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.\bstract: 'I'lrt: I)ehado~u of global and pai-tiai loops (stress-~train-terii~jeri~I~~re) iri ShlA single 
bi?~l'~la ~L' IS  u~\'bbtigalcd. I\.laryuatdtt's based nunlc~.k algoritlulia S ~ L ~ L  ~ l c . ~ ~ l o p c d  fur the 
identilicatiot~ ot relevant physical parameters (time independent). In adtlition. the tirnc-tlepenclent 
c i f~cts  til\c: alatic al~d dyr~a~ruz recovzlablc ~recp,  P-r22i)\.el?~, r(uc:~~~lll(tg aritl 01 up-yu~rt~hing 
etfe~ts. t+et'e evaluated. The constructed model pet~nits the computer sirnulation of the dobal and 
(b~ilhl lt!ai~l~ais b,k'21cb ill tile fc)ul. diin~ri~iuiial 0, 2. T and t cuutdinatu spacc. The sititulaled 
curves are iri esiclletit a9eement with the experimental results. 

Sh1,\ arc c):ic c r t  tllc :.cr cirllc.J sr~~cltt matcl-ids. becausc of the shape mcmotp. ~ I l c i I  ( , ~ r t i .  tv.3~. ;tnd hvo- 
way). the pseudoelasts~tv ettect. and tts apphcattons. I'lte applications laqulre a r t~ t~t 'o~is  slnb~hly of 
transfol~natiotl ICtnl>c'r;lll~rcs and a srmll hysteresis. The design and construction 01 SR I . \  ~lc\.iccs can be 
geatly impro\etl i t  ~nc-)tlels, descrthing properly the behaviom of the R-orking polttt 01 the ~~~~~~~~ial in the 
stress-strairi I C ? I I I I ) C ~ ; I ~ I I S ~  (i~, C, 'r) coordinates. are available. These models (nhich arc rime intlcpcndent 
and fkee ot the ~ ~ , ~ c ~ e r s i b l e  actions of'the extelnal fields) are the basis to itslilcle the euper~mental time 
effects: ntar-irn~itt* "rrcep", stress evolution at constant strain and the microulemcrt?,. 
In this work. the pltysical parameters used in rile model (assably  of single valiant lr~aiter~site plates) are 
estima(ec1 I;I.OI~I r\ljri-ii~tcnt;tl cur\:rs (hysteresis cycles, partial loops ant1 the trtr~pet'altrtt: tlepettdence) an 
identilicatio~~ ~ctcttille is established. They provide a phvsical image of the u~ater-ial. I t i  tlit: esl)erin~ental 
analysis. patlicttlar. attetttittn to the occurrenc.e of diffi~sional processes anti the consecjuent dependence of 
the I I ~ ~ ~ C I ~ C I ~ C  I ~ c l ~ i i b i ~ ) ~ ~ ~ ,  ivilll litlie was paici. DScrent behabiuurb W C ~ C  identilicd, a s s o ~ i a t ~ ~ l  10 the 
difii~sicjnal pr-t)cesses (siahilii.ation activated hy the presence of interfaces ant1 related to the martensite 
"creep". JIIJ [ : = I C L I J \ C I ~ ) .  ,-\ lirr~e-dcpenclent model was put iu~~vard  based un ihc obsened clenientary 
processes. 

Two espcliri~srilirl Itigl~ r,~solution stress - strain - tempcraturc equipmcn~ (scc. l i ~ r  irlr;litt~ic. I I I) halo been 
used. Sometutres, ihernromrcroscop and resntance measurements were nsed. I he cvclcs \sel.e produced at 
low Stre~S-riItcS ( L I ( - I  (Ii 1 M'a b~cclusc at higher values (dddt  - -  10 N)a s-1) a widening of the 
hvsteresis cycle IS ohser\.etl, assoc~ated to changes ot the specimen temperatlac clue lo tlte release of iatent 
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heat. A c.'u - i4.0 ac'!o %n - 16.7 atqo ,.U high purity single crystal was used. The nominal h*$ temperature 
was 288 li .4 plar~al: sl)rcitt~en was cut with a low speed saw and a neck shape was produced with a fme 
blade. The sartll~lt: was suk!ie~;letl lo a solutiort keatment at 1120 K for 30 minutes followed by yuenching 
in cold water ('I"I'2). Evenhrally. air quenching (TTI) is used. .4fter the thermal treatment, the specimen 
was carefully polished. 'l'he cross section of the sample was 1 mmz. From the initial water quench, about 
1000 trartsGt~~~naliol~ cycles \\ere done in a petbd of near 1 year. -4ftenvards an "up-quenchmg" (3 days at 
34U k;) was done. lollo~vetl by air cooling to the working temperature ot  z 290 I(. In all the experiments 
only a stnall ce111ra1 j~o~lir~ti 01 the satuple (near 10 96) was transfo~med. 

From the espe~~itna~~tal observations it was found that the behaviour of a single ular~ensite plate can be 
sche1trafi7etl. it1 lilt:  I - v  citortlinates, as shown in figure la. The =\BC'D-D('I3 4 par11 rcpresenls the 
reversible beha\,io~i~ arlcl the AF3'B"D-DC'CWA path the ma1 behaviour, incliicling rtucloa~iot~ of'l~oth phases 
(martensite as also at~ste~rite). Such hehavinur can be well represented 1 y  the n~echanical system (derived 
tiom [L]) dcpiclc~l it1 1igtu.c 11). w l u ~ h  uses a spring with jvulcd GO&. This last c ~ ~ l ~ ~ l i l i ~ ) t ~  ~xplauw the 
temperature t1ei)cnclence of the transfonnation stress. Tf the external temperalin.t. iticreases, the stress 
joining the  oils ot tl1c soring h~creases as an action of the Clausius-Clapcyroii equation. The 
supplementary stress to overcome the temperature etfect equals (dV6['),,('1',, -'Iq,,). 'l'he different 
parameters associated to a single plate are schematized also in figure Ib.  it shcluld he noted that a 
mechanical spring model (that can be considered as derived from ref. f21) has been also used to describe 
the hysteretic 1~clrat.ior it1 polycristals [3]. However? in such model the parameters retnain only 
phenomenological and there are not related to the actual physical events existing ia the polycristals, which 
are rather more c~~tulplex that1 in single crystals. 

dashpot 

'a- 
Figure 1: a)  Schematic behaviour of stress against strain (force F versus eloriaatlon x) tor a "single" 
mrtensitic plate; .iRC'D-UCBX reversible path. b) hfechacal  analog).: z,, intctlace friction; zn, and m,, 
nucleation: t, ,, anti 1 ,,, external tiel&: h previous history; maxu maximum elongal~on clue to the plate. 

Initial garantclerc: I I I ale ~leten~lu~ed from an experimental ~~~~~e (figure 3). Thet. allow the repre~entation 
of the hysteretic behaciour of a single crystal in the ti x and T space, by genetalizing the model to N 
independetit plates (erlx=~inretttal values o f f  are noted F). It can he defined: 
- The plate ~tuelbe~ N (ustially chosen to be 1 100 for easy of calculation). 



- The niaxitiit~ta macroscopic elongation Xmax which is directly deduced In~m the complete 
transfi~ri~ialicti~ cli~.ve (set: ligltre 'a). The elongation associated to the each plate urnax0 is defined as maxo 
- Xltta.~, bi. 
- The itttertace h,icticti~ 7,, is liiiked to the displacement ofthe interfaces. Their values are determined from 
the hterrial loops by 2,, : )I$ (see SF,, in t i p re  2a). 
- The c.tiiical lorce I,,,,, \chic11 in the absence of frictional processes corresponds to the appearance of the 
l i~st  dotrlaiu ol ~~taiteiIsrie (SGG I,,(, in liguie 2a). 
- The i n t ~ i ~ t s i ~  ~)~eudocl;tsti~ effect (df ds),. It is obtained as (duds), s aN; where a = S A Y  (the average 
slope). 
- The t,, lelitewnl* the progressive appearance of plates (critical force clifference het11,een consecutive 
plates), The I,,,, ia l~te can be obtained from the following approximate relationship: 

l f T t , N N t , , + ~ Y  lnax 
- The nttcleatiot~ of itl;ri~r~isite and of P (zn, and zn,) are taken as: 

zno e n, z a Xmas 

t l  Xmax I 

Figure 2.  a )  I ~ o I L ~ :  (I;) iigaillst elongation (x) for the first approach to the ~)hyuic.al ~);~tatnetm (- 
experit~~er~ial cilr ce. .... siniulation, ---- conshuction of the complete triansfoilnation cy~,Iot. b) F o r ~  against 
time (scheeiatic f 

The ulitiai u luc  , i f  ~ , i d r  ~).iinrnctar is then adjusted using a techtuque baud ill tile hlarqualdt algorithm 
15J. It is ass~trnetl Iliitr Illere is a fimctional relationship between the variables ( f .  u. I' or rr. E. T) of the 
systen~, t l l r ~ t u ~ l ~  illc. l,dr,in~utuia of the: u~odal and it iy based a n  the ~rlitlirrlization t)t a11 attor criterion by 
lterat~on, .Itteoflon \+as paid to the mtabtlihes produced by the fmtional conttrl~ut~ons. The sunulafion 
presetitctl III tigill ' s,i~o\rs tllc adequate prediction of the transformation qc le  obtained by the model. The 
paramelcr $11 ohliitnetl arc Ihe basis lor the tune-dependent analysis. 

One of file :isl)trc.ls to Ijc: I ;~krr~ hlto account is the hl, temperature evo1111ion afft:r a cl~~enr+lrit~p, and also 
aHer a "lriicio trl~-cltierrc;tiir~g". IJsing an initially air-quenched Cu-Zn-Al singe c~isial, a Ireattnmt of 10 
hours at 4.18 I;; pi~od~rces an increase of the criticai transfmnation force f,, ol' near 1.40 N. It then 
diutlisl~cs wit11 t i r~ r c ;  {ligul't- 3). 111 tlus parti~ular G ~ S G  a ~ihiange hi hl, (or T,) of 1.71 1;; is I'ound. 
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In o1,cIt.c 10 .;cp;llalo I I I C  tl~llerenr ~olilrilwrions. assoc-ia~cd to the coeuisrence he~l\st.ri the phases. lurther 
r x p r t i ~ ~ l r ~ ~ l ,  \bcr,e t l r t ~ ~ r  titr el~o~tgli 110111 thr initial tllennal treatment of'a ~\atrl-~l~lrrtc.l~etl ( '11-711- 41 uingle 
b~istitl l i r l .  ' I ' I I U  l t~ l l t i~ \ - i~~g SICII  $*as h )  oIt(ili11 a quantihtibr approa~li 10 Illc "u~alIrl~aitc L . I G ~ J "  (gowth of 
n~artct~s~l~;t \\it11 1i111t: i l l  ~ : I I I I S ~ ; I I I ~  ~ 1 l . e ~ ~  ;mil temperatlire in a ~mrtially transtnr~nctl state). Ilxpeliments are 
c a ~ ~ i c d  u c ~ t  ,li.ri\irry I t ,  111' il~ili.tl ~clricll '11 ii SIICSS I A ~ C  I&,II ~ ~ 1 . o  (L I kIr;i 5 I ) .  1I& (\(JC. 01 O~LCIIUILICIWI~ is 

called "Static Keco\~ai.al)lc ('reel)" (SRC'). 

Figure 2 4 ' v i t i ~  . r l  Id* 111 (1,,,,) .~g:lirtst title (t) after ttw sknibr " n ~ i u o  up-iluencl~iitg'' 'I ' l~r:  :~rlrnv uhows the 
intluence 01 I I I C  S I I I O I I I ~ I  c\.cl~.ng on thc e\vIu~ion (fi.01~1 I,! to 2 3 cv~les~dat.). 

111 ti(l,ulr !;I I l r c  I~\r;l~.~-t.sis cycle with a Qpicnl SRC expet-i~net~t is .;hon-li : t d  i l l  figlire 4h the 
r;ol~ehpo~~tli~lg C ! I I I I ~ ~ I ~ I I ~ I I  agaulhi litu~e. 'I'he h\stcrcsis c;?r;lc is locall? tkli)ll~tecl ut lllc I G ~ I ~ ~ I ~ S ~ I I I I I I ~ I ~ ~ ) I I  (scs 
the annn- in tiv111e I i i ,  'Tlris iu  cla~si~ally known as I T ~ ~ C ~ O I I I ~ I ~ O I ~ .  TIIC tie~~1.111i11 ~11;l l ) t :  of ll~e liysterssis 
~;>clc is I ~ L ~ I \  rr ccl 6 t l i t . c  i c  leir rr~irrules UI pal-cnt phase. but r~ut i ~ ~ s h r ~ l a ~ ~ ~ o l  (it "(;-I  G L O \ ~ G I , ~ "  I.IIOCGSS). 
'The t t l ax i t~~ i~~ t~  c l ~ l r ~ ~ ~ ~ ~ a t i t t r ~  is withitl the esperbnet~tal ucatter, the same in each lrc-birlt of the linear pat* of 
t h ~  t ~ ~ l ~ > l t r ~ ~ r ~ . ~ t i t ? r t  L I I I L L .  altcl Io\\cI. outsiclc. 11 is pvssiblc tu absociittc (Ius II~LI.IIUIIII.IIOIL nit11 111~ 
coesistctrcr. 01 I~otIi t~llases ( ( P I .  nitlt the presence ofintet-trices). 

In Ihc; I , t ~ i ~ c l . c p .  I , I  ii~c it11nl~1. I l l &  SKC' ~~oc luzss  thc g.owt11 ul' active 01,itca ((11ulc.s \\it11 i111t1 ~r~artclaitc 
coexislirrg, ill111 Iciti ~h tltlaifcctetl areas \%hiB are completely in P or in taar-tensite 1 ' 1 1 ~  SK( ' ef tect dijting 
1 1 1 ~  ~il~lttrltli~i~ jr,t~l 1 8 1  Iltb Ik!afblbbk ~ ) i k  is I C S ~  11ial$~C1 a ~ d  a I ~ I J I ~ O I  u~ilirll L G C ~ U L ~ ~ U I L  111. Ic11gl11 C ~ I L  be 
clctect~ii. l>rolr;~lrl! iawc~ciiltetl nit11 Ille recovet? nt' fi in the neigl~ho~iting ol the ret~~;ll~slorrneil ~)afts. The 
Sad t 1 ~ 1  I ~ I L  I,,II I i~ i (irllcl 1 . l ~ ~  lii~littu) I ) I ~ J u ~ ~ I I ~  ttic tlybtcrchis kbliijs ~g.ii11s1 JILL g ~ ( , \ t l l ~  01 ( I IG  111al.lc1i~il~. 
esl~l;li~is t l~c rcr l~~~ecl  acti\.~tv of tlie St?(-' oil unloacling. 
.in incrc:csc ill i t r ~ ~ ~ ( ~ l i ' r ~ ~ \  i:, dLhicvi'ci by li)aJing the lnaterial at ralativelv tligher st~.css ritlcs (1 Ll'a s-' ._ 

dn dt I t )  Ll'it s 1,. nlilcli is called "Dynart~ic Recoverable Creep" nr DR('. '1-l~e t>eha\-iitcrr is si~nilar to 
SRI' I ) I I I  n ic t l i  ~ I I ~ ~ I ~ ~ I I ~ I I ~ , ~ ~ .  ,IS s11~1iks t11c DItC' zlitngatiun against tinlc: figu~c 41). 
fa the pn~'11c1tBt Lnsi 01 ~~en~)t l rc  osc~llat~onh an uliportnnt e~~olut~otl  essts 3s ~t can he seen in ti.-re 5.1. 
'1'11~ ~c.!:rilt>; irl,lii,~~; t l ~ , l r  1111: L ~ ~ I I I ~  of ihc: lualctial aflkcted bj  thc: qcling (rchtutl IO Ihc r.attge of  Surces 
used) tecitls I;I(,I:II{ lo Ihc 111artetlsthc state and evcnhdlv procluce the appearat1ce ol ~~erglll)ollrir~g plates. 
On c ~ ~ ~ l t ~ i t ~ l i t ~ ! ! ,  :I I I I ~  11 t. il~~lloi I ; I I I ~  stabili/,i~tivn (or nlicro~nemoq.) is ubsel~erl (see t t~e at.t.o\v \it Bgure 53). 
The rn;lcl~osccq)lc ;I, I I I I I ~ S  111 / ) ~ I . C I I I  10 ~na t~ens i~e  are cot~t~ec~ed wi\ilrh local sralrilizario~~ (increase of' TI,) 
procc:iw-i ;I( t i t  : ~ t r . * l  I>\  f l i t .  t~\iclcnce oC azt ix~ter-fnce ancl its tl,o\.cineni. In r e t r ~ ; t t ~ s t i ~ l ~ ~ ~ i i ~ ~ ,  I t 1  p:ltPnl pt~zlse 
the rr~ain actroll I?; I~usc~c~;~retl ro 111e 11-rccovep process (decrease of TI,). 
.l\s ;I c I I I I . ;~ . I~ I I I . I I I~ .  $ 1 1  I , I I . \ ~ ~ I I I . :  t t . * ~ l l I s ,  sottte time-tleper~tlcnt i.ot~lll\)~~lioric ;II.I. :islclc.d I I I  the titnc- 
~ I I C ~ ~ ~ K I I ~ ~ G I I I  111txiIr1 1 7 1  I I I  I I I G  lo1111 oi C ~ I ~ I I ~ C . S  01 (he ~cj~iilil~~iurn tclnperalulc . I 'c ,  111t 111i11elli11 it)]. Thr. 



cotilpiftrr~ I I~OK( . ; I I~ I  LOIISI(~CTS the tuarenal :IS tonned hc. ( $  domains ichich can transforr~l ~rar.~lall\ OI. rotally 
to ti~nrtt:nr:iI~c 1 7 1 1 I t t .  lici~c-i~~tlclrc~~~lctl( parctlletrl% \\ere ol~taitled 11-trrn j7,8j. ' l ' l~c  ;~clicvri 111 time the 
systetu i-orrlig~~t-;~iicvrl fs t;lhc11 i t i t t ~  accoona as an appropriate shift of rhe equilihiual telniterartt~a I I ~  each 
iiotitai~~ 111 tikc S I I C L I ~ ~  6 111 t l ~ c  I )it( ' ficIit.)itq. a fl~t-il~er it~ter;ic:tiol~ i ~ i t 1 1  ~ ~ e ; ~ ~ : - ~ r t ~ i ~ ; I t l ~ o ~ ~ ~ i ~ t g  11o111;1ins i~ 
L ~ I I S I L I C I G ~ I  f - 1 4 8 1 1 1  I I I G  t q ~ ~ i l i l ~ ~ i ~ i ~ ~ ~  I C I I I ~ I C ~ ~ ~ I ~ I C .  t l i ~  iic~iott 01- ~ I I G  c.ilc111ii1 Iiclcl~ ( ~ x p ~ ~ i t i ~ c i ~ i a l  l i t ~ ~ c  F, ii11d 
teiitl>eratui.e 'l ' ,  1 IS calctrlntr:tl f i l l -  e a ~ h  l in~c 1, i~sing, the i'lni~sitls-('lag~e>-i'on ecl~iatinn. The restilt pi1.e~ the 

e l o n ~ a ~ r o n  asso~lalccl 10 (lie cach ilon~am u,( 1 ) .  ( I ,: 1 N) and consequenrh- the Iota1 irlcreasetl ot lengh 

Y 

is u, , I I lw Ile\t Irt.l;lllon tollons Irom the analvqts of rhe n m  rclt~ll~b~ll~ttl  t e ' n ~ l ~ e ~ a ~ ~ ~ t t s ,  
f I 

bigorc 4: a t o ~ c t  ( I c ~ t r c ~ ~ t l ~ t  cloneation (u) and rtrne elfects: IY IS the creep eloncallon a~tcl \ I ,  ,, the load 
change iel:itetl to ~ h u  local eyuilibtiuttl tea~peratu~e \a~iatiun Thc arron ~II&L:IIE\ f i t <  liglti ~ t . i l~~I~~;~ t lon .  h) 
('seep ( \Y) agiiltlut Itulc. ( 1 )  clilnna SIZC' and IJKC' 

t 'ig~lre 5 btric t ( 1  I 8 ~ * ~ c t i t t v l  rtortgation (u) tnternal cyciinz (only exttetne fwitlts itre ~ttei~strted) and time 
~l ' l tc lh n )  I \ ( 1 c t t t t t r 1 t l ~ I  L I I I \ G  a1al)ili~dilot1 01 I I ~ L S U I I K I ~ O ~ >  (acc the ' t t~vw) ih ' ~ c c ~ r ~ l ~ r n l ~ t l  b y  [Itc DRC 
q ~ l i n v  C I I L C I  11)  :;i~tll~l;tled ~ 1 t 1 . t ~  i1sit18 the f I' 1 ecgeritncntal data. 
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In the general case, the whole complex system will be simulated as a sum of the simpler SRC and, if 
appropriate. 1')R( ' cases. T l~e  col~~plete description of these cyclic processes tnlrst take into account the 
growth, stuiekagc ar~cl cvc~~liially, the nucleation and disappearance of plates, togettler wit11 frictional and 
quenching effects (see figere 5b). 
Most of' t h ~  rrhsc~wil csywkrlret~tal results (if one avoids the ctzation of'dislocatiolw) call 112 explained with 
this tnodel. For exa~uple. the evolution with time of To after a heat treatment explains easily the appearance 
of an "isothermi~l" trnnstbnl~ation anJ also the dBerence between hysteresi3 cycles belonging to two 
distu~ct tuoaleds. Rlicrotzamow (u~dependent of dislocations creation) can be associated to the local 
recovernblc eq~rilihsiutn tetnpcmture changes. 

From high resollrtiol~ espei-iments, some time-independent physical parameters have heetr lound, which 
aUow to t11otlali7e SRI 4 thenno~~~echatlical behaviour. The obse~ved tune effects ale linked with the 
stabilization actir-atetl hy the interfaces, the recovery of the P phase and the previous quenching treatments. 
They can be esl)laitred as a recoverable change of the equilibrium tempesahlse To of each plate It allows to 
interpret and rnotleti~~ rna~l~nsitic; recoverable creep effects (increase of T,) dutl ~r~i~to~~~emnory (local 
change ot T,) as actiotls due to the change of atomic order accelerated l y  the coexistence ot the phases. 

Acknowletlgurr~rtr: 12cb~dr.ch calricd out undcr the pro-iects CICI"T hfM'92-1025-<'O2-01, EEC CIl- 
CT91-0943. J .1  .P. acknowledges DCjfJ (Generalitat of Catalo~a) for a grant of the cooperation program. 
C.R. acknotvledges an EC'C' grant (Human Capital and Mobility ref. number: ER13C'I U31( "1'030817) 

REFER EN( 'l!!S 
[l] Isalgue .I. anrl 'I'oria X'.. >leas. Sci. Technol. 4 (1993) 456-461. 
121 Boa- I'eh c hu, " l'tiermotlvnamics of deformation of solids" in Critical Kevie~ o t  I'hermoclynamics, 
Stuart E.R., cial-( )r 1%. arld Bsainasd .4.J., Eds., (Mono Book Corp., Balhnore, l rS.4, 107fl), p. 305 
[3] 1,il I,., Aernoudt E., U'ollants P., Van Humbeeck J., Delaey L., Z. h/Ietallkde. 8 1 (1 990) pp. 61 3-622 
[4] Lovey F C and ToIra 1: , "The influence of structural defects on the martensitic transtortnation" this 
volun!~. 
[5] hfarq~~anit f j. W . ,ippl hlatlt. 1 1 (1963) 431 -488. 
163 l'clzgilla J . 1  ,, I<t~~Irigtiz~ dc Hiwra M., Torra V. and Lovey F.C., Xcta ~rlztall. tllatz~. (1994) (in 
press). 
[7] Lovey I:.( '., Isalgue ,\. and 'To~ra V., ,\eta metali. mates. 40 (1992) 3389-339-1. 
[S] Kodtrguez de K~vera R1. and 1 orra V., Modeling Simul. hlater. SCI. Eng. (subnutted 1994). 


