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Fig.2 uniaxial tensile and compression stress-strain curves of
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Table 1
DBJ propellant

Experimental results of mechanical properties of

tensile Young yield compressive

temperature density
strength  modulus strength strength .
/C / g-cm
/ MPa / MPa /MPa  /MPa
=40 16.63 570.19 12.31 22.63
20 14.03 499.54 9.87 8.80 1.61
50 9.49 242.04 6.46 4.59
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Fig.3 Stress relaxation curves at 20 °C and 50 °C

3 AigtEE

SR A TR 2 S W B A AR A G 2R I R Y i
0 8 18 AL 52 B S0 SRR B AR SR o AR AR T A A
FEOREAG I3 2 e e, AR R 5L RS ] LR i P A Y 9 e A
BB PERLR DL R A 2 6] AR R A o SR SRR
AR — A A 3 Ry R AT L AR R A

TE R B A 04 A Al A Y I, 7 B ST AR Al AR Y
3 2E R PR PR AR B R R T . AR BF R Y DB) &
SF 2 2 LA AL 21 48 32 15 A A H Tl D JE A4S 2 70 #1144
PR AL E R R R IR LR AP R R T,
FA T e S 2 B A A A i ATk A S 8 2 5 B
TR Y R A SRR BB AT DB) K B 25 B3

CHINESE JOURNAL OF ENERGETIC MATERIALS

ML T w0 MR g S MR AR . B TRk
Gy 1 MAORESZ R BE (IR ] 52 e 2R B0 A R R L X T o
PERERL , R T ME G 27 1 5 ¥ R 7 88 -2 M A A
TR AR FL ) 2R P i O VA TR B AT BORS R 3
LA Ky A5 7 5 8 A 45 2 1 A 30 L Ogden 52 A1
Yeoh 52 A3 Marlow 5% #8145 1y 8 i3 43, DL
Maxwell £ A1 1 % Maxwell #5107 R AR
TRV SE B HES A o R - B A B R A 11 3R 3k 5
B
oc=o0.%to, (1)
K, o NN T, o, Fom I, o, KR F LI, B4
A MPa,
3.1 EBEMEAREER

YA — AP LR AR R AR OC R L E R
i FH N7 A8 R ZS () A B pRBCR A MEBHI N AR BE o ST
REHR M g A AR AR R ) A 0 R T R R B A Y N A R
PR IR 2L

AR B LS N 7 T LA FH AR BE pR B W R
—/\‘*)[M+A“8W] (2)

al, ol

L=+ 207 L= A+ 20, AR R AR K
W 1 R8s — N A AN AR &L 1O 5 2 AR R AR g
N

B UL B I AE GE PR 2L AT Reduced Polynomial 15
A1 Ogden £ 1 AT Marlow #8821 2 5 405X (3) |
K (4) A= (5) frs .

o, =2\

w=>" C, (1, - 3) (3)
N2,
W = AT AT+ AT -3 4
>N " ( ) (4)
JUBER
W=wi)=[  ole)de (5)

A, Gy, ;73 1 0 Reduced Polynomial 5 51 Al
Ogden It (AR S8, o I S ,MPase HRAE,
Jo 2

H:Hp Reduced Polynomial £ % Fl Ogden £ 7Y &
BT LA )5 A R B Marlow BRI A ELR
B A AR 2 0, 2 A pl R AR X I ) AR AR A R L 3R 2
gyl T AR JUASAS [ 9 A A AR A 11 2 50T R
3.2 FEMAMER

B Maxwel | A5 50 Sfe £ 78 R 5P A0 OC & i
T E 1A S ARG Al A IR ZE (LI 4) i v
TR By R S AN /A1 e < S W Ll R G 19
BT B R A A A A, R

N XK 2023 4% H 314 FH 1148 (1124-1133)



1128

T2 PR AS R AL LA R B ) A R 45 2 2 ROk R

Table 2 Hyperelastic constitutive model and the parameters of the constitutive model

model type

parameter

Reduced Polynomial 2"’

Reduced polynomial(N=5)

CIO’ CZO’ CBU’ C4U’ CSO

Ogden' " Ogden(N=3) Hyv Oy oy O fy, O

Marlow!?" Marlow -

Note: N is the order.

o = Ee (6) PEM BT 19 Maxwell BTN 805 ot S 5E AT .
o =né (7) ZR0 L A TR R AR i 5 170 i S 3 (A RS Bt S B

K, o BT, MPase B AE , TCHE4 5 6 N AR R
s ESN SRR B MPasy N RME R B, Pas,

Maxwell 15780 4 Bl 55 Sk i 2R, H 5 A — A #A sth e
[] , TGk 4 R 26 51 A R Bl i 20 VE R RO &G SR
AT . By TR R AR AR RS 5B AT 2, LA Max-
wel |45 8 0 L a3 T X Maxwel [ B8 (18] 5) .

B4 Maxwell FLH
Fig.4 Maxwell model

E5 X Maxwell 5172
Fig.5 Generalized Maxwell model™*

I~ S Maxwel | #5 #4 ] B 3 il i 26 550 0E 44 8RS R

FIRA B AT SRy FAE B 2 far 2R AE F T 00 26 3 R 1 L 2 B T
i 24 Maxwel | B8 3B B, HAHK) AR ] R K

a(t)= e,E.+ > " e Eexp(-tr) (8)
E(t)=o(t)/e, = Ew+27:1E,exp(—t/T,) (9)
[ n wZTf

E—Ew+2i:15,1+w47% (10)
. B wzrf

E =z,~:1E:‘1+w4T’; (1)

K, o (ORI, e, RGN, B2 F 5t IR 8] ¢ £
75 I Z0 0~ M (6, B0 5 i o AR st i« AR
A TCAF B S 18], @ S AH L B I AR ZR B, ECE) A it
BEEE, BRI E 0 331 O i RE S M FE AR o A [ 24 i

Chinese Journal of Energetic Materials, Vol.31, No.11, 2023 (1124-1133)

RN . A By U s 5258, 243 RE K A — AN B ) AR
F BT YN AR e () B, 2575 31 — AN B 8] A5 5 19 55 21 R
Fro(), Mo()E5 e(0)IRFZA N

a(t)=J[GR(t—T).9(T)dT (12)

kR, G (0) S 5 R O 14 55 Y1) A sth A5
T8 ST BOREA e N T AR SR A R AR A — i R L
R X T AR R AR R A [ e Y 5 ) AR
v, B toeolif, Go() >G_o N T AT, 55 UIAS 5t AL
1A LUS R A IH — A (B Rk e ) T X
g () = Gelt)

G,

R FEA, G =0l G (o), R (12)~

(13) 7] 15

(13)

o(t) = Goftgk(t— o)e(r) dr (14)
iR
G,
80 = 1, gole) = (15)

3.3 Prony ¥
B R R A BY DDA T LR R A AR ) Oy A
) Prony 9088, B REHE R IK T X Maxwell #8283 rfr 4 ok}
Xt B I f) MR R (8 Prony SRR R 0 — Ak 1Y
B DA 5t A g (o) FIAA FEURS st ASE i k(o) ) 2238 =X
TR
gelt) =1 - 211&[1 - exp(t/r,)]
ke =1-=>" k[1 - exp(tr,)]
K, g k.7, .t N Prony ZEL I AR SHL, g k00K
MPa,z,.7 B0 K s, Prony 28 A T00 BRI N & 5 Ay
Rhavr A%
3.4 DBJRXHARE-FRAMERNNEISHIE
ARE 3 B S 5 T 40, DB A B 2 1Y b Bk S IR
JE RV ] AH 5C , BA7 MR g JE PR AE . A IR R Pk
Fho AR 24 . T DB RS A2 W

(16)

Sttt

www.energetic-materials.org.cn



KUK e G 25 90 1 5 At BT A B 5

1129

BER RN R B — A AT SE 8 DB) & 5 24 3 4B
Vi Ry M 2 S B4R T e A A B R AIE 5T
3.4.1 DB)RSIZHRYBIE A RE

k5 DB) T 24 19 R B AL B G A 5 DB) & 4t
25 1 R R Oy o O TR AR IS L i DB kA 2 02
5 1o [ A ST R AR, 220 W Rl s L ) B (Mull-
ins &N ) DA S SE A

K ABAQUS B A 4T DBJ & 5 2 1) M 3 AS 14y
WF5E . LASR 1 v DBJ 5t 24 14 g 2 14 R 2 B0 S Al ir
i 52 A5 21 1 N7 ) 17 7 23 SRR Sy BR A N L AT R
P A KRR U A 5 P4 8 P % A Hyperelastic ; I3 45
A Uniaxial; i 28 3 [ F BR Sk A 52 56 o 2R By 24
T AE 2K 31 9 B R AR

(1) DB %I 24 1 s 5 A 4y J7 72

LA 2 rh g i A AR X 20 °CMT 50 )CTF
DBJ & 5F 25 (i s PE AT L& L WA 4 R i WL 6
7. 6% i 20 °CF (E 6) Marlow # %  Reduced
Polynomial (N=5) £ 8 5 5 4fs & & M B4, 18 = i
50 CHf (Kl 7) , Marlow #& #! | Reduced Polynomial
(N=5) .Ogden(N=3) 5 A 5 H ¥ 09 & A PRI . 25
I, Marlow £ %)  Reduced Polynomial (N=5) fig i 5
U Al & DB) S 5 2578 A W) I RE T A B 984T

3 NIAE R 20,50 CHF DB) & 4t 25 Re-
duced Polynomial (N=5) i 5 £ £ B 1) A 4 2 ¥,

&R3 DB R ERAIAN SR

Marlow #2706 FL {200, JU8E SR04 B T4
‘lﬁzl:'jo

16
124
&
=
7 8
3 test data
@ A Reduced Polynomial(N=5)
—— Ogden(N=3)
Marlow
0 . . : :
0.00 0.02 0.04 0.06 0.08
strain

Bl6 20 °CF DBJ A Hf 24 i PE A 1AL 5 25
Fig. 6  Fitting results of hyperelastic constitutive model for
DBJ propellant at 20 °C

12
o 8
o
=
@
3 test data
» 4 Reduced Polynomial(N=5)
—— Ogden(N=3)
Marlow
0 . . . .
0.00 0.02 0.04 0.06 0.08
strain

B 7 50 °CF DBJ %I 2458 3 MEA M BL LA 5 25
Fig. 7 Fitting results of hyperelastic constitutive model for
DBJ propellant at 50 °C

Table 3 Constitutive parameters of hyperelastic model of DBJ propellant

model T/C value
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Table 4 Parameter values of viscoelastic Prony series of DBJ

propellant

i g,/ MPa k;/ MPa 7./

1 0.53272 0.0000 4.4450

2 0.18858 0.0000 195.98

Note: iis the order of Prony series. g, is shear relaxation modulus. k; is bulk

relaxation modulus. 7, is relaxation time.
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Viscoelastic Properties and Constitutive Model of Double-Base Propellant

XIA Jian-dong, XU Bin, LIAO Xin
(School of Chemistry and Chemical Engineering , Nanjing University of Science and Technology , Nanjing 210094, China)

Abstract: In order to characterize the mechanical response of double-base propellant, the viscoelastic properties and constitutive
model of double base propellant were studied. Firstly, the viscoelastic properties of double-base propellant were investigated by
tensile, compression and stress relaxation experiments with an observation of fracture surface. Then, a hyperelastic-viscoelastic
model of double base propellant was established based on the Reduced Polynomial (N=5) model and Prony series. The parame-
ters of the developed model were obtained by the experimental data. Finally, the hyperelastic-viscoelastic model of double base
propellant was verified. The relatively error between the results of the simulation calculated by the hyperelastic model and the ex-
periment for uniaxial tensile stress-strain is less than 5.01%. The relatively error between the results of simulation and experiment
for stress relaxation is less than 6.49%. The developed hyperelastic-viscoelastic constitutive model of double-base propellant can
well describe the mechanical properties of double base propellant, which provides a significant method for the research of me-
chanical properties of propellant.

Key words: propellant;viscoelastic;stress relaxation; constitutive model
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