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Sigma-Aldrich Co; % 8 — ¢ ik (DOS) , 4 £ K T
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TR A A3 BR 23 ] .
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N H) 5 STA449 F5 L[] 20 4 43 B A, 18 1= it 3t 28 /) 5
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F); Q800 B MU /3 HT AL (DMA) , FEE TA A+ .
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HMX@A1160 1 il & : H AL T2 2 503 WU
o Bl 5% E K/ OBER G (v/iv=19:1) B FRIR
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IR YIS B S K RO ZR R R I TR AL
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Fig.1 Preparation flowchart of HMX@A1130 composites
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JIR AR I AR AT 38 ST BURE T e B 1 4 22 ) 24 B (A 44 S 2
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Table 1 Abbreviation of propellant samples

abbreviation  crystal filler abbreviation  crystal filler

TI1 HMX T qy-HMX
TI2 HMX@A1130 |/ T2 qy-HMX@A1130
T13 HMX@A1160 |/ T3 qy-HMX@A1160

1.3 MHEERI1E

K FH SEM/EDS X &E bt 4 75 109 52 A M 8 4708 5
W5 T 2 181 0 2 A0 A, M R 5 kv, T e R A
I E AT M85 45 &b B 5 fdi B XRD . XPS . AFM 2 ATR-FTIR ]
TR R S AT 25 R SR AE

{ili FH DSC-TG X H A BB HEAT 201, IR i 0 it
(0.4+0.05) mg,JE5#k 0.1 MPa, i JE £ 50~500 °C,
SAH R A R, SRR N 50 mLeminT!, R
FH10 K-min™',

SR FH EL - 7 A 3 0 AL 00 3 T A A 2 7 ) e S ) 2
P RE , KI5 GB/T 528-2009 2 A il £ W 4% A3 K |, &
FE=50 °C.20 CH170 °C 3R A ,10,100 mm-mm™
J 500 mme-mm™" 3Fr A I EeE R TR
R ORI 40 min, 4T 3 R & LI A bR 2, LU
PR ZE L AT SR R HE R A2 30 mmX5 mmX5 mm
AR T RRE |, SR 2l 2 FAHL AR 2 A 430 3K, ROE: R e
H ORI 5 wm, f=1 Hz, ¥ 52 IR X 8] -100~60 °C, F+
RN 2 °Comin”',
1.4 #EUHR

K Material Studio # 4 # # HMX (0 1 1) 3£
I \HTPB 43+ R ot 43 b 5 T A5 Y 3 b 5 — 1
SRR A A RE .
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2 OR[FERHS & A MR SEM/EDS EME . (a) (b) HMX J2 A iR SR K 19 SEM L5 (¢) () HMX@AT1130 K H T H 4311 5 (e) &
IK/TC K 20TV W 7 1 HMX R 5 () HMX@AT1160 f R SEM [ K Hiot 2 43 1 [ 5 (g) (h) qy-HMX; (i) qy-HMX@A1130; (j)

qy-HMX@A1160

Fig.2 SEM/EDS images of different raw materials and composites. (a) (b) SEM images of HMX and amplification, (c) (d)

HMX@A1130 and its element distribution, (e) HMX in ammonia/anhydrous ethanol solution, (f) SEM image and element distri-
bution of HMX@A1160, (g)(h) qy-HMX, (i) qy-HMX@A1130, (j) qy-HMX@A1160

O1si|! N1s
HMX@A1160 2 . Lt sz
- L Ll @ g — s [ HMX@A1160 :LL‘L“*‘ Si2p
5 5 [HMX@A z | R N
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Ll e I A e
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3 HMX.HMX@A1130 X HMX@A1160 [ 2% 44 F1 2 5 23 A

Fig.3 Structure and composition analysis of HMX, HMX@A1130 and HMX@A1160
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O. 54 HMX AR 2, f Be otk i HMX 3% & 3 231
T SiJLE M 2p F1 2s il .

itk — 2 4 R B A AR 25 A A S X HMX
HEAMBEC 15,0 1s AN 1s X385 5 &5 43 9F XPS iF
oA (B 4)  BES B C 15 N 15,0 Ts [T Si 2p L E
FEWL 2. Bt HMX R Y C/N H HMX R T 19 C/N
L UL RE AR A T HMX R T AT 7 et . X TR
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BEHMX, 76 C 1s 35 & b W %2 2] T 1L 287.8 eV Al
284.8 eV 2y O B R AN I, 43 3 % T N—C—N Al
C—C(5# C—H). N 1silHJE F—NO,(407.0 eV)
AC—N—NO,(401.5 eV) . 7 533.2 eV &b 7] W22 5|
O TsWen I #IA H—NO,. Zi b, HMX Fr A 19 4
g5 5 M o SOk iR A R G e — B X
HMX@AT1130 Z 44k, C 15 N 1s F1 O 1s %% [\ i}
T HMX FTAT130 BYHRFAE : C 1s K5 B 3 A4~ 0 20
B, 43 5 VA JE F HMX i N—C—N .C—H FlH & T
AT130 8 C—NH,(286.7 eV), N 1sH 441§, #KIK
H—NO, . —NH, , C—N—C fil C—NH—C. O 1si
N Lk
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4 HMX AR RL Bt HMX OB A C1s (NTs 1 OTs X IR 14 25 43 3 XPS 43T il £&

Fig.4 High-resolution XPS analysis curves of C1s, N1s and O1s regions of HMX and corresponding modified HMX powders

T2 HMX K E SRR TE IG R W E A8 T HMX BI—NO,(533.2 eV)4h , b L TR T
Table 2 Surface element concentration of HMX and com- AT130 /K fift 35 B 5 (19 Si— O—Si, { F 532.0 eV. 7

posites - TS
HMX@AT1160 & & # Ry B3, XPS TR B AR 5
I Cls/% Nl1s/% O1s/% Si2p/% C/N rati . .
ample S NI OTsT SiZplt CNMNO A qq30 40 B i K 4 MR I X T O s e L BT
HMX 2889 3678 3432 - 0.78 532.0 eV H &I & T A1160 #9 Si—O—Si fil C=0.
HMX@A1130 32.09  32.26  34.63 1.02 0.99 HE— 2 R BT 1 8 (AFM) % qy-HMX J% J
HMX@A1160 31.37  34.59  33.30 0.76 0.91 — S b e
B4R % THRELRS FE RO SRR AT R4, 45 S an &l 5
) 18.9 nm . 94.5 nm , 7176. nm
-11.2nm ) -134.3nm . . -220.2 nm
height Y. height B height
a. qy-HMX b. qy-HMX@A1130 c. qy-HMX@A1160
5 qy-HMX KR A4 AFM Bl
Fig.5 AFM images of qy-HMX and related composites
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TOU A WL e

AN, A TORE ALY SR IORLRE B . JFORE qy-HMX
PR 2 IR o AR R, R DG P, 5 SEM
SR — (B 5a) . BEREMER MBS , qy-HMX &1
AR AT R B B AR, B0 MR EE R R A
Se R U U R AR S 2 . NFR 3 AR, ik
fL S MY PR 2 T ORLORE B Y K IR 8BS o,
qy-HMX@A1160 % I % HL kS , R=61.9 nm. M A%
AP EAECAN60 2 i a8 2 5], A1130 4
BRAFTER A (18 5b~c) o

R3 qy-HMX Fh R 2 TS 1 280
Table 3 Surface roughness parameters of qy-HMX crystals

samples R,/ nm R,/ nm R.../nm
qy-HMX 2.62 4.44 131
qy-HMX@A1130 215 32.0 279
qy-HMX@A1160 61.9 49.6 508
Note: R, Rqand R denote the mean value of roughness, root mean
square roughness and the maximum height value from peak to valley,
respectively.
E?o 286.0C
E= 2014°C HMX@A1160
2 28551
[S
3
3 193.9°C | HMX@A1130
£ Ne.g"c
191.6C ] HMX
200 300 400
temperature / “C
a. DSC curves of HMX-based samples
E"? 286.7°C
"ga qy-HMX@A1160
% 286.1°C
g
2 qy-HMX@A1130
3
= 286.8C
qy-HMX
150 200 250 300 360 400

temperature / 'C

c. DSC curves of qy-HMX-based samples

6 AR DSC L TG M2k
Fig.6 DSC and TG curves of different samples
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2.2 WERESH

R T W5 RE e A0 2 X HMX & qy-HMX A1 fig
FEAE B E A SR T DSC-TG 328 6] B 5 19 B B pE AT
S HE(E 6) o HMX JFUREZE 191.6 CAb A — > W A0
X R HMX B B—8 #0748 5 7F 286.9 CAk HMX & A= il £
A (B 6a) o AEBE AL B R b 35 3028 HMX ) #A 43
IR, HMX@AT130 Al HMX@A1160 1) AH 48 &
A3 3R S E 193.9 °C I 201.4 °C, Ui W 40, 78 )2 W e i
Fe T 8020 $it Il HMX A AR IR A B . P
Tofr B e 100 ) HMOX3 & 1) TR) ESE AN 5% i) L 3803 i A7 o 1Y
ML, 52 CHOE MR G & MBHRHE— 20,
HMX@ % £ B #¢ (PDA) fil HMX@Fe-B} 3t K 4
(MPN)7Y A A% 1 T B8 K J2: 22 i B 2 A% 3ok
b A R B AL B B 5 HMX 4 T 7E 22 180 40 =X 30 %
A GG AR R A . P AL B AR & 1 A AR SE 3R 1] B
) D R 2 B T 58 8 114 A% 7 25 4, A 78 )2 N kA 2 ]
) 5L T A AR AR T 8-HMX B R A% | I 7 - [ AR
AR A ok T AL SR AT . A AR T 2 A AL EE AR R

100 S HMX
j —— HMX@A1130
80 —— HMX@A1160

40

20

0 T .
200 300 400
temperature / C
b. TG curves of HMX-based samples
100
—qy-HMX
804 —— qy-HMX@A1130
— qy-HMX@A1160

=2
a 601
©
1S

40

20

0 ; .
200 300 400
temperature / C
d. TG curves of qy-HMX-based samples
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R HIE Az L AR . TG 2 3 B BT A B A S 4 0 —
AR RCPERE A AR AR TR I (18] 6b, 6d) . AH I
T HMX, qy-HMX J5URE I R & BB 8 6 o 0, i
qy-HMX (1 1 B RS e Mk % U0 M o6 o mk e el ME Y
qy-HMX B #5515 4l qy-HMX & A 3R 1Y 22 57
([ 6c).
2.3 NFEMEEE

R GBI e A 1) ST SOV E G [ A HE R )
A PERE A M), T e Bt o 3 0 A R A A

v 33 5 R A 56 B I Sy AR SRR o, A
KRIEMFR g o T1. T2 H T3 ERAHEZ N 100 mm-min™
BF, 3 A AN [ B R -0 A8 i 2k an il 7 R o
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Fig.7 Stress-strain curves of qy-HMX based solid propellants T1-T3 at 100 mm-min~' tensile rate
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Fig.8 Mechanical parameters of qy-HMX based solid propellants under different working conditions
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T1 -61.3 0.51
T2 -61.0 0.47
T3 -60.7 0.56
T11 -62.6 0.42
T12 -62.2 0.38
T13 -60.6 0.47
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Interfacial Enhancement Technology of Propellant Based on Silicone-coated HMX

QIN Yuan', PU Rui', TU Long-xiao®, YAN Qi-long’
(1. National Key Laboratory of Solid Rocket Propulsion , Northwestern Polytechnical University, Xi'an 710072, Chinas 2. Rocket Force Equipment Department
in Xiangyang Area Military Representative Room , Xiangyang 441000, China)

Abstract: To enhance the mechanical properties of HTPB four-composite solid propellants, 3-[2-(2-aminoethylamino)ethylami-
no | propyl-trimethoxysilane (A1130) and N-(Triethoxysilylpropyl)urea (A1160) were employed to modify the surface of HMX
and qy-HMX, followed by their application in solid propellant formulation. Scanning electron microscope (SEM), X-ray diffrac-
tion (XRD) , X-ray photoelectron spectroscopy (XPS), atomic force microscope (AFM) and thermal analysis (DSC-TG) were
used to test the morphology, structure and performance of samples. The interfacial enhancement effects were systematically in-
vestigated using an electronic universal testing machine and dynamic thermomechanical analyzer (DMA) to assess mechanical
properties and adhesion characteristics. Results demonstrate that the silane treatment forms continuous coating layers without
changing the crystalline structure. Silane coating inhibits effectively the transformation of HMX, increasing the phase transition
temperature of HMX@A1130 and HMX@A1160 to 193.9 °C and 201.4 °C, which are 2.3 °C and 9.8 °C higher than that of raw
HMX. The mechanical tests reveal significant improvements in propellant tensile strength across both high temperature (70 °C)
and low temperature (=50 °C) conditions. Notably, A1130-modified propellant exhibits an enhanced tensile strength with the
adhesion index reduced from 1.52 to 1.24 at =50 °C/500 mm-min~'. The tensile strength of propellants modified with
HMX@A1130 and HMX@A1160 increases by 29.9% and 31.6%, and the maximum elongation increase by 29.9% and 31.6%,
respectively. DMA results show that the peak value of loss factor for the A1130-modified propellant decreases from 0.51 to 0.47,
indicating a mitigation of the interfacial ‘dewetting’ phenomenon at low temperatures. The fracture surface morphology analysis
results are in good agreement with the tensile test and DMA test. The addition of two silane coupling agents has a significant inter-
facial modification effect, and A11330 can inhibit the interfacial ‘dewetting’ on hydroxyl-terminated polybutadiene system.

Key words: surface coating;silane coupling agent;octogen (HMX) ; HTPB propellants; mechanical properties

CLC number: TJ55 Document code: A DOI: 10.11943/CJEM2025053
Grant support: National Nature Science Foundation of China (No. U2030202)

(Tidhi: % )

CHINESE JOURNAL OF ENERGETIC MATERIALS 2 A

o
Il

A 2025 % £33 4% £ 84 (847-859)



