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ABSTRACT 

By means of torsion testing, the microstructures and mechanical properties 

produccd in a 0 14%C-1 18%Mn steel were inve3tigated over a wide range of hot rolling 

conditions, cooling rates and coiling temperatures The reheating temperature was varird 

bctwcen 800°C and 1050°C, anl,\ strains between 0 and 0 8 were applied. This led to 

austenite grain sizes ranging from lOto 150llm Two cooling rates, 55°C/s and 90°C/s, 

wcre applied and cooling was inten<upted at coiling temperatures ranging from 550°C to 

300°C 

Optical mlcroscopy and TEM were used to study the microstructures. High 

cooling rates and fine austenite grain ~Izes produced a mixture of a first phase consisting 

of polygonal and/or acicular ferrite ali\d a second phase composed of lath-like bainite 

andlor ferrite containing a fairly high density of carbides Wh en the cooling rate was 

decreased, the second phase was replace/l\ hy pearlite A coarse austenite grain size before 

aecelel ated cooling resulted in a strongly acicular ferrite associated with a second phase 

composed of lath-like bainite and carbide-b~aring ferrite 

The mechanical properties were studied by means of tensile testing. It was found 

that, tor a fine austenite grain size before cooling, the coiling temperature had little 

influence on the mechanical properties, in opposition to the cooling rate, which induced an 

increase of approximately 30MPa in the tensile and yield strengths when it was increased 

from 55°C/s to 90°C/s When a coarse austenite grain size was present before cooling, the 

influence of coiling temperatUl e was increased The amount of strain was found to have 

little influence at the cooling rate studied, 900 e/s. This was attributed to the saturation of 

l1uc1eation site density as a result of the supercooling. 

A method developed by IRSID for deducing the transformation kine'lics from the 

cooling data was adapted to the present context and used successfully to interpret thl! 

observed influence of the process parameters For fine austenite grain sizes, it was shown 

that the transformations wcre r.ompleted at temperatu.res ab ove 500°C, resulting in the 

ncgligible influence of the coiling temperature Very coarse austenite grain si2es (ead to 

considl!rable transformation delays, displacing the (md of transformation to much low€:r 

tempcl'atures and resulting in a strong influence of the coiling temperaturc: . 
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RESUl\IE 

Les microstructures ct propnétés mécmllques prOlhlltes dans un acier O.I4'YtIC-

1.18%Mn sous différentes conditions de laminage ct lh: refrOldl~sement ont été étudiées à 

l'aide d'essais dc torsion à chaud. Les tcmpératures de réchaumlge utilisées étaient 

comprises entre 800°C ct 1050°C pour des déformatiol1l:~ allant de 0 à O.S. Ces condihnns 

se traduisaient par des tailles de grain <lusténitiques avant rerrollhs~el11ent variant entre 

lOJ.lm et 150J.lm. Deux vitesses de refroidissement onl élé uhli~ées. 55°C/s ct 9()OC/s. 

pour des températures de boblllage comprises entre 55()OC ct 300°C. 

Des examens aux microscopes optique et électronique à transmission ont permis 

d'étudier les microstructures. Une vitesse de refroidissement élevée aSSOCiée à une taille 

de grain austénitique fine produit une microstructure composée de ferrite polygonal ct/ou 

aciculaire et une seconde phase composée de bainite à \alles et de lèrrite contenant une 

densité élevée de carbures. Lorsque la vitesse de refJ'(udissement di III lIlue. la ~econde 

phase est remplacée par une pcrlite claSSique. Une llIicrostructun.: austénilJque très 

grossière avant le refrOIdissement condUit ft une fernte très aciculam.: ct une seconde 

phase composée de bainite ct de fcrrite contcnantune densllté élevée de carhures. 

Dc.:s tcst de traction ont été effcctués. On a ainsi pu montrer que la température de 

bobmnge avait peu d'influence sur les propriétés mécaniques lorsque la taille lie gruin 

austénitique avant le refroidissemcnt était fine. En revanche. unc augmentation de la 

vitesse de refroidissement de 55°C/s à 90°C/s entraine une augmentation de la résistance 

maximale il la traction et de la limite d'élasticité d'environ 30MPa. Une taille de grain 

austénitique grossière mène à un effet important de la température de refroidissement. 

Pour une vitesse de refroidissement de 90°C/s, on a montJ'(: que la déformatIOn n'avmt 

pas d'influence sur les pmpriétés mécaniques. Ceci a été attribué il la forte germination à 

l'intérieur dr.s grains. 

Une méthode dl"': I:alcul des cinétiques de transformation il partir des données du 

refroidissement développ6c par l'IRSID a été adaptée au .;ontcxte de cette étude ct 

utilisée pour interpréter les résultats obtenus. On a ainsi montré que, pour une taille de 

grain austénitique fine avant le refroidissement, les transformations avaient toutes lieu à 

des températun:s supéricllfI!s à soooe. Ceci cxpliquc la faible mflucnce de la température 

de bobinage. En revanche, lorsque une taille de grain gros~ière est pré~cntc à l'origine, les 

transformations se trouvenlt reportées vers des températures plus basses, résultant cn un 

effet ac:cru de lai température de bobinage. 

Il 
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• CHAPTER 1 

INTRODlJCTION 

The present study wa .. undertaken to respond to industrial concerns about a new 

type of sheet steel produced directly on hot strip mills The French company SOLLAC, 

the flat products division of USINOR-SACILOR, was at the origin of this project It is 

cllrrently prodllcing a high strength, high formability ferrite-bainite steel directed towards 

the car wheel market. Over the past few years, the demand for lighter car bodies and parts 

has increased, together with growing concerns about the environment aHd energy 

conslimption This has resuIted in the development of new high strength steels However, 

c1assical strengthening mechanisms are detrimental to the formability of steel For this 

reason, new solutions are being investigated One of these is based on a mixture of a soft 

phase, ferrite, and a hard phase, martensite for dual-phase steels. or bainite for the so­

called tèrrite-bainite steels Both techniques have been shown to lead to considerable 

increases in strength associated with good formabi\ity. However. the manufac re of dual 

phase steels is considerably more difficult than that of the ferrite-bainite steels. As a result. 

ferrite-bainite metallllrgy has been chosen at SOLLAC as the basi~ for a new family of 

high strength, high formabiltty steels. 

Until now. thele has been \ittle information available on the metallurgy of ferrite­

bainite steels with che mi cal compositions similar to the ones produced by SOLLAC. In 

particular, the nature of the bainite has not been investigated. Also, the effect of the 

variolls plocess para met ers. su ch as finish rolling temperature. cooling rate and coiling 

tcmperatllre. on the properties of the steels is not known precisely. This knowledge is 

nccessary for good contlol of steel quality to be achieved and for the improvement of 

• proccss stability The aill1 of this study was thus ta simulate physically the hot rolling and 
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• accelerated cooling of ferrite-bainite steel HR55 in OIdcl to plOvide this 11iISSIIlg 

information, 

• 

The torsion machine available in the Depal1ment of Mctallurgical Engineel ing at 

McGill University is a very powertlll tool tor the simulation of hot rolhng However, the 

complete process in a hot strip mill also involves accclerated cooling aller hot rolling. 

followed by very slow cooling, which corresponds to the cooling of the steel coil at the 

end of the pro cess The tirst objective of this work was thus to devclop a technique to 

simulate these two cooling steps after hot detormation on the torsion machine Once this 

was done, the method was used to investigate the behavior of the SOLLAC IIR55 fen Ite­

bainite steel, which contains 0 14% C and 1 2% Mn Variolls cooling conditions wcre 

employed to reveal the influence of cooling rate and coilillg tempcl atlll e The influence of 

deformation prior to cooling, i e" the state of the austcllite bel()re transformation, was 

studied by varying the reheating temperature and the amount of deformation 

A literature review is tirst presented in Chapter Il in 01 der to c1arily the contcxt of 

this thesis and to evaluate the work that has been done ln Chapter III, the expel imental 

method is described In the tirst part, the development of the cooling dcvice is outlincd 

Focus is placed on the reproducibility as weil as on the rcliability of the tcmperature 

measurements In the second part, the choice of the experimental conditions, slich as the 

reheatin§' temperatures, amounts of deformation, cooling rates, amI coiling tempcraturcs, 

is justitied In the last part, the methods used for evaluation of the mccharm;al plOpertics 

and for the microstructural investigations are described 

In Chapter IV, the results of this study are presented and thcy are discussed and 

evaluated in Chapter V In the latter chapter, a new method is dcvclopcd for dctcrmming 

the transformation kinetics from the cooling data This method is uscd to intcrpret the 

ohserved role of the coiling temperature Finally, general conclusions are drawn in Chapter 

VI. 

2 
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CI-IAPTER II 

LITERATURE REVIEW' 

The aim of this literature review is to darifY the conte~t of this study and to show 

that its objectives are of real interest in the field of the physical metallurgy of hot rolled 

steels As the steel studied is produced in a hot strip mill, and as the experimental work 

consisted of simulations ofhot rolling and of the accelerated cooling taking place in such a 

production unit, the hot strip mill will be introduced in the first part of this review. The 

mctallurgical events taking place in the mill and the traditional ways of strengthening steel 

will be discusscd next Then, a doser look will be taken at the specific requirements for 

the steel used to manufacture car wheels This will serve as an introduction to a 

description of the historical development of ferrite-bainite steels The definition of bainite 

will be discusscd, together with the role it plays in the strengthening of ferrite-bainite 

stccls Finally, basic tèatures of the production of tèrrite-bainite steels will be examined, 

Prcvious publications regarding the influence of production parameters will be discussed 

and the results ofthis discussion will be used to bring out the achievements ofthis project. 

Il.1. The Hot Strill Mill 

Il.1.1. General Description 

The hot strip mill can be divided into five parts' the reheating furnace, the roughing 

stands, the tinishing stands, the accelerated cooling unit and the coiler, In what follows, 

the l1umerical data correspond to the SOLLAC-FOS hot strip mill, 011 which the steel 

studied is currently being produced accordil1g to reference 1 A schematic diagram of this 

min is shown in Figure 2 1 
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HOT STRIP MILL 

Reheating Roughing Finishing Accderatcd Cooling Coiling 

111111111 l 1 11111111 

800-900°C 

Figure 2 1 Schematic representation of a hot strip mill 

In the reheating fumace, slabs are brought up to tel1lperaturcs of about 1200°CI2I, 

with the primary objective of providing a tcmperaturc high enough to pel mit casy 

deformation Roughing occurs at temperatures between 1200°C and 1 loo"e Il involves 

the thickness reduction of the slab to a transfer bar 30 to 50 mm thick through live 

successive, independent passes in 2-high and 4-high stands Finishing takes place at 

temperatures between 11 OO°C and 800°C in seven successive finishing stands located 6 m 

from one another The final thickness can range from 1 5 to 15 mm DUI ing this operation, 

the steel is deformed simultaneously in the seven stands The tempera turc decrcases 

continuously from the beginning to the end of the finishing operation The tcmperature of 

the last pass is usually called the finishil}g temperature 

The rolling schedule in the finishing stands, i e the amount of redllction applied in 

each pass, depends on the final thickness Usually, the largest deformations arc employcd 

during the few first passes, leaving the last two passes for thickness ano shape adjllstmcnt 

An example of a rolling schedule is given in reference 3 The reouctions are as follows 

tirst pas s, 50%, second pass, 40%, third pass, 40%, fourth pass, 35%, fifth pass, 15 %, 

• and sixth pass, 10%. SOLLAC also provided the rolling schedule uscd for the type of steel 

4 
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• studied in the present work first pass, 60%, second pass, 53%, third pass, 47%, fburth 

pass, 41%, fifth pas s, 28%, sixth pass, 13% and seventh pass, 6% 

• 

Ancr the last reduction, the steel enters the runout table, where it is cooled by 

laminar water jcts The cooling rate is determined by the strip thickness and the flow rate 

of the laminar sprays This can be varied continuously by computer control to provide the 

dcsired tempcrature at the end of the runout table This temperature is called the coiling 

temperature, for it corresponds to the temperature at which the steel strip is coiled During 

accclerated cooling, the cooling rate is not controlled However, as the temperatures at the 

beginning and end of the runout table are controlled, the overall cooling rate is weil 

dctcrmined Once the steel is coiled, it cools very slowly (about 20°C/hour). 

1101.2 Metallu.ogicnl events ta king place in the hot sh-ip mill_ 

The final mechanical properties of a strip steel are the result of a complex 

transformation process which takes place in the hot strip mill and which involves strain 

accumulation, rccrystallization, phase transformation, and sometimes precipitation, when 

microalloying clements are present This review will deal more particularly with C-Mn 

stcels, leaving aside the microalloyed and other steels Only the general case will be: 

considered, for which the steel is in the austenitic state during the complete deformation 

process and for which the transformation to other phases occurs on the runout table 

During rchcating, the main event is the growth of the austenite grains as weil as 

gcncral diffusion of the alloying e1ements Strain hardening and recrystallization take place 

in the rolling mill, during and after the deformation passes Phase transformations take 

place during accelerated coohng or in the coil. 

5 
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II 1 2 a Events taking place in the defol matlon zonc 

Strain hardening is the tirst event occun ing dUl ing dcformatlon It COli csponds to 

th(! continuous mcrease in Ilow stress with increasing strain This phenolllcnon is 1 c1atcd to 

the generation and movement of the dislocations associated with deformation As more 

and more dislocations are created, interactions occur, mainly with othel dislocations or 

grain boundaries, which Iimit their movement (-I( The stress levc1 ncccssmy for this 

movement to occur increases accordingly The stress-strain relationship has been shown to 

depend mainly on temperature and strain rate (5(, the stress level increasing with decreasing 

temperature or increasing strain rate 

Restoration proceslies are the mechanisms by which a straincd material rccovcrs a 

soft or dislocation-free microstructure They are of two types dynamic plOcesses and 

statie pro cesses Dynamie restoration takes place dUI ing deformation When a certain 

strain level is reached, dynamic recovm occurs first The rearrangemcnt of dislocations 

leaves dislocatÎlon-free areas frequently called subgrains. If the strain kecps increasing, 

dynamic recrystallization ean take place, leading to the formation of new grains The strain 

at whieh dynamie reerystallization begins is ealled the critical strain fbr dynamie 

reerystallization Wh en this happens, the tlow rate decreases to a steady state level, as 

iIIustrated by Figure 2 2 [61 On this graph, it ean also be seen that the stcady state stress as 

weIl as the peak stress and peak strain depend on the strain rate The temperature is also 

an intluential factor In faet, it was shown by C M Sellarsl71 that the peak strain can be 

expressed as: 

(1) 

where 

Z = eexp(312000 / la) (2) 
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Z being the Zener-Hollomon parametel, do the initial grain size, T the tcmpcraturc and t 

the strain rate 

The static restoration processes include recovcry, slatiç~ecryst~!lli!atioq and Illi!il­

dynamic recrystallization They ail occur aner the end of deformation Recovery is the 

reorganization of the dislocations, leading to the formation of slIbgrains and to sotlening 

of the material. Static recrystallization involves the formation of ncw, lhslocation-ti cc 

grains It takes place when the p::e-strain is less than 0 8 times the peak Stl ain cp Il has 

been shown to follow a nuc1eation and growth mechanism, whosc kinetics can he 

relatively weil described by the A vrami equationlX1 

(3) 

where X is the volume fraction recrystallized ailer time t, t() 5 IS the time f(JI' hall' 

recrystallization For C-Mn steels, it can be expressed as' 

los = 2 5x 10-19 d\~e-4 exp(300000/ RT) 

where e is the applied strain 

(4) 

Metadynamic recrystallization occurs aner dynamic recrystallization It has becn 

extensively studied reeentlyl9J. It was shown to ditfer to a large extcnt l'rom statie 

reerystallization in tenns of its kinetics, which are very de pende nt on stl ain rate, Instead of 

on strain as for statie recrystallization As an example, for a Mo steel, the time for 50% 

reerystallization was found to obey the following eqllation 

t'i\J~o = 6 66 xl 0-6 ë-<Joi exp( 123000/ RT) (5) 
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The final rcsult of ail thcse events is refinement of the austenite grain size and a 

change in the state of the austenite (i e whether it IS recrystallized or not) The austenite 

grain size aller recrystallization was modeled by various workersPO,II) Sellars gave the 

following equations for the rec.ystallized grain size drex, which take into account the 

possibility that statie, dynamic or metadynamic recrystallization occurs. 

d = 0 Sel (Jh7 -1 
re.>. fJ e for e $ e* (6) 

el = 1 8 x JO ~ Z~m for e ~ e * 
'1.'.\ 

(7) 

(8) 

where Z and do are the same as for equations (1) to (5) 

The grain size and state of the austenite are determinant parameters for the 

subsequent transformations and the tinal properties From the previous equations, it can be 

seen that temperatllre as weil as strain and strain rate play a predominant role in the 

conditionmg of austenite However, on the hot strip mill, the strains and strain rates 

cannot be modified easily The main pro cess parameter is therefore the temperatllre. 

ILL2~Ev~Dl~ takingJ~lace on the runout table 

The major topie of this thesis is the transformation taking place du ring cooling of 

the steel' on the runout table Figure 23 shows a continuous-cooling-transformation 

(CCT) diagram for a typical C-Mn steel It can be seen that, for low cooling rates, ferrite 

transformation OCClll S tirst, followed by pearlite transformation When the cooling rate is 

incrcascd, the peallite is replaced by bainite When still higher cooling rates are used, the 

prop0l1ion of bainite increases to the point where it completely replaces the ferrite An 

additional incrcase lesults in the formation of martensite The mechanisms involved are 

complex and, therefore, a detailed examination is not possible here. The accent will be put 

instead on how the process parameters can aflèct them 
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Figure 2,3: CCT diagram for a C-Mn steel (Fe 510)11 2), 

Ferrite transformation 

The transformation from austenite to ferrite is a nucJeation and growth process, 

The nucJeation rate is atfected by several parameters The cJassical nucleation thcories (13) 

show that the nucleation rate increases when the temperature decreases because of an 

increase in the energy diftèrence between the two phases Consequcntly, whcn the cooling 

rate increases, the nucleation rate also increases The nucleation of ferrite being 

heterogeneous, the state of austenite also greatly affects the nuc1eation rate For example, 

K. Amano et a1.l 14) have shown that increasing the deformation in the austenite range in a 

0.15% C-l 3% Mn steelleads to an increase in the number of ferrite nuclei formed during 

isothermal transformation This is iIIustrated in Figure 2,4, The same study showed that 

the nucleation sites change from grain boundaries at low strains and Iimited supercooling 

to mostly grain interiors at large strains and high degrees of supercooling 

10 

~ 51 



• 

• 

Charter Il Litel aturc rcvicw 

0.15"C-O.3"SI-1.3"Mn steel 

5000r---------------------____ ~ 

el 1,000 
le 
e 

â .... 
)( 

• 3000 
'Qj 
..J 

U 
:J 
c: 
CI) 
+-
L: 
; 2000 .... .... 
o 
"­
CI) 
.a e 
~ 1000 

tA 

l' 
/ 

1 I!t. 

, 
/ , 

/ . 
f 

, , , 
/ 0 

1 
. 
1 
• 
1 
1 

1 

P , 
1 , , 

1 o , 
1 

1 

1 C 
1 , 

1 
1 

1 

~ 

ll00'c • 0.3. 

r 'ltolhtrlllGl """01''''I0Il 
Il "'I)lr. ,,,, 

o T~660'c _---0----
",'" 

o 
o T=700-c: 

OL---~~~~~~--~--~---L--~ 

o 0.1 0.2 0.3 0.4 o.s 0.6 0.7 0.8 

True straln ot 800·c 

Figure 2.4 Relation bctwccn number of ferrite nuclei per unit area and true strain at 

SOO°C as a function of isothermal transfonnation temperature in a O.15%C-I.3%Mn 

steel (1'" 

11 



Chapter II Lltl'Iillllle IC\'Ïl'\\ 

• This transition oecurs even though the tI equency of nuck'atlOll at gl.un bOlilldalles IS alsll 

enhaneed 

The nuc\eatlon sites 111 the grain IIlteriors WCI C round tn he lncatcd mnst Iy along 

deformation bands and tWIn bOllndar ies The intluence of coohng 1 ate on l'CI nte Illldeation 

was studied indireetly by investlgatJllg the evolution of fcrntc gl <lin SIle It was shmvn by 

the same authors that inereasing the eooling 1 ate r~sllits in a signilicant decl case III the 

final ferrite grain size, which reveals that the nllcleation 1 ate has been Ille 1 eased The 

relationship between nuc\eation rate and ultimate grain size was clar llied by Umemoto ct 

al l151 Complex ca\culations led to the following expression tOI the tinal gl alll ~i/c 

(9) 

where Is is the nuc\eation rate, a the parabolie glOwth rate, and d'Y the pl evious austenite 

grain size When the relation between nucleation rate and cooling 1 ate is takcn JIltn 

account, these same authors obtain the following relatIOn 

, , -h (' -< 
c({-=C1.c( r ( 1 () 

where Cr is the cooling rate SlInilar results were obtained experimentally at IRSIDIIf·1 

The growth rate a is co nt rolled by the diflùsion of cal bon away l'rom the 

interphase boundary This diffusion occurs becallse of the 1l111ch lowcr solllblllt y of Cal bon 

in ferrite as compared to austenite The following expression I~ givcll 1(·1 fOI the growth 

kinetics of ferrite in austenite 

( Il) 

• 
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Figure 2.5: Dependence of parabolic growth rate on temperature for deformed (----) 

and undeformed <-> austenite. (171 

where s is the half-thickness of the ferrite grains, DeY is the diffusivity of carbon in the 

austenite, Cl"fO. and CalrY are the concentrations of carbon at the interface in the austenite 

and in the ferrite (equilibrium concentrations), and Co is the average concentration in the 

austenite. Despite the decrease in diffusivity, the growth rate increases with decreasing 

temperature because of the larger difference between the equilibrium concentration and 

the average concentration in the austenite. However, this increase in growth rate does not 

compensate for the increase in nucleation rate when the temperature is decreased. Figure 

2.5.1 171 shows the dependence ofgrowth rate on temperature. 

Second phase formation 

When austenite is transforming into ferrite, carbon segregation occurs, leading to a 

higher concentration in the austenite. In the case of slow cooling, the concentration of 

13 
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• carbon in the austenite eventually reaches the elltectoid composition at which the pearlite 

transformation occurs When the cooling rate is slow enough, this transformation takes 

place at the Acl temperature. At faster cooling rates, the critical composition is reachcd at 

a lower temperature Arl' However, if the cooling rate is increased further, the critical 

composition is no longer attained at a temperature at which the rate of carbon ditllision is 

sufficiently high to permit a truly pearlitic transformation. In this case, other phases fonn, 

even before the critical composition is reached IIRI 

Like pearlite, they are composed of ferrite and cementite, but these are no longer 

arranged in a lamellar structure For intermediate coohng rates, degcneratc pearlitc is 

obtained When the cooling rate is increased further, bainites are obtained, which can have 

various morphologies, depending on the temperatures at which thcy fonn The 

transformation from allstenite to pearlite is dictated by the elltectoid composition, which is 

independent of temperature, the bainite transformation is triggered by cooling to the Bs 

temperature, below which the transformation begins, tor a given instantaneous 

composition of the austenite For this reason, if the ferrite transformation is delayed to 

very low temperatures, either because of a large austenite grain size or because of a fàst 

cooling rate, complete!y bainitic structures can be obtained. However, if the cooling rate is 

too high, the bainite transformation is inhibited and the transformation to martensite takes 

place instead 

The influence of deformation on the formation of second phases has been the 

object of several studies C.M Vlad (191 showed that increasing the deformation of 

austenite before transformation accelerates of the kinetics of ferrite formation The 

concentration of carbon in the austenite increases more rapidly when it is defbrmed (by 

means of pipe diffusion), leading to the formation of pearlite instead of bainite at high 

cooling rates When several types of second phases are present, an increase in the strain 

• leads to the replacement of the harder phases, formed at low temperatures, by softer 

14 
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• phases formcd at higher temperatures This same study showed that when the deformation 

of austenite is incrcased, the Bs tcmperature is decreased This is in contradiction to the 

results of another study by Sun Benrong et al., 12°1 in which it was reported that ail the 

charactcristic temperatures are increased by deformation However, both sets of authors 

agrce that increasing the strain is detrimental to the bainite transformation, which tends to 

be replaccd by the pearlite transformation 

• 

Il.2. His'ory of the development of ferrite-bainite steels. 

ln the last few years. environmental concerns have led to a demand for lighter and 

more cflicicnt vehicles This has led car manufacturers to increase the fuel mileage of their 

cars There are several ways of achieving this objective Improving the engines is one, and 

dccreasing the overall weight of cars is another It also turns out that decreasirg the 

weight of rotating parts resuJts in savings 1 2 to 1 3 times greater than those that can be 

achicved for translating parts For this reason. manufacturers are trying to find ways of 

rcducing the thickness of the steels being used for wheels This can be done by using 

st ronger stcels However. the complex manufacturing process employed for making 

wheels imposes some restrictions on the properties of these steels In particular, the steel 

has to be wcldable, which Illnits the carbon level, and formable, which imposes a minimum 

e1ongation Recently. the shapes of wheels have become more complicated, mainly for 

aesthctic reasons. This has further increased the demand for good formability Among the 

service properties of wheels. the tàtigue resistance is the most important 121] Fortunately, 

it is gencrally 1 ecognized that the tàtigue resistance increases with increasing tensile 

strength 

Several types of steels have been tried for the manufacture of car wheels. 

Originally, plain carbon-manganese steels were used 1221 These had microstructures of 

ferrite plus pearlite The main strengthening mechanisms were the reduction of grain size 

and the increase in pcarlite content The former was brought about by decreasing the 

15 
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• rolling and coiling temperatures 1t was also limited by the characteristics of the hot stnp 

mill being employed The latter was produced by increasing the ciubon level The potential 

of this techn~que was limited by wcldability requirements Using both methods li.11 

strengthening, t}le highest tensile strength previously obtaincd was 500 MPa 

HSLA steels containing strengthening precipitatcs were also tl ied llowcver, the 

heat atfected zones of the welds obtained with thesc stccls usually containcd sotlcncd 

regions, which were considered to be detrimental The next rcal improvement involvcd the 

application of dual-phase stce\s to thc manufacture of whecls Dual-phase stccls arc 

composed of ferrite and martensite They display, at the salllc time, high stl cngth and a 

ductility that is superior to that of ferrite-pearlite stecls of similar strength Icvc\s Scvel al 

studies [23,24) of the microstructure-properti~s relationship have shown that the strengths of 

dual phase steels can be related directly to the volume fractions of martensite in thcir 

microstructures The strength levels obtained are due ta the grcat hardness of martensite 

as opposed to that of pearlite or bainite The ductility cames fi Olll the HIl:t tllat martensite 

is deformed together with the tèrrite matrix when large plastic delormations are applicd. 

whereas pearlite is not In the case of a tèrrite-peallite steel, the cemcntite was shown ta 

fracture at large deformations, leading ta ultimate failure 

In terms of mechanical properties, dual-phase stecls sccmed ta oflèr a bcttcr 

solution for the manufacture of wheels However, in terms of produc'\ion, they had sevcral 

drawbacks To obtain the required mixture of ferrite and martensite, the st cel 

manufacturers either used off-line heat treatments or complex cooling patterns on the 

mnout table of the hot strip mill (25) The off-line heat treatments involved intercritical 

annealing in the austenite plus ferrite domain followed by quenching into the martensite 

region This process therefore resulted in high manufacturing cm.ts Furthermore, the 

compositions used for these steels were often enriched in costly alloying 1. )':mcnts such as 

• Mo,CrorV 
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The other process route involved hot rolling followed by slow cooling on the 

runout table in arder to promote the formation of ferrite Once the desired proportion of 

ferrite was obtained, the steel was cooled quickly to temperatures below the Ms 

tcmperature Several steel producers have successfully produced such steel s, using this 

direct method 12(.,271 ln Japan, intcrcritical rolling is used in addition to the pro cesses 

described above to increase the rate of the austenite to ferrite transformationl281 , Ali these 

steps require excellent control of the production process as weil as particular facilities for 

low tcmperaturc coiling This is why the manufacture of dual-phase steels is considered to 

be diflicliit and can plesent major problems for quality control Steel manufacturers have 

thcrcf()re tried to tind other solutions 

Stretch flangeability is one of the mam desired properties for steels for the 

manufacture of whecls The disk fabrication process involves the press forming of a 

pierced blank Stretch flangeability is the ability to apply large deformations to su ch parts 

This pro pert y is usually measured by the hale expansion test This test is performed by 

expanding a hole with a conical punch until fracture occurs The expansion ratio À is then 

calculatcd as the fractional increase in diameter 12'J1 

(12) 

where d. is the initial diameter of the hole and db is the diameter at ntpture In ref 29, it is 

shown that À can be directly related to the reduction of area measured during a tensile test 

ln the beginning of the eighties, studies at Kobe Steel by Sudo et al showed the 

bcnclicial ctlèct of bainite on the stretch flangeability of dual-phase steels (30,31) The same 

authors also tested a new niobillm-bearing ferrite-bainite steel and showed that they could 

obtain still bctter stretch tlangeabilities and better fatigue strengths with this mixture than 

• with dual-phase stcels, for comparable levels of strength [32) Later studies carried out in 
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• Germany contirmed that bainite could implOvc the ductility withllut slglllticantly 

decreasing the tensile strength of dual-phase steels 11'1 The positive ctlèct of bninitc was 

attributed to its higher ductility The total eJongation was incrcascd mu ch more than the 

uniform elongation, which means that it is mainly the defurlllation dUl ing necking or the 

total reduction of area that was aftècted by the prcsence of bainite ln othcl studics, it was 

reported that good strength-elongation combinat ions were obtamed with the mlxtulcS of 

ferrite and very fine pearlite or bainite produced by low tempel ature coiling 11 4.1\ 161 

• 

Il.3 Conditions for the manufacture of ferritl'-bainite high strl'ngth shl'(,t stl't'k 

Il.3.1 Composition 

In the various studies described above 129 15 1, ditrCI cnt compositions and process 

conditions were examined Their influence on the microstructures l'Olmed was discussed, 

together with the mechanical properties obtained. The compositions studlcd are listcd in 

Table 2.1. The composition of the steel employed in the present study is prescntcd in the 

last row of the table so that the reader can compare it with the oncs clllploycd in the 

previous investigations Except for reference 29, the stcels studied containcd morc than 

0.1% Si and most of them actually had more than 02% Ali the stccls in rcfèrcncc 31 

contain chromium in association with high silicon levels Ali the stccls in rcfèrcllce 32 

contain niobium except for the one which contains molybdcnulll Only the stccls in 

reference 29 are somewhat similar to SOLLAC I-IR55 

The difTerences in composition induce ditlèrcnccs III stcel bdlavior through the 

transformation This is weil illustrated by the formulac which express the charactcristlc 

transformation temperatures, A(), Ms and Bs, as a fùnction of composition For example, 

Ar3 is given by Ouchi et al ll71 as 

Ar3 =910 -3 IOC-80Mn-20Cu-15Cr-80Mo (13) 
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• 
Table 2 1 Steel compositions for references 29 to 35 (wt %) 
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at a cooling rate of IOC/s This means that an increase ln the carbon conœntration hy 0 OS 

% depresses the Ar3 temperature by 15°C and an increase in the manganese content by 

05% decreases Ar3 by 40°C The same type of equation can be obtaincd for n~ IINI 

Bs= 719-127(C%)-SO(Mn%)-J 1(Ni%)-27(CI'%)-61(Mo%) ( 14) 

Again, one can see the strong intlucnce of Mn and Cr. which vary Ovel il wide 1 angc in the 

studies described above Similar tbrmulae are available for M!> 

Depending on where the critical tempcratures ale locatcd, the cooling 1 atc, coiling 

temperature and even the strain ean have very ditTerent influences on thc behaviol of the 

steel This is illustrated in Figure 26 In diagram a), thc Bs and Br tcmperatulcs me low, 

so that the eoiling temperature has a strong etlèct on thc type of bainitc formcd Also, the 

transformations are delayed to longer times, which means that variations in cooling mte 

have little effeet In diagram b), the Bs and Br tcmperatures are lugh and the 

transformations occur early during cooling In this case, the cooling rate plays an 

important role, whereas the eoiling temperature has a more limited ctlèct as soon as the 

temperature has dropped below SOO°e. In both cases, though, the tinal microstllicture is 

of the ferrite-bainite type 

From the preceding, it is evident that the composition can have il strang influcnce 

on the role played by the various process paramcters, even if the same kind of 

microstructure is obtained at the end of the process This means that, while the general 

behaviors of steels can be deduced from the studies referrcd to above, a detailed study of 

the characteristics of Sollac Hr55 is still necessary if the processes to be used on this 

composition are to be carefully controlled 
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Figure 2 6 Schematic illustration of the effect of changes in the characteristic 

temperatures on the influence of cooling rate and coiling temperature 

Il.3.2 Coiling temperature. 

The coiling temperature is the parameter that has been studied by ail the authors 

cited in reis 30-35 The temperatures chosen are generally 650°C, 5000 e, 3000 e and 

roOI1l temperature. Ali the authors found that the coiling temperature has a strong 

influence on the mechanical properties as weil as on the microstructure In ref 35, K. 

Kunishige made the distinction between three coiling temperature regimes. Regime 1 is 

dctincd by coiling temperatures above 5000 e The corresponding microstructures are 

composed of ferrite and pearlite. The strengthening of ferrite by solute carbon or nitrogen 

is absent In regime II, characterized by coiling temperatures between soooe and 300oe, 
the microstructure is composed of ferrite and fine pearlite or bainite At these 

temperaturcs, the precipitation of AIN is inhibited, which induces strengthening by solute 

nitrogen 8elow 300°(', in regime III, the second phase becomes martensite and solute 

carbon is retained in the ferrite, which induces additional strengthening . 
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Figure 2,7: Change in strengthening factors with coiling temperature for a steel 

containing O,08%C, O,4%Si, l ,5%Mn, O.04%A1 and O,0072%N, 135) 

600 

These results are interesting because they show that coiling temperaturc not only 

affects the final microstructure but also the state of the ferrite by its effect on the solute 

elements, This aspect of the influence of coiling temperature is related to the quasi­

isothermal holding that fotlows the end of accelerated cooling during which AIN 

precipitation can take place, Figure 2,7 shows the changes in strengthening factor with 

coiting temperature that apply t0 a steel containing 0 08%C, 0 4%Si, 1 5%Mn, 0 04%AI, 

and O.0072%N (34J, 

The other authors (29-32) also observed a strong influence of coiling tempcrature on 

• the second phase and on the mechallical properties, but they did not study the influence on 
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• thc ~olutc content of the ferrite The general conclusion is that the second phase evolves 

l'rom pcarlitc for coiling temper atures over 600°C, to bainite for intermediate 

tcmpcraturcs, and eventually to martensite for temperatures below 200°C. This leads to an 

increase in the tensile strength with decreasing temperature The yield strength also 

incrcases until the second phase becomes martensite At this point it decreases 

• 

considcrably, whlch is responsible for the excellent yield ratio of dual phase steels. In 

rcfèrcnce 29, Hashimoto et al found that the etTeet of coiling temperature on the 

mcchanical properties was increased when the Mn content of the steel was increased. 

Thesc studies werc ail aimed at showing the positive etTect of the presence of 

bainite as the second phase The authors did not focus on variations in the mechanical 

properties or of the microstructure over narrower ranges of coiling temperature Now that 

l'CI rite-hainitc stecls arc being produced industrially, it is of interest to know what property 

changes can be induced by small variations around the usual manufacturing conditions 

Il.3.3 Cooling nlte 

Althollgh cooling rate plays an important l'Ole in determining the microstructure 

and mechanical properties of multi-phase steels Il?I, its etTect on the microstructure and 

propcrtics of tcrrite-hainite steels has not been extensively studied. Only two 

investigations jl4. \II have involved changes in cooling rate The other publications on the 

suhject were carried out with constant cooling rates usually around 40 to 60°C/s 

ln both leferences 31 and 34, the cooling patterns used were of two ditTerent 

types continllolls or controlled cooling, for which two different cooling rates were applied 

sllccessivcly ln both stlldies, continllous cooling was performed at a single cooling rate, 

which mcans that no information is available on the etTect of cooling rate in this case 

However. indirect IIlformation can be obtained from the experiments on controlled 

cooling When the tirst cooling rate, corresponding to the austenite-to-ferrite 

transformation range, was increased, the proportion of ferrite decreased, leading to an 
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• increase in tensile strength in rcfcrenœ 31, \Vhe[ c a Cr and Si be,lIl1lg sted \Vas llsed By 

contrast, there was little variation in Illcchanical propc[1ies in the casc of [cfc[ l'nec 34, 

where a C-Mn steel was employed ln this last case, it was shown that an incu:ase III 

primary cooling rate led to the formation of Widmanstatten l'Cil ite instcad of the polygonal 

ferrite obtained at lower cooling rates Inc[ easing the scconclary cllohng 1 ah! led tll an 

increase in the volume fraction of the low tempe[ atui e prodllcts as weil as tn the fOllllation 

of martensite instead ofbainite in the wOlk of [cfe[encc 31 In thc case of the ('-Mn stec\s 

• 

used in reference 34, the changes in secondary cooling rate had no l'll'cct at ail on the 

microstructure or on the mechanical propcrties 

II.3.4 Deformation 

The influence of deformation was studied by SlId(' ct al 111 [cf 31 hy vmying the 

finishing temperatllre. They showecl that increasing the fllllshing tempe[ature led to an 

increase in tensile strength becallse of an incrcase in the proportion of low tempcrature 

products This type of result has also been reported by Vlad and by Sun Belli ong ct al 

Depending on the CCT dlagram of the steel, the influence of dcfi.mnation can be mOle or 

less crucial If the transformations are very fàst or, on thc contrary, very ~Iow, the small 

variations associated with hot strip mills may not have a very stlong en'cct On the othcr 

hand, if the transformation rate is intermcdiate, i c if the nose of the C <.:urvc [S <':lOsscd 

during accelerated cooling at the rates cllrrently uscd on the hot ,>11 ip 111111, <.:hangc'i in the 

reduction or related variations, sllch as in finishing temperatUl e or strall1 rate, cali have a 

strong influence on the nature of the phases tlmned and on the mechanr<.:al p[opertlCs As 

no information is available on the transformation kinetic~ for the type of compo,>it[oll used 

by SOLLAC for the manufacture of I-IR55, this topie will be one of the i'islles of this 

thesis 
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Il.4 Nature of the hainitc 

As béllmte was mcntloncd !>everal times in thls bibliographie study and as it will be 

the major tC'j)ie of this IIlvc~ttgation, the ddinition of bai ni te will be diseussed briefly here, 

togethcr with its various morphological features 

Unlike pearlitc or martensite, which have very weil defined morphological 

eharactcristics, halllltc has nevcr been c1carly delincatcd In faet its definition varies with 

the allthor and IS still a matter of controversy This probably arises from the fact that the 

ballllte tl an..,f()rmation has never been eompletely ullderstood or, at least, has never been 

the !>ubJcct of wide agrcemcnt Thel e are three ditTerent ways of charaeterizing bainite' 

1) Llyjts m!çro~trllctllre Sinha 161 gives the following definition Bainite is a 

nonlamellar tw(~-phase ploduet of eutectoid deeomposition in which 

difllisionai and sequcntial prccipitation and non.::ooperative growth of the 

low tcmpci atur~ phases OCCllI s 

il) HY_Jhe kinetics orthe bailllte transformation In this definition 161, bai ni te 

IS the phase that fbllns at tcmperatures below that of the pearlite 

transformation and that displays a separate C -eurve on a TTT diagram The 

maximum balllite start tcmpcratlll e, the kinetie Bs, lies eonsiderably below 

the eutectOld tcmpelatlllc 

Iii) Uy_glrnlCt; l'chef ctleets ln this detinition, bainite (1) eonsists simply of 

plates which dlnel \Il composition from its parent phase, (2) grows slowly, 

and (3) c'\hihits a martensitc-like surface relief when formed at a free 

SUI fhcc 

For the p' csent work, the mlcrostructural detinition rs certainly the most 

conveniellt, becallsc the other two detini~ions require special experimental techniques, 

cithcr to study th~e SlIl nlCeS. befixc and atter transformation, or to perform isothermal 
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transformations 110\' e\'er, the delÏllItion gi\'cn b\, Sinha dOl'S not pl ln Ille an C.I';\, \\ av 10 

identity bainite as a tinal microstructUl al wmponcnt hC\.\llI~c 1 t 11l\'01ws IHlIIOI\~ about Ihe 

mechanislll of transformation, will ch 15 nol 1 eadtly iLlen! lIieLi III lllo~1 l'a ,,\.'S J'hl' ddi Illt Illn 

given by Bramfitt and Speer Il ')1 \vill thcl cf 01 C be pl d'cl 1 l'li Il \\'a~ Plllpo,,\.'d 11\ Ollk'l to 

describe the microstnictul es formcd du 1 I\1g the çont IIllIOUS cooltng or ~!l'd", ,1\ 0pPO"'l'd to 

the ones obtained throllgh Isothermal transfO! mation, for wlllch 1 hL' lil ... 1 ddillli Il 1Il~ h.ld 

been created For Bramfitt and Speer, thc Icrm b.lil11lc de~igI1.l" .. ''\ an\, or tlll' Ill!lmvlllg 

morphological characteristics 

( 1) acicular ferrite associated with the III 1 1 alat h pl eç1pll allon of Il 011 

carbide, 

(2) aciclliar ferrite a'\sociated \Vith inlerlath partldl'''' 01 Inlell,Ilh film.; of 

cementite and/or austellite, and 

(3) aciclliar femte associatcd wlth a wn'\tllucnt con'\l ... tlng or dl ... cletc 

islands or blocky regions of austenitc and/or Illal tcn ... ilc 01 pcal hte 

The c1assical theones about bainitc, ba ... ed on I~ot hCl mal Il all ... flll lIlat Ion plOduL't '\, 

distinguish between two types of bainite Uppcr balllltc fOI Ill ... al hlgh lelllpcl alulcs and 1'" 

characterized, in ItS most lIsual form, by IIltcllalh precipltatc ... of Cl'llll'lltltC I,owcr ballll!c 

appears at low temperatures and cOl1lains 110 1I1tcllalh pll'uplla!e ... III thl ... cl ... e. 

precipitation takes place II1slde the l'cr 1 ile lalhs, u,>ually al a c(JII ... lanl angle fi (Jill 1 he 

longItudinal direction of the lath When cOlltinuou" coollllg i .... clllployed, thl ... L1" ....... lfiLatlon 

is no longer valid becallsc hybrid t{H ms of ballllie can appcar and 1 hc lelllperat ule d()lllatn,> 

in which the cOl1stituents can bc round are not clcarly dclillllll'd 1'0/ thc,>c lea'>O/l"', 

Bramfitt and Speer Il')) proposed a new cla ........ tficatloll, which avol(!.... the rcferl'nœ 10 

temperature and pertl1lts the descnptlon of more cO/llplcx IlIICIO ... tlllctlln.: ... l hey fir,>t 

define three mam clas~e~ of 1llicro~t ructure 
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c1ass 1 bainite (B 1) incorporates an intralath constituent, 

c1ass 2 bainite (82) incorporates an interlath partic1e or film constituent; and 

dass 3 bainite (83) incorporates discrete regions of a retained parent phase 

or secondary transformation product 

Subclasses can then be defined For example, a bainite containing interlath and 

mtralath prccipitates in the sa me arca is designated as B 1,2 type bainite On the other hand, 

a microstructure containing discrete areas of B 1 and 8 2 bainite can be described as BI +B2 

bainitc 

Influence ofbainitc morphology on the mechanical properties 

From preceding discussion, it is evident that the morphology of bainite can vary. 

One should expect the different types of bainite ta have different behaviors In terms of 

strength, it appcars that the intralath carbides present in BI type bainite have a strong 

stlcngthcning eHeet, whereas the interlath carbides found in B2 bainite have no visible 

IIllluenec on strcngth 14°1 Other properties may also depend on the type of bainite formed 

FOI th;~ reason, efforts should be made to identify the type of bai ni te present in a 

microstructure ln the case of ferrite-bainite steel s, bath types of bainite were found for 

dinèrent compositions and cooling conditions However, the evolution of bainite 

l11orphology with the cooling conditions was not explicitly studied This will be one of the 

obJcctivcs ofthis thcsis 
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EXPERIl\1 ENT AL PROCEDlJRE 

In this chapter. the experimental procedure will be present cd ln the fil st part. a 

description will be given of how the torsion machine was adaptcd to the simulation of 

accelerated cooling in hot strip mills The quality of the simulation will be asscsscd 

through the computer modeling of sample cooling Then. in a second part. the choice of 

the different experimental parameters will be described Computer modeling wIll again he 

used to determine the state of the austenite at the end of rolling in the hot stl ip mill FIOIll 

these results, the roUing and reheating c:onditions will be chosen The cooling rates and 

coiling temperatures wiU also be discussed. In the la st pali. the Illcthods employed t()r 

microstructural examination and mechanical testing will be presented 

111.1. Adaptation of the torsion machine (0 slIIltIllI(e Hu.' hot sh'ip mill. 

111.1.1 Objectives 

The torsion machine is a tool that has been successfùlly used to simulate hot rolling 

on various hot deformation units inc1uding hot strip mills However, as discussed in the 

literature review, the complete process of hot strip rolling involves accelerated cooling on 

the runout table. The primary objective was thus to adapt the torsion machine in order to 

simulate accelerated cooling To achieve our objective and to provide good 

reproducibility, the cooling device had to obey the following requirements 

i) It should be possible to cool a specimen just afier the end of dcformation at a 

cooling rate that is representative of the cooling rates uscd in hot strip mills 
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ii) The cooling rate should be reproducible and adjustable so as to be able to 

handle the large range achieved on actual production units (typically IO°C/s to 

120°C/s as measured in the austenite range)' 

iii) The temperature measurements should be accu rate enough to allow accelerated 

cooling to be stopped at the desired temperature, within an acceptable error They 

should also provide acceptable data for the calculation of cooling rates. Control 

over the flow rate of the cooling medium should also be accurate enough for the 

same rcasons 

iv) The specimens sltould be cooled as uniformly as possible in order to produce 

uniform microstructures and mechanical properties If this cannot be attained. the 

structure and property gradients should be evaluated 

111.1.2 Presentntioll of the equipment 

III 1 2 a The Torsion Machine 

The equipment used for this research was a servohydraulic, computer-controlled 

MTS torsion machine mounted on a lathe bed (Figure 3 1). On the left hand side, a 

hydralilic selvovalve (1) controlled the tlow of ail ta a hydraulic motor (2), which 

transmitted the rotational force ta the rotating torsion bar (3) The rotational displacement 

was measurcd by a 50 turn potentiometer (4) On the other side, the specimen (5) was 

screwed into the stationary grip (6) The torque was measured by a 113 N-m torque cell 

(7) The ensemble on the right si de cOlild be translated in order to permit the installation 

and removal of the specimen. which was only fitted into a slot in the rotating grip. The 

grips wcrc made ofinconel in arder ta be able to withstand high temperatures 

The displaccment. torque and temperature were recorded continuously by a data 

acquisition unit and a microcomputer The MTS TestStar system was used for data 

acquisition and the control of the hydraulic servovalve This system provided a very user-
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• friendly and flexible interface with the torsion machine The dcformation schedulcs Wl'Ie 

entcred as a series of steps, including ditTcrent operations such as data acquisition or 

displacement. The parameters (displaccmcnt, interval bctwccn data readings, spccd of 

• 

displacement) were ail easily adjustable wide ranges 

Torsion Machine (general overview) 

,-------------- ----- --- - --------

L':============~==_=-=-=~-==--:=-_~-=_ : __ -.:_- =::- __ -__ _ 

Figure 3. 1 The torsion machine 

II.1 2 b The radiation furnace 

Reheating was performed in a four-element radiant furnace manllfactllred by 

Research Inc. The temperatllre was controlled by an Electromax process controllcr 

coupled to a Leeds and Northrup 1300 process programmer Temperature readings were 

taken every 0.5 second through a type K thermocouple in contact with the specimen 

surface. The signal was processed by the controller and the power input to the furnace 

was adjusted continuously to maintain the current set point defincd by the programmer 

An analog signal was also sent to the TestStar system from the controller The latter 
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• system had no control over the furnace The tcmperatures were acquired only as data 

which could be used to command the torsion machine if desired 

• 

The specimen was placed at the centre of the furnace chamber in a quartz tube 

sealed at both ends An argon atmosphere was constantly circulated to prevent oxidation 

of the specimens and tools 

III 1 2.c Specimen geometry 

The geometry of the most commonly used torsion specimen is shown in Figure 

3 2 The gage length has a diameter of 6 4 mm and a length of 21 mm The shoulders have 

diameters of 15 8 mm At one end, a thread is machined to permit the specimen to be 

screwed into the grip. At the other end, a flat is machined to fit into a slot in the grip. The 

thermocouple for furnace control was usually placed with the open end in contact with the 

gage length as close as possible to the shoulder 

«p=lS.87 

,/ 
«p=15.87 

/ 
/ 

Figure 3 2. Standard torsion specimen 

111.1.3 The cooling system 

III 1 3 a Heat exchange in hot strip mills. 

The thermal behavior of strip on a nmout table is not perfectly known. Most steel 

plants have their own cooling systems, involving various types of water jets or sprays 

Most of the time, heat transfer is simply expressed as the total temperature drop, which 

dcpends on the number of water banks used[41[ In other cases, a Newtonian law is 
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• assumed with a constant heat transfer coetlicien: I-I:!I or with a coetlicicnt that dcpcnds to 

sorne extent on the ternperature l-l 11 For the plesent study, it was assumed that conling on 

the runout table can be represented by a Newtonian law of the following type 

Heat tlux = À(T -T \\') 

where À is a constant, T is the surface tempelature of the stlip, and T", IS the tcmpcrature 

of the water 

III.!,3, b Development of the cooli ng system 

As mentioned at the beginning of this chapter, one of the objectives of this 

research was to deve\op a cooling system that could provide a cooling pattern similar to 

that of a hot strip mil\. This implies that the heat transfer taking place bc of the Ncwtonian 

type One solution would be to use water sprays Howcver, the dcvelopmcnt of an easily 

controllable cooling system based on water sprays would have takcn a very long time 

Water sprays also possess other disadvantages, su ch as the possible heterogeneity of 

cooling due to the difficulty of controlling the spray shape and rate of flow. For ail these 

reasons, gas cooling was preferred ft provides Newtonian heat transfer and is also easy to 

set up and operate. 

In a first stage, compressed air was tricd It was blown towards thc specllncn 

through the two nozzles usually used for water quenching The ternpcrature was measurcd 

using a thermocouple placed on the outside of th~ specimen The cooling obtained by 

rneans of this technique was found to be very heterogeneous. The ternperaturc ll1easured 

during cooling decreased in a very erratic rnanner and very rapidly, although the 

microstructures observed after the test were more representative of slow cooling, 

containing large grain sizes and coarse lamellar pearIite ft was concluded that the 

• thermocouple was not reading the actual ternperature of the specimen because the tip of 
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the thermocouple coolcd more quickly than the specimen itself To avoid this problem, it 

was decided that a second thermocouple would be placed inside the specimen. The slow 

cooling was attributed to the poor heat transfer coefficient of air. Helium, which has a 

thermal conductivity about 5 times higher than air (see Figure 3.3) was chosen to replace 

the latter. The problem of inhomogeneity was partially solved by designing a new cooling 

device. 

III. 
., 016 - - - -- ------jr-
1: 
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lJl 012 - -- ----~--_4 
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Figure 3 3 Thermal conductivity ofvarious gases as a function of the temperature.l .... ) 

III.1.3.c Description of the cooling system 

The new cooling device is shown in Figure 3.4 together with the new specimen 

geometry. The position of the cooling device on the torsion machine is shown in Figure 

3.5. The cooling device was composed of a torus with a rectangular cross section. The 

internai wall was pierced with three rows of four holes at 90° from one another for the 

helium outlet. The hclium was introduced into the cooling device under pressure through 

two inlets on the external wall. The helium pressure was controlled by means of a two­

stage pressure regulator, which provided good reproducibility and perrnitted close 

regulation of the cooling rate 

The torsion specimens were modified to permit temperature readings to be taken 

at the interiors of the specimens. A 2.4 mm hole was drilled along the specimen axis, as 
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• can be seen in Figure 3 4 The thermocouple was introduced through the grip so that its 

tip contacted the center of the gage length A second thcnnocouple \Vas also placcd nn the 

outside diameter of the specimen for control of the radiant tlll nacc The signal n'ol11 the 

internaI thermocouple was acquired by the computer tlllough an ana log ampliticr, which 

permitted very fast acquisition 
Hein 

~~_/ \ 
---- _\ 

Hein 

Figure 3.4 Cooling device with specimen in cooling position 

Radiant Furnace / Cooling Deviee 

~-- He ln 

--'-_~_--1---1 _______ -- ---
__ H e ,~n_.....c====:::::1_--, 

• Figure 3 5. Position of the cooling dcvicc on the torsion machine 
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III 1 3 d Evaluation of the uniformity of cooling 

As mentioned ab ove, the temperature readings were carried out at the centers of 

the specimens In the next part of this study, the microstructures were studied a few 

hundreds of micrometers below the surfaces of the specimens This point corresponds to 

the region where the deformation is a maximum Tensile tests, to measure the mechanical 

properties, were also performed They provided resuIts that were relative to the ove raIl 

gage length or to areas somewhat removed from the center For these reasons, it was 

necessary to know the representativity of the temperature reading at the center of the 

specimen In order to assess the temperature gradients present in the specimens, a finite 

diffèrence computer simulation of the cooling was performed. For this purpose, a 

computer program was written in Pascal The listing is given in Appendix 1 

The program was based on the following assumptions. 

i) heat transfer at the surface follows a Newtonian law of the type 

<Il=-À(T -T gas) 

where <Il is the heat flux at the specimen surface, À is a constant, T IS the 

temperature of the surface and T gas is the temperature of the gas, 

ii) À. is independent of the surface orientation with respect to the gas flow, 

iii) the generallaws of heat conduction can be applied inside the specimen; 

iv) the grip remains at approximately the same temperature during cooling; 

v) no transformation occurs during cooling 

As the specimen has rotational symmetry around the torsion axis, it was divided 

into a net of circular cells, as illustratcd in Figure 3.6. Depending on its position, each cell 

rcceives ditTerent amounts of heat from the surrounding cells, either by conduction or by 
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• convection for the cells in contact \Vith the slIrtàœ Four dînèlent heat tlllxes (ql' i '1. ,4) 

can be defined, one for each side of the ecll The tcmperaturc change dT of the ccII is 

given by the following equation(4S I' 

• 

4 
3. 

, ' 

1 1 1 
1 1 1 : L __ I ~ __________ _ 

1 1 1 1 
L ___ .. L----I 

side view 

T4 
r--_-i_+-'_4 1-_-, 

front view 

Tl ql 

Sc.hematlc heat transfers 
for one cell '-------

Figure 3.6 Cell division of the specimen for the cooling simulation 

A few examples of possible calculations are given below The cell types rcfcr to 

the numbers in Figure 3 7 

Type 1 cell: Only conduction takes place from the surrounding cells 

{ 

1'-1' 
q =-k s --' , , 

r-r 

i = 1,2,3,4 ' 

where Ti is the temperature of one of the neighboring cells, SI is the cross-scctional arca 

of the interface between the two cells, and k is the conduction coefficient 
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Type 2 Center ccII, no heat comes from the center because of symmetry 

and 
{ 

T- T 
(J, = -k s, ' 

r-r, 
1 = 1,3,4 

Type 3' Surface cell, convection takes place on one side. 

{ 

1'-T 
q =-k s --' 

qol=À Sol (T-T 00) and 1 . , r-r, 

1 = 1,2,3 

Typc 4 Corner ccli, convection takes place on two sides 

The program flow chart is given in Figure 3 7. The value of À was adjusted so that 

the various cooling rates used for this research could be obtained Figure 3.8 gives 

examples of the calculated tcmperatures after 1 second and 4 seconds of cooling at 

90()('!s The numbcrs correspond to the temperature of the cell at the same location as in 

the specimen Il can be seen that large longitudinal gradients are deve!oped in the 

specimen Howcver, the region etlèctively studied is shorter than the actual gage length, 

which reduccs the etlèct of these large temperature gradients. It also appears that the 

cooling rates, which are dispm ate at the beginning, become relatively uniform over the 

gage length (cf Figure 3 8) attcr some stabilization time. In any case, special care will be 

takcn in the intclprctation ofthese results in the continuation ofthis work 
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• Initialisation 

Reads type[1,11 ln data flle 

T,- Initiai temper<'\ture 

t=O 
--------

------- - 1>11 

-{ ot.i,)ut TI to Ille 

_J 

1 t=t:dt J 
--l--

-------------- -- - - - - -
~t=Jnteger· 1 second ~---

~~ 
t>coollng tlm-;;>~ 

-ê-:;J 

• Figure 3 7 Flow ch art for the computer simulation of cooling 
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Figure 3 8 Temperature dbtnbution in the specimen after 1 second at 70°C/s (initial 
cooling rate) Only halfthe specimen is shown here 

7'J2 XI6 X25 H36 X41 X3'J X25 795 7X() ?H4 7X4 7X4 786 795 825 840 844 846 850 
7X8 XI2 821 H33 X40 838 X22 ?XX 779 77X 777 77X 779 788 822 838 842 845 850 
?HI X04 814 X2'J X36 834 817 77(, 767 765 765 765 767 776 817 835 840 843 850 
770 794 804 821 X31 82'J 810 810 830 835 839 850 
7')6 77'J 790 HII X24 822 XOI 801 823 829 834 850 

7<)7 814 813 7'J1 791 H14 820 827 850 
?H3 XOI 800 779 779 802 808 816 850 
768 786 786 764 765 787 793 803 850 

Temperature distnbution in the specimen after 4 seconds at 70°C/s (initial cooling rate). 
Only half the specimen is shawn here 

628 664 691 712 724 718 689 640 612 599 595 599 612 642 697 737 769 805 850 
624 660 6X7 709 721 715 686 635 606 594 590 594 607 637 694 734 767 803 850 
618 654 6Xl 703 716 710 682 625 597 584 5HI 584 598 627 690 730 762 800 850 
610 645 671 695 709 704 675 684 724 756 795 850 
599 633 659 684 700 696 667 676 715 748 789 850 

671 690 686 658 667 705 738 781 850 
658 678 674 647 655 694 726 770 850 
644 664 660 634 643 680 712 757 850 

Cooling rate distribution in the specimen after 1 second 

58 34 25 14 9 Il 25 55 64 66 66 66 64 55 25 10 6 4 
62 38 29 17 10 12 28 62 71 72 73 72 71 62 28 12 8 5 
69 46 36 21 14 16 33 74 83 85 85 85 83 74 33 15 10 7 
XO 56 46 2l ) Il) 21 40 40 20 15 Il 
94 71 60 :W 26 28 49 49 27 21 16 

53 36 37 59 59 36 30 23 
67 49 50 71 71 48 42 34 
82 64 64 86 85 63 57 47 

C'ooling rate distribution in the specimen after 4 seconds 

47 47 44 42 42 42 44 47 51 54 56 54 51 46 40 34 25 13 
47 47 44 42 42 42 44 46 51 53 55 54 50 45 40 34 25 13 
47 46 43 42 42 42 43 46 50 53 54 53 49 45 38 33 25 13 
46 45 43 41 41 42 42 37 33 25 13 
45 45 42 40 41 41 42 37 33 25 13 

39 40 40 40 35 32 24 13 
38 39 4() 39 35 31 24 13 
38 39 39 38 34 31 24 12 
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111.2. Expfrirnental conditions 

111.2.1 Steel composition 

The steel composition IS glven III Table Jill \"a~ ta"cll ti 0111 a h.1I Ill'ing 

transferred from the 1011ghing to the tilllShlllg stand~ al the SOLLAC Fos hol .,IIIP 111111 

This grade is clilTently used to make the hlgh strength, hlgh fOllllabllltv .,tccI Shl'ct \..nmvll 

as HR55 

Table 3 1 Steel Com 10sition (in \ vt %) 

~-j C Mn Si AI Ni C N 

014% 118% 006% 004% 002% o 10 ~% () ()(}~!%_ 
111.2.2 Defornultion conditions 

The objective of this work was to dctermine the cflccts of the var ious production 

parameters on the final propcrties and l11icrost.lIctlll e of the steel ln 01 dei to adlleve tills 

purpose, thermomechanical processing was perl' 01 med on the steel 'i0 a'i 10 1) Ploducc 

the same state of allstenite as at thc end of the tinishillg operation, and 2) sllllulate 

variations of the rolling conditions ln the case of a C-Mn steel conlallllllg no 

microalloying elements, only the history of dcf()f(11<ltion influences the tinal gram sil.c No 

additional phenomena such as prccipitation takc place dllllng the ddtHlnaluHl of such 

steels For this reason, processing that leads to the saille tinal au ... telllte gr al/I ~i/c and the 

same final state ofrecrystallization as on the hot strip mill ~holild be ~Llfliclcnt 

SOLLAC provided the rolling schedule for one coil of "R)') "he tllll;kl\(.! ... <;e~ aller 

the various passes are glven in Table 3 2, togethcr with the colfe'ipondlllg .,trains, 

temperatures and interpass times The velocity of the strip at the eXit of the la~t fini~hing 

stand was also given ft was 9 5 mIs ThiS information maoe pos~ible the exact calculatlon 

• of the strain rates and interpass times Assllllling a constant volume and knowing the spced 
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• v J and thickness h J of the strip at the entrance to the rolling stand, one can calculate the 

strain rate f. in the rolling mill for a given instantaneous thickness h (see Figure 3 9) One 

• 

obtains 

T bl 3? TI' k a e - llC nesses, strams, temperatures an d' mterpass tlmes d' fi' h' urm g lfllS mg 
Pass Illllllbcr 1 2 3 4 5 6 7 

TllICkllcss atthe e.\.lt (111111) J') XX 2122 124 7.74 5.14 388 3.J8 3.16 

Stram o (jJ 1 0537 0471 0.409 0281 0,138 0067 
Tempcrature (OC) 1012 992 954 917 882 848 816 
Intcrpass TUlIC (5) 42-J 247 1 54 1 112 077 067 0.63 

Figure 3 10 shows the evolution of strain rate as the thickness of the strip is 

reduced For the rest of this work, the average pass strain rates are used They are also 

given in Figure 3. Il 

A computer program was written, using the equations developed by Sellars that 

wcre mentioned in the literature review They were used to calculate the fraction 

recrystallized and the grain size at the beginning of each pass and at the entrance to the 

runout table These results are presented in Table 3 3. The last tine corresponds to the 

state of the allstenite at the entrance to the runout table. It can be seen from this 

simulation that the tinal grain size is around 12J..lm, with an accumulated strain 

approaching 27% This can be attributed to the low finishing temperature associated with 

the small redllctions in the last passes, which lead to liule recrystallization 
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Figure 3 9 Definition of the parameters in the calculation orthe stlain rate 
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T hl 33 M' a e Icrostructura 1 . d . fi' h' evo utlon unng mIs mg 
Pass # gralll sile al L Lcumul IIllerpass E Epcak 150% fracllon Eres E* 

enlrance (J.l.IIl) lune (s) (s·] ) (s) R.x 

1 50 (l631 () 631 4245 6.9 0.38 0.14 1 0 0.421 

2 4925 0537 {) 537 2473 15.7 0.49 o 12 1 0 {) 542 

1 35.53 0.471 () 471 1 545 31.8 0.53 0.11 1 0 0.556 

4 25.6 (l409 () 409 1 025 58.4 0.57 0.16 1 0 0.566 

5 17.M5 o 2Ml (l 2M 1 0.77 840 058 092 0.414 0.165 0.545 

6 14.51 () 13& () JOJ 0675 &J.7 0.61 1 17 0.263 0223 0.55 

7 1251 (l.067 0291 063 695 064 27 0.075 0.269 0.563 

12 1 () 269 

The rcheating and dcformation conditions were chosen in order to finish the steel 

in the same range of temperature (around 850°C), with a total deformation equivalent to 

the strain in the last passes of the finishing process The reference testing conditions were 

chosen to be 850°C and a strain of 0.2. These conditions were used to study the influence 

of cooling and coiling on the microstructure and mechanical properties Quenching tests 

performcd just ailer deformation showed that the resulting austenite grain size was 

approximatcly 13/lm 

In the second part of this work, the reheating temperature and amount of 

deformation were changed in order to study the effect of austenite state on the subsequent 

transformation and on the tinal properties The various reheating and deformation 

conditions cOllsidcred for this study are given in Table 3 4 Reheating at 1050°C was used 

in order to producc a very large austenÎte grain size, which led to the formation of low 

temperature products This was do ne with the objective of identifying these phases so as 

to be able to recognize \hem 
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T bl 34 R h a e .. e eatmg an d d fi d" e ormatlon con ltlons 
Reheat Strain used for study of the Strains llscd fi)r study of 
temperature cooling conditions the etfcl.:t of defOl mation 
10500e (10 min) 0 -
9000e (15 min) 0 0,02,04,06,08 
8S0oe (10 min) 020 0, 02, 04, 06,0 8 -
8000e (10 min) 0.20 0, 0.2, 04, 06, 0 8 

111.2.3 Cooling and coiling conditions 

From the information transmitted by SOLLAC on the industrial cooling conditions 

it was deduced that the cooling rate on the runout table is close to an average of 600 ('/s 

This means that the cooling rate when the steel is still in the austenitic state should he 

ab ove 1000e/s. For the present work, this type of cooling late was aimcd al ln thc lilst 

stage, however, only 55°C/s in the austenite was achieved TllIS was used I()r a tir st set of 

experiments. In the second set, modifications to the hclium prcssUl c rcglliator pcnnittcd 

the attainment of 90oe/s in the austenitic range 

As mentioned in the literature review, coiling corresponds to the very slow cooling 

of the steel from the coit:ng temperature to room temperature For the present study, the 

configuration of the grips prevented removal of the specimen at the end of cooling without 

a large decrease in temperature On the other hand, the radiant fùrnace was generally 

much hotter than the specimen, which prevented its use for the simulation of coiling 

Therefore, when the coiling temperature was reached, the helium tlow was stoppcd and 

the specimen was left to cool in air, resulting in a cooling rate of approximately 3 <Je/s The 

coiling temperatures investigated were ail in the range corresponding to rcgimc III of 

coiling, as defined by Kunishige l16 ) Table 3 5 recapitulates the cooling rates and coiling 

temperature used for this study 
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Figure 3 )) shows the eooling eurves obtained in four tests performed at a eooling 

rate of 90°C/s in the austenite, with ditferent coiling temperatures The cooling rate was 

mcasured in the first portion of the curve, where it is a maximum The first inflexion point 

corresponds to the beginning of the austenite-to-ferrite transformation The corresponding 

decrease in eooling rate to approximately 30°C/s is due ta the change in heat capacity and 

to the heat generated by the transformation 

T bl 3 5 C r C d't' a e - 00 mg on 1 Ions 

Cooling rate in the austenite Coiling temperatures 

55°C/s 550, 500, 450, 400 and 300°C 

90°C/s 500, 450, 400 and 300°C 

E\II/llpll" ur Cooling CUI'\l'~ 

900 --- --- --------------

800 

700 

_ 000 

~ i 500 

" t 400 - - ----~-:...---

!3OO 
- -- ------------f-o 
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100 
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Figure 3 Il Examples of cooling curves, 
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111.3 Evaluation of the final prollerties. 

111.3.1 Microstructure 

III 3 1 a Austenite microstructure 

The austenite microstructures were obtained by quenching just aner dellll mation 

The specimens were eut at the intersection with the shoulder and mounted in hake1ite for 

grinding with the torsion axis parallel ta the surface ta bc obsclved The samples weI e 

ground using 240, 400 and 600 grit silicon carbide papers Polishing was then pClllll merl 

with 61lm diamond paste and 0 51lm alumina powder Etching WHS can ied out III a 

solution of saturated picric acid containing 8 drops of HCI Il)r 100 ml of solution and 3 

drops of Teepol The solution was heated to approximately 80°C. This etchant levcals the 

prior austenÎte grain boundaries in the martensite microstructure formed on quenching. 

The grain size was measured in the microscope using the method described ln 

ASTM standard E 1 12 

UT 3.1.a Final microstructure. 

Optical microscopy 

The same procedure was used for the observation of the final microstructures The 

etchant used in this case was Le Perals reagent 1461 This ctchant is used to distll1guish 

between ferrite, bainite and martenstite in dual phase steels It rcveals the l'CI rite as a light 

tan phase, the bainite as a brown phase and the martensite as a bright white phase Pearlite 

was revealed as bainite when the lamellar structure was too fine to be secn using optical 

mlcroscopy. 

Ta measure the proportion of second phase, a grid with 25 intercepts was placed 

in the objective The number of intercepts falling in second phase grains was counted and 
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dividcd by 25 to givc the volume fraction This was repeated over 10 fields or more for 

each specimen 

Electron Microscopy 

To make the thin foils, thin sliees were eut from the surface of the optical. 

microscopy samples They were ground down to a thickness of 70J..lm using 600 grit 

silicon carbide paper A Struers Tenupol 2 was then used for jet thinning with a solution 

containing 6% perehloric acid in methanol. The voltage was set at 30 V and the flow rate 

at 3 Liquid nitrogen was used to cool the solution down to -20°C 

111.3.2 Measurement of the mechanical properties 

To measure the meehanical properties of the final material, the tested torsion 

specimens were used directly as tensile specimens in an MTS servohydraulic tensile testing 

apparatus, as i1Iustratcd in Figure 3.11. As \iule material was available for this study, only 

one test was performed for eaeh experimental condition A crosshead speed of 1 mm/min 

was employed. The crosshead displacement as weil as the force were registered 

continuously Engineering stress was calculated by dividing the force by the cross­

sectional area of the specimen (i.e the gage cross-sectional area minus the center hole 

area) The yield stress was given by the intersection between a line parallel to the elastic 

region shifted by 0.2% and the stress-strain curve. The elongation was approximated by 

the crosshead displacement The percent elongation was corrected so that the results 

would be compatible with ASTM standards(47) 

The total elongation C!Jof the specimen is equal to the uniform elongation eu plus 

the necking elongation The uniform elongation is independent of the geometry of the 

specimen On the other hand, it has been shown(48) that, for a given material, the necking 

elongation is proportional to the square root of the cross-section Ao. divided by the gage 

• length/·o 
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"Fe 1.' = 11--+1.' 
1 ,.- l " 

'il 

For the tensile testing oftlat specimens, the ASTM standmd rcquilcs lhat the latio 

Lo/Ao be 4 5. In arder ta be able to compare the elongations obtaincd \Vith rcsults in the 

literature, a corrected elongation was calculated as follows 
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Figure 3.11 Use of the torsion specimen as a tensile specimen 
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RESULTS 

As underlined in the literature review, little is known about the details of C-Mn 

ferritc-bainite microstructures Most of the work on this subject was performed on 

compositions that have varied over a wide range, usually including alloying elements such 

as Cr or Mo Close examination of the bainite has seldom been performed For this reason, 

the first objective of this work was to identifY the microstructures formed under standard 

rolling and cooling conditions As a second objective, the evolution ofthis microstructure 

and of the associatcd Illcchanical properties was studied for various process parameters. 

This chapter will be divided in the following manner In the first part, the influence 

of the rchcating and dcformation parameters on the state of the austenite will be discussed. 

This will Icad to some clarification of the experimental conditions and of the metallurgical 

meaning of the various proccss parameters In the second part, optical micrographs of the 

tinal microstructUlcs will be presented as pertaining to the various rolling and cooling 

conditions A closer look will be taken at the bainite morphology through a TEM 

cxamination of a few par1icular cases Then, in the last part, the mechanical properties will 

he studied 
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IV.I Initial microstructures 

In order to compare the state of the austenite produccd by thc cOIHlltioning 

performed on the torsion machine \Vith the states cncollntcred on hot st 1 ip I1\llIs, the 

austenite microstructure was tixed by qucnching specimens just ailci dcformation for a 

few characteristic cases 

Figure 4 1 shows the austenite microstlllctui e obtained aller 1 chcatlllg at 850"C 

for 10 minutes followed by a deformation of 20% (equivalcnt stlain) The cOrlesponding 

grain size was measured to be approximately \3~lIn, which is rclativcly dose to the linal 

grain size obtained from the computer simulation of hot lolling on thc hot strip mill 

In order to determine the influcnce of a coarscr austcnitc grain sizc on the 

subsequent transformations, reheating at 900°(' was perfOl mcd, without dcf()llllatioli The 

resulting microstructure is shown in Figure 4 2 A grain size of20~lm was measulcd 

The etTect of deformation was also studied at thesc two reheating tcmpel atlll cs Ii.)r 

strains ranging between 0 and 80%, applied in one single pass The microstructures 

obtained after a deformation of 80% at temperatures of 850°C and 900°(' arc shown in 

Figures 4 3 and 4 4, respectively The corresponding grain sizes werc Ii.llllld to he 1 O~lm 

for a temperature of850°C and 15~m for 900°C 

In order to produce even smaller grain sizes, specimens were rcheatcu at 80()"(' f(>r 

10 minutes and then deformed to various strains However, because of the rclativcly low 

temperature or because of insufficient reheating time, incomplete austenitization was 

achieved For a deformation of20%, the microstructure consisted of a mixture of fine (10-

l2llm) austenite and coarse (25~m) ferrite grains (Figure 45) For a stlain of80%, a band 

microstructure was developed, with elongated ferrite grains alternating with arcas of fine 

recrystallized austenite, as shown in Figure 46 Even ifthis case cannot be related directly 

to conventional hot strip mi)) practice, it is of interest because of its cxtreme character ln 
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fact, with ferrite already present and a very fine austenite grain size, this microstructure is 

expected to lead to high temperatures of transformation from austenite to other phases. 

The final treatment was intended to produce very coarse austenite in order to 

promote low temperatures of transformation Reheating was carried out at 1050°C for ten 

minutes without dcformation The resulting microstructure had a grain size of 150J-lm and 

is shown in Figure 4 7 

Figure 4 1 Austenite microstructure after Figure 4 2 Austenite microstructure after 
reheating at 850°C tor 10 minutes reheating at 900°C for 15 minutes 
tollowcd by a detormation of 20% 
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Figure 4.3. Austenite microstructure aner 
reheating at 850°C for 10 minutes 
followed by a deformation of 80% 

Figure 4 5 Austenite microstructure after 
reheating at 800°C for 10 minutes 
followed by a deformation of 20% 

Figure 4 4 Austenite microstructurc allcr 
reheating at 900°(' tor 15 minutes 
followed by a defol mation of 80% 

.4()jUT\ 

; ,!'fi , 

Figure 4 6 Austenite micro~tructure after 
reheating at 800ae for 10 minutes 
followed by a deformation of 80% 
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Figure 4 7 Austcnitc microstructure after reheating at I050°C for 10 minutes (no 

dcli.lI mation) 
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IV.2 FilUll microstructures 

IV.2.1 Reference state 

IV 2 l.a Optical microscopy 

-- -- - ------------------------, 

Chaptel IV Re~\lJlIs 

As mentioned ab ove, the austcllIle I11ICrostlllClurc produccù hy 1 ehealln,!!. al X ')()"(' 

followed by a deformation of 20% is close 10 the microst 1 UCtUI e ohsel ved on hot sIl ip 

mills For this reason, the results obtained for this ÎllIllal Con(l!llon WCI e con~idel ed as 

reference reslllts They were the object of gr eatcl attention 

Optical Illicrographs of the mierostluctUl cs obtained aHel reheat ing at XSO"(' and 

applying a deformation of 20% followed by cooling al 90"C/s to cOIling Icmpel allll es of 

300°C, 400°C and soooe are presented in Figure 4 8 No difl'cl cnees could he oh:-ervcd 

between the specimens coiled al dln'crent temperatures The 1l1lCI mIl UclUI cs weI e 

composed of a fèrrite matrix, the light phase on the Illlcrogr aph, and a second phase, III 

which the lamellar structure is not readily resolved by Illcans of opl ical micloscopv The 

proportions were approximately 52 % ferrite, 48% sccond phasc Thc IClTlle onen haù an 

acicular shape, with the elongated grains separatcd from one another hy c10ngated second 

phase grains TEM investigation was neccssary tn identily the ~ccolld phase positlvcly 

These results will be discllssed later ln ail cases, thc Illcan gralll 'MC wa .... approxlllIatcly 

5~m However, large second phase grains wele also ob~erved wllh a .... i/e of 1 )Illll 

When a lower cooling rate was L1sed (55°('/s), the ~aJlle type of IlIICI o~lrllclurc wa ... 

obtained (Figure 49) The proportIon of ~econd phase droppcd to abOlit 15110 Again, it 

was not possible ta identify tirmly the second phase by mean.., of opti<.:al IllI<.:ro .... Wpy No 

significant differences were observed bctwccn thc optkal Il1ICro .... tructures of thc "'pcclmens 

coiled at dlfferent temperatures 
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a) b) c) 
Figure 4 8 Microstructure of samples reheated at 850°C, deformed 20% and cooled at 
90°C/s to a) 500°C, b) 400°C and c) 300°C 

a) b) 
Figure 4 9 Microstructure of samples reheated at 850°C, deformed 20% and cooled at 
55°C/s to a) sooac and b) 300°(' 
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IV.2.I.b Electron microscopy 

One of the main objectives of this work was to identity the second phase fOlllled 

during accelerated cooling of the HR55 grade lt was l11entioned ab ove that optieal 

microscopy did not have high enough resolution for this purpose, TEM hall to he lIsed 

Specimens cooled al 9()OC s 

In Figure, 4 10 the miclostructllre of a specimen cooled at 900 ('/s and coiled at 

300°C is shown under low magnificat ion It can be observed that the microstructure is 

relatively complex One can distinguish four main components i) polygonal glains of 

ferrite (A), ii) large acicular tèrrite grains, Iii) blocks of acicular territe with or withollt 

interlath carbides (B), iv) grains of ferrite with a dense but non-uniform distl ihution of iron 

carbides and, often, a high dislocation density (C) It is probable that the last two 

constÎtuents correspond to the dark second phase on the optical microglaphs, whereas the 

first two are related to the white phase The blocks of acicular ferrite containing interlath 

carbides correspond weil with the definition of upper or 8 2 bainite in Blamlitt and Specr's 

nomenclaturel39J The other second phase constituent cannot he named so easlly The size 

of the carbides and the frequent high dislocation density may be the mark of a low 

temperature phase related to lower bainite Figure 4 Il giv(!s examples of this unusual 

microstructu re 

At a higher coiling temperature (450°C), the sarne type of microstructure was 

obtained, with clear 8 2 bainite blocks (Figure 4 12) in additiun to polygonal ferrite, 

acicular ferrite, and the other second phase component An example of the lattcr, whclc 

the very fine carbides are aligned and surrounded by agglomerations of dislocations, IS 

presented in Figure 4 13 It was not possible to sec any clear influence of coiling 

temperature on the final microstructure from the TEM cxaminations 
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Figure 4 10 TEM micrograph of a specimen reheated at 850°C, strained 20%, and cooled 
at 90°C/s to 300°C (A) polygonal ferrite grain, (B) bainite, (C) carbide-bearing second 
phase component 
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Figure 4 Il Carbides-containing ferrite second phase in a specimen rcheated al 850°(', 

deformed 20% and cooled at 90°C/s to 300°C 

Figure 4.12 8 2 bainite (A) in a specimen reheatcd at 850°C, deformcd 20% and coolcd at 

90°C/s to 450°C . 
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Figure 4 13 Aligned carbides in ferrite in a specimen reheated at 850°C, deformed 20% 

and coolcd at 900 ('/s to 450°C 
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Specimens coo/ed al 55°(' .\ 

When a lower cooling rate (55°('/s) was used, the second phase had, most of the 

time, a c1ear lamellar pearlite stmctllre (A) (Figure 4 14) SOlllctimcs, hOWCVCl, this 

stmcture was degenerate (8) In Figure 4 14, grains of l'CI rite \Vith an aciculm shape can 

be seen Again, the TEM observations did not leveal any dlll'clencc between the 

specimens coiled at difTerent coJling temperatures 

IV.2.2 Influence of the illitialmicrostructllre of the ~Hlstellite 

IV 2.2 a Reheating at 9000 e 

Specimens coo/ed al 9()0('"s 

An optical micrograph of a specimen rchcated at 900°C I(H 1') minutes (austcllIte 

grain size 20llm), cooled at 900 e/s and coiled at 450°C is presented in Figllle 4 15 This 

microstructure is similar to the microstructures observed in the specimens reheatcd at 

8500 e and strained 20% (austenite grain size 101lm) The volullle fi action of second phase 

was approximately the same as for the previous case TEM investigation revealed the 

same type of microstructural elements as for the specimens reheated al 850"(' and stl ained 

20%. Figure 4.16 shows a region of a specimen rehcated at 900°C, coolcd al 90°('/5 and 

coiled at 3000 e In this case, bainitic ferrite without apparent cal bides (1\) or wllh intellath 

carbides (8) can be seen, in addition to non-uniformly distributed cal bides inside a ICI fltc 

grain (C). 

Specimens coo/ed al 55°C/s 

The specimens reheated at 9000 e and coolcd al 55°C/s wele fc:>~nd 10 have 

microstructures identical to the one found in the standard state at the same coolmg rale 
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/ 

j, 

Figure 4 14 Fine pearlite in an acicular ferrite 
matrix in a specimen reheated at 850°C, 
deformed 20% and cooled at 55°C/s to 350°C . 
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• 

Figure 4 15 Microstnlcture of a specimen reheated at 90QoC and coolcd at 90°(,/s to 
450°C. 

• Figure 4 16 8ainites in a specimen reheatcd at 900°C and cooled at 90°C/s to 300"C 
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1 V 2 2 c Specimens stramcJ ~W% 

1 n order to obtain additional mformation about the influence of the initial austenite 

microstructure on the final microstructure, specimens were strained to an equivalent strain 

of 0 8 (80%) cooled at 90°C/s and coiled at 400°C after reheating at two temperatures 

(850°C and 900°C) The microstructure associated with a reheating temperature of 850°C 

IS shown in Figure 4 17 It dlsplays the saille characteristic features as the microstructures 

observed in the specimens strained 20% The portion of second phase was 51 %, which is 

identical to that round in the reference specimens The average grain size was finer than 

f()r the refcrence state (3 511m) This seems to be due mainly to the smaller size of the 

second phase grains (1 0l1m instead of 1611111) 

IV 2 2 d IntcrcritJcally rolled specimens 

A selÎcs of spccllncns was deformed in the intercritical range (austenite plus 

fèrritc) al ROOoe to variolls levels of stl ain These were sllbseqllently cooled at 90oe/s to 

400°C The miclOstrllctllre prodllced by applying a strain of 20% is presented in Figure 

4 18 It is composed of large areas of ferrite, which correspond to the ferrite present 

befùre acccicr atcd cooling, and of a dense mixture of ferrite and a second phase which has 

replaced the former austellitc At high magnitication, the second phase displays a resolved 

lath strllctlll c (Figure 4 19), whlch IIldicates that it is bainite The fraction of second phase 

is arollnd 44% fOi an initial allstcllite content of 62%, which means that 70% of the prior 

allstenitc tl ansfol mcd into t he second phase 

The saille type of 1 esult was obtained for the speClIllens strained 80% before 

cooling (Figure 4 20) The Il1casured propol1ion of second phase was 41 % 

63 



• 

• 

Chaph!1 1 V Rt'sults 

Figure 4.17 Microstructure of a specimen rehcated at 850°C, dcfOllllcd ~O% and cOlllcd at 
90°C/s to 400°C 

Figure 4 18 Microstructure of a Figure 4 19 Saille as 4 1 S The sccond 
specimen reheated at 800°C (in the phase posscsses an acicular structure 
intercritical range), deformed 20% and 
cooled at 90°C/s to 400°C 
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A series of specimens was reheated at 1050°C for 1 ° min, leading to a coarse 

(150J.lm) austenite grain size Such a microstructure was produced in order to delay the 

austenitc-to-ferrite transformation by decreasing drastically the number of ferrite 

nucleation sites The intention was to promote the formation of low temperature 

transformation products and to compare them with the phases identified in the previous 

cases The cooling rate used for these expeliments was 55°C/s. 

Optical micrographs of specimens coiled at 500, 400 and 300°C are presented in 

Figure 4 21 Optical microscopy does not reveat any dependence of the microstructure on 

coiling temperaturc It is composcd of acicular ferrite and 30% of a second phase TEM 

cxamination rcvealed the nature of the second phase. Wh en the coiling temperature was 

high, il was f{ml1cd of bainite, with a weil defined lath structure in addition to fine pearlite 

and ferrite grains containillg non-unifonnly distributed carbides (Figure 4 22). At a lower 

temperatllre (450°C), the proportion of ferrite grains containing carbides increased. The 

carbides WCI c smaller and onen aligned (Figure 4 23) At very low coiling temperatllres, 

(300°('), martensite cluslers wcre identified, in addition to the components present in the 

other specimens 

65 



• 

• 

Chapter IV ResuIts 

Figure 4.21 Microstructure of specimens reheated at IOSO°C and cool cd at SS"C/s to a) 
500°C, b) 400°C and c) 300°C. 
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Figure 4 22 Carbides in ferrite in a Figure 4 23 Aligned carbides in a specimen 
specimen reheated at I050°C and cooled rcheated at I050°C and cooled at 55°C/s 
at 55°C/s to 500°C to 400°C 
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.V.3 MechnnÏflll prolu'rties 

1 V.3.1 1 nfluence of coilillg tempernture :lIld coolillg rate 

1 V 3 1 a Y Icld strength ana tensile !:>trength 

The influcnce of coiling temperature on the tensile strength associated with various 

mltial conditions and cooling rates is illustrated in Figure 4 24. The yield stress data are 

prcscntcd in Figlll e 4 25 

Till ce dillèl cnt behaviors can be identified in Figure 4 24 The tensile strength of 

the tirst group of specimcns is centered around 520 MPa and increases slightly with 

dcclcasing coiling tempcrature, from a low of 51 0 MPa for a coiling temperature of 530°C 

to 540 MPa for a coiling temperature of 300°C A second group is characterized by a 

stable Icvcl of tensile stl ength centered around 560MPa The third group displays a strong 

dcpcndcnce on coiling temperatUl e, with the tensile strength increasing from 515 MPa to 

617 MPa 

Rl!hl!allll~ al 85(}O(' ancll)()(}O(' al/cl r.:()()IIII~ al 55°('/s 

The fi, st gloup of data correspond to specimens cooled at the lowest cooling rate, 

55°('/s, fi om rcheating tcmperatures of 850°C and 900°C It also indudes the specimens 

dcfOi med in the IIlterclltical region and cooled at 90°C/s For the specimens reheated at 

850°(' and stlllincd 20%, the tensile strcngths ranged frol11 510 to 535 MPa, increasing 

slightly \Vith deci casing coiling tcmperature. The yie1d strength was contained between 

360 and 380 MPa For the specimens reheated at 900°C, the tensile and yield strengths 

\WIC slightly highcl (bctwccl1 512 and 540 MPa for the tensile strength and between 375 

and 396 MPa for the yidd strcngth) 
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Although the yield and tensile strengths increase with decreasing coiling 

temperature, the magnitude of the variations is limited (20 MPa). As only one test was 

performed for each condition, the small trends ohserved can he attrihuted to normal 

experimental scatter For this reason, it can he concluded that coiling temperature has litt le 

influence on the tensile and yield strength of specimens reheated at 8500 e, as weil as of 

those reheated at 900°C wh en the cooling rate is 55°C/s 

/)eformalllJII m Ihe infercr/Lica/ range and cooimg al 90°C/s 

The specimens deforrned in the intercritical range at 800°C and cooled at 90°C/s 

also had tensile strengths at the same level, between 534 and 540 MPa, and relatively low 

yield strengths, between 357 and 363 MPa. The coiling temperature does not seem to 

have mu ch influence on the mechanical properties under these conditions . 

The second group of data concerns specimens cooled at 90°C/s from 900°C and 

8500e The tensile strengths were around 555 MPa for reheating at 850°C and lay 

between 550 and 569 MPa for reheating at 9000 e. The yield strengths fell between 395 

and 414 MPa for both treatments The coiling temperature does not seem to have any 

influence on either the tensile or the yield strength at this cooling rate. 

Rl!hl!allllg al 1050 and coo/llii! al 55°C<\·. 

The last group of data is composed of the specimens reheated at 10500 e without 

detormation and cooled at 55°C/s In this case, the coiling temperature has a strong 

influence on the tensile strength, which increases continuously from 515 MPa to 617 MPa 

with decreasing coilif~ temperature The yield strength also increases from 433 MPa at a 

coiling temperature of S500e to 502 MPa at 4000 e, the value for a coiling temperature of 

]00°(' being lower at 489 MPa 
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IV 3.1 b Elongation and yield ratio 

The total elongations determined in these experiments arc present cd III FlgUl C 

4 26 The corrections necessary to match the ASTM standards as weil as the possible 

inaccuracies due to the shape of the specimens make these results ambiguous The 

separate influences of cooling rate, coiling temperature and austenite state bcfhre conling 

cannot be identified on this graph Only the specimens reheated at 1050°(' display an 

elongation appreciably lower than for the other conditions 

The uniform elongations (Figure 4 27) are probably more represcntativc This is 

due to the fact that it is an intrinsic property of the material, and is indcpcndent of 

specimen shape In Figure 4.27, the same three groups of data can be identified as for the 

tensile strength. Specimens cooled at SsoC/s from a reheating tempcrature of 850°(' or 

900°C display the highest elongations, together with the specimens rolled 111 the 

• intercritical range and cooled at 90°C/s Intermediate values are obtained lor specimcns 

cooled at 90°C/s from reheating temperatures of 900°C and 8500 e Low values are 

observed for the specimens reheated at 10S0°C No clear influence of coiling tempcratul e 

could be observed on the uniform elongation 

• 

The uniform elongation and yield ratio (ratio of the yield strength to the ultimatc 

tensile strength) are considered as the most important properties for the press fèmning of 

steels The yield ratio is illustrated in Figure 428 Very low yield ratios, betwecn 066 and 

o 70, were obtained for the specimens deformed in the intercritical range Yicld ratios for 

the specimens reheated at 850°C or 9000e ail fall between 0 70 and 0 75, indcpcndcntly of 

the cooling rate The highest yield ratios, between 0.80 and 085, were obtained for thc 

specimens reheated at 10S00e 
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IV.3.2 Influence of strain 

The first series of results on mechanical properties was intendcd tn show the 

possible influence of coiling temperature, of cooling rate and to some extent of the state of 

the austenite before cooling. Additional information regarding the influence of the amount 

of strain will now be presented. Specimens were reheated to three ditrerent tempci atures 

(800°C, 850°C and 900°C), subsequently strained to equivalent strains of 02, 04, () 6 and 

0.8, and cooled at 90°C/s The results are shown in Figure 4 29 for the yicld and tenslle 

strengths, in Figure 4.30 for the uniform elongations, and in Figure 431 for the yicld ratio 

From these graphs, no influence of strain can be detected The yicld ratios of the 

specimens deformed in the intercritical range are still the lowest 
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CIIAPTER V 

DISCUSSION 

The results presented in Chapter IV were obtained by laboratory simulation. 

Nevel thcless, they were intended to provide information about events taking place du ring 

the jDloccssing of IIR55 steels in an industrial environment The link between the 

experiment and thc industrial process is not necessarily an casy one to establish It will be 

the object of the 111 st part of this discussion, where the influence of the various process 

parametel s is described ln the second part, a theoretical approach will be taken to explain 

the metalllllgicai phen0111cna obselVed during this study For this purpose, the cooling 

curves wIll be analyscd in dctail and a method, developed during this investigation, of 

dcducing the transformation kinetics from the cooling data will be presented In the last 

part, a synthesis will be canied out, which leads to recommendations for rolling and 

cooling practiccs that should have bencficial consequences on the qllality ofthis product 

V.l MkrostrUl'tun's 

VariOllS nllcrostrllctures wcre obsclVcd and presented in Chapter IV The 

objective was to identity them in order to be able to interpret the metallographic results in 

an industl ial contcxt To begin the discussion, these microstructures will be summarized 

brietly This will pCllnit the diflèrem cases to be related more clearly to the pro cess 

conditions Then the consequences of these microstructural characteristics on quality 

contlOl Will be dlsclIssed 
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Three main microstructurcs \VCle ti.Jund 

A mixture of polygonal and/or aciculm rel lite, \ ely tine peililite and SOIllC 

degenerate pearlite This miclostructUle \,,,,lS abserved in ail specllnens cooled 

from a tine austenite grain size (10 ta 20~lm) at the lowest cooling late, SS"C/s 

Optical microscopy was insutlicient in this case to make out the lalllcllai sU lIctUI e 

of the pearlite. • 

2 A mixture of polygonal and/or acicular terri te, and a second phase containing B2 

bainite, and anather companent composed of ten ite cOlltallllng a nOn-Ul1lti.H III 

distribution of carbides This miclOstrllctllre was observed in ail specimens coolcd 
. 

from a fine austenite grain size (lOto 20pm) at a high cooling 1 ate, (JO"('/S lJndel 

an optical microscope, the appearance of this mixture was similar to that or the 

previous microstmcture, ditlercntiatcd 11 alll the latter only by a highcl ft action of 

second phase 

3 A mixture of strongly acicular fernte, and a second phase conlail1lng B2 bail1ltc, 

and another component composed of ferrite containing a non-unil'orm distlibution 

of carbides This microstructure was observed in specimens cooled at 55"('/s l'rom 

a coalISe austenite grain size (150llm) The proportion of the ferrite plus carhide 

phase seemed to increase when the coiling temperature was decrcased 

The lack of information about the appearance of the second phase lIom other 

sources makes it difficult to compare these results with those of other workers The main 

informatio .. n found indicates that, in the case of the specimens cooled al <)O<JC/~ fi om a fine 

austenite grain size (10 to 20llm) and at 55°C/s from a coarsc au ... tenite grain o;ize, the 

second phase is not composed of a smgle component but of two diffcrent components 

One is easily identifiable as bainite The second does not corre ... pond readily tn any 

c1assical nomenclature It does not possess a lamellar !'>tructurc alti ibutable to pcarlitc nor 
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• a c1ear lath structure, such as those encountered in bainites or martensites At this point, it 

is not eVèn possible to conclude whether the second component is a low temperature 

product, related to lower bainite, or a high temperature product, such as a form of 

dcgenerate pearlite The frequently observed h~gh dislocation density could be a sign that 

it IS a low temperature product So would the observation that the proportion of this 

unidentified component tends to increase as the coiling temperature is' decreased. 

Ilowever, TEM observations are not necessarily representative of the bu1k material as far 

as the proportions of the phases are concerned The massive appearance of the carbides 

• 

and thcir alignment could indicate that this phase was formed at high temperatures as a 

result of the dccomposition of pearlite This would be in agreement with the faet that 

pcarlite was also observed in the specimens cooled at 55°C from a coarse austenite grain 

size 

From an industrial point of view, the fact that the second phase is composed of 

two clements that cannot bc distingllished solely by optical microscopy Iimits the use of 

the latter for quality control of the so-called ferrite-bainite grades Moreover, the optical 

Illlcrostructures produced by slow cooling difTered from the ones obtained by fast cooling 

only by the amount of second phase During this research, several etchants were tried 

(nital, picral, Le Pemls reagent), ail ofwhich led to the same type of contrast between the 

second phase and the matrix In ail cases, the distinction between the former and the latter 

was complicated by the morphology and composition of the second phase, which resulted 

in large dm kncss variations within the second phase grains It appears that areas 

containing a high concentration of carbides are mllch darker than the lath-bainite that is 

all110st ti'ce of precipitates For this reason, the attem.pts to use image analysis for 
> 

quantitative characterization of the microstructure resulted in only limited success. This is 

another difficulty with regard to the industrial context, where image analysis now tends to 

be used cxtcnsivcly for quality control 
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V.2 Influence of the process parameters 

The second objective of this work was to identity the influcncc of plllCCSS 

parameters such as cooling rate, coiling temperature and finish rollmg tempel ature The 

results displayed in Chapter IV were ail obtained under conditions intended to Icplcsent 

possible variations of the actual process parameters ln what follows, the majol tcndcncics 

will be outlined. In the next section, the physical mechanisms 1I1volved in the phenomcna 
""' 

observed will be.. exarnined more c\osely .... .\ 

V.2.1 Coiling temperature 

As mentioned in the literature review, coiling temperature is considcrcd by many 

authors as the most intluential parameter with regard to the microstructure and mcchanical 

properties [29-321. Most authors distinguish three ditl'erent temperature ranges bctween 

which large differences are observed' regime 1 for temperatures abovc 500°(', Icading to 

the formation of ferrite-pearlite microstructures, regime Il for tempel atures bet wcel1 

500aC and 300°C, in which ferrite-plus-bainite is found, and regimc III correspondmg to 

temperatures below 300ae, where martensite is sometimcs produced 

In the present context, the idea was not to develop a new steel, but rathel to 

investigate the possible variations in microstructure and properties likely to be induccd by 

processing parameter fluctuations during the manufacture of HR55 strip For this rcason, 

ail the investigations were carried out within the regime II temperature range, i e betwecl1 

500ae and 300oe, with exception ofa few tests at 550°C 

The results can be c1assified according to the stale of the auslenÎle hcf(:>re 

accelerated cooling. For specimens reheated to low temperatures, 1 e 800"C, 850°C and 

900oe, the coiling temperature did not seem to have an influence on the microstructurc 

• The mechanical properties were subject to sorne variations, which remained, howcver, 
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limited in amplitude For example, the specimens cooled at 55°C/s from reheating 

temperatures of 800°C and 900°C displayed an increase in tensile strength of 

approximately 20MPa when the coiling temperature was decreased from 500°C to 300°C 

(Figure 424) This can be considered as a variation oflimited importance 

The yieiu strength did not display the same evoJution It was relatively stable over 

the entire coiling temperature range or, rather, it exhibited fluctuations that could not be 

rclated to changes in coiling temperature The specimens cooled at 90°C/s from fine 

austcnite microstructures also displayed very uniform yield and tensile strengths over the 

coiling temperature range. In their cases, the uniform elongation was subject to larger 

variations th.tn for the other specimens But, again, it was not possible to deduce any c1ear 

tendency from these results Putting together ail the observations, it can be said that 

coiling temperature has very little influenc~ on the mechanical properties for specimens 

which have fine austenite grain sizes before accelerated eooling; this eonfirms what was 

alrcady observed for the microstructures 

For the specimens reheated at lOS0°C, which exhibited a coarse austenite grain 

size bcfore accelerated cooling, sorne variations were observed in the microstructure with 

dccreasing eoiling temperature The meehanieal properties also displayed large variations 

with decreasing coiling temperature The tensile strength increased as mueh as lOOMPa 

when the coiling temperature was lowered from 550°C to 300°C The yield strength was 

also atlècted, with an increase of about 70MPa between 550°C and 400°C A further 

decrease to 300°C resulted in a decrease in yield strength that can be attributed to the 

appcarance of martensite, whieh was observed at that temperature Similar diminutions of 

yicld strcngth because of the appearance of martensite have been observed by many 

workers and are at the origin of the outstanding work hardening properties of dual-phase 

stecls Consequently, wc can say that coiling temperature has a strong influence on the 

79 



Chapter V Discussion 

• microstructure and mechanical properties in the case of specimens 1 rhrah:d at IOStY'C 

before accelerated cooling 

• 

V.2.2 Cooling rnte 

As mentioned in the litcrature reVIC\V, frw studics have concentlatcd on the 

influence of cooling rate on the pl opcl1ies of l'Cil ite-bainite stecls and, whrn this was donc, 

it was the pattern of cooling that was changed and not the cooling 1 ate itsclf The clloling 

rates used were also often mu ch lower than the cooling rates clll:ountered in hot stl ip 

mills. The intention of the present study was thus to dctcrmine the lolc of cooling late, 

when it is situated in a range comparable with industrial ones Two eoollllg 1 ates were 

used for this work 90°C/s and 55°('/s, as mcasurcd in the austenitc Icmpclallllc range 

Figure 4 24 above illustrated the inl1l1cncc or cooling rate on tenslle sllenglh FOI 

the same initial conditions, an increase in cooling 1 ale Il om 55°('/5 to 90°('/" 1 csultcd III an 

increase in tensile strength by an average of 30MPa The yicld stlenglh dlsplayed similar 

behavior, as it increased by approximately 30MPa, whilc the lInifüllll clollgation dcel cased 

by 3 to 4% (Figure 4.27) 

The microstructures were also grcatly afl'cctcd by the inci case III coollllg 1 al c The 

proportion of second phase rose from 35% to ncarly 50% and its llIorphology ehanged 

from lamellar pearlite to lath-like B2 bainite and/or ferrite contallling a f:lirly JlIgh dCIIsity 

of carbides. This evolution explains the observed variation in the Il1cchanical propcrlics, 

although such a strong influence on the microstructure was not expccted 

V.2.3 Stnte of the ~lUstenite 

The last factor studied in this investigation was the "talc of the austcnitc berme 

accelerated cooling. It is related ta the finish rolling temperatllre elllployed in the hot strip 

mill. In the present study, the state of the austenite was changcd by changlllg the rchcat 
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• temperature a~ wdl as the amount of strain before cooling This resulted in variations in 

austcnitc gram SILe l'rom 1010 20flm 

• 

The last sectIOn of Chapter IV revealed that the state of the austenite had no 

notlceable cflèct on the mechanical properties in the case of the specimens cooled at 

90°C/s (Flgure~ 4 29 to 4 31) This was also evident from Figures 4 24 to 4 28, where the 

IlIcchanical properties of the specimens reheatcd at 850°C (l3111n) and those of the 

specimens reheated at 900°C (20J,lm) were identical Furthennore, the microstructure was 

little aflècted by such a change in austenite grain size, the only variation being a slight 

decreasc in final grain size 

Thcsc rcsults arc in appal ent cOl1twdiction with the observations of various 

authors, who found that larger stl ains applied prior to accelerated cooling promoted the 

formation of higher temperature second phase products sllch as pearlite, leading to a 

declease in the stlength orthe steel 

ln the case of the specimens cooled at 55°(/s, a slight increase in tensile strength 

( IOMPa) was noticcable when the reheating temperature was increased from 850°C to 

l)OO"C Ilowever, the extent of this var lat ion is limited and is not likely to be significant 

The ca~e of intcrclitlcal rolling was also stlldled WllIle the second phase formed 

bv cooling at l)O"C/S lookcd Irke bainite, the mechanical properties obtained were those of 

a speCllllcn coolcd al 55°(/s fi'om a tine (lOto 20flm) austenite structure. For these 

spccill\en~ again, the stl ain did not seem to have any intluence on the mechanical 

plOpcrtics, even whcn very large variations in grain size and ferrite/second phase 

dlstlibution \Vere involvcd 

Additlonul 1 eSlllts were obtained by reheating at IOS0°C. In this case, the behavior 

of the steel \vas completcly d.trerent, bccause it displayed a strong sensitivity to coiling 

tcmpel atm c and becausc very hlgh stl cngth levels were attained However. the allstenite 
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grain size resulting from reheating was extremely coarse. 150~lm. 1 e about 1 () tllnes the 

grain size of the specimens mentioned earher 

V.J Interpretation of the results 

In the previous sections, the influence of the proccss paramdel s on the 

microstructure and mechanical properties wa~ described 1t can be summalllcd as fi.lllows 

there is a strong influence of cooling rate and httlc intluencc of cOlling tempci atUll' 1lI 

state of the austen,ite before accelerated cooling ln order to undcl stand thesc 1 csuIts. Il IS 

of interest to kn.ow something about the progress of transformation dllllllg acœlci atcd 

cooling Such information is usually obtained from dilatOlneter Illcasuremcnts Bul Ihe 

equipment was not available at McGiIl For this reason, a new and dillclcnt mcthod was 

deve1oped. It is based on work published by IRSID and uscs changes III Ihe thcl mal 

properties of steel during cooling 

In what follows, the principles of the IRSID method will tirst be explatned Then, 

the limitations attributable to the configurations of the specimen and orthe machinc Will hc 

dealt with. The assumptions made and the experimental verilications carncd oui Will also 

be the object of a section Finally, the results will be summari/.cd and prescnlcd togcthcl 

with the transformation mechanisms that are considered to occur on thc Illnolit tahlc 

V.J.I Principles of the IRSID method 

The method was described briefly during the 291h Confclcnce of Metallurglsts III 

Hamiltonl151 It is based on performing a thermal balance during coohng Dunng coohng, 

heat is removed from the specimen at a rate that can be calculated, provldcd that laws of 

cooling for the relevant medium are known If the specific heat of the matenal 1" krown, 

the temperature changes induced by su ch heat removal can be calculated in the ahsence of 

transformation When transformation occurs, heat is generated (or absorhcd, dcpending on 

the direction of the reaction) It results in a lower cooling rate (sec Figure 5 1) This heat 

being proportional to the amount of primary phase transformcd mto the "econdary pha~c, 
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• it is possible to deduce this quantity from the dcviations ti'om the 01 iginal cooling rate 

This phenomenon is described formally by the following equatillll 

• 
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Figure 5.1 Cooling curve illustrating the influence of the transformation on the cooling 
rate. 

The general heat balance can be written as: 

ct>. A.dt = -m C" dT+m.AHy-+ll.dz (5 1) 

where <Il is the flux of heat removed by the coolant per unit area, A is the surfilce area of 

the specimen, dl' is the temperature increase in time dl, ni is the lIlass of the specimen, (i, 
is the spedfic heat of the material at instant l, MlY-+I! is the heat gcnerated by the austcnite 

to ferrite transformation per unit mass, and dz is the fraction of austenite transformed in 

time dt. 

When this method was first used at IRSID, small dilatomcter specimens wcre uscd 

with compressed helium as the coolant. In this case, the heat flux Cl> was known with 

precision. The rate ofheat transfer obeyed Newton's law, 
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<I> = ).(7'- T ) Ra .. (5 2) 

where T is the temperature of the specimen surface, Tgas is the temperature of the cooling 

gas, and Â. is a constant that depends on ~ he thermal conductivity of the gas, the geometry 

of the specimen, and the pressure and rate offlow of the gas around the specimen. 

The temperature of the specimen was measured during cooling, and the thermal 

properties, Cp and I!JIr-Hz were known It was thus possible to calC'ulate the amount of 

transformation dz from. 

dz = <1>. A.dt + ni Cp.dT 

ni Mir-Hl 

V.3.2 Modification of the method to torsion specimens 

(5.3) 

In the present case, the specimens were mu ch more massive th an for dilatometry 

and the temperature was measured at the interior. In Chapter III, computer simulations 

showed that, during cooling, gradients of temperature were generated between the center 

and the skin of the specimen. This implied that Newton's law could not be used directly by 

replacillg the surface temperature by the center temperature. 

In order to determine the relation between the heat flux and the temperature at the 

center, a computer simulation of cooling was performed assuming that no transformation 

occurs. Figure 5 2 shows the curve of cooling rate versus temperature at the center 

obtained from this simulation. A Iinear relationship is observed over the major part of the 

curve. To check this result, a ferritie stainless steel sam pIe, which does not transform 

when the temperature is decreased, was cooled in our testin!; apparatus. The same type of 

relationship was obtained (Figure 5.3). The cooling rate measured at the center of the 

specimen in the absence of transformation can thus be expressed as: 

dl' 7' b -=a + 
dl 

(5.4) 
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where a and b are constants, 

CUllIllUtN lthllUllitlUIl 

80,------------------- --- - - -- - -

70 

60 
••• ••• •••••• 

10 

o +-------t---- -----1-- -- -t-- - --- - - - t-

300 400 500 600 700 

'1l'IIIIll'rulun' (oC') 

••• ••• 
...... 

•••• 

HOa 000 

Figure 5.2 Cooling rate versus temperature obtained by computer simulation assurmng 
that no transformation takes place 
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Figure 5.3 Cooling rate measured on a ferritic stainless steel specimen cooled with 
compressed helium . 
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For a cylindrical cell of radius rand length 1 located in the center of the specimen, 

the hcat balance can be written, in the absence of transformation, as 

2Trr/.4.>.dt = -m· 2/.p.Cp.dT (5.5) 

where p is the mass per unit volume. When combined with equation (5.4), this yields: 

rp 
<I> = -Cp(aT+h) 

2 
(5.6) 

It is convenient to express <I> in a form similar to Newton's law, which is done by 

defining a function Â(T) su ch that: 

(5.7) 

The general heat balance becomes: 

(5.8) 

From equation (5 7) and assuming that no transformation takes place (equation 

5.6), the general fonn ofÀ(T) can be deduced. 

In what follows, it is assumed that MT) retains the same form throughout the 

transformation. In other words, this !s equivalent to assuming that heat transfer from a cell 

within the specimen is not greatly atfected by the transformation. This neglects possible 

changes attributable to modification of the thermal conductivity of the material due to the 

transformation. However, computer simulations have shown that such variations are not 

very large, which permits use of the assumption as a first approximation . 
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To determine the transformation kinetics, one only has to know the values of CI and 

b. They are obtained by fitting the function À(T) to the cu IVe relating ., ('~', d r to the 
U - 7~'lf) dl 

temperature at temperatures where the state of the material is known. This is illustrated in 

Figure 5.4. , Cp dT was calclliated for the two values of C" COI responding to 
(7 - ~as) dt 

austenite and ferrite. At high temperatures, À(T) is fitted to the l'UlVe fbr austenitc and at 

low temperatures it is fitted to the curve for ferrite. d= is then obtaincd using equation 

(5.8) through an incremental process. After each time increment, dz is calculated nlong 

with Cp' which is expressed as 

(5 10) 

where Cpa and C!l'y are the specifie heats offerrite and austenite, respectively 

The kinetic cUlVe obtained by this method is iIIustrated in Figure 5 5, together with 

the cooling rate versus temperature curve for the specimen for which ï..(T) was fitted in 

Figure 5.4. The correspondence between the linear portions of the cooling rate curve and 

the beginning and end of the detected transformation is readily obselVable 

A computer program which performs ail these calculation steps was written. The 

flow chart is shown in Figure 5.6. The listing is given in Appendix Ill. The results obtaincd 

by this method were compared with those reported by A. Hurkmans ct aUII!, who 

employed a similar method on a O.II%C-I%Mn steel. Good agreement was observed for 

the shapes and positions of the curves . 
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~rocedurc: File treatment 
crases data file and creatcs new file 
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1 
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Figure 5.6 Simplificd flow chart of the computer program llsed for the calculallOn of Ihe lransformmion 
kinetics by the IRSID Illethod 
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V.J.J Transformntioll killctics 

U!)ing the method described ab ove, the transformation kinetics were calculated for 

several specimens reheated, deformed and cooled under various conditions. In order to 

have a large range of temperatures for the fitting of Â(T) at low temperatures, only the 

specimens coiled at 300°C or below \vere used. The results are displayed in Figure 5 8. 

Three different behaviors are observed. The specimens cooled at 55°e/s from 

900°C or 850°C begin their transformation at the highest temperature (730°C) and are 

completely transformed above SOO°C. When the cooling rate is increased, the 

transformation curved is moved by approximately 25°C towards lower temperatures. 

When reheating is performed at 10500 e (Ieading to coarser austenite grain sizes), the 

transformation is further delayed by 75°C 

The negligible influence of coiling temperature on the microstructure and 

mechanical properties can be readily interpreted with the aid of Figure 5.7. For both the 

specimens cooled at 55°C/s and those cooled at 90°C/s from a fine austenite 

microstructure, the transformation was 9S % complete above SOO°C The majority of the 

coiling temperatures employed were situated below soooe, Le. in a range where the 

transformation was over. The only possible alterations that could result from decreasing 

the temperature would be changes in the carbon or nitrogen concentration, as described by 

Kunishigel161 . 

The effect of nitrogen is related to the precipitation of AIN, which occurs only very 

slowly at low temperatures, leading to an increased level of solute nitrogen in the matrix. 

In the present case, the amount of isothermal holding after the end of accelerated cooling 

was probably insutlicient for any significant AIN precipitation. This is amplified by the fact 

• that the present nitrogen content was approximately half that used by Kunishige. 
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Transformation Kinetics 
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Figure 5 7 Transfonnation kinetics calculated by means of the IRSID method 
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Variations of solute carbon content were observed by Kunishige after coiling at 

temperaturelt between 200°C and room tempp-rature. In the present study, the coiling 

temperatures were above 300°C. Little influp-nce of coiling tel11perature can thus be 

expectec.l 

For the specimens cooled at 55°C/s from a reheating temperature of I050°C, 

corresponding to a large austenite grain size, a strong influence of coiling temperature was 

observed. This can be interpreted with the aid of Figure 5.7. In this case, the 

transformation is delayed to mu ch lower temperatures. ft is incomplete at most of the 

coiling temperatures used for this study, leading to the possibility that different types of 

transformation products can form after the end of cooling. 

The Ms temperature was calculated to be 432°C for the steel studied, usmg a 
formula from the Iiterature(6J. In the case of the large austenite grain size specimens cooled 

at 55°C/s, wh en this temperature is reached, there is still a large volume fraction of 

untransformed austenite, which explains the presence of martensite in the specimens coiled 

at 300°C. In the finer grain size materials, by the time the Ms temperature is reached, the 

austenite has already completely transformed into ferrite plus second phase. This explains 

why no martensite was observed in these specimens, even when low coiling temperatures 

were employed. 

V.3.4 Influence of cooling rate on transformation temperature. 

From Figure 5.7, it can be observed that, when the cooling rate is increased from 

55°C/s to 90°C/s, the Ar3 temperature is lowered by 23°C. The measured values of Ar3 

are 675°C for the specimen cooled at 90°C/s and 698°C for the specimen cooled at 

55°C/s. For better representativity, Ar3 was taken as the temperature for 5% 

transformation. 

Studies at IRSID have shown that the Ar3 temperature is related to the cooling 

rate by the following formula: 

(5.11) 

where Arl is the temperature of the beginning of the austenite-to-ferrite transformation 

when cooling takes place at IOC/s, Cr is the cooling rate, and a is a positive constant. 

Two specimens were tested at lower cooling rates, 2.5°C/s and 15°C/s. The 

transformation kinetics were deduced and are displayed in Figure 5.8. Both curves display 
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an inflection point which can be attributed to the beginning of the prat lite transli.mllation 

The measured Ar3
1s are 714°C for a cooling rate of 15°C/s and 747°(' ti.wa cooling rate of 

2.5°C/s. These values are plotted against cooling rate in Figure 5 9, togethcr with the 

curve titted using equation (5 11). The para met ers a and ArJo werc round cqual to 0.025 

and 768°C, respectiveJy. This Jast figure is in good agreement with thc valuc of 7,' 1 0(' 

calculated using formula (2.13). 
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The above results concernmg the kinetics of transformation can be used to 

construct a CCT diagram for the steel studied The temperature for the beginning of the 

austenitc-to-peallite transformation b detcctable on the slow cooling kinetics curves. For 

25°C/s, Ar) is about 635°C At 15°C/s, it decreases to 625°C. At the faster cooling rates, 

the temperature of the beginning of the austenite-to-second phase (either fine pearlite or 

bainitc) transformation is deduced from the proportion of second phase measurer! by 

mctallography For a cooling rate of 55°C/s, the second phase represents 35% of the total 

volume For the same cooling rate, the temperature al which 35% of the austenite remains 

untransformed is 61 Goe For a cooling rate of 90°C/s, the volume fraction of second phase 

was 48%, which also corresponds to a temperature of 610°C The CCT diagram obtained 

in this way is glven in Figure 5 10 

The l'ole of cooling rate is also c1arified by the evolution of the shape of the 

transformation kinetics cllrve At low cooling rates, the cllrve is composed of two S­

shaped pOliions corresponding, respectively, to ferrite and pearlite. This means that the 

ferrite has already finished transforming when the pearlite reaction occurs In other words, 

the critical composition for austenite-to-pearlite decomposition is reached before the 

critical te01pcrature is attained When the cooling rate is increased, the temperatlire 

interval betwecn these two evellts decreases, leading to a smoother curve. A further 

increase in cooling rate results in a completely smooth kinetics curve The ferrite is still 

transtbrming at its f.:1stest rate when the critical temperature for pearlite transformation is 

rcached. This is the case for the specimens cooled at 55°C/s. In this case, pearlite was 

observed, which means that the critical composition was attained at temperatures very 

close to the critical temperature At still faster cooling rates, the curve remains smooth. 

The critical composition for the pearlite reaction is no longer reached in the vicinity of the 

critical temperatllre, instt:ad. another type of transformation takes place, leading to bainite 

• as the second phase 
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Figure 5 10 CCT diagram obtained l'rom the kinetics data obtaincd by mcans orthe IRSID 
method. F=Ferrite, A=Austenite, P=Pearlite and B=Bainite 

V.3.5 Influence of the shlte of the austcnite befol'c cooling 

The mechanical results (Chapter IV) showed that the statc of the austcnite be/(uc 

cooling had little influence in the case of the specimcns cooled at 90°C/5 This was 

confirmed by the transformation kinetics, which were llnatfected by a change in Icheating 

temperature from 850°C to 900°C The latter leads to an incr case in austenite grain siL:e 

from 13f.lm to 20/lm Fllrthermore, when the strain was inclcased f(lI' the same coolmg 

rate, no variation in mechanical properties was observed On the other hand, whcn a 

cooling rate of 55°C/s was employed, sOllle influence could be detectcd, resulting in a 

delay of the transformation (Figure 5 6), and an incrcase in tensilc sU ength when the 

reheating temperature was increased from 850°C to 900°(' The amplitude of thcsc 

variations remained small and could have been sim ply duc ta crrors in mcasuremcnt 

However, this phenomenon can also have a physical origin, as will be cxplaincd in what 

follows 

As already mentioned in the Iiterature rCVlew, Amano ct alln.11I1 ~tudi(~d the 

influence of strain and supercooling on ferrite nuclcation for various steel compositions, 
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• including a 0 IS%C, 1 3%Mn, 0 3%Si steel They observed that, for limited supercooling, 

the strain increase resulted in a rapid increase in the amount of nucleation at grain 

boundaries, which reached saturation at a true strain of 0.2 (Figure 5.11). At the same 

time, the number of nuclei in the grain interiors increased steadily from zero at a strain of 

0.1 to a maximum at a strain of 0.8 (Figure 5.12). Thus, for low supercooling and sm ail 

$trains, nuc1eation at grain boundaries was the dominant mechanism. On the other hand, 

when the supercooling was high, nucleation at both grain interiors and grain boundaries 

was maximized, even at low strains, resulting in liule influence of the strain on ferrite 

nucleation. In this case, the number of nuclei in the grain interiors per unit volume was 

similar to that at the grain boundaries, so that nucleation in the grain interiors had a role 

equivalent to that of nucleation at the grain boundaries. 

• 

In the present study, reheating at different temperatures resulted in variations of 

the austenite grain size, which should lead to variations in the number of nuclei at the grain 

boundaries. In the case of slow cooling, which corresponds to low supercooling, 

nucleation at grain boundaries is dominant. This explains the observed variations in the 

transformation kinetics and mechanical properties In the case of fast cooling, 

corresponding to appreciable supercooling, there is substantial nucleation in the grain 

interiors For this reason, variations in the number of nuclei at the grain boundaries have a 

lesser influence on the subsequent transformation. This explains the absence of variations 

associated with changes in reheating temperature. The fact that, for large supercooling, 

both nucleation in the grain interiors and at grain boundaries are maximized, even at low 

strains, explains why no variations were observed wh en the strain was increased for a 

cooling rate of 90°C/s . 
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Figure 5.11 Number of ferrite nuclei per Figure 5.12 Number of ferrite nuclei in the 
unit grain boundary length vs. true strain grain interiors per unit area vs. true strain 
at 800°C as a function of isothermal at 800°C as a function of isothermal 
transformation temperature.l18] transformation temperature. 118] 

V.4 Consequences with respect to industrial practice 

o., 

This study has shown that when the cooling rate is increased from 55°C/s to 

90°C/s, an increase in tensile strength is obtained, with limited decrease in uniforrn 

elongation and Iittle variation in yield ratio. This phenomenon is used to produce a direct 

as-hot-rolled high strength sheet steel with high strength and good formability. Ils 

oùcrostructure is composed of a mixture of a first phase consisting of polygonal andlor 

acicular ferrite, and a second phase composed of lath-like bainite and ferrite containing a 

fairly rugh density of carbides. It was shown that the cooling rate was the main factor 

affecting the oùcrostructure and mechanical properties. Coiling temperature had no efTect, 

provided it was below 500°C, because the transformations took place above this 

ternperature. The state of the austenite before cooling had sorne effect when the cooling 

rate was low but none when it was high . 
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In a hot strip mill, the finish rolling temperature, cooling rate and coiling 

temperature are interrelated parameters. Depending on the type of cooling unit or on the 

operating conditions, the cooling rate can be adapted to allow the coiling temperature to 

be reached at the exit of the runout table, or the cooling rate is fixed and the number of 

watcr banks used is varied in order to attain the target coiling temperature. The first 

configuration certainly represents the most flexible solution. It is the type of cooling 

system used presently at SOLLAC for the production ofHR55. 

One consequence of this arrangement, however, is that detrimental variations in 

cooling rate can take place during the cooling of a single coil or between two coils of the 

same grade. This is particularly true ifregu)ation of the nmout tabje is based on the coiling 

temperature. To attain lhe cooling rate required to produce the desired microstructure and 

mechanical properties, it is necessary to aim for a low coiling temperature. The average 

cooling rate can be expressed as: 

R1'-CT 
C =---

r 1 

where R T is the finish rolling temperature, CT is the coiling terr ;'erature, and t is the time 

spent by the strip on the runout table. 

If the finish rolling temperature is lowered but the coiling temperature is held 

constant by the controller, the cooling rate is decreased. This also happens when the speed 

of the strip is lowered, which results in an increase in the time spent on the runout table. In 

both cases, the microstructure and mechanical properties may be atfected adversely. 

The solution to this would be a control system that monitors the cooling rate 

ratlter than the r.oiling temperature This could be accompli shed by taking variations in 

finish rolling temperature and rolling speed into account for the regulation of the water 

banks . 
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CONCLUSIONS 

This study had two objectives: 1) to identii)r the microstl1lctures formcd in a 

0.14%C-1.18%Mn steel when it is hot rolled and cooled under conditions similar to lhose 

found industrially; 2) to understand the influence of the process parameters on the final 

microstructure and mechanical properties. For this purpose, torsion specimens were 

reheated to various temperatures, detbrmed to difl'erent strain levels, and coolcd at either 

55°C/s or 90°C/s, as measured in the austenite. Coiling temperaturef. ranging from 550°C 

to 3000e were employed. Metallographic investigations were carricd out by mcans of 

optical and transmission electron microscopy. Tensile tests were also perfonned to 

measure the mechanical properties. Thermal analysis of the cooling curves provided 

information about the transformation kinetics. The following conclusions can be drawn 

from this work. 

1. Standard hot rolling and cooling conditions, simulated by reheating at 850°C followed 

by the application of a strain of 0.2 and accelerated cooling at 90°C/s, result in a 

complex microstructure composed of polygonal and/or acicular ferrite, and a second 

phase consisting of lath-Iike bainite, together with ferrite containing a non-uniform 

distribution of carbides. This microstructure is associated with a tensile strength close 

to 560 MPa, a uniform elongation of about 14%, and a yield ratio falling betwecn 0.7 

and 0.75. 

2. The lower cooling rate of 55°C/s result~ in the formation of pearlite instead of the 

bainite and ferrite containing a non-uniform distribution of carbides produced whcn the 

cooling rate of 90°C/s is employed. In this case, the tensile strcngth is decreased by 

approximately 30MPa. The uniform elongation is increased, but the yield ratio does 
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not change From this result, it is evident that the cooling rate has a strong influence 

on both the microstructure and mechanical properties. Hs effect on the transformation 

temperatures conrorms ta the behavior described in the Iiterature. The influence of 

cooling rate can be readily interpreted in terms of the CCT diagram derived from the 

transformation kinetics ca1culations. 

3. For bath the specimens cooled at 90°C/s and at 55°C/s from a fine austenite 

microstructure (obtained by reheating at 850°C or 900°C), the coiling temperature has 

no influence on the microstructure or on the mechanical properties. This is explained 

by the fact that the transformations ail take place at temperatures ab ove the highest 

coiling temperature. 

4. When a very coarse austenite microstructure, atypical of hot strip mills and obtained 

by reheating at 1050°C, is present before accelerated cooling, the transformations are 

delayed to mu ch lower temperatures. This results in a greater influence of coiling 

temperature on the microstructure and mechanical properties. The increased 

supercooling can be attributed to the large decrease in the number of nucleation sites 

available at grain boundaries. 

5. When lower reheating temperatures are used, for which the austenite gram size 

remains between 10 and 20llm, the strain and austenite grain size have no influence on 

the microstructure and mechanical properties of the specimens cooled at 90°C/s and 

only limited influence on the specimens cooled at 55°C/s. This can be interpreted in 

terms of the greater importance of nuc\eation in the grain interiors for the higher 

cooling rate as opposed to nuc1eation at grain boundaries for the lower cooling rate. 

6. As a consequence of these resuIts, it is concluded that a regulation system which 

controls the cooling rate should have a beneficial effect on the quality of the product in 

comparison with a system that controls the coiling temperature . 
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APPENDIX 1 

Computer program for the calculation of the temperature gradients on cooling of a 

torsion specimen 

var ij,n:inlcgcr; 
lyp:arrayIO .. IO,O .. 29) ofiulcgcr; 
TI ,T2:arrayIO .. 10,0 .. 291 of rcal; 
k,k l,h,t,dcllal,dr,dL, v ,r,a.x.Loug.s.rho.cp,lambda. Toul.Thar. Tini :rcal; 
rcsull.donnc:lcxl; 
nomfich:slringl20 1; 

proccdure cOlllon: 
bcglll 
r'=i*dr; 
if i=O theu v:=pi *sqr(dr/2)*dL 
cise 
v:=pi*(sqr(r+drl2)-sqr(r-drl2»*dL. 
a:=-2 *pi *dLl(v*rho*Cp); 
s'=-I/(dL *rho*Cp). 
cnd; 

funchon Tnocud 1(II.v·inlcgcr):reaI. 
var q l.q2.q3.q4.rcal; 

bcgin 
ql :=k*(T1lu.vl-T1lu-l.vJ)/dr; 
q2:=k*(Tllu.vl-T1lu.v-1 J)/dL; 
q3:=k*(T1lu.v)-T 1 (u+ I.vll/dr; 
q".=k*(Tllu,vl-T Ilu.v+ 1 D/dL: 
Tnoeud 1 :=a*(q3*(r+drl2)+q 1 *(r-drl2»*dcltal+s*(q-Hq2)*dcllal+T1lu.v); 
cnd; 

fllnclion Tnoclld9(II. v: IIllcgcr)' rcal; 
var q l.q2.q3.q":reaI. 

bcglll 
ql'=O: 
q2.=k*(TlllI,vl-Tllu.v-1 »/dL: 
q3:=k*(TI (u,vl-Tl (u+ l.vJ)/dr: 
q4.=k*(TI (lI.vl-T 1 (u.v+ 1 D/dL: 
Tnocud9'=a*(q3*(r+drl2)+q 1 *(r-dr/2»*dcltal+s*(q-Hq2)*dcll:lI+T 1 (u. v): 
end; 

fllncllon Tnocud2(1I. v'mlcgcl) rcal: 
var ql.q2.q3.q4:rcal • 

bcgin 
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qI'''''k*(Tl (u,v)-TI (u-I.\'))/dr. 
q2:=k*(Tl [u.v)-Tl [u.v-I ))/dL. 
q3 :=-lumbda*(Tout-TI [n.\' D. 
q4'=k*(Tl(u,v)-Tl (u.v+ 1 ))/dL; 
Tnocud2. =a*(q3*(r+dr/2)+q 1 *(r-dr/2) )*dcltat+s*(q-Hq2 )*ddtat+ TIl u. \' 1. 
cnd; 

function Tnocud3 (u, v: IIltcgcr): rcaI. 
var q I,q2.q3 ,q.J: reul; 

bcgin 
q 1 :=k*(T 1 (u. v)-TI [n-I.\' J)/dr; 
q2.=-lambda*(Tout-TI [u.v»; 
q3:=k*(Tl [u,v)-Tl [n+ I.\'))/dr. 
q4:=k*(Tl[u,v)-Tl[u,v+ 1 ))/dL; 
Tnocud3 :=a*(q3*(r+dr/2)+q 1*(r-drl2»*deltat+s*(q-Hq2)*dcltal+T Il u. v). 
cnd; 

function TI10Cud4(u.v:intcgcr):rcal; 
var qI,q2,q3.q4:rcal; 

beglll 
q 1 :=k*(TI [u,v)-T 1 [u-l.vD/dr; 
q2:=k*(Tl [lI,v)-T 1 [u.v-I ))/dL. 
q3:=k*(T 1 [lI,v)-Tl[u+ l,vD/dr; 
q4:=-lambda*(Tout-TI(u.v)); 
Tnocud.J:=a*(q3 *(r+dr/2)+q 1*(r-drl2»*dcltal+s*(q-Hq2)*dcllal+T 1 lu, v), 
end; 

function Tnocud5(u, v: illtegcr): rcal; 
var ql,q2,q3,q4:real, 

begin 
ql'=k*(Tl [u,v)-TI [u-I.v))/dr. 
q2:=-lambda*(Tout-Tl[n,vD; 
q3:=-lambda*(Toul-TI lu, vJ), 
q4:=k*(Tl[u,v)-T1 [u,v+ 1 D/dL; 
Tnoeud5:=a*(q3 *(r+dr/2)+q 1 *(r-dr/2»*dcltal+s*( q4+1I2)*dcltal+ TI (II.V); 
end; 

function Tnocud6(u.v·inlcger) reat. 
var ql,q2,q3,q4:real; 

begin 
ql:=O; 
q2:=-lambda*(Tout-Tllu, vJ); 
q3:=k*(Tllu,v)-TI [u+ l,vJ)/dr; 
q4:=k*(TI [u,v)-Tl[u,v+ 1 ))/dL; 
Tnoeud6:=a*(q3*(r+dr/2)+q 1 *(r-drl2»*dcllalh*( '14+'12 )*dcllal+ Til u. v). 
end; 

function Tllocud7(u,v:1I11cger).real, 
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var q l,q2,ql,q4'rcal; 

bcgin 
ql.=k*(Tllu,vl-Tllu-I,vj)/dr, 
q2.=k*(T1lu,vl-Tllu.v-I/)/dL. 
q3:=-lambda*(Tout-T Ilu.v/); 
q4·=-lulIlbda*(Tout-Tllu.v/). 
Tnocud7:=a*(q3 *(r+dr/2)+q 1*( r-dr/2»*deltat+s*(q4+q2)*dcltat+T 1 (u.v 1; 
end; 

functlon Tnocud8(u. v .lIltcgcr). rcal; 
var q l,q2,ql,q4' rcal; 

bcglll 
q 1'=k*(TI (u,vl-Tllu-I,vJ)/dr, 
q2:=k*(Tllu,vl-Tllu,v-1 J)/dL, 
ql.=k*(T 1 lu. vl-T1lu+ l.vJ)/dr. 
'14 =k*(f1ll1,vl-Tbar)/dL. 
Tllocud8:=a*(ql*(r+dr/2)+q 1 *(r-dr/2»*deltat+s*(qHq2)*dcltat+T Ilu.\'I; 
cnd; 

funcllOIl Tnoeud JO(u. v .lIItcgcr)'rcal; 
var q l,q2,q3,q4.rcal; 

bcgin 
ql:=O; 
q2.=k*(TIIII,vl-T 1111,\'-1 J)/dL. 
q3 '=k*(TI (lI.vl-T 1 (u+ l.vJ)/dr; 
q4 '==-lambda*(Tout-T 1111. v/): 
Tnoclld 10 =a*(q3*(r+dr)+q 1 *1 )*dcltat+s*(qHq2)*dcltat+Tl (lI.vl, 
end; 

procedure initialisation; 
var typ 1 :intcgcr; 

begm 
1'=0; 
j:=(); 

while i<9 do 
beglll 
j.=o, 
while J< 19 do 
bcglll 
rcad(dollnc.typ 1). 
Iypl ij 1. =typ 1 ; 
iftypl=O then T1(ljl:=O 
cise 
TI (IJI:=TIIU; 
T2( Ijl:=O; 
j:=j+l; 
end. 

1'=1+1; 
cnd . 

end. 
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procedure ecritlesult: 
var iijj: integer: 

bcgin 
li'=O; 
.J.i:=O; 
while ii<9 do 
begin 
.u:=0; 
writeln(rcsult.' '); 
While,Ü< 19 do 
begin 
write(reslllt,T2[iijj) 3:0: '), 
,Ü:=,Ü+ 1; 
end; 

ii:=ii+ 1; 
end; 

end; 
procedure cchrcsult, 
var ujj:integer; 

begin 
ii:=O; 
Will le ii<9 do 
bcgin 
,Ü:=O; 
Whilc.J.i< 19 do 
begin 
TI [iijj) :=T2[ iiJ.i): 
'ü:=.J.i+l; 
end; 

li:=ii+ 1; 
end; 

end; 

begin 
n:=O; 
t:=0; 
k:=28; 
kl:=O.l43; 
deltat:=O.OO 1; 
dr:=O.9111000, 
dL:=3.l7111O(l:) 
h:=0.0002; 
lambda:=k I/h, 
rho:=7900; 
Cp:=585; 
Tout'=20; 
Tbar:=850; 
Tini:=850; 

assigll(donnc,'d:\bd\donnc dal'); 
reset(dollne); 
initialisation, 
close(donne); 
assign(reslIlt,'d.\bd\rcsult.dat'); 
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rewrite(result); 
i:=O; 
j:=O; 
while t<1O do 
bcgin 
i:=O; 
whilc i<9 do 

bcgin 
comon, 
j:=O; 
\Vilik j<19 do 
bcgin 
iftyplij)=() then T2Iij):=O; 
iftyp(ij)=lthen T2(ij):=Tnoeudl(lj); 
if typ(ijl=2 then T2[ijl:=Tnocud2(ij); 
iftyp(ijl=3 then T2(ij):=Tnocud3(ij); 
iftyp(ijl=4then T2(ijl:=TnoclId4(ij); 
iftyp[ij)=5 then T2(ij):=TnoclId5(iJ); 
iftyp[ij)=6then T2[ij):=TnoclId6(ij); 
iftyp(ij)=7then T2)ij):=Tnoclld7(ij); 
Iftyp(iJ)=9thcn T2(iJ):=Tnoclld9(iJ), 
iftyp(ij)=ll thcn T2(ljl:=Tini; 
j:=j+l; 

cnd; 
i:=i+J; 

end; 
cchresllll; 
n:=n+I, 
if n/1000-tnlllc(n/IOOO)=O thcn 
bcgin 
ecritresll1t; 
writcln(n,I); 

cnd; 
t:=t+dcltat; 
cnd; 

c1osc(rcslIlC); 
cnd . 
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APPENDIX II 

Computer program based on Sellar's model for the calculation of the austcnite 

graîn sizes and fraction recrystallized after each pass in the hot strip miIJ. 

{SN+}{$E+} 
program seUars; 
uses crt; 
var ij.k.n:integer; 

tpass,davant,epsilon,t05,z,r:arraYI1..1O) of rcal; 
interpass,epspoint,epspcak,epsctoilc,cpsres::maYII .. Ill) of rcal; 
q,glop,v,t9S,dmoy:real; 
nomdat,answer:stringI20); 
dpass,donpass,resilll:tcxt; 

function puiss{a,b:rcal):real; 
begin 
puiss:=exp{b* In{a»; 
end; 

{ ---------------------_._-..... _--_ .... __ .. __ ._ ...... _-.................. } 

procedure torsion(n:intcger); 
var k:integer; 

temp,strain,intcrp,strainrate' real; 
begin 
for k:= 1 to n do 
begin 
writeln('telllperature of pass',k); 
readln{temp ); 
writeln{'strain?'); 
readln(strain); 
writeln{'mterpass'); 
readln(interp), 
writeln('strain ratc'?'); 
readll1(strainrate); 
writeln{donpass,temp,' ',stmm,' ',interp,' ',Slratnrate); 
end; 
end; 
{ _ .. __ .... _--_._--------_ ....... __ ... _------_._ .. _ .... -......... -.. } 

procedure entredonne; {input the data} 
var vI, v,r,M,hcale,h l ,Ipass.cpsilon,intcrpass, cpsilonpolllt, hfin' rcal. 

k,L, telllpini, davant ,tpassllew. rcal, 
answer l,i,n: intcger; 

begin 
writeln('you want to enter the strain.temperature conditions (1)'). 
writeln('or to enter a roUing schedule (thieknesses and mill condItions) (2)'); 
readln(answerl); 
K:=O.16317; {the data 'ie stmin per pass} 
L:= 1500; {temperal ures,stmin rate} 
writeln('nume of file'); {lIlterpass time will be stored} 
read(norndat); {in file c.\bd\tp\nomdtlt.dat } 
nomdat:='d:\bd\tp\'+nomdat+'.dat'; 
assign(donpass,nomdat); 
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rcwritc(donpass); 
wntcln('n'), 
rcadln(n); 
writcln(donpass,n), 
writclnCinitial grain SilC'); 

rcadln(davant), 
ifanswcrl=lthcn torslOn(n) 
cise 
bcgm 
writclnCrndius of thc rolls'); 
readln(r); 
writcln('final thickncss'); 
readlll(hfin); 
vi :=28()()()/hfin, 
writclnCinitialthickncss'); 
rcadln(h(); 
writelll(' initial tcmpcraturc'); 
rcadln(lcmpini); 
lpass:=lcmpini: 
1:=1; 
whilc i<n+ 1 do 
bcgin 
writcln('linal thickncss of pass' ,1); 

rcadln(hl); 
cpsllon.=·ln(h 1/hO); 
hcalc:=(hO+h 1 )/2. 
cpsilonpoint:=2·v I*hlin·sqrt( ·sqr(h l)·sqr{hcalc)· .. ·r·h 1 +4*r*hcalc+2·h l*hcalc)/(2 ·r+ll 1· 
hcalc)/sqr(hcalc); 
wrilcln('strain ratc'.cpsilonpoint), 
v:=v l·hfinlh 1; 
inlerpass:=7000/v; 
wrilcln('tcmpcraturc'.tpass); 
tpassncw:=tpass·K ·(h 1 +L)·tpass·intcrpass/h IlL; 
hO:=hl: 
end; 
wrilclll(donpass,lpass,' ',epsilon,' '.interpass,' '.cpsilonpoint); 
i:=i+l; 
cnd; 
writcln(dollpass.davanl); 
closc(dollpass); 
end; 
{ ................................................................ } 

procedure lIIitialisation; 
begin 
i =1, 
whilc i<ll+ 1 do 
begln 
rClIdln(dpass.lpassl i l,epsilon! i). illtcrpassl i ).cpspoi nt (i»; 
davanlli):=O; 
I05Ii):=O: 
{t95(i):=O; } 
7(i):=O; 
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epspeak(i):=O~ 

epsetoile( i): =0; 
epsrcs(i):=O; 
i:=i+l; 
end; 
read(dpass,davant( 1 1); 
epsilon(n+ 1 ):=0; 
end; 

{ -------------------------------------------------------------------} 
{ Main programm: pcrforms the calclIlations of Scllars modcl 
{ -------------------------------------------------------------------} 
begin 

clrscr; 
writeln('do you want to enter ne\\' rolling schedule'); 
readln(answer); 
if answer='yes' then 
entredonne 
cIse 
begin 
writeln('filenamc for old schcdlllc'); 
read(nomdat); 
nomdat:='d:\bd\tp\'+nomdat+' dat'; 

end; 
assigne dpass, nomdat). 
reset(dpass); 
read(dpass,n); 
initialisation; 
write('nombre de passe'); 
write(n); 
writeln(davant( 1»; 
epsres( 1 ):=epsilon( II; 
i:=I; 
writeln('davant eps cpsres intcrp epspolllt epsp 1115 n+ 1 epsresl+ 1 epsetoile'), 
while i<n+l do 
begill 
q:=3.12e5/(8.14*(tpass(il+273»; 
z[i):=epspoint[i)*exp(q); 
epspeak[i) :=4. ge-4*plliss( davanll i l,O. 5)*pUlss(.l1 i l,O. 15); 
if epsres[i)<=0.8*cpspcaklil then 
t05(i):=2.Se-19*sqr(davant) ij)*Plllss(cpsresl i 1,--1 )*c\p(3e5/8. 14I(tpassl i 1+ 273» 
else 
10S(i ):= 1.06c-5*plliss(zli 1,-(l,(i)*exp(3c5/8.1.J/(lpass( i 1+273», 
195:=t05 (i)*plliss( -ln(0.05)/O.693,11J .5); 
epseloile(i) :=2.8c-4*puiss(davanl(1 J,U (7)*pllissV( i J,O 15); 
ifepsres[i)<epsetoile(i] lhen 
davallt(i+ 1 ):=O.S*puiss(davanl( i 1,0.6 7)/epsrcs( i) 
else 
davallt[i+ 1 ):=1.8e3*puiss(z(i),-O.IS); 
v:=ln(O.5)*plliss(interpass(i )/L05( J), 1.5); 
ifv<-88 Ihen r(i]:=l 
else 
r[i):=l-exp(v); 
davalll(i+ 1 ):=davant(i)*davant)i+ II/pUlss(rlll*pUlss(davllnl(II,l)-+ (l-rliJ)*puiss(davllntll+ Il.1),1/3); 
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ifinlcrpassli»195IhclI 
bcgm 
davanlli+ 1 ):=puiss(ililVantli+ 11/1000.10); 
davalltll+ 1 ).=davanlli+ 1 1+5.02c23*(inlcrpasslil-t95)*cxp(-914000/8. 14/(lpasslil+ 273»; 
davantli+ 1 J'= 1000·puiss(dav:lntli+ 1 J.O.I); 

end; 
cpsrcsli+ I):=epsilonli+ 1 J+( 1 .• rliJ)*epsreslil; 
write(davantlil:5:2,' '.cpsilonfi):5:3.' '.cpsresfi):5:3,' '.inlerpass[i):5:3,' '.cpspoint[il:5:3); 
writclnC '.cpspeakli):S:2,' ',tOS(iJ'52.' '.r(iJ:S·3,' ',(I-RfIJ)*cpsresli):S:3,' '.cpsetoilcli):S:3); 
i:=i+l; 
end; 
write(davanl/ i 1:5 :2,' 
readln; 
readln, 
end . 

',cpsrcsl i J .S·3); 
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APPENDIX III 

Computer program for the deduction of the transformation kinetics t'rom the 

cooling data by the IRSID method. 

uses Graph,cn~ 

var donne,result,inler:text; 
strl :string[ 1); 
reponse:stril1g(4); 
l1omfich,namefile:stril1g(30); 
time,templ,temp2,T,Iam 1,Iam2,Is 1,Is2,IS 1.ls2.ts3 .rcal. 
alam.blam,nlam,cor:ref,l: 
key:char; 
xfl,yfl,ya 1 : integcr; 

{ •••••••••• * ••••• *** •••••• ******************************* •••• ***.** •• ~ 
functioll puiss(x,y:rcal):real, {power funclion which docs} 
bcgin {not exisl in pascal } 
puiss:=exp(y*ln(x»; 
end; 
{**.**********.*.********.*.**** ••• ******.*****************************} 

proccdure traitcmcnt_fichicr; 

begin 
readln(nomfich); 
namefile:='d:\bd\'+nomfich+' dat': 
writeln(namefile); 
assigne donne, namefile); 
assign(inter,'d:\bd\inter.lmll'); 
reset(donne); 
rewrite(il1ter); 
strl:='a'; 
white (str 1 <>'1') and (Sir 1 <>'0') do 
begil1 
readln(donne,str 1); 
write(strl); 
end; 
While not eof(donnc) do 
begin 
readln(donl1e,timc,temp l,temp2); 
writeln(inter,time:6:3,' ',tcmp2:3:2); 
end; 
close(inter); 
close(donne); 

{to gel rid of the usclcss tex\} 
{in thc source file } 
{the destlllalion file is namcd } 

{intcr IUIIl 

{II only conlains the time and} 
{rcal tcmpcraturc data } 
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end; 

{ ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• * •••••• } 

funclion Cpa(T:real):real; 
var al,bl,cl ,d 1 :real; 
bcgin 
ifT<527 then 
bcgin 
al:=28.175; 
bl:=-7.318; 
cl :=-2.895; 
dl:=25.041; 
end; 
if (T>527) nnd (T<727) then 
bcgin 
ni :=-263.454; 
b 1 :=255.810; 
cl·=619.232; 
dl:=O; 
cnd; 
if (T>727) and (T<769) thcn 
bcgin 
al:=-641.905; bl:=696.339; cl:=O; dl:=O, 
end; 
if (T>769) and (T<787) thcn 
bcgin 

{ calclllatcs Cp of alpha phasc } 
{ at thc tcmpemturc T } 
{ Cp exprcsscd in kJ/gIK } 

al:=1946.255; bl:=-1787,497; cl:=O; dl.=O; 
cnd; 
if (T>787) thcn 
bcgin 
al:=-561 932; bl:=334.143; cl:=2912.114; dl:=U; 
end; 

cpa:=(al +0.00 I·b 1 ·(T+273)+ le5·c l/sqr(T+273)+ le-6.dl *sqr(T+273»/55.847; 
cnd; 

{ •• ** •••••••• * ••••••••••••• * •••••• ** ••••••••• ~ ••• * ••••••••••••••••••••• } 

function Cpg(T:real).real; {calclllates Cp of the g.lI11llla phase} 
var 1\ I,bl :real; 
bcgill 
al:=23.991; bl:=8,360; 
cpg:=(nl +0.00 1 *bl·(T+273»/55.8.t7; 
end; 
{ ••••••••••••••••••••••••••••••••••••••••••••••••••••••• ** •• ** ••••••••• } 

function dcltaH(T:real):real, 
var nl,bl:real; 
bcgin 
if (T>700) then 
bcgill al:=-O.03.t73; bl.=33.075988; end; 
if (T<700) and (T>500) then 
bcgin al :=-0.02176; b 1 :=23 935988; end; 
If (T<500) then 

{ calculates the delta H for the } 
{ gamma to alpha transformation } 
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begin al:=-O.0134; bl:=18.34; end: 
deltah:=al·T+bl; 

end; 

- ------------------, 

{ ...................................................................... } 
procedure calcuUambda; 
var TI.T2,time,Cpfer,Cpaust,lamfer,lam:lllst:re:ll; 

begin 
write('coucou'); 
assign(donne,'d:\bd\inter.lam'); 
assign(inler, 'd:\bd\inter 1.lam'); 
reset( donne); 
rewrite(inter); 
readln(donne,time,T 1): 
white not eof(donnc) do 
begin 
readln( dOllne, limc, T2); 
Cpfer:=Cpa(T 1/2+t2/2): 

{ this ca\culates \'ulues of } 
{ lambda in the case of a } 

{ complctely ferrilie or } 
{ complctcly austcnitic } 
{ specimcn } 
{ valucs arc storcd in li new} 
{ file: intcr l.Iam } 

Cpaust:=Cpg(T 1/2+t212); 
lamfer:=Cpfcr·(TI~T2)/(Tl/2+12/2-25)/O.2; 

lamaust:=Cpaust·(TI~T2)/(TII2+t2/2~25)/O.2; 

writeln(inter.lime:3:3.' ',Tl :4:2,' ',lamfcr:3:4,' ',lamaust:3 :4); 
Tl:=T2; 
end; 
close(dollnc); 
c1ose(intcr); 
end; 

{ •••••••••••••••••••••••••••••••• *.*.** •••••••••••••••••••••••••••••••• } 
procedure trace; { this draws a tiue bclwccn Iwo} 
var time:real; { successivc values of lambda } 

xt2,yf2,ya2 :integer; 
begin 
readln(donne,time, T,laml,lam2); 
Xf2 :=trunc(320·(T ~300)/600)+ 320; 
Y12 :=-trunc(240·lam 1/0.1)+256; 
ya2:=~trunc(240·1am21O.1)+256; 

line(xfl,yfl.xt2,yf2); 
line(xfl,ya l,xf2,ya2); 
xfl :=xf2; yfl :=yf2; ya 1 :=ya2; 
end; 

{ ••••••••••••••••••••••••••••••••••••••••••••••••• *.* •••••••••• *** ••••• } 
procedure draw_lambda; { this makcs a graph of the values oflmnbdél} 

{ thell il allows to chosc the farst and last} 
{ valuc of lambda which will bc uscd in thc } 

var { calculation of a thcorctical curve for lambda} 
Gd, Gm : Integer; 
toucbe:char; 
lime:real; 
xt2,yf2,xa2,ya2,x l,x2,y l, y2, n. integer; 
lextstring[4 ]; 
p:pointer; 
size:word; 
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bcgin 
n:==O~ 
assignCdonnc, 'd. \bd\intcr 1.lam') ~ 
rcsctCdonnc); 
Gd:=O; 
InitGraphCGd,gm, 'c·\tp\bgi'); 
bar(320,16,639,256); 
sctcolor(2); 
RcclanglcC320, 16,639,256); 
rcadlnCdonnc,timc, T,hunl ,Ial1l2 ); 
Xfl :=trunc(320·CT-300)/600)+320; 
Yfl :=-trunc(240·lal1l 1/0.1 )+256; 
ya 1 :=-trunc(240.lam2/0.1 )+256; 

whilc not cof(donnc) do 
trace; 

{ ... } 
rcsct(donnc); 
sctcolor( 4); 
xl :=320;yl :=16;x2:=639;y2:=256; 
whilc not cof(donnc) do 
bcgin 
trace; 
touche:=rclldkey; 
if louchc='n' thcn 
bcgin 
Tsl:=T; 
Is 1 :=laI112; 

cnd; 
if touchc='b' then 
begin 
Ts2:=T; 
Is2:=laml; 

end; 
if touche::::'c' then 
begin 
close(donne); 
Ts3:=T; 
exil; 

end; 
n:=n+ 1; 

end; 
ReadLn; 

c1ose(dollllc); 
cnd; 

{ •••••••••••••••••••••••••••••• ** ••••• *** •••• **.****** •• * •• *****.******} 
procedure lacalc; { titis c:llculates thc parameters in the theorctical } 

bcgin { CUfYC for lambda } 
nllu11:=0.28; 
blal1l:=(Is 1-ls2)/( 1/(ts 1 -25)-I/(ts2-25»; 
alam:=ls I-blam/(ts 1-25); 
writcln(al:ull:3 :4,blam:3: 4); 
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end; 
{ ....................................................................... } 
procedure kinetics; { this calculates the kinctics of} 

var time,z,Cp,dz,dcltH,Tl,T2:rcal; { dccompositlOIl from austcnite 
lambda:real; { to ferrite } 

begin 
assigne donne, 'd:\bd\intcr.lam'); 
namefile:='d:\bd\'+llomfich+'.lam'; 
assigne result,namefile); 
reset(donlle); 
rewrite(result); 
z:=O; 
readlll(dollne,time, Tl); 
while not eof(doIlIlC) do 
begin 
readlll(donue,timc,T2); 
ifT2>tsl then z:=O 
el se 

begin 
if T2<ts3 then 
begin 
c1ose(dollne); 
close(result); 
exit; 
end 

el se 
begin 
lambda:=~llam+blal1l/(T II2+t2/2-25); 
Cp:=(I-z)·Cpg(Tl/2+t212)+z·Cpa(Tll2+t2l2); 

dz:=(lambda·(TI/2+t2/2-25)·O.2-Cp·(TI-T2»/dcltah(TII2+t2/2)/cor; 
z:=z+dz; 

end; 
end; 

writelll(result,time:4:4,' ',T2:4:4.' ',z:4:4); 
Tl:=T2; 
end; 

close(dolllle); 
close(resuIt); 
end; 

{ ....................................................................... } 
procedure draw _ kill; 
var { c<llculation of a theoretical clirve for lambda} 

Gd, Gm : Illteger; 
time,z:real; 
xt2,yf2,xa2,ya2,x l,x2,y l ,y2,Il:integer; 
xII,xI2,yll,y12,nl :intcger; 
textstring(4 ); 
p:pointer; 
size:word; 

begin 

119 



• 

• 

n::O; 
assign(donnc.namcfilc), 
rcsct(donnc), 
bar(320,240,63IJ,48U); 
sclcolor(2); 
Rcct:lI1glc(320,240,639.4811), 
rcadln(donllc,tilnc,T,l); 
Iinc(320,260,639,260); 
Xfl :=trunc(320·(T-300)/600)+320; 
Yfl :=-trunc(240·z)+480; 
yll :=-trunc«alam+blam/(T -25»/0.1 *2~O)+256. 
whilc not cof(donllc) do 
bcgin 
rcndln(donne,time,T,z): 
Xf2:=trullc(320·(T -300)/600)+ 320: 
Yf2:=-trullc(220* /')+480; 
yI2:=-tnmc«alam+blam/(T -25»/0.1 *2.fO)+256: 
Iinc(xfl,yfl,xf2,yf2): 
Iinc(xfl ,yII,xf2,yI2); 
xfl :==xf2; yfl :==yf2.yll :=y12; 
end; 
closc(donnc); 
end; 

{ ••••••••••••••••• * •• * •••• ****.*.* •• ***.*.**.*.*********.***.****.**.*.} 

proccdurc principalc: 
var cortcx.strillg(51: 
bcgin 
dmw Jambda; 
lacale: 
cor:=4.1S"; 
rcpellt 
begin 
kincl1cs, 
draw_kin; 
key:=rcadkcy: 
if key='+' thcn 
cor:=cor+O.05; 
if kcy='·' thcn 
cor:=cor-O.05: 
cnd; 
str( cor:2: 2.cortcx); 
oultcxt(cortcx): 

until key='o'; 
closegraph: 
end: 
{ •••••••••••••• ***.***** •••• ** •••••• *.** •• **.*.****** ••••••••••••••• * ••• } 

bcgin 
traitemcnt_fichier; 
calcuUambda: 
repent 
bcgill 
principale: 
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writeln('salisfail')~ 

readln(reponsc)~ 
end~ 
until reponsc==('oui'); 

end . 
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