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Fig.10 Damage evolution of propellant under loading

single pore expansion

500

—&=0.1
—&=0.3
Ll ——e&=04
L
2
2 3001
B .
E ooof i
£
.l
S 100
% 400 800 1200 1600 2000

pore number
11 SRR A X Sl oL B i A

Fig.11 Pore evolution of critical damage area

567 WK 3] 1888, fiu KE 1A H 80.42 um ¥ JE 3
444.92 wm, BT 5045 2000 5 75 4 1 R0 N IX 4852 )
RS 7 B VR R, AL B S B R 22 | R 2 Y 43 AR
A, HLNE 7 4R v s A 45 R L B A5 242 A2 1 B BR800
SEONNBA o A5 405 R AL B T AR R AR I R Y T
B A5 AN B 52 4 1 R0 T 2 M RE (R S 5] S AL PR ik
— AR Y T, L FL B A SR R 2 4 R
J1F R AR ) R A
2.3 WMo FHER

ST 5 B IE HE TR A AH R 2R oy 44 45 1 - A 1
TE 45 A0 Z ] 77 A6 0 AE B AR 6B 6, BB 08 R AE A1 R St
AT Ry FIPEBE 48 7% R 5 00K 22 6] (0 RG 285 4R 00 o %

CHINESE JOURNAL OF ENERGETIC MATERIALS

T APHIAI S HTPB B & 7l Z M A 45 & fi, vl s
Eyii = Eier = _(ET = (B * EHTPB)) (1)
Xof B IR G MR RT3 SRt E b BT
A EAEFBE , Eapyu 1 E e 27 51 S AP, AL (R FT HTPB
(7 2 L SR L B2 34 k) -mol '

i i Forcite Calculation X ¥ i {£ fk J5 200 ps i
[l 9 AP/HTPB . Al/HTPB f& 5 47 43 F [8] AH B 1E FH 6
TEE X T AR B 22 2 B0 H0 34 {1 JS R A 2 T 45 G g
43514 1.088,4.263 kJ-mol™ . Hi FLiH 25 4 BE 19 K/
A A5 0 T AR [EDRCAR TR (9 AP A ALRT P2 A 1 LT 2 L AP
SRLTH J2 25 5 RN L 22 AP R AR AT R T ALBURE , LT
FEA R R e G R B W O — R LR
AP/HTPB ST )23 iy 468 43 28 7 T Al/HTPB Ft 1 )2 11 43
Pio R, ik — LR AMEAE FT AP/HTPB S 2
F4 25 58 103 1 0, T8 S I A R 107 A fs, Xt L T
JE R BRI H R R HEAT B AR A, I R H Ovito #k
PE2I 4 RN A e, RS T A A AL A N AR AT
AR 7 o O 4, R T AR G R 12 TR

P12 B R S TR R R R AR i e
BLAE HTPB P, I 52 IAS BT 14 43 A1 AR 2S5 Bl 35 Hh 3
A1, Je 50 R A XS AL e B AL, L AR 0
{H UG K 2 b A sh i s K B 12 AR, B 2
AR B G, HTPB 5 AP 22 (8] ) B 25 B, o 4x IX 3,
JO7 A8 /IS R T3 R, B AR b IR R LA R T JE R A XY
ol N AR DR DX 5 24 e S k2B i, 25 B A
PR LAP LR/ HTPB 4 74 , 718 2 X 35 HTPB
oy TRk EHE, 5 AP B K £ S0 Sy i IR v 4 HL i
(5 F8E b T AR MR TIRRE
BE N FMEREMNC R SR BRSNS S 2
Ly R VA 2 i 3o I 0 ) e o
A 1) YA 500 A O 2 BT W A RN R e ¢ B0 A
S48 . B, il A $E B lammps BT AR B dump
6 2 B30 SC A, S G B b BB 25 T TR B
E AN, I Simulation cell X I 3% 18— & 19 R~ R 4
R 22 A5 B, Ly e A G RF 3 T 5 O s B
R [AEE, BB I A B K 3R 5B AR X A i)
IR FHBOR P AL IR 30 2 B R 7 L 23 B R L M g
HEAR I W 13 R .

Hi P13 nf 1, Ry g AR R AR b A B 2k
i JeE B S L 4 AU 2% | A W S R ) 2R R Y
JEAS, HLH 00 T 3 3k sh 52 w107 7 2 90 BH 8 1
WIS, DR,y B0 5 3 P SR IR 4 ) AR 4

N XK 2024 % F 324 H 24 (124-132)



130

KR, 2 A MRS

12 oW 5 2 A R 78 3 AL 2

Fig.12 Evolutionary cloud map of microscopic interface layer volume strain

160 ——stress (MPa) 1-21000
o ey e 1080
140r o i ing >
1200 ,ff“a 10.25 722000
g1} % m -
i . 0.20_| :
= ool 51230002
a B
8 I 0.158 >
% 60, o @
e ) Inap= A0 2
8
20 %MWM 10.05 1950008
22- Jo.00
06 12 18 24 30 36 42 48 54 2000

displacement / A

B 13 Jyot e he b A i 2k
Fig.13 Mechanics and energy evolution curves
SR FHIE T IE MR A ME G2 45 B0 N IR BN 1 )
$ode , nT A AT AP/HTPB SIS £ 58 2 129.4 MPa,
WIS B AL N 6.668 Ao LA, TS A 1 B
[/ S R NP A ST i e S = G L S AP & RS IS
B R R AR AR RO G B R

M 3 T B A A B S SR A B TR 9 Y 43 TR
A RER AT, Al AE R R I A R, R R AE
A AR A, At S R e R DL Bl o X e
T 25 B AR AR B R 1 £, 25 08 B AR i IS 2800 Y R
W], N7 3 B 48 A I 3 A B RE 3 i 7 By s )
PERERE 25 BRI . B R T BETE S AR R 3,
2017 3K B, TR/ AR BB UG B B, 23 5 BE R AR 1)
HC DO 23 () BE /0N SO0 2 B B 4 L 41
T 7™ A2 14 1oz A% e L AR S8 RE 14 07 277 6, 1A R B A
I PSR s B AL RS RSSO, HTPB 23 7B 7 AR A X 9
o, o IR BE 3G O, AR B e 00N, BlOW 2 B A B 0 20

Chinese Journal of Energetic Materials, Vol.32, No.2, 2024 (124—132)

JB 5 A6 RN AZ 19 73 15 B B, 0 5 AP R IR B 4 G
00 15 T AR SR B AL RS AP S, O
FERL 3 FUORS 12 97 B4R FI TR 7 Az J 3 RN AR folow 2 Bt
PE— PR B SR B N RO N RS

3 42
X 5 T TS 0 2 4 HT PB4 1 300 T R 22 48 WA 52 36
FIROR B AR, 22 IR 8 57 FL 40 403 v Ak i A2 L 15 31 DX

T4

(1) AP/HTPB 7314 £ 15 W A8 X 3 i HTPB Py 6
W2k, B E R RRe A A S oy 1 Bk
HE 43 F 6] FE 00RO 25 BT 43 B () i A T 9
H2E 514085 M 2 75 & 15 B0 8 3R SR80 i o A8 2R A
FHEE S/ FAR R S5 A F] 129.4 MPa,
HEI BN 6.668 A

(2) ALFI AP Fik: 5 HTPB L4k I 45 4 6 3.9 1%
1) 2 5 LA KR AR R /INRE I 1) g 1 46 in 22 B0 45
Wt 14 YA, SCMH 20 0L L B T S W AR T ORI AR AP UKL
Qb IV AR ST 2T R 5 OO [ B Ak S A T N
AR TR 45453 24, AT VA8 e 24 8, LA AL B 3R 5
A AR ERBC R

(3) B4 bR A Jo0 Al 75 4 1 770 2 W0 A8 AN 3 HL
Gy H, E K AIURE AR T BN A% 1916 X, 39 45 B0 42 fifi 45 1E £
o7 A5 B 38 5 B, L 40 0 1 28 80 1) 00 e A i o AR X
FH 3 TR Jm 1 s R 3 38 9 A i A Btk L DT TR B
L2 250, 5 0K 2 7] 3 AP 40 DR 24
At

www.energetic-materials.org.cn



B T U A HTPB fi 2 570 22 KB 3 3 2 1k 53 B

131

SE

[1]

[7]

[10]

[11]

[12]

GENG T, QIANG H, WANG Z, et al. Macroscopic and meso-
scopic properties of HTPB propellant under low temperature
dynamic biaxial compression loading [J].
2023, 119: 107922.

XIAO Y, GONG T, ZHANG X, et al. Multiscale modeling for

dynamic compressive behavior of polymer bonded explosives

Polymer Testing,

[J]. International Journal of Mechanical Sciences, 2023, 242:
108007.

AF— B A S 7R R 5 23 SR B RO A LR L 2 N
BATFE[D ], KA b ess, 2012,

FU Yi-zheng. Multiscale of solid propellants and polymer
blends: From the atomistc to the mesoscopic and macroscopic
scales[ D]. Taiyuan: North University of China, 2012.
WUBULIAISAN M, WU Y, HOU X, et al. Multiscale visco-
elastic constitutive modeling of solid propellants subjected to
large deformation|[}]. International Journal of Solids and Struc-
tures, 2023, 262-263: 112084.

LI'Y, LV W, LI G, et al. Macro and micro damage analysis
and parameter inversion of HTPB adhesive Interface based on
DIC and FEMU []]. Composite Interfaces, 2023, 30 (11) :
1201-1226.

EBH, e AR, oK, L JE T SEM 5 BT EHRAH G Ik 6 HT-
PBfl ik H 2L P R B e M ()] KK ZG224 L 2019, 42(1)
73-78.

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

CUI J yuan, QIANG H fu, WANG ] xiang. Experimental and
simulation research on microscopic damage of HTPB propel-
lant under tension-shear loading[)]. AIP Advances, 2022, 12
(8): 085214.

LONG B, CHEN X, WANG H. Low-temperature dynamic me-
chanical properties of thermal aging of hydroxyl-terminated
polybutadiene-based propellant [J]. Iranian Polymer Journal,
2021, 30(5): 453-462.

NIE J, LIANG J, ZHANG H, et al. Evolution of structural dam-
age of solid composite propellants under slow heating and ef-
fect on combustion characteristics[J]. Journal of Materials Re-
search and Technology, 2023, 25: 5021-5037.

ZHOU W, ZHAO M, LIU B, et al
hydroxyl-terminated polybutadiene propellant breaking charac-

Investigation of

teristics and mechanism impacted by subjected cavitation wa-
ter jet[)]. Defence Technology, 2023, $2214914723002246.
e, VFHETE, B TR, AR T PSR D DU i AR A TR 15
I Tk A R R T 20 R A AR AL ()], fE TR, 2020, 41
(11): 2206-2215.

HOU Yu-fei, XU Jin-sheng, GU Yong-jun, et al. Mesoscopic
model of cracking process of NEPE propellant based on cohe-
sive zone model [J]. Acta Armamentarii, 2020, 41 (11) :
2206-2215.

Hak, R, Bag, F. 5T DICH AR K X L sh il
B ZYRG HESTE S RO WP )] SRR A RE, 2022, 30(11)
1090-1098.

XIAO Yun-dong, WANG Yu-feng, LI Gao-chun, et al. Param-
eters inversion of adnesive interface of solid rocket motor

based on DIC method[]]. Chinese Journal of Energetic Materi-

CHINESE JOURNAL OF ENERGETIC MATERIALS

[14]

[17]

[19]

[20]

[22]

[24]

e

als( Hanneng Cailiao),2022,30(11):1090-1098.

AT, b, BT, F L AR HTPB i 5 240 WL 5 £
WAL )], HEREHOAR 2022, 43(9): 411-417.

LI Shi-qgi, QIANG Hong-fu, WANG Guang, et al. Experimen-
tal study on meso-damage evolution of HTPB propellant under
uniaxial tensile load [J]. Journal of Propulsion Technology,
2022, 43(9): 411-417.

A, F, WIS, S5 HTPB & A [ 1A e k50 40 045 # 1
CTIRE BT TE[) ], KHMEZY2 4, 2021, 44(3): 387-393.

LI Shi-gi, WANG Guang, QIANG Hong-fu, et al. Micro-CT
experimental study on the mesostructure of HTPB composite
solid propellant [J]. Chinese Journal of Explosives & Propel-
lants, 2021, 44(3): 387-393.

HOA, AR, BT . XU R G 245 s R o S A BB S () ).
FRERRE, 2023, 31(11): 1124-1133.

XIA Jian-dong, XU Bin, LIAO Xin. Viscoelastic and constitu-
tive model of double-based propellant[}]. Chinese Journal of
Energetic Materials (Hanneng Cailiao), 2023, 31(11): 1124~-
1133.

BT AR, TR, KA, G A I MO R BORL 5 S AR U
T AT G Bk B B AU AE R LE ()] S TSR, 2020, 41(9)
1800-1808.

HOU Yu-fei, XU Jin-sheng, ZHOU Chang-sheng, et al. Com-
paration of solid propellant micromodels with and without
damage at initial particle/matrix interface[)]. Acta Armamenta-
rii, 2020, 41(9): 1800—-1808.

EE, R, Gee, G5BT A0S R Y 54 [ AR A R R
1105 A VAR M BEAL ()], SR TR 4L, 2023, 44(12): 3696-
3706.

WANG Gui-jun, WU Yan-qing, HOU Xiao, et al. Research
on the viscoelastic constitutive model of composite solid pro-
pellant containing damage based on mesostructure[]]. Acta Ar-
mamentarii, 2023, 44(12): 3696-3706.

ZHANG J, SHI L, LUO P, et al. Mechanical properties and de-
formation behaviors of the hydroxyl-terminated polybutadiene
and ammonium perchlorate interface by molecular dynamics
simulation [J]. Computational Materials Science, 2023, 221:
112077.

DONG G, LIU H, DENG L, et al. Study on the interfacial in-
teraction between ammonium perchlorate and hydroxyl-term-
inated polybutadiene in solid propellants by molecular dynam-
ics simulation[J]. e-Polymers, 2022, 22(1): 264-275.

LIU C, NING W, TAM L ho, et al. Understanding fracture be-
havior of epoxy-based polymer using molecular dynamics sim-
ulation [J]. Journal of Molecular Graphics and Modelling,
2020, 101: 107757.

QJ924-85, 524 [ 1A 4t 30 0 o) b 088 7 :[S 1. 1985, i
zo, TR AL R BE Y -

QJ924-85, Test method for uniaxial tension of composite solid
propellants[S1.1985, GAO Feng-yun, DING Hua-ting. Hubei:
42nd Institute of the Fourth Academy of Aerospace Ministry.
AKKERMANS R L C, SPENLEY N A, ROBERTSON S H. Monte
carlo methods in materials studio [J]. Molecular Simulation,
2013, 39(14-15): 1153-1164.

ANDERSEN H C. Molecular dynamics simulations at constant
pressure and/or temperature(J]. The Journal of Chemical Phys-
ics, 1980, 72(4): 2384-2393.

BERENDSEN H J C,POSTMA ] P M, VAN GUNSTEREN W F,

2024 4 H 324K H 24 (124-132)



132 PR, w A MR

et al.Molecular dynamics with coupling to an external bath[]]. tion data with OVITO-the open visualization tool [J]. Model-
The Journal of Chemical Physics,1984,81(8):3684-3690. ling and Simulation in Materials Science and Engineering,
[25] STUKOWSKI A. Visualization and analysis of atomistic simula- 2010, 18(1): 2154-2162.

Multi-scale Damage Evolution Analysis of HTPB Propellant Based on In-situ Stretching

LI Yong-qgiang', LI Gao-chun', LIN Ming-liang®
(1. Naval Aviation University , Yantai 264001, China; 2. The 91049st Unit of PLA, Qingdao 266100, China)

Abstract: As a composite material composed of fillers and matrix, the damage of hydroxylated polybutadiene (HTPB) propellant
mainly involves particle breakage, matrix fracture, and debonding of the bonding interface layer. To further explore its structural
damage and mechanical performance evolution under external loading, a combination of micro CT, high-speed CCD camera,
and all atom molecular dynamics simulation was used to analyze the multi-scale damage of the propellant under in-situ loading.
The results indicate that the typical damage process of the propellant begins with the failure of the bonding interface layer, ex-
tends to the growth of debonding pores, evolves through the merging of pores, accelerates the collection of local large deforma-
tions, and terminates at the fracture of the matrix. Meanwhile, the interface binding energy and stress concentration degree
cause the large ammonium perchlorate (AP) particles to debond first, and the porosity and strain exhibit an exponential function
relationship. Furthermore, the traction separation curve of the micro interface layer conforms to an exponential cohesive force
model, where the initiation and expansion of micro voids disrupt their cohesion, while the molecular spacing affects the evolu-
tion of stress.
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