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ABS TRACT

iiì-rr i. rr ?: t,i¿ìst1ü dcforlnati.on ofl 1ro1yc;ry:;i-a.l.s, !ìr¿1in

1:ou¡l¡laries jnterâ.-:tr wil,Ìr rnr:bile .l ¿rLtj.cc d j s.Local;:lons J-cirrìì-trg

to Lhe f orrL¿rl. j on of so c¿r.l .l,cd ¿.:-x ú ¡:. ¡r,s i <: B'r'¿1in boundary

tl.i. s l.ocations (EGBDs ) . S:ince these dis.Locair j.ons arc no1-, ¿ì på,1r1-.

of Lho ecluiliÌ:r':iun sLr:uc:i-r¡rL: of grajn bor.rnc.lalies, Lhc,-y Leacl

l,o tt non-'e<1uiJ.ibr1um gra.in bourtclar¡, ral:¿ttêt j.e,, a hj ghr:r

r:ncrqy sl,¿rbe. On annealì.ng ât híg-lì .i;enperal;ures Lhe

arìnj.hi-f ¿¡Lj.on of EGBDs occLlrÉr resìiÌting j.n the ec1ui.ì ibraLiorr

of non*eclLriI j-l¡r':iun grain bôundâry s l,rucii:ui:e,

'lhe na jor ernphasì s of thÍs \{olh has been Lo develop a

,iesci::i pt ion r:f the r:harrges i n i-he grâin ì:or.rntlary s l-ruc Lurc

and also thr: strucLure i¡r the grain interi.or as ¿r lesult; of

sn¡r.ì,1 pf rìs {,i.ci clef orna1,i.c¡n ¿ncl subsequenl, anne:r1ì,ng over a.

r.;i.de range r.: f Lemper':rtures. 'llhe resul{- j.rrg strnctur'¿r1 c}ranges

have ther¡ be cn cror¡u.1¿rted wi i:h Lhe clef ormaL:loi'l behaviol of

pol.ycryst;als, li'or t,his Þlrrposê, cletailed c1uan1.-i. l-at,.i ve

rnelarllogr:rphy ¿rnd Lr¿rnsrni.ssion elecl¡on rnicroscopy (llllM)

observal',i.ons h¿rve been perf orme d on 316L austeni t-ic s L¿ri,nl,e r:s

steel specimens rsh j r:h i.¡ere 2% 1ore-sLi:trined and subsequenbly

¿rnnealed, 'Ihe spe c:inens were ¿Ltlnc¿rlecl aL tcnìpeir¿liulr:s j.n i,hc

i:angc of 500oc to g00"C f or ¿¿nr)eâl ing t.i.rnes j.n Lire range of 1

t',o 30 rninutes,

'Ihe ¿rbovc ol.¡sc:rv¿rti ons shc'w tl'r¿t 1,1ìc LCiBD:r ¡rre

annihilat,ed ¿lt l'righ i-cÙL¡,e raturosj lcitrhoLrL ¿lry sÌgn:i ficant



cÌ!ânljes :ìn -r,ire dr:ns:ì.t,y ot: d:ì sLI'i.Ì¡ut j.orl r:ll cij.si r:cat.ions .i" lL i.,l¡ c¡

gt.¿rin :LnL!--:Ì: jor, i\ls,1 , iro dr:ioc t;aìtJ c ch:rtrgc: i:r t,Ìic t.t'iijlr :j j-zô

,'r:; obscrr.c:cl ¿rs a i cttil. t- of L,Ìle al¡oi'e a ¡.r tt e ¿t .1. .i ¡r q tr'c¡r-i'ttrcn tl , l'hc

¡-es.u-Li-s of thc lne ch¿,rli-ca.l. t,esLsi shr:w lh¿ri, t.he rccover'.y of

yì.e .lrl s1,re,":s i ir plc-rs t,r-a:i.ltc¡cl gpeci Inerrs oÇcurs j-n Lire r¿lt.ìgc of

annea.l irrg Lêììpeiia l-lrì'crs ¿ì tr t.¡l'ri cli ll:¡e anni.hilat:i on of liGllDs

occurs. 1'hr:rcfore,', il, h¿rs bcr:n cc¡nç.1¡-rcle d t.ÌraL the dro¡r in

yi,lld st-ress i.s re.l,al,ed i,o t,hc a-rrni.hilat,i.on of I|GBDs, i.e",

t-be l-¡'airslloi:mai, j.on of non-e cluiJ-i briun grain bou¡rdaries to

the:i r equi.l. j,h:'irrn si'-¿ìle. ¡\ theoretjcaI nodc:,1. has becrr

propr:scd Lo precli.ct t,he l<j,net-:ics o1' l,ransfo¡n¿t j on of

non-ec1lri1.ibli rtrr g::ain bound¿rr: j e s Lo eclu j li.br j.un gr:rin

borr¡rc]ari.es, 'Ihe nlocÌel â-sslrmès that, the 1',1¿rnsf orna t-,i ol:r

invo.lves the anrrih j.I¿L.l-i-on of EGIIDs by cl, j-mb via IaLt',:i ct:

d:if f usi.on of vac¿-ncie s ¿L Lhe Lriple poir)bs, Duc i.o t,he

stress f j,eld of i,he EGllDs, there is ¿r .zacancy concerll,r¿:ì1--i.Õn

gr¿ldì-e nL aronncl t-he tr j ple poi.nts. The plof i le of the vacàncy

coircentr:¿rti.on grâdicnt ha.s been obi-ained by assr:ming â- s Le¿ldy

$ ilâL,e f lux of vacancies , Using this vacancy concentr:¿lbiorl

¡,rof i.le, the expressions f or t-he rai,e of climb of EG.llDs and

thr: râl,e of Lh¿'i.r annihil at,.ion have becn der.i.¡''ecl . The:

prcposcd rnoclel. predì.ct-s 1-ìt P* i, the t-j¡lle requ.ircd fol t'Ìrt:

e qu.i,Ii brat j c,n of ¡ìon-ìi(ttli.l.ibr:iltìn graín boltntlar j.cs :is

de1:ernde trL not ori ìy on tllê ¿rnncal j ng l.enpr: íat'rLr:e l:uL a-.1.s;o orl

t-hc in.it:i.aI densily of MJIDs ¿rnd Lhc gra:i.n ::i.ze of Llrt-'

pol¡'crystal . f L has bcen shown tli¡r l, bhe êqui.L j.brairiorr

\¡I I



Lrr¡h¿lv.i.our pr'<>c1 i.c:1 cd l-' y i:lr ¡: rnodL: i i.s il ?,oÒd ¿.ìqr'c(rurcn L tt i i- L¡

t)xpr,-l .itnetrL¿. I ¡'<:srrl Ls ol-¡L¿, j r.ieil l'c,r 31.61-, ,s1,aj.nl-css steei.,

The gr¿ìrirÌ size r:1c1retrrlcncc of llorç st-rcss aL roÒn

l.cnìfio r'.ìl-L¡ ìrrl j n i,h¡.: r'egì ne of sn¿¡1 1 s i,r'¿ j.ns; l0 t.o 2%) Ìr¿rs ¿,r.1. s ¡:

f¡ecrr ¡: anr j ned in ¿rÌ1-rea lc.ì ânci 2% pr:c -sÌ-r:ri nccl arrcl

subsr: ilurìnLl-.y ¿ìnne&lc.d polycryst¿r.l-s oll 3ltll, sta j-n.Less st.cel., A

l-l ¡, l--1.-F'tirLrh type ofl anal¡'si,s nas; ernpJ.oye cl f ol gr;rlrr s jzcs j.n

t.lre ra.Lrge ôf 3 ,4 pttl i,Õ 22, ,l pl , 1'l-re ànâlysis shor,rs a li¡lo¿¡.r'

iilcrcas<¡ jrr the IJ¿-LI-Petr:h p¿il:aìne1-e :r' ()ó({l) .rird a linc¿rr

tlecrease i¡r bhe IJ.aL ì. -Pe tch parameLer I{(e ) with increas:irrg

sl.r¿ri rr j rr l.he ¡ri¡re¿Ied spe cimens, The lncleâse jn oo(r;) has

bec;n ¿lssocial,ccl ivì.1,h both, Lhe rvorh-hardêning pt:occssesJ in

i,he grain int--e¡'ior: ancÌ t]-re long relngc stresFj f j eÌr:l of EGRDs.

The EGBDs also ¿rct as sii,cs of siress concenLr':rti.on, [,]re :reby

naìring :i-L e¿",¡-si-er Lo gel'ìerâtë dislocaL j-ons in t-hê v:iciiril,y of

gr':rì n boundaries, 'I'he re f ore, I{( e ) rahicl-r i s; ¿r fullct j.on of "uhc:

sl,re !is rccltri.led i,o B.erìe ràire disÌoca1-,:icrns, declcases rvj.th

ì.ncre asing s1-,râin j n l-he t:ar.ì.¡ s t,agt: s of plas Li.r: ¡lef or'¡naLi on,

'Ihe obse rvccl clro¡r i.n tire f I ow s l-r'ess âs a lrôsul t, o f.' arrrrea.i.ì.ng

of pre-stråirìed speci.rnens has beerr rt: f âtre d rsj Lh lrhe

anni.hil ¿rL.ion of dj.s.l.cLc¿L j Õns a i-. and j n the v j,c:j ni.t.y o jl grrì:ill

boundaries,

V.LIl
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CHAPTER 1

INTRODUCTION AND OBJECTIVES

The ìnf luence oll gra.in boundari cs oìì the tlef olmation

behaviour of polycrys [aIs is a widely stridiod problem in

physi.cerl metallurgy, Thc effects of glain bouirdaries r.¡ n the

¡:roperties of polycrystals can be broadly classj.fied into two

càt,egories: 1) t-he grain size ef f ecbs, a.nd 2) 1,he grairr

boundary structure ef fects. fn a strict sense, these ftl.¡o

effects cannot be treated Ín iso]ation as has often been the

case in nuìììerous s hudies i¡r the past. The relat ì-onshi.p

between grain si'ze ancl the mechan j-c¿rl prol:ert ies of

polycrysLaffine naterí¿rfs has been a subjecb of extensj.ve

experirnenl;a.l and theoretical inves bigations. But ' a vasl-,

majority of these studies neg,lect the structttral aspects of

grain boundarj.es ¡¡ncl explain the rvork-hardening behavior of

polycrysta.Ls baserl on the f ollowj.rrg assunpt,ions:

l Gr¿rin bounrìaries acL as an effective slip barrierr arid

therefore the grain size determines the slip distance

and consequentLy the mechanical properties.

2, Since the grains in a polycrystal are rancJomly

or j.ented, the deformation in the individual, graì.ns

must be such that the naLerial cont j nr-rì.ty is

maint¿ri necl between adjacent grains,

3. As a consequence of the restraint due l,o the ¡¡rain



boundar:i.es, the clef ormal- j on is inhereni, Ly

inhornogeneous, varying not only from grain tÒ grain

but a.l-so w:ithin inclividual. grains.

The models devei.oped to desclibe the dependence of fì.1 oru

stress on grain size of polycrystals (ê.9.1 the dislocatio¡l

p:i.le-up rnodel.s ancl Lhe work-hardeni.ng models ) based on the

aLrove assumpl,ions which are esserrtially of a geornet,rÌca1

nâturê, ignorê the changes i.n the grai.n boundary structure

during plastic deforrnation (Ball-uf f i, Komen and Schober 1972,

Pond and Smi.th l9??, and CIark and S¡nith 1979), More recent

si:udies have sho¡r'n that the grain boundari-es not onJ,y act as

ol¡stacles to dis.location movemenl-,, bul, also act as

dislocation soul:ces (Li 1.963, Sj.ngh and TangrÍ 1970, Murr

1974 and ].975 , and Maf is and Tangrí 1979 ) in the ear.Ly sl-,ages

of plastic defo:lmatj.on and as sinks (Valiev, GerLsman ancl

Itaibyshev 1980, and Grabski, VaIiev, Wyrzykowski and

Lo jl<owski 1981) f or .latt:i,ce clislocabio¡rs ât elev¿rted

bemperaLures, The properties of the grain boundaries can be

changed by introducj.ng exbrinsic defects (e,6, r extrinsict

girain boundary dis.Iocal:ions) in their structure, Graj,n

boundaries contai.ni.ng these exl:rinsic grain boundary

dislocations have a higher energy state J.eading l-o the so

ca.Lfed non-eqtti.Iibrium s'Late, Ib has been shorvn bhai, the

preseì'ìce of non-equilì.bri urr grain boundaries c¿ìn rrarkedly

af f ect Lhe mechanicâ.1. ÞrôpeÌ{.ies of Ìnetâ.ls and aIJ.oys, Thotrgh



bhere âre nume rous investiÊations which deal- ¡ri [', h t-,he

f ornation and anrr ih j 1¿tion of ìiGliDs , l-here ¿ìre very f erv

siu..lies (Va,liev et al 1.980' and Gral¡ski et aÌ 1981) ¡vhi.ch

âh Lernpt tÕ corref âte the beha¡,¡ iour of IIGBDs rvi bh the ovelalL

defor¡nati.on behavior of polycrystal,si. Therefore, the major

ernphasis of t-his ¡t'orì< has been to devel.op a clescriptiorr of

the châ.nges in the grain bounclary structule as a resull- ofl

plastic deformation and subsequeni, ernnealing over a tvi dÉ)

range of ternperatures. The resu.l,ting structural changes at

grain boundaries have been re.Lated to l-he plastic flow of

polycrystals.

Chapter 2 examines somê of the main grain boundary

effects which occur as a resuLl-, of plasl,ic deformation ¿rnd as

a resuf b of annealing of def orrned mal-,eriaIs. It i.s f ollowed

by a discussion on the poss j.b1e ìnfluence c¡f the changes in

the grain boundary st,ructl¡re on the f .l.ow perraneters of

pÒ I yc rys ta l- ri<-'f ornation,

Chapber 3 outlines the varj.ous experiment,al procedures

used in this study, The experimental procedures include

therno-nechanicaf treatmentst tnechanicaf tes¿st transnission

e.Iec Lron nicroscopy, and quant it¿ttive netaÌlography,

Chapter 4 presents the resul t s of experi.nent,a,L and

theoreti.cal. studies, follorved by a discussion on Lhe

reÌationship bel',rveen 1,he micro-sl,rucbural changes both r,,¡ithi.n

grains and at grai.n boundaries ancl the rôom tenperat,ure



deformation behavior in polycrystals of 316L atrs henit j.c

stain.l.ess steel, The changes j.n i-,he struc{-.lll1e of grain

boundar.i.es clue i-o p.l,as1,.i c def orlnation arld subsequen'1:

anne¿rling have been clescribecl in Lerms of changes in the

derrsity and tlìst::i.bution of dislocaLions by TEI'I observa-i"ions

and j.n terns ofl the r:hanges in Lhe geomet,ry of the grain

boundary net¡çorl< l¡y metallographic measurements. A

l-heoretj-cal. mode.l has also been proposed to predict the

kinetics of the above changc:s, It has been shorvn that the

quânt,it¿rtive predi.ctions of l',he model are in agreenent with

experimenta.L observations. l-inally, the role of graín

boundary strr¡cture on the flow stress of polycrystals of

verrying grain size has been examined by neans of a IlafI-Pebch

t,ype of relatì.onship, The H¿ìl1-Petch analysis is used to

obi-ain l,he variation of the HalI-Pe1-,ch 1:ararneters oo(e ) and

I{(e ) as a funct j.on of strain, Th:i.s variation has been

correlated with bhe changes in the grai.n boundary strucl,ure

during plastic def orrnation.

In summaryr the mai¡r objectives of this investigatrion

may be listed as f ol-lows:

1. Descriptj,on of the changes in the structure of grai.n

boundaries as a resuI L of the formation of EGBDs

riuring plastic deformat ion and thei¡

annj.hi.lat j.on on subsequent annea,Li.ng.

2, The relationshi¡r beLrveen the charrges in the gr:ain



boundary s1-,ructure ¿rnd l-,hc f .Low stress of

po.l.yc:ryr:tal s in the range of sm¿ìf .Ì streins.

3. Deve.l.oÞmerrt <¡f ¿r theoreLical nodel to ¡:r'eclÌ.cL l-Ìre

ki.rrc Li.cs of the ¿rnnihi lati on of EGBDs as a resuf l- of

annealing of deformed materials,

4, The role of grai.n boundary structllre in the grain

size dependence of flow stress in bhe early stâgês of

plasti.c deformation at room temperature,



CHAPTER 2

GRA]N BOUNDARY EFFECTS

Grain boundaries, imÞôïflaìlt nicrosi-,ruct-,ttr¿¡1 el-l¡¡e¡lts

in polycrystaÌlíne materlals, have properti.es nhich are clui.te

di.f f eren.L f rom 1',hose ¿¡f the grai.n interior. The spe c j f ì.c

properl',ies ôf majÕr concern here are the interaction of gl-ain

boundaries ¡^¿ith dislocatiÒns rtnder given externa.l condi.t:ions

of sl,ress and tenperaturc, These interactions play ârl

iinpÒrtånt role in deter¡ni,ning the mechanical. properties

(e.C,, flow stress) of polycrystallj.ne netâl,s zrnd alloys, 1n

this chapter some of hhe ì<ey grain boundaly effects and Lhe ir

infIuence on f:he nechanical- proper'l,ies have been reviewecl .

A grain boundary delineates l-he region of cÒntàcl-

between trvo crystals of dífferent orientabj.ons as il,LusLrater:l

in figure (2.1). !'ígures (2,1,.a) and (2.1b) show trvo simÞ.Ie

types of grain boundaries: the symmetri cal tilL and t,he

synnet::ical l"wist respecti.vely. A t j.li-, graín boundary is

forned when two crystals are rotâted about an axi.s paraIle,L

bo the plane of the l¡oundary (see figure 2,Ia)' A twist grain

boundary is forrned rvhen two crystals are rol,ated about a¡r

ax:i.s perpetrdi.cul,ar to the plane of the boundary (see f igure

2.1b). The angle of rotation 0 (shown in f i.gur:es 2'1a and

2. 1b) is the mi.sorienl-,ation ang.le of the two crys1,al.s. l.n

general , the misorientation relationship can be expressed by
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FiEure 2,1: A synmetrical (a) tÍIt grain boundary, and (b)
twist grain boundary forned as a result of rotations about
axes parallel and perpendicular to the boundary plane
respectively.



rotat j.Òns abottt th¡:ee mutually perpendicul-âr axes, 'lhe

rotations , given by 0r, O, ând 0 r, arê ì<nown as the

n.isoriental:ion parameters l:etween the t-,wo crys l-aì s , In

f igures (2.Ia.) ¿rnd (2,1b), i,hc grerin boundary plane j.s

located synmetr j.cal-1.y with rcspect to the two cr:ys bâf s, ì , e, ,

parallel to the ro tat,ion axis in bhe c¿ìse of the i-il t

boundary and perpendicular Lo the rotation axis in 1',he case

of the LwisL boundary. In general , the grain bonndary pl.arre

may l,ake up any arbitrary oríentation resultíng in an

asymmetrícal grain Ìroundary, The orient,ation of a g'rain

boundary p.l.ane can be descríbed t,y rotations, ôy and tû, abou t

two nutualfy perpendi.cular axes. These two rotations (rÞ" and

þr) are known ¿rs the orienl:aLion patâmeters for a grain

boundary, Since it is difficult to obl;ain a descri-pbion of

the grai.n boundary structure and its energy as a function of

all the f :i,ve parameters (0*, 0", 0r,, ô" and Þr-) , three

pârameters (0 , 0 and ,þ ) are usualÌy kept constant, Theyzy
varíation in the energy of a grain boundary can therefore be

expressed as a function of 0 and rÞ only,

Several rnodels have been developed tÕ describe the

strrtcture of grain boundaríes. Some of the rrodels ar,e I l)

dislc¡cation models (TayIor 1934, Burgers 1940, Bragg 1940,

Read and Shock.l ey 1950, ancl Li 1961) ; 2 ) coinci.dence nÕde.ls

(l{ronberg and Wilson I949, Fr¿rnk 1950, Bollmann 1967, ancl

1970, Bo.Llmann and Perry 1969, ancl f{arri.ngLorr and lloll¡nann



1,972) ; lì ) plane maLching morlels (Pumphrey 1972, B¿rllr¡f f j- and

Schober 19'l 2, and Ralph, Flowell ancl Page I977) t and 4)

polyhe dral unit nroclels (l{e irrs , Chalrners , Cl}ei.ter and Ashl)y

1969, and G-Ieiter I911), IL rna-y be mentioned that these

nodefs were iniLi:rI1y proposr:d to ex¡rlain hhe structure of

lorv ener6¡y grain boundaries (low angle grain boundaries or

speci.al high angle grain boundaries). For exarnple, the low

angle graÍn boundaries can be adequat,ely described by the

dislocati.on mode.I as developed by TayIor ( i934 ) , Burgers

(1940 ) , and Bragg ( 1940 ) , The energy of Io¡¿ angle grain

bound¿rrj.es j.s computed from the dislocation thêory L¡ased on

linear elasti.city, Ho¡vever , for gråin boundaries rvi-th

rnisorient¿ll,ions greater than approxinately 15", thê

dislocation cores ôverfap making i1; physically irnpossì.ble to

identify the individual disl-ocal,i<¡ns, These grain bound¿rr:ies

have been termed as randont gt ain bôunda]a...ies, Whereas the f ow

angle boundaries h&ve large areas of undist,orted atonic sites

between the two crys Lal lattices , random gr.ain boundar:ies

contain large areas Òf poor f j-b between the ùwo crystal.s.

This l"eads to ¿ relatively hi.gh energy for randÒm grain

bounclaries. Figure (2,2a) shows an experinenLâl,ly obs¿+rved

vâriati.on of energy for a tift grain bounrlary asi â function

of the misorientation angle 0 in aluminuin when the rotai,ion

axj.s is f 1001. From the f igure it, c¿rn be seen that for ],orv

ènergy grain boundaries (0 < 15"), thè energy j.ncresses
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n¿rpi-d.l.y r,¿ i 1',h i.ncreasinÊ vâ.]-ue of 0, For rnost h j.gÌ¡ anßle graiû

Ì:oundaries l0 > 15o), the êneì:gy is more or less independeni.

of or.ientat j.on. H<¡wever, not al L hi,gh angf e grâin boundaries

a:re charact',erized by a Ìri ghf y d j.sordered st¡r¡clur:e, There are

solne hiCh àngle grain b<.¡urrdar j.es termed âs spec.íaJ. Ê:rain

br>undar.ies, which have significantly lower energies th¿ln that

of random grain boundar j.es, T'hese boundaries occur.' at,

sÞec:lf ic mísorientations. li'igure (2.2b) shows (in contrast t-o

figure 2,2a) i-hat, when the rotabion axis is l. l.l.0l, there are

several- high âng.l.e orientations r,/lr j.ch have significantly

f ower, energies than the r:¿rndom gtr&in boundaries, Sever:a.l

investÍgat,ions (Read and Shockley 1950, Li 1961, Bishop zrnd

Challners 1968, Cha.l¡ners and GIei t er 1971 , Ilnsson and Goux

1,971, and Puinphrey 1976,) have been carried out to explain

i,Ìre existence of these special grain boundaries. Reacl ¿¡.nd

Shochley (1950) originally proposed thab if the orientat j.on

rêÌat j.onship between l',he two crys bal .lattices: is such thal,

the boundary consists of equaIJ.y spaced dis-loca t-:iols , the

energy of the boundary is relatjvely low. Based on this rììo.lèl

quantítative predictions of the grain boundary energy have

been nade by Li (1961) and Hasson and Goux (197f). 'lhe Low

enei:gy structure of special grain boundaries has also bee¡r

expJ.ained (Bishop and Chalmers 1968 and Punphrey i.976) based

on the fâct, that l-hese bound¿rries consist of a high dens j. by

of co j.¡rcidence sites ( at.ornic si{',es connon tÒ both crystal



lâtirices), The hi.gh r.ìensily of 1-,he sh¿¡recl sil;es .l,t:ads to the

[ûr,r energy of the se co j.ncidence grai n bouncla-¡: j.es,

Il, :i.s neither necessary forl t,he purposies of thj,s thesis

nor possi.ble 1;o d-iscuss j.n det¿ril 1',he rnodels which describe

1,1ìe strlrcture of g:rain bouudaries, However, for the sake of

conpleteness a number of review artj.c.Ies and conference

proceedings rvhich cover this broad area quil,e comprehensively

are l,lsted as foflows: Gle j-ter ancl Cha.Lmers 19?I, Chaudhari

snd Mai,bhews LS12, Chadwick and Smi.th 1.9?6, Johrrson and

Blakely 1979, Balluffi 1980, Gleiter 1.982, and Valiev,

GerLsnan and l{ai.byshev 1986. In the subsequent sections,

the concept of the energy stâte of grain boundaries j.rr

annea,led and in deformed polycrystalline maLeri,als has been

discussed. The interaction of grâin boundaries with .la1-,tice

disl-ocatj.ons as å result of pLastic deformation and annealÌng

is exarnined. !-inal.ly, the inf Ìuence of grain boundari.es on

the mcchar¡ica1 pro¡rert ies of pr:Iycrystals h¿¡s been br j.ef 1y

reviewed.

2.1. THE GRATN BOUNDARY ENERGY STATE

T'he grain boundary energy st¿rte is usuzrlly cJ.ass j. f iecl ¿ls

irn ecluiTibriun or: a non-e<¡uiJ-ibriun sL¿tte, Bu{. a precise

definition of' the enêrgy state of gr:ain botrnd¿rries l¡as not

been poss j bì-e âs ye {r. The prob Iem j.n def irring i',he energy

T2



stâte lies in the f¿rct l,hát, Lhe eclu:iJ ibrium or a reference

state f or any gra.i.n bounderry j.s unìrnown. I t shôu.i.d also be

recÒgnized i,hat the grain boundary i t-seIf is â

non-equiJ.:ibr:i.urn cryst:rl. rìef eci-, in a mater:ia.l., l[']reref ore, zr

thernodynanic clef ini tion f or ¿rn equ.iJ,.ibriurn grain boLutdu.ry

state can be given as foll.ows I at .a given temperal-ure ,

êxterna.I stress and cheinicåì. compositi.on and for given

crystall.ographic pararnete?É, an ecluiJ.ibr.abed grain bor.rndary

has a minimum free enelgy and ã nan-equifibriun grain

bounelar'¡ rvill have an enêrgy higher that thaL of 1-,he

equilibrium grain boundary.

The non-equilibrium grain boundary staLe can be created

by introducing defects jn an equilit¡ri.un grain boundary. 'lhe

grain boundary defects are of two types I 1) intrinsic and 2)

extrinsic, The i-ntrinsic defects, such âs, the intrinsic

grain boundary dislocations (IGBDs) are â necessflry pârt of

the grain boundary structure (Schober a¡rd Ballr.rf f i 19?1 a¡ld

Ilaf .[if f i, I{omen and Schober 1972 ) and do not give r j.se to

long range stress fields, Therefore, ihe grain bouncl:rry

remains in íts low energy state. However, extrinsic grain

boundary dislocations (EGBDS ) , the most commonly observed

exLrinsic def ects (BaIluf f i, et at 1.972, Pond and Srni trh 19?7,

and Cfark and Smíth 1979) are not a part of the equi.tibrium

strlLrcl,ure of gr:zrin bounda¡'ies, Since EGBDs also possess long

rallge stress fjelds (the si.gnificance of rvhich in plas t;1.c
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deformation wj.l,l be a subjeci- of considerab.le discussion in

this work), tÌìe grain boundaries conLaining lìGBDs are ¿rt a

highe r energy s l,ate or a non-ectruilil¡rìun state, Sec1, j,on 2 ' 2

deaf s :i.n deLai.[ rviLh l-he crcaLi.on of EGI]Ds and l,Lrei r

interaction rvil-h grain Ì¡or:ncìaries.

So f ar, bhe equ:i1Ìbrium and l-he non-eqt-r j-libriunì st¿te

has been consi,dered for isoiated grain boundaries. Br:t, j-¡l

polycrystall.ine materiaJ.s, the grai.ns ¿re randomly orienl'.ed

which gi.ves rise to a range of mi.sorlentations betweerr

adjacent grains, The dj fferent nisori.entations may lead tÒ

the for¡nation of i¡oth, trigh energy random grain boundaries

and low energy speci.al grain bound¡rries. The graín bounda.ry

neLrvork forned during anncaling of ¡rolycrystals ¿rrrarges

iLself ín an overa.Ll Iorç energy configurati.on, Figure (2.3)

shows a sketch of Lhree graì-n boundary planes meeting âìt a

triple edge, For the cr:nf .i.gurati.on of f igure ( 2 , 3 ) to be ín

c,trti Iil.¡riurn Lhe ì--rc-'rrn da r. y Lcnsioirs Tt, I? ancl Ïr musL bc

bal¿lnced, Mathemâtically, the equilibrlum configuration can

be expressed by the folloivirrg relationship (Smith 1948)r

't. t.. ',''l 'z "3
sln ({ stn G stn (l23 13 72

(2.7)

where ,rz.., or3 and ot, åre the ångfes betrveen the grain

boundary planes, Thus ' the eqltì.libriun stal,e of annealed

poJ,ycrysl-,a1s can now be def j.ned as f ol-Lows: bhe individuâl



Figure 2.3: Three grain boundary
edge: 7rr Tz and Ï3 are the grain
q13 and or, ^ra the angles bet!¡een

planes neeting at a triple
boundary energies; and crr. r

the planes.



grain boundårics as r{e.lL as the entire grain boundary neLiuork

have a nini mum energy; ¿lnd the gràirr in.berior has ¿ln

equilibriurn densi Ly of clisLocaLions rvhich is lypica.l ly in the

range of :t06 to I0? <:,m-2 , This def ini l,ion of the equilibriurn

st,a l,e l¡if I l¡e nsed f or poJ.ycrysta.l-s which have bee n annealed

¿rl, suffj.ciently high LenìÞerâtures for sufficientfy fong

times.

2. 2. INTERACTTON OF
DISLOCATIONS

GRAIN BOUNDARIES WITH LATTICE

The interaction of gt'ain bouncl¿rr j.es with lat i;:i.ce

di¡¡.Iocations ôccurs during recrystal.liz¿tion and during

plastic deformation of material.s. During recrysballizabion,

migrating grain boundaries sweep up the dis_[ocal-ions in the

deformed natrj.x (Grabski and Korski 1970 and Varin and 't'angr'ì

1980 and 1982 ) , Dur j.ng pl¿stic def ormab j.on, the mobi.l.e

lattice dislocal-ions interact with the grain boundaries

(Balluffí et al 1.972., Pond and Smj-th Il't't , and Cfark and

Smith 19?9). This interaction of a grain boundary with a

dislocation creates â new line defect which was called by

Ba-lluf f i et a1 (1972) as an exúr"j¿sjc grain bout"tda¡.,y

di.s.location ( lJGIlD ) ,

ff the l,ernÞerature of deformat ion is lower than 0.2 T,^

for pure metals and 0.5 Tm for aìloys, then the llGBDs retain

thej.r' ident,i ty and their oontras L is vi sible in the TElt



j-:rage. Fi.gure (2,4) shows an elecl,ron rnicrograph of EGIllls

visibl.e on a gr:ai.n boundary in 3l6L stainless s teel af l,er 2%

pJ,asti.c clef ormal- j on, I{owe\¡el:, as the temperaturè is j ncreasie d

beyorrd ¿¡ certairr r::: j-tic.ll vaJ-uc ( derroi-,cd as 1u ) , Ltre irrrzrge of

the EGBDs widens ¿nd eventually disappears. Thj-s phenonenon

has beelr observed in a number of in-situ 'IIIM observations

(for exanple, Ishida, Hasegawa and Nagatâ 1968, Pumphrey and

Glei bei: 1975, and Lo jkor+ski and Grabskí 19?9 ) , The w:i.den:lng

of the image of the EGBDs is believed to occur either by the

Þrocess of delocaliz,at.i.on or spreading of bhe cores of l-he

EGBDs (Gf eíter 19?1, Ishi.da et a.l 1968, and Puinphrey anci

Gleiter i9?4) or by the dissociation of EGBDs inL,o parl,ial.

disloc¿rtj.ons rvith snall Burgers vecl,Õrs (lìoIImarrn, Mi.chaut

and Sanifort L972, Derrby, Poncl and Smith 197?, Schindler ancl

Balluf f j. 1.978, ¿rnd Clark and Srnith 19?9 ) ,

The core delocalizabion or spreading rnodel proposes l;Ìrat

l-,he disl.ocation core spreads out, in l-he boundary 1:lane as

shown schematically in figure ( 2, 5 ) , Figure (2, 5a) shows a

laLtice dislocat,ion with a localized core app?oaching a grain

boundary, Figure (2.5b) sho¡vs an extra-half plane introduced

at the grain boundary, The core of the dislocatjon spreads

out as shown in figure ( 2 , 5c ) , The drivi-ng force fo:: the

spreading process is the reduction i.n i:he energy, The

recluction .in the energy can be viewed in the f ol.lor^ring

nanner:

I1



Fiqure 2,4: An electron rnicrograph showing a grain boundarycontaining EGBDs, dislocation pile_ups and./ot emissionprofiles after 2% ptastic defor¡nation in 316L stainless steerof grain síze 3,4 ¡_rn.
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FiEure 2.52 A schenatj.c of the nodel for the spreading of adislocation corel (a) a lattice dislocation with a localizedcore (circled) approaches a grain boundary and (b) introduces
an extra half-plane at the boundary; (c) the strain energy is
reduced by the spreading of the core (punphrey and Gleiter
L974).



T'he totaÌ energy of any dislocation is the sun c¡f the

el.¿rstic str:ain energy ancl l,he e nergy s l-orecl in the

disloc¿rl, j-on core. !'or exanplr-:, Lhe toi,¿r.L energy of a-n etìge

dislocation can be r¡¡'itten as (Hirth and Lothe 1982):

- cb' - f ¡i I
totar = '"or* * ¡nn:t-I o" e J

\2,2)

where G is the shear modulus, b is the Burgers vector, u Í.s

the Poisson's ra1;jo, R is the outer cutoff rad j.us, and r'is

the côrè radius, From equation (2,2), il, is clear l-hat the

elastic sbrain energy decre¿¡ses rvith íncreasing core s:ize,

i.e,, increasing va.lue of rt. Whereas, the energy si;ored in

the dislocation core increases with increasing core size, The

dis.location structure of minimum toha,[ energy corresponds Lo

an equilibrium core size, í, e, , the tot,a.I energy in the

elastic strain field and the dislocati.on core is a ni¡lilnum,

Thus, an EGBD in a highly orderecì Iow energy grain bounclary

wou.l,d remain stable since the process of spreâding rsould

require more energy than the eüergy gained in reducing the

elastic s't,rain fíe1d. TEll observa.tions (Pumphr:ey and G.l.eiter

197 4, Varin 1979, and I'lori ¿rnci Tangri 19?9 ) made on f ow

energy speci:r1 grai.n boundaries sho¡r 'bha t- bhe gra.in boundaìry

disfocal-ions are much nlore stable, However, i¡r high enêrgy

randon grain boundaries there is fittfe long range order (as

compared with speciâ1 graj-n boundaries ) aiìd therefore the
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systen can reduoe the Lot â1 energy by spreading of Lhe

clj sloc¿t j.on core, .IL is this reducl;j on j.n l,he strajn enerÊy

of t,he disl oc¿rti on wh:i.ch caìises the di sappearance of t he

cor'ìtrâst in the electron mì-croscope,

'Ihe d:issociation ¡nodeÌ proÞosês t.hat EGBDs split int,o

parll j al dislocations ¡çíth small Burgers vectÒrs, Such ¿) model

appears 1-, o have a physi.cal meaning in the case of a we I I

defined boundary s l,ructure r e. B. , special grain borindaries ,

An example of such a Þrocèss is shorvn in the e.lecl,ron

nric¡ograph of f ì.gure (2,6\ , Hôwever, j.n the case of r¿ìndom

grain bounda¡ics tl're re has been no evidence of l-he spli.tting

ôf EGBDs into part.ì.a1 dislocat:ions . Also, in these boundaries

the Burgers vector of the partial- tlis,locations would be so

smal.l that the cr.:ncepb no .[onger retains its physica.l

significance. In such a câse, the rore sprêâd j.ng node-l can be

equi.valent.l.y represented by the dissocia bion mócle.l. by ¿ìn

infinite number of dislocations of inf j.ni.tesimal Burger.s

vecl-ôrs (Darby, Schindf er and BâÌ.1-uf f i 1978),

Johannesson ancì ThoIen (1,972) derived the kinetics of

spreading based on the dissocíation model . 'Ihe r¿ìtê of

di.ssociation r{as cafculated by estimating the rate of

separ&l,ion of two parLìal dis.locations, as show¡l in figure

(2,7 ) , The ratè Òf separati on being controlfed by grain

bouncìnry dif fusì.on, i s given by
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Figure 2,6: Splitting of a lattice dislocation into five
boundary dislocations in a I = ¡S boundary in stainless steel(BoIlnann, Michaut and SaniTorL 7g7Z),
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ds
dt

Gbv,D!tl'

2n( l.-¡-,)htS2
(2,3)

whe re S i s the d j stance of sepll.râtion betr,¡een l-he two

disfocations of Burgcrs vector ì.r, Dsb is the grain Lrouncìary

self-diffusi.on coefficient, V is hhe atonj.c volume antl h js

l-he Boltzmann constânt. By inhegrating ecluation (2,3), å

rel¿ltion between the spreadÍng time (Lo) ¿ìnd thc spreading

tenrperature (T.) for a given cribi.cal se1:arat,ion di.stance a,-d

<;an Ì:e derived:

Zrt( 1,- u)k, a3T

3GbV . D s b
\2,4)

is the lrequencySince Dqb = ugb**r, [-
o -{

f ¿rci.or, ÂQ is thc' gb

seì.f -dif fusion, ând Il

can be re-wri tten as

2n( I- v)k ' a3
whère A:

SGbV,Dgb

Lojkowski and Grabskí

based on Lìre assrrmpt-iorr

^6
-dL' I --.rt'

E.r; J (vrnere D-

act ivation energy for guein boundary

i.s the gas cons t;ant ) , equation (2 ,4)

Lu = A.rou"rI (2.5)

( 1981) deri.ved another ecluation

Lhat bhe r+idened core of the
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d j.slocat j.c¡n c¿rn be node.led by a conti.nuo¡.rs dis t-r'ibutÌon of

disf ocations r+i.th i.nf initesi-mzr.lJ-y smal.l, Burgers vectors.

'Ihese j.nf initesimzrJ.l.y snaIl. dislocat j.ons r. epel cach o1-,her and

by clinbing spread out in the grain boundary plane. Assurning

thal- gTain boundary d:if fusion cont-,r'ols the raLe of c.l inb,

they derived l-,he following re.l.ationshj.p betrveen spreadi.ng

time and the spreading temperature:

Lu = A.fu."frI (2,6)

10kr . s3r,lhe¡e A
cvl . Dsl'

is the er"ir, ¡oåaary width,

On examinj-ng equations (2 , 5 ) and ( 2 ,6 ) i.t can be seen

that bhe bwo nodels discussed zrbove yield sirniÌar kíne t-ic,.¡

for the spreading of trGBDs. The grain boundary widbh ), ca.n be

assumecl to be in L,he r¿ìnge of 4b t,o 6b (approxì.rnai;ely 10 i', o

15 A" for ìrìost nateria.ls). For I = 4b, ec¡uation (2,6)

predict,s the spreading time td l-o be slighl-ly higher than

that predicted by equation (2.5). For I = 6b, e<luation (2.6)

predicts :nore or' less the same spreading tjme t,u as predicterì

by equabion (2,5) , Thus, the experimentally observed

spreading Içinetics cannot be used to deduce the validiLy of

either of the two models discussed above,

The disappeâraìrce of t-,he EGBD co¡rtrast in the TEff inage

^o
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i.s sr-r¡r;rosed to occr.rr when 1-,he oo:re rc:i-dth S reaches in l',he

rzrnge of 1 bo 2 erl',inction clistances , Uslng eclua.tion ( 2 ,6 ) ,

the cal cuÌ¿rt e cl curves of spreading Lenrpc râture T.¡ versus

spr'earling l-irnc L. for rricke.L and alu¡rinu¡n are shown in fi,gure
(l

( 2.I) . The vertica.l b¿rrs in the f igure represent i-,he resul.ts

oJl the neasurements of spreadi.ng hemperât,ures and tines of

IIGBDs in pol.ycrystai.Iine nj.ckel (Pumphrey and Gleiter: 19'i 4)

and high puri l-y polycrystall ine afu¡ninum ( Lojhowsl<i ånd

Grabski 1979 ) . Thtts , it can be concluded thât t!¡e

dísappearance ItineLics of EGBDs predicted by equat j.on (2,6)

is in agreement ¡\'ith the experimental ¡esults.

I-lorvever, tìre disappearâncè of the ÐGBD conbrasl; does not

imply their conplete annihilatì.on, i , e. , the conp.Lel;e

recovery oll l,ìre non-eclui.librium structure of grâ j n boundary,

'l'l-r e cornplete ânnihi.lation of llGBDs recluires that thej r

Burgers vecLor rnììst go l,o zero. Neither the core spreading

model nor the dissr¡ciation rnodel discussed above can expla3-rr

the recovery of non-equilibr:ium grain boundaries on annealing

at high temperatures. On a boundary of fi¡rite Iengt,h

containing a certain density of EcBDs, the spreading of the

colres c¿Ìnnot continue in<:lef in j.teIy, The spreâd:ing puocess

nLLls lr stop af ter a f in j.te core width is reached, The f j.nal

core rcidLh being dependènt on (a) the ec1uilibrium core wiilth

determined by the structure of gr-ain boundary and,/or (b) l,he

interaction betweèn adjacent spread ouL EGBDs (\¡arjn,
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The following di.f fusion data has been used to calcu.l-ate the
above curves:

(b)

NickeI (polycrystaì.s)

curve l: LD = 8.75 x
o

curve 2: )r-D = 5.00 x
o

curve 3: lD = 3.50 x

Aluminum (bicrystals )

curve 1: lD = 7.00 x
o

curve 2: lD = 1.70 x
o

curve 3l lD = 1 .6 x
ô

10-1o and 
^Q 

= 118.4 kJ.mo1-1
10-10 and AQ = 111.4 kJ.mol-1
10-ro and AQ = 114,8 kJ.¡nol-1

1o-8 ana ie = 76.0 kJ.nol-1
10-10 and ÂQ = 36.0 kJ,not-1
10-s and ÂQ = 52,0 kJ.nol-l

Fiqure 2,8¡ Plots of the spreading temperature versus
spreading tine for (a) nickel and (b) aluninum; the bars
indicate the experinental values ( Lojkowski and Grabski
1981 ) .
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I{r:rzydlowsh j. ¿rnd 'langri 198? ) . As di.scussecì earl j.er, the

equili.brium core r^¡ j-dth ¡,ri [] bc small on specì aÌ grain

boundar:ies and .Large on random grâin boundar:ì es, Also, higher

the densì.ty of EGBDs on a given gra j.n bourrdary, smaller rçouf rl

be the wi.rlen j ng of i',he j.r cores ,

Exper j.mentaf obser'vations (Vari.n and Tangri l9{12,

Valiev, Gertsnan and Kaibyshev 1980, and G¡abski, Vali.ev,

Wyrzykowski and Lo jkowski l.9B 1 ) a.Iso show bhalr gr¿ìin

boundaries renain in a non-equilibriu¡n state even aftcr l,he

ì-mage of the EGBDs is no longer visiblê in t,he electron

microscope, Varj.n and Tangli (1982) ¡lade use of the sprezldìng

temperature as å.n indi.cal-,or of the s tate of the grâi.n

bound¿rries after annea.Ling of heavily deforned specimens. Lor,r

vafues of 1rhê spreading temperature indicate that the gråin

boundari.es alre itr a non-e<lnilibrium $ Lal,e ( Irurnphrey ¿ìnd

Gf ei.ler 1974 and 1975, ¿nd Varin and Tangri 1980), Figure

( 2 . 9a ) shows the variation of the spreading tenperature

(solid J- j.ne) and the grâin di¿¿neLer (broken line) as ¿t

function of {rnnêaling têmperatul.e at a constant annealing

time of 50 ¡ninutes in cold-worked specimens of an austenitic

staj,n.ì-ess steel, The neasured spreading hemperature of 438"C

after annealing at ?50"C is signif i.cantJ.y lower than the

neasured va,[ue of 515"C after annealing ¿ìt ].095"c, 'lhi s

implies tì'r:rt Lhe grâin bounda.ries af 1,er annealing ¿rù 750nC

are in a non-öqui.l. Í br ium stal-e, i,e ,, the s L,râin fietd of the
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Figure 2.9¡ Dependence of the nean spreading temperature of
EGBDs (solid line) and the true volume grain diaroeter (broken
Iine) on (a) the annealing tenperature and (b) the annealing
tine of cold wo¡ked specimens of austenitic stainless steel;
nu¡nbers in the br¿cket índicate the nunbe¡ of boundaries
employed for each data point (Varin and Tangri 1982).
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EGBDs has not been ¿rrrnj.hi.l.ated. Bey<>nd the anneerJ.ì.ng

l,enperature of 750"C (see figure 2.9a) the jncrease in l;he

sprea-dirrg 1,enpe::ature ind j,cat,es the onse L of the

ecluiJ.ì.br:ri,i.on of grai.n boundaríes. Fron f j,gure (2,9b), it, can

be seen that the sprea-ding temperal-ure becomes cons l"ânl,

l:eyorrd an ânneâli ng tine of 10 minutes f or a consl,anl-,

annezrli.ng temperâture of l-095oC, 'Ihis j.lnplies ùliaL ¿)n

annealing ti¡ne of 10 minut,es is suf f j.ci-ent for the

equilibration of grain boundaries at this tentperatu]:e,

The above observa{"ions are in âgreenent rvith Lhe

investigation ( Grabski et a.l 1981 ) on Lhe changes in the

yiel,d stress as a resul.t of equilibration of gr.ain

boundaries, The resufts of the investigation are plotted in

f igure (2. 10 ) whích shol.¡s l-he dependence of yield stress on

the anneafing terûperature at a constarìt annealing time of 5

ninuLes f ot: I% pre-sLrained specimens of 310 stain.Less steel.

In-situ 'fEM observat j onç¡ show t hât the iìnâgê of the EG]SDs

disappears ât a tenpêraLure of 735 I( (462oC). Ilub the yield

stress renains môre or less unchanged up l-o annealing

tenperatures of ?70 I{ (497"C), Thus, ib ciln be conc}urled thab

the structure of graín bounda¡ies re¡naíns essentially

unchanged after the spreading of EGBDs. F igure ( 2, i0 ) ¿rlso

shows that yield stress recovery takes place on anneal.ing at

â temperature of 89?"C, But the TIìM observations (Grabski et

ai. 1981) shov¡ed ¡ro changc in the density of dislooat.ions
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FiÁure 2 . 10 | Dependence of yield stress on the annealing
tenperature for a constant annealing tine of 5 ninutes in 1%
pre-strained specinens of 310 stainLess steel of grain size
7.0 tn (Grabski¡ Veliev, I{yrzykowski and Loikowski 1981).
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inside hhe grains. 'I'heref ore ' 
'j.t was concf uded that the

r'êcover:'y of the grain bortnclàÏy sbrucl-ure must be responsible

for i,he recovery of yielci sttes,.;,

From the above discussion it i,s evidenl- t,haL af t,er tht¡

dis.locations have spread out, some other nicro-nechanism must

be initj ated to explain l-he phenomenon of recovery of

non-e<¡u j,libriun gra:ln boundary structure. A rnodel proposed by

Varin and Kurzydlorvskj- (1983 ) attempts Lo exp.Lain the

recovery of non-e qni.Ii,brium grain boundaries. Their nodcl

assumes that {:he annihi.lal,ioll of EcBDs occurs via clinb

accornpanied Ì:y plas bic def ormation âb the triple poínts, 'l'he

resultì,ng plasti.c defornation àt the triple poinLs is

¿¡cconnod¿rted by volunre diffusion of vacancies, as shorvn in

f igr.rre (2.11). The deformation rate i, during accommodaLj-on

by voJ ume dlffusion has been assuned to foflov the equaLion

for Nabarro-Herring type diffusionaÌ creep deríved by Ashby

( 1e71) :

20oVD

kr . r.2

where the stress o rìeall a triple point- is assumed

by

and D is the .labLice se.lf -clif fusi.on coef f icienl,,

Gbo
lJ : 

--,-f-zn\ t-D)

(2.71

t,o be given

(2,8)

i s 'l-,he



Fiture 2,11 ¡ EGBDS
¡e sul-t of volune
Kurzydlowski 1983 ) .

clinb towards
diffusion of

the triple points as a
vacancies (Varin and



s-räin size and p j-s Lhe densì1',y of EGBDs. Relat j.ng the

rlef orn¿¡tion ra-te ä t-o the ann:i-hilaL j on râte of EGBDs, bhey

tler:i.vecl the f ollowi ng relal,ion between annealing Line and

tenperature requi red for the equilibration of non-equiÌibrium

grain boundar:i-es (equilibraLì.on process being assunred to tre

completed when the density of llGBDs drops below 10% of the

initial density):

- - 2,3kTn(1*p)t2'-----uõmî-- (2.e)

The authors did not attempt to relate the annihil¿l1,i.on

process rvi.th othel châr'ìges in microstructure (e, É, r changes

j.n the vicinity of gràin bourrdaries ) , The r¡redic hed resul l-, s

were reported to l¡e in ågreemetìb v;i.th some expêrinent,a1

resul t s on the eqltrilibrai,i.on of grain bound¿rries obtained in

a defor¡ned austenit-ic staínfess s l-eel (Vari.n 1982), Horuever,

equal,ion (2. 9 ) Ìs unablr: i-o explrriir the experimenl,al result,s

shorvn in figures (2,5) and (2,10), For: heavi.ly deforned

stainless steel specimens the ¡recovery of grain boundaries

occurs at an annea.Ling tenperature of 1095oC at an annealing

time of 10 rninutes (see figure 2,9b), Whereas equation (2.9)

predjcts ¿ rnuch larger annealing tine of 92 minutes at this

annealing {:ernperattrre. Simí1arly, for the 1% deformed

specimens the time requir:ecl to eqttilibrate the gna:in

bound¿rries is 5 minui,es at an anneali.ng te:nperatr,rre of U9?oC
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(see figure 2.10), while equatio¡r (2,9) preclj cLs ån annezrlì.ng

timc of 96 ni nuLes (zrppiro>l:irnate Iy 20 times lzrrger l;h¿rn Lhat

obtained experinentally) , The above c¿¡lcuIal-. j o¡rs were n:rde lry

us:ing the {oì Iovri.ng values of the p¿Ìrânìetêris in equal,:i.on

(2,9): k:1.18 x 10-23 J,lt-1; p= 0.283; V=8,38x10-30

m3; G = 8,43 x 101o N,rn-2; and the grain sizes t rsere Laì<en

as 52,0 pn (r'eacl from the brolren curve in figure 2,8b) and

7.0 ¿m (given in f Ì.gure 2,9 ) .

f.t-, is suggested that this lach of correlation between

the experimental resul hs is due t,o l.he f.'oIJ-oiving reasons :

1, The assumption of the stress near a bÍiplê point,

given by equâtiÒn (2. 8 ) is v¿lirl only for ã

clislocal-i.on pile*up and no1', for Lhe rlisl.r.:cation

configuration shown in figure (2, 11 ) ( the

configuration can be better approximated by the

dislocai,i.on arrangemènl- in a tíIb Ì:oundary) ,

2, The predicl:ed values of the eclui.li.bration ti¡re and

temperatrìre are independent of the starting densii',y

of EGBDs ( see equation 2,9) , This âppears to be

sornewhat unrealístic, I tr can be seen f r.om the

experimental observatiôns thât bhe eqr-riJ. j.bration tinc

and Lemperatur:e are nuch higher: for the heavily

deformed maberial (figure 2.I) 1,han for t,he material

deformed to smal.l strains (f j.gure 2.10),

3, 1l rnay a.lso be pointed outr Lhat the physical process
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óf the EGBD anrrihi.l.ation shown by the aut,hors in

f:i s-lr::e (2.1L) is j.ncorreci-,. The direcl,i.on of the

noti.on of t-.he llGllDs shorvn in i;he f .iBure rec1uire s that,

1-,he v¿rcancles f Lorv i.nw¿rrrìs (toirards t,he triple po:inL )

rather than oulrwal:ds as sho¡t¡t in region À.

Ln view of 1-,he above rnentioned discr.e¡rancies, å ne\,n

nrodef (to be cli.scussed in chapL,er ,l ) has been proposed rvhich

also 1-,akes Ínto account changes in the mi.crosl;ruct-ure to the

¿rnnihilation of EcBDs as ¿r resuf 1: of anne¿¡Ìing :rt elevated

temperâtures,

2.3. THE TNF L UENCE OF GRAIN SIZE AND STRUCTURE OF GRAIN
BOUNDARIES ON THE MECHAN]CAL PROPERTIES OF POLYCRYSTALS

2.3.1. THE I.IALL-PETCH MODELS

Since the originai. work by l{alJ, ( 1,951) and Petch ( 1.953 ) ,

there have l¡een severa.l, n<¡dels proposed to descríbe the

i nf Iuence of grain size Òn the yj.e1d and f lorv strerss of

lnet¿Is and alloys, In gêner¿ìl , ¿ì vast majori by of cìata i,r¡

lìberaLure (e,9,, Armstrorìg, Codd, Douthwaite zrnd Petch 1962,

Fujita and Tabata l9?3, Meahin and PetcÌr 1974, L.loyd 1980,

and Hansen and Ralph 19B2 ) shows that, the variation in l,he

y j-eld anc.l fl-ow stress wíth grâj.n size follows a lla-[f -Petcìr

't;ype of rela Lionship:
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o(e) = ûo(e) + Kle).(.- " " (2,10)

whe re o(c) j s l-he fll ow s LresÉ , ,8, j.s the ¿¡rain size ancl o"( e )

and Ii(e ) are úönstânts at a given strâirr É:,

Deviat ions fron lhe Hal1-Petch relationship have also

been reportec.l (Grange 1966, Morrisr:n 1966, Abraharnson 19?0,

Fuj j.tå- and Tabai,a 19?3, Thompsorr 1975 ¿rncl L\'l'l , á¡nd l,Ioyd

1980) for some materials under certain graìn size range anrì

testing condj.tions , These deviat ions have been usu¿rlfy

observed in the r.ange of fine grain sizes (less than 5,0 lrrn),

The experimen Lal dâta on f ine gra j.ned aluninum and af urn:inurn

aIloys, ând ni.cl{e} (Thompson 1975 and Lloyd 1980) exhjbits

orre of l-he f ollorving f eat,ures : 1) L-l ins bead of 4,"1/2

depenclence of o(e ) ; 2 ) trvo slopes in t,he l{al1.-Petch pJ.ots

(o( r-) versus 4 "'') , Sl-ress-strain curve crossings (Thompson

1977) have also been observed in fine Brained (lì.zl prn ) ancl

coârse grained (150 ¡n) polycrystals ôfl copper.

'Ihe above resul l,s have been explai.ned on the basis thab

fj.ne grâined naterj,als develop â highly i nhomr:geneous

disLriL¡ution of dislocations (a high densl-ty of dislocations

in the vicinity of g¡ain boundaries ) . However, the

ex1:erímental data for such fine grained naterials i.s scarce

¿rnd âlso sho¡"s a Iarger scatter, Thís nâkês i,t di f f i.cul.t to

arrive at a r¡nique explanation on Lhe deformation behavj_o::.

The sil,uation j.s further compì,icated by 1-,he fact that tlìer.e

may be differences in the nicrostructure of f:ine and coarse



pjrain ,.jizecl specintens, 'll:re lrlicr'Õsilruct Ltr¿11 d i'lif ereilces

incl-r¡cle texLrt::e, disLocatíon dènsil-,y ând distr j.bution, grajn

bountlary s l,ruc1;ule ¿nd g¡a. j,n s j ze disl,ri bltt j on, Slrecimen

bhickness j.s also an inìporl,antt factor which nay have ir

sì-gn.i-f icanl, eflf ect o]ì hhe reÞorl,ed dat¿¡, .{s shorçn by

Miyaz¿rì<:i, Shibata and Fujita ( i979) , specimen thickness is

cril,ical for maberials wi btr low sl¿rckl¡rg faulL energy (SIrl!))

rvhere as rÌìany as 50 graíns are recluíred i¡r 1-he tlr:i cì<ness

dj.recti.on l,o obtain a representative pof ycrystal. deformati.on

behavior. 'Ihus, in order to urrdcrstand the def ormal,i.c¡rr

behavior ofl these u.l.tra fj.ne-grainecl materia.Is we.ll

documented experimetrtal data i.s necessary rvhích at present is

ra Llrer sc¿ìi'ce

'Ihe various atteìnpbs nade to rat,ionalize the HaIl -Petoh

rel.ationship can be broadly classified into two categories I

1. The dis ],al)aü,an pile-uÞ moclels (HaJ.l 1951, ìleLch

1953, Cottrel--l 1958, and Arnstrong el- al I962 ) :

These nodels ale based on â concept o:t' pile-up of

dislocations at a grain bor.rntlary, The models assume

that the ffow stress of a polycrystaÌ j.s contro.l-[ed

by the pile-up stress causing ¡rropagation of s.Lip

across gråin boundaries,

2, The rçor'h-hardening. models (Conrad 1963, I(ocks 1970,

Ashby 1970, Thompson, Bashes and Fl&nagan 1973, and

Mecì< j.ng 1981. ) ; The node.Is in this category propose
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Lhat the f Iorl' s tress is governed by l-l,e accur ulat.i-on

t:f d j.slocab j.ons i.n the ¡¡rains. 'lhc f .l,ow sLress is

Lal'en to be ploport:i.onal t-o the sqLrare root of the

den s i 1-,y of dislocal-,ions.

These two types of rnodels are discussed in detai.l be1or,¡

ancl thr:ir nìain f eal,ures are also sumn¿¡.rised in Table ( 2, 1 ) ,

Tlre basic idea underlying t,he dis.Tocation pile-up node.I

is that the sbress concentral;ion produced by a pile*up of

dis,local,ions ah :r gi:ain bound:rry âctivates dis.Iocation

sources irr t,he neighl'louring grai.n. The stress at the head of

the ¡ìllê-.,t 1.s proportional to the densiLy of disl,ocati.ons

(nunber per: unit Iengt,h) in the pi.le-rrp, which in 1,urn is

expected to be proportionaf t,o the grain size, This feads to

the grain síze dependence of flow s tress. Based on 1-,his

concept, Arnstrong eb al (1962) proposecì t,hat if r. is the

cri tical stress re<lnired to operrrte ¿:. dislocation soutce a l-, ¿t

disbance r from irhe grain boundary (see fìgure in Table 2.1)

l.hen K(e) in equation (2, 10 ) is gj ven by the follorving

equâtion:
2 l/2Á(e , : m T r'

c
(2,rr)

¡,¡here n is the Taylol orientation factor. From ecluatiorr

(2. f 1) , j.t cå.n be deduced that K(e ) wou.ld incl.ease if t"

increases (i.e., i.ncrease in the dif f i.culty of operating a

dís.Iocat j.on source) during plastic defornation, General,ion oll

unÌoched clislocation sollrces during def ormal-ion lqoulcl
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TABLE 2. 1

The Hall - Petch nodel-s

PILE-UP MODELS
(HaII 19 51
Petch 1953
Cottrell 1958
Arns t rong
et al 1962 )

Flow stress is cont ro I led
by the pile-up stress at
GBs causing propogation
of slip in the neighbour-
grain. From {¡49..1E¡9¡g
eÈ al (1962)¡

o(e) = d (€) +
o
2 ê 712^-7/2mzr ,L

n = orientEtíon factor
r = stress required toc activate a

dislocation source

o stress.
. 2 7/2K(€J = rn t r

" i= .*n"la"a
c

to vary with
strain which
in turn would
Lead to the
variation of
K( e ) with
strain.

(€

I{ORK-HARDENI NG
MODELS

(Conrad 1963
Ashby 1970
Th onps on
et al 1973)

Orisinal Model þ¡¿
Conrad (1963):

¿ = B(pbL) gives,
o(e) = o (e ) +

o . \112

""o lrå,J L' 1 / 2

Predicts a para-
bol-ico-Écurve
K(¿\ o e1 

/2,
continuous Iy
increases wíth
strain.

Ashbv (1970):

o( ¿) = o"(€) +

ocu(P * þ )1/"'g a

p =C.e/bxi p ))pgrgga

o(e) = oô +

"c¡ l.9c. 
'ì t'" ,- '' r z

ì.bl

Predicts a para-
bolico-ecurve
K(e) crel/2
Model enphas i zes
dislocation
activity in the
vicinity of
grain boundar i es '

Tho¡nps on et al (1973):
Each grain regarded as a
conposite consisting of a
ha¡d mantle zone and a
soft grain interior
o(e) = o +

o
. T.K I,Kt' þlïr7(þ)
K and K are72
experinental constants.

S¡na I I strains:
GB contribution
doDinat e s

Predicts a
decreasing K( e )
wÍth strain.
Larte strains:
Grain interior
contribution
doninates.

o( e) æ L-1
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decrease r", Lhereby resultì.r'rg in a decrease i.n K(c) as ¿ì

function of st;rain, 'Ihe effect of uni,ocking of dislocaLion

souroes on K(e ) can be eas j.ly undersl-ood in materials .l.ike

anne¿.l,ed a - i.ron v¿hich exhibi L a yi.eld poin L because

dislocations are ,ì.ockcd by 1,he Côtt rel.l. mechanism. Fi.gure

(2,12) shows l-he p.lol,s of f f orv stress as a function of the

inverse of the squâl:e root of grain size at various sbraj-n

levels for room temperâture defornation of <x - i.ro¡r. Tìre

plôts shoh' that the val.ue of I{( e) (g j-ven by the slopes of bhe

lines in fígure 2.12) decreases sharply on deformation beyond

the .lower yield point, This decreâsê in I{(¿) has been

associated with bobh the newly creâted dislocation sources

and the unpinning of the previously Iocl<ed dislocation

sources. In the case of fcc materiafs where the yieÌd point

is normally absenL because there is little dislocation

locking, I{(¿) has been observed bo show an initiaì. increase

up to a certaiir strain Ìevef and on fr:rther straining iL:is

observed to decrease. The decrease in K(e) beyond a certain

strain has been usually ascribed to the onset of recovery

processes (e.9,, LIoyd 1980). A more detai.l.ed dj.scussion on

the f actors which inf .luence l,he variation of I((e ) wl l,h sl,rain

is discussed in section (2,3,2),

oo(e) i-s interpreted as the friction stress in the grain

inter j-or, It is expected to vâry with strajn âs a- result of

dislocat j.on acc¡-¡muf ati.on a¡rd intelact-ion wi bhin tlre R'r'a j.ns,
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FiÉure 2.12: Plots of flow stress
; - iron deforned to different
temperature (Arnstrong et aI 1962).
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The work-Ìrardening in the grain interior has been

approximated (Arms1',rong eir ¿ìL 1.962) t,o the nono - crystal

hardenÌng (l-lii:scÌ¡ 19?5) ivhere s j.mi l-al disl,ocal, j on

interaclions occur, 'lhe rela.tionship bebween the hardening :ì rr

the grai.n inl,erior. of ¡ro.lycrys ta ls ând the mono-crystaJ.

hardening c¿rn be r:btained by the f o1Ìorving re J_at ionsh:i.ps:

o( e) : ¡n¿1r,¡ \2,r2)

(2.i3)

ç¡herc m is the âverage orientation facto¡, T and T are the

resolved shear stress and shear straj.n t:especl,ively. !'rôm

equations (2,),21 and (2,13), the work-hardening in trhe grain

interior is relaLed to the rvo¡:l<-hardcning i.n nono-crysl,als by

lhe f of f olvi ng equationl

^-t
m

dcr
o 2 dÌ;

-:: 

ìlì ,--*
dÊ dl

(2.i.4)

A discussion on thê valÌdity of the âbove êquâtion i.n l-erns

of micros Lructurâl changes is given in section (2,3,2).

The concept of r¡orh-hardening to explain l,he H¿rl.l,-Petch

relationship was first proposed by Conrad (1963), The rnodel

is based on the weII }<nown experimental observati.on that, f lol,r

stress of polycrystafs can be described try the eq¡uâl;ion:
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o(r)30 + ccb.fi (2,1.f))

rcl-ìere oo is the f rict j-on stress, û j,s a constânt f ¿¡ctor, G j.s

l,he shear nlodtr.Ius anci p i.s the densii',y of tli sloc¿rt i<.¡ns j-n the

grains, Assuming i;h¿rt the density of d.j.slocal-iorrs j.s

inversely proporti on¿r.l. to l-he grain size, Conrad derived the

f o.L I or¿ing ecluati on:

o(e) :oo+ûGbI
7/2

Í,-1/2 (2,16)

rvhere B is a constant, IJquation (2,i6) predicts a parabol.i.c

stress-sbrain curve and therefore can be used to describr: Lhe

vari¿rtíon of f f <¡w stress rvith grâin size in only a f i.mi i,ed

number of materials r e,€., Nb (Conr.ad 19ô7),

Ashby ( 1970 ) extended the work-hardening approach to

take j-nt.<¡ ¿rrcount the i rrhomogeneous naturie of plastic

def orn¿rt j.on rvithín the iirdividual grains. He suggesl,ed that

the process of rvork-hardening can be understood in {-erns of

stabJ.stically stored dÌslocations p" and geometri cally

necessâry dislocations p (see figure in Table 2,1), By a
s

simpJ-e ar:iLhnetic addition of the two densiti"=, pn (g j-ven by

Ce CË12
6f ) and p* (6.iven by 6i- ), and using ecluaL j on (2..1 5) Ashhy

ge

der:i ved a re l at ì on f or the f I or,r s1-.ress :

el
u'ß )

o(c) = o, + <xQb(pg u p= )1/? = oo + ftCìr 
I

Ce
-!*bl"

g

C t: ,1/z

ú J tz'r1\
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where ). ancl L ¿ì::e the s.l.ip dist¿lnces for thc geomêtrj.cally
gs

necess¿rry and ùhe s bati.stica.l ly sl-ored ciislocations, and C.,

and O_ are consl,ants, Ln general , p can be neglected because

p is nuch higtrer Lharr p , 'I'heref ore, equation (2,17 ) reduces
q

to 1,he I{¿fl-Petch relationship given by equation (2,10). As

in the case of êquat j.on ( 2 . 16 ) , ecluat.i.on (2,11 ) aLso predic [-, s

a parabo J- í c stress-strain dependence,

ll'honpson et aJ. (f 973) suggested that, sincc the

geone tricalJ,y necessary clis Locatiolls are corrcentr'â1-,ed irr Lhe

grain boundary vicj-nity, each graj-n can L¡e regardecl as a

composíte consisting of a har,cl mantle zone ¿rnd a soft grzl:in

interior. The conLribut j.ons f.'rom l,he two regions to the

overaÌl f l.o¡v str'ess are obtaÌned by multiplyi.ng bhe stresses

by the respecbive area fracl,ío¡rs of each region, The sum of

the t,rvo contr:i but j,ons gives the f ol,low.ing relationshi.p

betrçeen flow stress and grain size:

o(c)=o *lr-"t
( t', I
l"-;) (2.18)

L lK Lslls
/. lr r.

rvhere I{ - and I( . are experimental cons l-an l-,s .72
fn the rânÊle of small strains X* is

grain si,ze and thus , ecluation ( 2 , 1B )

I{a.l 1.-Petch equâ.t í on wi th

of the order of

re c{uces to Lhe

),K
-t.K(e ) (2,ls)



llhe densít,y of st,atrstically stored dislocati.ons increases

r¡ii.h strai¡r. As a resuf 1,, t-he slip distance À." and thereby

li(c) decr:eases rril-h i.ncreasing str¿rjn, :\shby's nodel

( ecluabi.on 2,1,7') on t-he other hand, predicts a conl,inuous

increase j-n I{(c) w:i.l-,h straín. At large strâins ' the

sl,atisl,ical tern domin¿ìtes ) earìírrg Lo a 4,- 
1 cl"petrclenc" of Lhe

f l-ow stress, AL intelnediate strains' both 1-he geonetrj.call.y

necessâry and the sbâtist j ca.l,ly stored clislocations govÒl'n

the flow stress. This leads to â conplex relal-ionsh ip between

fl.ow strcss ancl grain size.

In view <.¡ f the above discussion, ih is clear that the

proposed node.Ls äre ì:ased ôn di f f erent erssu:nptÌons and

therefore they predict dif ferenl- variai;j.ons of Lhe IJaI.l,-PeLch

paramet-ers rvibh strain. !'or exzrmple, the modef s do ì'ìot

uni.clue.Ly predict the strâin dependence of I(( e ) with stra j,n.

Thr-: 1:aramete¡ I{( e ) nray ì,ncrease wíth straln (equations 2. 1ô

and 2,I7 | ôr may decrease with str¿rin ( equation 2, 19 ) .

Equertion (2,11) based on the pile-rrp model does not

exp-Licitly descrÍbe l-he variation of K( e) (whìch is

dependent on the varia.Lion of the critical stress Lo generate

dj.slocations as a funci",ion of straín),

It nìa.y be point,ed öut thet since trhe work-hardening

nodefs have been developed from a pureì.y geomeLric

consicJeration, it ís di.f f icul-t to å.ttach physical

significance to the paraneters j.nvolved in the derived
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equati.ors , For exampJ.e, e<1uat.i on ( 2 , 19 ) whioh relatres I{( c) to

the sJ,ip dj sLance of statisticerlJ y stored dislocatj ons in the

smal.l. str¿in reg.ime, does i'ìo i; permit one tÒ.i nLerprel; K(e) j.n

terms of operât j.ve nechan:isms during Lhe ear.ly stâges of

def ormat j on, Even i-,hough ecluation ( 2 . 1B ) tras been applied

successfully to exp.ì ain the defornati.on behavior of

aluìn1nunì, copper and brass ('thompson et, al 19?3, ancl

Thornpson ând Bâsltes 1973 ) , it has li:nÍted utiJ i. by i.n

deveJ-oping an understanditìg of the phys:ics of def orm¿rl,.ion,

Another liniitation of eqlrations (2.18) and (2.19) is th¿rt

they have sevei:aI ad justable pà.ranìe hers (oo, l(, r I(, ancl À* )

and therefore one can expect a good fit on experinental d¿¡t_a

obt,ained from a rvide range of neLaIs and alloys, Thus, a good

f it does nob necessarily impJ-y the valiriity of the model. A

betLer ¡rethod of verif ic¿¡liorr wou.ld be to test the vati,dity'

of the assurnptions rnarle in the mode.l., UnflôrLunål-eIy, this is

not an easy bask, since it 1s dj f f i.cul b to disL.irrgu j.sh the

two disl.ocation densities l geornetricall.y necessary ¿¡r¡d

s t,âL j.stically sl;ored disÌocations, This is particular.Ly brue

in the case Òf h:igh stackíng faulL eì:rergy (SFJì) rnateriaJ.s,

ilEM obserr¡ations ('Ihomas 1963, Hansen arrd Bay 1982, Hânsen

and Iìalph f 982 ) show l.hal- it is dif f :icult to obt,aÌn it

quanLi tative descriptj-on of the cornposite structure (hard

inanl,le zone and a sof l, grain interior) â.s demanded by 1;he

nìÒde1, 'Ihus, lire work*hardening modeÌs in their present forn
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al:e uot pâr L.i cul,¿Ìr-ì y su j-ted f or gaining an und e r s t,and i rÌg on

the processes whj.ch govei:n 1,hc overaff deformal;iorr behar'ìor

of poJ.ycrystal s . .In l.o¡t SFE mater j als ( e, B', , cx-brl¿¡sses ancl

ausùenitic staiuless stee-Ì-s)r t,Lre dislocati.ons are confined

in LheÌr slip planes lêading t-o the florlnation of disloca.Lion

piJ.e*ups at grain bouncìar j.es ( lf hornas 1963 ' Meaìriir and Petch

I914). l¡iÊure (2,4) shorvs i,he exisLence of dislocatior¡

pile-ups ancl ot,her microstrucLural features (u'g,, emission

proÍ'iles and ECìBDs) i¡r a deforrned lì1.6L ausbenj,Lic sl-ainless

steel, 'lheref ore, the d j.sl.ocâtion pil.e-u¡, model may be l-he

best approximabion tÕ ex1>lain hhe deformaLion of .Low SIIE

mât É,'r i ål s,

I'lowever, a1.L models, i.nc-I¡-rding t;he dj.slocal;ion pil.e*up

model, neglect l-he j.nfluence of the grai-n boundary structure

on the f .l.orr s t,ress , It rr'as sho¡,¡n i.n section 2.2 (f igu¡e 2 ,9 )

thal, grain bounda::y structure has a si.gnif icanl, influence on

the mechan j-cal proper:t,ie,.i of polycrysta.ls. However, nÒ

abtêmpt r,¡as made to explain Lhe d<,'pendence of l-,he nechanic¿tl

properties on the grain boundary sLlucture, Therefore, the

nêxt section ex¿nines the influence of tire grain boundary

structure on the deformation behavior from a mechani.stic

poi.nt of view,
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2.3,2, THE E¡-FECT OF GRAIN BOUNDARY STRUCTURE

It j.s generalJ y recogn:ized Lh¿r1; girain bounclaries åìre

sources of latl-, j.ce di.gloc¿rti ons (Li 1963, Singh ând ,f¿tngl'i

1.970, Mur:r 1974 and -[9'i 5, ancl MaLis anc] 'l'anglr j. t.fl?9 ) during
pJ-a.sti c def ornratÌor¡ of polycrystaJ line nl¿rLería l.s . T'he

structure of grain bourrd¿rries can af fect- the corrditions for

dis locat j-on emission f rorn grai n bound¿rries , rvhich j n lur¡t
would have an effecL on the deforllal,ion behavi or Òf

polycrystals, HowevêTr, 1',here are only a I imÍl;ed nu¡nber of

investigat.i.ons (Murr 1974, 1975 and 1981, Gleiter I9,lI,

Grabski I982, Varin, I{urzydlor+skj. and Tangri 1987 ) which

ref a.l-e the stuucl;ure of grain boundaries t,o the generation of

dislocaLions at and in the vicinity of grain boundaries.

In-s j,tu llEM observ¿rLions (Murr 1974 ancl 1975) show that graÍn

bourrdary ledges are a comnou source of tattice d:i.sf ocations,

These ledges whi.ch can be described by iln array of single or

aÉig.lomerated extrinsic grai.n boundary cli.slocations (ilcllDs ) ,

have been shown to be a princípal source of cìislocations in

the early stages ôf plastic deformation, The number of

sources jncrease with increasing plastic deform¿ti.on which

Ie¿rcls trl a .Lârgêr number of emission pr:of iles in f;he TEll

image. If the EGBDs are the princip¿l sources of dìslocations

âs the above rnentioned observal-,ions sìjggest, thr:n Lhe

increase in the density of grairr bouncJary dislocations rvith
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shìrain r,rouLd signif i.cantly affect the process of emission oll

díslocaL:ions ai; grain l¡ourrdar.i.es.

'l'he idea thàt an ilGBÐ can be a poten Lial s j. te flor the

generaL j-on of dis.l-ocaL j.ons at qr'âj.n boundar j,es l:ras been

f u¡tÌ¡er developed in a theor:etical nocìeI pro¡,rosed by Var.i n,

I(urzydlowski arrd Tangri ( 198? ) . 'ftìeir nodel prol:oses t,hat ¿rn

IìGBÐ produces à stress concentratìon si be rçhich f aci.l.ii',ates

l,he generation of Iâbtice disloc¿11-,ions in the v.i.ci.niLy of l,he

EGBD, Tn other words, the presence of an IIGBD reduces thc

stress rêquired to generate dis.locatiorrs. 'l'he auLhr:rs f ourrd

that in the presence of EGBDs \"/ith Iocalized cores, the

stress required to genêrate disl.ocatÌons becomes very snralì,.

As the core widt,h of an EGBD increases (e.g., by annealing)

l-he stress concentratíon decreases and therefore the required

stress to generat-e di.slocations i¡lcreases, ,l.a.b.Ie ( 2 , Z ) shows

the câ.1-cuÌaled v¿rlues of Lhe stress recluired .ito generate

di.s.[ocal-i ons å.s a functi.on of the core width of ¿rn IìGBD,

Ho¡çever, ân exterrral stress can constrict the core of ân l¡;clll)

wi blì a wíde core (Gleiter 1977, and Grabski 19BZ), Such a
mechanism can be envisaged by assuning a spreacl out EGBD tÕ

be clesoribed by pzrrtiaf dislocations rvith very small Burgers

vectoïs (see secbion 2,2), Then the applJ.ed stress can push

the partial dislocaùions together Ieading to Lhe Iocalj.zation

of a del ocaÌizecì core of ¿ìn EGBD. Ilut; âs yet Lhere i-s no

satisfactor¡' mode.ì. which cân describe the .local, j.zatj.o¡r



TABLE 2.2
'lhe calculat,ecl v¿rl.ues o.f the 'rLress recluirecì l-o gerrerate
disl.ocat j.ons al- a pre-ex:isting exLr.ins j.c grajn boundar.y
di.slocati,on às a frrnction of var:ious cÒre ¡vi.dths of the
extrrinsic grain boundary dislocat,ion (Var.in, I(urzydJ_orrrskÌ arrd

T¿¡ngri 1987),

i;ô re t{l dt h ol
EGBD (m)an

S l,Tes s (T) required
genera Le disfocabio

to
ns

I x 10-s Very srnal l

2 x 10-s Very small

3 x 10 " G/255

3.5 x 10-e G/r20

4 x 10 " G/ S0

- --.-95 X TU G/?,3

c 0,77Gb 1
" 30 7r(l - p) S

where S i.s the EGBD core width
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plìenómenon , A.l.so , sucl'r a mechan j sn :Ls expecter.l to ope::a t,e

on.ly i.f the temperature of defo::nat,j,on 1s .Low, ¿\ i: high

Lernperabures there rqill always be a- tendency for {-l¡c¡

dislocation to spreacl :iLs core and 1-hus i.1" r¿j-1.1. noL be an

effective st,ress concentrator,

Since IIGBDs aìre not a part of l-he eqnilibrium stÌructure

of tIìè gr:r:i.n bounc.lâry, thei.r presence results -i-n uncancelled

long range elastic stress field (e.9,, Gleiter 1.977). lt i.s

exÞec Led that t,he Iong range stresses rviÌl contril¡ute to t]re

worh-'hardening of polycrystaJ.s, Theref or.e, Lhe exisLence ofl

these stresses cârìnot be neglected in any deta,íled study on

the influence of the grain boundary structurê on the

deformâtion characteristics. In spíte of this fact, j,t has

merited iittle di,scussion in li.teraLure,

T'he above d j.scussed grain boundary structur:al ef fôc1',s

can be i.solated by examinj.ng thej.r impact Òn Lhe

exper iment.a-I I y obscrverl v¿riation of the lla.l-LrPe1-,ch

paraneters oo(e) and I{(e ) j.n equation (2,1.0). In Iight of the

experirnenta.l obse¡vations avaÍ.l.abl.e in li terature, some of

the proposed ideas ¿ìrê brief Iy discussed belor,,'. The exâc l,

natur:e of the role played by the grain boundary structure and

ì.Ls impli.cati,ons on the IIaII-Petch anetlysis js djscussed in

detail in chapter ,1 ,

Figure ( 2,13 ) sho¡r's Lhe vâriation of the I{all.-Petch

parâmete¡s o (t.) and I{(e ) for pof ycrys t.al..i. i.¡rr: af um:i.nunl
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deforrned at room l-emperature. Fron t-,ìre ll:i grìtr:, it can l:e seen

Lha.L I{(e ) in.iLiall¡' incr<¡ases ancl goes Lhror,rgh a peah ancì

then <:onL j nuonsJ.y decrcases wibh strain, The inj,t-ial jncr.eas¡e

in I{(e ) has been associated Hith grâin boundary strengthenj-ng

and,/or j.ncr:eased díf f i.culty íir the operal-,ion ofl g-r'ai.n

boundary disloca{;j.on sources, The decrcase in I{(e ) observed

beyond a certâj.n strain has been assoc j.trLed r^¡ith the

formation of tlisl.ocation cells an<ì suÌ.)-grains as a resulb of

rêcovery processes (e. g. , cr.oss-sl.ip which Òccurs rathêr

eeisily ì.n high SFIì ¡nateriaf s like alumjnum), The reason fo¡.

this decrease is that the recovery Flrocesse s occllu ¿tL ã.

higher rel,e in the f ine grained mater j a1s as cornperred nj_th

the coarse grained materials (Lloyd LgB0). This Ieacls to a

much faster: decrease in 1,he worh-hardening rate of l,he fine
grå:inêd material beyond a cer tain strain r"hich j n turn

resuf l,s j-n the observe'd decrease in l((e ) . Thus , the physical

interpretation of I((e ) in the higher stl:ain rêgime becomes

questionabl,e since the specirnens ofl different gra.in sizes rnay

have widely cli.f ferent disl.ocation strucLures, TEM

observ¿rtions (Ll.Òyd 1980) rnade on alumínum confirm that the

coarse glained material at large streins shorvs a wef l. defined

cefl sbrucl',ure in i,he ent,ire gr.ain arêa, Whil.e the f j.ne

gr:ained mat,erial shows ì.arge density of dislocations j.n the

vicin j.ty of g¡ain boundaries and f e¡ç dis Locations il.r Lhe

grain interior. AIso, thê fÒrrnâtion of cel.ls or sub-grains



É

z

I

-50
dt ,^
:
It
ú¡o
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deforned at roon temperature (Fuiita and Tabata 1973)'



implies t,hât the inj.tia-I value of t,he grai.n size can no

longer be used in Ihe I]a1.1 *Pe l,ch ¡el.¿rtions]r:i p ( equat:iorr

2.r0) .

Figure (2,14l, shows the pJ,ot of I((c) as ¿¡ f unctiorr of

strâin i-n 70:30 br:ass def orned ¿ì l, room temperaLLrre, I{( e )

shows a smalI increase and then becolnes llìore or fess

constânt . On further strainirìg I{( e) is observed Lo dr.op,

Thus, 1-he brend of l-he variation of K( c) is s j.¡ni,lar to that,

observed in the polycrys Lal.l.ine aluninum (see f ì.gure 2.13).

However, such a var.iation j.n It(c) cânnot be explaÌ ned as a

result of recovery processes, since no signif Í-cant recôvery

is expec t-ed ín q - brass which is a low SFE mat,erial , Meaìrin

and Petch (1974) suggesbed that thi.s decrease ¡nay be due to

the unl-ocking of disl-ocation sources àt t,he head of

dislocation pj-le-ups. Tiris is presunzrbly because with p.Iastic

deformation, the densi.ty of dislocations Ín the indivj-dual

pile-ups and the densiLy of pile-ups the¡nselves increase w:it.h

s trâin leading to a higher stress concentrations ¿r,t ¿.lnd j n

the vi.cinity of grain boundaries. 'Ilre high s1-resses produccd,

feads t-Õ a decrease in the stress required to generate

dislocations and/or unlock previously locked dislocation

sôurces in bhe vj.ci.nity of pile-ups, Another poss j.bJ_e

mechanism which may be proposed here is that the dislocations

are preferent i.ally emit bed j n the vicini ty of EGBDs . As

dÍscussed earli.er in this secti.on, EGBDs being porverful
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s Lress côncent-rators, cå.n Iead 1,o a deci:e ¿tse in bhc.: s1,¡:ess

required tÒ generat,e dislocal',ions al, gr¿r:irì boundaries, Such a

mechanisn can also be expected to operate i¡r the case of hj.gh

SFE m¿rterj.a-Ls r{herê â.l.so llGBDs alre forned during plasLic

def ormation. But, in these mate ria-Ì.s, t-he recôvelry nechan j snrs

whi.ch are i.nil,iated aL snall stràins, rnâV donj.nate thê

¡rJ-astic def or.mat:ion process ,

Ref êrring to f ì-gure ( 2 , 13 ) agâ j.n, i.t may be seen l',hat

rro(€) varies parabolicalJ.y with strain for aluminum defo::med

at room lremperahure, In cont,r¿lst f or Ìor{ SlìE cx-brass

polycrystals (produced by a high Zn content) o"(e) - e curve

is linear (lleakín and Petch 1974) urr to 1.arge s br¿r:ins, In th<:

case of relâtively high SIE rx-brass (¡rroduced by decreasing

l,he Zn content ) o"(e) - c curve is parabolic as shown in

fìigure ( 2 . 15 ) . 'l'he departure f ro¡n linearity in the plots of

oo(c) versus strain, âs Lhe Zn content in a - brasses is

decreased, i.e., âs the SFE increases can be clearly observed

in fígure (2.i5). Me¿¡kin and Petch concluded, t,ha L, this

departure from .Iinearity occurs cìue Lo the onset of.' recovery

at small strains in high SFE materials.

oo(e) rvhi.ch is the f riction sLress in the gr¿Ìj.n inter j, ¡r t:

h¿s been associated rvith rnono*ct'ys L¿ìI hardening

charâcte)ristics (see equations 2,12 - 2,L4), 'I'he finear

våriatiÒn of oo(c) rvith str¿lin is associat,e d with stage IJ.

type of hardenj.ng j.n ¡nono*cr:ysta.ls (Hirsch 1975 ) which is
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characLet:ized by disfocation accumulal,ion by mulLìple sli¡r

wilh no e vi <ience of cross*s.Li,p. The parabolic o"(e) - c curvê

is associated w.i.th si-age III type of hardening i.n

uìono-crystâ1s which is charâ.cterized by recover.y processes,

Arrnstrong ( i 983 ) , conpared i-,he expet iÌnentâÌ slope of

oo(c) - c curve for 70:30 br¿)ss rvitìr the computed slope of
stâge II, llsing equation (2,I4), he found that the calcul¿Lecl

vafue of ?6 N.mm-2 js considerab.Ly Iower (10 himes Ìower)

than the expei:imental va.lue of ?60 N.¡n-2, The difference h¿s

been explained ôn the basis that in mono-crysta.Ls,

dislocaLions cân escape tô the free surface, whi1.e j.n

polycrystals 1-,he dislocations are trapped al, grein bouncìa¡:i es

forming EGBDs, pí.le-ups, etc, The presence of EGBDs lvould

produce a long rânge stress fieId, This long range stress

field woufd afso cont,ribui',e bo the friction stress oo(e) in
the grain int,erior. Sínce the density of EGBDs increases rvj,th

plastic deformahion, this contributj.on wou.ld increase with

$train leading to higher work-hardening rates in the grain

interior, In chapt,er 4 the effect of the prêsence of EGBDs on

l,he variâtion of the I{aÌ1-Petch paranìeters and thereby the

overall defor¡n¿rtion behavior of po.Lycrystals .is discussed in
detail,



CI.IAPTER 3

EXPERIMENTAL PROCEDURE

The experiments were perfìormecl ôn a connei:cial 316L

stain.less steel, The nomj.naf composit,i.on of t;he s LeeI is

given .in Table 3, 1.. The as-received materia-l w¿rs in the f orn

of a plate of thickness 15nm, The 1-echniques used in bhe

thermo-nec-:kranical treâtìnên1rs, mechanical tesbs, hransmi.ssj.on

efecl,ron m.ì-croscopy obser:vatlons ancl quantitatì.ve

metallography measurements a-re discussed in the foì J,owing

sections.

3. 1. THERMO-MECHAN T CAL TREATMENTS

'lhe as-received plate of 3l6L staj-nIess steel was cofd

ro-[lêd to 92% and then necrystâ].l.ized for t hour over a.

tenperature range of 900oC Lo 1000oC. 'l'his resufted in â

rånge of grai-n sizes (defined as l,he mean i.ntercept length .{,,

see sect,ion 3,4) varying fron 3,4 ¡.irn to 22,4 ¡tn, Tab.l-e 3,2

shows the individual vâlues Òf the graì.n size produced at

d j.f f erent annealing teùperâL,ures. Table 3,2 afso .lists the

råtio (SD/4) of the standard rìe viation (SD) to the mean grain

size (4.) measured ovêT 50 fields (ea.ch f i-eId conbained

approxi:rately 100 gràins) for each specinen, It can be seen
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TABLE 3.1
The no¡nin¿Ì co}ltÞositj on of commercia] 3l6L stainless steel

( Boyer: and GaÌf 1985).

TABLE 3.2

Grain size (t) nìeasurements in specimens of 316L sl-ainless
s t eel anneaÌed at di f flerent tèmperatures for a constant

annealinÊ 1-ine of 1 hour,

T ( "C) {, (tm) SD/T,

900

930

955

9?0

985

990

1,000

5.6
8,9

1"1 ,2
18.0
21,0
22.4

0,090
0.097
0,080
0.084
0.081
0,077
0.073

c Cr Ni Mo òln Si p S Fe

0.03 lfì 1.0 2 2 1 0.045 0.03 ba.Lanc e
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irhât the rat,ío ( SD/ I') ts approxinate Ly same f or 1-he ra-nge o f

gra-irr sizes exanined, Th j.s itll:lies i:h¿i, 1,he spai:ia.ì, v¿rr j.¿rt ion

of tlrain size (i,e,, f 1eì.d io f j.eld v¿riabion) obtaìned ns a

result of the above thernto-mechani.cal l,reatmenl-,s rsas si:ni.lar

in ¿rL1 specimens. Tt may be noLed that the annealing

l,emperâtures greâtèr than ôr eqrra.I tô 9O0oC leacl to an

ecluiaxed grain ritrucbure. The grain boundaries al, these

annealÌng hemperatures âr:e expected to be in 1-heir

ecluili.brated st;a1',e (Varin and Tangrí 1982), Hereaf t-er, these

specirnens will be referred to as the as-annealed specìarens,

So¡te r:f the anneal-ed specinens were pre-strained to 22"

in tension and subsecluently annealed at tenLperatures in the

range of 550"C i,o 1000oC for annealing tines varying fron L

to 30 minutes, The shor:t annealing l-itnes ( Iess than or ec1ua1

l,o 5 minutes ) were ol¡tained in a nulti-zone furnace rvhere Lhe

Ìreating up tine ivas lninimised to approrirnateJ.y 15 seconds.

Þ'igure 1S,ta) shorrs a schernatic diagr¿rm of the mufti-zone

furnace used f c¡r t-he heaL l,reatment,, Figure ( 3, ib) shons l,he

temperâture profí1e along the fength of the furnace, The

tenperature profile shows ttrat there ¿rre three cons Lânt

te ìpèrature zones in the furnace i zÕne A ( keph å,t

approxinately room tenper:ature ) , zone C (kept at the required

annealing temperature T), and zone B (kept at a temperature

T' , approximerl,ely 200oC higher than th¿rt in zÒne C ) . The

spe ci.rncn to be annealed 1s init:ia.l.1y hept at room ternperature

o¿
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in zone ¡\. A therrnocouple' directly aLt-ached to the specinen

is used bo continr,rously nonitor i,he speciJnen tenperâture. 'lhe

spec j.men is pulled in1;o t,Ì¡e ho L zone ll f or lapít1 heating of

the specimen, When Lh<¡ specinen temperal-ure reaches to a

val.ue 50"C lo¡çeri,han the annea.l ing temperature T, i t is

puf .1ed j-n zone C and anne¿rlecl for the àpÞropriate annealing

time f o.l.lo¡ved by lvater quenching. Iìigure ( 3.2 ) shôr,rs a

typÌcal benìper¿l.tulre veLsus time curve for a specimen which

was anneaÌed al; 800"C. It can be seen f ron the f igure that, i i-,

takes only 15 seconds for the specimen to reach the dcsi.retl

annealing temperature,

3.2. TENSILE TESTS

The s Lrips of the rolled mat',e rial ¡çere machined using an

Induma N/C nil.Ìing machine l,o prepzrre standard plâLe l-,ype

tensile specimens. The specimens had â cross-secL.ion area ofl

approximately LZ x 6,6 nn2 and a gaugê Ìength of 25,4 nrn,

Thiclcness of L,2 ìm ensures thab the ratio of thickness to
gråin sizè is at least 50 grains for a.lf 1-he grain sizès

considered (see Table 3,2). Thus, the deformation behavior of

Lhese specimens woulcl ref l,ect that f or true polycrystttls

(Miyazaki et al 19?9), The tensiorì tests were performed at

roonì temperâ.bllre on an fnsl;ron universal testjng machine

on-]ine wi1;h a PDP-,1 1 sysl,em for data acquisil,ion, '1'he
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aÞ'lr-Liecl strêin rate f oï the tests rtas I0- .os-1

3.3. TRANSM]SSION ELECTRON MICROSCOPY

Thi.n foj ls for transmíssion efectron nJ.croscopy ('füM)

were prepâred Ì.ly chemJ.cal tl¡inning of tensi.J-e specinens using

r hca t.cd solr¡l.ion of 50% tlCI, 10% IINO3, 5% H.Pl)r, ancì 3li% IIzO

(Hi.r:sch, HowÍe, Nicholson, Pashley and Whelan 197'l), Disks of

3 m¡n dia¡neter \{êre nâde r.v:i Lh Agenasparì< spark cul,ting

nachine. Final thi.nning r{as completed using a Struers

Tenupol-2 Lwirr jet elecL.ropolishing unit operâting at 14.5 V

¡rnd 70 mA using a 15% perchloric aci.d: nethanoÌ elect rolyl,e

at -40oC, The foils thus prepared rvere exainined with a JIOL

2000 l-X scarrning transnission elect,ron nìi croscope operating

at an âcceleratíng potent:i aI of 200 IiV,

3.4. QUANTITATIVE METALLOGRAPHY

Meta.lf ogr¿rphic neàsureìnenbs werê performed on

obse¡vations made on the surface of Lhe tensile specimens

using lighL microscopy, The surface J.ayer of the spec.lnens

was removed by chemical thínning (Lhe chemicaÌ so.ì.ul,i.on was

the sa¡ne as that used for TEM foil. preparation, section 3.3)
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f o llol,¡ed by mechanical po.li.sh:i ng* , :t'he grain boundaries rçere

r'eveal.ed by el.ectrochemical etching (SteFhensôn .t979):

electro.l.yte: 60% IINO.ì; e.l ectrode: p.l.al-inr-rm; current density:

0,66 nA/mn2, 'I'his etrching procÈdllre ensut:es that the tr.¡j.n

bound¿rries are not revea.led, Ànother åd\'ântage of such arr

etchíng bechnique is that j t preferentia]ly etches the gr.åin

t¡r¡undaries resr¡ltingl in a sharp blar:k and white conl,rasll , as

sho¡sn in l,he optical micrograph of figure (3,3 ) . Such a

contr¿Ìst is ideal for metallographic measuremèuts on

aut,oma t i c image anal.ysis systems.

Tìre following metallogra¡rhic measurenents were

performed:

1) in t-ercepl, l.ength, ¿,

2) grain boundary length, L,

3 ) d.ì-hedral aiìgles, <þ, and

4 ) g¡aj.n boundary curvature,

To perform the above neâsurements, specíaI conrputer

prograns were developed for a liel.tz TAS PLUS inage analysi.s

systen, For i.ntèrcept Length measureìnenbs, the progr¿In

generâtès ân image of a grid of p.lrallel lines, in three

di.f f erent orientations 120" apart superJ.mpose<.1 on the inage

of grain boundaries, 'lhe prograns nìeasulre the gr:ain boundary

lenglh as LLre dis {:ance between trvo .Lriple points, and the

"Chemical th.i.nning
in the rêmÒvâ]. o f

f o-Llr.¡rçed by mechanical polishing resulLs
10 to 30 gr.âins thick surf¿ce layer',
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Fiqure 3.3: An optical mícrograph of an annealed specimen of
316 L stainless stee.l .
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11íhedr'¿rf angf es as the airgles between straighl- J,ì nes joining

acÌjaceni: triple points, For curvâture measurements, the

cor.¡rdj.nates of ind j.vidual points o¡ì à grain boundary are

clei:erninecl , ¡'igure (3 ,4 ) schematically j .ì ]rrstrates l-he

proceclure of the above rneasnrements, The programs cìeveloped

for these measurements are discussed in greater debail ì_n

appendix A rvilh alÌ êmphasis on the possibÌe sources of errors

and the nethods Llsed to minimise tl'lem,
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Figure 3.4: A schematic of the mèasurement procedure for
grain boundary length (L), dihedral angles (O) and the g¡ain
boundary curvature.



CHAPTER 4

RESULTS AND D I SCIJSS ION

In this chapter the ef feci- of the changes in thê grâin

boundary strucÍ-ure (e,g., changes in the densiby of lÌGl3Ds ) as

e resul l- of pre-str.ain and anneal ing Òn l,he mechan j c¿rl

properties of polycrystal.s of 316L stainfess steel. of varying

grain size has been examj,ned, As cli.scussed in section (2,2),

t,he spreading of EGBDs on annealing does not lead to the

recÒvery of the non-equilibrium grai.n bouncìary st,ruotu::e.

There is no satisfactory rnodel Lo date wh:ich can describe the:

annihÍlation of EGBDs as a resu-lt of annea]ing at high

tenpera.hures, T'heref ore, a theoretical- nodel has bee¡r

developed to obtain a quantì. bative clescripbion of the

kinetics of the transf or:n¿rt; i on of non-equi Libri.um pjràin

boundaries to ecluiì.i,brium grain bounclaries. A detailed study

has also been carried out l,o obtain a relationship bel-rveerr

the l{all-Petch paràmeters oô(c) and I{(¿) in equation (2, 10)

ând thê sl-ructurê of grain boundaries.

4,T, THE RELATIONSHIP BETWEEN CHANGES IN GRA]N BOUNDARY
STRUCTURE AND PROPERTIES OF POLYCRYSTALS

The changes .i.n the grain boundar"y structure produced as

resu-lt, of 2% pre-s brain and subsequent. annealing are
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desclribed in Lerms of the changes in l,he density of

disÌocations at and j n the vi.c:inity of grai n t-¡oundaries and

the changes jn Lhe geotnetry of the grain bourrdar:y networl< '

'Ihe changes in the ßèonìe i',ry of the grain bortntlary nei',worl<

r,rerè measurecl on l,he surface of the specimens in 1-,erms of the

changes in 1,he grain bor"rndâry length ( L ) , clihed¡:a.l- anEles

( d¡) , grair¡ boundary cLrrva i;Llre , and in{:eroe¡>t ì ength (¿) . Thê

me¿surement techniques of hhe above netallographÍc parameters

are discur:sed in section 3..1 ( see â-lso f igure 3.4 ) . 'lhese

changes have l-hen been corre Lal',erÌ with the mechanical

properti.es of polycrystals of 3l6L stainless stee.l,.

4. 1. 1 . EXPERIMENTAL RESULTS

The experinrenLs were done ôn 316L stain-less stee.l.

speci.rnens of two grai.n si zes: 3.4 pm ( f j.ne grain size ) and

18. 0 ¡-rin ( coarse grain size ) produced by annealing of co.ld

rolled nat,erÍa.1. (ref e:: to section ll .1 and Table 3.2).

Metallographì.c measuremen bs r¡iere perforned on Lhe

specÌmens of the f ine grai.necl material (grain size: 3,4 ¡rm)

r¿ith the thermo-¡ne chan i. caÌ his hories shortrn in TabIe ( 4, 1 ) ,

Specirnens enpl-oyed for netafl-ographic measurene¡rts were

also used f or transmiss:ion elecl-r'on m j cïoscopy (Tllll) studies.
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TABLE 4.1

Therrno-mechanica.I histories ,ôf Lhe 316L stainless steel
spec Imens .

A, ¡\s-annealed, annealed at 900ÒC for 1 Ìrour,
B. As under A and then pre-strained .Lo 2%.

C. As under B and bhen annealed ât 600"C for S minutes,
D , As under B and l,hen ¿nneal.ed ât g0O "C f or 5 lninu l-es ,



4.1.1.I. TENSION TEST RESULTS

The results ofl the measurenênts of the y.ie.l.d stress

(0,2% offsei,) on i-he nateli¿rL of both grain sizes (3.4 $r and

18,0 pn), pre*sirrairìed lo 2% and subsequent.ly annealed at

various temperal-ures and annea.ling times are shown in f igr:res

(4.1) ancì (4.2), Fígures (4.1a) and (4.1b) shorv l-he var j.ation

of yie].d s tress as a f unction of anneali.ng temperature at a

constanl- annea.l.ing 1,i.me of 5 mj.nutes for Lhe specirnens of

grain sizes 3,4 gm and 18,0 ¡m respectivôly, Figures (r].-2a)

and (4, 2b ) show bhe vari.ation of yielt-ì stress a.s a function

of annea.Li.ng t-irììe at constant anneaJ.ing temperatures of 800oC

and 750"C respectively for the fine grained specimens,

From figures (4.Ia) ¿lnd (4. fb) , it can be seen th¿rt

there exj.sts a c¡itic¿Il temperâ.ture Tc, at à given constant

annealing tine, beyond ¡vhich the yield stress is observed bo

drop, The values of T. (Lhe nel,hotl for estimating T" is shorvn

in the figures) , listed in Table (4,2) are 680"C ancl ?50"C

fo¡ the specimens wi.th grain sizes of 3,4 pt and 18.0 !m

respêctivèIy. It rnzry be noted Lhat the criticâÌ temperal,Ìlre

T is l.arger than the spreading teì¡pel'âtur:e T. at v¡h j ch thec-d

ì.mage contrast of EGBDs âs observed in TEM cìisappears af1-,er

il0 seconds, For this ùypc of sLecI Td has been estima,ted tÒ

be approximaLely 500oC for random grain boundaries (Vàrin ând

Tangri 1982, and l(r:rzydl.owski et a.l 1985). The inplication of
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TABLE 4.2

Experínenterlly estimateri values of t.he critical Lemperature
T for f ir,e and coârse grained 316L sl,ainless steel.

Gnain Slze
(pm)

AnneaÌing Time
( rninute s t )

Criticaf Temperature
'r ("ü)

3,4
iB.0

5

5

680

7 50

T" is defined as shown in figures (4,la) and (4.1b)



this r:bservâtiôn, as also rroLecl earlier, js thai-, the f ¿r.dinej

of TEM contl:ast of the IIìGBDs does nÒit c¡:¡íncide ¡ç i i-.h tLrc:

recovery ôf the yield stress or rvii,h the recovery of

non-equilibrium grai.n bound¿rries,

The crit ical temperature T. depends on l,he t:irne of
annealing and geneïâlIy longer ti¡Ìes resuft in lower valu<:s

of T", On increasing the annealing temperatrìre beyond T.r the

yield stress steadi.ì.y decreases i-, o a stable r¡a.Lue sim j lar i,o

thal- observed in the as-annealed mat-er j_al , Figures ( 4.2a) arrcl

(4,2b) show th¿rt the yielcl stress continuously decreases rvith

increasing annealing tii¡e for a given annêaling temperature,

'Ihus, it can be concluded L,hat there is a combination of
annealing temperat,ure (denoted by t") and annealing time
(denoted by t'-) at lvhich the yi.eId stress Òf the pre-strained

spec ì. rnens is completely recovered,

4.1 . 1 .2. METALLOGRAPHY MEASUREMENTS RESULTS

Resufts of the grain boundar:y l.ength measuremèn{",s are

shown in the forn of histograms in figure (4.3). Mean values

and 95% confidence limits (SpiegeI 1975) obta j.ned from the

dj.stribution of the grain boundary lengths are plotted ìn

figure (4,4a) and are also listed i.n Tat¡le (4.3), The resu.Lts

indicate thal, there is no signífícant dj fference ín re

va.l.ues of tlìe nean grain boundary length for specimens A, B
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TABLE 4,3

The resufts of the neasure:rents of grain boundary lengLh,
cliiredra-1. angÌes, cur\/âture and mean intercept .Iength f or

specirnens A, B, C and D f ol: the f j-ne gralned naLe riaf ,

u C D

¡lean grâln
boundary ^
lengtìr ( ¡n )

2,18+0,09 2.28+0,09 2,23+O,IO 2 , 71+0 . 13

Standard
deviat i.on
of d i.hedraÌ

- ô. )k
âl'rg 1'] s ( )

26.76 27.60 26, B0 25 ,89

Fract ion of
curve d
grain
b orrnda r i es x

(%\

21,6+4,5 25,9ç3,4 ¿o..)+J 1 34,9+3,7

Mean
intercept*x
.ì.ength ( pm )

3.39+0. 10 3.23+0.1i 3,48+0.11 3,4'l+0.14

xnumber of me¿usurenents exceecled 500,
**n.rn intercept length,rvas calculated from 50 fieÌds with

an area of ?3 x 63 pm- for each field, 'Iotal number of
intercepts neasured exceeded 3000,
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ancl C, However, the mean grain boundary length for specimen I)

( annea.led ari; ¡l00oC f or 5 rn:i nutes ) is signi f icarr tJ.y h:igher

l-h¿ln those f or speci.mens r\, B and C. Al.so the scatlter ( i , e, ,

the 95% confidence li.mj t ) ofl grarì n bounclar¡- lengbhs for

specirnen D is broader than the scatter for the oi-.he¡.

speci.rnens,

The clistrÍt¡ut j ôns of the dihecìr¿1 atìgles fol specimens A

through D ar:e shown as histograns in {.igure (4.5), The plot

of Lhe sbandard d¿:viation of dihedral angles as a functj.on of
pre-sLrain ancl annealing temperature is shorvn in fi.gure
(4,4b), The v¿r.lues ôf .l,hê st¿¡nclard deviations are listed in
Table 4,3 (the rnean val.ue of thê dihedral angles beinE 120ô),

l¡rom figure (4,4b) the fol_l.owing deductions can be made:

1) 2% pre-strain r:esul.ts in a larger scatf:er of t1j_hedraf

ang I es.

2 ) Sul¡sequent anneal.ing ab 600oC anc.l B00oC decreases l,he

scatl-er of the clitredral. engles (even though the

difference i.n the standard devj.ation is snafl, iL cân

be shown using Lhe F*Test (Spiegel i9?5) that due to
'Lhe large number of rneasuremenLs it is stat,istj cally

signif :icant ) . The standard deviati.o¡r of th<¿ diher.lral

ang,les for specimen C ( anneaJ.ed at 600"C for 5

minutês) drops to the value obtained :lor specimen A

(ers-annealed ) . 'Ihe standard deviation f or spec j.:ren D

(annealed &t B00oC for 5 minubes) rlrops to a vâlue
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Fiture 4.5i Distribution of dihedral angles fo¡ the (a)
as-annealed, (b) 2%- pre-strained -specirnens, and subsequently
anneafed at (c) 600oC and (d) 800"C for 5 rninutes.
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1or,¡er than bh¿rL for speeirnen A.

The resul-1',s of the analysi.s of graj.n boundary cLlrvâture

are shown in Ta[rle (4.3) and are ¿rlsc¡ plotted as a function

of annealing temperatur:'e iir figure (4,4c). 'Ihe resufLs

indicate that there is zr s:ignif icant dif f erence j n i-,he

fraction of curved grain boundari.es between speci-nens :\

(as-annealecì) ¿rnd D (annealecl ai, B00oC for 5 minutes).

Me¿n intercept length wâs neasured ovelr 50 fields

(approxima.tely 200 grains per field) on specimens r\ thr:ough

D. Figure (4.6) shows the hj stogranìs of the clist¡ibution of

inl-ercepL lengths , Figure ( 4,4d) shows tire plot, of mean

intercept fengbh for specirnens A through D. 'Ihe nean values

of the intercept length and bhe 95% confj.dence limit for each

speci-men are presented in Table (4,3), It can be seen that

the mean intercept length s.l,ightly decreases a.f ter 2%

pre-strain and is sl j-ghtÌy hjgher than l-he i¡ritial value

after anneaJ-ing at ô00oC, On annea ling beyoncl 600"C, the

val-ue of the nean intercepl, lengl-,h rernains unchanged.

4.1.1.3. TRANSMISSION ELECTRON MICROSCOPY OBSERVATIONS

Typical dislocation structures rvithin Lhe glraj-n inl-erior

as well as å-t tlìe grain boundzrri.es of specinens A, B, C and i)

are shown in the TBM nj crographs of fi.gures (4 ,7 ) , (,1 . B ) ,

(4,9) and (4.10) respect,ively, Figur:es (4,7a) and (4.?b) show
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(b)

Figure 4,7 : TEM nicrographs typical of the as-annealed
materia.l with grain size of 3,4 pn showing (a) the grain
ínterior with a fow dislocation density and (b) the grain
boundaries free of EGBDs.
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(b)

Fiqure 4.8: TEM micrographs
distribution of 2% pre-strained
pn in (a) the grain boundary
interior,

showing the dislocation
specimens of grain size 3.4
vicinity and (b) the grain



(a)

85Ûrà
l--- t'

(b)

FiÊure 4.9: TEM micrographs showing the disf ocati<¡¡rdistribr¡tion in the grain bàunda"l, 
-;¡" 

,r.ay and the graininte¡ior in specírnens of qrain -size 
3,4 ¡m rvhich werepre-strained Lo 2% and annealã¿ at 6b0% for S minutes,
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(a)

(b)

Fisrrre 4.10: TEll micrographs showing (a) a dislocation freezone nea¡ a curved grain boundary and (b) a high aensitV ofdislocation in 1-he grain interíor and à graln boundary freeof IGBDs for 3.4 C grain size -specimens which werepre-..strained to Z% and anneaLed at g00"C for 5 minutes.
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the mj crographs from specimen A (representi-ng 1,he as-anneaf erl

cond:i i:,ion) which are Ly'pical f or a f ine grerinecì ¡ls-anneal-ed

mai-eri.aIs. 'I'he density of dì.slocati.ons in the gr¿ìin interior

¡sas estimate clx tô Lre appr.or:ì natcJ y i. (f c,n-2 FrÒm f ìgures

(4,?) it can afso be observed that the grain boundaries are

free of EGBDs, Af l-er 2% pre-strzrin the density of

dislocations within the grains was observed to j.ncreasê to

âbout 2,5 x 10s "r-t. Thi= vaLue corresponds ¡çe,tl r,¡ith that

estimated from i;he re.l.ation belween strain c, distocatlon

densil,y p and thc rncan disl.ocatìon paLh l:

¿=pbl (4,1)

¿ì.ssuüing t,hat I is equa.l. to bhe me an íntercept Ìeng1,h, 'the

dislocations were observed to be non-uniformìy dist.ributecl

rvithin the graln volune, the hi.ghest clensity of disf ocaL,i.ons

being in the regions c.l.ose bo the grerin boundarles. Simil.ar

observat ions made by I'lurr and Wang ( 19U2 ) in 304 s Lainl.ess

s1,eel also show such a non-uniforn distri butio¡r of

dislocations, Emission prof iJ.es and di.slocal;ion p.ì, Le-r.lps at

the grain boundaries r,¡ere also observed, as sl-rown in f,he

nicrographs of figure (4,8), The densi.ty of EGBDs for:med as

as resull', of 2% pre-strain was observecl to be 107 cm-1.

The derrs j. l,y of disloc¿bions rvithin the grai.ns i{as

*Th" .li=Io"ation density r,¡¿r s
of disl.ocation segnen l,s in

esti¡nated by courrt.ing Lhe number
a given &TC.â or1 the microgrerphs.
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ÒbËerved tÕ rellLain app]roxi nâtely cor¡stanlt ôn subsequell tl

anneâling o.i t-lìe pre-s brained specimens ¿r tt 600oC and 800"C

for 5 minut,es, as shorvn in the TE¡l ni.crcrgraphs of f igures
(4 , I ) arrd (4. 10 ) . The dif f erences :in these Lwo specinens lie

in the different clislocation stmcture aL and j,n t-he vj.ci.n j.ty

of grairr boundar:i.es, Antrealì.ng al B00oC for 5 ¡rjrrui,es resul-{-s

in the disappearance of Lhe contrast of EGI3Ds as can be see¡r

in figure ( 4.10a) (with the excepbion of twin bound¿rríesl

where EGBDs are observed to be stable ) , The dens j.ty of

dislocations in the vicinity of grain boundarj.es 1s

sign j-f j.cantly Ìorver l-,han the densities observed in the case

of the specimen annealed at 600oC for 5 ninutes, DisJ.ocaLiort

ftee zones near the grai¡r boundaries were observed for the

s1:ecimerr ânneâl.ed at 800oC, A typical example is shown ín

figure (4,10a),

TEM observations in al] Lhe spe<.:ì.nens indic¿r{,e that the

flateri¿ì.I contains srnall number of preci.p j- l,at es . SonÌe cof on:ies

of' precipit,â.tes h'ere observed which rçere identified *= Mr.Cu

type of precipiLates. No precipitates ¡+ere observed at gra:i rr

boundari.es, The pre-sbrâining and bhe subsequent annealing

appearred to Ìrave no effect on the precipitate density or tthc

distr:ibut j.on, These observatj ons suggest that t,he

precipit,ates \{ere present, in the bulh ma ber j.aJ prior l-o Lhe

1-,hermo-mechanicaÌ tìreatrnent., Tìre tn j cro-probe arralysis r-rsi.ng

an IDAX systêm shorced no changes j.n t,he ohenìicâ.ì. conposì.i-ion
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in regì.ons ¡lear the grain boundaries and away froni iihe grain

L:ounclaries in the grâ j n inl,eLioL i.n al-l- tìre spe cì.nen:; A

lhlough D,

4, I. 2. STRUCTURE-PROPERTY CORRELATION

Annea].iirg ¿)t 600oC, i,e,, a l-, the tempêrâÌ;ure below T.,

cloes nô t, change Lhe nêân grain boundary -[engl-,h. flowever',

there i s a smal-I decrease in the stanclard <leviation of

dihedra-l angles (see TabIe 4,3) rthich ind j-oates thah a slighl;

re¿trrangenenl, of the grain boundary netlor:k occurs even âl-

this lots temperature. T'IIM Òbservations (shown irr figure 4,9)

on the same specinen shorq that there is no significant change

in the density of disLocatiorrs in the vicini ty of grai.n

boundarÍes, Thus, there i.s no evidence for signi.fì.cant change

in i-he g::'ain boundary structure as â result of anne¿¡li.ng à1,

600oC, Thís decluctio¡l cor:responcìs bö the fact Lhat yleld

sLress does noL change up to ânnealing bemperatul:es of 600"C,

¿s sho¡vn in f igure (4 , la) .

From Table (4,3), it can be seen that, anne¿rling at 80OoC

for 5 minutes results in a signiflc¿rnt increase in grain

boundary lengl,h and a further decrease in the s Landard

deviatÍon of the dj.hedraL angles, The value of the standard

deviai;ion of Lhe dihedr¿rl. ângfes is evèn l.ower: Lhan thal,

obb¿i-ned f or the as*anneal.ed mal,eria.l , 'l'llM observat:lons i,n
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f igur:e (4 , 10 ) shorv l-hat as a res:uf t of annealing atr 800"C t-he

ì-nra.ge contrast; ô11 EGBDs i.s nÒt v j-s j.b1e jn nost gr:rin

boundai:j.es. There is alsô a signìf :i cant reduct:ion jn f,he

densi.ty of di.sl.ocal,ions nea:: the gra.i n boundaries , Iìr:rvever,

no measnrab.le changes i.n the derrsity of dislocations were

observed in the grai.n inl,eri.or. Tab.l.e (4. 4 ) gives a gener:r-I

ove¡:view of the processes occurring as a function of

annealing t,enperâture: âf l,er a given pre..stnain c,

Fro¡rl the observations ].isted irr Tab.l.e (4 ,4) , j.t cân be

concluded that l,he recovery of yièld st-ress is associated

with changès in both the geometry of L,l're grain boundary

networh and the densi.ty of disfocatiorìs àt and in tlre

vicinit,y of grain boundarÌes, Irrour the observaL,ions on the

changes in the geÒnetry of bhe grain boundary network, ib is

clear that grâin bourrdary migrat:ior-r occurs over sna,Ll.

di.stances as a resu-lt of ¿lnnea] ing of pre-stra:Lned specimens,

TEM r¡bservations show l,hat- ¿nnì.hi l.ation of EGilDs, which le¿rds

to the transfornât;ion of non-ecluili.briun grain boundaries tc>

their: e quilibriun s l-åte , is al.so :rccornpzrnied with a clecreese

in the density of dislocations in the vicinil,y ôf gra.in

bounclaries, This decrease j-n l,he cÌensiiy of dis.l oc¿t:i.ons

occurs due to t,he irrcorporaLi on of ther¡e disl.ocal,ions in

nj-grâting grain bouirdaries. The clislocatíons trapped as a

resr¡l l- of grzri n boundary migr¡ìtion are then subsèquentfy

anni.hi lated .
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'I'he ¿rbove nìechanisn resu.l.ts in both the annihilal,i,o¡r of

EGIIDs and the softeÐing of Lhe region in the vicj.niLy of
gr::rin bound¿rr j es rshich i¡r turn .l.eads i;o Lhe drop in yiel.rl

stress.

l n Lhe next sect,ion ¿r theoreti.cal molle.L has been

developed to oT¡t¿rin t,he l<iiret.ics of i-.he a_nni.hi.ì.¿rtion ojl

EGBDs, '1'he resu.Its of the computât j_ons of the moclel show L,hat

the r:ate of annihilati.on of EGBDs, i , e. , rate oll

transformati.on of non*ecluiJ.ibrium grain boundarj es to bheir.

eclui librì um state i.s in agreement wj.i:h the observed variat.io¡r
in l',he yieJ cl stress, lt can theref ore be conclucled that 1,Ìre

annih j-l ¿LLion of EGBDs is the r'¿lte contr.oì.ling prôcess in the
re.Lax¿rtion of the st;i:esses in bhe vicinity ôf grain
boundaries.

4,2, A THEORETTCAL MODEL FOR THE KINETICS OF TR,ANSFORMATION
OF NON-EQUIL]BRIUM GRAIN BOUNDARTES TO THETR EQUILIBRIUM
STATE

ïn the previ.ous section it was shown Lhrough detai.l-ecl

experimental obse::val;ions thaL the changes in the grairr

boundary s bate are relatecl to l,he observed drop in the yield
stress (see figures 4 ,I ancl 4 ,Z) during zrnneali.ng of Z%

pre*strained polycrysta.l,s of 316L stainless steel-, One of Lhe

si.gnif icant conclusions of the expeïimeni;al ol¡servations
rvh.icÌr rnay be r:c*r:nphasized is Lhat grai' boundary rnigration
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TABLE 4,4

An o\:er\riel; of the processes occurring as a function of
annealing tenperature after a given pre-strain e,

Vdr¡cs Compeæd with Th¡r of thc Pftfi¡¡¡rlod Srmpk

Annealing Mc¿¡
Tcmperature Y¡cld l¡t!rccpl

I St¡ess tcoslh

Mc¡rl Stand¿rd
.Gnin Deviation

Ch€micål Boundary of Dihedr¡l
Compos¡tion frnílt Anples

Density of Disloc¡tions

At and in úe ln
Vicioity of Grain

GrainBounda¡ies lnterior
T 

= 
T, no changc

?i<f <I, d¡op

T ¿ T, d¡op to value of
8s-an¡esled
matedsl

!o chsn8c slight de.¡ea¡e

i¡cre¡sc dc¡rc¡se

no change ia thc signiñcot dacreås€ to.
concc¡ûalion inc¡usc value of
of thc main (8s much 8s-annealel
clcmcnts ncå¡ Es 2l pct) sample
grÊin bound-
srics End in
thc grain
intcrior

slight decrease

dccreåse no chaage

most GB's free of
EGBD image
contr¿sl except
twin bounda¡ies

chsnges ncgligible
with æsp€.t to
changes in
yicld süess

1, = tcr¡Fnn¡rt of thc E{ovc¡y of yicld sEtss
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ôocur:s as a resulL oll anneal.ing ând that this niÊrâtiôn js

associaled wi.th i,he arrnihif a-tíon of di,slocal,i ons â1, and in

l"he vic:inity of g::ai n borrndar j.e s, In this ser:tion it

iirec¡re L i ca,l nìodt: .1, hasi bcç:n rieve l-ope d fior ttrc t,ransf ornation

Õf t he grai n bouudar:i.r::i f rom the non- ec1ui.l, j.ì.r:riul¡r state Lo ithe

equi.J ibr:iurn sLâi,e. The model g:i 1/es ¿ì cluanl-iÌ,aL j_ve tJescripl.i on

of the hinetics of the recôvêry process.

1'he ¡:roposed i;heoretioal lnode I relates the changes j n

ihe miclost.nucture, âs a resuf t of annealing of pre-si-,rained

specÍ.nens, to Lhe ann j hilati-on of EGIlDs, The I<inetics oll the

¿rn¡ri.hil.ati.on of' EGBDs has been c¿¡lcul.ated and i,he results

obtaì uecl have been f orrrrd tô be in âgreemen t ru j, hh Lhe

ex1:er i mental observâtions,

4,2,1., DEVELOPMENT OF THE MODEL FOR THE ANNIHILATTON OF EGBDS

'1'he phenomenon of annihi,Iai; j on of EGI:IDs can be envis¿rged

l-o be composed of trvo s bages . In s l-age I the experirnentally

observed widening of t,he inage of UGBDs on random grain

boundaries and its eventuaL dj.sappearzlnce occurs. In i,his

st¿lge some relaxat j.on of the e-Last j c s hrêsses occurs;. The

procesËj (discusse<l in deta j-l in sect j.on 2,2) is described

ej.l,her by sprearding of t,he EGBDs core (Punphrey and G.l.eitel

1.974) or by dì.ssociation of EGBDs (Johannesson and Tholerr

1.972) into a nnml¡er of clislocat,iolts rrith s¡naII 13rrr:gers

() <)



vccl-Õlls , Ilor,¡t: ver, :rs disr:ussed earl .i e r, such a Þroce ss cân

onl.y r:xpJ.ain Lhe di.saplreârar¡ce of t.he EGBD r:ontras t in th<:

TIIM irrrage ì¡ui, dces not expJ.ain Lhe com¡rlet<¡ annihilaLion of

BGBDsj wh:ich rvould recluire Lhe value of thc total lltrrgers

vector to go to zero. 'Ihus, on the compl.etion of stage I
gra:ii'r boundar:ies are sti. l.Ì in a non*equiì.ibrium state having

residual. stresses associated rvi l,ìr partiaJ 1¡. ¡u1r*.0 EcBDs.

ln stå.ge l:I r the annj.hi.lat:ion of EGBDs is proÞÒÉed tt c)

ôccur by climb, under tthe inf .l.uence of their j.rrl-êraclting

stress f ie.l.ds, towards the trip,Ie points. Iror the ol-i.mb of

EGBDs, l-he reqr-rired f .l.ow of vacancies Lo 1,he encl of the extra.

haÌf planes involves diffus:i,on through the lai-,tice ¿rs we.ll as

tlìe grain bounrìary, Since the dir^fusìon t,hrough i;he Lat t j.ce

j.s the sIor"Jer process, it r,;ould be rate controll ing,

Figure (4.11a) shows a sehematic of EGBDs a{- å grâin

boundary, It m¿ìy be nobed that the configurati.on of EGIIDs

shown in this f igure resemLr.les Lhab of ¿r L.iÌt grai n bouncìary.

Fro¡n this figure it can be seèn bhat an outwarcl fLow o.f

vacancies fron L,r:iple point A r+i.lI resnlt in the cÌimb of bhe

Ieacl dis.location howards the tr j.pJ.e poi.nL, while¡ the reverse
j.s true for Lhe tripLe point B.

The l¡ech¿rnisn of annj.Ìrj.fabion of EGBDs at the brlple

1:oinLs :is bel.ieved ito occur ¿¡s a result of reacl-ions rsith

oLher EGBDs clinbing tÕ the tripJ,e poínt on adjacent grai.n

boundaries , However, the deta:i1s of 1',ìr e dislocation rea.cti.ons



EGBDs bîF F t-- r--

z2

Fisure 4.11: A schenatic of (a) EGBDs at
(b) the vacancy concentration profile
triple points A and B.

a grain boundary and
in the vicinity of
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i{hich lead tro bhe eventua L anni.hi.laLi oli of EcBDs àre nol,

relevan l- l-o thè deve lopne nt of the rnode .1. ç¡hÍch rlescribes i,hc

li:j nei-jcs of i-¡ansformation ol' non-equi.Iibrium grain

boundar'ies l-o eclui libri un gr:rin Ì:orrndaries .

fn order to (.luan1-, j.tatively tlescr jbe l,he transformaLion

ki¡ret j.cs, f ì :r.s i, Lhe s t-ress f ield anrì Lhe vacå.ncy

concenLr¿lt j.on gr'â"dien1; wil L be ca.l cu.laltecl aro¡:nd the triple
poi n l,s . llhcn zrssurning a ste:rdy s t-ate, bhe fllux of vacanc j,es bo

or f r:orr the briple ¡:oints wil1 be deter.nined , i:i.na.l,Iy, Lhe

v¿rcârìcy Jllux lvil.l be re.Iated l-o the di$ I Òca1-ion clinb rate

ând the annihilation ratÒ of EGBDs, The equat,ions have been

rlgorously derived for a meanì ngful compari,son be1-,ween the

theoreticaf and the exper:imental resu.lts,

4,2,7,1. STRESS FTELD AT THE TRTPLE POINTS

Fígure (4,11a) shows a certain cìens:i by of IIGBDs ly:ln6 on

a grai.n bor"rnciary of ,length L, 'thê bor.rnclary plane is paraì.lel

to hhe yz plane ând the dislocation J.ines are parallel to the

z-axis. The Burgers vector is perpendicular: 1,o the bourrdary

pJ.ane, i . e. , pa.raJ-l el to the x-ax j.s;.

The str-ess field öf the EGBDs càn be calcu,lated by

adding the individual stress field o:f each disfocation, It is

evident f rom f igure (4 , r I.a) th¿lt ar** is bhe ônf y strefis

componerrb lchich wj..l-l prôduce ¿r c-L j_mb force ôrì the
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tl.i.slocair j r¡ns, o j,s gi rren ì:y the fo1Ìowing re j.alionshil,
xx

( H j.:: Lh antl Lol,he 1982):

(zz
lxr.

f r'* ¡u' "' r (y + t,)¿

x'l + (y + L)'l I
| ( !.2)

x +y ')

GboÕ =-x: .:,n\ I-u)

1,.(
t Lnl

whe¡e G i.s the sirear modulus, l.r is the Poisson rat:i.o anrl p ì,s

the rlensity of EGllDs, By applying Lhe transformation: )i :

r si.n0 and y = r cos0, the cl.inrb stlress aL a d j.stance r f rorn

the triple point A c¿rn be rsri t',ten as:

Gbr¡ f ,-'ã----r- < Sln ÉJ -4fi.\ 1-uì 
t

r SIN U

S irni lzrrly, i:he cl.imb

po.int B is given by:

*_G b j**
Zttl),"u)

1,, (v
t 4.n I --

+ 2TL cose

L2 r- 2rL cos0
( 4 , 3¿r )

stless ¿r1; a dlstance r flom the tr:ipJ_e

r stiì H

¿ _2r + Ir + Zrl, cosH

2 + Lz + 2rL cos0 I

L2

2
+

rJ

{ "r"'o -

1.. (r
r 'Únl - (,1 .3b)
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;\ close¡ crarninati-on of equal-ions (4,3a) ancl (4,3b)

¡'evea.l. s the f ollr:rving:

1 , 'IripJ,e point À is sr,rbjecl,ed Lo a coinpressive stre E;s,

rvhi-[e ùriple po:i nl, B is suLrjt:ci,ed l,o a tensi].e

stuess. '1'heref ore, ther:'e r,¡i.Il be a f Lux of va.canc j.es

from [-he grain interior into 1',he t.riple point A and a

f Lux of v¡rc¿rnc j es f rortL the triple point B j.nto i-he

Iï¿ì j n interi()r.

2, The clinb stress is dependent noL on.Ly on Lhe

dis.ì.ocatiorr densi l,y but also on the Iength of i,he

g r:r ín l:oundary ,

4,2,I,2. VACANCY CONCENTRATION PROFILE AT THE TRTPLE POINTS

I:t' V is the àtomic vôlume, then the energy lost or

gained lr'hen ¿rn aL,omíc ,length of dislocation line c.Lirnbs one

¿rtomic dis bance :is given bt or* V. The vâcâncy conceni-,r¿t:ion

càn nor{ l¡e deternineci by equa"t ing th j s energy t,ô the chenical

po l,entia..l. of the vac¡lncies . 'l'he ohe micâl potential of
frì Ivacancies is equal to k1' tn l* | , rvhere k is the Boltzmann
[t.,/

constant, C is the actual numbe l: of vacanci,es per rrnit voÌune

¿ìnd Co i.s the equilibrium concentrat-i on of vacancies , '.fhr-rs ,

l,he local- equil,iìJriun concentraL,ìon of vac¿rncj,es ¿rft a t¡iple

pÕj-nt can be writl-en ¿rs (l{ir,lh and Lo{.he 1982):
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.(t v
C = cn .-o [ -.Èo- 

,J

(,1 ,.1 )

lf o V << k'l' (lrhicl'r j.s a reasonabl.e assumption), l,hen

cr¡uitt:ion ( 4 , 4 ) can be re-i¡r'í {- i,en ¡rs f ol-1ows :

¡ a .V ,c=co[t--.*-J (4,5)

Assuming i:hat Lhe ì.ong rangr: stress field (due to the

interactinÉ stress fields of ol;hcr non-equiIibr.J urn graj n

bc¡undaries ) can be negJ.ecl',ed, the vacancy concenl,raLl.on away

fron the t,¡ip.Le poirlt (al, r = Ro, in the grain int,er j.or ) is

Co, whi.le near i-,he triple pr:int (ai: r' z .o) js C(r",9),

Substil-,r,rti.ng the erpressions f or o*" f rom equat,ions (4 . 3a)

and (4.3b) in equ¿tion (4,5), the vacancy concèt11,râLion lteã11

the triple point A is gi.vcn by

{r(ï,,,,o) = ..{ ,
Gb\¿, L-

ZnIl-rr)lîr I 
u'" o

. ?-
siln É,

,2+L' * 2r L cosO

2

rl)1

i r,n(
t

and the vâcancy concenLrâbiôn

,,' + L2 + 2r L cos0o 9_
2r
o

near tr i p.l- e 1:oini;

( 4 ' 6a )

B is given by
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r'(r,,,6) = ."{ * nrr,Y*¡ 1,,,,',

2

2r sin20

r2+Lz ç 2r L cos0

L

2
r{ f

rn [ -:--

Ihe average concen l, rat i on ,

¿¿ncl B can be ob l,ained by

( 4,6b ) :

Lz 'r 2t oL cos:()
(4,6b)

l, - , *,'[ (4 . Ba )

(4 , Bb )

rl)r

( ^,-:: ¡ I Grrvpu(rur - uL,1 I - a;ú_r)lit=
t

( .,,
r1f,,ì=,,Jto-*q!y.g.*

"ì Jrr( l-u)kT
I

C(r") at i,he two tri.ple poi.nts A

integrating equa l- i ons (4.6a) arrd

ö(r ) = ,0) d0 (4. ? )

lJsing equatlons (4,6a), (4.6b) and (4.7), i-,he average v¿cârÌcy

co¡rcenbr¿rt ion d(rn) ¿l t, l,riple poinl,s A and B i.s gi.ven by i,he

equzr{,ions:

,ItI l'ct"t¿ J^

?ll)
and

['.'-r+t]]
res¡:ectiveì.y. Seê appendix

of t,he integral. in ec1uat,ion

As surn i ng steady state

sc.('oncl I ar.¡ cr.l di ['f us iorr calr

B for the detai.Ls of t,he soluti,on

(4,7),
.ô0condi Lions, i. e. , 6T = 0 ' Fj clçJs

be rrril-ten as (ShewÌnon 1963 ) :
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¿i2c--+
^2Òìl

1ôc
r ÒT'

(4,e)

rR \ ,.&rl --e I " I

,, f '. l l. x ) l l

""lil:,,-u;li(4'roa),(,lt | 
- 

| r Itr I )

wi. th the f o1ì.orvir:rg bourrciary r;otrclil.i.ons:

C = C íìL r: R (gra.i n irrteri-or),

C = Õ( r'-) zrt r,= r (near a lr.j.ple ¡roint; the concen 1-,¡at-,.i onoo

is given by etlual,J.ons 4. B¿r and 4, Bb) , and

R ))r,

IJsj.ng equâ.tj.ons (4,8a) ¿rnd (4.8b), f,he solut,ion tÕ

ecluation (4 . 9 ) whi.ch sal, j.sf ies the aÌ:ove boundary condi Lions

gives i-,h c¡ vac¿lì'tcy concentr:aLion prof iJ.e around the l_riple
point A and is given below:

tt r ) =

'l'he vacancy concentraLÌon prof j.1e ar.ound the i:ripJ.e poinl, B

is given by

( (r) :
4r( 1* p ) liT

Gbvp

I'
¡."[ 1g I - I

, f"(+ l :J l l i,o ,ou,t"'.{,r-rtï]ll

the sche¡tatic plots of t,he vâcàncy

l, -,
L

".{ 
,'

""{ 
,.

GbVp
A,íT:ttËT

Figure (4. 11b) shows
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rôncentration profiles obtâinôd from equations ( 4 , 10a) a.ncl

(4, 10b) , .Fïonì the f igurc' i.t, can be seen tirat Lhe r¡a.ca,ncy

concenl-,råtion at tr:i p.l.e poi.nt; ¡\ is I or¡er' t-h¿l¡r j Ìr the gra j-rì

:i n{,erior, rrhi Ie 1',he revr:rse is 1'.ïue at i-,r:ipl-e po j.ìrt B, T}rus ,

ii; is obv j.ous th¿rt hhe c.lirnb of dislocations wiJ-1 occur by

vâcâncy annj,hj.laLion art t.r:ipIe poj.nl, A anrJ va.caircy emíssi.on

a.L tri.ple poín1- B, f\'ith the Ì<nowleclge of Lhe vacâ-nc¡-

concentrâtíon prof ì.J-e, l-he clinb râLe and the an¡ri.h j.f ab:i.on

raLe of IIGBDs can now be deriverì.

4,2,L 3. ANNIHTLATION RATE O!' flGBDs

Vacancy flux at a triple point is gÌven by

B'her'ê Dv is the clif fusion coef f icienl-

vacarìcy f l.o¡¡ per unit length of

3-dimension) is given by

2ttt:

(4.11)

f or vaca¡lcies , The ì)e t:

the trjpie r:dgc (in

(4.12,)

wri t i', en ¿ls

. qg_
"" ¿it

vòÌ'

Thcl'ef orc, i-hc clirnb rate, of the EGBDg cân be

]V
b

dx
ãt

dx
ãir
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where b is the Bllrgers vectÖr

Ilr tirne At, p 2L":

ann j h j .l a1,ed, whcrc A:x i,s the

Þo.int, i.f Ap Ìs Lhe density of

one can rel.ate the climb rate

f ollolving ¡tannèr:

l'rom equations ( 4. 10 ) and

annihilation rai-,e j.s gj.ven by

oJl the di.s.local-,ions.

number of di. s l-r:cati.ons âl:'e

cl- j rnb cl j.stance at each T:riple

d j sl.oc¿rl,iorrs ann.ihil.at;ed, t,hen

lo 1',he anni hilat,ion raLe i.n i;he

(4,14)

(4.14), Lhe

Ap_p2\x.,1p-Ztt'Ix
ôL i; -Ti clL - -ì aï

tì."lrl

r.
L){

R" l
"" J

GVzC D .{

\ 4 ,1.2

t-2x.n(
r
*ï

)" (4.15)
r, ( 1-u)f<t .f-n 

I

The terrn (VC"D') in ec¡uation (4.15) is the a_tomic

setfl-cìif fusíon coef f j.cieì1t- Ds, where Du = Do """ [- ffi] , Do is
the frecluency factor, and AQ is the activation energy for

-[at;tice self -dif fusion. Thus , t,he annihi ]¿t- j.on râte o:f EGllDs

becomes:

I - 2 ¿nI l,
J'

4p=*
cit

GVI)

4p=
dr (4,16)

r,(i-rli.r {,r 
I
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On integration, ecluation ( 4 , 16 )

r'e.l¿rtionship betr{een the density of

t, ernpe ratur e and ti.rne I

yj.e.l.ds the f ollr¡¡¡ing

EGIIDs and l-he anrrea I ing

, ,_fu 0"1
cvuIt-z

s[_ ll
L( 1- p )hT tn

""[+
Ì.

(4,17)

T

of
t
v EGBD swhere p is the instantaneous densit

ini t i al, densii-y of EtlllDs.

on examining equatiôns (4.1.6) and (

importanL conc.l.usions c¿rn be dra¡r'n i

and p is the

,f i), thc foÌ,Lor+ing

1, 'J'he r¿rte of ¿rnnihilat j.c¡", 
$f , of I,jrjRDs is depenclent

on hhe annealing temper:ature 'I , the grain size or. L,h<:

grz:.in l:oundary lengl-h L and t,he inst:tnta¡reous densíLy

p, ôf IìGBDs. The annihi.f ation rate incre¿rses ¿rs the

squâre of Lhe density of EGBDs, I'his is expected,

s j nce higher dislocal, j.on density impl-:ies a highe:r

climb stress al, the tr:ipJ,e points,

2, The density of EGIIDs for a given anneali.ng tlne ancl

temperaturê and for a given grain sì,2e, i.s a function

crf the in j t j ¿1 den$ j-ty , po, of EGBD*¡, lligher l-he

j.n j.tial clensity of lIGllDs, a large r time Òr

Lenpei:ature rgoul.d be required for the ecluilibration

of non-e<¡u.i l.ibriun gr:ai-n boundari.es.

ll , The r:e I atiorr between grain sl.ze and the arr¡lihj.lation
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râte ôf IIGBD{r â,ppe¿rrs to be more compJ_:ic¿t,ed, Frotn

equat,ions (4,.1.6) and (4.1?), .it c¿rn be showrr 1,hab for
¿ì const¿rnfr :in j. l,i a,.1. cìens.ì t¡' of. EGBDs, a larger grzrin

s j.ze I'esrrl.i:s; j-lr ¿r eleclease cl .rnnihi Lati orl rat e,

thereby increa-e j.ng t.he a¡rneal-ing b.i.nìe arnrl tenrpclai-rrrc

f or the e quìJ ibra.i;:i.on process. A more cletai leci

discussion on this grain s j-ze effecb j.s deferr,ecl l,o

sec Lion ( 4. 3 ,7 ) .

4 ,2,2, CALCULATIONS

Equatiôn (4,11 ) was enpJ.oyecl to ca.lcul.alte 1,he va¡:ìat_ion
/\

of l-ìre ratio Ii Iof the instântàneÕus density of EGIIDs (p)tp"./
to the initíal dens j. ty of IGBDs 10") as a function of t,]re

annealing tenpeÏat,ure ârrd time f or' íJ16L stain.Less s beel , '.fl1e

val-ìies of the material paràneters of equzrtion (4,1? ) âïe
given in Table (4,5).

'Ihê value of ro ì.s taken to be equaÌ to the va.Iue of the
Bttrger,s vect,or b. Ro is Lhe dis.bance from the tliple poì_ni.

wlìerê bhe vacâncy cÒncenbrâtion is C A/ Co. Sincc sorne tr:i1'lIe

¡,oinl,s enit vacanci es and some absor,b vacancies, a reasonable

val.ue of lìo is half the distance between the h,r.i ple poin1,s,

Ilron ecluations (4.16) and (4.17) j.t, can be easi j,y shown that
the annihilal,ion rate of EGIIDs is insensit j ve to l_he prec:ise

value of Ro, lfhe ini t,ia.I densl t_¡ 0n was directJ,y rnc:asured
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TABLE 4.5

Values of rnaLerial parzlmeters f or' 3161, s1',a j nlr:ss ste e I

lìeference

k

G

I{east 1972

Boyer and Gal-.1- 19tì5

Smith and Gibbs 1969

S¡n i th and Gibbs 1969

i3oye r and CalÌ I985
Weast I972

D

AQ

t)

p

Irarâne Le rr

1.18 x 10 "" .LI{
8.43 x 1O1o N,rn-2

B,3B x 1O-3o m3
(ca.l.cu.lated f r:om

atoni. c s i. ze )

'L74 x l0 'n'',s '

68 kcaÌ. mol - 1

2,52 x i.0-10 m

'^n -1tu rì
(calculated f rom
{:}ectr0n
m i crog ra-phs )

2,28 Um & 12,0 ¡tnr
for grain sizes ófl
3.4 pm & 18,0 pm
(experì,menta]1y
meas u:: ed )

0,283
1,995 cal.mol- 1.K-l
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í'rom tl'r¿¡ electron mì-crographs for the spec j-rnens ofì grain size

3,4 ¡m. For the coârse gra.inecl s1:ecirnens (grain size: 18,0

grn ) , p r,ias assumc-tl i,o be the s¿]Ìne as t-h¿ìt f or the f ine

grained specinens,

4,2.3. COMPAR]SON OF THE PREDICTED RESULTS WITH EXPERIMENTAL
OBS ERVAT I ON S

Using ec|.ration (4,fi), figures (,tr,12a) and (4'12b) show
¡. 1

the calcu-lated plots (broicen l:ines ) Òf i,he r:¿t.io lll veïsrìs
lfr"J

anneaÌing temperature à.t, a const¿ìnt annealÌ ng tirne of 5

rninrrtes f or 3l6L stainf ess steel r¿i l,h grain sizes of 3 .4 ¡tm

and 18,0 ¡n respectively, lrigures (4.13a) and (4.13b) show

the calcuf abed variation ( brohen linr:s ) ol thc ratio 
trjJ

with anneaJ,ing tíme at const¿rnt anneaì ing 1-,enperatulles of

B00oc ¿rnd ?50oC respectively for 3161, s hain-Less s teel of

grain size 3,4 pnr, l¡or the purpose of comparison the yield

stress variation ( so.l.id lines) with anneali.ng tenÞerature and

ti,:re shorvn in f igures ( 4, 1) and (,1 .2) are reprocìuced i.n

l'igtrres (4,1,2) and (4,13) respectively.

Compari.ng the pred:ictecl and l-he experinenl-a.1. resul-ts

from fÌgules (4,12) ancl (4,13), tlre follor.'ing jnportânt

o L:¡s ervat i o¡rs nây be r.leduced.

1. The gener:rl tlend of the predicted variation of l,hr:

density c¡li EGBDs wi.th anneaì-ing temperature or

llz
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2.

4.

annea.l.ing tine j s very similal to the expe r imental.1. y

observed variation of the yield stress tl'ith anneaJ. j.ng

temperature c¡r anneali ììg time,

'Ihe preclicbed t,enpet:ature aL which Lhe densi l_y of

IìGIIDs is observed to drop j.s c-[ose Lo t,he cri Lica]

ternperature '1. beyond rvhich l-he yield s Lress is

observed Lo dr.op ( see Table ,1 , 2 ) , The predic Led ¿rnd

the experìrnelttal crit j.cal. [emÞerature are

a¡rproximately eclual (1',. o 6B0oC and ?50"C f Òr 316L

stà j.nless sbr:el with grain sÌzes of 3,4 p¡n and lB.0

¡m respective.[y).

l'rom figures (4.12a) ancl (4.12b), it can be seen thab

the sl,abilization ôf the yiel,cl st-ress at hi.gh

tempcraturès is in agl:eèment wi bh [he ve]1y fow

densi.ty ( less 1:han 10% oJi the i.n j.ti.al densil;y) of

EGBDs pred j,ci-,ed by equât j on (4 . 1'l ) ,

Figures (4..L3a) and (,1 .13b) shorv the varjation of

the densiLy of EGBDs as a function of anne¿ling tir.ne

for constanl-, ânrìealing L,enìperatures of 800"C ancl

750nC respectively. Froln Lhe figures it can be seen

that the clensii;y of EGIJDs drops continuously r,Jith

annealíng time unti.] it reaches .i_ow val_ues ( l ess l,h:rn

1,0%) at annea.l.ing Limes of r 5 minutes (figure 4,illa)

¿nd .¿ 30 minutes ( f igure 4,13Ì:) f or annea].ing

l,enperatures of 800"C and ?50"C resl:ecl-,ively, The

II''i



yield stress cuJrvês alsô show â sirnil.âr trencl ' :i ' e. t

the yieìd stress drops conl-j,nuously rv:i-th annealing

1-i¡re unti L j.t ¡:eachcs Lhe y.i.i-:Id s L¡ess of l,Ìre

a-s-¿rnnea.l.ed rna.te¡ia.I j.n npproxl.rtate.ly 5 nirruLes

( figure 4 , 13a ) and appr:oxlmately 30 ninutes ( figure

4, 13b) f or annealing t-emperal;ures c.¡ f 800"C arrcl ?50oC

respectively,

5, As discussed j.n section (4,2,I.3), thc model predj,cì,s

a decreased ânnihilâti.ôn r¿l.t.e, thereby increasi,ng the

anneali-ng l,ine ând tenìperäture for the annihilation

of EGBDs ¡sith incr:easing grai.n s j.ze, Such a behavior

can be seen in l-he predic Led curves of f igr"r::es

(,L I?a) and (,tr.12b). This observation is corroborated

by the experimentaf results obtaj.ned on 316L

sLa.inless steel wj.th grain sizes of 3.4 ¡m and l.8.0

¡-nr respect-ívely, Coarse grainecl speci.nens ( fi gure

4. LZb) had to be annealed aL Ì¡i.gher temperatures

(10OO"c) than the fiine Bràined specimens ( figure

4,IZa) for the recovery of yieltl streËs,

The results of the ca]clrlations discussed above and the

changes in the gèonetry of the grain boundary networìr

(discussed in sectíon 4.1,1.'2) .Ieads to tht¡ concl.usi.on thai;

the process of annihilation of EGBDs occulrs toge ther: rr'ii;h

grain boundary nigration, This is not unexpected in v:ier+ of

the in-situ 'IEM observaLions (Pumphrey and Gl.eiter 1f)?4' and
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Vari.n, Lo,jkowski and V¿rf iev 1981) wl-rich show thaL sprezrrì.i.ng

of EGBDs ôccurs sinu.ltaneousl.y wi l,h gl'âin boundary nrigrat:[on.

Since t,he phenonenon of spreadlng :invo,[ves ci j.nb of pa::{:ÌaJ.

clislocations (see sect,ion 2,2), it may be conc.Ludecl tÌ¡¿rL

cl.inb of grain boundary dislocal-ions resul. Ls in grai rr

ì:oundary nigratior.r. fìuch a nechani sn has a-l.so been 1>roposerl

by Smith ¿rnd King ( 1981) which sho¡vs that cl.irnb oll

dislocat ions must resu.[1-, in the migrâtio¡ì of grain

boundaries, The rnet,af logra.phic neasuremen Ls tnade in sect.iorr

(4,1,1,2) conf lrrn thât gr¿rin boundary rnigration tahes place

on anneal:i.ng of pre*sbr:a:ined specimens. Iìorvever, it is
dif f i,cult t-o obtain from the data a quanititât,ive relati.onshi.¡r
between the dj.stance of rnigr¿ìtion and the clinb dis.Lance of
EGBDs ( Lhe climb dis Lairce can be re1¿rted to .[he nullber of
llGBDs annihilal,ed). Therefore, ôn.ly a clualitative a_nalysis Í.s

1:ossible, Il- is seen thab [he onset of the changes in Lhe

grai.n boundâry geoÌììe try ( se e Table 4 , 3 ) cor]:espond to Lhe

onset of annihilati.on o:f EGIlIls (see figure ,l ,,t2a) fon 316L

stainfess Eilteel of grain size 3 .4 pm. FÒl: exanple, the

obse¡:ved clecrease in the standard deviation of clihedi:al

âng:l.es (see Table .1 . 3 ) suggests tlì¿ìt grain bounrlary m j.grat ion

occurs at an ânnealing t,enperal,ure of 600oC. This observaLj on

appears to be in ågreeìTìent with the oirseL of annihil.¡rtion of
EGISDs (see figtìre 4,72a) predi.cterì at 6g0oC, 'the abovc:

results pr:ovide consiclerab.Le suppolt, to the valirìj.ty of {,,he
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llven Ì;hough on.l.y a <tuaì ì i-a t j,ve contpåi: j sÕn iÌas poss.iblc

Ì¡et-i¡cen i;he predict-ed variation of the densj L.y of EGBDs and

the experimerrta.l- v¡rriaLi on of the yj.e-l d s Lress and the

changes in Lhe nric;ros bructure w:Lth anneal.i.ng i:rrj¿rLmcnl-, ' 1;he

nodel deveLopecl here is a.ble t,o explain the experinerr'hal

resul1;s. The model a.l,so cnphasises the f¿ct bhalr l-he

structure of grai.n boundaries plays an j.mportant-, ro.l.e irr l,he

mechanj.cal properiies of polycrystals. .In the next sectj-o¡r a

mole cletailed anaJ.ysis has been c¿¡rried out on l,he r.oIe of

grain boundary structure on l,he ffow stress of polycrystâl-s

over a rvider ::ange of grain sizes,

i-he oi:et j.c.rl node .l- cieveì,oped

annihi-la tio¡r of liGÌlDs .

4.3 , THE ROLE
DEP]JNDENCE

for l-l¡e kinetics of the

OF
OF

GRAIN BOUNDARIES IN THE GRAIN SIZE
FLOI.J STRESS IN POLYCRYSTALS

The f ,[ o¡,: stress o( É) of po.lycrysta.[s f ollorvs a

l{all-Petch type of rel-ationship whlch is reproduced below

from equat,i.on (2, 10) :

<¡(e ) =.ro(r) + l{le)4,-t/? (4.ìB)

irhere .L is the neân grain size ¿ìnd oo( e ) and I{( e ) zrre

constânts at a given strain c,

¿\s discussed j.n section 2.3, several models (Hal.l '1.951.,

I,et',ch 1953, Conrad 1963, AshÌ¡y 1970, and Thonpson eb al. t973)
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have been pr'<.rposed i-o rat,ional-.ize t.he 1i¡rear d.:penclencc ol
..- 1/ 2o(rr) ort ( - - in ecluatlon (4,18). llorveve:r, the ¡rode-Ls ârê

unable tô predlc t uniclue.l y Lhe str:rin clepentìence of' the

ìJall-Petch paranìeLers o"(e ) and Ii( e ) , This nay be at t_r,ibrii-.er:l

Lo the f act, commotl to all the norìef s ¡ tl.ral; chânges j n Lhe

properties of grain boundaries during pi as1.,ic def ormal_ion are

negl.ected,

It was shown in sections (4,1) and (4.2) rat extl.insic
grain boundary disfocations (IIGBDs ) have a signì.ficani,,

Ínf luence on the yielcl s l,ress of polycrystetls. It has l¡ecn

suggested by Murr (19?4,1975 ¿rnrl 19Bl ) ¿rnd shorvn

theoreticaf J.y by Varin et al (1987) that llGBDs act, as s L,r:ess

côncentrators ther:eby reducing Lhe sl,ress recluirecl bo

generîate dis Local,i.ons ¿¡t a¡rd in the v:icinity of grai.n

boulrdaries (cliscussed j.n section 2,8,2),

In Lhis section the influence of EGBDs on the g::ain s.ize

depencience of flow stress i.n 316L stainless sL,eel, has been

examined. The v¿r:iat.ion of t,he IlaIl-Fetch paranreteïs Õo(e )

and K(e) have been discussed in terms of the microstructural
changes at the grain boundaries an<ì in l-he grain interior.

4.3. 1. EXPERIMENTAL RESULTS

Experiments were perfornerì on 3l6L st¿rinfess s1,eêL

specimens of grain sizes varl'ing f ron 3 , 4 1rn .t,o ZZ ,.1 /xrì.
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Table (3 . 2 ) lis l-s the individual. va.lues of g:rain s:izes

protluced ¿r t, dif ferent ¿'nnèr.ling tenperabures.

Tìre speci.nens i{ere s Lra:iired t o 2% ¿¡¡ttl 5% under tens j Òn

âl- room tènìpèîå1,ure, 'Tbe 2% pre*s;ti:ainr:cl specimens wr:re t,he¡r

annea,led atr tenÞerâtures i.n the range of 550o0 to 800"c for

annealing 1;ines vary1ng f rom 1 to 30 ninubes. 'l'he

pre-strained a.nd annealecl specimens were aga:in tested irr

bension at room bemperature.

4,3.1.1. SL]P L]NE OBSERVATIONS

I'igures (4,14a) and (4,14b) show Lypica.L opt-ic"r.L

microglaphs of slip lines obser.ved on the sui:face of the

speci.mens ¿tf tet 2% ancl 5% plastic deformation respect:ivcly,

Fr'oûr l,he f igures i i-, can be seen i,hat l;he sl j.p L j.nes âre

st¡:aight indicaLing Lhat the di.s Local,ions in this materìa-1,

are conf j ned to i,heir s.l.ip p l.ane s ancl as sL¡ch cross-slip :is

not prevalenl-. Since 316L si,ai,nless sl-eef is a .Lo¡r sLacÌr:i.ug¡

f¿ru.L{, energy material (SFÐ), no cross-sÌip is expecl,ed ai;

such small strâj-ns at liootù temperature. Another' Ímportân1;

observatj ôn that can be nacle from figure (4,14) is t,hat alI

the s-l-ip Ìines appe:rr 1,o cross Lrqin boundar j-es. Theref ore, .i. l;

nìay bè inferred t,hat the trr'in boundariès are not a barrier: io

sf ip âl- sna,Il s Lrains. In vi.ew of this observal- j.on, bw j n

bounclaries velîÈ j.gnored in t,he graj.n síze size üìeasurenents
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(b)

Fisure 4.14: Optical micrograplrs
and ( b) 5% plastic deformation
specimens of grain size 22,4 :.;-rn,

of slip lines af t-er la^I 2%
in 316L staitrless sLeel



( see section 3 . ,l ) '

4.3.1 .2. TENSION TEST RESULTS

4.3. 1 .2. 1. AS-ANNEALED SPECIMENS

¡'i.gure ( 4 , 15 ) shows the stress*sti:ai.n curves f or the

as-anneafed specímens of varying grain sizes deformed up to

2% sLrain, 'Ihis figure shows t,hat the stress-.strâ.in curves

exh j bit a Iinear hardening ch¿rracterist:i.c beyonci 0 ,2% pIasLlLc

str:ain. f 1, nây be noLed 1',hat â f erv speci.nens wel:e stràined to

ã% (not shown in f.i gure 4.15) and their stress*s1-rain curves

¿rl so exhibii',ed linear harrdening. Thel:ef ore, the f Iow stress,

o(c:) i¡r l,he range of 0,2% .t-,o 5% straj.n can be rel atecl to the

plastic st,rain (e) by the Ludwik's equation (Lrrdwik 1909) ìn

rvhich i;he stràin exponent is unity:

o(c)=A.l-BE (4.1e)

whe re À and B are constants. B in eqr.rabior-r (4,19) represenLs
/, \

the worlr-hardening rate liql, 'ftre values of A ancl B nere
[dcJ

cålculated by f itting- a .least square line on the clal,a shown

in f igure (4 , 15 ) ,'I'he indi vitlual. values of ¿\ and B f oi:,

differenL grain size specimens are lisi-,ed in 'lab.l.e (4,6). This

l-able shorvs Lhat- the worh-l'rardenJ. ng r¿ìte increases ivibl¡

increasing grain size, 'Iile cousl"ant, A decreases w;i th

increasing gr.rin size.
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TABLE 4.6

Values of the consLants A and B .i.n ecltLaLion ( 1.19) f oi:
specimens of dif f erent; grailr s.izes,

{ (um)

3.4
5.6
8,9

1-7 ,2
27 .0

As-annealed
¿\(MPa)

360,0
33? ,0
21 0 ,'1

231,3

B(l'fPa)

2% pre-sLrained and anneafed for:
30 minul"es â. t. l,enÞeratures of

tA o

36,6
40.3
J1,O

¡\(MPa)

55ooc

395
357

240

0
0

B ( MPa )

24 ,9

40,30

A(MPâ)

800.,c

257
225

175

0
3

0

I

B(MPâ)

32,0
,I ,I ?

42,0

47,0
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In order Lo del,ermi ne Lhe e1'f ecL of grai.u si.ze on i;he

f .Low str:ess, the Ilall-Petch relationsÌrip given by ecluai-.ion

(4. 1.8) \ias crlployerl . PloLs of o versu,, .1,-1/2 or" shown i¡r

figure (4.16), Using i,he least-sc1uar.e f i1-, the Fta,IL-Ire1,ch

paraììei,ers oo(e ) and Ii(c) k'ere deterníned at dj f f erêni;

strains, Figure (4,11 ) sho¡ss the va¡iaLi.on of o,,( e ) and I((r:)

as a f unction of pÌastic stra j,n ¿ in l,he rarìge of 0 t o Z%,

iirom the fl j.Êure it cân be secn l.hat oo( e) increasl; s Iine¿)rly

rtith strain. I{ ( e ) shows an j.nitial i.ncrease in the

micro-strain regi.on (e < 0,2 %) , going through a pealr at;

aÌ:out 0,2% sLrai.n ancl 1,hen linearly decreases r¿:il,h straj.n.

Thr: slopes of bhc curves oo(c) arrd I{(e ) versus 6 are 4.131 lfpa

and -3052 !fl,a. (¡nn)1/2 respectively,

4.3.1.2.2. PRE-STRAINED AND ANNEALED (AT 550"C) SPECIMENS

'llrc 2% prc,.*strained specinens with cli.f ferent gra.iir si zes

werè ânnea,led .Ll, 550oC f or 30 minutês, The anneali.ng

temperature of 550"C is sufficient (Varin :r.nd Tangri 1.982,

IiurzyclJ-owsl<i et al 1.985 ) f or t',he delocalization of the core

of EGBDs on the major j ty of graÌn boundaries tÒ such .ò.t\

exteni- l,hat their jmage is no Longer visi.ì:..l.e in TEM.

Figure (4,18a) shows the stt'ess sLrain curves for i-he

specì.ncns ¿rnneal ed åt 550oC (sol j.cl line) and for 1,he

as-annealed specimetrs (brohen li.ne), Fron the f igul'ê j.L can
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l¡e seen that the flow stress is higher for Lhe specitnetls

anrrea Lecl aL 550oc than that f or i-he ¿rs*¿rr¡nealed sÞecineng,

The dif f ei:ence in the flow s1-,r:ess is snalI but cons:i-stenl',,

The fl.low ri L¡èss clif f ei:<lnce dor:s nôt have âny sysi.enal,ic

variation r,Jith grain size, The val.ue s of 1,he consLanLs A ¿r¡rd

1l in ecluation (4.19) wl'lÍch describes the s1-,rêss-s Lrâirì

curves are li.sl-,e c.l i.n TabIe ( 4 .6 ) .

4.3. 1 .2.3, PR]]-STRAINED AND ANNEALED (AT BOOOC) SPECIMENS

Figure (4.18b) shÕws the stress-sùrailr curves for t,he

specimens annealed a1t 800"C ( sol.id line ) ¿rircl f or ì,he

as-annealed specimens (broken lj.ne). 'lhe sLress*strain curves

(solid line) for the specimens annealed ât 800"C also exhibi t-

.linear hardeni.ng and Lherefore l-hey can be repr:eseni',erl by i,he

oonstitut:ive relation given by e<¡r.ration ( 4. t9 ) , 'Ihe f .1. ¡trç

s i-l:ess i.s l or¡er: than thaL <¡bserved for. the as-annealed

specimens. The difference ín the flow stress decreases r{rii;h

incrs¿si¡g strain, Annealing â.t U00"C results Ín zr hi-gher

wo¡k-hardening rate than that obtained in the case of l,he

as-anneal-ed speci.nens, The vari.at ion in the worìr-hardening

natè wi. l-h grain si ze i.s sinil¿r to thal, observed j.n Lhe as-

anne¿r-l.e d specimens, i. e, , ll i.ncreases ¡sith grain size. T¿lble

(4,6) g:ives l,he r¡¿u.l.ues of l,he constants r\ and 13 as a functir¡n

of grai.n size, T l- can al.so be seên 1-,hâ t- f or ¿r1.1 lthe grain
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sizÊs invesl-igated, the const.lnL

worl<*hardenj ng rate B inc":re¡rscs as a

ancl srrbseclur--nt ¿nncal-i¡rg ¿ìÌ, B00oC f or:'

4,3.2. VARIATION OF o (c) WITH STRAIN

r\ decreases antl Llre

rr"srr ll. ol' 2% pLlc-srr'u.i.n

ll0 mi rrul,es .

The observed Ii.near incr:ease in o"(e) rvj th increasinA r:

( f igure 4 , 17 ) .is irr âgreenent with l,he .l inear: incre¿¡se i.n

oo(e ) observed i¡t cx - b¡¿lsses ( f igure 2.1.5 ) ¡vhich I ilie 3l6L

stainless steel is also ¿r -Low SFE nale rial , 'l'Lle I i,nea¡'

j.ncre¿rse in o"(¿) with incleasing sbrai.n has been correl,¿ted

(Armstronpj et aL 1962) with the Iínear stage rr harclening

observed j-n mono-crysba.ls. 'Ihe linear hardeníng in stage II

is related to dj.s.l.ocation ini-eractions in the absence of any

recovery processes (e. g, , cross-sli p) . Since no recovery

processes are expected l-o operate j-n the range of s1-,raj.n

under investjgation in 316L sLaìnless steel, the disloc¿¡tion

processes in the grain interior rvould be siml.Iar to those

observed in s Lage I1 of nono-cryst¿rÌs . The s.ì.ope rìr;/d7 of

stage TI harclenJ.ng of tnarry fcc ¡lono-crystals has been found

bo be G,/300 (Hirsch 1975 ) where G is the shear nodufus,
do (e )

I'hercf orc, r.rsitrg ectua l-:ion ( 2 . 1+ ) , l,he expcc t,ccl s.ì.oÞo -*;-
for fcc polycrystals can be expressed ås I

do (e )

-*îc* - ,n'dr * t
(ry

I .i.1

2^
3õõ

(4.20)



whóre ìTr is i,he Taylor orientab j_on fact,:r rvhich :Lrr l. c-:r:

nal,eri¿rls h¿s ¿r inean va.Lue of 3,1, trìqrratjon (4,20) g j.ves l,he
clcr (c)

-os Lope , _--d;- eclrral to 2700 If Pa r¡hi.ch is corrsider,¿rì¡.1.y ì_owe r
than l.he experi.mcni:a1 va.Lue of 4431 MPa, This rlif f crence ¿rs

shor¿n i¡l tlte i'ol-lowing sect,ion, can be explai.rrecl :i.n t;eï'ms of
thê stress fj.elcl created by the EGBDs,

4.3.3, THE EFFECT OF EGBDs

!'igure (4,19¿r) shorrs schematically ân array of ìIGBDs at
a grain boundary, The s Lress f j e.ì.d f rom such zrn array of
c.lisl.ocai-,ions is Lrsual.l.y computed by assumiirg the ârray ito be

oll an i.rrfinj.Le 1êngth, Tn poJycrys haÌs lìGBDs f <¡r¡n ¿:n array of
f i¡rite J-engLh L (l, is the gï¿iin boundary leng.Lh), lhe stress
I j.e1d o of such ¿rr\ ÐÌÍ.ay can be calculai;ed by sunrning upyx

Lhe sLresses from the individu¿rl dislocations, ,Ihe stress
f ield of ân edge c.lisf ocation is given by the f oll owing

re.l-a1;j.on (l-li.rbh and Lol,he I982):

(4.2L)

Gbr,r¡ìôì'Þ Tl
2n( l-u) '

of ].ength L in Íiigure (4.19a), then rhe

gi.veu by surnrning up equation ( 4, 21) ovet

on a grain boundary

total stress or isyx

N disIocåtii.ons;
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FiÉurê 4.19: (a) A schenatic of an array of EGBDs of a f init_e
lenCit L at a grain boundary; the variation in o'
(calculated fron equation 4,22) for varying density, O Jð
EGBDs at (b) X = 0.5L' (c) X = 0.3L' (d) X = 0.05L' and (e) X
= 0.005L as a function of Y; (f) the variation in the peak
atress and the average stress as a function of the density of
EGBDs: o = =-9!---,' zltl !-D)
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T(f ?í2 - (y - :i Av)a ( .r .22)
(xz + (v - i A:y)z)2

¡¡here o' j,s 1,he sl,ress e..terl,ed by Lhe :i dislr:cat:i o i-l i.n Lhc:yx th
tlisl ocat ion array o1ì figure (2,19a), anci Ay = g, is t-he

l\'

average dist;ance be{:¡r'eeü dislocations. Ilquation (4,22) t¡/as

used to conìpute l,he s hress lli.el d of the array of ltcllDs ( shown

in figrtre 4, 19a ) for various densities of IIGBDs at v¿ìryj.ng

distances f ¡ om the graiìl boundary, ,I.he results of Lhq:

calculal-,ions are shown ìn figures 4,19b, c, iì, e anrl f,
!'igur:es (4.i9b) and (4.19c) show the natu¡e of l.,he .ì.ong

ilange slress field far from the grain boundary (X:0.5L and

0.3L respectively), It can be seen that t_he strêsses at.!)

cha¡:'¿cterlzed by a 1:eak stress ¡,¡h j.ch occurs ¿long tlìe ce nt rê

of the grâin boundary ab Y * 0.5L. I'he peahs becorne broader

rcil,h decreasing distance from the grain boundary Llp i,o a

distance of 0. 005L, A detai l.ecì arralysis shôws thât the pei:"ir

stress increases line errly n'it-h increasing densli"y of EGLìDs as

shown j.n f j-gure (4, f gf ) , Ân average stress rvas calcul.ated a_s

a funct j.on of the dens j. Ly ofl EGBDs f or a given ci j.stance f ron

thc grain boundary. The re sult-s pl ot,ted il Jìì.gurc (4.19f )

sho¡v that the average stress aÌso increases linear.ly wì th
j-ncr eaLs i ng clensity of' EGBDs.

A dj.sl.ocation moving toruarcls â grain bounrlary corrtaj.nj.ng

EGBDs l-r¿s to over'cone no h onJ,y the f r j.ction si-,re ss of thr:

Hr-:)
1_-

N

\-
= ) DX

/_,
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gra,jrì j.n1;er j.or br¡t a,i.$o Lhó repuJ sive st:rcss ci:e¿¡i'¡¡d by bhe

llGBÐs, The i:ef ore, on(e) can be expressed as a srìperpos j t:ion

of the lonq rânge strcsses .'rtttt"'"i,.¡ anrl t;he r+ork-hardeni.rrg

in the grâj.n jn{,er:j.or u"t(,) (ivhicL âs disc.:tt:¡sed .in the

1:revions section j.s rel-¡rted to ilhe st¿¡ge Il type r:f linea-r

harden.i ng obsei:ved in nono-cr.ystals):

oo(e) = ou'1r¡ + uu"oo"(u) ( 4 ,23 )

TElf observàtions (Varin and Tangri 1982 and Murr and !{arrg

l9B2 ) shor,¡ i:hat in the range of smalI st¡ains the dens:i'ty cf

EGllDs increases linearly wi t,Ìr si-,rainx, The contribution of

the J ong rarrge s tress f icld to oo( e ) rvould on ân ¿ìvera.Ple ( see

figure 4,19f) j,ncrease linearly wiLh str¿lin. 'Ihus' both Lhe

contribut i.ons to oo( e ) increase ì.i near:l,y w j.th s tra j n and

equal-ion (4,23) Þredicts 1,hat o"(e) rqou-ld ¿r.Lso Ìncrease

lineai:1y with straín in the sm¿rl 1 strain iregime of 0 t'o 2%,

This is irr agreement wiLh the experimental observat:ion shown

in f igure (4,17)'

In lhe close vicinity (X < 0.05L) of Lhe grain boundary,

the na.ture of the stress fÌeld is very different. lt is

*¿\ simple geonìe1,ri câl consideratíon a-lso sho¡'¡s that to a
f irst zlpproxìrnati.on the densi l-y of EGBDs increase s linear'Ly
rsith straj.n ¿rncl i s incìependent' of grai.n s j.ze: if Vu is l-he

srain vc¡.Lune. r\ is lhe area of the G,B, plarre , ancl p :is
,rlr rn

the density of lnobiÌe disÌocations Lhen density of IlGBDs,

o = a , \,t /A ; since e /l>{,, V cr .1,=, and ,\ n L'-o ,rn q qb, -m c gh

gj.vês a l.ine ¿Lr relation betrveen densii;y antl sLr¿rin: p cr t/b'
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châracte r j zcd by dist j.rrcl, ¡reaks zts shor,{n j.ir f i.gure ( 4 . :l gd )

and (.1 ,1911 ). Wi.{,h clecrr:asirrg cl.ist¿t,rrce flonr t.he ¡¡rain
Ì:ou'dai:y , t he numbe r oil pealis increases ,n1-,i i_ i tt becotrr:r¡

etlu:tl to the ¡rurnber ôf llcÌlDs ¿l l_ X r 0,0051, (f i.gure 4,19e ) .

'lhe magi-riLude of the pe:rk sLï'ess js indepenclc_,n1,. of btre

de nsity of IIGBDs f o¡ X ( 0,00SL, Thc. peah stress a.t ¿r given

d j.stance X is equa.ì_ Lo the s Lress exerted by a s j.ngle IìOBU,

TLrus, sites of high strêss concent.r'ation à1re create¡r near t'.he

indivicluaJ. EGBDs. The implical,ion of 1"his oÌ¡servat,ioir, yiz,
the Hall-Petch p:r¡âmêi-,er I{(c) is dÍscr¡ssecl in the ne>. 1

section,

4,3.4, VARIATION OF I{(E) WITH STRAIN

A decrease in l{(c) ir':i t}r sLraj.n hâs been usual.Ly f ouncl bo

be ¿r characLeristjc of high SFIq maLerials.; (see sr:ction 2,3),
rvhere it :is attri.bnted to the c.icve.l.opne't of subst,r'cf-_Lrr:e

( e, g, , cef ls o¡ sub-grains ) , It nay be pointed out l-hat t;he

fornation of strbstructure irnplì_es lhat, the i.nii,,ial grain si ze

.{ can no longer be used in the llal-l-petch relat:i.onsl:rip,
Theref ore, the observed clecrease Ìn I{(e ) ¡vi tl.r strain has no

ph¡'sical sigrrif icance j.n reference to eclunti.on (4.1.8),

Ilowever, i;he observe d decrease in I{(c) in lorv SIrLI naterials
as in the present case (f :i gure 4,1?) cannot be expi,aineri on

the basis of subs t-ructlrre f ornaLi oir be.:a.use i rì the abs:e 'ce <¡f
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reoove.uy plrocesses srìb51-,rl.lci;ur'e is Ììot expcctecl tt-: develop

cìtiríng r-ooìÌl 1,e;lperature def ortration. 'the ¿bserrce Óf

subsLrucl-urc is conll j rmed by Lhe TlìIf obset'v¿rÌ,ic¡rts iriarlc jrl

se cl-jon (.1 ,1.1'3). It is proposed l,hai, Lhe ,:¡bse rved decreasc

i.n l(( c) l,'it,h stra j.n c¿ìn be explained :in t-el:ms of i,he

inf.luence of IIOBDs on the condì.ti.ons for t,lle generaLiôrr of

latt ir:e dislocations ât fìrai.n bound¿rries '

¡\s menl-i.onecl e ¿r¡:Iicr, t.he EGBDs act âs stress

concentral,ors (Murr: 19?4,19?5 ancl 1981' Vàrin èt aI 1987 )

.l.eading to a si.gnií'icanl, r.lecrease in the sl,ress requi.re d to

generate dj.slocat:ions i¡r Lhe gra:ln bout'rdâry region. It wås

formaÌIy shown j,u secti.orr 4,3,3 (figure 4'19e) th¿rl- the

densi Ly olÌ the stress concenl,ration sites j-s eç1ual i',o the

density of IÌGBDs, Since Lhe density of IìGBDs increases wj.th

increasi.ng plas l,ic s.;train, i-,he dens j-ty of poteni,i.aJ- si Les

whcre cìj slocat j-ons can be e;e ner:al-ed af so j.ncreases tsil;h

increasÌng plasl,.i.c ..itrâi n, I'hus, K(¿) which j.s a funcLion of
.l-he s1,¡ess requi.red l-o generate disl ocal-ions woulcl clecreasc:

rvith increasíng Þ.Las t j.c strairr,

No â1,tènrpl-, was rnade to ex1:lain l,he ini Lia.l. increase in

I{(¿) :ln the rnicr:o-str'a j n regi.me (figure 4 '1'1 ) beca-rtse thc:

exper:inental cìat¿r shor.¡ed a la::ge scal-t-e:r itr i-he fl-ow si'r'ess

and Lhcrefore no analysis lças possible,
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4,3.5. GRAIN SIZE DEPENDENCE OF THE WORK-HARDENING RATE

lJsi.ng the llal ì--Petch re]¿ìi-j-ôn given by r:clua.Lion (4,1B)

Lhe worh*harclening r¿!te ll in ec1ua1',i.on i 4, 19 ) c¿rn be rc.L¿rtcld

Lo the p¿ramebells o (c) and Ii(c) by

do (r-) ^-7/2.,-.,l- tll( I f. ¡

d¿ cls
(4.24)

ln the absence of any lecovery mechanism in t,he r¿lnge Òf

smal-l strains einpJ,oyed here, o"(¿) nìust increase

mÒnotonícally \,rith s l,r¿rin ¿ls a. resu-lt Òf dislocat:ì on

âccumuÌation in t-he grain inLerior ancl at gr.ain boundari e¡¡,

, rlo (¿)r
l'hrrs, thc Lerm f -+. ì -in cqrrirLj on (4,24) -is pos j Li.vc, t1'L u¡. )
the p¿ìr¿ìneter K( ¡') decreases wj th str.ain, ttren Lhe l,errn

f-- rzz dl(l
IN, "' +l in eclttati.on (4,24) i.s rìegâtive buL its absolul,et d cJ

value clecrea¡:es r,¡1th ìncr'eâsing grâin si ze, 'll,eref ore, the

wo rk- har:den i.ng râ.t-e woul-d increase rvith increasing gr.ai.n

s j.zè, I'hi.s is in agreement, with the observecl increase i.¡r Lhe

vaÌue of parameter Il ruith i.ncreasi.ng graì.n size as shown in

Table (4,6), lrrom ecluati on (4,24), it can be seen that i:he

rvork-Ìr:rrden i ng z'¿rte B is a f unction oll bo Lh thc:
, do (r.)1

worL-hardening in the rnatrix I --4- - | and the change in the[ .1. )
conditions fo:: rlislocatiön gerìer¿ìtion (r'ef .lecl-ccì hy *9]-, r,,

.. ,. dc(r,)
" dt:
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gràin boundalj es. Tìre graì.rr

will becone sma.l..l. for

rvork-hardcning râbè r^,'i 1l be

acr:urnul at i-on of cli.slocatir¡ns

s izr.. rlcl,r'nt1t'nl l¡..rn lf-"'t
ì.arge grain si zes and

cssenti.all y del-errl:i neri by

ins ìde the grairrs.

4.3.6. EFFECT OF PRE-STRAIN AND ANNEALING AT 55OOC

'lhe resul i.s oî l,ensile te s l-s on s1:ecimens wh j ch were

pre-st::a:ined 1',o 2% ancì subsequeni',Iy arrnealed a.t õ50oC for i)0

rnìnutes showecl a small i.ncrease in t,hc f lo¡'¡ stresEi âsl

compared with the as*annealed speci.mens (see f :igrrre 4.1B¿),

.I¡ì-si tu TEll observations (Varin and Tangri 1982 end

l(urzycl.[owshi et a1 1985 ) sholv i,hal, annealing ab 550"C results

in the spreading arrcl the evenl-,uaf di.sappearrzrnce of tìre image

contrâst of EGBDs on the raajorì. by of graín boundaries in

austen:i.tic stainl-ess sbeel. llowever, i1-, was shown jn secL:i-ons

(4.1) and (4.2) th¿r[ l,he non-vis:lbi Iity of EGI]Ds in the 'l']¡jM

inage does not lnply their complete annihil¿rt;io¡¡.

Computat.i,ons of the stress field of these 1:artiaÌly s1:rrerrd

ouL EGBDs (calcul-aLions a.re carried oul- in Lhe sane mâllnc'r ås

in sectj-on 4,3,3) shor{ tha.l- the nagrrii'-rtde of the ì.ong Izritgr:

stresses is rtnaf f ecbed by the spreading process, 1'EM

observal.ions made in sec l-ion 4 . 1 also i.ndical,e that ¿ìs a

¡:esu.l.t. oll the above heat breâtmènt i,herc is no change ln l".lle

Llcr-rsii-y of disl.ocat j.ons :in bhe v.ioin j.i,y of gra:in bou¡rdar j es

dlq
d,:)
tho

1.he
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Òr in l;he gra:in j n beri-r:r , ¡\s such, ¡lo chanße j n t.ht¡ :llor,¡

sjl,r'ciss :is; tc¡ l¡e crper:ted ¿rs ¿ ::esuf 1, of anneal j lrg aL 5150oC

flor 30 in j.¡lute s , 'llrus, :i l- i.s: concluded that l,lle obser.r,ed

j,nore ase j.lr t he f .l.orv sl,l: e::s j s tlìe resuf i, c,1l s Lr.a j.n ageì ng

which is krrorvn to occur in 316L stâin.Less sl-er:1 (Kâshyâp,

I'lc'l'¿]-ggart ând 'I¿ìngri 1.988 ) ,

4,3,7, EFFECT OF PRE-STRAIN AND ANNEAL]NG AT BOOOC

Annealing â11 800"C for 30 ¡ninutes resu.lts j.n t,he

decrease of flow stress as compared wi L.h the as-annea.l.ed

s¡recimens (see f igr.rre 4,18b), Thj.s 800"C annea.l. also lesul L,s

i.¡r ¿r decr:ease in the v¿¡f ue ofl l-,he cons tant A and in arì

inc¡e¿se j n Lhe va.Lue of the côns bânl, ll ( i . e, , thcr

worli-hardê ing râte ) as shown in 'l¿lt-rle ( 4.6 ) , It can also be

seen thalr LL¡e decrease irL flow sLress is Larger fo¡ the fine

graj n size specj.mens than for the coârse grairr si ze

specJ.nens, 'Ih j-s grain size depr:ndence can be ral, j"onali zecl in

Lerms of l,he cherngcs j.n t-he nicr:ost,ructulle ¿ìnd t he j.r af f ect

on Lhe Ilall.-Petch paraneters oo(e) and Ii(e ),

Annealing of pre-slrained spec imens at B00oC resul l-s in

thc annihi.I¿tion of EGBDs accompanied with a decre¿rse in Lile

de nsity of rlislocat j.ons :i.n the grâin bounclary reg j.on ( secti.on

4,1) , It r\¡as proposed j.n the earl-ier sections that. l-he

decre¿¡se .i.¡r Lhe cìensity of dislocatj-ons occurs as a rê$u.1 l, o.t'
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'Lheil incorporat,i.on and sr-rÌ:serluent ¿rnnihilation in nigrâting
gr:âin br.¡undaries clurirrpi a-nnezrling. TLrc li.i.neL.lcs of
annihj.l ¿ition of iiGIlDs cân be e s t j.n¿rted by eclu:rl_ìons (4.1.6)

¿rnd (4,17),

The percentâge of IIGIIÐs annihil¿¡i,ecl (deïìÕted by Ap/ p,,,

where Ap j.s Lhe density of EGllDs annihi.l.al,ed and po :is bhe

:ini Li,al density of tlGlllls ) at a gÍven annerrJ ing t,emperat,ure

¿rnrl t j.lne was caf cul.ated from equation (4,17) as a functj.on of
grain size, The resu,lts of the ca.l,cu.Lations ¿rre listed j.n

Tab.le (4,7 ) , .f.t, rnay be noLed i;hat the exLent of anni.hifat.io¡r
(i,e,, densiLy of EGBDs annih j..IaLecl) rJecre;rses with
i nc r c:a-s ing grain size,

The annih:ilal-ion of EGBDs results in the decrease iir i.,Ìre

ÌÒng range s l,rt: ss f ie Lrì ancl a_Iso a decrease in the stress
concentrai: j.on in l-he v1ci ni.ty of grain boundari es. This woulcl

¡esu.l t in a decrease in oo(e) (which is a functj on oÊ boi.h

thr: clensil-y of EGBDs and the densiby <¡f clislr:cat,íons j_nsid<.r

t,he grains) and an increase in I((c) (rvhich .ls a funct:ì.on of
the stress required LÒ gener¿ì.tè r-lislocaÌ; j.ons at grain

Ì:oundaries ) , The decrease in crn( e ) being .[arger than t]re

increase in I(( e ) le¿rds i-o an ove raf f clecrease in l-,he f lorv

ËLress,

In vie\,i of the ¿rbove rve can now öompare the

¡çor'ìt-ha¡'clening beharri our of' f ine ancl coarse grainecl specì.rne ns

annea.Ied at 800"C. Iì1 the case of fine grainerl spec.imens
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TABLE 4. ?

t¡tsti.maÌ,ed percènL¿ìge arìniìTil,al-ion of IIGBDs l- 4pl às a\. p"l
f rrncbion grain siøe (X.) as â result of annealing at 2%

pre-strerined specinens at 800"C for 30 minuLès.

t (pm)
49 ut
L)

J.¿l

õ.6
8,9

22,4

I 00,0
uB,0
51,0
46.0



( g¡a j.n si.ze of 3,4¡m) anncaÌing ¿ì, ir BO0oc le acl¡: lo a compLete

annlh.i..L¿rti on of dlsl or-,¿rti.ons aL and i.n the v.i.cini l,y oi: gråirì

l¡ountl¿lries a.q shorsir i¡r the 'IIilf nicrogr'aphs oÍ f :ì gur'e (4 , I 0 ) ,

¡\s a conser{ur¡nce the vai-ue of tl,r(6) decrea-ses ¿trraì 1-lrc,: v¿rliic

ôt K(e ) incre aseg to lh¿rt, observerÌ j n the ¿rs'-annea.l.ed

specimens, In the co¿rrse g:r'ained materia.i., horvevet', anne¿lli¡1g

at 800"c resul.ts only in ¿rn incompì ete annihil-ation of

d j-slor:ati.ons ¡r i- ¿ird jrr l,Ìre vicini.ty of gnâin bouncì¿!r j,É)s. For

e>lanple, in grai.n si.zes beyorrc.l 8.9¡.an the rn¿lx j.mLrrì ¿rnnihi l-¿t:ì.on

of dislocabions js ap1:r'oxinal,ely ú0% (see 'Iable 4,?), As ¿r

resr¡.Ll onì-y smal-1. changes in l,ire values of oo(e ) ând K( c)

Òccur Iea.di.rìg Lo a. sm¿r.Ll er change in l,he f low s bre gs ( sec:

[.i girrc I.lBb rrnd iaL-rlc 'i .0),

In both Lire line and coarse grâ-ined spec:imens, zrnneali.ng

ai, 800"C resrrlt-s in ¿n increased worh-hardening rate B (T¿rble

4 ,6 ) zrs compa-red with thê as-anneâled speci mens , '1'hì.s highcr

worir -harden ì-ng r¿ll,e j.s atLributecl bo the fact thatr Lhe

pre-strainetl ancl annealed specimens contaj.n a highe r j rr:ì.t j.al

density of dislocations in the grain interj or than Lhe

as-annealed specinens, Thus further stra:ining .ì eads to higher

r,¡ork-harclen:ì-ng rat e in t,he grai-n inlerior,
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CHAPTER 5

CONCLUS IONS

'1'he f ollorvì ng i.mportanÌ, conc.l.us i r¡ns can be dr'¿rr¡n f ron

tlr:i s str,rdy l¡hi ch ¡eÌal-e i-hc changes :i i-r Lhe s trÌlcture of glrain

br¡undari es ¿ìs a- r:eslrLt of pr'e-straining and ¿rilne¿.1 itrg {:o Lhe

r'oonì ternperal-ure clefo::matio¡l behavior of 316L aus be¡ri l--Íc:

s t¿ri n.L es s st',eeÌ,

1, Signif :icant strucburà1. changerj 1-, zlìre pÌace ¿rt ancl ìn

t.he vicin:i Ly of gr.aì n bountlaries. 'IEtr{ observati ons

show thât l-he annihi.laLi.on of dislocat,i.ons occurs âi.

and j.u the vicini.ty oll gr.ain boundaries às ¿ resull:

of ¿llne al.ing ofl 2% pre-straíned speci.rnens of 316L

sta.i.nless steef . 'Ihe observa.tions aÌso inrìic_,ate no

signi:f icant changes .in t-he gl.¿ri.n initeriôr,

2, llhe recovery of yi e1d sl--rèss ¿rs a re sLllt ofl arrnêàl-ing

of pre-s1-,rained specirlens is associated not; Òn.l_y \.7 i i-,h

the annihilation of dislocaL j.o¡rs jn the gra:in

boundaries ¿nd i.t,s inmediate envir.o¡rs but is also

assoc j.aL,ed r,¡ith an increase in l-,he grerin bounda.ry

Iengi;h, ¿rnd a rlecrease ir¡ the s Land¿ìtrd dev j.at ion of

cliheclra.l angles, In other ruords the jt'ecÒvery of yiel-d

stress âncl the annihi-Iation of d.i.s.loc¿rti orrs â,¡e

accornpani-t-:d by gra in bor-rndary rnigration.

3. The oÌ:served cli:op in yield stress af.'1,er anuôâ1in!ì of

i5i



4.

6,

7,

j)re*sLrâj.necl s1:ecjmens :i.s ¿¡tLribr:tccl lo the Òif rîect of

the ]-ransf c'lnr¿t-ion Ò11 noLr-t:c1r-ii Ii briutn gr:.;:i.n

Ì¡ou¡rd¿rr.ies Ló eqrri.l ibr j r-rrn gr.:r1n bourrda.r'ies ¿,rlr cl l.he

ann:i hiJ-a.tion of disl.oc¿rt.ions in Lheìr v:i cì,nì. Ly.

The theorel;ical moclel developed t<¡ clescr:ibe thc t,Ìrc

li:ine tics of the [,r:¿nsfor¡nat j.on of non-c..c¡ui.].ib¡:ium

grai.n boundaries to their ec1uil_ibr: j.um s tal,e involvcs

1,he annihilation of extrinsic gra:ì n bourrtl:rry

disl oc.r{,.ions (EGBDs) v:ia clj.mb âlong the gra.i.rr

bounda.ry plane,

The rnode .l predicts Lh¿ìi- the ral;e o I ¡rnnihilati on ol'

liGBDs is depe ndenl- on the annea.ling l_enperai,ure,

grain size and the densi ty of EGBDs, The râte of
anniirilat, j.o¡r j.s higher aL hi.ghei: Lenperert.,ure s,

snal.ler g::ain s:i.zes and h i.gher inst,ant¿neous density
()f EGBDS.

'l'he experi.rnental variation of yi eld sl,,ress rvitl.l

annea..l ing tirne and tenperzrtrlre is in agr.een<_.nt rr, j.th

the predicted var j.at,ion of the derrsi.t,y of EGllDs in
316 L stainLess stee.l.,

'Ihe onsei; of the changes 1n thr; geometry of the gra.in

bounriary nel,work corresponcl tto i:he onselt of I;hcr

¿rnni.hilation of EGBDs as ¡rredict eri by tLre nodel ,

The Ila.ll.-Pel,ch arralysis use d on 3.l 6L s.t¿inless s1;ecl,

rn the grai.n sì ze l'¿ìnge of lì ..t¡_¡n t,o 22,.1 pr shor,,,s

B,
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that in the range of snal L stra j.ns ( 0 i-o 5%) I-he

IIal l*Pet,clT ìrâr¿nel-er oo( t) increases l:ì nearly r'v i. i,h

stÌ'aii'r ¿¡ncl 1,Ìre pâ.ramcLer Ii(c) rlecr:eases .l.inear.ly ilj-Lh

s tla.i n,

9. 'fhe line¿r' jncrease in oo(e) ¡+j th sl.rajn has been

associ.ate d with trhL- rgork-har: dening proces;s(:s i-n l,hê

grai.n i.nl',er':ior and t,he Long rånge s.t,r.'ess fjeld of'

EGBDS,

1.0. 1'hc decrease in I{(e ) rt j.th str¿¡.in occurs as a rr:slt.l. l,

of {-,he increased stress concentrat,ion cl'eated by l-he

increage i.n Lhe densi.ty of EGBDs.

Tìre drop in the f Iow sLress âs a resr-rl l- of anncaJ.ing

¿rt B00oC of pr:e-s l,rained specimens h¿rs be en re.I¿ìt,ocl

1-, o the a¡rni hi..La1,ion <¡f dislocal-ions at ancl i.n 1",hc

vÍci.nity of grai.n bottncìaries. The rai,e of

anni hi.lation of cli.s.l.ocai,ions decre¡rses rçi'ult

incrensing grain sÌze ancl therefore Lhe exherltj of lhe

rlrop i.n flors stress a-l,so decreases ltith increasing

g ra i.rr s:i ze ,
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APPENDIX A

IMPLEMENTAT]ON OF METALLOGRAPHIC TECHNIQTJES ON AN
IMAGE ANALYSIS SYSTEM

'.lhe conplrt-e r Þt-oÂraln dcve.Lo¡rcrl for t-hc lto¡ì.!jurenenL of

i ntoi:c,ropl, .lerrgi,hs .ir: rlescribed schem:rLicaL I y by t-he l.lorv

¿:har.t given j.n f igulc (^,1), llhe techr.riclue ,invc¡l vcs j,he

generaLiron of ¿ìn j.rnaâe of {r gr j ci of 1::rraì lel- i.lnes rvl-r j r:h is

su¡:erinposecl Ì¡l three differenl, or.ientations J.20ù illrart. on

Lhe i:nage of grain borrndat.i-es, 'Ì'ho' indir'.i dual :int-e r:cepts ârt:

oLrt,ained by L.ogi.cal conbinations of the inage cf rjt'a j n

boundaries w:i Lh the irnage of l,he gr:ì.d (s:ee f .igure r\,2). 'fhe

in t ercepi-s ¿rre t-hen me asure <1 by corrnti.ng Lhe number of p:i.re l s

on ear-:h inte r.cept. I{orqever, srrch a procedure cân .l,ead i-r¡

la:r'ge errors i f 1-he spe cì.nen irnage con::ists of

¡rol.ishing/ei,chi ng art j.fa.cts (i.,9,, etch pil,s ) i"j.bh:i n i-ire

grains. In the câse of f ine grzri.n si.ze specì.irerrs, 1- Ì.r e

j.ntercepts gene:ral,ed rqill he very snalJ- :Ln size, Sincc Lhc

individual pixe.l.s on ea.ch int,ercept lrave a llinile sì.ze ,

s¡nall er t,hc: intercept larger rvoul,cl l¡e bhe error' i-n esL:i.mitling

i i-:: J. eng th ,

The ¡:ro1j shing,/etching artiíact.q .¿Ìt be el.:intina.ted by' a

su.i.iable inagel process:i.ng pr.oceclure. l-or exampJ-e, lhe

¿r¡1,.if a-ct-s v:i síl¡.le iir t-he j-mage of f :Ì.gure (4,3a) h¿vr¡ l¡een

conp-le Lr:l,y lcrnr:veiì, &s cân bc seen i.ir f igure (A , lìb ) . 'J'hr:

1ti0



STT]RE IN

LI]GÏCAL CNMBINATIEN
IIF IMAGES A AND BI(A nB)(Ð C

THIRD
D GENERATE

Figr-rre A-.,_L: Florv chart of the progran der.clo¡rcd for. ini.crcepI
Iength nìeasuremctìLs.



W
(d)

/rffi
wli///

FiÊÌrre 4.2: The logì.c.iI combinaLions of the grain boundary
irnagc shor.'n i n ( ¿r ) \{i i.h '-L}e .i.mzrges of the grid of para}}el
lincs in three differcnt orierrLations 120o apart, shown in
(b ) , (c ) arrd ( d ) produce Lìre imagcs of the individuaf
inl.crccpts sho¡'n i r.r (c-), (f) and (g) respcctively,

(c)(f)(e)



(a)

(b)

(c)

Figìire A. 3 : Grain boundar¡' image : (a ) consisting of
polishing/etching artifacts, (b) the artifacts have been
removed after image processing, and (c) thick grain
boundaries l.¡ave been thinned.
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rnÉr¿fiurënìen [, errou inl]roduced i.n 1,hc c:ase of f i.¡ie gt¿-t:itt 5i ze:

s¡recirnr,:rrs t-,: an bc i:educeil by r:hoos ìrrg a irì glrer rtragtt.ifiic¿ri-:i-ori,

IJ o i.,,r: v r.: r' , Loo hi.gh ¿r ¡ragnj. I i.cùi- j.on Ìcsull,si in a cl if llr:tsed

.-rorl l,râjì L (lor c:;anple, broerclening of grâ.i n ìrouÌrd¿r.l'rj c-::: ) t.;ìrìr:ir

caiì agai,ir 1e¿¡d t,o a tlc:crcåse in the prec j.sion oí

nìc¿.ìsiureme ni,s. '.ilhe p1 .Jgr¿ì¡r nri¡ii¡nj sres l-,his cirrÕ¡ by enrp.Ioying a

l-hinning procedure whj ch th:i.ns t-,hj.ch grâ j n bound¿llir:s ¿]ri

shown i ì'r f .igure (4. ilc ) , IrurLher precision j.n Ihe ne¿LsulremeLrts

was obt¿rined by eIìminating the:ì nirercepl-s wbj-ch do not errd

or.l ¡ì gÌ'âin bor:ndary, The Frrlgl'¿"rn t,irus developed produces

resu.l,ts rvith a h.i.gh degree of repr'oclucibilì.ty.

Fj.gure (4,4) illusi',r¿rtes the progran cìeveJ,oped f oir the

¡ìrc¿ìsLlreme nt,s of dihcclr'¿Ll ¿ìÌ1g.les, Élrâin bounclai:y length anrl

grai.n bor,rndary L:ul'våtLrre,'l'his prograìrì requ.i.r'es opcrator

:intei:¿rct ion flo:: rletermì ir:ing 1;he posi- L:i.ons of l,he Lrip.l.e

¡,o j,nl,s on ân image <¡f grain boulrcla¡: j-es d j sp.L¡'Lyed orÌ Lhc

scr'öen. 'Ihe se.Lccl-i.on of Lhe r:urved grain l:or"rn11¿ri es :Ls als,¡

cìcpcndent on ollerâtor: jrrcìgmcn[, Thc de l-,¿ì.i.1 s of i;hr"

measuremeni, pI'ocedr.rre of l-he above :netallÒÊrâIrhic parzrnetrers

ir¿rve bee n described earl j cr (secl-ion 3,4, f igure 3,4 ) . Sì,nce

this program reclu:ires operal,or judgmetrl-, the prer:isiotr of the

nea,sLlrements depÈ11ds on ope ìl¿ìt or bis,s ' Howevêr r 1;he ¡rr'ogrant

¡r-l.Lows f ôr corrrecirion of the sel,3ctecl posi l,ì ons o f:' l,hr: tr.i1:,.i-e

pr::i riLs , S:ince a l::r'ge nunber of me¿]suro.ìrcnlts ¿:an l¡e rnade

êâË j. ly , a high meàsìrreìrLeni- pl eci s:i-on ¿an be obt¿r ined,



Fi sì.rre 4, 4 : Flow chart
mcasr¡r-cmcnts of dihedral
1r'a i lr bouncì¿Ìr¡. cur\.ature.

of the program
angf es, Srain

developed for Ltrcr
bourrdar'¡' iengtir nnd



APPBNDIX Iì

AVERAGE VACANCY CONCIIN'I'IìAT ] ON
THE TR]PLE PO]NTS

DER]VAT]ON OF TI{E
NEAR

lhe åvêràgô vacancly' conccn

GbVp
tñ11-:t)'[T

1-r¿11, j ()r.ì :r 1-, d:i stairce r., f nom

i.,r ) j.s gì ven f ron eclua Lì orsLh-- tril¡le lroi.ni-, A ( f i gure ,1 ,

(4,tìa) ¿rncl (4,7) ¿s; fol lor.:s:

c(" )

'ilh e

are

S]N U

= t* 
{1,"'

fttl..r
^ I 't.n Iál l.

"0

sol utíons lo t

g:i.ven below r

ft'
I s 1n '-0 d (.t

,t o

d02r

2ï'

l:
t-

,' + f,t + zT 
oL

L2 ¡. 2r L cÒsO

t.

Ì
in

cos0

I un"l)l2tl
o

he i¡rdividu¿Ll. integrills

(8.1)

equat ion (8, 1 )

l:., = ,,

ItI
I sinzo d,r - +j'

J,,

(ir,2)

(8.3)

(8.l)

The in Legrâ.,1.

.J',

_ siqþgo,
rz+L2+2rLcosO
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wire re â ' .: n I'¿ artcl ì: " 2r',,L ' iiak:ing [hc sub.ql-itÌ]l',ri ón'

â + b cosô, the above integr:aì b<¡comes l

(8,6)

rì,hÊrê X - A + Bx .l Ox2, ¿\ = b2'- r', B = 2a, ând C ' *.1.. 't'he

solut:ions to the j-rì1,egn'al.s of ecluat;J.on (8.6) is given

l)ol.or{ (bt,(, i.gcJ. .l 3t8 ) :

¿t -b - a-b a--b_rllr,,*=_ rlr:l' nj r\l ì{ 
I

l,' J 
".r 

L,'t n' | ' I ,.n ',Ã 
J 
"* 1.,."Ã -l

.I+ 
--

-L

¡J

be: r:oiçr'i l-i,¡:i1 ¿ìli

,,il
| çiir''il ,l tt
lrl[¡c¡r:-it]
J0

I -rfzcx + B ì
--, 

stn | 

- 

¡

{-:i.' \ ¡;, )

. - -l â-b
. -rl B>r + 2,\ llsin-'[ï-^ i1,.,, (B'r)

where q = ll2 - 4¡\C. Substillll;ing t-,he vaf ues of ;\, B ¿rrrd C .i n

ini-egi::rJ. (8,7)' the llinal- sol¡-rtio¡r of 1,he inl,egral (8,4) carr

br¡ r.,'r i irl-err âaì

J: "'+

s i.r,2o clo (ts.8)
Lz + 2x l, cos0 -¿ 2L-l' LZ

llÒ:r r

Lri?



I'ìre i h 1, e g;: a.l.

.i ir equaLion (8.1) cirn

, t- 1,1 '; -, 1 ,,,:jr,

, )"ull
o

be s impl .ì- f :i. ed :rs

, u( t:*(+l-Ét 
)

IT

I' r,, (ll
"0

(Ù.9)

(B,11.)

il1 .10)

-¿
¡vhere ¿r ," Io L. anrt b = * 'Ihc so].ut jon <¡f Ì.ni,egra Ì2l:10

C)

(lr,t0) is as ilol.lorvs (Speigei. 1968):

j.^," + b'coso) do

Snbsl,ii,uting t,he values of a arrd b :i n ecluat:ion (8.11), i-hcr

so.l.uLio¡r t-o the inLegral ( B. ll ) is given by

l,-l
2r + L' + 2r L cosO

]uo=-r"r"[*;] (B.iz)
2r
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SubsLjtui:ing e<1tiat-,iÒns (Il'2), (1r,3) ' (1r.8) ¿-r¡rcl (Il'12) j.¡

r: clt¡¿;1-,:i on (13,1), thc ¡.r'r:r'¿rgc-' \:a{-14-n.ry coltccni,r¿rt' j.oLl frc¿ìll l-ìre

tl' l.ple poinf- r\ is g:i.vt:n l.ry t.Ì.t c lo L.Lolting e(tua1'"iotl :

i;t¡' I
t_l

tìbVp l.rlin-zñT i ' )'-zz"( (ì1 .13 )t?= c"{r --1 ìllt, ) j J

ll
o.5irrr.c -,- .< 1, cqrraI.ion (u.13) ìs

wh:icrh g:ives Lhe average vacâncy

poin{- À:

reduced tÒ equâtion (4. Ba,

concêntrration near Lriple

(

C(r') = r- ilLì ,, 
l-

SiniIar l.y, Lrsing

vacancy concent rat ion

a.lso be cleri.ved:

GbVu I- i;ri-;hr l. t' 
" 2 'trL

e <1uat i ons (4.6b) and

ncâr l-ri1:-'le DoinL ß (

r "" ltìI ïJll
(4,7) the

figure 4,

(4 . 8a, )

âverage

ll¿r) c ¿rrr

õ(r )
IJ

+iî#fu[r-za[ (4, Bb )+ ll)^t.- ""1'

1.69


