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Advances in the research of metallic thermo-viscoplastic
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(College of Mechanical and Vehicle Engineering, Taiyuan University of Technology, Taiyuan 030024, Shanxi, China)

Abstract: The studies of the plastic flow behaviour of metallic materials show that the plastic deformation process of metallic
materials is dependent on temperature and strain rate, so the temperature and strain rate sensitivities are the most important
essential properties of plastic deformation of metallic materials. It is therefore necessary to establish appropriate thermo-
viscoplastic constitutive relations to accurately describe the temperature and strain rate dependences of the plastic flow
behaviour of metals over a wide range of temperatures and strain rates. Advantages and disadvantages of these constitutive
relationships are first reviewed in the present paper. With the increasing applications of metallic materials and the emergence
of new materials, the 3rd type strain aging, K-W lock induced anomalous stress peak, and tensile-compression asymmetry are
often observed in the plastic flow behaviour of metals. Due to the occurrence of those phenomena, the traditional metal thermo-
viscoplastic constitutive relations may no longer be applicable. In view of the significant roles played by the 3rd type strain
aging, K-W lock dislocation structure-induced anomalous stress peaks, and tensile-compression asymmetry in the plastic flow
behaviour of metals, especially in high temperature loading, it is necessary to take those particular phenomena into account in
the framework of the thermo-viscoplastic constitutive relationship of metals. Thus, a large variety of constitutive relation,
which considers the interaction of strain, temperature and strain rate, has been established to predict the deformation behaviors
of metals. In this context, this paper presents a systematic review of the thermo-viscoplastic constitutive relationships of metals,
which includes the anomalous stress peaks in the flow stresses with temperature due to the 3rd type strain aging or K-W-locked
dislocation structures, and the tensile-compression asymmetry. In addition, the forms of these thermo-viscoplastic constitutive

relationship considering the 3rd type strain aging, K-W lock dislocation structure-induced anomalous stress peaks and tensile-
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compression asymmetry in the flow stress of metals, are discussed and analysed.

Keywords: thermal-viscosity plasticity; constitutive relationship; strain-rate effect; temperature effect
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Table 2 Equations of phenomenological constitutive relationships relations
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0

e Zos Z, Flm AR H AL
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Huang %5 ffi F B-P 444 C R R T 1100-0 A 7E R AR R 107°~10* 5™ 385 Bl N I 88 s AT o
SR, B-P A R AT LAERA IR 1100-0 57 114 R A5 R MU AL MM AR E T i Tag 4k

i F B-P My 3¢ R BEA % IR E UM, LA Chen 2514 7 B-P AN 56 R d 5| AT PR AL 350 e 4
iR 30CrMnSiA TRy PR 01T R, HIEA

> 1
A® = 3 [Zexp(ClT )] (28)
K. A, C, T AR HEEL

& 7 7R oA B-P AHE & 2 WA 21 9 30CrMnSiA 7E 38 BE TH & iR s 1 itk . 58255 ] B-P

A RIER T Sn-Pb A 4TE 10°~102 s AR RGN . =55~ 125 °C IR R HiiiT Jy, Hiss
s 8 R .

100
2000 &=1s" go L Point: experimental result £=1.67x107s"!
1300 g0l Solid line: B-P model
1600 o mom
§ 1400 | } 70 b et . 218K
S 1200t S o0y
b =
21000t 2 01
Z 800 s 40 W 205 K
= 600 30
400 + = Experimental result 20 F L aAAA A A 398 K
0 100 200 300 400 500 600 700 0 1 2 3 4 5 6
Temperature/ °C. Applied strain/%
K7 30CrMnSiA SRS DL BE AR fELAY LA K8 Sn60Pb40 & 4 AT A4S AR I LY HL Y L 451!
Fig. 7 Comparison between theoretical and experimental values Fig. 8 Comparison of calculated results and experimental results
on thermal softening of 30CrMnSiA*! for Sn60Pb40 alloy!*!

1.2.2  Zerilli-Armstrong (Z-A) A#) % %

Zerilli'” T 1987 4RI T 48 J) 2L 1 Z-A AROCHR, AR KR 16 T RS REAL | N7 A A8 AL
mtcRL RUSE X 4 8 A RHAL B N 0 A2 o H T IR R N AR 2R IO 37 7 AR 42 J& A1 KL (face-centered cubic,
FCC) FIAU> 37 5 1K 45 J& #4 8} (body-centered cubic, BCC) B2 M AS[A], 4l 4 BCC 4 J& b FCC 4 J@ R H
O v ) I R R A AR R AR, BT L FCC M BCC PIZE 4 B BRI Z-A RUARK) & R WA . Xt
F FCC 4 )8, 485 070 7 IR AR 55 (1 BELAS; X} BCC 4@, 45670 7o IR Peierls-Nabarro [ifig. PRI, Xf
F FCC & )&, Z-A M KR ML N

o =0,+Be"*exp(—-aT) (29)

Xt ¥ BCC &8, Z-A R KAMIERN:
o =0,+Bexp(-BT) + By&" (30)
Kh: o, ARSI I AR i, FE R B A SE R R E, o = o +kid™'?, Kb o i 7% 8% BT
W] 46 L 85 %5 B2 5% 0 1Y) D I SE T A3, ke R Al OB RO R, RAEGAEE A N TR B @ = ap—a Iné
B=,80—Bllné , B. BO\ ay.a; BB %ﬂ%ﬁﬁ%iﬁ%‘ﬁﬁﬁfﬁﬂ@ﬂﬂ%%ﬁo
% T HCP(hexagonal close-packed, HCP) #1 ¥} K3 i 5 FCC A1 BCC 4 Ja 2 BL iy i 28 2 S0 Rl it
FEMCHPE, B AnEK 42 JB 1), Zerilli 55147 44 Z-A ARH R I FCC JEUH BCC JEAUSE —, @57 T — M Hi A
EZ, R T Ti-6AI-4V A4 HY-100 44 BB R a7 R, Hdeik =k,
o =0, +Bexp(=BT) + Bye " exp(—aT) (31)
Z-A AHE 5 F (0 S BTE 25 P A5 A RV AR T 2o A8 v 0 A 8 8, (R X R O 5 SR BRI 2 A
561 . Ktk Zhang S #37 T—AMEIEM Z-A BRI C R, iR T & ST A 4 1C10 758
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I (293~1073 K) FITE 2R (10°5~1072 s T RSB PR B, AN 56 R % 8 TR | AR KA i 72
XTSRRI . B IE G AR 56 R 250N,

XfF FCC:
o=0,+C " exp { {—C;’T +C,Tln (r(;r(é)ﬂ H(T)} (32)

%tF BCC:
0'=0'a+C2exp{{—C;’T+C;Tln<ﬁ'r(é))} H(T)} +Csé’ (33)

Kb RLEE B r () = po + Me WEAG BV AR Z A3 A0, Ferh Mo AHDRE 7007 55 92 15 105 4 S0 3R (0 b L 2,
P NP FE R L, C; o CYRC, AR L, H (T) AR ) pR L
BRI Z AP, VP 222380 Z-A AR O R IEAT T8 IE LA by H S8R 58 4 kL. U0, Samantaray 56 78
Z-A AR B FERN L, 25 08T R AR | R N AR AR A RN X R B T R, S T — A
HAR R, R T Ti Pk ORI (D9 A4x) 16 1073~ 1473 K IRBEVE M 107~ 1 57" AR5
Bl PN ) S S s AT 2R, HAAIE A
o=(C,+Ce"exp[-(C3+C4e)T"+(Cs+CsT)Iné"] (34)
Kh: C\. G, Gy, Gy Cs B CRMRLE L
Abed 5P SR LS K I, Z-A AN 5 A TN AAHOE N T B ABOE R T - R AR EOCR . (R
O AT A EH TR A B0 &8, Rl s T, X 2 T30 Z-A A0 ¢ F 9 HR0TE 1 1 7 AT Ao
TN ERAN S O, B SIS IS ATE . R, Abed S50 N T Z-A AR SR IBIETE A
XFF FCC:
=" (1-X""=X+X7) +Cs (35)
Xt BCC:
o=C (1-X"=X+X")+Cse"+Cs (36)
K. X =CyTIn(1/"); C,. C; T C; R GO ARG AH M B ZEL C o — BB R 7, 5% . s
(A MDY Y AN Y E
123 A% H/4R /1 (mechanical threshold stress, MTS) A#j ¥ %
TE Z-A ARG FR B 7 04 10 78 FERH DG 43 B DX T B8 DX R B X B, FCC 42 @ 1 i
BN 3 AE N AR AR AL 107 s I A bR g B Kl R Sy 28 T LR A B A DT R DX [ 4 B IX R AR AR T
Follansbee %5 *" 3 o 3 40 W52, DA Ay 1 A8 SR AHURAE 1) T 07 051 DR T 45 ) e A 1) SR O PE, R, A T
TR IR R AR F8A TR, KT MTS AR R, B

(AL 8)/} N (37)

o=0,+6—-0, n—
( ) gopb® &

K 68 15 AN 7, BP0 K B A 0 77, 765 A8 T J& N AR R A sR A o, AR 15 k B IR 2%
SR R B OISR (5 IR A OC) ; g B B IBIE BE; p R g HIRRBZTB IR S5

MTS A4 5C F v 2% J 1 W AR | 748 28RN I B XT3t 2 7 T R8s i), BT L e 8 Rt ) i A RE A o T
o A RS R, PR A R EOR FL 3 RRIST . Follansbeel™ = 1988 4F .45 [n] il T~ MTS 444 5 & B WF 5 it )2,
INA T AR 2R A Z F R AR HLE], 25 T MTS 4K 56 R 1 — e K

T=0+ ) SiEDFuT) /o (38)

e S, Sk A AL AR R N T, 6 B, — R n=2.
H1 T MTS A 5 52 7T LAAR Sl 350000 g2 078 A< T (10°~10% s71) I B i 347 S, PR eI N 5
RAFAU A o <5 i 18 T 01 A2 5 [ 9 i BB P A7 o
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Banerjee %54 XA AR Y 4340 WX3EAT 1 28 o i, T MTS 4K 5¢ R B0 1 HAE = R
PSR WM SN T N . AN, EF AT MTS AH 5 R A H FRICEE T, R 4 )8 AR
N AR SRR (SR AT M, 4 Maudlin 255% 5 Taylor i il . FLAL IS | S o Ak o5 3 06 1 50090,
£ EPIC-2 Fil PINON &% X} MTS #47 T 1FAk, KIAEBY R AE/NT 0.2 ATE AL T, MTS BRI AR AT (ks 2R
1.2.4 Nemat-Nasser-Li (N-N-L) A&#jx F

T AR A A e SRR SR ARSI L KASE A T I EPERL 80178, Nemat-Nasser %557
ST e R IR AR G R, HARR AR

kT (. e\1") "
0'=0'0£"+6'{1—{—G,0(1n;)} } (39)

e ke N BORE G W, o LA E sh B BIE R J1, Gy o255 Al A i BE . 7R EERN L, Nemat-
Nasser 257 25 JE A 55 9% 5 Bl W A8 AR A 284k, ES7 1 — ST LAl FCC 4 Jm B8 1 Ui 2l A7 o 1 4 B
SRR, HARBA:

T . 12 3/2
o(&,eT) = 0-0{1 - {—kGl <1n§+ln (1 +a(T)s”2))} } [1+a(T)&"?] +ole" (40)
0 0
0 _ G’O . _ 2
o=, &0 = bpmwoly, a(T)=ay[1-(T/T,)] (41)
bl

KA a(T)F n, WIS B SEG Gy = abA'L, Hoh o A IHRE H 0 BN 75 4L L HPIHIRIRE T
1) 3585 2 5 P RN U 57 A TATBE 5 oo AT %5 a (B TR L P 3 A5 TR . 19 P45 T N-N-L
AKE) 5 Z2 6 OFHC 4 1) F 0 285 S 55 30 08 45 S 9 %o L, & B0 A 1 07 A48 S5 R B8 91 L P, B T 5 30 58
SEREA R —8hE

8000s',77K

*

. 600

S 500 *8000s",296 K
= >

2 0.1s7,296 K
S 400 $

2 300 :

&

Point: experimental result
Solid line: N-N-L model

0 0.2 Of4 Of6 018 1.0
True strain
o RIFRASSR AR, 1Bk OFHC 4 N-N-L A0H) 5 2 Hi L 5 i g2 L et
Fig. 9 Comparison of model prediction predictions with experimental results for annealed OFHC copper
at different strain rates and temperatures using N-N-L constitutive model™”
Guo 250 I N-N-L A #2538 T 3003 Al-Mn &4 B IBPER sh AT R, 25 A 10 iR EAk,
N-N-L A48 3¢ Z AR 3 5H 5 BRI 25 4 Jm S 3t sl A by 9 000
125 HAbdh s s AR
B L3R JLA R UL ) B S AL S AR O, A B AT AL 1 H A A ) B A A 5% 2R LA 2 Js A R
B AL AR A2 RN AR SR AR o 51, Rusinek 25191 BT Klepaczko!® AUMFFE HE N7, T — P L YA AN K
KR R-KAWEFR), TR S B RIE 1074 ~10° ™ RS R T (1R AE | A8 SRR B 5 37 8 1
ZIHRFR o AR ER I T — A0 3, X T AR RE A FPRrs i . HRA AN
E(T)
o=

Ep—— [309;’ (80 + &p

n(1-D,6,)

+3(1-D,6,,)"] (42)
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500 400
| 3003 Al-Mn, £=0.001 s™' 3003 Al-Mn, =3 200 s
450 I 350 1
400k =t 210K
00 77K, o * " " 300 A
£ 350 ws” 8 - =
L]
= 300} Point: experimental result ® = 250¢
] . . 2] L ]
8 250f Solid line: N-N-L model 8 200l
@ @ ....5401(.........
2 2 150 %,:,.!-———-—’—‘f .
= =
100 ;‘m_rfl_‘—.—z-sngnlfr'x‘l—"‘_’_‘r'._‘
' : L]
30 : lExperlmental result — N-N-L model 2 .
L}
0 01 02 03 04 05 06 07 08 09 0 0 1 0.2 0.3 04 0. 5 0.6 07 08
True strain True strain

K10 AR[RIRAE AT N-N-L SR P 5 128 SR A LA™

Fig. 10 Comparison between N-N-L model predictions with experimental results at different strain rate®*!

st 9m=T11g(8max>$H0 —Flg< ))@Wi/\ﬂl SR I (L s B, MR v L e

HER, n K RE AL R m (‘leg“) A5 T=0 K I, AU ST o . D, 1 D, Sy bRV 8 E 1 E, 455 577

i BE A 0 K3l JBE T B s PR A emaxjﬂ 77 AR A L FR, JF A ST K B R NV AE R & o AR, Z 5
A FEIE I R-K AR ) 5 28 AN RE VB 04 38 < Jm FA R AT O 9 B 26 T7 T, T2 Rusinek 551 3l i 737 3)
JOE T3 o FRES AN —A> 58 = TR A JEAZ A K 5C FR B9 Y BT, S T o SRR T R < PP O S 1 ) 970 AR AR

B, BB N
rema(52) 0. ()l )

e o Dy SRR HE R, &vans 22715 1E IV AL FAFURNE AN 70 A8 SRR E Z A AY3E  o Rusinek 514 3Kk
TXF OFHC Hi (AT 5, X R-K A R HEAT THEIE, B 155 M A 5C 5 (M-R-K) HY, von Mises )i /1 4

min

“ED oo, (44)
E,
Kb o, WEFRARAN T, SE RN ) o R
T .max 1/&
ra=ati-a(z )e(%5)] “)

Ao & ME Rl IR AP RHELEE R OB BUBME MR B, 0, (6,6, T) = B(6,T) ()" o FiPER 150t o R
Taylor K. BH J1 R ECR RS sh 7 45 % & ) BB, Voyiadjis 281 R & IE J5 19 R-K 444 & R X 2024-
T3 F G 4 ARG FLAaC g0 o (0 Y B AU M E AT T I, AR 4 G 28 i Tl &5 SR 553000 25 R X be &1 11
I

Sung Z£ 1V 2 11 T Hollomon 1 Voce A4 52, 7 T — M08 3 AN RBU i ARIAK & R, fiid
T3 MU R SR R ST R, HOB AR

o=0(&T)=f(eT)g@n(T) (46)
A BREL £ 38 3 Hollomon Fll Voce i AR B Ak 75 8 ) 4 1t 41 G >k 8 s I 28 B A 36 1 1l B Uk, T 0K
feD=a@ fi+[1-a(f] (47a)
a(T)=a,—a,(T-T,) (47b)
fi=He" (47¢)
fi =V (1-Ae") (47d)

it':'j Q. Q) H.n, A, B]:u Vj‘j*j*"l’ﬁﬁo
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400
L 2024-T3 Al, £=4 000 s™! 2024-T3 Al, £=4 000 s™!
500 L
350 am
a " m » [ ]
< 400 - 300
a a
2 S 2501
12 300 B :12 200 L
E 200 E 150
100
100 = Experimental result sob = Experimental result
Modified R-K model Modified R-K model
0 01 02 03 04 05 06 07 0.8 09 1.0 0 01 02 03 04 05 06 0.7 0.8 09 1.0
True strain True strain
(a) 7=500 K (b) =700 K

B 11 M-R-K A 5 2R 04 2l 0z 7 BE S 1 28 1 25 A1)
Fig. 11  Change of the flow stress with plastic strain described using the M-R-K model™®

Gao %57 FF AL 52 S IBEEALE], ZES7 T —Fh el LU FCC 4 )@ s AR PEAT i i AR S A
FSCAR, A SC AR Th AR S HCS OB OWL S5 9 R AE A G, HOE A
1/p

. é e\
0'20'3+Y8”exp(c3Tln_—) 1—(—C4T1n_f) (48)

Es0 &0

R 7= 160 WIBREHI S, Frl 60 WBZWRBEI T 3 = K/ (8uab?)s ¢ = k) (goiib”), Forligo o
WHG 6o W BB, 6 WIBRIBERIER, g NI —1L H 1 fE.
W T VLML T A4 W B A K 56 R0 E BRI R, % 34 )Wt T A% Ry o
o A M 5 2R 19 B A T R LA 2

®3 PNERIS AR RRENTLL

Table 3 Comparison of physically based constitutive relations

LS P A0 R 7R s ARAE O FR 1 F B
(N R BASTE 253 Sy s RS P38 43
B-P 1975 Bodner-Partom!'™! 10°3~1 (2)38 i YA METIIL O y A B AL 0
(3) A7 % SR BE K
1987 Zerilli-Armstrong""” 4x10° (l)%l"%?%ﬁﬁ TR
()BTRS HIE
2009 Zhang-Wen!*! 10°~1072 IR TR NARR AR L i BT Z- AT S0 5 )
A 2009  Samantaray-Mandal® 1071 U TR S IR A S A X B A RO
200 KoedVoytadis™ oty DT T B R 5

(2) BRI SRR 1Y 55 RO Fa B S 00 Rl ok
(U TAg EZE Z URRE )_ 107 UT DRL 495 B T )l 5 e

M-T-S 1988 Follansbee!'**"! 10*~10*
(2) 7% L& T BB S
N-N-L 1998 Nemat-Nasser-Li’*” 10°~10* 2 LT B 2 R A AR 1 AR Ak
2001 Rusinek-Klepaczko™®"*? 1074~10° 2T NSRSt 4 e AR s AT R B R TR

(DBIN—AEF =IO IR AN I A Y B HVE

2009 Rusinek-Rodrguez-Martnez!®”! 104~10*
£ (2) 2 15 6 5 A R HEEL

HoAth i# 13 Hollomon FIV oce b AR TR {77 B (LR M 4 A5 ke s o AR R Ak %
2010 Sung!*! 10°~10
) Ik R
X [EFCCE AR 3 R HR OIS #4428 ST B 7 5 1 A% | IR
2010 Gao-Zhang'®”! 10°~10*

ERINEEESI PSS
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R4 ERSFXRNHGERLR

Table 4 Equations of physically based constitutive relations

fA Wik iy

] s n+1 z2\"
Bodner-Partom Dy = Djexp [_< n > (@) }

XFFCC: o =0y + Be'?exp(—aT) Flla = ag— ) Iné
Zerilli-Armstrong!"”! Xt TFBCC: o = 0, + Bexp(—BT) + Boe" 1B =By -1 Iné
XFFHCP: o = o, + Bexp(—BT) + 3051/2 exp(—aT)

xHEFcc;a:cra+C1€l/ze"p{[‘Cé/“c"‘m( (e)r (8>)] @ )}

Zhang-Wen!*!
X FBCC: o = 0y + Crexp { [—C’S’T +C,Tln ( - )} H(T)} +Cse"
r(e)r(&)

Samantaray-Mandal*”! 0 =(Cy +Cre")exp[—(C3 + C48) T* +(Cs + C¢T*) In£*)

X FFCC: o = C,e%5 (1 —x'\2 —X+x3/2) +Cs X = C4TIn(1/&")

Abed-Voyiadjis™
%HFBCC: o=, (1 —x\2 —x+x3/2) +Cs&" +Cq

. 1/¢7 VP
Follansbee!'*"! =0t (G- |1 ( kT In @) !
goub® &
N
_ T ;0571 kT 2 1
Nemat-Nasser-Li o(eT) =0 {1 - {_E (mf +In (1+a(T)e'/2)):| } {1+a(T)g§:| +00m
0
. o) E(T n(1-D> 6y
Rusinek-Klepaczko!” o= 50 [y (1) (=2 ey ~Dienr']
Rusinek-Rodrguez-Martnez®! Ons (8,T) = 0 [lg ((c"a“s )] [1 -D; (T?"') lg ( - ¢ >]
&€ Emax
Sungl*? c=0(eeT) = f&T)gEh(T)

1/p

R N < 1/q
Gao-Zhang!”” o=0,+Yexp [c{;Tln (i >:| { 1- |:—C4T1n (i )] }
€50 €0

BEAR, Xu S 008700 S AR Sfeth Yo 5 UL 114 45 4 B R M ARG 56 2R 1l AR AN TN BE ) HEAT TR AR B F
FERXF L . FEE4EFXF B-P. N-N-L, Z-A, V-A fil R-Kffsﬁlﬂ%ﬂfrﬁjf,UZIW’Jaé/%u&Jc%nKHLé;zﬁ:
MER AR KR, AT AR KRS ENITE %, 25 TR FCC 4 @8 41 M IS &4k
93W-4.9Ni-2. 1Fe!™ 75 5 Ji 45 2 G ik £ 0 Bl N 9 SRMEAT R, 2007 T 2% A HG) 0GR AE Rl A I T Ak . T EE Rz
05 S SRR B £ SR

2 HEFEZRNTRYNERAFBEREXR

T8 FEMR B . T AR AR BN X 42 AR 1200

AV S AT AT IR, 25 & s 7 L N AR 1100}

L A Jm AR TR BN 7 -0 2k B A R _ 1000t

LIRS 10N 2N A T o) 32 R D0 A ] S o0}

AL B 1 3 -6 W e Ay ey B — S Dy 0 £ soof

EL 12 s . BRI A R T A Z 700}

AT A AR R R PLC B oo O

AR, S 45, Wang 47 1 Xiao 47 s00

ek —BLRHFRA B8 = RIR B (third type 00200 400 600 800 1000

SA, Tk 3rd SA) o & =AY AR SRS 19 H3 B Temperature/K

BA B, FEHA . 25 (BCC, HCP, FCC) % |6 12 DH36 R sh I 1 Bl B A5 AL 2k 1 B I B i)

K4 BV R EH X — I, Fig. 12 Anomalous stress peaks in the flow stress curves
5 = 700 T 7 I A TR 2 (1 A A T 4 of DH36 steel with temperature!’"!
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JiEs TR R AN 5 28 AN BE AR L 18 38 < J A A A 2 = TR 28 N 5 Y B %t DX P A SR S AT
e, 27 AT T A B = IR S P RS ) R A AN OO AL B B4 T 5 A T S I ERS — JR IO A N ) <
IAFHIRPEARR R O, Gilat S50 FEJE TO7 55 PO BEIS A7 09 8 PR MR OC A A AL,
T Y 255 R Jay PR o D 14 % — TR 7 A I AT, ) P A S ) B TR A I RS SR AR B AR
WS, ] LIRS M iR 1020 HEA R | AR AR R AR 8474 o Cheng %12 5 N-N-
L A 56 28 7% 1B = R N /A8 It 230 A P e o s R ) AR A, ST T 5 B R O A N AR <5 i AR 2
PEAR R, HE LT

L e Oy | L R TR TR )

- lrdaaen(-2)] (- [-(Zew (-252)) ) 0

X CORBLFR LR B BUST ROUREE s Fo v B B2 D Co I R E AL RE s a, A1 ng AR ZHG o) — 7l
AT RN G 0y h— W EG O W BUR 7 5 0058 [ B A BAE I AE: . op. o\ &1 nyny FIQHET
HHEL Q= Bbpulvy = &0 (V o/ vo), Herhv R BE F MR R, gdgm N 7. G ED ZIEAH S
ALE O N S B (2 3D PR AR, 78 Z-A SRR SBVEACHKE 5C R 0 BE0l b, In AGLES RO
SPA EAE RS20, BT T —Fh o] SR S = BN AR B RO R AR OC R, TS AR S R Y
kL h

s’“’} +olgh (49)

c , kT & l
O_:{O—O q)exp<_COT+C1T1n8+dW]n&))+Bo+0'08n T<TC (51)
Bo+0—58n T;TL
C’ Q -0\\*
&= {i-ew (T (-42) )] @

K C AN FEZ EH B F IR R B s Gy Al 4k i B VR B € L AR TN &, o ik B 0
Jrs AT H S K. o). n. e o an oo FQBIHEEL, By =06 +kid™?, 09 = G/ (Agh)

DI I 3 Fh 4 JE IABE S PE A A O R 40 75 1 T AR = 8 N A I G R R A SOOI B ST SR 1Y, A
Ry ELAR YA 0 A 5 AN AR I A B A O R B, HOB R A, RL S BB SRS, TR AR A
FZ R . I, S E AT R 2 B TS S RN AR B AU A B T AR K R . Hong!™ Fl Lee 261
2 P8R 5 =AU W A IR R IR AR T R S BT IR A B L, 4R T IEAS A A e Y B = AL
AR R IR K
(717

Tw

A o R op W KA, T %5 KAE H BUAREE, Ty 55 = RN AR AR B T8 % . 5 R R M
AR R B A, B = TR N AR B 2 A% n) B = AU, Hong™ ! 1 Lee 5511 A T W N AR R pR %L, H ik
AT

op=0bexp |- (53)

1
? = C] 1n<é+ C2 (54)

e C, M C, MM RER L. Lee 4™ 7E Nemat-Nasser 5550 & 57 8 47 BRAR & S E 38 1 AN A4 56 28 1) L Al
e BERINT B AR N AR B AR AR 3 RIS FR R R A A M AT o, Forh, B = N AR B AL
(ES7NG WP

op =0 exp & (55)

091402-15



542 O, SR PAERIEA G R AT %9 1

i JF AR5 R = RN AR B B B I AR SR o e AR AETS ™ F0 Su 257 [A] AE 7F Nemat-Nasser 551

ST W) FEARE A I PR AL OC ZR SRR L, B8 TSR = AR AR B TR A A DH-36 8K ) A RN 46

VTR SN AT o, 25 R RS — A 7 AR B 280 G %) 107 A8 ZRR0N , 38 2k X AR AR B 7 A% 53 ] N AR e 4 SR R A 7

PEAT M, AN = TN AR B R0 i RRIE S 8 o . T A Ty 5 X B0 AR R B e R R, Rk h
6p=0"ln~—, T=T,nZ+T,, AT = AT, In - + AT, (56)

&o &0 &o
A 0%, T\ Tyo AT, AT, IAPEMEEL. Guo 55 ™ T3 1 X0 25 5 40 B, R RRIE S50 T 5 % 5 AR
RERHHIER, FkUan T

T=7,/m< (57)

€o
H T REMET LA th AR E S 8 ol . T Ty, SRR R, Wang 557 BT I8 S 55 5 4 HOA Bt 5t
T ENERES TRIESE 0. TR Ty 50 AR Rk
T,

Ty=——t— (58)
an —mlne

R (59)
an —mlne

& = &glng P (60)

KH. T, 4. m. T,. 6L, 63 R B
Song Z* Fl Voyiadjis %" 3 T & IE ) Voyiadjis-Abed FARH I A K 5 28 18 &5 = 0 )W A% I 2400,
TN B S = B0 AR I R F A AN R

ol =xo,(&&T) (61)
1 T-T, B T-T,
x(T) = 1 (1 + tanh : ) (1 tanh g ) (62)
-\12
oy =(,&T)=ay,exp {—[T_bﬂ} (63)
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