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ABSTRACT 

Five steels were used in the present work to investigate the dynamic, static and 

metadynamic recrystaUization behavior of hypereutectoid steels of 1 % carbon, alloyed 

with high silicon and microalloying levels of vanadium. Compression tests were 

performed using single and double hit schedules at temperatures between 875-1100 oC, 

strain rates of 0.01s-1-1s-\ and inter-pass times of 0.1-500 seconds and 0.1-30 seconds for 

static recrystallization and metadynamic recrystallization, respectively. For dynamic 

recrystallization, it was found that an increase in carbon and vanadium content led to 

smaller grain sizes. Equations were generated that can be used to predict the critical 

strain for dynamic recrystallization. Of interest is the fmding that there is an activation 

energy for deformation specifically associated with dynamic recrystallization (i.e. peak 

strain). This activation energy associated with the peak strain is lower than that 

associated with the steady state stress. This is contrary to Sellar's original observation 

that the peak strain is a function of the activation energy for deformation according to the 

Zener-Hollomon relationship. The static recrystallization kinetics were measured, and 

the appearance of 'plateau' regions where softening is arrested for a period of time was 

used to quantify the kinetics of strain-induced precipitation and generate the precipitation 

temperature time diagrams for the three steels. Despite the wide range of V levels, the 

steels exhibited very similar precipitation kinetics at an temperatures tested, being 

particularly close below 950 oc. A kinetic equation for static recrystallization is 

proposed which takes the V and Si concentrations into account. The metadynamic 

recrystallization results show that there is a transition strain region in which both static 

and metadynamic recrystallization take place during the inter-pass time. The results also 

revealed that V and Si have a strong solute drag effect, on the kinetics of metadynamic 

recrystallization. A kinetic equation for metadynamic recrystallization is proposed which 

takes the V and Si concentrations into account. The influence of chemistry on the 

micro structural characteristics and the mechanical properties in these steels was also 

investigated. The results show that a grain boundary cementite network exists in 

hypereutectoid steel without vanadium, with the thickness ofthis network increasing with 

increasing reheat temperature. Vanadium additions result in the formation of dis crete 
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grain boundary cementite particles rather than a continuo us network along the grain 

boundaries. The mechanical properties of the resulting microstructures were evaluated 

by shear punch tests at room temperature. The results show that alloying and hot 

working increase the strength and ductility ofthese steels. 
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RESUME 

Dans cette thèse, nous avons étudié la recristallisation dynamique, statique et 

méta-dynamique de cinq nuances d'acier hypereutectoide contenant 1 % de carbone ainsi 

qu'une teneur élevée en silicium et différents niveaux de micro-addition de vanadium. 

Des tests de compressions (comprenant une déformation unique ou deux déformations 

successives) ont été réalisés à des températures comprises entre 875 et 1100 oc. Nous 

avons étudié des vitesses de déformation comprises entre 0.01s-1 et 1s-1
, des temps inter­

passes entre 0.1 et 500 secondes, dans le cas de la recristallisation statique, et entre 0.1 et 

30 secondes dans le cas de la recristallisation méta-dynamique. Dans le cas de la 

recristallisation dynamique, il a été mis en évidence qu'une augmentation de la teneur en 

carbone et vanadium provoquait un affmement de la taille de grain. Nous avons dérivé 

des équations qui permettent de prédire la déformation à laquelle la recristallisation 

dynamique débute (déformation critique). Il est particulièrement intéressant qu'une 

énergie d'activation pour la déformation soit reliée à la recristallisation dynamique (c'est-

• à-dire à la déformation correspondant à la contrainte maximale). Cette énergie 

d'activation est plus basse que celle correspondant à la contrainte dans le domaine 

stationnaire. Ceci est différent des observations de Sellars pour qui la déformation à 

contrainte maximale est reliée à l'énergie d'activation pour la déformation par la relation 

de Zener-Hollomon. Les cinétiques de recristallisation statique ont été mesurées. La 

présence de plateaux durant lesquels l'adoucissement est interrompu a permis de 

quantifier les cinétiques de précipitation induite par la déformation et de générer les 

diagrammes précipitation - température - temps des trois nuances. Malgré la large gamme 

de niveaux de V, les différentes nuances présentent des cinétiques de précipitation très 

similaires, surtout à des températures plus basses que 950 oC. Une équation pour 

représenter la cinétique de recristallisation statique est proposée. Cette équation prend en 

compte les teneurs en V et Si. Les résultats concernant la recristallisation meta­

dynamique démontrent l'existence d'une gamme de niveaux de déformation dans laquelle 

la recristallisation est à la fois statique et meta-dynamique. Les résultats démontrent 

également que le silicium et le vanadium ralentissent les cinétiques de recristallisation 

meta-dynamique (solute drag). Une équation pour représenter la cinétique de 
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recristallisation statique est proposée. Cette équation prend en compte les teneurs en V et 

Si. L'influence de la composition sur les caractéristiques micro structurales a aussi été 

étudiée. Dans l'alliage sans vanadium, un réseau de cémentite est présent les long des 

joints de grain. L'épaisseur de ce réseau augmente lorsque la température de réchauffage 

augmente. Le réseau de cémentite disparaît avec l'addition de vanadium et est remplacé 

par des particules individuelles de cémentite. Les propriétés mécaniques ont été obtenues 

lors d'essais de poinçonnage. L'ajout d'éléments d'alliage ainsi que la déformation à chaud 

augmentent la résistance et la ductilité de ces aciers. 
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CHAPTER1. 

1. Introduction 

1.1. Preface 

INTRODUCTION 1. 

CHAPTERI 

Steels are quantitatively and historically one of the most important materials in 

structural applications. Steels are inexpensive and have the unparalleled advantage over 

most materials of possessing a wide range of mechanical properties. The final advantage 

of steels lies in the fact that they can be processed very economically to adopt the desired 

component shape. 

Microalloyed steels usually have low carbon content. However, high carbon 

microalloyed steels are of interest for wire rod and rails. Fine pearlite has relatively high 

strength, but it is also characterized by good drawability, which is important for wire rod 

applications, and by high wear resistance, which is of much importance for rails. The 

present work is to study the influence of V and Si content on the mechanical properties of 

high carbon microalloyed steels. The addition of V in steel is considered to have two 

primary effects: i) as an inhibitor of austenite grain coarsening during reheating, and ii) 

precipitation hardening due to V(C, N) in the low temperature transformation product. 

The effect of Si on the thermodynamics of precipitation was taken into account as 

early as the 1950s, and continues to be of interest. It has been suggested that Si addition 

decreases the solubility of V(C, N) because it increases the activities of C and N. It 
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therefore, increases the precipitation rate of V(e, N), in microalloyed steels and can 

prevent softening during hot rolling [1]. 

The characteristic phase mixture of ferrite and cementite in steels, known as 

pearlite, was discovered about 160 years ago and the fundamental theories of its 

formation and mechanical properties were considered to be frrmly estabHshed between 

the 1940s and the 1960s. 

Since the 1970s, a great deal of progress has been made on the microalloying of 

low carbon steels, especially in the area of thermomechanical processing, by examining 

the micro structural evolution during hot rolling using mathematical models. 

Microalloying and controlled processing is a direct and cost competitive route to 

improved strength levels for ferrite/pearlite structures, and can be compared favorably 

with more conventional approaches of normalizing or quenching and tempering. In the 

case of microalloyed steel, the main mechanisms responsible for strengthening low 

carbon steels with a predominantly ferrite microstructure are the refinement of ferrite 

grains, and precipitation strengthening [2, 3]. The effect of microaIloying additions on 

eutectoid steels, wmch are more or less 100% pearlitic, is not as weIl documented, and is 

the topic of this thesis. 

One of the most influential microaIloying elements is V. It is added to develop 

high strength in low-alloyed steels up to eutectoid composition range. Vanadium forms a 

nitride, wmch leads to a fme ferrite grain size, and precipitates as a carbide or 

carbonitride in ferrite, which imparts precipitation strengthening. In mgh carbon steels, it 

has been found to pro vide useful increases in tensile strength for as-hot roUed pearlitic 

rod; tms benefit is retained during wire drawing. 
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1.2. Ferrite/Pearlite Structures of Plain Carbon Steels 

1 .2.1. Eutectoid Steels 

3 

The carbon content of a eutectoid steel is 0.8 wt%. If it is heated into the 

austemte region and allowed to cool slowly, pearlite forms, as presented in Figure (1-1). 

The phase change from austenite to ferrite and cementite takes place at the constant 

temperature of 723°C, and below tms temperature the structure consists of a lamellar 

arrangement of ferrite and cementite. This structure is also termed eutectoid. The 

eutectoid reaction may be expressed as: 

Single phase(soUd) => Two different phases (soUd) 

The eutectoid steel is hard and brittle. The a (ferrite) is a soft phase containing 

just a little carbon in solid solution. The Fe3C (cementite) is a hard, brittle phase, which 

impedes dislocation motion in the ferrite and therefore increases strength but decreases 

ductility. 

1.2.2. Hypoeutectoid Steels 

The prefix "hypo" literally means "below". Thus, hypoeutectoid steel is of 

composition below that of the eutectoid. Consider the slow cooling of such a steel from 

the austenite phase as shown in Figure (1-1). The grains of austemte begin to transform 

to grains of ferrite, wmch begin to nucleate at the austenite grain boundaries. The 

microstructure at room temperature consists of primary ferrite and pearlite. 
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1.2.3. Hypereutectold Steels 

Hypereutectoid steels are of a composition above the eutectoid. When cooled from 

the single phase austenite region, the austenite decomposes by initially forming cementite 

at the grain boundaries and, aIs 0 , within the austenite grains. The composition of the 

remaining austenite decreases, with respect to carbon, as the temperature decreases, until 

the austenite achieves the eutectoid composition. This remaining austenite then 

transforms to pearlite at the eutectoid temperature. 

Hypereutectoid steels have been generally rejected by industry as a structural 

material due to brittleness at room temperature, and industrial needs for higher strength 

steels has been directed to various developments of alloyed steels. The primary reason 

for the low ductility in hypereutectoid steels is the presence of the proeutectoid carbide 

network. 
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Figure (1-1) The Iron-Iron Carbide phase diagram. Schematic representation of changes 

in microstructure during the slow cooling of a) Hypoeutectoid steels b) 

Eutectoid steels c) Hypereutectoid steels. 
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1.2. Research Objectives 

The objectives ofthis research are: 

INTRODUCTION 

@ To study the influence of V and Si on the dynamic recrystallization 

characteristics. These steels are targeted for rod production, which inevitably 

involves dynamic recrystallization. Dynamic recrystallization was measured by 

the single hit deformation technique using compression testing. These results 

were then used to determine the dependence of the peak strain on vanadium and 

silicon content. 

• To characterize both static and metadynamic recrystallization and to develop a 

mathematical expression that can be incorporated into models for prediction of 

micro structural evolution in hypereutectoid steel during hot deformation. 

• To study the influence of the V and Si levels on static recrystallization kinetics. 

The recrystallized fraction was measured by a double deformation technique. 

These results were used to calculate the time for 50 % recrystallization and to 

measure its dependence on the V and Si content, both in dissolved and precipitate 

form, as weIl as to find the temperature at which recrystallization starts to be 

inhibited. 

• To examine the effect of heat treatments, deformation and transformation 

temperature on microstructure and mechanical properties in hypereutectoid stee1s 

of 1 % C with different levels of V and Si. 
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1.4. Scope of the Thesis 

The metallurgical aspects of hot deformation are reviewed in chapter 2. 

Specifically, the effect of carbon on microstructure during hot deformation is presented 

and the formation pearlite is described. The mechanical properties of pearlitic steels are 

aiso considered. In chapter 3, the experimental material and equipment employed in this 

work are described, and three methods referred to here as the continuous cooling 

compression test, isothermal compression test and heat treatment are reviewed. The 

microstructures were characterized using optical microscopy, image analysis and Field 

Emission Scanning Electron Microscopy (FE-SEM). Finally, the room temperature 

mechanical properties were determined using a shear punch test method. The 

experimental results pertaining to dynamic, metadynamic and static recrystallization are 

gathered and heat treatment and deformation on pearlite structure are given in chapter 4. 

In chapter 5, the experimental results are discussed. Finally, the conclusions ofthis study 

are presented in chapter 6. 
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CHAPTER2 

2. Uterature Review 

In this chapter, the metallurgical concepts relevant to hot deformation are 

reviewed. The mechanisms during deformation are frrst considered and the restoration 

mechanisms are described. The effect of alloying elements in solid solution on 

recrystallization is presented. The connection between microstructure and mechanical 

properties is then considered. 

2.1. Metallurgical Aspects of Hot Deformation 

There presently exists a good understanding of much of the metallurgy of hot 

working, but empiricism has been used extensively to develop thermomechanical­

processing models for micro structural control. 

2.1.1. Microstructural Changes During Hot Deformation 

2.1.1 .1. Restoration 

During the process of controlled rolling, softening can occur by the mechanisms 

of recovery and recrystallization, either during deformation, or between successive 

deformations. The predominant softening mechanisms depend on the processing 
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parameters: temperature, strain and strain rate and the mlcrostructural parameters, such as 

grain size, stacking fault energy and precipitate characteristics [4, 5]. 

When crystalline materials are deformed at elevated temperatures, two processes 

of restoration continuously reduce the accumulated dislocation density. Recovery leads 

to the annihilation of dislocations, as well as to the formation of sub-grains and sub­

boundaries. In high stacking fault energy materials, su ch recovery processes completely 

balance the effects of straining and of work hardening, leading to the establishment of 

steady state flow. By contrast, in materials of moderate to low stacking fault energy, the 

dislocation density increases to appreciably higher levels; eventually the local differences 

in dislocation density are high enough to permit the nucleation of recrystallization during 

deformation, leading to the elimination of large numbers of dislocations by the migration 

of high angle grain boundaries. There are three different types of recrystallization: 

dynamic, static and metadynamic. 

2.1.1.2. Dynamic Recovery 

Restoration occurring during the deformation process is referred to as dynamic. 

For ferrite in carbon steels, dynamic recovery is the only restoration pro cess during hot 

deformation, even at large strains [6, 7]. For austenite, recovery is more difficult, and 

increasing strains eventually lead to dynamic recrystallization. When dynamic recovery 

alone o ccurs , the flow curve is as shown in Figure (2-1). Beyond yielding, work 

hardening is being offset by dynamic recovery, but the work hardening predominates. 

Eventually the steady-state strain, Ess, is reached where the dislocation density remains 

constant because the rate of recovery is equal to the rate of dislocations production. The 

level of the steady-state flow stress «(Jss) depends on the prevailing conditions of 

temperature, strain and strain rate. 
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Figure (2-1) Schematic illustration of a true stress-stram curve for dynamic recovery. 

2.1.1.3. Dynamic Recrystallization 

For isothermal deformation of austemte, the characteristic form of the stress-strain 

curve for a constant stram rate is as shown in Figure (2-2). At the critical strain, Sc, 

dynamic recrystallization is nucleated in austemte. The critical strain is basically an 

indication of the critical dislocation density driving force required for successful 

development of dynamic recrystallization. It has been suggested that nucleation occurs 

predominantlyat grain boundaries by a bulging mechanism [8]. Up to the critical strain, 

the stress is established by a balance between work hardening and dynamic recovery. 

The critical strain ranges in most cases, between 0.65 to 0.8 Ep (strain to the peak stress), 

and can be established from direct micro structural observation [9]. An increase in strain 

past Ep results in an increase in the volume fraction of dynamically recrystallized material, 

and a decrease in the stress occurs until steady state is reached ((j'ss). At this point, there 
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is a balance between the generation of new strain-free grains and the work hardening of 

dynamically recrystallized grains [10]. 

There is a transition from cyclic to single peak recrystallization, as the strain rate 

is increased, or the temperature is decreased [11,12], single peak behavior is associated 

with grain refinement while multiple peak flow is due to grain coarser [13]. 

1 
1 
1 
1 
1 

~~.I~~~~IF----------------------------'~ 1 
WHDR 1 1 PARTIAL Dynamic Recrystallization 

1 1 
1 1 

1 

Strain 

Figure (2-2) Schematic stress-stain curve for austenite at elevated temperature. 

The critical strain for the nucleation 0 f dynamic recrystallization can be 

determined from the following equation [9]: 

Ge = A ZP ............................................................... 2-1 
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where A is a function of the initial grain size and composition, Z is the Zener-Hollomon 

parameter, Z = i exp (Qde~T ), i is the strain rate (sec-1
), Qdef is an apparent activation 

energy for deformation (Jmorl
), R is the gas constant (J K 1mor1

), T is an absolute 

temperature (K) and p is a constant 

The kinetics of dynamic recrystallization can be described, for constant stram rate 

tests, by the following A vrami-type equation: 

x = l-exp (-K(s -sJn ) ........................................ 2-2 

where K and n are constants. This can be regarded as 'kinetics' because the applied 

stram, E, depends on time. 

In a given material, the characteristics of dynamic recrystallization depend on 

three parameters: initial grain size, temperature, and strain rate. The finer the initial grain 

size, the more rapid the kinetics [14,15], which leads to lower critical and peak strams; 

this is because dislocations accumulate more rapidly and the higher specifie grain 

boundary area increases the number of dynamic recrystallization nucleation sites. The 

peak stress is also found to be slightly dependent on the initial grain size [16]. The steady 

state stress (ass) has been found to depend only on the strain rate, temperature and 

composition with no influence of initial grain size and strain [14-16] according to the 

relations given below: 

Œss = Ass z-q .......................................................... 2-3 

where Ass, and q are constants. 
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Pervious investigators have considered the role of steel composition on the 

dynamic recrystallization behavior. For instance, Jaipal et al. [17] studied the effect of C 

content on the dynamic recrystallization behavior of two plain carbon steels (0.15-0.62 

wt%) with temperature 800°C to 1l00°C and at strain rates between 0.007 S-1 and 70 S-l. 

It was observed that the dynamic recrystallization pattern for high carbon and low carbon 

steels is quite similar. Cho et al [18] studied the effect of Mn on recrystallization kinetics 

of Nb microalloyed steel. They found that the dynamic recrystallization is increased with 

increasing Mn. Serajzadeh and Karimi [19] studied the effect of Si on dynamic 

recrystallization behavior of C-Mn steels with Si contents from 0.07 to l.1 wt% at 

temperatures 900-1200°C and strain rates ofO.01-2s-1
. It was found that increasing the Si 

content cause a decrease ofboth the rates of dynamic recovery and recrystallization due 

to the effect of solid solution hardening. 

2.1.1.4. Dynamically Recrystallized Grain Size 

Full dynamic recrystallization and a constant mean grain size characterize the 

steady-state region. The fully dynamically recrystallized grain size has been found to be 

dependent only on the Zener-Hollomon parameter, Z and is given by 

drex = B zq ............................................................. 2-4 

Comparing the recrystallized grain size drex with the initial grain size Do, Sakai 

and coworkers noticed that the single peak flow curves were associated with a large 

decrease in grain size, whereas multiple peak behavior displayed grain size coarsening. 

The transition occurs when the initial grain size is twice the steady state grain size as 

given by: 

Do = 2 Ds ........................................................... 2-5 



• 

CHAPTER2 LITERATURE REVIEW 14 

Thus, Do > 2Ds leads to grain refinement whereas Do < 2Ds leads to gram 

coarsening (Figure (2-3)). 

z 

Stable dynamic grain size 

Multiple peak and 
grain coarsening 

reglOn 

Initial grain size 

grain coarsening grain refinement 

Figure (2-3) Steady state grain size Ds dependence on Z and the relationship the initial 

grain size [11]. 

For most industrial hot working conditions, single peak behavior is expected 

because the relatively high stram rates lead to a relatively fme dynamically recrystallized 

gram SlZe. 
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2.1 .1 .5. Static Recovery 

After plastic deformation, the strain energy that is stored within the deformed 

material will be released by inhabitation or rearrangement of dislocations. During the 

process, no motion of grain boundaries occurs. The sub-boundaries become sharper and 

the dislocation density within the sub grains is reduced, with little change in their shape 

or size. The rate of recovery increases as the temperature is increased because of 

enhanced thermal activation. Increasing strain and strain rate also increases the rate of 

recovery due to dislocation density increases. 

2.1.1.6. Static Recrystallization 

Static recrystallization takes place after unloading. Despite the annihilation of 

dislocations by dynamic recovery, dislocations are accumulated during deformation. If 

the accumulated strain exceeds a certain critical value, static recrystallization can then 

occur by nucleation and growth of dislocation-free austenite grains. The nucleation 

process is thermally activated and requires an incubation time for nuclei to form [20-22]. 

The modified Avrami equation [9,23], which incorporates an empirical time 

constant for recrystallization, tx, serves as the basis for most static recrystallization kinetic 

predictions : 

X~l ~ exp [~A (ftJ) ........................................ 2-6 

where X is the fractional softening, n is an Avrami exponent, t is the holding time after 

deformation, (s), tx is the time for a given volume fraction, x, to recrystallize, (sec) and A 

is -ln (1-x). 
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For a given set of deformation conditions, plots of log (ln (X _ x)) versus log 

(t) are used to obtain the Avrami exponent, n. The time for a given fraction to 

recrystalliz, tx, is calculated using the following equation [7]: 

tx = B s-P D; Zr exp (Qre~T) ............................ 2-7 

where B, p, q and r are constants, Qrex is the apparent activation energy for 

recrystallization Omor l
) and Do is the initial grain size, (J.lm) 

An increase in the strain has the effect of increasing the recrystallization rate 

(decreasing tx) by increasing the driving force. As well the number of nucleation sites 

increases, with the creation of deformation bands at large strains, and sub-grains at large 

initial grain sizes. Both of these features have been observed to act as sites for the 

nucleation of static recrystallization [24]. 

The grain size prior to deformation plays a strong role in determining the number 

of nucleation sites per unit volume available for nucleation because of the tendency for 

recrystallization to be nucleated on grain boundaries. Because of its influence on the 

mobility and migration rate of the interface between recrystallized and unrecrystallized 

regions, temperature also contrais the recrystallization rate. 

For C-Mn steels, vanous authors have found a wide range of constants for 

equations 2-6 and 2-7. However, no noticeable difference in recrystallization kinetics has 

been found in studies where a wide range of compositions was examined [25]. It may be 

that the constants in equation 2-7 have been developed for specific ranges of deformation 

conditions (temperature, strain, and grain size), and may be oflimited general use. 
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The literature on the effect of C on static recrystallization is mixed; with one 

paper reporting no effects [26] and one that noting that C increases the static 

recrystallization rate [27,28]. Collinson et al. [29] studied the effect of C on the static 

recrystallization kinetics for two steels with C contents of 0.15 and 0.62% at 825 and 

1l00°C and a strain rate of 3s-1
. It was observed that the C additions could cause an 

order of magnitude drop in the time required for 50% static recrystallization at 850°C and 

3 S-1. Hence, the effect of C on recrystallization may be dependent on the processing 

conditions. Whittaker et al. [30] suggested that the static recrystallization kinetic 

increases with increasing C and Mn content, but no systematic effects were 0 bserved by 

Irvine et al. [31]. 

The role of the substitutional elements, Mn and Si, are not clear in the literature. 

Grangen et al. [32] and Tanaka et al. [33] show that Mn content has little effect on static 

recrystallization. Manganese is known to alter the rate of strain induced precipitation in 

microalloyed steels [18, 34], although it is generally thought to play only a minor role in 

retarding recrystallization due to its similar atomic size and diffusion rate to Fe. Silicon 

may be expected to have a stronger effect based upon its greater size mis match with Fe. 

Chestnut et al. [35] have reported that V has little effect on the static 

recrystallization kinetics at temperatures where the solute atoms are in solution. It is also 

known that V gives very 1ittle retardation by solute drag [36,37]. Irvine et. al [31] found 

little effect of 0.015% V addition on static recrystallization kinetics. Cordea and Hook 

[38] observed some retardation of recrystallization in 0.059% V steels at temperatures 

below 925°C. Korchynsky and Sturt [39] aIso reported that retardation of static 

recrystallization is less in V steel than in Nb steel. 
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2.1.1.7. Statically Recrystallized Grain Size 

Most equations for statically recrystallized grain size are a function of initial grain 

size and strain, but there are conflicting observations by researchers on the effect of 

strain, which has been seen to have both a strong and a weak effect on the grain size [10]. 

Some workers have also reported a dependence on temperature and strain rate, albeit a 

weak one [40,41]. The equation proposed by Sellars [9] is ofthe following form: 

drex = B3 D:4 e ns 
..................................................... 2-8 

where B3, ll4, and ns are constants. 

2.1.1.8. Metadynamic Recrystallization 

If the critical strain for dynamic recrystallization is surpassed during deformation, 

the recrystallization continues statically when the specimen is unloaded. This process is 

called metadynamic recrystallization (or post dynamic, static recrystallization) and does 

not involve an incubation time, since some nuclei are already present upon termination of 

the deformation. 

The kinetics of metadynamic recrystallization are rapid and often completion 

occurs during quenching after deformation [6]. Although an Avrami-type equation is 

generally used to describe recrystallization processes involving nucleation and growth, 

metadynamic recrystallization has also been successfully described using an A vrami 

equation, even though it does not involve nucleation [42-44]. The fraction recrystallized, 

X, is modeled using an equation of the form: 

x ~ 1- exp ( - A, (xJ) ................................... 2-9 
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where A2 and n2 are constants 

The time for 50% recrystallization, t50, has been modeled using an equation ofthe 

form [9]: 

t50 = B2 i n3 exp (Qr~T) .................................... 2-10 
where B2 and n3 are constants. 

Kemp et al. [43] used an expression similar to equation 2-10 except that the 

Zener-Hollomon parameter; Z was used instead of the strain rate. Metadynamic 

recrystallization has been shown to always go to completion in times significantly shorter 

than the interpass times of industrial hot rolling schedules [10]. 

The difference between static recrystallization and metadynamic recrystallization 

can be seen from the dependence of the recrystallization rate on the deformation 

parameters. Static recrystallization kinetics is strongly dependent on strain and 

temperature, and somewhat less so on strain rate. The dynamic or metadynamic 

recrystallization kinetics, however, are highly sensitive to strain rate, less so on 

temperature, and not at aIl dependant on strain. 

2.1.1.9. Metadynamically Recrystallized Grain Size 

The grain size for a given steel composition is dependent only on Z, similar to the 

case of dynamically recrystallized grains: 

dmdrx = B7 Zn6 
......................................................... 2-11 

where B7 and 116 are constants. 
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The metadynamic grain size has been found to be just over one and a half times 

the dynamic grain size present at the completion of deformation [10]. Nevertheless, these 

CUITent equations suggest that it is possible to use metadynamic recrystallization to obtain 

very fme austemte (and therefore ferrite) grain sizes, significantly finer than can be 

obtained from static recrystallization, by increasing Z [10]. 

2.2 The Effect of Alloying Elements on Microstructural Evolution 

During Hot Deformation 

2.2.1. Carbon 

It is known that composition plays an important role in the metallurgical events 

affecting the evolving microstructure, but the extent to which C influences these 

processes is not always clear. It has been suggested that C changes the activation energy 

for the self-diffusion of Fe in austenite [45]. 

Collins on et al. [46-48] studied the effect of C content on the flow strength, and the 

static and dynamic recrystallization behavior of C-Mn steels with C contents ranging 

from 0.0037 to 0.79 wt%. It was observed that the C content had a complex effect on the 

flow strength of austenite. Increasing C reduced the flow strength by up to 30% under 

conditions of low strain rates and high temperatures. At the high strain rates and low 

temperatures typical of hot rolling, increasing C resulted in increases in the flow stress of 

over 100% at low strains. Wray [49] has reported that increasing C content of plain 

carbon steels decreases the work hardening rate when strained in the temperature range 

850 to 1300 oC. This causes a lowering of the flow stress at a rate of about 13 MPa per 

wt pct C at a strain of 0.1. The decrease in work hardening is probably due to enhanced 

dynamic recovery, which agrees with the reported expansion of the austenite lattice and 

increase in Fe self-diffusivity. 
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Under conditions of multiple peak dynamic recrystallizations in low carbon steels, 

the addition of C reduced both the amplitude and duration of the cycling. Under single 

peak dynamic recrystallization conditions, the low carbon steel showed a continuous 

increase in the critical strain for the initiation of dynamic recrystallization as the strain 

rate of testing was increased and the temperature reduced. For the high carbon steel the 

critical strain for dynamic recrystallization increased up to a strain 0.7 and then remained 

constant, despite further reduction in the temperature or increases in the strain rate. Lx et 

al. [50] found that increasing the C above 0.4 wt % dramatically reduces the peak strain 

for the initiation of dynamic recrystallization at a high Zener-Hollomon parameter. Sorne 

work has shown that it may be much easier to initiate dynamic recrystallization in high 

carbon steels in high-speed rolling mills than previously thought [51]. Figure (2-4) 

illustrates that low carbon steels show a similar dependence with Z as expressed by 

equation 2-1, but for medium and high carbon steels, there appears to be no effect of Z 

beyond a critical value. This critical value of Z is exceeded in the latter passes during 

rolling of most small diameter rod and bar products. 
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Figure (2-4) Variation in the peak strain with Z for high and low carbon steels [51]. 
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Jaipal et al. [17] conducted compression studies on two different steels with varying 

C (0.15 and 0.62 wt % C) at several temperatures and strain rates. At high temperatures 

and low strain rates, increasing C content reduces the peak: stress of steel. However, at 

low temperatures and high strain rates, increasing C increases the peak stress. They 

found also that for low carbon (0.15%C) steel the strain rate sensitivity, m, is lower at all 

temperatures than for high carbon (0.62%C) steels. 

2.2.2 Effect of Othe .. Alloying Elements in SoUd Solution on Recrystallization 

Le Bon et al. [52] reported that the retardation ofrecrystallization observed in Nb 

steel could not be accounted for by precipitation at higher temperatures. It was suggested 

that Nb in solid solution caused this delay by solute drag on the migrating boundaries. 

Floros [53] found that Al, Mo, Nb, and V in solution retard the dynamic and static 

recovery and recrystallization of austenite after high temperature deformation. The 

strongest effect is due to Nb foUowed in decreasing order by that of Al, V and Mo. 

The retarding effects of the aUoying elements m solid solution have been 

attributed to the foUowing: 

1. Solute addition decreases the stacking fault energy of the matrix leading to 

an increase in the dislocation density and to a more homogeneous 

distribution [54]. 

2. The solute atoms interact with the dislocations obstructing their 

rearrangement for subcell formation, this process being related to 

nucleation [55]. 

3. A solute drag effect on the moving recrystaUization grain boundaries [56]. 
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2.2.3. Effect of Alloying Elements as Precipitates 

Strain-induced precipitation can affect both the nucleation and the growth process 

ofrecrystallization by the following mechamsms: 

1. The stabilization of the substlUcture by fme strain-induced precipitates 

inhibits the nucleation process. 

2. The pinning effect of precipitates on gram boundaries hinders their 

migration. 

It is well established that precipitation of Nb (C,N) in austemte plays an important 

role in retarding recrystallization [56]. The kinetics of precipitation bas been studied in 

both undeformed and deformed austenite by a number ofworkers. Vanadium is known 

to produce effects similar to that of Nb. However, V(C,N) has a much higher solubility 

than the corresponding Nb precipitates. Hence, the retardation effect is more pronounced 

at temperatures below 950 oC [54,57,58]. VN has the lowest solubility of the V 

precipitates, and therefore is the main precipitate that forms. If there is V in excess, then 

VC can be formed [59]. Chestnut et al. [35] reported that the V has little effect on static 

recrystallization kinetics at temperatures where the solute atoms are in solution. 

2.3. Pearlite Formation 

In the steels of interest in this work, the main mÏcrostlUctural constituent is 

pearlite. 

It is important to note that pearlite is not a single phase; the phases in it are ferrite 

and cementite. Pearlite is the name of the microstlUctural constituent that consists of 

altemating lamellae of the two phases. Pearlite is generally considered to be a product of 
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the decomposition of austenite by a diffusional process. Thus, the transformation 

procedure is divided into stages: nucleation and growth. 

The initiation process for the development of a pearlitic microstructure entails the 

formation of neighboring nuclei of ferrite and cementite on an austenite grain boundary. 

Supposing that initially only one nucleus of cementite forros on tms boundary, tms region 

will be locally rich in C, which it has obtained from the immediate surroundings. Tms 

then reduces the C content on either side of the cementite nucleus and encourages the 

adjacent nucleation of ferrite, as shown in Figure (2-5). Iftms occurs and the cooperative 

process continues, adjacent nuclei of altemating ferrite and cementite are formed. These 

can then grow by a relatively short-range diffusion process in wmch C diffuses paraUel to 

the reaction front, from in front of the growing ferrite to the growing cementite. More 

importantly, the diffusion distance does not increase with time, as would be the case for a 

continuous precipitation process. This plausible progression leads to the transformation 

of austenite to a lamellar product that has a specifie spatial orientation in which the ferrite 

and cementite phases are parallel to each other within a colony region. In reality, for 

each colony of pearlite, the lamellae are mostly paraUel and are frequently curved. 

However, different pearlite colonies have different lamellae orientations, and, as the 

transformation progresses, neighboring colonies of lamellae join together and continue to 

advance into the austenite, such that when the transformation occurs at low degrees of 

undercooling the colony groups advance by a boundary that is roughly spherical in shape, 

leading to the formation of a pearlite nodule. Eventually, as the nodules continue to 

grow, they impinge on one another to complete the transformation. If the temperature at 

which the transformation is occurring is decreased, such that the undercooling enables the 

nudeation process to become so rapid that aU of the grain boundaries are consumed very 

early in the transformation, the pearlite nodules are then observed to be in contact along 

the prior-austenite boundaries as a continuous cementite network. 

This also exhibits an apparently wide range of interlamellar spacing from colony 

to .colony because the intersection of the polishing plane and the pearlite colonies occurs 
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at different angles. As the interlamellar spacing is a reflection of the diffusion kinetics at 

the transformation [60], with decreasing transformation temperature from 700 to sooae, 
the lamellar spacing in the pearlite decreases. 

As is expected in diffusional transformation, the pearlite transformation start 

temperature decreases with increasing cooling rate. A fully pearlitic steel rod is heat 

treated by a process known as patenting. During the patentmg, the rod is transformed at a 

low temperature by passing it tbrough a salt bath at this temperature. This develops a 

microstructure with very fine pearlite interlamellar spacing because the transformation 

takes place at the nose of the continuo us cooling transformation. 
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Figure (2-5) Schematic representation ofpearlite formation by nucleation and growth; (a) 

tbrough (d) indicate successive steps in time sequence. 
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2.4. Mechanical Properties of Pearlitic Steels 

The quantitative relationships between microstructure and mechanical properties, 

which have already been described for ferrite-pearlite structures, apply to steels less than 

about 0.25% C. The most important structural characteristic of ferrite is its grain size. 

Grain refinement can both improve the strength and reduced the impact transition 

temperature. The effect on strength is expressed as the Hall-Petch equation: 

a y = ai + Ky d-1I2 ........................................... 2-12 

where a y is the yield stress, a j is the friction stress opposing dislocation movement, Ky 

is a constant and d is the grain size. The friction stress is dependent on temperature, 

strain rate, solid solution strengthening, dislocation strength and texture [3]. 

The medium and high carbon steels have much higher pearlite content; the key 

micro structural characteristics ofpearlitic steels are illustrated in Figure (2-6). 

The main factor influencing the strength of pearlite is the interlamellar spacing 

[58] 

a y = 0'0 + Ky S-1I2 ............................................. 2-13 

where a o is the friction stress, Ky is a constant and S is the interlamellar spacing. The 

a o term is again influenced by the factors described above for a j • 

Hyzak and Bernstein [61] have suggested another equation, which also includes 

the pearlite colony size and prior austenite grain size. 

a
ys 

= 2.18 S-1I2 - 0.4p-1I2 - 2.88 d-lI2 + 52.30 ..... 2-14 
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where Pis the pearlite colony sÏze and d is the prior austenite grain sÏze. 

Prior Austenite Grain ... ~t-----I 

Nodule 

Interlamellar spacing 

Figure (2-6) Schematic diagram illustration of pearlite morphology 

The nodule size is controlled by the austenite grain size, so that the coarser the 

prior austenite grain sÏze, the larger is the nodule sÏze [62-65]. Pickering et al [66] have 

reported that the colony size depends on the transformation temperature in a similar way 

to the interlamellar spacing, i.e. the lower the transformation temperature the smaller is 

the colony sÏze, which however, is dependent of the prior austenite grain sÏze. 

Nevertheless, the prior austenite grain sÏze influences the way in which the colonies are 

arranged. However, it has been shown that the yield stresses of pearlite, and also the 

ultimate tensile strength, are related only to the pearlite interlamellar spacing through a 

relationship of the Hall-Petch type, although various authors propose different values for 

the parameters of the relationship, including the exponent [61, 63, 66-68]. 
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Steels with a high tensile strength are produced with high volume fraction of 

pearlite, but the toughness and ductility of steels decreases with increasing pearlite 

content and with a decrease in the interlamellar spacing, which in tum decreases with 

increasing carbon content. In order to obtain the highest toughness and ductility with a 

given strength it is desirable to keep the pearlite content to minimum and the 

interlamellar spacing as high as possible. This can be achieved by increasing the strength 

of the ferrite through the precipitation of V(C,N), although precipitates also tend to 

reduce toughness. When the highest strengths are required however, a combination of 

high pearlite content high carbon steels and V(C,N) precipitation is employed. 

The ductility can be improved by refming the austenite grain size [69,70]. The 

carbides, mainly the cementite distribution, play part in pearlitic steels. The carbide 

distributions vary from spherical to lamellar pearlitic cementite with a spheroidized 

pearlite having better ductility than an un-spheroidized one [71]. Ductility, as measured 

by reduction in area (Ra) varied with microstructure from 10 pct to 50 pet, and has been 

modelled by the following regression equation [61]: 

Ra = 1.24 X 10-1 S-I + 2.66xlO-1 
p-I + 1.85 d-1I2 

- 4.7 X 101 
.......... 2-15 

Examination of the regression coefficient indicates that the prior austenite grain 

size has the greatest influence on ductility, with pearlite spacing having a more modest 

effect and colony size having little effect. 

2.4.1. Effect of Alloying on Mechanical Properties of High Carbon Steels 

The effects of microalloying in high carbon steels tend to be more complex than 

for 10w carbon steels, because of the presence of pearlite. Nevertheless, sorne of the 

metallurgical principles that proved so effective in providing an understanding of the low 

carbon microalloyed steels can also be applied to high carbon microalloyed steels. 
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2.4.1 .1. Vanadium 

Vanadium microalloying has been found to increase the tensile strength of high 

carbon steels through microstructure refmement and precipitation strengthening. The 

refmement effect of V microalloying is due to the inhibition of austenite grain growth, as 

a result of the precipitation of VN in austenite during hot rolling [72] for V levels 

between 0.05-0.2 %V in steels containing 0.6-0.8 %C. According to Pickering, the N 

dissolved in the ferrite is greatly decreased, which further improves the toughness [73]. 

Strengthening increments of 100-150 MPa in these steels are aiso achieved by the 

precipitation ofVC and VN in the regions ofpearlite and any proeutectoid ferrite during 

or after the transformation from austenite [73]. During the isothermal transformation 

there is strong tendency for V to partition away from the growing ferrite and to form Vc. 

The formation of fme V -rich carbonitride particles by interphase precipitation pro duces a 

significant increase in strength over that produced by other strengthening factors in 

ferrite-pearlite microstructures, such as pearlite volume fraction and ferrite grain 

refinement [68,74]. 

The solubility ofV(C,N) in austenite and ferrite is such that V will be completely 

dissolved even at low austenitising temperatures (900°C). Since the solute drag effect on 

austenite grain boundaries is aiso low, V hardly affects the hot deformation pro cess but 

rather precipitates during cooling in ferrite, thereby increasing the strength level of the 

steel. 

. 2.4.1 .2. Nitrogen 

Nitrogen has certain beneficial effects, which in recent years, have led to the 

development of different steels containing enhanced N. In aImost aU cases the beneficial 

effects of N are the result of interaction with the alloying elements present. To 

understand the effect of N in steel, as opposed to the effects of C, both of which are 
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interstitial solutes, the much-increased solubility of N in the solid state, compared with 

carbon must be appreciated. In addition the nitrides, such as VN, NbN and TiN are much 

more stable than the corresponding carbides and are thus less soluble than the carbides. 

Hence nitrides often form small particles, which are slower to grow than the alloy 

carbides. 

The effect of nitrogen on V precipitation strengthening can thus be attributed to 

the following: 

(i) Nitrogen increases the possibilities of strain-induced precipitation in austenite 

[75,76] because of the lower solubility ofVN compared with vc. 
(il) Nitrogen increases the volume fraction of precipitates resulting from the 

decreased solubility ofVN in ferrite compared with VC [77,78]. 

(iii) Vanadium nitride remains coherent longer than VC [79] owing to its smaller 

mis fit with ferrite. 

(iv) Nitrogen refmes the size of interphase precipitates [79]. 

(v) The dislocation pinning action of V (CN) increases as N content increases [80]. 

In pearlitic steels, increasing the N content from 0.001 % to 0.006% increases the 

UTS by 130 MPa [81]; an increase from 0.007 to 0.015% has also been found to increase 

the UTS 50 MPa [82]. This has been attributed to the production of finer precipitates. 

Sage [83] showed that the greatest effect of N is found in the high carbon, high 

manganese steels in which increasing the N from 100 ppm to 180 ppm raised the tensile 

strength by 40 MPa largely due to strengthening of the pearlite through precipitation of V 

(CN) in the laths ofthe pearlite. 
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2.4.1.3. Silicon 

High Si pro duces solid solution hardening in proeutectoid and pearlitic ferrite and 

decreases cementite thickness at constant Interlamellar Spacing (S) (dilution of pearlite) , 

therefore increasing toughness [84]. Increasing the Si content from 0.36 to 0.86% (in a 

0.61C-0.llV-.017N steel) resulted in a decrease in S from 370 to 340 ~m and a decrease 

in the cementite lath thickness from 0.038 to 0.035nm [69]. It has been concluded that Si 

inhibits carbide, particularly Fe3C, formation at the ferrite-martensite interface [85, 86]. 

According to other work [87, 88], Si delays the formation of pearlite and accelerates the 

ferrite reaction. The ejected C enriches the austenite [89-92] helping to form martensite 

as a final transformation product. A further alternative is that the Si addition simply 

increases the solubility of C in the ferrite, decreasing the driving force for carbide 

formation in this way. Silicon had relatively little effect in promoting the formation of 

martensite, it was aIso shown to be less effective than Cr in refming the interlamellar 

spacmg. 

Tarui et al. [93] showed that increasing the Si content from 0.2 to 1.5% in a 

eutectoid carbon steel improved yield and tensile strength. A large portion of the 

strengthening that occurs as a result of the Si addition is again due to the solid solution 

strengthening of pearlitic ferrite as shown in Figure (2-7). It can be seen from Figure (2-

8) that Si has a significant effect on the interlamellar spacing and strength, as noted 

above. 
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2.4.1.4. Manganese 

For V steels the effect of the Mn on the activity of V is especially important. 

Manganese is known to increase the activity coefficient of V and at the same time 

decrease the activity coefficient of C. An increase of Mn content leads to an increase in 

the solubility of V in austenite at high temperature. This, in combination with the 

toughness increase due to the dilution of pearlite caused by the added Mn, pro duces an 

increase in tensile strength for the same toughness. Dilution of the pearlite can be 

achieved by increasing the cooling rate in the transformation range as well as increasing 

the alloying content. Lagneborg et al. [94] have aIso shown that the direction of the 

change in strength and toughness due to increasing cooling rate is about the same as for 

added Mn and reduced C; i.e. the strength increases at a constant toughness. 

Manganese has a complex effect on toughness because the beneficial effects of 

Mn in causing ferrite grain refinement, pearlite colony size refinement and pearlite 

dilution, are offset by the detrimental effects of Mn in increasing the volume fraction of 

pearlite and decreasing the interlamellar spacing. Consequently, in general terms, Mn 

has little overall effect on toughness, but does increase the strength. 
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CHAPTER3 

3. Experimental Techniques 

Five steels were used in the present work to investigate the dynamic, static and 

metadynamic recrystallization behavior of plain carbon and microalloyed eutectoid steels, 

and to develop mathematical expressions that can be incorporated into models for the 

prediction of micro structural evolution in microalloyed hypereutectoid steels during hot 

deformation. The effect of alloying and processing on the mechanical properties is aiso 

explored. This chapter focuses on describing and illustrating the instrumentation and 

experimental setups utilized. They are categorized as follows: experimental materials, 

experimental equipment, thermomechanical pro cessing , mechanical properties and 

metallography. 

3.1. Experimental Materials 

3.1.1. Steel Compositions 

The chemical compositions of the five steels used are listed in Table 3-1. Two 

plain carbon steels (D and E) were used as reference steels. These had slightly lower and 

higher carbon content (0.71% C and 0.91% C), and were provided by IVACO Rolling 

Mills (L'Orignal, Ontario, Canada). Three microalloyed steels of varying Si, V and N 

content were prepared at CANMET Materials Technology Laboratory (Ottawa, Ontario, 
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Canada), usmg vacuum melting. In tbis work, V has been chosen as the key 

microalloying element rather than Nb, since it is more likely to precipitate in ferrite, 

leading to more effective precipitation strengthening. In addition, Si additions are being 

investigated since it has been linked with decreasing pearlite interlamellar spacing, 

leading to possible improvements in drawability. Steel A has low Si (0.23%) and 

medium V (0.17%), steel B has high Si (1%) and low V (0.078%) and steel Chas 

medium Si (0.78%) and bigh V (0.26%). 

Table 3-1. Chemical composition of experimental steels (wt%) 

Composition D E 

C 1.1 1.0 1.08 0.71 0.91 

Si 0.23 0.99 0.78 0.22 0.21 

Mn 0.63 0.77 0.75 0.68 0.49 

Cr 0.04 0.066 0.049 0.05 0.04 

Ni 0.038 0.039 0.039 0.07 0.07 

Cu 0.036 0.037 0.04 0.02 

V 0.17 0.078 0.26 

p 0.010 0.0086 0.009 

S 

N 

3.1.2 Specimen Preparation 

The hot rolled plates were machined into cylindrical compression specimens, 11.4 

mm in height and 7.5 mm in diameter, with their longitudinal axes parallel to the rolling 

direction. These dimensions were chosen based on studies, which found that an aspect 

ratio of 1.5 promoted homogeneous deformation during compression testing [95]. 
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3.2. Experimental Equipment 

The hot deformation experiments were performed on a computerized materia1 

testing machine set up for hot compression testing. 

3.2.1. Compression Testing ApparatlJs 

The compressIOn testing machine (Figure (3-1)) is built around an MTS 

(Materials Testing System) Model 810 unaxial testing machine, which consists of a load 

frame, rated at 25 kN, and a closed loop hydraulic power supply with computerized 

control system. After the completion of a test, the load and displacement data are 

transferred to a personal computer for analysis. 

The temperatures tests are attained with a Research Incorporated radiant furnace, 

interfaced with a computer control system, which is used to generate commands, record 

data and perform real-time decision making during tests. Compression anvils are 

attached to the frame of the MTS by means of water-cooled steels supports as shown in 

Figure (3-1). The compression anvils were made of TZM alloy (molybdenum based 

alloy containing a dispersion of 0.5% Ti and 0.08% Zr oxides), which has high strength 

and creep resistance properties at elevated temperatures. 

For the compression tests, thin sheets of mica (50 to 80 f.!m thick), separated by a 

layer of boron nitride powder, were placed between the faces of the compression 

specimens and the anvils in order to maintain uniform deformation, and to avoid 

quenching problems due to sticking. To minimize oxidation, the specimen and anvils 

were enc10sed in a quartz tube sealed with O-rings in which a high purity argon 

atmosphere was maintained. Quenching the sample was done by a lever, through a hole, 

that was made in the lower support between the inside wall of the quartz tube and the 
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lower anvil. The openmg is kept closed throughout the experiment, and opened when the 

specimen is to be quenched. This mechanism allows for quenching specimens within one 

second. 

1 
1 
1 
1 
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Figure (3-1) Schematic cross-section through the compression testing equipment. 

3.2.2. Fumaces 

In order to heat the specImens for the compression tests, a radiant furnace 

equipped with a 16 kW power supply was mounted on the MTS machine. The furnace is 

attached to the MTS load frame and controlled by a Micristar digital furnace 

programmer. The furnace is comprised of four-tungsten filament lamps, and four mirror 

fini shed elliptical reflectors of aluminum, positioned symmetrically about the center. The 
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temperature measurement of the specimens was performed using a K-type Chromel­

Alumel thermocouple placed in contact with the specimen. 

A salt bath for quenching, as shown in Figure (3-2) was used to isothermally 

transform the austenite (550, 580 and 620 OC) . 

Figure (3-2) Quenching system, (A) lever arm, (B) quench chute, (C) salt bath and (D) 

fumace digital controller. 

3.2.4. Constant Strain Rate lesting 

An the compression tests were carried out under constant strain rate conditions. 

The compression mode, instead of the tension mode, was used because it avoids the 
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heterogeneous flow due to necking. True strain rate testing requrres a continually 

changing actuator velo city. This was determined as follows: 

In a compression test, an increment ohrue strain in a specimen deformed from an 

initial height h is given by: 

dh 
dB = h ................................................................ 3-1 

By differentiating with respect to time t,the tille strain rate in compression is 

obtained: 

B = (- ~) ~~ ....................................................... 3-2 

where dh/dt is the rate of change of specimen height. 

To run a constant true strain rate test, the specimen must be deformed at a rate 

which is proportional to its instantaneous height, h: 

dt 

By integrating the above equation and setting h = ho at t = 0, the following 

relation is obtained: 

h = ho exp( - it) .................................................. 3-4 

The instantaneous height is also the position of the MTS actuator. With a 

computer controlled system, true strain rate tests are produced by dividing the entire 
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deformation time into n steps (n = 50 in the present test) with intervals Dt, so that the 

instantaneous height of the deformation specimen (or the position of the MTS actuator) at 

time i can be expressed as: 

hi = ho exp( - i:i t::.t) ............................................. 3-5 

During testing, load and displacement data points were recorded and then 

converted into true stress and true strain by the following equations: 

load 
......................................................... 3-6 

e, = - ln [ ~: J ..................................................... 3-7 

where Ai is the instantaneous sample cross section, which was calculated as Ai = 

Aoho/hi. Here Ao and ho are the initial cross sectional area and height of the specimen, 

respectively, and hi is the instantaneous height of the specimen. 

3.3. Thermal Cycles and Deformation Schedule 

3.3.1. Solution Treatment 

The specimens were heated at a constant rate of 1.5°C·s-1 to 1200°C at hold at this 

temperature for 20 minutes as the fust step of each separate test, partly to ensure 

dissolution of the VN and VC precipitates present in the initial microstructure, so that 

they can reprecipitate during later cooling and/or processing, and partly because tms is a 

typical reheating temperature in a steel rolling mill. To determine the temperature that 

dissolves the V prior to deformation testing, the following equations were used [96]: 
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log rv le ] = _ 9500 1.: --+ 6.72 .................... 3-8 
T 

log [v ][N ] = - 8330 + 3.40 ..................... 3-9 
T 

where the alloying concentration terms are in weight percent and the temperature 

is in Kelvin. Table 3-2 gives the dissolution temperatures calculated for the three steels 

used in tms study. 

Table 3-2 Calculated solution temperatures of the steels 

Steels Temperature of solubility of Temperature of solubility of 

m(°C) Ve(°C) 

A 1044 1000 

B 1029 940 

r 1050 1033 

3.3.2. Single Hit Compression Testing Schedule 

These tests were conducted to determine the dynamic recrystallization 

characteristics. After the reheating temperature was decreased at a rate of 1°C.s-1 to the 

test temperature (900, 950, 1000, 1050°C) and held for 5 minutes to homogenize the 

temperature within the specimen. The specimen was deformed isothermally at strain 

rates of 0.01, 0.1 and ls-1
, followed by quenching, as shown in Figure (3-3). 
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5 mm 0.01, 0.1 and lis 

Quend! 

Time (s) 
Figure (3-3) Schematic illustration of the TMP schedule for characterizing dynamic 

recrystallization. 

3.3.3. Double Hit Compression Tests 

To study the progress of static and metadynamic recrystallization during fmish 

rolling, several sets of double hit compression tests were performed. After reheating, the 

specimens were then slowly cooled (1°C.s-1
) to the test temperature (Figure (3-4)). After 

holding at the test temperature for 5 minutes, the frrst deformation was applied. Testing 

was interrupted at the strains ranging from the critical strain for static recrystallization up 

to the steady state strain for strain rates of 0.0 l, 0.1 and 1 S-1 and temperature range 900 to 

1050°C. After unloading, the specimen was held at the test temperâture for a time 
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between 0.1 to 500 seconds and then the specimen was reloaded to the same level of 

strain followed by water quenchlng. 

1200°C; 20 min 

5 min 0.01, 0.1 and lis 

Quench 

Time (s) 

Figure (3-4) Schematic illustration of the TMP schedule for characterizing static and 

metadynamic recrystallization. 

3.3.4. MeaslJl'ing the Softening 

The interrupted deformation method is based on the principle that the yield stress 

at high temperatures is a sensitive measure of structural changes. In this work, the 0.2% 

offset yield strength was used to determine the softening due to metadynamic and static 

recrystallization, as shown in Figure (3-5). The fractional softening, X, is measured by: 

x ~ ~"'m - ".'? x 100 %,.,. ..................................... 3-10 
am - al 
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Figure (3-5) Measurement of the softening by the 0.2% offset method. 

3.3.5. Continuous Cooling Compression Testing Procedure 

44 

For the purpose of characterizing the transformation temperatures of austenite-to­

pearlite, continuous cooling compression (CCC) testing was performed. This utilizes the 

concept of changes in flow behavior that accompany changes in phases. Figure (3-6) 

shows a typical CCC test schedule, which is defined in terms of temperature and time. 

The specimen was reheated and then cooled at a constant l°C.s-lcooling rate. When the 

temperature reached 850°C, continuous deformation at a constant strain rate of O.OOls-l 
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was applied to the specimen during cooling. The true strain and true stress were 

calculated from the data generated during deformation. 

O.OO1/s 

Air cooling 

Time (s) 

Figure (3-6) Continuous Cooling Compression (CCC) test schedule. 

3.3.6. Mechanical Pro pert y 

3.3.6.1. Heat-treated Specimens 

The specimens were austenitized for 20 minutes at 1200 and 900°C to pro duce a 

coarse and a fme austenite grain size. The specimens were isothermally transformed at 

550, 580 and 620°C in a molten salt bath for 10 minutes; this was designed to produce a 

range of interlamellar spacings. After transformation the specimens were water 

quenched. 
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3.3.6.2. Deformed Specimens 

The specimens were austenitized for 20 minutes as before at 1200 and 900°C. At 

these temperatures, compression testing was performed at a strain rate ofO.Ols- l and was 

interrupted at a strain of 0.1, which is below the critical strain required for dynamic 

recrystallization with an interpass time of 5 minute. The specimens were immediately 

isothermally transformed, as per the heat-treated specimens, and water quenched. 

3.4. Mechanical Pro pert y Measurements 

3.4.1. Shear Punch Test 

The mechanical properties at room temperature were measured using a shear 

punch test method [97]. This technique was selected since the compression specimens 

were too small for the usuai tensile testing. The shear punch apparatus (Figure (3-7)) 

consists of a punch and a die. The centers of the punch and die were exactly aligned. 

Testing was carried out on the MTS previously described. The specimens were cut 

transversely to give 2-3 rectangular slices, which were ground with 600 grit SiC paper to 

a fmal thickness 300-350 !lm. The specimens sheet was fIxed between the die and a 

washer. The latter ofwhich prevented the specimen from moving during punchllg. A 

flat tip to01 was driven through the specimen, punching a 1.5 mm circular diameter from 

it. Meanwhile, the force-displacement data were recorded by means of a load ceIl and 

displacement transducer. 
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Punch 

Specimen 

Washer 

Die 

Figure (3-7) Schematic illustration showing the shear punch unit. 

3.4.2. Data Manipulation 

In order to calibrate the shear-punch data with the standard tensile data, a series of 

shear punch and uniaxial tensile tests were performed at room temperature. A typical 

example of a force-displacement curve produced by the shear punch is shown in Figure 

(3-8). It is apparent that this deformation possesses aU the features of a force­

displacement curve produced in uniaxial tension. These include an elastic zone, a 

deviation from elasticity, a plastic zone, a load maximum necking and fmal fracture. 

Lucas et al. [98] have suggested that the force at deviation from linearity, Py, and 

the maximum force, Pm, correlate weU with the uniaxial yield and tensile strengths, 

respectively, according to the following empirical equation: 
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O'ejJ = 
p-p 

f 

21O''f 
=Co, ......................................... 3-11 
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where P is the yield or maximum load, cr is the corresponding yield or maximum 

stress in tension, Pf is the friction load, ris the punch radius, t is the specimen thickness, 

and C is the correlation factor. 

By means of this correlation factor, the calculated effective stresses can be 

translated in to uniaxial tensile stresses. This can be obtained by taking the slope of the 

best-fit regression between these two parameters for standard materials or for materials 

whose uni axial yield and tensile strengths are known. 

The total elongation is determined by the following empirical equation where 

Eitolal is the total elongation and df is the displacement at failure. 

Eltotal 

df = - .............................................. 3-12 
t 

It should be mentioned that this equation was originally derived for the reduction 

of area at fracture. However, in this work, correlation of the punch data with uniaxial 

tension results showed that the (df/t) ratio corresponded to the total elongation at fracture. 
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Figure (3-8) A typicalload-displacement curve for steels. 
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In order to calibrate shear punch data with standard tensile data, a series of shear 

punch and uniaxial tension tests was performed at room temperature. In general, more 

than eight shear punch tests and five tensile tests were performed for each material. 

By applying the above correlation, it was found that, for the yield data (Figure (3-

9)) C = 0.54, and for the maximum load data (Figure (3-10)), C = 0.64. The 95% 

confidence interval on the predicted stress for a given P is ± 8% of cry for yield and ±6 % 

of crUTS for ultimate tensile stress. 

Shear punch data have also been used to determine the ductility of material by 

correlating the ratio Dt/t from shear punch tests with either the reduction of area [99] or 

total percent elongation [100] . For the materials tested, the latter correlation best fits the 

shear punch data as shown in Figure (3-11). 
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Figure (3-9) Comparison of the shear yield data with yield strength from uniaxial tensile 

data. The solid line is the regression line for the yield data. 
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Figure (3-10) Comparison of the ultimate tensile strength determined by the shear punch 

and uniaxial tensile data. The solid line is the regression line for the 

maximum load data. 
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60 

Figure (3-11) Comparison of Dit with percent elongation measured in uniaxial tension. 

The solid line is the regression line for the ductility data. 

3.5. Metallography 

3.5.1. Optical Microscopy 

Metallographie preparation of the steel specimens involved mounting in bakelite 

followed by automated grinding using successively finer silicon carbide papers from 60 

to 800 grit. The specimens were then polished with 9,3 and 1 /lm water-based diamond 

suspensions on short nap cloths with an alcohol-based lubricant. To reveal the prior­

austenite grain boundaries, the austenitized and quenched specimens were etched by 

immersing in a solution containing 4 drops HCI, 10 drops wetting agent Teepol and 100 

ml saturated aqueous picdc acid that was heated to 80°e. 1t is noteworthy to mention 

that during et ching the specimens were swabbed regularly with cotton wool to remove 

dark deposits from forming due to the chemical attack. The prior-austenite grain size of 
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the specimens was then determined from light optical micrographs by the intercept 

method [101]. 

3.5.2. Field Emission Scanning Electron Microscopy (FE-SEM) 

Field Emission Scanning Electron Microscopy FE-SEM is a high-resolution 

imaging technique that provides topographie and structural information in plan view or 

within the cross-section. Used in conjunction with X-Ray microanalysis by an Energy 

Dispersive Spectroscopy (EDS), the FEG-SEM can qualitatively and quantitatively 

analyze the elements present in a selected area of a secondary or backscattered electron 

lIDage. 

To reveal and characterize the fme precipitates in the microalloyed steels, an 

imaging technique capable of achieving good resolution and contrast at a magnification 

of roughly 100,000x is necessary. For such applications, the selection of an appropriate 

detector is a significant factor in determining how charging, contrast and contamination 

will occur. In this work, the Hitachi S-4700 FEG-SEM was used with a mixed detection 

system using the lower and upper detectors. A feature of this microscope is the Snorkel 

lens with the ExB fllter, which can be used to select a mix of electrons reaching the upper 

detector. In this work, the upper deteetor was used for its high resolution and high signal 

to noise ratio ability for secondary electron imaging. The system can be adjusted, with 

the voltage bias, to give images consisting of pure secondary electrons to pure 

backscattered electrons, and anywhere in between. This provides great flexibility in 

overcoming charging and in optimizing imaging contrast. 

For microalloyed steels, the usuai approach for fme precipitate characterization is 

transmission electron microscopy. However, TEM specimen preparation (foils or carbon 

replicas) is much more involved than that for FE-SEM specimens. Moreover, for steels 
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with considerable levels of pearlite, both thin foil and extraction replica preparation are 

pro blematic, since cementite is not easily attacked by the etchants that attack ferrite. 

It is noteworthy that application of the FE-SEM for magnetic materials, such as 

the microalloyed steels used in this work, is problematic in that the electromagnetic field 

around the electron beam column results in the vertical shifting of the specimen. Thus, a 

clamping device was designed and utilized for rigid fixing of the specimen to the sample 

holder. 

3.5.3. Quantifying Pearlite 

A series of photographs was taken of each surface; from these, the nodule size 

was readily determined using the linear intercept method. The delineated pearlite 

nodules were then measured from a series of light optical micrographs using the linear 

intercept method in which the mean linear intercept, r, was the average size of the 

nodules and computed as 

- 1 
1 = - ................................................................ 3-13 

MN 

Where 1 is the totalline length employed, M is the magnification of the micrograph, and 

N is the number of nodule boundaries intersected by the test line. 

Ail samples were examined in the FE-SEM to measure the interlamellar spacing 

of the pearlite. The samples were ground and polished to a fineness of 1 IJ.m, and were 

etched in 4% nital. The mean true spacing was determined using a method similar to that 

recommended by Underwood [102]. Specifically, concentric circular test lines were 

superimposed over the FE-SEM image, and the number of intersections of cementite 

lamellae was counted to give the mean intercept spacing, b : 
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- L 1 
b = - x - ......................................................... 3-14 

N M 

where 

L is the totallength ofline used 

N is the total of cementite lamellae intersected 

M is the magnification 

54 

Bach value of b involved measurements of at least average 30 pearlite colonies 

fields ofview and a total ofnot less than 2000 intersections. The mean intercept spacing 

was then used to calculate the mean true spacing, So using the following relationship 

[103]: 

b 
So =- .................................................................. 3-15 

2 

The colony sÏze was measured by optical microscopy, again by obtaining the 

mean linear intercept. 
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CHAPTER4 

The purpose of the present research was to study the effect of silicon and 

vanadium alloy additions on pearlitic steels with respect to (i) dynamic, metadynamic and 

static recrystallization and (ii) as-hot rolled structure and properties. 

This chapter starts with an analysis of the reheated austenite grain size. This is 

followed by a presentation of the results conceming the continuous stress-strain curves. 

Then, the softening results of static and metadynamic recrystallization and the effect of 

the deformation parameters are described. Microstructures related to the mechanical tests 

described above are introduced. Finally, the mechanical properties results are related to 

the microstructure. 
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4.1. Reheated Austenite Grain Size 

Since the austenite grain size of steel is an important factor in detennining its 

response to heat treatment and mechanical properties, it was necessary to detennine this 

for the different steels compositions. Individual specimens were reheated to 

austenitization temperatures 1200, 1100, 1000 and 900°C and held for 20 minutes before 

quenching. The austenite grain size was weIl delineated, as can be seen in Figures ((4-1) 

and (4-2)). As shown in Figure (4-3), in general, the grain size increases with increasing 

austenitising temperature. The inhibiting effect of V and Si additions leads to distinctly 

fmer prior austenite grain sÏze. As the V contents increased, the austenite grain sÏze 

decreases, as shown by comparing steels A to C. The grain size decrease, however, also 

corresponds to a decrease in the C content. 
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(c) 

Figure (4-1) Reheated austenite microstructures ofthe A steel: (a) 1200°C, (h) 1 100°C 

(c) 1000°C and (d) 900°C. 

57 



CHAPTER4 RESULTS 58 

(c) (d) 

Figure (4-2) Reheated austenite microstructures for four steels at lOOO°C: (a) A, (h) B (c) 

C and (d) E. 
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Figure (4-3) Effect of austenitizing temperature on prior austenite grain size. 

4.2. Flow Curves 

4.2.1. Single Hit Flow Curves 

The flow curves obtained for the five steels defonned to a strain of 0.7 were 

plotted for the defonnation temperatures (900°C-1050°C) for various strain rates. AIl 

flow curves displayed a rapid initial increase to a stress maximum, characterized by a 

peak strain and peak stress, followed by a graduaI faH to a constant stress level (steady 

state stress). Examples of the flow stress/strain curves are given in Figure (4-4) for steels 

A, B, C, D and E. As expected, with decreasing defonnation temperature the values of 

peak strain, peak stress and steady state stress increased. Cyclic flow behavior, 

associated with grain coarsening during dynamic recrystallization, was found at 1050°C 

at strain rate 0.01s-1 (Figure 4-4d). Below 1000°C only single peak behavior 
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characteristic of grain refining during dynamic recrystallization can he seen. As 

mentioned in the literature review, increases in stram rate or reductions in temperature 

favor single peak behavior. 
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Figure (4-4) Stress-StraÎn curves for steels (a) A, (b) B, (c) C, (d) D and (e) E. 
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4.2.2. Double Hit Flow Curves 

Examples of interrupted compression stress-strain curves are displayed in Figures 

((4-5), (4-6), (4-7) and (4-8)) for steels A, B, C, and E. Several interrupted compression 

tests with increasing unloading times are plotted together to demonstrate the effect ofthe 

unloading tÎme on the flow curves. 

Using the data from the single hit tests, tests were designed to initiate dynamic 

recrystallization in the frrst hit, so that metadynamic recrystallization would occur in the 

unloading (static) period. Interrupted compression stress-strain curves with increasing 

unloading times are given in Figure (4-5) for steel A. As expected, when the unloading 

time is short, little softening occurs. As a consequence of the lack of softening, the 

second hit curve displays little work hardening prior to reaching the dynamic 

recrystallization peak. When the unloading time is increased, metadynamic 

recrystallization occurs and diminishes the dislocation density somewhat, leading to 

increased work hardening on reloading. Note that the peak stress and strain are much 

smaller after full metadynamic recrystallization because of the grain refmement that has 

occurred due to dynamic recrystallization. The higher grain boundary area per unit 

volume increases the recrystallization nucleation rate, since grain boundaries are 

preferred nucleation sites. This will therefore decrease the peak stram and consequently, 

the peak stress since less work hardening will have occurred in reaching the peak strain. 
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place at 1050°C for different unloading times (a) 0.01 S-1 and (b) 0.1 S-l. 

0.8 

64 



CHAPTER4 RESULTS 

90 

80 

70 

'2' 60 
~ 
';;;' 50 
"" <IJ 
10< 

(i5 40 
<IJ 
:= 
~ 30 

20 

10 

0 
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

TmeStrain 

Figure (4-6) Stress-stram curves determined for steel B showing the softening taking 

place at 925°C for different unloading times at a strain rate 0.0 l S-l. 

60 

50 

i 40 

"" E 30 -'Xi 
Il.< 

~ 20 

10 

o 
o 0.1 

0.5 sec 

0.2 0.3 0.4 

TmeStrain 

0.5 0.6 0.7 

Figure (4-7) Stress-strain curves determined for steel C showing the softening taking 

place at 1050°C for different unloading times at strain rate O.OlS-l. 

0.8 

65 



CHAPTER4 RESULTS 

40 

35 

30 
'2 
~ 25 
'-" 

'" ~ 20 ;.., .... 
00 

Cld 
15 :1 

;.., 
F-

10 

5 

0 
0 0.1 0.2 003 0.4 0.5 0.6 0.7 0.8 

Truc Strain 

(a) 

60 

50 

.-., 
e: 40 
~ 

~ 
'-' 

"" ~ 30 .... 
00 
Cld 

E 20 F-

10 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 

Truc Strain 
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4.3. Continuous Cooling Compression (CCC) 

The CCC method is based on the correlation of significant changes in the flow 

stress versus strain behavior to micro structural changes. Figure (4-9) shows the 

hypothetical flow stress behavior as a function of temperature during CCC testing 

conditions where there is no micro structural change. Therefore, under practical 

conditions, any deviation from a smooth increase in the flow stress with decreasing 

temperature can be related to a change in the structural characteristics of the material. 
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Figure (4-9) Theoretical flow stress behavior during CCC testing. 

For the steels A, B, C and E, the CCC true stress-strain curves, given in Figure (4-

10), were observed to exhibit an overall increase in the flow stress with increasing strain 

and decreasing temperature with specific deviations occurring at different temperatures 

and flow stress levels that reflected the compositional differences in these microalloyed 

steels. In particular, the addition of V and Si (steels A, B, C versus E) was determined to 

significantly increase the flow stress levels in these steels, especially at temperatures 

below SOO°C. This flow stress increase may be related to the solute drag and solid 

solution strengthening effects of V and Si that have been noted to retard dynamic 

recovery [104,105]. Additionally, for each flow stress-strain curve, two deviations or 
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inflection points were observed, which could be related to the Ar3 and Arl temperatures. 

The first deviation in Figure (4-10), characterized by a stress drop and negative slope in 

the flow stress-strain curve, indicated that the material became sofrer and corresponds to 

the start temperature for the transformation of austenite to pearlite (Ar3), as the latter is 

sofrer than the parent phase at any given temperature [104,106]. As shown in Figure (4-

10), a second deviation, which occurred at a straÏn of 0.3 ± 0.05, was characterized by a 

change back to a positive slope in the stress-straÏn curve, inevitably due to the completion 

of the austenite transformation (Arl ) that then pro duces a rapid increase in the 

strengthening rate afrer the frrst deviation. 

From the CCC results, the transformation start temperatures (Ar3) were obtained 

to be about 620, 630, 645 and 600°C for steels A, B, C and E, respectively. Steel C was 

determined to have a higher Ar3 (i.e. faster austenite to pearlite transformation kinetics) 

as compared to steels A, Band E, most likely due to the highest V content and relatively 

high Si level (~0.8%) in the former material. Henee, from the CCC curves it is evident 

that V and Si additions, either separately or in combination, can have a noticeable effect 

on the transformation temperature in microalloyed steels. Based on these transformation 

temperature fmdings, the salt bath conditions of 550, 580 and 620°C were selected to 

investigate the evolution of the pearlitic microstructure with thermal processing. 
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Figure (4-10) True stress-strain curves of steels A, B, C and E obtained by continuous 

cooling compression testing. Arrows labeled 1 and 2 represent the first and 

second deviations. 

4.4. Microstructural Results 

Quenches were performed after selected continuous deformation tests. Examples 

of microstructures obtained are presented here. 

4.4.1. Dynamically Recrystallized Grain Sile 

4.4.1.1. Vanadium and Silicon Steels 

Dynamically recrystallized structures were quenched within the steady state at 

different temperatures. Examples are presented in Figure (4-11) for steel A. The 
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microstructure appears to be composed of small equiaxed grains, intermediate grains and 

deformed elongated grains. 

(a) 
(b) 

Figure (4-11) Dynamically recrystallized microstructure of steel A deformed (a) 950°C at 

strain rate = 1s-1 and (b) lOOO°C at strain rate = 1s-1
. 

The change in dynamically recrystallized grain size with ln (Z) for the V and Si 

steels is plotted in Figure (4-12). It is interesting to note that with increasing V and Si 

content the dynamically recrystallized grain size decreases. It should be mentioned that, 

in these steels other elements are also changing; in particular, the Si content of A and D 

are the same and C and B have an increasing amounts of Si respectively. But it is 

believed that these would not as strongly influence the dynamically recrystallized grain 

Slze. The greater stability of VN leads to its preferential precipitation over VC, 

particularly at higher temperatures. In enhanced N steels there is still sufficient N to 

cause the formation of V (CN) to precipitate during and after austenite transformation 

[107,108]. This is probably leading to the finer dynamically recrystallized grain size, 

although the mechanism is not c1ear at this time. 
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Figure (4-12) Dynamically recrystallized grain size for V and Si steels. 

The effect of V and Si on the dynamically recrystallized gram Slze was 

detennined by fitting a linear regression to the experimental results. The equation for the 

dependence of recrystallized grain size during defonnation temperature and strain rate 

was determined as given Eq. 2-4. The dependence of B in Eq. 2-4 on V and Si 

concentrations can now be determined, as shown in Figure (4-13), leading to the 

following linear relation 

drex = [-0.57[V + Si] + 2.4] x 10 4 
Z-O.27 ...... .4_1 
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Figure (4-13) Effect of V and Si on the constant Brex. 

4.4.1 .2. Hypereutectoid Steel 

Dynamic recrystallization is expected to produce significant grain refmement 

resulting in single peak: stress-strain curves for nearly aH indus trial deformation 

conditions. Full dynamic recrystallization and a constant mean grain size characterize the 

steady-state region. The fully dynamically recrystallized grain sÏze has been found in this 

work to be dependent only on the Zener-Hollomon parameter, Z and is given by 

d rex = 1.7xl04 Z-o·22 ............................................. 4-2 

The Zener-Hollomon exponent that was found (0.22) was in good agreement with 

the values (0.15 to 0.27) observed by other workers [109-112]. From the present results, 
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the average of 1.7x104 for this steel compares with that of 1.6x104 proposed by Hodgson 

[112]. 

4.4.2. Metadynamically Recrystalliled Grain Sile 

4.4.2.1. Vanadium and Silicon Steels 

In this part of the investigation, quenches were performed at the end of each test. 

The effect of strain rate and temperature on the metadynamically recrystallized grain size 

is presented in this section. Examples of metadynamically recrystallized microstructures 

are shown in Figure (4-14) for steel B. As the temperature was decreased, a finer 

metadynamic microstructure was obtained. The effect of increasing strain rate also led to 

a finer grain size (Figure (4-15) for steel C) . 

a b 

Figure (4-14) Metadynamically recrystallized microstructures in the B steel after 

deformation strain rate = 0.ls-1 (a) 1050°C and (b) 1000°C. 
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a b 

Figure (4-15) Metadynamically recrystallized microstructures in the C steel after 

deformation at 1050°C (a) 0.ls-1 and (b) 18-1
• 
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The gram Slze after full metadynamic recrystallization was measured under 

different conditions. The change in recrystallized grain size with ln (Z) for the V and Si 

steels is plotted in Figure (4-16). The dependence of B in Eq. 2-11 on V and Si 

concentration can now be determined, as shown in Figure (4-17), leading to the following 

linear relation 

d rex = [-0.54[V + Si] + 2.8] x 104 
Z-O.27 ........... 4-3 
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4.4.2.2. Hypereutectoid Steel 

As for the other steels, the metadynamically recrystallized grain size of the C-Mn 

steel depends on the Zener-Hollomon parameter 

dmdrx = 2.55 X 104 
Z-0.22 ........................................ 4_4 

The parameter ln (drndrx) was plotted as a function of ln (Z), as shown in Figure (4-

18). The Zener-Hollomon exponent was found to be 0.22 (for full softening after 

metadynamic recrystallization), and is in good agreement with values of (0.15 to 0.27) 

reported in previous investigations for plain carbon steel [lO9-115]. From the present 

results, the average of 2.55xl04 for this steel compares with that of 2.6xl04 reported by 

Hodgson [112]. 

From the equations proposed for dynamic and metadynamic grain size, the 

metadynamically recrystallized grain size is about 50% higher than the dynamically 

recrystallized grain size. 



CHAPTER4 RESULTS 

5 ~--------------------------------------------~ 

4.5 

4 

'1 
"da 3.5 -.e 

3 

2.5 

2 

23.5 24 24.5 25 25.5 

In(Z) 

Figure (4-18) ln (dmdrx) plotted as function ofln(Z). 

4.4.3. Statically Recrystallized Grain Size 

4.4.3.1. Vanadium and Silicon Steels 

26 26.5 27 27.5 28 
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Examples of statically recrystallized microstructures are shown in Figure (4-19) 

for steels A and C. 
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(a) (b) 

Figure (4-19) Statically recrystallized microstructures after deformation at 1050°C at 

strain rate 0.ls-1 (a) steel A and (b) steel C. 

The three steels employed in this investigation exhibited flner grain sizes than 

those predicted for plain carbon steel (Figure (4-20)). An expression for the statically 

recrystallized grain size, dSRX, was generated as follows, using the form reported by 

Sellars [9]. The dependence of B in Eq. 2-8 on the silicon and vanadium concentrations 

can now be determined, as shown in Figure (4-21), leading to the following linear 

relation: 

dSRX = [-0.15 [V + Si]+0.70] dg·67 
&-0.5 •.•••••••••.••• .4_5 

The strain exponent for this work was found to be -0.5. 
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4.4.3.2. Hypereutectoid Steel 

The statically recrystallized grain size increases with the initial grain size and 

decreases with increasing applied strain and there is no effect of temperature. 

d.m: = 0.3 d~·67 8-0·9 •••••.••.•.•.•••••••••••.••••.•••.•••••••.••••• 4-6 

The exponent from the current experimental data was determined to be (Figure (4-

22» -0.9, compared well with the value of -1.0 reported previously by Sellars [9] from 

published data. Moreover, Suehiro et al. [116] was observed no effect of composition on 

the recrystallized grain size for C from 0.1 to 0.8. 
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Figure (4-22) ln (dm) plotted as function ofln(strain). 
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4.5. Metadynamic Recrystallization Characteristics 

Once the critical strain for dynamic recrystallization is surpassed during 

deformation, the dynamically recrystallized nuclei continue to grow when the specimen is 

unloaded. This pro cess is called metadynamic recrystallization and does not involve an 

incubation time, since the nuclei are already present upon termination of the deformation. 

4.5.1. Effect of Deformation Parameters on the Metadynamic Softening 

4.5.1.1. Strain 

The softening curves shown in Figure (4-23), which are typical of aU the steels 

tested, indicate that, above the critical strain for dynamic recrystallization, strain has little 

influence upon the fractional softening of metadynamic recrystallization. This 

observation agrees with that ofHodgson [117], Roucoules et al. [118] and Bai [119]. 
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Figure (4-23) Effect ofstrain on softening in steels (a) A, (b) E. 

4.5.1.2. Strain Rate 

82 

100 

In general, increasing the strain rate increases the flow stress, since less time is 

available for dynamic recovery. As weIl, there is a decrease in the subgrain size, and 

these two effects lead to an increase in the stored energy. Therefore, with increasing 

strain rate, the driving force for recrystallization will increase, and the recrystallization 

kinetics will be faster. 

The effect of strain rate was investigated over the range O.Ols-l to 1s·1 at 1050°C. 

The measured fi'actional softening is plotted as a function of the logarithm of the holding 

time as shown in Figure (4-24) for the A, B and C steels. For aU the steels, these plots 

have the beginnings of a sigmoidal appearance, and, as anticipated, the recrystallization 
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rate rncreases with increasing strain rate. For example, in steel A the time for 50 % 

softening decreases from about 5s to less than l s as the strain rate is increased from 

0.01s-1 to ls-l. The present observations are in good agreement with those reported by 

Hodgson [117] and Roucoules [42]. 
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Figure (4-24) Effect ofstrain rate on softening in steels (a) A, (h) Band (c) C, and (d) E. 



CHAPTER4 RESULTS 85 

4.5.1.3. Deformation Temperature 

The effeet of deformation temperature on softening by met adynamie 

reerystallization is shown in Figure (4-25) for the A, B, C and E steels, respectively. In 

trus case, the strain rate was held constant, while the deformation temperature was varied. 

These softening eurves are also sigmoidal in appearance. These eurves show that the rate 

of softening increases with inereasing temperature. 

For example for steel E (Figure (4-25d), at a holding time of 10- s, the fraction of 

metadynamic recrystallization attained in trus steel increased from about 25% at 900°C to 

35% at 950°C, to 50% at 1000°C, and to 70% at 1050°C. This effect is due to the 

increasing mobility of the recrystallizing grain boundaries [120]. 
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Figure (4-25) Effect oftemperature deformation on softening in steels (a) A, (b) B and (c) 

C, and (d) E. 

4.5.1.4. Initial Grain Size 

The kinetics of metadynamic recrystallization is not markedly affected by the 

initial grain size. This is because the majority of the metadynamic recrystallization nuclei 

are formed during deformation. The density of these dynamically formed nuclei and the 

steady state flow stress attained at high strains after full dynamic recrystallization are 

independent of the initial austenite grain size. 
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4.6. Statie Reerystallization Charaeteristies 

4.6.1 Effect of Deformation Parameters on the Softening 

4.6.1.1. Strain 

88 

The static softening fraction as a function of time for an three strain conditions is 

shown in Figure (4-26) for steels A, B, e and E. In these tests, reheating temperature of 

l2000e and a holding of 20 minute were used to pro duce the initial grain size. Then, the 

specimens were cooled to 10500e and deformed to different strains at constant strain rate. 

It can be seen that the higher the strain, the faster the recrystallization rate. This can be 

attributed to the higher dislocation density generated by the increased deformation, which 

results in a greater driving force for static recrystallization. In an cases there appears to 

be smooth sigmoidal softening, with no evidence of a multistage softening reaction. 

Recovery occurs at a very slow rate until about 25% softening is attained, and then 

recrystallization takes over and proceeds more rapidly. Recovery tends to be slower than 

recrystallization, because in the latter, movement of new grain boundaries is a more rapid 

way to remove dislocations than dislocation-dislocation interaction. However, the 

nucleation ofthese crystals is slower than recovery because a critical nuclei size has to be 

attained before recrystallization can progress. 

For example in steel E (Figure (4-26d)), it can be seen that full recrystallization, 

occurs in less than 100s for a strain of 0.1. Halving the strain leads to an increase in time 

of approximately a factor of 5 to reach the same level of softening. 
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Figure (4-26) Effeet ofstrain on softening in steels (a) A, (b) B (e) C and (d) E. 
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4.6.1.2. Strain Rate 

For the kinetics of static recrystallization, the influence of strain rate on static 

recrystallization, as shown in Figure (4-27), which is typical of an the steels tested, is less 

than the influence of the other variables (temperature, strain). However, the 

recrystallization kinetics is significantly accelerated when the strain rate is increased. 

The results given here are in agreement with previous investigations [9,112,117,121,122]. 

Again, for example in steel E (Figure 4-28) for 50% softening at a strain rate of 0.0Is-1 

the required hold time is 80s, compared to 60s when the strain rate is increased to 1s-1
. 
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Figure (4-27) Effect of strain rate on softening in steel A. 
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Figure (4-28) Effect of strain rate on softening in steel E. 

4.6.1.3. Deformation Temperature 

4.6.1.3.1. Hypereutectoid Steel 

92 
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It was demonstrated that the softening and recrystallization rate become faster as 

the test temperature is increased. This is due to the enhanced boundary diffusivity and 

thus mobility at higher testing temperature and also due to the increased driving force for 

recrystallization [120]. It is clear from Figure (4-29) that the recrystallization kinetics is 

enhanced as the temperature is increased for static recrystallization. 
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Figure (4-29) Effect of deformation temperature on softening in steel E. 

4.6.1.3.2. Vanadium and Silicon Steels 

Figures ((4-30), (4-31) and (4-32)) show the statically recrystallized fraction for 

steels A, Band C, respectively, at temperatures between 1100 and 875°C. The steels 

behaved simi1arly. It is evident that at 1100, 1050 and 1000°C, the softening curve 

follows the Avrami equation, i.e. it has a conventional sigmoidal appearance. The curves 

corresponding to 950-875°C display a plateau probably caused by the formation of V 

precipitates, which momentarily block the progress of recrystaUization. The appearance 

ofthese plateaus is similar to those observed in aU the microalloyed steels (containing V, 

Ti and Nb) studied by Medina [123,124]. It is aIso likely that Si pIays a roIe in retarding 

recrystallization due to its atomic size mismatch with Fe [125,126] (tms should be 
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apparent in the curves before precipitation takes place). However, recrystallization 

eventually resumes, probably due to precipitate coarsening. 

This means that before and after the plateau, i.e. before and after the 

precipitation, the recrystallization kinetics obey Avrami's Law. The start and fmish of the 

plateaus correspond approximately with the start and finish of strain-induced 

precipitation. These temperatures can then be used to generate precipitation-temperature­

time diagrams, as will be seen below in more detail. 
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Figure (4-30) Effect oftemperature on static softening kinetics for steel A at a strain rate 
ofO.OIs- l

. 
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Figure (4-31) Effect oftemperature on static softening kinetics for steel Bat a strain rate 
ofO.OIs- l
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Figure (4-32) Effect oftemperature on static softening kinetics for steel C at a strain rate 
ofO.OIs- l
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Medina et al. [127] have reported that at the end of the plateau it is still possible to 

fmd a certain number of precipitates of the same average size as most of those found at 

the start of the plateau. They found that the volume of small sized precipitates decreases 

from the start to the end of the plateau because precipitation becomes overlapped with 

coalescence or coarsening of precipitates, until the volume fraction of the smallest 

precipitates is insufficient ta continuously inhibit recrystallization. 

4.6.1.4. Initial Grain Size 

The effect of initial grain size on the fractional softening of static recrystallization 

is shown in Figure (4-33), which is typical of an the steels tested. In this case, the strain 

rate and deformation temperature were held constant, while the reheat temperature was 

varied from 1200°C-lQOO°C. In general, the austenite grain sizes increased with 

increasing reheat temperature. It is clear that as the grain size decreases the rate of 

recrystallization increases markedly. This is because smaller grains have a large grain 

boundary area per unit volume, which leads to an increase in the density of potential 

nucleation sites for static recrystallization. 



CHAPTER4 RESULTS 97 

Figure (4-33) Effect of initial grain size on softening. 

4.6.2. Precipitation Time Temperature Diagrams 

The strain-induced precipitation-time-temperature diagrams, obtained from the 

plateaus of the kinetics data are presented in Figures ((4-34) and (4-35)) for precipitation 

start (Ps) and fmish (Pr) times, respectively. It can be seen that there is an increasing 

separation of the Ps times with increasing temperature (with the times being very close at 

900 OC). This latter is consistent with the results of another investigation [128]. The Pf 

times follow a similar behavior, but the times are slightly more separated than the Ps 

curves at the lower temperatures. It can be observed that the nose temperature, which 

corresponds to the temperature at which precipitation occurs in the minimum time, 

depends on the Si and V concentrations. As this content increases the nose temperature 

increases as can be seen in Table 4-1. It can be seen that the nose of the curve for steel C 

is higher than 950°C, but the nose of the curves for steels A and B are very close 
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(930°C). It can be also seen that, as the product of the V and Si concentration decreases, 

the upper part of these curves is shifted to lower temperatures and longer times. This is 

due to the difference in the chemical driving force for precipitation. Higher 

concentrations of the precipitate forming elements pro duce higher driving forces at a 

given temperatures and therefore accelerate the precipitation kinetics. 
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Table 4-1 Nose temperature for steels A Band C 
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Figure (4-34) Precipitation start temperature time curves, Ps, for steels A, B and C 

acquired by the present double compression technique at a strain rate of 

O.Ols-l. 
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Figure (4-35) Precipitation fmish temperature time curves, Pf, for steels A, B and C 

acquired by the present double compression technique at strain rate O.Ols- l
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4.7. Effect of Thermomechanical Variables on Pearlite 

Characteristics 

4.7.1. Effect of Hest Trestment 

4.7.1 .1. Hypereutectoid Steel 

From the microstructures of the heat-treated vanadium-free steel E at the different 

temperatures, the evolution the prior-austenite grain structure characteristics was 

examined for the influence of the thermal processing conditions, as illustrated in the 

optical micrographs given in Figure (4-36). Increasing the reheat temperature was 

observed to increase not only the prior-austenite grain size, as delineated previously, but 

aiso the thickness of the grain boundary cementite network that was observed to form 

unconditionally in steel E for aU the heat treatments examined in this work. As given in 

Table 4-2, the progressive increase in the thickness of the cementite network with 

increasing reheat and transformation temperatures may be related to the increased 
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kinetics for grain boundary cementite formation at higher temperatures. Moreover, with 

increasing reheat temperature there is an increase in the prior-austenite grain size, as 

given in Figure (4-3), that may assist the growth of the cementite network through a 

reduction in the overall grain boundary area available for proeutectoid cementite 

formation. This is exemplified through the austenitizing condition at the lower reheat 

temperature of 900°C, Figure (4-36a-c), where the prior-austenite grain size was 48 ~m, 

which resulted in a thinner layer of grain boundary cementite as compared to reheating to 

1200°C, as shown in Figure (4-36d), where the grain size was more than double (110 

~m). 

Table 4-2 Thicknesses of the cementite network 

Heat treatment (OC) Transformation Non-deformed 

Temperature (oC) 

1200 620 25.5 ~m 

580 20.5 ~m 

550 16.8 ~m 

900 620 19.9 ~m 

580 19.9 ~m 

550 14.0 ~m 
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c) Austenitized at 900oe, salt bath at 6200 e d) Austenitized at 1200oe, salt bath at 6200 e 

Figure (4-36) Optical micrographs showing the microstructure of the steel E. 

4.7.1.2. Vanadium and Silicon Steels 

The addition of microalloying elements to a hypereutectoid steel with a low or 

high Si content was observed to prevent the formation of a thick continuous cementite 

layer at the prior-austenite grain boundaries, as illustrated in the optical micrographs 

given in Figure (4-37) for steel A. Specifically, the nature of the grain boundary 

cementite for the microalloyed steels was considerably difficult to examine even from the 

general microstructural observations performed using a FE-SEM at relatively low 
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magnifications (3,000x), as shown in Figure (4-38). In fact, low voltage imaging was 

employed on a FE-SEM at high magnifications (20,000x) to ascertain the presence of the 

grain boundary cementite particles as depicted in Figure (4-39). 

(b) Austenitized at 1200°C, salt bath at 550°C (d) Austenitized at 900°C, salt bath at 550°C 

Figure (4-37) Optical micrographs showing the microstructure of the steel A. 



CHAPTER4 RESULTS 103 

Steel A Steel C 

Figure (4-38) FE-SEM images showing the microstructure of steels A and C austenitized 

at 1200°C and transformed at 620°C. 

Steel A 

Figure (4-39) Low voltage imaging using a FE-SEM at higher magnifications to show the 

grain boundary cementite partic1es in steel A austenitized at 1200°C and 

transformed at 620°C. 
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The effects of the various heat treatments on the micro structural parameters are 

given in Tables 4-3,4-4,4-5, and 4-6 for steels A, B, C and E. The interlamellar spacing 

of the pearlite was found to increase with increasing transformation temperature and prior 

austenite grain size. AIso, in the steels alloyed with V and Si (A, B, C), the interlamellar 

spacing was smaller than that of steel E. This finding is consistent with the results of 

other investigations [84,129-131]. As the interlamellar spacing in steel A was smaller 

than that of steel E at the same transformation temperature; it can be concluded from this 

difference in the interlamellar spacing that additions of V decrease the interlamellar 

spacing at constant transformation temperature. It can also be noticed that steel B, which 

had a higher Si content and a lower V level, produced finer interlamellar spacing when 

compared with steel E under the same conditions. The additional refmement in steel C 

can be attributed to the effects of the higher V level and intermediate Si content. 

The effect of the transformation temperature on the pearlite colony size is also 

shown in Tables 4-3, 4-4, 4-5, and 4-6. It is evident that the pearlite colony size is 

dependent on the transformation temperature, but not on the prior austenite grain size. 

In these tables, the lameUar cementite thickness was calculated as a function of 

interlamellar spacing and C content in the pearlite according to [132]: 

Sx O.l5(wt%C) 
te = ............................................ 5-44 

V 

where te is cementite thickness, S is interlamellar spacing, V is the volume fraction of 

pearlite, and wt% C is the carbon content in the steels. The cementite plate thickness, te, 

thus decreases as the interlamellar spacing decreases. As the interlamellar spacings of 

steel A transformed at 620°C, steel B transformed at 620°C, steel C transformed at 620°C 

and steel E transformed at 580°C are aU 0.15 !-lm, the cementite thickness of steel A is 

larger than that of steels B, C and E. Moreover, at the same interlamellar spacing, an 

increase in the C content results in the increase in the cementite thickness. 
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The nodule size appears to be controlled by both the transformation temperature 

and prior austenite grain size: a higher transformation temperature and a coarser prior 

austenite grain size give a larger nodule size. 

Table 4-3 The effect ofheat treatment on the microstructure of steel A 

Heat AGS TT S P te N 

treatment (/-lm) eC) (/-lm) (/-lm) (/-lm) (/-lm) 

eC) 

620 • 0.18 ±O. 7.5 ±OA 0.029 34 ±5 

1200 97 580 0.16 ±0.03 5.5 ±0.3 0.026 27±4 

550 0.14 ±0.02 4.8 ±0.5 0.023 23 ±3 

620 0.17 ±0.03 7.2 ±0.2 0.028 1 27 ±6 

1100 580 0.14 ±0.02 5.2 ±OA 0.023 22±5 

78 550 0.13 ±0.03 4.7 ±0.3 0.021 17 ±4 

620 0.15 ±0.02 7.l ±0.5 0.025 21 ±3 

1000 580 0.135 ±0.02 5.0 ±0.3 0.022 18 ±3 

65 550 0.125±0.02 1 4.5 ±OA 0.020 15 ±4 

620 0.12 ±0.02 6.9 ±0.5 0.020 17 ±3 

900 1 38 580 0.11 ±0.01 4.8 ±OA 0.018 14 ±2 

550 fü.ïO±D.Ol 4.3 ±0.3 ~. ~ ~ 

Austemte gram SlZe AGS; TransformatIOn Temperature TT; Interlamellar spacmg S; 

Pearlite colony size P; Cementite thickness te; Pearlite nodule size N 
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Table 4-4 The effect ofheat treatment on the microstructure of steel B 

Heat AGS TT S P te N 

treatment (!--lm) eC) (~m) (!--lm) (!--lm) (!--lm) 

eC) 

0 ... 0 0.16 ±0.03 1 • .) ±0.4 1 v.v~ 29 ±5 

1200 1 94 ';00 0.14 ±0.02 ±0.2 26±4 

550 0.12 ±0.03 4.5 ±0.3 0.018 22±4 

620 0.15 ±0.03 7.1 ±Oo4 0.023 25 ±3 

1100 580 0.13 ±0.03 5.0 ±0.3 0.020 22±3 

75 550 0.12 ±0.02 404 ±0.4 v.v18 20±3 

620 0.14 ±0.02 6.9 ±0.5 0.021 22±3 

1000 580 0.12 ±0.02 4.8 ±0.5 0.018 18 ±4 

60 550 0.11 ±0.02 4.4 ±0.4 0.017 16 ±4 

620 0.11 ±0.02 6.8 ±Oo4 0.017 15 ±4 

900 34 580 0.10 ±0.01 4.7 ±0.5 0.015 13 ±3 

550 0.09 ±0.01 4.1 ±Oo4 0.013 10 ±3 
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Table 4-5 The effect ofheat treatment on the microstructure of steel C 

Heat AGS TT S P te N 

treatment (!-lm) eC) (!-lffi) (!-lm) (!-lm) (!-lm) 

eC) 

620 0.15 ±0.03 1 7.2 ±0.5 0.024 1 27±5 

1200 580 0.13 ±0.02 5.0 ±0.4 0.021 .L,<f±3 

550 0.12 ±0.03 4.3 ±0.4 1 0.019 20 ±3 

620 0.14 ±0.03 7.0±0.3 1 0.023 24±4 

1100 580 0.12 ±0.02 1 4.8 ±O."'t v.019 20±4 

72 550 0.11 ±0.02 4.3 ±0.3 0.018 18 ±3 

620 0.12 ±0.03 6.8 ±0.5 0.019 20±3 

1000 580 0.11 ±0.02 4.6 ±0.5 0.018 17±4 

57 550 0.10 ±0.01 4.6 ±0.4 0.016 15 ±4 

620 0.11 ±0.01 6.7 ±0.4 0.018 12±3 

900 29 580 0.09 ±0.01 4.4 ±0.3 0.014 9.0±3 

550 0.06 ±0.01 4.0 ±0.3 0.009 7.0±3 
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Table 4-6 The effect ofheat treatment on the microstructure of steel E 

Heat AGS TT S P te N 

treatment (!-!m) eC) (!-!m) (Ilm) (Ilm) (!-!m) 

CCC) 

! 620 0.22 ±0.03 7.8 ±O. 0.030 

1200 108 580 0.19 ±0.02 5.9 ±0.5 0.026 34±4 

1 550 0.17 ±0.03 5.2 +-0.023 25 

620 0.18 ±0.02 7.5 0.025 34 

1100 580 0.16 ±0.03 5.5 ±0.3 0.022 1 26 ±5 

88 1 550 0.15 ±0.02 4.9 IV • .) • 0.020 20±4 

1 620 0.17 ±0.02 7.3 ±0.3 0.023 27±3 

1000 580 0.15±0.01 5.3 ±OA 0.020 22±4 

70 550 0.14 ±0.02 4.8 ±0.4 0.019 18 ±3 

620 0.15 ±0.02 7.2 ±0.3 0.021 21 ±3 

900 48 580 0.13 ±0.02 5.0 ±0.5 0.018 17±2 

550 0.115 ±0.01 4.5 ±0.2 0.015 14±2 

4.7.2. Effect of Deformation on Microstructure 

The microstructure of steel E, hot deformed (as described in section 3.3.7) and 

isothermally transformed at 620 and 550°C, consisted of grain boundary cementite 

network and pearlite, as shown in Figure (4-40) and Table 4-7, and is similar to the 

structure of the heat-treated specimens. Comparing these results to Table 4-2, there is no 

significant effect of the deformation. As can be seen in Tables 4-8 to 4-11, tbis is partly 

because the grain size of the prior austenite has not been significantly refmed by the 

deformation. As mentioned above in section (4.4.3) the statically recrystallizated grain 

size is dependent on the strain and initial grain size. 
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Austenitized at 900°C, salt bath at 6200C Austenitized at 1200°C, salt bath at 620°C 

Figure (4-40) Optical micrographs showing the microstructure of steel E. 

Table 4-7 Thicknesses of the cementite network 

Heat treatment (OC) Transformation Deformed 

temperature caC) 

1200 620 24.0/-lm 

580 19.7/-lm 

550 16.0/-lm 

900 620 19.8/-lin 

580 15.6 /-lm 

550 13.0/-lm 
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Table 4-8 The effect of deformation on the mÏcrostlUcture of steel A 

Deformation AGS TT S P te N 

CCC) (!-lm) CCC) (!-lm) (!-lm) (!-lm) (!-lm) 

620 0.15 ±0.02 6.5 ±0.3 0.025 

1200 8 580 0.13 ±0.02 5.3 

550 0.11 ±0.01 4.2 

620 0.10 ±0.01 

900 28 580 0.09 ±0.02 5.1±0.3 0.015 12 ±2 

550 0.08 ±0.02 4.0 ±0.2 0.013 10 ± 3 

Table 4-9 The effect of deformation on the microstlUcture of steel B 

Deformation AGS TT S P te N 

CCC) (!-lm) CCC) (!-lm) (!-lm) (!-lm) (!-lm) 

620 0.13 ±0.02 6.3 ±0.5 . 0.020 25 ±4 

1200 v 580 0.11 ±0.01 5.1 ±0.4 0.017 20± 3 1 

550 0.09 ±0.01 4.0 ±0.2 0.014 18 ± 2 

620 0.10 ±0.02 6.2 ±0.6 0.015 14± 

900 25 580 0.08 ±0.01 4.9 ±0.5 0.012 10 ± 2 

550 A A"" A A2 
V.V ~v.v. 3.8 ±O . .J v.OIO P±3 1 
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Table 4-10 The effect of deformation on the microstructure of steel C 

Deformation AGS TI S P te N 

(OC) (!-lm) (OC) (!-lm) (!-lm) (!-lm) (!-lm) 

.02 22±2 

1200 70 .01 4.9 ±0.5 0.018 18 ± 3 

.01 3.9 ±0.3 0.016 15 ±2 

620 0.09 ±0.01 6.0 ±0.5 0.015 1O± 3 

900 20 580 0.07 ±0.01 4.8 ±OA 0.011 8.0 ± 1 

550 0.06 ±0.01 3.7 ±0.5 0.009 6.0±2 

Table 4-11 The effect of deformation on the microstructure of steel E 

Deformation AGS TT S P te N 

CCC) (!-lm) (OC) (!-lm) (!-lm) (!-lm) (!-lm) 

620 0.18 ±0.03 6.8 ±0.6 0.025 34±5 

1200 85 "R() {\ 1":: ±0.02 5.3~022 28 ± 3 

550 0.l4 ±0.01 4.5 ±v ..... .7 22±2 

620 0.13 ±0.01 6.5±OA 0.018 20±3 

900 32 580 0.11 ±0.02 5.0 ±0.3 0.015 16 ±4 

550 0.10 ±0.01 4.1 ±0.5 0.014 13 ± 3 

A comparison of the micro structural parameters for the non-deformed specimens 

with these results shows that the deformed specimens have much fmer pearlite structures 

i.e. interlamellar spacing, pearlite colony size and pearlite nodule size than non deformed 

ones, as shown in Table 4-12. 
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Table 4-12 Percentage decrease in pearlite micro structural characteristics after at 1200°C 

Steels Transformation % Decrease in % Decrease in % Decrease in 

temperature oC interlamellar pearlite pearlite nodule 

spacmg colony size SlZe 

S def - S nondef % p -p 
def nondef % N def - N nondef % 

Snon-def PlWn-def Nnon-def 

A 620 16 15 17 

580 18 7 12 

550 21 14 13 

B 620 18 10 13 

580 21 2 23 

550 25 7 18 

C 620 20 14 18 

580 15 2 25 

550 20 10 25 

E 620 16 15 20 

580 15 11 17 

550 17 15 13 

def: deformed non-def: non-deformed (heat-treated) 

4.8. Precipitation Characteristics 

Analysis of the isothermally transformed steel E, which did not contain V, 

showed a well-developed pearlitic structure with continuous lamellar cementite. However 

for aIl isothermal transformation temperatures, no precipitates were observed in the 

interlamellar regions of the pearlitic grains, as shown in Figure (4-41). Altematively, for 

the isothermally transformed vanadium steel A, fine precipitates were observed to form 

exclusively in the ferritic lamellae of the pearlite, as depicted in Figure (4-42). Moreover 
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the precipitates, wmch had a spheroidal morphology and ranged in size from 20-30 nm 

(Figure 4-43), were observed to have an aligned distribution caused by forming in regular 

arrays that were separated by a spacing of 5-10 nm, as shown in Figure (4-42). 

Essentially, the precipitates were aligned perpendicular to the direction of the 

cementite lamella and their dispersion stopped at any cementite/ferrite interface and 

restarted in an adjacent ferrite/cementite interface. Hence the cementite phase was the 

orny discontinuity in the development of the particulate arrays as no evidence of 

precipitation in the cementite was found as shown in Figure (4-43). These observations 

are consistent with other TEM investigations [133-137] that showed VC precipitation in 

the ferritic lamellae ofthe pearlite for V microalloyed steels. 

To identity the nature ofthe particles found in the ferritic lamellae of the pearlitic 

microstructure in tms work, EDX analysis was performed to qualify the elements present 

as shown in Figure (4-44). Although both V and C were observed, quantification of the 

particles was hindered by interference from Cr in the steel and low counts for V. 

Neverthe1ess, the overall characteristics of these particles suggest that these are VC [72, 

138-141], especially since precipitation was only observed to occur in steel A for an 

isothermal transformation temperature above 580°C as reported in other investigations 

[142-146]. 
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Figure (4-41) FE-SEM micrographs of steel E, isothermally transformed at 620°C for 10 

minutes showing ferritic lamellae separated by cementite plates. 

Figure (4-42) FE-SEM micrographs of steel A, isothermally transformed at 620°C for 10 

minutes, showing cementite plates (white arrows) and fIne precipitates in 

ferritic lamellae (black arrows). 
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Figure (4-43) FEG-SEM micrographs of steel A showing fme precipitates (arrows) in the 

ferrite phase and no precipitation in the cementite structure. 

o 
o 0.5 1 

Energy (Ke V) 

Figure (4-44) EDAX of the precipitate phase in ferrite lamella showing the presence of V 

and C in the precipitate (solid Hne) and no vanadium in the ferrite next to 

the precipitate (dashed line). 
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4.9. Mechanical Properties 

4.9.1. Heat treated Specimens 

4.9.1.1. Strength 

RESULTS 116 

The variation m ultimate stress and yield stress for various isothermal 

transformation conditions and austenitization temperatures is shown in Figures (4-45) and 

(4-46). The ultimate stress and yield stress increase with decreasing isothermal 

transformation and austenitization temperatures in ail the steels investigated. This is 

essentially because the strength of fully pearlitic eutectoid steels is controiled by the 

pearlite interlamellar spacing [147]. 

Ail the ailoyed steels had strengths superior to that of the plain carbon, not oruy 

because of the interlamellar spacing, but also as a result ofi) the improved dispersion of 

grain boundary carbide, ii) the decreased austenite grain size [147], üi) the V 

precipitation and iv) the solid solution strengthening effect of Si. Silicon has also been 

found to promote the precipitation of vanadium carbides, and may therefore lead to more 

numerous and fmer vc. Steel Chad the highest strength, which correlates with the 

highest level of V, as well as the second highest level of Si. Note that steel B, which has 

a very low level of V but the highest Si level is second oruy to steel C in strength. 
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Figure (4-46) Yield stress after heat treatment at (a) l2OOoe, (h) 1100oe, (c) 10000e and 

(d) 900oe. 
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4.9.1.2. Ductility 

The influence of reheat temperature and transformation temperature on room 

temperature ductility appears in Figure (4-47) for aH steels. It can be seen that the 

ductility increases with decreasing reheated temperature, i.e. decreasing austenite grain 

size. AIso, increasing the transformation temperature, i.e. increasing the interlamellar 

spacing and thickness of lamellar cementite, decreases the ductility as shown in Figure 

(4-48b). It has been found that the refmement ofthe pearlite colony size can significantly 

increase the ductility [61]. In fact, Table 4-13 shows that the strength increases with 

increasing ductility for aU steels with decreasing transformation temperature. This 

fmding is consistent with theresults ofotherresearchers [61,148]. 

Table 4-13 Mechanical properties of steels austenited at 900°C with transformation 

temperatures 

Steel Transformation Temperature oC Strength MPa Elongation % 

E 550 1120 29 

580 1073 25 

620 1000 23 

Bae et. al. 550 1138 38 

[148] 580 1123 37 

590 1050 35 

610 1038 31 

4.9.1.3 Formability 

The formability is often taken to be the product of the ultimate stress and total 

elongation. Figure (4-49) illustrates the plots of formability index as a function of 

transformation temperature for the steels under investigation. AU the steels exhibit their 

maximum formability index at 550°C. 
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Figure (4-47) Elongation after heat treatment at (a) 1200oe, (h) llOOoe (c) lOOOoe and 

(h) 90ooe. 
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4.9.2. Hot Deformed Specimens 

4.9.2.1. Strength 

RESULTS 125 

The variations in ultimate stress and yield stress for various isothermal 

transformation conditions and austenitization temperatures are shown in Figures (4-49 

and 4-50) for steels A, B, C, and E. A comparison of these results with those of the 

previous section indicates that the deformed specimens have about 15% higher strengths 

than the heat-treated ones. This is mainly due to the refined pearlite structure. 
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Figure (4-50) Yield stress after deformation at (a) 1200°C and (b) 900°C. 

4.9.2.2. Ductility 

The variation in the ductility with deformation temperature is plotted in Figure (4-

51) for ail steels and transformation temperatures. There seems to be no strong effect of 

hot deformation on the ductility, even though the strength has increased. 
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4.9.2.3 Formability 

Figure (4-52) illustrates plots of the formability index as a function of 

transformation temperature for the steels under investigation. Again, aIl the steels exhibit 

formability index trends with their maxima occurring at 550°C. 
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CHAPTER5 

5.1. Dynamic Recrystallization 

The objective ofthis section is to discuss the behavior of the peak strain measured 

at different strain rates and deformation temperatures. These steels are targeted for rod 

production, which inevitably involves dynamic recrystallization. 

5.1.1. Effect of the Deformation Temperature on the Peak Strain 

A plot of the change in the peak strain with inverse temperature is shown in 

Figure (5-1). The slopes of the peak strain and liT plots for the steels containing V are 

approximately equal at higher temperatures and shift to slightly higher values at 950°C 

(the broken line) for the 0.17 V and 0.078 V steels (i.e. steels A and B). This change or 

transition in the slope may be attributed to the influence of V (C, N) precipitation on 

dynamic recrystallization. The solvus temperatures for VC are circled on Figure (5-1). 

In aU cases the transition takes place below 950°C, the solvus temperature. 

For steel C, which had an intermeruate Si content and the highest V level, the 

peak straÏns were higher for than steels A and B at aU temperatures. This suggests that 

another influence of changing Si and V on the peak strain is solute drag. For steel C the 
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slope transition temperature could not be determined from the flow stress behavior 

because a peak strain was only present at temperatures below 1000°C. Finally note, in 

Figure (5-1), in the case of steel D, the reference material (containing no vanadium), the 

peak strains are much lower and no slope transition temperature can be seen. 
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Figure (5-1) Peak strain as a function ofthe inverse absolute temperature at strain rate 

0.0 Is·1
. Solvus temperatures for VC are circled. 

5.1.2. Activation Energy of Deformation 

Various empirical equations have been proposed to describe the thermally 

activated process of hot deformation. The one used most frequently is that suggested by 

Sellars (Section 2.2.1.3.): 

{ }

q" 

{jss =Ass x Ë exp[Qde~TJ ...................... 5-1 
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Plotting the steady state stress as a function of the logarithm of the straÏn rate 

yields Qdef. However, there is another way to evaluate Qdef, since the peak straÏn depends 

on the Zener-Hollomon parameter according to equation 5-2 [9,149] . 

.-, ~ Ap x d~; {i exp (Q~T)} '" .............................................. 5-2 

Thus, plotting the peak strain as a function of the logarithm of the strain rate 

should also yield Qdef. In the present work, Qdefwas determined in both ways (Figures (5-

2) and (5-3)). 
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Figure (5-3) Effect oftemperature on the steady state stress at a strain rate of 0.01s-1 
. 

The values of A, q and Qdef are listed for the various grades in Table 5-1. It 

should be mentioned that the constant, A, is based on the assumption that the peak strain, 

(8 p), depends on the initial grain size according to equation Eq. 5-2. The Zener-

Hollomon exponents are in good agreement with the values ranging from 0.125 to 0.175 

[150-153] that have been observed by other workers. The peak strain values for 

vanadium steels are higher than for the C-Mn steeIs, which agrees with the general 

fmding that the peak strain increases with increasmg alloying levels [154,155]. It is c1ear 

from the present work that the values of Qdef are generally higher when evaluated from 

the steady state stress (Figure (5-4)). AIso the Qdef derived from the peak strain increases 

only slightly with increasing vanadium content. On the other hand, the Qdef derived from 

the steady state stress increased rapidly with increasing vanadium content. 
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Table 5-1 Values of activation energy for deformation and associated constants for the 
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Figure (5-4) Effect of V on activation energy. 

A 

Ep Ass Ap 

0.6 9.36xlO-4 

0.78 7.96xlO-4 

0.24 .7xlO-4 

0.16 0.36 7.9xlO-4 

.. .. 

0.2 0.25 0.3 

The dependence of Ap on the V content can now be determined, as shown in 

Figure (5-5). Here it can be seen that there is a curved relationship between the peak 

strain and In [V]. The fmal form of equation Eq. 5-2 with the effect of V and Qdef derived 

from the peak strain (instead of the Qdef derived from the steady state stress) is the 

following: 
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Sp = (1.479 ln [V] + 11.782) X 10-4 dg·5 
ZO.15 ...... 5-3 
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Figure (5-5) Effect of V on the constant Asp. 

Predicted and measured values for Ep are compared in Figure (5-6) and good 

agreement is displayed. 



CHAPTER5 DISCUSSION 137 

0.45 

0.4 

0.35 

0.3 
t:l. 

('.1) 

":::l 0.25 <I,j .... 
C.I .... 

":::l 0.2 <I,j ., 
~ 

0.15 

0.1 

0.05 

0 

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 

Measured Ep 

Figure (5-6) Comparison between predicted and measured Ep values using equation 5-3 

5.1.3. Comparison of High Carbon Steel with Low Carbon Steel 

Using the values determined in this work for the activation energy, and constants 

Ass and Ap the following equations describing the peak strain and steady state stress are 

proposed for eutectoid steel 

{ 
10

.

16 

IIp = 7.9 x 10 ' X d~5 li exp ( 25000%r ) f ............................... 5-4 

{ 
r·17 

(Y .• = 0.36 x i; exp ~ 1700%r 1 J ............................................ 5-5 
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Qdef was obtained from the gradient of the plots of ln O'ss against liT. The 

activation energy for the present steel was determined to be 317 kJ/mol. 

To compare our compression results with previous work, as shown in Figure 

(5-7), the peak strain-temperature behavior was predicted for C-Mn steels using equations 

derived by previous investigators: 

{ 

~ 0.17 

CANMET -McGill Model [9] Ee = 6.5 x 10 4 X d~3 li exp ~OOOO%T II ........ 5-6 

Sellars 

It should be mentioned that the peak strain (Ep) for dynamic recrystallization is 

usually related to the critical strain of dynamic recrystallization by a factor of 0.65-0.8 

[156-158]. AIso, both the Sellars and CANMET-model equations are based on torsion 

test data, whilst the present work employed compression testing. It has been determined 

that the value of the peak strain determined in torsion is higher (by a factor of ~ 1.3 to 

2.5) than the value of the peak strain determined in compression [159,160]. This is 

because of different contributions of friction, texture change, slip geometry, adiabatic 

heating, and localization for each technique. However, there is reasonable agreement 

between the present results and that of the previous investigators. 

When determining the peak strain using the CANMET-McGill mode! Eq. 5-6 the 

values generated are lower than those determined from equation Eq. 5-7 (Sellars and 

other workers). However, the CANMET-McGill model values are reasonably close to 

the experimental data if the CANMET-McGill model predictions are considered as the 

critical strain (Ee) instead of the peak strain. The broken curve in Figure (5-7) represents 

the peak strain values calculated by the CANMET-McGill model when taking the strain 
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as critical strain values. The peak strain values (represented by the broken curve) are 

obtained by dividing the critical strain values derived from the CANMET-McGill model 

by 0.72 (which is the average between 0.65 to 0.8 as the reported conversion factor 

between the peak strain and the critical strain in the steels [te = 0.65 to 0.8 Ep]. 
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Figure (5-7) Comparison between the present work (Compression), CANMET McGill 

model and Sellars (Torsion) equation for plain carbon steels. 

The dashed curve in Figure (5-8) represents the peak strain values for the present 

work are obtained by 1.3 (which is the factor of ~ 1.3 to 2.5), i.e. to convert the 

compression test results to torsion test results. It can be seen that the peak strain values 

for the present work match the peak strain values for the CANMET Mc Gill model and 

the Sellars equation. 
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Figure (5-8) Comparison between the present work (the compression values converted to 

torsion values), CANlVIET McGill model and Sellars equation for plain 

carbon steels (Torsion values). 

5.2. Statie Reerystallization (Mieroalloyed Steels) 

In this section the effect of V and Si on the hot working characteristics of these 

near eutectoid steels is evaluated and discussed. A convenient way to do this is to model 

the kinetics of recrystallization and compare the resulting equations with those from the 

literature for the more conventional HSLA steels. 

5.2.1. Modeling the Kineties of Statle Reerystaillzation 

The kinetics of static recrystallization can be described by an Avrami equation of 

the following form [9, Ill, 113,161]: 
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x ~ J - exp [-0.693 [1:, n ................................ 5-8 

where tO.5 is the time needed for a recrystallized a volume fraction of 50%. The 

expression most widely used for tms parameter is: 

t - A r d q • s [Qrex 1 5 9 0.5 - srx sos exp RT ..........................-

where Asrx, n, r, q, and sare material dependent constants, sis the true strain, s is 
the strain rate, Qrex is the apparent activation energy 0 f recrystallization (kJ Imo le), T is 

the absolute temperature (K), Ris the gas constant (J/mole K) and do is the austenite 

grain size. 

5.2.1.1. Determination of "n" 

To determine n, the present softening results were plotted as ln (ln (l/(l-X)) 

versus ln time, as presented in Figure (5-9) for the three steels studied, under different 

conditions of temperature, strain and strain rate. The average of n value found to be 1 for 

steels A, B, C, wmch is within the range of values of l to 2 observed by other workers 

[111,123,161-164]. Typical the value of n is not strongly affected by chemical 

composition, but it has been reported to increase with decreasing temperature and to 

decrease from 2 to 1 when the grain size increases from 104 to 530 !Jm [162,163]. 

Barraclough and Sellars have suggested that such variations in n could result from 

differences in the grain size distribution [162]. 

Differences in the results conceming the time exponent n can also be attributed to 

the different models of deformation employed by different authors. Sellars has pointed 
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out that much of the discrepancy can result from differences in the methods of 

observation, i.e., mechanical testing versus the direct measurement ofrecrystallization by 

metallograpruc. The type of mechanical test used to evaluate the softening can be 

another cause ofthese differences. 
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Figure (5-9) Dependence ofm(m(1/l-X)) on m(time) for steels A, B and C. 
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5.2.2. Determination of the Dependence of tO.5 on the Deformation 
Parameters 

5.2.2.1. Effect of Strain 

144 

The effect of strain on tO.5 was estimated at constant temperature and strain rate. 

Under these conditions, tO.5 was found to have a power dependence on strain rate: 

tO.5 a Br ............................................................... 5-1a 

The strain exponent, r, can be obtained from the ln (tO.5) versus ln (strain) plots as 

shown in Figure (5-10). These curves exhibit very similar slopes. The average value of 

-2 for the exponent r was in good agreement with values of -2 to -4 observed by other 

workers [113,153,164-168]. 
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.a 
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Figure (5-10) Effect ofstrain on the static tO.5. 
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5.2.2.2. Effect of Strain Rate 

The effect of strain rate on tO.5 was estimated at constant temperature and strain. 

Under these conditions, tO.5 has a power dependence on strain rate (equation 5-9) and the 

exponent s was found to be 0.4. This shows that the influence of strain rate on static 

recrystallization kinetics is lower than the influence of the other variables (temperature, 

strain and grain size), but it is not insignificant. A typical dependence of 10.5 a i S
, 

where s, which appears to depend on the alloy, varies between 0.4-0.5 for different 

materials, has been reported [163,169-172]. 

5.2.2.3. Activation Energyof Deformation 

The activation energy was obtained from plots of ln tO.5 as a function of 1000/T, 

where the slope is Q/R. Figure (5-11) shows the graphs for aIl the steels. For the V 

microalloyed steels, there are clearly two activation energies, one at low temperatures and 

one at high temperatures. The temperature at which the transition from high to low 

activation energy occurs is also shown. Steel B, which has a much lower V content than 

the other steels, has the lowest transition temperature. Also shown in Table 5-2 is steel 

E, the hypereutectoid steel with no V and a conventionallevel of Si. It can be seen that 

without V the activation energy is constant over the investigated compositional range. 

These observations suggest that the change in activation energy mirrors the transition 

from V in solid solution to V precipitation. 

The values of the activation energy are listed for the various grades in Table 5-2. 

Comparing these to the solubility temperatures of Table 3-2, it can be seen that, for steel 

B, the transition temperature (946 OC) is slightly above the solubility of VC, but weIl 

below that ofVN. For steels A and C, the transition temperature (about 977 OC), is below 

the solubilities ofboth precipitate compounds. It can be seen that without V (steel E) the 

activation energy is constant over the investigated range. In the higher temperature 
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range, (i.e. assuming V to be in solid solution) an average value of300 kJ/mole for the V 

containing steels was calculated. The activation energy for the plain carbon 

hypereutectoid steel E was determined to be 270 kJ/mole. This seems to indicate that 

there is an effect of V and possibly Si in solid solution. 

Table 5-2 Activation energies for hot deformation 

Steel Q high temperature Q lower temperature 

A 305 415 

B 290 475 

C 310 478 

E 270 -

9 
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6 

~5 

~ 
.s 4 

3 C 

2 A 

o 
7 7.2 7.4 7.6 7.8 8 8.2 8.4 8.6 8.8 

Figure (5-11) Plot of 10.5 against the reciprocal of the temperature for the V and Si steels. 

The dependence of Asrx ofEq. 5-9 on the silicon and vanadium concentrations can 

now be determined, as shown in Figure (5-12), leading to the following linear relation: 
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As,x = (0.4 ([Si]+[v]) + 1.1) x 10-17 
..................... 5-11 

1.9 

1.7 
;:; 
e:, 

1.5 .... 
~ 
~ ... 

1.3 '" -< 
"" .... 

• ____ ----~r -== 1.1 ~ .... 
'" 
== e 
U 0.9 

0.7 

0.5 
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Figure (5-12) Effect of V and Si on the constant Asrx. 

The tO.5 expression derived in this work takes the following final form 

t
O

.5 = (0.4 ([V +siD+5.4)x 10-17 
&-2 d; ë-ü.4 exp [300 x lOhT ] .................. 5-12 

A comparison between the predicted and measured values of tO.5 is made in Figure 

(5-13). This can be compared with Figure (5-14), in which Asrx has not been adjusted for 

V and Si. As can be seen, the effect of Si and Vis significant. 
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Figure (5-13) Comparison between measured tO.5 and those predicted with the effect of 

[Si + V] included. (The line indicates a perfect correlation.) 
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Figure (5-14) Comparison between measured tO.5 and those predicted without the effect 0 f 

[Si + V] showing poor agreement. (The line indicates a perfect correlation.) 
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5.2.3. Recrystalli:zation Precipitation Temperature Time Diagram 

Recrystallization-precipitation-temperature-time (RPTT) diagrams can be used to 

better understand the recrystallization precipitation interaction and to design rolling 

schedules. Referring to Figure (4-27), for steel A, the temperatures and times that 

correspond to different recrystallized fractions, such as 0.1 and 0.5, as well as the strain 

induced precipitation start, Ps, and finish, Pr, times, have been obtained from the 

softening curves presented in the results section. Recall that the Ps and Pr curves were 

drawn on the basis of the plateaus seen in the recrystallized fraction versus time curves. 

In this way the RPTT diagram shown in Figure (5-15). Note that precipitation is detected 

at times greater than about 100 second, corresponding to recrystallized fractions greater 

than 0.1 and as high as 0.5. On the other hand, the nose of the Ps curve would intercept 

the line corresponding to a recrystallized fraction close to 0.5. Furthermore, the lines 

corresponding to a recrystallized fraction equal to or less than 0.1 did not intercept the 

curve Ps• In other words, precipitation only seemed to occur if the recrystallized fraction 

was greater than 0.1. After the Pf curve, the recrystallized kinetics behaved in a manner 

similar to that which was observed prior to precipitation. This means that as the 

temperature dropped, more time was necessary to obtain the recrystallized fraction after 

straining. 
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Figure (5-15) Recrystallization-precipitation-temperature-time diagram. 

150 

1000 

As can be seen from the kinetic results, above 950 oC no plateaus were seen 

presumably because full recrystallization occurred before any precipitation occurred. 

Precipitation start times for the steels tested are summarized in Table 5-3. As can be 

seen from the table there was little difference between these times, but the results 

consistently indicate that the precipitation kinetics are ranked as follows: steel C> steel 

A> steel B. 
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Table 5-3 Precipitation start time for the tbree tested steels as detected by the fractional 

softening method 

bperatu~ 
Precipitation start time, seconds 

A B C 

950 145 llO 

925 130 150 115 

900 150 160 140 

875 210 

5.2.4. Modeling of Precipitation Kinetics 

151 

According to the classical theory of diffusion controlled nucleation [173-178], 

which has been summarized by Russell [179], the steady state nucleation rate J8 is given 

by 

where, N is the number of nucleation sites per unit volume, X is the effective 

concentration of the rate controlling element, Do is the diffusivity of the rate controlling 

element, a is the lattice parameter of the austenite, and I1G* is the critical free energy for 

nucleation. 

Following Aaronson and Lee [180] the critical free energy is given as: 

* 161(y 3 f 
I1G = 3(I1G

chem

Y ................................................... 5-14 
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where f is a modifying factor that anses for nucleation at dislocations or grain 

boundaries, y is the interface free energy, and ll.Gchem is the chemical free energy 

According to Dutta and Sellars [181], the chemical free energy is related to the 

supersaturation, ks, 

"G~1wm = -( ~~) lnk, ............................................. 5-15 

where V mis the mole fraction of carbonitride. This gives: 

[] ( Q) (16TC;?Vm No f J Js=a Nb exp -- exp ( )2 .. 5-16 
RT 3RT -RTlnks 

Considering that a number N* of nuclei per unit volume must be formed in time t 

= P s for nucleation to be detected 

N* 
~ = - .................................................................. 5-17 

Js 

The combination of equations 5-16 and 5-17 leads to 

where 

c= A 8-
1 

Z-I .......................................................... 5-19 

B = 16~;~No ........................................................ 5-20 
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Dutta and Sellars [181] developed a model for strain-induced Nb(C,N) 

precipitation, based on classical nucleation theOlY Eq. 5-18. The model was then fitted to 

experimental data published by various authors, who used a wide range of chemical 

compositions. For this work, this equation has been modified for the precipitation start 

time of vanadium precipitates as follows: 

A [ ]-1 -1 -0.5 {Qd } { B } Ps = V 8 Z exp - exp ( )2 ................. 5-21 
RT T 3 ln k s 

where 

A= 3xlO-6 B = 2.5xlO 10 

[V] = Concentration of V in solution, wt % 

Qd= activation energy for diffusion of V in austenite 293000 Jmor1 [182] 

Here, the solubility of VN and VC are considered separately through ks, the 

solubility parameter 

ks for VN 

ks for VC 

[v] [N]!103.84-8990IT [183] 

[vt 3 [C]!107.o6 - i0800lT [184] 

Initial calculations indicated that the assumption of VC precipitation gave a doser 

fit to the measured data, hence only the VC predictions are shown. The Ps times in steels 

A, Band C obtained by this equation are compared graphically with the experimental 

data in Figure (5-16) for a strain of 0.08 and strain rate ofO.Ols·1
, and are aiso listed in 

Table 5-4. 
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Figure (5-16) Comparison between experimental PTT data and the VC precipitation 

equation 5-21 for steels A, Band C. 

Table 5-4 Precipitate start times for steels A, Band C; predicted and measured 

Temperature oC Predicted (sec) Measured (sec) 

A B C A B C 

950 381 - 161 ~ 110 

925 227 115* 115 130 . 150 115 

900 175 3.75* 94 150 . 160 140 

875 fTs7T2s~v u./ 210 

850 155 m ~ ....... ~ 91 

825 164 726 99 

800 10'"' 789 113 .lOJ 

* Hours 

154 
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There are a number of differences between the model predictions and the 

measured data. It is apparent from Figure (5-16) that the kinetics ofthe steels used in this 

work were generally faster than those predicted, which is also mirrored by the 

observation that the C-curve noses were higher than predicted by approximately 100 oC. 

In addition, the convergence of the curves as the temperature decreased was much more 

extreme in the case of the actual results, and took place at a higher temperature. Even at 

higher temperatures, there was no real difference between the measured Ps values of the 

steels, except at 950 oc. The discrepancy between the predictions and the results was the 

highest for B. Steel B had an unconventionally high level of Si, which may have 

increased the VC precipitation rate [185-187]. On the other hand, the closest match with 

the model occurred in the case of steel C, where the V content was considered normal but 

the silicon content was high. 

It is interesting to note that all these steeIs seemed to have similar kinetics. This 

suggests that the results could be significantly influenced by the very high C contents of 

these steels, suggesting that the Dutta-Sellars approach needs to be modified in some way 

for hypereutectoid microalloyed steeIs. However, experimental values generated by 

Medina et al. [186] for a low carbon V microalloyed steel (0.12 % C and 0.06 %wt V) 

were aIso compared to the modified Dutta-Sellars analysis Eq. 5-21. In this work [186], 

the recrystallized fraction was determined for temperatures between 1100 to 850 oC at a 

strain of 0.35 and a strain rate of 3.63 S-l. Figure (5-17) again shows po or agreement 

between the calculated and measured data. This shows that there are significant 

differences between Nb and V precipitation characteristics, and more work is required to 

generate a viable V precipitation model. From the current results, it is therefore very 

difficult to ascertain whether or not there is an influence of Si on the precipitation rate of 

VC. 
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Figure (5-17) Comparison between the Dutta-Sellars model modified for VN 

precipitation in a low C steel, and the data of Medina et al. [186]. 

5.3. Metadynamic Recrystallization 

The kinetics of metadynamic recrystallization are usually described by an A vrami 

equation Eq. 5-8, which incorporates an empirical time constant for 50% 

recrystallization, to.s. 

As the data generated in tms work were for a constant prior austenite grain size, a 

simplified expression of the following form was derived to describe the data: 

l" ~ AMDRX iF exp [~;] ................................ .5-22 
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5.3.1. Determination of n 

From equation 5-8, in order to determine n, the softening results were plotted as 

ln(ln(l/X)) vs. ln (time) plots. The results are presented for different conditions of 

temperature and strain rate, as shown in Figure (5-18) for the three steels studied. In aU 

cases, deformation was interrupted at the peak of dynamic recrystallization. The 

exponent n was determined for metadynamic recrystallization. The average value of n 

was found to be 1.2, which is within the range of values of 1-1.6 observed by other 

workers (Table 5-5) [9,162,188,189]. 

Table 5-5 Listing of exponent 'n' values for SRX and MDRX 

MDRX 

SRX 

1.5 

l 

_ 0.5 
~ , ..... -­..... -.5 
'-' 
.5 

o 

-0.5 

-1 

-1.5 

Sellars Hodgson 

19J 

l 

1-2 

-0.5 

1188,189J 

1.5 

l 

o 0.5 

.. 1050°C-O.0l/s 

x 900°C-O.Ol/s 

Petkovic Laasraoui Roucoules 

1190J 1169J 142J 

1.6 - 1 

1.2-1.3 1 -

1 1.5 2 2.5 

ln(time) 

III 1000°C-0.0l/s &. 950°C-0.0l/s 

li: 1050°C-0.l .. 1050°C-lis 

(a) 

Present 

work 

1.2 

1 

3 
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5.3.2. Determination of the Dependence of tO.5 on the Deformation 

Parameters 

5.3.2.1. Effect of Strain Rate 

The strain rate exponent can be obtained from ln (tO.5) - ln (strain rate) plots 

(Figure (5-19)). The average value ofp is -0.6, whieh is close to that of Roueoules et al. 

[49] for met adynamie reerystallization, and is somewhat lower than that observed by 

Hodgson et al. [192]. The strain rate dependence of metadynamic recrystallization is 

about twiee as strong as for eonventional statie recrystallization, whieh is in good 

agreement with previous work [112,115,119,193]. 
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Figure (5-19) Effeet of strain rate on the metadynamic tO.5. 
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5.3.2.2. Activation Energy of Metadynamic Recrystallization 

The activation energies were determined by using the foIlowing Arrhenius 

relationship: 

ln e°Yz-O.6) = ln (A) + (Q;rx ) (~ ) .................... 5-23 

Z = i exp (Qde~T) .......................................... 5-24 

where i is the strain rate, T is the absolute temperature and R is the gas constant. Qdef is 

the activation energy derived from the steady state stress; it was found to be 350 kJ/mol 

for these microalloyed high carbon steels (see section 5.1.2) [194]. 

The parameter ln (to.5/Z-0.6) is plotted as a function of the mverse absolute 

temperature, in Figure (5-20). The activation energy for metadynamic recrystallization 

can be determined from the slopes and intercepts ofthese plots. A value of Qmdrx = 380 

kJ/mol was found for aIl three steels. 
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The activation energy in equation 5-25 is an apparent energy, which is a function 

of the activation energy of metadynamic recrystallization and, tbrough the Zener­

Hollomon parameter, also a function of the activation energy of deformation [9]. 

Qapp = Qmdrx - 0.6 Qdej •...•••••••.••.•••• '" .••••..•.•..•.••• 5-25 

A value for Qapp of 170 kJ/mole was determined and considerably lower than for 

conventional static recrystallization (270 or 300 kJ/mol), wmch is in good agreement 

with previous work [112,115,119,193]. 

The effect of Si and V can be included in the A vrami type model tbrough AMDRX, 

as shown in Figure (5-21), leading to the following linear equation: 

AMDRX = (1.5 ([Si]+[v]) + 2.8) x 10-8 
•••••••••••••••••• 5-26 
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Figure (5-21) Effect of V and Si on the constant AMDRX. 
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Thus, the tO.5 can be expressed as follows: 

t" ~ (1.5 USi]->{V]) + 2.8) x 10~ Z .. M exp [380(kJlmo~ J ................. 5 .. 27 

t" ~ (1.5 USi] + [VD+ 2.8) x 10·' lM exp [170 (kJlmo~ } ............ 5-28 

A comparison between the predicted (with the effect of [Si +V] on AMDRX) and 

measured values ofto.5 for both the classical static and metadynamic cases [195,196] are 

made in Figure (5-22). This can be compared with Figure (5-23), in which AMDRX has 

not been adjusted for V and Si for either static or dynamic recrystallization. As can be 

seen, the effect of Si and V is significant. 
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Figure (5-22) Comparison between measured tO.5 and those predicted with the effect of [Si + V] 

inc1uded. (The line indicates a perfect correlation.) 
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Figure (5-23) Comparison between measured tO.5 and those predicted without the effect of 

[Si + V] showing poor agreement. (The line indicates a perfect correlation.) 

It is generally accepted that the effect of the alloying and microalloying elements 

on retarding the onset of metadynamic recrystallization is related to the atomic size 

difference between y-Fe and Mn, Si, V, Mo, Ti and Nb, wmch increases in the order 

listed. The effect of Mn could not be determined for these alloys, but it generally plays 

only a minor role in retarding recrystallization due to its similar atomic size and diffusion 

rate compared to iron. 

5.3.2.3. Effect of Strain on Softening Behavior 

The effect of strain on fractional softening at different strain rates is shown in 

Figure (5-24) for steel A. As expected, the fractional softening increases up to a certain 
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strain, ET, the transition strain. The fractional softening plateau that occurs beyond 8T is 

due to metadynamic recrystallization, wmch is independent of the applied strain. The key 

data from these graphs are summarized in Table 5-6. The values for the transition strain 

are approximately 1.5 mgher than the peak strain, which is the same as that obtained by 

Bai et al. for two different Nb microalloyed steels [197]. 

Table 5-6 Values of parameters 

Strain rate 

(S-l) 

0.01 

1 

Holding time Critical strain 

(s) 

5 

0.5 

100 

80 

60 

40 

20 

0.12 

0.32 

T = 1050°C 
Strain rate = O.01/s 
t=5s 

Transition strain Fractional softening 

(%) 

0.30 32 

0.53 44 

Sr =0.30 

o ~----~~--~~~~~----~~--~~~~ 
0.01 0.1 

Sb"am 
1 
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Figure (5-24) Effect of strain on softening for steel A. 

5.3.3. Modeling of Statie Softening 

1 

165 

As indicated by Luton et al. [198], Bai et al. [197] and Uranga et al. [199], the 

effect of strain on static recrystallization can be modeled by considering the existence of 

the following three recrystallization regimes, (i) pure classical static, (ü) mixed classical 

and metadynamic and (iii) pure metadynamic recrystallization,. These three regions are 

schematically indicated in Figure (5-25), which indicates the static recrystallization 

mechanisms that correspond with the illustrated levels of applied strain. 
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0.7 0.8 

To describe the softening behavior observed in each of these three regions, 

empirical equations can be fitted to the individual softening pro cesses, and these can be 

used to model the static kinetics in each region. The empirical equations used to model 

the softening in the three different regions are indicated in the following: 

5.3.3.1. Region 1: fi < Be 

In this region, recrystallization is due to classical static recrystallization. The 

equations for specifying tO.5 and X in vanadium steels are Eq. 5-8 and Eq. 5-12. 
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5.3.3.2. Region In: S > ST 

This region is due to metadynamic recrystallization during the interpass intervals. 

The equations for specifying tO.5 and X in vanadium steels are Bq. 5-8 and Bq. 5-28. 

5.3.3.3. Region II: SC < S < ST 

In this region both static and metadynamic recrystallization take place. 

Thus, the total fractional softening due to the two pro ces ses can be given by the sum of 

the individual components [198]. 

x = X SRX + X
MDRX 

......................................... 5-29 

When the static softening has gone to completion 

X F = X;RX + XFMDRX =1 ......................... 5-30 

where the subscript "F' refer to the fmal contribution of the corresponding meehanism to 

the eompleted recrystallization. The kinetics of reerystallization involving both the 

classical and met adynamie meehanisms can be evaluated using the corresponding A vrami 

equations: 



CHAPTER5 DISCUSSION 168 

(When the applied strain is between the critical and transition strains, the strain used to 

calculate the amount of classical static recrystallization is taken to be the critical strain.) 

Thus, for t approaching 00, the mechanisms approach their corresponding 

maximum values. A simple approximation for the contribution of metadynamic 

recrystallization to the transformation after an infinite length oftime, X';:DRX , is: 

......................................... 5-33 

when E:::; Ec, the contribution ofmetadynamic recrystallization is zero. 

AU the equations required to follow micro structural evolution during the hot 

rolling ofhigh C steel are listed in Table 5-7. 
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Table 5-7. List of equations used to model the fraction recrystallized in the microalloyed 

hypereutectoid steels 

Event 
Fractional 

softenmg by 

SRX and 

MDRX 

Time for 50% 
recrystallization 

Metadynamic 
recrystallization 

Static 
recrystallization 

Equation 

x ~ 1- exp [-0.693 [Ln 

10., ~ (1.5 [si]-t{v]) + 2.8) x 10-' Z-'" exp (380 (kllmo~ J 

l" ~ (1.5 [Si] + [v D+ 2.8) x W" 8-'" exp (170 (o/mo~ J 

X SRX 

X MDRX 
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5.3.3.4. Comparison of the Empirical Restoration Kinetics with Experimental Data 

for Steel A 

The results are presented as plots of fractional softening vs. strain for a constant 

static recrystallization time period, as shown in Figure (5-26). The solid line is the 

prediction based on the empirical constants determined above. The individual data points 

are the softening measurements obtained from mechanical technique. There is very good 

agreement between the prediction and the experimental data of softening generated for 

these steels from aU of the tests described above. 
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Figure (5-26) Modeling ofpost-dynamic softeuing in the three ranges of deformation. 

171 

The model was aiso used to describe the time for 50% softeuing, tO.5, for strain 

rates of 0.01 and 1 S-l with Do = 94 J.!m. When the strain rate was increased from 0.01 S-1 

to 1 S-1, tO.5 decreased from 15 s to 0.8 s, and 3 s to 0.3 s for static and metadynamic 

recrystallization, respectively. The tO.5 values for critical strams (i.e. the strain at which 

dynamic recrystallization begms) for the strain rates of O.Ols-l and ls-1 are 0.13 and 0.3. 

There is a transition region between the critical strain and transition stram where both 

static and metadynamic recrystallization softeuing co-exist during the mter-pass time. 

Figure (5-27) clearly shows the three distinct regions experimentally, which is well fitted 

by this analysis. 
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5.4. Hypereutectoid Steel 

5.4.1. Modeling the Effeet of Deformation Conditions on the Kineties of 
Metadynamie and Statie Reerystallization 

173 

For a given initial grain size, the kinetics of static and metadynamic 

recrystallization can be described by the following A vrami type equation 

Metadynamic: 

_ A . P [Qapp ] tO.5 - MDRX S exp RT 

Stade: 

t = A sr d q 8s exp [Qrex] 
0.5 srx 0 RT 

5.4.1.1 Determination of n 

To determine n, the softening resu1ts were plotted as In (In(l/(l-X)) vs. In time. 

The results are presented for different conditions of temperature, strain and strain rate, in 

Figures «(5-28) and (5-29)). Values of n for static and metadynamic recrystallization 

were found to be 1.3 and 1.2, respectively. These are similar to the values reported by 

Sellars [162] and Roucoules et al. [200] for metadynamic recrystallization and Hodgson 

et al [113], and Laasreaoui and Jonas [163] for statie reerystallization. For met adynamie 

and static reerystallization, n has been reported to increase with deereasing temperature 

[20 1, 202]. As well, n has also been found to deerease from 2 to 1 when the grain size 

was inereased from 140 to 530 !-lm [163, 203]. Furthermore, values ofn close to 1 have 

also been reported for smaller grain sizes [123, 202]. Sellars suggested that such 

variations in n eould be due to differences in the grain size distribution [162]. 
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5.4.1.2. Effect of Strain Rate 

The effect of strain rate on tO.5 was determined at constant temperature and strain; 

under these conditions, 10.5 was found to have a power law dependence on strain rate: 

• P 
tO.5 a e 

Figure (5-30) shows experimental results for the dependence of the time for 50% 

recrystallization, tO.5, on strain rate. Metadynamic recrystallization displays a strain rate 

dependence about twice as strong as that of static recrystallization The exponent, p, for 

static and metadynamic recrystallization was found to be -0.34 and -0.61, respectively. 

The present values are similar to those reported by Hodgson and Gibbs [113] and 

Roucoules et al. [201] for metadynamic recrystallization. The static recrystallization 

value was in good agreement with values of -0.28 to -0.4 [123,163,202] observed by 

other workers. The higher values of p for metadynamic recrystallization can be attributed 

to the fmer dynamically recrystallized grains achieved during the higher strain rate 

deformation, which increases the rate of metadynamic recrystallization. As the peak 

strain and stored energy are increased with increasing strain rate, the driving force for 

metadynamic recrystallization is further increased. 



• 

CHAPTER5 DISCUSSION 176 

6 

5 

4 

-. 3 
lI'l 

.,:i -.s 2 

1 

Metadynamic 
0 

-1 

-5 -4 -3 -2 -1 o l 

ln (strain rate) 

Figure (5-30) Effect of strain rate on the static and metadynamic recrystallization tO.5. 

5.4.1.3. Effect of Strain 

In the case of static recrystallization, the strain stored in the material represents 

the main driving force for recrystallization and the strain exponent is therefore negative. 

The effect of strain on tO.5 was estimated at constant temperature and strain rate. Under 

these conditions, tO.5 was found to have a power dependence on strain, as shown in Figure 

(5-31). 

t a cr 
0.5 " 
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Figure (5-31) Effect of strain on the static recrystallization tO.5. 

A strain exponent of2 was foun.d and is in agreement with values 2 to 40bserved 

by other workers [113,153,161,204-206]. 

The absence of a strain effect on the kinetics of metadynamic recrystallization is 

in agreement with previous work as noted earlier. 

5.4.1 .4. Activation Energy of Deformation 

To determine the activation energy for metadynamic recrystallization, the 

parameter ln (tO.5/Z-0.61) was plotted as a function of the inverse absolute temperature, as 

shown in Figure (5-32). The activation energy for metadynamic recrystallization can be 
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determined from the slope and intercept of this plot. A value of Qmdrx = 330 kJ/mol was 

found for the C-Mn steel used in tms work. The activation energy in equation 5-25 is an 

apparent energy, wmch is a function of the activation energy of met adynamie 

recrystallization and, through the Zener-Hollomon parameter, also a function of the 

activation energy of deformation [9]. 
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Figure (5-32) ln (to.S/Z-O
.
61

) plotted as a function of the inverse absolute temperature. 

8.6 

The activation energy for deformation and the apparent activation energy, Qdef 

and Qapp, were found to be 300 and 146 kJ/mole, respectively. The effeet of temperature 

on metadynamic reerystallization Îs usually observed to be quite weak. For example, 

Hodgson et al [112] report values of Qmdrx = 230 kJ/mole, Qdef= 300 kJ/mole, and p = 0.8 

for plain C grades, whieh result in an apparent activation energy of -10 kJ/mole. In this 

present work, the activation energy is higher than the activation energy reported by 

Hodgson et al. [112]. The reason for that is not yet clear. 
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The activation energy for static recrystallization was determ.ined from the 

following Arrhenius relationship: 

Into, ~ inA + (Q; ) G) ....................... 5-34 

The parameter ln (tO.5) was plotted as a function of the inverse absolute 

temperature, as shown in Figure (5-33). The value of Qrex was determined to be 270 

kJ/mole. Usually, the activation energy for static recrystallization is considerably higher 

than for metadynamic recrystallization [191]. These activation energies indicate that 

decreasing the temperature retards static recrystallization much more than it affects 

metadynamic recrystallization. 

Figure (5-33) ln (tO.5) plotted as function of the inverse absolute temperature. 
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AU the equations required to follow micro structural evolution during the hot 

rolling ofhigh C steel are listed in Table 5-8. 

Table 5-8. List of equations used tO model the fraction recrystallized ID the 

hypereutectoid steel 

Event Equation 
Fractional softening by 

X~I- exp [-0.693 [Ln 
metadynamic and static 

recrystallization 

Time for 50% recrystallization 

Metadynamic recrystallization t = 1 5x 10-6 Z-0.61 exp (330000/ ) 
~ . ~T 

tO.5 = 1.5 X 10-6 8-0
.
61 exp C4600%T) 

Static recrystallization 

5.4.2. Effeet of Carbon Content on Statle Restoration 

These results can be compared with those of Xu et al. [206], as shown in Figure 

(5-34), who conducted compression and tension studies on plain carbon steels with 

carbon contents ranging from 0.054 to 0.84 wt% at a temperature of 860°C, a strain rate 

of 2 x 10 - 3 S-1 and initial grain size 16.5 !-lm. The metadynamic softening curve consists 

of an almost instantaneous degree of softening due to growth of the dynamically 

recrystallized nuclei, followed by an incubation period leading to classical static 

recrystallization. This is then interrupted by grain growth, which presumably reduces the 



CHAPTER5 DISCUSSION 181 

driving force for recrystallization for sorne period. Thereafter, static recrystallization 

resumes, but not to completion. 
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Figure (5-34) Comparison between the model for static recrystallization and the data of 

Xu et al. for high carbon steel [206]. 

Xu et al. also show that the static and metadynamic so ftening rates increase with 

nsmg carbon content. This is explained through an increase in the diffusivity of 

vacancies due to the addition of carbon ta austenite, which will promote the static 

restoration mechanisms. The time for 50% metadynamic recrystallization is in the range 

of 400-500s for the 0.84% C steel compared to 800 to 1000s for the 0.054 % C steel. 

Using the equations for metadynamic recrystallization listed in Table 5-8, the time for 

50% metadynamic recrystallization under the test conditions of Xu et al. is 350s, which 

compares favourably with their result for the higher C steel. 

From Xu et al. 's work, the time for 50% static recrystallization is again faster for 

the higher C steel, being in the range of 2000-3000s for the 0.84% C material compared 
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to 4000 to 5000s for the 0.054 C steel. This compares rather unfavourably with the 

prediction of 260 second using the equation for static recrystallization listed in Table 5-8. 

In Table 5-9 are listed other equations available in the literature for the time for 50% 

recrystallization in C-Mn steels, and the predicted times for 50% static recrystallization. 

There are noticeable differences between the predictions of the models under many 

conditions. It cau be seen that the equations by Choquet et al [202], Senuma and Yada 

[160,207] and Ruibal et al. [208] appear to be closest to the current work. None ofthese 

predictions is at an close to the kinetics measured by Xu et al. It is not clear why such a 

large discrepancy exists. 

Table 5-9 Prediction equations for static recrystallization of C-Mn steels 

ReJ. Equation tO.5 (s) 

9 
= 2.5 X 10-19 d2 -4 e (300000) 46 

to.s o 8 xP RT 

139 
= 5.1 x 10-21 d 2 ~ (330000) 22 

tO.5 o 8 exp 
RT 

202 -61 10-13 d-O.l4 -0.9Sdg
n 

'-0.28 (270000) 378 
tO.5 -.x 08 8 exp 

RT 

160 286 10-8 S-O.5 -2 • -0.2 C50000) 134 
to.s =. x v 8 8 exp 

RT 

207 
=2.2 x 10-12 S:o.s 8-2 .-02 (250000) to.s 8 . exp 

RT 421 

Sv 24 ) = - (0.491 exp (8) + 0.155 exp (-8 ) + 0.1433 (exp(- 38 )) 
mio 

208 
t
O

.5 = 2.3 X 1O-1S dg 8-4 Z-0.18 (274000) 198 
exp 

RT 

Z . (315000) = 8 exp 
RT 
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5.5. Microstructures 

Observation of the pearlitic microstructure of steel E by heat treatment and hot 

deformation confrrmed that a grain boundary cementite network existed at aU the 

isothermal transformation temperatures studied. The grain boundary cementite plates 

became thIDner as the transformation temperature was lowered. Such grain boundary 

cementite networks in steels A, Band C were not resolvable by optical microscopy. 

Instead of a continuous cementite network, the carbide layer was obtained by FE-SEM to 

be discontinuous with the carbide particles along the grain boundaries. 

For hypereutectoid steels the occurrence of a continuous grain boundary 

cementite network introduces considerable difficulty for cold forming operations, such as 

drawing, since the brittle cementite layer provides an easy crack path for fracture. The 

ability to restrict the grain boundary cementite network from linking through V 

microaUoying has been attributed to an increase in the driving force for carbide 

nucleation in the presence of V that leads to additional carbide nuclei at austenite grain 

boundaries [139,209-212]. Moreover, Han et al. [213] have observed the presence of 

vanadium carbides, in small quantities, at the prior-austenite grain boundaries, with the 

majority of the particulates being precipitated in the grain boundary ferrite. This 

occurrence of VC precipitation has then been suggested by Han et al. [213] to have a 

twofold effect on grain boundary cementite formation. An effect of the VC formation on 

the austenite grain boundary is the local depletion of carbon that reduces its diffusion 

along the boundary to the cementite particles, thereby inhibiting their rapid growth into 

the boundary [210]. An offset of the carbon being coupled into precipitation is a 

concomitant promotion of ferrite nucleation and growth, which aids further in inhibiting 

the continuance of grain boundary cementite. 

The fmdings of our work also suggest a compositional influence of Si on the 

effectiveness of V microalloy additions to refme the structural characteristics of 

hypereutectoid steels. Specifically, it was observed that a high content of Si (0.99%) 
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provided a slight decrease in the prior-austenite grain Slze even at a low V level 

(0.078%), as illustrated by the finer grain size of steel B as compared to A in Figure (4-

3). In thework of Han [185] and Wada et al. [107], the addition of Si was determined to 

decrease the solubility of the VC particles in both the austenite and ferrite by raising the 

carbon activity. This suggests that in the presence of Si, VC formation is promoted in the 

austenite and ferrite phases [140]. In addition, the lower VC solubility in the presence of 

Si suggests that precipitation can occur at higher austenitizing temperatures. This would 

promote austenite grain size refmement as 0 bserved in the present work with the V 

microalloyed steels having different Si contents. 

5.5.1. Heat treatment Effect on Nodule Size 

To examine the influence of thermal processing on pearlite nodule characteristics, 

the size of the nodules was plotted as a function of the reheat temperature, as shown in 

Figure (5-35) for the various hypereutectoid steels (A, B, C and E) at a specific 

transformation temperature of 620°C. By comparing the behaviors of steels A and E, it 

can be observed that, order a given transformation condition, the addition of Venables a 

reduction in the nodule size for a particular reheat temperature. Further reductions in the 

pearlite nodule size were observed with increasing Si and V contents, as shown in Figure 

(5-35) for steels Band C, respectively. The progressive decrease observed for the nodule 

size with decreasing reheat temperature and increasing V and/or Si additions may be 

inherently related to the effects ofthese materials and processing parameters on the prior­

austenite grain size. In particular, the austenitizing temperature determines the size of the 

prior-austenite grains, whose boundaries in turn pro vide nucleation sites for the pearlite 

nodules. Hull et al. [214,215] have reported that the nucleation rate of pearlite, hence 

nodule diameter, is very sensitive to the variation in prior-austenite grain size. Therefore, 

for a specific transformation temperature, which dictates the number of nucleation sites 

for pearlite formation, the nodule size should be directly related to the prior-austenite 

grain size, the interdependence ofwhich is plotted in Figure (5-36). 
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Figure (5-35) Effect ofreheat temperature on the nodule size for hypereutectoid steels A, 

B, C and E processed at a transformation temperature of 620°C. 
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Figure (5-36) Effect ofprior-austenite grain size on the nodule size for the hypereutectoid 

steels A, B, C and E processed at a transformation temperature of 620°C. 
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It is then not surprising that in the plots of nodule size as a function of the 

transformation temperature, as illustrated in Figures (5-37 and 5-38) for steels E and A, 

respectively, four independent curves were assembled according to the prior-austenite 

grain size. Between 550°C and 620°C, a linear relationship between nodule size and 

transformation temperature was 0 bserved for aH the hypereutectoid steels reheated to 

temperatures between 900 to 1200°C. This dependence of the nodule size on the 

transformation conditions is mostly likely linked to the increase in the prior-austenite 

grain size with increasing transformation temperature, as shown in Figures (4-36 and 4-

37), as Marder and Bramfitt [62,63] have shown through cinephotomicrography using a 

hot-stage that nodules nucleate only at austenite grain boundaries. 
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Figure (5-37) Effect of transformation temperature on nodule size for different prior­

austenite grain sizes (reheat temperature) for steel E. 
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Figure (5-38) Effect of transformation temperature on nodule size for different prior­

austenite grain sizes (reheat temperature) for steel A. 

5.5.2. Heat treatment Effect on Pearlite Colony Size 

The effect of reheat temperature on the pearlitic colony structure was investigated 

by plotting the pearlite colony size as a function of the prior-austenite grain size for steels 

A, B, C and E, as shown in Figure (5-39) for the 620°C transformation temperature. The 

change in pearlite colony size with prior-austenite grain size that was observed was 

within the 0.6 !-lm error in size measurement and thus a negligible effect was concluded 

for aU the hypereutectoid steels investigated. This finding is in agreement with previous 

work by Pickering and Garbarz [72] who have reported that the prior-austenite grain size 

affects the morphology of pearlite nodules rather than the size of the colonies. 

Specifically, Garbarz and Pickering [216] have shown that the dependence of the pearlite 

colony size on the transformation temperature is similar to that of the interlamellar 

spacing variation with the transformation conditions. In their work, for a coarse prior-
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austenite grain structure, the pearlite was shown to have a clear nodular microstructure, 

while with a finer austenite grain size, the pearlite was comprised of individua1 "units" 

limited to a few colonies [216]. Hence, Garbarz and Pickering [216] have reported that 

the austenite grain size has an effect on the transformation of the pearlitic structure from 

a nodular appearance at a grain size of 180 ~m to one that is colonial for grain sizes less 

than 25 ~m. In the present work, for the isothermal temperature condition of 900DC, it 

was observed that the nodular structure was slightly more difficult to identify for the 

microalloyed steels, probably due to the occurrence of this transformation in to a colonial 

structure on account ofthe finer austenite grain size (near 30 ""m). 

In present work, the effect of the transformation temperature on the pearlite 

colony size was determined for steels A, B, C and E as illustrated in Figure (5-40) for 

austenitizing conditions of l200DC. For ail the hypereutectoid steels examined, the 

pearlite colony size was determined to increase with increasing transformation 

temperature and the relationship appears to be similar to that reported in the work of 

Garbarz and Pickering [216]. The variation in the pearlite colony size with 

transformation temperature has been attributed to the dependence of the interlamellar 

spacing on cooling rate from the reheat temperature and the isothermal transformation 

temperature, of which only the latter was relevant for the present work. In particular, 

Marder and Bramfitt [62,63] have indicated that the apparent mechanism for pearlite 

transformation is volume diffusion, and, thus the interlameilar spacing, along with the 

pearlite colony size, is dependent on the growth velo city which in tum is related to the 

transformation temperature. 
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Figure (5-40) The effect of average pearlite transformation temperature on pearlite 

colony sÏze in steels A, B, C and E. 
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5.6. Mechanical Properties 

5.6.1. Heat treated Specimens 

5.6.1.1. Strength 

5.6.1.1.1. Hypereutectoid steel 
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The dependence of the yield strength of high carbon steels on pearlite spacing has 

been previously reported in the literature to following a Hall-Petch type relationship: 

O"y = 0"0 + Ky s-m ............................................... 5-35 

The yield stresses calculated for the hypereutectoid steel using equation 5-35, by 

using the values of Hall-Petch parameters as listed in Table 5-10, are compared with the 

experimental data, in Figure (5-41). It can be seen that the data generated using equation 

5-35 and the parameters generated from the 0.80% C steel underpredicted the strengths of 

this steel. On the other hand, the parameters derived from the 0.85% C steel give a slight 

overperdiction of the strength. This discrepancy between the predictions is probably due 

to the grain boundary cementite that may give an additional strengthening effect, which is 

not included in Eq. 5-35. 

Table 5-10 Some reported values ofthe Hall-Petch parameters 

C Mn Si m 0"0 Rej 

0.80 0.87 0.17 0.5 -45.0 7.2 61 

0.85 217 
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Figure (5-41) Predicted and measured yield stresses for two hypereutectoid stee1s. The 

line indicates a perfect correlation between predicted and measured values. 

Hyzak and Bernstein [61] have suggested equation 5-36, to describe the 

relationship between yield stress and, not only the Iamellar spacing, but also two other 

micro structural features in fully pearlitic microstructures, i.e. the pearlite colony size (P) 

and d, the prior austenite grain size, (in !-lm): 

a ys = 2.18 S-1I2 - 0.4p-Jl2 - 2.88 d-1/2 + 52.30 ........ 5-36 

The yield stresses in the hypereutectoid steels of this work obtained by the 

calculation are compared with the experimental data in Figure (5-42) for different 

reheated temperature and transformation temperatures; these comparisons are aiso listed 

in Table 5-11. From Figure (5-42), it can be seen that the experimentai data and the 
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predictions follow similar trends, although the predicted values are much lower than the 

experimental values. Again, this may be due to the grain boundary cementite in steel E, 

which seems to give an additional strengthening effect that has not been included in Eq. 

5-36. From Table 5-11, it can be seen that, for the microstructures examined in this 

work, according to Eq. 5-36, the interlamellar spacing accounts for most of the yield 

strength, on average, 85 % of the yield stress, with the austenite grain sÏze and pearlite 

colony sÏze making up 6 and 3% of the yield stress. However, it is interesting to note that 

the Hyzak and Bernstein equation gives a much worse prediction compared to the simple 

interlamellar spacing relationships, despite the fact that more micro structural parameters 

have been considered by Hyzak and Bernstein. In fact, Hyzak and Bernstein did not 

explain the contributions to yield stress of either the pearlite colony sÏze or the prior 

austenite grain sÏze. 

700 r---------------------------------------------------------------------------------------~ 

'2 
~ 650 

500~----------~----------~----------~--------~ 

500 550 600 650 700 

l\1easuroo. Yield Stress (MPa) 

Figure (5-42) Predicted and measured yield stresses for hypereutectoid steel. The line 

indicates a perfect correlation between predicted and measured values. 
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Table 5-11 Yield Stress analyses for hypereutectoid steel 

511.48 14.60 30.91 52.32 518.26 

550.00 17.05 30.91 52.32 554.32 

56 30.91 52.32 571.35 

53 34.66 52. 536.41 

568. 7.37 34.66 52.32 568.30 

587.97 18.25 34.66 52.32 587.35 

568.03 14.90 41.85 52.32 563.57 

610.17 17.88 41.85 52.32 602.72 

648.74 18.85 41.85 52.32 640.33 

5.6.1.1.2. Vanadium and Silicon Steels 

As mentioned in chapter 4, steel A, which had an intermediate V level and a low 

Si level was stronger than steel E, which had no V additions. Additions of V could 

strengthen pearlite by the formation of precipitates in the ferrite phase, which were 

detected by the FE-SEM microscope. Steel B, which had a higher Si and a lower V level, 

exhibited an increased strength over the plain C steel mainly due to the Si solid solution 

mechanism. Figures (4-46 and 4-47) showed that in steel C, which had an intermediate 

Si content and a high V level, the strength was greater than those obtained by equivalent 

separate additions of these elements, indicating an effect of both carbides and Si in solid 

solution. 
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The yield stresses calculated for steels A, Band C again using equation 5-35, by 

using the values of the Hall-Petch parameters as listed in Table 5-10, are compared with 

the experimental data, in Figure (5-43). Here, the parameters derived from the 0.80% C 

steel give a very good prediction of the strengths of these steels below 700MPa. 

However, above 700 MPa, the model underpredicted the strength. By contrast, the 

parameters generated from the 0.85% C steel gave overpredictions of the strength at low 

strength values, but gave a slightly better fit at strength levels above about 750 MPa. 

These results are consistent with an effect of grain boundary cementite, and precipitation 

strengthenmg. Thus, the microalloyed steels have no grain boundary cementite and, at 

low strength levels, have low levels of precipitation strengthenmg. Therefore, the 

equation for 0.8% C predicts the strengths weIl at the low end. The equation for the 

0.85% C overpredicts because it inc1udes the effect of grain boundary cementite. At the 

higher strength level, the 0.8% C model underpredicts because it does not take into 

account precipitation, whereas the 0.85% C model bas a grain boundary cementite 

component in it, which partially 'accounts for' the precipitation strengthening. Since the 

0.8% C prediction is good at the low strength levels, it thus appears that increased Si does 

not contribute strongly to the yield strength. 
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Figure (5-43) Predicted and measured yield stresses for steels A, Band C. 

The yield stresses in steels ABC and E obtained by using equation 5-36 are 

compared with the experimental data in Figure (5-44) and reveal a number of differences 

between the predictions and the measured data. It is apparent from Figure (5-44) that the 

measured yield stress values of the steels used in this work were again generally higher 

than predicted. At yield stresses below 700 MPa, for aU steels, the predictions are closer 

to the actual results. It is interesting to note that the Hyzak and Bernstein equation 

predicts the strengths of the microalloyed steels slightly better than the steel with no V or 

Si additions. The equation still underpredicts the strengths of these steels, probably 

because of the effects of V precipitation are not included in the prediction. Also there is 

increasing deviation with increasing strength, which may be due to an increasing 

influence of V precipitates. 
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Figure (5-44) Predicted and measured yield stresses for steels A, B, C and E. 

5.6.1.2. Ductility 

Gladman et al. [147] indicated that the refmement ofthe pearlite co10ny size has a 

significant effect on toughness in high carbon steels, since the pearlite colony boundaries 

can act as obstacles to brittle crack propagation in much the same way as ferrite grain 

boundaries do. Similarly, the ductility can be improved by refming the austerute grain 

size. Both of these affect the interlamellar spacing. Therefore, both the strength and the 

ductility increase with decreasing interlamellar spacing as shown in Figure (5-45). 
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Figure (5-45) Elongation versus interlamellar spacing of pearlite for steels A, B, C, and 

E. 

Hyzak and Bernstein [61] also generated an equation (Eq. 5-37) to describe the 

relationship between ductility (reduction of area) and microstructure in fully pearlitic 

steels: 

R = 1.24 X 10-1 S-1I2 + 2.66x10-1 
p-1I2 + 1.85 d-1I2 

- 4.7 X 101 ........ 5-37 
a 

The ductilities in steels A, B C and E obtained by the calculation are compared 

with the experimental data in Figure (5-46) for different reheat temperatures and 

transformation temperatures, and these are also listed in Table 5-12. There is again no 

exact match between the measured and predicted ductilities, but the trends are similar. At 

higher ductilities, there is a tendency for the model to predict higher ductilities than are 

actually measured. This may indicate that some of the mechanisms leading to 
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micro structural refmement are detrimental to ductility, for example, precipitation. Note 

that the steel that had been predicted as having the highest ductility is steel C, which has 

the highest V level. Interestingly, there seems to be no noticeable difference in the 

ductility of steel E, compared to the other steels, which suggests that there is no strongly 

negative effect of the grain boundary cementite on the ductility as measured by shear 

punch testing. 

Examination of the regression coefficients indicates that the prior austenite grain 

size and pearlite spacing have similar influences on the ductility, with the pearlite colony 

size having a more modest effect. 

Compared to Figure (5-45), the Hyzak and Bernstein equation does not appear to 

give a significantly improved fit to the data over the lamellar spacing alone. 
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Figure (5-46) Predicted and measured elongations for steels A, B, C and E. 
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Table 5-12 Ductility analyses for hypereutectoid steel 

9.52 

29.22 10.95 

11.66 

9.71 

11.34 

32.01 12.01 

30.07 9.84 

32.01 11.55 

33.14 12.14 

32.01 9.913 

34.39 11.89 

36.56 12.53 

5.6.2. Hot Deformed Specimens 

5.6.2.1. Strength 

5.6.2.1.1. Hypereutectoid steel 

17.80 

17.80 .87 

17.80 .36 

19.72 .16 

19.72 .96 

19.72 .65 

22.11 

22.11 47.1 18.58 

22.11 47.1 .29 

26.70 47.1 21.53 

26.70 47.1 25.88 

26.70 47.1 28.70 

199 

Again the equation from Hyzak and Bernstein does not match exactly with the 

experimental results, as shown in Figure (5-47), but certain trends are revealed. There is 

no effect of hot deformation, apart from generally refming the pearlite, and therefore 

creating higher strength microstructures. 
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Figure (5-47) Predicted and measured yield stresses for hypereutectoid steel 

5.6.2.1.2. Vanadium and Silicon Steels 

Mechanical property evaluation of steels A, B, C and E indicates that increased 

strength values, when compared to the properties of the heat treated steels; these can be 

attributed to the refined interlamellar spacing, pearlite colony size, nodule size and 

austenite grain size. 

Figure (5-48) is a plot of the predicted yield stress (from equation 5-36) versus the 

measured yield stress. Here, it can also be seen that the measured yield stress values of 

the steels used in this work were generally higher than the predicted yield stress values. 

It is interesting to note that the yield stresses of the hot deformed steels were slightly 

better predicted by the Hyzak and Bernstein equation, especially at the higher strength 

levels. 
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Figure (5-48) Predicted and measured yield stresses for steels A, B, C and E 

5.6.2.2. Ductility 

201 

In general, the effect of hot deformation was to increase the ductility, mainly due 

to the generally refmed pearlite structure. The elongation was plotted as a function of the 

interlamellar spacing for the various hypereutectoid steels (A, B, C and E), as shown in 

Figure (5-49) for different deformation processes. It can be seen that the ductility 

increases with decreasing interlamellar spacing. 

Comparisons with the Hyzak and Bernstein ductility predictions for an the hot 

deformed steels are shown in Figure (5-50). Based on this analysis, it can be seen that 

there are two groups of data generated using equation 5-37. There was also sorne 

indication of similar behavior in the ductility of the heat treated specimens (Fig 5-46), but 

it was not as pronounced. This is probably due to the prior austenite grain size parameter 
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in equation 5-37, since, for each group, the austenite grain size is the same. When the 

austenite prior grain size parameter is removed from equation 5-37, the two groups of 

data converge, as shown in Figure (5-51). This indicates that the effect of prior austenite 

grain size is not adequately accounted for in equation 5-37. Indeed, Hyzak and Bernstein 

do not explain why the prior austerute grain size would affect the ductility. 
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Figure (5-49) Elongation versus interlamellar spacing ofpearlite for steels A, B, C and E 
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Figure (5-50) Predicted and measured e1ongations for steels A, B, C and E. 
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Figure (5-51) Predicted and measured elongations for steels A, B, C and E without the 

prior austenite grain size parameter. 
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CHAPTER6 

In this present research, dynamic recrystallization, static recrystallization and 

metadynamic recrystallization, were studied in plain carbon and microalloyed 

hypereutectoid steels. Microstructures and mechanical properties were also 

characterized. Based on the experimental results and the discussion, the following 

conclusions can be drawn regarding each ofthese topic areas: 

Dynamic Recrystallization for Hypereutectoid Steels and 

Microalloyed Hypereutectoid Steels 

1. Vanadium addition decreases the reheated austenite grain size. 

2. The activation energy for deformation "Qdel' derived from the peak strain is lower 

than that from the steady state stress. 

3. The activation energy for deformation "Qdel' in microalloyed hypereutectoid 

steels is higher than in plain carbon hypereutectoid steels. 

4. There is a change in the temperature dependence of the peak strain at low 

temperatures this can be attributed to V (C, N) precipitation. 

5. Higher concentrations ofvanadium in solution increase the peak strain. 
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6. Equations to predict the peak strain and the dynamic recrystallization grain size 

for plain carbon and microalloyed hypereutectoid steels have been generated. 

Statie and Metadynamie Reerystallization for Hypereuteetoid 

Steels and Mieroalloyed Hypereuteetoid Steels 

1. Equations to preruct the metadynamic and static recrystallization kinetics and the 

recrystallization grain size for plain carbon and microalloyed hypereutectoid 

steels have been generated. These incorporate the effect of V and Si. 

2. eomparison of the kinetics of metadynamic and static recrystallization shows that 

metadynamic recrystallization is the more rapid of the two. 

3. The activation energies of metadynamic and static recrystallization are 136 and 

270 kJ/mole, respectively. 

4. Austenite recrystallization rates are decreased by the addition of V and Si. 

5. Plateaus in the recrystallization kinetics appear to be due to the initiation and 

progress of strain-induced ve precipitation. 

6. From the CUITent results, it is very difficult to ascertain whether or not there is an 

influence of Si on the precipitation rate ofVe. 

7. The activation energy of the V steels was constant at temperatures higher than 

9400 e and 9700 e for steels A, e and B respectively, and increased markedly as 

the temperature decreased below 940°e. This can be re!ated to the precipitation 

ofVe. 

8. The precipitations star! curves for ve precipitation derived from the Dutta-Sellars 

mode! does not match well with the experimental data. 

9. A three-component kinetics model has been used to analyze the restoratÏon. 

According to this model, when strained into the partial dynamic recrystallization 

region, the subsequent static softening arises from a linear combination of static 

and metadynamic recrystallization. 
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Microstructural and Mechanical Properties for Hypereutectoid 

Steels and Microalloyed Hypereutectoid Steels 

1. The addition of vanadium significantly increases the flow stress of these steels, 

particularly at temperature below soDee. 
2. A grain boundary cementite network exists in hypereutectoid steels without 

vanadium and silicon additions. 

3. The thickness of the cementite network increases with increasing reheat 

temperature. This is likely due to the larger austenite grain size reducing the grain 

boundary area available for proeutectoid cementite nucleation. 

4. The nodule size is controlled by the transformation temperature and pnor 

austenite grain size. The higher the transformation temperature and the coarser 

the prior austenite grain size, the larger is the nodule size. 

5. Characterizing the nature of precipitates using the FE-SEM technique provides 

results similar to those obtained by transmission electron microscopy, but with a 

greater ease of sample preparation and statistical confidence. 

6. By using low voltage imaging on a FE-SEM, spheroiodal shape precipitates, 

between 20-30 nm, in microalloyed steels can be resolved. 

7. The precipitates form in the ferritic lamellae with an aligned distribution of 

regular arrays that are separated by 10-20 nm. 

8. The precipitates are characterized as being vanadium carbide. 

9. Vanadium and silicon additions increase the strength and ductility 0 f 

hypereutectoid steels through refinement of the microstructure. 

10. Vanadium and silicon additions eliminate the cementite films along the prior 

austenite grain boundaries. This slightly decreases the strength for a given 

pearlite structure, but does not influence the ductility, as measured by shear punch 

testing. 

Il. Hot deformation lffiproves the mechanical properties by microstructure; 

refinement, the strength is significantly higher than that of the heat-treated 

specimens, and the ductility is increased. 
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STATEMENT OF ORIGINALITY AND CONTRIBUTION 

TO KNOWLEDGE 

1. The dynamic, static, and metadynamic recrystallization kinetics were determined 

for hypereutectoid steels with and without vanadium and silicon additions, for the 

frrst time. 

2. A three-component model has been used exc1usively in this work as the basis for 

analysis of the restoration curves obtained during the hot working of these steels. 

According to this model, when strained into the partial dynamic recrystallization 

region, the subsequent static softeniug arises from a linear combination of 

c1assical static and metadynamic recrystallization. 

3. It was noted that current models do not effectively predict the precipitation 

behavior for VC formation, suggesting that, for these alloying additions new 

phenomena need to be considered. 

4. The nature of the precipitates in the microallyed steels was characterized using 

FE-SEM techniques, which was ascertained in this work to be as effective as 

TEM methods in resoling the dimensional and composition features of the 

particulates with the added benefits of simplicity and statistical confidence. 

5. For the fust time, the effect of reheat temperature on the cementite network 

thickness was determiued. It was shown that the cementite network thickness 

increases with increasing reheat temperature; this is most likely due to the larger 

austemte grain size reducing the available grain boundary area that exists for 

proeutectoid cementite nuc1eation. This fmding has considerable practical 

implications due to the role of the cementite thickness in strengthening. 

6. A sigmficant effect of the grain boundary cementite on the yield strength was 

found. 
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