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~STRACT 

'. Constant strain rate, ipterrupted compression tests 

°were carried out at temperatures of HroO and 900°C, on a 
, ( tÇ 

series of four s:tee1s. The base steel had a composition of .... . 
0.06% C and 1. 43% Mn and the others contained one of the 

following set of additions: (i) 0.115% '\li (i1) 0.29% Mo: and 

(iii t O. 0 ~5% 'Nb. In ~ the la t.ter s tèel, the Mn lev~l was raised 
, .. 

to r. 90%. The load-free ti~ was decreased from SOOQ s to 

50 ms and the degree of sta tic softenin~ during this period 

was calculated fro~ the ~eloading yie1d stress, which was mea

sure.d oy ~ two differént techniques: (i) back extrapolation~ , 
. 

(ii) the con ven tional offset me~od. Fractiona1 softening vS' . 
. . 

holding. time· cu?ves were prepared from the se data and the 1n-

- fluence of'Mo, Nb and V addition on the softening behavior 

1 

was determined. '. 
The resul t.s show that the presence of Nb, Mo and V in 

solutioh retards static recovery and recrystalllzation in a 

signi!icant way. qn an equal ato~ fraction basis, Nb has a 

considerably greater retarding effect than e,i ther Mo or V, 
1 -~ 

which has the least effect. In the Nb steel at 900 oC, the 

strain 'induced precipitation of Nb (C,N) afte~ a hOf-ding time 

of around 10 s "lad -to a further delay of about an order of 
" 
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magnitude in the onset of static recrystà.llization; No pre-

cipi tate retardation w.as pbser~ed in the V steel. The use 
.t-

of graphi te instead of glass lubrication decreased the retar-. 
dation of static s,oftening in tr.,he Nb steel. This resul t "is 

:J ' • 
. ' 

attrîbuted to thé -pr,e.sence of undissolved precipitates of 
o 

NbC âfter the 'austeni ti zation hea t trea tment, which red-uced 
. t 

the amount '9f Nb in solution before deformatlon. Va'lues of 

the Solu1;e Retardation Parameter were deterritined for Nb, Mo 

and V under static conditions. Although the c~mparison with 

the . correspondi~g dynamic quant~ ties showed 

c:rder of efféctiveness, considerably higher 

the same tank 

SRP 's were ~-
tained under static conditions., The total arnounts of soften-

" 

in9 due ta static recovery calculated by the offset method 

are twice those determined by ·back extrapol~t:ion. The latter 

technique is considered to be more useful." for predicting the 

" infl uence of recovery on m,\l.l loads in indust~:ial' practice:" 

, 
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pas tests.' de compression avec interruption t;!t ~ 

vi tesse de d'formation vraie constante on t ~té ef~ectués à 

900 et 1000?C SU;; une s@:rie de' quatre aciers. A la composi

tion de base 0.06% C et 1.43% Mn ont: ~t~ ajoutés successive-

ment: (if 0.115% V; (ii) 0:.29.% Mo et (iii) 0.035% Nb. Dans 

ce dernier cas, la concentration en rnanganêse a ~té augmentée 
, ' 

à 1.90%. ' Le temps d'interruption variait de 5000 s A 50 ms 

et le taux d "adoucissen:len t statique pen dan 't cette périqde a 

êté calculé d'aprês la limite élastique aprês interruption, 
- 1 

m~surée de 'fieux maniê:;-es di~férentes: (i) par eJCtrapolation 

inverse 
r; 

(ii) par -la rn~thode 'offset' classique. La v"aria,tion 

du 'taux d'adoucissement en fonction du temp~de? maintien a pu 

~~re ainsi dé~erminé~ et l'influend! de l'addition de~Mo, Nb 

ou de V déduite,. ) 

les r~sultatS montrent que la prêsence'-de Nb, Mo et V 

'"" ' en, solution retarde -la, restauration statique et la r~cristallisa-

tion' de rnaniê:t;e significative. Pour une même fraction atomique, 

le niobium a \ID effet retardateur beaucoup plus important que 
J 

le, molybd!ne lui même plUS e;ficace que le vanadium. Dans 

l'acier au niobium à 900°C, la précipitation de Nb(C,N) indui'te 

par la dêformation , aprÈ!s un- temps de maintien de l"ordre dé , 
~ 

" 



( l 

Il ~, , 
~--> __ ~ ....... __ ~, _____ "", __ """, .... _. ____ ._ ......... ~ __ ~_ ..... , ... _~ ____ .~ ____ ~.~ __ ~_ •• __ ~."---," _________ .... ___ ••••• __ '" M~ ._"_" 

iv. 
• ',' 

. ~ 

.10 s, conduit a une augmen téJtion d' un ordre; de ,grandeur le 
" , . 

te~ du ,début de reèri~talfsation' sta~ique. Aucun retard 
• 1 

dû à un~ éventuelle précipi t:ation> n'a été observé dans i' acier 
L, 

au vanadium. L'uti~s~tibn,d~ graphite au lieu de verre commé 
0''''1 • 

lubrifiant diminue le retard de l' ad0u8tssement 'statique dans 

l'acier au niobium ... 

cipit~s ngh dissous 

tien" ce ~ui réquit 

. . , 

Ceci est attribué à la présence de pr~-, 
, . . 

de Nb(C,N) apr~s le traitement d'austénitisa-, 

le pourcentagè de niobi,um 'en solutiop avant' 
6, 

la dêformation.' La valeur du Par~tre de Retard en Soluti:on, 

'Solide a ét~ calculée pour le Nb 1 Mo et le V dans le cas 

statique. Bien que, la comparaison àvec les quanti tés' corres-
D 

pondaht.es dans le cas dynamiq~' ait montré .le mêrre ordre 

d'efficacité, les vale\lrs du PRSS obtenues dans le cas st~ti:itue 

sont beaucoup plus grandes. Le 'j:aux dl adoucissement d!1 à la 

restaul!ation statique calculé.pa~ la méthode • offset' est deux 

fois plus iInportant que celui, détermin,é parOextrapelation. 

Cette seconde technique est considérée conunè beaucoup plus 

uti le pour .prêdire l'influence de la restauration' sur les 
, \ 

cha:.:ges de laminage~ danS' les. procê'dés .inditstriels-::---
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RESUMO 

Testes de-compressao com interrupçao e a ~a v'locidade 

de deformaçào constante foram realizàdos à 1000 ~ 900°C em uma 
\ , 

sêrie de_, quatro aços. Ao aço de base, corn llpla composiçào qulmica . 
de 0.06% C e 1.43% Mn, foram feitas as, sequintes ~diçëes: 

(i) 0.11,5% Vi (ii) 0.29% MOi. e (iii) 0.035% Nb. Neste ultlmo 'aço, 

o teor de Mn foi aumèntado para 1.90%. 0 intervalo de inter-

-rupçao varidu de 5000 s a 50 mS'e 0 grau de amolecimento est§tico 
't 

'durpnte asile perIodo foi calculado a partir do ilimite de esco-

ame.o.:to no recaJ=regamento, 0 quaI foi medido por meio de duas 
\ 

diferentes técnicas: f (i) 0 rnétodo de extrap01açào inversa, e 

(iJ) 0 convencional mâtodo 'offset'. Curvas de per,centagem de 

amole cimento vs. tempo de in terrupçao forain plotadas a partir 

destes dado~ e a influ@ncia d~ adiçàes de-Moi Nb e V na taxa de 

amo1e cimento foi de te rminada . 
, 

Os resul tados mosb'ram que a presença de Nb, Mo e V, em 

_ . soluçào retarda, de uma maneira significante, , os processos de -.. 

recuperaçao e recrista1izaçào estâtica. Para uma mesma fraçao 

atômica, 0 efeito de retardamento devido ao Nb é considera-

velmente maior que 0 do Mo ou V, ~ quaI apresentà um efeito 

m!nimo. No aço corn Nb a 900°C, a precipitaçào induzida por 

deformaçao ge Nb (e,N) , ,ap6s um tempo de interrupç~o de 10 s, 

conduziu' a um po~terior atraso de cerca de uma ordem de 

" 

f 
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. , vi • 

magnitude no processo de recristalizaçàô est'tica~ Nenhum 
- CIo , • 

retardamento devido a precipi tados foi observado no aço com V .. 

o uso de uma lubrificaçào corn grafi t~ ao invês de vidre 

diminuiu 0 retarêlamento ,&jos processos· de amolecimen to no aço r 
p 

corn Nb. Este resul tado ~ atribuido à presença de pre'éipi tados 
. , 

de NbC que naD foram dissolvidos durante 0 tratamento t~rmico de 

austeni tizaçao. Estes precipi tados decresceram -a quantidade de 
1 

Nb em soluçào antes do material ser deformado. Valores do ' 

Parâmetro de Retardamento devido ,a Solutos (PRS) foram deter": 
) 

minados para Nb, -Mo e V em condiçoes estâticas. Embora a . com-

paraçào, corn as correspondentes quantidades obtidas em condiçoes 
_ • 0 

dinâmicas tenha rnostrado a mesma ordem de efetividade, valores 
. 

consideravelmente maiores dq PRS foram,obtidos em cond;çoes ... 

estâticas. As quantidades totais de amolecimento devido ~ 

recuperaçao estâtica calculadas pela m~todo 1 off'set~' sao 0 

~ .... - .... "ft 

dobro das deterrninadas por extrapol~çao inversa. Esta tiltima 

t~cnica é considerada como a mais indicada para prever a 

influência da recuperaçao nas cargas de laminaçao durante os 
'\ 

processos industriais. 
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CHAPTER 1 

INTRODUCTIpN 

,1 The controlled rolling of microalloyed steels has been 

~uccessfully applied to the mass production of HSLA steels for 
",. . 

the past deçade and a half. During these years, the increas-

ing demand for steels with high yield strengths, superior frac-

ture toughness and irnproved weldability has been the main 

factor responsible for~the development and irnprovernent of this, 
-rolling technique. Recently, the'need for saving energy and 

:> /-

decreasing production costs, coupled with still more demanding 

property requirements, àre making imperative the optimization 

o'f the design of controll.ed rolling ·schedules. Also playing a , 
role in the need fo~ higher efficiency is the selection of the 

on the basis of rational princïples. This can 

i~ a cleqr understanding of the ~ole played 

ing e~~ents is available. For example, the 

Mo" Ti and V on the retardation 

of both static recovery and static recrystallizati~n in de-
c! 

formed austenite must be weIl understood. Two mechanisrns have 

been proposed to date regarding the modification of these .... 
""" softening processes by' tJ:le microalloying elements: \he pil1î1ing 

() 
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effect of strain ié)duced precipitates; and the drag effect 
; 

attributa~le to the presence,of solute atoms. Which of these 
~ ~ ' .. 

has the mor~ important role has been subject ta greit debate 

anq. a general consensus has not yet been reached" regarding 

lthei:t" specifie contributions. Sorne researchers have favoured 

an explanation based solely on solute effed:s; others ha:ve 

concluded that the key rnechanism is th~ process of strain in

duced precipitation; still others support the idea of a ,c.am

bination of bath effects. 

It was the main purpose of the present investigation 
" -

ta shed more light on _ th~s debate t and ~n arder to accomplish 

this aim, the effects of Mo, Nb and V apdi tion on the ret!arda- . 1 
tian of static recovery and recrys.tallizatlcm were determined 

in a series of microalloyed steels. Each of these steels con

tained one of the above elements as a single addition. The 

retarding influence of each element was investigated by mea-

suring the arnount of softening taki,ng place after an interval 

of deformation at an elevated temperature. The solute effects 

of Nb and V were distinguished from their effects as precipi

tates by the deterrnination of the influence of these elements 
~ ,~ • 4'1 

on the, static softening rates after intervals of deformation 

as short as 0.05 sand, therefore, \,nor ta precipitation. A 

secondary objective ?f this research w~s ta compare the static 

retardations determined here wtth th~ dynâmic ones obtained 

\, 
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.. . i1\ previo\1s investigations and to try to establish a calibra-
~ 

tian or conversion ~facto.r lil'iking the onsets of .static and 

dynamic recr~yst~lli%ation. Finally, an' inadvertent modifica-
v ~ V" 

tion of the previous techniqu,e led to the presence during 

test.ing, of undissolved precipitates .. This accidental result 

pelrmi tted the analysis of the influence of undissolved pre- ' 

cipitates on the static recovery and recrystallization of hot 
, . . 

werked _ austeni te. 
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CHAPTER 2 

1 /r ), 

CONTROLLED ROLLING OFt MICROALLOYÉD STEELS 

2 • l - THE CONTROLLED ROLLING PROCESS ~ 

. 2.1.1 Historical Cons'iÇiérations 

Befere the deveJ.epment- of the High Strength Low Alloy 

(HSLA) steels, hot rolled C-Mn s~eels were used for most 
... 

seruc~ural applications. The requirements for higher strength ..,." 

wft.re aChieV~d 'bY{ i~cre.asi~g, the C and Mn cont~nts up to 0,.35 

and 1.50%, ~~s~ctive~~~ However, the impaqt properties and 

weldability""of these, ste~7s were relatively poor (1,2). A 

·so.tution. to this problem was obtained by lowering the carbon 
,1 

content; compensation for the 10ss of strength was made ~) 

increasiag the levels of e,lements such as silicon and phos-

phorus, or by adding 'chromium, nickel or copper (2) . 
. 

By the ear1y 1,950 1 s, i t was weIl estab1ished tha t a 

fin~ ferrite grain size-Ieads t9 an increase in yield st~ength 

.. coupled wi th a decrease~ in the' transi tien temperature (3-5). 

The .normalized, grain refined steels were introduced and the 

first grain refining agent-used was alurninurn' (in'~onjunction" 

.with niitrogen) (6). Later, small additions of other grain 

refining elements, "such as niobium, vanadium~ titanium and 

• 1 .- , 

,1 

1 

l 
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, t~,. 

molybde~um, were found ta have the additional b~tleûit\ of 

contr~buting te precipitation hardening and~thereiore ta 

higher yield strengths in this way (7,8). 

At this time, HSLA steel products were marrufactured -
through hot mill processing and heat treatment schedul~ 

f 

clasely re~ted to the concepts develaped in the production 

of p~ain C-Mno steels. This procedure led to a cearse, as-
.. 

\ rolle~ austehi te grain size and the optimum propert~es of 

the allo~ed grades were not generally r~ached (~). The 

solution to this'problem was the use bf controlled rolling 
~ ,. 

a t a low finish-rQ1ling tempera ture . 

The term ~controlled rollin~' was already used in 

5 

1958 and it was first applied ta ro11ing' schedules i~ which ~< 

, ~~ ~ 

the fi'nishing tempe rature was substantially lower than that ~ 

employed in conven'~ional practice (9). Such a low tempera
~ 

ture ~olling technique led·to a refinement of the ferrite 

grain structure and te a corresponding improvement in the 
• 

mechanical properties (10). This procedure also elirninated 

the need for furtber heat treatme,nt. Despite the improve-

ments that could be achieved thfough weIl designed rOlling 

schedules, the proc~ss did not begin ta be widely accepted 

until about the mi~ 1960'5. This was probabiy influenced 

by.the inconsistencies that occurred in some cases due to 

variations in the processing parameters and/or as a result 
"-



6 

of an incomplete knowledge of the mechanisms involved (11). 

Increas~.ng demands by the oil and gas industry for 

steels with hi yield strengths, superior fracture toughness 
, J' 

and improved wel ility were' the principal factors responsible 
j ~ 

for the development and, finally, the uni versal acceptance of 

the controlled rolling' proèess .. The properties' of these 
') 

steels, used for line pipes, could nct be entirely satisfied, 

by ei ther the conventional hot, rolled or the ll:ormalizing pro-

cesses, but could be comfortably met with control rolled low 

• carbon steels containing microalloying elements such as niobium 
'\ 
) 

~ 
" 

and vanadium. The, term controlled rolling has now assurn~d a, 

wider significance and describes. the rolJ.ing technique where 

a low finishing temperature is employed in conjunction wi th a 
• 

, rolling schedule and particu1.arly a coolin41 rate. aIl of which are 

clbsely controlled (12). 

Recently, rising demands for saving en,ergy and lower

ing production' ,costs are leading ta the application of con-
. , 

trolled roll.ing techniques in the manufacture of plates _ up 
,J 

te about 40 mm thick for ships, pressure vessels and seamless 
. . 

pipes, of coils of hot, strip, as well as of section mill pro-

ducts. Furtherrnare, the increasing requirements for large 
b 

diameter and thicker wall line pipe have accelerated the 

development of the tecpnology f~r producing steels W,~th still 

higher toughnesses and strengths. 

J 

f' 

~ 
j 
j 
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" 2.1.2 Aims and Pr inciples , 
Tbe major purpose of controlled rolling is to pro-

mote ferrite grain refinement- as a resul t of two mechanisms: , 
(i) refinement of the austeni te grain size by hot rolling 

a t intermediate temperatures (about 1000 0 C) ; 

(ii) production 'of very fine grained ferrite through the 

y-to-a transformation of deforrned austenite grains. 
/" . 

The contr,ü1ed rolling process ~an be divided inta 3 

, stages of rol1ing (13-15) : 

deforÎna tion in the recrYstallized austeni te region (tern-
o 

perature range above about 1000, C) ; 

deformation in the unrecrystallized austenite regian 
o 

(te,mperature range from about 950 C to the y-to-a trans-

formation ternperature - Ar 3) ; and 

deformation in the (cx+y) two phase region (below Ar 3 ) . 

In the first stage, the -initial, very coarse austenite 
'" • 

grains are refined by r~peated deforrnation and recrystalli

zation. The number of recrystallization cycles depends on 

the tempe rature ,. reduction per pass and thé initial austeni te 
~ 
\ 

grain size (16). Recrystallization can take place during 

ro lling ( dynami c recrys.ta Hiza tj..on ) and/or during \h~ \n:er

pass time (static recrystallization). The processing condi-

tions which favor the first process are high tempera ture, ,. 
large reductions and low st.rain ra te. • 

--'-
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"" The recrystallized alfstenite grain size qepends on 

factors such as deformation temperature, amount of reduc-

tion and initial austenite grain size. It decreases w,ith 
,J 

decrease in rolling temperature and in initial austenite 

grain size. Increase· in the arnount 'of reduction also de-

'creases the recrystallized grain size. However, during 

this first st~ge of'rolling, austenite grains can only be 

refined to a limiti~r~~ze of~about 20 )lm, which is larger 

than tha t obtained "IC)'n~,:::~rtional nonnali zing treat

ment (17). 

By rolling in the unrecrystallized austenite region, 

austenite grains are elongateà, and numerous 'deformation , . 

8 

bands are produced. As the austenite-to-ferrite transforma-

tion takes place preferential1y at austeni te grain boundaries 

and deformation bands, deformation in this region produces 

very fine ferrite grains because of the significant increase 

in the densi ty of ferrite nucleation si tes. ~ecrystal1iza-

tion is prevented in part b~cause the ti\.. ta the 

recrystallization, .increases con;ide,rably at)lOWer 

tures. Al though the recrystalliza tion start time 

ons,.et of 

tempera-

is reduced 

/ as th~ amount of deformation is accumulated~in this tempera-
;>.. 

ture range, the onset of recrystallization can be delayed 

by more than an arder of magnitude in time (wi th respect to 

the plain C behavior) by appropriate microalloying. This 

, , 
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is a matter to which we will return below. 

The deformation of austenite at low temperatures 

accelerates ferrite formation and enhances the y-to-a 

transformation. It thus has the effect of raising the Ar 3 
temperature (18,19). The increase in the transformation 

-
temperature appears to be indep~nt of the de~orma~~n 

9 

temperature, but is cumulative for repea~~d deformations. 

This têrnperature also' increases with decreasing initial aus-

tenite grain size. 

The increase in the transformation ternperature has 
, 

two possible effects (10): 

(i) it reduces the temperature range within which only 

austenite is present and conseqUently~e temperature 

range for controlled rolling if it is desired to avoid 

deformation wi~hin the ferrite region; 

(ii) it increases the ferrite grain size that may result 

fro~e increased growth rate of the fer'rite at higher 

ternperatures. 

The effective tranSformation.~emperat\re.can be deQreased by 

increasing the cooling rate. Neverth~ss, this trend is 

limited in practice by the improvement i~ the hardenability 

that norrnally accompanies the addition of elernents such as 

Cu, Mn ( Mo and fli. 

" It is also possible to control roll steels within 
. " 

\ 

1 
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the austenite-plus-ferrite, two phase region. This practice 

can lead to further imp,rovements in strength and toughness 

(13,20). By rolling in th.i,.~ region, the ferrite grains are 

preferentially deformed and elongated. Reductions in the 

range ~O to 20% increàse the dislocation ~nsity in the 

ferrite without ~eading to substantial subgrain formation (21). 
, 0 

In this way, the strength can he increased without requiring 

a sacrifice in toughness. Further deformation decreases the 
\ 

toughness due to polygonization of the deformed ferrite. The 

yield and tensile strengths continue to increase as the finish 

rolling temperaturè is decreased, and as the amount of' defor-
, 

mation- app~ied in the a+y range is increased. Thi~ phenomenon 

is not of industrial utili ty, however, because" of 1he toughness 

penalty which has already heen referred ta above, and because 

i t introduces the possibil i ty of 'spli"~ting 1 • 

'~ 
The development of a {100} texture when the amount of 

deformation is greater than lO% causes the occurrence of 

separations during the testing of edge-notched specimens. Due 

to this factor, the Charpy shelf energy lS reduced even though 

the transition -ternperature is lowered (14). The increase in 

strength of the steels rolled in the'two phase region also 

permits the lowering of the carbon equivalent at a given , 

strength, which irnproves the weldability of thick plates. 

Deformation in this region furtherrnore eliminates the decrease 

1 
_ ...... , '------------------ -----
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in yield stress due to the Bauschinger effect associated 

with the UO process. 

'2.2 - DES"IGN OF ROLLING SCHEDULES FOR CONTROLLED ROLLING 

In its broadest sense, the controlled rolling process 
f' 

consists of reheating, rolling and cooling, and the desired ,u 

properties are attained through improvement of the microstruc

ture by controlling the recrystallization and tr'ansformatibn 

behavior of the deformed austenite. It also involve~ the 

effective use of alloying elements. The translation of the 

'above fundamental considerations into indus trial practice 

< depends for i ts success on the extent te which the metallur-

gical phenomena associated with the ,different stages of the 

. process can be manipulated within the scope of the available 

rolling mill equipmen t and the overall production programs. 

2.2.1 - Metallurgical Aspects 

Intensive research has l:Geen concentrated over the 

past decade on the metallurgical aspects of centrolled rol-

ling. This includes factors such as slab reheating tempera-

ture, austeni te recrystallization rate and cooling rate. 

These factors w+ll naw be disèussed in turn. 

Slab r,heating temperature -'The selec~ion of the slab 

reheating ~emperature must -be hased op two competing considera

tions: 
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( 

(i) 

(ii) 

12 

the formation of large an~ non-uniform'initlal austenite 

grains must be prevented~ 

the complete solution of aIl the relevant microalloy 

carbonitrides present in the steel must be ensured. 

In addition, now that energy costs have risen so greatly, 

lower reheating terrper.at.ures can involve considerable 

savings in fuel, even if this entails the incomplete 

SPtution of the microalloying elements. 

Large austenite grains (about 300 um in dia.) are pro-
~. 

duced by the conventional reheating temperature of 12S0°C. 

Thus lower reheating temperatures have the advantage of re

ducing the initial austenite grain size (15,22). Smaller 
. ~ 

initial austenite grains decrease the amount of deforrnation 

required for the onset of both static and dynamic recrystal

lization, and this" makes èa,sier the refinement of the grain 

structure durinq the first stage of rolling. 

However, such low reheating temperatures must still 

be above the solution temperature of the appropriate rnicro-

alloy carbonitride. This is because the presence of undis

solved carbonitrides after soaking reduces both the retar-

dation effect of austenite recrystallization after rolling 

and- the strengthening effect by precipitation in the ferrite 

(23) . By the appli'cation of a low reheating temperature, 

the holding time between passes' re~uired for the temperature 
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to drop to the necessary finishing lev~l is reduced. This 

can permit the mill output to be increase<L The reduction 

in the energy ~osts involved iA heating to lower tempè"ra-
l , 

tures (which has already been mentioned) is somewh~t offset 

by the requirern~nt of higher loads. Thus the total energy 

requirements caï he increased or decreased when the reheat

ing temperature is reduced. 
., 

Recrystallization of the austenite - Ouring the con-

trolled rolling of microalloyed steels, there are t;hree 

possible austenite grain structures which are dictated by 

the actual temperature, reduction per pass, strain rate, 

interpass t~me and s~eel composition (24,25): 

(i) the fuily recrystallized., equiaxed structure. This 

structure is developed in the temperature range which 
r 

correspônds to the roughing passes. At high tempera

tures (above 1050 0 C), strain hardening is fol~owed by 

rapid recrystallization (less than ls), and grain 
, 

13 

growth during the interpass time may give rise to larg'e 

austenite grains. At intermediate ternperatures (from 

1050 to lOOO°C) and under suitable conditions, grain 

refinement occurs by complete static recrystallization, 

and the interpass time is too short fOi: the new grains 

to coarsen. 

. (ii) the unrectystallized elongated structure - This structure 

1 

1 
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is produced by rolling at relatively low temperatures 

(below 950°C an~above the Ar3 tèmperature). This is 
) 

the practice which corresponds to finishing when de-

formation during or 'after thé y-tO-C4 transformation 

i5 avoided. In this case, recrystallization is com

p;Letely suppressed by ~ntrolling the temperature, the 

reduction per pass, the interpass time, and Most irn-

portantly, by appropriate microalloying. ,(The retar

dation of austenite recrystallization by the addition 

of microalloying elements will be discussed in more 

detail in section 2.4.) The cOrnhination of a high 

dislocation density and a high austenite gr~in boundary 

area per unit v~lume results in the rapld nucleation 

of ferrite and subsequent restricted growth by im

pingement. This si tuation 'leads to a fine-grained 

equiaxed ferrite wi th a final grain size related both to 

the amount of..., work carried 'out at these low tempera

tures and to the ra te of cooling through the trans-

forma tion range . 

. (iii) "the partially recrystallized structure - This struc

ture can resul t from the application of rÉüatively 
. 

small reductions at low temyeratures. 9 In this con-

dition, fine recrystallized grains coexist with large 

grains that are deformed but unrecrystallized. Such 

1 

1 ., 

.', 
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, \ 
a situation can arise whenever 'the recrysta11ization 

, 

times are comparable to the" times between passes. ,when 

partial recrystallization occurs at sorne stage of the 

rolling schedu1e, leading to an uneven austenite grain 

size after rolling, the steel will transform to a mixed 

ferrite grain structure having poor'impact properties 

(11,26). Another condition leading to the development 

of a rnixed austenite grain structure is the occurrence 

of rapid static recrystallization followed by non-uniform 

grain growth. Unless the subsequent deformatdon of this 

coarse-grained austenite is extremely severe, a mixed 

austenite structure is produced,due to inhomogeneous 

deformation '(27). It i5 imperative in the design of 

controlled rolling schedules to avoid the formation of 

partially recrystallized austenite because this struc-

ture, once developed, cannot readily be eliminated by 

further rolling and, on transformation, a duplex,~errite 

with inferior properties results. 
, .. 

'The microstructural ~hanges taking place in deformed 

austenite can be fOllO~Y ,measuring the arnount of mechan~cal 

softening <occurring during the interpass Ume. This 15 shown ----.i 
schematically in Fig. 2.1 by a fractional softening vs. inter-

pass' ti~e curve. Such a mechanical rnethod was us~d in the 

present work to determine the fractional softening after hot 

, 

i 
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compression. It will be described in detail in Chapter 3. 

The factors influençing the fracti~nal softening are rolling 

temperature, reductionl strain rate, austenite grain size, . 

holding time between intervals of rolling, and the types and 

arnounts of.alloying elements present. The softening due to 

recovery,~s ,graduaI and is affeqted by the temperature and 

time available between the intervals'of rOlling. The transi

tion, from reèovery to recrystallization is affected by the . 

temperature, reduction, strain rat~1 austenite grain size and 

concentration of alloying e1ernents, and once recrystallizatioh 

atarts, the progress of softening is very rapid (13). When, 

recryst'àlli zation is complete, the fractional softening' is . 

approximate1y equal'to 100%. It is only equa1 to 100% e*actlx 

in the absence of precipitation, and when t:~e initial and re

crystallizèd grain sizes are the sarne. If, for examp1e, the 

new grains are finer than the original grains, the~ the frac

tional softening can be ~ th an 100%, even for full recry

stallization (28). 

At high ro11ing temperatu~es, which -correspond to the 

roughing passes, the complete recrystaliization'of austen~~e 

during the interpass time is desirable. This condition is 

satisfied by rolling af~er a~'interpas~ time longer than t 2 

(Figure 2.1). In opposition to the roughing stage, during 
;, 

the finishi~g passes, it is necessary to avoid recrystallization .. 
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Figure 2.1 - Schematic representation of the correlation betwee~the 
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and the amount of. softening brought about by these pro-
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completely. Rolling must be performed in the recovery r.egion 

with an inte,rpass time shorter than t 1 (Figure 2.1). Defor-
, ' , 

ma tion under condi tions èorresponding to thè interval between 
L 

t 1 and t 2 must' be avoided because in this 
\ 1'1 ' 

condi tion a partially 

recrystallized structure is çleve1oped,; *", 
. , 

Coaling . rate - Controlled cooling after \rolling can he 

used to produce fine ferrite grains and hence to improve both 

strength and toughness. Rapid cooling rates lower _the trans

formation temperatu;t"e, prevent austeni te rec~stal1ization 
: 

prior ta transformation, and re'duce the extent of carbonitride , . 

precipi tation in the austeni te (l). The resul ting enhanced , 
\ . 

precipi tàtion in the ferrite ·leads to an excellent combination 
" , 

of s,trength and toughness. This is achieved in part because 

of the refinement of the ferrite grains, but also in part be-
\ • 'J ,. 

cause the precipitation strengtli.ening produced by the fine 

partlicles in the ferrite does not entail a significant sacri-
'" 

fice of toug.hness. 

In the case 'of hot strip rolling, an increase in the 

cooling rate on the ·run-ou:t:. tablè fpll~wed by c?iling at a 
'p \. 

lower temperature (below 600°C) is a very effective way ta 

increase strengBl (29, ~O).. Simil.arly 1 in the rol:ling of 
" 

1) thick platEl,s, the appliéation of· ,rapid cooling, to about 
;, 

GOO°C fol1owed by slow cooling- bè10w GOa oC is recommended 

to improve th~ mechanical properties. Nevertheless 1 when . 
...., ! \ ( 

*Note that the Urne t involved' i~ plate roJling rough
ing passes is 1ess than the ~irne tl for the f inist\ing pa s.s.es . 
The sO'ftemng curve (Fig. 2.1) shifts to longer, times as the 
temperature is decreased. 

1 
! 
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the cooling rate \ is too l\igh, the. toughness may be reduced 
e 

because of bainite formation. The optimum cooling rate must 
" 

.i t:rerefore be defined in connection with the 'hardènability 

~ 
\ 

of the steel. 

2.2.2 - Engineering Aspec~s 

A kno~ledge of the rnetalîurgical aspects involved in 

controlled rOlling is not enough for the-design of optimum 

processing schedules. The increasing demands for stronger 

" and tougher steels coupled wi th h~gher ra tes of production 

"'" have made necessary, the use of m~re stringent rolling pro-
1 

cedures .. Thua, particular atterition is currently being 

paid to the engineering aspects of the controlled rolling 

process. These are related te mill çonstraints such as the , . 

mill force a,d torq~e limits, and economic constraints' such 

as COgt alld' prod~ctivity. J 
As the ~ol~ing ternperatu~e is decreased, a noticeable 

increase ;n mill load is 9bserved because of the increase in 

deformation resistance. As shawn in Fig. 2.2, the hot strength 

of austenite, K,ls affe~ted~by processing parameters such as 

rolling temperature, reduction and strain rate, as weIL as 

C • l h h~ 1 .. d by rnetallurg~ca parameters l suc as c em~ca cornpos~t~on an 

the extent of rnicrostructural change during rolling. The 

strength of austenite inçreases with increase in strain and 

strain rate, and with decréase in temperature. In the case 
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of microalloyeq steels, the addition of alloying elements 

strengthens austenite by both solid solution and Rrecipi~a

tion hardening (31). e 

In the past, severam fONffiulae were proposed for the 

hot deformation strength of steels (32,33). In the use of 
( 

these relations, the effects of microstruc~ural change were 

generally simplified and the assumption was tacitly made 

that complete restoration took place by static softening 

during the interpass time. However, in the ~icroalloyed 

steels, the hot strength increases with the accumulation of 

21 

strain hardening during rnulti-pass rolling in the unrecrystal

lize.9. austeni te region. This "residual ~train" reflects the 

kick of restoration in the microstructure and is dependent on 

the absence of static x:ecrystalli zation during the interpass 

time. 

The hot strength of austenite is' an important variable 
1 

for the prediction of roll separating force and torque (34-36). 

The accurate estimation of these two parameters is essential 

for the selec'tion of the optimum pass schedule and the design 
, 

of the mechanical and electrical capabilities of the mill 

process equipment. Recently, mathernatical models have been 

developed for the deformation resistance in which al1 the 
\ 

microstructural changes taking place in the austenite during 

controlled rolling are considered. .. Such models can improve 
4 

f , 
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the efficiency of rol1ing mil1s managed by computer con-

trol (37,38). 
. 

One of the economic constraints that has to be con-
" 

sidered in the appilcation of controiled rOll~g for the 

production of HSLA steels is the increase in the process 

time. This 15 due'partly to the nece5sity of holding the 
\ 

rnaterial between intervals of rOlling until the ternperature 

falls to the required level. In addition, more passes are 

genéra11y required during the finis~ rolling s~age fnder 

these conditions. Longer process times cause a reduction 

in the rol1ing rate and introducè a serious 105s in produc-
\ 

tion, whic~ rnay however be minimized by the use of1lawer , 
slab reheating temperature5 and py suitably modifying the 

mill 1ayout(lO,39). Another important economic'aspect 

of contrailed rolling is the Iower yield or higher rejection 

rate associqted with the more stringent process cantral 

requirements (40). 

2.3 - THE SOFTENING PROCESSES INVOLVED IN CONTROLLED ROLLING 

The importance of understanding the raIe of'the stat~c 

and dynamic rest~ration processes occurring during'tqe con

tralled rol1ing of roicroalloyed steels 19 already clear from 
1 

the discussion in the previous section. These softening 

mechanisms have a significant efxect on the hot strength of 

l 

. 
J 
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austenite r and their interaction is of vital importance in 

determining the final structure, and'hence the final pro-

perties of a hot rolled steel. The restoration processes 
\ 

can act during deformation, i.e. inside the roll gap, or 

23 

during the interpass time, which is t~e time between inter

vals of hot working. Softening take~ place inside the roll 

gap by the mechanisms of dynamic recovery and dynamic recrystal-

lization. The restoration processes occurring during the inter

pass-time are comprised of static recovjry, metadynamic re

crystallization and static recrystallization (41). The soften

ing mechanism which predomina tes depepds on the interaction 

between processing parameters such as the temperature, strain 

and strain rate, and material parameters such as the grain 

size, stacking fault energy and precipitate character (42). 

The characteristics of. these softening mechanïsms will now 

-be examined in turne 

2.3.1 - The Restoration Frocesses occurr~g inside the Roll Gap 

~.3.1.1 ~ Dynamic Recovery 

During the initial stages of hot de formation , the flew . 
stress rises, the dislocation density increases and sorne re-

b 

arrangement and annihilation aIse t~ke -place. An equiaxed sub

~tructure begins to form, the scale of whichtincreases with 

increasing temperature and,~ecreasing strain rate (43,44). In 

metals and alloys of high stacking fauit energy, such as Al 

.. 
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and the bcc metals, the rate of work hardening gradually de-

creases with strain until a steady state regime of deforma-

tion is established. Beyond this strain, the flow stress 

'remains constant and, even at large deformations, the sub-

grains maintain a constant size and shape, while the grains 

undergo extensive elongation. This condition of essentially 

constant dislocation density represents a balance between the' 

rates of st~in hardening and dynamic recovery, with the sub-

grains continually breaking up and reforming at an equil,ibriurn 

spacing. 

In metals and alloys of rnoderate or l~w stacking fault 

energy, which i5 the case for steels in the austenite range, 

subgrains develop with very tangled boundaries and they are 

smaller than those forrned in the metals described previously. 

In this situation, dynamic recovery alone is not able to re-

duce the dislocation ~ènsity to stable levels during deforma-
, 

tion (4i). Thus, the rate of dislocation accumulation is re-
~ 

latively high and sufficient strain energy can be,stored with-
, 

in the subgrains to provide the driving force for dynamic 're-

crystalliza~ion. 
\.. . 
2.3.1.2 - Oynamic Recrystallization 

A critical dislocation density must be,exceeded for the 

onset of dynamic recrystallization (46). The occurrence of 

this restoration process is marked by a drop )n the f~ow stress, 

and metallographic observations indicate that dynamic 

)~ 

j , 
, 
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recrystallization i5 initiated at a strain conside~ed to be 

about five-sixths of the str~in to the' peak in flow stress (47). 

However, for aIl practical purposes, this difference can be 

neglect'ed and the strain at the maximum stress, referred to as 

the peak strain, can be regarded as the critical strai~ for 

the initiation of recrystallization. 

oynamic recrystallization is nucleated by the local 

bulging of austenite grain boundaries (31,48). The grains 

formed by dynamic recrystallization display a dislocation 

substructure, in contrast to the dislocation free nature of 

the grains observed after statio recrystallization (49). The 

recrystalli~ed grain size i9 not influenced by the initial 

grain size and i5 primarily controlled by the combination of 

temperature and strain rate. Deformation conditions correspond-

ing to higher values of, the Zener-Hollomon pararneter, Z, give 
\ 

rise to finer recrystallized grains (48,50). 

The peak strain for a given composition increases with 

increasing strain rate and initial grain size (16) 1 and de- ' 

creasing temperature (49). As a'result, the conditions which 

favor dynamic recrystallization are rolling at high tempera-
1 

tures, large reductions, and a low strain rate: These factors 

indicate that dynamic recrystallization is unlikely to occur 

in microalloyed steels under the hot deformation conditions . 

associated with commercial controlled rolling schedulés (19, 

25,48) . 
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• Occurring 2.3.2 - The Restoration Processes during ~e Inter-, 

eass Time 
~ 

2.3.2.1 - Static Recove;y 

~e static recQvery process does not involve an.incu-
. 

~ation time and consists of the annihilation of dislocations 

of opposite signs, as well as, of the rearrangement of disloca-

tions within the subgrains. Durihg the process, the sub-

boundaries become sharper and the dislocation density within 

the subgrains is reduced, with little ehange in the shape or 

size of these. The main factors affecting the recovery rate 

are the temperature, strain, strain rate and the addition of 

alloying elements. The rate of recovery increases as the 

tempe rature , strain and strain rate are increased (51). The 

ef~ect of alloying additions on the rate of static recovery , 

will be analysed in detail in the section that follows. The 

static recovery process is particularly important during con-

trolled rolling'in the unrecrystallized austenite region be-

cause, in this situation, it i9 the predominant softening 

rnechanisrn. 

2.3.2.2 - Metadynamic Recrystallization 

This type of recrystallization can only occur during 

the interpass time if dynamic recrystalliza~ion has been ini-

" 
~iated - prior to the interruption of deformation (41). Meta-

dynamic recrystallization refers to the continued growth of 

/ 
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dynamic recrystallization nuelei after deformation has ceased. 

The significant feature of this process is'that, unlike static 

"recrystallization, no i!lcubati~:>n time is required, as the nuclei 

are already present when straining is intèrrupted. (52). AI-

though metadynamic recrystallization proceeds very rapidly 

upon the termination of deformation, nucleation for static re-

crystallization can still take place in regions which do not 

contain dynamic n~clei. 

The deformation conditions favoring metadynam~c re

crystallization are the sarna ones described for,dynamic re~ 

crystallization, which rnakes unlikely the occurrence of this 

softening rnechanism during the controlled rolling of ,rnicro-

alloyed steels. 

2.3.2.3. - Static RecEYstallization 

This restoration proces} is the most important of the 

softening mechanisms involved in controlled rolling. By con-
, 

trolling the progress of static recrystallization d~ring the 
1 

interpass time, the desirable austenite microstructure can 

be obtained at eac~ stage of the rolling process. In this 

way, a final product with improved'mechanical properties can 

be obtained. A critical amount of deformation is also re-

quired for the onset of static recrystalliza,tion. However 1 

the critical strains associated with this softening mechanism 

are considerably less than those necessary to initiate • 

. 
i 
l 
j 
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dynamic recrystallization (52). 

Static recrystallization results in the strained grains 

being replaced by new strain-free grains, with a large number 

of dislocations be'ing absorbed by the grain 'bounda~ies which 

are migrating through the metal (53). The recrystallize~ 

grain size decreases with a decrease in the initial grain size 

and an increase in the reduction. Finer recrystallized grains 
/~ 

are also produced by deformation at higher strain rates and 

lower temperatures; such combinations correspond to higher 

values of Z, the temperature 'corrected strain rate. The com-

bination of this parame ter and the amount of deformation con-

trols the dr~ving force for recrystallization. 

Both the incubation time' and the rate of static re-

crystallization are influenced by the strain, strain rate, 
1 

'>' 

temperature and initial grain size. Piner initial grains and 

higher strain rates decrease the incubation time and increase 

the rate of recrystallization. For dynarnically recovered 

structures, which are generally present in rnicroalloyed steels 

produced by cqntrolled rolling, the sarne result is obtaineà 

by increasing the strain,{54). The effect of ternperature is a 

result ,of its influence on the driving' force and on the kinetics 

of static recrystallization through the Arrhèniüs term. For a 

constant driving, force, an increase in the temperature 
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decreases the incubation time and increases the rate of re-

crystallization (51). The addition of alloying elernents 

also affects the incubation time as weIL as the rate of 

static recrystallization. The manner in which this occurs 
" 

will now be considered more closely. 

2.4 - INFLUENCE OF MICROALLOYING ADDITIONS IN CONTROLLED ROLLING 

Microalloying elements such as Mo, Nb, Ti and V play very 

important roles in the improvement of the strength and toughness 

of steels by the controlled rolling process. These roles are 

related tg the retardation o.f recovery and recrystallization in 
. 

deformed austenite, to'the suppression of grain growth, to 

precipitation strengthening, and ta a component of solute 

strengthening. The effects of these elements' are manifested 

along ~o' line9-: they have ~uence as [>recipitates and as 

solutes. 

2~4.1 - Effect of the Microalioying Elements as Precipitates 

The precipitation of the microalloying elements, in 

the form of carbides, nitrides and carbonitrides, can take 

place in austenite and/or in ferrite during bath the deforma-

tion and the coaling of microalloyed steels. As the time 

interval during which a steel remains in the roll bite or 

deformation zone is very short during rolling (e.g. 10 to 

100 ms), precipitation duri~g defarmation is less important 

.. 
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from a practical point of view than precipitation during hold-

"'- ing or èooling. The precipitates present in austenite have 

different effects according to their size, and spacing (55). 

When the'particles are large (100 - 300 nm in dia.), with a 

spacing greater than the size of recrystallization nuclei, 

there may be little influence on the recrystallization kine-

tics, but a major influence on sqbsequent grain growth. when 

theyare fine (5 - 20 nm in dia.), with a spacing less tllan 
\ 

the $ize of recrysta11ization nuélei, recrystal1ization may 

be ·severe 1y retarded. 

During slab reheating and soaking, the complete dis

" solution of aIl the microalloying precipi tates is desirable. 

However, in the case of low tempe rature reheating, the amount 
, ( 

of these particles that can be taken into solutiqn is reduced 

and undissolved precipitates may remai~ pr~or to rolling. 

These undissolved precipitates may inhibit grain growth of 

t 0 

the initial austenite grains (1',7, ,56,57), and may also acce~rate 

recrystallization (58,59), partic~larly if they are large enough , 

to generate strain gradients, an& hence recrystallization 

nuclei, at their inter:~aces. The precipitation of very fine 

" and uniformly dispersed particles generally takes place in 

deformed austeni te & (during the interpass time) at low tempera

tures. The deformation of austenite introduces large quantities 

of lattice defects which, together with the pre-existing grain' 

\ 
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boundaries# provide the most favorable nucleation sites for 

precipi tation (60). This t strain-inducèd precipi tatiop' is 

.. affected by the rolling tempe rature , ;\the amèunt of deforma-. \ 

, ....... , 
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tion, the s trai~ rate and the degree of supersa turation 

(61,62). Strain-induced precipitates can 'ret~rd both the on-

set and the progress of recrystallizai;ion. This effect has 

been attributed to the retardation of both the nucleation 

and the growth processes by tpe following mechanisms: 

- 'The stabilization of the substructure by the dispersed 

particles prevents the nucleation of new grains, (51); "and 

The pinning aption of the precipi tates. on grain bound{l.ries 

and sub-boundaries inhibits their rnigrat~on (60,63-65). 

In addition t,o precipitation in austeni te during hot working, 

precipitation may also take place during the austenite-to-ferrite 

transformation (66,67). , Such interphase precipitation is' en

hanced by high solute sol ubili ty and high transformation tempera-

tures. The characteristic feature of these precipitates is 

their linear arrangement, the spacings of which correlate'with 
\ 

the cdoling rate through the transformation. As / the co01ing 

rate increases, the rows become more olosely spaced, and the" 

precipi tates more effective as dispersion strengtheners (60). 

Further precipitation in the transforrned 'ferrite'" matrix i5 

desirable te impart additienal' strengthening via precipitation 

hardening 1 al though a loss in toughness is also produced. 



( 

, , 

( 

32 

The precipitates formed in ,ferritè are much .fine.t than th~, 

others (68) and, .apart fram their ',streng~hening eff~ct, they 
, ' 

also act as barriers to the m~gration of ferrite,Qoundarles 
, 

during cooling, leading 'ta fur~er grain re#ining in this 

way (60). In this case 1 the' d~terio17ë;l tion in toughness, 

caused by the preci~itatian strengthening, May be lessened. 

The amount of each microalloying elernent available for 

precipitation in ferrite. i5 determined by ~he amount Qf prior 

precipitation in aU5tenite. The pr~cipitates which ~ave ' 

already contributed ta ferrite grain refinernent through the 

suppression of austenite recrystallization, are no longer 

effèctive for the precipitation hardening of the ferrite 

ma trix (22,69). Consequently, ~hot rolli;ng schedules which 

emphasiz~ grain refinement tend to minimize precipitation 

harq.ening ~ 70). The ideal cOrJ,trolled rolling schedule would 

be the one in which the relative amo'unts of precipitation in 

the austeni te and ferrite couId be controlled in arder to take 
D ~ 

advantage of aIl the beneficial effects of these two modes of 

precipi ta tion. 

Among the precipitate-forming elements added in micro-

alloyed steels, niobium ,(Nb) has been found to' be the mos t 
1 

effective in controlled rolling. The precipitation of Nb(C,N) 

can take place in both, austeni te and ferrite, in aIl the modes 

described above. Thus, Nb can be very effective for the 
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J:"efinement of austënit~ grains upon reheating, for the re-

tardatio~ of austenite rec~stallization, and for the 
, ~ 0 

strengthening of ferrite. The addition of titanium (Ti) 

up to 0.02% prevents the" grain coarsening of austeni te dur

ing reheating up to 1200-1300 oC. This effect is dqe to the 

of very stable TiN during solidifièati~ (55). 
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higher concentrations, e.g. 0.1 to 0.2%, the precipitation 
f 

takes place at lower temperatures' in the austenite and 

sorne retardation of recrystallizatiou (71). Precipita

t{o~ "hardening can aiso be obtained by the pre~ipitatio~ of 

Because of its low. solution temperature, 

(V) cannet prevent austenite grain gtowth during re-
~, . 

the influence of the straîn-induced pre-

austenite recrystallization kinetics is 
,.,., 

Nb (C, N) and TiC, . and ocpurS,..lbnly a t tempera-weaker than 

tures below Nevertheless V conttibutes in a 

substan tial ta ferrite strengthening through the precipi-
.' c 

tation of car op.itrides and is Frequent1y added together with 
, , 

" Nb. rnay aiso centribute ta the strengthening 

by the of carbides in ferrite. It does not, on 

hand, precipitate ip austenite when added alone, 
U 

forrn ca-prec:lpi tatas in the presence of Nb and V. 

Effect of the Microailo as Solutes 

œhere nas been considerable a' period of 

( 
,<, 
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years J?êgarding the role of the microalloying elements in 

the retardation of recovery and recrystallization. Sorne 

((evidence indicates that i t arises from soIid solution 

'~-ffe\ts'- whilst other evidence indicates that pr.ecipitation 

is essentiel. The difficulty in distinguishing between the 

individual effects of solutes and precipitates arises from 

the 'following ,problems: 

Niobium, vanadium and titanium'can form car}:;lides or 

nitrides easily in the presence of very smaIl arnounts 

of C and N ~ 

The techniques available tlo detect ,precipitation ;Ln 

austenIte have limitations with regard to the minimum 

observable s'ize ôf precipitatei and 

The working variables, such as strain, strain r.ate, 

soaking temperature and deforrnation temperature, 'have . 
major effects on the recrystallization kinetics. 
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The delay observed in the recrystalli zation pf rnicro-

alloyed steels has generally been attributed only ta the 

effect of strain-induced precipi tates (26,70, 12-74). How-
Ji 

ever, evidence exists supporting ti1e hypathesis of a sol ute 

effect. Basically, four groups of experirnènts c'an be dis-

tinguished according ta the approach emptoyed in the a ttempt 
~ , 

, ... 
j:o separa te the effects 0 f sol utes and 'precipi ta tes! i 
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, 
Th~ first group incl:udes the work of Le Bon et al. (75) , 

Weiss and Jonas (76-78), and Coladas et al. -(57). ,The , . 
approach used "by these rese~rchers was related to the 

iM:eraction of precipitation and recrystalli'zatiôn and 

35 

was based on the determination (of RTT (recrysta~lization

tempe rature) time > diagrams f~r both pl,ain' C' and micro-

1 alloyed steelis with the same base composition. The PTT 

(precipitation-ternperature-tirne) curves were also de-

termined for the precipi tates formed in the latter steels. ,) 

The resù1ts obtained in these investigations showed that," 

in the microalloyed s~eels at temperatures above 1000 oC, 

recrystallization starts before the onset' of precipi ta-
. 

tion and is nevertheless delayed in comparison wi th the 

plain C steels. It was concluded, therefore, that this 

retarding effect is due to the .rnicroalloying elements 

in sol ution. At lower temperatures (e.g. 900 OC) , preci-
" 

pita,tion ... ·s_tâ'rt~before the onset of recrystallization, and 
~ ,--I~/ 

the latter' mechanism is delayed still further by the 
\ ~ 

addlticina~ retarding' effect of the fiil.e precipi tates. _ 

The second >group corresponds to researches in which the 

rnicroalioyed steels 'being investigated are decarburized 

and/or dènitrided. As result of these heat treatments, 
, p 

precipi tation is c0f'pletely ~uppressed under the testing 

condi tions, and the solute effect of e~ch microalloying 

" 
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-'element on the recovery and recryst.allization processes 

can be determined directly. The studies of Luton et al. 

",(79) and Ouchi et al. (80),belong to thj.s category. 

The third gr?up concerns investigations which involve 

the de termina tion of the recrystalliza tion rate in a 

reference plain C steeL and in a comparable microa11oyed 

steel where the experiments are carried out above the 

solution ternperature (T 1) of the 'carbonitride. Under . sa 

36 

these candi tians, precipitation is no' longer of importance 

and the solute retardation produced by the relevant rnicro-

a110ying addition can again be measured directly. The 

investigations of White "anQ OWen (81) and of Akhen, Bacroix and 

Jonas (82) are good, examp-1es of this kind of approach. 

'The last group i5 constituted of the work of Ouchi et al. 

(29). Th~se a uthors have constructed a ~omputerized com

pression machine wnich allows the performance of inter

rupted compression tests invol~ing unloading' ti~es as short 

as 0.1 s. These tests have permitted the re1iab1e deter-

show that the rnicroalloying elements in solution retard're-

covery in deform~d austenite and consequently delay the onset .J 
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of recrystallization. By contrast, they have less influence 

on the progress,of recrystallization, once initiated. The 

largest effect is produced by Nb, followed in -decreasing 

order by Ti 1 -Mo and Vc' The retarding ~~fect of these e1e

ments in solution has been attributed ~the following 

factors: \ -
\ 

Solutes can obstruct the rearrangement of dislocations, 

a process tssociated wi th recovery in general and with 

nUcleation~n particular, delaying the onset of recrystal

lization in this way (83\). ' 

Solute additions can lower the stacking fault energy, 

which makes recovery more difficult (51). 

The presence of solu-te atorns at grain boun~aries which 

are not moving very, fast can generate a 'solute drag 

force" '1~iCh will impede their motion and, therefore, 

retard recrystallization (84). 

Recently, sorne authors (76,78,85,86) have suggested 

that the retardation of recrystallization is due to a suitable 

combination of both effects of adding microalloying elements: 

i. e. that they have an influence as precipi tatesiand also as 

solutes. According to these investigators, precipitation 

alone is insufficient to prevent austenite r~crystallization 

during steel processing and solute effects are essential to 

prevent recrystallization until precipitation can become 

effective. 
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It is the main purpose of the present "work to shed ., 

more light on the role pIayed by the microa~loying eIeme~nts 
-, 

on the static recovery and recrystallization proc~sses during 

the controlledi rolling of microalioyed steels. 

'. 

\ 



CHAPTER 3 

EXPERIMENTAL MA TE RIALS AND PROCEDURE 

3.1 - ÈXPERlMENTAL MA TERIALS AND HEAT TREATMENT PROCEDURE 

Three rnicroalloyed steels were used in the present 

work, with the purpose of investigating the individual effects 

of Mo, Nb, and V on static recovery and recrystallization after 

high temperature deformation. These steels \'lere prepared in 

the Physical Meta1lurgy Research Laboratories of the Depart-
, 

ment of Energy, Mines and Res~rces (Ottawa), and their chemi-
.... 

cal composi~ions are 1isted in Table 3.1, together with the 

composition of a reference p1a.in C steel. 

The specimen preparation and heat treatment procedures 

were based on those used in previous investigations (87,88). 

For the compression tests, cy1indrical samples were machined 

from the as-recei ved pla tes wi th the compression axis parallel 

to the ro11~ng direction. A diameter-to-height ratio of 1.5 

was selected to prornote homogeneous deformation (87-90). The 

end surfaces of the specimens were grooved following a design " 

based on the work of Luton (91), which allows for. the maximum 

retention of lubricants. The sarnple dimensions and the de-

tails of the groove geometry are indicated in Fig. 3.1. 

AlI the samples were heat treated at 1000° for two 
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j 

Table 3.1 

Chemical Çomposi tion of the Steels Investigated, wt. % 

,~ 

"-

Steel C Mn Si Al V Mo Nb 

Plain C 0.06 1. 43 0.24 0.025 

V 0.05 1.20 0.25 0.030 0.115 

Mo 0.05 1.34 0.20 0.065 0.29 

Nb -Mn 0.06 '!!f 1. 90 0.225 0.030 0.035 

N .::. 0.006, P .::.. 0.006, S .::.. 0.012 

/ 

i 



, 
Specimen Dimensions (mm) 

size Length CL) piameter CD) 
· 1 · 1 · 1 L 1 11.4 1.6 
· 

Groove Dimensions (mm) 

size 'A B C E 
1 0.18 0.15 0.36 0.10 

~1 ___ To_l_è_ra_n~ce~~ __ a_o_2 __ ~I' 

Figure 3.1 - Compression test sample geornetry 
and groove design. 

41 
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hours 'ùnder vacuum, and then air cooled. This normaliza tion 

heat treatment was carried out in order to eliminqte the 

rolling texture presen~ in the as-received material; such 

textures frequen~ly lead to the production of elliptical cross-

sections in deformed samples. An austenitization heat treat-

ment was carried out immediately prior to the testing of each 

sarnple with the fOllowing aims: 

.To ensure the complete dissolution of aIl the microalloyed 

carboni trides present; and 

To produce approximately the same austenite grain size in 

aIl the steels. 

The equilibriurn solution temperaturesof VN, V4C3 , NbC 

and Nb(C,N) were calculated from the relations given by Cordea 

(reference 2(, 
log ( ) x ~N} = -7733 + 2.99, 

T 
4/3 

log (V) x(C)= -10800 + 7.06, 
T 

and 

log (NbhdC) = -7510 + 2.96 
T 

, 

(1) 

(2 ) 

(3) 

In these equations, (C) (N) (Nb) and (V) are the con-

centrations in weight percent of C, N, Nb and V respectively, 

and T is the absolute temperature. The equilibrium solution 

temperature of Nb(C,N) was ca1culated from equation (3) by 

taking the carbon equivalent for (N) as 12/14 (N). In order 
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to ensure complete solution, the actual austenitization 

temperatures for the Nb and V steels were, raiseft'aoove the 

es'timàted solution temperatures. The times for which the 

sarnples were held at these temperatures as weIl as the 

austeniti'zation temperatures and holding times for the other 

steels were ehosen to give the sam~ initial grain size 
1 

(87,88). The equilibrim:n solution temperature, the auste-

nization temperature, the holding time and the initial grain 
of' 

size for each one of the four steels are listed in Table 3.2. 

3.2 - EXPERIMENTAL EQUIPMENT 

The hot compression tests were carried out on a 100 kN 

MTS closed Ioop electrohydraulie testing machine. A CENTORR 

model M60 front loading high temperatuk vacuum furnace was 

used ta provide the tempera ture requirements for the experi

ments. In order to perform constant true strain rate eom-

pression tests, the MTS t~sting machine was linked, by means 

of an MTS 433 interface, to a PDP - 11/04 minicomputer. The 

load and the displacement measureménts stored by the computer 

during the compression of the sample' were displayed visually 

on a Tektronix 4010 graphies terminal immediately after each 

test. Flow curves were- then plotted using the sarne terminal 
, 

and copies were provided by a T~ktronix 4613 hardcopy device. 

Fo11owing that, the test data were transferred to a fI oppy 



Steel 

Plain C 

V 

Mo 

Nb - Mn 

Table 3.2, 

Ca1culated Solution Tem~ature, Austenitization'T~erature, 

Time and Initial Austenite Grain Size for the 
1 

Precipitate 

VN 

V4C3 

NbC 
Nb(C,N) 

Calculated Solution 
Temperature 

( OC) 

984 

850 

1041 
1050 

Austen~tizationl Ho~ding 
Temperature T1me 

( OC) (5) 

1030 900 

1045 1800 

1070 1800 

1100 ~ 1800 

,--

Initial Austenite 
Grain Size (J..lm) 

110 

100 

110 

120 

""" """ 

1 
1 ' 
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disk for permanent storage, so that they could he ~ecalÎed 

at will at a later date. An external view of the test 

assembly, which includes the MTS testing machine, the furnaée, , 

the POP '+1/,04 computer, the Tektronix terminal and the con-
.;,\ . 

trol consoles for the vacuum system and temperature regula-
" 

tion, can be seen in Fig. 3.2. A 'more detailed description 

of the equipment is given in Reference (92). 
, 

The compression toolin,g was cornprised of an upper and , 

lower anvil (Udimet 5'00) tightly screwed to the respective 

stainless steel extension rods. The top extension rod was 

fixed to the ram of the MTS machine l' whereas the lower one 

was attached to the load cell (Fig. 3.2). SiN in,serts were 

placed at the ends of the anvils and were held in position 
1 

by superalloy nuts. These smoothly ground inserts provided 

a m±nimally deforming low friction compression surface for 

the samples. An interior view °of the' furnace chamber, show-

f • 

ing the compress~on tools, test specimen and details of the 
~ 

heating system, can be seen in Fig. 3.3. Tungsten tools 

were also used in 20 compression tests, because no SiN in-

serts were available for the èxperiments during part of 

the period of the investigation. 

3. 3 - EXPERIMENTAL METHOO 
r 

Thé me:thod of interrupted compression testing de-

velopèd by petkovic (89) was used in the present study to 
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1) MTS 1a,ad frame, 2) Centorr furnace, 3) Tempera
ture and vacuum con tro1 conso:le, 4) PDP 11/04 
computt=r, and 5) Tektronix terminal 

Figure 3.2 - An external view ~f the high tempera~ 
ture comp ression tes ting equipmen t. 

1) Specimen, 2) 'Thermocouple, 3) Tungsten Tool
ing, 4) 'Turtgsten mesh heating elements, 
5) Tungsten and ,molybdenum shie Ids and 
6) vacuum chamber. 

Figure 3.3 - An interior view of the CENTORR 
high tempe rature furnace and com
pression train. 
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-
examine the,so~tening behaviour of austenite àuring inter-

\ 

vals of hot working. ~hiS technique :Ls based on the principle 

that the yield stres~ ~t high temperatures is a sensitive mea-
t 

1 sure of the structural $tate of the material. A typical true ' 

stress-true strain curve obtained in these experiments is 

shown in Fig. 3.4. Samples are loaded, at a constant tempera-

" After a given time interval, the sarnples 

are reloaded at the sarne strain rate as before. The magnitude 
'-

of the y~eld stress on reloading is governed by the degree of 

structural change that has occurred during the holding inter
\ 

val and can therefore be taken as a measure of the progress 

of static softening (93)"'0 

Q 

3.3.1 -~Short-Tirne Interrupted Compression Tests 

In order t,p determine the effecks of Mo, -Nb and V addi-
1 

tions on the stà'tic recovery -rate of deformed austenite, a 

program was developed fo perform interrupted compression tests 

at constant true strain rate and at unloading times shorter 
, 

than l s. As already mentioned, this kind of test has 'pre-
'1 

" 

viously been carried out in ~apan by the research g~oup of 
, 

Ouchi and co-workers (29), with? the difference that, in their 
"--,. 

experiments the crosshead speed is kept constant. The program 

was wri tten in MTS Basic and is listed in Appendix A. ,A 

'" 
->. , 

'\ \.. 

\. 
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series of pr~iiminary experiments was carried out using 

lead and a plain C,steel with the purpose of improving the 
\l 

prbgDim and determin:i.ng the shortest" unloading time possible 
\ 

wi th the equipmen t de scribe d above. . In thi s way, the mini-

mum holding time·between intervals of deformation was found 

to be 0.05 s. Shorter times are not' possible because of 

the mechanical inertia inherent in the MTS loading system. 

Fig. 3.5 shows a load 'vs. time curve ~o~ the plain C'steel 
1 

tested at 900°C and at·a constant strain rate of 2 s·l In 

this case, a true strain of 0.25 was applied in the first 
I("~'J 

<-;j l 
compression. ,The sample was then unloadèd and held at zero 

"'» 
~\ 

l~d during 58 ms. Aftèr that, a second true strain' of 

0.25 was applied at the sarne strain rate. It also can be ' 

seen that a time of 15 ms was'necessary for thé transition 

from loading to complete unloading. 

3.3.2 - Selection of the Test Conditions 

The temperatures chosen for the experiments were 1000 

and 900°C. The first one (lOOOOC) corresponds to the stage 

of the controlled rolli~g process where the refinement·of 

the austenite grain size is still possible by complete re

crystallization during the interpass time. At 900°C, by , 
\ .... ~ 

contrast, recrystallizatiop between the intervals' of hot 

working should be avoided entir91y. The time required for 
\ 
cooling from the austen~zation ta the test temperature 
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, and further stabilization was abdut 3-4 minutes for the 

experimen,ts at lOOOoC and 5-8 minutes for the experiments 

at 900°C. These times were somewhat higher than the ones 

ob,tained in other studies (87, '88), mainly because the 

practice of cooling by opening the furnace or by injecting 
\ 

an inert gas was not possible with the furnace used in this 
\ 

investigation. 
\1, 

The two other experimental conditions;' strain rate 

and strain, were selected to be as close as possible to 

those prevailing in industrial rolling processes. For 
~ -1 

this purpose, a strain rate of 2 s was selected. Higher 

strain rates (which would have been closer to mill strain 

rates) did not provide enough data points to enab~e accurate 

deterrnination of the first and' second yield stresses. The 

true strain vs. time curve which corresponds to the experi-

ment described in Fig. 3.5 i9 shown in Fig. 3.6. -The strain 

rate,is given by the slope of the curve, and it can b~n 

that its value is equal to 2 sec-l and zero during the de-

formation and the unloading time, respectively. 

The interruption strain was deterrnined mainly by the 

necessity of avoiding dynamic recrystallization during pre

straining, and the metadynamic recrystallization during the 

holding time that would inevitably follow. Its selection 

,was based ~n a continuous compression test perf?rmed on the 

plain C steel ~t lOOOoC and a constant strain rate of 2 s-l 
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The true stress-true strain'curve of this experiment is 

given in Fig. 3.7. Based on this curve, a strain of 0.25 

was chosen as the maximum arnount of deformation to be given 

in both compressions. It can be seen (Fig. 3.7) that this 

strain is considerably less than that required for the on-

\1, set o'f dynamic recrystalli zation 1 'which corresponds to a 

strain somewhat less than that assoc~ated with the peak 

stress. Eecause of the conversion from axisy~etric to 

plane strain, this strain is also equivalent ta a redu~tion 

* of about 20% in rolling. As the critical strain for dynamic 

recrystallization increases with a decrease in temperature 
\ 

and with the addition of microalloying elements, if a de-

formation of 0.25 will not provoke dynamic recrystallization 

in the plain C steel at lOOQoC, it i9 unlikelY ta do 50 dur

ing the pres training of the other three steels at 1000 and 

3.3.3 - Methods for Determining Softening 

The degree of softening, X, after an interval of hot 

working, is given by the expression 

(4) 

..... *Note that E \"7 E . = ln h /h for axisymmetric 
compression. Here lq an~t . are°thê equivalent and axial 
strains in the compr~ision t~f~, and qo and h f are the initial 
and final sample heights. In rolling, R • (H-hl/H X 100%, where 
R is the percent reduction and H and h are the initial and 
final; slab thickne,pses. For plane strain deformation\ e: eq = 1.155 
El~ere El • ln (H/h) = ln (l/(l-R»). Thus, for Eaxi = Eeq = 
0.25, El = 0.2I6 and R ~ 19.5%. 

, 1 

j 
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whére 0m is the flow stress immedia tely before unloading. 

and 00 and cr are the initial flow stresses'-recorded dur-
r ' 

ing prestraining and reloading, respectively (Fig. 3.8). 

In this research, two methods were used te determine 

the initial flow stress on reloading, cr : (i) the convenr 

tional offset method and (ii) the back extrapolation method. 

In the offset rnethod, cr was defined as the flow stress cor
r 

responding to a plastic strain of 0.2% (Fig. 3.8). I,n the 

back extrapolation rnethod, cr was defined as the stress, 
r 

corresponding to the intersection of the reloading line with 

the line ebtained by superimposing the prestraining curve 
, 

on the reloading curv~ (Fig. 3.8). The back extrapdlation 

method was developed on the assumpt~on that, after a srnall 

'transient' strain (of the 'arder of 3 to 5%), the reloading 

\ stress-strain curve coincides with the continuous curve for 

a tully annealed rnaterial. This is strictly" valid only when 

recevery ~s the sole softening mechanisrn taking place during 

the holding time. However, in the present work, this assump-

tion was 'extended to the case'Where recrystallization follows 

recovery. The validity of this assumption will be evaluated 

later in the Discussion, when the results obtained with the 
o 

two methods will be compared and analysed. ' 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

The airns of this research were the following: 

1) To investigate the effects of Mo, Nb and V in solution 
./ 

on static recovery and recrystallization after the high 

tempe rature deforrnation of a series of microalloyed 

steels. 

2) To study the interaction of strain induced precipitation 

and the static softening in these steels. 

3) To establish the calibrati n or conversion factor linking 

the onsets of stati narnic recrystallization in rrot 

worked austerii te. 

Interrupted hot compression tests were carried out at 

900 and lOOO°C and at a constant true strain rate of 2 sec- l 

on the four steels listed in Table 3.1. In order to accom-

plish objectives land 2 above, the load-free time following 

a prestrain of 25% was incre~sed from 50 ms to the tirne re-

quired for the steel to recrystallize completely. For rea-

sons that will be discussed later, both graphite and glass 

were used as lubricants. The third objective will be con-

sidered in the Discussion chapter, where the rates of static 

softening determined in this work will be compared with the 

dynamiclones Çlbtained in earlier investigations (87,88). 

( 
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4.1 - FLOW CURVES OBTAINED IN INTERRUPTED COMPRESSION TESTS , 

In Figures 4.1 ta 4.4 are presented selected sets of 

true strain - true stress curves as plotted by the computer 

after interrupted compression tests perforrned at lOOO°C and 

900°C on the plain C, vanadium, molybdenum and niobium steels, 

respectively. In order to keep the diagrams simple, a se1ec-

tion of three experiments was made from each series of 10 to 

12 tests carried out on each steel at a given temperature. 

The type of steel, the austeni tization temperature and tirne, 

the test temperature and the strain rate employed are printed 

above each set of f10w curves. The load-free times are aiso 

'indicated at the side of each curve. It can he, seen that the 

true stress - true strain curve ~r the first compression is 

the same for aIl the experiments on a particular diagram and 

corresponds to a prestrain of 0.25. A rapid and complete un-

loading is then effected and the samples are he1d under this 

condi tion for increasing intervals of tirne. After short de-

lays, e.g. 50 ta 200 ms, the f10w stress on restraining rises 

rapid1y to a level comparable to the stress developed just 

prior to unloading. As the de1ay time increases, a profound 

drop in the initial flow stress on reloading is produced and 

the stress - strain behavior approaches that of the material 

during prestraining. 

Comparison, between flow curves for the same steel 

( 
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, 
Il tested at 1000 and 900°C (Figures 4.1(a). - 4.I(b), 4.2(a} -

4.2(b), 4.3(a) - 4.3(b) and 4.4(a) - 4.4(b» shows that a 

decrease in ternperature increases the flow stress level in 

the first compression and decreases the arnount of 'soft;ening 

observed after the sarne 1 holding time 1 • Fro~ the experi-
... 

ments performed on the fo.ur steels at the sarne temperature 

(Figures 4.1(a) - 4.2(a) - 4.3(a) - 4.4(a) and 4.1(b) -

4.2(b) - 4.3(b) - 4.4(b», it can be seen that the flow stress 

level during prestraining increases slightly wi th the adqi tion 

of V and Mo and more markedly with the addition of Nb. By 

contrast, the arnount of softening after the, sarne holding time 

decreases wi th the addition of these microalloying elements 

and this "decrease is more pronounceq in the Mo and Nb steels. 

4.2 - PROGRESS OF STA'I'IC RECOVERY AND RECRYSTALL.I ZATION IN 

PLAIN C, Mo AND V STEELS 

As described above, two methods were employed in the pre

sent investigation ta evaluate the degree' of static softening 

occurring after an interval of hot working: the 1 back extra

polation' and 1 offset 1 methods. In what follows 1 fractional 

softening vs. holding time curves obtained by the ap~licatron of 

these two methods will be presen tad for ,the plain C, Mo and V 

steels. The experimental results illustrated were determined 

under three slightly different sets of conditions with respect 

t; (i) the type of tool and (ii) the method of lubrication used. 
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, 
These sets of conditions are identified by the symbols Gr., 

( 

Gl. and W+Gr. Gr. and Gl. refer to experiments in which SiN 
j 

inserts were employed in conjunction with either graphite 

(Gr.) or glass (Gl.). The notation W+Gr. indicates the tests 

which were perfo'rmed wi th tungsten (W) tools and graphite 

(Gr.) as lubricant. 
, 

4.2. 1 - Fractional Softening Oetermined by the Back Extra-

polation Method 

4.2~1.l - Short-Tirne Static Recovery Resu1ts 

'" In Figures 4.5 (a) and 4.5 (h) the fractiona1 softening 

associated with the static recovery process is plotted for 

very short holding times. This fraction al softening was de-

\ termined hy the back extrapolation method and corresponds to 

~alues within the range 2 to 12%. At lOOOoC (Fig. 4.5(a», 
'- ~ 

the results presented pertain to experiments in which the 

holding time was equal to or shorter than 1 s. At this tem

perature it can he seen that the progress of static recovery 

in the plain C steel is faster than in the V and Mo steels. 
, . 

The' same order is followed at 900 ° C (Fig. 4.5 (b) ), with the 

difference that at this temperature longer holding times are 

. required for the s,éUI!e amount, of softeninq. As shown in the 
., 

above two figures, the retardation due te the addi tian of V 

and Mo can be detected after un10ading times as short as O. l s. 
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Such retardation is attributable to the presence oÎ the two 

microalloying ~lements in solution since, under these ex-
, 

perimental conditions, no precipitates can form in either the 

V or the Mo steel. 

4.2.1.2 - Static Recrystallization Res~lts 

Fig~res 4.6(a) and ~.6(b) show the complete fractional 

softening vs. holding time c~rves for aIl the experiments 

carried out at 1000 and 900°C on the plain C, Mo and V steels. 

These results were determined by the back extrapolation meth~d 

and were obtained under the three set,s of experimenta1 condi-

tions""mentioned previous1y. Two regions c;:an be distinguished 

in aIl the curves presented: the static recovery region, whose 

features have already been described, and the static recrystalli
,;< 

zation region. The transition from one mechanism to the other 
, 

is marked by an aeceleration of the softening process and oeeurs 

after the~~ssa~e of the 'incUbation time' ,for recrystalliza

tion. 

At lOOQoe (Fig. 4.6(a)} and at 90Qoe (Fig. 4.6(b) 1 the 

onset of static reerystallization in the V and Mo steels is 

delayed in comparison with the plain C steel. As can be seen 

at both temperatures, Mo has a much greater.retarding effect 

than V, which delays only slight1y ~e beginning of this pro-

cess. Although mierostructural examination is essentia1 for 

( 
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an aeeurate deterrnination of the onset of "statie recrystalliza

tion, such an investigation"is difficult when the high tempera-

ture phase (austen~te) is unstable, as in the present system. 

A reasonable estirnate of. thé onset of reerystallization can 

be obtained instead from the intersection of two4 straight lines, 

one eaeh extrapolated from the static reeovery and static re

crystalliza tion regions. Results obtained in this way indieate 
" 

that recrystallizatian starts at softening ratios of about 10% 

at 1000 Q C and about 15% at 900°C. The rate af statie recrys

tal1ization at eaeh temperature folloYis the arder detedtined 

in the recovery regian and reerystallization can be eonsidered 

to be complete when the f~actiona1 softening is approximately 

equal to 100%. 

As mention-ed earlier, Mo does not precipi tate in 
r 

austehi te when added alorte. On the other hand, the solubility 

considerations of section 3.1 indicated the possibi1ity of VN 

precipitation at 90Qoc but not at,lOOQoc. According to the 

data obtained in a previous investigation, (87) from eXP1'

ments carried out on the sarne V steel, and l under dynamic c ndi

tions, the" strain induced preeipi ta tion 

at a time of around 30 s. However, the results presented in 

Figure 4.6 (b) suggest that recrystallization in the V steel is 

nearly complete by the time the strain induced precipi tation 

of VN is expeeted, to occur. Consequently the retardation of 
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static recrystallization observed ~n the V,and Mo,steel~,at 

botÎl t:rnperatures is judged to be largelY capsed by V and Mo 
~ J 

in solution ~ ,The change in lubficant (graphite or g1:ass) 

and ~n compression,tool material (SiN insert or tungsten) 
, 

does nct seern to have any effe~t on the softening behavior of 

the three steels investigated. 

4.2.2 - Fractional Softening Deter.mined by"the Offsèt Method ~ 

'" , 
4 . 2 .. 2 . 1 - Short-Time sta tic Recovery Resul ts 

~ 

The results obtained for the static recovery region 

from the applicatiorP of the offset method are shown ~ tigures 

4.7(a) and 4.7(b). As expected, no change is' observed in the-

r.elative position of the curve correspanding to ~ach st~el. 

However, the use of this rnethod leads ta values of fractional 

softening which are considerably higher than the ones deter

'Înined by the back eX1;rapolation method. At lOOOoC (Fig. 4.7 (a» , 

fractional softening of ? to 8 % has' already.been attained after 

an unloading tirne as short as 50 ms. At 900 o.C (Fig. 4 ~ 7 (b) ) 1 

,~" this value is 6 c,% after a' holding Urne of 0.1 s. At both 
o 

temperature~, the overall sOftening produced by sta~ic recovery, 
. ' 

as measured by the offset methçd, is douple that showl?- in 

Figs. 4.6(a) and 4.6(b) for the back extrapolation method. 
, ~ 

4.2.2.2 - Static Rècrystallization Results 
'. , 

Figure~f.·.4. 8 (a) and 4.8 (h) show the complet~ fractional -., 
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4" \ 

/ 

softening vs. holdi~g time ~ur~es deduced by .. 
C~ il -,./", ,< 

the 'offset method • 

Usinq this technique 1 • and the }.ntersection method described - . 
. 

ab ove , the amount of softening associated with the onset of 

. static recrystaJ.lization is seen to be about 20% ,at lOOO°C 
Q 

~ and about 30% a t 900"C. As static recrystallization proceeds, " 

the relative dl:Eference in 'the amount of softening measured. ' 

9b • b~ the two methods decreases continuous1.y and tends to~ zero 

as the fractional sof.ténin9' ap~roaches 1.00%,. 

The difference in the results obtained with -ehe back 

e~trapolation and offset methpds i5 related to'the motion 
. 

of the,mobile dislocations during unloading. If the mobile 

dislocations remained fixed during unloading 1 there would be. 

no 'S'hort t9nsient' between _the 1 loadit:tg' and 1 normal work ~ 

hardening' ~rtions of the flow curves. Then the offset and 

back extrapolation methods would lead to the same value of 

rebOading stress. Instead, as the mobtle di~locations.are 

no longe.r in contact 'Cafter tftlloading) wi th t,he relevant rate ' 

controlling ob~tacles, an increment qf straïn must be appl~ed 

which serves to advance the dislocations to the appropriate _ . \ 

obstacles. Once con tacted 1 the flow curve resumes the shape . 

asspciated with uninterrupted . ... '). . h . Il 
stra~n~ng. Th1S'p enomenon w~ 

~ 
b~ discussed in ~ore detail in section 5.3, together with~the 

practical implications of the use of either method for the 

calculation of roll force 4uring rolJ.ing. \For ~easons that 
($'-
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will become evident la't.er, the values of so,ftening measured 

by the 'pack ext~apolation roethod are in better" agreemèn~ with 

the actual influence 'Ç)f .~ach static softening },!Irocess during . 
an industrial rollinq operation. Thus, only the results de-. 
"~ermined b; )t.~é ba~-k extrapolation method will be pres'ented 

in the~ions that follow:. 0 • 1 

4.3 TESTS RESULTS' FOR N~~STEEL OB,TAINED ~ITH GRAPHITE 

LUBRICATION "/' " 

In this section, the tesults obtained on the Nb-Mn steel 

in the experiments performed with graphite as lubricant will 

be displayed. The ~oftening behavior of this stee~t lOOO°C 

is given in Figures 4 .. 9(a) and 4.9(b). For comparison, the . 
, 

frac tional softening vs. holding tirne eurves for the plain C,. 
, 

V and Mo steels are aiso pre!?ented. ,In the stade r:ecovery 

region (Fig. 4.9 (a) ), i t Gan be seen othat the Nb-Mn curve ia 

situated between the V and Mo curves. 
?> 

The order of retarda-

tion 'in this ragion is th us given" somewhat unexpectedly, by 

Me>Nb>V. The sanie order is evident in the static recrystaUi~ 
€'J 

zation region CFig. 4.9(b). As no strain inducedprecipita
''\ 

tion of t Nb{C, N) is likely te oecur 'UIlder the above experimen-

~al conditions at lOOO°C, the retardation must he attributed 
... 

to the influence of Nb in sotutien. The resui ts for sta tic 

recovery at 900°C (Fig'. 4.10 (a» are very similar ta the ones 

at 1000°0, with the difference that a devia~ion can begin te 

.. 

. , 

" 
, 
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,ft 

.. 
around' 2 b,e, noticedt in the Nb curve at a holdi~g time of s. 

This deviation can be see-n ~ better effect in Fig. 4.l0(b) • 

The d\parture fram the expected softenirl'g be~vior is pro'

bably related to the onset of the strain in'uced precipita-

tion of -Nb (C,N) , as 'will be demonstrated more clearly below. 
~ 

, ' . 
The dashed 1ine indicated in Figs. 4.10 (a and b) represents 

the softening kinetics anticipated in the Nb-Mn steel ;f no 

precipitation occurs.~ Comp~rison of the expected solute Nb 

curve (rep~esented bJ the dashed 1ine) an~ the actual Nb curve 

shows that thé! start of the strain induced precipitation of 
• 

Nb (C,N) delays the 'onset of static recrystallization con-

siderably in this steel. After a holding time of around 8 s, 
~ l " 

the Nb curve crosses over ,!:he Mo curve and changes the order 

of retardation in the st~ic recrystal1ization regio to the 
- d 

one normally observeâ, 'i. e. ta Nb>Mo>V . 

. Ana1ysis of the experimental data presented above ~alls 
• lf 

attention to two importan,t observations: 
f ' , 

The retardation dùe ta solute Nb is less than that 
) ... 

as~ociated with solute Mo {under the present conditions) • 

The time for the onset of the strain induced precipita1:ion 
. 

of Nb(C,N) at 900°C (2 seconds) is less than usual. 
, ~ 

It was not initially clear what factors produced this unusual 

result. The consideration of a number of plausible causes in 

turn led to the p~ssibility that the use of g~aphite lubrication 

~ 

- i 
! 
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could beloaffecting. the softeni~g characteristics of the' Nb 
1 

.. 
.. .\ 

steel. ,According, to this view" the, presence· of ,graphite can 

cause the diffusion of· Cinto i;he samples during the austerli H-. . 
\) 

zation heat treatment. The resulting increase in the solu-

bility product [Nb]. [Cl could lelad to lees Nb, being taken into 

solub.ion than when austenitization i5' carried out in tHe absence 

of g~aphite. 

4.4 - TEST RESULTS FOR NIOBIUM STEEL OBTAl:NED WITH GLASS LUBRI-

/ CATION 

Figurés 4.l1(a) and 4.~l(b) show the fractlonal s9ftening 
. 

vs. holding t~me curve for the<- Nb-Mn steel obtained a't 1000 oc 
.. 

wi th the use of glass. In this c<?n,di tion i t can be se~n that 

the change in lubrication affects the softening behav;ïor of , ~~e 

Nb steel s·ignificantly. In particular,' ii!. i9 evident that 

" solute Nb now has the') strongest retar,ding effect 'on 'both the 

static recovery process (Fig.' 4 .ll(a) and on the onset ,of static 

recrystallization (Fig. 4.l1(b». At 900°C, the order o~ effee-
, 

tiveness in retarding receveri is again 'Nb,.>l-1o>V (Fig. 4.12 (a) ) , 
~,' -

and the observations are quali ta,tively similar te those of 

Fig. 4.11 (a). However, wJ1en the séaJ,e is extended to 5000 s._, 
'<! 

it is evident that a further phenomenon is involved. As shown 

" in Fig. 4.12 (b) 1 the onset of s tràin induced precipitation o.f 

" " 
Nb (C,N) oceurS at a holding Ume of arbund 10 s. This leads 
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to a further qelay in the oriset of static'recrystal~zqt~on 
• 

of about an order of magnitude. The da"shed line indicates 

the new posi~on oJtthe estimated Nb curve in the absence of 

any precipitation. From this line it .can be seen that, at 

60% softening (which correspond to about 50% recrystalIIzation), 

the occurrence of precipitation retards recrystallization by 

more than an order of magnitude in time (~ith r-espect to the 
, 

solute Nb cur:ve). When the dashed line is cornpared with the 

~softening behavior of the plain C steel, it can be see~ that 
. 

the presence of Nb in solution retards recrystallization by 

Slightly less than an order of magn,itude in tirne. 

As already menti9ned, when glass instead'of g~aphite 

·lubrication is used, no detectable effect is observed on the 

sOftening behavior of the plain C, Mo and V steels. The change 

in lubricant affects only the Nb-Mn steel and the factors re

sponsible for this difference in behavior will be conside~ in 
'- " ' 

~-"''=-= 
more detail in Chapter 5. 

4.5 - HIGH TEMPERATURE STRENGTHENING PRODUCED BY ADDITIONS OF 

MO, Nb AND V. 

The .strengthening inèrement per 0.1 at % of alloying addi

tion relatiye to the reference plain C steel was evaluated from 

the following equatio~: 

PC 
ASa ° - °ys D.ll. ( 5) = ys 

x 
PC 

°ys 
at% s 

l ., 1 

1 

\ 
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In a similar way the strengtheni~g increment per 0.1 

wt.% of alloying addition was çalculated from 

:: 

(1 
ys - cr 

PC cr ys 

PC 
ys 0.1 x-

wt% 8 

(6) 

. 
In the above relations, 0ys represénts the average 

yield stress of the steel investigated, cr PC is the average , ,ys 

yield stress of the reference plain C steel and at% sand . 
wt% s "are the atomic and weight proportions of the element 

under consideration. h 

The strengthening increments defined in this way were 

then calculated for each tempe rature and the average values 

for each element are displayed in Table 4.1._ It,., is evident 
. 

fr,om this table that-Nb has the greate8t strengthening ef;ect, 
il 

followed in ma~nitude by Mo and then V. 'This arder i8 the 

sarne on both the atomic and weight bases. The higher stengthen

ing present in the Nb-Mn steel in comparison with the refêrence 

plain C steel is actually produced, not only by the-addit~on 

of Nb, but also by an extra addition of 0.47% Mn. Under the 

present co~ditions, it i8 not possible ta separ~te the .contri-
< 

bution attributable to each of these elements. However, data 

'\ obtained from a previous investigation (87) indicate that the . . , 
strengthening effect due te Mn is, o~ an atomic basis, about 

1 3/4 orders of magnitude less than the one ptoduced by.Nb. 

" 

. ' 
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The effect of theoadditional Mn was therefore negl~cted and 

al,l the <;>bserved stren<,1thening was attributed to the pre-

sence of the Nb in Table 4.1. 

The high temperature _yield"stresses for the four 
1 

steels investigated are shown in Table 4.2. " 

v 

• 1 
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Table 4.1 

High Temperature Strengthening Produced 

by'Mo, Nb and V Additiop 

6S
a 

6S
w ~ 

0 

El'ement (per 0.1 at '%) (per 0.1 wt%) 

v (in a V Steel) 7.2 

Mo (in a Mo Steel) 

Nb (in a Nb-Mn 
~teel) 

15.2 

212.0 

Table 4.2 

, High Temperature Yie1d 9tress 

of the Steels Investigated 

\ 

7.9 ., 
8.9 

12,7.0. 

, Steel cr at ys 
* lOOQoe (MPa) 

" * 
0ys at 900 0 e 

Plain e 35.5 ± 1.4 40.6 ± 

V 38.0 ± 2.4 

Mo 39.0 ± LB 

Nb - Mn 50.0 t LB 

* ~. 
Limits shown are for a confidence interval of 95%. 
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CHAPTER 5 

DISCUSSION 

5.i' - INFLUENCE OF THE USE OF GRAPHITE AS LUBRlCANT 

The fr~tional softening vs. holding time-curves pre

sented in the pr~ious chapter showed that the static re-

covery a~d recrystallization processes in the Nb-Mn steel weré 

significantly accelerated when graphite instead of glass was 
\ 

used as the lubr~cant. By ~ontrast, no effect could be 

attributed ta the change in the type of lubrication ~n the 

results for the three other steels. The an~~ysis of the 

possible causes of this discrepancy led to the hypothesis that 

they are related to the diffusion of C from the graphite into 

the samples during the austenitization heat treatment. The 

validity of this hypothesis will now be considered. 

5.1.1 - Diffusion of C from the Graphite to the Samples 

As illustrated in Fig. ,5.1, before each experiment, a 

graphite suspension was painted on the end surfaces, of each 

sample. The suspension was aIse applied to'the '~ateral areas 

neâr the end surfaces. This procedure led to a reduction in 

the frictiod during compression. The extent of the C diffu-

sion zones indicated in the figur~ was estimated in each steel 
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by Fick's second law solved for the case~here the surface 

concentration remains constant with ttme; This solution is 

given by: / 

(7) where 

Cs carbon concentration on the surface 

~ initial carbon concentr~tion in the sample 
'"'0 

C carbon concentration at givèn values of x and t 

x distance from the surface (cm) 

t interval of time for diffu'Sion. (sec) 

D diffusion coefficient of carbon in austenite 

(cm
2/sec) 

The symbol erf -(~ /2 Vnt') represents the error function with 

a~gument y = x/2~. This function is defined by the equation 

erf 
'y 2 

J 
-v 1y) ~ __ 2__ e - dy 

y;'o 
(8) 

The diffusion coefficient of carbon in austenite, D, was cal-

culated from l'the relation 
-Oà 

DO= 00 e R'r (9 ) 

Qd activation energy (33800 cal/g-mole) 

where 

,R universal gas constant (1.987 call(OK)/(g-mole») 

T absolute tempe rature (OK) 

-

00 constant which depends on the structure and vibra-
2 tional frequency of the atoms (0.21 cm Isec) 
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The values of 0d and Do shown above ,ere ,taken from Reference 

(94) • 

The maximum penetration of carbon in each steel was 

then determined for the condition that C drops down ta the 

vicinity of'C : i.e. that C.'~ C. In this case, erf (x/2- q) = 1 o . 0 VU~ 

'and x/2$'::: 3 (95). For simplici ti, only the diffusion of C 

from the graphite painted on the end surfaces of the samples 
, 

was considered, and the values obtained in this way are pre-

sented in Table 5.1. The diffusion of C during heating to the 

austenitization temperature was also neglected. The results 

shown in Table 5.1 indicate that, in 43.4% of the total volume 

of each Nb- Mn steel sample, the C(content is higher th an the 

original concentration of C in this steel. Furthermore, the 

degree of penetration of C in the Nb-Mn steel is greater than in 
1....... 

the others: it is almost double that calculated for the plain 

C steel, in part because of the higher austenitization tempera

in part because of the longer h~lding time. 

der to deter.mine the gradient of the'C concentra-

diffusion zones in the Nb-Mn, Mo and V steels, 

steels were ground down ta specified 

fram the enè surfaces and the C concentration in 
j 

each 'new end surface' was determined by emission vacuum 

spectrometry. As no barreling was observed in the samples 
.~ 

after deformation, the correspon~ing positions of these surfaces 
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Table 5.1 

Diffusion of C from the Grap~i:te to thé Sarnples 

Austeni tizaJ:ion AustenU:ization Maximum è ~f the 
Temperature Time Penetra- T al 

tian Volume 
Steel 

( OC) (s) (mm) 
\, 

PC 1030 900 1..3 22.0 

v 1~45 1800 1.9 33.6 

Mo « - -1070 .-,., 
1800 2.2 37.8 

Nb-Mn 1100 1800 2.5 43) 4 

l 

'1 ' 

'Al ! 
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in the undeformed material were calculated :Qy considering that' 

the defor.ma~ion wâs homogeneous. The re~lts obtained in this 
. 

way are Qisplayed in Fig. 5.2. It can be seen tha t inside the 

diffusion zones the C concentration in the Nb-~ ste~l is Y , 

~igher than in the Mo and V steels at the sarne distance from 

the surface. 
• 0, 

The maximum penetration of C lon the three steels 

appears to be in agreement with the values calculated theore-

. tically (Table 5.1). 

O} 

\ 

5.1.2 - Solubility Ptoducts of Nb, Mo and V' Carbides in Austenite 
( 

The solubility products for NbC and V4C3 at the austeni-
, 

tization temperatures of the Nb-Mn and V steels are indicated in 

v Table 5.2, togethe'r with the maximum C concentrations that can 
1 

be held in solution in the presence of 0.035% Nb and 0.115% V 

at these temperatures. The relations from which tl1ese values 

were calculated are displayed at the bottom of the Table. The 

equation reported bY K~yama et al. (96) kkes into considera-
I 

tion the effect that Mn has on the solubi~!i:ty product of NbC 

~ in austenité, which increase$ wi th the incr~ase in the Mn con-

tent. The Mn levels of the steels ch <. e equations 
\.., 
l, , 

given by Narita (97~ and Cordea (2) were 9~s~,\are not known, 
, 

although "the l~tter are believed to have been detè mine~d on 

steels with a Mn content in the proximity of 1.2 to 1.4%. 

According to the results shown in Table 5.2, he' 

r \ 
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_J) 

__ --..... GraPhi te 

-.. -- ...-.-Diffusion 
, ) 

- - - --..... Diffusion Zone 
---..... Graphite 

') 

Figure 5.1 Location of ,graphi~e coated regions 
, of the samp1e and the C diffusion zones 

after austeniti~ation. 

Steel 
Nb-Mn 0 

Mo 0 
V 0 

-
05 te., 15 2.0 2.5 

DISTANCE FROM THE SURFACE (mm) 

Figure 5.2 - C concentration gradient inside the 
diffusion zone after austenitization 
of th~ Nb-Mn, Mo and V stee1s. 
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" Table 5.2 

Solubility Products for NbC~and V4C3 in Austenite 
~ ~ 

.J~ 
1--

Sol\bility Product at T MaYJ.nun '1 CXXloentration in 
. (xlO-3) aus ~1~ at Taus (wU) 

, -
Austsni tizatiOtl 

Steel" PIeCipi tat.e ~rature(Taus) Cbrdea (1) Nari ta (2) . Koyama (3) Cbrœa (1) -Nc:ri ta (2) Koyana (3) 

Nb '- ~ NbC - 1100 oC 

V V4?3 1045 oC 

(1) O:>rœa 

log (Nb) .. (C) =-7510 +2.96 

4/ T 
3 

log (V) • (C)=-10800 + 7.06 - T 

(2) 'Narita 

log (Nb). (C) -7900 + 3.42 
( T 

~ 

~ 

# 

~ 

~ 

3.10 a 4.64 4.76 0_.09 0.13 

73.41 1.31 
• 

(3) Koyama et al. 
, 

log ,).(~) = -7970 + 3.31 + (1371 - 0.900~{~)
TT· --

\, 

_(7; -e O."0504) CMl)2, 

(*) " For 0.035% Nb and 0.1'9.s % v. 

0.14 < 

t
a 
tv 
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maximum concentration of C that- c~e dissolved at 110QoC-in 

the Nb-Mn steel without exceeding the solubility pro4uct for NbC 

at a Nb co~centration ~f 0 .• 035%, i9 0'.14%. This waSi determined 

from the re~ion given by Koyama et al., which is considered 

to be the most appropriate due to the high Mn level Cl. 9tl%) in 
, 

this steel. By contrast, a C concentratiop considerably higher 
, . ") 

(1,.31%) can be dissolved in the V steel(at l045°C and for 

0.115% ~N) before the sol~ility product for V4 C
3

, is e~ceeded. 

Although very few qpantitative data a:,:e available in the litera

ture for the soiubility product of.molybdenum carbide, it can 
f1 

1 
be se en from Fig. 5.3 (98) that its value i5 likel~ to,be higher 

than the one for vanadium carbide. As a result, a concentration 

Q.,f C higher than 1.31% can be expected to be dis sol ved at the 

austenitization temperature of the Mo steel (1070 0 C) without 

surpassing the solul;>ili ty product for molybden tnn carbide in the 

presence of O.29~ Mo. Naturally, one must take into oaccount 

that these considerations apply only to equilibrium conditions, 

to'long holdinv and diffusion times. 
"'h 

The analysis of the res~lts pr~ented above and i~'Fig. 
i. e. , 

" 5.2 leads to the concluSion that, as a result of C diffusion, 

NbC precipitates fGrrned in the Nb-Mn steel durinq austenitiza-
• 

tion,' These precipi tates were likely to be present in ~yproxi-

mately 32% of the "volume of èach sample of this steel i~e-
. 

diately after the austenitization' heat treatment ... The austeni-

tization heat treatments in" the Mo and V steels, on the other 
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Figure 5.3 SOlubility"products (in atomic 
per cent) of carbides and ni trides 
,in 'austenite as a function of 
temperature. (afte.r Aronsson (98» 
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* hanc;l, enabled.---all the carbides present in ~t least 99% of 

~ total vol um~ of these samplecs to be dissolve"d, 

the~ffUSion of C inwards from the ends. 

de s,pi te 

5. L 3 - Effect of Graphite on the Softening. Behavior of the 

Nb-Mn Steel 

The softening curves for the Nb-Mn, steel obtained at 1000 

an-d 900°C with -the use of graphite and glass lubricants are 

s 5.4(a) and 5.4(b), respectively. At "both 
• 

tempera tures, t.atic r~covery ând recrystallization pra-
J 

cesses were significant y 1 accelerated 1 (wi th respèJ9t to the 

glass results) when graphite was ernployed as the lubricant. 

The faster saftenlng rates observed under these conditions 

are related ta the presence of undissol "ed precipi tates of 

NbC in the samples. These precipi tates prabably affect the 

softening processes in the following direct and indirect ways: 

(i) They may inhibit grain growth of the initial austenite 

grains (1,7,56,57), producing finer initial grains wh~ 
)1 '. .. 

decrease the incubation time and increase the rate of 

recrystàllizatio~. ' \. 

, , 

(ii) ,When they are large and widely sp)ced, they may accelerat~ Ç'. 
recrystallization ~y gerierating strain gradients, and ~ 

hence recrystalli~ation nuclei, at their interfaces (58,59). 

* JA.s a result of C diffusion, sorne carbide precipitation 
probably occurred next to the end faces. , 

( 
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(iii) Their most important "and indirect effect is that the y 

decrease the amount of Nb in solution. This reduces 

the solute retarqing effect of this element, and also 

r~duces its effectiveness wh en it forms strain induced 

precipi ta tes. 

Of the various factors described above, the one that 

appears to be the m'ost influential is the reduction in the 

amount of Nb in ,solution after austeni tizat.i,.on. This is ei ther 

because the quantity of initial precipitates that can be dis

solved within the diffusion zone is considerably reduced by the 

local increase in the C concentration. Alternatively, if par-
f) 

ticle solution is more rapid than 0 di ffusion, the subseq~ent 

increase in the C concentration resulting from diffusion can 

lead to reprecipitation (on grain bo of) l<:1,issolved 

carboni tride,' reducing the quanti ty vailable for strain in-

duced precipitation, i.e., on disloc When glass was 

used as the lubrioant instead, all the ~ itial Nb (C,N) pre

'cipitates were dissolved during the austenitization heat treat:'" 

ment and, therefore, th~ full amount of Nb was in soluti6n 

before deformation and available for strain il.1duced precipi ta-

tion. 

In the results obtained at lOOO°C (Fig. 5.4(a», the 

reduction in the ove raIl concentra tian of Nb in solution 

" 

u' 
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decreased the solute retardation effect due to this element 

Gand thus 'accelerated' (with respect to the glass results) 

the static~rec0very and recrystallization,processes in the 

Nb-Mn steel lubricated with' graphite. Of course, recrystalliza

tion was still retarded in both'Nb steels in compar~on with 

the plain C steel (see Fig. 5.4 (a) ). The relative retarda

tions can be estimated from the' times for 60% softening (appro

xirnately equal to 50% recrystallizatioh). The tirne for the 

steel containing less Nb in solution (the graphite lubricated 

sarnples) is 6 s at lOOO°C, whereas that for the glass lubricated 

material is 12 s. Thus, with the aid of the Solute Retardation 

Parameter introduced be low (section 5.3) the average amount of 

Nb in solution in the first material can be estimated. On the 

asswqption that the value of the parameter for Nb is independent 

of the level of this element wi thin trie current range, the 

effe,:tive concentration of ~b in the graphite lubricated material 

is 0.021 wt%, Lê., it appears to have been reduced by 2/5. It 

should be added that previous investigations (87) of the kinetics 

of the strain induced precipi tation of Nb (C,N) in this steel 

indicate that precipitation is unlikely to occur before 100 s 

at this t~mperature. As a result, strain induced precipitation 

was unlikely to occur prior to the en"d of static recrystalliza

tion, so that the curves of Fig. 5.4 (a) are probably influenced , 

by solute effects alone. 
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At 90QoC, on the other hand (Fig. 5.4 (b», arf'extra , . 

component of retardation begins to be observed. It can be 

detected when the softening curves deviate from the be-

havior (indicated by the dashed lines) expected when only 

solute effects are involved. These deviations are considered 

to" be associated wi th the onset of the strain induced preci-

pitat~on of Nb (C,N) and occur at around 10 and 2s for the glass 

and graphite lubricants respectively.* The earlier onset of 

precipi tation under the lat-ter condi ti a ttributed to 

the' higher degree.of supersaturation C 

were present wi thin the diff~sion zon egions, the 

strain ind~ced precipitation art 8 s before 

the precipitation of Nb(C,N) began in the other material. How-

evert' as less Nb was available for precipitation in the Nb steel 

lubricate.d wi th graphl. te, ,the retarding effect of the strain 

induced precipi tates on the onset and progress of static recry-

stallization was reduced in this steel. 

Note that the relative effectiveness of strain inàuced 

precipitaticn under the two set of conditions can be assessed 

from Fig. 5.4(b) in a manner similar to that used for solute 

retardation (Fig. 5.4 (a) ). For this purpose, "i t is necessary 

* Due to a lack of time, no electron microscopy was 
?erformed on the present specimens, and so the presence of 
precipitates could not be Cjnfirmed. 

CI 
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to determine the times for 50% recrystallization (60 % soften-

ing) under straight solute retardation conditions (dashed 
) 

curves - 30 and 66 s for graph~~e_anQ_glass lubricated t.ests, 
-J 

,/ 

respectively), as weIl as under precipitation conditions (full 

curves - 300 and 880 ~ for graphite and glass lubricated 

te~ts 1 respectively). ,These data suggest that, in the presence 

of graphite, there is only about 75% as much precipitate re

tardation as under normal testing conditions. This diminished 

effectiveness can be linked with the production of a reduced 

volume fraction'of carbide particles. 

The softening behavior of the three other- steels was not 
. 

affected by the use of graphite. As shown in -the previous sub_
o 

section, aIl the V and Mo were likely to,have been dissolved 

during the' austè.nitization heat treatment, preserving in this 

way their full contribution" as solutes ta the retardation of 

static recovery and recrystallization. Although the diffusion 

of Cinto the samples increases the possibility of the strain 

induced precipitation of carbides in the V and Mo, steels, the 

results ,presented in Figures 4.6(a) and 4.6(b) suggest that 

this precipitation did not take place under the experimental 

conditions investigated. As can be seen from these figures, 

no deviations-, wi th respect te the plain C steel, are observed 

in the softening curves of these steels. It should be added 
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that there is evidence in the litarature (99) that an increase 

in C content can enhance softening as a' resu1t of the expan-
~ 

sion of the austenite lattice and the increase in self-

diffu5ivity. However, the current results (Fig. 4.6(b» indi

cate that this effect i5 neg1igible under the present condi

tions. 

5.2 - EFFECT OF Mo 1 Nb and V ON STATIC RECOVERY AND RECRYSTALLI-

ZATION .j 

5.2.1 - Effect of Mo, Nb and V as Solutes 

The results obtained in the present work show that static 

recovery and recrysta11ization are de1ayed by the presence of 

Nb, Mo and V in solution, with 1he retardation rates increasing 

in the following ascending order: V<Mo<Nb. These retarding 

effects are thought to be associated with the strengthening pro

duced by these rnicroalloying-elements, which follows the sarne 

order described above. A number of theories has been proposed 

to explain the different strengthening and retard~ng effects 

produced by various so:lute atorns. Accor.ding to these theories, 

it is prin~pally the size and electronic difterences which 

are responsible for the pbenomena observed. These two possi-,-

, 
bilities will now be considered in turn. 

5.2.1.1 - Size Differences 

The effect of adding a gfven type of solute atom has 
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generally been evaluated in terms of the size difference be

tween host and solute, a quanti ty which can be ealculated from 

two different types ,of data: (i) the atomic' size diff~rence 

between a given solute atom and the gamma iron host; and (H) 

the atomie size rnisfit parameter (l/a). (da/de) where a 

is the mean lattice parame.ter and e is the atomic concentration 

of the solute. These data are presented in Table 5.3 for the 

most common solute elements in' gamma iron. The atomie _~izes 

"were obtained from Reference (100); the values for the size mis

fit par~eter are taken from a survey carried out by Plassiard 

(101), to whom the a~t~or expresses his gratitude for permis-
'1 

sion to quote prior to publication. 

It ois apparent from Table 5.3 that Nb, with a size qif-

ference of + 15%, is expected to have a stronger effect, than 

either Mo at + 10% or V at + 6%. On "t'bis basis', Mn (+ 2%), . 
Cr (+ 1%) and Ni (- 2%) are likely to have only small effec~s. ' 

T~ese observations agree qualitative1y with the results ob-

tained in this investigation and ëÙSO by other researchers 

(80,102). However 1 there are two important exceptions in the 

order of solute effects predicted by the atornic size criterion. 
, 

; The additio,n of titanium and alUI!linum, two elernents which have 

a~most the same size difference with respect to gamma iron as 

Nb 1 produces amounts of sol W:e hardening and solute retardation 

r 
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Table 5.3 

Size D,ifferences wi th Respect to Iron 

\ 

Atomid Size 
0 ** Element r (A) (rx - rPe) !rF'è x 10Q* Misfit Parameter x,_ ' (l/a). (da/de) 

/' 
Nb 1.468 +15 0.242 

Ti 1. 462 +15 0.109 

Al l~ 432 +12 0.;;.056 

, 
Mo '1. 400' +10 0.133 

V 1. 346 +6. 0.042 

Si 1. 312 \ +3 -0.012 
, 
Mn 1.304 +3 0.023 

Cr 1.2~2 . +1 0.017 
-
Ni 1. 246 -2 0.026'" 

* 0 r
Fe 

= 1.274 A 

** Fbr alpha iron 

(, ; " 

i;.!1 
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considerably less than that of Nb (71,82,'103). In che base 

of ,aluminum, its solute retardation effect is less even than' 
~ , 

that attributable to molybdenum on an equal atom fraction " 

basis. Thase inconsistencies can be resolved by the use of ., , .. ,. -

the atomic size mis'fit parameter(lOl). Exarnination of Table 5.) 
, 11 

shows ,that almost ail the elements (except Si) listed on this 
" ' 

table increase the lattice parameter. Such dilation of the 

lattice is likely ta have two opposite effects. 
r 

( i) The solute at<;,ms can interict elastically with the dis-

locations; this gener~lly increases the 5trength con-

siderably. 

(ii) The lattice dilation may pro duce a rneasurable decrease 
, ,. 

in the elastic mC)du~us, an ,effect which shoul.d in turn 

lead to softening. 

The latter .effect· appears. ta be experimentally detec

table in the case of intersti tials, such as C and N. ~ The 

addition of these elements stron<]ly dilates the latti.ce, which 
'-~, - . 

\ leads to a large decrease in~ rnodulus and, conseque;ltly, to 
\ ' 

- 'observable softening,. The addition of substitutional elements 

·causes a small~r- dist~rtion of the lattice a!ld,' in this case, 

" the strengthening pro,duced by the elastic interactions be-

tween the solute' atoms and the - dislocations overcomes the 
\ 

softel?-ing expected. from the lattice dilation. As a result, 

hardening i5 observed instead of softening. Accordin<j to this 

. ) 

----- - -----

( 

• 

.. 
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analysis, the large~ the 'change in the 1attice parameter 

produced by a given ,element, the more likely is 'it to pro-

duce significant strengthening and retardi~g effects . 

. ,From the values shown in Table 5.3, it is evident 
, g • J 

that the si2e misfit parameter seems to give a muchobetter 

correlation with strengthening than the atomic size cri-.. 
terion. Nb with a size misfit parameter equa1 to 0.242 is 

expected to have stronger effects than Mo, Ti, Al and V, wi th 

size misfit parameters'equal to 0.133, 0.109, 0.056 and 0.042, 
, 

respectively. On the other hand, Mn (O.023), Ni (0.026) and 

Cr - (-O. 017) should have only very small effects. However, the . 
reversed order between'Tirand Mo suggests that sorne electronic 

effects may be involved, whicQ.\ poss~bility will be considered 

in - the next section. In addition, there may be a contribution 
, 

to the misfit parameter from the relative modulus "mismàî:ch, 

as at room temperature,ybut there are insufficient data avail-

able for an assessrnent to be made of this possibi1i ty at this ( 

time. 

5.2.1.2 - Electronic Differences 

. According to the basic ap~ach of Abraharnson and co-e ' ", 
workers (104), the e~pected effect of solute additions on the 

IJ 
li 

.. 
Al though these ,data al;'e for alpha iron and the ab-

solute values may change at high temperature (for y - iron), 
the order~of increase in th~ size.misfit parameter dete~ined 
in this phase is unlikely to be changed in tPe austenit~ 
pl1ase. -

~) . 

• J 
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recrysta1lization behavior of Fe depends primarily on the 

number of s, p and~d electrons in the outer shel1 of the' par-

ticular elements in their ground state. Abrahamson's original 
, 

, 
plot is reproduced here as Fig. 5.5. Two assumptions must be 

made ta" compare Abr~hâmson ' s model wi th the resul ts obtained (. 

in the present situation. The first is that his rationaliza

tian determined experimentally for 'alpha iron applies to gamma 

iron. The second assumption concerns the conversion from iso-, 
chronal to isothermal conditions, and' stipulates that the rate 

of recrystallization at a fixed ternperature follows the rank-
.. 

ing giv1n in Fig. 5.~ for the temperature of ~ecrystallization~ 

at a fixed time, inasmuch as these are kinetically equivalent. 

It is appare~t from F~g. 5.5 that Nb and Ti have much 

more powerful effects on the recrystallization kinetics of 

a-Fe than Mo and V. However, significant differen~es between 

th~ effects of Nb and Ti and between those of Mo and V are not 

found on the diagram, although they were observed in the pre

sent work (for Mo and V), and in the work of Chandra et al. 

( 71) 

" 
(for Nb and T~). This may be because Abrahamson's~re-

sult~ were obtained on a-Fe. 

Electronic differences are also related to the concept 

of 'associated solutes' introduced by w.c. Leslie (105'). 

AccOr~~g to this 

strong attraction 

idea, two or more solutes, which display a 

for each other, can be associated in solution, 

i ' , " 
L 

1 
.... 1 
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. NUMSER OF d-SHELL ELECTRONS IN B 

Figure 5.5 - Effect of the addition of trànsi-" 
tion e1ements on the recrystalliza'-. \. 

t~on temperature of deformed a-~ron 
(after Abrahamson (104)). 
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forrning a type of cluster. Such clusters can interact strongly 

with~isloc~tions, retarding recrystallization or strengthen

'ing the rnaterial. The relevant solutes May be any combi~atiori 

of intersti tial" or tubsti tutional elements' and the resul ts aJ;:e 

MOSt pronounced when these are present in very low conce~tra-

tions. Observations of this type have already been reported 

(105) for the case of Ti, C and N in ferrite. The id,a that 

elements such as Nb, TL,· Mo or V might fo~ with C and N sorne 

sort of ordered region or cluster Witho~t ne?essarily creat

ing a compound or precipitate is a rathes we~come one. It 

helps to bridge the gap betweén the 'solute' and 'precipitate' ~ 

theories of recrystallization retardation. 

5.2.2 - Effect of Nb and V as Precipitate Forrners 

~ in the present invesbigation, the'effect of précipita

tion on static recovery and recrystallization was analysed in 
" \ . 

the Nb and V steels, since molybdenum (when added alone) does 

. , 

not form precipitates in austenite. AS. already rnentioned in , 
1 

Chap,ter 2, the effect of precipi tates i6 det"ermined by their 
-, 

sizes and by the conditions under which the precipitation 

t~kes place. When precipitates remain undissolved before 
IJ ~o 

de forma tion, they are too coarse . (1000-3000 A ;in .dia.) to 

interact with dislocations and therefore to inhibit recovery 
1 

and recrystallization. As described in section 5.1.3, if 

sufficiently coarse, these precipitates can even lead to an 

1 

1 
.~ 
1 
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'ac'Celeration' of the static softening processes. On the, 

other hand, they also decre'ase the amount of the precipi tate 

forming element avail~le in supersa~uration for strain in

duced prec~Pitation. This kind of effect was observed in the 

Nb steel w~eh graphite was.used as the lubricant. • 

During strain induced precipitation, very fine par-

° ticles (30-50 A in dia.) are deposited on dislocations ~~he 

./ 

grain interiors and in sub-boundaries. These precipitates can 

retard both the onset and the progress of static recrystalliza-

tion by the stahilization of the substructure (which prevents 

nucleation), and by their pinning of the grain boundaries and 
~ 

sub-boundaries (which inhibi ts their migration or growth)." How-

ever, the full retarding effect of the strain induced precipi- _ 

ta·tes is only obtained if precipitation starts before the onset 

of static recrystallization. In the case of the V steel at 

900°C (Fig. 4.6(b}), reerystallization was nearly complete by 

the time the strain induced precipitation of VN was expected 

to oceur (at a time of around 30 5), 50 ~that no effect of pre-

cipitation was detected. Nevertheless, in the Nb-Mn steel, the 
• 

strain induced precipitation of Nb(C,N) took place, at 900°C, 
• 

after a holding time of aroun? 10 s, i.e. when the material 

was still complete1y unrecrystallized. Under these conditions, 

a further de1ay of about an. order of magnitude in time was 

observed for the onset of static recrystallization. 
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The precipitation start time of 10 s determined in this 

work for the strain induced precipitation of Nb(C,N) at 900°C 

is somewhat shorter than the one obtained by Akben (81) in 

the sarne ste~l, but under dynamic conditions. In'her experi

ments, a time of about 25 s was found for the onset of this 

process. As·the rate of statiç precipitation norma~1y in

creases with an increase in the pre-strain given to the materia1 . . 

and tends to approach the dynamic on~ for large pre-strains, the 

1 
~. . resu ts descrl.bed above can- be explal.ned by the difference in, 

the techniques employed for their determination. Given a margin 

of error expressed as a time ratio of 1.6 for eaèh technique, 

the two methods would be in agreement if the actual Ps time 

were 10 x 1.6 = 16 ~ 25/1.6 sec. 

5.3 - COMPARISON BETWEEN THE SO~UTE RETARDATION RESULTS OB

TAINED UNDER STATIC AND DYNAMIC CONDITIONS 

One of the initial aims of this investigation was ta 

establish the calibration or conversion factor linking the 

onsets of static and dynarnic recrystallization in hot W6rked 

austenite. However, lack of time preyented the complete 

fulfillment of this objective, as further research is pro-

bab1y required for th~ determination of the kinetics of static 

recrystallization i~ a wider range of materials. Nevertheless, 

a comparison can still be made between the solute retardation 

resul ts obtained, in the presen t work and the ones reported by 
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Akben, \·Bacroix apd Jonas (102) under dynamic conditions. For 

this, the f0110wing solute retardation parameter (SRP) was ern-

ployed (102). 

. 

SRP = log (t ft f) x 0.1 x 100 % x re ,---
at% x 

(10) 

Here, tx is the time required for the start of static 

recrystallizat~on in the steel containing the element X, and 
'" 

t ref is 'the equivalent time, for the reference plain e steel. 

Of course, this equation corresponds on1y to the retardatian 

produced by solutes. In the case where additional retardation 

is being produced by precipitates, e.g. in the Nb-Mn steel at 
" 

900 0 e (Fig. 4.1.2(b», tx is determined from the 'expected 

solu~e curve' (indicated by t~e dashed line in the sarne figure). 

The Solute Retardation Parameter defined in this way can re

present the solute retar~ing effect of elè~t x on the onset 

of recrystallization under both static and dynamic conditions. 

* The SRP's calculated for each e1ement from the present 

data are shawn in Table 5.4. Also included are the parameters 

determirted under dynarnic conditions (102). It is evident from 

this table that the order of effectiveness in delaying the 

* The values of SRP were calculated at IOOOoC (Fig. 4.ll(b» 
and at 900~C (Fig. 4.12(b» for a fractional softening of 10 and 
15%, respeètively. These amounts of softening correspond ta 
the onset of static recrystallization at the~e ternperatures. 
The final value of SRP for each el,ement is the average for the 
two temperatures investigated. 
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onset of static recryst«llization' is the sarne under both sets 

of conditions: i.e. Nb>Mo>V. Fur~hermore, the retardin~ effect 

of Nb as solute is considerably larger th~ the ones produced 

by Mo and V. The much higher values "of SRP calculated under 

static as opposed to dynamic conditions for aIl the'three ele

ments are of particular'interest. They suggest that the inter-

action between solute atoms and dislocations is considerably 

stronger under conditions of interrupted straining than during 

de~ormation. This could be because diffusion makes it easier 

for solutes to reach stationary, rather than moving, disloca-

tions. As the static SRP is more rel~vant to industrial rolling 

schedules, the present results suggest that the SRP's deterrnined 

by dynarnic methods probably underestirnate the amount of solute 

retardation taking place in production. Thus a suitable ccrrec-
\ 

tian factor should be developed if dynarnic SRP's are ta be 

used for the prediction of relative retardatians in indus tri al 

si tuations. 

It should be added that, while the ratio of SRP (static)/ 

SRP(dynarnic) is about 3 to 4 for Mo and V it is in the range 

7 to 8 for Nb. While this finding may be fortuitous, it rnay 

also be an indication of the presence of lassociated solutes' 

in the Fe - Nb - C system. 
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Table 5.4 

Values 'of the Solute Retardation Parameter 

(SRP) for Niobium, Molybdenum and Vanadium 

SRP SRP 

Element Static Condition Dynamic Condition 

ê 2 
-1 

€ ::. 5.6 x 10-3 -1 
::. s s 

V 10 3.3 ± 1.2 

Mo 37 10. ± 5 . 

Nb 409 53. ± 12. 
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5.4 - IMPLICATIONS REGARDING THE DESIGN OF ROLLING SCHEDULES 

FOR CONTROLLED ROLLING 

In this section, the practical implications of the re

sults obtained in this work will be analysed with regard to 

the design of rolling schedules for the controlled rolling of 

microalloyed steels. The metallurgical' and engineering factors 

involved will be considered under the following headings: 

(i) slab reheating temperature; (ii) recrystallization of 

aq~tenite; and (iii) rolling load. 

Slab Reheating Temperature - The 'accidentaI' effects pro

duced by the use of graphite with the Nb-Mn steel led to an 

understanding of the importance of the complete dissolu

tion of aIl the carbonitrides present in the steel dur-

ing slab reheating and soaking. Only in this way can the 

full amount of the precipitate forming element be made 

available, first as a solute and then as a strain induced (' 

precipitate. Both of these will help to prevent static 

recrystallization during the interpass time at the lower 

temperatures (finishing passes). If the larger precipi

tates remain undissolved, the potential retarding effects 

due to the microalloying element are not fully realized, 

and the possibility of partial recrystallization during 

the interpass time increases. This can lead to poor 

mechanical (particularly fracture) properties in the final 

product. 
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Recrystallization of Austenite - The recrystallization 

start (Rs) and finish (Rf) times are shown in Table 5.5 

for the four steels and twa temperatures investigated. 

The Rs' s c,orrespond to the sarne amount of fractional 

softening as was employed in the previolls section for 

the SRP calculations (Figures 4.ll(b)) and 4.l2(b)). 

The Rf's were determined at a fractional softening of 

90%, which was considered to give a reasonab1e approxi

mation to 100% recrystallization. 

In indus trial contralled rolling practice, the tempera

ture of lOOOoC is generally the lower limit for the roughing 

passes, where the complete recrystallization of the material 

during the interpass time is desirabfe. From the results dis-, 

played in Table 5.5, i t can be seen tha't at this temperature, 

recrystallization is terminated in the plain C and V steels 

after a holding time of only 7 and 9 s, respectively. These 

times are about the sarne as those used in industrial rolling 

schedules in a reversing mille In the case of the Mo and Nb 

steels, longer interpass times (27 and 38 S, respectively) 

would be necessary ta prevent partial recrystallization. This 

suggests that rolling should be avoided at this temperature in 

these steels and that the roughing stage should be completed 

at higher temperatures. However, under industrial conditions, 

the Rf time at lOOOoc for aIl the above steels will be somewhat 



( 

Steel 

Plain C 

V 

Mo 
'\ 

Nb - Mn 

* 

~ Table 5.5 

Recrystallization Start (R ) and Finish (Rf) s , 

Times for the Steels Investigated 

1000 oC 900°C 

Rs Rf' Rs Rf 

(s) ( s) (s) (s) 

0.27 7.0 1.9 30 

0.38 9.0 2.3 35 

1.0 27.0 9 200 

* 9.0 38.0 90 2800 
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': 

This value corresponds to 20% saftening, rather than the 15% 
employed for the other cases. Because the anset of static re
crystallization waS delayed by the strain induced precipitation 
of Nb (C,N), the relative soften~ng attributable ta recovery \V'as 
increased by 5%. ' 

t) 
) 
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shorter than the cnes listed in Table 5.5, 50 that full te-

crystallization during the interpass time may still be possible 
" ' 

in the Mo and Nb steels., This is mainly because of the higher 

strain rates (Detween 5 and 10 -1 s ) that are employed indus,-

trially and bec~e the 1 initial' austenite grain siz'e (with 

respect to a particular pass) produced by the successive cycles 
( . ' 

of ~ecrystallization in the previousopasses will generally be 
c 

smaller under industri~l conditions by comparison with those 
, 

produced by austenitization ~n these experiments. These two 

factors rnake an important contribution to accelerating the' 

static softening processes in industrial practice. 
" . . 

By contrast, recrystallization must be completely 

vented at 900°C. At this temperature, recrystailization starts 
1 

after 1.9, 2.3 and 9 s for the plain C, V and Mo steeIs, re-

spectively. The presence of V in solution has a very srnail 

effect on the retardation of the onset' of ~crystallization 
/ 

and the ]:;'et~rding effect of solute Mo is only moderate. Due 

to this, partial recrystallization will unavoidably'take 

\ place in these steels during finishing passes in plate rnills, 

and in the plain C and V steels in finishi~g passes in strip 

mills, so that controlled rolling' cannot be applied succe,ss-

fully in tI:ese cases_ However, in t~e Nb~Mn steel, recrystalli-
• 

zation only starts aft~r 90 s, so that it is possible to pre-

vent this softening process from occurring during the entire 

\ 
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finishïng stage of rolling. Consequently, the benefits of . ~ ., 
controlled rolling can be obtained in this steel. 

~ 

It ois important to qote, from the results presente~ 

in Table 5. S, that in the Nb-Mn steel,. the retardation of the c 

" .. 
onset of recrystallizati6n by the strain induced precipitation 

of Nb(C,N) i~only possible be6ause of the retard~ng effect 

of Nb as solute prior to the -onset of precipitation. If no 

solute effect were present, recrystallization in
c 

this st~el 

would start at the saroe time as in the p,lain C ~teel (1. 9 s), 
. ' .... 

and by the tirne the strain induceà precipitation of NbCC,N) , 

occurs (10 s), the material would be partrally rec~ystallized 

and the retarding effect of these precipitates" WOUtd be largely 
l , 

reduced. The delay in the on$et of s~atic recrystallization 

in the N9-~ steel is therefore" a 'combination of solute ~nd pre-

cip,i tate effects. 

'It should be pointed 0ut that the sOftening,) rates ex-' 

pected under industrial·conditions are lïkely to be faster 

than the o~s indicated by the.~rese~t data. This is because, 

'in addition to the higher strain ràtes mentioned earlier, when 

n~ recrystallization ta~es place, there is an accumulation of 

retained ,work hardening from'pass to pass during the~finishing 
, 

s'bages of control~ed ro1ling. The accumulated and retained 

work hardening increases" the qriving forpe for both recovery 

and recrystallization, which in ",turn increases the ra"te of 

each of these processes. 

. 
" 
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The above' analysis suggests that, for controlled' rolling 

. purposes, better resul ts .cou1d be' obtained by ~Jombining the re-
, , 

tarding effects produced by severai al10ying elements. For 

exc:ynple, appr,,-priate amounts of Mo, V and Nb cou:l.d be combined 
1 .. ,,' 

in such a way ~at, at lower temper~tures than employed here, 

the solute retardating effect of Mo would pre~t re,crystaIli-
, J 

zation from starting until the precipitation'oj'VN has begun. 

In this way, a long delay in the onset of recryst~llization 

Gould be produced in this 'hypothetidal' steel. However, the 

'effects caused by multiple microalloying ~dditions are not 

simply' additive, and the complex interactions that take place 

etweep. tlÏese elements have to be considered carefully when 

chemical composition of a microalloyed steel i5 being 

Load - The rolling load is an important variable, 
~----...;....;;...;...;.. 

only in the design of a controlled rolling schedule, 

also for the operation of the mill by computer con-
, 

troJ:-',,-!r II) t;pe devel<!>pmel1t of mathematical models for load 
,1 

prediction, it ~s essential to know the mean deformation 

strength (K) of the steel during tl;le different stage's of 

the rolling proce5s. 
, ( 

Interrupted compression tests have 

already been used (37) in the development of equations 

for the calculation of K which take into consideration 

1 
-' 
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the residual strain accumulated between passes. These 

" equa tions are particularly important for, tlle:,.'Pfediction 
" '--

of loads during Folling in the unrecrystallized austeni~e 

region. The residual strain is proportional to the arnoUnt 

of work hardening retained after an accumulation of stages 

of deformation. ~s the amount of softening established 

experirnentally depends on the rnéthod used to determine the 

initial flow stress on relqading, an~ as the estirnated 

softening affects the predicted 'residual stra~n' quite 

cri tically, i t is now of interest to consider which method 

gives the better results. 

tn the present work two rnethods were used to determine 
. 

the fractional softè~ing after a given hQlding time: (i) the 
, . 
back extrapoiatidn; and (ii) the offset method~. These methods 

~re illustrated in the true stress - true strain curves showp 

in Fig. 5.6 pertaining to a particular interrupted compression 

test. 
be OS' Rere or and a r are the flow stresses in the second 

compression as defined by the back extrapolation and offset 

methods, respectively, which were described in the Experimental 

Materials and Procedure Chapter. It is evident from this figure 
, 

that the amount of softening given by the" offset method is 

larger than the qJ1e detèrmined by back extrap~lation. This 

difference is associated with the transient 'behavior repre-, 

sented by the portion AE of the flow curve for the second 

("" , 
J 
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TRUE STRAIN 
Schema tic representation of the reloading flow 
curves estimated on ,he~basis Qf the flow stresses 
a~e (curve CB - back extrapolation) and a~s 
(curve' AD - offset) by a computer contain1ng 
the·work hardening 'relation 00 to am (and beyond). 
The 'short transient' (curve AE) is also indicated. 
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L 
compression. This 'transient' is caused by the 'retrea t'or 

" 'runback' of mobile dislocations trom the obstacles to glide 

during the unloading, as weIl as some loss of dislocations 

due to s'tatic recovery. On reloading, an increment of strain 
f" 

must be applied in order to regenera te the missing dislocations 

and to cause them t<;> 're-contact' the obstacles. During this 

period, the stress is lower than ' 'normal', a phenomenon which 
... 

leads to the 'short transient' observed in Fig. 5.6. 

The curves CB and AD represent the flow curves expected 

by a corqputer containing an algebrah:: form of the work harden

ing relation 0 to Cf (and beyond), which 'Fstimates the reload-o m 

ing flow curve on the basis of the position of the reloading 

flow stress, (i .e., obe or cros) on the work hardening relation. 
r r 

If the second çompression is considered as a sirnulated rolling 

pass, the actual load will be proportional to the area under 

the flow curve AB. The load given. by the b~ck extrapolat~on 

method (area under CE) will be slightly larger than the actual 

one, whereas the load calculated by the offset method (area 
- ~- - " 

under AD) will be considerably smaller. Thus' it is evident 

that the estimation error will be larger for the offset rnethod, 

and that the fractional softening measured by the back extra-

,polation method is in better agreement wi th the actual soften-

ing observed after intervals of deformation. Its use is there
.1. 

fore indicated in applications where accurate predictions of 

softerürig and of retained work hardening are desired. 

\ 
\ 
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. 
The error associated wi th the offset technique is essen-

tially du~ to the difficulty of representing the ,short transient 

AE (and its dependence on temperature, prestrain, etc.) in the 

computer in~convenient fashion. Even for the alternative 

method desc~bed above to be ernployed, however, the kinetics 

of softening ~ust be expressed in. a simple rnathematical forro 

which takes into account the current ternperature, the accurnulated 

and reta~' ed work hardening, the composition of thë"\steel f etc. 

This rem ins a formidable chàllenge, and will require the 

availabil ty of information such as that produced in this in-
, 

vestigation over a wider range of temperatures, steel composi-

tions and prestrains. 

\ 
) 



( 

CHAPTER 6 

CONCLUSIONS 

In the present research, the affects of Mo, Nb and V 

addition on the retardation of static recovery and recrysta11i

zation were investigated in a series of microa11oyed stee1s. 

In order to determine these effects, interrupted compression 

tests were carried out at 1000 and 900°C, and the fractional 

softening taking place after intervals of deforrnation was 

measured by two methods: the back e~trapolation and the off

'set techniques. The influence of Nb and V in solution was 

qis tinguished from their influence as p~ecipi tates by determin

ing the amount of softening occurring after holding times as 

short as 0.05 sand, therefore, prior to precipitation. From 

the analysis of the resul ts obtained in this study, the follow-

ing conclusions can be drawn: 

1. Mo, Nb and V in sOtution retard the static recovery and 
t 
recrystalliza tion of deformed austeni te to a significant 

degree. The strongest effect is due te Nb, follewed py 

that of Mo and then V, the last of which delays these 

static softening processes on1y slightly. The relative 

influence of the three elements in solution can be detected 
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after unloading times as short as 0.1 s, and appears to 

be associated with their size and electronic differences 

with respect to y-iron. 

2. At 90Qoc, the.occ~rrence of the strain induced precipita-

tion of Nb (C, N) after a holding- time of around 10 s leads 

to a further delay of about an order of magnitude in the 

onset of static recrystallization in the Nb steel. This 
r 

extra componeat of retardation is only possible when static 

recovery is already delayed significantly by sol ute Nb 

which prevents the initiation of recrystallization prior , 
to precipitation. If insufficient solute retardation is 

~ 

" ... 
present, precipitation must take place in a recrystallized 

structure, and the resulting 'absence ~ dislocations means 

that strain induced precipitation cannot occur. A plain C 

steel deforrned in the sarne rnanner· recrystallizes in about 

1.9 S., and therefore prior to the initiation of strain 

induced precipitation~ 

3. At 900°C in the V steel, recrystallization is nearly com-

pIete by the tirne the strain induced precipitation of VN 

is expected to take place. Thus only matrix precipitation 

is possible, and the recrystallization retarding effect of 

strain induced precipitation is absent. At 900°C in t~ 

Mo steel, only the solute retardation of recovery and re-

crystallization i5 observed. This is in agreement with 
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the view that the precipitation of Mo in austenite is 

unlikely under the present conditions. 

4. In the Nb-Mn steel, lubrication by graphite instead of glass 

reverses the order of effectiveness of Nb and Mo at lOOO°C. 

At 900°C, the use of graphite decreases by about 25% the 
r 

retardation due to the strain induced precipitation of 

Nb(C,N). This effect appears to be due to the incomplete 

solution of Nb as a resu1t of the diffusion of carbon into 

the end regions of the specimens. The presence of un-

dissolved precipitates of NbC reducesthe concentration of 

Nb in solution before deformation to about 3/Sths of the 

total Nb concentration. Consequently, the solute retarda-

tion attributable to this element is decreased as is the ~~ 

amount available for strain induced precipitation. 

5. The values of the Solute Retardation Parameter (SRP) show 

that Nb in solution i5 considerab1y more effective than is 

either Mo or V in retarding recrystallizatioDi their 

relative effectivenesses are in the ratio 41 :4:1. This 

order of effectiveness agrees with that reported by others 

for dynamic recrysta11ization. However, the static SRP's 

are considerably higher than the correSfonding dynamic 

ones. In consequence, when the rela~ive effectiveness of 

various solutes is assessed by dynamic means, the predic

tions that can be made regarding their influence on 



138 

industrial processes are likely to underestimate their 

true (static) effects. 

6. The single addition of Nb, Mo or V produces a strengthen-

ing component, measured wi th respect to a reference plain C 

steel, of about 212, 15 9Pd 7%, respectively, per 0.1 

atomic pe~ cent of addition • 

. 7. At both temperatures investigated, the total amounts of 

fractional softening due to recovery measured by the off-

set method are double the ones determined by the baçk 

extrapolation technique. The results obtained by the 

application of the latter method are considered to be more 

useful for predicting the influence of recovery on mill 
~ 

loads in industrial practice. 



) 

139 

REFERENCES 

1. F.B. Pickering: "Microalloying 75", Union Carbide Cor
poration, New York, (19 77) 1 p. 9. 

2. J.N. Cordea: Symposium on Law Alloy High Strength Steels , 
Nurnberg, BRD, (1970) 1 Meta1lurg. Cornpanies, p. 61. 

3. 

4. 

5. 

E.O. Hall: 

N ,,;l/. Petch: 

N.J. Petch: 
p. 154. 

) 

Proc. Phys. Soc., Series B, 64 (1951), p. 747. 

J. Iron and Steel Inst., 174 (1953), p. 25. 

Proc. Swampscott Conference, MIT Press (1955), 

6. H.J. Wiester and H. Ulmer: Stah1 and Eisen, .§1., (1959), 
p. 1120. 

7. K.J. Irvine, T. Gladman, J. Orr and F.B. Pickering: J. Iron 
and Steel Inst., 208 (1970), p. 717. 

8. W.E. Duckworth: Iron and Steel Inst. Pub. 104 (1967), p. 61. 

9. R.W. Vanderbeck: Weld. J., 37 (1958), p. 114. 

10. W.B. Morrison and J.A. Chapman: Phil. Trans. Roy. Soc., 
Series A, 282 (1975), p. 289. 

11. J.K. MacDonald, G.E. Wood and A. A. Towers: Proc. of the 
International Conference on Steel Rolling, ISIJ, Tokyo 
(1980) , ~, p. 921. 

12. J.J. Irani, O. Burton, J.O. Jones and A.B. Rothwe11L Iron 
and Steel Inst. Pub. 104 (1967), p. 110. ",~ /-, 

13. I. Tamura: Ref. Il, l, p. 59. 

14. T. Tanaka, N. Tabata, T. Hatomura and C. Shiga, Ref. l, 
p. 107. 

15. T. Tanaka, T. Funakoshi, M. Ueda, J. Tsuboi 1 T. Yasuda and 
C. Utahashi: ibid. , p. 399. 

16: J.P. Sail, G.J. Richardson and C.M. Sellars: Met. Sei., 8 
(1974), p. 325. 



( 

140 

17. T. Tanaka, N. Tabata, T. Hatomura and C. Shiga: Kawasaki 
Steel Tech. Report, ! (1974), p. 522. 

18. Y.E. Smith and C.A. Siebert: Met. Trans., 2 (1971), 
p. 1711. 

19. r. Kozasu, C. Ouchi, T. Sampei and T. Okita: Ref. 1, 
p. 120. 

20. P. Bufalini and A. Aprile: Ref. Il, ~, p. 945. 

21. M. Nagumo, H. Morikawa, N. Ckumura Y. Kawashima, Y. Sogo 
and O. Mantani:' ibid., ~, p. 1075. 

22. K.J. Irvine, F.B. Pickering and T. Gladman: JISI, 205 
part 2 (1967), p. 161. 

23. A.M. Sage: Proc. of the International Conference on Hbt 
Working and Forming Processes, Sheffield (1979), C.M. Sel1ars 
and G.J. Davies ed., The Metals Society, Eng1and, p. 119. 

24. L.J .. Cuddy: "Recrysta1lization and Grain Growth of Mu1 ti
Phase and Particle Containing' Materials", N'. Hansen, 
A.R. Jones and T. Leffers ed., Ris9l National Laboratory, 
Denmark (1980), p. 317. 

25. A. Le Bon and L.N. de Sain(-'Martin: Ref. l, p. 90. 

26. J.D.Jones and A:B. Rothwell: Met. Rev., 7l:.. (1975) ,.p. 78. 

27. 1. Kozasu, T. Shimizu and K. Tsukada: Trans. Iron and 
Steel ;rnst:, Japan, 12 (1972), p. 305 . . '. 

28. M. Lamberigts and T. Gr~day: "The Hot Deformation of 
Austenite", J.B.Ba11anceed., AIME, N.Y., (1977), p. 286. 

29. C. Ouchi, T. Okita, M. Okado and Y. Noma: Ref. Il, ~, 
p. 1272. 

30. M. Fukuda, T. Hashimoto and K. Kunishige: Ref. l, p. 136. 

31. W.J. McG. Tegart and A. Gittins: Ref. 28, p. 1. 

32. K. Misaka and T. Yoshimoto: J. Japan Soc. Tech. Plasticity, 
~ (1967), p. 414. 

33; S. Shida: J. Japan Soc. Tech. P1asticity, 10 (1969), p. 610. 

,-

.J 



141 

34. I. Weiss, J.J. Jorias t P.J. Hunt and G.E Rudd1e: Ref. Il, 
p. 1225. 

35. A. Gi ttins, J .R. Everett and W. J. McG. Teg_art: Meta1s 
Tech., i (1977), p. 377. 

36. T.G. Oakwood, W.E. Heitmann and E.S. Madrzyk: Re~. 28, 
p. 204. . 

38. 

c. Ouchi, T. Okita, T. I=hihara and Y. Ueno: Trans. 
Iron and Steel Inse-., Japan, ~ (1980), p. 833. 

0, N. Koshizuka, C. Shiga', T. Sekine, T. Yoshizato 
Enami: Ref. Il, p. 1063. 

39. B. A. Sjostrom and P. Heedman: ibid., p. 909. 

40. C. N. Pizzirnenti and~. Pozzi: Ref. l, p. 288. 

41. R.A.P. Djaie andJ.J. Jonas: J. Iron and Steel Inst., 
210 (1972), p. 256. 

42. J.J. Jonas, C.M. Se11ars and W.J. McG. Tegart: Met. Rev., 
14 (1969), p. 1. 

, 
43. C.M. Sel1ars and W.J. McG. Tegart: Met. Rev., 17 (1972), 

p. 1. 

44. D.J. Michel, J. Moteff and A.J. Lovell: 'Acta Met., 21 
(1973), p. 12q9. 

45. J.J. Jonas and M.J. Luton: "Advanees in Deformatioz:1, Pro
cessing", J.J. Burke and V. Weiss ed. 1 Plenum Pub1ishing 
Corporation (197'8), p. 215. 

46. W. Roq,erts and B. Ahlb1om: Proc. 4th Int. Conf.' on the 
Stren~th of Me taIs and A110ys, Nancy, France, ! (1976), 
p. 4~0. 

/, 

" 
47. C. Rossard: Proe. 3rd Int. Conf. on the Strength of 

Me taIs and A11oys, _ Cambridge 1 Eng land 1 2 (1'973) t • p. 175 • 
. 

48. C. Ouehi and T. Okita: Tetsu-to-Hagane, 62 (1976) 1 5208. 

49. M.J. Luton and C.M. Se11ars: Acta Met. 17 (1969), p. 1033 • 
." 

1 



" ~"""""'>''' -'- ... ~ "", .. ,..~ i __ "''''~"" ~ .. ~ .. ~ _______ .. _" ,,, ,..,..-..". ,-, ~-~ "r, ~ ... -

142 

50: T. Sakai, M.G. Akben and J.J. Jonas: Proc. o:f the Inter
national Symposium on the Thermomechanïcal P-r"'ocessing 
of Microal1oyed Austenite, Pittsburgh, Pa (1981), AIME 
(in pre§s). 

51. H.J. McQueen and J.J. Jonas: "Treatise on Materia1s 
Science and Te chnology Il , R. J. Arsenault ed"1 Academie 

, Press, New York, N.Y. 1 §. (1975), p. 393. 

52: R.A.P. Ojaic and J.J. Jona~: Met. Trans. 1 4 (1973) 1 

p. 621. 
• 

53. F. Haessner: "Recrystallization of Metallic Materials", 
F. Jiaessner ed. 1 Dr. Rieder-Verlag GMBH, Stuttgart (1978), 
p.~ 1. 

54. C.M. Se11ars and J.,A. Whiteman: "The Metallurgist and 
Materials Techno1ogist fl

, ~ (1974) 1 p. 441. 

55. C.M. Sellars: Ref. 24, p. 29l. 

56. T. G1adman and F.'B. Pickering: JISI, 205 (1967), p. 653. 

57. R. Coladas, J. Masounave and J.P. BaU'Jn: Ref. 28, p. 341. 

58. T. G1adrnan, LO. McIvor and F.B. Pickering: JISI,209 
(1971), p. 380. 

\ 

59. E. Hornbogen and U. Kaster: Ret. 53, p. 159. , 
60. M. Korchynsky and H. Stuart: Ref. 2, p. 17. 

61. T.M. Hoogenooornand M.J. Spanraft: Ref. l, p. 75. 

62. R.K. Amin, G. Butterworth and F.B. Pickering: Ref. 23, 
p. 27. 

63. A. Le Bon, J. Rofes-Vernis('and c. Rossard: Met. Rev., 2.9.. 
(1973), p. 571. 

64. T. Gladman and D. Dulieu: Met. Sci.,,~ (1974) 1 p. 167. 

65. 5.5'. Hansen, .:1.B. Vander Sande and M. Cohen: 'Met. Trans~1 
lIA (1980) 1 p. 387. 

66. J.M. GFay and R.B. G. Yeo: Trans. ASM, g (1968), p. 255. 

67. L. Meyer, F. Heisterkamp and W. Mueschenborn: Ref. l, 
p. 153. 



( 
\. 

( 

J' 

/ 

68. H. Wat~abe, Y.E. 'Smith and R.D. Peh1ke: Ref. 28 1 p. 14D. 

69. H. Sekine, T. MaruY<UI\a, S. Sekiguchi and T. ,Opno: Tetsu
t"o-Hëgané, 56 (1970), p. 569. 

70. A.T. Davenport, R.E. Miner and R.A. Kot: Ref. 28, p. 186. 
1 

, : 

71. T. Chandra, M.G •. Ak.ben'andJ.J. Jonas: ICSMA 6, Melbourne, 
Austra1ia, August 1982. 

72., H. seki~e and T. Maruyama:· -Trans. ISIJ, 16 (,1976) ", P; 427. 

73. A.T. Davenport and D.R. DiMicco: Ref. 11, ~, p. 1237. 
, 

74. M. Cohen and 5.'S. Hansen: "MiCon 80: Optirnization of 
Processing, Prèperties and Service Performance Through 
Microstruetura1 Control" 1 AS'lM STP ,672 (1979), p. 34. 

q 

<' 
75~ A. Le Bon, J. Rofes-Vernis and C. Rossard: Met. Sei. , 

(1975) , p. 36. 

'. 

9 

76. I. Weiss and J.J'. Jonas: Met?: Trans. , 10a (1979), ~ •. 831.~' 

Jonas: " 77. :t. Weiss and J.J. Met. Trans. , 11a (1980), p. 403. 

78. J .J. Jonas. and I. Weiss: Met. Sci. , 13 (1979) , p. 23'8. 

79. M.J. Luton, R. ?,0rve1 and R'"A. l?~tkoVie: 'Ref. 77, p. HL 

80. S. Yamamoto., C.' Ouchi and T. Osuka: Ref. 50, in press. . . . 
81. M. J. White and W. OWen: Re~. '77, p. 59'7. 

82. B. Bacroix_, M.G. Akben and J.J. Jonas: Ref. 50, in press. 
e ~ 

83. ·W. Roberts: c. Swedish Insti tute for Metals, Research Re
r' port No. lM. 1333 (1978). ' 

84. H.P. st'Uwe:" Ref. 53, p,' lI. 

85. M. G. Akben, 1. Weiss and J .,J. Jonas: Acta .~t., 29 (1981), 
p. Ill. 

86. J.J. Jonas and'M.G. Akben: Metals Forum, i, (1981), p. 92. 

8 7. M • G. A,kben: 
{1980} • 

Ph.D. Thesis, McGil1 University, Montreal 



j---

'Ij 
i 
i 

1· 1 
1 

1 

1 

1 

1" , 

~ ... 

• 

--- _\ 

,-' -
~ 

144 

, 
88. B. Bacroix: 

(19 82) . 
M. Eng. Th,sis, MqGill University, Montreal 

89. ~.A. petkovic: 
{19 75) • 

. 
Ph.D. Thesis, t~Gil-r University, Montreal 

~ 

, 
90. L.V. Briseno: 

(19aO) . 
M. Eng. Thesis, McGi11 Universit~, Montreal 

91. M.J. Luton: Ph.D. Thesis, McGill University, Montreal (1971). 
/ 

92. R. Chouhey: Ph. D. Thesis", McGil1 University, Montreal (19 al) . 
{., 

93. R.A. ,Petkovic, M.J. Luton and J'.J. Jonas: Canadian Metallur
gi,cal Quarterly, i4 (1975), p. 137. 

94: M.M. Eisenstadt: "In troduction to Mechanical Properties of 
Materials ", Ist ed., The Macmil1~ Company, New YorK, N. Y • , 
(197 U, p. 325. 

95. R. E. Reed-Hill: - "Physiçal Metallurgy principles" 1 2nd ed. 1 

D. Van Nostrand, New Yofk, N.Y., (1973), p. 398. 

96. S. Koyama6- ·T. Ishii and K. Narita: Journal of the Japan 
Institute of Metals, ~ (1971), p. 1089. 

o , 
o , • 

97. K. Narita: Trans. ISIJ, 15 {1975), p. 145. 

"'\. 
98. B. Aronsson: Climax Molybdenum Symposium, Zurich, 1969, 

p. 77'! 

99. P.J. Wray: Met. ,Trans., 13A (1982), p. 125. 

100. W.B. Pearson: "The Crystal Chemistry and Physics of Metals 
and Alloys", wiley - Interscience, New York, N.'y. (1972), 

t 
'p. 151. 

101. P. Plassiard: Ph.~. Thesis, McGill University, Montreal 
" (1982). 

'102.---M-.G. Akben, B. Bacroix and J.J. Jonas: 
'ta Acta Me t •. 

(1982), submi tted 

10.B. J.P. Michel and J.J. Jonas: Acta Met~, 29 (1981), p. 513. 

104. E.P. Abrahamsan II and B.S. Blakeney: Trans. AIME, 218 
!( 1960) 1 p. 1101 • 

\. . 
105. W. C. Leslie: "The Physical Metall urgy ~of Stee 1 n, lst ed. , 

McGraw Hill Book Co., New York, N.Y., (1981), p. 77 • 
• 

1 

; 
1 . , 

\ , ' 
\ 

\ ' 
\ 



v 
" 

.. 

.--' 

---
-t 

L 

~ 

H6RA 0?~NOU,-al MTS BASIC IJ018-020 

20 CHTR(3)'-o.PRIHf. "PUT- THE STOP,'RUH SWITCH ON STOP" 
IfB INPUT P$'PRIUT t'PUT lOH PRESSURE ....... IHPUT Pt 
60 PRINT lILEAtJE EHOUGH SPACE BETl·~EEH SAt'1PLE AHD" 
ee PRINT "UPPER GRIP. PUT OH RUHn,It~pIjT P$ 
-100 MSW1( 2 )' .. FG 1 ( 0 )'ED~1P~,FGl ( 0 )~,PR 1 NT li PUT HI GH PRit ~' .. 1 HPlIT P$ 
-120 CHTR(;3 )'PRIHT' NSAMPLEtt 8. t1ATERIAL ?"' ... IUP'JT H$~ ~t$ 
140- ~INT .• tHEAT TREATMEHT & TEST TEfotP( C )?"'-, It·IPUT H$ .• T$ 
f6fJ PR-IfJT "PRESTRAIti?"'INPUT E2 
180 PRIt~T "TOTAL STRAIN?"'IHPUT E 
2ae PRINt "TRUE STRAIH RAlE (l/SEC )? ....... IHPUT El 

~ 

220 PRIHT "STROKE01t1) & lOAO< LBS) RANGE?'" IUPUT Rl .. R2 . 
246 PRINT . ttSPEClHEtl HEIGHT( MM) AND SPEClHEt-i o 1 At1ETER< MM )"(,., 1 HPUT LB, De 
260 .PRIHT ··HOLOItfG TIME AT It-ITERR. (. SEC )?lt'"lHPUT T2 -
280 PRI HT - "EHTER • OF ~LEtJElS .. FRfQ . 8. FREQ. RAtiGE BEFORE IHTERR. 1" 

·296 . INPUT' Hl,R4 .. A4 . _ 
399 PRIHT -hEHTER .. OF LEUELS,PFREQ. & FREQ.RAHGE DURING IHTERR.1" 
~t.0 - IN=>UT fi2.p R5 .. AS '--
329 PRIHT "ENTER '-'OF LEVELS .. FREQ. t-; FREQ.RAUGE -AFTER IHTERR.?1t 
330 IHPUT.H~,R6~A6 ~ 
369 Dl" P(600),S<600),PP3(600) 
4ee DIH·X(100) .. Y(20) .. Z(t00) 
4190IH-S3(600) .. E2(60e) 
420 HSW1(2)~0=PI*B0A2/4 

~ . 

440 Tl :;;E2/E l 'K=2047 /R l"'~K 1 =2047/F2 
.460 13=( E -E2 )/E1 \ T=T1 + T3·· .. ~~=Nl +N3 
461 PRWT "00 VOU WAHT RECALL DATA?"'It-IPUT P$ 
462 IF P$="YES" THEM 466 
463 IF P$="HOu THEH-489 ' 
466 OPEN- "[lX1: TEST II8tH$ FOR IHPUT -AS 'FILE #1 '-P=20 
467 FOR 111:1 TO 2'AIHP<P .. IJ0 .• E6)'HEXT 1 
468 P--P( 1 >+2'S1=P(2) 
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. 469.rJ='QR 1=3 TO P"-.AIHP(P .. l .. 9,E6)' ... HEgr 1 
4?~p*p-a . 
471 FOR .1=1 TO P ..... Alt-4P( $ .. 1 .. 2 .. E7 )· .. ·.HE~~T j 
472' FOR 1 =1 TO P··~.P( 1 )=P( 1 +2 ),··.HE>~T l 
473 CLOSE Il 
474 GO TO 2000 
480 X(1)=409S*H1/Tl/1(4/2 
50'21 ~t( 1 )=409stu2/Ta...:R5/2 

, 520 Z( t )=409StU3/T3/R6/2 
540 QUIT ) 

- -~ - ... -'- .. ..-...~~....., ~ 

"569 PRI~IT &tENTER ~(. AUO l) .. ··· ... IHPUT ',' .. IJ 
580 PR It~T '1 1 S THE X' HEAO 1 U THE RI GHT POS 1 TI otf? Il •.••• n·~puT A2$ 
600· IF A2$<>'I\(ES" THEH 580 
620 0AC0<'3 .. S1 .. 2.· e) 
640 FOR 1=2 rD ~u +1 
660' X( 1 )=K*L0~:( E>tP( -E2*< l -1 )/N 1 )-1 )+51+ . 5~· .. NEXT 1 
680 X=Hl +1 .. ···Q3=X( Hl +1 )+35 r 
740 FOR 1=2 TO t·C-t;l -
760 Z< 1 )=K*L0*< EXP( -El;: 1-1 .)/t·f-E2 )-1 )+81+ : 5 .... ·NExr- l / 
eeè PR1t~T "STAAlu ? ~ 
920 TlME< '-( ~ E9 )· ..... DACG'K 3 ... P .. .0 .. t) )· .... [tACQ( 6 .. S.' 2,2) 
840 FG1(X .. l .. 7 .. A4 )· ... ·STAR 
920 BUFl(Zl ) ..... IF 21;,-1 THEH 920 
969 FG1(Q3) 
1920 2"'13+1 
1040 F'1(~ .. 1 .. 7/A6) 
1129 BUFt( 23 )'''~IF 23)-1 THEH 1120 
1140 QUIT 
1168 P'R 1 ~~T " THE E"'<P. 1 S Ol..JER" 
118e PRIHT Il PRESS THE C/R ....... INPUT K$ 
1209 DACQ(0JS4J2J0) 

- 1228 .FOR 1=54 TO Sl+20fr··.IF 1)1500 GO TO 1260 
1249 FG1( 1 ) 
f269 HEXT 1 ~ 
1280 PRINT "00 l'OU WANT TO SEE A PLOT OF THE EXP. ? .... ~INPUT Dt 
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> 1300 IF O$="YES··· THEN 2000 , 
1329 IF 0$::"140" THEt-t 1360 , 
1360 PRINT "00 YOU ~JAHT TO SH'.JE THE DATA?"'" IHPUT St. 
1386 IF B$<)"YES" THEN 1420 
1400 GO TO 1440 

---
-liiF 

1~0 P~~I1~1 n'l'OU CAU TfJRH OFF THE H'('DRAULICS HOl,~"···.DlJt1p···.tlSHl(. 2 )'· .. STOP 
1440 FOR I=P+2 Ta 3 STEP -1 ~"'P( l )=p( 1 -2l'·.NE~;T l ') 
1468 P( 1 )=P'.P(2)=Sl·· ... P=P+2 
1480 OPEN "OX1:TEST"t.H$ FOR OUTPUT HS Frt.E #1 
1000 FOR 1=1 10 P',AOIJT( P. t J el E4 :· .. ··.HEXT l 
1520 P--P-2 ..... S=P 
1540 FOR J=1 TO P····.AOUT(S .. 1,2 .. E5)·· .. HE>IT .J 

. 1560 CLOSE Il ""·GO ro 1420 
2000 FOR 1=1 TO P ... ·.Ll=L0+( S~ 1 )-81 )/K 
2020 S3( 1 )=9 . al tABS( P( l ) )tL 1 /2. 2046/ A0/K 1 ... ··L0-···-E.2( 1 )=-LOG( ['1 ... 1-0 ) 
2040 PRIt"T 1 .. 83< 1 ) .. E2( 1 ) 
2060 'HEXT 1 
2080 INPUT K$ 
2100 PRINT "ENTER DT? ....... INPfJT Dl 
2120 T4=D1*p/10000 
2140 CHTR( 3 )· .... CNTR( 0)'···.f'H~(L( 100 .. 900.> 80.< 700) 
2168 SCAL( 0,0 .. 14 .. 0 .. E ) ..... AXES.-: 0 .. 0 )~ ... CNTR( 2 )"~ .. PLOT( 010) 
2180 LABL( "TIr1E( SEC)" ~ "TRIJE STRAIHu 

J T4"'-S.< . 1 .. 1 :> 
2190 Ct~TR~ 1 )~~COr1M< lA SAf'1PLE # Il .. • 5*T 4.. . 96*E ) · ... PR 1 HT H$ 
2200 CHTR(e)~8=0 
222e FOR 1 = 1 TO P~··.A8=A8+Dl /10000 
2240 MARK( Il • Il 1 AB .. E2( 1 ) )"'·.HE;{T 1 
2260 C1·~TR( 2 )"' .. 1 HPUT F$-""'CNTR( '3) 
2200 CNTR( 3 ;· ... ·.CtITR( '3 )· .... PHt(l( 1 ee .. gea) se} 70B) 
2300 SCAL< 0 .. 0 .. 14,0 .. 5000 ) ... ·.AXES( 0 .. '3 )"'~CNTR( 2 )',-.PLOT( a .. 0) 
2320 LABL("TlHE(SEC)","LOAD LBSII .. T4/8,2S011) 
2330 CHTR( 1 ) ..... CQMM( USAt1PLE III ... 5*T 4 .. 4800 ) ...... PRI NT N$ 
2340 CtiTR( 6 )'-·.A8-0 
2360 FOR 1=1 Ta P~=A8+01/1e0~'P3(1)=ABS(P(1»)/Kl 
2389 f1ARK( "+,. , AS .. P3( 1 »)· .... ·t-lEXT 1 
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2400 CHTR< 2 )'. n'PUT F$·~·.(:HTR( 3 ) . 
2600 PRINT ItEHTER 1 l, Pt .. P2 t1

• .. ·.It·WUT 1 1.. Pt .> P2 
2628 PRU-4T Il INPUT t'lIN STRAI,.. ~tto STRESS"'·,IUPUT B1, 82 
2640 PRI~n "IUPUT MAX STRAIU AND STP.ESSII···.INPUT S5 .. U 
2660 PRINT "ENTER STRAIH a: STRESS It~CREt1E .. n .. ····.IHPIJT 83.84. 
2680 CUTR< 3 Y .. ·.CNTI?( '3 ). · .. PH'lL( 100 .. 900" 80.' 700 :> 
2790 SCAL( 0 .• Bt J 55" B2" IJ )···.AAES( 0_, et )···.ct·nf;.~( 2 x·.PLOTf B1, 82 .i 

~120 LHBL( ItTRUE STRAIHII 
J "TRIJE STP.ES~; ·t'1H/t'k·2u .• B3.iB4 .. 1; 

2740 LABLt:" " .. Il ".93/2 .. 84/2 .. :] )'····cttTF.'( (1)' ·.PLOT( Bl .. U'" 
2760 PLOT( S5" Ij )····.PLOT( 55 .• B2 )··.PLOT( 81 .. 82 :'··'.CNTP.(. 1 ") 
2780 IF 11=1 THEH 3000 
2800 IF Il:::2 THEH 3300 
2820 IF 11=3 THEN 350e 
300a COf1M( "SAf1PLEtt" J'. 5*85 ... 96llJ) ·.PRlt·H N$ 

r~Jftf 

3020 COMN( M$ 1 . 5*S5, . 93-*1J )· .. ·.COt1t1( H$ J • 5.t.85} . 9*'-' ) . 
3840 COMt1< T$" . 5*85 .. ,87tU )'··.cor·ft-1t: "STRAIB RATE"., . 5*55.< . 83~1J) 
-:lr..~0 ~IIL.IT EI-'" Crtr'1t"r Il ,-cEC" °*<:'5 27 *' t ~I ~v rr-. 1; *, _ r-. ..i;,} -' • ~ .;;,; ... s • _.~, _ .. 

3080, COMM( "PRESTRAIH" , . 5*S5 ... 8tll )····.PF.~IUT E2 
3109 CO,1t1<" HOL(t 1 t-IG T If1E ".' . 5;~S5., . 77tU )"" .PR 1 NT 1'2 
312""" cr~·1t1" uCEC" l''· ... er:; 7-'( tU ..•. -1"'· ... 'TRf ':' .) o .,~' .~ .;.,;} .", .9. --=,~;"J., J .. • ," "...,1 t ...... '-

3140 PLOT( Bl J 82 )· .. ·.CHTR~ 0) 
3160 FOR 1=1 TO p~ ... r1ARK( 11+"., E2(. l J. 83', 1) Y···.HE;.-:r 1 
3180 CNTR( 2 )'-·.IUPIJT F$···.CHTR( 3) 
3200 GO TO 2600 
3300 COt1M(U INITIAL 'fIELD REG IOt·l" .' .5*:35 ... 96*0) 
3320 COt1M( "SAt1PLE III J .5*85 .•. 93%0 )···.PRINT N$ 
3340 CUTR( 2 )~·.PLOT( 81.> B2 »··CNTR( e:. 
3360 FOR 1=1 TO P··· .. MARK( "+11 .. E2( 1 ) .. S3( 1 ) )~·.IF E2( 1 ).05 THEN 3330 
3365 NEXT 1 
3380, CNTR( 2 )····.1 NPIJT F $··· .. CNTR( 3 ) 
3400 GO TO 2600 
3500 COMM( Il IN 1 TI AL YI ELD REGIotf'., . 5*( S-5+B 1 }, . 96f.u ) ~ 
3520 COt1M< "SAt1PLE I" J .5*( 85+811.'1 . 93*U ) ... · .. Pp. IttT t'4$ .. 
3549 CttTR( 2 )' ... PLOT< B 11 82 )"···.CUTR( 0 ) 
3569 FOR 1 =Pl TO P2,,·,.t1AAK( ta + n "E2( 1 )" S3( 1 ) )··".NEXT 1 ' . . 
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3580' a.4TR( 2 ' .. ·.INPUT F$' .. CHTR( 3 ) 
·3680 PRI~4T ·"r.PlJT P1.,P2 .. DT"\· .. IHPIJT Pl,P2 .. Dl 
3620 T6=Pl*01 / 1000e~··. T7=P2tol/10aoa ' 
3640 PRIt~T uf11 ... ~-o t1At~ STP..ESS ..... · INPUT B2} IJ 
3660 PRINT "EHTE~ STRESS IHCREf1EHT"'·.INPUT 84 
3680 83=(T7-T6)/8 
3700 CUTF!.( 3 )~ .. CNTP.( 0 )'···.PH'tL( l00} 90e .. 8'0} 700 ) 
3729 SCAL( 0 .. T6 .. T7 .. 82 ~ U > .. · .. AXES( e -' 0 .'··· .. CHTR(· 2 )' · .. PLOT( T 6 .. B2 ) 
3740 LABL( "TlME(SEC)". flTRIJE STRE~S ~1H/t1"'·2" .B3 .. B4) 1) 
3760 Ct-tTR( e ) ..... PLOT( T6 .. 0 )····.PLOT(. T71 tJ j ... ·.PLOT( T7., 82 ~)····PLOT( T6.- 82) 
3789 CHTR(l) 
3aeè CDt91( "8AMPLE ... 1 5*( T6+T7 ).' . 96tU )~··PRIHT U$ 
:Jale Ct-4TR< 2 )~· .. PLOT( T6, 82 )",CHTR( 0 'J" .~8=T6 
J948 FOR 1;;P 1 TO P2 ... ·.A8=A8+Dl,... 10000 ,'~ 
396e HARK( N+" .. AB .. S3< 1 ) )"·,t-IEXT 1 / 
3880 CHTR( 2,.···.INPUT F$\C~~TR( 3) / ~ 
3990 GO ro 1360 ~ 
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