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ABSTRACT

The recrystallisation-stop temperature (RST) of vanadium microalloyed steels containing 0.20 

and 0.43 wt% V was determined experimentally by single pass rolling in the austenitic phase 

field. Conventional Controlled Rolling (CCR) of each composition was simulated by rolling of 

reheated slabs, whereas Hot Direct Rolling (HDR) was simulated by rolling as-cast 0.2 wt% V 

austenite directly after it solidified. The experimental recrystallisation-stop temperature of the 

HDR and CCR austenites containing 0.2 wt% V were similar, despite a large difference in 

grain size (92 ^m compared with 1150 pm) and process routes. The RST model, proposed by 

Dutta and Sellars for niobium steels, was modified to suit the current materials, process routes 

and experimental methodology. The original model overestimated the experimental RST of all 

the three steels studied. However, good agreement was found between the modified model 

and the experimental RST of both the as-cast and reheated austenites. The initiation of 

recrystallisation was more rapid in V austenite than in Nb austenite, and not so strongly 

dependent upon grain size as proposed by the Dutta and Sellars model.
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a measure of the strength of a solute’s effect on the RST

a lattice parameter

aa lattice parameter of matrix phase
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Arx constant in equation (2.1)

Appt constant in equation (2.5)

B constant in the solubility product equation (1.6)

Brx constant in equation (2.1)

Bp constant in equation (2.5)

Cs concentration of solute in equilibrium with particle 
d matrix grain diameter

do initial austenite grain size (pm)

Do Diffusion coefficient (m2 s1)

De» effective diffusion coefficient

e strain rate
e equivalent mean strain rate
8 strain

f volume fraction of particles

F solute drag effect factor

Fgb the total drag force per unit area of grain boundary

Fmax the drag exerted by a single particle on a grain boundary

Fg energy provided by grain growth

fo modifying factor

AG*  critical free energy for nucleation

AGv free energy change arising from the chemical driving force 

G ASTM grain size number

H original slab thickness (mm)

h slab thickness after reduction r (mm)
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Js steady state nucleation rate

k Avrami exponent

kp Boltzmann’s constant

/ particle/matrix interfacial energy

Ygb grain boundary energy

ks supersaturation ratio

K solubility product

Kc constant in equation (1.7)
I mean intercept distance (pm)

LLt the total length of traverse in the longitudinal

LTt the total length of traverse in the transverse direction

LyL average austenite grain intercepts in the longitudinal direction (pm)

Lyt average austenite grain intercepts in the transverse direction (pm)

L l mean linear intercept in the longitudinal direction

L t mean linear intercept in the transverse direction

n number of particles per unit volume
N rotating speed of rolls during deformation ( ms'1)

No Avagadro ’ s number

N*  density of nucleation sites per unit volume

NIdrx time to 20% softening of a Nb steel at 1000 °C

Ngb the number of grain boundaries intersecting the line of traverse

Qd activation energy for diffusion
Qdeff apparent activation energy for deformation (J/Mol)

Qdiff apparent activation energy for diffusion (J/Mol)

Qrx apparent activation energy for recrystallisation (J/Mol)

r rolling reduction (H-h/H)

ro mean particle radius at zero time

n mean particle radius at time t

rp particle radius

R gas constant
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Rd roll radius (mm)
t time (s)

tx time required for the start of static recrystallisation in the steel containing the element

tref is the equivalent time for reference plain C steel

to.sRx time to 50% recrystallisation

to.osRx time to 5% recrystallisation

to.sp time to 50% strain induced precipitation

to.o5p time to 5% strain induced precipitation

T temperature, Kelvin

Tgc grain coarsening temperature

Tdeff temperature of deformation

Vrx time to 20% softening of a V steel at 1000 °C

Vm molar volume

X fraction recrystallised

Xa solute concentration

Z Zener-Holloman parameter
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CHAPTER 1

INTRODUCTION AND OBJECTIVE

1.1 Introduction

Microalloyed (MA) steels were first introduced as a term by Noren[1] in 1962. He 

defined them as:

" a steel, the basic composition of which is simply an un-alloyed structural or in many cases 

a manganese alloy one or even a low alloy one to which a small amount of an alloying 

element has been added - this element having a very strong or remarkable effect on one or 

several of the steel properties. The amount of microalloying element to be added is one or 
two powers of ten less than would have been added for an alloying element in the 
conventional meaning. "

The history of MA steels is documented extensively by, for example, Woodhead and Keown[2]. 

Tanaka^ reviewed controlled rolling of plate and strip, and developments in the alloy design 

of microalloyed and other High Strength Low Alloy Steels (HSLA) were reviewed by 

DeArdo et at

The most important feature of MA steels is their higher strength, relative to the common low- 

carbon steels used in many formed-and-welded applications. These steels are an extension of 

the carbon-manganese structural grades and fill the strength gap between the 250 MPa yield­

strength carbon-manganese steels and the 700 MPa yield-strength quenched-and-tempered 

alloy steels. The properties of such steels are strongly dependant on the thermo-mechanical 

interactions during deformation.

MA steels containing niobium (Nb), titanium (Ti), vanadium (V), singly or in combination, 

now form a most important family of commercial steels, which during the last decade or so 

have been subject to more detailed scientific investigation than any other group of steels. 

Their unique combination of properties arise from the precipitation of carbides, nitrides or 
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carbonitrides and the interaction of these precipitates with the processes of recrystallisation 

and grain growth of austenite and of transformation from austenite to ferrite plus pearlite or 

bainite on cooling. Controlled thermomechanical processing (TMP) is essential if optimum 
benefit is to be obtained from these interactions. The excellent properties currently achieved 

are a direct result of the relatively mature understanding of two relationships:

(a) The relationship between micro structure and properties.
(b) The relationship among composition, processing and micro structure.

Much of the enhanced mechanical properties of control rolled microalloyed steels is attributed 

to precipitation hardening and the refinement of transformed micro structures. Grain 

refinement is unique, in that it is the only mechanism which simultaneously increases the 

strength and toughness^, Fig. 1.

Grain refinement can occur by:

(a) Static recrystallisation during holding after deformation or during multi-pass rolling. 
However, grain growth between passes is very rapid for austenite grain sizes 

below about 30 pm. It is not possible to obtain a stable austenite grain size 

below this limit by static recrystallisation alone.

(b) Effectively refining the austenite by preventing its recrystallisation.

The accumulation of rolling strain following the inhibition of recrystallisation below a 

Recrystallisation-Stop Temperature (RST), results in flattened and elongated austenite 

grains, and also introduces transgranular deformation bands within the grains, 

effectively increasing the grain boundary area for ferrite nucleation.

Microalloying elements are crucial to the inhibition of the austenite recrystallisation and to the 
accumulation of strain below the RST.

There are essentially two basic variants of TMP. Conventional Controlled Rolling (CCR) is 

where the steel is reheated from ambient temperature to a specific soaking temperature after 
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which it is deformed in the single austenitic phase field. The second variant is Hot Direct 
Rolling (HDR), in which the ingot is cooled to the rolling temperature after casting and rolled. 

The economics of the processing are enhanced by HDR due to the saving of energy by 

avoiding reheating and soaking at temperature prior to rolling, and due to reduced capital 

costs.

The as-cast austenite at the start of HDR differs in several forms. As-cast austenite has a very 

coarse grain size, is dendritic, and its alloy content is segregated interdendritically both on a 

micro and macro scale. Reheated austenite on the other hand, will be strongly conditioned by 

the gamma-alpha and alpha-gamma transformations during cooling and reheating. The 
austenite grain size is refined, and soaking results in a degree of chemical homogenisation. 

Microalloy carbonitrides precipitate in austenite and ferrite during cooling, and redissolve 

according to their equilibrium solubilities at the reheating temperature. In as-cast austenite, 

the concentration of the microalloy elements in solution may well depend on the kinetics of 

precipitation during and after solidification and to the effects of segregation, rather than on 

equilibrium solubilities.

Among HSLA steels, vanadium microalloyed steels may not be ideal candidates for 

conventional controlled rolling due to their low recrystallisation stop-temperature^. Owing to 

its greater solubility V(C,N) does not precipitate as extensively as Nb(C,N) in austenite, 
hence, vanadium is more effective as a precipitation-strengthening addition.

The importance of the RST is that, deformation below it results in ‘pancaked’ austenite grains 

containing transgranular deformation bands, thus increasing the density of potential ferrite 

nucleation sites. On transformation, a much finer grain size is obtained, with associated 

enhanced mechanical properties.

A number of metallurgical and processing variables influence the RST. The effects of these 

variables, composition, strain, strain rate, temperature, grain size, were incorporated by Dutta 

and Sellars^ in a mathematical model to predict the RST. In the model, the kinetics of strain 

induced precipitation and of recrystallisation are used to predict the influence of composition 
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and process variables on the temperature at which recrystallisation is effectively stopped by 
strain induced precipitation.

1.2 Objective of Present Research

There is a large volume of literature on thermomechanical processing of Nb or 

combination of Nb-Ti-V microalloyed steels, but relatively, little on steels microalloyed with 

vanadium only. Such steels are commonly used for truck frames, storage tanks, low 

temperature storage tanks, pressure vessels^.

The objective of the present research, therefore, is to evaluate the recrystallisation and 

precipitation kinetics of a CCR steel microalloyed with vanadium only, and to investigate the 

RST for comparison with the prediction of the Dutta and Sellars model. A second objective is 

to compare the results with a steel of similar composition but which is hot direct rolled. 

Should such modelling be possible, then it would permit the quantitative evaluation of the RST 

of vanadium microalloyed steels for most combinations of pre-conditioning and processing 

variables.

1.3 Structure of the thesis

Tables and figures relating to the text in each chapter are provided at the end of the 

appropriate chapters. The scope of the following chapters is:

Chapter 2: Review of the literature
The history of MA steels and the pertinent features of TMP is introduced. Structural changes 

during hot deformation processes are described and mathematical expressions are introduced 

where appropriate. The role of microalloys and the interacting aspects of hot deformation 

such as recrystallisation and strain induced precipitation are reviewed and comparisons made 

between microalloys. The concept of the RST and the models for its determination are 

discussed.

Chapter 3: Experimental procedures
The methodology of CCR and HDR experiments, choice of materials and an initial 

modification to the Dutta and Sellars model required to initiate the experimental campaign are 
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described. The model predictions of RSTs’ that was used as a basis for planning the 

experiments are described.

Chapter 4: Results
Experimental results are presented and comparisons made between the different materials and 

process routes used. The differences in the experimental and model RSTs’ are discussed.

Chapter 5: Discussion
The results from chapter 4 form the basis of a more detailed discussion and the proposal of 

modifications to the established equations to suit the current materials and experimental 

methodology. Predictions of the model RST’s are compared with the experimental RSTs.

Chapter 6: Conclusions and suggestions for further work
Conclusions are drawn based on the work carried out and suggestions are made for further 

research.
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CHAPTER 2

REVIEW OF LITERATURE

2.1 Outline Of Thermomechanical Processing (TMP)
As early as 1954, it was recognised that the properties of steel could be significantly 

improved by the application of non-traditional cycles of thermal and deformation processing191. 

The traditional hot-rolling process has gradually become a more closely-controlled operation, 

and is being increasingly applied to MA steels with compositions carefully chosen to provide 
optimum mechanical properties when the hot deformation is complete. This practice is 

relatively inexpensive because the micro-alloying elements are required only in small 

concentrations^0,11].

One of the first attempts to study the microstructural alterations in iron and steel austenite 
during hot working was made by Grange112,131. He demonstrated that a refined austenite grain 

size developed during hot rolling transformed to a finer-grained transformation product. The 

control of the final microstructure begins during solidification and proceeds during reheating, 

hot rolling and final transformation. Because the final transformed microstructure reflects the 

micro structure and composition of the austenite, final micro structure of the austenite is critical 

to obtaining the optimum final micro structure and properties of the ferrite. It is the ability to 

control micro structure during processing that has allowed significant, cost-effective 

improvements in the final properties of the steel1141. TMP conditions the parent phase for the 

subsequent formation of a product phase with an optimised micro structure. The relative 

difference between TMP and other deformation processes 1151 is schematically illustrated in 

Fig. 2.0. The process, in which the various stages of rolling are temperature-controlled, the 

amount of reduction in each pass is predetermined and the finishing temperature is precisely 

defined, so allowing microstructural control, is called controlled rolling1161 (CR).

Basic conclusions of early work, reviewed by Sage117,181, by Walsh and DeArdo1191 were:
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(a) It is difficult by thermomechanical processing steels that do not contain 

microalloying to achieve the benefits in mechanical properties.

(b) Steels containing microalloying elements displayed lower toughness than their plain- 
carbon counterparts without thermomechanical processing.

The results from early research revealed a synergy between thermomechanical processing and 

microalloying.

TMP involves three essential steps:

(a) reheating;

(b) austenite conditioning by controlled rolling, and

(c) controlled cooling following rolling.

Accurate, quantitative knowledge of microstructural and constitutional changes that occur in 

austenite during thermomechanical processing thus enables control of the final properties in 

the rolled product without subsequent heat treatment.

2.2 Reheating

Conventional controlled thermomechanical processing starts with the reheating of the 

slab from ambient to a specific soaking temperature for an appropriate period of time, before 

subsequent deformation. The major events which may occur during the reheating stage 

include:

(a) the nucleation, growth and coarsening of austenite grains;

(b) dissolution, precipitation and coarsening of microalloy precipitates inherited from the 

original slab microstructure;

(c) reduction of inhomogeneties in solute distribution.

The differences in austenitic grain-growth behaviour1201 are illustrated in Fig. 2.1, for various 

steels during reheating. Carbon (Si-Mn) steels progressively coarsen as the solution 

temperature is increased. The Nb steel exhibits similar characteristics to the carbon steel at 
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temperatures above 1050 °C. However, small Ti additions (e.g 0.01 to 0.02%) to a carbon 

steel provide resistance to austenitic grain growth. As dissolution and coarsening of particles 

takes place the critical condition for abnormal grain growth may be reached, leading to rapid 

grain coarsening above a ’’grain coarsening temperature”, which depends on steel composition 

and particle distribution1211. Weiss et al ^2l studied the grain coarsening characteristics of three 

steels microalloyed with Nb, V and V+Nb, under isothermal conditions at temperatures 

between 950 and 1300 °C. The grain coarsening temperatures were observed to increase with 
microalloying elements in the order V, Nb and V+Nb. This temperature was further increased 

by an increase in the nitrogen level in increments from 0.006 to 0.025% in the V+Nb steel.

Amin and Pickering[23] concluded that, of Nb and V steels, the grain coarsening temperature 

was higher for the Nb steel. Further, the maximum grain coarsening temperature occurred at 

the stoichiometric ratio of Nb:C in Nb steels, but the effect of stoichiometric proportion was 

less marked in the V steel. A further characteristic is the grain growth with increasing time at 

temperature, shown in Fig. 2.2 for a 0.14% V steel investigated by Mazzare et al[24]. This 

work was on three different steels; a base plain carbon steel, 0.14%V and V+0.043 wt%Nb. 

At austenitising temperatures of 900 and 1000°C, little grain growth occurred for heating 

times up to one hour. At higher temperatures, significant grain growth occurred, the curves 

displaying the classic parabolic shape associated with grain growth in metals. It was noted 

that the amount of grain coarsening was dependant on the microalloying elements. The V+Nb 

steel coarsened less rapidly than the V steel which in turn coarsened less rapidly than the base 

steel. Saito et al1251 modelled the variation of austenite grain size during reheating by a simple 

equation for a 0.07%C-0.03%Nb. It was found that the reheating temperature was a more 

important factor in the control of grain size than holding time.

The results quoted have shown that the type of microalloying element, reheating temperature 

and the duration at the reheating temperature all have an effect on the coarsening of austenite 

grains. Apart from the coarsening characteristics and control of grain size during reheating, 

the amount of the element in solution at the end of the reheating will influence the 

recrystallisation kinetics, recrystallised grain size, grain growth and further precipitation or 

strain induced precipitation in austenite and ferrite.
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2.2.1 Role of microalloying elements during reheating.

Austenite grain growth can be inhibited by the interaction of second-phase particles 

with austenite-grain boundaries. This interaction results from the elimination of grain­

boundary area when the boundary intersects a second-phase particle1261. Movement of the 

grain boundary away from the particle results in a local energy increase and has a drag effect 

on the migrating boundary. It has been suggested that the binding force between particle and 

boundary is greater than could be supplied by thermal activation1271, and consequently the 

energy for unpinning has to be supplied from some other source, for example from the energy 
release resulting from grain growth.

Gladman1281 has shown that the energy provided by grain growth, FG, is given by:

FG = (1.0) 

where FG is the energy released per unit area of the advancing grain boundary; ygb is the grain 

boundary energy and, d is the matrix grain diameter.

The drag, Finax, exerted by a single particle on a grain boundary when the angle of contact, 9 is 
. 0 .45 is expressed as:

F max 7C Ip Ygb (1.1)

where rp is the particle radius.

For a single particle of volume 4/3 7trp3, in volume fraction of particles f, the number of 

particles per unit volume n is given by:

3f n =------ -
47crp3 

(1.2)

and the total number of particles in volume n is 2rpn. As each particle exerts a drag F^ on the 

boundary, the total drag force per unit area of boundary, Fgb, is expressed as:
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(1.3)

For the prevention of grain coarsening, Fgb > FG, that is:

3fYgb ^Ygb - - . . . . , . . _ . -
----- — > - , and the critical particle radius, rp (critical), is expressed as:

2rp d

rp (critical) = f d (1.4)

This relationship shows that the critical particle radius increases with an increase in the volume 

fraction of particles, or an increase in matrix grain diameter. It is also noted that the critical 

particle radius is the maximum value that permits effective pinning.

The significance of this result is that stability of austenite grain size at high temperatures 

requires:

(a) A high solvus temperature, to ensure a sufficient volume fraction of particles;

(b) A low rate of coarsening, so that the particles remain fine enough to prevent grain

growth.

These factors are governed by the solubility of the micro alloying elements and their diffusivity 

in solid solution. The reheating conditions therefore determine:

(a) the reheated austenite grain size for TMP, and

(b) the amount of microalloy taken into solution.

The ultimate response of a steel to subsequent processing will, to a large extent, be strongly 

influenced by these two factors.
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2.2.2 Solubility of Precipitate Dispersions

The usual form of the solubility product equation for a binary compound MX is 

expressed as:

K=[M] [X] 

and the general solubility relationship can be expressed as: 

log [M] [X] = A-B/T

(1.5)

(1.6)

Where M is the concentration (wt %) of Nb, V or Ti and X is the concentration (wt %) of 

carbon or nitrogen in solution at equilibrium, K is the solubility product, A and B are 

experimentally derived constants, and T is the absolute temperature. A and B differ for 

different carbides and nitrides, and typical values129,30’311 are given in Table 1.0 for VC and 

VN.

Vanadium carbide is much more soluble in austenite than niobium carbide or titanium carbide 

which possess similar solubilities. The nitrides are substantially less soluble than the 

corresponding carbides, vanadium nitride being the most soluble and titanium nitride having 

particularly low solubility. In practical terms, as applied to TM processing of microalloyed 

steels, the least soluble compounds will be precipitated at the highest temperatures in the 

austenite. To assure that the precipitation necessary to produce grain refinement will be 

present in the hot rolling range, steels are designed with a knowledge of the solution and 

precipitation behaviour of the alloy carbides and nitrides. Solubility data indicate that alloy 

precipitates can be thermodynamically stable over most of the rolling range, but do not 

consider the kinetics of precipitation or the stability of the precipitates against coarsening.

The Lifshitz-Wagner[1 °6’1071 theory of diffusion-controlled particle coarsening leads to a 

relationship:

(rt3 (1.7)
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where ro and rt are mean particle radii at zero time and time t respectively, Cs is the 

concentration of solute in equilibrium with a particle of infinite radius, / is the particle/matrix 

interfacial energy, ^is the molar volume of precipitate, Do is the solute diffusion coefficient 

and K« is a constant. It follows that, other things being equal, a less soluble precipitate will 

coarsen more slowly than a more soluble one. Substitutional alloying elements diffuse more 

slowly than interstitial ones, and it is the diffusivity of Nb, V or Ti that controls the coarsening 

rate of microalloy carbides or nitrides. The diffusion coefficient of Ti is considerably smaller 

than those of V or Nb. The combination of low solubility and low diffusivity make T:N the 
most effective austenite grain refiner.

2.2.3 Precipitation and Matrix Austenite Compositions

Microalloyed steels often contain single or multiple additions of Nb, Ti and V. Their 

various roles can be best described by comparing their solubilities in austenite. A good 
comparison can be made of the various precipitation systems through the use of the 

appropriate solubility relations. For instance, the driving force for precipitation at a given 

temperature is the solute supersaturation at that temperature. A comparison of the variation 

of supersaturation with temperature is shown in Fig. 2.3 for several important systems[32]. 

This figure reveals that the Ti system shows a comparatively large supersaturation at 

temperatures well above those associated with hot rolling. The VC and VN system, on the 

other hand, show large supersaturation at temperatures at the very lowest range of hot rolling. 

The Nb system on the other hand, shows a large supersaturation at temperatures which are 

well situated within the hot rolling range. Hence, Ti precipitates are very effective for high 

temperature control (e.g. during reheating ), Nb precipitates are effective for intermediate 

temperature exploitation (e.g. recrystallisation temperature control ) and the V can easily be 

kept in solution in the austenite for the eventual precipitation hardening of the ferrite.

A detailed study of carbonitride precipitation in Nb-V microalloyed steels was presented by 

Speer et al1331 The thermodynamic model can be used to estimate equilibrium austenite and 

carbonitride compositions, and the amounts of each phase, as a function of steel composition 

and temperature. The agreement between the measured and predicted precipitate 

compositions was found to be quite good for two experimental (0.03%Nb plus 0.05 and 

0.20%V) steels. The main conclusion was that the precipitate composition was a function of 
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the steel composition and the temperature. In addition, the carbonitride solution temperature 
increased with increasing levels of either Nb, V, C, or N in the steel.

For vanadium steels, the two compounds, vanadium carbide and vanadium nitride, are 

mutually soluble, and thus a continuous series of vanadium carbonitride is possible1341. Most 

authors have argued carbonitrides that precipitate in austenite are nitrogen rich(35,361. Roberts 

et al ^3^ applied a regular solution model using a finite-difference technique to model 

changes in particle composition during precipitate growth. Their results suggest that 

vanadium carbonitride particles which precipitate in the austenite consist of a nitrogen-rich 

core with increasing carbon levels toward the periphery of the particles. The compositional 

gradients within the particle persists during the precipitation reaction.

Another model proposed by Speer et al t3*1, assumes that the free energy of mixing of VC and 

VN can be described using the regular solution model developed by Roberts et al. At a given 

temperature, T , the steel, matrix, and the precipitate compositions must lie on a common tie 

line which satisfies the mass balance relationships. Assuming that the carbonitrides are 

perfectly stoichiometric, that is VCxNj_x , five non-linear simultaneous equations need to be 

solved to predict equilibrium conditions. The observations from their model were:

(i) The carbonitride need not be expected to be virtually VN, as commonly assumed. For 

instance the results in Table 1.1 show that in a steel containing 0.1 %C, 0.005%N, and 

0.1 %V, the equilibrium precipitate at 800°C would have the composition

VC0 66 No34. The nitrogen content of the precipitate increases with increasing 

nitrogen or decreasing carbon.

(ii) The equilibrium precipitate composition also depends on the vanadium concentration 

in the steel.

(iii) The temperature influences the precipitate chemistry, the nitrogen content of the 

precipitate increasing with increasing temperature.
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Rios^^ also proposed a computer model for evaluating the composition and mole fraction of 

carbonitrides of the form (Nb,V,Ti....)(C,N) and the matrix composition from the solubility 

products of the individual carbides and nitrides. When applied to (Nb,V)(C,N), his model was 
in good agreement with that of Speer et alw The model was similar to a thermodynamic 

model presented by Adrian141 ], for HSLA steel austenite containing up to four microalloying 

elements. For three microalloying elements, the carbonitride is described by the chemical 

formula, M'xM"vM"'i_X_VCVN\neglecting vacancy formation, where 0 < x <1, 0< v <l, 

x+v < 1, and 0 < v < 1.

These models assume equilibrium conditions and might be considered to be relevant to the 

constitution of austenite after soaking and prior to TMP. However, it has been shown that 

deformation significantly enhances precipitation kinetics.

The 'conditioning’ of the austenite by soaking and the amount of microalloying elements 

dissolved, will influence its response to deformation and, ultimately, the final properties of the 

steel.

2.3 Hot Deformation of austenite

During deformation at the strain rates and temperatures of interest in hot-working 

operations, all metals undergo work-hardening and dynamic recovery and some may also 

undergo dynamic recrystallisation. The microstructures produced by these processes are 

unstable and, on holding at temperature after the end of deformation, further structural 

changes occur by static recovery, recrystallisation and grain growth. In hot-rolling operations, 

the dynamic and static structural changes that occur during and between passes interact to 

determine the overall evolution of the final micro structure. During hot-working, the original 

coarse austenite grains are replaced by a new refined microstructure due to the 
recrystallisation processes. Depending on the hot deformation conditions, static, dynamic or 
metadynamic recrystallisation can occur. Static recrystallisation takes place when both the 

nucleation and growth of new grains occur after deformation. When these two processes 

occur simultaneously during deformation, dynamic recrystallisation results. Metadynamic 

recrystallisation is related to the formation of new grains during deformation but with growth 

occurring after deformation .
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During this deformation, the flow stress initially rises with strain as a result of work hardening 

and recovery; dislocation density rises and a subgrain structure tends to develop. Because 

dynamic recovery is relatively slow, in steel austenite the subgrain boundaries are ill formed, 

and sufficient strain energy is stored to nucleate dynamic recrystallisation when a critical strain 

8c is reached. This provides an additional softening mechanism and results in a fall in flow 

stress from a maximum value at 8p > ec until a steady-state level is reached after a strain 

interval ex, when a large fraction of recrystallisation has taken place Fig. 2.4 (a).

On holding these deformed structures isothermally, softening takes place as a function of time, 

as illustrated in Fig. 2.4 (a). Fig 2.4 (b) shows schematically as a function of prestrain how this 

softening is related to the occurrence of static recovery and recrystaUisation^44^. In industrial 

thermomechanical processing operations, the temperature and strain rate may change 

continually, and in rolling and forging the deformation takes place in a series of passes 

separated by intervals of time. The dynamic structural changes are sensitive to strain rate and 

temperature. These determine the flow stress and hence the working forces, but also control 
the stored energy present at the end of deformation. This drives the static structural changes 

of recovery and recrystallisation, thereby influencing the kinetics of these thermally activated 

processes. Grain growth may follow recrystallisation and is again temperature sensitive. The 

static structural changes between passes determine the initial microstructure for the next pass. 

Modelling must consider these dynamic and static structural changes in sequence, as 

illustrated^45^ in Fig. 2.5.

The main emphasis of the work in this thesis is concerned with single pass rolling and static 

recrystallisation. However, the introduction to this section has highlighted the complexities of 

mathematical modelling and the need to encompass each of the interacting aspects if realistic 
predictions are to be obtained.

2.4 The need for Mathematical Models in Hot Rolling
The past decade has seen a number of workers in many countries developing 

mathematical models to predict the final mechanical properties of controlled rolled steels. 

Many of these models are based on the work of Sellars and co-workers^46,47-*.  Mathematical 
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models for the individual metallurgical events that occur during rolling and transformation, 

combined in the correct metallurgical sequence with process models for a given rolling mill, 

allow the evolving micro structure to be followed as a function of macroscopic process 
changes. This permits alterations to composition, processing route or mill hardware to be 

quickly evaluated for their effects on final mechanical properties and, if incorporated with a 

microstructure-based, hot strength model, on rolling loads.

There are basically four types of model. The phenomenological models attempt to predict the 

progress of the actual physical processes that occur, for example, by solving the appropriate 

equations for heat flow and mechanical behaviour. The Empirical models are characterised by 

statistical analysis of data to provide relationships between the process variables and the 

parameters of interest, that is inputs and outputs. Here, simple regression has been the most 

commonly applied modelling tool.

The semi-empirical models combine a mixture of the two, and contain a representation of the 

physical processes occurring based upon the likely physical dependencies which could 

necessitate regression of certain model constants. A typical example is the high temperature 

recrystallisation behaviour of steel. The mathematical model for the time to a certain degree 

of recrystallisation uses an Arrhenius temperature term, combined with expressions relating 
the Avrami-Mehl kinetics to changes in the driving force for recrystallisation with deformation 

(strain or dislocation density) and austenite grain boundary surface area per unit volume (grain 

size). Such semi-empirical models have the potential for extrapolation beyond the current 

processing conditions.

The fourth type are the rule-based models which are now gaining widespread application 

within the steel industry such as the Expert-systems and Diagnostic models. These do not 

contain mathematical representation of a physical process, but can still predict an outcome of a 
series of events based on previous experience.

Models have been developed to handle plate, bar, rod, structural and strip rolling. The data 

required for these models have been primarily obtained through hot torsion testing which 

allows large strains and close control of the heating and deformation parameters.
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Controlled thermomechanical processing of quality grades of C-Mn and microalloyed HSLA 

steels is itself sophisticated. The ability to achieve the final desired mechanical properties 

without subsequent heat treatment depends on accurate, quantitative knowledge of 

microstructural and constitutional changes that occur in austenite during processing. These 

include:

austenite grain growth during reheating;

precipitate coarsening and dissolution during reheating;

amount of microalloying element in solid solution;

dynamic recrystallisation during deformation;

metadynamic and static recrystallisation during interpass time intervals;

growth of austenite grains;

equilibrium and strain induced precipitation of microalloy carbonitrides;

the inhibition of recrystallisation due to strain induced precipitation below the RST;

retained strain during rolling below the RST with consequent pancaking of austenite 

grains and the creation of deformation bands;

transformation to ferrite, and control of the final ferrite grain size.

Generally, expressions for the progress of static recrystallisation, the time to 5% 

recrystallisation and the onset of strain induced precipitation in deformed austenite, have been 

found to be necessary parts of models intended to predict the final micro structure of 

microalloyed steels. The differences in models are the absolute values of various constants, 

which have essentially been established by fitting the expressions to data in the various 

authors’ data bases.

The following sections describe the various metallurgical phenomena which occur both during 

and after hot rolling. Mathematical expressions are introduced where appropriate.

2.5 Static recrystallisation

The kinetics of static recrystallisation are a central part of models of controlled 
rolling1481. The progress of recrystallisation can be represented according to the JMAK
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( Johnson-Mehl-Avrami-Kolmo gro v) equation1491, referred to in the following as the Avrami 
equation.

X = 1 - exp (-M;----
Vl0.5RX V

(1.8)

where X is the fraction recrystallised after time, t, t0.5Rx is the time to X = 0.5, and k is the 

Avrami exponent which adopts typical values of 1 to 2. The value of k is of importance 

because it determines the time interval between the start (to.osRx) and end (t0.95Rx) of 
recrystallisation. When k = 2, t0 95Rx/to.o5Rx is 7.7, whereas when k = 1, the ratio is 58.4. The 

Avrami exponent is obtained from plots of log(l/l-X) versus log t for a given set of 

deformation conditions and isothermal recrystallisation temperature. The effect of working 

variables on the recrystallisation rate is determined by their effect on the time to 50% 

recrystallisation, to.5Rx. It is generally agreed that

to.5Rx = a function of ( do, e, Z ) exp Qrx/RT

where do is the initial austenite grain size, e is the prior strain, Qrx is the activation energy for 

recrystallisation and Z is the Zener-Holloman parameter of the prior deformation. Z is defined 

as

Z = e exp-^£L (1.9)

where Tdef is the deformation temperature, R is the gas constant, e the strain rate and Qw is 

the apparent activation energy for deformation.

Various empirical relationships have been proposed to relate t0.5Rx to the strain (e), initial grain 

size do, absolute temperature (T) and the Zener-Hollomon parameter (Z). These are mostly of 

the form:
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to.5RX =B 6^ Z' exp KI
(2.0)

where Qrx is the apparent activation energy for recrystallisation (J/Mol), and B,p,q and r are 
material constants.

A critical assessment of recrystallisation kinetics led Dutta and Sellars171 to propose the 

following equation for Nb microalloyed steel taking into account the influence of solute drag 
due to Nb in solid solution (the last exponential term):

kosRx =arx d«2 -e'4-exp^-exp-[f^-185Ï[Nq^ 
IV1 1 / J

(2.1)

where to.osRx is the time (s) for 5% recrystallisation, [Nb] is the concentration in solid solution 

and Arx and Brx are constants whose values are 6.75 x 10'20 and 2.75 x 105 respectively.

The effect of the individual variables on to.5Rx will now be considered.

2.5.1 Effect of strain and temperature

Medinas and Mancillas’[50] data for a 0.095 wt% V steel tested at different temperature and after 
different strains are shown in Fig. 2.6. Increasing strain and temperature decreases the time to 

50% recrystallisation, to.5Rx , as both the driving force and number of nucleation sites for 

recrystallisation are also increased. The dependence on strain of the characteristic time to.5Rx, 

measured by either metallographic or restoration methods, is shown in Fig. 2.7 from Sellars^1 

data. The plotted data all show a steep dependence on strains for strains less than ~0.8 Sp and 

fit the relationship

to.5RX °C E™ (2.2)

where the mean value of m = -4.

The observations ofDjaic and Jonas[441 in Fig. 2.7 indicates that an abrupt change takes place 

from strain dependence to independence at a strain of approximately ~0.8 ep. This
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corresponds reasonably with the strain expected for ec and arises because pre-existing 

recrystallisation nuclei are always present in deformed austenite at strains greater than Ec­

static recrystallisation under these conditions has been referred to as ‘metadynamic’ to 

distinguish it from classical recrystallisation after lower strains. Restoration measurements1521 

indicate that the recrystallisation kinetics may have a complex form after strains between ec 

and the start of steady state, and direct metallographic observations of static recrystallisation 

after strains well into the steady state show that the Avrami exponent k drops to a value ~1. 

This means that to os = 0.074 • to. 5 and to.95 = 4.33 • t0.5, that is, static recrystallisation proceeds 

over about two orders of magnitude in time after strains which give partially dynamically 

recrystallised microstructures during deformation.

Increasing strain increases the number of grain boundary sites, as well as leading to 

intragranular sites, such as deformation bands at large strains, and subgrains at large initial 

grain sizes. The increase in driving force with increasing strain arises in spite of the increasing 

level of dynamic recovery, because the dislocation density in the subgrain boundaries increases 

and the size of the subgrains decreases, leading to an increase in the stored energy. The 
subgrain boundaries provide the largest contribution to the stored energy^1 and as their 

misorientation increases with strain, the driving force for recrystallisation also increases.

The times to to.sRx for a C-Mn, V and Nb steels are plotted against the reciprocal of absolute 
temperature in Fig. 2.8 taken from the data of Medina and Fabregue[54]. The C-Mn plot in this 

figure and the plots of the data of Sellars for C-Mn and low alloy steels (Fig 2.7), all fall on 

reasonably straight lines where the time to t0.5Rx increases with decreasing temperature. It is 

interesting to note that the plots for the V and Nb steels (Fig. 2.8) deviate from linearity at 
lower temperatures. Hodgson1551 for Nb steel and Medina et al1561 for V steel showed that the 

temperature at which this change occurs decreases with increasing strain and decreasing solute 

content. In the high temperature regime the recrystallisation kinetics are affected by a solute 

drag effect, while the deviation to much longer recrystallisation times below the critical 

temperature is considered to be due to strain-induced precipitation. Both these effects are 

discussed in a later section.
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2.5.2 Effect of initial grain size

The effect of initial grain size on t0.5Rx does not appear to have been studied 

systematically, especially for V microalloyed steels. Equation 2.0 shows that to.5Rx °c doq. A 

value of q = 2 has been observed for stainless steels[57]. The data of Kozasu et al on a 0.04 

wt% Nb steel is also consistent with this value.

Nucleation sites for new grains are predominantly triple junctions and grain boundaries1591 in 

non-pancaked austenite. On the basis that the total grain boundary area in fine grained 

austenite will be larger than in coarse grained austenite, then t0.5Rx will be expected to be 

smaller in the fine grained austenite for identical conditions. An example is the data of Medina 

et al For a 0.09 wt% V steel at e = 0.2, t0.5Rx was 6.2 seconds for a grain size of 125pm 

and 7seconds for 165pm. His data for the three V steels (0.043, 0.06 and 0.093 wt%) found 

that the quantitative influence of do on t0.5Rx was linear. The resulting equation for to.5Rx is:

to SRX (s) = AM s ' - 6 -° " - do - expf^-) (2.3)
V KI /

The constant Am varied with the concentration of V solute having values of 6.767 x IO10, 

5.355 x 10'10 and 5.081 x 1010 for V contents of 0.043, 0.060, and 0.093 wt% respectively. 

The three individual equations for each composition studied, only differed in the constant Am, 

which infers that the static recrystallisation kinetics was very similar in the three steels with a 

minimal influence of the solute content.

The effect of initial austenite grain size, strain and deformation temperature for the same time 

interval of (isothermal hold for 3 seconds) on the kinetics of recrystallisation is illustrated in 
Fig 2.9 from the data of Tanaka et al for a Nb steel. At any deformation temperature, the 

critical amount of deformation decreased as the initial austenite grain size decreased. The 

critical strain increased with decreasing deformation temperature.



-23-

2.5.3 Effect of solute drag

Part of the results of an extensive study on a series of V and Nb microalloyed steels by 

Amin and Picketing1621 are shown in Fig. 2.10 For the 0.14%V steel, the grain coarsening 

temperature was 1000 °C, and the calculated VN solvus, 1050 °C.

Reheating at 1300 °C, followed by 50% reduction at 1100 °C, isothermal holding at the rolling 

temperature for 1 second and then quenching, results in 97.5% recrystallisation of the C steel 

but only 42.5% for the 0.14 wt% V steel. At these temperatures, the V would be expected to 
be in solution as solute. The slower recrystallisation kinetics in the V steel are probably, it has 

been argued, seem most likely to be attributable to solute drag effect, being slightly less at 

higher rolling temperatures.

There are few observations on V microalloyed steels compared with Nb steels. Irvine et al[63] 

found very little effect of 0.15 wt% V additions on recrystallisation kinetics. Cordea and 

Hook[64] observed some retardation of recrystallisation in a 0.059 wt% V steel below 925°C, 

but the effect was less than with 0.011 wt% Nb. Korchynsky1651 reported that the retardation 

of recrystallisation was less in a V steel than in a Nb steel. It is thus clear, that V is less 

effective than Nb in retarding recrystallisation.

The effect of single additions of Mo (0.30 wt%), Nb (0.035 wt%) and V (0.115 wt%) to a 

base steel of 0.05 wt% C and 1.40 wt% Mn on the occurrence of static recrystallisation and 

recovery after high temperature deformation (interrupted hot compression tests) was reported 

by Andrade et al ^6l. The solute effects of Mo, Nb and V were distinguished from their effects 

as precipitates by the determination of the influence of these elements on the static softening 
rates after intervals of deformation as short as 0.05 seconds and, therefore, prior to strain 

induced precipitation. Even though the Nb content was almost a third of V, the greatest 

solute retardation of static recrystallisation and recovery was produced by Nb addition, 

followed by Mo and lastly by V.

They further attempted to quantify the retardation effect by calculating the 'Solute Retardation 

Parameter’ (SRP) proposed by Akben et al[67] :
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SRP = log! -^-j • (----- —----- 1 ■ 100% (2.4)
VtrefV V atomic % x)

where tx is the time required for the start of static recrystallisation in the steel containing the 

element x, and W is the equivalent time for the reference plain C steel. Since solute effects are 

frequently non-linear with concentration and saturate at different levels, the SRP calculated 
provide an approximate value, but allow solutes to be ranked in order of effectiveness. 
Typical calculated values1**1 are given in Table 1.2.

Experiments by Luton et al[69] on a decarburised and denitrided Nb steel also showed that Nb 
retarded recrystallisation by about one order of magnitude in time compared to an equivalent 

plain C steel. In a similar way, the work of White and Owen^^ on a V steel conducted above 

the solubility temperatures of VN and VC demonstrated the retarding effect of V in solution 

with respect to a plain C steel.

The exact mechanism which leads^nhibition of static recrystallisation by a solute has been the 

subject of considerable debate over the last decade. Jonas and Akben[71] noted that between 

900-1000°C, the start of recrystallisation in microalloyed austenite will occur in between 0.1­

0.5 seconds whereas the precipitation start times may vary between 10-100 seconds in the 

same temperature interval. Although they concluded that precipitation could not act rapidly 
enough to prevent recrystallisation and that solute-drag was the predominant mechanism, they 

however acknowledged that perhaps no experimental technique was sensitive enough to detect 

the real start of precipitation. Explanation of the inhibition phenomenon are of three types:

(i) Modification of the driving force for recrystallisation through effects which modify 

the extent of static recovery preceding recrystallisation. These recovery effects 

may be influenced by precipitation, solute segregation or changes in stacking fault 

energy1721.

(ii) Retardation of the migrating interfaces by solute atoms segregated to the interfaces, 

the so called solute drag models17^.
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(ii) Retardation of the migrating interfaces by fine precipitates of a size and/or in a 

concentration sufficient to pin the boundaries1741.

2.5.4 Strain induced precipitation

The kinetics of precipitation have been studied in both undeformed and deformed 

austenite by a number of workers. These studies have all shown that deformation greatly 

accelerates precipitation. A wide range of techniques has been used to follow the progress of 

precipitation. These include chemical and electro-chemical extraction175,761, extraction 

replication1771, transmission electron microscopy1781, microhardness1791 and electrical resistivity 

measurements1801.

A critical assessment of strain induced precipitation kinetics led Dutta and Sellars to propose 

the following equation for 5% precipitation in Nb steel:

'o.o,P=A^.[Nbr'-8-'.Z-^ (2.5)
K1 T3(lnks)

where t0.05P is the time (s) for 5% strain induced precipitation, e is the strain, Q&g is the 
apparent activation energy for diffusion , [Nb] is the concentration in wt% taken into solution 

during reheating, R is the gas constant, Z is the Zener-Holloman parameter and T is the 

absolute temperature of holding after deformation, e is defined as:

e = - ln(l - r) (2.6)

where r is the rolling reduction.

Dutta and Sellars arrived at best values of the constants, ApPT= 3 x 10* 6, and Bppt= 2.5 x 1010 

after reviewing a considerable amount of data.

The supersaturation ratio. ks. is the ratio of the product of concentrations of the precipitant 

species that were in solution due to solution treatment at a higher temperature, over the 
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equilibrium solubility product at the temperature of holding after the deformation. For Nb 

steels, this ratio is defined as :

_ [Nb][C+'2%U

This supersaturation ratio determines the ‘driving force’, that is, the free enthalpy change for 

precipitation to occur. The critical supersaturation level for nucleation in the case of 

undeformed austenite is expected to be high. However, the introduction of strain provides 

sites for nucleation and then precipitation is observed at lower supersaturations. Cohen and 

Hansen* 81 ] observed precipitation in a single pass rolling experiment with the ratio between 5 
and 7.5 and Chilton and Roberts1821 observed precipitation when ks = 7.7 in their six pass 

rolling schedule.

The flux of solute to the nucleation sites is controlled by diffusion of Nb, which leads to the 

term [Nb]"1 • exp Qdifl/RT. In deformed austenite, the density of preferential nucleation sites is 

expected to be sensitive to the dislocation density and dislocation arrangement, and therefore 

to the conditions of prior deformation. In practice, nucleation of carbonitrides in austenite 

takes place heterogeneously on preferential sites such as grain boundaries and dislocations, or 
more probably dislocation nodes formed by interaction of individual dislocations inside grains 

or in subgrain boundaries in the case of deformed austenite.

Dutta and Sellars compared the results of Le Bon et at^ and Watanabe et af* 1 for 5% 

precipitation of Nb(C,N) in undeformed austenite with curves calculated from equation (2.3) 

using the mean value of Bp = 2.5 x 1010 K3 found for strain induced precipitation. The shape 

of the curves were in reasonable agreement with both sets of observed results, suggesting that 

the nature of the precipitation sites is the same as in deformed austenite. However, the longer 

times for precipitation in undeformed austenite indicate that the density of such sites is much 

lower than in deformed austenite.

In equation (2.3) therefore, the dependence of nucleation kinetics on strain and on Zener- 

Hollomon parameter were considered to arise solely from their effects on the density of 



-27-

nucleation sites, and the specific dependencies were derived empirically from limited 
experimental observations.

2.6 Recrystallisation-stop temperature (RST)

The principle by which the precipitation of microalloying elements causes recrystallisation to 

be inhibited^] is illustrated in Fig. 2.11. The start of recrystallisation in the absence of 

precipitation is represented by the line ABC, recrystallisation taking longer as the temperature 

decreases. The start of precipitation of microalloy carbonitrides in undeformed matrix is 

represented by the C-curve DEF. It is well known that most precipitation processes are 

nucleated heterogeneously, and are accelerated by deformation. This effect of deformation is 

represented by the C-curve GHJ. If the start of recrystallisation intersects the start of strain 

induced precipitation at the temperature Tc, the possibility exists that the recrystallisation 

maybe inhibited, the horizontal line, BC. Thus above the point of intersection, B, 

precipitation occurs in recrystallised austenite, curve DE, and below B precipitation occurs in 

strained austenite, curve BHJ. Tc is the recrystallisation stop-temperature (RST).

Dutta and Sellars’ model proposed that if strain induced precipitation went to 5% completion 

before recrystallisation went to 5% completion, then recrystallisation would be inhibited, that 

is, the RST occurs when to.osRx and toosp become equal. The appropriateness of this criterion 

has been considered in some detail by Dutta, Valdes and Sellars1841. Comparison of their 
equations for to.osRx and to.osp (equations 2.1 and 2.5) shows that solute content retards 

recrystallisation, but accelerates strain induced precipitation so that retardation of 

recrystallisation by strain induced precipitation occurs at higher temperatures with increase in 

microalloy content, Fig 2.12.
In deformed austenite an effect of the initial austenite grain size is expected on the 

recrystallisation time as indicated in equation (2.1) but not on strain induced precipitation 

(equation (2.5) ). This is shown schematically in Fig 2.13. The equations also indicate that 
the RST decreases with increasing strain, as illustrated schematically in Fig 2.14.

The RST is controlled by the amount and type of microalloying elements dissolved during 

reheating. Cuddy’s1851 work on microalloyed steels containing ranges of Nb, V. Ti or Al were 

reheated to different temperatures to vary the initial solute content, and then deformed in 
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multipass simulation of plate rolling to investigate the RST. He defined the RST as the 

temperature at which, after a particular rolling sequence, recrystallisation was incomplete in 

~15 s. His results confirmed that the RST increases with increase in initial solute levels, but at 

markedly different rates. The increase in the RST per gram atom of solute increased in the 

order V,Al,Ti and Nb, Table 1.3. The measure of the strength, a, of the solute’s effect on the 

RST based on the experimental results shown in Fig 2.15 was quantified. Niobium as solute 

was 6.75 times more effective than V. Clearly the effectiveness of Nb, Ti, and V differ widely, 

partly due to differences in precipitation kinetics of Nb(C,N), TiC and VN and partly due to 

differences in the effects of the microalloy elements in solution on the recrystallisation kinetics.

2.7 Hot Direct Rolling
In conventional steel processing, continuously cast slabs are allowed to cool to room 

temperature before being reheated for soaking and hot rolling. The reheating has been 
estimated at an energy cost of 1.2 MJ/tonne, to soak at 1200 - 1250 °C for several hours. 

Potentially, the economics of the processing could be enhanced by avoiding this loss of heat 

energy. Several studies 186-901 have been made of the possibilities of rolling the concast slab 

without allowing the temperature to fall below that required at the mill. This has been 

achieved by rolling the casting directly as its temperature falls to an appropriate rolling 

temperature, or by charging it into a high temperature soaking furnace when its temperature 

has dropped to some lower level. These variants are depicted schematically in Fig 2.16, and 

have been termed Hot Direct Rolling (HDR) and Hot Charge Rolling (HCR). One variant of 

HCR is gamma-HCR, in which the minimum temperature reached before recharging is in the 

austenite phase field. A second variant is a-HCR, in which the minimum temperature is low 

enough to allow transformation to ferrite before recharging. Both these variants are 

schematically illustrated in Fig 2.17.

The term CCR, ‘conventional’ controlled rolling was used by Priestner et al 1911 ,which 

referred specifically to controlled rolling of continuously cast slab that had been conventionally 

cooled to ambient temperature after casting, and then reheated to a soaking temperature 

before rolling. This is different from that of Jonas and Sellars, who use the term CCR to 

describe the controlled rolling processes in which microalloying is used to inhibit 

recrystallisation of austenite at temperatures below the RST in Nb-microalloyed steel. Unlike 
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reheated austenite in controlled rolling, the as-cast austenite at the start of HDR differs in 

several ways. As-cast austenite has a very coarse grain size, is dendritic, and its alloy content 

is segregated interdendritically both on a micro and macro scale. Reheated austenite on the 

other hand, will be strongly conditioned by the gamma-alpha and alpha-gamma 

transformations during cooling and reheating. The austenite grain size is therefore refined and 

results in a degree of chemical homogenisation. This also leads to microalloy carbonitrides to 

precipitate in both austenite and ferrite during cooling, and to redissolve according to their 

respective equilibrium solubilities at the reheating temperature. In as-cast austenite, the 

concentration of the microalloy elements in solution may well depend on the kinetics of 

precipitation rather than on equilibrium solubilities. Given these factors, it is expected that 

both the precipitation and recrystallisation kinetics would be dissimilar to that of reheated 
austenite, and therefore it would be of interest to investigate the applicability of a conventional 

RST model to HDR.
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TABLE 1.0

Value of constant A and B in equation (1.6) used by different authors.

COMPOUND Constant A in 
equation (1.1)

Constant B in 
equation (1.1)

REFERENCE

VC 9500 6.72 K.Narita* 291

VN 8700 3.63 K.Narita 1291

VN 8330 3.46 Irvine et aP0]

VN 7070 2.27 R.W.Fountain[31]

TABLE 1.1
Results of calculations based on thermodynamic model for VCN in austenite, after 

[39]
Speer et al .

ANNEALING 
TEMP °C 
(STEEL)

EQUILIBRIUM 
PRECIPITATE 
COMPOSITION

EQUILIBRIUM 
PRECIPITATE 
MOLE FRACTION

EQUILIBRIUM MATRIX
COMPOSITION (wt%)

VCN
800 (A) VC0.66 N0.34 0.0011 0.092 0.0003 0.050

900 (A) VC0.26 N0.74 0.00034 0.099 0.002 0.085

900 (B) VC0.21 N0.79 0.00075 0.098 0.003 0.066

900 (C) VC0.39 N0.61 0.0012 0.095 0.001 0.146

900 (D) VCo.oi N0-99 0.0021 0.100 0.074 0.003

900 (E) VC0.06 N0.94 0.00023 0.020 0.002 0.089

STEEL wt%C wt%N wt%V
(A) 0.10 0.005 0.10
(B) 0.10 0.01 0.10
(C) 0.10 0.01 0.20
(D) 0.10 0.10 0.10

_________________ (E)_____________002_________ 0.005_______ 0J0___________
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TABLE 1,2
Solute retardation parameter (SRP) at a strain rate of 2s'1 after Ackben and Jonas1681.

ELEMENT SRP - atomic % SRP - wt %

Static Dynamic Static Dynamic

Mo

Mo steel 33 25 20 42

Mo-Nb steel - 15 - 10

Mo-V steel - - - -

Mo-Nb-V steel 26 20 16 13

Nb

Nb steel - 135 - 92

Mn-Nb steel 401 - 272 -

Mo-Nb steel 390 79 265 54

Mo-Nb-V steel - 107 - 73

V
V steel 12 8.4 13 92

Mo-V steel - 3.3 - 3.6

Nb-V steel 11 - 12 -

Mo-Nb-V steel - 5.1 - 5.6

Ti
Ti-1 6Mn steel - 35 - 42

TABLE 1.3

Measure of the strength of solute’s effect, a, on the RST, after Cuddy

SOLUTE Nb Ti Al V

a

°C/(atom %)"'

1350 410 200 200
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CHAPTER 3

EXPERIMENTAL PROCEDURES

3.1 Materials for Controlled Rolling

The material for this investigation was received as hot rolled 25mm thick plates, each 

of the same base composition except for the vanadium content, and of the composition given 

in Table 3.1. The micro structure of both the plates in the ’as received’ condition consisted of 

banded fine grain ferrite and pearlite; that of 4V is shown in Fig. 3.1. For discussion purposes, 

the steels will be referred to as 2V and 4V for the steels containing 0.20 and 0.43 wt% V 

respectively.

3.2 Material for Hot Direct Rolling

Steel castings of 1 kg weight were made by vacuum/ argon induction melting. A flow 

diagram of the HDR process is shown in Fig. 3.2., and the nominal composition in Table 3.2. 

Two kinds of mould systems were designed to obtain two different casting structures. In one 

situation, the ceramic mould was preheated to 1050°C and was itself insulated with a ceramic 
fibre blanket, in order to simulate the cooling rate of thin slab casting. The macro structure of 

the ingots in this mould system consisted of an outer layer of between 1.5 - 2mm deep of 

columnar grains, the remainder consisted of equiaxed grains having a mean linear intercept 

grain size of 1150pm. In the other mould system, a cast iron chill block was placed at the 

bottom of the ceramic mould to obtain a longer length (about 12mm) of columnar layer from 

the chill, the remainder consisting of a 1.5-3mm deep outer layer of columnar grains and 

equiaxed grains in the centre of the ingot. In the present experiments, observations were 

confined to the equiaxed grain region.

The ingots were in the shape of plates measuring approximately 100x75x15mm, and bevelled 

along the bottom edge for entry into the rolling mill. A thermocouple in a quartz tube was 

located in the lower third of the ingot. This part of the ingot cooled at approx. 1.9 Ks1 from 

1400-1200°C. For discussion purposes, this steel for hot direct rolling will be referred to as 

2V - HDR.
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3.3 Grain coarsening studies for Controlled Rolling

Small sections, measuring approximately half inch cube, were extracted from both the 
steel plates. Two sections, one of each composition, were held tightly together by a thin metal 

wire with the junction of a chromel-alumel thermocouple situated between the two. These 

were then placed in a muffle furnace, with the leads of the thermocouple connected to a digital 

temperature readout instrument. The sections were held for 30 minutes at the required 

temperature. The temperatures selected were in increments of 50°C, from 850 to a maximum 

of 1250 °C. Immediately after this time, the assembly was withdrawn from the furnace and 

rapidly agitated in iced brine.

The metallographic procedure described here also applied to slabs and ingots following rolling. 
Each section was then individually prepared by standard metallographic techniques. To reveal 

the prior austenite grains of the quenched out microstructures, an etchant consisting of 

saturated picric acid with 10% Teepol and six drops of HCL acid at between 50-70 °C was 

used. Frequently, to facilitate etching, a repeat polish-etch technique was necessary.

Grain sizes were measured by the linear intercept technique192,931 with sufficient counts made to 

ensure a relative error of < 5% of the measured values. Where necessary, the grain size 
expressed in microns was converted to ASTM grain size number using the relationship1941 :

ASTMNoG = 10 - 6.6439 Log10f—) (3.0) 

where I is the mean intercept distance in pm.

The mean linear intercept, Ll (longitudinal) and LT (transverse) were calculated as:

(3.1)

(3.2) 
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where LLt is the total length of traverse in the longitudinal direction and Ltt is the total length 

of traverse in the transverse direction. NGb is the number of grain boundaries intersecting the 

line of traverse.

The aspect ratio of austenite grain was taken as the ratio of:

Lyl / Lyt (3.3)

The theoretical austenite aspect ratios (ARcaic) were calculated from the following equation:

= (ry

where H-h 
H and r < 1. H and h are the slab thicknesses before and after ther =

reduction.

The variation of the theoretical aspect ratios with reduction is shown in Fig. 3.3.

3.4 Slab preparation for rolling

The requisite number of specimens were machined from each of the 25mm thick plates 

to allow for various reductions during the rolling experiments. In all instances, the 

longitudinal axis of the slabs was parallel to the original rolling direction of the plates. The 

thickness of specimens after machining were so planned, that after rolling reduction, the final 

exit thickness of each slab would be the same, 5mm. This ensured consistency in post rolling 

treatments of the slabs. The initial specimen thickness for the aim rolling reductions are given 

in Table 3.3.

The leading edge of each of the finish machined slab was tapered to facilitate entry into the roll 

gap. To accurately monitor the temperature, a 2.5mm transverse hole was drilled on the centre 

line extending half the width of the slab. After insertion of the thermocouple junction into the 
prepared hole in the slab, it was then packed tightly with alumina wool. The leads of the 

thermocouple were then connected to a digital temperature readout and a chart recorder. To
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facilitate handling, a rod was mounted on each slab. The general arrangement is schematically 

shown in Fig. 3.4, which also applied to the HDR experiments.

3.5 Rolling mill

All the rolling experiments were carried out in the Marshall Richard Barcro, two high 

reversible experimental rolling mill The rolls were 209.5mm in diameter and the maximum 

roll separating force was 35 tons on each roll bearing. The rolling speed was servo controlled 

at up to 0.5 m/sec. The rolling speed used was 0.31 m/s. Hot air from electric fan heaters was 

directed at each roll to preheat them in order to reduce roll chilling of the slabs and prevent 

damage to the rolls.

3.6 Rolling procedure for CR and HDR

The procedure described here (single pass rolling), applied to all the experiments 

carried out in this investigation. A slab containing the thermocouple and mounted on the 

handling rod, was inserted into a muffle furnace set at the required reheat temperature. This 

was held for 30 minutes, from the moment the aim reheat temperature was attained. A second 

‘holding’ furnace for isothermal holding the rolled slab was positioned on the exit side of the 

rolls. It was not possible to accurately predict the temperature of the slab on exit from the 
rolls, however, from previous experiments a drop of approximately 30°C occurred during a 

roll pass. This was allowed for in the experiments, and the recorded isothermal hold 

temperatures during a roll pass is the temperature of the slab while in the furnace, estimated 

from the chart recorder printout. The ‘holding’ furnace was therefore set at a temperature 

30°C below the aim rolling temperature.

The roll gap was adjusted to 5mm in excess of the thickness of the slab such that the reheated 

slab could be inserted straight into the ‘holding’ furnace (through the roll gap) situated on the 

entry side of the rolls. The roll-gap was then set to obtain the aim reduction and the rolls were 
set in motion. The slab was withdrawn from the ‘holding’ furnace at a temperature 

approximately 10°C above the aim rolling temperature, and then drawn into the rolls at the 

correct aim rolling temperature. On exit, the rolled slab was immediately inserted into the 

same ‘holding’ furnace which was moved to the side of the mill, for a specified time, and, 

finally quenched by rapid agitation in iced brine. Final slab thickness was measured and the 
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true reduction determined. A typical rolling schedule, for CCR is schematically illustrated in 
Fig. 3.5.

To simulate HDR, ingots were allowed to cool in the mould to a few degrees above the aim 

rolling temperature. The slab was stripped from the mould, inserted into the roll gap, and 

rolled directly into another furnace which was preset at the aim isothermal holding 
temperature.

The nominal strain rate was different for each slab, which and was taken into account in 

estimating the strain rate. Tamura et alt95] gave the following relationship for evaluating the 
equivalent mean strain rate throughout a reduction:

- 2 K M Rq 1,1e = —7= x — x NJ---- x —7= x In —
3 30 H Vr 1 - r

(3.5)

N and R are the rotating speed in revolutions per minute and the radii of the rolls respectively.

Typical strain rates for the reductions applied in this investigation are given in Table 3.4.

3.7 Determination of recrystallisation

A longitudinal section from the mid-width of the rolled and quenched slab was 

extracted, mounted and prepared (as described earlier) for microscopical examination, Fig. 

3.6. The presence, absence or extent of recrystallisation was evaluated by examination of the 

microstructures. The occurrence of recrystallisation was ascertained by measuring the 

austenite grain size, the grain aspect ratio and by scrutiny of the etched, quenched out 
microstructures for evidence of new grains. The extent of recrystallisation, where appropriate, 

was determined by standard point counting technique1961.
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TABLE 31

Nominal composition of the materials for CCR.

ELEMENT wt % C Si Mn P S Al N V
2VSTEEL 0.14 0.31 1.41 0.011 0.009 0.026 0.0053 0.20

4VSTEEL 0.15 0.32 1.40 0.014 0.009 0.040 0.0066 0.43

TABLE 3.2

Nominal composition of the material for HDR

ELEMENT wt % C Si Mn P s Al N V

2V-HDR 0.12­

0.141

0.30­

0.35

1.32­

1.41

0.005­

0.008

0.0035­

0.006

0.01­

0.03

0.005 0.20­

0.22

TABLE 3.3

Machined slab dimensions (CCR) for the appropriate level of reductions

REDUCTION

%

INITIAL THICKNESS 

mm

20 6.25

30 7.14

40 8.33
50 10.00
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TABLE 3.4

Calculated strain rates for roll speed of 0.31m/s.

REDUCTION STRAIN RATE S 1

% CCR HDR
20 6.86 4.43
30 8.38 5.78
40 9.62 7.17
50 10.66 8.70
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Fig. 3.1 Microstructure of the 0.43% vanadium steel (4V)
in the 'as received' condition.
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-59-

2

0
30 4010 20

% REDUCTION

Fig. 3.3 Dependence of theoretical austenite aspect ratios on applied

H 
i É i

50

reduction.



-60-

Slab

Stainless steel handling rod

Insulated thermocouple

Thermocouple ends connected to digital temperature recorder

Fig. 3.4 Schematic illustration of a typical slab prepared for rolling.
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Rolled slab sectioned mid-width in
the longitudinal plane

Section extracted for microscopical__  
examination in the longitudinal plane.

Fig. 3.6 Schematic illustration showing the location of section extracted for 

microscopical examination for both CCR and HDR.
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CHAPTER 4

RESULTS

4.1 Reheated austenite grain size

The purpose of this experiment was to establish:

(a) the reheated austenite grain size for input in the Dutta and Sellars model, and; 

(b) the grain coarsening characteristics of the two steels.

The results of the grain coarsening experiments are given in Table 4.1 and the measured aspect 

ratios of the reheated and quenched structures shown in Fig. 4.1. The aspect ratios were all 

reasonably close to a value of 1.0, indicating an almost equiaxed grain structure.

The dependence of austenite grain size on reheating temperature of the two steels for half hour 

anneals is shown in Fig. 4.2. The ASTM grain size of the austenite of the 2V steel was 

approximately linearly dependant upon the temperature, coarsening immediately on reheating, 

a feature commonly observed in mild and C-Mn steels. On the other hand, the rate of increase 

of the austenite grain size with temperature of the 4V steel changed discontinuously at a 

temperature of 990°C (grain coarsening temperature), and thereafter increased with 

temperature in a manner similar to the 2V austenite. The grain growth features displayed by 

the austenite of 4V were similar to those observed for C-Mn-Nb steel investigated by Priestner

4.2 Model inputs

Using Dutta and Sellars’ constants and concept, minor modifications were made by 

substituting the equilibrium solubility product of VN for Nb(C,N) and the particular 

methodology of the present experiments. In the VCN system, the precipitate nucleus is 

assumed to be predominantly VN due to the high solubility of VC in austenite. The 

equilibrium solubility product was defined by Speer et als relationship,

Log[V][N] = 3.02 - (4.0)
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Using equation (4.0), the solution temperatures were calculated for the two compositions. 

These were 1050 °C and 1140 °C for 0.2 and 0.43 wt% V respectively, Fig. 4.3. From Fig. 
4.2, the grain coarsening temperature, Tgc, of the two compositions are approximately 900°C 
and 990°C for 2V and 4V respectively. The Tgc can be considered to be where an equilibrium 

exists between the driving force for grain coarsening and the pinning force opposing boundary 

motion. It has been shown by Erasmus[98] that the grain coarsening temperature is always less 

than the VN solvus temperature, due to the temperature dependent growth of VN. The grain 

coarsening temperatures of 2V and 4V are both 150°C below their respective calculated VN 

solvus, Fig. 4.4, confirming the observations of Erasmus.

To aid microscopical examination of recrystallised grains following deformation, a sufficiently 

large initial reheated austenite grain size was chosen. As the RST is a function of a number of 

metallurgical and processing variables and is expected to be different for 2V and 4V, it was 

advantageous to make comparisons at constant grain size. The reheated grain size selected 

was therefore the same, 92 pm for 2V and 4V. The reheat temperatures for this grain size, 

determined from Fig. 4.2 were 1200 and 1228 °C for 2V and 4V respectively. These reheat 

temperatures are 150 and 88 °C above the estimated solution temperatures, Fig. 4.5. Typical 

reheated austenite grain structure of 4V is shown in Fig. 4.6.

For HDR, the average austenite grain size was 1150 pm established from a sample quenched 

from 1000 °C and from those slabs which were rolled but exhibited nil recrystallisation. The 

grain size of elongated austenite grains was taken to be equal to:

Fig. 4.7 shows the reheated austenite grain structures of 2V and 2V-HDR and clearly 

illustrates the large difference in the austenite grain size. It was not possible to vary the grain 

size of the HDR material such that the RST for the two conditions could be compared at 

constant grain size.

The reheated grain sizes established for the three compositions were to be input into the 

model.
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4.3 Modelling the RST

Data in the literature indicated that the solute drag effect exerted by V solute is smaller 
than that due to Nb, resulting in relatively faster recrystallisation kinetics of V austenite for 

comparable testing conditions. Jonas et al reported the effect of Mo, Nb, and V on the 

occurrence of static recovery and recrystallisation after high temperature deformations. The 

steels had a base composition of 0.05% C and 1.40% Mn. To this, single additions of 0.30% 
Mo, 0.035% Nb and 0.115% V were made. Interrupted hot compression tests were 

performed at 900 and 1000 °C and at a constant strain rate of 2 st The greatest solute 

retardation of static recovery and recrystallisation was produced by the Nb addition, followed 

by that of Mo, V leading to the smallest delay. Fractional softening associated with static 

recovery was approximately 12%. From their data at 1000 °C, for fractional softening of 20% 

(assumed to be approximately the start of recrystallisation), the Nb steel took ~ 3.5 seconds 

and the V steel ~ 1.05 seconds. At this temperature, all the solute was expected to be in 

solution. Even though the V content was almost three times that of Nb, the time to the onset 
of recrystallisation of the V steel is approximately a third of the Nb steel. As an 

approximation, it is assumed that by reducing the Nb content by a third, the solute drag is 

reduced and the time to the start of recrystallisation is therefore reduced to almost that of V 

steel in this example.

In order to model the RST’s so that variables in an experimental campaign could be estimated, 

Dutta and Sellar’s equation (2.1) for t0.05Rx was modified*  to include a factor of 0.3 to allow 

for a reduced solute drag effect of V compared to that of Nb. The equation for to o5rx to take 

this effect into account is now as follows:

* This was an initial approximation (F=0.3) prior to the start of the experimental campaign. This was later 
modified to F=(). 1 (Chapter 5, p98) when data for the same wt% of Nb and V was compared.

‘oosrx d/ exp^ explï^ - 18s) • [V]■ Ojl 
1X.1 1 / J

(4.2)

Equation (2.5) for to.osp, by substituting V instead of Nb, now becomes:

(o.0SP = [V]-' s-' exp^L.exp—(4.3)
K1 T3(lnKs)^
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A programme was written to determine the intersection of the 5% precipitation and 

recrystallisation plots calculated from equations (4.2) and (4.3). A typical graphical 

representation of these two calculations is shown in Fig. 4.8 for the conditions stated.

In this figure, rolling at 1000°C after solution treatment at 1200°C, and then isothermally 

holding at 860°C following deformation, the model predicts that 5% precipitation occurs in 4.2 

seconds and 5% recrystallisation in 76.4 seconds. Precipitation, therefore, will have occurred 

in unrecrystallised austenite. On the other hand, 5% precipitation and recrystallisation occurs 
in 139.3 and 3.6 seconds respectively when isothermally held at 940°C following deformation. 

Precipitation, here, would not have occurred as recrystallisation would have preceded strain 
induced (SIP) precipitation. When held at ~910°C, the possibility exists that recrystallisation 

will have been inhibited, that is when 5% precipitation and recrystallisation occurred 

simultaneously.

4.3.1 Determining the model RST

To determine the RST predicted by the model, a range of rolling and holding 

temperatures for reductions of 0.1, 0.2, 0.3, 0.4 and 0.5 were input into the model. The strain 

rates were calculated for a roll speed of 0.31 m/sec. Rolling temperatures that were initially 

input into the model were in increments of 25°C from 850 to 950°C for each reduction. The 

isothermal holding temperatures were estimated at 30°C below the appropriate rolling 

temperatures. For each condition, if the time to 5% recrystallisation was less than the time to 

5% precipitation, then recrystallisation would precede precipitation and the slab would be 

expected to be either fully or partially recrystallised. If on the other hand, precipitation 

preceded recrystallisation, then the slabs would be expected to exhibit a ‘pancaked’ 

micro structure indicative of strained, unrecrystallised austenite. A typical graph that was 
generated is shown in Fig. 4.9. Here it can be estimated that the RST for 0.2 reduction is 

between 900 - 925°C and between 875 - 900°C for 0.4 reduction. Once this was determined 

for all the aim reductions, the analysis was repeated with increments of either 1 or 5°C of the 

rolling temperature within this range, such that it was possible to evaluate the temperature at 

which the time to 5 % recrystallisation and precipitation were almost equal. The model RST 

was then determined by separating the fully/partially and non-recrystallised regions. The graph 

in Fig. 4.10 shows the model RST of the three steels.
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4.3.2 Determining the post deformation hold times

To investigate the experimental RST, the rolling temperature, isothermal hold 

temperatures and the reductions were selected on either side of the predicted RST, Fig. 4.11. 

Those to the right of the RST would be expected to be fully or partially recrystallised and 

those to the left, unrecrystallised.

In order to generate sufficient static recrystallisation (to aid microscopical examination) where 

applicable during the isothermal hold following deformation, the slabs were held for the 

calculated times for 50% recrystallisation (to.5Rx), which were calculated using the Avrami 

equation (1.8) for static recrystallisation, when X was equated to 0.5, îo.osrx was determined 

from the model and the value of the exponent, k, was assumed to be 2.

In summary therefore, the model RST was used as an approximate guide to select rolling 

reductions and temperatures for a reheated austenite grain size of 92pm for steels 2V and 4V 

and , 1150pm for 2V-HDR. The time to 5% recrystallisation for the selected reductions was 

derived from the model. Using the Avrami equation with an exponent k — 2, the estimated 

time to 50% recrystallisation was then calculated. Having established these parameters, the 

experimental campaign was begun, and the results are described in the following sections.

5.0 Steel 2V - Recrystallisation results
The rolling reductions, isothermal hold times, temperatures, and the results of 

microscopical examination are tabulated in Table 4.2.

Fig. 4.12 shows the results of single pass recrystallisation experiments on reheated austenite of 

steel 2V. The results show the presence of three distinct regions in this figure:

(i) combinations of rolling reductions and temperature which failed to cause any 

recrystallisation, represented by the open squares. In these specimens, the measured 
austenite grain aspect ratio was very close to that calculated from the applied rolling 

reduction. Fig. 4.13;
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(ii) combinations which resulted in partial recrystallisation, represented by the half open

squares. The amount of recrystallisation is indicated by the values adjacent to these 

data points;

(iii) combinations, at high temperatures which caused complete recrystallisation, 

represented by the solid squares and in which the austenite grain aspect ratio was close 

to 1 and the grain size had been significantly reduced.

A typical example of a fully recrystallised refined austenite grain structure is shown in Fig. 

4.14 compared to the as-reheated grain structure prior to deformation.

The results here show that the model overestimates the experimental RST of steel 2V as 

shown Fig. 4.15.

5.1 Recrystallisation results - Steels 4V and 2V-HDR

As with steel 2V, the results of the single pass recrystallisation experiments on 

reheated austenite of 4V also exhibited three distinct regions as shown in Fig. 4.16, consisting 
of fully recrystallised, partial and nil recrystallisation zones. A typical partially recrystallised 

austenite grain structure is shown in Fig. 4.17. Figure 4.18 (a) illustrates an unrecrystallised 

grain structure whilst new grains initiating at triple points of the austenite grains are evident in 

Fig. 4.18 (b) from the specimen which exhibited 6.5 % recrystallisation. In specimens in which 

there was no or little evidence of any recrystallisation, the measured aspect ratios were 

reasonably close to the calculated ratios, Fig. 4.19.

Comparison of the model and experimental RST shows that as with steel 2V, the model 

overestimates the experimental RST, Fig 4.20. The difference between the model and 

experimental RST increased with increasing rolling reduction.

The recrystallisation results for the 2V-HDR are summarised in Fig. 4.21. As with the other 

two steels, the model again overestimates the RST as shown in Fig. 4.22.
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6.0 Summary of the results

The experimentally determined RST’s of the three steels are summarised in Fig. 4.23. 
The RST decreases with reduction, as predicted by the model, and in the order 4V, 2V-HDR 

and 2V for the three steels. The differences in the RST arise from the differences in solute 

levels and the process route, which in turn influence both the recrystallisation and precipitation 
kinetics.

The Dutta and Sellar’s model was initially modified to take into account the equilibrium 

solubility product of VN instead of Nb(C,N). In addition, the faster recrystallisation kinetics 

in the V steel, due to a reduced solute drag effect compared to Nb, was also taken into 
account in equation (4.2) for to.o5Rx- This was in the form of a factor, whose value as a first 

approximation was taken to be equal to 0.3.

The single pass recrystallisation results of the three steel compositions has shown the presence 

of three distinct regions comprising a fully recrystallised, partially recrystallised and non 

recrystallised zones. Even with the initial modifications to the model described above, the 
model overestimates the experimentally determined RST’s, summarised in Fig. 4.24.

In the two steels of similar composition but different processing route, the RST is marginally 

higher for HDR than for CCR. Although the model proposes a quadratic dependence of to osRx 

on do, and given the large range in grain size (92 and 1150 pm), the differences between the 

experimental RST’s for the two processes is much smaller than would be expected on the 

basis of the original model. For the CCR processed steels, both the experimental and model 
RST is relatively higher, as predicted by the model, for the higher solute (0.43 wt% V) 

containing steel.

Clearly, analysis and manipulation of experimental data as is possible, and modifications to the 

original model are necessary to provide reasonable agreement between the experimental and 

predicted RST’s.
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Table 4.1

Results of grain coarsening, 0.5hr anneal at temperature.

SLAB REHEAT 
TEMPERATURE

C

STEEL 2 V STEEL 4V

GRAIN SIZE pm 
(ASTM)

ASPECT 
RATIO

GRAIN SIZE pm 
(ASTM)

ASPECT 
RATIO

900 13.3 (9.18) 0.93 10.50 (9.86) 1.08

950 15.5 (8.74) 1.05 11.30 (9.65) 0.97

1000 25.0 (7.36) 0.89 12.75 (9.30) 1.08

1050 28.9 (6.93) 1.05 22.17 (7.69) 1.06

1100 43.4 (5.76) 0.89 33.5 (6.51) 1.09

1150 71.25 (4.33) 1.09 51.0 (5.30) 1.08

1200 92.0 (3.60) 1.06 67.0 (4.51) 1.08

1250 145 (2.28) 0.98 105 (3.22) 0.99
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TABLE 4.2

STEEL: 2V-CCR. Results of the CCR experiments.

Roll speed: 0.31 m/sec; Reheat temperature; 1200 C (0.5 hr); Reheated grain size;
92 pm.

REDUCTION ROLL TEMP 
(Hold Temp) 

C

RECRYSTALLISATION 
%

GRAIN SIZE 
pm 

(Aspect ratio)

HOLD 
TIME 

seconds
0.21 1000 (970) 100 38.75 (1.10) 60

0.22 980 (945) 100 42.4(1.01) 125

0.29 1000(910) 100 32 5(1.09) 10

0.27 950(910) 100 34.5 (0.97) 60

0.41 1000 (970) 100 24.8 (0.98) 10

0.47 1005(950) 100 20(1.0) 1

0.48 950 (930) 100 19(1.05) 4

0.46 930 (905) 100 28(1.03) 14

0.50 900 (885) 100 20.25 (1.07) 13

0.48 930 (900) 100 19.25 (1.13) 5

0.49 880 (850) 12.00 - 30

0.47 890 (860) 16.25 - 20

0.36 900 (870) 17.08 - 66

0.29 910(880) 32.5 - 280

0.18 930 (900) 41.67 - 360

0.27 910(870) 0 (1 71) 78

0.16 880(860) 0 (1 35) 348

0.17 900(870) 0 (1.43) 516
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TABLE 4.3

STEEL: 4V-CCR. Results of the CCR experiments.

Roll speed: 0.31 m/sec; Reheat temperature: 1228 °C (0.5 hr); Reheated grain size, 

92pm.

REDUCTION ROLL TEMP 
(Hold Temp) 

°C

RECRYSTALLISATION 
%

GRAIN SIZE 
pm 

(Aspect ratio)

HOLD 
TIME 

seconds
0.30 1040(1010) 100 31.75 (1.10) 9.5

0.31 990 (960) 6.46 - 90

0.38 970 (935) 8.25 - 56

0.38 985 (960) 14 - 21

0.50 960 (920) 26.5 - 27

0.17 1030(1000) 35.25 - 95

0.49 970 (940) 42.75 - 16

0.29 980(950) 0 (1.96) 145

0.21 1000 (975) 0 (1 44) 360

0.20 980(950) 0 (1.51) 943

0.19 970(940) 0 (1.46) 1527
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TABLE 4 4

STEEL: 2V-HDR. Results of the HDR expriments.

Roll speed: 0.31 m/sec. Mean austenite grain size is 1150 pm.

CAST No 
(REDUCTION)

ROLL TEMP 
(Hold Temp) 

°C

RECRYSTALLISATION 
%

GRAIN SIZE 
pm

HOLD 
TIME 

seconds
VMC 81 (quenched from 

1000°C)

- 1170 -

VMC 82 (0.335) 927 (900) 8.5 - 100

VMC 83 (0.39) 906 (876) 15.9 - 120

VMC 84 (0.40) 880(860) 5.03 - 240

VMC 85 (0.27) 958(928) 25 8 - 480

VMC 86 (0.22) 960(930) 14.7 - 300

VMC 87 (0.21) 929 (900) 0 1190 120

VMC 88(0.31) 903 (873) 0 1160 180

VMC 89 (O 39) 880 (850) 0 1180 180



-74-

A
U

ST
EN

IT
E 

A
SP

EC
T 

R
A

TI
O

0.8

0.6

1.2

1.4

950

REHEAT TEMPERATURE °C
1050 1150

= i

1250

■ Steel 2 V 
□ Steel 4V

0.4 4­
850
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on reheating temperature. 0.5hr anneals.
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Fig. 4.6 Reheated austenite grain structure of 0.43% vanadium steel (4V).

(a) Reheated at 1150°C - average austenite grain size of 51pm

(b) Reheated at 1200°C - average austenite grain size of 67,4m

(c) Reheated at 1250°C - average austenite grain size of 105 pm



-80-

(a)

Ï ■i

(b)

I 0.4 mm I

Fig. 4.7 Reheated and as-cast austenite grain structures.

(a) 2V reheated to 1200 C for 0.5hr. Mean grain size is 92 pm.

(b) 2V-HDR quenched from 1000°C. Mean grain size is 1170 pm.
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Fig. 4.8 Calculated times to 5% precipitation and recrystallisation of 

2V for the stated conditions.
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Fig. 4.9 Method for determining the model RST, separating regions of 
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austenite regions relative to the RST.
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Reheated and fully recrystallised grain structure of the 0.20% 
vanadium steel (2V).

(a) Reheated to 1200°C for 0.5hr. Average austenite grain 
size of 92pm.

(b) Reheated to 1200C, rolled to 50% reduction at 900°C, 
held at 885°C for 13 seconds and quenched. Fully 
recrystallised average austenite grain size of 20.25pm.
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Fig. 4.17 Partially recrystallised (26.5%) microstructure of steel 4V; Reheated 
1230°C, 50% reduction at 960 C, isothermally held at 920°C for 
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lOO^m

Fig. 4.18 Typical microstructures following single pass rolling of the 0.43% 
vanadium steel (4V).

(a) Reheated 1228°C, rolled to 21% reduction at 1000°C, isothermally 
held at 975°C for 360 seconds and quenched.
Unrecrystallised grain structure.

(b) Reheated 1228°C, rolled to 31% reduction at 990"C, isothermally 
held at 960°C for 90 seconds and quenched. New grains initiating.
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Reheat temperature = 1228°C 
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CHAPTER 5

MODIFICATIONS TO THE MODEL

5.1 Effect of solute drag on tp.osRx

It is known that solute atoms of microalloying elements retard recovery and the onset 

of recrystallisation in deformed austenite. From experimental data in the literature the 

retarding effect of various solutes increases in the following ascending order:

Ni < Cr < Mn < V < Mo < Ti < Nb.

Yamamoto et al[991 investigated the role of V and Nb solute atoms in the retardation of static 
recovery and the onset of recrystallisation n deformed extra-low carbon (0.002 wt%) 

austenite. Most microalloyng elements were expected to reman dissolved n the steel, and the 

amount of stoichoimetric precipitates was expected to be low. It was therefore assumed that 

the retardation of recrystallisation was due to solute drag.

For an equal amount of solute V or Nb (0.10 wt%) deformed at 900 and 1000 °C ( do = 140 

pm, e = 0.693 ), they found that the recrystallisation of V austenite was much faster than the 

correspond^ Nb austenite, as shown n Fig. 5.0.

As has been explaned earlier that, to initiate this experimental campaign, a solute drag factor 

F was ncorporated n the equation for t0.05Rx as a first approximation based on the data of 

Jonas et al However, his data related to 0.05 wt% C steel contacting sngle additions of 

0.115 wt% V and 0.035 wt% Nb tested at 1000 °C and from solubility considerations, it was 

assumed that stran nduced precipitation did not occur at the test conditions. In contrast, the 

data of Ouchi is for the same wt % addition of V and Nb n ultra low carbon steels n which 

the amount of precipitates is expected to be very low. This data is therefore more appropriate 

n comparing the relative solute drag effect.



-99-

To assess these effects in terms of the Dutta and Sellars’ model, the factor F in the term “ F • 

[V] ” in equation (5.0) was varied to fit the equation to Ouchi’s data.

to.osRx e-"- exp^r exp- - 185^ • F • [V] • (5.0)

Such comparison as was possible is shown in Fig. 5.1. For the Nb steel, equation (5.0) when 

F = 1.0, fits Ouchi’s data reasonably well. For the V steel, it was necessary to reduce F from 

1.0 to 0.1 in order to obtain the same degree of agreement between equation (5.0) and Ouchi’s 

data. Also plotted in this figure is the original approximation, that is when F = 0.3. It is clear 

that this original approximation overestimates the solute drag effect of V, that is, the estimated 

time to the onset of recrystallisation is too long. Substituting for Qrx, Brx and F, the time to 

5% recrystallisation, equation (5.0) becomes:

♦ a j 2 -4 300,000
^rx^ArxA ’e exp——exp<

Z—— -1851 • [V]• 0.1 (5.1)

5.12 Effect of erain size on tp.osRx

Dutta and Sellars reviewed a large amount of literature data and found a quadratic 

dependence of to.osRx on the initial austenite grain size, do, as :

to.osRX °C do2 (5.2)

The grain sizes were in the range 25 - 250 pm. Medina reported the results of 

deformations on three steels microalloyed with 0.043, 0.060 and 0.093 wt% V. The initial 

austenite grain sizes when reheated at 1260 °C for 30 minutes were 172, 167 and 165 pm 

respectively for the three compositions. They found a linear dependency of to >Rx on d<, for this 

very small range of grain size. The grain size in the present experiments ranged from 92 pm to 

1150 pm. a much greater range than that considered by either Medina or Dutta and Sellars.
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A typical value of to.osnx for HDR, for an ingot rolled to 27.3% reduction at 958 °C and then 

isothermally held at 928 °C for 480 seconds, is plotted in Fig. 5.2 and compared with the 

prediction of Dutta and Sellars equation (5.1) fitted to data at grain sizes of 80 and 220 pm. 

Clearly the quadratic dependence of t0.05Rx on d*  is inappropriate to the large grain size 

applying in the present research.

The results of Priestner et al1101 ] on as-cast and reheated austenite of 0.1 %C, 0.04% Nb also 

shows that, as in this work, the experimental RST was higher for the HDR material than the 

CCR processed material. Fig. 5.3. The austenite grain sizes in their experiments were 83 and 

850 pm for CCR and HDR respectively. The problem with the model, for their experimental 

materials and conditions was that it predicted too large a dependency of RST on grain size. 

The model produced good agreement with their experimental results for both as-cast and 

reheated austenites by reducing the dependence of to.osRx on do from the power of 2 to the 
power of 1; that is a linear dependence. Also, the pre-exponential constant Arx (equation 

(5.1)) had to be changed at the same time from 6.75 x 10"20 to 1.23 x ÎO In fact, a linear 

dependence on grain size has also been used by other authors^l

From the above considerations and the results plotted in Fig. 5.2, the pre-exponential constant 
Arx is increased from 6.75 x 10"20 to 1.74 x 10"17 such that equation (5.1) can be rewritten for 

V steels as:

[V] 0.1 ■ (5.3)

5.13 Experimental fraction recrystallised

For all partially recrystallised specimens, the isothermal hold times at temperatures had 

been calculated for the predicted time to 50% recrystallisation by conversion of the 

unmodified model toosRx using the Avrami equation. Fig. 5.4 shows that for each condition, 

the expectation from the model was that the specimens would exhibit 50% recrystallisation 
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whereas the experimental fraction recrystallised was below this by an amount depending on 

the deformation parameters.

Some data on V steels exists in the literature [54,56,58,60,62,64,68,100,], very little of this has been 

directed specifically at a systematic study to evaluate the effect of variables on 

recrystallisation-precipitation kinetics and particularly on the effect on to.o5Rx or to.osp.

The present research, however, yielded value of fraction recrystallised after selected times and 

deformations at selected temperatures.

The times to 50% recrystallisation (t0.5Rx) from the experimental isothermal hold times and 

fraction recrystallised were deduced first and then To.osrx using the Avrami equation. The 

choice of the exponent k in the equation is important as it reflects the time interval between 

to.o5nx and t0,95Rx. This time interval decreases as k increases from a value of 1 to a value of 2. 

It was not possible from the experimental data to evaluate the value of the exponent k, which 

is obtained from plots of log (ln(l/l-x) versus log t (s) for a given set of deformation 

conditions. However, the experimental results have shown that at comparable composition, 

the RST for the HDR is higher than for the CCR material. Also the grain size is almost 12.5x 

that for the reheated austenite. The large grain size raises the temperature for the start of 
recrystallisation after constant deformation. As the tendency is for recrystallisation to be 

nucleated on grain boundaries, the initial grain size would therefore play a strong role in 

determining the number of sites per unit volume available for nucleation, that is, To.osrx would 

be higher for a large grain size than a small grained material at comparable deformation 
conditions. The time to the onset of recrystallisation is delayed to longer times with a large 

initial grain size. As there would be fewer nucleation sites per unit volume due to a relatively 

small total grain boundary area of a large grain size, the time interval to 95Rx - Io.osrx is also 

expected to be longer.

From these considerations, a value of 1 for CCR and 0.8 for HDR has been assumed for 

deducing to.O5Rx from the experimental data using equations (1.8) and (5.3).

These “experimental” values are tabulated in Table 5.1 and compared using the modified 

model. equation (5.3), in Fig. 5.5. Also plotted in this figure are actual experimental to.o5Rx 
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values obtained from the data of Ouchi and Medina It is seen that the model for the 

start of recrystallisation is a reasonable predictor of the data that was available.

5.14 Summary relating to tp osnx

The effect of V solute drag, relative to that of Nb, on recrystallisation kinetics has been 

established by fitting the equation to the data of Ouchi et al. This data related to ultra-low 

carbon steels containing the solutes and in which under the deformation conditions, it was 

assumed that the retardation of recrystallisation was due to solute drag. Having established the 

degree of solute drag, the original model was modified by incorporating a term “ F [V] ” into 

the equation where F has been found to have a value of 0.1.

The pre-exponential constant Arx and the exponent m, were varied to fit the experimental data 

for a typical HDR result to take into account the large range of grain size ( 92-1150 pm) in 

this investigation. A linear dependence of to o^Rx on do and a value of 1.74 • 10'17 of Arx were 

found to be more appropriate.

The model has then been modified by incorporating these parameters into the equation.

Finally, values of to.osRx were deduced from the experimental value of fraction recrystallised 
after selected times and deformation at selected temperatures assuming values of the exponent 

k in the Avrami equation of 1.0 and 0.8 for the CCR and HDR steel respectively.

When these “ experimental ” results including the data of Ouchi and Medina were compared to 

the modified model values, it was found that the model for the start of recrystallisation was a 

reasonable predictor of the data that was available.

Having established the equation for to.osRx, the next stage was to perform a similar analysis to 

modify as appropriate, the equation for to.osp.

5.2 Start of strain induced precipitation

Dutta and Sellars original equation (2.5) for to osp was based on an inversion of the 

standard equation11021 for steady state nucleation rate, J, of the form:
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, f N v f-AG
2 Deff • Xa • exp

<aa2; V kpT J 
(5.4)

where N*  is the density of nucleation sites per unit volume, AG*  is the critical free energy for 

nucleation, Xa is solute concentration, T is the temperature, kp is the Boltzmann’s constant and 

Dcff is the diffusion coefficient of the solute.

The diffusion coefficient and activation energy for diffusion of V in austenite are

DO(V) = 3.65 x IO-4 m2s'1 and

Qd(v) = 293 kJ mol'1

These values are used to calculate De# in equation (5.5) using the relationship:

D^=D,exp^ (5.5)

The larger Do for V than for Nb in austenite effectively decreases the value of the constant 

Appt in equation (5.3) by a factor D^) / D^), where D^) is 1.4 x IO"4 m2s \ and Qa^) is 

270 kJ mofl^^. The new value of APPT equals 1.15 x lot That is, the more rapid diffusion of 

V results in a relatively shorter time to the onset of precipitation.

For nucleation of carbonitride particles, AG*  in equation (5.4) is of the form11021: 

AG * = 16%?%
3(AGV)2

(5.6)

where fo is a modifying factor that arises for nucleation at dislocations or at grain boundaries 

because of the strain and surface energy, and which is less than unity for homogeneous 

nucleation, y is the interfacial energy and AGV is the free energy change per unit volume 
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arising from the chemical driving force. This chemical driving force is related to ks 
(supersaturation ratio) as:

AGV = - (RT/Vm) In ks

From these considerations, equation (5.4) can be rewritten for Nb as:

[ 167ry3Vm2Nofo 
(3RT(-RTlnks)2Js =a[Nb]expl--^ exp 

x KI /

(5.7)

(5.8)

where a is a constant, Vm is the molar volume of Nb(C,N) and No is Avagadro’s number.

The constant. Bp, in Dutta and Sellars equation for to.O5P (4.3) is defined from equation (5.8) 

as:

3R3

If it is assumed that the modifying factor, fo, is the same in both V and Nb steel, then the 

smaller Vm for V(C,N) will reduce the constant BP by a factor:

Bp(V) = ^m(V)^ (&V(C,N)3y (5.10)
®p(Nb) Vm(Nb)2 (aNb(C;N)3)2

Here, ‘a’ is the lattice parameter whose values^*]  are:

aV(c.N) = 0.415 nm, and

aNb(c.N) — 0.443 nm.

By substitution. BP(v)/ Bpfxb> — 0.656 and, Bp — BP(v) —0.656 x (2.5 x 10'")= 1.64 x 1010.
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From the above considerations, equation (4.3) can then be modified for vanadium steels as:

*0.05P = 1.15xlO-6 [V]"1 -e"1 Z" 015 293000 1.64 xlO10• exp---------- exp--------------  RT ^T\lnk,f (5.11)

Fig 5.6 shows reasonable agreement between values calculated by equation (5.11) and 

Medina's^ data.

5.3 Summary relating to tp.osp

By taking into account the more rapid diffusion of V than of Nb in austenite, 

the onset of strain induced precipitation in V steels occurs in a shorter time than in Nb 

steels. The constant APPT was therefore reduced by a factor which allows for the 

faster diffusion.

Similarly, the value of the constant BP is also changed to reflect the differences in both 

the molar volumes and the lattice parameters. It is seen that the modified model for 

the time to 5% strain induced precipitation is in reasonable agreement with the data 

that was available.

Having established the modified model for the time to 5% recrystallisation and strain 

induced precipitation, the next stage is to quantitatively compare the prediction of this 

model with the experimental RST’s of the three steels.

5.4 Comparison of the modified model and experimental RST’s

It is seen in Fig. 5.7 that the agreement between the experimental and predicted RST 

of reheated austenite of 2 V is much better with the modified model.

For 2V-HDR, the model RST using equations (5.3) and (5.11), when BP = 1.64 x 1010. 

overestimates the experimental RST. In their original paper, the constant APPT was selected to 

give agreement with the observed times for 5% precipitation at 900 °C and the optimum value 

of BP was determined by trial-and-error computations using equation (2.5) to give the best fit 
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of the form of precipitation-time-temperature curve to the observations. They found that the 

values of Bp were within a factor of 2.5 of the mean value of 2.5 x 1010 K3. Their equation 

for to.o5P does not take into account the effect of grain size for the range studied, but it is 
inferred that strain induced precipitation (SIP) may be slower in austenite of extra-ordinarily 

large grain size and that the constant BP may be large for large grain sizes.

Unlike reheated austenite, the as-cast austenite at the start of HDR differs with respect to 

microalloying elements. The as-cast austenite is dendritic, and its alloy content is segregated 

interdendritically both on a micro and macro scale and the amount of microalloying species in 

solution is determined by the kinetics of precipitation following the liquid-5-y phase changes 

rather than on equilibrium solubilities. On the other hand, a degree of chemical 

homogenisation is achieved in reheated austenite by the gamma-alpha and alpha-gamma 

transformations during cooling and reheating. The complexity of precipitate evolution in as- 

cast austenite is illustrated by the work done by Priestner et al 11051 on Nb-Ti steels during 

solidification and post-solidification. Here, small ingots were cooled slowly to simulate larger 

castings. Cooling was interrupted at various temperatures in the austenite phase field, either 

by quenching or by holding isothermally before quenching. Precipitate morphology, 

distribution, particle size and composition were investigated by TEM and STEM. In certain 

conditions, no carbonitrides were observed, yet observations in reheated austenite and 

thermodynamic predictions suggested that carbonitrides should have precipitated. In others, 

the compositions of the precipitates deviated strongly from equilibrium. It is therefore likely 
that the sequence, composition and distribution of precipitate particles and hence the driving 

force ks, may well deviate from thermodynamic predictions of the as-cast austenite in this 

investigation.

From these considerations, the value of BP for the as-cast austenite is increased from 1.64 x 
1010 to 2.5 x 1010 in equation (5.11). There is good agreement between the modified model 

incorporating the new value of BP and the experimental RST as shown in Fig. 5.8. Clearly, the 

RST is very sensitive to the kinetics of SIP, which appears to be slower in the very coarse as- 

cast austenite of the present HDR experiments.
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Comparison of the modified model RST with the experimental RST of the reheated austenite 
of 4V is shown in Fig. 5.9. The agreement between the modified model and the experimental 

RST is much better than that predicted by the original model.

5.5 Summary

In summary therefore, the original model proposed by Dutta and Sellars for niobium 

steels has been modified to suit the materials and experimental methodology in this 

investigation. Reasonably good agreement has been found between the RST’s predicted by 

the modified model and the experimental data from this investigation. The modified model 

was also found to be a reasonable predictor of both the onset of recrystallisation and strain 

induced precipitation of the data that was available in the literature.
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TABLE 51

Value of to.osRx (s) converted from experimental values using the Avrami equation.

Model to.osRx (s) calculated from equation (5.3) when Arx= 1 74 x 10 \ m = 1 and
F = 0.1

(% RX) MODEL 
to.OSRX ($)

CALCULATED 
to.OSRX (s)

CALCULATED 
to.SRX (S)

AVRAMI 
EXPONENT

STEEL 2V
32.5 63.52 46 98 634.74 1.0

41.67 13.24 26.64 359.96 1.0

17.08 6.3 18 08 244.20 1.0

16.25 2.12 5.78 78.16 1.0

12.0 2.32 12.04 162.63 1.0

STEEL 2V - HDR

8 5 41.28 50.33 1303.80 0.8

15.9 39.65 26.22 679.25 0.8

25.8 51.91 53.13 1376.095 0.8

14.7 126.68 72.94 1889.32 0.8

STEEL 4V

35.25 10.3 1.32 151.74 1.0

6.46 2.22 53.095 933.95 1.0

14.0 0.81 2.43 96.49 1.0

42.75 0.39 0.14 19.88 1.0

26.5 0.67 0.75 60.77 1.0

8.25 18 19.87 450.72 1.0
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CHAPTER 6

CONCLUSIONS AND SUGGESTIONS FOR FURTHER WORK

6.0 Summary and conclusions

For vanadium steels, the experimental RST is higher, as predicted by the model, for the 

higher solute content and decreased in the order 4V, 2V-HDR and 2V. The RST decreases 

with increasing deformation.

Dutta and Sellars model has been modified

(i) to introduce a factor F, reflecting the lower solute drag effect on the time to 5% 

recrystallisation, to.osRx,

(ii) to assume a linear dependence of to.o5Rx on the grain size, and

(iii) to assume appropriate constants Arx, Appt and BP.

The modified model is then in reasonable agreement with the experimentally determined 

RST s of the three steels.

In the CCR and HDR steels of similar compositions, the differences between the RST’s is 

much smaller than would be expected from the model despite a large difference in grain size. 

In part, this is corrected by assuming a linear instead of a quadratic, dependence of to.o5Rx on 

do, and assuming slower strain induced precipitation kinetics in the coarse grained as-cast 

austenite. The differences between the RST’s of the two processes may be influenced by the 

segregation ratio of vanadium and the deviation from thermodynamic predictions of as-cast 

austenite.
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6.1 Suggestions for further work

in deducing the value of to.osnx from the experimental value of fraction recrystallised at 
selected temperatures and deformations using the Avrami equation, assumptions have been 

made in selecting the value of the exponent k. This is because the nature of the experimental 

data in this investigation did not permit the evaluation of the true value of the exponent k. It 

would be of benefit if k is determined experimentally for the two compositions which will yield 

some indication of the time interval from to.osnx - t0,95Rx. Having established this, the results 
may provide a more clearer indication of the interaction between recrystallisation and the 

nature of strain induced precipitation kinetics, permitting a more appropriate choice of the 

constants in the Dutta and Sellars equations and hence better compatibility between prediction 

and experimental RST’s.

Investigation of precipitation phenomenon particularly of the HDR material merits further 

study. The behaviour of such an as-cast austenite may not be adequately predicted from 

thermodynamic considerations based on reheated austenite. Modelling supported by STEM 

and TEM investigations may better explain the differences and the deviations from equilibrium 

considerations. This is important as much research and industrial practices are tending 

towards HDR.

Knowledge of the above two will permit a more appropriate choice of the values of the 

constants for input into the model where necessary, resulting in enhanced agreement between 

the predicted and experimental RSTs’.
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ABSTRACT

Small castings of a low carbon, vanadium microalloyed steel were solidified slowly enough to 

simulate thin slab casting. Hot direct rolling (HDR) was simulated by single-pass rolling of the 

as-cast austenite as it cooled. Conventional controlled rolling (CCR) was simulated by 

reheating slabs of similar composition to 1200°C. The recrystallisation stop-temperature 

(RST) model, proposed by Dutta and Sellars for niobium steels, was modified to suit the 

current material and the experimental methodology. The experimental RST of both the as-cast 

and reheated austenites agreed well with that predicted by the modified model. The initiation 

of recrystallisation was more rapid in the vanadium steel than in Nb steels, and not so strongly 

dependent upon grain size as proposed by the Dutta and Sellars model, exhibiting a linear 

relationship. Also, vanadium segregated less than Nb during solidification.

INTRODUCTION

Hot direct rolling (HDR) is an economic way of producing steels due to the energy saved by 

eliminating the reheating procedure in conventional processing. In HDR processing, the grain 

structure of the as-cast austenite before hot rolling is quite different from reheated austenite, 
being almost ten times larger than that observed in conventional processing0'3). Introduction of 

microalloying elements to as-cast austenite raises the degree of supersaturation of solutes, and 

results in segregation of solutes^. The slow recrystallisation of the very coarse as-cast 

austenite in Nb, Nb-Ti and Nb-Ti-B systems0 3 4), exacerbated by the high supersaturation of 
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microalloying elements, tends to produce mixed ferrite grain size during HDR, with the 

resultant deterioration of toughness in the final products01. Interdendritic segregation of 

niobium results in large precipitates during solidification^,depleting the matrix of the element 

for subsequent strain induced precipitation and precipitation hardening. Among HSLA steels, 

vanadium microalloyed steels may not be the ideal candidate for conventional controlled 

rolling due to their low recrystallisation stop- temperature^. However, they may be suitable 

for HDR processing, as the low RST may improve the homogenisation of austenite grain 

structure by recrystallisation controlled rolling, resulting in uniform ferrite grain structure. 

Compared with Nb steel, vanadium steel exhibits higher hot ductility01, and a lower 

segregation ratio in as-cast austenite01. Owing to the greater solubility of V(C,N) than 

Nb(C,N), V(C,N) does not precipitate so extensively in austenite, hence, vanadium is more 

effective as a precipitation-strengthening addition01. For such a potential HDR steel, it is 

therefore of interest, to model the recrystallisation stop temperature of as-cast austenite, and 

examine the kinetics of vanadium carbonitride precipitation.

There is a large amount of data including a model for evaluating the RST proposed by Dutta 

and Sellars(10), for Nb steels, but relatively few studies have been reported for steels 

microalloyed with vanadium only. The objective of the present research, therefore, was to 

investigate the recrystallisation stop temperature of directly rolled, as-cast austenite of a 

vanadium microalloyed steel and to compare this with reheated austenite of similar 

composition. Based on the available data for recrystallisation and precipitation in vanadium 

steel01’ 12), the Dutta and Sellars model was modified to compare quantitatively with the 

experimental results.

EXPERIMENTAL

Steel castings of 1 kg weight were made by vacuum/ argon induction melting. A flow diagram 
of the HDR process that was developed during the research is shown in Fig. 1. Two kinds of 

mould systems were designed to obtain two different casting structures. In one situation, the 

ceramic mould was preheated to 1050° C and was itself insulated with a ceramic fibre blanket, 

in order to simulate the cooling rate of thin slab casting. The macro structure of the ingots in 

this mould system consisted of an outer layer between 1.5- 2mm deep of columnar grains, the 



remainder consisting of equiaxed grains having a mean linear intercept grain size of 1150 pm. 

In the other mould system, a cast iron chill block was placed at the bottom of ceramic mould 

to obtain a longer length (about 12mm) of columnar layer from the chill side, the remainder 

consisting of a 1.5-3mm deep of an outer layer of columnar grains and equiaxed grains in the 

centre of ingot. In the present experiments, observations were confined to the equiaxed grain 

region.

The ingots were in the shape of plates measuring approximately 100x75x15mm, and beveled 

along the bottom edge for entry into the rolling mill. A thermocouple in a quartz tube was 

located in the lower third of the ingot. This part of the ingot cooled at approx. 1.9 Ks1 from 

1400-1200°C.

To simulate HDR, ingots were allowed to cool in the mould to a few degrees above the aim 

rolling temperature. The rolls were preheated by blowing hot air from electric fans to minimise 

roll chill. The slab was stripped from the mould, inserted into the roll gap, and rolled directly 

into another furnace which was preset at the aim isothermal holding temperature. The entire 

thermal history was plotted on a chart recorder connected to the thermocouple. It was not 

possible to accurately predict the temperature of the slab on exit from the rolls, however, from 

previous experiments a temperature drop of approximately 30°C occurred during a roll pass. 
This was allowed for in the experiments, and the recorded isothermal hold temperatures during 

a roll pass is the temperature of the slab while in the furnace, estimated from the chart recorder 

printout. For CCR, slabs of similar composition to the HDR experiments were machined to 

different thicknesses selected so that on subsequent rolling to various reductions they all 

finished at the same thickness, namely 5mm. The slabs were reheated to 1200° C for 30 min to 

completely dissolve VCN. The austenite grain size was 92 pm. The rolling schedule was the 

same as that used in HDR experiments.

After rolling and isothermal holding, the slabs were quenched immediately in iced brine. 

Longitudinal sections from the quenched out slabs were polished and etched in saturated 

aqueous picric acid to reveal austenite grains. Precipitated particles were extracted onto 

carbon replicas from polished metallographic sections after etching in 2% nital. Precipitates on 



the carbon replica were analyzed using Phillips EM400T and EM430T transmission electron 

microscopes with an ED AX 9100 energy dispersive analyzer.
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Fig 1. Schematic of OCR and HDR experimental procedures.

The occurrence of recrystallisation was detected by measuring austenite grain sizes (mean 

linear intercept) and their aspect ratios, and by inspection of micro structures for the presence 

of new grains. The fraction recrystallised, where appropriate, was determined by point 

counting.

The composition of each ingot was determined on a plane at the quarter-thickness of the plate. 

Considerable care was taken to standardise all the melting procedures to minimise the 
variation from the aim composition. Compositions of the steels are listed in Table 1.



Table 1. Compositions of steels (wt%)

Steel C Si Mn P S V Al N

CCR 0.14 0.31 1.4 0.006 0.005 0.2 0.026 0.0053

HDR 0.12- 0.3- 1.32- 0.005- 0.0035- 0.2- 0.01- 0.005

0.14 0.35 1.41 0.008 0.006 0.22 0.03

MODIFICATION OF THE STANDARD MODEL

Dutta and Sellars(10) proposed that if strain induced precipitation went to 5% completion 

before recrystallisation went to 5% completion, then recrystallisation would be inhibited. A 

critical assessment of recrystallisation and precipitation kinetics led them to propose the 

following equations for Nb microalloyed steels:

For 5% recrysallisation

t0.05RX = A • dom
_4 <300000)

8 • exp 275000 
T

-185^ [Nb] (1)

For 5% precipitation

= C • [Nb]"1 • Z"0-5 • s 1 • . exp B .
V RT 7 lT3 ln(ks)2.

(2)

where do is the initial grain size, e is the true strain, [Nb] is Nb concentration in solution in 

wt%, Z is the Zener-Holloman parameter, temperature T in Kelvin, and R is the gas constant. 

ks is the supersaturation ratio at T. Dutta and Sellars found the following values of the 

constants:

A = 6.75x 10™; B = 2.5x1 O'". C =3x10“ andm = 2.
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Start of Recrystallisation
Ouchi et af investigated the role of V and Nb solute atoms in the retardation of static 

recovery and the onset of recrystallisation in deformed extra-low carbon (0.002 wt%) 

austenite. It was assumed that retardation of recrystallisation was due to solute drag. They 

found that recrystallisation of the V austenite was much faster than the corresponding Nb 

austenite with the same concentration of solute. To assess this effect in terms of Dutta and 

Sellars’ model, the niobium concentration in Equation (1) was substituted by F • [cone] where 

[cone] is the concentration of either Nb or V, and F is a factor that can be varied to fit 

Equation (1) to Ouchi’s data. Such comparison as was possible is shown in Fig 2. For the Nb 

steel Equation (1) fits Ouchi’s data reasonably well in unmodified form, i.e, with F = 1. For the 
V steel it was necessary to reduce F to 0.1 in order to obtain the same degree of agreement 

between Equation (1) and Ouchi’s data.

The grain size in the present experiments ranged from 92pm to 1150pm, a much greater range 

than considered by Dutta and Sellars ( 25-250pm). A typical t0.05Rx HDR result, rolled to 

27.3% reduction at 958° C and then held at 928° C, is plotted in Fig.3 and compared with the 

prediction of Dutta and Sellars (Equationl ) fitted to data at smaller grain sizes. Clearly the 

quadratic dependence of to.osRx on do is inappropriate to the large grain size range applying in 

the present research. As in previous research on Nb-steel(4), a linear dependence of Io.osrx on do 

was found to be more appropriate, together with a change in the pre-exponential constant, A, 

to 1.74 x IO17. From the above considerations, Equation (1) can be rewritten for vanadium 

steel as:

X= l-exp(-0.693(t/t(,.s)")

t().05RX - 1-74 x 10 17 • do a r300000)
8 - expl——I • exp N KI / (3)

Some data on the recrystallisation of V austenite exists in the literature^'!o The fraction 

recrystallised can be calculated using the Avrami equation02'.

(4)
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where X is fraction recrystallised at time t, to.5 is time for 50% recrystallisation and n the 

Avrami time exponent. The present research also yielded value of fraction recrystallised after 

selected times and deformations at selected temperatures. Values of Io.osrx were deduced from 
these data using Equation (4) and values of n of 1 for CCR and 0.8 for HDR materials. These 

“experimental” values are compared with values calculated using the modified Dutta and 

Sellars model, Equation (3), in Fig. 4. It is seen that the modified model for the start of 

recrystallisation is a reasonable predictor of the data that was available.
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Fig 2. Effect of solute drag factor F on to.osRx. Fig 3. Effect of austenite grain size on to.osnx

Start of Strain Induced Precipitation

Equation (2) was based on an inversion of the standard equation for steady state nucleation 

rate. J, of the form: 

N
J ~ (—f) " Deff • Xa • exp( -AG * 

kpT } (5)

where N is the density of nucleation sites per unit volume, AG*  is the critical free energy for 

nucleation, Xa is solute concentration and Detr is the diffusion coefficient of the solute. The 

values of Do=3.65xl0"4 m2s1 and Qd=293 kJ mol1 for diffusion of vanadium in austenite 

are used to calculate Day in Equation(5). The larger Do for vanadium than for Nb in austenite
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effectively decreases the value of the constant C in Equation (2) by a factor DoNb/Dov, where 

DONb is 1.4x1 O'4 nfs"!^. The new value of constant A equals 1.15 x 10"6. That is, the more 

rapid diffusion of vanadium results in a shorter time to the onset of strain induced 

precipitation. The constant B in Equation (2) is defined as 167tY2Vm2Nofo/3R3, where Vm is the 

molar volume of precipitate, y is interfacial energy and fo is a modifying factor for 

heterogeneous nucleation. If it is assumed that fo is the same in both Nb and V steel, then the 
smaller Vmfor V(CN) will reduce the constant B by a factor Vmv2^^2 ((avfcN)3)2/(aNb<cN)3)2). 

Here, ‘a’ is the lattice parameter whose values(14) are V(CN) = 0.415nm and Nb(CN) = 

0.443nm. By substitution, the new value of the constant B = 1.64x 1010.
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In the VCN system, the precipitate nucleus is assumed to be predominantly VN due to the 

high solubility of VC in austenite. AIN precipitation is very sluggish and AIN is not generally 

precipitated in deformed austenite at as low as 800° C, provided the product [A1][N] in steel 

does not exceed 3xlO 4^. The value of [A1][N] in the steels used in the present research is 

much less than the suggested value, so that the amount of N removed from solution as AIN 
could be ignored. The supersaturation ratio ks is defined as the ratio of the actual amount of 
VN in solution to the equilibrium amount. The solubility product used by Speer et al(15) was 

adopted here. i.e. log Kvn = -7840/T+3.02. For the reasons discussed above, Equation (2) can 

then be modified for vanadium steel as:
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to.o5P= L15xlO^ • [V]’1 • Z’0'5 S’* • exp 293000^
RT J (6)

where B is 1.64 x 1010. Fig.5 shows reasonable agreement between values calculated by 
Equation (6) and Medina’s(12) data.

EXPERIMENTAL RESULTS COMPARED WITH MODIFIED MODEL

Recrystallisation Stop Temperature in Reheated Austenite

Fig.6 shows the results of recrystallisation experiments on reheated austenite. The data points 

represented by solid squares are for specimens in which the austenite grain aspect ratio was 

very close to that calculated from the applied rolling reduction and the fraction recrystallised 

was less than 5%. The solid line separating the two sets of data represents the experimentally 

determined RST, and the dashed line is the RST predicted by the modified model using 

Equations (5) and (6).

Recrystallisation Stop Temperature in As-cast Austenite
Fig. 7 shows the results for as-cast austenite rolled directly after casting. The ingots were 

isothermally held for between 100-480 seconds after deformation, sufficient time to establish 

whether recrystallisation had started or not. The dashed line in Fig. 7 labeled “Model - A” 

represents the RST predicted by Equations (5) and (6) using the new value of the constant B. 
The model over estimates the RST for HDR. In their original paper, Dutta and Sellars 

anticipated that SIP may be slower in austenite of extra-ordinarily large grain size, and that the 
constant B may be larger for large grain sizes. The dashed line in Fig. 7 labeled “Model - B” is 

the prediction of the modified model if the constant B is increased from 1.64 x 1010 to 2.5 x 

1010. Clearly, the RST is very sensitive to the kinetics of SIP, which appears to be slower in 

the very coarse austenite grains of the present HDR experiments.

Fig. 8 shows two kinds of VCN precipitation in as-cast austenite after deformation at below 

the RST. The linear group of larger, cuboidal particles. Fig. 8 (a), about 50nm in size were
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probably precipitated on austenite grain boundaries during holding after rolling. The 

intragranular precipitation of VCN particles, Fig. 8(b), in the size range 2-5nm appears to 

strain induced after rolling, and was responsible for the inhibition of recrystallisation. It may be 
that the slower SIP in the large-grained austenite is a secondary effect on the incidence of 

precipitation on grain boundaries.
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SUMMARY AND CONCLUSIONS
Fig.9 s ummarises the RST’s for the CCR and HDR experiments on the V steel described here, 

and compares these results with previous ones for a Nb-steel. For vanadium steel, Dutta and 

Sellars model has been modified

(i) to introduce a factor F, reflecting the lower solute drag effect on to.osRx,

(ii) to assume a linear dependence of too5Rx on grain size, and

(iii) to assume appropriate constants A and B.

The model then explains with reasonable accuracy the difference between the RST’s of the 
two types of steel. In both types of steel the RST is higher for HDR than for CCR. In view of 

the large differences in initial austenite grain size in the HDR and CCR processing, the 

differences between the RST’s for the two processes is much smaller than would be expected 

on the basis of the original model. In part, this is corrected by assuming a linear, instead of 

quadratic, dependence of to.osRx on do.



(a)

(b)
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Fig.8 Precipitates in as-cast austenite, 39.2% reduction at 8801 and isothermally held for 
180 seconds at 850 C.*

(a) Linear grouped coarse precipitates.

(b) Fine matrix precipitates.



However, in the V steel it was also necessary to assume that SIP was slower in the very coarse 

austenite grains of the HDR material. The difference between the RST’s for the two processes 

may be influenced by the segregation ratio of vanadium or niobium, and the smaller difference 

in vanadium steel and the absence of large dendritic vanadium precipitates in as-cast austenite 

would suggest weaker segregation of vanadium during solidification.

0.04 wt% Nb steel

?
g 1000

S 900

0.2 wt% V steel

REDUCTION %

Fig.9 Comparison of RSTs during HDR and CCR of 0.04 wt % Nb and 0.2 wt % V 

steels.
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