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Fig.2 Deformation of crack tip under different compression displacements
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Fig.8 Contours of strains at different compression displacements
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Fig.10 Comparison of crack opening displacements of ex-

periment and numerical simulation

N XK 2020 % F 284 H o6 (514-521)



520

M, 2w, £ 8

7S SCAE 3 M e 1 77) 2R S0 2R v (9 484 477 2o A o,
JE T U i OREL 4 B 352 , 2R 117 2R S0 2 S 1) A 3R —
AR SRR B A A A [R] B 45 O B, LE e A
AR5 45 o Sl T S IO 0 b AU R B v 1 R
J S8 B BIE 50 348 5 75 e A B 45 00, DA B G A e A
HE TR 280 s 4 45 5 LB

4 Hi

) HE 500 = 25 i A 2 v, 24 80 2 g 1) 488 47 A
TR I Se I B UL 5 e A IR, 7E 2R 802 i B O
TE A8 473 DX, I 46 A7 6 18 385 00, AN [ 047 56 18 T % 1
SO SR 72 R 80RO P A E R T, 5%
gURN AT RS TR .

(2) #3700 76 R 40 5 72 v, 28 80 2 o 1) R A2 %)
S48 4 vty WA (%) Pz A 4 FH S o kAR A . SRR TR
AN RE RS NI TR N R A A N B S
1.2 mm B, S80I A N 0 34 i % 84.1 pm, JF H.
LA ) SR K

(3) % T #i: 2 790 24 20 22 Sy 153 3 4 o, N7 T A
F) = 2 A W e R B AR Y, 15 3] T S0 g
g1 DUV P 7 R VT E O AP Aol o VIRSTE 5 SA R VA P ¥4
H B A5 R 5l g 45 R LR W) & 7 S B T HE
I %2 WLAE TE 5 24 502 vy 40 WL 45 493 2o A, A F e 3 1k 5
T AL 0 53 B B T — BT Y O 1k

5% Uk -
(1] BIAFS, St e . A2 & (8P4 4k k700 2 40 045 A L B M
L RRE, 2014 9-11.
ZHAO Jiu-ling, QIANG Hong-fu. Macroscopic and microscop-

] bt

ic damage mechanism of composite solid propellant[ M ]. Bei-
jing: China Astronautic Publishing House, 2014: 9-11.

[2] Nageswara R B. Fracture of solid rocket propellant grains[]].
Engineering Fracture Mechanics, 1992, 43(2): 455-459.

[3] sk, smylbk, 4 H . B HTPB & 4 [ A4 HE k57 1 - 11 AU L2
Wr s PERE BB 5 () ). ErREMRE, 2007, 15(4): 359-362.
ZHANG Ya, QIANG Hong-fu, YANG Yue-cheng. Fracture be-
havior of HTPB composite propellant in I -1l mixed mode
crack[)]. Chinese Journal of Energetic Materials( Hanneng Cail-
iao), 2007, 15(4): 359-362.

(4] Jede, we, skA R, & . @m0 HTPB Al ik 57 3 25 W7 ¢

PEREF L), b A, 2015, 36(3): 471-475.
LONG Bing, CHANG Xin-long, ZHANG You-hong, et al.
Study on dynamic fracture properties of HTPB propellant un-
der high strain rate[]]. Journal of Propulsion, 2015, 36(3) :
471-475.

[5] Vo, P, Ao, 5. vhdy 806~ CMDB fiE ik 57 W 241 RE 3¢
RwFs )] B AETHA, 2015, 38(3): 371-377.

WANG Wen-qiang, CHEN Xiong, ZHENG Jian, et al. Experi-

mental research on CMDB propellant fracture under impact

Chinese Journal of Energetic Materials, Vol.28, No.6, 2020 (514=521)

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

Sttt

load[J]. Journal of Solid Rocket Technology, 2015, 38(3) :
371=377.

U, WV, VRHETE, A TR SR DR AY B A B SR T SRR M
PiEL[)]. BB, 2012, 24(1): 63--68.

HAN Bo, JU Yu-tao, XU Jin-sheng, et al. Numerical simula-
tion of crack propagation in solid propellant based on cohe-
sive zone model [J]. Journal of Ballistics, 2012, 24 (1) :
63-68.

WA, Aok, gk a1 Al itk 570 &2 5 B 0y i B fE BT
1. ki dA, 2011, 34(1): 28-33.

ZHI Shi-jun, SUN Bing, ZHANG Jian-wei. Numerical compu-
tation of mixed mode crack propagation in solid propellant[]].
Journal of Solid Rocket Technology, 2011, 34(1): 28-33.
Matous K, Inglis H M, Xiaofeng Gu, et al. Multiscale damage
modeling of solid propellants:
framework[]]. AIAA-2005-4347.
AR, B, ST, A TR R R R R S e )
I R BB R AT D). B R HOR L 2019, 42(3) .
29-302.

LI Gao-chun, LI Shu-gian, GUO Yu, et al. Mechanical proper-

theory and computational

ties and failure mode of composite solid propellant under dif-
ferent temperatures and tensile rates[)]. Journal of Solid Rock-
et Technology, 2019, 42(3): 297-302.

Liu C T. Crack growth behavior in a solid propellant[]]. Engi-
neering Fracture Mechanics, 1997, 56(1): 127-135.

T, e dr, ki, 5. 5T SEM 5 HCF UGN SC ik 1 HT-
PB g R 2R R L AT )] KA 25224, 2019, 42(1) -
73-78.

WANG Yang, LI Gao-chun, ZHANG Xuan, et al. Analysis of
crack propagation process of HTPB propellant based on SEM
and digital image correlation method[)]. Chinese Journal of Ex-
plosives and Propellants, 2019, 42(1): 73-78.

WANG Hao. Accurate stress analysis on rigid central buckle of
long-span suspension bridges based on submodel method [J].
Science in China Series E: Technological Science, 2009, 52
(4):1019-1024.

EIL, SRR, OO, S5 TR R TR SO 45 R Y e TR
GEBTL) ). HEZ AR, 2011, 34(3): 52-57.

MA Chang-bing, QIANG Hong-fu. WU Wen-ming, et al. Sta-
tistical character analysis on microstructure of HTPB propellant
[J]. Chinese Journal of Explosives and Propellants, 2011, 34
(3): 52-57.

Mori T, Tanaka K. Average stress in matrix and average elastic
energy of materials with misfitting inclusions[J]. Act Metallur-
gica, 1973, 21(5): 571-574.

PN, BT B S pR B S A BRIT R D) )L A s s
2010, 27(1): 1-7.

SUN Yan, ZHONG Wan-xie. Influence function and finite ele-
ment stress calculation [J]. Chinese Journal of Computational
Mechanics, 2010, 27(1): 1-7.

ET B A, ROSCHT . B TR R R )2 R 1 S A G
M B Bk e ()], B2 R 5 TR, 2012, 12(30)
7092-7097.

WANG Guang, ZHAO Qi-guo, WU Wen-ming. Mesostruc-
ture numeric modeling and debonding procedure simulation
of composite solid propellant/liner bonding interface [J]. Sci-
ence Technology and Engineering, 2012, 12(30) : 7092-
7097.

www.energetic-materials.org.cn



HTPB #fi 3 7 = 25 il 2 B2 i 56 5 B0 (8 A 3 521

(17] Zm g, R, B2, % . 54 18] ACHE B 570 240 005 1w JBe K A7 (191 WA, skt f, skiFeie . 57 [ P ffi i 570 4 00408 3 98 351 A e At

BRITIM T L] A BB, 2011, 28(3): 229-235. W] kAR, 2015, 38(2): 239-245.
LI Gao-chun, XING Yao-guo, JI Zhi-hong, et al. Finite ele- ZHI Shi-jun, ZHANG Jian-wei, ZHANG Ze-yuan. Numerical
ment analysis of microscale interfacial debonding in compos- simulation of mesoscopic damage morphology of composite
ite solid propellants [J]. Acta Material Composite Sinica, solid propellants [J]. Journal of Solid Rocket Technology,
2011, 28(3): 229-235. 2015, 38(2): 239-245.

(18] 5K%= . Fum i g B N 3 T 68 B AE it 1 2 A R [M L 8N - 58 [20] WRIERE, skalZs . TAREWTR T2 [M ] dEat: JEaTit 2 it R K%
MICE AL, 20112 7-10. AL, 2011 94-100.
ZHANG Jun. Application of interface stress and cohesive mod- LI Zheng-neng, ZHANG Ji-kui. Engineering fracture mechanics
el in interface mechanics. Zhengzhou: Zhengzhou University [M]. Beijing: Beihang University Press, 2011: 94-100.

Press, 2011: 7-10.

Experimental and Numerical Simulation on the Damage Process of HTPB Propellant at the Crack Tip

WU Peng', LI Gao-chun’*, WANG Xin'
(1. Graduate Students' Brigade, Naval Aviation University, Yantai 264001, China; 2. Teaching and Research Section of Missile Body and Engine, Naval
Aviation University, Yantai 264001, China)

Abstract: To study the microscopic damage characteristics of crack tip in the three-point bending process of hydroxyl-terminated
polybutadiene (HTPB) propellant, the dynamic damage process of crack tip was observed by scanning electron microscopy.
Based on submodel of propellant, a multi-scale model of three-point bending process was established. The macroscopic deforma-
tion and meso-damage of crack tip during three-point bending process were calculated. The damage process of crack tip was ana-
lyzed by experiment and numerical simulation, respectively. The results show that the damage process of the three-point bend-
ing test is firstly the dewetting of the particles at crack tip, and then from the damage zone. With the increase of the compression
displacement, the microcrack caused by the dewetting of different particles converges with crack tip to make the crack develop.
Due to the tensile action at both sides of the crack, the crack tip becomes blunt. As the compression displacement increases from
0 to 1.2 mm, the crack opening displacement increases from 0 to 84.1 wm, and the increase rate is also increased. The numeri-
cal simulation results agree well with the experimental results. The multi-scale numerical model based on submodel can effective-
ly simulate the macroscopic deformation of propellant on three-point bending process and the microscopic damage process of
crack tip, which provides a new method for the analysis of macroscopic and microscopic damage process of propellant.

Key words: hydroxyl-terminated polybutadiene (HTPB) propellant; three point bending; crack tip; dynamic damage process;

submode
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