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Fig. 1  The translation process of relaxation moduli at different temperature levels to the master curve

Bl 1(a) R T, T, F1 T, BEE T B TE IR AN S i, Wl T, VRN 2258 2 T Ih i A5 Ak
B T, T, R BORA s 2P RS B S 2 EE T, T AORLEEIh 2 E A B st i 3



RGPy Ao B A FROT I ST 541

12k, AP 1(b). 36 FEl 7, T SR T R £ TR B S BRI 7, TR R
SR AT LGB, 45 U BB RA S B 2 o BT IR 26 T 0, DI A A
S5 PR 1 (b) R BRI R S I A TR IR T, , 7, 1 T, S T e S k2 1
TUGYHIN 1y, 1y 1y, AGXEGNIAIT 2R e TR LI AS SCIA et b s 2 i 4 %
TR T, TRE T HORASRE R I | B LI ORI 2] ¢, L 2S00 BT RLEE T TR R S 7
SEBEHRIEARS 2 1, 1y, L1y, I AR R TR0 2 R BEIREF 56 3R  A551 ER] i
R LE R M 1, = g (T) NTTAFEERTI & 7 5 Sk

£=" wy(T). (3)
ap

RBCAE—AEE W MOR B e A T, I T A SR st E] B 3, BIr 48y By i () Oy
di, FEETE T, WE T i B SRR € 1 I 2 D RIIERLN iy , TR T, BT i C7 SR
st 2 D" S A TR di gy, TSP B R TN AR AT SR I B 5 B AL CT 5 ¢
RTINS IO PR AL St A (P AF 552, 204 SR FH T I A st R il SR T2 st s RN, B AT RL b A R
PRSI D AT AR ST SR )

de,, dige  digy

§=— 4 + +y(T)) . (4)
a, o, a,

HIZX (4) PR Y, FA00 iR I 220 il B2 A2 < ZR ] 7 7= A AR T 22 i o A o i T 2
FFAN S Hs R WL 24 TS 20 AL 2 T BRI, 78 st TRl ik o

e=[ Ty, (5)
00y

P (T)) AR I R i i 220 60 i B I Xk 1o f) 2 1 ).
1.2 BHEEREREBHHAR
FRAfE R IR B 45 R I, I TR AU 1 o SRS A9 R ER, Williams , Landel #1 Ferry A4
H R ABEE N B TR o,-T KRR WLF BRI [ AR S MRS » 5 @
RFU 48 f Z 80 /£ Doolittle 772
1
lnn—lna+b(f—l], (6)
X a, b APFRFE L
A SO BT R A BR800 S IR B2 LRI AU FR L &
f=f —B +Bexp(dp (T -T,)), (7)
X &, 0 H IR EBIZ K R B, f, WSFIRE T, TAPEHY A BRI, B AR S
B CIRE R T ap = n/m,, ol g AZFHIREE T, TAPRHIORTEE , DR I i 55 2] -
Doolittle /5 2 Rl A] 5 ]

lga, =lgn - lgm, = B(/ ™~ f;1)/2.303 = C]C[21+ ;pr((cc;3<(;_ TTO")))) L (8)
JE €, = b/(2.303,) Gy = /B = 1,C, = by AF ESIFHOTHERT Taylor( ZE80) U8 1 BETF
- C,C(T-T) —C(T-T,)
C,+1+C(T-T,) (C+0)/C+T-T,
A (Cy + 1)/C, = C,, Bl EHRTH FIR WLF F5,

(9)

lga, =



542 Yasiiman L EAN [ TN LI

1.3 F#E UTRS ARHAR
FIH ABAQUS 5 BRIGHAFAF 5% HEIE I A4 Ab 1 B A TR0 88 A DG 1 [ SRR, oy A8 760 /3 o S 42
HBET WLF BERUFT Arrhenius 233X T AS 8 B0 15 3R B8 00 5 3E AH DG 1 | #4025 52 i B BB T T35
AR 0 2 DR I A AR SRR 9 A5 381 %) e AR AR 1 FH B0 B0 5 v A il 52 5 et SR i e
VR RE AT AR DG | T ik UTRS P TR S i T fig.
UTRS 82 )7 G il 1) 322 A 48 2 AT 4 o 25 T B T A I U S5 AR F oy, RN A5 25
J& TR SRR F oy, ABAQUS/ Stardard TN FE %4 fit A5 o 5] P B IR 45 A0 PR i X SO 2k
I, I A ShEOR A SF-241E, B
lgaT:[lg(aT]) +1g(aT2>}/2' (10)
SXoF A A TR 8 B A i I )RR S A5 R ] i R A
Cl[l —exp(Cy(T, - To))}
e ) = e (G(T, = Ty) ()
¢ [1- exp(C,(T, - To))]
C, +exp(Cy(T, = Ty)) '
Ao, T, SRS TR, T, s IR

2 I KGR

ASCHEFEX G0 HTPB &GRSR A B Il SE 2R, 43 3 7E 233 K, 243 K,
258 K,273 K,288 K,303 K,318 K 1323 K Z&F FHEATH RO it 5256, 5256 i QJ-2T AU+
JTRESEIRAILAN PR MR A 7] 58 B, i AR B W45 1, LR RS 2 Frs AR 4IRS T 52
E R 5 WK, G5 ROV 4. A A SO BB R f — R ok B A BRI RTERA P | 430
£ 323 K,288 K,233 K &4 NiEAT T B S s h oo g [RIRE R4S FEAE S IR, 45 R
A,

lg(aT2)= (12)

| 120 |
| | | | 10

f 7 | >

R=12

B2 HARIEMEAL U R 7% B & (SR mm)
Fig. 2 Schematic of the specimen sizes(unit; mm)

21 REMMERE

X A 5t S B A A A P AT A5 3] 2% U R A ] P 2 B st AR, IR G e ] YOG B
FIXTBABARRR A0 3 (a) FT7n N 3 (a) AT LATR Y, A R B R s A i B AR LAY 28 4k
U B RIS - I A5 R0 LA SGRIR SR BE T, = 288 K MREAT =S ALK Tl bRifE QJ2487-
93 T EAS B IR AF AL T 1g oy

AR AN [ B 25 P T B A28 D 1, 03P S Tl B A B B R i i P B 2 5 2%
TRLBE T R T ZR F S, TS 2 FA s s F2 it 2k, R85 8 Bir i) Prony ZRAUE L, 115 45 51 4N
K 3(b) Ir7~.8 M Prony ZENA flAR & 3= th 26 #0545 R R

! + 8.857 76exp| — o +
0.001 0.01

E(t)=0.454 75 + 17.266 36exp(—



RGPy Ao B A FROT I ST 543

4.968 28exp(— Otlj + 1.662 24exp(— ij + 0.846 Olexp(— lt()j +

0.464 88exp(— 180] +0.414 97exp(— tj +0.149 81exp[—

1.2
—o— 323K ——273K
——318K —+—258K
1.0 —— 303K ——243K

—— 288K ——233K

o
i

g (E, (Ty)/T)
s o

e
)

(a) ANTRJIELEE T A st 1 2%

(a) The relaxation curves at different temperature levels

t
——— 1. (13)
1 000 10 000
10
81 = experiment
~ fitting curve
= 64
=
=
g 4
24
0+ T v :
0 2000 4000 6000 8000
t/s

(b) AAjbRL 2%

(b) The relaxation modulus master curve

B3 sttt Zk

Fig. 3 The relaxation modulus curves

22 REFESMEESH

AR EE T fbasts st 2P 5 | e sk TR AE o, FURRNRFEAKSE T W1 Aa R (H
JIE Xk 07 )R TR FL S R T8 o (7)) 7, FF4ULE S il B2 A eR L, 1A 4 Firs.,

S3 BRI WLE RS ARk AR 78 067 R ¥ HEA T e /D 34U, 5 R an 181 5 R b
WLF B AR5 S5 AR AHOC R ECH 0.989 3, 5% 22 19 F 77 FZ 0.086 4, T ¢k 7Y 41145 45 L 14 AH
KERECH 0.995 5, 5K 22 10°F- T FJE 0.026 1,245 5 7R U A5E RY E 6% TF S b Al A0 12 HE 2 590 14 Rk
AR R S A, DR SO BSR40 2R FH TS F - S5 A58 7 R A 51 g AR DL 5 2%
RN WLF 8L, €, =5.728,C, = 206.378 ; UA Y . C, = 3.273,C, =- 0.688,C, = 0.002 4.

5
W(T) =0.28288exp[0.093 187 (7-293)]

~
:

[\
T

zero time Y (T;) /s
[9%)

—_
T

[«
T

220 240 260 280 300 320 340
T/K

4 “REFE g (T,)" WAL

Fig. 4 The fitting results of *zero time’ ¢ (7T;)

2.3 WiES5a1h

2.5

. m experiment
201 A ==~ WLF model
— M-WLF model

lgar

-0.5¢

-1.0 . . . . .
220 240 260 280 300 320 340
T/K

5 - TG A5 R

Fig.5 The fitting results of time-temperature

shift factor a

K 6 AN RELREKFT  dd e S g AR A A AR SRS B, 23] 5 e b st A R 22 75
JE T E] 7 AR R B X EeL AT LU, 25 AN B8 TRt a])” i B R B0 da AR e 2 A



544 Yasiiman L EAN [ TN LI

S5 RIOA AR T2 AR R AL i, AR S SC PR BUAR 250K, O ELREFE LS A S s, R e i (i
AR 2B ) AL 2 B PR O A AR U e T i 2R g A v, e AD i g (L OB T AR st S 56 L 2
F A ) S 6 (L P57 o ) 180 8T 1 A, 7 2% 1 R N TR]” X 2 SR i 8 ek, 4 7% 1 T
()7 J& e A 2 2 T A A St H ) 4 B BT S PR B AR 22080, B 25 18 & i)
(] REAS ] 5 412 = AN [ BE AP T W04 B Be A st A f R 1L

15 15 ‘
o  experiment | o  experiment
L — with ‘zero time’ Lo —— with ‘zero time’
- without ‘zero time’ i - without ‘zero time’
< <
& 9t & ol
= =
= =
= 6} 5 6f
3t o 3 a
., Q000000000000
0 \ . . . . 0 . . . . .
0 2 4 6 8 10 0 2 4 6 8 10
t/s t/s
(a) 323 K (b) 293 K
40 35 .
) o  experiment . o  experiment
L — with ‘zero time’ 30k \. —— with ‘zero time’
: - without ‘zero time’ \ - without ‘zero time’
£l £
= : =
Py | PN
@ 16} %ﬁﬁx 5 20}
(@)
[0}
8r 15
0 10

0 5 10 5 20 0 5 10 s 20
t/s t/s
(¢) 238 K (d) 23 K

Bl 6 AN Zons L IA]
Fig. 6 Comparison of relaxation moduli at different temperature levels between

the experimental results and the relaxation master curves

IS P 6 AT L& B, 5 B8 TR ] AU 0~ 1 s PR St A e G B A I S 4t g, (B X T
W5 K A BIHILTE — o 8 ar I B 235 40 e e M [ BB T 5, 408 Ay 448 7 200 b K B i) P 179
AR PRI G5 R A B 1% 22 FE AR 5% K i A sl AIL Y e ok 4 ) R | 2 5 A [R] S AE O
FNJLA2ZRPZ 18], PR 75 R ZR I ) o 200 45 57 A B R 52

ARSC R i — 25 B T G AR ) R 1 S RO A R A B X R ATESE T 3 RO
P4 B 525 HE R S LA O SRR SRR AHIR B K P, O 323 K233 KL38 1 Flr i &
M Ik S ARAR Y SIS B PR R S 5 2 A I B T MR R SR AR AT I A AT
FRZ MR 3 268 3 Al 2 2l ad ABAQUS & UTRS FH& 5 Xt &l 2 B/ ik 14 235 4 ) S0 (e T3
gL R BB AR T L2 R 7 s,

HI1E 7 AT LA 20N & /NT 5% W) i B AR5 106 IR LA & T 24 7% &
KT 5%, B 1) 25 53 | 302t T 02 G HEE R ADRE AR T 26 0 R 9 ] 8 g A ek



RGPy Ao B A FROT I ST 545

FHAE, TIAR SCPE T A P SR T R ORGSR A R 7 A, PR G T 38 2 R A R R P B B T 5.
i FEBOA R L PG T 1S M2 n] 7 $EEFR) (09 0 22 PR RE -5 RS A B AR G | BEIR
(T BB SRS B T A T e AR AT A P4 DR R POt L B 3RAT B b v a1
BN T A WAt 5 e 2 1] ) 22 Sk B VP 20 ot 4 o PR AR v, 0 B AR SC VP AR 40 T A
TR S5 AR & 1 UTRS 1 3 TR P 3g 1) [ P i SIS Afp A T e 5 S92 6 st 2 ) 5 2
W IELISE A I AN TR, 6 B B IR 38 (3 DR T el I 3 b BH A v iR B T I R ) e i S5 1A 1
WERRRE 25— s, 5 5 s A4S SRFEAR — B30, DRI TR A I it 25 A% D T2 TR IE S A g 27
PERE B HT P2 LAl

0.8 - 1.2
e experiment e experiment <L
—o— analytical solution —o— analytical solution /ﬂ/
0.6{ —#— numerical solution 0.99 —=#— numerical solution o
2
3] « /{{ o ®
oo} =¥ [
> 044 > 0.6 Q//{. o
~ ~ e ®
o © ({‘z
0.2 0.3 ,/‘(ﬁ
0 O-Mﬂ . . ;
0 0.02 0.04 . 0.06 0.08  0.10
(a) 323K (b) 233K
B 7 SEORh RIS SR A R L
Fig. 7 Comparison of results between the constant-rate tensile tests and the analytical/numerical solutions
+: >\
3 4 e

ARSCHT A e RS AT 2 A WLE BERHET T G a5, OF 51 A« R a e
PR 7RG SRR AR A IR A s AR S (0 R HORS B2 AR At |3 i UTRS 1R ) SC 8L 1 iR
SEROSRL A BB |, O 308 2 S A S BRI 1 AR e BT AR05 12% B T A B e 1 7S
FLIF 458

1) WLF R A SO G (9 2R R A — Rl Rk B, 0 T S B R T 3, B0t WL A6
P ELAT 0 B T PR R B o PR

2) BEAHMERT F) AR REE A B At BE A S Bl I B8 T g AR o ) SRR, 2 A
INT 5% A LI LR R B

3) sl sE SCHT R R IR R K - o, FIFEIFTE] £ = 6, (T) BYRREL, RORHE R 128 AL
St (4 SR IBORS

22 3k ( References) .

(1] XA, BAIRE, CPk. IR EE LA R S PERI AR BB [ ], N FHECE A%, 2007, 28(9)
1021-1027. (LIU Chang-chun, LU He-xiang, GUAN Ping. Coupled viscoplasticity damage con-
stitutive model for concrete materials [ J |. Applied Mathematics and Mechawnics, 2007, 28
(9): 1021-1027.(in Chinese) )

(2] Z0F, WASETF. S RAR A 43 L O 58 5 G W0 AT R A ROR SR VE BT [ I . BB E R %7,
2007, 28(3) . 270-280. (LI Dan, HU Geng-kai. Effective viscoelastic behavior of particulate
polymer composites at finite concentration[ J]. Applied Mathematics and Mechanics, 2007,



546

VRiETE Ll e R} ok

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[16]

28(3) : 270-280.(in Chinese))

VRETE, BV, A, k. A R BE R AN AR R A SR IBOT IR [ T ). KIEZ 24k, 2011, 34
(5): 58-62. (XU Jin-sheng, JU Yu-tao, ZHENG Jian, HAN Bo. Acquisition of the relaxation
modulus of composite solid propellant [ J|. Chinese Journal of Explosives & Propellants,
2011, 34(5) : 58-62.(in Chinese) )

XU Jin-sheng, CHEN Xiong, WANG Hong-li, ZHENG Jian, ZHOU Chang-sheng. Thermo-dam-
age-viscoelastic constitutive model of HTPB composite propellant| J |. International Journal
of Solids and Structures, 2014, 51(18) . 3209-3217.

Park S W, Schapery R A. A viscoelastic constitutive model for particulate composites with
growing damage[ J]. International Journal of Solids and Structures, 1997, 34(8) : 931-947.
BEHELL, WRIGOR, FEALOR, I, VIS8, SYUIERAT AR HI T & i s e He b s e gl i g 5 B DR 7 Y
WS T]. W HEEF J12%, 2008, 29(11) : 1376-1386.( CAI Yan-hong, CHEN Hao-ran, TANG
Li-giang, YAN Cheng, JIANG Wan. Dynamic stress intensity factor analysis of adhesively
bonded material interface with damage under shear loading[ J|. Applied Mathematics and Me-
chanics, 2008, 29(11) . 1376-1386.(in Chinese) )

CHYUAN Shiang-woei. Nonlinear thermoviscoelastic analysis of solid propellant grains subjec-
ted to temperature loading[ J]. Finite Elements in Analysis and Design, 2002, 38(7) : 613-
630.

e, BRIEF, N, T TR A RHAORE S A 5C R S s [ ] TR,
2008, 25(1) : 34-41.(ZHENG Jian-long, QIAN Guo-ping, YING Rong-hua. Testing thermalvis-
coelastic constitutive relation of asphalt mixtures and its mechanical applications[ J]. Engi-
neering Mechawics, 2008, 25(1) : 34-41.(in Chinese) )

BRERE, e, FRENT, BN, PITIR G RHE f BROR S AR SR BT[] B 2
R, 2006, 23(3): 338-343.( QIAN Guo-ping, ZHENG Jian-long, ZHOU Zhi-gang, TIAN Xiao-
ge. Incremental thermalviscoelastic constitutive relation of asphalt mixtures [ J |. Chinese
Journal of Applied Mechanicals, 2006, 23(3) . 338-343.(in Chinese) )

Neviere R. An extension of the time-temperature superposition principle to non-linear viscoe-
lastic solids[ J . International Journal of Solids and Structures, 2006, 43(17) . 5295-5306.
Dagdug L, Garcia-Colin L S. Generalization of the Williams-Landel-Ferry equation[ J ]. Physi-
ca A . Statistical Mechanics and Its Applications, 1998, 250(1/2) . 133-141.

Salmén L. Viscoelastic properties of in situ lignin under water-saturated conditions| J . Jour-
nal of Materials Science, 1984, 19(9) . 3090-3096.

Peydr6 M A, Parres F', Crespo J E, Juarez D. Study of rheological behavior during the recov-
ery process of high impact polystyrene using cross-WLF model[ J |. Journal of Applied Poly-
mer Science, 2011, 120(4) . 2400-2410.

CHANG Feng-cheng, Lam F, Kadla J F. Application of time-temperature-stress superposition
on creep of wood-plastic composites| J |. Mechanics of Time-Dependent Materials, 2013, 17
(3) . 427-437.

XU Jin-sheng, JU Yu-tao, HAN Bo, ZHOU Chang-sheng, ZHENG Jian. Research on relaxation
modulus of viscoelastic materials under unsteady temperature states based on TTSP[J]. Me-
chanics of Time-Dependent Materials, 2013, 17(4) . 543-556.

Williams M L, Landel R F, Ferry J D. The temperature dependence of relaxation mechanisms
in amorphous polymers and other glass-forming liquids[ J ]. Journal of the American Chemi-
cal Society, 1955, 77(14) . 3701-3707.



RGPy Ao B A FROT I ST 547

Finite Element Application of the Time-Temperature
Superposition Principle (TTSP) to Polymer

XU Jin-sheng', YANG Xiao-hong', ZHAO Lei’, WANG Hong-li', HAN Long'
(1. School of Mechanical Engineering, Nanjing University of Science and Technology,
Nanging 210094, P.R.China;

2. Anhui Dongfeng Electrical and Mechawical Technology Co. , Ltd. ,

Hefei 230000, P.R.China)

Abstract: To better describe the temperature-dependent mechanical properties of polymer ma-
terials, an improved WLF model was proposed, with a ‘zero time’ factor introduced to pro-
mote the precision of the relaxation modulus acquisition at different temperature levels for line-
arly viscoelastic materials. Thereafter, the improved WLF model was applied in the finite ele-
ment calculation via user material subroutine UTRS in ABAQUS. The model parameters were
obtained out of a series of relaxation tests at different temperature levels, and the feasibility and
validity of the improved WLF model and the numerical method were verified through the con-
stant-rate tensile tests of composite propellant specimens. The results show that, compared
with the traditional findings, the relaxation moduli acquired in view of the zero time’ factor at
different temperature levels are more accurate, and the improved WLF model is more applicable

and precise for the temperature-dependent description of composite propellants.

Key words: time-temperature superposition principle; linearly viscoelastic; relaxation modu-

lus; polymer; ‘zero time’ factor; finite element



