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ABSTRACT

The temperature at which a new phase forms is an important parameter in the genesis of
final microstructure. For diffusional transformation processes, prediction of this temperature
on cooling, until now, relied upon empirical equations which are based on the cooling rate or

degree of undercooling.

To develop a method that is capable of predicting the onset of transformation in the steel,
applicable to industrial processing conditions, a theoretical study has been conducted to critically
examine the consequences and implications of the Scheil additivity rule in relation to the
incubation of the austenite decomposition. An "ideal" isothermal transformation curve for the
start of transformation from austenite to pearlite has been developed based on the assumption
of the consumed fractional incubation time being additive. The curve is characteristic of the
chemistry and the austenite grain size of the steel. A mathematical relationship between the
experimental time to the start of transformation and the ideal incubation time was quantified,
and two methods for deriving an "ideal" TTT curve from the controlled cooling experiments

were established in this study.

The derived "ideal" TTT curve was used for predicting the start of transformation from
austenite to pearlite for three different cooling conditions; namely, continuous, semi-continuous
and non-continuous cooling conditions. The predictions were consistent in all cases and
compared favourably against other methods which have been employed frequently to estimate

the transformation start temperature for non-isothermal conditions.
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NOMENCLATURE

Symbol Description Unit
Ac, Equilibrium temperature between the austenite (Y) °C
and cementite (Fe;C), or the y/Fe;C phase
boundary.
Ae, Equilibrium temperature between the austenite () °C
and pearlite.
Ae; Equilibrium temperature between the austenite () °C
and ferrite (o), or the y/ou phase boundary.
C*op Interfacial composition of carbon just ahead of the at. % of C
ferrite lammellar.
C*Fescny Interfacial composition of carbon just ahead of the at. % of C
cementite lammellar.
Crac Carbon concentration in the cementite lammellar. at. % of C
AC Lateral carbon concentration difference just ahead at. % of C
of the pearlite lammella.
D Diffusion coefficient, or diffusivity. m¥/sec
D, Effective diffusivity. m’/sec
D, Prior austenite grain size. pm
F(Ty) Arbitrary rate reaction function which is depen-
dent on temperature and volume fraction trans-
formed.
G(T) Arbitrary function which depends only on temper-
ature. |
AG(n), AG, Gibbs free energy change associated with nucleus J/m’
formation.
G Growth rate. sec.”’
H(y) Arbitrary function which depends only on the

volume fraction transformed.



k
l

N,.N

cmyt Y edg

&N,

N(t)
N,

Boltmann’s constant.
Effective diffusion distance.

Nucleation rate density at grain corners, along
grain edges and grain surfaces, respectively.

Time dependence nucleation rate density.
Number of available nucleation sites.

Steady state nucleation rate density.

Activation enthalpy for diffusion.
Effective activation enthalpy for diffusion.
Gas constant.

Transformation time.

Cooling time to the equilibrium temperature.

Time for completion of one half of the transforma-

tion.

Cooling time to the reach the test temperature.

Total cooling time from the equilibrium tempera-

ture to the onset of transformation.

Equivalent time.

Isothermal holding time to the onset of transfor-

mation.

The time required for a nucleus to form/decom-
pose, based on "time reversal" principle.

Total time to the start of the transformation.
Temperature.
Mean temperature between T, and Toer.

Equilibrium temperature.

NOMENCLATURE

J/atom.’K

J/mol
J/mol
J/mol.’K
sec.
sec.

sec.

sec.

sec.

sec.

sec.

sec.

sec.



Temperature at which a continuous cooling path
intersects the continuous cooling transformation
curve.

Temperature at which a continuous cooling path
intersects the isothermal transformation curve.

Solution treating temperature.
Isothermal test temperature

Degree of undercooling, or the amount of the
difference in temperature below the equilibrium.

Magnitude of the undercooling at which the new
phase forms on cooling.

The rate of pearlite growth.

Rate for establishing the steady state nucleation
condition.

Zeldovich non-equilibrium factor (= 10?)

Rate at which atoms are attached to the critical
nucleus.

Incubation time.

Incubation time as a function of temperature.
Isothermal growth time of pearlite.
Incubation time at the i* iteration.

Induction period necessary for establishing steady
state nucleation.

-

Incubation time at the test temperature.
Cooling rate.

Cooling rate i.
Constant cooling rate i.

Volume fraction transformed of the new phase.

Xi

NOMENCLATURE

sec’

sec’!

sec.

sec.
sec.
sec.
sec.

sec.

sec.
°C/sec.
°C/sec.

°C/sec.
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Chapter 1

INTRODUCTION

In the early 1960’s, the application of accelerated cooling as part of a thermochemical
processing strategy resulted in a significant improvement in the final properties of steel
products."?! The enhancement of the mechanical properties of accelerated cooled products has
been attributed to two major metallurgical factors: significant refinement of ferrite grain size,
and the formation of lower temperature acircular ferrite, fine pearlite or bainitic transformation

products.”?!

The improvement of mechanical properties through microstructure refinement enables
steel products of the same strength to be produced with lower alloying addition. This not only
reduces the cost of producing steels, but also allows steels of lower carbon equivalent levels to
be used, resulting in an improvement in weldability. The potential metallurgical benefits which
could be attained through accelerated cooling have become apparent to the international
metallurgical community in recent years, and have spawned a considerable amount of research

and development in various aspects of this technology.!*'"!

Recent advances in thermomechanical treatment and controlled rolling further emphasize
the role of accelerated cooling in optimising the final properties of the product. A considerable
effort has been devoted to incorporating the accelerated cooling strategy to the thermome-
chanical processing routes, in order to further refine the final microstructure, and hence, produce

improved properties.['*'®



1 INTRODUCTION

Through the application of such innovative processing schedules, the achievement of
ultrafine equiaxed ferrite grain size (< 5 wm) under laboratory conditions has been reported.!'®
The particular mechanism which is responsible for yielding the ultrafine microstructure is yet
to be fully understood theoretically. However, it is qualitatively correct that the final micro-
structure of a steel product depends primarily on the state of the austenite prior to transformation

and the temperature at which the austenite decomposes.

The state of the austenite is defined by a number of variables, including the history of the
deformation imposed upon the steel and the morphology of the austenite grain; each have an

influence in modifying the rate at which the new phase forms.[%'*#!

The temperature at which the transformation begins is the most critical parameter. It
dictates the amount of driving force available for nucleation and governs the rate of growth and
coarsening of the new phase, hence, the scale of the final microstructure.’***? This temperature
is invariably lowered when the cooling rate from the hot rolling temperature is increased.
However, as yet there is no theoretical determination for the transformation start temperature
obtained under non-isothermal conditions, although various expressions have been empirically

[24}

derived based on steel chemistry and cooling rate,'"” degree of undercooling® or product

thickness.["”!

For accelerated or controlled cooling situations in which the cooling rate does not remain

(25261 and other interrupted

continuous during the cooling process, e.g. Stelmor,""** Tempcore
cooling processes,”” determination of the transformation start temperature has become

increasingly difficult even using empirical methods.



1 INTRODUCTION

To better understand the microstructural evolution during accelerated cooling, and to gain
abetter control of the final microstructure in an accelerated cooling operation, it is thus necessary
to have not only a knowledge of how a particular steel responds to prior thermomechanical
processing, but also to be able to accurately predict the transformation onset temperature and
the transformation kinetics for any subsequent cooling schedule. This knowledge could then
be used in mathematical models to describe the transformation behaviour during a complex
cooling operation. Ultimately, knowledge based models of this kind will provide a means for
assessing the effectiveness of current cooling practices, and as such, may lead to future

refinement of the cooling procedures that are in use today.

This study has been directed towards establishing a method for predicting the onset of
the austenite to pearlite decomposition during continuous and non-continuous cooling condi-
tions. The proposed method of analysis is fundamental and can be applied to any cooling

situation, regardless of how complex the thermal path may be.



Chapter 2

REVIEW OF THE LITERATURE

2.1 The Onset of the Austenite Decomposition

In 1930, Davenport and Bain®®® reported their studies on austenite decomposition at a series
of constant temperatures. The purpose of the study was to separate the influence of temperature
and time on the resultant microstructure. They were the first workers to develop the now familiar
time-temperature-transformation (777), or isothermal transformation diagram as a means of
graphically summarising the test results, and to comment on the incubation period which elapses

before super-cooled austenite begins to decompose.

Since this pioneering work, others have continued the investigation of isothermal trans-
formations, and today, 77T diagrams characterising the start and end of transformation for many
steel grades have been compiled.””***'' Recently, this same approach has been extended to other
thermally activated processes, in particular, the precipitation of micro-alloy elements as carbides

or nitrides in the technologically advanced High Strength Low Alloy (HSLA) steels.’**"!

The fundamental characteristics of the isothermal transformation diagram are important in
understanding the microstructural development in a particular steel at various temperatures.
The TTT diagram can, however, be quantitatively applied to heat treatment only when austenite

is made to transform at essentially constant temperatures.

In the practical heat treatment of steels, decomposition of austenite often takes place under

[36]

non-isothermal conditions rather than at constant temperatures. In 1932, Bain”™ published a
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schematic cooling diagram for a eutectoid plain carbon steel, indicating the curve for the

beginning of transformation and the structure produced by several typical cooling rates. This
diagram is shown in Figure 2.1.

T ! *
s00 !
Sow Loor 10 17400
G |Medtum iz ;
! mblH
700 ?_% Transr o c‘_g%
= Wl = EXY 1200
= g 2% -s
RS =3
600 7 =3 5 —
3 T {1000
§§ Pesriite forms Here
J00 - §§
8 ,
| - 800
00 S
33 Transtormation Joes Not
<\ \ lecur ot These lemperslyres
S loobnt i3 below 150°C ]
600
wof—33
st IS
I ~
318
1=
200 g4S s Rl
g
S
100 =
§§ Mertensite Forms Here i
10 0 100 112774 10000
Time in Seconds (Logarithmic Scals/

Figure 2.1:

An early representation of the relationship between the cooling rate and

the transformation start temperature by Bain.

Subsequently, Davenport™” pointed out the need for correlating the transformation during

cooling with isothermal data and outlined the principle of a "continuous cooling diagram".

However, neither of these researchers offered a practical method of quantitatively correlating
the two types of transformation diagrams.
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2.2 Inter-Relation of Cooling & Isothermal Transformation Behaviour

A theory, known as the "fractional nucleation" theory, was presented by Scheil,*® and
independently by Shteinberg,”™ to predict the onset of transformation under non-isothermal
conditions, based on isothermal data. It was proposed that the time spent at a particular
temperature, t;, divided by the isothermal time that is required to start the transformation at that
temperature, T,, may be considered to represent the fraction of the total incubation (nucleation)
time consumed at that temperature.” Scheil postulated that for a non-isothermal treatment, the
transformation will start when the sum of the fractional incubation times equals unity. Math-

ematically, this may be expressed as:

3L =1 cn2.1)

where 7 is the number of incremental steps used in describing the non-isothermal cooling event
between the equilibrium temperature and the temperature at which transformation start is
observed. Thus, the total time to reach the onset of transformation can be obtained by adding
the fractional time increments to reach this stage isothermally, until the sum of the fractions
reaches unity. A transformation of this kind is known as an additive reaction. The generalisation

of equation (2.1) to any cooling process is thus:

a In this analysis, the pre-transformation time in a TT'T curve is considered to be the incuba-
tion period, also called the transformation nucleation period. The term incubation shall be
used, since nucleation also refers to the actual transformation event.
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t

= =1
T(T) ...-(2-2)

0

implying that the process (be it incubation or transformation) will be completed when the sum

of the fractional increments of the events reaches unity.

This theory has also been described as the principle of additivity and provides a rational
relationship between the transformation at constant temperatures and those that take place under

non-isothermal conditions.

There have been a number of attempts to examine the validity of the additivity principle
in predicting the cooling transformation from an experimentally determined set of isothermal

transformation data. The studies of Manning and Lorig"?), Jaffe!*" and Moore!*”

were among
the early works which have reference to step quenching (non-continuous cooling) in the thermal

treatment of steel.

Manning and Lorig used five steels containing 0.30 wt% C and various amounts of Cr in
their studies.”” Salt baths were used as a means to maintain isothermal conditions, and the
extent of transformation was assessed by quantitative optical microscopy. For a total of 11
isothermal step tests conducted in the "blocky ferrite" range, 5 conformed to the additivity,
while the others exhibited a transformation start later than that predicted by additivity. For tests
that were first held in the "blocky ferrite" range and then transferred to either the "spear ferrite"
or the bainite range, no additive effect was found. They concluded that although the additivity

appearedto hold forindividual transformation process (eg. austenite to "blocky ferrite" reaction),
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it does not apply when a change in morphology (or transformation product) occurs. Thus, the
fractional incubation in the bainite region is not additive to previous incubation in the ferrite

region because of the difference in the nucleation mode for the two transformation products.

Jaffe*! extended the work of Manning and Lorig to examine the conformity of proeu-
tectoid ferrite, bainite and carbide to the additivity principle (described then as the fractional
nucleation theory), using SAE 4330 and hypereutectoid steels. He investigated the effect of
holding the metastable austenite at one temperature upon its subsequent decomposition at
another temperature which was either higher or lower then the previous temperature. Both
temperatures were below the stability range of the austenite. From this study, Jaffe concluded
that while both the proeutectoid ferrite and carbide transformation are each approximately
additive, the bainite transformation is not. This was thought to be because the reaction at high
temperatures, €.g. proeutectoid ferrite formation, tends to retard the subsequent transformation
to bainite at lower temperatures. On the other hand, holding the sample first in the bainite range

did not seem to affect the subsequent transformation to ferrite or cementite.

Reference to both step quenching and inverse step quenching (up quenching) was also
made by Moore,*” who used a steel containing 0.38 wt% C, 1.63 wt% Ni and 0.98 wt% Cr.
Moore examined the validity of the additivity principle with respect to the progress of the
transformation. Salt baths were also used in this study to establish the isothermal conditions,
and quantitative optical microscopy was employed to assess the progress of the transformation.
His results showed that the austenite decomposition process did not always conform to the
additivity principle; the transformation generally began when the sum of the fractional incu-

bation (nucleation) times was less than unity.
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In 1941, Grange and Keifer™" suggested an alternative method for correlating the
continuous cooling transformation to its isothermal counterpart. Suppose that a given contin-
uous cooling path crosses the isothermal transformation curve at temperature T;; and time ¢,
and later intersects the continuous cooling transformation (CCT) curve at T and time ¢, as
shown in Figure 2.2. They proposed that the two intercepts can be related by the following

expression:

w(T*) = teer—1tnp ....(2.3)
where T* is the mean temperature between T and Ty, i.€.,

Teer+ T,
T* = —/—2 n(24)
2
Thus, by knowing the ¢, versus T (the TTT curve), and therefore, T = T), one can

iteratively determine f.-; by incrementally changing T~ until equation (2.3) is satisfied.

This approach assumes that the transformation only begins once the cooling history crosses
the isothermal transformation curve, and that the incubation time can be estimated at the mean
of the isothermal and the continuous cooling transformation temperatures where the cooling

curve crosses both diagrams.

The transformation of austenite to ferrite or pearlite is a thermally activated process; a
finite amount of time is necessary for atoms to re-arrange themselves so that they can grow to
form a new phase. In order to attain the so-called transformation start condition, nuclei of the

new phase must first become stable and then grow to some observable size.



2.2 Inter-Relation of Cooling & Isothermal Transformation Behaviour

T Equilibrium Temperature

Start of Isothermal
Transformation (

Cooling path

///§an of Continuous Cooling
T o D e Transformation (CCT)

°T*)

Temperature

Log(time)

Figure 2.2: Schematic illustration of the Grange-Keifer method of predicting the
transformation start under continuous cooling conditions.

Thermodynamically, the pre-transformation clustering processes become possible at
temperatures below the equilibrium (Ae, or Ae; depending on the carbon content) where there
is a finite amount of driving force available. Consequently, the incubation process, which
encompass clustering (or ordering) and the subsequent growth yielding the transformation start

condition, is expected to take place at temperatures below the equilibrium.

10



2.3 Criteria for the Additivity

2.3 Criteria for the Additivity

Although the additivity principle has had only limited success in predicting the start of
transformation, it provides a rational relationship between the transformations that occur under

non-isothermal conditions and those that take place at constant temperatures.

Recognising the difficulty in defining the onset of transformation, which is strongly
dependent on the method of observation, Cahn™’ examined the additivity principle with
application to the transformation process. His studies led to a criterion for specifying an additive
reaction: whenever the reaction rate is a function of only the instantaneous temperature and
the amount transformed, the reaction may be considered additive, i.e.:

dy

£ = F(T, (2.5

= FIY) 2.5)
where y is the amount transformed, ¢ and T are the transformation time and temperature,
respectively. Christian “® generalised this criterion further and found that additivity will also

be satisfied if the transformation rate can be described by:

dy _ G

+ = Ho) ...(2.6)

where G(T) is a function of the temperature alone and H() is only a function of the fraction

transformed. An additive reaction thus implies that the reaction rate depends solely on the state

of the assembly, and not on the thermal path which leads to that state.

11



2.3 Ciriteria for the Additivity

Earlier, Avrami'*” derived the isothermal transformation temperature-time relationships
for randomly distributed nuclei, and noted that in the temperature range in which the ratio of
the growth rate to the nucleation rate, N/G, is constant, the kinetics of the phase change is
independent of the time domain, and hence independent of the thermal path. He referred to this
as the "isokinetic" range. Under these conditions, the isothermal transformation results can be

used to describe phenomena that takes place under conditions of varying temperature.

Cahn™ recognised that the isokinetic condition is a very special condition which is not
commonly encountered in many transformations. He noted that in many systems nucleation
sites are rapidly exhausted early in the reaction and the subsequent transformation process is
dominated by growth, which is a temperature dependent parameter. He therefore suggested a

more general condition for additivity based on early site saturation.“$*

Based on the assumption that all grains are equally large tetrakaidecahedra (i.e., grains
with 14 faces), Cahn® showed that whenever the nucleation rate density (i.e., the number of

nuclei per unit volume) is:

Ny, > 6000—(-;;
D’Y
N

edg

> IOOO—Ci4
DY

orN_ > 250% X))

cm
Y
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2.3 Criteria for the Additivity

site saturation can be expected to occur early in the reaction, and the subsequent transformation
is then essentially governed by growth, which is a temperature dependent parameter. Here the
subscripts sfc, edg and crn signify grain surface area, edge length and number of corners,

respectively.

He alsorelated these conditions to the time for completion of one half of the transformation,
t, 5, and found that z, ; for the three types of nucleation is within a factor of 4, regardless of which
type is active. That is, the parameter G ¢,5/D, ranges from 0.1 for grain boundary surface
nucleation to 0.4 for grain corner nucleation."®! He thus concluded that for a reaction where
nucleation is confined to grain boundaries (which includes grain boundaries, grain edges and

grain corners), the rate of the reaction becomes insensitive to the nucleation rate when:

Glys
D

0.5 ..(2.8)

Y

These criteria can be examined more easily with respect to the transformation process,
and consequently, have been critically studied by several workers.’>*? However, due to the
difficulty in direct experimentation of the incubation process, no successful application of these

criteria to incubation has been reported.

13



2.4 The Incubation Time

2.4 The Incubation Time

The additivity principle provides a mathematical link between the transformations that
occur under conditions of varying temperature and those that take place isothermally. Assuming
the additivity holds, the ability to predict the transformation behaviour under cooling conditions

relies on the accuracy of the data derived at constant temperatures.

The availability of high sensitivity dilatometers, such as that incorporated in the ther-
momechanical simulation capability of the Gleeble 1500, enables both TTT and CCT diagrams
to be generated readily. The recent application of computer modelling to describe
microstructural evolution in metallurgical processes necessitates accurate mathematical
description of the transformation diagram, especially when the model is used to examine new
processing routes, prior to experimental validation trials. Therefore, representing the available
TTT (or CCT) transformation curves with appropriate mathematical formula, which should

reflect physical significance, is one of the current research priorities in process modelling.

14



2.4.1 Classical Nucleation Theory

2.4.1 Classical Nucleation Theory

[53,54,55]

According to the linked-flux analysis, the transient nucleation rate density can

be described as:

NG® = N, exp(-%J (29)

%
N, = ZBNOexp(—AkC;) (2.10)

where N(t) is the transient nucleation rate (nucleation rate as a function of time), 1\'/s is the
steady state nucleation rate, N, is the number of nucleation sites available, T, is the induction
period for establishing steady state nucleation, Z is the Zeldovich non-equilibrium factor (=
10, B is the rate at which atoms/molecules are attached to the critical nucleus, and k, ¢t &

T have their usual meanings.

While the form of the equations for 1(/( t) and A}X do not change, the parameters T,, AG*,

and N, are specific to the system and to the type of nucleation process being considered.
P y yP p g

Nucleus formation in an isothermal, isobaric system is athermally activated fluctuation
process. It amounts to diffusion (clustering or ordering) over a potential barrier AG(n),
which has a maximum at the critical size, n*, as shown in Figure 2.3. A cluster becomes
stable only when it consists of more than n* atoms and its energy is kT units less than AG*.
Small cluster will have a substantial chance of decomposing. The region An, bounded by

(AG* - kT), is essentially flat so that cluster will move by "random walk" in this interval.

15



2.4.1 Classical Nucleation Theory

0 -

n* Number of atoms

Figure 2.3: Free energy of cluster (pre-nucleation) formation.

Based on the principle of time reversal®, Russell®” derived an expression for the time

for a nucleus to form or decompose, ¢,:

(%)
2 ~1
, o @y J{E(MGJ}@ (211

r 2B B,\ on

where the first term on the right hand side corresponds to the time needed for a cluster to

"randomly walk" to change the number of atoms by An, and the second term represents the

b  Thatis, fluctuations on average arise and decay in the same way. In other words, nucleus
formation takes place by the same mechanism and in the same length of time as nucleus

decay.

16



2.4.1 Classical Nucleation Theory

time required to change from the monomer (i.e., a cluster of 1 atom) to a cluster of n*-An/2
atoms. This time, #,, was suggested to be a measure of the incubation time that is necessary

for establishing steady state nucleation, i.e., the same as 7, in equation (2.9).

By considering grain boundary nucleation, expressions for the incubation time to
establish steady state grain boundary nucleation, T,, were also derived for various type of

(53]

cluster geometries,”™ which share a general form:

o — L (2.12)

TS
(AGv)mD eff
where 7, AG, and D, are the temperature, the volume free energy change associated with
nucleus formation and the effective diffusivity, respectively. Thus, the rate of establishing
the steady state nucleation condition, v,, is:
(AG,)"D,4

A ..(2.13)

That is, v, is proportional to the product of the driving force, (AG,)", and the mobility, D,

The exponent m is a constant and is a characteristic of the nucleation mode. Russell™!

considered the nucleation of precipitates along the grain boundaries and found m = 2 for
coherent precipitate, whose formation is controlled by volume diffusion. If the nucleus is
incoherent and formed by the diffusion of solute along the grain boundaries, he found m =

3.

17



2.4.1 Classical Nucleation Theory

The change in volume free energy, AG,, associated with austenite decomposition
becomes finite and increases in magnitude as temperature decreases below the equilibrium
temperature.[56] On the other hand, the diffusion coefficient, D, depends on the temperature

through an Arrhenius-type equation:®”

D = Doexp{-R%} ..(2.19)

where D, is the pre-exponential constant, Q is the activation energy for diffusion. The

magnitude of D decreases as the temperature is lowered.

When the amount of undercooling is small (i.e., at temperatures just below the equi-
librium temperature), the amount of free energy available to drive the decomposition process,
AG,, is small. Thus, despite the atoms being very mobile at this higher temperature, the
decomposition process is expected to be sluggish; long incubation times are predicted
according to equation (2.12). While at a low temperature, a large amounts of free energy
is available to promote the decomposition process. However, the process is limited by the
slow mobility of the atoms (i.e., small value of D), and hence, a longer time is needed for

the reaction to take place.

At some intermediate temperature, there is an optimal product of AG, and D, which
results in the fastest rate for establishing the steady state nucleation condition, and hence,

the shortest time to complete the incubation event, from equation (2.12). Thus, equation

18



2.4.1 Classical Nucleation Theory

(2.12) predicts a "C" curve "transformation start" dependency which is the characteristic
behaviour of diffusion controlled transformations, and is observed for the isothermal

decomposition of austenite to ferrite or pearlite.

However, evaluation of AG, and D, for practical steel chemistries requires detailed
studies of the alloy interactions and the effect that each element has on the activity and
mobility of all elements present in the steel. This is a subject of research in its own right"***”

and is beyond the scope of the current study.
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2.4.2 The Growth Equation

2.4.2 The Growth Equation

The austenite to pearlite transformation, as occurs in eutectoid (or near eutectoid) steel
under slow cooling conditions and in hypoeutectoid steel at higher cooling rates, is

emphasized in this research. In 1946, Zener'®"

reported his studies on the kinetics of pearlite
growth in the austenite decomposition process, and formalised a mathematical expression
for the rate of growth of pearlite lamellar as a function of carbon content and the diffusivity

of carbon (solute atoms) in austenite, ahead of the growing pearlite:

(C*oy= C¥reciy)
by = ”36’*{?} . (2.15)

(CFe3C - C*FEJC/Y)

where C*,,, and C*g,;c,, are the interfacial composition of carbon just ahead of the ferrite
and cementite lamellar, respectively (as shown in Figure 2.4), (Crjc - C*f3¢y) is the
composition difference across the cementite and austenite interface, D is the diffusion

coefficient for carbon in austenite and ! is the effective diffusion distance.

The effective diffusion distance which is the mean distance of lateral transport of the
carbon from in front of the growing ferrite lamella to in front of the growing cementite, and
is therefore, a function of the inter-lamellar spacing of the pearlite and the interface curvature,

is inversely proportional to the degree of undercooling, AT.!%¥
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2.4.2 The Growth Equation
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Figure 2.4; Schematic composition profile across the pearlite lamella and auste-
nite interface.

Zener assumes that the redistribution of solute atoms (interstitial carbon atoms) ahead
of the lamellar front, which leads to the growth of pearlite, takes place inside the austenite
grain (i.e., by volume diffusion). Under these circumstances, the composition driving force,

AC = (C*yy - C*p3¢4), is approximately proportional to the degree of undercooling, AT.
aky A

The dependence of diffusivity on temperature is described in the Arrhenius equation
(equation (2.14)). Given that AC is proportional to AT, equation (2.15) can be rearranged

to express the growth rate in terms of undercooling and temperature as follows:

21



2.4.2 The Growth Equation

vp o (ATY exp(—%) ....(2.16)

where Q is the activation energy for diffusion, R is the gas constant and T is the absolute

temperature.

Since the growing pearlite nodule does not change the carbon concentration of the
austenite remote from the growing interface, neighbouring pearlite nodules do not influence
each other until they impinge upon one another. The growth rate can therefore be assumed

constant at a given temperature.

When the boundary of the austenite grain becomes covered with nuclei, a condition
described as site saturation, the isothermal time for establishing a certain fraction of pearlite

is then:

1
o< (2.17)
20| £
< (AT) exp[ RTJ ....(2.18)

61 noted

Using a value of 36 kCal/mole for the activation of carbon in austenite, Zener
that equation (2.18) exhibits a "C" curve behaviour which is characteristic of the TIT

diagram.
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2.4.2 The Growth Equation

Although, Fisher,® Turnbull'® and Hillert"” refined and generalised Zener’s theory,
the dependence of the growth time, T, on the degree of undercooling and temperature shares
the general form described in equations (2.17) and (2.18), with the exception of the inclusion

of an exponent m for the supercooling term, AT:

T, o< (AT)‘"'exp(R%) ..(2.19)

where m is a constant and reflects the mode of diffusion that leads to the growth of the new
phase. This generalisation was incorporated to account for different modes of diffusion of

solute.
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2.5 Contemporary Approaches

The introduction of mathematical modelling to describe metallurgical processes, in
particular, to quantify the microstructure evolution during thermal or thermomechanical
treatment has become increasing important in the steel industry as a tool for optimising the

processing conditions.

Modelling of microstructure evolution during cooling has frequently involved the use of

the Avrami equation, which has the form:
x = 1-exp{-b(T)"} ..(2.20)

where ¥ is the fraction transformed in time ¢, b and n are empirically determined constants. This
equation has been used to satisfactorily characterise the extent of the isothermal decomposition

of austenite to ferrite, pearlite or bainite in a number of studies.’®>""]

Recognising the simplicity of the additivity principle, several recent studies have
combined it with the Avrami equation so that the isothermal kinetic data can be used to estimate

the onset of the transformation under continuous cooling conditions.

2 introduced the concept of the "equivalent cooling

In 1981, Umemoto and co-workers
curve". The concept assumes the transformation is additive, i.e., it obeys Scheil’s rule (equations
2.1 & 2.2) and simultaneously that the isothermal transformation can be characterised by the
Avrami equation. An expression for the equivalent time, ¢,,, to reach a fraction ) was then

obtained, which has the form:
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2.5 Contemporary Approaches

T,

_ ! °[b<T*)1“"}
teq - [b(Tx)]l/n f{ e(T*) dr* . (221)

I

where the integral is evaluated along the cooling path and, hence, represents the non-isothermal
contribution. The equation shows that the fraction transformed by cooling from the equilibrium
temperature T, to 7, with a cooling rate 8, is equal to that obtained by isothermally holding the

sample at T, for an equivalent period #,,.

Equivalent cooling curves, which are determined from isothermal transformation kinetics
together with a specific thermal history, are suggested to be an alternative to the 77T diagram.
It is claimed that equivalent cooling curves would provide better accuracy in predicting the

transformation behaviour for a given non-isothermal cooling history.[™

While this concept was developed to describe the cooling transformation kinetics, based
on the isothermal kinetic data with an assumption that the reaction is additive, there is also a

possibility that it could be used to determine the start of transformation, =0.1%, for the TTT

curve.

However, such extrapolation should be used with caution as Hawbolt et. al.>% have
shown that the incubation and the growth of a new phase are two separate events in a trans-
formation process. While the growth of pearlite from the austenite matrix is additive and can
be characterised by the Avrami equation, the incubation of pearlite formation in the same steel
does not necessary conform to additivity conditions.® Therefore, extrapolation of the

equivalent cooling curve to approximate the start of transformation could lead to misleading
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2.5 Contemporary Approaches

results.

Recognising the difficulty in obtaining experimental isothermal transformation data, in
particular, definitively characterising the onset of the decomposition, especially for low alloyed

[ presented a method for deriving the isothermal transformation

steels, Gergely and co-workers
diagram from measurements obtained under continuous cooling conditions. This technique
also assumes that the transformation event, both incubation and growth processes, can be

described empirically by an Avrami-type equation of the form:
x = 1—exp{—(kt)'} ....(2.22)

where k" = b in equation (2.20).

From the measured transformed fraction and the transformation rate at any temperature,
both coefficients k and n can be simultaneously calculated. A multi-parameter analysis was

[ and the corresponding

then used to derive the mean values of k and n at each temperature
loci of the 1% and 99% transformation lines were drawn on the temperature-time plot."*" The
time exponent n, obtained by this technique is highly sensitive to temperature; at 720°C n has
a value of 10.45 and decreases to 4.28 at 600°C.""! However, the composition of the steel

concerned was not mentioned in the article.

According to Kuban et. al.,*"! Avrami’s equation will satisfy the additivity principle, as
defined by Christian™ (Section 2.3), if and only if the exponent » is a constant, independent
of temperature, and the rate constant k£ (or b in equation (2.20)) is a function only of the

transformation temperature.
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In 1977, Kirkaldy and colleagues™™ presented a thermodynamic derivation for calculating
the equilibrium transformation temperature for the onset of the austenite — ferrite (y — o)
transformation, i.e., Ae; , based on steel chemistry. The concept proved to be versatile and
capable of handling a wide range of steel compositions.”” They also extended their studies to
predict the isothermal time to attain 0.1% transformation assuming instantaneous site saturation
occurred, and subsequent diffusion controlled growth for the y — o transformation. This
approach assumes that the previously described incubation period (the pre- 0.1% transformation
region) is a region of slow growth. Their derivation began with the modified Zener growth

[61]

equation of the form:

m o
< (AT - ....(2.24
v o< (AT) exp( RTJ (2.24)
where AT is the degree of undercooling, i.e., (Ae; -T); Q is the activation energy for diffusion
in austenite and m is a constant relating to the mode of diffusion (diffusion path). A value of

1,78 it was suggested that any

3 for m was chosen as "the best average representation over al
error introduced by such a choice could be empirically accommodated in the regression of the
effective activation energy for diffusion. The effects of alloying elements and austenite grain

size were absorbed in the proportionality constant.

Regression over a set of TTT diagrams for more than 20 hypoeutectoid steels yielded an

expression for the isothermal time to attain 0.1% ferrite from austenite of the form:
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2.5 Contemporary Approaches

20kCal/mol
RT

Torw = m(60€ +90Si + 160Cr +200Mo) ....(2.25)

where N is the ASTM grain size number, and the compositions are in wt%.

The success of equation (2.25) in describing the isothermal onset of ferrite formation
(0.1%), i.e.,, the "start time" for the TTT curves for medium and low alloy steels is quite
remarkable. However, for high carbon and heavily alloyed steels, the equation could not retrace

the experimental curves.®"

The subsequent prediction of the start of transformation for the CCT curve, using the
Sch;zil summation method, was also carried out; but predicted CCT curve did not agree well
with the experimental data.”®” As a consequence, the expression for the incubation time for
ferrite was revised, and similar expressions for pearlite and bainite were also developed,””

which enable them to generate TTT diagram for several product phases. This approach is still

limited to low alloyed steels.

In 1977, Shimizu and Tamura®! pointed out that if the cooling rate does not remain
continuous during cooling, the non-isothermal transformation start temperature can be signif-
icantly different from that predicted by the "conventional" CCT curve; the latter is commonly
generated by either Newtonian or linear cooling. They also indicated that the experimentally

generated TTT curve is dependent on the initial transient cooling rate used to reach the isothermal

temperature.
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A solution to the inverse of additivity that would enable the isothermal incubation time
to be derived directly from the continuous cooling data, was recognised by Kirkaldy and
Sharma.®® The approach was demonstrated first by inversion of a published CCT curve to a
TTT curve, which was then used to forward predict a CCT curve for Jominy cooling conditions.
However, the procedure assumes that the CCT curve was obtained from a set of linear cooling
experiments in which all cooling rates used in the generation of a CCT curve were constants,

independent of the sample temperature. There was no experimental verification presented.

Recently, the consequences of the additivity rule with respect to incubation were further
pointed out by Wierszyllowski.® He showed that in all experiments conducted to generate
TTT curves, there was a finite amount of incubation fraction being consumed in cooling the
specimen to the isothermal test temperature. He also suggested a method for direct measurement
of the true isothermal incubation that would theoretically validate the use of Scheil’s summation.

However, there has been no verification conducted experimentally.
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Chapter 3

OBJECTIVES AND SCOPE OF THE STUDY

The significance of accurately predicting the onset of transformation in understanding the
microstructure evolution during cooling has long been recognised. Despite the considerable
amount of research and development which has been conducted to establish a method for
estimating the onset of the austenite decomposition, the prediction methods available
today!>">** are still somewhat semi-empirical. Their applications are limited to continuous

cooling situations in which the cooling rate does not change drastically and have not been

experimentally verified.

Although CCT diagrams have long been used to evaluate the metallurgical response of
different steels, one must be aware that most CCT diagrams are constructed from tests with
natural or linear cooling situations. This restricts their applicability to processes involving
comparable cooling conditions. Modern steel processing conditions can become quite
sophisticated involving a range of continuous and step cooling situations;**” CCT diagrams
appropriate to these more complex processes would have to be generated using comparable

cooling conditions.

The additivity principle provides a possible mathematical relationship between the
transformations that occur under non-isothermal conditions and those that occur at constant
temperatures. As such, it offers a potential procedure for using isothermal data to describe a

process involving a complex thermal path.
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3 OBJECTIVES AND SCOPE OF THE STUDY

However, the success of the additivity principle in estimating the transformation start has

not been rigidly tested. Thus, the objective of this study is to gain a better understanding of the

additivity principle and its applicability to the incubation and transformations involved in the

decomposition of austenite to pearlite.

To fulfil this objective, the scope of this study will encompass the following tasks:

i)

The relationship between the isothermal and cooling transformation start diagrams,
withrespect to Scheil’s additivity rule, shall be critically re-examined to gain further

understanding of the consequences and implications of the additivity .

An "ideal" TTT curve, which would satisfy the use of Scheil’s equation (equation
2.1 & 2.2) in predicting the start of transformation in non-isothermal conditions,
will be introduced. Mathematical relationships between the experimental time to
the start of transformation and the ideal incubation time shall be derived, and

methods for obtaining the ideal 77T curve from cooling data will also be established.

The start of transformation from austenite to pearlite will be experimentally
measured using the Gleeble 1500 under isothermal (777), continuous cooling (CCT)

and non-continuous cooling conditions for a eutectoid steel.
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3 OBJECTIVES AND SCOPE OF THE STUDY

An "ideal" TTT curve for the eutectoid steel will be derived using the controlled
cooling data. The derived "ideal" TTT curve will be employed in the Scheil equation
to predict the continuous cooling behaviour, and the results compared with the

experimental measurements.

The prediction capability of the Scheil additivity principle will be tested against the

conventional methods for estimating the transformation start temperature.

Simulation of the actual cooling schedules from a BHP rolling mill, typifying a
semi-continuous cooling condition, will also be conducted and the result obtained

shall be used for the assessment.
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Chapter 4

INCUBATION TIME AND THE ADDITIVITY PRINCIPLE

Theoretically, an isothermal transformation diagram is unique to a steel with a particular
solution treatment history; the austenite decomposition kinetics depend only on the composition
and the grain size prior to transformation. The additivity principle offers a mathematical

relationship between non-isothermal events and their isothermal counterpart.

The isothermal data, which are generated by experiments, inherently contain an initial
temperature transient which arises prior to attaining the isothermal decomposition conditions.
The transient exists, at least in part, within the decomposition range. Thus, the "isothermal”
nature of the experimental data depends on the relative proportion of the event that takes place
at the desired temperature and that which happens during the initial cooling transient. For many
steels, particularly the plain low carbon steels, the transformation incubation times near the
"nose" temperature (i.e., the temperature at which the decomposition kinetics are most rapid)

are very short, which makes it difficult to obtain isothermal data that is meaningful.
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NOTICE TO THE READER

Intending readers of this thesis, particularly the development of the ideal isothermal
transformation curve on pages 34 to 44, are directed to the seminal paper by 1. A.
Wierszyllowski [1].

The attention of readers is drawn also to the following published discussion and
response:

(a)

‘Discussion of “Predicting the Onset of Transformation under Noncontinuous
Cooling Conditions: Part I. Theory” and “Predicting the Onset of
Transformation under Noncontinuous Cooling Conditions: Part II. Application
to the Austrenite Pearlite Transformation™” by I.A. Wierszylloski [2]; and

(b) Authors’ Reply by T.T. Pham, E.B. Hawbolt and J.K. Brimacombe. [3]
[11  Metall. Mater. Trans. A 1991, vol. 22A, pp 993-99.

[2] Metall. Mater. Trans. A 1997, vol. 28A, p. 251.

[3] Metall. Mater. Trans. A 1997, vol. 28A, p. 1089.
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4.1 The "Ideal" TTT Curve for the Incubation

4.1 The "ldeal" TTT Curve for the Incubation

Suppose for a steel with given composition and austenite grain size, there exists an "ideal"
TTT curve for the start of transformation from austenite to pearlite, such that it satisfies the
Scheil equation (equation 2.1 & 2.2) for predicting the start of transformation under non-
isothermal conditions. This TTT curve could only be generated with an infinitely rapid initial

cooling rate to each isothermal temperature.

Wierszyllowski,® ascribing the pre-transformation region in terms of incubation, pointed
out that there was a finite amount of incubation being consumed during the initial transient
cooling to the test temperature, T, in accordance with Scheil’s theory.® Figure 4.1is aschematic
illustration of a typical thermal path employed in determining the isothermal incubation time
at temperature 7,. The resulting 77T curve obtained in this way is called an "experimental"
TTT curve and is shown as a solid curve. Included in this Figure is an "ideal" TTT curve, shown
as a dash curve, to illustrate the relationship between the experimental and ideal TTT curves.
Since the experimentally generated 77T curve incorporates a measurable initial cooling transient
to the isothermal temperature, it is displaced to the longer times relative to the "ideal" TTT

curve.

Let ©(T) be a mathematical function which describes the shape of the ideal TTT curve.
Thus, we can quantify the relationship between the experimental and ideal times according to
the Scheil equation (equation 2.1 & 2.2). Assuming the thermal path from the equilibrium

temperature to the intercept of the experimental 77T curve consists of n isothermal segments.
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4.1 The "Ideal" TTT Curve for the Incubation

Application of Scheil’s equation yields:
i At :
ZuT) ~..(4.1)

=D Ati (ts - tc)
—_ +
i=1 «T}) uT3)

= 1 ..(42)

where At, are the incremental time steps. The first term on the left hand side of equation (4.2)
represents the summation along the cooling path; while the second term is the fractional

incubation time consumed due to the isothermal holding at temperature 7.

T Cooling path

s hatt—
S‘LY/ Discretisation of cooling curve
T

Temperature

! s Log(time)

Figure 4.1: Schematic illustration of the relationship between the "ideal" and exper-
imental incubation time at temperature T,.
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4.1 The "Ideal" TTT Curve for the Incubation

To better approximate the initial transient cooling path, we can reduce the time increments

such that the summation can be transformed mathematically to become:

i i + (ts - tc)
Jxn * )

1 ...(43)

Since t©(7) is a function of temperature, we may desire to transform the limits of integration

fromt, = t.to T, = T, as follows:

t=t

Tl « S = 4

Tto L, —1

ir(_lTS(%)dT * (;(T,)C) = | . (4.5)
or:

f )

jT(TL)g(T_) o ! ...(4.6)

T,

where T, is the temperature at which the sample becomes unstable relative to the transformation
event, 9 is the cooling rate and defined as -d7/dt, T is the isothermal incubation time and is a
function of temperature and T, is the incubation time at 7,. This integration of the consumption

of fractional incubation time (equation 4.6) can be rearranged in terms of ¢, to yield:
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4.1 The "Ideal" TTT Curve for the Incubation

Ty

_ _ dr
t, = L + T4l fT(T)e(T) 4

T,

The total cooling time, f,, may be evaluated by integrating the cooling rate with respect to the

temperature changes along the cooling path, i.e.:

T,

.- [T
) -8(T)
or:
Ty
dT
— t —r—— cens .
t, )+ Y8 (4.8)
T,
Substituting (4.8) into (4.7) results in the following:
TO
t. = 1T + t + 1 e 4T
* ' 0 JLT D) |8(T)
or:
Ty
T, | dT
t—-t) = 1T, + 1- — ....(4.9
(.r 0) t ﬂ T(T)]G(T) ( )

If the time, t,, to reach the isothermal transformation phase boundary temperature Ty is
very short compared to the observed transformation start time, #,, which typically is the case,

then equation (4.9) becomes:
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4.1 The "Ideal" TTT Curve for the Incubation

Ty

t, = 1+J1 YL
A I3 ....(4.10)

For isothermal tests conducted above the nose temperature of the C curve, it follows that
T(T) 2 7, in the temperature range from T, down to T,. Thus, the integral on the right hand side
of equation (4.10) remains positive. Consequently, it means that the experimental isothermal
start time, ¢, is always longer than the ideal incubation time, t,, at the test temperature by an
amount represented by the integral on the right hand side of equation (4.10). Obviously, when
the initial cooling rate is very rapid the integrand becomes negligible, in which case the
experimental start time may be taken to be the isothermal incubation time. This is in accordance
with our definition of the ideal incubation time, as the experimental incubation time will

approach the ideal incubation time when the initial cooling is instantaneous.

In fact, Shimizu & Tamura®" pointed out that since the experimental isothermal start time
depends on the initial cooling rate, experimental 777 curves varied, depending on the exper-
imental procedure used to obtain the isothermal results. For this reason, they no longer represent

a truly unique isothermal transformation diagram.

The influence of the initial cooling on the experimental T7T curve can be explained with
the aid of Figure 4.2. Consider a particular cooling rate, él, is obtained in transferring a specimen
to the isothermal test temperature. Suppose that this cooling rate is slower than the critical rate,
and if the specimen is allowed to continue cooling at this rate, transformation will eventually

start at temperature T, where it intercepts a CCT curve.
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Temperature

Figure 4.2:

4.1 The "ldeal" TTT Curve for the Incubation

Exptl. TTT curve 1

7

Log(time)

Interrelationship between the continuous cooling, experimental and
"ideal" isothermal starting time.*

However, isothermal tests are conducted at temperatures higher than T} to produce a TTT

curve (curve 1). When this TTT curve is extrapolated to lower temperatures, it will eventually
intersect the CCT curve at T;. Similarly, if another experimental procedure is used, which yields
aninitial cooling rate 92 in transferring a specimen to the isothermal test temperatures, adifferent
TTT curve (curve 2) will result. Thus, the only unique T7T curve is that obtained by using an

infinite cooling rate to attain the isothermal test temperature, i.e., an "ideal" TTT curve.

The relative spacing between the "ideal" and the experimental transformation start curve is

exaggerated for illustration only.
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4.1.1 Measurement of The "Ideal" Incubation Time

4.1.1 Measurement of The "ldeal" Incubation Time

Equation (4.10) offers a quantitative relationship between the experimentaily
measured isothermal start time and the true incubation time of a steel, based on Scheil’s
additivity rule. However, since 1(7) is not known, nor is T,, the integral cannot be evaluated

directly.

Theoretically, T, is constant while ¢, is dependent on the cooling rate used to reach the
test temperature, 7,. If a sample was cooled at a constant rate of éC, to the test temperature

T,, and the corresponding start time was measured to be f,;, equation (4.10) would reduce

to:
1 E T
ty = T, e—an[l—T(})]dT
or:
Ty
Ot = 0T, + J[I—T—(T—'f)]dT (11)
T,

Alternatively, if another cooling rate, écz, was also used toreach 7,and correspondingly

the start time was measured to be z,,, we would have:

T

. s T
Bt = BT + ﬂ:l—;(‘]t:;]dT ....(4.12)
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4.1.1 Measurement of The "ldeal" Incubation Time

These two cooling conditions are schematically illustrated in Figure 4.3.

Cooling paths

“Ideal® TTT curve

Experimental TTT curves

e due to coaling rate éC!

————— due to cooling rate 9 ca

T -
N
2 W\
2 Y X
L) v\
2 6.\ \‘ 9
£ crt c2
@ Voo
[ Lo
L
1} \
T, L g
Figure 4.3:

Log(time)

Schematic illustration of the relationship between the "ideal" and

experimental incubation time.”

The integrals which appear in both equations (4.11) and (4.12) are, in fact, identical

since they are evaluated from 7}, to 7, and do not involve the time variable; they are inde-

pendent of the thermal path. Hence, subtracting equations (4.12) from (4.11) will lead to

the following result:

(GCI - 9CZ)

(Ocity — Ocaty)

....(4.13)

b  The relative spacing between the "ideal" and the experimental transformation start curve is

exaggerated for illustration only.
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4.2 Calculation of The "Ideal" Incubation Time from Cooling Data

where all quantities on the right hand side are measurable enabling T, to be determined

directly from the experimental data.

4.2 Calculation of The "Ideal” Incubation Time from Cooling Data

Assuming the Scheil equation can use isothermal data to predict continuous cooling
transformation events, an "ideal" T7TT curve can be determined from the transformation results

which are associated with a range of known cooling conditions.

For a constant cooling rate, the Scheil equation (equation (2.2)) can be transformed to the

form similar to equation (4.6):

TC CcT

11
_fﬁ%‘” = 1 . (4.14)

Ty

where the cooling rate 6 is negative, as is the temperature increment, d7.

Since the formation of the new phase is only possible at temperatures below the equilibrium
transformation temperature, which is a characteristic of the steel chemistry, the integration is
meaningful only at temperatures below the equilibrium decomposition temperature; the
transformation then occurs for a given degree of undercooling, AT. It should be emphasized

that above the equilibrium temperature, decomposition is not possible and, hence ©(7) is infinite.
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4.2 Calculation of The "Ideal" Incubation Time from Cooling Data

Thus, transforming equation (4.14) to integrate over AT yields:

Y
1 1
! wansan’c = - 415)

where the degree of undercooling, AT, is defined as T, - T. AT, is the total amount of

undercooling to attain the start of transformation.

Consider the cooling condition in which the cooling rate is constant, éC. Equation (4.15)

simplifies to:

AToer
1 .
!md(AT) = 6, ....(4.16)

Differentiating equation (4.16) with respect to the degree of undercooling, AT, an
expression is obtained for T in terms of the cooling rate and the degree of undercooling as

follows:

1 _d@®)
YAT)  d(ATce) .. (4.17)

where AT is the magnitude of the undercooling at which the transformation of the new phase

begins on cooling.
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4.2 Calculation of The "ldeal" Incubation Time from Cooling Data

Thus, by knowing the cooling rate that the steel has experienced below the equilibrium
temperature and the temperature at which the transformation begins, one can estimate the ideal

isothermal incubation time, and therefore construct the ideal T7T curve.



Chapter 5

EXPERIMENTAL DESIGN

5.1 Materials

All experiments were conducted using an industrial eutectoid carbon steel having the
composition shown in Table 5.1. The eutectoid grade was chosen because of its inherent high

hardenability, which enables the experimental study of incubation time to be conducted.

Table 5.1: Composition of steel used in this study.

Elements: C |Mn| Si P S Al Cr | Ni

Wt%: 0.82]0.8810.28]0.015(0.008)0.001 {0.032]0.006

The temperature for the onset of austenite formation from pearlite on heating, A.;, was
calculated for this steel to be 722 °C.*¥ A more detailed thermodynamic calculation of the
equilibrium temperature, Ae,, according to Kirkaldy,® yielded 721 °C, and the corresponding
eutectoid composition of 0.71 wt%C. Although this indicates that the steel is hyper-eutectoid,

the maximum amount of cementite, Fe;C, expected to form by lever rule calculation is less than

2%.

%l were also employed to

Thermodynamically based equations reported by Kirkaldy,
determine the composition boundaries of the Fe(X)-C phase fields (where X is the combination
of alloying elements other than carbon). The resulting binary phase diagram for the steel used

in this study is shown in Figure 5.1. From this diagram, the steel intersects the y/Fe;C phase
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5.1 Materials

boundary, i.e., A, at 768 °C.
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Figure 5.1: The modified Fe(X)-C phase diagram for the eutectoid steel havmg the
composition shown in Table 5.1.

In order to minimise the compositional variation that might exist between, and within
each specimen, the as-received steel rod was homogenised in evacuated quartz tube at 1100°C
for 14 hours. The steel rod was then annealed at 850 °C for 30 minutes and furnace cooled to
room temperature to reduce the austenite grain size and restore the ductility of the room
temperature microstructure for subsequent machining operations. This heat treatment sequence
yielded an average Vicker hardness of 267, and a microstructure consists predominantly of

pearlite as shown in Figure 5.2.
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5.1 Materials

Figure 5.2: Microstructure of the eutectoid steel after being homogenised to mini-
mise the compositional variation. Mag. X800
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5.2 [sothermal and Cooling Apparatus

5.2 Isothermal and Cooling Apparatus

The isothermal and continuous cooling transformation measurements were made using
the Gleeble 1500 Thermal-Mechanical Simulator. The tubular specimens, 20 mm in length with
an 8 mm outer diameter and a 1 mm wall thickness, were held in place by a tubular stainless

steel support assembly, as shown in Figure 5.3.

The severity of the thermal gradient that might arise through the wall thickness of the
tubular specimen was analysed on the basis of the Biot Modulus, which is a measure of the
internal resistance relative to the external resistance to heat flow for heating or cooling of the
specimen. A Biot number of 0.032 was determined which indicates that the thermal gradient
across the thickness of the specimen is expected to be insignificant. The details of this analysis

are included in Appendix A.1.

The temperature of the specimen was controlled and monitored using an intrinsic
Ch;omel-Alumel thermocouple which was spot welded onto the outer surface of the specimen
at mid-length. The sample temperature was controlled by resistive heating. Electrical contact
between the specimen and the sample holder was obtained initially by manually applying a
small amount of compressive force by reducing the jaw spacing. Subsequent contact during

the test cycle was maintained with the aid of a constant pressure air ram.

The resistive heating design, together with the temperature feed-back control system of
the Gleeble machine, provided rapid response for precise control of specimen temperature during

the heating, isothermal holding and cooling cycles of each test schedule.
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5.2 Isothermal and Cooling Apparatus

The diametral dilation of the specimen due to temperature changes or associated with
volume changes due to phase transformation was monitored by a Linear Variable Differential
Transformer (LVDT) C-strain device designed for the Gleeble. However, the original dila-
tometer design required modification to the two sample-supporting quartz rods to minimise the
contact area. This was necessary to assure a uniform temperature field in the cross sectional
plane of the specimen during isothermal and cooling tests. Discussions pertaining this effect
are included in Appendix A.2. The dilational changes were monitored in the middle of the
specimen to eliminate errors arising from axial temperature gradients. Both the dilation and
temperature measurements were monitored in the same cross sectional plane and acquired

continuously with a common time base in the 8 channel data acquisition system of the Gleeble.

To minimise oxidation during experimentation, the test chamber was evacuated to a
pressure less than 3 mTorr, then back filled with high purity Argon gas. This procedure was

repeated before each test commenced.
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5.2 Isothermal and Cooling Apparatus

Tubular stainless steel holder Ldei

a)

b)

 Dilatometer secimen

Figure 5.3:  The testing chamber of the Gleeble 1500:
a) Overview of the test chamber,
b) Enlargement showing dilatometer specimen, specimen holder
and LVDT C-Strain device assembly.
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5.3.1 Cooling Schedules

5.3 Isothermal and Cooling Test Procedures

5.3.1 Cooling Schedules

All tests conducted in this study were performed under a high purity argon
environment; the chamber pressure was maintained at a pressure that is negative with respect
to the ambient to maintain a cover seal, to restrict the in-flow of air that could lead to the
oxidation of the sample. Each specimen was first austenitised at 900 °C for 2 minutes, then
air cooled to 780 °C, where it was held isothermally for 1 minute before being cooled
according to the desired schedule. The isothermal holding of the specimen at an intermediate
temperature was carried out in each test to enable the temperature field through the thickness
of the specimen to equilibriate. The temperature 780 °C (12 °C above the calculated A,
temperature) was chosen to avoid any possible nucleation of proeutectoid cementite from

austenite.

The cooling schedules employed in this study have been designed to test the additivity
concept as it applies to fractional consumption of incubation time, and to provide the data
for calculating an ideal T7T curve, as derived in Chapter 4. The experimental program

encompassed four main cooling regimes:
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i)

5.3.1 Cooling Schedules

Controlled Cooling Schedule:

To simplify the application of equation (4.17) to derive the ideal incubation time
(transformation start time) from a set of continuous cooling data, requires that

the data be generated under constant cooling conditions.

Several controlled cooling rates; 0.1, 1.0, 3.0, 7.0 and 10 °C/s, were used in this
study to cool each specimen from the austenite phase field to room temperature.
The 10 °C/s defines an upper limit for the control cooling by control of the
resistive heating current. This range of cooling rates also encompasses those

experienced on a Stelmor controlled cooling line.

Isothermal Cooling Schedule:

Conventional isothermal experiments were also carried out to determine the
transformation start time at several temperatures from 650 to 680 °C for
comparison with the derived ideal transformation start time. The data will also
be used to test the predictive capability of an ideal 77T curve versus the standard
(experimental) TTT curve to calculate the Scheil-based continuous cooling start

time.
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iii)

5.3.1 Cooling Schedules

Attempts were also made to conduct tests at temperatures of 640 °C and below.
However, at 640 °C the more rapid release of latent heat associated with the
faster formation of pearlite, created difficulty in controlling the desired specimen

isothermal temperature.

Controlled Isothermal Schedule:

In this schedule, specimens were control cooled at different cooling rates, from
780 °C to 680 °C where they were held isothermally and allowed to transform,

and the times to initiate the pearlite formation foreach cooling rate was measured.

Data obtained from these tests will be used to deduce the ideal incubation time
at 680 °C according to equation (4.13), and will be compared against the ideal

TTT curve at 680 °C.

Isothermal Step Cooling:

Isothermal step cooling experiments were conducted to assess the capability of
Scheil’s additivity rule to predict the onset of pearlite formation under

non-continuous cooling conditions, based on,
a) the derived ideal TTT curve

b)  the measured conventional 777 diagram.
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5.3.1 Cooling Schedules

Inthese tests, specimens having identical solution treatment history were initially
cooled to 680 °C and held for a set amount of pre-transformation time

(incubation), then rapidly cooled to 670 °C and allowed to transform to pearlite.

Schematic diagrams of the thermal cycles used for the controlled cooling, conventional

and modified isothermal and isothermal step cooling experiments are shown in Figure 5.4
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Figure 5.4:  Schematic diagram showing cooling schedules for:
i) controlled cooling,
ii) conventional isothermal,
iii) controlled isothermal and,
iv) stepped isothermal tests.
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5.3.2 Analysis of Experimental Data

5.3.2 Analysis of Experimental Data

Throughout the analysis of the Gleeble dilatometric data, the measured contraction of
the austenite phase due to decreasing temperature was assumed to vary linearly with

85 and the onset of the transformation from austenite to pearlite was defined

temperature,
as the point at which the dilation began to deviate from linearity. It should be noted that
the austenitic linear contraction was taken as that measured just above the transformation

temperature of 730 °C which minimises the effect of any non-linearity of the thermal

contraction.

A regression analysis was used to characterise the pre-transformation contraction of
the austenite phase. The deviation of measured data from the linearity was taken as the start
of transformation, and was determined by the statistical control method.®® The scatter of
data about the regression was assumed to be normally distributed until the transformation
begins where the scatter (deviation) exceeds three standard deviations. The details of this

statistical analysis are included in Appendix A.3.

56



Chapter 6

RESULTS AND DISCUSSIONS

6.1 Initial and Final Microstructures

Figure 6.1 is an optical micrograph of a specimen austenitised at 900 °C for 2 minutes,
air cooled to 780 °C where it was held for 1 minute to allow the temperature gradient through
the wall to equalise then water quenched. The microstructure is predominantly martensite
(Figure 6.1 (a)), and shows the grain boundaries of the prior austenite grains, as outlined in

Figure 6.1 (b).

A linear intercept method® was used to estimate the mean austenite grain size.
Measurements were made over 50 fields of view yielding a mean grain size of 13 pm. This
initial microstructure closely reassembles that which exists in steel rod as it exits from the last
rolling stand; the mean austenite grain diameter has been reported to be in the range of 10 to

[4,90-92]

20 um.

The final microstructures resulting from various cooling schedules are shown in Figures
6.2 to 6.4. Figure 6.2 shows the pearlitic structure in a specimen that was control cooled at 3
*C/sto 680 °C, where it was then held isothermally. The resulting microstructure of a specimen
that has undergone the conventional rapid cooling (= 100 °C/s) to the isothermal temperature
of 650 °C is shown in Figure 6.3. Finally, the microstructure of an air cooled specimen, which
incurred a cooling rate of 14 °C/s at Ae, and the transformation initiated at 621 °C during cooling,

is shown in Figure 6.4.
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6.1 Initial and Final Microstructures

(b)

Figure 6.1: Microstructure of the austenitised, quenched specimen etched in
alkaline sodium picrate to reveal the prior austenite grain boundaries.
(a) optical micrograph at a magnification x1000,
(b) outline of the grain boundaries.

58



6.1 Initial and Final Microstructures

Figure 6.2: SEM microstructure of a specimen control cooled at 3 °C/s to 680 °C,
isothermally transformed to pearlite and air cooled to room temperature.
Magnification x2000.

Figure 6.3: SEM microstructure of a specimen rapidly cooled to 650 °C,
isothermally transformed to pearlite and air cooled to room temperature.

Magnification x3000.
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6.1 Initial and Final Microstructures

Figure 6.4: SEM microstructure of a specimen air cooled to room temperature by
natural convection and radiation, showing primarily pearlite structure.
Magnification x4000.



6.2.1 Application of Inverse Additivity

6.2 The "ldeal" Incubation Time

6.2.1 Application of Inverse Additivity

The start of the pearlite transformation, observed under constant cooling rate
conditions, is shown in Figure 6.5. The cooling time is the time below the equilibrium

austenite decomposition temperature, Ae;. The line of best fit obtained from the interpolation

is also included in this figure.
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Figure 6.5: Continuous cooling transformation diagram for eutectoid steel under
constant cooling rate conditions.

61



6.2.1 Application of Inverse Additivity

The interpolation thus represents the locus of the start of the transformation to pearlite
under constant cooling rate conditions. Accordingly, from this figure, the cooling rate to
attain a given amount of undercooling before the onset of pearlite formation can be

determined as follows:

. AT,
§ = <o .. (6.1)

Icer

where AT and ¢, are the amount of undercooling and cooling time from the Ae, to the

start of the pearlite transformation, respectively.

Making use of equation (6.1) and the best fit to the experimental constant cooling rate
data, a curve of the limiting cooling rate as a function of the degree of undercooling is shown
in Figure 6.6. The resulting limiting cooling rate curve in Figure 6.6 represents the slowest
cooling rate required to reach a given amount of undercooling without initiating the

transformation to pearlite during cooling.

According to equation (4.17), the "ideal" incubation time, T, can be found by taking
the reciprocal of the gradient of the limiting cooling rate curve with respect to undercooling.
The calculation of the "ideal" incubation time, according to inverse additivity, was performed
within the experimental range. The results are shown in Figure 6.7 where the "ideal"

incubation time was plotted as a function of undercooling.
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6.2.1 Application of Inverse Additivity
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Figure 6.6: Constant cooling rate to reach a given undercooling prior to
transformation.
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Figure 6.7: The "ideal" incubation time as a function of undercooling.
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6.2.2 Expression of The Ideal Incubation Time

6.2.2 Expression of The Ideal Incubation Time

The derived "ideal" incubation time, based on the data interpolated within the

experimental range, form the basis for the regression of T as a function of temperature.

In this study, the growth equation (equation (2.19)) has been assumed to adequately
describes the relationship between the isothermal transformation start time, T, and
temperature. Although the underlying assumption of this type of equation is that the site
saturation condition prevails in the reaction, a condition which is difficult to assess, its
success in describing the "C" curve behaviour of the T7T start time for a number of plain

carbon steels has been demonstrated by Kirkaldy et. al..”*"®"

Linearisation of equation (2.19) yields:

log{ Eﬂéﬁ} = —mlog{AT}+log(A) . (62)

In this analysis, the values of both Q and m were simultaneously determined by varying
the value of Q until a best fit of log(T*exp(-Q/RT)) vs. log(AT) was obtained. The condition
of best fit was obtained (correlation coefficient, =0.9960), when the value of Q was 125.6
kJ/mol (30 kCal/mol), the exponent m was 4.15 and the corresponding proportionality
constant, A, was 32.5. Figure 6.8 shows the results of the regression analysis in which the
triangular points represent the data (as measured and interpolated) within the experimental

range, and the line of best fit is shown as a solid line.
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6.2.2 Expression of The Ideal Incubation Time
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Figure 6.8: Logarithmic plot of the product of incubation time and exp(-Q/RT)
as a function of undercooling below Ae,.

Thus, an equation describing the ideal isothermal start transformation time to pearlite

for the steel used in this study was found to be:

125.6kJ/mol
RT

uT) = 32.55-—(—-—

AT .(6.3)

Figure 6.9 shows the graphical form of equation (6.3) in the temperature-log(time)
plot. Included in this figure are the transformation start results obtained from the

conventional isothermal experiments. As anticipated from the preceding discussions in
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6.2.2 Expression of The ldeal Incubation Time

Chapter 4, since there is a finite amount of fractional incubation time consumed during the
initial cooling of the specimen to the desired isothermal temperature in the conventional

TTT test, the observed start for these tests were expected to be delayed relative to the "ideal"
TTT curve.
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Figure 6.9: The "ideal" isothermal transformation (777) diagram.
The results of the regression suggest that the activation enthalpy for the diffusion of
carbon in austenite, associated with pearlite formation, is 125.6 kJ/mol (30 kCal/mol). This

value is similar to that estimated by Zener,® who reported a value of 150 kJ/mol (36

kCal/mol) as the activation energy for diffusion of carbon during pearlite growth.
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6.2.2 Expression of The Ideal Incubation Time

As suggested by Kirkaldy er. al.,” the proportionality constant, 4, contains the grain
size and composition dependent parameters. However, analysis of A in terms of the
constituents was not possible in this study, since only one steel grade was used and the
austenitising condition was chosen to yield a similar microstructure to that present at the

exit of the last rolling stand.

The supercooling exponent m, typically signifies the predominant mode of diffusion
responsible for the reaction; physical meaning is associated with a value of 2 or 3. However,
the exponent of 4.15 obtained in this study is an empirical constant that resulted from

maximising the regression coefficient to ensure the best fit with the experimental data.

Comparison of the derived "ideal" TTT curve to a curve that is predicted according to
Kirkaldy and Venugopalan™ for 0.1% transformed, for the steel composition shown in
Table 5.1 and an initial austenite grain size of 13 m (ASTM grain size number 9) is shown

in Figure 6.10. The transformation time to 0.1% pearlite was calculated according to the

[791

formulae given by Kirkaldy and Venugopalan'™ as follows:

0.1%
1.79+5.42(Cr + Mo + Mo - Ni dx
Tae = ( ) ....(6.4)

KG_-_l_) z(l_x) 31
2 * (AT)’'D o x> (1-x)

where G is the ASTM grain size number and D is the diffusion coefficient which is evaluated

as follows:

1 ( 1 N 0.01Cr + o.sznjo
D exp -27~5kCaI/mol) exp( —37kCal/mol

....(6.5)

RT RT
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6.2.2 Expression of The Ideal Incubation Time

Figure 6.10 shows that equation (6.4) predicts a 0.1% transformation line that is almost
a decade to right of the "ideal" TTT at the nose temperature. At higher temperatures,

approaching the Ae;, Kirkaldy’s predicted curve lies at shorter times.

It should be noted that the ideal 77T curve was derived from experimental dilatometry
in which the deviation from linearity in the dilation-temperature relationship was taken as
the start of transformation. Specimen quenched at this condition and examined
metallographically did not reveal any pearlite under the resolution of the optical microscope.
Specimens quenched after this dilation transition did show increasing amounts of pearlite.
Consequently, the dilation transition is consistent with the initial stage of decomposition,
and therefore, would be eXpected to compared with the 0.1% transformation line. There is
insufficientevidence to provide any plausible explanation on the cross-over of the two curves
at above 670 °C, although it is acknowledged that Kirkaldy’s equation represents an average

for a wide range of compositions and grain sizes.

While there is no published isothermal transformation diagram for the specific steel
chemistry used in this study, comparison of the characteristic features of the derived ideal
TTT curveto those of a standard 77T curve reported for a 1080 steel in the Atlas of Isothermal
diagrams is shown in Figure 6.11. This 1080 steel® contained 0.79 wt%C, 0.76 wt%Mn,
and was austenitised at 900 °C (1650 °F) to give an ASTM grain size of 6.
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6.2.2 Expression of The Ideal Incubation Time
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Figure 6.10: Comparison of the derived ideal TTT curve to the curve for 0.1%
transformation by Kirkaldy & Venugopalan.”””
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Figure 6.11:  Comparison of the derived ideal 77T curve with the published
literature for a 1080 TTT curve.”””!

69



6.2.2 Expression of The Ideal Incubation Time

It can be seen from Figure 6.11 that the shape of the two curves are very similar with
the ideal TTT curve lying to the left (shorter time) of that of the published curve for the 1080
steel. The "nose" temperature of the 1080 steel TTT curve was suggested to be approximately
535 °C and the corresponding time of 0.8 seconds, while the ideal TTT curve shows a "nose"
temperature of approximately 520 °C and a minimum isothermal time of 0.3 second. At

high temperatures, the two curves converge into one.

The consistency of deducing the "ideal" incubation time by means of the additivity

rule, both in the forward and in the inverse application, was also examined in this study.

Controlled isothermal experiments were conducted in which specimens were
controlled cooled at different rates from 780 °C to 680 °C, where they were then held
isothermally. The experimental time to reach the isothermal temperature, and the time to

detect the formation of pearlite, were measured and tabulated in Table 6.1.

Table 6.1:  Experimental times obtained from the controlled isothermal

experiments.
Cooling Experimentation Time in seconds to:
Conditions 780°C | 680°C Start
3 °C/s->680 °C 000 | 3308 | 6644
10°C/s>680°C| 000 1004 | 5411
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6.2.2 Expression of The Ideal Incubation Time

From the discussion in Section 4.1.1, the "ideal" incubation time can be deduced

directly according to equation (4.13) as follows:

Ocit — 0oty

Tr :
8¢ —0Oc:

....(6.6)
where 0 and t,; are the rate of controlled cooling and the experimental time for the start of
transformation at temperature 7T, respectively. Using the results in Table 6.1, the ideal

incubation time at 680 °C is thus:

10x54.11 -3 x66.44
Tosrc = 10-3

= 48.82 [sec.]

while evaluation of T at 680 °C, according to equation (6.3), yields 45.16 seconds. The
incubation time at 680 °C derived by the two different methods may be deemed to be in

good agreement.
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6.3.1 Based on The "Ideal" Incubation Time

6.3 Predicting The Start of Transformation to Pearlite

6.3.1 Based on The "ldeal" Incubation Time

A test of Scheil’s additivity rule, based on the derived "ideal" incubation time function,
to predict the start of transformation to pearlite was carried out using three different cooling
patterns. Figure 6.12 shows the thermal histories of two Newtonian cooling conditions
employed in this study. In one case, a specimen was allowed to cool naturally by radiation
and free convection inside the test chamber; while in the other case, the tubular specimen
was forced cooled by the flow of helium gas along its internal diameter. In both cases, the
diametral dilation and specimen temperature were continuously recorded with the same time
base. The average cooling rates at the Ae, were measured to be 14 °C/s for natural cooling
and 42 °C/s for the helium quench condition. These two cooling situations thus represent
the typical, and an exaggerated continuous cooling processes that could be encountered in

industrial cooling.

A simulation of rod cooling on the Stelmor conveyor was also conducted on the Gleeble
based on the temperature measurements obtained” at the Rod Mill of BHP Rod and Bar

Product Division in Newcastle, Australia. Figure 6.13 shows the mill data (square points)

a

Data were compiled and made available by Mr. Ron Gloss of BHP Research, Melbourne
Laboratories.
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6.3.1 Based on The "Ideal" Incubation Time

and the Gleeble simulation of the rod cooling from the laying head where its temperature
was 880 °C. Once again, the diametral dilation was simultaneously recorded with the

specimen temperature during the simulation.

Making use of the derived "ideal" incubation time function, ©(7), equation (6.3), and

Scheil’s additivity rule,

T=Arl

o . (6.7)

o(T)

T =Ael

the start of pearlite transformation was determined based on the thermal history for the three
previously described different cooling conditions. The observed transformation start times,
which were determined based on the dilation-temperature information, according to the

method described in Section 5.3.2, were used as a means of testing the proposed procedure.

The results of the predicted and measured start of transformation of
austenite-to-pearlite under the two Newtonian and the Stelmor simulation are shown in
Figure 6.14. In this figure, the measured transformation start for the two Newtonian cooling
conditions are shown with the diamond symbols; while the solid triangle represents the
transformation start measured from the Stelmor simulation. The predicted start of
transformation according to Scheil’s additivity rule, based on the ideal TTT curve (or the

ideal incubation time function), are indicated as squares.
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6.3.1 Based on The "Ideal" Incubation Time
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Figure 6.12:  Thermal histories of the Newtonian cooling situations used in this
study.
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Figure 6.13:  Simulation of rod cooling on a Stelmor conveyor.
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6.3.1 Based on The "ldeal" Incubation Time

The predictions of the transformation start for all three cooling conditions slightly
preceded the experimental measurements; this is in contrast to previous observations in
which the Scheil’s additivity rule was found to over predict the transformation start."*#265¢6
However, it should be emphasized that both Newtonian coolings and the Stelmor simulation
incurred cooling rates beyond the experimental conditions which were used to derived the
"ideal" incubation curve. In this regard, the predictions are deemed to successfully predict

the start of transformation for the continuous and "semi-continuous" cooling conditions

employed.
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Figure 6.14:  Predicted and measured transformation start under Newtonian
coolings and Stelmor simulation conditions.
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6.3.1 Based on The "ideal" Incubation Time

The ability to predict the transformation start under non-continuous cooling conditions
was also examined in this study. Afterbeing solution treated, specimens were rapidly cooled
to 680 °C where they were held isothermally for pre-transformation time of 5, 15 and 30
seconds, respectively, then rapidly cooled to 670 °C and allowed to transform to pearlite
(see Figure 5.2(iv)). Other tests which are in fact also non-continuous are the controlled
isothermal (Figure 5.2(iii)) and the conventional isothermal or TTT tests (Figure 5.2(i1)).

Each involves at least one abrupt change in the cooling rate.

The start of transformation to pearlite was predicted based on the ideal 777 curve, the
Scheil additivity rule and the thermal histories of each test and compared to those obtained
from the experimental dilation-temperature information. Figure 6.15 shows a plot of the
predicted time, from Ae,, for start of transformation as a function of the measured starting

times; the line of ideality is also indicated in this figure.

The results show that the predictions are consistently 10 seconds ahead of the measured
values, with a standard deviation of 10.74 seconds. When the results from the Newtonian
and Stelmor cooling conditions are also considered, it can be seen that the predictions from
this method are very consistent and slightly ahead of the measured data, regardless of the
cooling pattern employed. Thus, this method of predicting the transformation start is

considered to be reasonably promising.
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6.3.1 Based on The "Ideal" Incubation Time
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Figure 6.15: Predicted and measured transformation start for non-continuous
cooling conditions.
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6.3.2.1 Using Cooling Rates at Ag,

6.3.2 By Conventional Methods

6.3.2.1 Using Cooling Rates at Ae,

Predictions of the start of transformation to pearlite for the two Newtonian coolings
and the Stelmor simulatioq have also been made based on the cooling rates at Ae,, a
technique which has been widely used.*"® From the results of constant cooling rate
experiments, a regression analysis was carried out to obtain an analytical expression for
the transformation start temperature, 7,, as a function of cooling rates. The best
correlation was found when T, was plotted against the logarithmic of the cooling rates,
this is shown in Figure 6.16. Anequation expressing 7, in °C, as a function of the cooling

rates was found to be:

T. = 663.82—19.31og(6) ....(6.8)

5

with the coefficient of determination, /2, being 0.9404.

The average cooling rates at Ae; of the two Newtonian coolings and the Stelmor
simulation were measured from the thermal history data, and the transformation start
temperatures were estimated using equation (6.8). Figure 6.17 shows the comparison
between the measured dilation-temperature data, represented by the square data points,

and the predictions based on the cooling rates at Ae,;, shown by the filled triangles.
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6.3.2.1 Using Cooling Rates at Ae,
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6.3.2.1 Using Cooling Rates at Ae,

For the Stelmor simulation case, the prediction was reasonably close to the
experimentally measured values, while for the helium quench condition, the prediction
was premature by as much as 60 °C. This increased discrepancy, observed as the cooling

rate increases, reflects the empirical nature of this technique.

While this empirical technique of estimating the transformation start temperature
has been commonly used, there is no theoretical justification for it, and consequently, it
relies on the availability of experimental data to provide the empirical cooling
rate-transformation start temperature relationship. The results in Figure 6.17 clearly
demonstrate that the relationship can not be projected beyond the experimental range

over which the regression was carried out.
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6.3.2.2 Based on Experimental TTT Results

6.3.2.2 Based on Experimental TTT Resuits

It has been reported in a number of studies!**>****

that the experimentally generated
TTT curves can be used as a basis for applying the Scheil’s additivity rule to predict the

transformation start. This method of prediction was also examined in this study.

Regression analysis was carried out to describe the isothermal transformation start
time as a function of temperature (incubation time) for the experimental 77T data. The

line of best fit, using the growth equation (equation (2.19)), was found to be as follows:

125.6kJ/mol .
RT

exef
WT) = 4985——L 7

T -(6.9)

The graphical form of this expression is shown in Figure 6.18, along with the
experimental data used for the regression. Figure 6.18 also includes the TTT curve

reported for a 1080 steel® and the derived "ideal" TTT curve for comparison.

By comparing the "ideal" 77T and the experimental 777 curves it can be seen that
experimental TTT curve lies almost one decade to the right of the "ideal" TTT curve at
the "nose" temperature. However, the regressed experimental 777 curve is quite similar
to the curve for a 1080 steel with a constant shift to the right; both curves have a "nose"
temperature in the vicinity of 530 °C. Atthe nose temperature, the regressed experimental

TTT curve is less than one second to the right of that for 1080 steel.
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6.3.2.2 Based on Experimental TTT Resuits

The Scheil’s additivity rule, equation (6.7), was used with equation (6.9) to
determine the transformation start for the two Newtonian coolings and the Stelmor
simulation. The results are shown in Figure 6.19, in which the predictions are represented
by triangles, while the measured results are shown as squares. The predictions of the
transformation start for each condition were late in all cases. This is in accordance to

the observation reported by Hawbolt et. al.'®”
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Figure 6.18:  The experimental TTT curves.

Figure 6.20 shows the predicted results versus the measured start times from Ae;
when this procedure was applied to the controlled isothermal and step isothermal

experiments. While the predictions for the isothermal step tests alone were very good,
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6.3.2.2 Based on Experimental TTT Results

the predictions for the cooling rate controlled isothermal tests were far from the measured
values; combining these results gives an overall prediction of about 24 seconds late with

a standard deviation of 38.8 seconds.

For the three cooling conditions used, the overall prediction of the Scheil’s
additivity rule, based on the experimental TTT curve, is generally late, except for the

stepped isothermal tests.

It should be noted that the initial cooling rate in the stepped tests was the same as
that incurred in the conventional isothermal tests. This means that the fractional
incubation consumption associated with the transient cooling in the two situations is the
same. The close agreement between the predicted and measured transformation start in
the stepped isothermal tests suggests that the use of Scheil’s additivity rule is valid in

such circumstances.
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6.3.2.2 Based on Experimental TTT Results
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Figure 6.19: Predicted and measured transformation start times for the two
Newtonian coolings and the Stelmor condition, based on the
experimental T77 curve.

150
P
g .
2, t .
¥ 100 +
B
B~
=
S L
S A
§ 50 + A Stepped Isothermal
= | A
w . Controlled Isothermal
A L
& ) "
L Line of Idedlity (i.e. 1:1)
0 + - . . } - . . - } — =
0 50 100 150

Measured Start Time [sec.]
Figure 6.20:  Predicted and measured transformation start times under the

non-continuous cooling conditions, based on experimental 77T
curves.

84



6.3.3 Prediction Capability of the Three Methods

6.3.3 Prediction Capability of the Three Methods

Among the three methods for predicting the start of transformation from austenite to
pearlite examined in this study, the predictions based on the cooling rate at Ae, only provides
the temperature at which transformation start is expected to occur. To completely define
the transformation starting condition, the corresponding time must also be obtained from
the cooling data. In essence, this method of prediction is insensitive to changes in the thermal
condition experienced by the specimen below the temperature range where the cooling rate
was determined. Consequently, it is not suitable for application to non-continuous cooling

conditions.

For the semi-continuous cooling condition (i.e., the Stelmor cooling simulation)
considered in this study, which has a cooling rate of 11.4 °C/s at Ae,, the prediction based
on cooling rate was in reasonable agreement with the measured transformation start.
However, the cooling rate for this cooling condition is very close to that from which equation
(6.8) was obtained. Furthermore, it should also be noted that the controlled cooling schedule
used at the Stelmor facility has been designed to obtain the transformation within the steel

rod at 640 °C.

On the other hand, prediction of the transformation start by Scheil’s additivity rule
takes into account the thermal history of the specimen as itintegrates the fractional incubation
consumption below the Ae,. The choice of the "best" TTT curve for this analysis is dependent

on the validity of this method in predicting the start of transformation.
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6.3.3 Prediction Capability of the Three Methods

Since there is a finite amount of fractional incubation consumed associated with the
initial transient cooling during the generation of an experimental 7717 curve, this effectively
displaces the TTT curve obtained to longer times. However, when an experimental TTT
curve is used as the basis for applying the Scheil additivity rule, the inherent fractional
incubation consumed is implicitly ignored, resulting in over-estimation of the transformation

start, as evidence in this study and others."**#*$*%!

Consistent results have been found with the prediction of the transformation start time
based on the ideal TTT curve. The prediction has been found to precede the measured start
of transformation to pearlite in all cooling conditions employed, which is in contrast to
previous reports based on the traditional 77T curve.“****%! Excellent agreement between
the predicted and measured values was found for the continuous and semi-continuous cooling
conditions, while for the non-continuous cooling situation, the prediction compared
favourably to the measured results with a mean difference in the start time of 10 seconds,

and a standard deviation of 10.74 seconds.

Thus, the performance of the three methods for predicting the start of the pearlite

transformation for three very different cooling conditions is summarised as in Table 6.2.
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6.3.3 Prediction Capability of the Three Methods

Table 6.2:  Comparison of the capability of the three methods in predicting the
start of pearlite transformation.

Prediction methods Cooling conditions
Continuous Semi-Continuous | Non-Continuous
Scheil's rule based on v v O
"ideal" TTT?
Scheil's rule based on x x o
exptl. TTT
Cooling rate at Ae1 x v Not Applicable
P v": Good agreement O Acceptable agreement x: No agreement
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Chapter 7

SUMMARY AND RECOMMENDATION

7.1 Summary of The Study

A critical examination of Scheil’s additivity rule for predicting the incubation time
(transformation start time) of the austenite to pearlite transformation was carried out in this

study.

The concept of an "ideal" TTT curve was introduced to account for the fractional incubation
time consumed during cooling to the test temperature. The ideal TTT curve is considered to

depend only on the steel’s chemistry and its austenite grain size prior to the transformation.

The ideal TTT curve was derived either from the data of the controlled isothermal or the
controlled cooling experiments. In the controlled isothermal experiments, known initial cooling
rates were used to cool the specimen to the desired isothermal temperature. The measured times

to the start of transformation were used to deduce the ideal incubation time at that temperature.

Alternatively, cooling experiments with controlled cooling rates were performed to
generate a controlled cooling transformation diagram, which was then used to back calculate

the "ideal" TTT curve by applying the inverse of Scheil’s additivity rule.

In this study, the "ideal" TTT curve for the transformation to pearlite in a eutectoid steel

was found to have the following form:

125.6kJ/mol
RT

ol
uT) = 32'5(A—T)4'15_
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7.1 Summary of The Study

Although this expression for the incubation time is semi-empirical in nature, Kirkaldy!™
used a similar form for describing the 0.1% onset of transformation assuming that site saturation
occurs early in the reaction, and the incubation process is governed by slow growth. The
characteristic feature of the derived "ideal" TTT curve was quite similar to that published in
ASM Atlas of Isothermal Diagrams. The temperature at which the shortest incubation time
occurs (i.e., the "nose" temperature) was found to be about 520 °C, while the published literature
suggested it to be around 530 °C. However, the minimum transformation time (the "nose" time)

of the "ideal" TTT curve is shorter than that of traditional 777 curve.

When the "ideal" TTT curve was used to predict the start of the transformation to pearlite
by applying Scheil’s additivity rule, good agreement between the measured and the predicted

results was found for the continuous cooling and the Stelmor simulation situations.

Reasonable agreement was also found when the technique was applied to the
non-continuous cooling situations, although the predictions were consistently early by 10
seconds. However, when the results are compared to those obtained by other reported methods
for predicting the start of transformation, the predictions based on the "ideal" TTT curve were

found to give better agreement for a wider range of thermal history conditions.
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7.2 Recommendation for Further Development

7.2 Recommendation for Further Development

This study has been conducted within a specified time frame, therefore, the primary
objective of the project has been focused on establishing a method for predicting the onset of
the austenite to pearlite decomposition during continuous and non-continuous cooling

conditions.

While the objective of this study has been met by the development of an "ideal" T7T
curve, further investigation is still necessary to develop a detailed understanding of the concept,
and to generalise it to a wider range of steel chemistries so that it can be applied to current steel

processing.

To develop a detailed theoretical understanding of the additivity concept, further

investigation in the following areas have been considered necessary:

i) The early nucleation site saturation constitutes one prerequisite condition for a
reaction to be additive, which consequently, enables the isothermal transformation
data to be used to describe the transformation behaviour during cooling. Tests are
needed to establish whether site saturation occurred under cooling conditions
employed in this study, and if this site saturation condition changed in any of the

controlled cooling experiments.
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7.2 Recommendation for Further Development

The equation used to describe the incubation time function (i.e. equation 2.18) was
a simple equation which assumes the effects of composition to be constant. It is
adequate for describing the C curve of plain carbon steels. However, to account for
the interaction of alloying elements, a more vigorous approach such as that which

58 would be needed. This would be essential when

has been pursued by Bhadeshia
the model is used to assess the effect of alloying elements on the transformation
behaviour and the final microstructure of a steel in response to a particular industrial

cooling schedule.
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APPENDICES

A.1 Thermal Analysis of the Tubular Specimen

The dilatometer specimens were tubular with an outer diameter of 8mm, an inner diameter
of 6mm and 20mm long. Temperature changes during testing were obtained by a controlled
flow of He gas down the center of the tubular specimens. Thus, during cooling, the sample
losses heat via radiation from the outer surface and convection to the gas from the inside surface,
the temperature being monitored by an intrinsic thermocouple spot welded on the outer surface

at mid length position.

The follow analysis estimates the magnitude of the thermal gradient that may exist through

the wall thickness of the dilatometer specimen during cooling.

A.1.1 The Biot Modulus

To determine the severity of the thermal gradient within the tubular wall of the dila-
tometer specimen, it is necessary to examine the Biot number (or modulus) of the specimen.
The Biot number, Bi, which is a measure of conduction resistance relative to convection

resistance, is defined as:

Bi = L— (A1=1)
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A.1 Thermal Analysis of the Tubular Specimen

where L, h and k are the characteristic length, the heat transfer coefficient and the thermal

conductivity, respectively.

It is assumed that the radiation losses from the outer surface are negligible compared
to the heat lost by convection from the inner surface; this assumption corresponds to the
most severe thermal gradient through the wall, where the outer surface is essentially adia-

batic.

The thermal characteristic length of the specimen, L, can be evaluated as follows:

e~
I
| <

...(A.1=-2)

where V and A are volume and surface area of the specimen exposed to cooling, respectively.

2 2
7t(ro_ri)
2ntr;

2 2
(ra_ri)

- (A.1-3)

where r; and r, are the inner and outer radius, respectively. Using (A.1-3) in (A.1-1), the

Biot number for the hollow cylindrical specimen 1s:

2_ 2
Bi = (’"2r_")(.:.) (A1-4)
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A.1 Thermal Analysis of the Tubular Specimen

Data for the thermal conductivity, k, of eutectoid steel in the temperature range of
experimentation, was obtained from Holman,®" and is approximately 30 W/m°C. The

corresponding value for Bi of the dilatometer specimen is, where r=3mm and r,=4mm:

2 2 —6
Bi (4-3)-10(11)

2%x3-107 | 30

3.89-10°xh ...(A.1=5)

Given that the internal thermal gradient will become significant when the value of Bi

> 0.1 this defines an upper limit for A, according to equation (A.1-5), of 2570 W/m*°C.

A.1.2 Estimation of the Effective Heat Transfer Coefficient

After being austenitised at 900 °C for 2 minutes, the specimen was rapidly cooled to
780 °C and allowed to equilibrate for 1 minute before being cooled rapidly to the isothermal
holding temperature. Although heat is extracted by the flow of He gas through the inside
of the specimen, the temperature is obtained from a thermocouple located on the outer

surface.

To determine the approximate heat transfer coefficient at the internal surface, as a first
approximation, it is assumed that the temperature recorded on the outer surface closely

represents that on the inner surface. This allows the use of a lump solution of the form:
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A.1 Thermal Analysis of the Tubular Specimen

n(Tixo_Tg) _ EA ¢
(780-t) ~  pc,V

...(A.1-6)

where T, is the isothermal holding temperature, T, is the He gas temperature and h is the

effective heat transfer coefficient over the temperature range under consideration. Taking
the density and the specific heat of steel® to be 7800 kg/m’ and 473 kJ/kg °C, respectively,

and together with the result of (A.1-3), equation (A.1-6) becomes:

(Tiso - Tg)

~2.32-10"xh (Al-
n(780_tg) 10*xht (A.1-7)

The effective heat transfer coefficient, which characterises the heat extraction process,

can then be determined based on the thermal data recorded.

Figure A.1-1shows the early part of the thermal history of a test in which the specimen
was rapidly cooled from 780 to 650 °C, where it was then held isothermally. It took
approximately 1 second to reach the temperature of 650 °C, from 780 °C, which corresponds
to a mean cooling rate of about 140 °C/s. Taking the gas temperature to be 20 "C, equation
(A.1-7) yields an effective heat transfer coefficient of 807 W/m*®C, which is less than one
third of the critical value of 2570 W/m*’C, as estimated in part A.1.1. This also means that

the approximation used in deriving the effective heat transfer coefficient was in fact plausible.
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Figure A.1-1:  Thermal history of a specimen that was rapidly cooled to 650 °C
where it is held isothermally.

A.1.3 Conclusion

Thermal analysis of the tubular steel specimen, which was internally cooled by the
flow of He gas to affect changes in temperature, indicates that the temperature gradient
through the 1mm wall is insignificant. The Biot number for the cooling process is estimated
to be 0.032, indicating a reasonably uniform through thickness temperature during cooling.
Thus, the temperature reading on the outer surface may be interpreted as the mean

temperature of the specimen.
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A.2 Thermal Gradients inside the Tubular Specimen

Thermal analysis by means of the Biot modulus provides a qualitative estimation of the
thermal gradient across the wall thickness of the tubular specimen. However, variation in
temperatures in the annular cross section can also occur circumferential, which could severely

affect the dilatometry results.

In this study, the diametral dilations of the specimen were monitored by using a LVDT
C-strain device, which measures the average changes in dimension of the specimen in the cross
sectional plane. Meanwhile, the temperature changes were monitored by a means of a ther-
mocouple which spot welded on the outer surface of the specimen, located approximately on
this plane. Thus, in the ideal case, the temperature field is expected to be uniform in this cross

sectional plane.

However, the contact of this instrument onto the specimen disturbs the uniformity of the
temperature field, and hence, steps were taken to minimise the disturbance. The severity of the
contact effect was assessed by metallography. Transformation to pearlite was allowed to take
place upto 20% in side a specimen, then rapidly cooled to room temperature where the
microstruture in the cross sectional plane was examined. From this assessment, it was found
that the tips of sample-supporting rods must be reduced to yield a uniform microstructure in

the cross sectional plane.
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A.3 Determination of the Transformation Start

Figure A.3-1 shows the temperature and dilation history of a specimen which was control

cooled at a constant rate of 3 °C/s, after being isothermally held at 780 °C for 1 minute to remove

any thermal gradient through the wall.
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Figure A.3-1: Thermal and dilation history of a specimen undergoing controlled
cooling at 3 °C/s, after being isothermally held at 780 °C for 1 minute.

The change in dimension of the specimen during cooling is assumed to consist of two
major components: the contraction due to change in sample temperature, and the expansion due

to volume increase associated with the transformation from austenite to pearlite taken place
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within the sample. The contraction of the austenite phase due to decreasing temperature down
to 730 °C was assumed to vary linearly with temperature. A linear regression was carried out

and the line of best fit is shown in Figure A.3-2, together with the measured data.
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Figure A.3-2: Relationship between the dilation and temperature throughout the
experiment, with a linear correlation exists in the pre-transformed

region.

It can be seen from the result that the linearity assumption is, in fact, reasonable; excellent
fit is observed in the region above 670 °C. However, at lower temperatures, due to the formation

of pearlite, the measured data deviated from this linear relationship, as can be depicted in Figure

A3-2.
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A.3 Determination of the Transformation Start

To maintain consistency throughout the analysis, a statistical data analysis method® was
employed. In the region where the dilation varies linearly with temperature, the scatter of the
measured data about the regression was assumed to have a normal distribution with a standard
deviation 6. A plot of the scatter in the 3 °C/s controlled cooling test is shown in Figure A.3-3,

where deviation was defined as scatter of the data about the regressed mean dilation.
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Figure A.3-3: Deviation of the measured data from the linear regression, delineating
the start of transformation to pearlite.

The linear relationship was no longer obeyed when the transformation to pearlite began;
in this region the deviation is amplified beyond the control limit, which has been defined as

36.%! This point was taken to be the start of transformation to pearlite, as indicated in Figure

A.3-3.
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