
• 

• 

• 

EFFECT OF ROLLING PARAMETERS ON THE 

NO-RECRYST ALLIZATION TEMPERATURE (T nr) 

IN Nb-BEA RING STEELS 

by 

Deng Qi Bai 

A Thesis Submitted to the Faculty ofOraduate Studies 

and Research in Partial Fulfillmentofthe Requirements for 

the Degree of Master of Engineering 

Department ofMining and Metallurgical Engineering 

McGill University 

Montreal, Canada 

January 1993 



EFFECT OF ROLLING PARAMETERS 

ON THE T nr IN Nb·BEARING STEELS 

by 

Deng Qi Bai 

A Thesis Submitted to the Faeulty of Graduate Studies 

and Research in Partial Fulfillment of the Requirements for 

the Degree of Master of Engineering 

Department of Mining and Metallurgieal Engineering 

MeGill University 

Montreal, Canada 

January 1993 



• 

• 

• 

ABSTRACT 

The recrystallization behavior oC three Nb-bearing HSLA steels was 
investigated during multipass deCormation under continuous cooling 
conditions. The niobium concentrations of these steels varied from 0.05 to 0.09 
wt%. The specimens were tested on a computerized torsion machine using a 
simulation schedule of 17 passes. Deformation temperatures of 1180 oC to 700 
oC were employed, together with pass strains oCO.1 to 0.7, strain rates oCO.2 to 

10 s-l, and interpass times of 2 to 200 seconds. By means of mean flow stress 
vs. 1000fI' diagrams, the efTectoCreheating temperaLure, initial grain size, and 
chemical composition on the Tnr (temperature at which recrystallization i~ no 
longer complete> was determined. Reheating temperature and microalloying 
elements have significant influence on the Tor, while initial grain size has no 
efTedon the Tnrduringmultipass deformation. 

Furthermore, the effect oC deformation parameters su ch as the pass 
strain, strain rate, and interpass time on the Tnr during multipass defor'mation 
W8. investigated in this way. The Tnr decreases with increasing strain and 
also decreases slightly with increasing strain rate. There is a T nr minimum at 
times oC about 12-15 seconds and both increases and decreases from this value 
raise this characteristic temperature. When the interpass times are short, 
solute atoms control the rate ofrecrystallization, the extent ofwhich decreases 
as the time is decreased. When the interpass times are long, precipitation 
takes place and retards recrystallization, so that the extent of softening 
decreases as the time is extended instead. 

The evolution of Nb(C,N) precipitation during simulated rolling was 
studied with the aid of carbon extraction replication and electron microscopy. 
Finally, by applying the additivity rule to the isothermal model of Dutta and 
Sellars, continuous cooling Tnr's were predicted from recrystallization
precipitation·temperature-time (RPfT) diagram~J; these are shown to be in 
good agreement with the experimental observations . 
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RESUME 

Le comportement au cours de la recristallisation a été étudié pour trois 
aciers HSLA au niobium au moyen de déformations à passes multiples dans 

des conditions de refroidissement continu. Les teneurs en niobium de ces trois 
aciers variaient entre 0,05 et 0,09% en masse. Les tests ont été éfTectués à 

l'aide d'une machine de torsion pilotée par ordinateur en utilisant un schéma 

de déformation de 17 passes. On a utilisé des températures de déformation 
comprises entre 1180°C et 700°C. Les déformations au cours d'une passe 

variaient entre 0,1 et 0,7, pour des vitesses de déformation comprises entre 0,2 

et 10 s-I, et des intervalles de temps entre les passes compris entre 2 et 200 

secondes. A l'aide de graphes représentant la contrainte d'écoulement 

moyenne en fonction de lOOOIT, l'efTet sur la Tnr (température à laquelle la 
recristallisation n'est plus complète) de la température de réchauffage, de la 

taille de grain initiale et de la composition chimique a été déterminé. La 
température de réchauffage et les éléments de microalliage ont une influence 
significative sur Tnr, alors que la taille de grain initiale n'a pas d'effet sur Tnr 

au cours d'une déformation multipasse . 

De plus, l'effet des paramètres de déformation tels que la déformation au 

cours d'une passe, la vitesse de déformation et le temps interpasse sur Tnr a 
été étudié. Tnr décroit lorsque la déformation et/ou la vitesse de déformation 
augmentent. Tnr présente un minimum pour de& temps de 12 à 15 secondes. 

Pour des temps interpasse courts, ce sont les atomes en solution solide qui 
contrôlent la vitesse de recristallisation, dont l'amplitude décroit avec les 
temps décroissants. Pour les temps interpasse longs, de la précipitation a lieu, 

qui retarde la recristallisation, réduisant du même coup l'adoucissement à 

mesure que le temps interpasse augmente. 

L'évolution de la précipitation des Nb(C,N) au cours d'une simulation de 

laminage a été étudié au moyen de répliques par extraction et de microscopie 
électronique. Finalement, en appliquant la rêgle d'additivité au modèle 

isotherme de Dutta et Sellars, on a pu prédire les T nr pour un refroidissement 

continu à partir des diagrammes recristallisation-précipitation-temps

température (RPTT); ces résultats ont été trouvés en bon accord avec les 
observations expérimentales. 
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CHAPT"~R 1 

INTRODUCTION 

The development ofhigh-strength low-alloy (HSLA) steels eonstitutes a 
sueeessfui metallurgieal innovation in which alloying additions and 
thermomeehanieal processing methods have been brought together tu produce 
improved eombinations of engineering properties. This practice is relatively 
inexpensive beeause the alloying elements are only needed in smalt 
concentrations as carbide- or carbonitride-formers and the associatcd 
thel1Domechanical processing precludes the need for further heat treatment. 

During the last two decades, mueh attention has becn paid to Nb
bearing steels, and these have been subject to more detailed scientific 
investigation than any other kind of steel. Their unique combinaticn of 
properties arises from the precipitation of earbides, nitrides or earbonitrides 
and from the interaction of these preeipitates with the pro,~esses of 
recrystallization and grain growth. A clear understanding of the 
thermomeehanieal processing of these materials is therefore cssential if the 
optimum benefit is to be obtained from these interactions . 
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Much research has recently been focussed on the efTects of reheating, 
roughing, finish rolling, and cooling after roUing on the resulting 
microstructure and properties. Quantitative relationships have also been 
established describing the effects of the process variables on the 
recrystallization kinetics, recrystallized austenite grain sizes and final ferrite 
microstructures. Furthermore, computer modeling has become an accepted 
tool for examining the efTects of changing the thermomechanical processing 
variables on the properties produced. 

In the literature, Many results have been reported describing the eff'ects 
of single pass deformations; however, only limited data are available 
regarding the influence of multipass deformations. Under industrial 
conditions, the situation becomes still more complicated because as Many as 
twenty-two passes can be applied, and deformation is completed under 
continuous cooling conditions. It is therefore qui te dimcult for a designer of 
rolling schedules ta predict the effect of the processing variables on the 
metallurgical phenomena mentioned above. As ft result, the optimum form of 
the relationships linking the microstructure to the proeessing variables has 
not yet been achieved. The present study was concerned with c1arifying some 
ofthese issues; its aims were: 

i) To determine the effects of processing variables such as the 
reheating temperature, strain, strain rate and interpass time on 
the no-recrystallization temperature, namely, the Tnr• 

ii) To investigate the efTects of these processing variables on strain 
accumulation and on dynamic recrystallization. 

iii) To evaluate processing parameter dependence of the 
microstructural changes that take place under static and 
dynamic conditions. 

To fulfill the above objectives, the present investigation is described as 
follows: 
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In Chapter 2, a brief review of HSLA steel technology is presen ted. Both 
controlled rolling and microalloying factors are considered. In Chapter 3, the 
ezperimental materials and procedures are described, and the methods 
employed to determine the no-recrystallization temperature are summarized. 
In Chapter 4, the effeds of the deformation parameters on the no
reerystallization temperature are presented and discussed. The method 
employed to predict the Tnr under continuous cooling condition in the case of' 
multipass deformations is also presented. In Chapter 5, the effects of 
deformation temperature, strain rate, initial grain size, and delay time on the 
peak strain and peak stress are presented. Finally, in Chapter 6, the general 
conclusions ofthis research are summarized . 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 THERMOMECHANICAL PROCESSING OF STEELS 

In the past hot rolling was traditionally concerned simply with shape 
changes, and was not used in the production oC desirable microstructures. In 
order to achieve the required strength, and hence microstructure, the major 
approach utilized before World War n was alloying, e.g. increasing the levels 
of carbon and manganese[I,2J, increasing the levels of elements such as silicon 
and phosphorus, or adding chromium, nickel or copper[31. This approach 

generally gave steels poor toughness, weldability and formability, and 
increased their cost. 

By the early 1950's, it was realized that hot rolling also changed the 
properties of hot-rolled steel. One of the pioneers of this approach was 
Domnanfvets Jernverk[4] in Sweden in 1940, which employed finish rolling 
temperatures substantially lower than used conventionally, to refine the 
ferrite structure and to improve the properties. The advantage of such 
processing lies in energy savings by minimizing, or even eliminating, heat 
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treatment arter hot rolling. Su ch processing was termed 'controlled rolling' in 
1958 by Vanderbackl41• 

During the past twenty years, based on a better understanding of many 
metallurgical phenomena (such as static and dynamic recryst.allization and 
precipitation), conventional controlled rolling (CCR), recrystallization 
controlled rolling (ReR) and dynamic recrystallization controlled l'olling 
(DRCR) have been developedl51• 

At the same time, controlled rolling has been increasingly utilized to 
produce high strength low alloy (HSLA) steels which contain alloying 
additions, such as Nb,Ti and V. The result has been improved combinations of 
engineering properties through microstructural control. 

2.1.1 CONVENTIONAL CONTROLLRIl ROLI.ING (CCK) 

Historically, this was the first ~ype of controlled rolling to come into 
regular commercial use. This processing generally involves control of ail four 
stages ofrolling, i.e.: i) reheating, H) roughing, Hi) finishing, and iv) cooling1fll• 

An illustration ofthese four stages is shown in Fig, 2.1. 

2.1.1.1 Reheating 

In a conventional controlled rolling schedule, the material is usually 
reheated to a relatively high temperature, ranging from 1050 oC to 1300 oC. 

The reheating temperature not only controls the amount of microalloying 
elements dissolved prior to rolling, but also influences the austenite grain size. 
On the one hand, it is advantageous to maximize dissolution of the microalluy 
carbonitrides on reheating, to ensure that the desired austenitic 
microstructure is developed during rolling. On the other hand, it is also 
essential to avoid austenitic grain growth as much as possible. A fine, uniform 
as-reheated austenitic grain size helps minimize the development of a duplex 
austenitic structure after rolling, thereby leading to improved toughnessr71 • 
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2. J .1.2 Roughing 

In order to refine the relatively coarse, as-reheated austenitic 

micro,')tructure, a series ofhigh-temperature rolling/recrystallization steps are 

carried out at temperatures above the no-recrystallization ternperature (T nr). 

Recrystallization at this stage is very rapid and can be followed by sorne grain 

growth. If the strain and strain rate of the deformation are properly chosen, 

complete statie recrystallization will take place, and small austenite grains 

will result. If the conditions are not weil chosen, then statie recrystallization 

will be incomplete. This willlead to duplex structures after transformation, 
which are undesirable. 

2.1.1.3 f4'inishing 

Finishing operations are usually conducted at temperatures ranging 

from T nr to the start of the austeni te transformation (Ar3). Reerystallization is 

110 longer possible and the austenite structure is progressively flattened, in an 
operation known as "pancaking"[8. 91. The ratio of grain surface to grain 

volume (Sv) inereases, although the grain volume remains constant. This 

provides more potential nucleation sites for the austenite-to-ferrite 

transformationllOI• Other important nuc1eation sites are deformation bands 

inside the austenite grains, which are formed during finishing when more 

than 50% deformation is applied!111. When such pancaked austenite grains 

transform, a very fine ferrite grain size is produced because of the large 

number of nucleation sites availahle ai, the surfaces of the pancaked austenite 

grains and in the deformation bands. This fine ferrite is responsible for the 

attractive combination of good toughness properties and high yield 
strengthsI12.131. 

2. t .1.4 Cooling 

Cooling is a natural and integral part of the thermomechanical process. 

Its control can yield excellent results in terms of economy, productivity and 

material properties. Rapid cooling rates during rolling ean lower the 
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transformation tempe rature (Ar 3), prevent austenite recrystallization prior to 

transformation, and reduce the extent of carbonitride precipitation in the 
austenite!ll, Lower Ar3 tempe ratures increase the no-recrystallization zone 
and also decrease the ferrite grain size because, at lower tempe ratures, ferrite 
grain growth is more Iimited. The limitation of precipitation in the austenite 
region leaves a large proportion ofmicroalloying elements in solution and, as a 
resuIt, enhanced precipitation in the ferrite region accurs. This is both a 
source of ferrite grain refinement and improved precipitation strengthening, 
due to finer precipitate formation at lower temperatures. 

Accelerated coolin, arter roUing can also be used to produce fine ferrite 
grains. In this way, strength and toughness are improved simultaneously. 
Nevertheless, when the cooling rate is 100 high, the toughness may be reduced 
as a result of bainite formation. Therefore, coaling rates are limited by the 
hardenability of the steel. 

2.1.2 R"~CRYS'I'ALI..IZATION CONTROLLED ROLLING (ReR) 

Controlled rolling, as described above, is generally based on the use of 
low finishing temperatures, wi th the result that fine ferrite grain sizes appear 
after transformation. Thus, such a style of tinishing is inappropriate for 
certain products, such as heavy plates and thick-walled seamless tubes, which 
cannot he finished at relatively low temperatures, due to excessive rolling 
loads. In such cases, it is possible to produce the fine microstructures required 
by carefully controlling the recrystallization of austenite and Rrranpng for it 
to occur at successively lower temperatures during finish rollingl l5J• These 
temperatures are, nevertheless, above 900 oC and thus higher than those 
employed in conventionsl controlled roUing (CCR). 

There are two requirements for the operation of recrystallization 
controlled rolling to he successful. One is that the recrystallization not be 
sluggish, 50 that the times required are not too long. This is achieved by 
employing V rather than Nb as an alloying element. The second requirement 
is the prevention of grain growth after each cycle of recrystallization, the 
occurrence ofwhich can negate the refining effect ofrecrystallization. For this 
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purpose, Ti is added to form fine particles of TiN during cooling aCter 
continuou8 castinglu1• When these particles have an appropriate size and 
frequency distribution, they can completely prevent grain growth of the 
austenite after each cycle of recrystallization. The fine austenite grains in 
tUrD tranefonn into relatively fine grained ferrite, leading to mechanical 
properties of the hot rolled product which are acceptable for many purposes. 

1.1.3 DYNAMIC RECRYSTALLIZATION CON'rROLI.EIJ ROI.LING 
(OReR) 

When the interpass time is short, as is the case in rod and bar, hot strip, 
and certain other types of roUing processes, there is insufficient time for 
convention al recrystallization to take place during the interpass delay. }'or 
the same reason, the amount oC carbonitride precipitation that can take place 
is also severely Iimited. As a result, an alternative form of recrystallization 
can he initiated, known as dynamic recrystallization, which involves the 
nucleation and growth of new grains during deformationll6• 171. 'rhis also 
requires the accumulation ofappreciable strain to enable the recrysiallization 
process to spread completely through the microstructure inherited From the 
roughing process. In this way, an austenite grain size as fine as 10 pm can he 
achievedu81• 

It is important to note that, under industrial conditions of rolling, ceR, 
ReR and DRCR can ail accur to difTerent degrees during a given operation if 
the processing parameters have not heen optimized so as to ravor either: i) 

strain-induced precipitation and austenite pancaking, Îi) conventional 
recrystallization, or iii) dynamic recrystallization, respectively. 

To utilize the se different thermomechanical processing routes for the 
production of commercial HSLA steels, it is necessary to have a clesr 
understanding of the basic metallurgical phenomena associated with the 
controlled rolling of HSLA steels. These are reviewed in the following 
sections . 
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2.2 BASIC METALLURGICAL PHENOMENA IN THE 
CONTROLLED ROLLING OF HSLA STEELS 

1'he success ofthermomechanical proces8ing is largely dependent on the 
control of the softening and/or hardening processes. The types of softening 
during or arter hot deformation can be divided into rive distinct categories: i) 
static recovery, ii) static recrystallization, iii) dynamic reeovery, iv) dynamic 
recrystallization, and v) metadynamic recrystallization. 

2.2.1 STATIC RECOVERY 

ACter plastic deformation, the strain energy which is stored within the 
deformed material will be released by the annihilation and rearrangement of 
dislocations in individual events. During the proce88, no motion of grain 
boundaries accurs. The subboundaries, however, become sh~rper and the 
dislocation density within the subgrains is reduced with relatively little 
change in size or shape of the grains. Temperature, strain, strain rate and the 
addition of alloying elements are the main factors atTecting the recovery rate. 
An increase in temperature results in an increase in the rate of recovery 
because of enhanced thermal activation. Increasing the strain or strain rate 
alsa increases the rate ofrecovery due ta dislocation density increases. 

2.2.2 STATIC RECRYSTALLIZATION 

Usuany, static recovery only leads to 25% softening, while s~atic 
recrystallization can cause 75% sot\ening. Therefore, statie recrystallization is 
the more important soCtening mechanism involved in eontrolled roUing. 
Duri ng static recrystallization, the strained grains are ll'adually replaced by 
new, strain-free ones by means of nucleation and growth. A large number of 
dislocations is consumed by the grain houndaries as they migrate through the 
me ta 1. The rate of static recrystallization is innuenced by the strain, strain 
rate, temperature and grain size. Smaller initial grain sizes and higher strain 
rates increase the rate of recrystallization. Righer temperatures increase the 
rate of recrystallization. Strain is a very important factor. For the onset of 
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statie reerystallization, a eritical strain (-8%) must be exceeded beCore 
recrystallization can begin. The rate oC statie recrystallization increases with 
inereasing strain, a8 shown in Fig. 2.2. It can been seen that the Ume for 50% 
recrystallization decreases with increasing amount or deformationl191• 
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Fig.2.2 Strain dependence ortime for 50% reerystallization in 
C-Mn and low alloy steels (li). 
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2.2.3 OYNAMIC RECOVERY 

In the early stages of hot defonnation, the dislocation density increases 
with strain, but sorne rearrangement and annihilation of dislocations takes 
place at the same time. Further straining can lead ta one of the following: i) In 
high staeking fault energy materials, as deformation proceeds, the work 
hardening rate gradually decreases due ta an increase in the annihilation rate 
of dislocations. When the rate of annihilation of dislocations is equal ta the 
rate of generation of dislocations, a steady state regime is reached. The steady 
state in hot working is thus characterized by a constant flow stress, as shown 
in Fig. 2.3a. Under these conditions, the grains are somewhat elongated, but 
the subgrains maintain constant size and shape. ii) ln metals and a110ys of 
medium or low stacking fault energy, e.g. austenite, the subgrains formed 
develop very tangled boundaries and are of a smaUer size. The rate oC 
dislocation annihilation is les:"' than that oC dislocation generation and, 
therefore, the dislocation density increases rapidly during deCormation. When 
the dislocation density reaches a critical value, dynamic recrystallization 
occurs[201. 

2.2.4 DYNAMIC RECRYSTALLIZATION 

This important concept was originally proposed from the detailed 
experimental work of Rossard and Blain in 1959[21,221. Ten years later, it was 
modeled and interpreted in detail by Luton and Sellars[231. More recently, 
Sakui and co-workersl241 and Sakai and Jonas(25) correlated the dynamic 
recrystallization flow curves with the microstructure. 

Unlike static recrystallization, dynamic recrystallization takes place 
during deformation. The flow curves characteristic oC dynamic 
recrystal1ization display well-developed peak stresses if recrystallization is 
complete, as shown in Fig. 2.3b. The predominant nucleation sites for dynamic 
recrystallization are grain boundaries with high dislocation densities[26J. 
However, deformation bands within the grains and subgrains can also aet as 
nucleation sitesl251• During deformation, when strains exceed the critical strain 
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Ee (Ee ~ 0.8 Ep, the peak strain), recrystallization is initiated at the auatenite 
grain boundaries and is propagated into the grain interiors by a meehanism 
known as 'necklacing'\I8.271. This will progress with continuing deformation 
until the deformed austenite isentirely replaced by a fine grain size. 

Although there has been some controversy coneerning the possibilityof 
dynamie recrystallization under industrial rolling conditions, Samuel et al. 
reported that dynamie recrystallization could take place under atrip roUing 
conditionsl281. Pusse goda et al. also reported that dynamic recryatallization 
can be initiated at relatively high temperaturea, as in billet piercing during 
the manufacture of seamless tubesl29J• In their investigation, straina as high as 
1.5 were applied in a single pass, which was large enough to initiate dynamic 
recrystallization. It is generally impossible to reach Ep during single pass 
deformation ~lr m'lst industrial practices, except in the case of large reduction 
'single step' operations, such as extrusion and planetary hot rolling. However, 
when the interpass time is short, such as in rad rolling and hot strip roUing, 
there is insufficient time for static recrystallization to take place between 
multiple passes. Under these conditions, the work hardening or 'strain' is 
accumulated from pass to pass, until it exceeds the eritical strain for the 
initiation of dynamic recrystallization. Short interpass times will also limit 
the occurrence of strain-induced predpitation, thus permitting dynamic 
recrystallization to take place. 

2.2.5 M"~TADYNAMIC RECRYSTALLIZATION 

When high temperature deformation ia halted during dynamic 
reerystallization (i.e. beyond Ee>, many nuclei are already present within the 
mate rÎlu , and grow via grain boundary migration. These boundaries can 
continue to migrate in the absence of a load. The softening process due to the 
continued growth of these nuclei is known as metadynamic recrystallization. 
As this type of recrystallization does not require nucleation, it proceeds very 
rapidly upon the termination ofdeformation!9.301 . 
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2.3 HOLE OF MICROALLOYING ADDITIONS DURING 
CONTROLLED ROLLING 

At present, HSLA steels are predominantly low in carbon (0.05 to 0.15 

pct) and are alloyed with small quantities of strong carbonitride-forming 
elementa, such a8 niobium, vanadium or titanium[31.321. This microalloying is 
intended to contribute to enhanced mechanical properties, primnrily through 
ferritic grain retinement, often supplemented by precipitation nnd/or 
8ubstructural (dislocation) strengthening. 

It is well known that additions of Mo, Nb, Ti, Al, and/or V to a plain 
carbon steel are effective in retarding recovery and recrystallizationl:t3. :141. In 
the past, most attention was paid to the role of niobium in retarding austenite 
recrystallization in HSLA steelsI35-371. Previous research suggests that the 
retardation ofaustenite recrystallization in Nb-steels results from the pinning 
of austenite grain boundaries and subboundaries by either: i) niobium 
carbonitride precipitates; or ii) niobium atoms in solution in the austenite. It 
appears that the dramatic retardation of austenite recrystallization, which 
accun during commercial controlled rolling, results from the strain-induced 
precipitation of carbonitrides on the austenite substructure. Some 
investigators have suggested that solute-drag effects on ausLenite 
recrystallization in Nb-steels are small compared to the effects of strain
induced carbonitride precipitatior,138, 391. Nevertheless, other workers have 
argued strongly that solute-drag controls the recrystallization kineticsl40I• 

Akben et al. suggest that the recrystallization kinetics are controlled by both 
solute-drag and precipitationI41 ,421. 

2.3.1 INTERACTION BETWEEN CARHONITRIUE PR"~CIIJI'I'A'I'ION 
AND RECRYS1'ALLIZATION 

2.3.1.1 Orivin, Force for Recrystallization 

The strain induced boundary migration mode 1 has been widely accepted 
as the mechanism for the nucleation of recrystallizationl43 491. This model was 
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originally put forth by Beek and Sperryl46, 47) and was subsequently advanced 
through the work of Baîley and Hirschl48J• 

Under this model, the driving force for recrystallization results from the 
difTerence in dislocation density between adjacent austenite subgrainsl44J• To 
balance strain energy, the grain boundaries will "bulge" into grains of high 
dislocation densityl45J. Quantitatively, the driving force, F RXN' hal been 
described byI4S.48J: 

(2.1) 

where p is the shear modulus, b is the Burge" vector, and àp is the change in 
dislocation density as the recrystallization frontmoves . 

2.3.1.2 Drag Force for Recrystallizatlon 

Zener originally pointed out that, in the presence of a second phase, 
grain boundary migration may be inhibited because the second phase particle. 
replace part orthe grain boundary, and this increment of grain boundary area 
must be created if the boundary is ta move away from the partic1esl50l• Zener'. 
theory was later quantified by GladmanlSlJ, who assumed that the grain 
boundaries move rigidly through a regular array of spherical partieles. The 
pinning force for each particle can be expressed as 

(2.2) 

where r is the particle radius, y is the interracial energy per unit area of 
boundary, and Ns is the number ofparticles per unit area ofboundary . 
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For the rigid boundary model, Ns is calculated from NsR =3fv/2nr2; For 
the nexible boundary mode! proposed by Cuddy[52, 531, Ns can he determined 
trom N,l=3fv2/3/4nr2. The most realistic model was' the one proposed by 
Hansen et a1,l42J, where N s is expressed as Nss=3fvllSnr'. ru in the above 
equatioDs is the precipitate volume fraction. 

Substitution of the expressions for N sR, N,F, and N sS into equation 2.2 

IJÏvea the respective pinning force for each model: 

FI! = 6y'" 
PIN nr 

(2.3) 

3yf.!3 (2.4) ~'N= -2-nr 

-3y( 1 
(2.5) rJ,'N= 2 "2 nr 

For hot deformed or cold deformed austenite, if F RXN < F PIN' the grain 
boundariea will be completely arrested, whereas ifF RXN ~ F PIN' the precipitates 
should Dot have any significant etTect on boundary migration. However, if 
F RXN > F PIN and the magnitudes are comparable, the boundary may move, but 
at80me reduced veloeity. 

1.3.1.3 HPTT Dia.ram 

Numerous investigations have been undertaken to study the interaction 
between carbonitride precipitation and recrystallization'54591. The 
recrystallization-precipitation-temperature-time (RPTT) diagram is a 
convenient tool for analyzing this interaction. 8ased on their experimental 
results, Hansen et al. proposed a schematic RPTf diagram[541, as shown in Fig. 
2.4. Above To (the equilibrium solution temperature for the operative 
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precipitation process). precipitation is thermodynamically impossible. Below 
To, however. three interaction regions are possible. In region t, 
recrystallization is complete before precipitation starts (even wilh t.he 

potential accelerating effect of prior plastic deformation) and thus, no 

interaction occurs. Accordingly, precipitation eventually takes place in the 
recrystallized austenite along the Ps curve. The recrystallization prOl'ess, 
preceding any such precipitation in this case. is defined by the Rs and Rf 
curves. 

In region U. the introduction of new and patent nucleation sites b.v 
deformation has the efTect of shifting the C-curve to shorter times (PsU). 

Precipitp.tion 18kes place aCter recrystallization is initiated in this rase, but 
before it is complete. Therefore. recrystallization starts along the Rs curve, hut. 

ends along Rf curve because of the retardation of precipitation. In region UI, 
precipitation takes place before recrystallization (i.e., alang the PsI) curve). and 
now both the s18rt and finish ofrecrystallization are delayed (ta the Rt and RtJ) 

curves) . 

The precipitation/recrystallization interactions and, in fact, the actual 
tempe rature ranges over which the various regions are operati ve, are sensi ti ve 
to the degree of supersaturation or to the temperature interval between TC) and 
the post-rolling holding temperature. Sufficient supercooling is necessary for 
any interaction to accur. But, ifTo is tao low, regions nI and even fi may be eut 
otTby austenite decomposition into ferritic transformation products. Strain is 
another very important factor innuencing this kind of interaction beeause hoth 
the recrystallization and precipitation kinetics ,<hange significantly with 
strain. Therefore, it is always considered as a critical parameter in the 
modeling and simulation of hot deformation. 

2.3.1.4 Effect of Microalloying Elements 

At very high temperatures above the precipitate solution temperature, 
the precipitation of a second phase is impossible, and the recrystallization 
kinetics are rapid enough to complete recrystallization in a very short time . 
Below the precipitate solution temperature, but above the nose tcmperature of 
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the PIT curve, the recrystallization kinetics are retarded, while precipitation 
is promoted because both the rate of precipitation and the volume fraction of 
precipitates increase with decreasing temperature. Under industrial roUing 
conditions, whether or not recrystallization or precipitation controls the 
processing, de pends upon which one takes place tirst. Accordingly, the no
recrystallization temperature (or the T nr) is often used as a criterion to design 
the thermomechanical processing schedules of microalloyed steels. 
Deformation above the Tnr leads ta fully recrystallized austenite grains, 
whereas, below this temperature, partially or fully unrecrystallized grains 
may be the result. 

It has been reported that the T nr is closely related to the amount and 
type of microalloying elements dissolved in the austenite during reheating. 

Based on their experimental results and the results from the literature, 
Boratta et al. have derived an empirical equation for predicting the T nr as 
followsl60. 61 J: 

T =887 +464C+C6445Nb-644 v'Nb)+(732 V -230v'v> nr 

+ 890Ti+ 363Al-357Si (2.6) 

As expected, Nb has the strongest influence on the T nr. Mn increases 
the efTectiveness of Nb by increasing the solubility ofNbC. Thus, more Nb is 
released into solution and the solute drag efTect of Nb is enhanced in this way. 
This is, however, a weak etTect. Akben et aI.l411 reported that increasing the 
Mn level from 1.25 to 1.9% decreases the NbC solution temperature from 996 
ta 991°C (Le. by only 5 OC) in a 0.05% C, 0.03% Nb base composition. Hence, 

any increases in Mn level above 1% will have little influence on 
recrystallization retardation, causing little increase in the T nr. 

Apart from the small effect of V at low concentrations, Si is the only 
element in the correlation which decreases the T nr. This May be because Si 
decreases the solubility ofNbC in austenite[62J, thus reducing the amount of Nb 

in solid solution, and hence decreasing the Nb solute drag efTect on the Tnr. In 



• 

• 

• 

21 

other words, as in the case of Mn, it appears that Si affects the Tnr indircctly 
via its efTect on the solubility orNbC. 

Dutta and SeHars defined the Tnr as the recrystal1ization limit 
tempe rature (RLT" which represents the lowest tempe rature at which 
complete recrystallization might be expected to occur(631. Cuddy introduced the 
concept of the TRS, and defined it as the temperature at which partial 
recrystallization is first observed[52. 641. He also round that this critical 
temperature increased by increasing the initial solute level. The rate or 
increase, however, varied greatly with the type of solute. Nb, through the 
formation of Nb(C,N), is the most efTe~tive in raising the TRS; V, which forms 
VN in austenite, is the least effective, as shown in Fig. 2.5. 
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The data in Fig. 2.5 indicate that the increase in the TRS over that orthe 
base steel (plain carbon steel) âT=(TRS-780) is related to the atomic percent 
of80lute X accordingto: 

(2.7) 

where Q is a measure of the strength of the solute's etrect on the TRS. From the 
data in Fig. 2.5, Q values were determined and are presented in Table 2.1. 

Table 2.1 Q factor related to solute 

solute 
Q 

oC/fat. %)112 

Nb 1350 

Ti 410 

Al 200 

V 200 

Yamamoto et al. pointed out that the etrect of solute atoms on static 
recrystallization may be explained by the degree of lattice distortion; 
furthennore, the defree of lattice distortion can he indirectly detected by the 
change in the lattice coftst&ntl311• The result shown in Fig. 2.8 seems to give a 
consistent correlation between the retarding rate and the lattice constant 
change per atomic %. Alloying elements yielding large changes in lattice 
constant lead to relatively high retarding rates . 
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2.3.2 MODELLING OF RECRYSTALLIZATION AND 

PRECIPITATION 

Much attention has been paid to modelling the recrystallization of 
austenite. Sellara originally found that the kinetics of static recryatallization 
in hot working can be described by the Avrami equation[651: 

x= t-up[-O.893(tlto.l (2.8) 

where X is the volume fraction recrystallized aRer time t, and to.5 is the time 
to 50% recrystallization. The exponent k, typically 1 to 2, ia not very sensitive 
to deformation parametera, whereas to.5 changes by orders of magnitude over 
the range of conditions encountered during hot roUing. It ia therefore essential 
to have a quantitative description of to.5, in terms of the proceas variablea. 
Sorne relations have been proposed for C-Mn steels by various investigaton[83. 
66.711, and are summarized in Table 2.2 . 

It can he seen that the recrystallization kinetics of plain carbon steels 
have been extensivel)' investigated, but much less information is available for 
microalloyed steel •. It is clear that microalloyed steels erbibit a discontinuity 
in the typical Avrami behavior[38.42,721. This is probably because of 

precipitation, which makes it more difticult to model recrystallization kinetics 
during the hot deCormation of microalloyed steel.. A quantitative model for 
the prediction oC strain induced Nb(C,~) precipitation wu developed by Dutta 
and SeUan in 1987[631. In 1989, Liu and Jonas developed another model for 
titaniurn carbonitridel731. Later, in 1991, Sun and Jonas developed a model for 
MnS precipitation!741. These models are summarized in Table 2.3. Based on 
the Liu-Jonas model, Park and Jonas modelled Nb(C,N) precipitation under 
continuous coaling conditions using the additivity rule!751. 

Based on the above review, it seems that there are limited data 
concerning the effect oC deformation parameters, such as strain, strain rate 
and interpass interval, on the no-recrystallization temperature, under 
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conditionl or continuoul cooling. The present work racules on a systematic 
invelti,ation orthe etTect orpracessing parameters on the no-recrystallization 
temperature, T nr. 

Table 2.2 Recrystallization models reported in the literature 

Investi,ator 

Sellars 
et a1.[83, 65] 

Eeaka 
atal.[86J 

Yada 
et a1.[71J 

Statie recrystallization 

C-Mn Steel X = 1-exp{k(tlto/lk = InO 5 

Ep = 4.9x 10-4d/2Zo l~ Z=texp(312000/RT) 

when e>0.8t
p

: t
O
&=2.5 X 10-1ge-4do2Xexp(300 OOO/R'1') 

when e<O.8e
p

: t
05

= 1.06 X 10 -5Z 011 Xexp(300 OOO/R'I') 

Nb Steel x= l-exp{k(tlloo,,r'} Ie= InO.95 

t".04 = Ado
2e-4 X exp(300 OOO/RT)exp{[(275 OOO/R'I1- 811 Nb!) 

A=8.75XIO-20 8=185 

C-Mn Steel X = (1-X ){l- exp( - th)1/3} 
• p 

X = l-exp{ - [(e-&)/(e -e)Jm} m = O.026f~Xp(46001'/,) 
pc. 

t. = 2.25{1- exp( - d/IO} K = 472e -0 0723exp( - 26001'1" 

f =9.llXIO-l~e-2~eexp(67670/RT) 
• 

C-MnSteel X= l-exp{ -O.693[(t-ttl1tol} 

tos= 2.2X 10-12e-2t-2Su -1I5 Xexp(30 000/T) 

Su = (24Ind/J){0.491exp(e) + O.155exp( - e) + 0 1 433exp( - 3cH 
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Investigator 

Kwon 
et a1.[68] 

Choquet 
et aJ.(67) 

Roberts 
et a1.[70] 

Hodgson 
etal.[69J 

Table 2.2 <Cont.) 

Static recrystallization 

C-Mn Steel X= l-exp{-0.693(II'o,l} 
'
06

= Ad
o

1 414Se -3144Z-0 121exp( -Q,/RT) 

A=3.32Xl0-15 Q,,=285000 

Nb Steel X= l-exp{'(tltoo/} ,= -0.0513 

'06=Ad0
2e-4exp(QiRT)exp{[(Q,/RT)-185)(NbJ} 

X exp{[(Qc!T) - (Clr»)HNbCVrJ) 

A=6.75X 10-8 B= 185 C=2.063X 1011 

QA=300000 Q8=2.75XI05 Qc=1.534XI07 

HSLA Steel X = 1-exp{ - 0.693(11t05)~ 

t ='V" 0878e-028ePexp(Q IRT) 
011 v--V tt 

28 

QJR = 39660-6025.8(C)04+755[C)08S+ 2.848 X 10-3[Mn)2 

+ 4423[Mo)O 2+ (466.45 +/S.57 X 105(Tc -7')4[NbJO g 

P = dy -0 115{ _ 3.89 + (p[Nb)} "v = (,,(C. Mn. Mo, Nb) 

C-MnSteel X=1-exp{-0.693(tl'ol} 
105 = 5 x lO-21do'le-'exp(QiRT) 

Q R = 330 OOO.J/moi 

Ti-V Steel X= 1 -exp{ -0.693(tltol} 
105=5X 10- 18do2(e-0.058)-35exp(QiRT) 

QR = 280 000 J/mol 

C-Mn Steel X = 1-exp{ - 0.693(111
0
./ li} 

'06 = 0.53Z-o 
8exp(240 OOO/R1') 
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• Table 2.3 Precipitation modela reported in the literature 

Investigator Strain-induced precipitation 

Dutta-Sellars NbCC,N) t =A[NbJ- 1e- 1Z- 05exp(270000/H'f) 
008 

[831 x exp{8/~(lnk )2} 
• 

A=3X 10-11 8=2.5X 1010 

TiCC,N) p. = H(pXr ,) -lexp(QlRT)exp(.1Glk1') 
Liu-Jonas 

[731 H=0.0156 

~G= 16n(0.25y)3/3(.1G'htnJ +.1Gt )2 

• 
Sun-Jonas MnS P = WIND atTx BO)exp(.1G*/k1') 

.. j\ln AI'I 
(74) 

r=8-aa_F/ 
~G* = 16n({yfJf3(.1G'h'" +~Gt* +.1GIJfJC)2 

• 
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EXPERIMENTAL MATERIALS AND 
PROCEDURE 

3.1 EXPERIMENTALMATERIALS 

28 

3 

For the purpose of investigating the efTect of processing parameters on 
the critical temperatures, Tnr and Ar3, three Nb-bearing HSLA steels were 
used in the present work. The chemical compositions ofthese steels are shown 
in Table 3.1. Steels A and B both have low carbon contents and relatively high 
niobium contents. The main ditTerence between these two steels is that the 
titanium level in steel B is higher than in steel A. The niobium concentration 
in steel C is in the medium range, while the carbon content is higher than in 
either steel A or steel B. The range of Nb concentration, from 0.05 wt% to 0.09 
wt%, makes it possible to investigate the effect of solute drag on the 
recrystallization of austenite. Furthermore, the different combinations of 
niobium and carbon concentration lead to different supersaturations at 
difTerent reheating temperatures, which makes it possible to investigate the 
efTect of reheating temperature on the recrystalHzation of austenite during 
subsequent deformation. To compare the effect of various microalloying 
elements on the recrystallization of austenite, a titanium-vanadium steel was 
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used, and a plain carbon steel was alao used as a base steel for compari80n 
purposes. 

3.2 SPECIMEN GEOMETRY 

The as-received plates were cut into bars 15 mm X 15 mm X 80 mm with 
their axes in the rolling direction. Before machinin" ail of them were heat 
treated at 1000 oC for two houn and then air cooled in order to eliminate the 
rolling texture present in the as-received plates. Then, the bars were 
machined into torsion specimens with gauge lengths 0(22.4 mm and diameters 
of6.3 mm (see Fig. 3.1). This specimen size was selected to allow rapid coalin, 
aRer the completion of a test, and also to allow relatively high strain rates to 
bereached. 

3.3 EXPERIMENTAL EQUIPMENT 

3.3.1 HOT TORSION MACHINE 

Experimenta were carried out on a servo-hydraulic, ~omputer controlled 
MTS machine equipped with a Research Incorporated radiant furnace 
controlled by a Leeds and Northrup system. Details of the apparatus are 
shown in Fig. 3.2. A lathe bed was used as the frame of the torsion machine on 
which the motor-furnace-torque cell system was mounted longitudinallyl78J. 
This motor is driven by an MTS hydraulic power supply and can develop a 
maximum torque of 100 N.m and a maximum speed of 628 rpm. The speed and 
direction of rotation of the motor are controlled by a servo valve that 
proportions the hydraulic nuid ftow to the motor in relation to the magnitude 
of an electrical signal. 

The specimen is held by means of nickel-based superalloy loading bars, 
which are cottnected ta the motor and torque cell; the latter is mounted on the 
lathe sadd le sa that it can be moved axially. In the present study, a 1000 in-Ibf 
(112.98 N-m) capacity cell was used to measure the load transmitted by the 
test specimen and its associated electronics were calibrated for four ranges 
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Table 3.1 Chemical compoaitiODS orthe stals investigated in weight'" 

STEEL C Si V Mn Mo Ti Al Nb 

PC 0.09 0.28 _.- 1.44 _.- --- 0.02 ---
V-Ti 0.048 0.22 0.1 1.3 --- 0.02 0.032 ---

HighTi 0.055 0.24 --- 1.3 -- 0.16 0.036 ---
A(O.09Nb) 0.04 0.27 -- 1.53 0.14 0.007 --- 0.09 

B<O.07Nb) 0.04 0.31 0.003 1.67 0.197 0.026 0.038 0.07 

C(O.05Nb) 0.125 0.33 0.155 0.43 0.168 --. _.- 0.05 

N 

0.007 

0.005 

0.004 

0.008 

0.01 

0.005 

• 

w ... 
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Fig. 3.2 The servo-hydraulic hot torsion machine used in these 
experiments. It is mounted on a lathe bed178J • 
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(1000,100,200, ud 100 in-Ibn, whieh correspond to 112.98,58.49,22.60, and Il.30 
N-m. Thil relatively 10w capaeity wu 1I1eeted to ensure Adequate re.lution or the 
torque mealurement8 obtained from the amallsamples. The dilplacementa, i.e. the 
u.le or twist or the sample, were measured by the rotary tranaducer conneetecl to 
the moœr shaft. 

The test lpecimen. were beatecl by meanl of a water-eooled radiant fumace, 
model E4-10PA, whieh allo .. transient lpecimen temperaturel or up to 1650 oc 
(3000 or) to be reaehed. The fumace temperature wal controlled by a Leecla and 
Northrup lyatem. A diarital indultrial t-!mperature eontroller wal used wi th this 
Iystem, whieh i.linlted to the pfOll'UlUDer and the rumace throu,h a thennoeouple 
ud a power supply, relpectively. The temperature wu allO read 011 the computer 
sereen, and eould he .nUen onto the hard disk topther with the other data. To pt 
pod reprodueibility or the temperature reaclin .. , an open-ended thennocouple .u 
tlzed to the PP lenath by a tIlin wire. The temperature of the specimen was 
controlled in thi. way, and Any derormation heatin, was compensated by the 
temperature eontroller, which reduc:ed the eurrent to the rurnace via the power 
lupply. AI ahoWD in Fi •• 3.3, coalin, from a hi,h temperature down to 800 oC, and 
coalin. rates or up to 2 ·C/a eould be aœurately controlled by acQultin, the power 
lupply automatieally. Ri.her coalin, rates were obtained by blowin, compreuecl 
air into the furnace or by ahuttin, down the power. 

Ozidation of the lpecimens at hi,h temperatures wal preventecl by passin, a 
conltant now ofhi,h purity arIOn throu,h the rurnace. 

3.3.2 COMPUTERIZED TESTING SYSTEM 

The torsion machine was linked to a COMPAQ 386 computer which has a core 
memory of 10Mb RAM. In thia computer, 0812 is employed for the operatin,sYltem, 
to,ether with Windows. TestStar is used to control the test procedure. Lotul 1-2-3/0 
wal put on the hard disk for data pmeessin,. A minimum interpass time of 10 ml 
can he obtained with thillystem. Fi,. 3.4 shows an angular displacement-time 
curve taken from an actual test; here the requested interpass time was 18 ml, and 
the attained interpa .. time was 20 ms. Str.in rates of 0.02ls-211 could be obtained 
ulin, the regular lpecimen, while the hi,her strain rates or 5/1-10/s were produced 
ulin, a shorter specimen. As Ihown in Fig. 3.5, the delay in reinitiating straining 
somehow i8 related to the P value of the gain; the hi,her the P value, the saoner is 
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straining reintroduced. When the P value is tao high, on the other hand, other 
problems arise, such as hunting and vibration of the rotation bar. A schematic 
diagram of the operations involved in running a test is shown in Fig. 3.6. 

Angul.r dIIpI. (rad) 
67.7.---~, ---;----:---~---~-------. 

, 
, , 

......... .. .... _ ................ l,~" .. .. .................. .. :,1_ ~ .... ............ -.. .. .. ; .................... .. .. .. -: .. -. .... ...... .. . . ·X· 
: : InterpaD tlme: X: 

............. _- ........... : ..... "--." ....... ~~_ .. _......' : /. : ,····;··············T······X· ·t····· 
. 'X' ............ ! ............. f ............ : .......... J ..... .. t 

:.:::.:.:.:.:::.1: :.: .... :.:::: Z~ .. " L:: .... J .. : .... r· . 
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: : : ! : 
.s~--~~~~---~--~~--~--~--~~--~~ 

• .5 88.52 •. 54 88.58 

Ttme (SIC) 

88.68 68.8 

Fig. 3.4 Interpass Ume between passes. 

3.4 AUSTENITIZATION TEMPERATURE 

68.82 

The equilibrium solution tempe ratures of the NbCC,N) in the various 

alloY8 were evaluated from the following equation given by Irvine et al.1321 
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The solution temperatures for the present steels were estimated to be 
approximately 1187 oC for steel A, 1153 oC for steel B (assuming that the 
formation of Nb(C,N) is dominant), and 1240 oC for steel C. When the 
reheating temperatures are chosen to be above these temperatures, the total 
niobium, carbon, and nitrogen contents of the steels should be in solution; 
conversely, when the reheating temperature is lower than these temperatures, 
the amounts to be expected in solution are lower. In the present work, 
reheating tempe ratures of 1250 oC, 1150 oC, and 1050 oC were used to give 

ditTerent degrees ofNb(C,N) supersaturation during subsequent deformation. 
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Fig.3.6 A schematic diagram orthe test procedure . 
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3.5 DETERMINATION OF THE Tnr ANDA .. 3 

Various methods have been used ta determine the Tnr in the laboratory. 
These have generally involved some form of compression testing or laboratory 
scale hot rolling. Single or multipass deformation schedules are perCormed to 
simulate rolling conditions and the Tnr is evaluated from the reaulting 
Metallographie or flow stress data. In leneral, these tests are deaigned to 
generate a detailed picture of the reerystallization behaviour. In order to 
obtain an interrelationship between time, strain and temperature, many tests 
are required. A new technique developed by Boratto et a1.[601 permits the Tnr 

and Ar3 to be determined in a single test. This technique includes: i) 
evaluation of the equivalent stresses and strains; ii) calculation of the mean 
now stresses; and iii) evaluation of the Tnr and Ar3. 

3.5.1 EVAI .. UATINGTHE EQUIVALENT STRESSES AND STRAINS 

The torque and twist data from the experiments were used to caleulate 
the equivalent stresses and equivalent strains. The equivalent stress at the 
surface of the specimen is evaluated from the torque T via the relation 
proposed by Fields and Backofen!771, 

v'3T(3 + m+n) 
°eq= (3.2) 

and the equivalent strain at the surface is proportional ta the measured angle 
of twist 9, as given by: 

r8 
e =--

eq V3L (3.3) 



• 

• 

• 

39 

Here, rand L are the specimen radius and length, respectively, mis the rate 
lenlitivity and n is the work hardening coefficient derived from the torque. 
These coemcienta are defined as follows: 

• 
m=alnTlaln8 (3.4) 

n=alnTlaln8 (3.5) 

Although both m and n vary with strain, for the sake of simplicity, constant 
values ofm=O.17, and n =0.13 were employed. The variations in m and n are 
much smaller than the mean value of the multiplier (3 + m + n) = 3.3, and the 
approximations, thererore, do not introduce a large error . 

3.1.2 CALCULATING THE MEAN FLOW STRESSES 

Accordin, to the definition of Fig. 3.7, the mean flow stress of each pass 
can be calculated using the numerical integral given by 

- 1" °'+1+°, 
o = --~ xCI! - C ) 

,q e-c"- 2 ,+1, 
b 4'=0 

(3.6) 

- 1 ft" a =-- 0 cIE 
IIq C -e IIq eq 

" 0 ta 

(3.7) 

where oeqis the mean flow stress, 0eq is the equivalent flow stress and (Eh -cu) is 
the equivalent strain orthe pass ofinterest . 
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Fig. 3.7 Equivalent stress-equivalent strain curve. 

3.1.3 EVALUATING THE Tnr AND Ar3 
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The dependence of the Mean flow stress on inverse absolute temperature 
for microalloyed steels is shawn in Fig. 3.8. Based on the siope changes that 
can he seen, processing can he divided approximately into four regions. In 
region 1 (high temperature region), recrystallization takes place fairly rapidly, 
so that there is no strain accumulation and no work hardening; in this case, 
the mean flow stress depends only on the temperature. The me an flow stress 
increases slowly with decreasing temperature. In region II (intermediate 
temperature region), only partial recrystallization takes place or no 
recrystallization at ail, so the strain is accumulated from pass to pass and 
continued work hardening is displayed. In this case, the Mean flow stress 
increases more rapidly with decreasing temperature. The cessation of full 
recrystallization is responsible for a slope change at the intersecting point of 
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relions 1 and U. According to Boratto et aI.l601, the temperature that 
corresponds to this point can be defined as the no-recrystallization 
temperature (T nr) for plate roUing. 

MFS 

(MPa) 

Tor Tr3 Tri 

1000rr (K·l) 

Fig.3.8 The dependence of the Mean flow stress on the inverse 
absolute pass temperature. 

When processing is carried out to lower temperatures, the austenite-to
ferrite transformation takes place; this leads to the mean flow stress dropping 
because ferrite is sorter than austenite. With a further continuous increasc in 
the ferrite fraction, the Mean flow stress decreases continuously until the 
transformation is finished; then the mean flow stress increases again. The 
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tempe ratures that correspond to these two points of further intel'lection can he 
defined as the start (Arl) and finish (Arl) temperatures or the auatenite-to

ferrite transformation. 

These critical tempe ratures can be determined by 8asuming a linear 
dependence of c)eq on lOOOtT in regionsl, n and IV, i.eJ60J; 

and 

o =(A+8x 1000/7') 
eq forT~T tir 

G
eq 

=(A'+8'x 1000/7')(1- V,) + (C+D X 1000/7')V, 

(3.8) 

forT<T 
'Ir 

(3.9) 

Here, V, is the volume fraction of ferrite at tempe rature T; it is calculated 
using the Collowing empirical equation: 

V,= E(1 OOOIT>FI[I + E(l OOO/T)F] (3.10) 

A is the intercept and Bis the slope of the line in region 1. Similarly, 
A'and B', C and 0 are the equivalent constants for regions II and IV, 

respectively. E and Fare coeMcienta related to the transition curve in region 
m. The cri tical temperatures themselves are given by: 

T = lOOO(B-8')I(A' -A) 
/Ir (3.11) 

Ara= 1000(32.32E)VF (3.12) 

Art = lOOO(E/32.32)1/F (3.13) 
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Here, Ar3 is the temperature at Vr=3% and Art i. the temperature at 
V,=97%. The constants A, B, A', B' C, D, E and F were calculated using a 
nonlinear leaat squares optimization method. 

250 

200 

Fi,. 3.9 

No Recrystallization 

~ 

Dependence orthe mean flow stress (MFS) on the inverse absolut.c 
pau temperature for samples of steel A deformed according to 
aehedule A; t=0.3, t=2/s, t= 10 s. 

Actually, in the austenite range, there are two changes in the slope of 
the mean flow stress curve, as shown in Fig. 3.9. The temperature 
corresponding to the first change was defined above. The temperature 
corresponding to the second change is where recrystallization ceases 
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completely. The changes in mesn now stress can be undentood in terme of the 
retardation of recrystallization by the precipitation of Nb(C,N). Aceordin, to 
Dutta and Sellaral131, the first slope change corresponds to the point of 
intersection of the to.05p (time for 5% precipitation) and to.95x (time for 959& 
recrystallization) curves in an RTT-PTT diagram. The second change is 

related to the point of intersection of tO.05p and tO.05x (time for 59& 
recrystallization). For microalloyed steels, the firat change ean always be 
seen, whereas in many cases, the second change does not appear. 

There are two possible values of the slope change at temperatures below 
this point. If strain accumulation cannot initiate dynamic reerystallization, 
the mean now stress will change along the IOlid line; this is the case of rolling 
with long interpass times (for example, 30 seconds), as in reversing mills. The 
mean now stre88 changes along the broken line ae long al dynamie 
recrystallization i. initiated. Rolling with Ihort interpau times is coincident 
with this situation, al in eontinuous mill •. 

For a strain/pass of 0.3, strain rate of 2/., and interpass time of 30 s, the 
measured Tor for steel B was 960 oC. To demonstrate the aceuraey of the T nr 

measurements, two isothermal tests were executed at tempe ratures close to 
the T nr determined by the mdhod described above. Two mean now stress-total 
equivalent strain (or pass number) curves are shown in Fig. 3.10. For the 
lower curve, the isothermal stage was initiated at pass 9, at which the 
temperature was about 965 oC (>the Tnr). For the upper curve, the i80thermal 
stage was initiated at paas 11, at which the temperature was 900 oC «the 
T nr). It can be seen that above the T nr, the mean now stress remained at the 
same level (about 133 MFa) for ail of the passes. This implies that no strain 
accumulation or work hardening took place, and that full interpasl softening 
occurred under these candi tions. 

Below the Tor, however 9 the mean now stress increased wi th pass 
number over the first three passes. This phenomenon can be understood in 
terms of the strain accumulation that takes place during deformation at 
temperatures below the T nr. When the accumulated strain reached the critical 
value for static or dynamic recrystallization, the stored strain energy was 
released somewhat, which led ta a slightly lower value of the mean now stress 
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6 

Fi,. 3.10 MFS vs. total equivalent strain (or pass number) under 
ilOthermal deformation conditions at temperatures above and 

below the T nr. 

in the next passe The repetition of this process is probably responsible for the 
oscillations of the Mean now stress evident on the diagram. The degree of 
interpass softening, X, under the isothermal conditions was calculated from 
the expression: 
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(3.14) 

where 0m is the Dow stress at the end of the previous pass, oyO il the Dow 

(yield) stress of the first pass of the isothermal stage, and Oyi is the flow stress 

of the present pass. Fig. 3.11 illustrates the relevant interpass 80ftening 

cuneo It can be seen that the fractional 80ftening above the T nr is around 95% 

for ail of the passes, but below the Tnr, the fractional softening ranges from 

55., to 75%. 

Fig. 3.12 shows the microstructures close to the Tnr• It can be seen that 
the quenched structure at temperatures above the T nr is completely 

reerystallized austenite, while in the case of samples quenched at 

temperatures below the T nr, the structure is only partially recrystallized. 

It worth pointing out that the T nr determined by the present method 

represents the lowest temperature at which complete recrystallization might 

be expected to accur during a 30 second delay. In the case of a continuous 

cooling schedule, however, a 30 second delay corresponds to a 30 oC decrease in 

temperature. This continuous deerease in temperature can slow down the 

reerystallization process sumciently that recrystallization is not completed 

during this interpass time. Because of such considerations, the actual no

reerystallization temperature is probably higher than that determined from 

the MFS-ltr curve. For the present case, it can he defined as follows: 

• T =T +30°C 
tir IIr 

(3.15) 

where Tnr is determined from the MFS-lIT curve, and Tnr• is the no
recrystallization tempe rature corrected for continuous cooling conditions. The 
correction of 30 oC corresponds to the decrease in temperature from one pass to 
the next . 
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Fig.3.12 Microstructures close ta the Tor (the Tnr =960 OC) 

(a) quenched at 970 oC alter a 30 s delay; 

(b) quenched at 940 oC aCter a 30 s delay . 
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3.8 ROLLING SCHEDULES 

3.8.1 SCHEDULE A 

Multipass torsion tests were designed to investigate the eCCect oC 

deCormation parameters, such as the strain per pass, strain rate, and interpass 
time, on the T nr. Table 3.2 lists the test parameters: strain ranges From 0.1 to 
0.7, strain rate ranges from 0.2 S·l to 10 s· t, and interpass times Crom 2 s ta 200 
s. For a particular test, the strain per pass, strain rate and interpass time aft! 

Table 3.2 Test parameters for schedule A 

Strainlpass 

e= 0.1,0.2,0.3,0.4,0.5,0.7 

Strain rate 

t=0.2, 2,5, 10/s 

Interpass time 

t= 2, 5, 7.5, 10,12.5, 15,20,30,50,80, 
100, 150, 200 s 

identical. A schematic schedule for this investigation is illustrated in Fig. 
3.13. First of aU, a specimen was reheated to a selected solution temperature 
and soaked at this tempe rature Cor 15 minutes; then it was cooled down at a 
constant cooling rate. During cooling, 17 passes were applied at a constant 
strain rate, and there was an interpass delay between the passes. 1'0 maintain 
the same 30 oC interpass decrease in temperature, slower cooling rates wcre 
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used for the longer interpass times and faster cooling rates for the shorter 

interpass times. The cooling rates for dift'erent tests are given by: 

30 0e 
p=

t 

where t is the interpass time in seconds. 

TEMP . 

1 1250°C,900 s 1 

1l180GC 1 Il 

TIME 

e=O.l- 0.7 

t=2 S-l 

(3.16) 

interpass time t=30 s 

AirCooling 

Fig. 3.13 Schedule A employed in the present hot torsion tests . 
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3.1.1 SCHEDULE B 

Schedule B was designed to investigate strain accumulation during 
multipa81 deCormation; it consists oC Cour roughing passes Collowed by a single 
finishin, pau. The strains and deCormation temperatures of the 5th pass 
ranpcl Crom 0.3 to 2.4 and 1080 oC to 850 oC, respectively. The test parameters 
employed are listed in Table 3.3. 

Table 3.3 Test parameters for schedule B 

DeCormation Interpass 
PassNo temperature Passstrain time 

(OC) (s) 

1 1180 0.3 30 

2 1150 0.3 30 

3 1120 0.3 30 

4 1090 0.3 30 

5 1060-850 0.3-2.4 30-240 

3.8.3 SCHEDULE C 

Schedule C (see Fig. 3.14) was designed for investigating the possibility 
oC dynamic cecrystallization under i80thermal deCormation conditions when 
ahoner interpass times were employed. 

3.7 METALLOGRAPHIe EXAMINATION 

The microstructures produced along a radi us of the specimen are 
presented in Fig. 3.15. It can be seen that the as-reheated structure is uniform 
within the cross section of the specimen, while the structures are Dot uniform 
after deCormation because oC the strain gradient present in the solid bar torsion 
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TEMP. 

1 1250°C,900 s 1 

ll1800e 1 

Deformation parameters 

at isothermal stale 

Temperature (OC) 910,940, 970 

Strain rate (s-l) 

Delay time after the 
4th pass (s) 

#1 

0.02, 0.2, 2, 5 

120, 240, 360, 
1560 

t=O.3 

52 

15-117 interpass time t= 1 s 

#4 

15 117 

AirCooling 

TIME 

Fig.3.14 Schedule e employed in the present hot torsion tests. 

samples. In the surface layer, the austenite is uniform and retined by 

recrystallization; in the centre, however, the original grain size is retained 
although some local grain boundary movement has taken place. It should be 

noted that there is grain coarsening in a small area around 1/2 R. This is 
probably because the strains in this region are close to the critical strain which 
leads ta grain coarsening. Based on this knowledge, the stresses and strains 
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Recrystallized 

Fig. 3.15 Distribution orthe microstructure along a radius orthe specimen 
berore and after deformation followed by recrystallization . 
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were always calculated usin. the maximum radius, and the microstructures 
were al ways examined at the specimen subsunace. 

In order to reveal the prior austenite microstructure, a series of tests 
was interrupted at selected temperatures, and the specimens were quenched in 
water. The latter were sectioned and ground uain,silicon carbide papen and 
poli shed with 1 pm diamond paste and 0.05 pm alumina, in sequence. The 
poli shed specimens were etched usin. a solution based on a saturated aqueous 
picric acid solution, with small additions of HCI. The composition of the 
etchant and the etching conditions were varied for specimens deformed under 
difTerent conditions until the prior-austenite grain structure was revealed. 

3.8 ELECTRON MICROSCOPY 

In order to check the efTect of interpass time on precipitation durin, 
continuous cooling, a set of specimens was tested usin. schedule A with 
interpass times of 5, 30, 80, and 200 seconds to the 9th passe At this point the 
deformation temperature was 940 oC; it waa then cooled to 910 oC and 
quenched. The specimens were prepared as deseribed above, and then Iightly 
etched with 2% nital for about 5-10 seconds. Carbon was deposited on the 
etched surfaces usin. a vacuum evaporator in vacuums better than 5 X 10-4 

torr. 

Squares approximately 2 mm X 2 mm were scribed on the coated 
surfaces and removed by electropolishing using a solution of 10% nital. 
During etching, the current was slowly increased until &mail bubbles be,an to 
forme The removed carbon replicas were washed gently in a 50-50 mixture of 
ethanol and distilled water and then in distilled water. They were tinally 
mounted on TEM copper grids (3 mm, 200 mesh) and dried. The carbon 
replicas were examined in a JEM-I00 cxn scanning transmission electron 
microscope fitted with a POT system IV energy dispersive X-ray spectrometer 
(EDS) for the chemical analysis ofindividual particles . 
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CHAPTER .. 

8TATIC RECRYSTALLIZATION 

The aim of the present work was to investigate the influence of 
processing parameters such as strain per pass, strain rate, interpass time, and 
chemical composition on austenite recrystallization and final microstructure. 
For this purpose, a clear understanding of the essential effect of these 
parameters on the critical temperatures (i.e. no-recrystallization temperature, 
and austenite·to-ferrite transformation temperatures) is required. The 
detailed objectives ofthis work were the following. 

1) To investigate the effect of reheating temperature, initial austenite 
grain size, and chemical composi tion on the T nr. 

2) To investigate the effect of deformation parameters, such as pass 
strain, strain rate, and interpass time, on the T nr. 

:l) To develop a method of predicting the no-recrystallization 
temperature, T nr . 
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To accomplish the objectives deacribed above, hot torsion telta were 
perrormed according to a variety or schedules. Durin, teltin" ail 
experimental data were recorded and stond on the microprocellOr. At the end 
or each test, the stress-strain curve ror each pau was plotted and the mean now 
stress was computed. Plotting the mean now stress a,ainst the inverse 
absolute pass temperature, a series of dialfams si mil al' to Fig. 3.7 were 
obtained. Furthennore, the T or's were determined by meanl or the method 
described in Chapter 3. 

4.1 REHEATEDAUSTENITEGRAINSIZE 

The initial austenite grain size was revealed by water quenchin, 
immediately artel' a selected specimen reached the test temperature. Fi,. 4.1 
shows the microstructures of steel A, the V -Ti lteel and the plain carbon steel 
arter reheating at 1250 oC. Itcan he seen that the grain size of the plain carbon 
steeU-400pm)ismuchlargerthanthatofsteeIA(--I00llm),whilethegrainsize 
of steel A is larger than that or the V-Ti steel. Actually, the reheatin, 
tempe rature of 1250 oC is higber than the coarsening temperature of the plain 
carbon steel (-1000 OC), which led ta the grain coarsening and resulted in the 
huge initial austenite grain size. Niobium addition in steel causes a marked 
retardation of grain growth, which led ta the smaller initial austenite grain 
size at'ter reheating. Titanium has the strongest retardin, etrect on grain 
growth because the stability of TiN and its slow growth rate(1) enables it to act 
as a strong grain growth inhibitor at high temperatures. Thererore, a small 
addition or titanium to steelleads ta considerable grain refinement. The as
reheated austenite grain sizes are listed in Table 4.1. 

4.2 EFFECT OF REHEATING TEMPERATURE AND 
INITIAL AUSTENITE GRAIN SIZE 

4.2.1 RR HEATING 1'EM PE RATURE 

The MFS (mean flow stress)-lOOOtT diagrams are shown in Fig. 4.2. It 
can be seen that the Tor's determined Crom the MFS-IOOOIT diagrams are 
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almost the same Cor reheating temperatures of 1280 oC and 1250 oC. For a 
reheatilll temperature oC 1150 oC, however, the slope change shiftl to a lower 
temperature. Fig. 4.3 shows the dependence of the Tnr on reheatin, 
temperature. It demonstrates that the T nr increases wi th increa.ing reheatin, 
temperature; when the reheAtin, temperature reaches 1250 oC, however, the 
T nr does not change with Curther increase in reheating temperature. 

Table 4.1 Reheated austenite grain sizes 

Austeni tization y-Grain size, Steel Type Temperature, 
oC pm 

A (O.09Nb) 1250 100 
1150 85 

1250 85 
B (O.07Nb) 1150 55 

1050 40 

1250 125 
C (0.05Nb) 1150 85 

1050 50 

For steels A and D, the niobium concentration is almost the same, sa 
that the difTerence in T nr between these two steels is small. An interesting 
observation here is that the T nr of steel C is higher than that of steels A and B, 
even though the niobium concentration of steel C is lower. This phenomenon 
can he explained in terms of the niobium supersaturation, which is a driving 
force for Nb(C,N) precipitation. This ratio can he calculated in two steps. The 

first step involves calculating the austenite composition at the solution 
temperature; in the second step, the supersaturation ratio at the deformation 
temperature is then calculated. Following Wadsworth et a1,l781, the austenite 
composition at a given solution tempe rature was calculated as follows: 
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TEMPERATURE (OC) 

1155 977 838 727 
300 --------__ ~~~--__ --~--~--~--~--~ 

250 

MFS 200 

(MPa) 

150 

100 

50 

0 

.6 

Reheating temperature: 

o 1280°C 

• 1250°C 

• 1150°C 

.7 .8 

1000tr, K-l 

A (0.09Nb) 

.9 1 1.1 

Fi,.4.2 Dependence of the mean now stress on inverse absolute pass 
temperature for samples deformed according to schedule A: pass 
strain e=0.3, suain rate t=2 sol, interpass time t=30 s . 



• 

• 

• 

60 

1000 

Tnr 

(OC) 

950 

900 

o - A (0.09Nb) 

• - B (0.07Nb) 
x - C (0.05Nb) 

1:=0.3 

t=2 s-1 

t=30s 

850 ~ __ ~ ____ ~ __ ~ ____ L-________ ~ __ ~ ____ ~ 

950 1050 1150 1250 1350 

REHEATING TEMPERATURE (OC) 

Fig.4.3 Dependence of the no-recrystallization temperature, Tnron 
reheating temperature. 

p[B)n+l_ r{B)II- q le =0 (4.1) 

Equation (4.1) is soluble when n = 1; once [B] has been found, [A] can he 
derived from the solubility product ,: 

le 
[A]=-

[Bjn 
(4.2) 

where r is a constant, and p and q are the mass fractions of A and 8 in AB nt 

respectively. The latter can be readily determined from the atomic weights aA 

and aB of elements A and B. For a given alloy (p, q, and r fixed) at a given 
temperature (k fixed), the values of[A] and [8] can be derived. Table 4.2 shows 
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the austenite compositic,ns calculated using the Wadsworth et al. equations . 
ln the present case, [AJ and [B] in the Wadsworth et al. equations were 
replaced by [Nb] and [C + 12/14 N], respectively. 

As shown in Table 4.2, the reheating temperature of 1250 oC is higher 
than the solution tempe ratures (T sol) of all the steels; therefore aIl of the 
Nb(C,N) precipitates were expected to be dissolved in the austenite after 15 
minutes of soaking at this temperature. For reheating temperatures of 1150 
oC and 1050 oC, some of the Nb(C,N) remained undis80lved, 50 that the Nb 

concentrations were lower in these materials. This led to lower niohi um 
supersaturations under these conditions. 

Table 4.2 Austenite composition at the reheat temperature 

Calculated Calculated Austenite 
Solution A usteni tization Com~sition at Reheat 

Steel Type Temperature, Temperature, emperature, 
oC wt% oC 

Nb (C+ 12/14N) 

A (0.09Nb) 1187 1250 0.090 0.047 
1150 0.071 0.045 

1250 0.070 0.047 
B (0.07Nb- 1153 1150 0.068 0.047 

0.026Ti) 1050 0.033 0.042 

1250 0.049 0.125 
C (0.05Nb) 1240 1150 0.027 0.119 

1050 0.012 0.117 

For the various solution temperatures, the solubility products were 
calculated using the solubility expression of Irvine et al.[321. As demonstrated 
in equation 3.1, it is obvious that at a processing temperature of 960 oC, the 

niobium supersaturation can he maintained at a constant levcl by keeping the 
product [Nb][C + 12/14 N] at a constant value, where Nb, C, and N refer to the 

concentrations of these elements in solution in the austenite. The familiar 
solubility construction, shown in Fig. 4.4, is due to Wadsworth et al. lli2 [. The 

curves are solubility isotherms and represent the loci of possible austenite 
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Fig. 4.4 Nb(C,N) solubility plot. The compositions of the steels tested are 
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matrix compositions at various temperatures. The line with a slope of about 
1/8 which begins at the origin represents the stoichiometric combinations of 
Nb and (C + 12/14 N) in the austenite; at ail the points on this line, the number 
of niobium atoms is exactly equal to the total number of carbon and nitrogen 
atoms. The slope is approximately 1/8, because the atomic weight of Nb is 
about eight times greater than that of carbon. It can be seen that the product 
[Nb][C + 12/14 N] can he held at a constant value by lowering the carbon 
concentration while increasing the Nb concentration, or by increasing the 
carbon concentration while lowering the Nb concentration. Thus the 
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supersaturation ratio depends not only on the niobium concentration but also 
on the carbon concentration in solution. 

The steel composition, and the austenite compositions in equilibrium 

with Nb(C,N) at various temperatures, lie on a common line which is parallel 
to the stoichiometric line. The graphical construction of Fig. 4.4 aHows us to 

predict, knowing only the steel composition, the equilibriurn austenite 
composition at any tempe rature (by the intersection of the appropriate 

solubility isotherm with a line drawn parallel to the stoichiometric line 

pasaing through the point representing the ove rail steel composition). At any 
temperature, the equilibrium precipitate volume fraction is proportional to the 

length of the line connecting the point which represents thp overall steel 

composition to the point which represents the equilibrium austenite 

composition. The key result here is that, for a fixed supersaturation, as the 
steel composition approaches stoichiometry, there is an increase in the volume 

fraction of carbonitrides that can form at any temperature. Stoichiometric 
steel compositions aHow the "maximum" amount of precipitation to occur 8t 

any temperature below the solution temperature because the correct 
proportions of Nb and C + N required to form Nb(C,N) are always present. 

Compositions away from stoichiometry are lacking in either Nb or C + N; this 

can lead to some Nb or C + N remaining as solute in the austenite. 

The Nb and C + N concentrations of the experimental steels are ploUed 
as full circles in Fig. 4.4. In addition, lines are dra wn to indicate the amount of 

precipitation which can occur on going from a reheating temperature to a 960 

oC processing temperature. From this diagram, it is evident that the higher 

the solution temperature, the higher the solubility product, and the higher the 
supersaturation ratio. The amounts of precipitate available at this 

temperature (960 OC) in the three Nb-steels are within a factor of2-3. 

The supersaturation ratios can also be calculated using the following 

equation: 
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[Nb)[C+ 14 NJsoln 

le =------
6 102.26-67'T1YI' 

(4.3) 

The equilibrium volume fractions of Nb(C,N) available at 980 oC were 
calculated using the following equation given by Valdes and SeUan!Tt) 

(4.4) 

Rere MFe and M Nb are the molar masses of iron and niobium, and (V m)Nb(C,N) 

and (Vm)Fe are the molar volumes of Nb(C,N) and austenite. Following the 

above authors, MFe = 56, MNb = 93, (V m)Nb(C,N) = 1.28 X 10 - 5 and 
(V m)Fe = 7.3 X 10 - 6 m3mol - l v'ere employed in the above equation . 

The results obtained at 960 oC are listed in Table 4.3. It can he seen that 

the supersaturation ratios in steels A and B are lower than in steel C, even 

though the initial niobium concentrations in the former two steels are higher 

than in the latter one. This is because the supersaturation ratio depends not 

onlyon the niobium but alsa on the carbon content. The carbon content of steel 
C is much higher than those of steels A and B, which gives steel C a higher 

supersaturation ratio at a given temperature. Thua, it is expected that steel C 
will have a higher driving force for Nb(C,N) precipitation during subsequent 

deformation. Since the efTect of solute drag is smalIer than that of strain 
induced precipitation in the range of temperatures where strain induced 

precipitation can occur, it is understandable that the steel C T nr's are higher 
than those of steels A and B (see Table 4. 3). This is in agreement with the 
investigation carried out by Speer and Hansen[39J. In their work, they found 

that a lower carbon concentration results in raster austenite recrystallization 
due to a smaller carbonitride supersaturation, and thus a reduced precipitate 

nucleation rate. In the literature, Lutnn et al. also reported similar results [801 • 
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Table 4.3 Supersaturation ratios and volume fractions of Nb(C,N) at 960 oC 

Austenitization Sïr:rsaturation Tnr , Steel Type Temperature, atio at 960 V v 
oC oC oC 

A (O.09Nb) 1250 7.2 0.82 X 10.3 957 

1150 5.4 0.61 X 10.3 922 

1250 5.6 0.61 X 10':! 960 

B(0.07Nb) 1150 5.4 0.59 X 10.:1 925 

1050 2.4 0.20X10 3 894 

1250 10.4 0.47X 10 3 980 

C (0.05Nb) 1150 5.4 0.23X 10·a 952 

1050 2.4 0.74X10 4 922 

The reheating tempe ratures of 1150 oC and 1050 oC are lower than the 

solution temperatures, sa that some Nb(C,N) precipitates remain undissolved 

in the austenite. This weakens the precipitation retarding effect and also 

accelerates recrystallization beeause the large undissolved precipitates aet as 
nucleation sites for reerystallizationl34• 8t-831. The results in Fig. 4.3 

demonstrate that the Tnr decreases significantly with decreasing reheating 

temperature due to the lower supersaturation ratio and the lower vol ume 
fraction ofprecipitate available at the lower reheating temperatures. As listed 

in Table 4.3, for steel C (0.05Nb-0.125C), when the reheating temperature is 
decreased from 1250 oC to 1050 oC, the supersaturation ratio decreascs from 

10.4 to 2.4, and the volume fraction decreases from 0.47X 10- 3 to O.74X 10 4 

This led to about a 60 oC decrease in the T nr. 

For a given temperature, the relationship between the ti me for 5% 

precipitation (to.05p) and the supersaturation ratio (ks) can be dcrived from the 
quantitative model developed by Dutta and Sellars[6:JJ. 
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(4.5) 

Here A and B are constants for a fixed composition, strain and Zener-Hollomon 
parameter. Fig. 4.5 shows the time for 5" precipitation at 960 oC ae a function 
of the supersaturation ratios pertaining to ditTerent reheating temperatures 
for steel C. The times for 5% recrystallization (tO.05x) and 95% 
recrystallization (to.95x> are also presented in the same figure for comparison. 
It can he seen that when les is equal to 10.4 (for steel C reheated at 1250 OC), the 

tO.05p is greater than tO.05x, but less than tO.95x, whieh suggests that 
precipitation will take place alter recrystallization has started but before 
recrystallization can be eompleted. This can shi ft the completion of 
recrystallization to longer times, or to higher temperatures. (In faet, the T nr in 
this case is 980 oC, 20 oC higher than the deformation temperature.) When les 

isequal to 5.4 or 2.4 (for steel C reheated at 1150 and 1050 OC), 1o.05p is higher 

than to.95x, so that recrystallization is complete before precipitation can take 
place (the relevant T nr's are 951°C and 922 oC, respectively). It can he seen 

that for a reheating temperature of 1050 oC , the to.05p value is about six orders 
of magnitude higher than the one for a reheating temperature of 1150 oC, even 
though the ks only changes from 5.4 to 2.4. 

It was observed that in the cases of 1150 oC and 1050 oC, the Tnr's of 

steel C are still higher than those of steels A and B. This behavior cannat he 
explained in terms of precipitate supersaturation or volume fraction etTects. 

This is because: (1) the supersaturation was approximately the same for these 
three steels when the same reheating temperatures of 1150 oC and 1050 oC 

were used; (2) the estimated precipitate volume fractions were slightly higher 
in steels A and B than in steel C. Rere the reason may be related to ditTerences 
in the precipitate coar~ening kinetics. In steels A and B, sorne Ti is present, 
especially in steel B, where the concentration of Ti is 0.026%. As reported in 
the literature, TiN is very stable and can be retained at very high 
temperatures (at teast 1300 OC). The reheating tempe ratures of 1150 oC and 

1050 oC cannat dissolve aIl of the TiN, so that sorne TiN particles are expected 
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to be undissolved. Two specimens were reheated to 1250 oC and 1050 oC, 
soaked at these tempel'atures for 15 minutes, and then quenched. The 'rEM 
micrographs of these specimens shown in Fig. 4.6 demonstrate that there are 
lef ' undissolved partic1es in the higher temperature than in the lower 
temperature case. These large undissolved particles can act as nucleation sites 
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(a) 1250 oC 

(b) 1050 oC 

Fig.4.6 Carbon extraction replicas showing the etrect of reheating 
temperature on Nb(C,N) precipitation . 
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for reeryltallization, thereby inereasing the recrystallization rate. On the 
other band, the large partielel can allO act al nucleation sites for the 
lubMquent precipitation of Nb(C,N)[84, 851; this would promote precipitate 

co .... ening instead of the formation of more fine precipita tes. This 
phenomenon therefore al80 aceelerates recrystallization. 

4.1.1 INITIAL AUSTENITE GRAIN SIZE 

Actually, different reheating temperatures le ad to ditTerent ini tial 
auatenite grain si leS. 'rhe lower the reheating temperature, the smaller the 
initi.1 grain size will be, One may think that the decrease in T nr associated 
with lower reheating temperatures not only results from lower 
supersaturation ratios but also from smaller initial austenite grain sizes. This 
is not surprising beeause there is considerable evidence in the literature 
indieating that the initial grain size has a strong effect on the recrystallization 
kinetics. It is worthy of note that Most of these publications were single pass 
deformation experiments. For multipass deformation, the situation could be 

ditTerent. Ta check this out, the following tests were done using steel B. 

Prestrains ranging from 0.07 to 1.2 were given prior to executing 
schedule A. The aim of this treatment was to produee different initial 
aUltenite grain sizes. A prestrain of 0.07 at 1250 oC led to grain coarsening 
and gave a very large initial grain size (-150 pm). Prestrains of 0.3, 0.6,0.9 and 
1.2 were applied at 1210 oC for difTerent tests, and the specimens were then 
cooled to the regular test temperature (1180 OC). It ean be seen that large 
prestrains led to finer initial grain sizes. Prestrains of 0.3 and 0.6 refined the 
as-reheated grain size by static recrystallization to 58 pm and 50 pm 
respectively. Prestrains of 0.9 and 1.2 Crin initiate dynamie recrystallization, 
whieh led to a finer initial grain size of about 40 pm. It can be seen that the 
initial grain size ranged from 150 pm to 40 pm, which should have led to a 
signifieant change in the Tnr• The results presented in Fig. 4.7, however, show 
almost the same value ofTnr for specimens with different initial grain sizes. 
This implies that the initial grain size has no effect on the T nr. The 
explanation for this observation can be that, as a result of repeatcd 
recrystallization, there is a rapid convergence ofinitially dissimilar grain sizes 
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to nearly the same grain size. This will he demonatratecllater uainl a plain 
carbon steel. 

1060 

B(0.07Nb) 

1000 

Tnr ., 
• 950 .. 

900 

850 ~--~------~----~--~------------~ 
o 50 100 150 200 

INITIAL GRAIN SIZE (pm) 

Fig.4.7 Dependence of the no-recrystallization temperature, Tnr, on the 
ini tia1 grain size (strain rate È = 2 S-l, interpass time = 30 s). 

Fig. 4.8 shows 'the microstructure evolution predicted using the 
following equation given by Sellars[191: 

• e<e (4.6) 

Here, do is the initial grain size orthe austenite, t is the pass strain, and D is a 
constant for which the value 0 =0.9 was adopted for the present computation. 
It can be seen that aCter the 4th pass, the predicted grain sizes for dissimilar 
initial grain sizes are almost the same. Further deformation no longer 
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Fi,.4.8 Evolution of the recrystallized grain size in the 0.07Nb steel 
durina multipass roUing with pass equivalent strains of 0.3, 
caleulated (rom the relationship for the recrystallized grain sizel191• 

ehan,es the grain size, which means that from the 5th pass (at 1060 OC) to the 

7th pass (at 1000 OC), the grain size remains at a constant value. The 
tempe rature at which recrystallization can be completed is Rround 1000 oC for 

the present steel; therefore, the same final grain sizes were obtained before 
recrystallization ceased even if the initial grain size was dissimilar. Thus the 
efTects of the initiaUy dissimilar grain sizes were eliminated by the successive 
recrystallizations. A similar observation was reported by Cuddyl51 521; in his 

work, the degree of recrystallization during the interpass delay was 
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determined by metallography. Roberts allO pointecl out the rather weak 
dependent-e or statieilly reerystallir.ed .... in size (drex) OD pre-aziatin, .... in 
size (do) durin, multipl88 deronnationl88l• 

4.2.3 GRAIN REFINEMENT OF AUSTENITE DURING MULTIPA88 
D~FORMATION 

In order ta rurther test the esplanations provided above, it was 
necessary to check the metallography. The problem ror ateels A and B waa the 
low carbon content, which led to low hardenability, and ta dimculty in 
revealing the austenite grain houndaries. Steel Chad a hi.her carbon content, 
but the number oC specimens was limited. A plain carbon steel was thereCore 
used ta eheck the evolution of the mierostructure during multipals 
deformation. A schedule with rour pa88es, strains orO.4/pa88, a strain rate or 
2/8, and interpass times of30 s, was designed ror this purpose. 

Reheating tempe ratures of 1200 oC and 950 oC were used to produce 
dissimilar initial grain sizes. In the first case, specimens were reheated to 
1200 oC and soaked at this tempe rature for 30 minutes, then eooled to test 
temperature (950 OC) 8t a cooling rate of about 1 °C/I. This ,ave an initial 
grain size of375 pm. In the second case, a reheat tempe rature or 950 oC and 10 
minutes saaking gave an initial grain size or30 pm. 

Fig. 4.9 shows the evolution of grain size during multipass derormation. 
It can be seen that 1) the me an grain sizes converge to the same value alter the 
4th pa88, even though the initial grain sizes were qui te ditTerent (375 pm and 
30 pm); 2) in the tirst case, the grain size was refined signifieantly ailer the 
first two passes, while in the Stcond case, the grain size did not change aCter 
the ftrst three passes; however, at the 4th pass, the grain size decreased 
slightly (from 30 pm to 25 pm). The question raised here is why the grain size 
decreases more quickly with a large initial grain size than with a small initial 
grain size. It seems there is a limitation to the etTectiveness of grain 
retinement by static recrystallization. Reportedly, the limit of grain size 
obtainable by static recrystallization is about 15 pm. Priestner et al. 
suggested that coarse-grained austenite recrystallizes to finer grain sizes until 
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a limiting size is reached, at which it appears that recrystallization produces 
no further refinement[87J. In the second case, it is difficult to believe that 

recrystallization is actually stopped, since both the stress-strain curves and 
the microstructures show that recrystallization takes place after every pass . 

, 
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Thul recrystallization continues to produce the same (limiting) grain lile . 
Further grain refinement wa. obtained by dynamic reeryatallization. 

4.2.4 DEFORMATION PATrERMS 

As described above, grain refinement is faster with a coane initial p-ain 
size than with a fine initial grain size. This phenomenon cannot he explained 
using boundary nucleation theory sinee small grains provide more nueleation 
sites for recrystallization than large grains. One can consider instead the role 
of deformation mechanisms such as cryatallographic slip, boundary migration, 
boundary sliding, and recovery. The defonnation meehanisms (or deformation 
patterns) for large grains and small grains are ditTerent. To study the 
recryatallization behavior of defonned austenite, it is important to know the 
deformation mechanisms pertaining to some extreme situations. The 
following possible defonnation patterns are diseussed here to explain the effect 
ofrecrystallization on grain retinement . 

4.2.4.1 Deforlftation of Large Grains 

In this pattern, crystallographic slip and dislocation multiplication play 
important roles. The grains are elongated by deformation as long as dynamic 
recrystallization is not initiated. The elongated grains have a higher density 
ofnucleation sites (both inside the grains and at grain boundaries). Rhines et 
al. suggested that the ease of deformation of indi vidual grains is in proportion 
to their volume-to-surface ratios. Where the ratio is high, as in the case of the 
large grains, the resistance to deformation may he expected to he lowl88J• 

4.2.4.2 Deformation of Mixed Structures 

In the case ofmixed structures, the large grains have a low resistance to 
deformation because of their high volume-to-surface ratios, while the small 
grains have a higher resistance to deformation because oftheir low volume-to
surface ratios. At the beginning of deformation, the large grains deform more, 
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while the small .... in. deform le88. There ia also intragranular defonnation in 
the larp,rainl and interll'anular deformation near the small grain •. This 
kind or inhomopneous deformation will lead to the retention of the mixed 
.tructures. 

4.1.4.3 Deformation 01 Sman Grains 

For a Rne, uniform structure, the resistance to intragranular 
defonnation is expected to be high, so that intergranular deformation, such as 
boundary sliding, becomea more important. The increase in grain boundary 
area produced by thil mechanism ia lower than with straight grain elongation; 
8110 there il le .. chance for nucleation inside the grains, so that the density of 
nucleation aites for recrystallization is lower. This may explain the above 
observationa ror the lower reheat temperature case, in which there is little 
chan,e of grain size during continuing deformation. 

For the Nb-bearing steels, the situation becomes more complicated 
because of the introduction or Nb(C,N) precipitates. Precipitates in the matrix 
will atrengthen the austenite against crystaUographic slip, white precipitates 
on grain boundaries will retard boundary sliding. That is partly why the Tor 
for Nb-bearing steela is much higher than for plain carbon steels. 

4.3 EFFECT OF MICROALLOY ADDITIONS 

In the present study, three Nb-bearing steels, one Ti bearing steel, and 
one V bearing steel were used to investigate the effect of microalloying 
elements on the no-recrystallization temperature. Fig. 4.10 shows the mean 
Dow stress vs 1000", curves of Nb steel A, the 0.1 V·0.02Ti steel, and the plain 
carbon steel. It can be seen that the mean flow stress of the plain carbon steel 
is only a function of temperature, and increases linearly with decreasing 
temperature over the who le austenite range. This suggests that there was no 
strain accumulation in this material, and that full recrystallization took place 
between passes. For the Nb·bearing steel, however, the slope of the mean flow 
stress curve changed at around 960 oC. As mentioned in Chapter 3, this 
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temperature is defined as the no-recrystallization temperature under the 
present deformation conditions. Compared with the Nb-bearing steel, the Ti
bearing steel has a lower T nr, which is about 840 oC . 
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Fig. 4.11 shows the measured Tnr for ail of the investigated materials . 

It can be seen that among these steels, the Nb-bearing grades have the highest 

Tnr's, while the V-bearing one has the lowest Tnr• The Tnr for the 'fi-œaring 

steel is lower than in the Nb-bearing grades, but much higher than in the V
bearing steel, ~ven though the Ti content of 0.16Ti is approximately twice the 

Nb content of the Nb-bearing steels. As reviewed in Cha pter 2, Cuddy 

8ummarized the effect of solutes on the TRS (recrystallization stop 

temperature) in terms of the atomic percent of solute X according to the 
equation âTRS = QX1/2. For the Nb-bearing steel, the a value can be as high as 

1350. For the Ti-bearing steel, the Q value is around 410; for the V-bearing 
steel, however, the Q value is only 200 [521, From the Boratto-Vue empirical 

equation [60.611, each 0.01 percentage change of Nb concentration willlead to a 

50 oC change in the Tnr, each 0.01 percentage change in the Ti level willlead to 
a 9 oC change in the Tnr, while there is only a 4 oC change for each 0.01% V 

content change. It is obvious that Nb is the most effective element in retarding 

the recrystallization of austenite, while V is the least effective. The ordcr of 

efFectiveness of the microalloying elements with respect to the retardation of 

recrystallization is Nb, Ti, and V . 

It haa been known that a solute in solution has a retarding efTect on the 

recrystallization of austenite, but that the major retardation of 

recrystallization is attributable to strain induced precipitation. For the Nb

bearing steels, relatively high supersaturations in the lower austenite 

temperature range lead to rapid niobium carbonitride formation; thus the 

retarding etTect of precipitation is more effective, and the T nr can be higher. 

The relatively low supersaturation of vanadi um, on the other hand, leads to a 

weaker retarding effect on recrystallization, thus resulting in the lowest Tnr. 

4.4 EFFECT OF DEFORMATION PARAMETERS 

4.4.1 EFFECT OF STRAIN 

In order to understand the effect of deformation on the T nr, the MFS 

(mean flow stress) vs. 1000rr curves are presented in Fig. 4.12 for ~pecimens 

tested with pass strains of 0.1,0.3,0.4 and 0.5. For these tests, the strain rate 
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Fig. 4.11 Dependence orthe Tnron pass strain (è= 2 s-l, t=30 s). 

and interpasa time were held constant at è=2 S·I and t=30 s. [t can be seen 
from the figure that the mean flow stress increases with increasing pass strain, 
and that the mean flow stress slope change occurs at higher temperatures 
when the pass strain is reduced. This indicates that the Tnr decreases with 
increasing pass strain. Fig. 4.13 demonstrates the dependence of the Tnt· on 
pass strain for the three Nb-bearing steels. This dependence can be described 

by the followingrelationship: 
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T =(exp(-O.36e) 
nr (4.7) 

where ~ is 1078, 1088 and 1103 for steels A, Band C, respectively. It can be 
seen that even a small change in pass strain leads to a significant change in 
the Tnr. When the strain is increased from 0.1 to 0.7, for instance, the Tnr in 
steel B decreases from 1060 oC ta 850 oC. This is consistent with the re&ults of 
Cuddy et al. [K91, who round that recrystallization is incomplete at about 1075 oC 
at pass strains of 0.04-0.13, while the temperature for complete 
recrysta .zation can be low as 925 oC when the pass strain is increased to 
0.2-0.48. 

Such a dramatic decrease in the Tnr with increasing pass strain can be 
due to several contributing factors: 

1) Grain rennement. When the pass strain is increased, finer grain sizes 
are produced by static recrystallization. Such fine structures supply 
more nuc1eation sites for subsequent recrystallization and also soften 
more quickly. 

2) Increased dislocation density. When the pass strain is increased, higher 
dislocation densities are generated, which also promote more rapid 
recrystallization. When a fixed interpass time is used, this makes it 
possible for recrystallization to go to completion at lower temperatures. 

3) Precipitate coarsening. When the pass strain is increased, the density of 
dislocations increases, which leads to more rapid coarsening of the 
precipitates [901, These coarsened partic1es lose their etTectiveness in 
retarding recrystallization, and thus ~llow recrystallization to continue 
to take place at lower temperatures. 

The TEM micrographs shown in Fig. 4.14 show the efTect of increasing 
the pass strain on precipitate coarsening. The upper micrograph was obtained 
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Carbon extraction replicas showing the influence of 
deformation on precipitate size. (a) quenched at 972 oC; Cb) 

quenched at 860 oC. 
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from a specimen deformed using pass strains of 0.3 and quenched at 972 oC 

(near the Tnr for this strain), while the lower micrograph represents a 
specimen deformed using pass strains of 0.7 and quenched at 860 oC (near the 
T nr for the increased strain). The mean particle size in the latter case (about 
110 nm) is consider&bly larger than in the former case (about 25 nm); these 

large particles are less effective in retarding recrystallizatiorl. Similar 
observations of precipitate coarsening during hot deformation have been 
reported by Weiss and Jonas [911, and Speer and Hansen [391. 

Based on the Dutta and Sellars recrystallization and precipitation 
models, the Tnr can be approximately determined from the point of 

intersection between the to.05p (time for 5% precipitation) curve and the to.95x 

(time for 95% recrystallization) curve. The tO.05p and tO.95x times were 
calculated as follows, 

or A -1 
to.1Iip = E 

where 

300000 2.75X 105 

to""'- =6. 75 x 10 -20 do
2 c- 4 X exp exp{( -185){Nb]} 

....... RT T 

tO•96% =Cto.oœ 

(4.8a) 

(4.8b) 

(4.8c) 

(4.9a) 

(4.9b) 

where tO.05x is the time for 5% recrystallization, Z is the Zener-Hollomon 
parame ter, R is the universal gas constant, and ks is the supersaturation ratio, 
which can be determined using equation 4.3. C is a constant and can be 
derived from the Avrami equation using an exponent n = 2: 
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(4.108) 

(4. lOb) 

(4.10c) 

(4.11) 

(4.12a) 

300000 2.75X 105 

where B=7.64X6.75XIO- 20 do
2 X exp exp{( -185)[Nbl} (4.12b) 

RT T 

The dependences of tO.05p, tO.05x and tO.95x on strain at a deformation 
temperature of 960 oC and a strain rate of 2 S·l are illustrated in Fig. 4.15 for 

stee1 A. 

It can be seen that the tO.05p curve intersects the 10 05x and tO.95x curves 
at El = 0.27 and E2 = 0.43, respectively. Thus, for values of c < 0.27, 

precipitation is initiated prior to recrystallization, and tO.05x and tO.95)( are 
shifted to longer times (as indicated by the broken curves). Betwe€n strains of 

0.27 and 0.43, to.05p is larger than to.05x but smaller than to 95x, which means 
that recrystallization begins before precipitation, although its completion will 

be delayed by precipitation, which is initiated later. Furthermore, when 

e>O.43, to.05p is larger than both tO.05x and to 95x; tnerefore recrystallization is 
completed before precipitation can be initiated. This then delays precipitation 

to longer times because of the decrease in the dislocation density. [n other 
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\Yords, if ât>O (ât=tO.05x-tO.05p), precipitation is initiated prior to 
recrystallization; otherwise, recrystallization is initiated before precipitation. 

1'he rates of change of to.05p and to.95x with strain were obtained from 
the first partial derivatives ofequations 4.8b and 4.12a: 

éJt 
O.05p A-2 --=- E 

(4.13) 
œ 
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(4.14) 

As deformation increases the dislocation density, and dislocations aet as 

nucleation sites for both recrystallization and precipitation, increasing the 

strain increases the rate of both phenomena. The inereases are different, 

however, for the two mechanisms. From equations 4.13 and 4.14, it can be 

seen that the recrystallization kinetics are more sensitive to strain than the 

precipitation kinetics, although the difference diminishes as the strai n 

approaches unity. Thus, the Tnr decreases continuously with strain. As an 

example, the steel A results in Fig. 4.13 show that when the strain is increased 

from 0.1 to 0.2, the Tnr decreases by 57 oC (from 1053 oC to 996 OC). When the 

strain is increased from 0.2 ta 0.4, the T nr decreases by 71°C (from 996 oC to 

925 OC). 

The austenite-to-ferrite transformation start temperature (Ar 3) also 

increases with increasing pass strain (see the lower solid line in Fig. 4.13). 

This can be attributed to strain induced transformation. Roberts et al.!HI;. 979:11 

and Kozasu et al.{lOI explained this phenomenon in terms of the increase in the 

total possible nucleation site area per unit volume by means of grain 

elongation and the generation of transition bands at temperatures below the 

Tnr. Roberts et al)921 also round that ~he bulges formed at pre-existing grain 

boundaries are particularly effective nuc1eation sites for ferrite; the density of 

these also increases with increasing strain below the T nr. In other words, the 

number of nucleation sites for ferrite increases with increasing strain below 

the Tnr. 

Fig. 4.16 shows the dependence of the total strain below the T nr on pass 

strain. It can be seen that the total strain below the T nI" increases with pass 

strain, which leads to the increase in Ar3. It is worthy of note tha t the 

difTerence between the T nr and Ar3 decreases with increasing pass strain. 

When the pass strain is 0.1, the difference is about 297 oC, white the difference 

is only 50 oC when the pass strain is 0.7. This suggests that when the finishing 
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pass strain is large, the final stages of deformation take place in the a + y two 
phase region. This willlead to difficulties in predicting the final grain size. 

4.4.2 E(4~(4~ECT OF STRAIN RATE 

Some mean flow stress vs. 10001T curves for steel B are presented in Fig. 
4.17. For these tests, the pass strain (O.3/pass) and interpass time (30 seconds) 
were he Id constant, and only the strain rate was varied from test to test. It can 
be seen that the mean flow stress increases with increasing strain rate. This is 
because the amount of restoration caused by dynamic recovery decreases as 
the strain rate is increased. At lower strain rates, the deformation time is 
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longer, which leads to more restoration. When the strain rate is 0.2 S·l, for 

exampk, the deformation time is 1.5 seconds for a strain of 0.3. This time is 

long enough to cause appreciable dynamic restoration, and therefore produces 

a relatively low mean flow stress. By contrast, a strain rate ë = 10 S·l leads to a 

deformation time of 0.C3 seconds. This short time will minimize the 

restoration, a~d lead to a higher mean flow stress. Such less restored and 

highl:' strained austenite supplies more driving force for static 

recrystallization, which decreases the Tnr in turne The results shown in Fig. 

4.18 demonstrate that the Tnr decreases with increasing strain rate, and this 

phenomenon becomes more evident when the strain is large. Nevertheless, it 

should be noted that when the strain is small, the effeci; of strain rate on the 

Tnr is weak, and can even be reversed [9 4 1. The reason for the latter 

phenomenon is notclear, but the following explanation can be suggested. 
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ln general, in the absence ofstrain indur.ed precipitation, incl'easing the 

rate of deformation decreases the incubation time and increnses the rate of 

subsequent recrystallization. This is due to the increase in dislocation density 

and the decrease in subgrain size that accompanies the strain rate m('rea~Jl', 
both ofwhich increase the driving force for recrystallizationI1\l1. In the rangt.> of 

tempe ratures where strain induced precipitation is likely to OCCUl', Ilot unly 

recrystallization but also precipitation are accelerated at high strnin rates. 

There is an interaction between these two processes. When the strain is large, 

the recrystallization kinetics arp accelerated over the precipitation kinetics; 

this leads to a decrease in the T nr. When the strain is small, however, the 

precipitation kinetics are accelerated over the recrystallization kinetics, 

thereby increasing the T nr. 

4.4.3 EFFECT OF INTERPASSTIME 

A set of mean flow stress vs. looorr curves for steel B is presented III 

Fig. 4.19. For the tests shown here, the pass strain (O.3/pass) and strain rate 

(t=2 S·l) were held constant, and the interpass time was changed from test tn 

test (ranging from 5 seconds to 200 seconds). For a selected test, the individual 

interpass times were identical. It can be seen that at teri1peratures above the 

T nr, the interpass time does not affect the mean flow stress because full 

recrystallization takes place, and there is no precipitation strengthening. In 

thiscase, the mean flow stress is only a function oftemperature. 

At tempe ratures below the Tnr, precipitation takcs place, sa that. the 

increase in mean flow stress is attributable, not only to the decreasing 

temperatur~, but also to precipitation strpngthening. At low temperatures, 

recrystallization gets sluggish, while precipitation becomes more active. At 
temperatures close to the nose of the PTT curve, longer interpass limes will 

lead to precipitate coarsening, and thus weaken the effecl of preeipitation 

strengthening. This is why the mean flow stress for interpass times of 150 

seconds in Fig. 4.19 is lower than that for interpass times of 30 Hcconds at 

temperatures below the T nr • 
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The dependence of the Tnr on interpass time for steel B is illustrated in 
Fig. 4.20. It can he seen that the interpass time range from 5 seconds to 200 
seconda cao he divided into three regions: the short interpass time region 
(t< 12.5 seconds), the medium interpass time region (12.5 < t < 80 seconds), and 
the long interpass time region (t>80 seconds). In the short interpass time 
region (region 1), precipitation is unable to take place in the e:l,ly stages of 
multipass deformation, 80 that only solute drag acts to retard recrystallization 
[Hl. In this region, the possibility ofrecrystallization increases with increasing 
interpass time, leading to the decrease in the Tnr• With further increases in 
the interpasa time, if no precipitation takes place, the T nr would decrease 
eontinuously along the broken curve. For the present steels, however, when 
the interpa88 time increases beyond a critical value (for instance, 12.5 seconds 
for steel B), precipitation takes place; thus the retardation of recrystallization 
i. mainly attributable to precipitation in this case. When the interpass time is 
increased further, the volume fraction of preeipitate i.ncreases. Then the 
retardation ofrecrystallization by precipitation becomes stronger, and the Tnr 

shifts to the saUd curve. In the third region, the interpass time is quite long 
(>80 seconds), precipitate coarsening starts, and then the retardation of 
recrystallization by precipitates becomes weaker. This leads to the Tnr 

decreasingagain. 

Typical TEM micrographs of steel B samples processed with difTerent 
interpass times are collected in Fig. 4.21. The quenching temperature was 910 
oC for ail the samples, but the total times from the solution temperature to the 
temperature at which quenching was carried out were dirrerent because 
ditTerent interpass times were used. The total time was 45 seconds for sample 
A, 270 seconds for sample B, 720 seconds for sample C, and 1800 seconds for 
&ample D. It can he seen that when the interpass time was increased from 5 
seconds to 200 seconds, the mean particle size increased from 15 nm to 135 nm. 
Alter the preeipitates reached their maximum volume fractions, they 
coarsened by consuming the smaller ones. The TEM observations are in good 
agreement with the previous mechanical results, and provide evidence for the 
explanation presented above. 

The interpass time dependence of the T nr in steels A and C is displayed 
in Fig. 4.22. The steel B results are also presented in this figure for 
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comparison. It can be seen that precipitation takes place earlier in steels B 
and C. This is because steel Chas a higher supersaturation at the deformation 
temperature, and steel B has the TiN precipitates acting as nuc1eation sites for 
Nb(C,N) precipitation. Thus the precipitation kineti~s of both steels are 
accelerated over that of steel A. In the short interpass time region where 
solute drag controls recrystallization, the order of the Tnr for these steels is A, 
B, C. This is because steel A has the highest concentration of Nb in solution 
and the solute concentration is lowest in steel C. The presence of Ti in steel B 
probably led to the precipitation of TiN. These partic1es can aet as nudention 
sites for the precipitation of Nb(C,N) [84,851, and accelerate the kinetics of 

preeipitation in this way. This may be why the steel B T nr is higher than that 
of steel A in the precipitation region even though the niobium concentration in 
steel A is higher. 

It should be pointed out that the method used in the present study has 
its limitations. When the mean flow stress vs. looorr diagram is being used to 
determine the T nr, it is assumed that no dynamic recrystallization takes place 
during deformation. In the case of very short interpass times, 2 seconds for 

instance, stati!! reerystallization cannot be completed even at relatively high 
temperatures, so that only partial restoration takes place. In this c .. ~p. the 
strain is aecumulated from pass to pass. Once the accumulated strain is able la 

initiate dynamie recrystallization during the next pass, the mean flow stress 
drops to the solid curve shown in Fig. 4.23. This makes it impossible to 
determine the Tnr using the MFS-IOOOrr diagram. 

4.5. PREDICTION OF THE T nr 

Several models have been developed for predicting recrystallization and 
precipitation start times. Of these, that of Dutta and Sellars (described in 
equations. 4.8a to 4.9b) is the most convenient for industrial practice because 
only the deformation parameters are needed for the calculation of the 
recrystallization start (to 05,,) and finish (10 95x) times and the precipitation 
start time (1o.05p). Plotting RTT (recrystallization-temperature-time) and PIYI' 

(precipitation-temperature-time) curves on the same diagram, the Tnr for a 
given deformation condition can then be determined from the point of 

, 
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Fig.4.23 Multipa·,s deformation of steel B with a short interpass time (2 s). 

intersection between tO.05p and to.95x. However, the Dutta and Sellars models 
were derived under isothermal conditions; this can lead to error ifthese models 
are applied directly to the prediction of Tnr under continuous cooling 
conditions. Fig. 4.24 shows the measured Tnr's and the Tnr's predicted using 
Dutta and Sellars model for steel A. It is obvious that the diffel'ence between 
the measured and predicted Tnr's is large when the strain is large. To solve 
this problem, the additivity rule was used in the present study to calculate the 
continuous cooling behavior from isothermal data. 

4.5.1 THF. ADDITIVITY RULE 

Fig. 4.25 illustrates the concept of the additivity rule. Scheil [96J 

originally proposed that the reaction starts when the sum of the ratios of 
reaction time to reaction start time ("to) reaches unity. 
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(4.15) 

This rule has been widely used to predict the start time of phase 
transformations. Umemoto et al,l97-1021 extended this method to predict the 

time when the reaction reaches x%. The additivity rule, in this case, cao be 
rewritten as: 

(4.16) 

where tx(Ti) is the time when the reaction reaches x% at temperature Ti, âtj is 
the incremental hold time at temperature T and âti/âTj is the inverse of the 
cooling rate. If the cooling curve is divided Into sufficiently small steps, then 
the equation can be expressed as an integral: 

J
T 1 dt 
---dT=1 

T t; (T )dT 
ft JI: , 

(4.17) 

where Te is the equilibrium tempe rature at which the reaction is initiated. 

It has been shown that the CCT (continuous-cooling-transformation) 
behavior predicted from IT (isothermal-transformation) data using the 
additivity rule was in reasonable agreement with the experimentai results 
when the calculations were carried out for the proeutectoid ferrite, pearlite 
and bainite transformations [97,99-1001. Park etal.1IOal applied the additivity rule 

successfully to calculate the CCP (contiouous-cooling-precipitation) curve 
using isothermal data (PTT). Since recrystallization is a kind of phase 
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transformation, it is expected that the CCR (continuous-cooling
recrystallization) behavior can be calculated by the same rule. This 

calculation was performed in the present study and is described below. 

4.5.2 CALCULATION OF CCR AND CCP CURVES 

To calculate the CCR and CCP curves, the following assumptions were 
made: i) after each deformation, the occurrence of recrystallization and 
precipitation can be modeled separately; and ii) at the i-th pass, the 
defonnation temperature can be used in place ofT e in equation 4.17. 

The cooling curves were divided into 0.01 oC increments, and lx and âti 
were calculated at each temperature. The recrystallization finish and 
precipitation start times for each pass were then evaluated from the times 
when the sum of the ratios of each reaction time (âti) to ~x reaches unit y . The 
programs for calculating the to.05p and to.95x times under continuous cooling 
conditions are listed in Appendix n . 

For calculation of the recrystallization finish time (to.95x) at the i-th 
pass, the recrystallized grain size at the (i -l)-th pass was used as the initial 
grain size of the i-th paSSe It can be evaluated using equation 4.6 given in the 
previous section. The RPI'T (recrystallization-precipitation-temperature
time) diagrams obtained in this way for steel A are presented in Fig. 4.26. The 

broken curves represent to.95x, and the solid ones represent ta.05p. The arrows 
identify the points of intersection of the tO.95x and tO.05p curves. The 
temperatures that correspond to these points are the predicted Tnr's, and the 
results are presented in Fig. 4.27. 

It can be seen that the predicted Tnr's are slightly lower than the 
measured ones. This deviation could result from the way the initial grain size 
for each pass was calculated. In the literature, the following values of the 
constant 0 have been reported: 1.1 [101, 0.66 [57. 1041, and 1.86 [1051 }1mO.33• In 

ordt»r to improve the accuracy of the predicted T nr's, the values D = 1.1 pmO.33 

for steel A, and 1.6 }lmo 33 for steels Band C were chosen to evaluate the 

austenite grain size. The recalculated RPTT diagrams obtained in this way 
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are presented in Appendix III and the redetermined T nr's are displayed in Fig. 
4.28. It is evident that, by correcting for the continuous cooling conditions 
pertaining to the present experiments, the agreement between the predicted 
and measured T nr's is improved considerably . 
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CHAPTER 

DYNAMIC RECRYSTALLIZATION 

As described in Chapter 2, dynamic recrystallization, unlike static 
recrystallization, takes place during deformation. Since Rossard and Blain 
revealed this phenomenon in their work in 1959, many researchers have been 
attracted by this process. It no longer is only a laboratory curiosity, but cao 
have applications in industrial practiee. Jonas et al.11061 have suggested that 
dynamie reerystallization can take place under some industrial conditions, 
such as rod and hot strip rolling. Recently, a systematic study of the 
mechanisms of dynamie recrystallization and of metadynamic 
recrystallization was carried out by Roucoulesfl071 in the CSIRA Steel 
Processing laboratory at McGill. In that work, a Ti-Mo and a Ti-Nb steel were 
tested. As a complement to that investigation, two higher Nb steels were 
tested in the present work. The results are presented below . 
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5.1 SINGLE P ASS DEFORMATION 

As described in Chapter 3, rour roughing passes followed by a single 
large strain pass were used to study the influence or derormation temperature 
on the dynamic recrystallization or steel A. The now curves obtained in this 
way are presented in Fig. 5.1. 

To investigate the occurrence of strain accumulation and or dynamic 
recrystallization, the mean flow stress pertaining to the 5th pass and the mean 
ftow stress over a strain e =0.3 or the 5th pass were calculated USiRg the 
following equations: 
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1 f cIl o =- 0 de 
eql E" 0 eq eq 

(1:" = 0.3 - 2.4 ) (5.1) 

- 1 JO.3 
o =- 0 th 

etfl 0.3 ° eq eq 
(5.2) 

Here Ô'eql is the mean flow stress of the 5th pass, and O'eq2 is the Mean flow 
stress over a strain e = 0.3. The method of calculating the Mean flow stresses 
Oeql and àeq2 is illustrated schematically in Fig. 5.2 and the results are 
presented in Fig. 5.3. To demonstrate the strain accumulation that takes place 
during multipass deformation, the mean flow stresses measured in a regular 
test (Ô'eq3) are also presented in Fig. 5.3 . 

The Tnr for the regular test was about 960 oC; this means that 
deforrnation above this temperature leads ta full recrystallization, while below 
this temperature, recrystallization is no longer complete, sa that the strain can 
accumulate from pass ta pasSa Fig. 5.3 demonstrates that at temperatures 
above the Tnr, the Mean flow stresses averaged over a strain E=O.3 (c)eq2) are 
equal to those determined under multipass deformation conditions (O'eq3). 

Below the Tnr, however, the Mean Dow stresses measured under multipass 
conditions shift to the line with the higher slope because of continued work 
hardening, while Oeq2 still increases with decreasing temperature at the same 
rate as at temperotures above the Tnr (no strain accumulation). 

B) contrast, the mean Dow stresses associated with the 5th pass (O'eql) in 
the case of single pass deformation vary along the broken line. It can be seen 
that the Oeql slope changes at point P. Essentially, if there is no dynamic 
recrystallization, then Oeql is only a function of the strain and deformation 
temperature, and could vary along the dotted line. However, once dynamic 
recrystallization is initiated during deformation, the evolution of Oeql departs 
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Fig. 5.2 A schematic diagram showing the determination of the 
mean flow stresses aeql and aeq2 (atE=O.3). 

(rom the dotted Une to the broken line. The flow curves in Fig. 5.4 and the 
microstructures in Fig. 5.5 demonstrate that dynamic recrystallization takes 
place when the strain reaches 0.9 at a temperature of 1000 oC. The peak 
strains developed, tp, are shown in Table 5.1. It can be seen that the peak 
.train varies with the deformation temperature. It has been reported in the 
literature that the peak strains in steels can be represented as follows: 

(5.3) 



• 

• 

• 

109 

where A is a constant, do is the initial grain size and Z is the Zener·Hollomon 
parame ter, which can be represented as, 

(5.4) 

The constant A, the exponent n and the activation energy Qdef for niobium 
steels have been reported to be 2.8 X JO-', 0.17 and 375 kJ/mol, respectively, by 
Roucoules [1071. The tp'S predicted by this equation are al80 presented in Table 

5.1 for comparison wi th the measured ones. 

5.2 MULTIPASSDEFORMATION 

To demonstrate the influence of the deformation temperature, strain 
rate, delay time, and initial grain size on strain accumulation And dynamic 
recrystallization, a series of isothermal tests was carried out using steel B. 
The deformation tempe ratures ranged from 910 oC to 970 oC, the strain rates 
from 0.02 sol to 5 S-I, the delay times from 120 seconds to 1560 seconds, and the 
grain sizes from 30 pm to 85 pm. The time between passes was 1 second, which 
is short enough to completely restrain static recrystallization between passes, 
th us leading to strain accumulation from pass to paSSe When the accumulated 
strain exceeds the critical strain, te, then dynamic recrystallization is 
initiated, and the envelope of the individual flow curves displays a peak. 
Typical flow curves generated in this way at tempe ratures of970 oC and 910 oC 
are reproduced in Fig. 5.6. 

The accumulated strain under isothermal conditions can he calculated 
from the following equation: 

• e =e +Ae. 1 
1 1 1- (5.5) 
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(8) E =0.3, Tdef= 1060 oC WQ 

(b) E = 0.6, Tdef= 1030 oC WQ 

Austenite structures produced under different deformation 
conditions (steel A) . 
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(c)e=O.9, Tde,=1000°C WQ 

(d) e= 1.2, Tdef=970 oC WQ 

Austenite structures produced under difTerent deformation 
conditions (steel A) . 
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Table 5.1 Ep onder different deformation conditions 

Deformation Strain of 5th Measured Predicted 
Test No tempe rature pau peak strain peak strain 

oC t p €p 

1 1060 0.3 - -
2 1030 0.6 - -
3 1000 0.9 - -

4 970 1.2 0.85 0.89 

5 940 1.5 0.91 1.00 

6 910 1.8 1.06 1.18 

7 880 2.1 1.4 1.42 

8 850 2.4 1.50 1.71 

where Ei* stands for the effective strain at pass i. This is the sum of the i-th 
pa. strain (Ei ) and the residual strain retained from the previous (i-1)st pass 
(àEi _l ). If X i _l is the fraction recrystallized at'ter the (i-1)-th pass, then the 
effective residual strain can be described as: 

(5.6) 

Here, Fis a constant equal to 0.5 when the fractional softening is greater than 
0.1 and 1 when the fractional softening is less than 0.1[108, 1091. Of course, 
equation 5.6 is only an approximation, as the recrystallized volume fraction is 
expected to affect the flow stress, rather than the strain. Furthermore, as the 
stress-strain curve is not Iinear in this range, fractional softening cannot be 
simply replaced by a fractionalloss of "strain". Ideally, the residual strain can 
be calculated from the flow curve and the fractional softening. In the case of 
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Stress-strain curves for samples deformed according to 
schedule C: strain = O.3/pass, stiain rate = 2/s, interpass 
time = 1 s, isothermal stage is initiated at 5th pass, and at 
temperatures of (a) 970 oC, and (b) 910 oC. 
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very short interpass times « 1 second)~ the fractional softening resulting From 
static recrystallization between passes is less than 0.1; in this case, the 
accumulated strain can simply be determined Crom the sum of the pass strains. 

(5.7) 

The peak strains and peak stresses were determined by drawing the envelopes 
of the flow curves, and the efTects of the deformation parameters on these 
quantities are presented in Figs. 5.7-5.10. 

It can be seen that both the peak strain and the peak stress decrease 
with increasing deformation tempe rature but increase with strain rate. This 
is well described by equation 5.3. Increasing the deformation tempe rature or 
decreasing the strain rate leads to a decrease in the Zener-Hollomon 
parameter, and thus a decrease in the peak strain. The influence of delay time 
after roughing on the peak stress and strain is associated with Nb(C,N) 
precipitation. It is demonstrated in Fig. 5.9 that the peak stress and strain 
increase with delay time. However, when the delay time exceeds a certain 
value (for example, 360 seconds), the peak strain decreases with further 
increase in delay time, while peak stress is not particularly afTected. 

This phenomenon can be understood in terms of the efCect oC 
precipitation on dynamic recrystallization. In the region of testi ng 
temperatures where strain induced precipitation occurs, increasing the delay 
time increases the volume fraction of precipita te, thus enhancing the retarding 
efTect of Nb(C~N) on the subsequent dynamic recrystallization. This can lcad 
to the peak strain increasing with delay time. When the delay time is long 
enough to cause precipitate coarsening, however, the retarding eCfect of 
Nb(C,N) on dynamic recrystallization will be lost. As a resuit, the peak strai n 
decreases with further increases in delay time . 
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Fig. 5.7 Dependence of the peak strain and stress on def..,rmation 
tempe rature (multipass deformation, tp is the accumulated strain); 
strain rate t = 2 S-l, strain E = 0.3/pass, interpass time t = 1 s. 

The dependence of the peak stress on initial grain size is demonstrated in 
Fig. 5.10. It can be seen that the peak stress is not particularly sensitive to the 
initial grain size (grain size aCter four roughing passes, but before the isothermal 
stage), but the peak strain increases with grain size. This is because the 
nucleation sites for dynamic recrystallization are associated with grain 
boundaries, and therefore with the initial grain size. Smaller initial grain sizes 
supply more nucleation sites, and lead to lower peak strains. 

It must be pointed out that the simulation of Oat rolling by torsion testing 
is not directIy applicable to the industrial situation, because of difTerenees in 
deformation mode. The Ex (critical strain for statie recrystallization) and Ep (peak 
strain for dynamic recrystallization) determined in torsion have been shown to be 
higher than those determined in tension or compression[18.1101. Care should 
therefore be taken before applying the results of the present work to l'olling 
problems. 
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CHAPTER 8 

CONCLUSIONS 

In the present study, the efTects on the Tnr of reheating temperature, 
initial austenite grain size and concentration of microalloying elements were 
investigated. Furthermore, the efTt. ·ts on the T nr of defonnation parameters 
such 8S the pass strain, strain rate, and interpass time were alsa examined in 
detail by means of MFS vs. 1000IT diagrams. Based on the Dutta and Sellars 
models, CCR (continuous-cooling-recrystallization) and CCP (continuous
cooling-precipitation) curves were calculated by applying the additivity rule ta 

continuous cooling conditions. The Tnr's were predicted by plotting RPTT 
(recrystallization-precipitation-temperature-time) diagrams and determining 
their points of intersection. The efTects of the deformation parameters on the 
peak strain were alsa investigated. Based on the results presented in Chapters 
4 and 5, the following conclusions are drawn. 

1. In microalloyed steels, through the formation ofNb(C,N), Nb is the most 
effective alloying element for increasing the Tnr. The addition of Ti ta a 
Nb-bearing steel enhances the retardation of recrystallization. This is 
because TiN, which precipitates before Nb(C,N), can act as nucleation 
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site, for subsequent Nb(C,N) precipitation, accelerating the kinetics of 
Nb(C,N) precipitation in this way. Thisleads to an increase in the T nr. 

Reheating temperature has a significant influence on the T nr due ta the 
change in the driving force for Nb(C,N) precipitation. For a given steel 
and given deformation temperature, the supersaturation and the 
volume frlidion of niobium carbonitride available for precipitation both 
decrep.se with decreasing reheating temperature; in this way, the 
retarding effect of Nb(C,N) precipitation on recrystallization becomes 
weaker as the reheating temperature is decreased. 

3. The volume fraction of undissolved precipitates also increases with 
decreasing reheating temperature. These large particles can aet as 
nucleation sites for recrystallization during subsequent deformation. 
This also leads to a decrease in the T nr. 

4. Initial austenite grain size has no etTect on the T nr during multipass 
defonnation, because initially dissimilar grain sizes converge to nearly 
the same grain size alter several roughing passes. In this study, it was 
al80 observed that coarse-grained structures are refined more quickly 
than fine-grained structures. 

5. Strain is an important factor afTecting the T nr. This is because the 
dislocation density increases with the amount of deformation, while 
dislocations act as nucleation sites for both recrystallization and 
precipitation. When the strain is increased, recrystallization is 
accelerated to a greater extent than precipitation; thus, the 'rnr 

decreases significantly with increasing strain. 

6. In the case of deformation with large pass strains, strain-induced 
precipitate coarsening takes place at the later stages of multipass 
deformation. These coarsened precipitates cannot retard 
recrystallization etTectively, which leads to a lowering orthe T nr. 

7 . In the range oftemperature where strain induced precipitation is likely 
ta occur, both recrystallization and precipitation are accelerated at high 
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strain rates. When the strain is large, increasing the strain rate 
accelerates the recrystallization kinetics more than the precipitation 
kinetics, thereby decreasing the T nr. 

8. The effect ofinterpass time on the Tnr can be divided into three regions. 

9. 

10. 

In the short interpass time region (region 1), strain induced 
precipitation is un able to take place. Therefore, recrystallization is 
mainly retarded by solute drag, and the Tnr decreases with increaling 
interpass time. As long as precipitation takes place in region n, the 
volume fraction of precipitate increases with increasing interpass time, 
and thus the retarding efTect of the precipitates is strengthened. ThuI, 
the T nr increases with increasing interpass time. When the interpass 
time reachf!s the value at which precipitate coarsening takes place, the 
T nr decrea&es with further increases in interpass time. 

CCR and CCP curves were calculated by applying the additivity ru le to 
the isothermal models of Dutta and Sellan. The T nr's were predicted 
using RPTr diagrams. The predicted T nr's are in good agreement with 
the measured ones. 

In the case of multipass deformation under isothermal conditions, the 
peak strain decreases with increasing deformation temperature, but 
increases with increasing strain rate and initial grain size. 'l'he 
innuence ofdelay time aCter roughingon the peak strain can be divided 
into two categories. In the case of short delay times, the volume fraction 
ofprecipitate increases with increasing delay time, thus, strengthening 
the retarding effect of the precipitates. This increases the strain 
required to initiate dynamic recrystallization. In the case of long delay 
times, precipitates coarsening occun and weakens the retarding effect 
of the precipitates. This leads to lower peak strains . 
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APPENDIXI 

CALCULATION OF AUSTENITE COMPOSITIONS 

AT GIVEN SOLUTION TEMPERATURES 

131 

Following Wadsworth et a1P81, the austenite compositions at given 

tempe ratures can be calculated as follows: 

If at a given temperature an amount % wt. % of ABn exists in an alloy 

containing amounts AT and BT wt. % of elements A and B, then 

[AJ+p.x=AT (1.1) 

(1.2) 

Here p and q are the mass fractions of A and B in ABn, respectively, and can be 

readily found from the atomic weights GA and GB of elements A and B. 

(1.3) 

(1.4) 

At a given temperature, the solubility product is constant, 

k=[A1[Bln (1.5) 
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[A] in equation (1.1) can be replaced by k/[B]" giving 

k 
- +p.t=A 
[81" T 

(1.6) 

Elimine.ting .t from equations (1.2) and (1.6) gives the rollowing general 

expression: 

(1.7) 

(P8T-qAT) is a constant for a given alloy and can be replaced by r; then 

p[B)n+ l_r{B)" - qk =0 (4.1) 

Equation (4.1) is soluble when n = 1, and once [B] has been round, [A] can be 

derived from equation (1.5): 

k 
[A)=-

[B)" 
(4.2) 

For a given atloy (p, q, AT and BT fixed) at a given temperature (k fixed), the 

values of [A] and [8] can be determined. Table 4.2 shows the austenit.e 

compositions calculated using Wadsworth's equations for the present st( els 

tested at selected temperatures. In the present case, lA) and lB J in 

Wadsworth'sequations were replaced by [Nb] and [C+ 12/14 N], respectively . 
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APPENDIXII 

COMPUTER PROGRAM FOR CALCULATING THE 

PRECIPITATION START TIME (PS)AND 

RECRYSTALLIZATION FINISH TIME (RF) 

***CALCULATION OF PS DU RING CONTINUOUS COOLINO*** 
IMPLICIT DOUBLE PRECISION (A-Z) 

A=3.000*10.0DO**( -6.0DO) 
8 = 2.SDO*10.0DO··I0.0DO 
C = 4.127DO*10.0**( -3.0DO) 
Q = 2.7DO*10.0DO·*S.ODO 
R=8.31DO 
NB=0.09DO 
EPS = O.3DO 
STRT=2.0DO 

D0300K1=1,17 
TEMPO = 14S3.0DO - (Kl-l.0DO)*30.0DO 

SUM=O.ODO 
TIMC=O.ODO 

DO 100 K2 = l, SOOO 
DTIME =O.OIDO 
TIMe =TIMC + DTIME 
TEMPO = TEMPO-O.OIDO 

Xl =A*NB**( -l.ODO)*EPS··( -l.ODO) 
Z = STRT*DEXP(4.0DO*10.0DO·*S.ODOIR!I'EMPO) 
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X2 = Z**( - 0.5DO) 
XS = DEXP(QIRtrEMPO) 
KS = C/I0.0DO**(2.26DO -677000trEMPO) 
X4 = TEMPO**3.000*(DLOG(KS»*·2.0DO 
X5 = DEXP(B/X4) 

CPS = Xl·X2*XS*X5 

SFRCTN = DTIME/CPS 
SUM= SUM + SFRCTN 

IF(SUM.GE.l.0DO) GOTO 200 
100 CONTINUE 
200 TEME =TEMPO-27S.0DO 

TIME =OLOG(TIMC) 

PRINT·, TIME, TEME 
300 CONTINUE 

STOP 
END 

···CALCULA110N OF RF DURING CONTINUOUS COOLING*** 
IMPLICIT DOUBLE PRECISION (A-Z) 

A = 51.5700*10.000**( - 20.000) 
B = S.ODO*10.0DO··5.0DO 
C = 2.7500·10.000·*5.000 

R=8.31DO 
NB =0.0900 
TEMPO = 1453.0DO 
EPS=0.3DO 
GAMAD = 339.2300 

DO 300 Ki = 1,14 

, 
134 
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TEMPO = 1453.0DO-(Kl-1.0DO)*SO.ODO 

GAMAD =0.9DO·GAMAD*·O.67DO*EPS*·( -O.67DO) 

SUM=O.ODO 

TIMC=O.ODO 

DO 100 K2 = 1, 5000 

DTlME = O.OIDO 

TIMC=TIMC+DTIME 

TEMPO =TEMPO-O.OIDO 

Xl = A *GAMAD"2.0DO*EPS**( - 4.000) 

X2 = DEXP(BIRfrEMPO) 

XS = DEXP«CITEMPO -185.0DO)*NB) 

CRF=XI*X2*X3 

SFRCTN = DTIME/CRF 

SUM = SUM + SFRCTN 

IF (SUM.GE.l.0DO) GOTO 200 

100 CONTINUE 

200 TEME=TEMPO-273.0DO 

TlME = DLOG(TIMC) 

PRINT*, TlME, TEME 

300 CONTINUE 

STOP 

END 

136 
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