BRBEEMA, $1TE Hi0H (19964108 )
Applied Mathematics and Mechanics

A ZEEFO RN FIER

E & B!
GRSk, 19964E2H 9HKED

W E

FEREHEREE MINE, BENTRUSARNEAR. FioLaeeRifL &, g
WERRERGMSRAKBRNRE R, AXEETEFANERER, RSHHLR TEN
EERb B P ITFBE,

xR A Ao hEE BT WE O Blesd

—. 8 ¥

RIZESERBBATRAHBRROBE KB, FHVREORET, R WM A
(0)—RL7E (&) RAME 1BTRY, BIBTRE (0,8) IR Z AT W s i, FRob st BB N
HLERZZTH, BHTFAEWE, REBHE L,

MBI MERE, HEHEATEERE, BRBENSERARTHS, BAENR, &
M. HEER, WERERLTFIFERDS, —EXBEPESE, BEMREFESRIR
REENINNE, AENER, BRIGENATE, RNBTMNIZIZEE 0 M
NEER,

ENE. HHER, §ePRETHE-—DREME, ZHERL T &,
M, SBEMAMBEREA), LHEEEH, B-HEATERAEM), EEIE R NETH

fed S

&

0

B RRZESWEA(o)- ()i B esekidRasiLARRan
CREE) CREERD

1 RENBADHTN—E RZE, MBS0, TRAFA

909



910 ‘ g Xk =

B, —REFREZQRBENHRE, HIPKRE, SEADREAHERRE R K&, SEE
BAMAITHEDSRE, EhE, FELR, XERERBTES AR XBHR, E—THE
HREE, B2rRiR—1TRRNRER,

ERBEA—THE ST HEOERS RS, FHERHER, XEREEL, FHBES
KRB ED, REHEE, HELBRFEE HEPFRE, KAWERE,

X CuZnAl Bz 4B RENRBREY AR REHEINER, DIESRAR
BT, REMFEBRE—HET .,

. BUEOpRM:. SIS

23 kb2 CuZnAl MG hMMN 1 —N & i &mE s R SEET> 4 n
BB FAT &M, KEHHERUES
. a
PRI B,

110 AREBITA

HHTE RIS, RATEIR, e
R PITREETR, KFRE.  H
4()FrR, BIFHERENE—4&%, E4(a)h 0
B, —HMHAIRBZE, RERAKTRE L,

FHE g E S AR, B, ths

m3 mEpE CREED

(2

(a) (b)
B RBEZTER THEETHE

BRI, W1 A(DFT )R . R (6] Bl TR AR At g R RS AR T B 2%,
S R R, RAER, ERSFEETHAZIRIR, K F ST H—sRR
B, —%E S E R R 7, AR XS MR B, A TR RATHRTE AP,

J5 3 o i B AR RAE

2.2 HBEHHEKSIE
5 (0,6 Bl L BIRHFSNRER—H Xo=(0y,8), BIHEH LHAEREILE,



W R Ay BRI R o11

(a) (b)
B5 PG sh kit

P64 HY A F] BEAO R 22

~N
— X
[+ X3 < ' 0
X; .
| [
/ | €
O &

{2) (b)
B6 fETEI 5 ekt

dR(a), WEAHE, BEmMBE0, REBRIX, REHRMEDRIIX,

pAR(b), REXHR, MEKSEERDL, REHR BEH X, mMRH X, B
HREIX s, B AR HO,

IMRBATIAE N RN E, R 2o R RN B,

(1) 8k (a), REMMMEERAESIX,, RBERTo, FE MR

(2) S7R(b), REHERHo0F SR,

xR (a)d, RS, TR RN, HATo MM TEADRERE, &2 RS
o, FAMMBIRIR, Widia(b), REEe FIFRMMR, BRI MRS T %8 IR . 5
GiER, ARERE T BT AR BT, BTSN R, B, R AR A
e IR AR R, N B TR,

13 HLE: AE#

WA 2 frR, ATFHEEREGRSHIAFRETFZRMGO KGR, BRERELR, &
AR R R REOHE. VN, Fuli27TN, HEBWET (o,e) A, B4 R Rk
T. BTRIESSEH THEBRMEEZ S B VNEAERBE RN Ao REE ¢ HREXER,



912 g % & -

¢ N (1)

(2)

1)
(2)

- (3) (3)

“) )
>a \ £
0 0]

(a) (b)

B7 ABEBERAMEKN, o) XR

o N (1)

@) ‘
3
D

oY)

(a) (b)
B8 ABETAXMEH(N, )RR

=, FHRESHRIIRS

] 3 E g BB AT B SRR AT O RT AR R R ) — 2 B 2R 2R SRR,
c=Fe F1 o=FE(e—ey) (3.1)
ERVKRER, exRDKFHHNE,
SIS E ST RENRESE, WHEEHRE
oc=F(¢e—z-en) (3.2)
Plefiote b &, ENFBRME LG Eh 2 B, o REGRE MENBEEERE,z R
T, o, HERl(z,0)E W TRk (e,0) BT, XHERMNTUKEZRBER Nr(e,0)
BB R (2,0)HI BB,
N=Ny(z,o)==Ny(a/E+st,o‘) (3.3)
FRELHLZ (WE4PNER) TERos(e)Koe(2), #& (20,0,) BREBHREN—
K, 00>08(20), WEEEREMME, RETURE o, TR IR B X% & BB 4 N=
Ny(20,00) s REBE BRI Te=2,, RISHENBRNHor>0 HR, #MikHFIko=0, I
KBEMNE N=Ny(z0y 0)>No, 18 BEWHITIE, RRWITHRHE 20, 00 F oy B—FE
T. BNBR, BROME, SFEELEN>N,, BAE®—Ror#EBNy (20,0r)=N F}



WEBR MR SR 913

u%ﬂét‘mﬁﬁﬂzw’tﬁhzo, o MINIE—HE T, Wt REFHEEENRSRES TR (2,

o, NHRET. HitWhEREEINETRE—REEmigEs vE@’fEE:EB?EEH{J. WERAS SRR

Ei={(2,0,N)|0<z<<l, 0,00y, Ny(2,0)<N<Nu(z)} (3.4)
HEhNu(2):=max(Ny(z,0.:), Ny(z,0,))RNKT KR ALLE.,
HN=Ny(z,0) 4 RWERDBR, WHEREHE, £RRrS,

9vE:={(2,0,NYEE|N=Ny(z,0), 2%0,1} (3.5)
BRER fE 7 s E XA
Fri={(z,0,N)EE|o=05(2)} (3.8)
'BS R R 2 AR &R L,
ZLpr={(2,0,N)EE|o=05(2), N=Ny(z,05(2))} (3.7)
T T 3 5 22 T 305 4 |
yEi={(z,0,N)€0rE|0>0ug (2)} (3.8)
OyE:={(z,0,N)€or= 005 (2)} (3.9)
AR ER PR EEX,
Het=E\yE Uy : (3.10)

EHERNRERS, BEROITARZER RN, ENEEHNRHERD, FTHILHE
AV RS HiBL.

1. ﬁﬂ%(Z,U,N)Gﬂ?e, %ﬁi%?i‘-ﬁﬁ%, Z=0, N=0’ 6=Eé.

2. R (2,0,N)ELN\Ls, 2,07%, NKBRKTIRE PHABNr{(z,08(2)),

3. MR (2,0,N)ELs, YREZRATRIRKEL, Filo=0, 2=E/ex, N=(0N;
/0z)%, YyiA15HE 76 8 R e

4, MR (z,0,N) €0; 5,

(a) Be>ont, YpikmRHHEEE 05T L, Frllo=0, z=¢/ey

N=(0Ny/02)z

(b) 2ont, WEFHANMY: KNP, BiRIz=0, N=0, s=E&,

5. mR(z,0,N) €075, EPFHRL, REBEE S <Hift, ¥ “BR> HK “H
=

DS P 28 T 500 P s AR s, PTRUB AN AT NEEN B &, XN E &
RN ARG 2, XRMAERE., RITAE, 840 3SR D7 s 66k i
e, HEBRMNBIEAYR LF, BRI ESEDRESSHHEEY, HEEHERME
WHER S A ERARER, FHormmn R A RIS EEN, X5RMNXBETHERERRER
—¥E,

Vo, Dysiiih R 2p g o

4.1 FHRRESHNAERE

—ﬂ&iﬁwﬁ, HMEAUBRERMEESEY Helmholtz FrhfE F, 2H % K & 4

s SERWEFUR BT RS e W AF P4, BNEEFENE 2, HLE
EET”F,



914 g2 Xk &
F=FA4F¥LAF (4.1)
Hrp
Fl=mzfM(e(M), T) (4.2)
Fi=m(1—2)f*(e(4),T) (4.3)
e=(1—2z)e(A)Fze(M) (4.4)

e(A)fe(M)RERBIMDGRENEE, 2 (HREBHORE/HFE) B H &, mi
BIRE., f4"(e, T)REKEBMD KA Helmholtz iy e, *Emhaitk N (3.1)
BMNAME, ENREERFT B,

(e, T)=F4(T) +Ee*/2 T332
Fe, T)r={ (4.5)
FU(eT)=FUT)+E(e—eu)'/2  BEH

AFRBHBENESHUN MBEEHSHRE,

AF:=U,—TSn (4.6)
SZEREEREHFNEHONE, RNBBRECESAENERKREL, mE 2R, RER
MWENTH, FUBERS RERNRIEL. T

Un=e,N (4.7)
Hipe RIEHFE R—TRENEEHE.

TP EREHS A,

4.2 BEMWE

RN R R K, NauRD KEN K, N2REH,
Ny=Nu=(N+1)/2, MRNRAFH

} (4.8)
E\.BUJ, NA, NME{(N+2)/29 N/2}
BNRK, BRIOEH
Ny~Ny~N/2 (4.9)

HE 2R A RE FARR KR AR, ROTTURERBRREER, SB—BETR—H, &%
LREEH, L, LyRERRMSKANES, K

LA=(1—2)L, LM=2L (4.10)
BEMSnAE Boltzmann ARHE
Sm=kan (4.11)

HrpkR Boltzmann ##, WEKLIEREEMLASRERSMEDEAFEERE
BE TN RN MR RS, REFNETRLIESBIN A XGRS HEREERUE LY
ERBNy KK AENES, HEEKEREN,
W=W4sWu (4.12)

B EW . (FW ) , BOTEEKL, (BLy) BHESR—F, HEHFLL (RLux)) HeB:,
RIERMNTBE TS BN (BNy) BAEGF—ESHRE, BRIOTUBRE—F T & R &
Li—1 (BLu—1) PESFE, MRBAIEHL—Ns (RLu—Nu) T3, BTN -1
(RN u—1) MEHSIBX—FISBRN . (BENy) MRERS. FTRKRNE
Li—1 Lu—1

Wa=La (LA“‘NA LM—NM)

), W y=Ly! ( (4.13)



RS Stk AuanF WAL 7 €l 915

B, N, Li Lu1BHMRK, H(4.9), (4.11), (4.12), (4.13)F1 Stirling A=, &
&R

Sn=Sn(N,2)=kLInL+EL[2(1—2)In(1—2)+2zInz
—i—vln(N/zL) —(1=z—N/2L)In(1—z—N/2L)

—(z=N/2L)In(z—N/2L)] (4,14)
KB X
n:=N/2L (4,15)
AMEERT, HRESENEEEN

Sm(n,z)=kL[n ln(1+,z_(1~T‘§')—_") —z ln(1+ zz)—n )
- (=2 W1+ )] R
43 TREMEEESE

#(4.1), (4,285 Helmholts W i/ =F/m, RIRIVERATEOEIT
HRO

oé —sT —df/dt>0 (4.17)
=L
of AR Y Of¥ N\,
(s ) 1+ (-2 O Ge(A) ) () +=( o~ etam))E )
+[ote(d) —e(A) — (2~ ) +T T2 Jo [ 4-1 Z2 Jimo (4.18)
Hep
A=2Le;/m, Sm=Sn/m (4,19)

P HRR A E SR B D R R AR, BEAT, £(A4), (M), 2Rk HTHR
. B ESBERALANE, A

s=[(1—=2)sa(T)F2zsu(T) ]+ sn(n,2) (4.20)
e(M)—e(A)=ey (4.21)
o=F(e—zey) (4,22)
oen— (f(T)—fa(T))+T (Osm/dz)=0 (4.23)
| Cn’tn=z(1-2) (4.24)
Ht s4y sufEXA ' ‘
Saru(TYe=—0f4M" /0T =—dfS,u/dT (4,25)
Coy:=expl2e,/kT]—1 (4,26)
=—TEHK. '

HREII1], RAVBEETH (4,20)F0 7 P8 (4,21), (4,22)BRKFN, X Gibbs Hi

fig=f—och
g=§(n,2s 0,T)=[(1~2)fY(T)+2f}(T)—z0ex—0*/2E] ,
+An—Tsn(n,z) (4,27)



916 g Xk &

RoFEAE Ak AH Hessian EMH (g) XK

9°§/on*  0%G/dz0n.
H(g)s=( ) (4.28)

9*§/ondz 9%*§/0z2*
RMTTTREERTIIRA

det(H (g))=—2C,(RTL/m)*/(14+Csn) (4,29)

Heo >0, Co>0, FrARAM, Hik H(9) REEEELE, BbiAHEEESERR
BRAE, FTEL, N2)RMNAERFEAR Gibbs & haE R gm Bk,

8 £ x W

{11 H, Funakubo(ed,), Shape Memory Alloys, Gordon and Breach Sci, Publ_,
London (1987).

[2] J.W,. Christian, The Theory of Transformation in Metal and Alloys, Pergamon
Press, Oxford (1965).

[3] Z. Nishiyama, Martensitic Transformations, Acad, Press, NY (1978),

[4] I, Miuller and H, Xu, On the pseudo—elastic hysteresis, Acta Metal,39 (1991),
263—271,

[5] S. Fu, Y. Z, Huo and I, Miiller, Thermodynamics of pseudo-clasticity—— An
analytical approach, Acte Mech,, 99 (1993),1—19,

[6] S. Fu, I, Miller and H, Xu, Experimental and theoretical investigation of
the pseudoelastic hysteresis, Proc, MRS Fall Meeting, Boston (1991),

[71 H, Xu, Experimeniale und Theoritische Untersuchung der Huysteresis in Form-
Gedichinis Lagierung, Dissertation, TU Berlin (1992),

[8] M. Bornert and I, Miller, Temperature dependence of hysteresis in- pseudo-
elasticity, Proc, Conf, on Free Boundary Problems, Oberwolfach (1989),

{91 Y.Z. Huo and I, Miller, Thermodynamics of pseudoelasticity
approach, Models of Hysteresis, edited by A, Visintin, Pitman Research Notes
in Mathematics, Vol, 286, Longman, Harlow (1993),

[10] M, Achenbach, Simulation des Spanungs-Dehnungs-Temperatur Verhaltens von Le-

a graphic

giertingen mit Form-Gedichtnis Vermdgen, Dissertation, TU Berlin (1980),

[11] Y.,Z, Huo and I, Miiller, Nonequilibrium thermodynamics of pseudoelasticity,
Continuum Mechanics and T hermodynamics, 5 (1993), 163—204,

[12] Fu Senlin, Huo Yongzhong and Ingo Mitller, Instability in siress—induced mar-
tensitic transformation, in Proceedings of the Second International Conference
o Nonlinear Mechanics, August 23—26, 1993, edited by W.,Z, Chen et al, Bei-
jing (1993),



PRk vty EAWAL 7 el 917

Internal Variables and Thermodynamic Modeling of
Pseudoelasticity

Huo Yongzhong

(Depariment of Engineering Mechanics, Center for Materials Research and Analysis,
University of Nebraska-Lincoln, Lincoln, Nebraska 68588-0347, U.S . A4.)

Abstract

Solid-solid phase transitions often exhibit hysteresis and to describe the
hysteretic behavior we need internal variables, For shape memory single crystal
under uni-axial tensile loading, the internal variable has been identified experi-
mentally as the number of interfaces between the austenitic and the martensitic
phase regions, Experimental evidences are discussed here, Thermodynamical mode-

ling based on the intermal variable is presented,
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teresis, memory alloy



