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A8STRACT 

Interrupted compression tests were used to st~ the stat1c 
soften1ng of a 0.061 C low carbon steel. a 0.071 C+Nb-bear1ng steel and 
tough p1tch copper. The tests were carr1ed out at teMPeratur,s from 
450 ta lO4OoC and prior strains were appl1ed at strain rates ln the fange 
10-3 to 10·1s·1. Quantitative metallographY was carrfed out on samples 
of the tough pitch copper quenched to room temperature after 1ncre,asing 
amounts of prestrain and delay time. The grain size distributions 
obtained in th1s way were used to fol1ow the progress of stat1c recyrstal11zat10n 

The results indicate that a cr1t1cal strain 1s requ1red for 
the 1n1t17c1on of 5tat1c. i.e. classical rec~stal1tzat1an If ter prior 
hot defonmat10n. For strains 1nfer10r to th1s crit1cal amount, recrystal
lfzat10n does not occur at al1. and soften1ng t*kes pl.ce fnstead ent1rely 
by stat1c recovery. Evidence 15 presented for the existence of a second 
cr1tical strain, about twice as large as the f1rst. w orres ponds 
to a point Just before the peak in the f10w curve. his 1s the cr1tfcal 
strafn for the initiation of post-dynamfè (metady mm1c) recrystal1izlt1on. 

The resu1ts are 1nterpreted in terms of three-mechan1sm softening 
mode 1 f n wh1 ch there i s a recovery stage and two recrys ta 111 Zlt i-on 5 tages . 
The ffrst rec~stallfzat1on process, l1ke recovery. 1s a 'no-del~' process. 
wh11e the second one invo1ves a distinct incubation t1me. The dependente. 
of the three, softèn1ng MeChan1sms on prestra1n. stra1n rate and temperature 
15 descr1bed and the k~netics of the processes Ire cons1dered in seme 
detafl. SOIe attent10n fs .150 g1ven ta the influence of al10y1ng ileMents 
on sOftenfng rates in austentt •• 

It f s shown that the progress of 50ften1 no cln be descrfbed 
by st..,1, 811Pfr1cal rel1tfonsh1ps, wfl1ch can be used in the design of 
fnd_tr1al rollfng sehedullS. 
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RESUfE 

L'adoucissement statique d'un acier a bas carbone (O.06SC), 
d'un acier au niobium contenanVO.07%C et de cuivre de pureté commerciale 
a @t@ étudié par des essais de compression avec interruptions. Les essais 
ont ~tê rêa11sêS dans un domaine de températures allant de 4SOoC a 10400 C, 
et dans une gamme de vitesses vraies de défonmation s'étendant de 10-3 

a 10-'5-1. La distribution des tailles de grains dans des échantillons 
de cuivre commercial tremp~s a été déterminée quantitativement par 
métallographie. l'évolution de cette distribution pour des déformations 
avant interruption et des temps d'interruption croissants a permis de 
suivre 1~ progr~s de la recristal1isation statique. 

les résultats montrent que pour des déformations avant inter
ruption infêrieures a une valeur critique, l'adoucfssement se fait ent1lre
ment par restauration statique. Par contre, au de1l de la valeur critique, 
la recristallisat10n statique, c'est a dire classique, se produit. Les 
rêsu1tats mettent en évidence l'existence d'une seconde valeur critique 
de la dêformation. aftvfron le double de la premiêre, qui amorce une 
recristallisation post-dynamique (mêtadynamique). Cette seconde valeur 
critique correspond a une dêformation lêgtrement inf~1eure a celle pour 
laquelle la contrainte dans la courbe effort dêformation,est maximale. 

les rêsultats sont interprêtês a "aide d'un mod~le faisant 
agir trois ~canismes d'adoucissement: un de restauratfon et deux de 
recristall1sation. le premier processus de recristal1isat1on est. comm~ 
la restauration. un processus ~'instantanê", tandis que 'e second requiert 
un teMps d'incubation. Les effets'de la dêformation avant interruption. 
de la vitesse de dffonnation et de la tempfrature sur la cinêtique de 
ces mlcan1smes sont prfsentês en datail. L'influence des flêments d'alliage 
sur 1. ci~tique d, l'adoucissement dans l'austfnite est discutAe. 

L"volut1on de l'adoucisseMent peut etre d'tr1te par des rela
tions ..,iriquis S111!ples,qui peu titre appliquees a la ,,1se lU point 
des progr ..... de 'lIMinag. dans 1 conditions industrielles. 
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KPATAK DPEr.JJE,q 

UHnHH~H~HH YSOPUH O~ .HCK~ yrneHH~Hor ~enHKa ca O.06'C, 
HRCKO yrneHH~Hor ~enHKa TpeTHpaHor ca 0.07% waoOHYMa H oaxp" 
OHnH cy Hsno.eHH HcnHTHBaHbY Ha npHTHcax ca M~Y pacTep8TeH.eM, 
y TeMnepaT~PHOM nOiPY~~Y o~ 450 ~o 10400 C H npH OpSHHaMa nefOPMa
UHa O~ 10- no 10- c-1 • 

YSOPUH cy TaKon-e 6HnH nO~BprHYTH KB4HTHTaTHBHO MeT~ -
rpaBCKOM HqnHTRB&HhY, ca HaMepoM ~a ce o~e~ nHCTpHOYUHa BenH -
~HHe sPHa.Pacnopen BenH~HRe spRa, noOHeH ODOM MeTo~oN"XOPHCTHO 
ce na npa~H CTaTH~KY peKpHCTanHsaUHY nocne ~e~opMaUHp Ha BHCOKHM 
TeMnepaTypaMa. 

Pe3ynTaTH cY nOKasanH na sa CTBTHqKY onHOCHO KnacH~HY 
pexpHCT&nH3aUHy na ce onHrpa, nocne netopM&UHe Ha BHCOKHM .eMne
paTypaMa, nOTpeOHO je npesasHTjH XPHTHqHH CTeneH ~e~OPMaUHe 3a 
CTaTH~KY peKpHCTanHS&UHy.3a CDa HanpesaHja HCnOn KPHTHqHOr CTe
neHa ~etoPMaUHa, peKpHCT&nHsaUH& ce He OnHrpaBa H jenHHH onepa
THBHH RPOuec je OTnYMTaRje.EBHneHUHa nOCToH, T~KO~j., o~ersHCTeH-

,UMH j~w jenHe KpHTH~He OpaHHe ~etopMaUHe,OTnpHnHKe ~a nyTa BeTje 
on 'npe,tpto,ElHe, Koja je nOTpe6HO na ce npeBa!JHnje na OH ce MeTa
,lVtHAMlI~Ka peKpHCTanH9aUHa onHrpana" 

PeSynT8TH cy .HTepnpeTHpaHH y SMnY MQAena KOjK ce caCTOH 
on TPH npoueca: npouec oTnymT~Hja H naa nponeca peXpHCTanHS&UHe, 
DpBH peKpHCTanHS~HoHH npouec HCTO Kao H .oTn~TaHje HeMa HHKY
OaUHOKH nepHon, ~OK npyrH HMa BeOMa nHHCTHHKTHB HHKyOauHoHH 
nepHon.VTHuaj OP3~e H cTeneHa netop~a x TeMnepaType Ha TPH 
npaueca, Kao H HjHxoBa KHHeTHxa neTanjHo je aHanH9HpaHa y 
npHno.eHoN p~y. 

nOKaSaHO je na j~HocTaBHa eMnHpH~Ka je~HaqHHa MO.e~a ce 
npRMeHH sa o~n~HBaHje KHHeTHxe nQNeHYTHX npousca H ynOTP80H 
sa npojeKToBaHje pacnope.a BanjaHja Y H~YCTp.èxHM pa!JM8paMa~ 
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INTRODUCTION 

The development of inexpens1ve, strong, tough and easily 
weldable steels for structural and line pipe applications has been 
one of the most attractive areas of development in the steel industry 
over the past ten years. All the advances associated with these develop
ments have depended to some extent on the control of recovery and re
crystallization rates in the metastable austenite. These are,unfortunately, 
very d1ff1cult to study because of the breakdown of the unstable y-phase 
on c0011ng. The processes are nevertheless important as the final 
properties of the hot worked product are dependent on their deta1led 
interact1Jn. The plastic properties, such as 11eld and ultimate strength, 
elongation. reduct10n of area. and hardness are clearly in thfs category. 
as are the fracture properties. such as impact strength and the duct1le
brittle transition temperature. 

Recently a prom1sing mechanfcal technique was developed wbich 
permits study of the stat1c softening processes in austenite following 
high temperature deformat10n. The technique lnvolves the use of a 
"Gleeb1e" test1ng machine and 1s based on the principle of 1nterrupted 
mechanical testfng. A sample 1s work hardened at a typ1cal hot workfng 
temperature; the deformat1on 1s fnt~rrupted for a series of increasing 
delay t~mesi the test is th en resumèd unt11 fracture occurs. The process 
of soften1ng dur1ng the delay 1$ fol1owed in term5 of the decrease in 
load fram that carried prior to interruption to that occurr1ng on ultf
mate fal1ure. 

A1though the Gleeble technique can be consfdered as a useful 
one, 1t has a nUlber of inherent limitations. The$' are large1y attri
butable ta the use of "lold" rather tban ·true stress" as ln exper1mental 
variable and to the dffficulty 9f producing a constant true 5trl1n rate 
wf th the equ1pment. .. 

The Mthod 8IIPloyed in the prtStftt work 15 baud on the G1eeble 
lllethod. but IIIIkes use of the' technique 01 hot cOIIpre5sion 1nstead. The 

latter lenets itself to the production of constant true strain rates. 
't :. 

as .. 11 lS to the detenltftltfOft 01 yf.ld str-.es, Incl ta the cilculatfon 
of thI true st,... •• dtftl_ dur1f$ cWto ... ttOft. 11 .UM1,..t1ng the 
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d1sadvantages of the earlier technique, it has permitted a more detailed 
understanding of recrystall1zatien kinetfcs to be atta1ned. It has , 
al~o 1,d to the formulation of the three-stage soften1ng MOdel tflat 1s 
descr1bed below. 

The pre11minary results obtained by this tech~ique were presented 
by the author in her Master's thes1s. The observations were restr1cted 
to plain carbon steels, and the microstructural interpretat10ns advanced 
were open to the cr1tic1sm that they were speculative and unverified. 
It wu the main purpose of the present work ta carry out tests on a 
mater1al w~1ch behaved like carbon steel, but which d1d not undergo a 
change on,cooling ta room temperature. Tests on such a mater1al would 
therefore De suitable for the detailed metal10graphic stud1es requ1red 
to v~rify or reject the ear11er interpretat1ans. The model mater1al 
selected was tough pitch copper, wh1ch has ~he required susceptib11ity 
for dynamic recrystallizatian, while retaining a m1crostructural stab1l1ty 
appropriate to an industrial material. Seme nine-hundred eX~ér1ments 
were carr1ed out on these samples, wh1ch enabled the progress of the 
soften1ng mechan1sms ta be fol1owed in deta11. It will be for the reader 
to judge the extent to wh1ch these results can be considered to Ipply 
to carbon steels. 

Before proceeding with an accoijnt of the present work, some 
of the literature associated with deformation and soften1ng at high 
temperatures will first be rev1ewed. The development of the present 
technique to 1ts current level of sophistication will then be out11ned, 
and a full description of the results obta1ned will be presented. F1nally. " 
the sign1ftcance of the results will be considered in same 'detail, and • 
some conclusions will be drawn concern1ng the kinettcs of soften1ng under 
diverse explr11R1ntal conditions. 
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CHAPTER 1 

FUNDAMENTAl ASPECTS OF STArIC SOFTENING 

AFTER HI9i TEMPERATURE DEFORMATI,* 

1. 1 1 NTROOUCTI OH 
Hot work1ng refers to that category of high telllperature . 

deformation wh1ch takes place at re1atively high str.1n rates (e.g. 

3. 

10~2 to 103 $-1) and at temperat",res aboye ",0.6 Tm' (Here Tm 1$ the 
melt1ng teq:lerature in degrees Kelv1n)(1-4). The flow stresses under 

hot working conditions tend to be consfderably lower then et room 
temperetur~. Furthermore. as enhanced ducti11ties are usual1y observed 
at high temperatures, hot working Qpetat10ns are general1y carr1ed out 
to large strains. 

In one type of hot working operation (e.g. extrusion or 
planettry rol1ing) continuous, neerly isothermel deformat1on conditions 
existe Thllt'- 15, the total strain 1s appl1ed in one step and at rough1y 
constant temperature. But large numbers of metals and a110y5 are hot 
defonmed under 1nterrupted, non-isothermel conditions. In forg1ng or 
roll1ng, for ex_le, the total strain 1s appl1ed in increMents at 
generally decrets 1 ng temperatur!$. TM s 1 nvo lYes a COllP 11 cated 1 nter
action between the dynall1t anCI sutic soften1ng prcx;esses, wh1éh makes 
1 t di ffi cul t to 1 nterpret the ffna 1 .1 cras tructures produced by these 
means. It 15 the Nin purpose of ~e present chapter to consider the 

",fera-structural changes occurr1ng both dur1ng and after hot working 
and to descr1be the 1nfluénce of these changes on the mechanical propert1es 
of the workld IIIIterial. Although our attention 1s pri1111r11y focussed 

, . 
on soften1ng procases at Mgh tellPeratures, sotne! aspects of flow 

bthlvfour will .110 bI COftred beceuse of the close li,. between these 
two ~es of "".,.a_lha. 
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which almost always in'dfcatf>cJ the presencE' of recrystallized structures. 
More recently, it was establlshed. by Tegart'6,7), Rossard(8) and 
McQueen et al(9) that recrystal1ization does not generally take place 
durfng deformation, but that it usually occurs statically, after 

"complete form1ng and before coo1ing down to room temperature. Thefr 
iII 

results, obtained by means of rapid quenching after deformatfon, also 
clarified the role of recoverl and polygonization in the restoration 
processes associated with hot working. 

The principal factor that determines whether recovery or re
crystal1ization will be the main restoration process during working 

, 
seems to be the stacking fault energy. If the common metals are now 
Jisted ir the order of decreasing tendeney to retrystal1ize during creep: 

e.g. Pb, Ag, Ni, Cu, y-Fe, Zn, Mg, Cd. a-Fe, Al, Sn 
it can be seen that the stacking fault energy increases from Pb to Sn. 
Thus it appears that t~e lower the stacking fault energy. the greater 
is the tendency for dynamic recrystall1zat'ion to occur in a mater1al. 

The evidence for the order of materfals listed above was 
gathered from creep experiments. It can be expected to apply to hot 
working only to the extent that hot work1ng 1s a valid equivalent of 
creep defonnation at cons1derably h1gher rates of strain. This has not 
been generally accepted 1n recent years and, as conclusive evidence for 
dynamic recrystal11zation was very difficult to produce under hot working 
conditions, there has been considerable controversy about wh ether ft 
occurs at all at high strafn rates(lO,11). 

, In Table 1.1 are introduced the high temperature softening 
processes operating under both hot work1ng and creep conditions in a 
number of metals and alloys. At h1gh temperatures, most meterials undergo 
an initial stage of transient defonmat1on wh1ch eventual1y leads to 1 

"steady state", in which watk harden1ng is balanced by recoyery. In 
creep tes ts (COhS tant stresa), thi 5 aPPears IS -seeondary or s teactY s tate 

'> 

creep. wherels in constant strain rate tests.}t appean as 1 reg1me 
of constant flow stress. It 1$ now evident that the steady state IItChanical 
and structural. propertfes. Whether det.na1ned under constant str.in rate 
~r creep conditions. ,are aqu1vllent{1·12). HOwever, the present study 
was carried out- Uftder hot .,king cond1 tfons only. and further discussion 

w111 there" "-'1..,." "tr1C*r~ th1i .... of ~'~t1on. 
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TABLE 1.1 H1gh Tf!q)erature Soften1ng Processes 
", 

. 
. . 

" D,ynam1c Soften1ng Processes Stat1c Softening Processes , 

,.tlls At SMall Stra1ns At large Stra1ns Ât Small Stra1ns At Large Stra1ns 

~ . Recovery and "eta-
It. '" basa super Recove-ry dynamfc Recrystal-
Al'to;)t$" Cu. yFe. fol1owed by l1zat1on fol1owed 
.ten1ttc alloys t ' Recovery and Class1cal by Chssfcal 
tnss Recovery Recrystal11zat1ont Recrystallization Recrystallization 

• 
A1t cafe. fer1"1t1c ) . 
., ... bec Recovery Recovery 
refractol'y _tals. followed by followed by 
Zr .'1~. hep , Class1cal Classical 
'Îllttals Recovery Recovery Recrystallization Recrysta11ization 

t Onder creep ~t1ons. at ve~ low stra1n rates (i.e. low stresses). dynam1c recrystall1zat1on May 
net occur at .11. . 
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1.3 DYNAMIC RECOVERY 
The characteri s tic flow curve of a materi a 1 undergoi n9 dynami c 

recovery during hot working is illustrated schematically in Figure 1.1. 

The flow curve can be divided into three distinct regimes of behaviour: 
a microstrain regime, a transient or work hardening regime, an~ a steady 
state one. Ouring the microstrain regime, the plastic strain rate in 
the material increases from zero ta approximately the ap~lied rate of 
the test. There are limited data available on the behavi6ur of the material 
in this interval. However, it has been reported recently(13) that sorne 
di~lo~ation multiplication takes place during this interval. causing an 
increase in dislocation density of about one order of magnitude by the 
cOll1l1encemf'nt of macroscopic flow. 

The trans i ent or work hardeni n9 re,gi on begi ns at. the macro
scopie yield stress and is characterized by a g~adual decrease in the 
net work hardening rate. The net rate of work hardening is zero when 
the deformation parameters of stress. temperature and strain rate remain 
constant. 

At high strain rates and at temperatures below ~.6 Tm' the 
subgrains may become somewhat elongated, but are always equiaxed abo~e 
~.6 Tm' even after very large st~ins. 

Many workers have observed a correlation between the steady 
statè subgrain size and the app11ed stress{l,14.l5) and have established 
that the mean subgra1n size d 15 a f~nct1on of the stress 0, as represented 
by: 

(1. 1) 

Here k and M are constants wh1ch depend on the material, the 
method of measurement and ~the'pur1ty. 81rd et «1(14) have reported that, 
for a large amount of-êreep data. M • 1 and k - 2Qb~. where b 1s the 
Burgers vector and ~ 1s the shear modulus. 

A considerable amoun~ of work has beehlllrr1ed out to detenm1ne 
the density of d1s1ocat1ons'w1th1n subgrains by us1ng etch p1tt1ng 
techniques and eltctron m1croscopy. Bird èt al(14) have assembled mo5t 
of the aval1able dlta and found that the fam1
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a~lied stress and dislocation density estab1ished for low temperature 
deformation. is a1so fo11owed at elevated temperatures; that i5, that: 

8. 

C1 - QPb/p (1.2) 

Here p 15 the dis location dens ity and a is èS co'~t~~' ~ich takes a 
value of about 1.2 at high tetl1>eratures, in con~ras~"'tb,'tbe low tempera-

, 'l' i" 
ture value of '\il. \ .. ' ',1 

\ , 1 \ 

Several models have been proposed in recent ~~Irs in attempts 
to explain high ~emp~r~ture experimental data and thes~ will now be 
reviewed briefly. Thé'f1rst model, the jogged screw-dislocation model. 
is open to some doubt since 1t cannot exp1a1n the effect of changes in 
stack1ng fault energy(16) or the effect of al10y1ng add1tions(16). The 
cl1mb model suffers from the same limitations and 15'a1so unable to 
account for thè effect-of instantaneous stress Changes(16,17). 

It 15 of interest that recent investigat10ns(18.19) have shown 
~hat most dislocations w1th1n the subgra1ns in defonmed molybdenum and 
copper single crystals are edge in character. an observation wh1ch ~IVOUrs 
the clim6 mech~n1sm as the rate control1ing process. Such a mechan1sm 
requ1res the presence of pile-ups. but they have never been observed. 
Darn has argued that the absence of p11ed-up arrays cannot be used to 
refute the appltcab11i~ of cl1mb models since these arrays are inhérent1y 
unstab1e. Davies et a1(2O) have a1so suggested that the rapid runback .' , 

of dislocations mIY be r&spons1ble for the absence of thè a~rays. 
The hypothesis that plled-up "arrays are preserit dur1ng ~1gh 

tèllperature deforMt1on cou1d be tested by quenching a U'I!p1e ùnder load, 
so as to preser.ft the defonnat10n subs tructure. and then trr.~1It1 ng It 
1 lot.. t_ratu~. The gl1~e 41s1oCltfons p1nned by the.r.d1~t10n defects 
thatare Prod_\l::; tIIi~:~~: lorde Ival1abl. for exaa1nat1011 by .trans- . 
II1ss10n electron Mil capy-: Su~h 1 technfque, hGWever, has not yet 
been appHed to .tals .fo ...... u~ Çretp or hot work1ng Cénd1t10ns. ,.. ... ~ .o., of Mel •• n(21.2t) IJMI Carv-'11nhos(23) 15 

, .,,' ..... 
, IIOrt ..... Ustfc . c:U" Ot cross-slip .dels, fMSflÙdt as ft 1s 
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the rate of network coarsening (recovery) to the rate of network ref1ne
ment (work harden1ng). Accord1ng to various workers, the hardening rate 
( h). as give n by 

(1.4) 

has been found to he largely independent of stress and temperature. 8y 
contrast, the recovery rate (r), as gfven by 

r - (aotat) 
E 

(1. 5) 

fs cons U,lt only durfng steady-s tate defonnation and 15 h1ghly stress 
and temperature dependent. The comb1ned effect of strain hardening and 
recovery dur1ng ste.~ sta,te deformat1on 1s give~ by: 

(1.6) 

. 
wherèas the transient stra1n rate E .15 g1ven by: 

. . 
E - EO exp{-v(hE-rt)/kT} (1.7) 

Here v 1s an activation vohne. and'-the tenn '{hE-rt}. wàs fntroduced by 
Jonas et al(16) as a back stress that bu11ds up dur1ng pr1ma

f

ry deforme
,tian s.o as ta decrease the stra1n rate to 1ts steady state value. The 
1 ncorporation of a baet stress te", in t~ theory helped to retnOve some 
'of i~e-4t'f1Cult1es 1nherent ~n the two earl1er IIIOdels. but the the~ry 
1$ s~ 11 not cOllpletely sitisfactory. 'Partfcular probl_ .arise in' the 
expert_ntal dtttenni natfon of. the par .. ters rand h t and of J tructur~ l 

~:) \ ----
factori 1such is th. activation vol .. , wh1ch by sudden changes 

.... ~ . .. , 
in app11ta stress ancl ~tUre. -

\lJté. S_ thtdr:r~10 ~24) for tellperaturè.' ,flOW under condi-
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are generated within the subgra1ns and glide to the sub-boundaries. 
Here the screw dislocations cross-slip an~. the edge dislocations climb 
1nto the boundaries ta annihilate w1th dislocations fram the adjacent 
Subgra1ns. The vacancies needed for the rate control11ng cl1Mb process 
are provided by the intersection of moving screw dislocations. 

MoQueen et a1(2) argue, on the other hand, that ~nam1c recovery , 
occurs by a process whereby the sub-boundaries are continubusly breakfng 
up and reforming during steady state defonmat1on. This qynamic process 
of regeneration has been termed repolygon1zation. The balance between 
the hardenfng and recovery rates exists. as in Stüwe's model. but the 
regeneration ptocess expla1ns the absence of distorted subgrains even 
after very large strains. There 15 evidence in the literature(2.25-27) 
concerning the processes by which the sub-boundar1es d1s1ntegrate; this 
has been attr1buted to a decrease in the stability of the sub-boundar1es . , 

when they become heav1ly jogged through interactton with MObile disloca-
tions. The dislocations emanating fram the disintegr)ted networks rear
range themselves into new sub-boundar1es. The recent observations of 
Hasegawa et al (28). for example, lend support to these views. 

1.4 OYNAM!C RECRYSTAllIZATION 
In the past. it has been common for investigators to consider 

~nam1c recrystall1zation as a process which occurs only at low stra1n 
rates. However, the work in copper(6). n1ckel(6) and austenitic alloys(29) 
carried out at hfgh temperatures and strain rates, in which the original 
grains were replaced by nearly equfaxed recrystal1ized grains. led Hardwfck 
and Tegart(6) to conclude that ~nlmic recrysta111zation 15 the operat1ve 
softenfng procass in these caSes as well. This conclusion has been 
further substantfated by activation energy measurements(l), as well as 
by the observation(11.29} of regular oscillations in flow stress at low 

, 
str.f~ rotes., The lltter are ~nll0g0us to the perfod1c ~cles 1n strafn 
ratè result1ng f .... recrystallizat10fi during' creep in these _tl15(30,31). 

It 1$ of interest thlt Str..(10,24) d1sagreed with the suggestion 
that ~na.1e recr.ystal1fzatfon was tlk1ng-place under hot wOrk1ng èondi
tfons and Irgued ~at s1I11.1I' ". bettav10ur could result when reeovery 
110M ôccun .... HoWewr. "''''UI' 110,-,,(32-31) in ua. put 'fIIf yeirs 

.,1 \ • . 
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have demonstrated that the original conclusions of Hardwick and Tegart 
(6) and of Rossard(29) were correct, sa that there 1s little doubt today 

" concerning the existence of qynamic recrystallization. 
Some typical f10w curves for a materia1 which recrysta1l1zes 

qynamically during constant strain rate deformation are shown in Figure 1.2. 
Two important features ~f the stress-strain curves are: (i) the sharp 
peak in f10w stress at the higher strain rate and (i1) the oscillations 
in f10w stress at the 10Wèr strain rate. In addition, three points along 
the f10w curve that characterize the structural changes taking place 
during flow shou1d a1so be distinguished. These are: the critical strain 
to initiate dynamic rec~stal11zat10n EC' the stra1n tQ the peak Er' and 
the minir.,um steady state stra1n e: • 

S . 
The critical strain to initiate recrystallization was first 

observ~d in stud1es of recrystallization during creep(30,38), which showed 
tha t EC i s ft funcUon of stress, tempera ture and purity (30 ,38~ . Reports 
based on hot work1ng studies(34,36,39-4l) also indicated that new grains 

appear in the regian of the grain boundaries in the neighbourhood of the 
peak stress. Thus, the strain ta the peak flow stress can be expected 

.. 

to be close1y related to the critica1 strain for rec~stallizat10n. Although 
the relation between the peak strain and the criticol strain 1s not known 
exactly, Rossard(4l) has suggested that the latter is about 5/6ths of the 
stra1n ta the peak. 

The most detailed st~~ of the crit1ca1 strain for the initiation 
of dynamic .re'cry~telÙiat1on'w.as that of Luton and Sellars(40). They 
found that the stta1n to the peak flow stress Er varies w1th stress. 
ln the creep of nickel, th~ time (tx) for a large'constant fraction of 
recrystall1zatidn to oc~ varies w1th stress as tx c 0-

3• and sinee the 
stra1n rate ~ 1s ~op~tionll to the fifth power of the stress(16), EX 

depends on stras, ~c ord1ng to EX a: a2• From Figure 1.3 1t can be seen 
that below the iros over of the two eurves. ree~stall1zlt1on will be 
complete be10re th cr1t1~1 stra1n ta 1n1tilte the next ~cle 01 recrystal
l1zat1on 15 r~ec d. Above the crossover, wh1eh 1ndicates a cr1tt~ll 
stress, the succ sive c:ycles of recrystall1:tatlon are fn1ttlted before 
the previous rystal11zlt1on 15 ~l.te. The IIIOdel cf Luton Ind 

Sellars tIttIl'IOIVi_ .. I~I, ;CÜlàttGII ta d~'7~r 1I1t11 an lnc ..... 
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in stress. It should be noted that there have been earTier models(42,43) 
concerned with' ~namic recrystallization. Gifk.ins(42) proposed a model 
for recrysta11izat10n dur1ng creep which 1s based on the nucleat10n of 
recrystallizing grains by subgra1n growth. It shows qualitative agree
ment with the refinement of the dynamically recrystallized graln size 
w1th 1ncreas1rg stress. Richardson, Sellars and Tegart(43) , a1so developed 
a model for dY,namic recrystallization based on exper1ments in creep. 
Their results lnd1cate that recrystallization dur1ng the creep of nlckel 
occurs by the localized migration of portions of the original grain 
boundaries. rather then by the coalescence and growth of subgrains. They 
therefore suggested that a mechanism similar to that proposed by Ba11ey 
and Hirsrn(44) for recrYsta11ization after cold work applied in their 
material. However, Luton and Sellars(40) concluded that, on the basis 
of their data. ft 1s difffcult ta distfnguish between the twa possible 
nucleat10n mechanisms of recrystallization (i.e. between the coalescence 
and growth of subgra1ns on the one hand, and localized migration of the 
original grain boundar1es on the other), since both mechanisms were shown 
to lead to sim1lar relat10nships between the dy~lcal1y recrystalllzed 
gtain size and the hlgh temperature flow str~. 

1.4.1 Structural Features Associated wlth gynam1c Recrystall1zat1on 
For qynam1c recrystallizat10n to occur, there are two basic 

requirements that have to be satisffed: 
1. Conditions that are conduc1ve ta the fonnat1on of nuclel t 

such as well-def1ned subgrains and sul:t-boundaries, must 
be present • .. 

2. Su'f1c1ent energy dens1ty must be bul1t up ta prov1de 1 

dr1v1ng force for the growth of nuc1ei once germinated. 

ln addition. S~ndstrOM and LagnebOrg(35) have suggested that 
the dia_ter of the crft1cal nucleus dB MUst be les5 than ~ charlcter1st1 c l 

distance xcr' The length Xcr 15 the wfdth of a band of material beh1nd 
the IIOv1ng boundary that fs rellt1vely free of dislocations. As straining 
continues. the ·boundary advanees, tlk1ft1 w1th it th1s zone of low dfsloca
t'on densi~. 1hfs e'fect al1'. beCaUse wort hardenfng. tates place in 

the Just recrysqJUZ*! _te".,' und 1 '. cHslocation dens1~ relChes 
tII lavel Bd fi ...... ' ,f,w'.'Mt fit, ~ .ât1ne ...... ". S.va. and 

'. . ". ;,,: .'/~::> ... :. ;<. >,~.' : -,"':, . 
-4, - -' ~ J;!t~ '".-' "t.. 

"" .. : \. ~,t ... r~l·f , .. 
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, 
lagneborg have shown that xcr 15 a funct10n of stra1n rate as follows: 

b1d 0 2 
xcr = ~Pd} mT (1.2) 

. 
Here b 15 the burgers vector, t 1s the strain rate. m 1s the 

mob11ity of the boundary, T 1s the dislocation energy per unit length 
and ld is the mean free path of the dislocation. It can be seen f~ 
Equation 1.2 that at low strain rates xcr is likely to be large. so that 
the condition xcr > dn 1s eas11y satisfied and recrystal1ization can take 
place. 8y contrast, at very h1gh stra1n rates, it may be possible to 
suppress nucleation completely. 

The SandstrOm and Lagneborg model will be d1scussed 1n more 
detail later in the lfght of the present results. 

1.4.2 Dynam1c Rectystal1izat1on and Grain Size 
When the mechanism for th~ nucleation of ~namic recrystalliza

tion is the bulg1ng of local reg1ons l30 ,36,3B.40,46) and 15 therefore 

assoc1ated with the p1nning of grain boundar1es at their extreM1ties ~ 
sub-boundar1es, the number of potential sites for nucleat10n par unit 
VOlUMe is proportion.l t~ 3/dgd2. Here dg 1s the mean gr.in sfze and d 
1s the Mtan subgrafn size. The resulting recrystalltzed grain size 15 

th~n expected ta be r.lated to the subgrain size through the relatton(40) 
1 

l/d 3 - lP/d d2 
9 9 

(1. 3) 

where P i5 the probebility of a site being act1vated. A sl.ilar relation
sh1p 1s Obtained if a ~de' for nucleat10n by subgra1n coalescence i5 
ISS~. 

Several workers(36.40.4fi) have ~ported that under most condI-

tions. the recrystal11zed grain siu 11 a unique funetion of the developed 
stress (os). fn .. ..-nt of ~~ture. Ind Ulat ,1 rellt10Mhfp of the 
fo .... 

(1.4) 

.1', "', 
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1s obeyed. Here (Jo' k1 and m are constants. The value of m was found 
to be about 0.75 in Ni and Ni-Fe al'0~s{40), zone refined a_Fe(36) and 
Cu-Al al10ys(46), one in Cu and Ni(36), and in these cases (Jo ~ O. An 
equally good correlation 1s obtained with m - 1/2. but then (Jo + O. 

The most recent report(34) on the relation between flriw stress 
and recrystal11zed grain size shows that the rélat10n is independent of 
temperature, stra1n and strain rate. as reported previouSly(36,40). The 
interesting feature of this report(34) 1s that the steady state grain 
sizes and stresses are the same for a particular strain rate and tempera
ture. irrespective of the start1ng grain size and irrespective of how 
many recrystallization cycles have occurred. This 1s 1nterpreted as 
sign1fyi~J that recrYstal1izat10n occurs by the continuous nucleation 
of new grains, fonm1ng colonies. Growth of the new grains stops soon 
after their formation. due to the concurrent work~harden1ng takfng place 
beh1nd the migratfng boundaries. The limiting sile of the new grains 
seems ta depend only on the imposed strain rate and temperature (i.e. 
on the work-harden1ng conditions) and not on the initial grain s1ze. 

Return1ng ta Equation 1.4, it is of fnterest that the form of 
th1s equation is sim11ar to that used to relate subgrain sfze anJstress 
in a number of materials whfch under90 ~nam1c recovery Only(42.41-49). 
In these cases, 00 œ 0 àga1n. but m - 1 - 1.5. Becausè of the sim11ar1ty 
in the algebra1c form of the stress dependences of recrysta111zed grain 
sile, and subgrafn sile. we can express the flow stress in the steady 
sute IS the following sum: 

'l 

For 1Pi! iJ and dg 11:,11. Equation 1.5 becOMs 
t;.. 

l ' 

* -1 -1 
'l1$ - d + ~4dg + k3dg 

where. 

• 

(1. 5) 

(1.6) 
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2
d- 1 1s the sub-boundary contribution to the internal 

stress, 

k3d9-i 1s the Hall-Petch strengthening contribution of the 

grain boundaries, and 

-1 k4dg 1s the component of substructure strengthen1ng expressed 

in tenns of dg. 

The values Of' m - 0.75 and 1.0(36,40,46) obt~ined experimentally are 

closer to 1 than to 1/2, 1nd1cating that the component of substructure 

strengthfl,l1ng k4d9-l is likely to be greater ~han the Hall-Petch contri

bution of the gr~1n boundaries kldg- i (SO). 

Returni ng to Equation 1. 4, when. cr 0 - 0 we can wr1 te: 

(1. 7) 

In v1ew of the aboya discussion, this empirical relation can 

be regarded as evidence that under conditions of dynam1c recrystal11za

tion 'the flow stress 15 causally related, through the grain sile and the 

nucle~ dens1ty, to t~ subgra1n sile, rather than be1ng directly 11nked 

to the grain size 1tsfltf. " 
\ ' 

Although, in wr1ting Equation 1.5, the"Hall-Petch relation was 

assumed to be val1d at h1gh temperaturts, th1s dependente has not been 
establ1shed wt'th ay\y certa1nty. 50lIl8 recent reports(51.S2) g1ve quali

tative support to the view that above grain shes of 20 ldII. the high 

t.erature y1eld stren9tt1 1ncrease5 w1th deCntutng grain she. This . " 
15 an 1~ortant question ta wh1ch we will return later when SOIIe exper1-

..... tal NSults ,..u1n1ng tG.tM fnfl .... nce of gra1ft 5fa on the h1gh 

~r.t8N li.1ft st,..s are presentecl' and disclas.d. 

1.4.3 Efflct of AU. MUSli!. 2D Dt. CI Blçmta1}lyt1cm 
tt has ... obI~ lhIt ' .. add1 lion of 10.lutes ta anoys 

affects tilt ~~t ... of rec",~l1t~.ti;. '1ft two • .,.. ,First. ft reduces 

, ... 11t\V .f:.'''1~ *' ,....' .. ,':fft .. t,,, f~ the clrtV1ng 
, ,', ' :" , ,,",~' ,; . c)",~: ... ' :.' '<~; ~"':,';" "', . 
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force, and therefore the tendency.to dynamic recrystall1zation. This 

may arise through the influenc~ of solute concentration on the stackinq 

fault energy. Second, it may retard the migration rate of grain boun

dar1es and consequent1y the rate of dynamic recrrtallization. The 
second effect 1$ eXeR1ll1 fi ed by work on brass (53 , pl ai n carbon and 
stain1ess steels(8), mone1(54) and nickel-base superal1oys(55), wh1ch 

showed that the addition of al10ying elements retards recrystall1zat1on 

or even prevents ft altogether. 

In Ni-Fe alloys(40), as the iron concentration 1s fncreased 

to 20%, the stresses at the peak and in the steady state region gradually 

fncrease. Increas1ng the iron content decreases the value of kT in 

Equation J.4, from 10 MPa/11ll10. 75 for pure Ni to 5.65 tlfa/rrmO. 75 for 20% 

Fe. This indicates that, for a given flow stress, the grain she of the 
il 11 oy i s fi ner as the Fe concentrati on 15 i ncreised. because the dis

solved iron 1ncreases the probab111ty of nucleat10n and decreases the 

rate of boundary migration. 

1 n a Hoys of copper 1 n wh1 ch the al ",,1 num content vari es between 

, 1 to 8%(56) ,the flow stress at a constant value of the t.,erature corrected 

stra1n rate increases wfth the addition of up ta 41 Al, but shows lfttle 

further change w1th as Al. These changes in flow stress arise as a result 

of an 1 ncreased work hardent ng rate and a decreased recovery rate caused 

by the decrease in stacking fault energy wfth a11oying. 

When the solid solubflf~ 1s exceeded and a second phase 1s 

present, the presenc~ of such d1spers~d partfcles tends to stab11ize the 

defonnatfon sübstructure and to prevent or restrain grain boundary migra

tion. Such inhibition or retardatfon of c:lynamfc recrystal11zatton has 

been observed in lustenite containing Nbc(57) and in Udi_t 100 wtth yi 

precfPttate(58). This effect 1$ of consfder.~le iMPortance in the COllf

.. rcfal proœss of controlled rollfng. 

1. 4.4 Effect of Interruptions in Stra1nt. 9D th! Miçrostructure 
The interruption of defOl'llltton durfng Mach.nical tlSting ha~ 

the sllli effect ott the structu" Of the .. terial as dots the fnte"ll 
betwl8ft passes clurfnt rol1tng. As the ".1 pMses through the ro11s, 
the dlfCdlttOft ft app1t.d fft 1nc,.I .... ~· (&-.1.). "Uh '1.mrvl1s of holding 

t 
, 
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time between the successive increases in strain. On the second and 

subsequent passés, the i niti al structure of the materia lis determ1 ned" 

by the prior deformation schedule. In this respect, the 1nterpass t1mes 

are as important as the defonnat1on produced by each pass beea"use they 

determ1 ne the eJ(t,ent to ."hich the gra1 n structure can change between 

passes. 

At high teq>eratures, and in relatively pure metals, the struc

ture will b~gf n to recrys ta 11 i ze dynam1 ca lb during the second or thi rd 

pass. Aft~r th1s pass, the maurial wHl reel"ystall1ze statieall.r t 
1 

part1ally pr completely, depending on the length of the interruption 

before restra1,n1ng. The roore severely stra1ned regions can be expected 

to recryoe ta1lize fint, 50 that the flow stress in a subsequent plSS 

wi 11 be less thln for uninterrupted rollfng. 
< 

At lower températures, or in the presence of partieular a110y1n9 

elements, ~n&m1c recr,ystal1izat1on does not occur during defor.at1on. 

although statfc recrystal1fzat10n ~ still take place during subsequent 

holding. In torsion testing, if partial recrystallfzatfon takes place 

durfng the interruption, on restrafn1ng, the stra1n to the peak stress, 

as wall as the peak height are reduced. On the other hand, if r.crystal

l1zat10n g085 ta complet10n dur1ng the interruption, then the flow curve 

upon restra1n1ng resembles ~hat of the prev10us cycle. 

It i sel ear fram the above that the effect of the ho 1 di ng i nterva 1 

on the parame~rs of sUbsequent defonnat10n are fa1rly e~lex. The 
\ 

mi crostructural , changes taking plaçe during the delay play an 1n~ortant 

role in determ1nlng the propert1es of the hot f1nfshed mater1al. Because 

of the 1n.,orta!,ce of these changes. we will rev1ew 1 n turn the vari OUS 

processes tak1ng plaee clur1ng the hold1~tery.'. and thè1r effetts 
ri 

on the structure ~nd propert1es of hot wor,lted .. teri.ls. 
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a) the recovery processes, which involve the annihilation 
of dislocations in individual events, 

b) the classical recrystallization process, in which dis
locations are sfmultaneously elimfnated in large numbers 
as a result of the motion of high angle boundaries. th1s 
general1y takes place in regions wh1ch have been softened 
previously by dynamic recovery and involves a distinct 

1 nuc1eation event, 
c) the process of metadynamic recrystal1ization, whfc~only 

occurs after previous ~~amic recrystall1zation and which 
does not require any static nucleation. 

1.6 THEORETlCAl ASPECTS OF STATIC RECOVERY 
The term recovery has heen used to cover processes which do 

not result in the replacement of deformed grains by new grains. but wh1ch , ' 

nevertheless lead to structural changes on a fine scale with1n the eXist1ng 
grains. The mechan1sms of recovery after high temperature deformetion 
are similar ta those occurrfng after cold deformat1on and, as there are 

few pub11shed data concerning the former, the factors affect1ng the latter 
will be reviewed briefly. The drivfng force for bath processes is the 
reduct10n in stra1n energy achieved by the reMOval of excess point defects 
and dislocations. 

The progress of static recovery can be studied by structural 
methods. such as the techniques of x-ray diffraction, and optfcal and 
el ectren m1 croscopy • 1 t can al so be fo 11 awed Mchani ca 11y by detenn1 ni ng 
the change in propert1 es wi th time durhig recoYery. An exalllP 1 e of the 
bttlr app~ch 15 the 'cl1ss1ca1 work of Drouard et .1(59) in which the 
recover.y rate in deforlld zinc single cr,ystals was invest1gated us1ng 
flow stress ... su ..... nts. In thb stu~. the single crystals were fint 
deforwd plasticany in pure shear et -saGe to SOIII !MxflUlt she.' stress. 
0.. Each crystal wu then ghen an fsotlte"" r.ecovery Inn .. ' at 1 parti
culer .l.vettel C-.eratute T. after tMs it was returned to the shllr 
apparatus, broutftt Nck to .. 50°, Incl reloaded 1n plastiC shar. The 

, , 

val. of .e,11'tld st"I. tn s ...... Cf .',,,,\0Id1,,, wU gener.ll11~s 
- titan C7.·,Irict,"-~ of' ..... ~ ~," ...... ~. - . 
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Here "0 ;" the value of the jnitial yie1d stress. Since X can 

run from 0 to 100%, the amount of retained strain hardening is g;ven by 

(lOO-X). From these data, activation energies for the recov~ry process 

can be obtained. It must first be assumed that 0m-a is proportiona1 to 

the nunt>er of unspecifi ed d~fects whi ch are caus i ng the recovery. Then 

an Equation of the following type can bewritten: 

(1.8) 

fiere ais an 1 nteger whi ch represents the arder of the reacti on J. 

Q 1s an' activation energy, R is the gas constant. T 1s the abso1ute 

temperature and K 1s the rate constant. 

By rearranging Equation 1.8, the following expression 1s obtained: 

J d(am-a) -J' Ke-(~)dt 
(om-a)u 

If the left side 1s now represented by Satie function 

f of (am-cJ). Equation 1.9 can be rewr1tten as: '. 

.. f(a -a) cs Kte-(~) m _ 

(1. 9) 

( 1.10) 

The value of Q can be found by plotting the residual strain 

hardening (lOO-X) versus annealing time 'for a series of temperatures. 

For this purpose, Equation 1.10 1s rearranged to g1ve: 

t, -l!Kfe(i,.> (1.11) 

or, in log fo",,: 

ln t --ln K+~n f+i<t> (1. 12) 

Thus t ft'all a series of values" for t and T et constant (lOO-X). 
Q tin be calculated: 

.. 

" 
\ 

~ 
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In this w~ Orouard defined the activation -energy for the 
l 

recovery of zinc to be 84 kJ/~l (20 kcal/mol). which is about equal ta 

the activation energy for self-diffusion in zinc. There are a1so 

reports in the l1terature that the activation energy 1ncreases dur1ng 
recovery(39.60.61). Kuhlmann-Wilsdorf(60) expl 1a1ned this by su;ggesting 

1 -

that the most deformed regions, in which the stored energy is ~l~~est 

and the activation energy lowest. recover first. SlIrllar f1ndibgS'".~re 
.150 reported by Michalak and paxton{61) for zone-reffned ùon/ ~~ai'~~ 
5S in tension at OOC. They found that the activati'on energy rncreased 

conti nuously durfng recovery. In zone-refi ned iran., the activation 

energy Q was '92 kJ/11101 (22 kcal/mol) at thel start of recoveryj and 1ncreased 

ta 282 k.~/mol (67.4 kcalfmol) at the end o~ recovery. ! 
Th~ propo~ that two mechan1sms opera te dur1ng ~ecovery . .... 

To begin w1th~ there is.!an excess of vacancies present and siq>le vacancy , 
m1gtat10n i5 rate contr."l1ing. As recovery proceeds, the excess vacancy 

concentration decreaseS and the activation energy approaches that for 
self-diffusion. The ~esults qbta1ned fIA plain earbon steel(39) appear 

ta follow a sim1lar p,ttern ot behav10ur. the activation energy 1ncreas1ng 

fraM 84 to 155 kJ/fIOl '{20 ta 37 kcall~1}. Higher values wt'Te not 'Gbta.1ned. 

presllllably because the ~~he~ softentng processes took oyer at longer' delay 
Umes. ' 

The tnereese in,the acttvat10n energy for recovery wtth annea11ng 

time can 6150 be g1v
1
èn an 'i:.nterpretatton in terms of the theory of thenlNll1y 

act1vated gl1de~ A~Gordfng~,,~ tMs vf.,-. recovery 15 1 ~tress dependent 

process and therefo~ one in wh1ch the Ictivation energy decreases with 

tncreas1ng stress. The stresses d;'1vfng static recovery are, of course. 
the internal stresses. and these dec .... s~ wtth .nneel1ng t1.. The clec .... s! 
in interna1 stress w111. 1n t.,.. of th1~ thlOr,y, leld to an 1nertesè 
in the .xpe,.t....-tal Ictf'latt on , enerv~' 

1.6. 1 8Ic:oœr k'f""'g , 
''Suite rtCOvery 1 • ...-s .. fonow ffnt order k,tnettcs(60· 

62). IS Ih~ ,,: 
• ' j.,ll" 

(1.13) 
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Here X 1s some l'(Operty of the work hardened state and x -

(7. - 00 when x 1s a maximum. Furthennore k' is a rate constant wh1ch 

represents the probab111ty that a given amount of softenfng occurs tn 
unit time. The latter 1s inOturn given by: 

50 that 

where 

k - K exp( -Q/RT) 

dx - -K exp(-Q/RT)dt x 

,. 

Equatfon '~1~ can be integrated to gfye: 

fx . \t ' Xo d ln x - .. K exp(-Q/RT, 0 dt 

x - Xc at t - O. 
Thus 

1~ xo/x - Kt exp(-Q/RT) 

• 

(1. 14) 

(1.15) 

, (1. Hi) 

. (1. 17) 

The aboye relation can .1so be expressed in terms of X, the 
\ 

frÎct10i1&l softéUJ19.,.bYr notf~ that x/xo - (l-X). Equation 1.17 can 
'therefQre he ~i tt.n 'S 

or as: 

, -, 
t - ~ " .' 

, " ~j,,>,~t~,:, . J 

; Il.(·1-l~ - -K- t èxti( -Q/frr) (1.18) 
1:' 

. " 

1~(1/1-X) - O.4343,Kt exp,(-Q/RT) (1.19) 

U.liilNat.t" • ..., .., an.l,lfAl 11ICcwert blMv10ur 11 bas" on 
,,,....,'frelt ...... t1"ntca. ttrat tI, tItIt: 
,~~". ~. ~~... ,- , 

(1.10) 
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or 
AI 

XO-X = K t'exp(-Q/RT) 

24. 

(1.21) 

(1. 22) 

, Equation 1.22 can again be expressed in terms' of the fractional 
softeni n9 X 

1-X - ~ t exp(-Q/RT) 
Xo 

(1. 23) 

Accord1ng to Equation 1.23, the slopes of the curves should 
depend on 'the initial work h~rdened~sta~e, xo' which 15 differ,ent for 
each set of test,tonditions. 

11 6.2 Effect,of Experimental V4!1ables ~n the Ràte of Static Recovery 
The mast important experimental variables that effect the 

, " 

recovery rate ~fter h1gh temper&ture deformat10n are the tJ;)erature, 
prior strain, strain rate and composition. In the report(39 concerned 
with the ftrst part of the present investigation, it was shown that the 
recovery l'rate increases- with~, temperature. stra1n and strai;n rate. The 
effect of temperature on r~covery ratè 15 not as evident ~s ft 1s on re
crystallization rate. probably because the amount of stored energy driving 
the recovery process decreases as the deformatio~ temperature 1s 1ncreased. 
Because of the d1fferent dr1v1ng forcts at different deformat1on tempera
tures, 1t 1s dffficult to detennine the activation energy of the ~rocess(39). 

Increises i~ the prior stra1n lead ta increases in the recovery 
rate untl1 steady state flow 1s re~ched. This can be attr1bute,d to the 
attendant 1nereese in d1slocat1pn dénsity. and therefore driv1,ng force, 
w1 th 5 tri 1, n unt 11 dyn~1 c equ111 b~1 um 1$ acM eved. 

, The strafri re-te of ~Hor wo .. ~ng .ffeclts the rècovery rate 1n 
a sfirtlar~. Vith an tnereise in st"'1" 'rate et a' 11)(ed temperatute. 
the recoYery rate 'fnc."IS~(39). "The ef'.ct of, solute ~ alloy1ng add1 t10ns 

III ~ • 1 

on the rate of stettc recovtr,y is one ~f thé s"jects of the present thes1s 
and wUl be constéterecl in .re det~T:'bet~ , ,-
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1.7 METADYNAMIC RECRYSTALLIZATION 
ln some of the stud1es concerned with dynamic recrystallization 

(31,33,40,63), ft was reported that under certain conditions, deformed 

materials can recrystallize statically very rapidly during the quenching 
period. The rates of recrystal1ization were unusual1y h1gh, but exper1-
ments carr1éd out by means of metallographic techniques d1d not lead to 
a full explanat10n of the unusual behaviour. More recently, several 
metal10graphic stud1es of hot deformed materials have produced further 
evidence concern1ng sorne unusual features of the soften1ng processes 
occurring after hfgh temperature de fonma ti on. These stud1es have 1ncluded 
investigations of the behaviour of hot-forged austenitic steel(64,65). 
a_iron(6f), stafnless steel(67) t HSLA steel(67) t pure copper(68) and 
alum1num bronze(68). 

For example, the work of Pluhar, Zuna and associates(64,65) 
involved measurements of average grain size and dislocation density as 

a function of delay t1me before quenching. The1r measurements 1nd1cated 
that two cycles of recrystall1zation were fnvolved. The first one, which 
occurred "very rapidly", resulted in a dislocation densf~ wh1ch was much 
h1gher (_109/cm2) than that of annealed material and Whtch was "very un
evenly d1str1buted". The second cycle of rec~stal1izat10n occurred by 
the "clear-eut nucleat10n and growth of new grains" and was fol'owed ~ 
a decrease in the dislocatfon densfty ta a uniformly lower level, as 
expected for the mechl~1sm of clas~ical recrystal1izat10n. 

The sug9estfon th~ three distinct softening processes took 
• 

place after high temperature deformetion was f1rst introduced by Petkovic-
Dja1c and Jonas(69.70). Th~ ba~ed the1r three-process concept on data 
obta1ned fram interrupted compression tests on ver10us steels deformed 
in the Bustenite phase. Accord1ng ta their mode 1 , the very rap1d recrystll
lizltion ~cle, chr1ste~d meta~nanric (or post-dYnllric) recr.ystal11zation, 
15 a ~.of stat1c soften1ng process that can Oécur only after prev10us 
~n_ic nc:rystal11zatton (1.e. rec'"1stall1zat10n concurrent w1th .forma
t10,,'. According 10 th1s ~~ew(69.10). the recrystallh:ation centres 

nucl .. ted dur1œ defol'lllltion will. on interruption, C(Jntinue to grow tnto 
W surround1ng ctefor.d _tari.l. This process 1s oft1y CGIIPleted when -

all the nuel.i forMd .ring' cWoriIatton ,re exhausted. As this bPe 
of recryrtlll1 __ tOfl .. not r .... tre 1 IIK,'elt1ob 1nt~.1. ft proceeds 

" 

~' . ',:' .. 

~~ ,.:; - ~~.,~:::~(1;,\ 
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very rapidly upon the termination of deformation. Nevertheless, nuclea
tian for stat1c recrystal1ization can still take pllce in regions wh1ch 
do not contain ~nam1c nucle1. thus accountinr for the second ~cle of 
recrystal1ization observed by Pluhar and Zuna 64,65). 

Although the model of Petkovic-Djaic 'and Jonas (69,70) • based 
on mechanical tests, was in excellent circumstantial agreement with the 
results of Pluhar and Zuna, which were obta1ned by metal10graphic means, 
it was open to an important criticism. Decause of the y-o transfo~tion, 

a metallographic investigation was not carried out in paral1el w1th the 
1nterrupted tests. Thus the agreement referred to above could have been 

,fortuitous. In addition, whilst the model may have applfed to the results 
of Pluhar and luna, its applicability might have been l1m1ted to • few 
speCial materials and so could have been of only 11m1ted ut111ty. These 
doubts concerning the model were among the principal motivating factors 
for the pres ent s tudy and will be dea 1 t w1 th in de ta 11 liter when the 
results of this investigation are presented and d1scussed. 

1.8 THEORETICAL ASPECTS OF STATIe RECRYSTALlIZATION \., 

The l1terature shows that the mechan1sm of class1eal recrystal
lization after hot deformat1on is s1M11ar to that occurring after cold 
deformation. We will therefore beg1n th1s section by rev1ewing ~ome 
theoretfcal aspects of annealing after eold w~rking. The relson for the 
s1milarfty 1s that both processés take place by nueleat10n and growth. 

,-----.J 

1.8.1 Reerlstal1izat10n ~+net1C$ 
" ,i 

~ ... 1 .. 
1 ~ 

1 :8. 1. 1 f2!!!!.Jb!2rl, 
'. 

Ree.-ys ta 111 zat1 on. 11 kt 1IIt\Y true phil e changes, can be treated 
as a nucl eat1 on' and growth process. Thus the fundamental quant1t1es of 
1nterest are N. the rate of nucleatfon and G. the rate of growth of the 

\ r 

recrystall1zat1on nucle1. Many théOreUCIl tre.tMnts of nuele.tion have 
been reported in I~E to, .'1,.. 1 rel.tfonshfp for the fraction 
rterystalltztct tn a fvetY ti. in terIa of " ,net G. 

'~ 

~ ~1 \ " 01 rec17Stall1zat'", cleveloped by JohMOn 
and MaIIl(n) ... bis. on four "'.11""1", .ss.,tfOIII. F1rstly. th. 
-=1.1 are ....... ' to lr.w.·r .... lt _.'1 .... ........,..tall1z. Mhrf.l. 
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Secondly, the nucleation rate N and thirdly, the growth rate G are in
variant w1th t1me. The nucleation rate 1s defined as the number of 
nucle1 that form in unit volume in the unrec~stall1zed material in unit 
t1me. G 1s the 1ncrease in radius of the recrystalliz1ng grain per unit 
time. Final1y. the nuclei are assumed to be spher1cal and this shape 
i5 considered to be maintained until the grow1ng spheres iMPinge on one 
another. 

The amount of deformed matrix absorbed as a funct10n of t1me 
can then be determined by a formal theoretical treatlent(71-73), which 
leads ta the expression: 

3 4 
f(t) - 1_e-(1I'/3)NG t ·(l.24) 

where f(t) 1s the fraction transformed in a given time t. Equation (1.24), 
when plotted on sem1-logar1thmic paper, leads to curves of the genera1 
form shown in Figure 1.4. The shape of th1s curve changes somewhat with 
different values of N and G, but remains fhe<! when the exPression '~G3 
is constant. Thus. the arount of material transfonned depends on the 
value of th1s expression, ratper than on the separate values of " and G. 

1.8.1.2 The Avrami theor,r 
-A;;;;1t'~:7SJ-;ook the formal t.heo~ of Johnson and Hehl a step 

further by exam1n1ng the effect of a possible change in the rate of 
nu~leation N with time. It was .$sUMed that prior to transformation, 
there are "o' preferred sites for nUcleatfon, each of whfch has a nuclea
tion .frequency 'Y. These are gradually used up dur1ng recrystal11zatfon 
50 that the nucleation rate N decreasès exponent1 a 11y. Thus N - "oye ·yt 
1 n the Avramt anelys 15. whereas 1 n th. Johnson-Meh 1 treatlnent N - "0 y. 

When ~1s expreuton.1s 1ntroducecl tn~ the theory • ., exp'resl1tn1for . ' 

the fraction recrySt4lltzed arè obta1ned. dependtng on the IIISinitude of 
yt. 
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but when yt ~ 0, an equation sim11ar to that of Johnson and Mehl 15 

obta1ned, 

Sinee the Avrami formulation has reee1ved genera1 acceptance, 
we will consider the derivation of the above expressions in more detail 
below. 

Avram1{74,75) assumed that, after an incubation per10d T, 

nuele1 of strafn-free grains begin to grow from a number of sites in the 
eold-worked matr1x. If 0 15 the diameter of such a growing grain, th en 
she consldered that 0 varies with time t as described by 

o - G(t-T} (1. 25) 

Here the nucleation t1me T 1s 1nverse1y proportional to the 
nucleation rate H. To obtafn the expression for fraction recrystallized 
as a funet10n of t1me, relation (1.25) can be extended in three directions 
(x, y and z)', Then the voll111e v of a part1cular recrystal11zed gra1n 
at t1me t can be expressed as: 

(1. 26) 

Here f 1s a shape factor, and Gx ' Gy and Gz are the l1near 
growth rates in the three d1rect1oas x, y and z, wh1ch are assl8d to 

be 1 ndependent of t1 Ile. 

ln the earl1èr treatlents of nucleat10n, the nUiber of nucle1 
ortg1nat1ng fn the tf .. 1nterval dt~as wr1tten as dn ' - Ndt. However, 
Avrllll'l felt thlt thts was fncorrect. bKàuse ft 1ncluded the nllllber of 
"phan.- gral,. that would have Ip,eared in the recrystall1zed yol.-
X had th1s partfcula .. vol_ IlOt ., ..... dy hein fill. w1th recrystallized 
grlt'ns. To _,ltt for ulis qUllltity. A.,..... redef1ned .... nuèer of 
,",clet dn ori.f ... tfng fft the t:1. ffttttftl dt u 

,dn - N(l-X)dt - cIn'~t 0.27) 

" , 
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where NXdt 15 the number of these "phantom" grains. 
The "extended" volume fraction Xe~. wh1ch includes the phan tom 

gra i ns. wa5 defi ned by Avram1 (74) as . 

x - 7;dri' 
ex .t" 

1 

(1.28) 

Substitution of Equations 1.26 and 1.27 1nto 1.28 lelds to the 
express ion: 

(1.29)' 

The ratio of the extended volume fraction ta the-ree1 volume fraction 
15 g1ven by the relation 

dX/dXex - (l-X) (LlO) 

Thus 

(1.. 31) 

and, using this equivalence in Equat10n 1.29. we obta1n 

-ln(l-X) - f G,Gy~z.ltt-.)~dt 
, X - l-lIql{-f G,GyGzict-,''''''t1 

or 
(1.32) 

(1.33) 

ln the. Johnson and Mehl approaeh. where the nuelutton and . 
growth rates .ere Uken ta bel cons tant, and the val ues of T were can
s, ..... to .. neglfg1bly 5811. Equation 1.33 ca .. be wr1tten as: 

O.M) 
- , 

.. ti .. upô'" 'n ..,1_ 1n thts ............ the val .. 4. wh1ch hli 

... obIetWd tG ho-14 fo ... tilt tor.t1en of .... rl1tt 'roll ... ten1tt(71') • '.". 
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for example, the process for which the equatfon was derived. 

In the more general category of isothermal reaction kinetics, 
however, the exponent n has been observed ta vary from 0.5 ta 2.5 and 
range as high as 6 occasionally(76). Thus the Johnson and Mehl equa-
tian does not apply ta these data in fts original form. In the fonm of 
Equation 1.33 proposed by Avrami, on the other hand, this discrepancy 
has been overcome, as will be shown below. Avrami took N = N{t) and 
T ~ 0 in her analysis. The assumption that T ~ 0 is very useful because 
it is very difffcult to establish the reaction Itstart lt time. In any 
event. the assumption that T ~ 0 fntroduces neglfgible errar(76). The 
assumption that N - N(t) 1s a more useful one. When a value for N'of 
A/tV

, for example, ;s substituted in Equation 1.33, the follow1ng rela
tion 1s obtafned: 

or 
x - l-exp{-f GxGyGz~3A/tVdt} 

o 

X """ l-expf-f GxGyGzA It3
-

Vdt } 

(1. 35) 

(1. 36) 

It can be seen that Equation 1.36 1eads, on integration, ta 

x (1.37) 

where k ,,,, 4- v . 

From the above ft 15 ev1dent that ft 1s the relaxation of the 
invariance of N which perm1ts the time exponent k to adopt values whfch 
d1ffer from 4, and are therefore in better agreement w1th exper1mental 
data. 

The above theo~ appl1es only ff nucleatfon f5 taken ta be a 
random process. This is one of the weak points of the theory, because 
nucleation dur1ng recrystal11zat1on 1s not completely random, as nuclei 
do form at favoured sites such as grain boundaries, phase 'interfa~es, 
twins, defonmation-bands and the surface of the material. These sites 
can often be character1zed as regions of heavy distortion or of high 
d1s1ocat1~n dens1tY. because th~ are general1y located in the vfcinity 
of Mlr~ed changIS in orientation. 
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1.8.2 Recent Theoretical Developments Concern1ng Nucleation Mechanisms 
Recent investigators have dist1ngu1shed three main nucleation 

mechanisms: 
A. 
B. 

the bulge model of nucleation, 
the subgrain growth model, and 

C. the subgrain coalescence model. 
These will now be d1scussed in turn. 

1.8.2A ~~19!_~~!!!!!~~_~de1 , 
Bal1ey and H1rschH~} derived Il theory descr1bing the progress ' 

of recrystal1izat1on, not in tenms of N and G, but in terms of the changes 
in surface energy and stra1n energy wh1ch occur during the growth of 
nucle1. They developed an expression for the rate of-growth of recrysta1-
1ized grains uSing a mode1 where a 1ength of bounda~ 2L bu1ges out ta 
form a spherical cap of radius Rand then migrates. as shawn in Figure 1.5. 
The driving force 1s assumed to be the d1fference in stra1n energy (i.e. 
dislocation densi~) ACrosS the boundary. Grain A (Figure 1.5) 1s taken 
to have a larger dislocation densi~ than grain B. This difference provides 
the driving force for the grain bQundary ta bu1ge between pinn1ng points 
1 and 2, as shown in the illustration. If AE 1s the stored energy dif
ference per unit volume across the migrat1ng bouhdar1, y 1s the surface 
energy and A 1s the surface area of the bulge. the rate of growth of the 
bulge can be gtven as: 

dY/dt - Abf{AE-y(dA/dV)} (1.38) 
, 

Here b3 15 the vol. occupted by,one atOll. and f 1$ the j.., \ 
frequency(77) 

FOl" growth to occur. dY/dt ~ 0 and th.refore {E-r(dA/dV)} .. st 
be posttfve. If tJle rate of growth of the ~stll11zfng gratn ts 
.,. .... std in te,. of CI: 

1 
1 

./dt ~ (~f/L){AE .. (2!/L)st,no}(r+cosCl) 
,. '. ,/ -

• . ~~~";;'.ttfOl1 ... ~ ttllCOIIdttf~ fIw "'*r t .. CCUl' 10: 

~ .' / 
/~ 1 

/ 

(1.39) 
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l > 2y/~[ (1. 40) 

for al1 values of a. 

The model of Bailey ~nd Hirsch(44) 1s cOMpatible with the usual 
kinetics of the recrystal11zation process and 15 in broad agreement w1th 
the Avram1 equat10n. 

It 15 of interest that in a recent study of the rec~stal1iza
tion phenomenon 1n pure copper and aluminum bronze(68), no evidence for 
bulge nuc1eation wu detected. 'These experiments were conducted continl,.l
ous1y in a photoemission electron microscope, and the bulging out of an 
existing gra1n boundary to 1nitiate recrystall1zation was never observed 
1n any of the specimens studied. Nevertheless, there see15 to be no doubt 
that the bulge nucleat10n mechan1sm 1s an important one and commonly 
oecurs in moderately deformed metals(44). Even in heavi1y deformed 
materials, in wh1ch the grain boundar1es 'are diff1cult to observe and 
therefore active bulges are difficult to detect, ft 15 still possible 
that the bulge mechanfsm opera tes (44) , 

1.8.28 ~~~9!!!~.9!~~_~~~1 • 
The concept that a recrystal1ized grain mey be fonned by gra4ual 

subgrain growth was 1ntroduced by Cahn(78). According to his theor,y, 
the hf.ghly curved regions in a deformed crystal becOlDe relatively stra1n 
'ree by polygon1z~t1on(62.79). A g1ven polygonized subgra1n then grows 
at th.e exp,nsé of 1 ts ne1ghbours, developi ng 1 nto a recrysta 111 zatfon , ~ 

nucleus. ~ 

Cottrel1(80) Ixtended Cahnts theory by 1nelud1ng another cond1-
tfon for nucl .. t1on., that of the presence of a h1gh·angl. boUndl~, sinee 
only th ... bOUndlr1es have the nec.sery k1,..tic friedolt for .,tion 
in arb1trary d1rect10!'1. This condition 1111ed1ately restr1cts nucleat10n 
sites to reg10ns of strong curvature. At fint • .tIne the ant1. between 
po1ygon1 .. suberatns ..... tf11 'M11. ·trOWth takes place rap1d1y, beCause 
of the relathely Pli'" .. nit)' of ......... '18 of Yery 'Mn angle. 
ln tilt .. .,14 ph .... the dhloeattons wttMn tM 9'l1s are attract14 1nto 

... y .. ,-; '1.,., 

the cell .-ns '. Ut ...... lHI1.',. 1,. .. cal1 wallt I.tt.n •• ,.ch ot_. "~ .. ,~;.dt~oi:ttf.'~~.,,, .... if'" ... pOl,., 
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crystall1tes(81 ,82). The format109 of a cellular substructure in cold 
worked materials and of subgra1ns in hot worked materials 1s il1ustrated 
scheMItically fn Figure 1.6. 

Eventually, when the angles approach the range of a· few degree5. 
growth becomes'much slower. F1nally, one of the subgra1ns reaches the 
critical size necessary for rapid growth and then becomes recogn1zable 
as a new unstrafned grafn separated from the neighbouring subgra1ns by 
a h1gh-angle baundary(83,84). 

1.8.2e ~~~ir!!~_~~!!!!~!~f!_~~! (85) 
The coalescence of subgra1ns may be exp1a1ned by ttle move-

ment of ~Islocations from a disappearing boundary tnto the adjoinfng 
boundar1es around the subgra1ns. A schemat1c representation was g1ven 
by L1(86) at about the time that Hu{S3) reported his èxtens1ve electron 
micrographie observations of recrystall1zat10n in silicon-1ron single 

, 

crystals. The latter's thin-f011 electron m1cfographs showed that some 

subgrafns grow preferentially in the nncroband reg10ns by 1 coalescence 
process, dur1ng which certain sub-boundar1es d1sappear without Migration. 
It has bef!n proposed that coalescence is achieved by the rotation of one 
or more adjacent subgra1ns, unt11 the d1sor1entat1on 1s ranoved(86). 
Subsequently the large coalesced subgra1ns becoMe recr,ystal11zation nucle1, 

McQueen and -Jonas (50) f n thef r recent revi ew have sugges ted 

that the ac'tual mechanfsm of nucleatton depends on the' SFE (and therefore 
the Met.l) IS well IS on the st~a1n, Figure 1,7. The subgra1n coalescence 
-.chantsm can be expected to occur easily in metals of high stack1ng 
fault enargy, leading ta the establ1shnent of regions of low internal 
dislocation content surrounded by boundar1es of high Irlsorfentat1on capable 
of III1grat1ng(87). Figure 1.7(a). In metals of !lowtr stlcking flult energy, 
severe straining creates localized htgh dens1t1es of dislocations whfch 
transfo", 'nta hf~ Ingl. bOundartes upon anneal1ng(44). Ffgure 1.7(b). 

, Wheft'~ ..ount of prior stratning 11 reduced. then thi MeChanis. of grain .. . 
boundary bul,1. Ut .. pl.ce. 11111 pracen .. tans the bulg1ng out of. 
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1.9 STATIC RECRYSTALLlZATION AFTER HOT WORKING 
The occurrence of static recrystal1fzatfon after the hot working 

of steelis very difficult'to study quantitatively. This 15 because 'tts 

progr~ss 1s not readily followed by means of optical metal10graphy and 
also because the intervention of metadynamic recrystallization tends to 
obscure such results as are obtained. For example, laboratory investi
gations carr1ed out by severa,l workers have sh~n that low a110y steels 
recrystall1'ze rapfdly after defonnation in the austenite range(88-90). ' ) 

~On th1s ~as1s. ft wlS concluded(91) that complete recrysta111zation probab(y 

oceurs between rol1ing passes at almost al1 hot working temperatures. 
Such a simple picture does not, however, al10w for the complex effect 
of the va: fous experimental variables involved in hot working, such as 
the prior strain, strain rate, temp,erature, holding t1me and concentra-
tion of a110ying elements. It will be an af~ of the present work ta 

1 

consider the influence of these variaD1es in sorne deta11 in se1ected 
mater1als. Before turnfng ta the results of this investigation, we will 
ffrst rev1ew some of the pub1ished information concernfng static recrystal-
1ization after hot workfng. 

1.9.1 Rectystall1zation K1net1cs 
A general expression descr1bing a nuc1eat1on and gr.owth process 

i5 the Avra",i equation (1.37), already 1ntroduced in Sect10R,-1.8.l, in 
wh1ch the parameter k 1s a constant governed by the time-dependence of 
the nucleat10n and'growth rites. This equltion was used to fit the 
e.pertmental data in a recent stu~ by G10ver and Sellars(~~) deal1ng 
wfth recrystal't~at10n kinet1cs after hot work1ng. They found that, for 
vlcu~MeTted and zone-refined 1ron, k var1~d fram ~l to ~2, depending 
on the prior structure. After prev10us ~namic recover,y (i.e. for clas
sical recrystall1zat1on), k - ~2, and~fter prev10us ~nam1c recr,ystal-
1izat1on (i.e. for Met.~n .. ie recr,ystall1zation) k - ~l. S1.11erly, 
in an earUer stucIY by the present .~rker(3'9). the value of k in plain 
carbon steel wu .1$0 observed to depend. albe1t MOre .Hkly, on the 
nature of the pr10r sohen1 ng .~.nf ~.. vary1 ng 1 n the rlftge 1.2 - 1.6. 

,$y C4IIIPlt1son. ,"chatak and H1bbatd(92) found that for OFHC 

c ..... t r ...... ;''"* 1.1' to 1.5 ..... dfM op tht Irme.l1ng .... Nture. , . 

l . '. 
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For the same material and slmilar conditions. Gordon(93) observed that 
k ranged from 3.1 to 3.9. whereas Oecker and Harker(94) reported that 
k fell betw~n 2. land 3.2, depending on the recrystallization tempera
ture. Thus we see that values for k ranging fram 1 to 2 have been 
reported for recrystallization after high temperature deformation. whereas 
the wider range of l to 4 has been quoted for annealing following co1d 
work1ng. 

Decker and Harker(94) have suggested that d1fferences in the 
exponent k fol1ow1ng cold working a1so depend on the amount of concurrent 
recovery. w1th small values of k indicating that considerable recovery 
has taken place prior to or during recrystallizat10n. 

In a more recent investigation, Hayes and Shyne(95) stud1ed 
the influence of ultrasound on the kinetics of recrystall1zation in eold 
rol1ed copper. It 1s of interest that. although concurrent irradiation 
increased reerysta1l1zation rates by factors of 30 to 100, the values 
of k for both 1rradiated and non-irradiated samples were 1n the range 
1.1 ta 1.2. S1nee the value for k wàs not apprec1ably changed by the 
action of ultrasound during recrysta11ization. they eonc1uded that the 
superposition of acoustic vibration d1d not alter the fOnR of the t1me 
dependence of the nuel eaU on and growth rates for recrys ,ta 11 fzat1 on. 

Ffnally 1t shou1d be noted that 1n the work on aluminum bronze 
and pure copper descr1bed earl1er. in wh1ch recrysta11ization was Observed 
by means of photoenrtssion eleetron m1croscopy, the authors conc1uded(68) 
that an equation of the Avram1 type cou1d not be used. They eons1dered 
that the kinet1cs of recrystal11zation after hot work1ng were not amen-
able to ana1ys1s by the means descr1bed here beeause two different recrystal
lization procasses Wlre interlct1ng ~flUltanèously dur1ng the cool1ng 
1nterval. 

1.9.2 Exp!r1~ntll Yar1abl~ Aff.ctins RecrYstall1zatfon 

1.9.2A ~!!!~~.2f_!!S!y!!g~.!~_2!!s!e!!!$!!_e~_I!~r,r!!!!!1!!1!2n 
Inclusions and precipitates have s,.,llr .ffeets on -recrystll. 

Hzation; _loti0ft 'CI" be retarded or Iccel.-.ted, dep_int on the 
partiel. sh:. lftcI ,,,.,.,.rt1c1. sPld",. If thé ,ln1cl. ,rit Ilf'VI ""' . . 

\ 
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the spacing 1s coarse, then nucleation 1s accelerated(62,96). Such 
#' 

acceleration has been attributed to the high dislocation densities 
produced in the neighbourhood of the particles by the previous deforma
tion. But if the precipitates interfere with the growth of subgrains 
dùring the nucleatlon stage, then they aet as barriers, preventfng many 
of the eells from growing and in that way retard1 ng nucleation. 

It has been reported that Nb additions retard recrystal11zation 
(90.97,98). For example, Cordea and Hook(90) have reported that the 

rec~stal1ization of austenite in the temperalure range from 870°C to 
l0400C was retarded wh en as little as 0.02% Nb was added to a O.lOse steel. 
A s1milar effect is observed in the case of V additions, but the effect 
1s weaker than for Nb(90,97). Kozasu and Kubota(97) a1so fôund that Al 

additions accelerated recrystallization, as did the presence of N. A 
similar study was conducted on a 0.06% steel by Herrnstein et a1(99). 
in which they observed that additions of 0.24% Ti retarded softening after 
hot deformation at B700e and 950°C. 

The exact mechanisms by which the various additions retard 
austenite recrystal11zation 1s net clear. There 15 some evidence to 
1nd1catê that deformation promotes precipitation in the austenite. The 
precipitation can be expected to occur on sub-boundar1es and in that way 
to retard the subgrain growth mechanism(97.100). Another possible exp1ana
t1on(90) 1s that precip1tated alloy carbides tnteract strongly with dis
locations and stacktng faults dur1ng deformatton, thereby retard1ng recovery 
~nd subsequent nucleatfon by one of the other mechanisms. However. the 
hi gher s tared energy of defonnaUon 1 n the structure woul d then be expected 
ta promote faster growth rates. 

1.9.2B ~!!!~!~2!_!21~!!!_Qn_r!~~!!!!11~!!!~~ 
The retardation of grain boundary migration by solute f~ur1t1es 

has been dfsëussed by several invest1gators. Lûcke and Detert(101 t for . -, 

ex..,le. ISS..-ed thlt 1...,ur1ty atoms in solfd solution tend to segre~te 
ta grain boundaries beau!." of an interaction between the solute etc. 
and the &.oundarils. Whtn a grain bovndary Joaded vith 1l11puri~ at .. 
1 s 'otced ta IIOVI. tbe clrW"" .ti on of the 1111PUr1 ty ... phera fs the 

, " 

source 'of 1 drlf !Oree on the I»ôundary. At 1. lJouftCla,., velodt1ts • 

.' 

, '. 
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the impurities dif,fuse behind the boundary and consequently its velocfty 
is governed by the diffusion coefficient of the solute in the matrix. 
At high boundary velocities, the boundary breaks away FrOM fts solute 
aboosphere and boundary motion becomes solute independent. Thus at low 

boundary veloc1ties. QG is equal to the activation energy for the dif
fusion of solute 1n the matrix. At high velocities. the activation energy 
1s equal to QB (the activation energy for bounda~ self diffusion). 

Cahn(102) and lücke and Stüwe(103), have attempted a more rfgorous 

formulAtion of the effect of impurity drag on moving grain boundarles. 
As in the theory of lücke and Detert. two limit1ng conditions of motion 
are found, impur1~-controlled migration at low drag forces and large '. 
solute co Itents (QG> Qa)' and impurity-independent migration at high 
dr;ving forces and low solute contents (QG ~ QB)' 

1.9.2C ~f!!~!_~!_~!r!!~_!~~~ir!~r_r~~~~~r~_~~.r!~r~~~11!!!!!~~ . 
Bailey and Hirsch found that. after previous cold working. 

nucleatfon and growth rat~s both inc~a5e with' strafn. But because the 
nucleation rate fncreases faster than the growth rate, increasing strafn 
restr1cts the growth of recrystallized grains and leads to the production 
of f1ner recrystal11zed graln sizes. This effect has been attributed 
by Anderson and Mehl(72) to a decrease in the activation energ1es for 
nucleation and growth wfth strafn. The resùlts of th~se worker$(44,72) 
lead to the conclusion that the rates of nucleation and growth should 
decrease w1th the amount of prior ,recovery. The extent of retardation 
due to recovery can be expected to depend on the ~ter1al. 1ts purlty, 
the teMperiture. the grain s1ze. the orientation of the grains w1th respect 
to the strain, and the amount and mode'of defonmat1on. The retardatfon 
.should be IIOre pronounced at lower temperatures, sinee reeovery processes 
proCeed with lower activation energ1es than those for statlc recrystal1lzation. 

When 1t comis to,behav10ur in the hot work1ng range. several 
recent investigations Ire of 1nterest. These have been concerned with 
the influence of the MOunt of prior strairr,n the rate of recrystalltzation 
and on the recrystall1zed grain sfze. al\d werl çarrfed out on bee .iltcon 
1I'On(66, 104). fee .ustenlt1c sta1nl .. , steel 0Gl ,l06) and plain catton 
steel in the .... 1te 1' •• (69.101-109).' ' 
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Some of these data are collected(69) and i11ustrated in 
Figure 1.8. Here it can be seen that the time for 50% softening by 
rec~stal11zation decreases by as much as two orders of magnitude with 

1 
1 
f 1f 
'\ 

.' fncreasing stra1n. ffnally level1fng out when the steady sbte 15 reached. ":; 
For deformat1on between the critica1 strains for static t and dynam1c 
recrystall1zation, the increase in rate can be attrfbuted to the fncreased 
driv1ng force. When the strain is greater than the critfcal strain for 
dynam1c recrystal11zat10n. the 1ncrease in recryst&111zat1on rate w1th 
strafn 1s àccompanied by a decrease in recrystallized grain size. The 
grain size becomes independent of strain when steady state flow is ré8ched. 

1.10 ~r INTER-RELATION BETWEEN THE THREE PROCESSES OF STATIe SOFTEHIHG 
Detailed analyses of soften1ng behaviour after hot work1ng were 

very difficult to achfeve in the past, due in part to the limitations 
of the testing techniques employed. Furthermore, these restoration processes , 

occur very rapidly and are frequently completed in one second, or in a 
small fraction of a second. It i5, therefore, readi1y understood w~ 
only limited data can be found in the literature on th1s subject. Much 
fnsight has, however, been gained through the use of a new exper1mental 
method employing interrupted mechanfcal tests. This technique which will 
be described in deta11 lrter, has been employed successfu11y over the 
past few years by a number Of'researchers(39,57,67,69,70,89,90,104,107, 

ll0.11l)who have been able to dist1ngu1sh the time dependence of the 
various restoration proces!es that take place after hot working. 

The principal feature of the softenfng curves obtained by 
1nterrupted testing that had not béen observed dur1ng the anneal1ng of 

• 
cold worked material w8s the presence of multiple soften1ng plateaus or 
Irrests along th~ curves. Several workers(39,67,69,70,89,90) have 

reported thlt the 'soften1ng curves after hot work1ng exh1bit one or two 
arrests .10ng the curva, dependfng on the stra1n rate, tenperature and 

" interruption, strl11\'. The fi r'$t plateau was associated, by th.e workers, 

.'th the COIIIPletton of stat1e recovery. ancl the assocfatéd delay in 
softenfng untfl the r.te of statie rterystal1fzltfon beCOllS appreciable. 

t'the crft-teil st ... 1n f~r suttc recrystll11zatfon VII found to be of the 
order 0' 101. ' 

:t 
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The cause of the second, arrest. when present, has not however 
been attributed to a unique source. For example. Capeletti et al(67) 
explained the first plateau as being due ta the saturation of recovery, 
but gave two different explanations for the presence of the second 
plateau in the two materials. In the HSlA steel, they suggested that 
NbC precipitation caused the second plateau to appear, whereas in 304 
stainless steel, they concluded that thermal m1crotw1nning was the rele
vant soften1ng mechanism. These expla'nations are not co""letely convinc1ng, 
however, as the appearance and duration of the plateaus vary in a sim11ar 
way with increases in strain in the two mater1als. It is at least pos
sible, therefore. that the same soften1ng meehan1sm is respons1ble for 
the presrllce of the addit10nal plateau in both materials. 

Extensive investigation of the softening behaviour of low and 
medium carbon steels by Petkovic (previously Ojaic) and Jonas(39,69,70) 
has enabled an alternatlve ~pothesis concern1ng the static mechan1sMs 
of softening to be formulated. This hypothesis 1s based on three distinct 
softening mechanisms. The operating ranges and 1nterrelationships between 
the three softening mechanisms are delineated in Figure 1.9, in wh1eh 
the effect of stra1n on the softening proportions attributable to each 
of the processes 15 ,i11ustrated. The region 1dent1f1ed as 1 on the dilgram 
represents softening by stat1c recovery; similarly regions Il and. III 
represent softening by met~~nam1c and by classfcal recrystal1ization. 
respectively. The region ABCO 1s a "forbidden zone", wh1ch cannot be 
entered under normal exper1mental conditions. Th~ d.1agram 1nd1cates that 
at strains below the erft1cal strain for statfc rec~stal1ization (an 
arb1tra~ 8 pet was used in the construction of the diafram), the only 
restoratfon process that operates 1s static recoYery. When the stra1n 
exceeds 8 pet, but is léss than 16 pet, statie recove~ is followed by 
statfc recrystall1zation, the proportion of soften1ng produced by the , ' 

two meehln1sMS be1ng given by the vertical distances labove and below 
BF. Nhen the interruption strl1n exceeds the strain requ1red te reach 
the peak of the flo. eUrYe· (arbitrari1y seleeted as, 16 pet in the con
strueUon of the d1agram), :the' dyn.1c recrystall1tat1on nuelei forMd 
during straining Irt fret to serve as nucle1 for the ensuing restoratton. 
Wht.ch has been ttrMd tletadynlllfe recr,stall1%1tion. As the prior ,train 
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15 increased from the peak (16 pet) ta the steady-state st~atn (32 pet), 

the interruption flow str.$s.~ drops as', a result of the inereasin~ contri" 

bution of dynamic recrystal1iiation tô the dynamic softening processes. 

It can be i nferred from the above ·t~at the dens i ty of dynam1 c recrys ta 1-

l1zat10n nuclei increases with strain between 16 and 32 pet. The 

j 1ncreas1ng nuçJeus dens1ty, in turn, leads to the d~creasing importance 

of c1asstéa1 recrysta1lizat1on 1nd1cated ,by the 1ine F.E in Figure 1.9 . 

Unfortunate 1y, a supporti ng metallogrllphi c 1 nves t1gat1 on was 

not carried out on the samples produted by.the 1nterrupted tests(69NO) 

This was partly because of the dHficu1ties introduced by the y to a 

~ransformation, and a1so because of a 1 ack of the time requ1 red. Thus 

the conf11t;t between the 1nterpretation of Cape1etti et a1(67) and the 

~ present author cou1d not be resolved. This conflict prov1ded one of -the 

motivat1ng factors for the study descr1bed belowi 1t will be for the . 

reader to decfde whether the results obtained are suff1c1ent for a con

sensus concerning th~ controversy to be atta1ned. 
\' ; 
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CHAPTER 2 

EXPERIMENTAL MATE RIALS AND PROCEDURE 

The purpose of the research described in this thesis was to 
investigate the influence of v~rious defonmation and delay conditions 
on the klnetics of static recoYe~ and recrystallization following hot 
deformat10n. This a1m was achieved by the developtllent of a quantitative 
method for the investigation of softening behaviour based on mechanical 
measurements at the deformation temperature(39). Although severa1 
invest1gators(67,89,90,107,111) have tried to achieve th1s end us1ng 
other te~t methods, e.g. tension(67,89,107), torsion(ll2) and cam 

plastometry(111) t for a reason that will'become apparent below. the 
compression test was sele~ted as being the most suitable for the putpose 
of the investigation. 

2. 1 THE INTERRUPTED COMPRESSION TEST 
The method developed in the present work to examine the 

softening behav10ur of a variety of mater1als is il1ustrated 1n Figure 
2.1. The test method 1s based on the principle that the y1eld stress 
at h1gh temperatures 1s a sensitive measure of the structural state of 
the material. Samples are loaded at a constant true stra1n rate ta seme 
prescribed strain and then unloaded and held at zero load for fncreas1ng 

\ 

1'1·' '. 

~ ~ 

:~ 
-;~ 
,1" 
~}r 
.~ 

~ 
" 

" 

~ 

time intervals. The samples are subsequently reloaded at the Sante strafn :" 
rate as before. The magnitude of the yield stress on reloading 15 governed 
by the degree of structural change that has occurred during the holding 
1nterval, and can therefore be tlkén as a measure of the progress of the 
stat1c so~ten1ng processes. After 1 short holding t1me, t 1 in Figure 
2.1 t the f1pw stress on reloadi ng ri s.s' rapfdly to a stress level c~ar-
able w1th the unloading stress. On the other hand. after a long dellY, 
t6• the stress-strain behav10ur on reloadfng approaches th~t oIaserved 
during initial loading of the .M.aled ~ter~al. It 15 ~v1dent froll the 
foregotng description of the test th.t precise MlSUr8l8f1ts of y1.,d 
stress aN' ISlenti.l to this ~pe of testtng procedure • 

• 
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The earliest investigations of this type utilized the tension 
test(67,89,90,l07). The tension test, however, has many inherent limi-

tations when used in the present context at h1gh temperatures. For 
exa~le, the true strain rate 1s not, in general, held fixed, and constant 
crosshead velocities are used instead(6,8,24,89,l13,114). This is, 

~ 
unfortunately. part1cularly inappropriate at h1gh temperatures, where 
the rate sensitivity tends to be rather high. A constant true strain 
rate tension test 15 d1fficult to achieve because of the onset of necking 
(the neck1ng strain is typically "-0.2 - 0.3 for many steels). Further
more, the onset of necking precludes the metallographic examination of 
material behaviour at high strains. The latter limitation 81so leads 
ta diffirulties where interrupted tests are concerned,s1nce reloading 

,may be carr1ed out on prev10usly necked saq>les, thus rendering the yield 
"s tres s" on re 1 oadi ng mm1guous. 

Although the torsion testing of solid bar specimens can e11mi
nate the problems associated w1th necking in tension, and h1gh strains 
can therefore be achieved. the strain, strain rate and stress gradiènts 
~long the radius of torsion samples again make yield stress measurements 
rather dub10us(7,3l,ll2,115-133). 

Somewhat better results can be obtained with the aid of inter
rupted compression tests using cam plastometers(111). The major advantage 
of these machines 1s that strain rates comparable to those found in 
industr1al hot work1ng pract1ce can be read11y produced. Here the 'constant 
true stra1n rate is ach1eved by dr1v1ng the compression tool1ng with a 
specially prof11ed cam. During an 1nterrupted test. the strà1n to inter
ruption is determ1ned by the design of the cam. Consequently, for each 
interruption stra1n, a different cam 15 general1y requ1red. The technique 
1s therefore rather inflexible and expensive. 

The present test method uses an Instron testi ng machi ne and 
has the advantage of flex1bl1fty in both the interruption stra1ns as well, 
as the delay'times: A disadvantage 15 that the veloc1ty 111111tat1ons of 
the Instron drive systetn constrain the testing range to strain rates ' 
he low O. 5 s -1 (that 15 about one and a ha 1 f orders of IMgn1tud~ s 1 ower 
than tttose typ1cally found 1n plate 11111 practice). The technique ftsel f, 

however, cln be"used fn electro-hydJ"aul1c _chines (e.g. an MIS s1st.),,, 
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where this upper limit of stratn rate can be raised to about 5 s-l. 

The detalls of the testing system and the control of the experimental 

var1ables are described below, after the materials and sample geometry 
are outl i ned. 

2.2 EXPERUlNTAl MATERIAlS 

The stimulus for the present study arose from the results 

obta1ned on the softening behaviour of a series of plain carbon austenites 
(39,69.70). Interpretation of the previous results wa~ restr1cted. 

however, because metallographic analysis of the developed austen1tic 

structures was prevented by the y to a transformation. It was proposed, 

therefor~, that à model material should be selected in which no such 

transformation occurs. The initial choice was type 304 stainless steel. 

Unfortunately, this material did not exhibit dynamic recrystallization 

at temperatures below 11oooC. Consequently, as an apparatus was not 

available for testing and subsequently quench1ng at these.temperatures, 

the type 304 coul d not be taken as a model for plai n carbon austenite. 

Subsequently, a seri es of tes ts was carried out on hi gh puri ty copper. 

but ,in this case dynam1c and static recrysta1lization were 50 rap1d. 

that the progress of static softening could not be eas11y fol1owed w1th 

the present equipment. To ass1st with this problem. a series of copper

based solid solution alloys were specially prepared by, the 01in Corporation. t 

.. Sorne of these alloys exh1bited suitable stress-stra1n and stat1c softening 

behaviour, but the small exper1mental melts' resulted in sign1ficant 

segregation. whfch led to a lack of reproduc1bil1ty in the test samples. 

F1nally, connerc1al tough pi tch copper was selected as the 

InOdel Mte!,"fal. \ The tesf samples w~r.e all prepared from one 6-lIIeter 

1ength of cold drawn. 9 lIIIt d1ameter round bar. Such a large quantity 
r 

of the _ter1al was requ1 red bec.use of the large nURt»er of tests 

envfs 1 one~ (",700 tes ts ) • . " 
ln ~~10n to the experiments on copper. two other series of 

tests were carrfed ~t to cOIIIPare the so'ten1ng b ..... tour of 1 HSLA 

t. 81 COUf"tfty of Dr. E • Sftapf 1"0 • 
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(high strength low alloy) steel containing Nb(Cb)' and that of a plain 

carbon steel of similar chemistry. The HSlA steel was supplied by the 

Steel COIJII1any of Canada Ltd. and the plain carbon steel by the 

Shaco Wire ana Nail Company. The analyses of the three main exper1mental 

materials are given 1n Table 2.1. 

2.2.1 Specimen Preparation 

The coqlression saJl1)l es wère machined from the aval 1ab1e rods, 

into right cylinders 11.4 rrm in height and 7.6 mm in diameter. as shown 

in Figure 2.2. The dimensions se1ected ~re based on the l()ad capacity 

and crosshead speed range of the Instron and on previous experience with 
the equ1~,ment(39.134-137). The end faces of the saJl1)les were grooved 

(39.104,134,136,138) in order to retain the glass lubricants used in 

high temperature deformation. The choice of groove ,eometry was based 

on the work of luton(134). He found that the best results were .obtai,ned 

with flat bottomed grooves, where the grooves are wider at the1r bases 

than are the r1dges between them. The modiffed 2 teeth/mm thread chaser 

used to produce the required flat-bottomed grooves 1s shown in Figure 2.2. 

In order to minim1ze differences in the initial structure of 

the sa~les ta be tested at different teqJeratures. a11 tough pitch 

copper specimens were strafn-annealed as follows. The sa",les were first 

prestrafned fn cDqlression between two polished platens using an MTS . 
tes. ti n9 machf ne. The s tra 1 ned s amp 1 es were then annea 1 ed for 16h a t 
9000c(139,). The resulting meln grain size was 0.6 1111\~ Prior tQ straining, 

a 1 ayer of teflon tape was placed at the ends of each specimen to ac,t 

as a lubricant and to help prevent collapse of the grooves. In thfs way , 

no apparent barr:e 11 n9 occurred. Pilot tests were used ta detenni ne the 
prior strain required for recrystallized grain s1ze of 0.6 l11l'I; this 

'was 0.02, whfch waSt found ~o be fnsuff1cient to ~amage the saq,le grooves. 

Prior to anneal1hg. the SlIIIples were'l:te~reased carefully in 

carbon tatract~lor1de • .'us1n' ult sC)fIic scrubb1ng. rinsed in ~thlnol and 

dr1ed. The 5..,1.$ wera en pla d fntf) Sen-Pak+ sta1nless sUll 

t Regi 5 tered trlde .rk of .t Foxboro. Miss •• . ' 
\ 

\ 



.-. 

;:'. 

:ir~f 
~t 

. . . :r:~ ,,;.:.~ 
" . - ~ .,} 

t~ .. -':' -~ .... ,-

~ 

fi) 

t' \_.~,.l. 1 

.~~-_ .. -

;(~ . 
~~~ .~ 
- ·-:,;,l~ 'f.J 

$>,.'G.;:.~ • 

'\' .. -;". 
*" ;-:;.. 
, .-
" 

. ~'!~ .. 

. ~?~) .. ...:~~~:;,-;< .. ,," 
~~~f!: ... ~, 1 " ;X.;~~· 

? ,J .. :ê.f.;; 
._~-
. ~~ ... ~ 

.,~i<~ 
'f~~ ... ::'l 

~ ~-
.-" . 

, ~~~ ~ ... :,; ....... 

\! ~ • 

\. 

" • 
~ 

1\. 

,"" 

,r' 

• 

'" 
TAlLE 2. t Da_cal CoMposi't1on in wtS 'of the Materials Tested 

<.005 .04 <3ppm 

" 

.01 1 .. 18 .57 .008 .002 .114 .073 .Q32 .064 .064 .005 .074 
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SPECIMEN Dt,MENStONS (mm) 

L LENGTH CU D'AMEUR .CD) 
. 

'. 11.4 7.8 

GROOVE DIMENSIONS (mm) 

DEPTH SPACINB 

0,15 0.48 

[ TOLERANCE 0.01 :t 
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annea1ing envelopes (10 specimens per pack) and the envelopes were 
introdueed into a fused quartz furnace tube heated by a Marshall three
zone split furnace. The annealing envelopes were placed together in a 

- zone where the temperature variation was less than t lOC from the set 
point value. The quartz tube was sealed and connected to an argon 
supply system. The chamber was evacu~ted and purged with argon five 
times before argon was allowed ta flow through the chamber at 0.6 l/min, 
a positive pressure'of 30 kN/m2 being maintained throughout. The . , 
anneal1ng temperature was monitored by a chromel-alumel thermocouple 
placed next to the sample packs. At the end of 16 hours, the e"velopes 
containing the specimens were removed from the furnaee and quenched in 

water. T~e samples treated in th1s way were bright with no trace of 
surface oxide: ~ 

2.3 EXPERIMENTAL EqUIPMENT 
The compression test assemb1y was des1gned for the 10,000 kg 

(20,000 lb) Instron testing frame shown in Figure 2.3. The Instron 
frame was a model TT-O and was equipped with an extra decade speed 
reducer, wh1ch produced a crosshead speed range of 50 cm/min (20 in/min) 
to 0.05 cm/min (0.002 in/min). 

The basic design of the compression assembly used in these 
experiments has been described in detail elsewhere(39 ,134,136,140) • The 

important features of the compression train are the loading membèrs, 
con51st1ng of th~ upper and lower anv1ls and supports 111ustrated in 
Figure 2.4. One of the features of the apparatus 15 the facility by 
whi ch the test s_les can be quenched after each test. This was ach1eved 
by using a ho1low lower anvil support. 

Before ~tart1ng exper1mentat1on, the present author modffied 
the basic design descr1bed above to make 1t more sù1table for 1nter
rupted tests. In addition, a ~letely new design of load1ng train was 

prepared for tests at tanperltures in excess of l000oC. Details of the 
modi fi cati ons to the original equ1ptllent as wan '1$ the new lo.ding train 

will now be descr1bed. 

r r ,~ ; , 
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2.3.1 Compression Too15 for High Temperature Service 
The essentia1 features of a compression train are the upper 

and lower anvi1s and the1r supports. The design of these components 
depends critica1ly on the service temperature and therefore on the 
materia1s chosen Jor the1r fabrication. In the present work, the tests 
carried out on copper were in the temperature range 400 - 6000C. In 
this range of temperatures, the conventiona1 equ1pment uti)1zing nicke1-
base superalloy tooling was considered adequate. However, experience 
with ear1ier tests(39,70) indicated that there 1s a tendency for the 
supera110y anvil faces to betome indented after three or four test cycles. 
rhe 10ss of smoothness of the anvil fa~es leads to imperfect flow of 
material dt the anvil/samp1e interface, in spite of the use of suitable 
1 ubri cants . 

To overcome this difficulty, 1t was decided to use h1gh purity 
alumina 1nserts in the anvil surfaces. Such ceramic 1nserts have to be 

.' retained positiv~ly by the superalloy anv11s because a substantial tensi1e 
force is generated during unloading of th~ samples. This force is required 
to brea~ the adhesive glass film betw~n the sample and the anvils.which 
is present by virtue of the ,glass lubricant. The solut10n to this prob1em 
involved the preparation of flat dises of .a1umina with conical edges, 
as shown in Figure 2.5. The semi-apex angle of the conical surface was 
chosen so as to minimize looseness of the inserts when the difference' in 

'thermal expansion coefficient between the two materials is taken into 
account. 

The fnsert was attached to the upper anvil ùsing a' conical nut, 
as shown in Figure 2.5. The same technique could not be use'd on the 
lower anvil because of the presence of services such as the argon supply 
tube, the quench lever and thermocouples. Here. a tapered circular recess 
was machfned into the center'of the lower anyil. The maximum diameter 
of the recess wu des1gned to be 120 lIm less than maximum diameter of 
the 1nsert. To attach the insart to the lower anYl1, the anvl1 was first 
he~têd to '\o8OO°C and the unheated ceramic factng WH then 1nserted into 
position. On cool1ng. the ceramic insert wes held r1gi'dly 1n place by 
the contraction 'of ~e superalloy. At high t_eratures, the fnsert was 
still positively retafned. as the d1fference in the amounts of thennel 
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expansion in the two materials was insuff1cient to loosen 1t. Before 
p1acing the anv11s in service, the surf~ces of the oeram1c inserts were 
ground fl a t. 

2.3. 1.1 ~!l~~~~~_~!~~_~1}~l_!2~!~ 
lhe recommended maximum operat1ng temperature for nickel-bise 

supera110ys is 950°C. For temperatures in excess of 1OO00C. the preè1-
pitation harden1ng agents tend to redissolve, which 1ead, to a consider· 

\ 
able drop in the strength of the components. For the experiments on the 
Nb-bearing HSLA steels, however. the austenitiz1ng treatment ca11ed for 
heat1ng the compression tools to 12oooC. In vfew of th1s, it was decided , 
ta exper1~~nt with alternative tooling materials. To begin with, a ,set 
of to'ols identfcal in design 'to the nickel base superalloy ones was made 
fram TlMt . This material retains 1ts high strength characterist1cs up 

to 1300oC. However, as ft is a molybden~based alloy. ft 1s very 
\ 

susceptible to oxidation at elevated temperatures.' Ta overcome this 
difficulty, the tools were plasma spr~ caated w1th magnesium-zirconate. 
The coated too1ing was found to behave well at elevated tempe ratures up 
ta 1200oC. Unfortunately, the rapid temperature cyc1ing inherent in the 
test procedure u1tfmately lad to spal11ng of the protective coat1ng. with 
consequent oxidat1on of the too1s. Furthermore t the thenmal cycling 
caused raptd grain growth in the TZM al10y, wh1ch resulted in embr1tt1e
ment of the material, and u1t1mately led to cracking of the compo~ents 
during re-mach1ning and maintenance. Because of a11 these d1fficult1es, 
it was decided to abandon the use of TZM a110ys. 

2.3.1.2 Ceramic To01s -.. ----------- -
In consequence, \he compression train was completely redes1gned 

to accomodate the use of so11d bars of h1gh,pur1~y alumina for the upper 
and lower envils. The alU1rlna bar stock was especial1y prepared and 
supplted by McOlnel Refractories Inc. fn the fonn of 3.8 cm CH M

) dfameter 
slip cast round b.rs. 

t Tra ... rit of th. Cl1l11x Molybdenllll co..al\1. 
CoIIIpos1t1on: IItnt .. 0.51 Tt. '0.11 Zr. 0.011 C. balance Mo • 

. ' 
( , 
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.. 
In high temperature compression testing, precise definition 

of the initial yield stress requires that the anvil faces art parallel 
and perpendicular to the axis of loading. In the case of al1 the toollng 
systems described above, the end faces were ground perpendicular to the 
loading axis prior to the assembly of the equ1pment. This procedure . 
typically resulted in the anvi1 faces being paral1el to within 12 minutes 
of arc. This corresponds to a strain difference of less than 0.002 across 
the present samples. 

The lower anv;l was mounted in a nickel-base superalloy compo
neht which was press fitted into a water cooled sta1nless steel base 
rigidly fixed to the Instron 10ad ce11. The upper tool was mounted in 
a n1ckel-~ase superalloy fitting water cooled internally a10ng ha1f 1ts 
length. Adequate water coo11ng of the extreme ends of the tools was 
necessary to prevent damage to the "0" ri ng seals and the the load cel1. 
The ent1re 10ad1ng assemb1y was contained within a tubular, fuzed quartz 
chamber, which itself was water cooled at it~ extreme ends. The compres
sion chamber assembly was enclosed in a split furnace, which could be 
raised or lowered on the crosshead. 

The liftfng of the furnace with the crosshead was part of the 
new design and was necessary for two reasons. It was required primarily 
to reduce the severe thermal gradient set up in the unmodified tooling 
during the insertion of a specimen at the start of each experiment. (In 
the original design. this was done by openi~ the split furnace and the" 
raising the crosshead). It a1so served to av01d a large dro~ in tempera
ture (~2000C){39.134.136) dur1ng the same operation. In this way, by 
ra1sing the furnaee and crosshead in unison. the samp1e could be plaeed 
on the lower anvil and the drop in the ehamber temperature eould still 
be mainta1ned in the vie1nity of 300e. Once the system was closed again. 
the temperature returned to its previous level wfth1n 2-5 minutes. 

The pr1mary d1ff1culty assoe1ated w1th the use of the ceramic 
tool!. even w1th these precautions. was the1r susept1bi11ty to thermal 
shock. There appears to be l1ttle 1nformation ava11able to enable the 

exper1mentor to ~n1m1ze fa11ure due to th1s effect. The ffrst set of 
t00l1ng was subjected to rap1d heatfng and cool1ng rates in an attempt 

• 
ta def1ne tM operat1", 111mts and f1nal1ze the design. It was found 
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that, as long as the heating and cooling rates did not exèeed' 70C/min, 
up to 40 tests could be carried out w1th a single set of too1s before 
replacement became necessary. For the full set of Nb steel tests, 8 

sets of ceramic tools were used and the main features of this assemb1y 
are i11 us trated in Fi gure 2.6. 

2;3.1.3 f~r~f~_~~~~~!!_~~~!~!~~ 
In the design of the furnace lift mechanism, two functions 

were of primary concern. To begin with, it was required that the furnace 
cou1d be removed f~ around the test chamber, so that maintenance could 
be carried out on the test chamber cornponents. Secorid1y, it was neces
sary to p:,sure that the furnace coul d ri de up and down wi th the crosshead 
at a11 t1mes, except when the anvi1s were with1n 301 of being in contact. 
In this way, the furnaee and the hot zone would remain stationary relative 

l 

to the tools dur1ng a test. 
- . These two requ1rements were satisfied by attaching the furnace 

to a case hardened bear1ng shaft mounted at the rear of the Instron cross
head. This shaft was ri 9i dly fixed to' the movi ng crosshead and was 
supported by a l1near ball bearing mounted on the lower part of the Instron 
frame. The two halves of the furnace were connected together by means 
of the standard Satec hinge mechan1sm. The extreme ends of the hinge 
shaft were fixed to another 1inear ba11 bearing assembly p1aced on the 
lift bearing shaft above the f1rst l1near bear1ng assenil1y. The furnace 
cGU1d ~hereby be ranoved frbm around the test-ehaRèer by \,\Sing the double 
hinge mechanism. Furthermore, the fur~ace could be raised a10ng with 

• 
the crosshead by placing a f1xed collar on the shaft 1mmediately below 

,the furnlee bearing. The collar was loeated on the shift 50 that once 
1 the anv11s were w1thin 3 cm of contact, the furnaee was supported via 

the" lower crosshead by the furnaee table only. On the o'ther hand, when 

the crossh.ad was raised, the furnace was lifted along w1th the crosshead 
by the tollar. 7 

2.3.2 Strain Rate Control 
Our1ng un1ax1al cOIPress1on et a constant defor.at10n r,ate, 

the true stra1n rate continuously 1ncreasesi for .XII1Ple. in a true strain 
tnter'.l of One. the stra1n ~.te 1~~. by • '.ctor ~f 2.3(14t). To 
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\ 
obtain a constant true strain rate, the crosshead vel~ity had to be 
made ta vary in proportion ta the 1nstantaneous he1ght ~f the specimen. 

\ 

The relation between instantaneous height and ctosshead ~elocity can be 
obtained as follows. 

\ 
The true strain in compression 1s gfven by: 

h 
f: - -1"Jf \ 

l2.l) 

\ 

where ho 1$ the 1nH1al he~ht of the cyl1nder and h 15 the 1n5~ntaneous 
hefght. Differentiation with respect to time leads to: 

. 1 dh 
e: - hdf 

Under constant strafn rate conditions, 

. . 
f: - f: - cons t c 

so that the crosshead veTocity v, 15 g1ven by: 

. 
v - dh/dt - 'ch (2.3) 

. 
Equation 2.3 shows that v must decrease l1nearly with h,1f E 1's ta be 

maintained constant. Ta achieve this condition, a closed 100p control 
system wes bul1t. The basic idea of th! device was to talce the cross
head position durfng compression as representative of the instantaneous 
specimen h.ight. 

When the Instron 15 equfpped w1th the variable spetd accessory. 
the crosshead velocity 1s l1nearly depandent on the angular position Of 
the lo-turn speed regul1t1ng potentiometer Cb) in Figure 2.7. This 
potentta.eter can be replac.d by lnother sp.ted regulat1ng potent1c.ter 
(1) whose s11dewfre can be arranged to follow the crosshead position. 
In thfs way, the _tton of the crosshead,w111 cause its speed to vary 
so th.t. w1th the appropriete MeCh.ft1cal l1nk .between crossheld and 
pottritf~tet, tfIe st~,1n 1s .1""1ned f:p~t d,.r1hO t.t~no. A 
cllsCritJt1Ga .. of ~t _Ntus ... ïs al"., ~,: ~,èft 1 n •• 11 el ....... ,.. ,,'.,1.,1».,., " ,~' , 
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ln the use of the ,apparatus. there are three main sources of 
error(l40). The first arises from drift in the gain of the variable 
speed servo amplifier and i5 really inherent to the Instron. The drift 
is small and leads to deviations from, the base speed of less than 11. 
T,he second source of error, which 1s actually very small (tO.lI), COleS 

from non-11near1t1es in the position monitoring potent1ometer. 
A thi rd and more seri ous source of error ari ses froll the 

elast1cf~ of the compression train and the effect th1s has on the 
speCimen stra1n rate. Under most test1ng conditions. th1s leeds to a 
specimen strafn rate which 1s lower than the nominal one, that 15 than 
the strain rate based on the crosshead ~elocity. I~ ~ be shown(140) 
that the ~ifference between the nominal stra1n rate and the specimen . 
strafn rate â€ 15 given by 

. 
dE • M/l(dL/dt) (2.4) 

where m is the machine stiffness, 1 is·the sample length and dl/dt the 
rate of 1ncrease of the developed load. 

The 10ad-time curves recorded in the present exper1ments 1nd1-
cated that the rate of increase in developed load was a functfon of both 
strain rate and temperature, larger values of dl/dt occurr1ng at the 
h1gher strafn rates and lower temperatures. so that the greatest error 
in stra1n rate occurs under these conditions. However, under the experi
mental conditions used in the present exper1ments, the strafn rate error 
never exeeeded 5S. 

2.3.3 T!!pera!ure Control 
The ;constant t~ratures used in the present investigation 

were produeed by Means of a Sa tee three-zone plat1num wound split furnae8. 
Tetlferature eontrol wu provfclld through a current proportfon1 ng Leeds 
and Morthrup ElectrcJNX Il control1er, wh1eh in turn drove 3 Magnetics Ine. 
SCR controt1en in a .. ter/slave configuration. The tellperatur8s .!!!!l ... 
l! titi 'urnace hattng elf!lleftts were .onttored by three Pt/Pt-US Rh 
thatwocouples (one for a.ch zone). AllY -One of the three zones could be 
&lied Il tIIe IIISter. In this won, only the central zone wu contro11 ed • 

. The current tG .. ch ZOIII Cliuld be adjusteeS 1nclependently, ..,i ng 3 potent10-
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meters mounted on the front panel of the temperature control console. 
~ .... /~ 

Ouring the initial setting up of the apparatus, these Potent101eters 
were adjusted to give a uni!orm (±2oC) temperature zone between the 
anvll ends. 

Temperature measuranent w1 th1 n the test challber was by .. ns 
of two Pt/Pt - 131 Rh thermocouples placed beside the sample. One out
put was recorded continuously on a Leeds and Northrup SpeedOMlx H 
recorder and could be read directly on a Thermo-Electric digital 
temperature display. The second output was a reference thermocouple 
connected to a, manual Leeds and Northrup millivolt potentioMeter. The 
latter was used to calibrate or check the temperature read1ngs on the 
other fnrtruments. 

'2.3.4 Atmsphêre Control 
All the compression tests in the present investigation were 

carr1ed out under a flow1ng argon atmosphere to prevent oxidation of 
the samples and tool1ng at h1gh telJ1)eratures. Sinee the test procedure 
(Section 2.5) involved placing the samples in the furna~ ~th the latter 
at high temperature. it was necessa~ to estlb11sh a pure argon atlosphere 
in the shortest possible time. Ta this end, the gas supply systeM shown 
in Figure 2.8 was bu1lti 1t was designed so that the test chllber couTd 
be evacuated rap1dly and purg~ with argon after insertion of the test 
pieces. The chamber was evacuated py means of a Precision Sc1entif1c Co. 
75 l/min two-stage rotl~ pump. ,A vacuum of 5 x 10.2 torr was usûallY 

-
reached within approximately 40 seconds of pumping. Hav1ng evacuated 
the fumece challlber. argon wu adlni tted to the chllllber once more. Whan 
a poait1vI pressure WIS attltned, 15 1nd1cated on the pressure gauga, 
the Irgon was .11owed to ISClpe ta atmasphere through an o11-f11led 
bubbler. The Irgo,. used wu h1gh ",ur1ty grade 47* suppl1ed by the 
elnadiln Uquid Atr Co., whi ch wu further purtftect by be'nI pUled 

~rovoh .~ ,Engelhard Deoxc» unit to caülyttcllly twove trac. 'If HZ' 

02 Ind C02" The ~ WI. ft Ully drt ICI ,t" .. , tower. contat nt ne DM." te 

COIIPOUnd (caS04). .,' 

• Mut ... , ... 1t1.: 0,. 0.1 _; ,", • 23.0 PlI:.) • 2.0 ".., co, • 
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2.3.5 High Temperature Lubrication 
One of the greatest exper1mental difficulties in hot compres

sion is ta minimize friction between the sample and the anvils. Law 
friction i5 requ1red to m1n1mize barreling and thus to maintain the 
cond1t~on of homogeneous deformation throughout the test. Interface 
friction can be greatly reduced by using su1table lubricants(142,143) t 

such as tef10n(144) and liqu1d glass(39,134-138,145-149). Furthermore, 

if appreciab1e strains are to be fmposed, 1t 1s advisable to eut cireu1ar 
grooves 1nto the end faces of the samples(142,147-152). These let as 
lubr1cant reservoirs, and by _co11al>s1ng dur1ng test1n9, feed furth~r 
lubr1cant onto the expanding specimen/too1 interface. Tool friction 1s 
a1so decr~ased by use of hard, po1ished platens, which should be protected 
fr~ oxidation by test109 in a controlled atmosphere. 

tlasses have been used for sorne time as lubricants at elevated 
temperatures. It ha& been suggested(145) that glasses with a v1scos1~ 
of 104 poise at the test1ng temperature are required to give adequate 
lubr1cat1on. Nevertheless. it has a1so been reported(134) that there 
does oot seem to be a close correlation between viscos1~ and the coef
ficient of friction at the sample-anv11 interface, so that the 10

4 poise 
value does not seem to be a cr1t1cal one. 

For tough pitch copper in the tempereture range from 45O-6000 C, 
the glass powder used in the present experiments had the composition 
recommended by UV1ra(3) for this temperature range. The cQlPonents t w~re 
f1ne1y ground ta -200 mesh. mixed thoroughly. and melted et about l0000C 
in a ceramic crucible. The malt WIS then poured into water and the glass 
granules we~ crushed and reground to a -200 mesh powder. 

The h1gh s111ca glus 1ubricants usCd successfully with ~ur ' 
s upera 11 oy 10011 ng ( 39 t 134-137) were found to react w1 th the al*' ni' too 11 ng. 

The reactioft produced 1 network of fine cracks on the anvil facls. 
Alternative glass COMPOSitions were suggested by Dr. N. Leopold , 

(153) of the Un1vers1~ of Kentucky. and supp11ed.by the Corning Glass 
. Works. For th • ...,erature range between 900-1200oC. the best lubr1cat1on 
was Ichieved w1~ Corning Qlass Nullber 7050. The 1ubr1cant was app111d 
as a suspension in acetone and wu deposited on the end faces of the 

" 
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specimens. as well as Along the sides of the specimens, to prevent 
excessive oxidation during the initial placement of the Simple in the 
hot furnace. 

2.4 AUTOMATIC TEST CONTROL AND DATA ACQUISITION 
As ment10ned above, the prfmary a1m in the present work WIS 

ta study the softening of materials between intervals of hot working. 
Ta this end ft was necessary to make precise meesurements of the initial 
flow stress (i.e. the 0.2% yield stress) during the first and second 
loading cycles (see Figure 2.1). Furthermore. close control was requ1red 
over the strain et which the interruption was to take place and over the 
delay ti~ prior to reloading. Some d1fficult1es had been exper1enced 
in earlier tests(39) where al1 the operations of the Instron machine had 
been controlled by the operator. In these tests the unload1ng and re-
10ading funct10ns had been achieved by manually operat1ng the Instron 
control buttons. In addition, stress/strain curves were produced by the 
labor10us p1ck1ng of load and displacement pairs from a chart record and 
calculat1ng the true stress and true strain. These procedures had neces
sar11y led to a certain lack of reproduc1bil1ty with regard to the inter
ruptfon stra1n and delay t1mes of below two seconds duratfon. Furthe~re. 

the initial flow stress during the f1rst and second 10ad1ng tended ta 
be rather poorly def1ned because of the relat1vely few data points used 
td deffne the flow curve. and because of systematfc errers fncurred 
dU~1ng menuel dig1t1zat10n of the chart records. In v1ew of the repeti
tfous nature of the tests. coupled wfth the large m.mer of tests r'lqu1red 

ta deffne the softening benavfour. ft was dec1ded to automate the test 

proced"re. 

2.4.1 Instron/CO!Puter Interfaç.tns 
.A large scale CGE 4020 process control COIIPuter wu aval1able 

for use by our laboratory on 1 tf. tharfng basis. The interface bltw .. n 
the .Instron .. chfne Incl the COIIIP~ter consists of two parts. The ftwist. 
the control fnterf.ce. wu desfgned .net buflt by Luton to l11aw thl Instron 
tes t .. chf,. to be operated 'undlr sof_.re c9fltfO 1. The f ntlrfacf ng 
h ..... " wu Md.,UI) of six 31 Vde N1WS arra",. in 1 logfe sequence 

, ... 
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50 that the sw1tching of two reed rel~s in the computer digital output 
module could duplicate the pr1mary control functfons of the Instron 
machine. The coded functfons were down, stoP. return and neutral. The 
last function has the effect of resetting the test machine for manua' 
operation. This function was of part1cular importance, as it al10wed 
the operator to carry out the initial setting-up of the test manually, 
in the normal way descr1bed below. 

In addition to the control interface, a two-channel analogue 
interface wa5 a150 built. In early tests using computer control. load 
signal5' from a 10,000 kg I~tron load cell. and the output from an LYOT 

mounted on the movi n9 cross head were lIT1> 1 Hi ed by means of the premnp li fiers 
conta1ned in a Hewlett-Packard 77P1A recorder (i.e. 8n HP8903A low level 
preamp11tier and an HP880SA carrier preamp11fier, respect1vely). The 
high leve1 sfgna1s (range±3 Vdc) from these devices were transm1tted 
to the computer by 2 channels of an 18 channel cable of about 150 m. 
length. Here the s1gnals were.d1gitized under progra~ control, by means 
of a Vidar Model 521 analogue/digital converter. Although this arrange
ment proved adequate for tests of short duration and h1gh load level, 
it was net suitable for use with long term tests and low load levels. 
The extremely st1ff Instron load cell produced output signals at the ~V 

level, and was consequently prQne to pick-up of electrical noise from 
other apparatus in the laboratory. Furthermore, the LYOT-carrier pre
amplifier combfnation was prone to drift over longer per10ds of time. 
Such variations in the load and d1splacement s1gnals severely l1mited 

('> 

thé develoPMent of optimum process control programs. 
Ta overcOMe these d1ff1culties. an analogue interface WBS bu11t 

that ut1l1zed a lebow Model 3116 lOld èel1 of 2000 kg capac1~ and a 
Hewlett-Packard Model 7DCOT-SOO dfsplacement transducer w1th • range of 
fl an .1 pr1.ar,y elalents. These dev1ces were exc1ted by two Hewlett
Picklrd Serfes 62000 de power supplies. The output of the DCOT 15 2.7 V/Cft 
and 15 transm1tted dfreetly ta the cOMPuter. The output of the load cell 
15 15 _V/l000 kg. This sfgnll fs a.pl1ffed by maans of an Analog DtvfCII 
605 integrated ..,11'1. w1th • g.1n factor of 100. The h1gh lev.' out· 
put s1gnal of the priN". dtYiees. coupled wfth the use of high Itlb111ty 
power sources. III1n1"z. 11ne nois. probl_ IS well IS 1111plrting long 
~ stlbtlft,y tG t ...... ""ifll 'lit •. 
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As ment10ned abova, the analogue digital conversion was carried 
out by means of a Vidar 521 A/D converter. This 1s a multi-range instru
ment w1th a maxinun scan rate

o 
of 50/5 at a conversion rate of 1.66 ms. 

2.4.2 Test Control programs 
Control of the compression test and data acquisition are achieved 

with the aid of two main program segments. The task of the f1rst segment 
1s to al10w the operator to enter test and machine parameters and to 
calibrate the load and displacement transducers. The second program 
segment 1s used to control the testing machine and acquire load and dis
placement data. Soma more important aspects of the operation of these 
programs will now be d1sc~ssed in turn. 

The first funct10n of the calibration program 1s to check whether 
suff1c1ent storage spac! 1s ava11able to store the data of the currant 
test in the file area of the 4020 disk ~s storage unit. The total file 
area ava1lable for the test data 15 12,288 wards. A typ1cal test requ1res 
about 1024 locations to comp1etely character1ze the test; consequantly 
the data of about 12 complete tests can be storad before the file 1s full. 
Once full, the teSt data in the scratch file arel is.transferred to 
magnetic tape as a permanent record. 

\ 

1 f the scratch f11e area 15 not full. the ca 11 bra.t 1 on progrlIII 
permits the operator to enter the test identification code and the test 
parameters fn conversat10nal mode. The data required to define the test 
set-up a~ the sample height and d1ameter, the initial crosshead speed 
and return speed. the interruption and total strain, the del~ time and 
the load r,nge. Once these data have been entered, the progrlIII clM'1es 
out c.l1brat~on procedures on the 10ld and displacement channel.. He ... , 
the e)(c,1 tatf'qn voltage of the two transducers 1s measured and recorded 
for later use in the detenn1nation of loads and d1splactNnts. The current 
readi n9 of tHe ~DT 15. c .. rad wi th that obtaf nad dur1 ng the i ni th 1 

s*t-up of the apPlratus .men the anv11s ~re in contact (saa below) and the' 
dtatance bntHn the<top of the spect ... and the up..,per Invi1 pr1ntect out 
On the tel.~pe. ,...1'1\ procedure 15 1.ortànt sine •• 15 will bt shawn 

belO11. the U ... tn te t~:ton 11 detanwl!lld II)' 1 .... 1<1 tt .. 'l'0Il th. 
blg1nn1ng of the test. ....to ... the preciSion with wN1ch the start 
~tt1on of tIIe anvil h\1t w111 deterMi .. the .cc:uracy of the unloac1tng 

\, 
, ' 

'. 
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strain. W1th this information in mind, the operator adjusts the cross
head position so that the upper anvil is 0.40 ±O.02 ~ above the top of 
the specimen. The test program assumes this operation is complete when 
the t1me marks of the test are calculated. The final operation of this 
program 1s to compute the appropr1ate conversion ranges f~ the load 
and d1splacement signals based on the maximum load and maximum stra1n 
data entered prev10usly. . 

When these prelfminary procedures are coq,leted, the test control,., 
progrlm 15 turned on, and the test may be started by rneans of a system 

\ program 1nterrupt accomplished by pressing the "break" button on the 
teletype. 

The f1rst task of th1s program 1s ta ensure that no other 
funet10nal program can run during the test. This is aahieved by MOdifi
cation of the system program which has the effect of suspendfng the time 
shar1ng operations. With th1s accomp11shed, the computer operates as 
if it were ded1cated te the control of the Instron alone. This funetion 
was required beeause of the close control of t1me requ1red to brtng about 
reproducible interruption stra1ns. 

The program then sets the Instron crosshead in motion and 
digit1zes the load and dfsplacement s1gnals. The rate of data acquisition 
1s determined by the strafn rate of the test 50 that about 200 load
displacement pairs are obtained for each loading cycle. Furthermore, 
during the ear11er part of each loading cycle, the rate of scannfng 1s 
adjusted 50 that one pair 15 obta1ned for e~ch strafn fncrement of 0.001. 
This high pate of seannfng 15 continued up ta a true stra1n of 0.1. At 
hi'gher strai ns. the scannfng rate 15 reduced to give one data pair for 
ever,y 0.005 strafn tnterval. Once the lapsed tfme fram the begfnntng 
of the test'':''~1s equal to the ti,1IIe requfred to reach the strafn of fnter
ruptfon. the prQgram 5wftches the Instron ta the return mode to unload 
the saMple. 0Ur1ng the unloadfng sequence,the load 15 monitored at a 
rate of 50Is untfl zero load ts detected. at thfs pofnt the crosshead 
Motton f5 stopped. The program then del~s for the requ1recl holdfng t1. 
and then restara the crosshead. Wfth the second loidfng cycle. the data 
acquisition proCHds fn the .nner alreacbt dllcr1bed aboye. The lapSed 

\ 

tt_ ta tfMt true stratn to 1ntlrruptfOil and the .'ay'at zero load are 
both tilllCl to the ....... t 8. 3 •• • r 
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At the c~let1on of the test, the crosshead 1s reversed in 
the r~turn mode to un 1 oad the s ~ 1 e a nd permit 1 t to be ej ected from 

the compression chaumer fnto a quench tank. The data a~uired during 
the test 15 stored in the disk file area for later use. 

2.4.3 Automatfc Data Hand11ng 
The da ta accLInU 1 a ted durt ng the tes t cons 1 st of the voltage 

output from the load and displacement transducérs. The true stress-
true straf n curves were obtai ned from the data by the use of ,et another 
co~uter program. At any instant, the un1ax1a1 force Fi and the Melsured 
crosshead d1splacement di were obtained from these data and the ~11bra
tion fact~rs present 4S conStants in the computer program. To Obta1n 
the true specimen strain from the crosshead d1splacement. a correction 
had to be made for the e1ast1c compression of the compression tool1ng 

and the elast1c extension of the drive screw melÔers of the Iftstron test1ng 
frame. The dfstortion of the loadfng members was measured as a funct10n 
-of load by recordt"9 the 10ad and displacement whl1e the crosshead was 
driven at constant speed w1th the anv11s in contact. Thes. tests were 
carried out over a range of crosshead speeds and d1fferent ta.peratures. 
The results of 111 these tests are show" in Figure 2.9. It can be sMn 

• that, w1th1n exper1mental error. the machine dfstortion dM fi tndtplndlnt 
of tell1>erlture and crosshead speed. This result fs not unexpected as 

most of the cGq)onents that contr1bute to ~he elast1c contraction and 

extension 11e outs1de the h1gh t..,er.ture zc>ne. The data in Figure 2.9 

wert fitted bY'ln expression Qf the fot'll: ) 

(2.5) 

whe ... l, b. c and d are constants. 
th, t .... 1nstlftt~neoul speci.n he1~t hi 1s th. If .. by 

hi - ho' - .di + .~F1 + b)d_ c 

..... ho 11 the \\~t1.1 •• 1. Mf_t. 

, , 

f.-
t 

\ 

\ 
\ 

, l' 

\ 

(2.6) 
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Once these co~rections have been madè, the truè stra1n 1s 
calculated fram the fami\iar rèlation 

7!. 

(2.7) 

where the minus sign is used to av01d the necessity of call1ng cOIIpres

~ive stra1n negattve. The true stress 01 1s obtained frOM the expression 

(2.8) 

where Ao 1s the original area of cross-section of the sample. 
The true stress and true strain values for each of the data 

pairs obtained during the test run were computed in the CUrye plotting 
program in the manner déscribed above. The true stress-true strain 
curves were plotted by the use of an on-11ne Cal1fornia C~uters. 
Calcomp digital curve plotter. The program defined the curyes by s1Mply 
plott1ng the d1screte pot nts rather than by fi tt1ng a smooth curye. 

Thr~ curves were drawn for each test, as shown in F1pure 2. la. The 
f1rst 15 a coq>lete stress-5tra1n rcurve, Figure 2.10al , including both 

loading cycles. The other two. Figure 2.1Ob and 2.10c. represent the 
f1rst 0.1 strafn of each loading cycle. In these latter plots, the strain 
scale 15 expanded by a factor of 10 to fac111tate the detenmnat10n of 
the y1eld stress or proof strèSS. The y1eld 5 tress values were def1ned 
by the use of an offset method(154), u 111ustrated 5ch_t1cally in 

F1gùre 2.11. On the- stress-stra1n d1agram, the 1nteryal OM 15 the spec1f1ed 
value of offset (0.002). The l1ne MN 15 drawn parall.l to the loading 
11ne in the m1crostra1n reg10n (CA). The value of the flow stress at 
the intersection (R) 15 taken u the y1eld stress. 

~ • 5 TEST PROCEDURE 
\ " Pr10r to startt Mg • serin of tests. the furnace and Instron 

cp,.trols wtre IdjuStld for th. desirec1 experf_nul conditions and , 
teIp",atu". Once the test c""'er h.d COIMt tG .e"tu"e. the anv111 
wa-e btOuQht together\ so 'thlt ttMr were Just fft c~tact and tIle varioUi 
crosshl.d position slfeQt sW1tèM •• en adjUl't;ed to preVInt self-

, ' , 
CGIIprtls10n 01 the ·tIItt .... tr.fn. WUIt the' anvils in COfttact. cal 
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of the constant strain rate device was perfonmed with the micrometer 
screw being used to simu1ate crosshead motion. The constant true strain 
rate device circuits were found ta be very stable so that a complete 
series of tests cou1d be carried out at the given temperature without 
recal1bration. Only when the temperature was changed was a new calibra
tion of the constant strain rate apparatus necessary. While the anvils 
were in contact, a small program was initiated on the GE4020 computer 
which measured the excitation and output voltages of the OCDT transducer. 
The zero reading made in this way was stored in a table for subsequent 
use in the calibration program described above. The g~uge 1ength and 
the return dials on the rnstron frame were then adjusted so that the 
specimen ~ould not be compressed beyond a stra1n of 0.9, even if computer 
control of the test failed. 

To start a test$ the furnace was raised on the crosshead, and 
a glass co~ted sample placed between the compression platens. The chamber 
was lowered and closed while argon was 1ntroduced 1nto thè system. The 
chamber was evacuated and purged with argon four times before a constant 
flow of argon at 0.6 l/min was ma1ntained. A relatively pure argon 
atmosphere was fully estab1ished after three to four minutes. In the 
case of the Nb-bear1ng steel. the specimens were preheated at the tempera
turè of austenitization for 30 minutes and then cooled to the testing 
temperature at a coo11ng ~ate depending on the testing temperature. 
Samples were held at the testing temperature for 5 minutes, to allow the 
temperature to stab1lize prior to compression. The tough pitch coppér 
specimens, on the other hand, were brought d1rectly to the test1ng tempera
ture and held for a period of 30 minutes prior ta compression. During 
this holding per1od, the calibration program described &bove was 1nft1ated , 
and the machine and test parlmeters entered in conversat1onal mode. Once 
the pr10r trea1:lnent of the test speeimens was complete. the test ",as 
begun as descrfbed prev10us 1y. 

on cOlRplet10n of a test cycle. the sa~le was removed froR'l 

between the Inv11s and, in the case of the tough p1tch copper simples, 
quenched to roOM temperature. 

\ Once a new 5..,11 was introduced in.to the test ch"'er and the 
prehe.tfng procedure begun. the plottfng progra. was started 50 that the 
stress-strafn data- of the current test would be aVlfl..,l. Wefore the 
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commencement of the next one. In th1s way the softening,behaviour 

observed under one set of testing conditions cou1d be used to decide 

on the testing conditions for the next test. Fot" example, if no 
1 

softening had been observed after a lOs delay in the prev10us test, 

the delay time for the current test would be chosen to be longer than 

lOs • 
" ~ 

Once the softening behavfour of tough pitch copper was 

established for a g1ven prior hot working treatment, salJ1)les were pre

pared for metallography. For these sa.rl1>les, on1y ont;! deformatio~ cycle 

was used. The samples were strained to the given st~ain and unloaded 

automat1cally; a stop watch was started as the sample was unloaded. \. 

When the Jesired delay period was complete, the quench mechanism was 

activated and the watch stopped when the sample entered the water. These 

Isaq»les were sect10ned. mounted and prepare,d for metallographic examina

tion. 

The data obtai ned in the present study represent thé resu1 ts 

of about 1000 compression tests. The complete stress-strafn curves .JI 

obtafned for the different testing tefl1)eratures, strain rates a,nd inter

ruption strains are presented in Appendix 2.l. 

The y1eld stress meas.urements made on the expanded stress-stra1n 

diagrams of the initial portion of each strain cycle were used to characterize 

the softening beh.viour of the IIlaterfal. These data will be presented 
1 • 

Along w1th the metal1ograph1c resMlts in the chapter that follows. 
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\ 
CHAPTER 3 

EXPERIMENTAL RESUlTS 

The purpose of the present research has a1ready been stated 
in<the previou~ chapter, a10ng with a description of the deve10pment of 
the experimenta1 technique to its current 1eve1 of sophistication. As 
a1ready described in Sèction 2.2, special 'attention was given to'the 
choice of experimental materials, since one of the main aims of the 
current study was to verify the hypothesis proposed ear1ier by the present 
author(39,69,70)., In th;s work, it was of ;nterest t~ detennine whether 

the hypot:lesis was restricted to the behaviour of carbon steels, or 
whether it app1ies genera11y to FCe materia1s at high temperatures. For 
ease of presentation, the experimental results are divided into the 
fo 11 ow; ng two groups: ~ 

1. effect of hot ~ork;~g on the progress of static softening 

processes; and 
2. effect of grain s;ze on the high temperature mechanical 

properties; 
but ~efore they are introduced, the experimental conditions that were 
used will be presented. 

3.1 EXPERIMENTAL CONDITIONS , . 
< 

The tests were carried out on three main materials: tough pitch 
copper, a 0.06% C low carbon steel and a Nb(Cb)-treated·à.07% C steel. 
The tests were conducted at constant true strain rates from 8 x 10-3 to 
8 x 10- 25-

1 and in the temperature range from 450 ta 10400 C. 

The e,xperime)ts performe.d on tough pi tch copper were of three 
types: ( 

a) The first series of experiments was carried out at three 
temperatures: 450, 500 and 5400è and at three different strain rates. 
The latter were chosen 50 that similar f10w curves were obtained for 

\ 

the three t.emperatures (i .e. a peak stress of 103 MN/m2 and a steady state 
stress of 84 MN/m2). Various interruption strains (see Table 3.1) were , 
then imposed 50 as to estab1ish the effect of prior working on the 
softening behaviour. 

F • 

- '. 
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b) The second series of experrments was carried out at the 
singl~ temperature of 500°C at a flxed strain rate (1.8 x 10-2s-l) and 

,employed vari,ous interruption strains, Table 3.1. After dlfferent de1ay 

ti mes, the speClmens were quenched and used to determi ne the recrys ta 1-, 

llzation behaviour, as' well as the mean grain size and the grain Slze 
distribution. "< 

c) The third series, ~f experiments"was designed ta estab1ish 

the influence of grain size on the h1gh temperature yield stress. Jhe 

experim~ntal procedure for produclng different ,grain s;zes was rather 

in~olved and Wll1 be discussed in more detail in Sectibn 3.3. It con-
si-sted essentldlly of prestralning the strain-annealed samples to a strain 

of 0.40 at 540° or 600°C and at stra;n rates of 8 x 10- 2,1.8 x 10- 2, 
3.7 x 10- 3 and 7.5 x lO-4s -1. ,After holding for sufficient times 'tD allow 

complete recrystal1ization to take place, th'e samples treated at 540°C 

were quenched to room temperature tD permit grain size measurements. 
The second temperature of 600°C was selected so that larger grain sizes 
than were obtained at 540°C could be produced. These samp1es were coo1ed 
to 540°C and held to allow complete~~crystallizatlon before quenching 

, ! 

to room temperature. In this way, it was possible to produce different 

stable grain sizes in the range 0.056 'to 0.81 mm. Another series of 

samples was given an identical prestraining and recrysta1lization treat

ment but instead of being quenched to roùm temperature, was relaaded at 

540°C to det~rmine the yield stress as a function of grain size at the 

var;ous strain rates. The mechanical testing conditions ,for this series 

of experiments are shown in Appendix 3.1. 

Al' the low carbon steel experiments were carrjed out in th~ 

austenite regiDn at constant strain rates of 8 x 10- 2 and 8 x 10-3s-1~ 
The temperatures selected were 815, 930 and l040QC. A homogenization 

time of 20 minutes at each temperature was emp1oyed. The mechanica1 
testing conditions for this materia1 are shown in Table 3.2 . 

. The experiments performed on the low carbon steel modified with 

Nb were carried out at three temperatures in the austenite regiori at constant 
strain rates of 8 x '0- 2 and 8 x lO~3s-1. The specimens were preneated 
at 11500C for 30 minutes to allow dissolution of the Nb(CN) precipitates 

and then coo1ed at 10oe/min to one of the test temperatures of 815, 930 
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TABLE 3.1 
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Mechanica1 Testing Conditions for Tough Pitch Copper 

Test . 

1 

. Strain Rate 
Temperature -1 Oc 5 Interruption Strain 

. . , . 
450 1.8 x 10 -3 ~'.05. 0.10 1 0.15. 0.40 . 

-2 0.05, 0.10, 0.15, 0.18. 5{)O 1.8 x 10 0.30, 0.40, 0.52 . 
, 

8 x 10- 2 ~. 05, 0.10, Q. 15. 0.40 1 540 

1.8 )( 10-2 - 1 

500 ~.05. 0.10. 0.15. 0.18. 
J ______ , ~.28, 0.40, 0.52, 0.64 

----'- ~ - - ~- - - - --- --- - -- _. 
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" 

-
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TABLE 3.2 

Mechanlcal Testing Cond'ltlons for the Ü".06X C Steel 

Tes t 
"Straln Rate Interruption 

-1 
TefT1JerattJre s Strain' 

815 8 x' 10- 2 0.25 

930 -2 i 
0.25 8 x 10_ 3 8 x 10 , '1 . 

1040 8 x 10- 2 0.25 

1 
,8 x 10"- 3 . , 

TABLE' '3. 3 

\, Mechanica1 Testing Conditions for the 0.07% C Nb
modifi ed Steel 

Tes t 
Stral n Rate 

Interruptiol1 -1 
ITemoèra ture r 5 Strai n 

815 8 x 10- 2 0.30 . 
910 8 ~'x 1(~ 0.25 ' ~ 

8 x la 0.10, 0.25 
r 

1040 8 x 1(~ 0.10, 0.25 
8 x 10 ';:,0.10,0.25 . 

, " 

83. 
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or 10400 r. Table 3.3 ~hows·the mechanlcal 

~dlf'Pd low carbon steel. 

-,- , ... 

/ 84. 

/ 

'1 / 

tes t, ng y~ for the Nb-

-/ ' 

/ 

3.2 EFFtcT OF HOI WQRKING ON IHE P~RESS OF STATIC SOFTEHING 

True Stress-True Straln Curves ( 
T~E tfue stress-true straln curye~ of FIgure 3.1 show the 

~straln rate dependence ,of the flOlf cunes ln the roodel matenal, tough 

pltch copper. at 450°C. !he·effe~t of temoerature on the fla. curves . 
for the plalll carbon and Nb-modifled 5teels lS shawn in FIgures 3-.2 and 

3.3 for a straln rate of 8 x 10-2s-1. 
"-

It 15 clear that the c:urv,es for all three materlals exh',blt 

slmilar features. They ~r~ typlcal for the mater161s that recrystal1ize 
(40) . 

dynamlcally when deformed at te~eratur~s above 'half thelr melting 

pOlnts. lt can be seen that an lncreilse 'ln temperature or a decrease. 

Ir) straln rate leads te a low,ering of the floW stress. As the temperature 

15 decr~ased or the stra,ln rate lncreased\ the stra'in tq re'ach the peak 

stress'1ncreases; also the peak ln flow'stress becQJnes I1lJch broader. 

Altho~g'h th~'straln ta the peak and the straln te steady state flow 

normally ;ncrease w;th decrease 1~ temperature ln plaIn carbon austenite, 

figure 3:2, the braademng ln the Nb-treated carbon steel appears to be 

much greater than'can be attrlbuted to the temperature dependence of the 

recrystal1lzation process alene. This strong broadenlng 5uggests that 

.Nb(CN) preclp.t,tat1en i~ lmtlated'dur;;ng defonnatloD at 930°C. thereby 

retarding the dynarTllC recrys'tallization process. This reterdation, in " 

turn, has the effect of broadenln9, the flo~ stress peak, 

At the l,owest temperature, 815°C, Flgure 3.3, no drop i,n flow 

stress is observed. This may be attrlbuted to the conSIderable volume 

fraction of)errite present at 815°(, \.,hich does not exhibit the pheno-. 
menan of dynamic r,ecrystallization. rt' is a1so possible that the pr~c1-

p1tation of Nb(CN) is sufficiently advanced at 815°C for dynam1c 

recrysta11ization to be retarded to such an extent that 1t 1s not 

initi~ted even after a true strain of 0.8. 

) 
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"1 ?? S.elf's...t'.Q.~0-.!nterru.Ltl~r: __ ~tr~~ 

Tht" tOUQt', pl tct ropI.f'r wd\' defC'n""IPd dt teq>ercHurP'S of 4~, 

. , 
flr'!>! <,1'1. t"f' IIodtf'rul _dS underqc"ng dY"dlrll( rf'co.er) onlf. wnered<. 

Ir, ~t-f> <,('[00(: q~t, 1yna.-1C rpcrystdl111d~10n wd" ta~'n<J rldu' d<; well 

'tH' "tr'dlr .t,lertpd wfrr (" L", (, 1(, r: l~, .' )r for the 1.ndI11( rplovpr, 

rf>G 1 0n dll<! { l,('.'-' 4;, and '::-2 tor the IvnaJt1: re(r .. 'tdll'1dtlon n>qlon 

Tr'" DrcCf'dure could t'e fo11owt>d at a;1 thre(' Plpf'rTt-ef1tdl t~eratures 

as thf> <;tralr rat!:'s _l'rI' aCl,)us!P<l sa as te II\dlntdln .!t-e c.onqruence of 
" the fla. curves over t~e t~Drrdture ~d"qf' 

T~f> trut' stra'r te urloddlnq of ~ 
-

;~ ~loyed ,,, the O.06! ( 

s tt'e1 a~ 
- ( "le 1:' lr(jlcateâ ln FlOUrf> 3 2 At the hlgtter t~erd-

" tun,·s, "3e ard lf\4~Ot, ~"e uniOddl"Q s~!"~,,_ o· f .2S lS wel1 Wlthl" the ---------- -
_~-aré ~herefore w,thlr. U'IE~ dyna,..tc recrystallizdt10n 

---=====-~ t"e 10wer tel'lperatu"e. A1~oC. ln1tlatlOr. of dY,nalnlC recrystal-

------' ---- l:zat'C'n .~ c;t"d'ted te tl1gi'le r stralf1<>, aoovf' ~he unloaclng straln of 0.25, 

1 

~c trd~ '''~e''r\JDtlon !oo~ L,lace Wl!~,h the dyndll'lC'reCOVer) re9,on. 

T~f' ~rue stralns te unloadlnq of Gland C 25 emoloyed ln the 

t'lpe"''''ert5 r,r: tr1e~-trpat~ low Cdrbor, steel an' lnd1cated ln Figure 3.3, 

!t 104(°(, the unlOa<llng ,stra1" of C.?5 lS c10s(' to th€ maxImum ln flow 

<;tress dnd le; ce,rtalrl) '" e:.cess of ttH> straln requlred to lnltiate' 

dYndlriC recrystall 1 zatlon. At 93C and at 815°(, the strdln ta the !nax1J1U11 

lS sh,fted to hlgher strain values, so that the ,un1oadlng stralns ~re 

below th~ crltlcal strair for dynam1c recrystalllzat10n. 

3.2.3 Results of Interrupted CompressIon Testlng 

In arder ta dete~lne the softenlng benaVlour ln the prese~t 

materldls, d serIes of lnterrupted stress-strain tests was perfo~. 

wlth lncreasing delay times before the res~tlon of defonnation. The 

effect of dlfferent holdln9 times on the subsequent stress-strain behaviour 

was l11ustrated ln FIgure 2.1 and lS reproduced here for conven1ence. 

After a short holdIng time. t 1, the flow stress on reload1ng 

rlses ~apldly to a stress level comparable with the unloading stress, 

.~. On the other hand, after a long delay, t 6 , the flow stress on re-
l 

loadlng. ~r' appnoaches that observed during the initial load1ng, ~Y' 
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'JI 1'-rIf>d'.· ~.\·,.:r' ~i .... ldO,te r "r:jlCdtf< ·,t:it the wod, hilrdenlnç 

'''~r,'-J''~u,,,· !.;"''-''; 'nl~ld ',t r d'lrfr1(; \', r:CfI1l1f'~el., rf'il'()ved dunng the 

• ... f' rPddf{ \, referr""d, ~G ~PDf'ndll :' , 'or the r"eMàlnder of 

"r '!eqre'p Cf )sf"~"',n<; 1< ther ~dl'.;ld~ed fr()lr the eQuatl0n 

ri ,lOf ( 3. l \ 

, l 
The Drooress of soften1 no 

. • 
w,i' tp rç... -jf',:n~f'f. 'r • jrr, .. \~~ <';H~(,~, 

') t rd' r, . tl"'T' fi r J ~ u r"t', '> tr d 'r ,. d ~. ~ il" ~ th p Cr) n u' " ~ r dt 1 0 n 0 f cl 11 0 Y '"<) el etften t s 

o r ~ h p " C' ft l''' '"q t: t'tic! ~ 1 0 ~ r C f ~"es e "'d te fi dl', 

il ) 

T~e.re..,uit') Cf cl iarge r,lrtler Q' ,,.te,.rupted tests lndicate 

trdt.df~f'r ".('~ lIfor.'n<;,stdt'C so'terln? 'n <~ ~~t€''''dls ;Jroceeds by the 
'3C1ï 

s~~e~t'dl G~erdtl0n Cf uC te t~ree dlstlr(~ vr~cesse~ 1 The relatIve 

'-çortance ')f edC~ cf these procf'sses deDenJ~ :::,.,t1cdl1y or> the Drlor 

SC f .,enlnc curves ottinned or ~t'le ~re<;er.t ~nuQr ;',tc n cop~er are dlsplayed. 

7t'lese tests were Cdrrled out dt ;".X(,~ d': a ',t r dln rate of 1 8 li 1O- 2s- 1 

dné thp >d"'tl1eS Wl're "ele at the test'nq. tPfl11f'rdturf' dfter Sl'Ven different 

to be before the peak Flow stress for condItIons a, b. v and d and after 
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_"f"" ~"e '.Irol..or~ 0" .r~-;trdln l', 'r'<"!"ci')t>d to 0 1': 'CUrVl" C) 

.; 

C)rPdter ''',' rr "t1()n dpr<,\~It>~ Dre", .. r.t d· 'r;·f'rruot'on at th~~ 1n(~ase<l 

• .. rd~n<, t(;l.,nq tt'f' "drl1>'r _(,rk,',h .. ,t".DnO stctge of srjfterflnq-can 

N' d)SOflJtp~ .'l'" <tcH'( rpcrY",dl1'ld"0'1 ;Or. f s co nc 1 us Ion wIll be 

reol..olr~ te r~aeh t~e Deal a f t~e ur'~te~r~~~ed stres~-str41n curve, lt 

's furthe,.- a~<,~ tr',at dyrdlT"C recr)l';ta'11ldtlon été not talle place dur1nCj 

"d" 1 rpcovered )tru(~Ure 
------~ 

·~e ~elt three strdl0S w~re se:e<ted ~o b~. CyrVe e, b~twe~q 

~"t' ~ea. dr "! s:ed'::1 ..,td~e strc! lrs, dM, ~Jrve • .!'id '~ •• ~11 !nto tne 

'1' W~lCt> 1yrdlrl: recrystd1;,lZdt10r "'as JUS· t€'qUf'\ and lS nat jl"t fully 

d~v('lc;:>eé, ~ur"'e~, on ~"e -'Jthe"- ,:"nd, 'os ret. r esentatl 'fe of the pro9~s 

c· :c·tenr ; 1" II'\(jteria' :r ."'0' aynall"'c recrjstal11ut1on'5 'ully 

so·ter',.~ ::"'o<t.,Ced 01 ,)~dt':: recQvery 'S ver, 

~~dà1rarl: r~crystd11lZdtlon 1~ tak'~ ~ldce 

e, f and Ci. the .ount of 

~,H'cult to identify bedbs~ 
:~f"'currently(39). Th! latter 

·~e ajdltlonal \oftenlng arres~ ln :ne ~oper nalf of t~e '.st thr~ 

cu~vP<, ,e, f ar-d q\ can te attnbuted to -:1as')lcal recrystal1ization, 

Âccord1ng te th1,> Vl~. tt'Je !n-cubatlon peno<! requlred for thl" lnHlat10n 

cf classled1 reerystal11zat1on takes plac, durl"9 the contlnued operation 
/ 

of metadyna""c r~rystal11zltio(\. 

The dSSOClat,on of th~ vario~ .icrostructural procMSM outl1n@d 

above wH" ;>artlcular fea'tures of thl" soften1n9 curvl"'! follows the .... ttern 

lntroduced ln our earl1er work and is consistent w1th the results of the 

IIlechanical teHs. It should. h~ver. be consldered as tentative untl1 

the results of thl" -.etallographlc invl"Sl1gatlOn. wh1ch will ~ pt'"6ented 
~ , 

in Section 3.2.5 ~low. InP introduc~ and evaluated. 

~ ...... --.. --------...... --~--~--.................................... --~------.~-
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It should be noted that'. once the critical strair\ for static 

rec rys ta 11 i za tl on has been exceeded, i. e. as the s trai n i s i ncreaSoed , 

fr~ 0.15 (curve c) to 0.52 (curve g), the time for 50% softening 
, 

dec rease~ by two orders of' magnitude. Thi s marked effect of strai n bas 
~een noted by other workers(36.104,109) and can be attributed to the 

dl~p1dcement of classical recrystallization, which requires an incubation 

~lme. by metadynamic recrystalllzation.,which does not. 

b) ~f!~ç!_~f_!~'~~!'~!~!'~ 
E~per1ments dealfng wlth the effect of temperature on the rate 

of 'softe"1n~ were carri~ ~ut on c~pper samples having equivalent struc
ture~ d~~ lnternal stresses. This type of experiment can -be,done by 

,ç 
sele<tlng comblnations of temperature and strain rate such that the 
r~ultlng flow stresses at Interruption a~e approxirnately equal(16). 

The softenlng curves Obtâined in this manner are shown in Figures 3.6a 

and b for 450 and 540°C, respectively. In the study on low carbon steel, 
the testfng strafn rate wast for simplicity, held constant instead, 

1eadlng to the results'shown in Figure 3.7. 
The softening curves obtained with the tough pitch copper dis-

l' • 

played a general.ly S1gn101dal fom. but with intennedi'ate ;nflèction 

pla'tHus. ft can bl! seen that the rate of recrystallizatio!' is tellY,lerature 

dependent. as is the len9th of the softening arrest or platèau. At inter~ 

ruption strains of 0.05 anJ a.10.at 4So°C. or 0.05 at 5400 C, softening 

d1d not go to complet1on. but levëlled out at about 42~ 50 or 42%, respec-

"tively. Even after delay ~i~ of 100,0005, no further softening was 

observed, eVldently because the critical strain for static recrystallization 

had not been relched. At an interruption strain of 0.15, at both tempera

tures. the softening ·curves go to cOll1>letion (100%), but with an inter

-edi.te inflect10n plateau. It 15 of interest to note that the length 

of,the 1nflection plateau decreases w1th an 1ncrease in temperature, 
pres .... bly because of the ~higher activation energy associated with 

recrysta111zation thln witt! recovery. 

The softening curves obtained ~~er 0.40 strain rel~te to 
... ter1al which WU recrystal1izing dynamically prior to interr~ption. 

Bec.use of the rlp1d progress of sOftening at 540°C under thesé'cond1t1ons, 

1 S 'P'Cti: t • mw.t'ri '%h~ 
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the ear1ier part of the softenlng curve cou1d not be determined. Never-
theless, in both of the E: ~ 0.40 curves, two inflection plateaus are 

evident. 
The effect of temperature on the rate of softening in the 0.06% 

C steel is shown in Figure 3.7, and can be seen ta be qualitative1y 

similar to that already described for the tough pitch copper. In inter
preting the three softent~~'curves, it shou1d be noted that interruption 

,- , 
did not occur at equlvalent points along the stress-strain curves in the . . . 
three sets of tests (see Figure 3.2). For examp1e, a strain of 0.25 at 

81SoC lies before the peak of the f10w curve, which is why the incubation 

plateau is so clearly evident. The same strain at- 930° and l 0400C , on 
the othe' hand, corresponds to points afte,r: the peak, i.e. after dynamic 
recrystallization has begun, 50 that only the arrest following metadynamic 

recrystal1ization can,.be seen. It follow5 from this discussion that when 
interruption strains below the steady state strain are used, part of the 
increase in softening rate apparent1y associated with an increase in 

~ temperature can be attributed instead to the influence of strain which 

has been discussed above. 

-

c) Effect of Strain Rate 
-----------~---------1 

The data shown i~ Figures/3.8a and b were obtained on the 0.06% 

C steel at temperatures of 930 and 10400 C. respective1y, and at strain 
~ates of 8 x 10- 2 and 8 x 10- 3s- 1. The results reported by Weiss ~t al 
(107) for a steel containing 0.04% Nb and <0.005% Ti under simi1ar condi

tions of temperature and strain rate are also included for purposes of 
comparison"tn Figure 3.8a. Tt is evident'that when'the strain rate in 

the plain carbon steel is increased by one order of magnitude, the rate 
r 

of softeni n9 al 50 i ncreases by about an order"of magnitude. In the Nb-

~dified steel, a two order of magnitude change i~ strain rate produces 
less than a hundredfold change in the rate of softening. In both matarials, 

the increase in the rates of both recovery and recrysta1lization can be 
attributed to the increase in retained dislocation density, and therefore 

in the driving f~ce for softening, that accompanies the increase in 
! , 

strain rate. 
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d) ~ff~~!_~f_~ll~t~~g_~l~~~~t~ 
The effect of addl ng n11 nor amounts of Nb and other e lements 

-'on the softening rate of plain carbon steel is displayed in Figure 3.9. 

This plot also includes the softeni'ng curve determined at the lower 
strain rate (2.2 x 10- 3s-1) by Weiss et al(107), which was incorporated 

in Figure 3.8, as well as the softening curves obtained by the present 

author in her ear1ier worl«39,69, 701. Comparison of the two softening 

curves for the low carbon steel shows that the addition of about 0.07% 

Nb decreases the softening rate by just over an order of magnitude. A 

somewhat larger difference iQ rate is observed wh en the 0.42% C steel 

is compared wltn the Nb-modified C-Mn steel, although in this case the 

effect of Nb addition is somewhat obscured,by the differences in the prior 

strain, strain rate and temperature which must also be ta ken into account. 
~ . 

It is of interest in thlS context that the softening curve for the 0.68% 

C steel is somewhat to the nght of the 0.42% C steel curve, although 

these were determined under nearly identical conditions. 

3.2.4 Effect of Strain, Temperature and Strain Rate on the Isothennal 

SOftening'of the 0.07% C Nb-modified Steel 

It is clear from the results Obtain-ed in the current investi

gation that the softening behaviour of Nb-bearing steel iS"far more cornplex 

than that of plain carbon steel. This added complexity is thought to 

ari'se not only from the , nfl uence of NbC preei pitati on on the recovery 
~ 

and recrystallization kinetics, but also from the effect of Nb and C 

dep 1 eti on on the bas i c s trength of the ma tri x. The na ture of the ; nter ... 

action between precipitation on the one hand, and the processes of recovery 

and recrystallization on the other, makes the complete description of 

the structural changes oC,curri n9 duri ng and a fter hot worki ng very 

difficult. In vi~)of this added complexity, ,the softening behaviour 

of the Nb-bearing steel will be presented, in this and subsequent chapters, 

in separate sections. 

The effect of strain, temperature and strain rate on the ;50-

thennal softening of this material ;s shown in Figures 3.l0a to c. The 

general shape of the curves presented is broadly similar to that obta1ned 

with pla; n carbon austenite and with copper and copper alloys. It 1 s 

__ ~!:it-"""''''~''' ............. -_-___ ... ·_IiiII'*_* _____________________ _ 
--~--- .- - M t.~ ~ .... 4 ... _..,_ ..... _ ' 
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clear that a; a glven temperature, the rate of softenlng is most strongly 

affeêted by the stt,aJilto unloadlng. At 10400 C and ~ "8 x 1O- 2s- 1 

(Flgure 3.l0a), the time for 50~ softenlng decreasès from 250s to 5s as 

the interruption strain 1S lncreased from 10 to 25~. 

\ The shape of· the softening curve a1so changes wlth strain. 

The sOf~g curves obtained after 0.10 prestrain exbibit ~n inflection 
plateau at about 50% softenlng. This arrést ln the softening process 

probab1y.arises from a changeover ftQm recovery to c1assical recrys~l
lization as the dominant SQftenlng mechanlsm. By contrast, the inf1ection 

plateau obtained after 0.25 prestrain, WhlCh appears at 901. softenlng, 
can probably be assoClated with the exhaustion of the metadynamic recrysta1-

lizatlon ,Jrocess\ which occurs on1y after dynamlc recrY,stal1ization has 
been ln~tiated. After a further de1ay, softenlng èontlnues, presumab1y 

through the operation of ClaSS1ca~crYSta11jzatlon. 
• The effect of a one order f~a~ciitude increase in strain rate 

can also be deduced From Flgure 3.1 .~ 10400 C artd E ~"0.25, the time 
for 50% softening decreases 'From 13s to 5s when the strain rate ;s increased 
From 8 x 10- 3s-1 ta 8 x 10-2s-1. At 9300C, a one order of magnitude 

'increase ln strain rate also speeds up restoration, but less markedly 

(Figure 3.10b). A further feature o( interest in Figure 3.10b is that 

after 0.25 prestrain, the shapes of the lsothenmal softening curves differ 
for the two experimental strain ;ates. ~t 8 x 1O- 2s- 1, dynamic recrystal-

1 
lization did not occur during prestraln (see Figure 3.3) and consequently 
the inf1ection plateau may arise fr6m the recovery/class1cal recrysta1-, 
1ization changeover. However, at the TONer strain rate, all three" . 
processes are likely to aperate concurrently, but are probably exhausted 
after d1fferent times, which resu1ts ln the multiple arrests observed. 
Given that, as observed above, the 50ftening processes are somewhat more 

comp1ex in Nb-bearing stee1s than in/plain carbon steels, it is appar~nt 
that a more detailed interpretation ~~ t~e p1ateaus evident in Figure 3.10 
will require further data and supportin~,evidence. 

The softening behaviour after 0.10 prestrain was nat examined 

,at 9300
C because only 14% softeni ng watObtained after a 10-hour del ay. 

It was considered that longer de1ay ti s were of ~o practica1 value and 

consequently beyond the scope of this nvestigation. At the'low~t 

,_ . .>lJsw .... ~""'.oiiI1' .. t .. $ ... iIIo'# .. _-...t ... t.lilllt .... 'p ... : .. _______________________ ......... ~ .J. _ ... - -- ~ 
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• temperature, B1SoC (Figure 3. lOc), anlyone test cand,tion was examined, 
- 2 - l 

f 8 x 10 s to r O.3n. Slnce few pOlnts were obtalned, because 

of thE> excesslvely long de1ays lnvolved, no plateau was detected. How-
- 'P'1 

eller. the poss l blll ty of the pres-ence of such an artes t shou1 d not be 

dlsregarded. It should a1so be notêtd that at 815°(, the overall a~unt 

of softenln9 reaches a value of 120~ after B. S hourS, a pOlnt ta which 

we w; 11 return .. be 1 ow. 

3.2.5 Results of the Metallographlc InvestlgatlOn 

3.2.5.1 Introductlon 

In arder ta test the hypothesls proposed as an explanatl0n of 

the sotten;ng curves observed above. a second serles of tests was carried 

out. 1 n thi s sen es. the progress of the structura 1 changes that occur 

following an interval of hot wO'rk was studled metallographically. In 

the tests, samp)es of tough pltch co(5per were subjected to the same 

lnitial thennal-mechanlca1 cycle as those used ln the softening experi

ments. In the present case, however, a11 the samples were water quenched 

to room temperature after the approprlate delay times; i.e., the defonna

tion,was not reslJlled for the detenmnation of the post-delay y1eld strengths. 

The specimens produced in thlS way were sectioned and prepared for metal

lographic examination. The sa~le preparatl0n procedure is given a10ng 

with the compositions of the electropol1shlng Solutlons. in Appendix 3.3. 

Initially it was decided that the progress of statle recrystal

llzation would be follC1tied by means of pOlnt counting, the unrecrystallized 

grains being ldentified by the presence of dislocation etch pHs. This 

\ technique, however, proved to be inadequate because of the rather uneven 

pHting attack obtalned ln the polycrystall1ne samples. In yiew of this, 

it was deeided, instead, that the progress of recrystall1Zation wo~ld 

be followed by analyzing the changes in the dlstribut,ion of the grain 
~ 

StZes detennined on planar sections of the sa~le. It was found that 

this technlque, although very tedioys, was a highly sensitive measure 

of the extent of recrystallization. The ,results of these exper1ments 

will now be described in detail.' 

• (. 
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3.2.5? Graln SlZtl" 1l15trlbutlon~ and thelr Modlficat1on 
--------~-------------------~------------------
Wl th TlIlle 

The present ~ethod of graln Slze ana1ysi5 was carr;ed out on 

tough pitch copper s~les prestralned 0.05, 0.10,0.15 and 0.40 at 500°C 
- 2 - 1 and a 5traln rate of 1.8 x la s . All the sa~les were sufficient1y , 

- etched to provide a clear dellneatlon of the grain boundanes. In 

excess of 400 llnear 1ntercept measurements were made on each sample on 

!WO sectlons cut transversely to the co~ress,on axis. One section was 

taken close to the m1dheight of the sample and the other near one of the 

ends. ,Th15 5ectl0n1n~ procedure was used to rnnimlZe the influence of 

any loca 11 zat1 on of defonnatlOn on measurements of the gray n structure. 

The 1ndi"idual intercept lengths were equally subdlv;ded lnto 25 dlscrete 

si ze gl'oups 1 n the s 1 ze range 0.2 to 2 1llTl. Th l 5 s j ze range was se l ect~d 

as lt lncluded 99~ of the lntercepts measured ln undeformed samples. 

Fo.r those sa~les whi~ contalned a significant fraction of .intercept . . 
l engths of 1 ess than 0.2 m, the s 1 ze range between 0 and 0.2 AIn was 

d1\l1ded into a further 25 subgroups. The relative frequency of intercepts 

w;thin each Slze class was deflned as 

/ (3.2) 

where n, 15 the "'.100er of lntercept5 withln thé size class and N is the 

total nurrber of lntercepts. The discontinuous d1strlbution curves obta1ned 
1 

ln this way are shown in Figures 3.11 (a to d). 

Figure 3.11a represents the data obtalned fram samples quenched 

after delays between 65.5 and 50,000s following prestraining to 0.05. 

The softening curve obtained by interrupted mechan1cal testing after the 

same prestrain (curve a. Figure 3.5), is shown in the top left corner. 

The poi nts i ndi cated on the soften; ng curve represent the exper1menta 1 

conditions for which the corresponding intercept distribution was obtained. 

lt 1s evident fram this figure that the intercept c1ass corresponding 

to the mode as wel1 as the width of the dlstribution is unchanged by 

increas1ng the delay time. The mean linear intercept grain size obta1ned , 
fram the 1ndiv1dual measurements '15 constant to within t6 l. Further-

more, the mean linear intercept grain sile of these salllPles 1s equal to 
that of the undefonled sa~le~ i.e. prior to prestrafnfng. 
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Figure 3.11a)Discontinuous frequency distribution of grain size in 
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Similar conclusions can be drawn from the linear intercept 
{j distributions obtained after a prestrain of O. la, shown in Figure 3.11b. 

-
Here the prestraining conditions and the delay times correspond to those 
used to develop curve b in Figure 3.5. These findings are in agre~ment 
with the hypothesis that a hot working prestrain ;n excess of 0.10 is 
required at 5000 e and 1.8 x 10-2s-1 to initiate static recrystallization. 

The grain size and intercept distribution is then unchanged with delay 
time, since s~ftening occurs only by static recovery. 

o By contrast, .figure 3.11c represents the grain ~ize distribu-" 
tions obtained for samples after a prestrain of 0:15. The static softening 
curve obtafned for this condition (curve c of Figure 3.5) indicates that 
two softenlng processes occur; these were tentatively identified as static 
recovery and sta~ic recrystallization. It is' evident from the lowest 
grain inte~cept distribution that no significant change took place within 
the first secord of holding in either the modal class ~r the distribution 
width; i.e. the distribution was similar to that of the undeformed material . 

. 
However, after 40s, a new intercept size class has started to appea~ 
centred on a mean size of 0.09 mm. After'longer delay times, this new 
distribution grows at the expense of those grouped about the original 
grain size. Finally, after 120 to 600 s the entire populatlon of intercept . 
1engths ;s grouped about the new mean grain size of 0.09 mm. On delaying 

for ~ further 3 hours, an additional 0.19 mm grouping begins to develop. 
This latter effect is taken as evidence for grain growth, and the associated 
further softening can then be attributed, not to a reduction in dislocation 
dehsity within the grains, but rather to the increase in grain size itself 
(s'ee Section 3.2 below). / 

• > Turning now to the ~a described by the distributip'h curves 
shawn 'in Figure 3.11d, these were obtained on samples which were strained 
beyond the peak in the flow curve and had therefore undergone dynamic 
recrysta11ization. The first intercept distribution was ob~ained on a 
sample" wh,ich had bMn unÎoaded after a prestrain of 0.40 and quenched 
after a ~e1ay of ls. Here two groupings of intercept lengths are evident. 
The longer lengths are grouped about a mean size pf 0.17 mm; this is ,.. 
smaller than the original grain size of 0.56 mm.]Tt-is eVÎ"Clent fromlhe . { ., ~ 

- ·-distributions obtained after longer d~lay times that the number of these 

"'--'" 
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larger grains decreases with lncre?~lng time. Th,is grouping of lntercept 

lengths lS therefore associated with the dynamlcal1y recrystallized grains 

formed duri n9 pri or s tra l nl ng. The number of gra i ns wi thi n the second 

intercept group, formed about a mean size of 0.04 mm, ~ncreases as the 

delay time increases. These latter grains are consequently associated 

with the static recrystallizatlon processes. Since 30% of all the inter

cepts lle within this group after only ls of delay, it can be concluded 

that these gralns 'are formed by metadynamic recrystaUi2:ation. As the 

delay .time lncreases, the dynamically recryst~JliZ~d grains are gradually 
replaced by the metadynamically formed ones. 

In the sample held for 6s prior to quenching, the short inter-

,- cept distribution starts to be skewed tawards longer lengths, and after 

9 and Ils, a third discrete distribution starts ta app~ar, .grouped about 

a mean size of 0.08 mm. Once this grouping of grains begins to appear, 
the number of lntercep'ts associated with the metadynamïcally recrystallized 

'grains does not increase wlth further holding. Instead, the decrease in 
the number of dynami ca lly formed gr,.a·i n lntercepts i s compensated by the 

increase in t~e number of intercepts associated with the third size 

grouping. In temlS of the present analysis, the grains with a mean size 

of 0.08 mm are considered to be formed by classical static recrystalliza-
. ' 

tion. The number of intercepts within this grouping continues to increase 

at the expense of the dynamical1y recrystal1ized ones, unt;l the latter 

are almost comp1etely consumed after a delay time of 90s, which corresponds 
to full softening. 

3.2.5.3 ~!~!~~_~~S~~~~~ 
The grain size distributions introduced in the preyious sect;~ 

indicate fairly clearly that no change in grain size occurred during 

holding at a temperature of 5000 e after a prèstrain of less than 0.15 
at 1.8 x 10- 2

5-
1. It was concluded, therefore, that the softening obs~rved 

under these conditions (curves a and b in Figure 3.5) was produced by 

static recovery of the hot worked substructure. In an attempt to confirm 

this contenti?n, a study was carried out of the changes in the disloca
tion substructure by means Qf etch pit techniques. In this work. the 

dislocation etch pits,_were produced using the ,~_olution suggested by Gupta 
~> i. .. 1 
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and Strutt(155) which is described in Appendix 3.3. The etching condi

tions were carefu11y contro11ed in an attempt to ensure that the etch 

plt denslty wou1d be comparable for a11 the samp1es. However, as pointed 

out ear1ier, pitting attack was not uniform across the section of the 

po1ycrystal1lne samples; in sorne grains no pits were observed, whereas 

ln others, numerous pits were clearly evident. This effect was judged 

to an se from the ori entatl on depentlence of etch pi tti ng. 
In Vlew of this difficu1ty, as well as the problem of the under 

estimation of d,islocation density lnherent in the method(156), the results 

described below are taken as only a qualitative indication of the sub

structural changes associated with static recovery. 
The change in et ch pit density that accompanies recovery is 

indicated.i~ Figure 3.12, obtained from samples prestrained 0.05 at 5000 C 
and 1.8 x 10- 25- 1, It can be seen that in a sample quenched within lOs ,. 

of the removal of the stress, a high concentration of dislocations is 

present. The ar~a density is 4 x 106/cm2, but lS unreliab1e in this 

.micrograph, because many overlapping pits were observed, and not al1 dis

locations led ta pit formation. After holding for about 1005. the average 

pit den's·ity appears to decrease to some extent. Thi s decrease i-s accompani ed 

by a tendency towards a more orderly ar~angement of the pits, and a 

coarsening of the dislocation substructure. It;s evident that this 

trend is continued as the holding time is increased to about 1000s and 
beyond. Furthermore, conti nued hol di ng does not appear to si gnifi cantly 

change the dislocation density. These observations are in qualitative 
agreement with the progress of softening observed after prestraining 

1 l -2 -1 0 d h' f' 0.05 at .8 x' 0 s ,at 500 C, an support t e notlon that so temng 
by recovery saturates at a certain value well below that associated with 

full restoration. 

3.2.5.4 ~!~!!~_~~~~t~Ê~ll!~~Ê!~~ 
The grain size distributions described in Section 3.2.5.2 above 

lend themselves ta the determination of the volume fraction recrysta1lized. 

To begin with. it 1s assumed that the size distribution of the unrecrystal
lized grains is unchanged during prestraining up to the critical straln 

required to initfate dynamic recrystal1ization. This size-distribut~on 

-~ . -------.. _-~----------------
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1S the same as that of the undeformed rnaterlal, as is evident in' 

Figure 3.1l(a) and (b), as well as in the lowest- dlstribution in 

Figure 3.11(c). It can then be assurned that the intercept lengths 

WhlCh fa11 lnto Slze classes greater than 0.2 mm are obtained from 

the population of unrecrystalllZed gralns only. With this assumption, 

the 1inear, fraction LL recrysta11ized can be obtained from'the indi

vldua1 intercept measurements. The volume fraction Vv recrysta11ized 
is then known, since lt may be shown that(157) 

v -
V (3.3) 

Thfs re1~tl0nsh'ip was origlnally proposed by the French geologist 
De1esse\ 158) and forms the basis of rnost metallographic .. methods of 

volume fraction determination. 
The volume fraction of materia1 recrystalllzed as a function 

of de1ay time obtained in this way for samples prestrained to 0.05, 0.15 

and 0.4 at SOOoC 1S tabulated in Appendix 3.4. These dàta are presented 

as the solid curves in Figure 3.13. For comparison purposes, the cor

responding softenlng curves taken from Figure 3.5 are p10tted on the 

same axes. ihe sOftening curve (a) obtained af~r 0.05 prestrain shows 

a maximum, softening of 40% after a de1ay ti~f about 10005. Under 

such conditions, 

and consequent)y 

a 11 de l ay t i mes. 

h<Mever, no change in gra"in distribution was' observed 

the volume fraction recrystallized remains zero at 

After 0.15 prestrain, recrystallization begins after , 

about 40s de1ay, by which time the fraction recrystallized is 5%. At 
this same period, the corresponding mechanical softening curve shows 

40% softening (broken curve cl. ThlS observation is in agreement~with 
, 

our hypothesis that, after relatlvely low prestrains. the primary component 

of softening is recovery based. and is of course not detectable by 
quantitative metallography. 

The measurements of volume fraction recrystallized also indi-
1 

cate that recrystal1ization has already b~gun before the softening 

attributable to recovery is complete. The inflecti.on plateau in the 
sbftening curve can then be seen to arise from the gradual diminution 
of softening by recovery as this process becomes saturated. Finally the 

~~ .. .. ,.am 'm P r' XI et 1. ; '57 



li 

~ 0 

0 
W 
N 

..J 

..J 
Cl 
~ 
II) 
)-

Il: 
U 
W 
c:: 

z 
0 
i:!: 
u 
Cl 
Il: 
lA.. 

100 

75 

50 

25 

o 

112. 

, 

Toumi PITCH COPPER 

500 ·c 

1 

., -0-0--

1 

c J 
1 

1 .-
1 

1 
1 

1 
J 

1 

,/ 

/ , 
<> 0.05 

o 0.15 

• 0.40 

1 ,.".-----------

J / //0 
1 1 

1 1 / JO 1 

1 1 ,. / 

o---------/-.,--~= ~ ô~ /--0 ---<>-<>-----0-

la' 101 

DELAY TIME .' 

• 
Figure 3.13 Progress of recrystal1ization in tough pitch copper at 

5000 C after prestraining at 1.8 x 10- 2s-1 



-~-- ~ 

.. ' 

1 

113. 

softenlng curvp ap~roaches that obtalned by 

<le, recrystalllldtion go es to completion. 
, 

qUanti~ive metallography 

In the case of recrystal11zatlon datd obtained on samp1es 

which were prestrained to 0.40, two lntercept dlstributions were a1ready 

eVldent, even after a de1ay as short as ls. The distributlon ass~ciated 

with the 1arger lntercepts, grouped about a mean Slze of 0.17, was attrl

buted above tO,the dynamlcally recrystalllzed gralns. The shorter dlstn

but1on, on the other hand, was cons1dered to have been produced by the 

metadynam1c recrysta111zation Wh1Ch occurs in the lnterva1 between 

un1oad1ng and quenching. It 1S eVldent from Flgure 3.11(d) t~at the 

dynamically recrystallized gralns are gradual.ly consumed as more meta

dynamlc rralns are formed, Reference to Figure 3. 13, howev~r, shows that 

more süftening occurs than is indicated by the recrystal1izatlon data. 

ThlS difference 1s once more attributab1e to static recovery, which 

appears to go to saturation in about lOs (i.e. at the second mechanica1 

arrest).* Here the recovery takes place in dynamically recrystallized . 

gralns which have not yet undergone metadynamlc recrystal1ization. 

In contrast to the data obtained after 0.15 prestrain, the 0.4 

prestrain recrystallizatlon data show an lnflection plateau and the 

interrupted mechanlcal testing data show two arrests. The second arrest 

has already been attributed to the saturation of static recovery. After 

the first mechan1ca1 arrest (i.e. the meta110graphic arrest), a third 

dlstinct_lntercept size grouplng starts to appear in Figure 3.lld. This 

group can be associated wfth the formation of classically recrystallized 

grains within the dynamically' recr~stallized matrix (i.e. w1th grains 

Wh1Ch required a nucleation or incubation time). Figure 3.11d also 

indicates that the process of metadynam1c recrystallization (i.e. the 

"no-de1ay" process producing the finest new grains) goes ,ta saturation 

in the vtcinity of the first arrest, and that continued recrystallization 

after the arres t occurs primarily by the growth in the vol ume fracti on 

of the grains within the third, intermediate, group. Finally, the softening 

and recrysta11ization curves approach one another as recrys~âllization 
" 

goes to completion. 

*The evidence for associating the saturation of the recovery process with 
the second mechanical arrest wi~l bel considered in detail in Section 
4.3.3~2 below. 
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1.1 -irFlCT or GRAIN SIZf ON TH! 1I1GH THFERATURl MH.HANICAL PROPERTIES 

or COPPER 

Afté'r the work descnbed above was completed, a furUrer study 

was carrlf'd out on the e-ffect of graIn Slle on the hlgh te~erature 

111echllnl Cd l propert 1 es of copper, Attent lOn was espeCl il 11y gnen ta the 

effelt of gr,11n <;lze on the hlgh temperature yleld strength, Slnce only 
llmlt~d data arp prpsently dvallable on thlS subJect(l59-161). 

At hlgh temperat~res. the strength-graln SIle relatlonshlp 

1,5 ln conSIderable doubt for d number of reasons. These are assoclated 

wlth the nature of'graln boundarles; for example, wlth the manner in which 

they can lead to strengthenlng by actIng as obstacles to mobile disloca

tIons. T'le presence of boundanes. on the oth~r hand. also makes grain 

baundary sl1dlng poss.ible. WhlCh becomès an additlonal roode of deforma

tlon, and can th us lead ta softening. Because of these opposing tendencles, 

most matenals exhiblt an "equlcohes;ve te~erature"t Le. a temperature 

above WhlCh fine-gralned materlal lS weaker than coarse-gralned material 
(164), rather than the reverse, which is normally observed at more moderate 

tefl'4)e ra tures . 

One of the dlfflculties involved in an InvestIgatIon of the 

Hall-Petch relatlon at hlgh temperatures lS the dlfflculty of maintaining 

a stable grain size dunng the course of the experiments. In the present 

study. thlS problem was overcome by the cholce of the material (tough 

pltch copper)(165) and by the use of a prior heat treatment which produced 
lit 

both coherent and; ncoherent pre.ci pitates of B Jarti cles on the grai n 
boundaries, maklng them somewhat more stab1e(1 .167). 

3.3. l Comparlson of the Flow Curves of Three Cuprous Materials 

As was mentioned earlier. the presence of small amounts of 

impurities in tough pitch copper does exert a considerable influence on 

the rate of scften;ng. The effect on flow behaviour in three copper 

alloys is prese~ted in Figure 3.14. The'stress-strain curve obtained 

for hi~ purity copper is typlcal of a material undergo;ng dynamic re-

crystallization. The flow stress rises rapidly to a peak value. which 

occurs at a strain of about 0.1, and thereafter drops to a steady stress 

level, in the neighbourhood of which regular oscillations in flow stress 

.. 
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Flgure 3.14 Comparison of the flow curves of three cuprous mater1al~ 
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are observed. ~her ~o~r ~1tch copper 1S defo~ed under the sa~e exper1-

mental cond1tlOns, wor~ harder1nç dorr,lnates to much larger stralns, unt11 

the ln1tlatlon of dyna~1c recrystal11zatlon flnal1y produces a s1ngle 

peak ln the flow curvei The rate of dynaJT11,C recrystallization, ln thlS 

case, 1S slower than ln the h1gh punty copper, leading to a broademng "-, 

of,the oeak, and to a slower descert to the steady state level. The 

retardat10n of dynam1c recrysta111zat1on ln tough pitch copper 15 probab1y 

due ta th~ presence of cuprous o~1de Dart1cles. which can be exoected 

ta hlnder Mth the nucleatlon dnd the growth of n~ gralns, The flo

curve for Cu-9.5': Nl lS tYP1cal of a mdter1a1 WhlCh softens dUr1ng defo~ 

.tion on1y by dynamlc recovery. 

3.3.2 Effeet of Pre-Treatment on the H19h Temperature Yield Stres~ of 

Copper 

One of the features of 1nterest ln the 1nvestlgation was the 

effect of var; ous pn or heat treatments 'on the 1 n1 t 1 al y1 el d s trength 

of the copper specimens. These were subsequently defonmed at 540°C and 
- 2 - 1 ' a straln rate"of 8 x 10 s and the different flow curves obtalned are 

d1splayed 1" Figure 3.15, w1th a legend lnd;cating the pre-treatment 
etrÇ 1 oy~ - "..~.;;, .... 

To'beg'",n \ltlth. all the speclmens were annealed for l6h at 

900o( and then e,ther slowly cooled or Quenched to room temperature 

The specImens were reheatfd to the testing tempprature, 540°(, and neld 

for different holding tlmes before defonmatlon. 

Wh en a comblnation of a slow cool to room temperature and O.3h 

of holding at the testlng temperature was employed, a y1eld strength of 

68 HN/m2 was obtained, curve l, F,gure 3.15. A longer holding t'me of 
1. 

lOh before testing (condition 2), markedly~uced the yleld stress te 

about two-thirds of the above value. In cases 3 and 4, the speclmens 

were quenched to room temperatu:e instead. The holding times at test 

temperature of 0.3 and lOh, respectively did not affect the yield value 
2 > 

appreciably (45 ""lm ). 
Although no trans~issfon electron microscopy has yet been 

carried out on the present materials. the results c~n be givefl a tentaJ,ve 

interpr~tat1on in tenns of the Cu-O'equilibri~ diagram shown in Appendix 3.5. _l, / 

... . 



, 1 117. 
\ 

r 

----- - 1 
_. -~ -

1 
1 

150~ TOUGH PITCH COPPER, J-
I 

540·C 
1 
1 

1 
1 

1 
8 J. 162 -1 • '1 

1 

~ .. " 1 
'---

12

1 --
_1 

0 
a. 

~ 
~ 

~ , JO:-, 

IF) 
1 

IF) u-!' 

W 
, , 

cr 
1- 15 
IF) 

w 
::> 
Cl: 

Pre - ',eatm.n-' '0; MPo 

.... 
Slow Cool + 0311 ot !>40·C 68 

flO 
2 SlOw Cool + 10 " ot ~~O~C ~3 

3 Quene" + 03" ot ~40j; 4' 
4 

25t-
Qlleneh + 10 Il ot 5~0·C 4' 

1 
Ali ao",ple, o,!,eole~ -16,. 1Jf 100-c 

1 

0 
-0 OZ 04 oe 0.8 

TRuE ,STRAIN 
\. 

Flgure 3.1S Effect of pre-treatJnent on the_ hi gtl t~erature yield 
stress of copper 

1 

• • 1 

.'id"'. FI' -



r 

118 ' 
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the 4nned 11 n9 ~~ er j t-1re) , n',e ' t r'Je ture C0n51 S ts of an :1 0 

~'dr~lcles. where lS Cu~(' dnd 15 ln reldtlVely (oarSe 
t. 

fT1atr' ~ dnd 
. FI) 

f nrn,: . [lUrlng furndce C0011r19 I-conrjl~lon 1). the oxyqen solubl11ty 

1S dec"ease<l. :. l~ no longer ',table. and flne partlc1es of-, are pre-

'c J l,ltated o\J~. probably or (.l:-,locat,on5. where 

pnase J' fornlE'd dt lower tefT'perdtures thdn the 

15 CuC'. Slnce the) 
1 

phase, and 15 more 

flnel) fjlq"'buted, t~e Jndterldl wlth the, preclpltates should exhibit 
1 

a hlgher vleld strength, as lndeed shown ln flqure 3.15. As far as 
... 

condH'on ? 1,., (oncel"ne~l'~tl;e long pre-heatlnQ tlmé 'at the testlng 

~emperdture ~ay lead ~o j~r~lCle decoheslon and coarsenlng. as weIl as 

, ta the rpver,!' ,-to-f tr nsfannatlon, The lower yield values, 43 ~/m2 
"or t'tl" cr"~1:10n FT-d)'·tt-us te associated witt! a coarser partlcle -.-~ 

• ... l~ 

Clstrl~ut'o~ ~,t" regard ta condlt1ons 3 and 4. rapld Quenchlng can 

be cons 1éerec to arrest tl"e -to-, transformatl0n. resulting in a s-truc-
~~ 

ture o~ COdrs€' - dnd \- C J 7h 1 s structure of course remai ns s tab ~e on 

reheat,ng, even for very lons ~oldlng t'mes, dnd does not lead ta 

a~preC'dtle rart1c:e strengthenlng, 

• J.3 3 )ependence û~ the ReCi'r~tall1zeé GraHI S1Z.f. on the Expenrnental 

Parat:1eters 

~he present stud, '"as t)dsed on the aSSL6fl.itlon that the flow 

stress o~ d.~drtlàl1y recrj~ta~11zed materlal depends prlnclpally on 

tt'le degn'p Of recrystalllldt 1 0n, and secondar1 h' on the amount of recovery 

tnat ~as occurrèd ln t~e unrecrystall1zed materlal. However. the pos

<lbfl1t) thdt the (lOIR stress car also t-e lnfluenced by the recrystallized 

graIn Slze has not 6een 19nored. A separate prOJect was therefore 

cc!rrled out to detenr.lne the dependence of the recrysta)11~~ grain size 

On the prlor hot worklng condlt\O~~ The various grain Slzes produced 

were then used to establlsh the effec~ of gri,n size on the reloading 
.,0. stress. Before CORSldering the influence of grain size on the high 

tenperature flow stress,_ the effect of the hot working conditions on 

the gralr sizes produc~ will be consldered briefly. 

/. 

t 

/ 

. ,----------.--.--'--------------------------------------------~--
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3.3.3.1 GraIn S1ze and Straln-

Exp-enments deallng wlth the effert (,f <,!rdln on·the graIn 
o -: -1 S lle were carned out at 500 C and 1. 8 )( la s • leadl n9 to the results 

shown ln FIgure 3.1-6. The qraln sile was determlned after prestralns 

of 0.05,0.10,0 15,0.18,0.28, 0.40,0.52 and 0.64, as indicated on. 

the flow çurve. 

The graIn Slzes of the samplps subJected to stra,ns of 0.05 

and 0.10, WhlCh are below the crltlcal straln fo~ static recrystal11za

t,on, were the same as the InItIal graIn Slze, but contained subgrains 

as revepled ~y etch-Plttlng. These data are not shown on FIgure 3.16. 

When the prestrain exceeded the crltical straln for statlC recrystal

l11àtlon the graIn SlIe decreased wlth lncreaSlng straln. At large 

stràlns, however, a steady state was r~ached where the graIn Slze 

remalned constant Wlth further straln. 

, -
3.3.3.2 ~~~!~_~!!~!_~!~~~~_~~!~_~~~_!~!~~!~~~ 

• The data shown ln FIgure 3.17 were obtained at two t~eratures. 

5400 and 600°C. and over a range of straln rates coverlng about two order 
-1 -3-1 of l''lagnltude (,,-10 to -"10 S ). It IS eVldent that when the stralr 

rate lS lncreased, the graIn slze decreases. TrIS effect 15 ~re pro

nounced at the hlgher tefl1)erature (600ocf. WhlCh c.an be expt'cted. ",nen 

1t 15 rt'called that both the dls1ocatlon denSlty and the mecht\n'cal 

propertles ln general are more ratp 5ens1t1ve at hlgher tPMPeratures. 

The effect of temperature '5 also c1splayed 1n r'gure 3.17 
'. 

The resuhs lndlcate that the graIn SIle lnc~ases w't!l teq>erature and .. 
tha t the graln S'le d1fference 15 larger at lower str"r rates. ) e 

-4 -1 -( -i 
0.31 lm1 at 7.5 x 10 ., ,and decreases to .',d - O.l? l'!III at fi llf\2..)'S 

, d ~ 

·3.3. 3. 3'1!!~Ç!_2!_~~~!!:_~!~~_~~_!~~_~!gtLI~~~~~:!_!~!l~_g~~~ 

'd 

The experlMents deallng wlth the effect of griln Slze on the 

hlgh temperature yield stress w~re carrled out at v,rlOUS c~inat'ons 

cf stralr rate and teMPerature selected so as to produce }he largest 

possIble vanat10n ln recrystallized grain size. The res.ults shown ln 

rlgure 3.18 represent four of th~ conbinations of str.in rat~ and ~ra

ture at which pr!5train1ng was D~fon.ed. ~ulting in recrystall1zed 

.M an _ ,oa _;;1'. )l' rd Il'' Il -',,~. 
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An examp1e of the flow curves obtained by ;nterr pted 
compression at four different É-s where, followi a delay, 
reloading was carried o~t at a new strain rate. he grain 
sizes produced are indicated under the appropriat ,f1ow2 ' 
curve. On retesting at a single strain rate of 8 10- s-l. 
the yie1d stress was ,observed to be grain size dep~dent as 
was the shape of the flow curve ) , 
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graln sizes of 0.2.0.145.0.10 and 0.056 rrrn, respectlvely. The re- -

loading strain rate for this set of experiments was the same, 8 x 10- 2
5- 1 

The resulting yield stresses on reloading varied with the prestraining' " . 
strain rate and tryerefore with the recrystallized grain size. The stress-

strain dlagrams for other combinatlons of straln rates and temperatures 
are glven ln AppendlX 3,6, 

From th~s type of data, the dependence of tt1e yield stress 

on graln size was ~tted in a Hall-Petch manner, as' shown in 

It is evident that undèr the present experimental ~onditians, 
Figure 3.19. 

the high 

temperature yield stress increases llnearly with the inverse squa~e root 

of the grain size. (Note that the data of Figure 3.18 are represented 
by open ~ymbols on curve a of Figure 3.19.) 

The strain rate dependence of th~ain boundary strengthening 
coefficient k is shown in ~igure 3.20. x( is of interest that the value 

/ 

of k gradually decreasgs .with de:r:j;!~ng rates of deformation. .It is c, 

therefore possibl hat in the creM range of strain rates «10-4s-1), 

J..~ va1~e of ay become rath.er~mall (i.e. <0.8 MN/ni ITITh"which would . ~ " ......... 

expJaln the deductions concerning the invalidity of the Hall-Petch rela-
tion th~re often made in high temperature creep studies(168). Similarly, 

an increase in temperature may also lead to a decreàse in k, because its 

effect on thermal activation is analogous to that of a decrease in strain 

rate. 

According to Figure 3.20, the Hall-Petch relation can be written 
'in the form: 

(3.4) 

Here the first component on the right hand side of the ~quation 

represents the yield stress of a Single crystal, and the second and third 
terms arise from the contributions of grain size to the athermal ';and 

thermal flow stress components of the devalaped stress, respectively. 
The presence of both atherma,l,§nd therma 1 components of grai n boundary 
strengthening is worthy of note in that it suggests that the boundaries ~ 

can serve as bath local and long range obstacles at elevated temperatures. 

~. 
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OtAPTER 4 

DISCUSSION 

4. l 1 NTRODUCT ION 
In the prev10us chapter, two important sets of results were 

lntrod'uced. The flrst set concerned the effect of hot working on the 

softenlng behavlour of the three selected exper1mental materials; the 
seepnd, the effect of graln size on the high temperature mechanical 

properties. Since thé main aim of our study was to throw more light 
" ' 

on the softenlnQ mechan1sms taking place after high temperature deforma-

tian, it lS the purpose of the present ~hapter ~o, further analyze these 
~ ~~ '\ 

two sets of results. The more detailed analysis of the softening 

behaviour w111 a110w us to arrive at a better undenstanding of the 

meehanisms of both dynamic and statir restoration fin FCÇ metals at 

elevated temperatures. 

As pointed out earlier. the present results are in good quali

tatlve agreement with our model for static softening following high 

temperature defonnation. We will. therefore. first review this model 
briefly and then describe qualitatively the expected dependence of the 

three main softening mechanisms on the experimental parameters. This 
will be followed by a discussion of the klnetics of the individual 

processes. , Finany, we w~ll discuss the results obtained on plain carbon 

and microalloyed austenit~ in the,light of the analysis of the copper 

data. 

4.2 HYPOrHESIS FOR THE STArIe RESTORArION PROCESSES 
The results presented above have shown that the overall so(tening 

rate is affe~ted by prior strain, strain rate and temperature, as well 
as by the ad ition of certain alloying elements. We have also seen that 

up to four satie restoration mechanisms are invo1ved in producing full 

softening. a~d that softening arrests can appear when individual softening 
1 • 

proeesses go Ito eompletion. It was this feature of th~ softening,~ehaviour 
that was largely responsible for the elaboration of the inter-relationshfps 
between the softening mechanisms that was described above. 
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In terms of the mOdel, the data suggest that th~ following 

combinations of static softening process can operate after high tempera

ture deformation: 
1. static recovery only, 

2. static recovery and classical recrystallization, 

3. static recovery, classica~ recrystallization and grain , 
growth, 

4. static recovery. crassical recrystal1ization and meta

dynamic recrysta11ization, and 
5. static recovery, classical recrystallization. metadynàmic 

recrystallization and grain growth. 

It should be mentioned that a further softening component 1IJ 
observed ln the mlcroalloyed austenite which may be attributable to pre
cipitatl0n; however. for the sake of clarity, this effect will be discussed 
separately in a later section of this chapter. 

1 • • 

The inter-relation between the static restoration mechanisms 
is considered in more detail in Figure 4.1, in which the proportions of 
softening attributable to each process are shown schematical1y. The 
steepest line on the left hand side of the diagram (Figure 4.la) indicates .' the occurrence of work hardenlng in the absence of any of the dynamic 

softening mechanisms ~aken here as linear with a slope of E/300). In 

the high stacklng fault ~nergy metals. the concurrent operation of dynamic 
recovery reduces the flow stress sa that the flow curve is of the form 

represented ln Figure 4.1b. In metals of moderate or low stacking fault 

energy. such as the present experimental materia1s. dynamic recrystal1iza
tion ~oduces additional softening during deformation after a critical 

"strain has been exceeded. leading to the flow curve represented by the 

heavy line in Figure ~.lc. 
If strain;n~ is'interrupted in dynamically recovered materfals. 

softening takes place by static recovery and by static classfcal recrystal
lization. as shown in Figure 4.1d. Below the critical strain for static 

recrystallization. softening takes place by static recovery only. whereas 
at higher stralns, both mechanisms contribute to the softening. The 
softening following hot work in materials which recrystallize dynamically 
is quite complex, as shown in Figure 4.ld. This figure is reproduced 
in Figure 4.2 for eas~ of interpretation. 
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Flgure 4.1 The inte~e1atlon between the static restoration mechanisms 
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If the defonnatlon lS lnterrJp'ted dt cl ~mal1 straln, E'.g., 

bel<* the critical straln for statlc recrystalllZIHlon f ,then 
cs 

130 . 

softening can on1) take place by statle reeovery. and the latter cannot, 

as lndicated by the dlaqra~. complete1y reduce the flow stress to the 

lf've1 of the undeformed rTlate":lal 
" If the lnterruptlOn straln exceeds { but 15 Jess than thf' 

cs 
crltleal strdln requlred ta lnltlate dynamlc recrystal11zatlon (cd' then 

the cycle of softenlng by recovery is followea, after a delay attnbutable 

to the formatIon of recrystalllzatlon nuclei, br one of classical recrystal

luatlon and full softemng can be achleved. Such a sequence of mechamsms 

can leaQ td a SIngle softenlng arrest. It IS l~ortant ta pOInt out that 

the forrdtion of recrystalllZatlon nuclel requlres pnor recovery to take 
place ( l 69 ) . 

If the InterruptIon straln exceeds (cd but is less than the 

straln required to reach steady state flow l ,then statlc recovery and 
ss 

metadynaml c recrys ta l1lZat Ion occur concurrent.1y, fo llowed eventud 11y by 

cl ass 1 ca l recrys ta 111 zat Ion. Irrrnedl ately on 1 nterrupt ion, metadynarnl c 

recrystall1Zatlon takes Glace by the contlnued growth of the dynamlcally 

fonned recrystall1Zatlon nucle1. At the same tlme, .the materla1 which 

has not yet been cntlcal1~ stralned for dynamlC recrystalllzation, or 

WhlCh Ms recrystall1zed dynap1lcally and which has not been sufficlently 

stralned for the inItIatIon of cl new cycle of dynamlC recrystalllzation, 

softens by static recovery. It is in thls latter fficltenal that the sub

sequent classical recrystalllzation takes place once sufficlent time has 

elapsed for the formation of nuclel. In thlS lnterval, the proportion 

of spftenin~ attrlbutable to metadynamic recrystallizatlon increases with 

stra1n. as indicated in the diagram. apparently because the density of 

dynamic recrystallizatl0n nuclel also increases with strain. Under these 

circ~tances. two arrests or inflections are possible in the softening 

curve, one assoc1 ated wi th the saturation of the recovery procèss and 

the other with the exhaustion of metadynamlc recrystallization. Finally, 

at interruptlon strains wlthin the steady state region, the prpportion 
• J 

of softening attributable to classical recrystallization becomes very 
" 

small and all the processes occur wi th great rapi di ty. As a restJ1t. the 

softening arrests or inflections can be entirely absent: 

me ....... ,lne ~ ... 
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If the materlal lS held long enough after stralnlng and at a 

hl qh enouqh temperature, gra ln growth ,can occur, caus l ng an addl t l ona l 

softeOlng component. The softenlng due to grain growth lS probably ,"" 

dttrlbutable to the decrease ln graln boundary denslty, as has been 

dlscussed above. \ 

8efore the s t~a 1 n and" teflllerature ~ependences of the i ndlVi dua l 

processes are dlscussed, the klnetlcs of these processes will be eonsidered 

ln turn. 

4 3 EMPIRICAl SOfTENING KINETICS 
The kinetics of the softenlng taklng place after defonnation , 

dt hlgh teflll~ratures are dlffleult to evaluate. The sequential operatlon 

of up to four distlnet processes precludes the dlrect applicatlon of 
equat).ons of the fOnT! proposed by Avrami(74.75) wh;ch are restricted to 

a slngle rate process .. ThlS observatlon 15 supported by the detailed 

metal10graphlc study of the recrystallizatian of copper due ta Schweizer 
and Farm(68) as well as by the work described above. 

In the present study, an attempt was therefore made to fit 

emplrlcal relatlonships WhlCh are appllcable ~to the individual softening , 
processes. These relat10nshlps are usee to evaluate the temperature and 

straln dependence of the processes. It is the interrelationship between 

the Klnetlcs of the ifldlvidual processes that f1nal1y leads to the complex 

form of the softening curves illustrated in Figures 3.5 and 3.6. 

4.3. l Basle Consideratlons 

Before the indlvidual softening process~ 

t~ei r s trai n andt"t~erature dependences eva 1 uated, 

define an empirical rate equation for each sector 0 . . 

separated and 

lS necessary to 

the soften; ng curves.· 

A rate equation expresses the functional dependence of the ~ate of a . 
proèess on the fraction of.the process, x, that has been completed at 

given time t, that iSj 

dx/dt - k f(x) (4.1) 
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where f(xl 1S any functlon of x and ~ 1S the rate constant .. By separatlng 

the varlables and lntegratlng Equat10n 4.1 we obta;n~ 

g(x) ~t (4.2) 

.where g(x) lS another functlon of x. The analysls of experimental data 

then involves the problem of finding a g(x) WhlCh adequately fltS the 

data and which also has a physically reasonable functional form. 

The progress of softening,whether lt occurs by recovery or by 

recrystallizatlon, must be considered as a heterogeneou; process. Both 

processes involve the. formation of recovered or rec~stàl1ized domains 

withi n a work' hardened matrix. The rate. of such processes does not 

depend only on the growth of such domains. In the case of recrystalli

zation, the rate is influenced by the rate of nucleatlon and the effèct 

of the ,mpingement of pewly recrystal11zed grains. As recovery proceeds. 

on the other hand, the process lS expected to become exhausted as a, 

stable dislocation substruèture 1S formed and the dlslocation dens1ty 

with~ the subgrains is reduced to a stable leve1. 

\ Many solid state reactions, including the formation of new 
Phases(7l). precipitation reactions(76). the fonnation of solute a~
sphere about dislocations(17~), and recrystal11zatio~ 74,75), are adequately 

described when the function g(x) ln Equation 4.2 above ts of the form 

g(x) m {ln(l/l-x)} , 
Here m h a cons tant, so that Equation 4.2 becanes 

lnU/(1-x)} (kt) n 

where n - l/m. Rearranging Equation 4.4 we obtain 

x -
." 

or. more usually. 

x -

<"" 

_ùn 
l-e 

(4.3) 

(4.4) 

(4. Sa) 

.~" • 11 • MI J" _ .11. J 1 fi _1 • 
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Hll s express 1 or. ~<, S 1r~ l J the genera l farlr. of th~ Johnson-~ 1 

equatltHl (1.24), WhlCh was orlQ1nal1y detenl'llned for the case of the 

formatlon of pearl1te fr~ dustenlte. D,fferent,atlon of 4.5 with 

re~pect to tlme glves a rate eQua,tlon of the fOnA 

dxjdt (4.6) 

• .. n ' 
\IIhere k 'nk - nk ThlS tJPe of rate equation y1elds a si9llOidal 

(semi-logarithmic) transfo~tlon curve which adequately descrlbes re

crystall1Zat10n(74,75). It lS also of the form of the recovery ci'trves 

of Figures 3.5 and 3.6 and represents f1rst order kinetics wh en n ln 

EQuatior 4.4 15 set to 1.0. 

We now turn to the problem of the separat10n of the c<>q)onents 

of softenlng observed .following the hot \IIorking of tough pitch copper. 

The empirica1 kinetics appropriate ta each softening process \11111 be 

descrl bed in turn. 

4.3.-2 Recovery Ki net; cs 

The fractional softening. as \Ile rec~,l1, is defined by the 

equat10n 

x ('1 -0 )j(~ -~ ) 
m r m y (4.7) 

where J 1S the max1mum stress on unloadlng, . the inltial yleld stress. m y 
and 'r 1S the y1eld stress on reloading. If 1t is asslJlled that the 

lncrease ln Flow stress from the init1al yield to tt'l~ unloading stress 

anses from an lncrease ln lnternal stress only. then the denOlninator 

in [quatlon 4.7 1S equa1 to the internal stress at the beginning of the 

holding perlod. This assumption presupposes that ~sign1ficant change 

ln the th~nnal cOllllonent of the flow stress occurs on straining. Mter 

i nterrupti on. the l nterna 1 stress i s decreased by recovery and by n!

crystallization. If we consider the recovery stage only. then the internal 

stress (or residual workhardening) after any holding interval is given by 

0" - 0 -0 1 r y (4.8) 

,~..,., ........ ~«rIiil.III ..... r"1if111111j*""'I.""""'I""""._----------.. ---.. ----,....--.. - ..... ---.,-,--- -'~I -
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Data for copper defonned at 500°C and 1.8 x 10- 2
5-

1 and inter

rupted dt stra1ns of 0.05 and 0.10 are us'ed ta i llustrate the progress 

of ~ecovery ,n Figure 4.3._ Here the net work hardening part of, the flow 

curve 1S lncluded for reference. It is evident from Figure 4.3 that 

for a g;ve-n interruption stra;n, the internal stress decreases ta an 

asymptotlc leve1 wh;ch depends on the priaI-- strain or on the va1!le of 

1nternal stress at the beginning of the delay period. To describe the 
• 

recovery process, i t is necessary to set up an express i on for the frac-- . 
t10nal recovery. If the asymptotlc value of the interna1 stress produced . 
by full recovery is :; , the fractiona1 softening at the comp1etion of .., 

recovery xr i 5 gi ven by the equati on 
CI: 

':' -0 m CI) 

:J -0 m y 
(4.8) 

The superscript ris used here ta denote the softeni ng fracti on 

attributable ta recovery only. The degree of recovery x
r 

is given by, 

(4.9) 

Given the fom of the recovery curves obtained ;n the present experiments, 

we can substitute for );r in Equation 4.4 to obtain the integrated rate 

equatlon ln tenns of the softening fraction Xr .. viz., 
.. 

, r r r -or D 
lntX .. /X",-X} = ~ tt" (4.10) 

The superscript r on the rate constant is used here on1y to denote recovery. 

Alternatively we may write Equation 4.10 in the more familiar 

fonn 

The value of the exponent n in Equation 4.10 above can be 
r r . 

obta1ned by plotting log 1nU .. /(X ... -X).} against -log t. 
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The data obtained for tough pitch copper at 450. 500 an~540oc under 
conditions where only static recovery was taking place ar~ represented 
in this way in Figure 4.4 . . 

• It should be noted that the slopes of the curves appear to be 
independent of strain and temperature and exhibit a constant value of 
1.33. Thus it is evident that the present recovery data ~o not follow 
the first order reaction kinetics observed in experiments on the recovery 
of cbld worked metals(62). The rate constant kr for each of the prior 

deformation conditions that exhibtted recovery only was obtained from 
plots of ln{X:/X:-Xr}~vers.us t1. 33 , as shown in Figure 4.5. It is evi

dent that kr increases rapidly with both strain and temperature and . " 

thereby 'eflects the displacement of the recovery curves in Fi'gures 3.5 

and 3.6 and f"~re 4.6 below to snorter times as~ the temperature and 
strain are increased .. It is also of importance to note that the value 
of Xr obtai ned from those experiments in whi ch recovery was ·the only 

00 

static softening mechanism increases with strain, but is apparently 
independent of temperature. The quality of the fit to the experimental 
data, obtained by the use of Equation 4.10, is demonstrated in Figure 4.6, 

where the softeni ng curves generated by means of the equati on us i ng the 
constants. determined above, are ~lDtted along with the data points. 

The physical significance ot the temperature and strain dependence 
of the empirical constants wi11 be discussed later, .along with the 
dependences obtained from the composite curves presented in Section 4.3.4 
be 1{)W;---

of and' Recrys ta 11 i za ti on 
Il ' 

in the previous section that an integrated /., 
rate equation of the form 0 ion 4.5(b) adequately fits,the recove'ry 
curves obtained under conditions where recovery is the only static 
softening process. However, as pointed out earlier, Equation 4.5 is also 
the general form of the Johnson-Mehl equation which is used to describe 
the kinetics of recrystallization

i 
In most earlier studies of recrystal

lization following either cohl ,or hot working. the progress of recrystal
li za ti on was fo 11 ow'ed by means of meta 11 ography and therefore i t was un
necessary to consider the influence of concurrent recovery. In the present 

• 
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Figure 4.4 Graphical presentation of/Equation 4.10 in tough pitch copper 
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study, where the structural changes were followed by mechanical means, 
the recovery component of softening must be included in the r~te equa
tion. Furthermore, when dynamic recrystallization occurs during prior 

~ 

hot working, the softening component due to metadynamic recrystallization 
must be included as well. Since the detailed mechanisms of these processes 
differ, the empirical constants in the relevant rate equations are expected 
ta differ a150. 

The overall softening produced when the three softening processes 
occur together will in general be given by the sum o~ the individual 
softening componellts. i.e. 

x (4.12) 

I,o,here the superscripts Rand M refer to classical recrystallization and 
m~tadynamic recrysta11ization respectively. Wh en the overall softening 
has gone to completion. a11 the processes saturate. 50 that 

(4.13) 

Having 'estab1ished that static recovery,after hot working is 
,described by an equati on of the form of Equati on 4.5 and assumi ng that 
the recrystallization processes are described by equations of similar 
form, we may define the components of softening as fo11ows 

r n 
>X r Xr(l_e-k t ) 

Q) 
(4.11) 

XR • R P 
XR(l_e-k t ) 

ClO 
(4.14) 

XM 
M q 

and XM( l-e - kt) 
"" 

(4.15) 

Before these equations can be used, however. the values of X:' X~ and 
the XM must be estimated fram the experimental data; 

00 
".. 0 
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4.3.3.1 Recovery and C1assica1 Recrysta11ization 
-----------------------------~---_._----

\ We flrst turn our attention to the softening curves obtained 

under the conditions where" recovery and c1assica1 recrystallization 
operate together. The mode1 and the meta110graphic results suggest 
that after prestrain1ng O.1S and 0.18, on1y these two pr-ocesses will 
operate. Under such circumstances. Equation,4.12 ab9ve bec~s 

(4.16) 

and Equation 4.13 is reduced to 

(4.17) 

,,' It is evident from the grain size distributions for a prestra~in 
of 0.15 at soooe that recryst~"ization be'gins only after a de1ay time 1 

of 30s. Reference to the appropriate softening curve in Figure 3.5 shows 
that one inf1ection plateau is apparent in the curve at these strains. 

'This observation ,suggests that the maximu~ softening due to recovery 
a10ne does not increase beyônd SO% once the critica1 strain for static 

, ' 

recrystallization is exceeded. I-t then follows from Equation 4.17 that 
under these conditions 

( = x~ ~ o. S ... (4.18) 

Furthermore. since the processes act sequentially, and the recovery 
process is complete or a1most complete p~ior ta ·the conmencement of 
recrysta1lization, in the ,interva1 .. up to 50% softening, we can set 
Xr = X. The kinetics of reco'very can ,thus be again eva1uated in the , , 

ma~er described in Section 4.3.2 above. The curves representing the 
recoyery kinetics for prestrains of 0.10 at 540°C, D.15 at 450, ~OO 
and 5400 e an~ D.18,at soooe are shown in Figure 4.7(a). It is evident 

~ 

that these data are we11 represented by a straight 1ine with a Slope 
n of 1.33, a~ found for. the lower prestrains for which recovery was the 
on 1y operati.ve softeni n9 process. 

'. 
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Having established the constants kr and n in Equation 4.11 

above, the value of xr can be determined for all values of delay time 

so that xR can be evaluated with thé aid of Equation 4.16. The data 

obta1ned by th1S means for the same experimenta1 conditions are p10tted 
- . 

in the manner of Equation 4.10 in Figure 4.7(b). Here the slopes of 

the curves p have a value of 2.2 which 1S apparently independent of 

strain and temperature. The rate constant for the recrysta11ization, 

on the other hand, is strongly dependent on strain and temperature. The 
values of the rate constants are tabu1ated together with those re1eva~t 

1 

to the other processes in Table 4.1. 

The quality of the fit of the two-component softening curves 

based on Cquat10ns 4.11,4.14 and 4.16 to the_experimenta1 data is 

demons trated in F1 gure 4.8, where the data po; nts were detenni ned for 
o prestrains of 0.15 and 0.18 at 500 C. 

4.3.3.2 ~~f9Y~rll_~!~!!f_~~~_~~!~~l~~~!~_~~frl~!~11!!~!i9~ 
We turn our attention now to the problem of separating the 

components of softening in the case where all three processes, i.e. 

rècovery, c1ass;ca1 and metadynamic recrystallization, opera te together. 

The principal problem in this case is the estimation of the maximum 
, r R M _? \ 

fractional softening. i.e. X , X and X that can be produced by each 

" 

00 00 00 

of the processes. The evaluation of these parameters was only possible 
for the softening curve obtained after a prestrain of 0.40 at 5000C. 

'a. ,'. 

Thi s was the only conditi on where all three" processes were ope rat; 'le 

and for which meta1lographic as we11 as softening data were available. 
6xamination of the grain size distributions for this condition 

, ~ 
(Figure 3.10(d)) shows t~at after 3.8s (which corresponds to the end of 
the first cycle of softening), 36% of the volume has recrystal1ized. 

This is attributab1e solely to metadynamic recrystallization, so that 
XM may be taken as 0.36. A~ter a de1ay time of 3~8s, 64% of the material 

w;s s ti 11 unrecrys ta 11; zed s ~i ca 11y, al though ; t had recrys ta 11; zed 
dynamically, as shown by the de\ ease in the grain size fram that of the 

undeformed materia1. 

" 
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It was ~how~ abov~ that the re1atlve amount of softenlng by 
~ 

rl'I "VI" Y ln( rl'a~('~ wlth ~trdln tr, a valul' of ~n'" at a straln of 0.113. 

IIlthfluqh th" '>dturatlCHI 1f'vl'l for recovery cannot be measured for stralns 

hefond tlle pe,ü,. because of the lnterventlOn of metadynamic recrystal

llzdtlon, lt can be estlmated by severa1 means. On the assumpt;on that 

the saturatIon 1evel can contInue to lncrease wlth strain, estimates 
of 60~ or 7n,:. for examp1e, can be obtalned (173). In the present work, 

the saturatIon level for recovery ~as detenm1n~ by an iterat;ve process, 

using varlOUS estlffidted saturatlon levels for the three processes. Four 

5uch Iteratl0ns are shown ln Appendix 4.1, of which the fourth ;s repro

duced below as Flgure 4.12. 
It 1S of lnterest that the saturation 1eve1s that gave the best 

fit to the experlmental data were the fol1owing:' 
'1' 

XM 

{ 
CD 

x~ 
The latter two 
ln the material 

0.36 

0.40 

O.2t 

va lues 
wh;ch 

correspond ta the case where 

recrystallizes classica11y is 

63% of the softening 

produced by static 

'1 recovery. 
The various flts shown ln Appendlx 4.1 were on1y attempted 

r R after values had been chosen for the rate constants k, and k , which 

depend strong1y on strain and temperature. The time exponents for the 

three proéesses. on the other hand. were assumed to remain constant, as 

discussed above. In the present work. it was' found that the strain 

dependence of the rate constants could be r.epresented by the equat10ns: 

A BE: 
'* e (4.19) 

and 
, (4.20) 

as shown ln Figure 4.9. In â material th~t undergoes dynamic recrystal

ln a t i on" the store<:! energy rea ches a max inun a t or near the pea k of the 
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flow curve. It is, therefore, re~sonab1e tO,assume that the rate constant 

will reach a maximum value at thlS critical value of strain. In Vlew of 

,this. the horizontal curves ln F1gure,4.9 were fitted to intersect the 

inc~ined llne at variou~ strains in the vicinity of the peak strain. 

Th,e values of kr and k
R obtaineâ ln this way were used, a10ng with the 

values of xr, xR, n and p detenmined above. to ca1culate alternative turves 
"'R CD,' ' 

for Xr and~X. The best fit to the experimental data after the saturation 
of metadyn~m;C recrystallization was obtained with kr and KR evaluated 

at 0.9 Ep (i.e. 0.225). 

The curves representing the data obtained in this way are plotted 

in the manner of Figure 4.4 in Figure 4.10. Once thE!""Valuesof kr and kR 

were established and Xr an9 XR calculated,as a fun~tion of delày time, 
the functlon XM (i.e. the progress of metadynamic recrystallization) was 

calcu1ated by difference with the aid of the equation, 

- (4.21) 

, 
~ The data thus obtained are plotted in the usual manner in Figure 4.11. 

The slope q of the curve was found to be approximately equal to land 
the rate constant kM took a value of 1.5. The individual softening 

curves are plotted in Figure 4.12 along with their ,sum which is seen t9 
r~present the overaJ1 softening data very faithfully. The good fit depends, 
of course, on the numerous assumptions already outlined above, and so 
the values of the rate and other constants wh;ch correspond to the fit 
and which are tabulated in Table 4.1, can only be regarded as qualitative. 

They do, however, establish that the ~hree-cQmPQflent softening process 
is a consistent one. 

We will nq~ consider the physical significance of the rate 
constants and time exponents determined in the foregoing section. 

--~" --- -- -.- - _._---------
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'TABLE 4.1 / 

Empirical Constants for Equation 4.1~ o~taine~ f~0m ~~e Softening D~ta 
T -, 
1 

. Cliassical -Metadynamic 
S~~ln Recovery Recry~tallization Recrystal1ization 

TSmp e Pre- .' r 1 R M 
{C} f.s-1} Strain kr n X'" kR P X.,. kM q Xoo 

- 1 

T - ------r--. 3 --=---=-=.5. ~~ 5-_ 6 7 1 8-~ 9 10 n 12 
-7 0.05 9.6xlO 1.3 0.42 

450 1.8x10-3 -6 0.10 1.8xlO 1.3 0.50. 
-5 -11 0.15 3.1xl0 1.3 0.50 5.4xl0 2.2 0.50 

..;-

0.05 3.2xl0-4 1.3 0.42 
, 0.10 - -3 1.3 0.50 1 .1 xl 0 

500 1. 8x1 0- 2 0.15 1.lxlO-2 1.3 0.50 2.7xlO-5 2.2 0.50 
0.18 3.0xlO-2 1.3 0.50 2.0xlO-4 2.2 0.50 
0.40 1.2xlO-1. 1.3 0.40 1.6xl0-3 2.2 0.24 1.50 1.0 0.36 

0.05 1.2xlO-4 1.3 0.42 
540 Bx10-2 0.10 2.4xl0-3 1 .3 - 0.50 5.4x10-8 2.2 0.50 

0.15 1.2xl0-1 1.3 0.50 3.0xl0 -4 2.2 0.50 
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4.3.4 Physica1 Significance of the Empirica1 Recovery Equation 

We now turn to consider the physical significance of a relation
ship of the fonn of Equation 4.,11. In the classical experiments on 
recovery a,fter co1d work, the process has been shown to fo11ow simple 
first order kinetics. First order kinetics imply that the recovery 

1 
( process begins Hmtediate1y at time equa1s zero. In the present case, 

however, it is evident that recovery does nQt start at the full rate 
immediately after the cessation of deformation. Instead, it achieves 
its maximum rate only after abo~t 5% recovery. For a process of the 
present type to be described by simple linear kinetics, it 1s necessary 
to invo~~ an 'incubation time' T, during which no change occurs. fhe 
integrated first ord~r rate equation in tenn,s of degree of recovery 
then becomes 

1 - k ( t- T ) -e (4.22) 

where k is a constant. Such a relation is shown fitted to the data in 
Figure 4.13, which also inc1udes a curve representing Equation 4.11. 

, 
It can be seen from Figure 4.13 that during the initial period 

of holding, processes take place which do not marked1y change the level 
of the retained work ardening or interna1 stress: such processes cou~d 

f' 

be islocat10ns to the cell walls. The major 
1 

process of softening 
1 

could th en be due to 
the cell boundaries. 

akes place after the 'incubation' interval, 
ihilation of redundant dislocations within 

Although a relation ,of the form of Equation 4.22 can be used 
to des cri be ,the present data in the mi d-range of the process.., softeni.ng 
actually tak"es pl'ace more rapidly at t-ne end of this stage of recCJVery. 

On the other hand, E'quation 4.11 fits the data better but 15 less 
.... J. 

amenab1e to physical interpretation. 
We have already hoted above th~~covery part of the 

- ! • 
softening process saturates wel1 below full softening. Thus Equation 4.22 
is in the nonnalized fonn in which xr varies frOllLzer:o initially to one 
at saturation. It is convenient for direct ~omp1rfson wfth standard treat-

" _c- MUt 

/ 
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4.22) with the data for recovery of tough pitch copper " . 

. '."1.' .F_I_---.d--.. IIM;:$ ... JIIIIIJIII-........ ~-P .... ---------p---------.-~- ' .. 



154. 

ments of recovery to express the process in terms of f10w stress components 
such as O., the interna1 stress. The differential form of Equation 4.22 

1 
is g;ven by 

d{l-Xr} 
= -k(1-x ) dt r (4.23) 

,J J 

By noting further that 
CIO 

o.-o. 
1- x 1 1 

r 0, CIO 

ai-ai 
(4.24 f 

where 0;0 is the initial value and 0i
m 

the saturation value of the 
internal stress, it may be shawn that 

(4.25) 

where (0;-0;00) is the excess internal stress (i.e. the excess over the 
saturation level). It is of particular interest that the kinetics of 
this type of softening are only approximately first order if expressed 
in terms of th, excess internal stress. Furthermore, the internal stress 
may be taken as being proportional to the square root of the dlslocation 
density. In the light of the foregoing arguments, 1t may therefore be 

, "" 
concluded that the rate of change of dislocation dens1ty during recovery 
follows first order kinetics. 

It is evident from the experimental re~ults that the rate of 
recovery is, not only dependent on the level of the excess stress, but 
is also temperature sensitive. The temperature dependence of the recovery 

. process ;s shawn, in Figure 4.14, where the' time for 50'; recovery is plotted 
against inverse temperature for different amounts of prestrain. Since 
the prestraining in the present 'experiments was carried out at the same 
tenperature corrected strain rate, U.le start1ng structure and internal 

" 

stress are expected to be nom1nally the same for a given prestrain at 

the three temperatJres. It is ev1dent from Figure 4.14 th~t in tough . 
pitch copper the activation energ~ for recovery increases as the tempera-
ture decreases. This unusual behaviour suggests that at the lower 
.temperature~ sorne process 1s operat1ve (for examp1e oxide precipitation) 
which inh1bits stat1c recovery. 

.e ttt'M %7.7 • ., •• 111 u"" 
1 
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4.3.5 The Critica1 Strain for Recrystallization 

It is evident from the description of the present research that 
the role of the critical strain for static recrystallization Ecr is an 

important one. It is the purpose of this section ta summarize and 
discuss our observations regarding this variable. 

If the critical strain for static recrysta1lization is exceeded, 
softening ~y static recovery can only take place during the incubation 
period prior to recrystallization. Furthermore, if the .ctitical strain 
for recrystallization is not reached, the recovery processes do not 

, ' 

lead to full softening, but saturate at a softening level we11 be10w 
100%; i.e., full softening cannot be produced by recovery processes a1one. 
The soft~ning curves of Figure 3.5 and 3.6 reveal that the maximum relative 
softemng that can be produced ~y static recovery alone ,before the peak 
is about 50X. This compares with softening leve1s of about 40% produced 
b 1 · 1 . (111)' ' y recovery a one ln a umlnum . 

At 500oC, Figure 3.5, a pre-strain of O. la (curve b), was 
followed by a recovery cycle l~sting some, 10,000 seconds. As softening 
did nôt go to completion, it can be concluded that the critica1 strain 
exceeded 0.10. From curve c, it can be seen that, after an interruption 
strain of 0.15, softening by recovery was c~plete after about 50 seconds, 
and then recrystallization proceeded to campletion. The critical strain 
for this material, at 5000 e, is thus between 0.10 and 0.15 strain. The 
above value is in reasonable agreement with those quoted in the literature, 
which are of the arder of 0.10 strain(50). 

The critical strain for dynamic recrystal1;~ation is of special 
importance for the present discussion since softening by metadynamic 
recrystallization can only tpke place in a dynamically recrystallized 
structure. It is strain rate and temperature dependent(40) and ;s generally 
assumed to be less than the peak strain. According ta Rossard(41) the 

cri,tical strain for dynamic recrystallization i~ of the order ~f O'fp. 
In the present study the critical strain in copper was estimated to e 

o about 0.9 Ep at 500 C. 

4.3.6 Metadynamic Recrystallization 
It is well established by the present results that a soften1ng 

process called metadynamic recrystal1ization indeed takes place after 
large prestrains in a dynamically recrystallized structure. It was con-

-- ----~ - -~ ·-"'~~------_·_-"'·-------__ ....... e & ••• " __ 1IIiI7_-...,'·...::; ......... 
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flrmed that the process does not requlre an lncubatlon perlod after the 

termi nation of defonnatlOn, that 1 t proceeds very rapidly and that i t 

go es to completion when all the nuclei fonmed during defonnation are 

exhausted. A new characterlstic' of this process w~ also observed, 
WhlCh is that metadynamlcally recrystallized grains are smaller (at 

least under the present conditions) than either dynamically or statlcally . . 
recrystallized grains. This observation, lf general, is ~ very valuable 

one 1f we consider the lmportance of graln size refinement in the processinq 

of steel and other materials. 

The question that naturally cornes to mind is the followlng one. 

How can the nuclei formed during deformation lead to smaller grain sizes 
wh en recrystallization follows straining than,do the same nuclei when 

the defor.ilat i on i s not i nterrupted? Let us therefore cons i der thi s tn 

more detal1. To begin with, we will assume, following Sandstrom and 
Lagneborg(35), that a moving grain boundary leaves behlnd it a region 

whiçh is relatlvely free of dislocations. Wlth concurrent deformation, 

the dislocatlon density begins to increase again once the boundary has 

passed. This development lS represented in Figure 4.l5a by a plot of 

dislocation density versus dlstance in the direction of graln boundary 

motion. Here the grain boundary is moving to the right into unrecrystal

lized material. The rate of increase in dislocation dens1ty beh1nd the 

movi ng boundary (and therefore the di s tance x ) i s determi ned by the cr 
net rate of work hardening, which is in turn strain, stra1n rate and 
temperature dependent, and is expected to vary locally wi~hin the material. 

If an embryo. once formed, is to grow into a critical nucleus 

(i.e. the smallest nucleus which is stable). then the strain difference 

àcross the embryo boundary must be greater than the value required for , . 
grain boundary migration. Such entJryos are continuously being fOnned, 
but whether or not they ac hi eve; 7ri ti ca 1 i ty depet,ds. not on 1 y on the 
energy difference. but also on fhe width of the ess~ntially dislocation

free zone behind the moving boundary x . If x r is greater than d /2. -cr c cr 
where d is the crit1cal nucleus diameter. then embryo growth can \ cr 
proceed. If. on the other hand. xcr is smaller than dcrlZ. the embryon;c 

nucleus will cease to develoPt lt 1s destroyed by the concurrent straining. 
Potential nucleation sites of this type. that never reach the crit;cal 

nucleus stage dur1ng defonmation. can nevertheless grow eas1ly after the 
/ 
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lnterruptlon of deformation, as ll1ustrated ln FIgure 4. 15b. Once more, 

the nucleus grows by bulglng of the graIn boundarles brought about by 

the straln enerqy dlfference :(.'d-':R) The bulglng 1eads agaln to the 

formatIon of new graIns, but these are smaller ln s!Ze than those fOrmed 

~ynaml cc111,v. Th; s an ses beCc1use of ·-the larger nunt>er of nue 1 el that 

are free to gro. once concurrent deformatlon 1S lnterrupted. 

4.4 ,STAlle RESTORATION IN THE HIGH STRENGTH LOW ALLOY Nb STEEL 

lt is clear from the results obtalned on the three experimental 

mater1als that the proposed softenlng model leads to a reallstlc lnter-

pretatlon of the softenlng processes that take place after an interval 

of hot w'rk. An atte~t will no. be made to discuss the results on the 

~b-bearlng steel ln the llght of the restoratlon model. However, concur

rent preclpltatlOn ln thlS steel adds a new dImension to the prob,lem, 

because of the Interaction between the .,netlcs of precipItation on the 

one hand and tho~e of recovery and recrystall1zatlon on the other. 

Nevertheless, lt 1S pOSSIble to speculate about the lnteraction 

between precipItatIon and softenlng by assumln9 that the results of 

le Bon et al(57) on a 'H!t.A steel conta'1nlng O.03Swt.\ Nb apply ta the 

presert matena}. ThIs work c~ares the rate of NbC precipltatlo.n after 

hot w~rkln9 wlth that wlthout prlor worklng. Alt~ou9h the1r steel contalned . . 
half the Nb and twlce the C contalned in the present material, and the 

straln rate used for the study was one and a half orders of ma9nltude 

higher than ours, the results will be consldered to 9ive an approxlmate 

indlcatlon of the deqree of precipltation that may prevall in the present 

study. The t1~ for 5. 50 and 1001 and .. ~iMUm softentng on holding 

after 25t prlor hot worklng are shown for the present .ater1al ln Figure 

4.16 The crosshatched regions on the diagra. in~icate the range over 

which HbC precipitation occurred in the .grk of Le Bon et al.· lt 15 

evident that at 10400C. softening 1s 11tely to be ca.plete before s1gn1-

ficant precipitation has occurred. The occurrence of further soften1ng 

beyond 1O<:n Qbserved for delay tilleS greater than lOOs Illy then be 

attributed te softening of the) .. trh due to 11> and C depletion. Although 
thh inc~t of softening could in pr1nciple be produced by A grain 

______________________________ ... -----.~--.4 .. 
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Slze effect. lt 15 more ]l~ly that the graln SlZt IS decre.sed durlng 

recrysta111zat1on. and Tt wou1d t ... t,erefore be expe<ted to produce c! flo

stress lncrease (Le.' hardenlng and not softerlnq) 

After only lO~ prestr.ln at 1040°(. the tlme ta lnltlate 

softenlng 15 ln elcess of 1005. 50 that the soften1ng processe5 are 
'-ll~ely to opera te concurrently .,th preClpltatlon. Th.s ~1 cause some 

retardatlon of the r~crystalllzatlon process, nowever, at th15 ~19r 

temperature, even after c~lete pr~lpltatlor, o~ly half t~e aval1able 

Nb and C are preclpîtated as ,arbide (see F19ure 4 17)(172) In view 

of thlS, the volume fractIon of Nb( prec1p'tated lS expected ta be s .. 11 

compàred w,t~ that present at the lower t~eratur~. so that ~he 

retardat'Jn effect 1~ prObably sonewhat s~11er thar ln t~e other t~t~ 

At the lnlennedlate tenperature cf 93CoC, the tl-e for the 

start of preclpltatlon 15 of the order of lOs and pre<:tpitat1of" could 

therefore, oCfur concurrentl) .1U1 the pr'or defonr.atl0n Hself, This 

could lead to the retarddtlon of dynaR1c ~ecryst.ll1zatl0" by plnnlng 

of the sub-boundanes and gralr ooundarles. SuC/') reUro.ttl0r. sh()uld not 

on1y le'd to a broaden'"g of t~e flo. stress peak, but 's also lfkely 

to aHe<t al1 tt)e stabc soften'l"I9 process~ 

At t~ low~t t~tlng t~eratur~. tne ~4t4 of Le Son et jl 

su99~t tl'lat the preClpltatlor 0" NbC 1S well .. <hance<: ~f'ore Sl9nH1c.nt 

softe~lng dccurs. At tt-,s t~t4"'ature, thoe effect of concurrent !il)C 

prec'p1tat1on appears to t'tave 'ts "4"'11" retdrd.tior effect':" This .. y 

"r'se, or. the one hand. frOP the hlgh vol~ fr.c~ion of pre<,p't.te 

present at ~a.plete pr~1pltatlon (97\ of the Nb and C ~re pres~t .s .. 
prl"C'pltat~. SH Fl9ure 4 17), and on the other, frQII t~ ftne disperSIon 

of precipitate expected at tre lower U!IIIperature. It shOuh1 H potnted 

Out that c!t SlS0C .,th Nt> and C tfl solutlon. the .. ttr'" would be ~ted 
to corSlst of a .1xture of lustenite .nd ferrite. However. as ~bC is 

preclpi tated. bot" C and Nb are/ w1 thdrawn fra. solution • ..,1ch would tend 

to 'ncrt.se t~~ yol~ fr.c~ton of ferrIte pres,"t. The l.rge reduction 

ln the no- st~s (Ste Flgure 4.18) .",eh oceuros .fter holdIng ti-es 

grNter than 5000s Illy be a'ttrtbutH in Plrt to t.h1s phase chi. effect. 

"ote tt\lt the d~tI of Le Bon et 11. 4uggest thit ftbC prK1piutton h 

c~lete .fter about 1~. 
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4:4.1 The Effect of Precipltation on the Activation Entha1py 
An Arrhen;us plot of the times for 50% softening after 0.25 

pres.tr:-a1n is shown in Figure 4.19. It can be seen that the slope
J

(}f' 

thjs plot is a function of holding temperat~re. The curvature shown 
is eq~ivalent to an increase in the activation enthalpy for softening 

';with increases in the like1ihood of concurrent precipitation. 

4.4.2 Recrystallization Rates in the Industrial Hot Rolling Range 
The present experiments were conducted in the temperature 

range 815 to 1040~e. The range limitation was an experimental one, 
arising from a)" the necessity for using expens;ve and short-lived ceramic 
tooring fJr temperatures above 10000e, and b) the minimum unloading and 
reloading time of about a half second, during which a large fraction of 
'softening takes place, again at temperatures above about 10000e. ~ever
theles~, it is of interest to consider the extent to which softening 
rate~ in the breakdown range of temperatures can b~ predicted from test 

,..œs<t1 ts of the nature descri bed above. , _, 
1 An example of the type of 'extrapolation 'that cân be made is 

given in Figure 4.20. This construction is based on the Arrhenius re1ation-
• 

ship an& on the assumption that the overall "activation energy" associated 
with so'ftening does nct change appreciab1y:over the exper;mental range. 
The construction indicates that in the breakdown temperature range of 1100 
to 12000e. 50% softening occurs in 1ess than a second after a prior strain 
of 0.25 in both the low carbon and Nb-modified steels. Thus, in these 
materials, recrystallization is essentially complete between mill stands. 
By contrast, in t~e finishing temperature range, full recrystallization 

.. 'J. 
may take from'lO to 100 seconds, and this can be increas'ed to over 1000 

seconds by the addition of niobium_~~ other el~ents. 
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Figure 4.19 ·Activation enthalpy for static softening in the OJ07% C 
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CONCLUSIONS 

The present investigation involved the softening behaviour of 

a 0.06%C plain carbon steel, a 0.07%C Nb-bearing steel and tough pltch 
copper. It was carried out by means of interrupted compression testing 
in the temperature ~ange from 450 to 10400C and at strain rates between 

-3 -2 -1 8 x la and 8 x 10 s . A second serles of experlments was carried 
out at the single temperature 9f 5000 C at a fixed strain rate (1.8 x 10- 2

5-
1) 

and employed various interruption strains. 

specimens were quenched to room temperature. 
and etched and examined meta11ographica1ly. 

After increaslng delay times. 

These samples were pollshed 
The distributlon of graln 

sizes wit~lin each sample w~s used to determine the degree of recrystal
lization at a given delay time. The technique ~as sufficiently sensitive . ... 
to distinguish between the two recrysta11ization processes that occur 
after prestraining. 

The results were interpreted in terms of a three-mechanism 

~~. softening model and the kinetics of each process were examine~. As a 
result of the study. the following general conclusions were reached: 

. : 

1. The flow stress i~all three materials'is strongly strain 
rate and temperatute dependent, increasing with increasing 

strain rate and decreasing temperature. A decrease in 
tempera,ture or an ir1crease in strain rate also leads to 
an increase in the peak strain and the peak in flow stress ' 
becomes much broader under these conditions. The broad- J 

ness of the flow curves in the Nb-treated carbon steel 
appears to be much greater ,than can be attributed to the 
temperature ~ependence of thl, rectys_tall i zation process 

f' al one. This broadening suggests that Nb(CN) precipitation i 

is initiated before or during deformation, thereby retarding 
the dynamic recrystallization p1rocess. which in turn has 

the effect of broadening the flow str~s pea~. 
2. The results of a large number of interrupted t~sts indicate 

that, after hoi working, static softening in FCC materials 
proceeds by the sequential operatlon of up to three distinct 

~---------------------_____ .I"-.- ...... 
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processes. The three processes are statlc recovery. 

c1assica1 recrystallizatlon and 'a dlstlnct mechanlsm 

identifled as metadynamlc recrysta111zation. The rela-

tive importance ~f each of these processes depends 

criticall~ on the prior hot worklng strain. A c~itical 

strain of about 10% is required to lnltlate c1asslcal 

recrysta1lization, whereas stralns of 25% or more are 

generally requlred to produce metadynamic recrysta111zatlon. 
3. The three softening mechanisms can lnteract to produc~ a 

smooth softening curve, or a curve with elther one or ,two 
inflection p1ateaus. The fo11owing individual cases can 

be distinguished, in order of increasing interruption 

strai n. 

..... 

a} For sma11 amounts of prior strain, that is at a strain 

considerably less than that required to reach the 
maximum in flow stress, only one stage of softening 

c) 

d) 

is observed. This first cycle of softenlng has been 
attributed to static recovery a1one. 

When the amount of prestrain is increased beyond the 

critica1 strain fpr statlc recrystalli,zation, softening 
occurs by means of both static recovery and c1assical 

recrysta1'-izatlon and a single- plateau is observed. 

Wh en the flow curve is interrupted between the peak 

stress and the steady-state, stress, dynami'c recrystal.:. 
l 

lization is followed by al1 three softening processes, 

and two inflection plateaus can be see~. 
Wh en ~he flow curve is interrupted in the steady-state 
region, the SUbsequent softening is attributable It-O-\.-, ---

stati.c recovery, metadynamic and static recrystalli-
1 • 

zation, but under certain conditions, all three 
,1 

processes operate concurrently and a single sigmoidal 
~ ~ - 1 

curve ;s produced . 

, 

..... -,------ ------,..,--' . - »a 



, 

1 

4. 

5. 

Il 

169. 

The rate of statlc recovery increases with temperature 

as well as with the strain rate and interruptlon strain. 

The latter effect can be attributed to ~~ lncrease in 

retained dis1ocatlon density that accompanies lncreases 

in strain rate or prior straln. The rate of recovery 

decreases somewhat wlth tne addltlon of certaln solutes 
" 

and when flne preclpltates are present. The relative 

amount of softenlng that can be produced by stâtic 

recovery increases with strain to about 50% lof the work 

hardening that is lntroduced. When the maxi~um degree 

of softening brought about by recovery has been attained, 

a softening arrest is generally seen. 

The process of classical recrystallizatlon after high 

temperature deformation, like that of recrystal'1ization 

after low temperature deformation, lnvolves an incubation 

time during which recrystallization nuclei are formed. 

In the pre~~t experiments, this time ranged from 1 to 

8000 seconds. The experimental activation energies associ

ated with classical recrystallizatfon are substantially 

higher than those associated with static recovery, thus 

the length of the incubation plateau or softening arrest 

depends'on temperature, and is shorter at hlgher t~mperatures. 

6. Metadynamic or post-dynamic recrystallizàtion can only 

occur if 'dynami c recrys ta 11) zati on ; s i nit i a ted dur; ng 

priop straining. It takes place only when the interruption 

strain exceeds the strain required to attain the peak in 
__ f------------------I.~--L-lLUW--CUne. __ According ta this mechanism. the recrysW ____ ~ __ 

1 
l, _ 

.. 

lization nUclei formed dudng straining, and which grow 

during deformation, continu~ ta gr9w when strain~ng i5 

interrupted. Thus no incubation time i5 involved, and 

the overall softening rate can 'be'up to two Qrders of 

magnitude faster than when final softening takes place 

by classical recrystallization. 
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7. When stralnlny lS lnterrupted at equiva1ent regions a10ng 

a flow curve, the rate of recry~tallizatidn. by either 
mechanism, is observed to be highly temp~ature dependent. 
When interruptions are perfonmed at constant, temperature 
and lnterruptlon strain, the rate of softenlng increases 
with strain rate as a result of the hlgher dlslocatlon 
densities accumulated at higher deformatlon rates. The 
marked effect of strain on the rate of softening lnvolves 

the changeover from recrystallization by a classical 
mechanism involving an incubation time ta post-dynamic 
recrystallization, which utilizes nuclei fonmed during 
defonmation. 

" 

8. The addition of niobium (and of other alloying elements) 

decreases the overal1 softening rate by one ta two orders 
of magnitude. The a110yin9 e1ements reduce ta sorne extent 
the rates of dynamic recovery, static r~covery, and both 
classical and metadynamic recrystallization. However, 
the major effect of Nb addition seems ta be ta prevent 
the formation of dynamic recrystallization nuclei until 
much larger strains are attained, and therefore, to 
prevent the occurrence of pas t-dynami c (i. e., r'api d) stati c 
recrystallization at normal levels of prior strain . 

9. Experiments dealing with the effect of hot working condi
tions on the recrysta~l.;zed grain size lead to the conclu

,sion that the latter ;s strain, temperature and str~in 
rate dependent. The dependencies observed are described 
below. 
a) The grain size of samples subjected t,o strains of 

. , 

0.05 and 0.10, which are below the critical strain 
for static recrystallization, were the same as the 
initi'al grain size, but contained 'subgrains as revealed 
by etch pitting. A qualitative study of the changes 

in dislo~at;on substructure carried out on these s~ec;
mens in~ate~ that soft~nin9 by recovery saturates 

\ ' 
at a certain valu~ well below(that associated with 

/--- ) . -- .... 
, ~ / 

',--------/ full restoration. 
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b) When the pre~train exceeded the erltlcal straln fo~ • 
statle recrystallization, the grain Slze deereased 

with lncreaslng straln. At large stralns, a steady 

state was reaehed where the grain size remained 
constant with further straln. 

\ c) The recrystallized graw Slze decreased with an , 

increase ln strain rate. ThlS effect wa~ more pro

nounced at the highest temperature (600
0 e), which 

is reasonab1e when it is reca11ed that bath the 
retained dis1ocatlon denslty and the mechanica1 

properties in ge,nera1 are more rate sensitive at , 
higher' temperatures': The effect of temperature was 

a150 marked and the resu1ts indieate that the re-
" crystal1ized grain size of tough pitch copper increases 

with working temperature. 

10. A plot of the high temperature yield stress vs. grain size 
drawn up in the Hall-Petch manner shows that in tough pitch 

copper the former increases linearly with the inverse 
square root of the grain size. The value of k gradually 

decreases with decreasing r~tes of deformation and can 
be written as: k = 0.8 + g(T,~){N/mm3/2}. Similarly, 

an increase in temperature a1so lead~ ta a decrease in 
\ 

k, pr~bably because its effect on thermal activatio~ is 

analogous ~o that of a decrease in strain rate. 
leads to a Hall-Petch relation of the form: 

. -1 '-1 
~y = O'O(T,E)'+ O.8d + g(T,E}d 

This 

/ 
____ ~~- Here the fi rst component on the ri ght-hand _ü~1ll~ 

equation represents the yield stress of a single crystal, , 
and the second.and third terms arise from the contributions 
of grain size ta the athermal and thermal flow stress 

components of the developed stress, respectively. 
11. The-tfme dependence of the individual softeni~g processes 

can be specified by means of experimental relationships 

w'h1ch can also be used to describe the "temperature and 

( 

J 
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straln dependence of these processe5. The data fitted 
the fol1owlng relatlOnshlps" 
a) -nen recovery is the only operatlng process. 

r n 
X Xr Xr( l-e-~ t ) 

"" , ' 
b) when two softening processes (i.e .• static recovery 

and statlc recrystall1zatlon) operate together, the' 
overall degree of ~teni n9 is given by: 

X ~ Xr + XR 

where 

c} when, the three softening processes operate together, 
the overa 11 'so-ften; n9 produce~ i s gi ven by ~ 

X = Xr + XR + XM 

where 
M q 1 

XM 
=z x~(l-,e -kt) 

The fractiona1 ~ftening at the comp1etion of recovery 
(X~) approaches 50% asymptotically and appears to saturate 
under most conditions. In tough"pitch copper, the time 
exponents n, p and q are strain and temperature independen~ ; 
and exhibit constant values of 1.33,2.2 and-l, respectively. 
The rate constants kr (for reco~ryJ, kR (for recrystal-

\ 

lization) and kM (for metadynamic recrysta11ization are 
strong1y dependent on temperature and strain. With an 
increase in temperàture or strain, the rates of the indi-

_____ ~v'__'i'_""d~u""-a 1,---- proc~s-s es j nc rease,. 
12. Grain size measurements suggest that grain refinement 1s 

, strongly dependent on the operating softening mechanism. 
" On the interruption of defonmation at strains ,inferior 
to that required to initiate dynamic recryst~llization, 
the original.2rains are replaced by new grains formed by 
classical recrystallization. The mean size of grains 
formed in this way decreases as the prestra1n increases 

" 

Il f 
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and 1S 0.09 ~. (for example). at a prestrain of 0.15. 
The dyn~ical1y recrystallized grains fonned during 
d~fonaation. on the other hand. have a mean size of 0.17 mm; 
i.e .• they are s~hat larger at the strain rates used 
than the classically recrystallized grains. These grains 
are partial1y replaced by still smal1er grains (e.g. 0.04 mm) 
by metadynamic r~qrYstall1zatlon when straining 1S inter
rupted. The classical recrystal1ization which ~akes over 
from metadynamic recrystallization at longer delay t1mes 
produces grains with a mean size similar to those produced 
by the same mechanism at lower strains, i.e. o.pa mm. \'c . Prestraining into the steady state regime of flow there-
fore produces mixed grain ~tructures on complete recrystal-
11zation. On continued holding after complete recrystalli
zation. grain growth was obsery~d in tough pitch copper 
at 5000e and 15% prestrain. leading ta an appraximately 
twofold 1ncrease in grain size. This process also gave , 

., rise to alcompOlient of softening. 'This latter component 
was attributed to a decrease in grain boundary density 
rather than to a decrease in dislocation density. 

, 
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STATEMENT OF ORIGlNALITY AND CONTRIBUTION TO KNOWlEOGE 

The present work includes the followlng orlglnal contributions 
,. A quantitatlve Method was developed for the lnvestigation 

of the softening behaviour of meta1s based on mechanical 
measurements at the deformatlon temperature. The test 
method 1S founded on the prlnclple that the yield stress 

2. 

at high temperatures is a sensltive measure of the structural 
sute of the melteriay'. Samples ar~ loaded at a constant 
true strain'rate to'some prescrlbed strain and Utoen un
loaded and held at zero load for· lncreasing time intervals. 
The samples a~e subsequently reloaded at the same strain 
rate as before. The magnitude of the yield stress on 
reloading is governed by the degree of structural change 
that has occurred during the holding interval and can 
therefore be taken as a measure of the progress of the 
static softening process. Su ch measurements, based on 
the yield stress in compr~ssion, have not be~n previously 
made to the author's knowledge. 
For the experiments on the Nb-bearing HSLA steels, the 

~ 

experimental treatment called for heating the compression 
taols to 1 200°C'. In view of this, new tooling mater;als 
were introduced. Solid bars of high purity alumina were 
used for the wpper and lower anvils. The entire loading 
assembly was contained within a tubular, fused quartz 
chamber,which itself was water-cooled at its extreme ends. 
The compression chamber assembly was 'enclosed in a platinum , 

) 

______ .oLsp~lL-jL-Ot~furnace. -whictL cou1cLb.e-~ai sed (H'-1-oweFed on thç..e----

3. 

-------- ------ -
crosshead. This is probably the first time that highly 
instrumented, isothermal, constant true strain rate compres
sion experiments were carried'out ~t such high 'temperatures. 
The mechanical testing results have indicated, and the 

metallographic results have confinned, that an additional. 
recrystijllization process takes place after defonnation 

( 
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at ~llgh t~erdtur-es Tt'l1S very rapld recrystdll 1zatlon, 
chrlstened MetadynaD'lC (or ~t-dyn~lc\ re(rystal11Zdtlon , 

15 a type of statlc 50ftenlng process that can occur onl y 

a fter preVI DUS dynami c recry5 ta 111 za t 1 on (i. e. recrys ta 1-

llzatlon concurrent wlth defOnMatlon). Accordlng to thl5 

view.'the recrystallizatlOn centres nucleated dunng 
deformation will. on lnterruptlon, contInue to grow lnto 
the surroundifl9 defonned materlal. rhls process 1S only 
completed when all the nuclei formed durlng defonmation 

are exhausted. As this type of recrystal1i~atlon does 
not require a nucleation interval, it proceeds very rapidly 
upon the termination of defonmatlon. Although unusual 
and rapid foms of recrystallization have been reported 
by a number of workers. the special features of metadynamic 

recrystal1ization were first distinguished and identified 

in the present s tudy . 
As a result of the clarification of the role of metadynamic 
rècrystal1ization in static restoration. a new and detailed' 
model of the inter-relationships between the foyr softening 

mechanisms following high temperature defonmation has been 
proposed. The model suggests that the following combinations 

of static softening process can operate: 
1. stati c r~covery only, 
2. static recovery and static recrysta11ization, 
3. static recovery, static recrystallization and grain 

. growth, 

, 

t 4. static recovery, static and metadynamic recrystallization, 
,~ 

--~-------------- ----- ---------=:=---(lmt-~ --------------~----- --- --------
~ r 

.r 
{ 

5. static recovery, static and metadynamic recrystallization 

and grai n growth. , 
It should be added that some evidenc_e for a fifth softening 
mechanism was observed which may involve matrix dep1etion 

and precipitation. 

'. 
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5. The sequential operation of up ta four distinct softening 
processes precludes the meaningful application of a single '. 

6. 

integrated rate equation to the softening data. Instead, 
the present results were fitted by means of an equation 
made up of three components of the form proposed by 
Avrami for/olassical recrystal1ization alone. These ------ -

relat10nships can be used to evaluate the temperature and 
strain dependence of the individual processes. 
A qualitative study carried out of the changes in the 
dislocation substructure by means of an etch pit technique, 
as.well as the progress of softening obsèrved by means 

" 

of mechanical testing, support' the observation that softening~ 
by recovery saturates at a,certain value well below that r • 
associated with full restoration. 

7. It is evident from the grain size distribution curves 
obtained 1n tough pitch copper, that more than two groupings 
of intercept lengths are present. The observations in~icate 

4 

that, under the present deformation conditions, the finest 
grain size is produced by metadynamic rather tQan by 
dynamic or static recrystal1ization. This oDs~rvation, 

if general, is relevant to. the steel processing ;ndustry, 
where the production ot'fine grained materials is of con
siderable economic importance. 

8. The presènce of both athermal and thermal components of 
;-, grain boundary strengthening was observed, suggesting that 

grain 90u~daries can s~rve as both local and long range . ~ 

obstacles,at e1evated temperature~. It;s thus a conclu-
\ 

sion of the present work that a' Hall Pe~h relation of 
the following fonme applies at high temperatures: . 

. ,) -l '.! 
0y = 0o(T,E) + O.Bd : g(T,E)d • 

Here 0y and 00 have units of MPa and,the grain size ;5 

.-.' in nm. 

• r 

" . ' 
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APPEHOIX 3. 1 

Experimental Conditions Employed to Ev.luate the Influence 
of Grain S1ze on the H1gh Temperature Yi.ld Stress of Copper 

Test 
No. 
l 

Cu 913 

Cu 905 

Cu 906 

Cu 925 

Cu 926 

Cu 923 

Cu 924 

Cu 929 

Cu 930 
Cu 912 

, Cu 927 1.8xl0·2 

Cu 928 

Cu 920 

CU 921 

Cu 931 , 

Cu 932 
CU 933 

Cu 934 3.7"'0.3 

Cu 911 
CU 91. 
.. t'lt 

• t 1 L tf
, 

l 4 5 
0.40 8X10·2 10 

1.8xl0-2 12.2 0.41 
1.8xl0-2 12.2 0.41 
3.7dO·J 15 

3.7xl0:,,3 15 
7.5xl0-4 35 

7.5xl0-4 36 

0.40 
0.40 
0.41 
0.41 

0.39 
0.40 

8xlO·2 20 
8x10·2 20 

1.8xl0·2 

J.7xll);-3 
20.5 0.40 
23 0.39 
23.1 0.40 3.7xl0·3 

7.5x10·4 

7.5x10·4 
39.8 0.40 
38.1 0.41 

6 
94 

93 

92.9 
94 
94.5 
94 
94.6 

75 
76 
77 
77 
76 
17 
76 
b 

8xlO·! 60.3 0.39 
8"10.2 10.4 0.40 

1.8",0.2 60.7 0 • .0 
1.Ixl0·' •• 1 0.39 60 
3.7.,0'" • O. Il 61 
7.1110,,4 17 •• 0.49 .. 
1 ...... ~ O." 11.' 

'~ 1 , 

7 
49 
50 

48 
48 
48 

48 

48 

43 

45 

46 
42 
43 

43 
.43 

40.5 
39 
38 

39 
41 
40.9 
41 

titi l~q tstl 
t ri'~ Mf 6f ! r t' 

8 
36 

34 
34 
32 
32 

30 

30 

35 

35 

33 
31 

31 
29.5 
29.5 

34' 
34 

32.5 
32.5 
3O.S 
Il.5 
,D.5 

d 
{na} 

9 

0.056 

0.10 

0.145 
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APPEMO IX 3. 1 (cont'd) 

~ j ~ S ~ , 2 1 8 
Cu 914 8xl0-2 300' 0.40 53 38.5 33.5 
Cu 915 \ 8xl0-2, 300 0.40 53.3 36 33.5 
Cu 916 1.8xl0 .. 2 301 0.41 52 36.6 32 
Cu 917 7.5xlO-4 , .8xlO-2 301 0.40 52.9 33 32 0.2 
Cu 907 3.7xl0-3 302 0.39 52.8 43 30 
Cu 908 3.7x10 .. J 302 0.39 53 38 30 

J 

Cu 910 7.5x10 .. 4 314 0.40 54 38 28 

Cu 261 
T~ PITCH CoePER.. T - 600°C 

7.5x10 63.5 41 34 

Cu 260 1.9xl0 .. 2 63 40.8 32 
Cu 259 7.5x10 .. 2 3.8xl0"3 1 , 0.40 62.9 41 30 0.16 
Cu 258 7 .5xl0-4 63.1 40.5 28 

Cu 257 54.5 31.5 33 
Cu 256 55 29.6 31 
Cu 255 1. 9xl0 .. 2 5 0.40 54.9 31.1 29:5 0.26 
Cu 254 55.1 31.5 27.8 

Cu 253 41.1 29.5 33 

Cu 252 40.5 28.0 31 
Cu 251 3.8dO·3 22 0.40 41.2 29.5 29 0.32 ~ 

. Cu 250 41.0 29 27 
\ 1 • ~ i 
" euHi 1 33 28.4 ~1 .. 5 \ 

CU t41 
\ 34.2 39 30.3 

~ 

.~" .. 
29 0.51 4 
27 
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APPENOIX 3.2 

The "'unts of Soften1nt 
OccUM"1ng in "ch of the Mater1el • 

.... , the ExperiMental Condition; EllplO1Id 
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APPENOIX 3.2 

The Mounts of Soften1ng Occurr1ng in .Ich 
of the Mater1als under the Experimental Conditions Emp10yed 

TOUGH PITCH OOPPER 
Test1ng Temperature 450°C. Unload1ng Strl1n 0.05, 

-3 ·1 Stra1n Rate 1.8xlO s 

De lay TiIIi. l1: 1J'm lr. Amount of Soften1ng <Ja} {~a} 
ft s {flFa} % , 2 j . ~ ,g 

5.000 U llf 10 0 

11.000 68.7 5.5 
24,000 65.1 18 
36,000 61.4 32 

46,000 60.3 36 
100,000 58.6 42 

; 

Tasting Tenperature 450oC~ Unload1ng Stra1n 0.10. 
Stra1n Rate 1.8xl0·3s·1 , 

~ 1 . ! ! 
500 lf ft 92 0 

1,000 92 O. 
~ 

3.000 90.5 3 
5,000 89.5 5 

7,000 87.6 9 

1.000 as' 14· 
14.000 81 22 
11._ 71.3 30 

• &t.5 46 30,000 • 
• À, 

H.ooo • 67.5 50 

l00.1OD Q.I. 50 
1 • , 

o "-' , < • 

, , 
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1 
10 
30 
80 

180 
300 

SOO\.,. 
1,000 
1,400 
2,000 
2.700 

4,000 
6.000 
8,000 

12,000 

18,000 
28,000 
40.000 
70.000 

200,000 

J 
2 

4.4 
1.5 

• , 10 

l,' .. 
: ... -: 

" . 

APPENDIX 3.2 (cont'd) 

Test1ng Temperature 450°C, UnlO1d1ng Stra1n 0.15. 
Stra1n Rate 1.8x10-3s-1 

2 3 4 5 
U '§t 96 0 

96 0 
96 0 
94.4 3 

94 4 
92.8 6 
88.6 14 
86 19 
82.2 0 26 
77.5 35 
71.6 46 
69.5 50 

69.5 50 
69.2 50.5 
67.4 54 

62.1 64 
55 78 
45.1 96 
30.8 123 

lesting TllPlrature 450°C. Unlold1ng Strl1n 0.40, 
Strain Rate 1.8x'0·3.-1 

: 1::: : : . , f 

. '. 

92.9 
10.3 ' 

81.3 

" .. 1 .., 
•• 2 
Il 
M-

'. 9 

11 
14 
15 
17 
1 • 
21 

5 

. ' 

, \ 
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1 
32 
38 
55 
90 

100 

110 
120 
150 

200 
240 
300 
400 

500 
600 

700 
900 

2.000 

3.000 
3,800 
5,000 

40,000 

• 

-
.a il ••• $1 • II_Il lU» • U j 

- 1 

APPEHOIX 3.2 (cont'd) 
2 3 4 

4J R 81.5 
79.4 
75.2 
70.5 
51.9' 
6~.9 

64.8 
64.3 
64.8 
64.8 
64.8 
63 

60 
S6 
54.4 

53 
53 
52.3 
q 

43 
43 ( 

TlSting TlMPlrlture' SOOOC •. UftlOld1ng Stra1n,0.05. 
, Strlfn Rate 1.8xl0·2s-1' 

2 4 
69 

't 
";5 

5 

26 
30 
38 
47 
52 
54 

58 

59 
58 
58 

58 
62 
68 
75 
78 

'80 
80 
82 
90 

100 

103 

5 
0 

0 
2 
3 
4 

• 
11 
li 

" 
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e 

1 
500 

700 
1.Z00 

?,OOO 
4,000 
7,500 

500,000 

APPENDIX,3.2 (cont'd) 
2 3 4 

61.5 

59.9 
58.5 

58.1 

58.3 
58.1 
58.1 

Test1ng Tenperature 5OO0e, 'Unloàd1ng Stra1n 0.10, 
Stra1n Rate 1.8xl0-2s-1 

5 
29 
35 

40.5 
-

42 

41 
42 
42 

1 2 3 4 '5 
5 n go go '0 

10 
15 

20 

24 
30 

40 

45 
60 

70 

85 

130 

160 
180 
200 
240 
300 
400 
100 
100 
70Q 
101 

'MD 
4 •• ' 

\ 

90 
90 
88.6 
88.1 

81.2 
87.2 
15.3 
84.4 
83 
81.5 
78.7 
76.8 
,75.9 
74.5 
73 

, ,. , -
, ' 

o 
o 
3 

4 

6 
6 

10 

12 

15 

18 

24 
28 
3() 

33 
36 
45 
48 

10 
50 
50 ., 
5; 
10 

,', 
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APPENOIX 3.2 (cont'd) 
1 

Test1ng Temperature 500°C. Un1oad1ng Stra1n 0.15. 
Str~"n Rate 1.8x10·2s-1 , ~ ~ 4 ~ 

1 43 ~ 96 0 • 
2 96 0 

J 94.4 3 

5 93.8 4 
7 93.4 5 

10 90.7 10 

15 88.1 15 ~ 

20 85.4 20 
30-'1 80.1 30 

~ 

, .' 40 74.8 40 
42 71.6 46 
50, 71.6 46 

1 60 68.4 52 
70 64.2 60 

1 1 100 55.2 77 
106 51 85 

150 48.3 90 

260 45.1 96 
460' ? 43 100 l 

1.500 43 100 

21.000 34.5 116 .. 

Tlsting TtIIIPI,ature sorI'C. Unload1ng Strl1n 0.18. , 

~ Strlin Alte '.1x10·2s·1 f.' 

1 1 : ~ ~ ! ! 
0.7 11~ • e .,. 101 .0 

oJ 

2 \04,8 5 
1.4 111.8 8 

S Il .. 6 13 ., 17.' " • • , 
" "., 26 

11 It 40 

/ ,,"t" 
v. 

~ '~. 
1 "\ . 
; 

, ,. 
. ", ~ " 

" ",' ~'"\ , 'Ol)~' ~ "i 
'. , , '''~ , 

.~.'''' '-.fti~·· " 
1,~' . ~~,~ .~t, ~ ), ~ 
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16 
22 
28 
32 

36 
~40 

\ 
46 
60 

120 
500 

1 
0.55 
0.8 
1.35 

1.5 

1.7 
2.4 
3 

4 
4.6 
5.1 
6.5 
7.5 
8 

10 
10.1 
10.3 
lO.5 

11 
1 24 e Il 

10 

')-
, " 

APPENOIX 3.2 (cont'd) 
2' 3 4 

13 108 76.8 
76.8 
72.9 
68.4 
62.4 
59.2 
54.7 
49.5 
43 
32 

Testtng TeMPerature 500°C. Un10adtng Stra1n 0.30. 

.... 

) 

Stra1n Rate 1.8xl0·2s·1 . 
g 3 4 

13" 1'65 93.8 

.' 

89.5 
83.3 
82.1 

80.2 
76.5 
1. 
71.5 
70.3 

70.3 
61.2 
Il.6 
60.4 
16.6 
56.' 
16.1 
Il.4 
14.1 
10.4 
.ta.4., , , 

'9 ' 
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5 ' 

48 
\8 
54 ( 61 

70 

75 

82 
90 

100 

117 

S 
18 
25 

k 
40 
46 
50 
54 
56 
56 

61 
70 
72 
78 

·78 
78 
80 
82 
;88 

"-100 
11a 

t , 

" , 
, 
~ 
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APPENOIX 3.2 (cont'd) 

Test1ng TeMperature SOOoC. Unload1ng Stra1n 0.40. 
Stra1n Rate 1.8xl0-2s-1 , 2 

l 
j ~ 

l n 95 78.4 
1.8 72.1 
2.2 ' 69 
2.8 6ê 
3.6 66 
4..4 64.8 
5 63.8 
6 61.2 
8 55.5 

10 53 

12 52.4 
17 51.3 

24 46.6 
30 44 
40 43 

Tlsting TeMPerature SOOoC, Unload1ng Stra1n 0.52. 

1 
0.9 
1.25 
2 
2.4 
3.3 
4.8 
5 
6.5 
8' 

10 
10.1 
10 .. 7 '?f'. 

• M 

Stra1n Rate 1.8x10·2s·1 

2 ,3 4 . 

U JI' 76' 

73.2 
)-

68 
.... 

66 

63.3 
61.2 

58.6 
53'.4 
51.8 

10.8 
4t •• 

~ f; .7 
41.1 ''t 

, , 

~ ,i " 43 
, Je •• :'., if: , , 

m'( i r ' f. 1 P t 

, ~ .... 9 ; 
?4 'l .~: ,.,: -
""0: ~i1 

,\ ~~,~!. >" > 

ne 
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5 
32 

44 

~o 
52 

56 

58 

60 

65 

76 
81 
82 

84 

93 

98 

100 

5 
37 
42 
52 
56 

61 
65 
70 
80 
83 

es 
87 
89 
91 

100 
108 

'. 

i 
/1 
li\. 
~r 

) 



. - la • • • 
•• ,~??t<.~ ' ............. ____ * fI Si ....... 1;C'I. P.(l~"" UA; JO; « ..,.; , EU _ ; if 1$ ."142 '_il._ 2 hla' .. 

226. 

APPENO IX 3.2 (cont'd) . , 

1 Test1ng T~erature 540°C. Unload1ng ~tra1n 0.05. 

Strain Rate 8xl0-2s-1 , '2 ~ ~ S 
12 4J 1f 71 0 

20 71 0 

32 71 0 

130 68.5 9 

280 65.4 20 

400 62.6 30 
550 60.4 J , 
900 . 60 

~1 
1.400 59.8 42 

, If.; 2,200 59.8 42 
3,000 59.8 42 
5.500 59.8 . 42 

10.000 59.8 42 
70,000 59.8 42. 

Test1ng TelPlrature 5400C~ UnlOld1ng Stra1n 0.10, 
Stra1n Rate 8xl0·2••1 , 2 : ~ ~ ! 

1.8. U ~ 90 0 

2.8 90 0 
10 88.6 3 

20 
If 

87.2 6 

42 
, 

82.5 16 

8S ~ 
78.3 25 . 

10 75.9 30 

1'0 74 .. 0 34 
150 72.1 38 

no '\ 67.9 47 ... ,. 67.4 48 
420 •• 6 50 

• 700 16.5 50 
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APPENOIX 3.2 (cont Id) .. -

1 2 3 4 5 
900 

, 13 90 64.6 54 
1.300 61 62 

1.600 57.1 70 
2.100 ( 

1 
51.5 82 

3.600 45 96 

5,500 43 100 

8.000 43 100 
11.000 43 100 

Testing Temperature 540°C. Un10ad1ng Stra1n 0.15. 
Strl1n Rate 8xl0-2s·1 , 

, 2 3 ~ 5 
0.8 -ft gg 93.8 4 
1.3 , 93 

1.7 

2.4 
3 

3.4 
4.6 
6 

7 
8 
9 

11 
15 

18 

22 
21 
30 
36 
46 
50 
15 

" 

91 

88.1 

86.5 
84.3 
81.2 

78 

75 
72.1 
71.1 
69.5 
69.5 
66.9 

65.3 
• < 

63.1 
&t.9 
16.3 . . , 
-1* 
49 •• 

10 

15 

18 

22 
28 
34 
40 
45 

47 
50 
50 
55 

58 
62 
ea 
75 
~ 

• '3 
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1 
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1.8 

2.5 
2.8 
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3.S 
3.(, 
4 .. 6 
5.5 

APPENDIX 3.2 (cont/d) 

Test1ng iemperatur~ 540°C. Unload1ng Stra1n 0.40, 
~ Str.!. Rate 8xl0·2s·~ 
\ '3 4 

J H 

,..U "R 73.2 
70 
68 
63 
60 

57 
53.4 
50.3 

..... 50.3 
49 

6.5(" ." 50.3 
7.5 48.2 
8 46.1 
9 '- . 44.6 

12 43 '. 
17 43 

1.000 32.6 

L O. O61C Ll* CARBOII STEEL 

Tlsting TeMperature 815°C. Unload1ng Stra1n 0.25. 
Stra1n Rate 8xl0·2s-1 

1 , U If 74.2 . 
1.8 
5.5 

" . 

5 
42 
48 

52 
62 

68 

73 
80 
86 
86 

88 

86 

90 
94 

97 

100 
100 
120 

" 5 
27 

41 
41 
41 
42 
45 
10. 
11 
77 .. .... 
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APPENDIX 3.2 (cont'd) 

Tlsting Teaperature 930°C. Un10ad1ng Stra1n 0.25, 

, 
0.9 
1.8 

2 

4 

5.5 

8 

la 

- 22 

, 
4.8 
5.5 
6.5 

14 
45 
65 

100 
300 

1,000 

] 

Stra 1 n Rate 8xl 0-2
$ -1 

2 3 4 
lU' il 54.4 

52.4 
50 
50 
49.6 
45.6 
37.6 
35.2 

listing TeMPerature 930°C. Un1old1ng Strl1n 0.25. 
Strl1n Rate 8xl~-3s-1 

2 3 ( 

» W 49.5 
48.1 

44.6 
,44.0 
42.6 
39.4 
35.0 
33 
33 

TesUng T ... rature l~C. 1Jn1oad1ng Strl1n 0.25. 
Stra1n Rate a~10·2s-1 

, 1: ::1 : 
• 17' 

, - , 
,l' 

•• 2 
38.2 
fI.2 
Il, 

, , 

,al 

229. 

5 
64 
69 
15 
75 
76 
86 

106 

112 

, 
$ 

43 
48 
60 
62 
67 
78 
93 

100 
100 

+ ~ \ 
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APPEHO IX 3. 2 (cant 1 d) 

l ~ ~ , ~ 
6.S ~ ~ 29 112 

• 20 29 112 
30 29 112 
40 29 112 
60 29 112 

lesting Temperature 1040oC. Unloading Stra1n 0.25. 
Stra1n Rate 8xl0·3s-1 

1 1 ~ 1 ~ 5 
2 K II 1 

: 38.8 19 
: l', 9.5 31.8 60 
k'i, 

14 30.4 68 ( ... 
;'1( , , 

l''i' .~ 25 30.4 68 
~ : ' 0.07SC+ Nb STEEL ~ 
~, ' 

Testing Temperature 815°C. Ùnload1ng Stra1n 0.30. r' , , 
Stra1n Rate 8xl0·2s·1 , Z ~ ~ ~ 

10 ft' m 165.6 5 
60 154.6 15 

600 136.1 32 
1.500 105.6 60 

5.400 57.6 104 
30,000 40.2 120 

Testing T ... ,.t"N 93(/Jc. Unloadtp Stra1n 0.25. 
Strain .~. 8xl0·Z,-

1: t ::: :: , ~ 11 : : 
: 1 ::: li t 

{ $ 
83.2 22 

Il 
>? .', 

)1.1 .46 t. ~; 
,F"'I . ' .. " 1 .' ...... 

" . , . " 
Mio * 67 

fi., 1 .7 .. , t, M.,1-· • . .. 
,p 

.. • ,,, 
~ l ',e" , 

~ 1 " 
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140 

200 

300 

600 

1.500 

1 
30.000 

APPENDIX l.2 (cont'd) 
2 3 4 
W 90 57.5 

57.5 
57.5 

1 51.5" 
52.8 

Test1ng TeMPerature 930°C. Un10ad1ng Stra1n 0.10, 
Stra1n Rate 8xl0-3s-1 

2 3 4 
4! 70.5 w.r 

Test1ng Te.perature 930°C. Unload1ng Stra1n 0.25. 
<"7 Stra1n Rate 8xl0-3s-1 

5 
105 
105 
lOS 
105 
120 

5 
15 

1 2 3 4 : 5 
25 U' " 75.7 7 
40 72.0 .;'/:' 18 

60 66.1 36 

110 64.8 40 

200 5t.8 55 
300 53.6 74 
500 53.6 74 
800 46.7 95 

1,100 43.7 104 

1 .500 42.1 1 09 

Telt1ng t ...... ture lO4d'C. lMtCNld1ng Stra1n 0.10. 

. ''''1n Rate .'0"2,.', ' ; 
] :1; : ;,; : 1 : ::1 J ' :::! 

o 
23 
'14 

54 

231. 
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APPENDJX 3.2 (cont'd) 

Test1ng Temperature 1040oC, Unload1ng Stra1n 0.25. 

1 
1 
4 
5.4 

10 
15 

26 

40 

60 
200 

800 
1.200 

" 

, .000 

2.000 
3.500 

12.000 
15.000 

35.000 
56,000 

: , 
2.5 
5.6 

14 
ai ,-

, )1 ',,} , 

, " 

Stra1n Rate 8xl0-2s-1 

2 1 ~ ~ 
« 14 82.4 

72 
58.4 
48.8 
48.8 
44 
44 
42 

• 40 
40 
40 

lesting T~rature 1040oC. Unload1ng Stra1~ 0.10. 

Stra1n Rate 8x10-3s-1 

) 2 3 
48.5 
40 
40 
33 

......... -- 31 
30.9 
30.9 

Ta,ting T-.pèrature· l040oC. Unload1ng Stra1n 0.25. 
Stra1n Rite ~10-3s-1 1 

1 :1 
55.6 
11.4 
44.,2 

; 

~ 

4 
30 

~ 
88 

88 

100 
100 
105 
j 

110 
110 
110 

5 
3 

55 
55 
94 

101 

106 
106 , 

zo 
50 

'7 
17 

( 

;-
, ' 

~ , , ! 

, .,,. 
" 
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APPENDIX 3.2 (cont'd) 

1 2 3 4 ~ 

• 50 Jf ~ 32.2 99 

60 31.5 102 
105 31.5 10r 
350 30.3 107 

1.200 30.3 107 '. 
" 

• 1 

f 
, " 

1 

\ . 

" 

, . 

, • 
'/if-b 

! ':< .. 
"f,' ." 

-j,q, 
~'\ , ' . '0 • , 

• 
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APPEND lX 3.3 

SpeciMen Preparation for Opt1eal Metallogr,phy 

," 

, ~' 
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APPENDIX 3.3 
Specimen Preparation for Optical Metallography 

The compression cylinders were sect10ned and mounted in 
Scandiplast. t Mechanical polishing was perfonned on a series of emery 
pipers, w1th water as lubricant. starting w1th 220-grit, and fo11owed 
by 320, 400 and 600 grit papers. The polished slices were carefully 
washed in Acetone. r1nsed in methanol and dried. They were then 
electropo1ished in a solution conta1n1ng: 

; 

133 ml. glacial acetic Icid 
25 gm chromium trioxide 
7 ml H20 

at 8.SV and laoe in three-m1nute intervals. An alcoholic rinse was used 
betweèn po1ish1ng intervals. The specimens subjected to grain size 
measurement were etched in a potassium dichromate solution for 20s. The 
solution conta1ned 

800 ml H20 

65 ml H2S04 (cane) 

16 gm potassium dichromate 
3 gm sod1t111 ch1or1 de 

, and was used on1y once and discarded. It shou1d be mentioned that a 
chem1cal po11sh conta1ning 20 ml nitr1e Ic1d. 55' ml orthophosphoric acid 
and 25 ml glacial acetic acid was a150 tr1ed as a grain boundary etchant. 
but WIS not found ta g1ve satisfactory results. 

Dislocation etch p1ts were produced with the aid of a solution 
conta1n1ng 1 ml brom1ne. 15 ml glacial acetic Icid, 25 ml Hel, 90 ml 
water, and 130 ml .athanol(155). The etch1ng time was kept constant. 
Indiv1dull pits were resolved read11y w1th a Re1chert opt1cal microscope . ~ 

at -2000 legntficatfon, ustng an o1l-imM1rsion 140x Objective 1ens. 

f 01 sen Sctenttf1c InstruMents Inc •• Long Island City, New York • 
. " 
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. APPENOIX 3.4 

quantttative Evaluation of the Volu.e Fraction Recr,yst.l11ztd 
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APPENDIX 3.4 

Quantitative Evaluation of the Volume Fraction Recrystallized 

Four sets of grain intercept measurements were used ta determine , 
the progress of static recrystallization in tough pftch copper. The four 
sets of data were obtained on samples prestrained 0.05.0.10,0.15 and 
0.40 at ft stra1n rate of 1.8xl0-2s- 1. As described in the text. indivi
dual grain 1ntercept measurements vere made on s~les held for variaus 
del~ times following defonnation prior ta quenching. The individual 
intercept lengths were equally divided inta 25 discrete size groups in 
the size range 0 ta 0.2 mm, and in the range 0.2 ta 2.0 mm. The relative 
frequency af intercepts within each s1ze class 15 g1ven by 

wbere nt 1s the number of intercepts w1th1n the 1th group and N 1s the 
total number of 1ntercepts. When N 1s large, the total length of 11ne 
l T meas ured 15 then 9 hen by 

vhere ai 15 the mean length of the intercepts vith1n the 1th c1ass. 
In the three sets of slIIPles wh1ch had not undergone dynamic 

recrystal11zat10n dur1ng prestra1n1ng ft vas assURed that 1ntercept lengths 
wh1ch fell in s1ze classes gr.ater than 0.2 mm were obta1ned fram the 
population of Uftrecrystall1zed grains. If the sfze groups are 1ndexed 
fraM the •• 11at to the larg.t, then the total length of 11ne inter: 
sectfne the recr.ystall1ztd .atertal f5 

ft 26 
L - N.t f 1.d1 1-1 

sflltllrl, the UIINC'7Itlll h. t""th LU 11 vhen by 

U N 
L .. 'Aafroit 

'l,: ~ 

. , 
;, 

" 41 1 

.~ .. 
lit: 
• 1 

1 



o 
'\ 

238. 

R The linear fraction recrystallized II 15 then 

25 

l
R LtR r-, f 1·d1 
l - t: - N 

t..1 f i ·a1 
The discont1nuous distribution curves in Figure 3.11 (a to d) 

show that, for sImPles strained beyond the peak. the grain size at the 
beg1nn1ng of the de1~ 1s sma1ler than the original one. This arises 
because the mater1al had undergone at least one cycle of dynam1c recry
st.111zat1on pr10r ta interruption. ln v1ew of th1s, 1ntercept lengths 
greater than 0.174 were cons1dered to fa11 w1thfn the population of grains 
which were unrecr,yst.,l1zed stat1callx. In thfs cise lR WIS def1ned IS 

R 18 N 
l - E ff·di ' E f 1d1 1-1 1-1 

The values of lR and lU as well as L~ Irt g1ven in the fOllowing 
tables for samples that were prestrained 0.15 and 0.40 It SOOoC and 1.8110- 25-

1, 

Values art not ghen for thè sa~les prestra1ned 0.05 and 0.10 under the 
s&me defo~tion condition as no static recr,ystal11zat1on took place (ste 
Figure 3.1,. and 3.11b). 
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APPENOIX 3.4 
Quantitative Evaluation of the Recrystal11zIt1on Para.eters 

TOUGH PITON COPPER 
T - SOOoC. ~ - l't.8xl0-2s-i • un10ading strafn 0.15 

Thne ~6f1d1 ~1 fi :d1 is} 
2 • ~ .. 

1 0.945 0.0036 
30 0.411 0.0135 
60 0.204 0.0267 

120 0.134 0.0460 
180 0.083 0.0759 
480 0 0.0748 

12,000 0 0.0749 
! 

T - SOOoC. ~ - 1.8x10-2s·1, ~10ading stra1n 0.40 
2 ! ",.Jr ~ 

"; .l, 

" . ,'l' r 

1 

3.8 
4.8 
6 

13 
20 
40 

l'."'" , 

"'lfi~,' l , .. ~",:; 

0.055 0.018 
0.055 0.032 
0.051 0.039 
0.036 0.036 
0.036 0.039 
0.018 0.045 
0 0.052 

lR 
L 
{~} 

o .• 
3.2 . 

11. 5 
26 
48 

100 

100 

S-
24 
36 
44 
50 
53 
71 

100 
~ 

) 

... 



, - .~~"""~~,,,, __ """"~""""""""""~"". __ I .. aaaa"" •• "--l.tM •••• '.IUII ... ' .......... ., --" •• '.014 _,~_ 'b .,L • ".'."1 .& b~1 

Z40. 

---

APPENOIX 3.5 

tu-O Equ111br1ua Di.gr .. 

, 
• 

.. 
~----~---------

,;.1 r j 



.. -
'1_; •• ..".......... q. 40. SI ;".0.'- UU41S 

o 

• 

" Atom;c ·C 
,tOo~--"----~--~~--~ 

1100 taC·,-F;;;F===F-:;5e32000 
1000 Ir---~---I--~L+--~-"'" ISOO 

a 
900 ~--+-- .JI----J--.f---I 

1600 

1400 

100~--'~--~--~--~--~ 

'200 

600~V~.·OO-I------O-OO~l--~-ao~05 

Weighl Pércenloge Oxygen 

,. , , 

r . ''', 
. ~.,J't"',,,' 

.. 

MEat! L ••• 111_ 

241. 

1 
l 
1 
,1 

• 
~ 



.. \ ' . ; 

1 

. 
r. Jiet $$$lil li •• 1: XS a S 'atlMil QI aa;a. $ ; ta n, • aut III d l$! lit ua Il 1'" 

• 

• . ' 

( 

APf>ENoIX 3.6 
\..r-

. Flow Curves for Tough Pi tch Copper used to 
Detenrtne tha [)epandtnee of the High TllllPlflture 

Yield Stress on the Gra1n Size 

) : " . ' . 

, . 

• .-1 

" , >, ":. ..... 

.. " r· 

242. 

/ 

\ 



~ 
i 

-..~ ~~."~4-';~" __ ~'~i4~.~IJ.I •• b_il~'; •• p_A~aAU~a~="*"$.a"I ... t.I .... ~ .. ~U#~" ____ ~$ •• "L"bJ.J-"4S~G~."±"U.l •• la .... : •• lll.'.3 .... 

G 
a.. 
E: 

.. 
rn 
rn 
~ 
ct: .... 
en 
~ 
::) 

• CIl:: ..... 

126 

1DD 

9D 

72 

514 

56 

11 

243. 

TIU&H PITCH CBPPER 
. 5'1D·C 

Il. D Je 1 D -1 5-
1 

D.LtD 

'.8.10 -1;, 1 

-5 -, 
5.rJ.'D • 

7 -'f -, .5.1D • 

J ____ ~ __ ~--~ ________ ~ __ ~ __ --~--~ 
D D.1 1.' a ... D.6 D.S D.1 0.8 

TRUt STRAIN 
1 

" . ' 
~, 

.. 
" 

'~ 

f ..o;.{ 

, . , 



".' , .... " ... _ "~ ~ 444 ;4IP. " •••. ~ ___ ._. _, .... ,_-. .................. ; o .... a __ N_._ . .-.Ii_ ..... .....,p_I, .... -a ...... 4~AI_;tISl~aIl' .' ••• 11 ••• ,'.1 •••• 11.'" 

\ 
244. 

1211 

TeUtH PITCH C0PPER 
~ 

5~D ·c 
112 -1 -1 

1.8)('0 • 
D.'4D 

t 

96 .~ 

'", . 
~ 

Q.. 
E BD 

• 
-1 -, 

u:r 1 .B .10 • 
U:J " ... L\J 
CI: ·5 -, 
1- 3.B .10 • , en ~ 

L\J 'ID 
-'4 -, 

::::> 7. S .10 , • 
ca:: 
1-

5t 
d 

1. 
• 

'0 
D D,1 O.~I 0.1 D.'I D.5· D.6 0.7 D.B 

TRUI StRAIN 

,1 

0 - i 
/ 

->--/" 
/ , 

./ 

/' 



'M"r,44~ """'&1 ..... .;. .. w;,_._. 4_=_4 .... _ .. we ____ a_4I 4_44 .... 4W4_ ...... _.,...,+$4P"""~ .. ,_ ........ _d __ 4' _= ____ .*-1 """,,,,ffi_'54 ..... a .... '.!I'Ii!;.', ... , ... : .SUII!IIIU,.'I •• Id .. a_II"!eu",,, 

.. 
0.. 
s: 

• 

en 
U1 
\.AJ 
0:: .... 
U1 

LaJ 
:::t 
ca:: .... 

• 

ct 

245. 

"t~--~----~----~--~~---r------~----r---~ 

9a 

70 

56 

'ft 

t8 

1't 

T8UGH PITCH cepPER 
5"40·C 

5.1 x 1 0 -! .-1 
D.~D 

-t -, 1.8.10 • 
-1 -, 

'5.D.1D 1 

7.5 .1 0 -~ .-1 

.... 
... {4 

" , 

I----~----.. --~----~--~----~--~~--~ D 0.·1 D.5 ,D.If D •• ! D.6' '0.7 D.B 
·TRUE ITRAI" 

'1 

' .. 
" 

• t\~ 



,. 

i, 
" , ,. 
,",. '" 

" 

• - -~--- .----~----D 
... t>.~""l_"". 1\11 "'""" .. Jt':" ...... 1 42 ~ ~, 7'" '!'PI' .. l'MIr'- ...... • .......... "" ......... JD"' ....... "'a._ •• _"'4 ___________ ... _, ..... ' ... 4"" __ .. : ._."'1_= ___ ",; _____ 1111'''''''' 

~,) 

Il 
L 
1: 

• 

en 
en ..... 
cr: .... 
en 
..... = Q: ..... 

, 

• 

,1 

\ 

l 
~ 1 

246. 

1Z.----~----------~------~--~----~--.., 
T,U'H PITCH C'.PPER 

S'fD ·C 
1'2 -'t 1 

7 .... i' Je 1 D • 
f 

\ D.'tD 
\ 

1 

9' 

BD 
-1 -1 '.a .10 • , d 

-1 -1 5.11 .10 • 

6't 

-II -1 
7.5.10 • 

'tll f' 

51 

" 
. , 

\ 
D~~~~~ ____ ~ __ ~~ __ ~ __ ~ ____ ~--~ 

1J D.1 ,0.% ~ 8.. g,... .0.5 O., 
'TRVE' l''~AIH 

'0.8 0.7 

-

, 

~ 
1 

1 
1 



" 

-
1 

"~----~ _ ...... ,.., .... -,.. .... ; •• : ......... lIII'Iu .. , ..... __ ""',_. gp_ ...... ..,;~$ilil!lk"""i .a_ ..... ~\ _______ ..... QiIIIIl".d.) _1III."lw.; ••• II •• Inlnl.IUn ••• 1 

/ 

0 
Q. 
s:: 

• 

En 
"UJ ..... 

CI: 
t-
En 

..... 
:" 
ClIC ... 

. ' . 

247. 

• \ 

9.·~--~----~--~----~--~----r---~~--, 

7% 

A 

6D -t -, 
1.9.' D • 

If Il 

56 
5' -5 -, .11 .1 D • 

." -t 7.5.1D • 
tif 

l' 
." 

I·~....,---............ ~ .......... --'--_ ..... _-'----' .• '.1 ... %' 0.1 ,'_,' 0.1 D.' 0.1 . D.B 
11.'~_~ . 

, .'. • 
" . 

1 
J 
" 

;:j 

1 . 



a • ou • • -
.. _N~ .... 1iff"f VQI" ..... ,-.,."" .. ·_ ... '_4k ... __ .' ..... _ ....... __ ... __ : ,...... .... A ... __ ...... _ •• "' ______ -,...-____ ~"" .. __ .. ~~ .... ~ __ ~..,.~ __ ... ~ ~~ __ 

.. 
a.. 
E 

.. 
III 
III 
l4J 
a:: .... 
III 

l4J 
:::» 
a: .... 

4 

.. 

• 
248. 

"2 __ --~----~--~----~--~~---r----r_--., 

7D 

56 

'ft 

) 
21 

, .. 
" 

1.1 
, . 

. 
llUGK PIlCH C0PPER 

'DO·C 
1.5.10-t .-, 

0.'40 

7.5 x1 D -2.-1 

-2 -1 
1.' le' D • 

ft -5.-1 5. .10 • , 

7 S " -If-1 • .1D • 

-
D.I.;~ D.S D.6 
TaK ,'TRAIN. '- , . .. ,~ 

0.8 

j' • 
, , 

.' 

r 
~ 
\ 

1 

\ 

, 
l 
" • 

l 

~ 
. ~ 



• 

• 0.. 
z: 

.. 
~tn 

tn 
L&J 
Cl: 
t-
tn 

U.r 
:;:) 

a::: .... 

• 
\, 

,', 

lU • el - • 

:11' 

249. 

7Z~--~----~--~----~---r--~~~-T----' 

65 

s't 

"15 

56 

27 

18 

9.D 

• • 1.1 D.t 

, , 

, 1""." 

" '., , , , " 

" 

D.5 
TaUE 

, ' 

. 

" 

18UGH PllCH C0PPER 
6DDoC 

5.8 x1D "5.-1 

1.'1 I,S 
I]~AIN 

O.~[J 

-2 -1 7.5.10 • 

'-2 -, 
1 ., .1 D ' . 

7. S w1D -.'f;1 

'D.6 0.8 

", 



• ; . :c • - • 

• ~_ "' ...... ~ .... ~, v ____ , ........... ,,_. ____ ""''''' ... ~.''''!. __ .''''IJ __ Ao'''' ...... -4"'3 ... 4.1 ... ' •• =-41l1li''''' ~I , ...... ,.,_ ..... ;;. .... , .. ' ....... I11III1 ............. "."" ................ _1.,IIn:.llllll •• I.lIllf1lIIlllUIf!IJ 

o 

0 
a.. 
li: 

• 

en 
en 
UJ 
cr: 
t-
en 
L.&J 
:::) 
CI: ... 

., 

o 
, 

. 
250. , 

e8 __ ---P----~--__ --~~--~----~--~--~ 

77 

66 

S5 

If if 

55 

IZ 

" 

> . 

" , 
" \ , 

r.' ~ 
~, ... ,. 

~JJ)lt/·J ':~, 
t 1;fJ~,~ , , 
tl'll' 

" ' , , 
\, 

, 101 ' .. '. , , 

T8U'H PITCH CIPPER 
'00 ·C 

7.5 .1D -14;' 

, , . , 

O."ID 

-2 -, 7_5.10 • 

-t -t· 
1.9"'0 • 

-5 -1 .D .1D • 

7.5 "'0 -'l,'" 

,.~,' 
, , 
, ' 

Ji 
'. ,) .. 
!l' 

~ 

l 

f ,. 



['-

1 

" .. 

'." ., 

•• 

• ,- • 
= • b 1 • d. FAY zi 

• 

APPENDIX 4. 1 

lterattons used to Oeter.fne Saturation Lev.ls 
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