 2018, 26(3): 260-266.

XU Wen-zheng, PANG Zhao-ying, WANG Jing-yu, et al. Ul-
trafine high quality HMX prepared by ultrasonic assisted spray
method and its crystal type control[J]. Chinese Journal of Ener-
getic Materials (Hanneng Cailiao), 2018, 26(3): 260-266.
GHOSH M, VENKATESAN V, MANDAVE S, et al. Probing
crystal growth of epsilon- and alpha-cl-20 polymorphs via
metastable phase transition using microscopy and vibrational
spectroscopy [J]. Crystal Growth & Design, 2014, 14(10) :
5053-5063.

JEl e, kAR, TR, AF L SEARCE B RE AL S A A B Y
(). & hEM KL, 2019, 27(8): 708-716.

ZHOU Jing, ZHANG Jun-lin, DING Li, et al. Progress in the
construction of cage - like skeleton energetic compounds []].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
2019, 27(8): 708-716.

BOLOTINA N B, HARDIE M J, SPEER R L, et al. Energetic ma-
terials: variable-temperature crystal structures of gamma- and
epsilon-HNIW polymorphs[]]. Journal of Applied Crystallogra-
phy, 2004, 37: 808-814.

EBE, EIE, BB, 4 CL-20 KL X GAP/AP/AI = fitg 4fi it 751
IABETERERY M ()], KM 2440, 2021, 44(3): 336-341.
WANG Ying, WANG Zheng-ming, ZHAO Yi, et al. Effect of
CL-20 particle size on combustion performances of GAP/AP/AI
high-energy propellants [J]. Chinese Journal of Explosives &
Propellants, 2021, 44(3): 336-341.

X, S, Bk, AF L 40K CL-20/AP 3 RE S G R T 1Y %
L HERERAED)]. &AL EL, 2018, 26(12): 1009-1013.

LIU Yan, AN Chong-wei, LUO Jin, et al. Preparation and
properties of nano CL-20/AP energetic composite particles[]].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
2018, 26(12): 1009-1013.

ZHANG Hong-lei, JIAO Qing-jie, ZHAO Wan-jun, et al. En-
hanced crystal stabilities of epsilon-CL-20 via core-shell struc-
tured energetic composites[]]. Applied Sciences-Basel, 2020,
10(8): 2663.

Wi, R—2, U], 55 CL-20 @A e—y SFIRAHAZ B 72 )],
KHEZFAR L 2018, 41(1): 77-81.

PAN Qing, ZHU Yi-sheng, WANG Ming, et al. Kinetics of &
—y isothermal phase transition of CL-20[J]. Chinese Journal of
Explosives & Propellants, 2018, 41(1): 77-81.

AR, BRGE , 5K, 4 DNTF R HARBFFEE R ()], 45 i
b, 2019, 48(4): 11-16+22.

ZOU Zheng-ping, ZHAO Feng-qi, Zhang Ming, et al. Re-
search progress of 3, 4-dinitrofurazanfuroxan performances
and its applications [J]. Explosive Materials, 2019, 48 (4) :
1T1-16+22.

JHEEK, skBb, BARE, 4.3, 4- 0k N R ST R I Y
RS0 ] KHEZ 244, 2005, (2): 43-46.

ZHOU Yan-shui, ZHANG Zhi-zhong, LI Jian-kang, et al.

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1173-1196)

[28]

[31]

—
w
N

—

[33]

[35]

[36

Sttt

Crystal structure of 3, 4-dinitrofurazanoxyfurazan[J]. Chinese
Journal of Explosives & Propellants, 2005, (2): 43-46.

ZHU Shuang-fei, YANG Wei, GAN Qiang, et al. Early ther-
mal decay of energetic hydrogen-and nitro-free furoxan com-
pounds: The case of DNTF and BTF [J]. Physical Chemistry
Chemical Physics, 2022, 24(3): 1520-1531.

ROAR, FAE], X EA7, % . 2,4-MDNI/DNTF Z e 454
i S YERED) ). S REALRL, 2022, 30(3): 228-235.

ZHU Jun-wu, WANG Lin-jian, LIU Yu-cun, et al. Preparation
and properties of 2,4-MDNI/DNTF binary eutectic[J]. Chinese
Journal of Energy Materials (Hanneng Cailiao) , 2022, 30(3):
228-235.

KOU Yong, SONG Xiao-lan, GUO Kai-ge, et al. New meth-
od to prepare the lowest eutectic mixture of MTNP/DNTF and
its properties[)J]. Combustion, Explosion, and Shock Waves,
2022, 58(1): 68-76.

BRI, FAE, X BEA . AR i B G W CL-20 IR 7 #F i
D] AL TR, 2007, (12): 1690-1694.

OU Yu-xiang, MENG Zheng, LIU Jin-quan. Review of the de-
velopment of application technologies of CL-20[]]. Chemical
Industry and Engineering Progress, 2007, (12): 1690-1694.
MR, sk, BRGR, SRR AR 3, 4- T SRR I
HE A vk IR PR BB K R AT WF 5T D)L S T2 4R, 2004, (2)
155-158.

HU Huan-xing, ZHANG Zhi-zhong, ZHAO Feng-qi, et al. A
study on the properties and application of high energy density
material DNTF[]]. Acta Armamentarii, 2004, (2): 155-158.
FooeE, B —ng, Eheig, & . BOM G4 KE 25 10 il & 5 v rg )]
ERekRL, 2021, 29(9): 781-789.

JU Rong-hui, LUO Yi-ming, WANG Xiao-feng, et al. Prepara-
tion and performance of BOM melt cast explosive[)]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2021, 29
(9): 781-789.

FEK, EMA, 2dhe, % .3, 400 (4 Rk i -37- 3% ) &4k
W R RAL S R g )] At 24, 2011, 69(14)
1673-1680.

ZHOU Yan-shui, WANG Bo-zhou, LI Jian-kang, et al. Study
on synthesis, characterization and properties of 3, 4-Bis(4'-ni-
trofurazano-3’-yl) furoxan[J]. Acta Chimica Sinica, 2011, 69
(14): 1673-1680.

BeRB AL, AR, SRR, S0 R0 A I B 4 5 A Xk An
HMXPERERYSE )], K HMEZG 240, 2019, 42(3): 262-267.
HOU Cong-hua, LI Cong-cong, ZHANG Shi-min, et al. Effect
of solvent crystal surface adsorption energy on the perfor-
mance of ultrafine HMX[]]. Chinese Journal of Explosives &
Propellants, 2019, 42(3): 262-267.

BT x4 B T N T-AR G R RE B K AR D). & RE A
#2017, 25(7): 530-532.

LU Ming. Understanding of energy level of total nitrogen anion
N, -nonmetallic salt[)]. Chinese Journal of Energetic Materials
(Hanneng Cailiao), 2017, 25(7): 530-532.

ZHAO Feng-qi, CHEN Pei, HU Rong-zu, et al. Thermochemi-
cal properties and non-isothermal decomposition reaction ki-
netics of 3, 4-dinitrofurazanfuroxan (DNTF) [J]. Journal of
Hazardous Materials. 2004, 113(1-3): 67-71.

Uit , AL, TR/NR, A HMX RS iR 3l ) 2 5 3 Ze A PEBIE5Y
[)J. &rfigtkl, 2011, 19(4): 396-400.

TANG Zhan, YANG Li, QIAO Xiao-jing, et al. Thermal de-

www.energetic-materials.org.cn



=l R RE R R R ) M R U BT 5T

1193

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

composition kinetics and thermal safety of HMX [J]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2011, 19
(4): 396-400.

RN FRL, BRI, AF L HLAER S I ) 9% 40K CL-20/TATB
e ke ] Jedi i i TR, 2018, 39(8): 146-151.
SONG Xiao-lan, WANG Yi, ZHAO Shan-shan, et al. Nano-
meter CL-20/TATB co-crystal fabricated by mechanical milling
methodology[J]. Journal of Ordnance Equipment Engineering,
2018, 39(8): 146-151.

EEGHE, DS, AT, % LT Kissinger J 5 1 3, 4-8
(- fiFf 1R W -3 -3 ) 464 1ok WY ) R 23 Ak 52 17 31 ) 2 2 BRI RS S8
RIS (LSO ], K IEZ24 4, 2016, 39(3): 58-60.

LI He-qun, AN Chong-wei, DU Meng-yuan, et al. Study on
kinetic parameters of thermal decomposition reaction and ther-
mal stability of 3, 4-bis(3-nitrofurazan-4-yl) furoxan based on
Kissinger method [J]. Chinese Journal of Explosives & Propel-
lants, 2016, 39(3): 58-60.

XUF-dm, XUH, S5 47, 4 RDXAHMX A # fi 11 43 fig HL 3
1. kK224, 2006, (4): 14-18.

LIU Zi-ru, LIU Yan, FAN Xi-ping, et al. Thermal decomposi-
tion of RDX and HMX explosives part Ill: mechanism of ther-
mal decomposition [J]. Chinese Journal of Explosives and Ex-
plosives, 2006, (4): 14-18.

K1, AR L TR SO CL-20 #4431 43 F 3l ) 2B
U BT 5% 7Y, 2021, 38(6): 92-102.

ZHANG Li, LI Chao-wei. ReaxFF reactive molecular dynamics
simulations on the density-dependent thermal decomposition
mechanisms of gas phase CL-20 at high temperature[]]. Jour-
nal of Atomic and Molecular Physics, 2021, 38(6): 92-102.
ISAYEV O, GORB L, QASIM M, et al. Ab initio molecular dy-
namics study on the initial chemical events in nitramines: ther-
mal decomposition of CL-20[]]. The Journal of Physical Chem-
istry B, 2008, 112(35): 11005-11013.

OKOVYTYY S, KHOLOD Y, QASIM M, et al. The mecha-
nism of unimolecular decomposition of 2, 4, 6, 8, 10,
12-hexanitro-2,4,6,8,10, 12-hexaazaisowurtzitane. a compu-
tational DFT study [J]. The Journal of Physical Chemistry A,
2005, 109(12): 2964-2970.

REN Chun-xing, LI Xiao-xia, GUO Li. Reaction mechanisms
in the thermal decomposition of CL-20 revealed by ReaxFF mo-
lecular dynamics simulations [J]. Acta Physico-Chimica Sini-
ca, 2018, 34(10): 1151-1162.

NAIK N H, GORE G M, GANDHE B R, et al. Studies on ther-
mal decomposition mechanism of CL-20 by pyrolysis gas chro-
matography - mass spectrometry (Py-GC/MS) [J]. Journal of
Hazardous Materials, 2008, 159(2-3): 630-635.

R, AR R, Eweer, 45 . Wit 4 (HMX) M T-Jump/FTIR
P A2 AT 5 [)]. fe% 240, 2010, 68(12): 1193-1198.
REN Xiao-ning, SHAO Ying-hui, WANG Xiao-hong, et al. An
investigation on the flash pyrolysis process of octahydro-1,3,5,
7-tetranitro-1, 3, 5, 7-tetrazocine (HMX) by T-Jump/FTIR spec-
troscopylJ].Acta Chimica Sinica,2010,68(12):1193-1198.
EmeLr, kA, WUIA, S T-Jump/FTIR B 2 AR BF5E CL-20
BRI SEHLERL) ] [ AR K ff AR, 2010, 33(6): 675-679.
WANG Xiao-hong, ZHANG Gao, XIE Ming-zhao, et al. Inves-
tigation on thermal decomposition of CL-20 by T-Jump/FTIR
[J]. Journal of Solid Rocket Technology, 2010, 33 (6) :
675-679.

CHINESE JOURNAL OF ENERGETIC MATERIALS

[48]

[49]

[51]

[57]

e

KU, E, ZMe, A5 TRELE A HMX K 2y BE 2R AR #0 ifg
S TR ST T [ C 1/ I TR BT 5 e Ak TR RHIE 5 9T 2005
AETFAR SR RAR 2R OCHR L 2005 28-31.

LIU Xue-yong, WANG Li, JIANG Yan, et al. Effect of heating
rate on thermal decomposition of HMX in condensed state
[C]// Proceedings of 2005 Youth Academic Conference, Insti-
tute of Chemical Materials, Chinese Academy of Engineering
Physics. 2005: 28-31.

PATIL D G, BRILL T B. Thermal decomposition of energetic
materials 53. Kinetics and mechanism of thermolysis of hexani-
trohexazaisowurtzitane [ )]. Combustion and flame, 1991, 87
(2): 145-151.

XSE, E W, Bk, A R LD OL RS W 5T T i R
X HMX K 25 #8003 fig o B st [ ], a3 2 5 063% 43 #r, 2007
(10):1951-1954.

LIU Xue-yong, WANG Lin, ZHENG Min-xia, et al. Study on
effect of heating rate on thermal decomposition of HMX ener-
getic materials by in-situ diffuse reflection FTIR spectrum [J].
Spectroscopy and Spectral Analysis, 2007(10): 1951-1954.
M, WIS, LWL, S DNTF L0 80 #4 53 i 2l ) T bl R
[)]. &8ekbkE, 2022, 30(6): 604-610.

NAN Hai, PAN Qing, JIANG Fan, et al. Thermal decomposi-
tion kinetics and mechanism of DNTF by in situ infrared tech-
nology [J1. Chinese Journal of Energetic Materials (Hanneng
Cailiao), 2022, 30(6): 604-610.

O EE, ORWR, N, A3, 4T kR A Ak
(DNTF) /% % BE &7 pR BRI BF 52 (T2 30) [)]. K KEZG 544, 2006,
(3): 43-46.

MA Hai-xia, SONG Ji-rong, XIAO He-ming, et al. Density
functional theoretical investigation on 3, 4-dinitrofurazanoxy-
furazan (DNTF) [J]. Chinese Journal of Explosives & Propel-
lants, 2006, (3): 43—-46.

fEBET, K70, FBRL, % . T-Jump/FTIR AR A5 3, 4- 1
L TR TFT R SR A vk e e R R AR [) ] W B 22 22 4, 2010, 26
(3): 547-551.

REN Xiao-ning, LIU Zi-ru, WANG Xiao-hong, et al. Investiga-
tion on the flash thermolysis of 3, 4-dinitrofurazan-furoxan by
T-Jump/FTIR spectroscopy [J].
2010, 26(3): 547-551.

KB AR BT EOR RO RS LD ). st L st TR
%, 2015.

LIU Rui. Dynamic pressure-measuring thermal analysis tech-

Acta Physico-Chimica Sinica,

nique and applications[D]. Beijing: Beijing Institute of Tech-
nology, 2015.

BARI R, KOH Y P, MCKENNA G B, et al. Decomposition of
HMX in solid and liquid states under nanoconfinement [J].
Thermochimica Acta, 2020, 686: 178542.

FATHOLLAHI M, POURMORTAZAVI S M, HOSSEINI S G.
Particle size effects on thermal decomposition of energetic ma-
terial[)]. Journal of Energetic Materials, 2007, 26(1): 52-69.
TERE, XA, B, . o/ B-HMX IR A DL EE R84 fif o
AEL)]. K KEZ52% 4, 2015, 38(1): 30-32.

WANG Yu-jiao, LIU Jie, YANG Qing, et al. Mechanical sensi-
tivities and thermal decomposition properties of HMX a/B-poly-
morph mixtures [J].
lants, 2015, 38(1): 30-32.

s, BREE, BRI, &5 EB AR A A B X HMX B i
REMSZIA ()], K XE25254, 2019, 42(4): 346-351.

Chinese Journal of Explosives & Propel-

2023 % #3144 #1148 (1173-1196)



1194

EVYNESINS P NN I SN

[58]

[59]

[61]

[63]

[66]

[68]

ZHANG Ting, GUO Yu, LI et al. Effect of
nitrogen-doped graphene oxide on thermal decomposition of
HMX[J]. Chinese Journal of Explosives & Propellants, 2019,
42(4): 346-351.

BOt R, ARIBIR, IR, S5 BRY8K A X HMX B 1T Y
L)) KHEZ52E4E, 2012, 35(6): 55-57.

ZENG Gui-yu, LIN Cong-mei, ZHOU Jian-hua, et al. Influ-
ences of carbon nanotubes on the thermal decomposition be-
havior of HMX [J].
lants, 2012, 35(6): 55-57.

CUI Qing-zhong, LI Han-jian, REN Hui, et al. Synthesis of
HMX/SiO, nanoenergetic composite and application in igni-
tion chargelJ]. Ferroelectrics, 2019, 549(1): 283-295.

LI Rui, WANG Jun, SHEN Jin-peng, et al. Preparation and

characterization of insensitive HMX/graphene oxide compos-

Yao-yao,

Chinese Journal of Explosives & Propel-

ites[)]. Propellants, Explosives, Pyrotechnics, 2013, 38(6) :
798-804.

PRZEE, JuAB W, RUIZ, S5 G0k aT R X HMX B $853 fi 1
AE M A S il 3l 7 2% 2 B R e (35 30) ()], [ 4R R 3R
2019, 42(2): 186-191.

GENG Xiao-heng, FAN Chuan-gang, SONG Ming-zhi, et al.
Effect of nano-combustible agents on thermal decomposition
properties of HMX [J]. Journal of Solid Rocket Technology,
2019, 42(2): 186-191.

Jivh, TR, BRI, % . CoFe,0,/g-C,N, AT HMX Hil TKX-50 Ay
HEAe o RV ). FREM A, 2022, 30(7): 703-709.

WAN Chong, WANG Chen, CHEN Su-hang, et al. Catalytic
effect of CoFe,O,/g - C;N, on decompositions properties of
HMX and TKX - 50 [J]. Chinese Journal of Energy Materials
(Hanneng Cailiao), 2022, 30(7): 703=709.

ZHANG Ting, LI Jia-chen, QIN Zhao, et al. Doping hematite
with bismuth to enhance its catalytic and oxidizing properties
[J]. Chemical Engineering Journal, 2021, 421: 129436.
ELBASUNEY S, YEHIA M, HAMED A, et al. Synergistic cata-
lytic effect of thermite nanoparticles on HMX thermal decom-
position[J]. Journal of Inorganic and Organometallic Polymers
and Materials, 2021, 31(6): 2293-2305.

RIS, SRR, R . A2 A i HMX/Cu B 5ok 1 R
AN REFERIE L) ] SR T2, 2014, 35(1): 35-41.
XIONG Lang-lu, GUO Xiao-de, LI Feng-sheng. Preparation of
HMX/Cu composite particles by electroless plating method
and their thermal decomposition characteristics[J]. Acta Arma-
mentarii, 2014, 35(1): 35-41.

WANG Jing-jing, WANG Wei-min, WANG Jing-hua, et al. In
situ synthesis of MgWO4-GO nanocomposites and their cata-
lytic effect on the thermal decomposition of HMX, RDX and
AP[J]. Carbon Letters, 2020, 30(4): 425-434.

ZHANG Ting, GUO Yu, LI Cui-cui, et al. The effect of La-
FeO,@Mn0O, on the thermal behavior of energetic com-
pounds: An efficient catalyst with core-shell structure[]]. Ad-
vanced Powder Technology, 2020, 31(11): 4510-4516.
ELBASUNEY S, EL-SAYYAD G S. The potentials of TiO (2)
nanocatalyst on HMX thermolysis [J]. Journal of Materials
Science-Materials in Electronics, 2020,31(17):14930-14940.
ZHU Qing, XIAO Chun, XIE Xiao, et al. Thermal decomposi-
tion enhancement of HMX by bonding with TiO, nanoparticles
[J]. Propellants Explosives Pyrotechnics, 2019, 44 (4) :
438-446.

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1173-1196)

[70]

[72]

[78]

Sttt

SRESFE, W, WL . RN DR L FRE I R S R X
HMX B2 it 1932 W B 52 [) ). 1D PG 27 2 4l C A AR B4 1D
2020, 43(2): 321-327.

ZHANG He-dan, WEI Zhi-xian, CAO Xue-fang. Synthesis of a
series of coordination compounds based on tetrazole-1-acetic-
acid and effect on HMX thermal decomposition[J]. Journal of
Shanxi University Natural Science Edition, 2020, 43 (2) :
321-327.

ZHANG Ya-jun, BAl Yang, LI Ji-zhen, et al. Energetic nitrocel-
lulose coating: effective way to decrease sensitivity and modi-
fy surface property of HMX particles [J]. Journal of Energetic
Materials, 2019, 37(2): 212-221.

XA, EEAE, X EAE, 5 HMX/ANPZO 3t G 25 19 6 55 &
FAEL)]. KHEZ2#4T, 2017, 40(2): 47-51,56.

LIU Hao-nan, WANG Jian-hua, LIU yu-cun, et al. Prepara-
tion and characterization of HMX/ANPZO cocrystal explosives
[J]. Chinese Journal of Explosives & Propellants, 2017, 40
(2): 47-51,56.

GUO Wan-xiao, LI Yan-ning, XIAO Wei, et al. Mechanism of
two typical binders BR and F2604 on thermal decomposition
of HMX[J]. ACS omega, 2021, 6(3): 2025-2033.

ZHANG Shi-jie, GAO Zheng-guo, JIA Qian, et al. Fabrication
modified HMX@PANI

core-shell composites with enhanced thermal properties and

and characterization of surface
desensitization via in situ polymerization [J]. Applied Surface
Science, 2020, 515: 146042.

LI Yue-xin, XU Wen-zheng, GUO Feng-wei, et al. Prepara-
tion and characterization of PANI surface modified HMX/
F2602 microcapsule composites []].
Pyrotechnics, 2022: €202200084.
SONG Nai-meng, YANG Li, LIU Ping-an. Preparation of mi-
crospherical Ph-Fe/RDX (HMX) composite particles and their

Propellants, Explosives,

thermal decomposition behaviors [J].
Pyrotechnics, 2021, 46(5): 690-696.
WEI Zhi-xian, XU Yan-ging, LIU Hai-yan, et al. Preparation

Propellants Explosives

and catalytic activities of LaFeO, and Fe,O, for HMX thermal
decomposition[ﬂ. Journal of Hazardous Materials, 2009, 165
(1-3): 1056-1061.

M, B, MR, S HMX/TIO & & UKL T 4 K T 12 i 4 W]
W AR ()] SR kL, 2017, 25(12): 1046-1050.

XIAO Chun, ZHU Qing, XIE Xiao, etc. Preparation of HMX/
TiO, composite and its reversible wettability [J]. Chinese Jour-
nal of Energetic Materials (Hanneng Cailiao) , 2017, 25(12):
1046-1050.

BEHE, INAS, RINR, 25 . HMX X B— 8 fh B 55 78 BF 5% ke [) .
PrHEM R, 2008, 16(6): 753-757.

XUE Chao, SUN Jie, SONG Gong-bao, et al. Research prog-
ress of B—& transition of HMX[J]. Chinese Journal of Energetic
Materials (Hanneng Cailiao), 2008, 16(6): 753-757.
Wk, RRU, T2, B ORARFALE XS s-HNIW U )52 10
D], KHEZj 23R, 2013, 36(1): 29-33.

GUO Xue-yong, JIANG Xia-bing, YU Lan, et al. Effect of par-
ticle size and morphology on sensitivity of e-HNIW [J]. Chi-
nese Journal of Explosives & Propellants, 2013,36(1): 29-33.
WANG Dun-ju, GAO Bing, YANG Guang-cheng, et al. Prep-
aration of CL-20 explosive nanoparticles and their thermal de-
composition property [J]. Journal of Nanomaterials, 2016:
5462097.

www.energetic-materials.org.cn



=l R RE R R R ) M R U BT 5T

1195

[82] NEDELKO V V, CHUKANOV N V, RAEVSKII A V, et al. Com-
parative investigation of thermal decomposition of various
modifications of hexanitrohexaazaisowurtzitane (CL-20) [J].
Propellants Explosives Pyrotechnics, 2000, 25(5): 255-259.

[83] BiEE, UM, WK, % . =4 T RAL-M LIRS CL-20 #1443

fipPERE R RZ R [ C1//2014” (75 ) 5 BE B 15 Bl o 25 HoR 2
ARBFF 218304 . 2014 286-289.
CHEN Jin, HE Si-min, QIAO Zhi-qgiang, et al. The effect of
three-dimensional hierarchically ordered macro-mesoporous
carbon on the thermal decomposition of CL-20[C]//Proceed-
ings of 2014’ (6th) Symposium on Energetic Materials and In-
sensitive Ammunition Technology. 2014: 286-289.

[84] ZHANG Ting, GUO Yu, LI Jia-chen, et al. High catalytic ac-
tivity of nitrogen-doped graphene on the thermal decomposi-
tion of CL-20[J]. Propellants Explosives Pyrotechnics, 2018,
43(12): 1263-1269.

[85] #tE, UG/, K . 11 /Estane5703 & 4 4l R AL B CL-20

MBFEL) ). S REARE, 2017, 25(4): 321-325.
WEI Hua, JIAO Qing-jie, GUO Xue-yong. Desensitizing tech-
nology of CL-20 by coating wax and Estane5703[J]. Chinese
Journal of Energetic Materials (Hanneng Cailiao) , 2017, 25
(4):321-325.

[86] MAO Xiao-xiang, LI Yan-chun, LI Yi-fan, et al. Thermal prop-
erties of decomposition and explosion for CL-20 and CL-20/
n-AllJ]. Journal of Energetic Materials, 2020, 38(1): 98-110.

[87] M7 yr, AR, T3l , 4. 40k = Al &  FRAE S Xt oS

T JE 7S AU A S 2 e B i i 32 [ ], JE LAk 222241, 2015,
31(10): 1959-1965.
ZHAO Ning-ning, HE Cui-cui, WANG Tong, et al. Nano-WO,:
Preparation, characterization and effect on thermal decomposi-
tion of hexanitrohexaazaisowurtzitane [J]. Chinese Journal of
Inorganic Chemistry,2015,31(10):1959-1965.

[88] SONG Xiao-lan, WANG Yi, LIU Shuang, et al. Preparation of
metallic amorphous Al/Ti spherical particles and their catalysis
effects on the thermal decomposition of high explosives|]]. Rare
Metal Materials and Engineering, 2021, 50(4): 1210-1217.

[89] Z R, IE, FRAR, & R ZnCo,0, Wil # L X AP HI
CL-20 AT AR ] 5 RERRE, 2020, 28(6): 544-551.
Ll Yao-yao, ZHANG Ting, LI Cui-cui, et al. Preparation of Zn-
Co,0, with honeycomb morphology and the effect on the ther-
mal decomposition of AP and CL-20[]]. Chinese Journal of En-
ergetic Materials (Hanneng Cailiao), 2020, 28(6): 544-551.

[90] gki, AR, F i, 5. =2 A AL B/ B I 0 byl K HC %

CL-20 iy 53 fift P RE B9 52 M (3 3C) [) ). 9y B AL 27 2 41, 2020,
36(6): 53-61.
ZHANG Ting, LI Cui-cui, WANG Wei, et al. Construction of
three-dimensional hematite/graphene with effective catalytic
activity for the thermal decomposition of CL-20 [J]. Acta
Physico-Chimica Sinica, 2020, 36(6): 53-61.

[91] ZHANG Ting, LI Yao-yao, WANG Wei, et al. Directional as-
sembly of flowerlike maghemite on graphene and its catalytic
activity for the thermal decomposition of CL-20[J]. Ceramics
International, 2019, 45(16): 20606—-20612.

[92] WANG Ying-lei, AN Ting, YAN Ning, et al. Nanochromates
MCr,0,(M=Co, Ni, Cu, Zn): Preparation, characterization,
and catalytic activity on the thermal decomposition of fine AP
and CL-20[]]. ACS Omega, 2020, 5(1): 327-333.

[93] ZHAO Feng-qi, WANG Ying-lei, JI Yue-ping, et al. Prepara-

CHINESE JOURNAL OF ENERGETIC MATERIALS

tion of nanometer NiCr,0, and its catalytic action [J]. Rare
Metal Materials and Engineering, 2015, 44(12): 3069-3072.

[94] CHEN Chao, LI Hui, YI Jian-hua, et al. Two novel heterobi-
metallic metal-organic frameworks for the enhanced catalytic
thermolysis and laser ignition of CL-20 [J]. Materials Today
Chemistry, 2022, 23: 100676.

[95] i, 225, 36004, % . GAP-HDI/CL-20 44K & £ & AE A4 R Y

il # RAE R EI S R R )] KHE 25274, 2018, 41(3)
243-249.
CHEN Teng, LI Qiang, GUO Shuang-feng, et al. Preparation,
characterization and thermal decomposition behavior of
GAP-HDI/CL-20 nano-composite energetic materials [J]. Chi-
nese Journal of Explosives & Propellants, 2018, 41 (3) :
243-249.

[96] JE/=ME, & E5%, fKif, % . CL-20/HATO & & W 1y il & &AL

FPERED)]. &gk R, 2018, 26(10): 850-855.
QU Chen-xi, GE Zhong-xue, ZHANG Min, et al. Prepara-
tion, characterization and properties of CL-20/HATO compos-
ite[J]. Chinese Journal of Energetic Materials (Hanneng Cail-
iao), 2018, 26(10): 850-855.

[97] SONG Chang-gui, LI Xiao-dong, YANG Yue, et al. Formation
and characterization of core-shell CL-20/TNT composite pre-
pared by spray-drying technique [J]. Defence Technology,
2021, 17(6): 1936-1943.

(98] FhHER, JRAIEE, AR, 45 . CL-20/DMMD & i 25 19 il 5

HRIED]. FReM k. 2021, 29(9): 790-797.
SUN Kang-bo, ZHANG Shu-hai, HAO Yong-ping, et al. Prep-
aration and characterization of CL-20/DMMD co-crystal explo-
sive[J]. Chinese Journal of Energetic Materials (Hanneng Cail-
iao), 2021, 29(9): 790-797.

[99] SONG Nai-meng, YANG Li, HAN Ji-min, et al. Catalytic
study on thermal decomposition of Cu-en/(AP, CL-20, RDX
and HMX) composite microspheres prepared by spray drying
[J]. New Journal of Chemistry, 2018, 42(23): 19062-19069.

[100] YANG Zhi-jian, DING Ling, WU Peng, et al. Fabrication of
RDX, HMX and CL-20 based microcapsules via in situ polym-
erization of melamine-formaldehyde resins with reduced sensi-
tivity[J]. Chemical Engineering Journal, 2015, 268: 60-66.

[101] LI Hai-bo, ZHANG Wei-jing, WEI Zheng-he, et al. Novel im-
idazole derivative complexes that catalyze the thermal decom-
position of AP, CL-20, and BNFFOL[J]. European Journal of In-
organic Chemistry, 2022, (13): e202200008.

[102] ATAMANOV M, LYU Jie-yao, CHEN Shu-wen, et al. Prepara-
tion of CNTs coated with polydopamine-Ni complexes and
their catalytic effects on the decomposition of CL-20[]]. ACS
Omega, 2021, 6(35): 22866-22875.

[103] P08, FEI AT, SBIEA . 9K AR RIS &-CL-20 i B 5% 7% (19 52 )
[J]. = T2, 2017, 38(S1): 220-225.

SUN Lu, YAN Shi, JIAO Qing-jie. Effect of nano-combustible
fuels on &-CL-20 crystal transition[J]. Acta Armamendorii Sini-
ca, 2017, 38(S1): 220-225.

[104] #R &0, M, X0, 5. HTPB JE K 45 /K R h &-CL-20 119 i B
EASRUAEL)]. A RER AL, 2015, 23(2): 113-119,
XU Jin-jiang, PU Liu, LIU Yu, et al. Polymorphic transforma-
tion of e-CL-20 in different HTPB-based composite systems[])].
Chinese Journal of Energetic Materials (Hanneng Cailiao) ,
2015, 23(2): 113-119.

(105 HLHaJe, T2, YEME, 45 . 3, 4- A 3 0k 0F 3 AL Wk 0 (DNTF)

N XK 2023 % #3144 #1148 (1173-1196)



1196

EVYNESINS P NN I SN

& A B 0 22 4 PR % A UG ()] % s SR AR, 2022, 19
(2): 66-71.
ZHU Yan-long, DING Li, WANG Hui, et al. Safety and life
prediction of 3, 4-dinitrofurazanfuroxan (DNTF) in the aging
process[J]. Equipment Environmental Engineering, 2022, 19
(2): 66-71.

[106] @y, £, XVEM, 55 . 220X DNTF K 2y #4225 H: 10 52w iF
FEL)]. KT, 2015(6): 37-39.

GAO Jie, WANG Hao, LIU Rui-peng, et al. Influence of impu-
rities on the thermal stability of DNTF[J]. Initiators & Pyrotech-
nics, 2015(6): 37-39.

(107 M4EWe T, VLT, BIFRME, 55 . 37 AL 58 i % 2 A4 B DNTF (i #4

o], KHEZGAE 4, 2006, (2): 33-36.
REN Xiao-ning, WANG Jiang-ning, YIN Cui-mei, et al. Ther-
mal decomposition characteristics of a novel high energy den-
sity material DNTF[J]. Chinese Journal of Explosives & Propel-
lants, 2006, (2): 33-36.

[108] ¥ AKEE, W —n5, H73E, 4F . 4% 4 Hh fif A5 XT DNTF K25 247

fift K K A% RN RE PR B R ()], BE B RE, 2020, 28(5) :
470-474.
JIANG Qiu-li, LUO Yi-ming, YANG Fei, et al. Influence of
lead and copper salt catalysts on the thermal decomposition
and cook-off responses of DNTF[J]. Chinese Journal of Ener-
getic Materials (Hanneng Cailiao), 2020, 28(5): 470-474.

[109] 4= #F5E, MSCH), w28, 45 . DNTF 5 ML bR 4 7k A0 BAE
FIRRFEL)]. B K E A, 2021, 44(5): 614-621.

NIU Shi-yao, QU Wen-gang, GAO Hong-xu, et al. Interac-
tions between DNTF and vaseline mixed system[]]. Journal of
Solid Rocket Technology, 2021, 44(5): 614-621.

[T10] sk, Mz, X700, 4% PBT 5 i fig S AL i AR A5 1T Y

HOMTIEWIFEL)]. S BebI AL, 2009, 17(6): 668-673.
ZHANG La-ying, HENG Shu-yun, LIU Zi-ru, et al. Interac-
tions of PBT with some high energy oxidizers by thermal analy-
sis[J]. Chinese Journal of Energetic Materials (Hanneng Cail-
iao), 2009, 17(6): 668-673.

[T ] ¥, WA, MR, 5 . DNTF/HATO R & 1k R % 2 0 T3

T )L SRR RE, 2019, 27(11): 897-901.
WANG Hao, GAO Jie, TAO Jun, et al. Safety performances
and molecular dynamics simulation of DNTF/HATO [J]. Chi-
nese Journal of Energetic Materials (Hanneng Cailiao) , 2019,
27(11): 897-901.

[112] LAN Guan-chao, ZHANG Guang-yuan, CHAO Hui, et al.
Ameliorating the performances of 3, 4-bis (4'-nitrofuraza-
no-3’-yl) furoxan (DNTF) by establishing tannic acid (TA) in-
terface layer on DNTF surface[J]. Chemical Engineering Jour-
nal, 2022, 434: 134513.

(113] Wh2=tp, FAR2 %, MR, 5. 90K DNTF R 2T & M2 1Y

BRI ENER )], KT, 2014, (4): 47-49.
YAO Li-na, WANG Cai-ling, DAI Zhi-xin, et al. Influence of
nano-aluminum on the explosion heat and thermal stability of
DNTF pressed mixed explosives[)]. Initiators & Pyrotechnics,
2014, (4): 47-49.

[114] /s, F48, £K5, % . DNAN/DNTF —Jedya ¥y /e Rl
PRORICR 122 A PEWESEL) ). SRRk AR 44, 2021, 50(3): 35-39.
GAO Jie, WANG Hong-xing, JIN Da-yong, et al. Safety of
DNAN/DNTF binary eutectic under thermal stimulation and
mechanical stimulation[])]. Explosive Materials, 2021, 50(3):
35-39.

Review in the Regulation of Thermal Decomposition Characteristics of Three Typical Energetic Materials

WANG Xiao-long', JU Rong-hui'’, ZHANG Yao-yuan', WU Qin', SHI Da-xin', CHEN Kang-cheng', LI Han-sheng'

(1. School of Chemistry and Chemical Engineering, Beijing Institute of Technology, Beijing 100081, China; 2. Xi'an Modern Chemistry Research Institute,
Xi'an 710065, China)

Abstract: Energetic materials are of great strategic value in both national defense and civil application. The thermal decomposi-
tion characteristics are one of the most important characteristics directly related to the effective application of energetic materials.
It is of great significance to clarify the thermal decomposition behavior and mechanism of energetic materials for further improv-
ing the thermal decomposition efficiency and inhibiting their unstable decomposition. Three typical energetic materials, cyclo-
tetramethylene tetranitramine (HMX) , hexanitrohexaazaisowurtzitane (CL-20) and 3, 4-dinitrofurazanofuroxan (DNTF) , were
studied. The basic physical and chemical properties related to the thermal decomposition characteristics were present, and the
thermal decomposition behavior and mechanism were summarized, with emphasis on the structural characteristics of materials
and the types of additives that influence the thermal decomposition. It is found that the removal of nitro group is the key step in the
thermal decomposition, and the metallic materials rich in active sites and organic complexes with abundant active groups tend to
interact with nitro groups to accelerate the thermal decomposition process. Inorganic non-metallic materials can also contribute to
the decomposition behavior due to the large specific surface area and excellent gas diffusion ability. Three methods, including eu-
tectic, coating and adding desensitizing agent, are widely used to improve the thermal stability of these three energetic materials.
Based on the research of the thermal decomposition mechanism, the design and development of thermal decomposition accelera-
tors and inhibitors can be carried out, which will effectively promote the innovative development of thermal application of ener-
getic materials and become the focus of future research on the thermal decomposition characteristics of energetic materials.
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