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AT TE] X 38 S AR LA g 2 i S5 1) 52 Wi

1 Fjfe Maxwell FEL7
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1951 4 W54 Doolittle Pl i T 1IE M4t 2 (normal paraffin) 768 R REE T, 43 F (1944 A
HRBURIBRE , R # 5 & — MR B 1)

b,
n= ”Ioexp[) ) (2)
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PR 23T B34 1 R o, =5 — vy, 0 58 SCRARAN ST B PSARBL, B 2R 52 AR VR ASY
TEBN( = V/N) 1959 4, Y1 HE% 52 Cohen HI Turnbull 2 A f ARG 701 107 i, #HE
T A ERURL LA P BCR 20D A A iR o 199G 2R, FEARE Stokes-Einstein ¢ R X%
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y FRNAEH At = dy/y FEEEETRE(S) , AT LK R (1) 450 N 7 BE I AR B3 Ak T 72
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h
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dy Y
SEHAEIT e <1, R T ISR, X A BRI o ST — 1k, 13—
TSR C, FROMZIL A IRBUNEE, BRI,
=y (7)
Cnax — Co
Horlt, e, M, SBIFR o) (WIRIRE R .c, . FAAIB(8) Fm 2,
Cox = aexp(TO — Tj + by, (8)

Hrb a,B,T,,b W8 ITRE(8) A i EH— T2 [& T IG5 B W EE o, 284k, ARG T35
JEEFIIEE ) VFT ( Vogel-Fulcher-Tammann ) 5 22 28 45 21 i, A5 145 30 % & T 728 B 5 1 B AY
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B0 (7) AT C BYEUE AT T 0 B 1 Z LY € 2 0 B B ARG TRT a6 Be , stk
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B EF AR I v B 10 18 0 2 5 | S B 3 A R ARk v 2 I 8 PR A B n . 8 M R B BT I
K EACSE R R T DL R R M A TR SR 3 BT (4 T A RD K R AR i 1 SR AR By ) A
W ARF SR C B R A R S A A 2 S CHTARTE IHAR I ) 5 H 4k
(autocatalytic ) {¥) Prout-Tompkins BORTFENAC/dr = EC(1 = C) , ¥Ak A BN 22 i AL F I =X

d£=iC(1—C), (9)
dy v
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(10) Frs .



e % fii B 11

L E, (10)
= Rgexp m ’
Hirp |k JRHE 5 Debye (F8FE) JRA L, E, JEIIGHE, ky & Boltzmann (B /R252) WH, T
R,

AT EE 2, Z A2 — P 12 st 18 30 ) S0 2, &5 3 &R 48 0 3k Dy 4 3 S5kt (ergodicity
breaking) " 1L R GEAL T B GRAGEBIE 24 v S REAS K, A AT B B E TR B E R K 5 & A
T2 ACET )X B B R 1227 R 52 SR FH o e DRy ik,

7 — NG AR 8] (aging time/waiting time ) A% 52 Wi I A 2 ETE BE 24 Hh AR P8 32 56 K b 245
JH R E e S AR R A R R AR

E, =E[In(t,/t, +1) +1]°, (11)
Hp | E, JERIIR GG RE, B AR ¢ R 0 BB RE; 1, = 1 s &N [a] A 2 O 5 NIV
s o BS80S BHMA R A X,

J7 ik R B AT R S I A BREE C WIPIIRIE C, 4P, B LR Al [ HE AR i
B RN B RIIA I BOR YRR E €, BN AR ERIIAME ¢, 52 Abmbi] ¢ i
TXA:

B
cC =— (12)
Oy Sty + 17
Hor, BIEBHL2 1 P4 I B AR 46 v 8 1o 2 Ak TR b (1 A T 352 405
(12) Ff
£ 1 F1LAY Maxwell BRI S50
Table 1 Parameters in the simplified Maxwell model
parameter fitting value parameter fitting value
E /GPa ~15016] h/s! 10" 11242
€ ~107191# a ~1.25 x10717142)
b/s ~5.0x10710042] B/K ~2 0003
T, /K ~ 6500331 ky /57! 1.0x10'3L16]
E,/eV ~1.25041 @ 0.033141]
B 0.021%!

2 BUH 4R

XETTRE(6) ~ (9) BEATRUELR AR, 7] LIS B B ASPHRHEAS A B A2 R iR LA K AR T]
NI AT 0 3 T R B T % S AU R L

K1 (a) FroR BRAEIRIE —RE SAZRARAC NG BU N, B A RE H7 Bil A 1) 38 AL il 2
P 1 (b)) S AH W B0 3 J3E I R 72 ) A1 il 2. T LAFE 31, 25 0728 R U BRI, SR AR PR A A=
BRI B BE R A 34 0 s AR RE A, e AR A ) 24T il AR o2 Newton 3t , RV HE
AR JIWAEHRIE C L SR DGR 1, 3B A, A PRI AZ 22 1k, RIREEE BT IR AR
iV IRSLap ) 1B ey ANl 2 NN 5 P N R R i = DIV R SSE S o7 L | W S EOY 7B S ¥odla S L G i
IRIETHRBVE AT IR BN A , BEA YRR S BE, B Ja B IR W DRSS (. X — BB id 2
A Newton Uit , BIVRE HE A Az R4 W 3 W 68 107 14 s 55 107 28 L2 e A6 285 I 7 0 4 it o 7 728 3R £
S TR 0 A PO 7L 3R T 2T S B AR 2 SR 5 A S R RDE A I rp 4 SR — 2
FCMRAERE 1(b) b R AR SRR YR C SIS SN , BV R SO 5 Bk Bt T 28
VAW 7, 17 g (A, R P € S BHL S ST R 3O i 0 O I i R 4, 5 — BRI R LR
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Fig. 1 The effects of the strain rate
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Fig. 2 The effects of the temperature
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ATLAE W, W T RS 5 AR ) TE O , BRI 30 H 2 Ak Bt 8] 1 T ARG 1. T LATA Sk iy A2 5| i
P ZEA EHE 2 THBR T Ak ™ A2 BIC A2 BN A 38 BURS R 1 PR A B, 22 A 300 & AN
10 IR 58 3 5K I R] S A8 A8 P (time translation invariance) ' A 3 (b) 7] LLE HY, Z 4T

LB, e LS NGB 18 AN 5 e A R P 3.
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Fig. 3 The effects of aging( consider the aging time changes the energy barrier)
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Fig. 4 The effects of aging( consider the aging time changes the initial value of the concentration C)
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500 / ]
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600 - \ _
400 - \ 1

200 1
I 00 200 C 1 1 ! T ]
0.04 006 008 010 012 0.14 480 490 500 510 520 530
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(a) AREREEET N7 0B R A8 R (b) AR By W (L i JiE
Bzt 2 H A Al £
(a) The peak stress vs. strain rate curves (b) The peak stress vs. temperature curves
at various temperatures at various strain rates

5 BRI
Fig. 5 The changes of peak stress

K 5 (a) Br7s B RIREE T, I ) WA 45 10 A8 3R 2 [ 145G 28 I R il LR Y fE— 23
FEL A IR L I, IO 3B A 7 A (A, i PR BB oy 2 1 A 32 A, 13 D
A, 07 3 WA 7 728 24 ) 8 A TR 494 R A b A A U, L 8 SRR I, 78 40 7 e L)
E ALESIE T IR

B 5 (b) s AN R BLAE RS I 7 W 5 3 B 2 A1 5 28, il LU 78— & JE RN,
JO7 AR R — R I R L R 7 e BB /) 7 7 A R T G PR ST A PR A A 7 72 3 g
O 3 W (L PS8 00T S A A PR A AR D0, IO R LR R I i R X 7 DAL ) 2 )
ESIRGTIILEER

. . — 1600

12000 7510k, 7=0.0357! « 7=510K,7=0.065"
e T=510K,7=0.055" b e T=520K,7=0.065" o
< 1000} & 7=510K,7=0.07s"' < 4 T=530K,7=0.065"
& S 1200f -
= = g
= 8001 =
© © F
2 600+ - = 800f
iz e
< <
2 400t ] &
400 -
200 1 N A — Jd 3 1 7 A 1 L = ‘, l4
10 10° 10 10 10 10° 10° 10
waiting time 7,/'s waiting time 7,/ s
(a) WBEREE AN B AE 2R (b) MRS E AN [ L
(a) At various strain rates and a fixed temperature (b) At various temperatures and a fixed strain rate

B 6 N W EFIE i E] A Rl R

Fig. 6 Linear logarithmic fitting of peak stress vs. aging time curves
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B B AR Ry AL [R] A X B L 7T LAR BIAEIX 3 i A8 R[] B g 4548 T, g T 0
FEALR S B R MM R, o, ~ lg o, X —E5I0 56/ HI 5T 3h S 2 AT Al ) Rl
FH SGR #5712 AT AU ER AR A B 4518 2 — 50 R 6(a) BT LIE 1 fE— 2B, iR
JE 78, AR AR A B B ARER K U BN A8 25 ey | I WA i 2 A s ) 2 o i 3
PR e, 7 AR R A R ), S A B T) X R 7 06 {1 P 5 i) 9 345 B B B

& 6 () 7N SR AE LY AR 34 [ 5 ANAR N [ BE A I 00T, 7 7 W (R i 2 A e ] 358 fim 4 420
HHZTLAEHE 6(b) FE 6(a) AEH AL 3 FE AR INESAET 07108 21k
I ) P X 50t A 0 JE P DG 2R AR — o Y LN, 0738 R — 0 | IR B IR, $U5 B R BOR,
U PTG JBRAEK 107 7 W (2 A ST R38R A B bR A ) 3 0, T B2 LU BRI, 2 Ak hsf ) o)
T 7 WA A 5 i 2 A S .

L5 6(a) FIE 6(b) , AT LA 1« 208 by AR 28R BE AT — 4518, 17 7 W (8 R 2 Ak B ]
AT R X EOC R AE— TR P, 0728 AR Sy R AT, 2 AR ) XoF 7 10 7 U (L 1) 52 i = 30
FB A .

3.2 WA

JL R T (overshoot stress) & X BEIE S AR R ST IE(E S50 e SMEH 222K 7(a)
TR PRTEAR R BE T | v ) 5 AR Z [ B OC R T LR Y, 38 SRS C R AE—
SE P R BRARR ot e (R R A B A 0 Y U AT o e 7 i 7 7 23 348 o i 4 A5
PRI EE LA ATRERE | 1 A% 56 5 w17 g A s i) B o B A

LT (b) Ha] LA WX T3k i 1 7 8 5 e 5 7 738 S5 A S AP T 6T 1 T 1 1 A8 4 g
TR R TG A8 8,

700

' ' 1000} R
600l ——T=310K i —a—7=0.035" ]

—e—7=520K s00l —e—7=0.055" |
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400

600 - \
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004 006 008 010 042 014 G0 @0 S0 30 30 530
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(a) ANFELEE T o vy g B A ¢ (b) A[RINASFT o iy 7 Bl i B
i As e 2k B ARt h £k
(a) The overshoot stress vs. strain rate (b) The overshoot stress vs. temperature
curves at various temperatures curves at various strain rates

7 ki
Fig. 7 The changes of the overshoot stress

3.3 ImRNMET

I 57 7% (critical strain) 22 S BERG DAL IR B 0y W (N X6F 7 9 107 248, 2 M 32 48 1) 78
TE BN REE R 5 A4 i FHEL B S BB BN IR, AP RFN R E 288 A2 1 AN L 3 A R 1R 7
T | I8 7 W5 1 5 07 28 A 2 2 M OC R AL B AT AR B A DG OC AR LUt , FE AN ] 1Y 1z A2
RS i S0 B AR AR H 5 AR L A T (R — By h T AR AR AR S R S
Hh— MR SRR, T TR 2SS S AR 5 A A ] Y G &R
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(a) TREEEIE AR AL 2 (b) NAEZ[E 5, ANIF] i BE
(a) At various strain rates and a fixed temperature (b) At various temperatures and a fixed strain rate

B8 i S A A (R RO 2 Tk P
Fig. 8 Linear logarithmic fitting of critical strain vs. aging time curves

P 8 (a) Frm MR — 5 , AN AE AT i 0 A2 il 2 A I (8] 384 0 i 4005 LR AR
SR A TE] )R B T LA 1, 6 3 Aol A8 AN [] (9 T 285 0 i 5 10 2 70 5 A I 18] 1 5o
BUEAR R AN RRE —E , WA RGBS, AR RERBOR, SWITE R I RE T B by
[T 3 1 S IO 28 ) 53 Wi =6 LA BE o B

P 8 (b)) 7 Y 1 I A8 S8 [f] S AN AE AN [l BE (R 00 T e 50 228 e 5 A e 1) 4 14 424
G HZL T LUE & 8(b) FIE 8(a) 2 AHBIAYTE 3 Fhifi FEAS R RO BIRAT T, e S0 A2 #1284k
I 11 4 ) 250t A 2 2k 1 O 2R

LA 8 (a) FIIET 8(b) , AT LATS Y« 0728 I 728 A R B A A — A5 78, 1l S0 1 42 1 2 Ak I 18]
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Nonlinear Rheology of Glassy Materials .
a Simplified Maxwell Model

XUE Haifeng, NI Yong
(CAS Key Laboratory of Mechanical Behavior and Design of Materials;
Department of Modern Mechanics, University of Science and Technology
of China, Hefei 230026, P.R.China)
( Contributed by NI Yong, M. AMM Editorial Board)

Abstract: The mechanical behaviors of glassy materials show great differences under different
loading conditions. A simplified Maxwell model combined with rate equations was proposed to
study the influences of the strain rate, the temperature, and the aging time on the nonlinear
mechanical responses of glassy materials controlled by the evolution of free volume defects.
With this model, it is revealed that, within a certain range the higher the strain rate is, the low-
er the temperature, the longer the aging time and the higher the peak stress will be. In addition,
the model also indicates that the peak stress and the critical strain of the stress-strain curve ex-
hibit logarithmic dependence on the aging time. These conclusions are consistent with the re-

sults previously reported out of molecular dynamics simulations.
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