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Table 1 Parameters of curing kinetics equation
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Note: A, is the pre-exponential factor, m and n are reaction orders.

2.3 HEEIGIF
FHAERITHSEGT ARSI, I 5 R K

B A R BT X L, W 9 s o i I 9 Wl UL, H e

o 032, 7.8E6
ge6f (03 ) daddt

theoretical curve
6E-6

da/dt /s

2E-6

4E-6} {

0E+Q . H— . .
0.0 0.2 04 0.6 0.8 1.0
all

9 Bl £ 5 i (B i 2 X L

Fig.9 Comparison diagram of theoretical curve and experi-

mental numerical curve

Chinese Journal of Energetic Materials, Vol.33, No.6, 2025 (617—624)

45 %K 0.108% .
(2)HTPB/IPDI #: it 71 1 [ £ S o 3 %8 iy 2k &2 B
T4, 76 10 h 3] 24 h ], [ 4k B 1 5 2 e, 76
24 hF, [ b B 1 o8 B K AR Ak 24 h 2 )5 B4k
JE B8 T TR, T E 140 h 225, AL E ik TR
B KA AR SN 3Rl 7.809%107°,
(3)HTPB/IPDI #fE #F 51 i) [ £k 2o F 2 A A A 5 0
R, AL s S E B RLES AT R P A, 379.087 57,
KB m. n 4y 5 0.711.1.501, 2 I 3 35 %k

5268.22 ‘
), [k R N B 7
5268.22

k(T) = 379.087 exp (-

)ao.m (1 - a)1.501o

%%%7% = 379.087 exp(

SEZ Lk

[1] ZHANG Wei, DONG Hua-nan, ZHANG Tao, et al. The ef-
fect of monomer structures on photopolymerization kinetics
and volume shrinkage behavior for plasma display panel barri-
er rib[J]. Journal of Applied Polymer Science, 2012, 125(1):
77-87.

[2] KHOUN L, HUBERT P, Cure shrinkage characterization of an
epoxy resin system by two in situ measurement methods|[J],
Polymer Composites, 2010, 31(9): 1603-1610.

[3] ZHOU Hui, WOTHERSPOON L M, STOLTE A C, et al. As-
sessment and development of empirical correlations between
flat plate dilatometer and cone penetration tests for Auckland
soils [J]. New Zealand Journal of Geology and Geophysics,
2024: 1-19.

[4] SARDARI A, MANNARI V, Emulsion polymerization process:
effects of particle nucleation mechanism on properties of acryl-
ic styrene latex [J]. Journal of Coatings Technology and Re-
search, 2024: 1-14.

(5] MMM, BIGE, WG . Al-Si4 4 B i i i o k(). #5
i, 2020, 69(10): 1060-1064.

TIAN Mei-juan, JIAN Zeng-yun, Hai Rui. Research Progress in
solidification shrinkage of Al-Si Alloys[]]. Foundry, 2020, 69
(10): 1060-1064.

(6] Tzt skfilt, 2t 45 | LUAR 5 2 1A A LE EHRA D 7 15~80 °CJE
IR B BT AR AE T R O S L) ] e, 2022, 43(5)
629-635.

HE Yun-teng, ZHANG Jian, Li Hua, et al. Comparison of os-
cillating tube method and pycnometer method for determina-
tion of apparent density conversion standard density of 15~
80 °C crude oil[J]. Acta Metrologica Sinica, 2022, 43(5) :

Sttt

www.energetic-materials.org.cn



I A A S 5 181 pA B 4 A I [ 1 3l ) 2 B4 B 4L E 5

623

[7]

[10]

[11]

[12]

[13]

[14]

[15]

[17]

[18]

629-635

FWG, BRI, NN, S5 AR X B8 55 i RE 2 M CM DB i
FITZ ATk Re e )], S aEAT R, 2010, 18(5): 574-578.
WANG Han, FAN Xue-zhong, LIU Xiao-gang, et al. Effect of
plastic nitrocellulose on mechanical property and process of
casting high energy composite modified double-base propel-
lant with lowsmoke[]]. Chinese Journal of Energetic Materials
(Hanneng Cailiao), 2010, 18(5): 574-578.

WATTS D C, CASH A J. Determination of polymerization
shrinkage kinetics in visible-light-cured materials: Methods de-
velopment[J]. Dental Materials, 1991, 7(4): 281-287.

QIU Qi-wen, DENVID D. A novel approach for near-surface
defect detection in FRP-bonded concrete systems using laser
reflection and acoustic-laser techniques[)]. Construction and
Building Materials, 2017, 141: 553-564.

ZHAO Yun-kun, FAN Xue-wei, WANG Chen-chen, et al. An
improved intersection feedback micro-radia angle-measure-
ment system based on the laser self-mixing interferometry [J].
Optics and Lasers in Engineering, 2020, 126: 105866.

REEDY C L, Reedy C L. High-resolution micro-CT with 3D im-
age analysis for porosity characterization of historic bricks[]].
Heritage Science, 2022, 10(1): 83.

Wrfi s, iz %, %4, % PORYUK IR AT TE NEPE I 2 57
B L) ). e A, 2000, (01): 83-86.

CHEN Fu-tai, LUO Yun-jun, DUO Ying-quan, et al. Effects of
nanometer PbCO 3 on combustion behavior of NEPE propel-
lant [J]. Journal of Propulsion Technology, 2000, (01) :
83-86.

EHk, X n, SRR AE, AF L OBUHE R 4T 25 5 KGR B AE A ) ]
gk, 2010, 18(1): 47-50.

WANG Lin, LIU Zi-ru, ZHANG La-ying, et al. Compatibility
of double-base propellant with priming composition [}J]. Chi-
nese Journal of Energetic Materials(Hanneng Cailiao) , 2010,
18(1): 47-50.

YAN S, VERESTEKW, ZEIZINGER H, et al.Characterization of
cure behavior in epoxy using molecular dynamics simulation
compared with dielectric analysis and DSC []].
2021, 13(18): 3085.

AR, SRR EE , BRTE, AF L B T 2R = Sk [ A R
Jir e R AT gE ], HEREEE R, 2018, 39 (4): 928-934.
ZOU Ye-cheng, ZHANG Yong-li, ZHAO Chen-yu, et al.

Study on the effect of bonding agent on the mechanical proper-

Polymers,

ties of polytriazole polyether solid propellant[]]. Journal of Pro-
pulsion Technology, 2018, 39(4): 928-934.

MA Man-ping, GONG Chang-jun, LI Chuan, et al. The syn-
thesis and properties of silicon-containing arylacetylene resins
with rigid-rod 2, 5-diphenyl-1, 3, 4-oxadiazole moieties[J]. Eu-
ropean Polymer Journal, 2021, 1 43: 110192.

ZEFEFE, FALT, X0 DNTF & 5 oo W k570 3 245 )
SEYERRIGR IR )] S REREL, 2010, 18(2): 174-179.

LI Liang-liang, WANG Jiang-ning, LIU Zi-ru. Effects of DNTF
contents on dynamic mechanical properties of modified
double-base propellant[J]. Chinese Journal of Energetic Materi-
als( Hanneng Cailiao), 2010, 18(2): 174-179.

JEDURE, A, BRIT . R TG 19 9 2% ik #7924 3 181 1k )2 AT
gEl)]. HEPEFE AR, 2003(02): 175-178.

TANG Han-xiang, WU Qian, CHEN Jiang. Study on the cur-

ing reaction of nitrate ester plasticized polyether propellant

CHINESE JOURNAL OF ENERGETIC MATERIALS

[22]

[25]

[28]

[30]

e

slurry [J]. Journal of Propulsion Technology, 2003 (02) :
175=178.

WANG Xin-ya, GOFF H D, CUI' S W. Synergism between yel-
low mustard gum and k-carrageenan studied by structural and
rheological methods [J]. Food Hydrocolloids, 2024, 148:
109401.

THOMA C, RINDLER P, KRONLACHNER W, et al. Carbohyd
rate-hydroxymethylfurfural-aminead hesives: Chem orheo logi-
cal analysis and rheoki netic study[])]. Polymer, 2021, 231:
124128.

ZHANG Xiu-min, ZHAO Yu-xi, XIA Huan-xiong, et al. Mod-
eling of curing and post-curing kinetics for a thermoset adhe-
sive[)]. Thermochimica Acta, 2024, 736: 179745.

Prrale, el ki, &5 . 1A Akl X 58 1 PBX &1k i J1 B9
W) SREMEL, 2014, 22(3): 371-375.

CHEN Chun-yan, WANG Xiao-feng, FENG Xiao-jun, et al. Ef-
fects of temperature on curing stresses of casting plastic bond-
ed explosives[]]. Chinese Journal of Energetic Materials( Han-
neng Cailiao), 2014, 22(3): 371-375.

GAO Han-jun,TAO Xin-rui,YUAN Hao, et al.Formation mech-
anism and evolution of interfacial residual stress between com -
posite propellant and rubber liner during curing process[J]. In-
ternational Journal of Heat and Mass Transfer, 2024, 228:
125637.

RAMOS J A, PAGANIi N, RICCARDI C C, et al. Cure kinetics
and shrinkage model for epoxy-amine systems [J]. Polymer,
2005, 46(10): 3323-3328.

U, FHE, B, 55 . 603 FER R K R 1L 3 ) KA
RS S 5IEL) ). A MR, 2018, 35(1): 95-102.

LI Ting-ting,LI Yan-xia,CHEN Chao,el al. Establishment and veri-
fication of curing kinetics model of 603 epoxy resin system[J].
Acta Materiae Compositae Sinica, 2018, 35(1): 95-102.
i, fIFIWY, b, S5 TR 2 45 0 X5 R F S AR 0
B A A A K H B e BROE 25 15 A i ®m [)]. 3 T AR R
2016, 37(6):1023-1029.

HE Wei, HE Li-ming,MA Zhong-liang, et al. Study on the effect
of aluminum on the solidification of polyglycidyl azide modi-
fied spherical drug by rheological isothermal test method [J].
Acta Armamentarii, 2016, 37(6): 1023-1029.

MA Zhong-liang, QI Le, HE Wei, et al. A novel approach on
the study of cure kinetics for rheological isothermal and
non-isothermal methods[)]. Composites Part B: Engineering,
2019, 162: 242-249.

LI Xin-rui, KOSEK H. SADT prediction of autocatalytic materi-
al using isothermal calorimetry analysis[]]. Thermochimica Ac-
ta, 2005, 431(1-2): 113-116.

g, BRI, BRFIE, AF .2, 4- TG BE I A AL AR
S O K A B 0 o )] W B AR 2 2 4R, 2013, 29(3)
479-485.

BAO Shi-long, CHEN Whang-hua, Chen Li-ping, et al. Identi-
fication of autocatalytic characteristics and kinetics of 2, 4-dini-
trotoluene pyrolysis[J]. ACTA Physical Chemistry,2013,29(3):
479-485.

R, MR R, REM, 5. B-GAP IR 25 3 i A8 5
WA Jr 2 se ) ). & REp R, 2022, 30(11): 1083-1089.
LU Xin-hao, YE Bao-yun, CHENG Wang-jian, et al. Research
on rheological properties and curing kinetics of B-GAP-based

propellant slurry [J]. Chinese Journal of Energetic Materials

2025 % %334 H oM (617-624)



624 S, RE R IR B L, A A, X 1n) B SR R R

(Hanneng Cailiao), 2022, 30(11): 1083-1089. [32] Karfh. T S0 2R B — S5 ER IS (IPD) 2 1% 3 12+ #F 52 (D 1.
[31] DILEK K, SAIM O. Kinetic study of the reaction between i, ARARBTRE, 2010.

hydroxyl-terminated polybutadiene and isophorone diisocya- Zhang Li-wei. Based on isophorone diisocyanate (IPDI) chem-

nate in bulk by quantitative FTIR spectroscopy [J]. Journal of ical kinetics study[ D]. Shanghai, The East China University of

Applied Polymer Science, 1997, 66: 1979-1983 Science and Technology, 2010.

Simulation Study on Curing Shrinkage and Curing Kinetics of Solid Propellants

ZHOU Tao', DU Yan-tao’, XIE Xu-yuan®*, ZHONG Shan-wei’, YU Yu-yang’, LIU Xiang-yang’, ZHOU Dong-mo*
(1. Xi'an Aerospace Chemical Power Co., Ltd., Xi'an 710000, China; 2. School of Mechatronic Engineering , North University of China, Taiyuan 030051,
China; 3. School of Aerospace Engineering , Beijing Institute of Technology , Beijing 100081, China.)

Abstract: A testing device for measuring the curing shrinkage rate of solid propellants was developed in this study. In addition,
the online monitoring test of curing shrinkage of HTPB/IPDI propellant was carried out. The relationship between curing shrink-
age and time during the curing process of solid propellant was obtained. By constructing the relationship between curing shrink-
age, curing degree and curing kinetics, the curing degree change law and curing kinetics model of solid propellant during curing
process were obtained. The results show that the curing shrinkage of solid propellants changes in a three-stage S-type. The maxi-
mum curing shrinkage is about 0.108%, and the maximum curing reaction rate is 7.809x10°. During the isothermal curing pro-
cess, the curing reaction rate curve of HTPB/IPDI propellant shows a bell-shaped curve, so the thermal curing of solid propellant
has autocatalytic characteristics. The pre-exponential factor A, of the self-catalytic kinetics model for HTPB/IPDI propellant is
379.087 s™'. The reaction orders m and n are 0.711 and 1.501. The results provide a new method to test the shrinkage of propel-
lant and clarify the curing reaction characteristics of composite solid propellants.

Key words: solid propellant; curing shrinkage; curing degree;curing kinetics
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