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ABSTRACT

Bainite is an interesting solid-state transformation in steels and cast irons, one which is
of increasing commercial importance. This is because it is now appreciated that with the help
of phase transformation theory, the microstructure of bainite can be configured to give better
mechanical properties than martensite, with fewer processing steps.

The production of commercial steels rarely involves isothermal heat treatments because
they are impractical, both with respect to productivity and the need for uniform microstruc-
tures. It is necessary therefore to understand the consequences of anisothermal processing.
The literature abounds with attempts at converting isothermal transformation data for bai-
nite into continuous cooling data. All of these studies assume that the theory is appropriate;
more surprisingly, there has never been a rigorous experimental validation of the procedures.
The primary goal of the work presented in this thesis was, therefore, to adapt theory for the
isothermal kinetics of the bainite transformation into that capable of treating anisothermal
transformation, with corresponding experimental verification.

A survey of the published literature demonstrated that the most useful kinetic models
for bainite deal strictly with isothermal transformation. The available kinetic theory contains
various levels of empiricism, so the review helped identify the model which best represents the
mechanism of the transformation. It is interesting that even with this model, a fundamental
problem was discovered (and corrected); the autocatalysis function in the published model was
grossly exaggerated, so much so that it was impossible to obtain certain observed shapes of
isothermal transformation curves, no matter what values were assigned to the fitting constants.

Several formalisms for converting this isothermal transformation model for continuous
cooling conditions were considered. The most popular method involves additivity, which es-
sentially assumes an identical temperature dependence for each of the processes involved in
the development of microstructure. Although this was demonstrated to be approximately the
case, the most satisfactory method simply involves the integration of the differential equation
representing reaction rate over temperature. Indeed, this is the only method which can allow
properly for changes in the bainite sub-unit size as a function of temperature.

A great deal of experimental work was done to identify the exact conditions needed to
produce bainite on its own, during isothermal or cooling transformations; martensite and
retained austenite naturally are allowed phases at the termination of the bainite reaction.
Some consideration was also given to checking reproducibility, both in terms of experimental
equipment and by repeating experiments on the same apparatus. Some unique “bi-isothermal”
and “two-step” experiments were designed to control the microstructure and to examine the
effect of a sudden temperature change on the kinetic behaviour.

This also involved the development of a method to convert dilatometric data obtained as
a function of temperature (or time) into bainite, martensite and retained austenite fractions.

An analysis of the experimental data revealed that in cases where the isothermal data are
accurately represented by the theory, it is indeed possible to convert data obtained by trans-
formation at a constant temperature, into continuous cooling transformation data. However,
for reasons explained in the text, there are many cases where the maximum fraction obtained
during isothermal reaction does not exactly follow theory, in which case errors arise in the
conversion process.

Bearing all the difficulties in mind, it has been possible to define a theoretical framework
for the conversion of isothermal experimental data for continuous cooling, and furthermore, jus-
tification has been provided for adapting the corresponding isothermal transformation theory
for predicting cooling transformations.
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Introduction

Industrial steels with good mechanical properties are today produced by hot-rolling fol-
lowed by cooling at a variety of rates. This thermomechanical processing combines heat treat-
ment with mechanical deformation (Figure 1). By carefully controlling the steel composition
and all the parameters of the thermomechanical process, one can obtain a final microstructure
with enhanced mechanical properties. Hence, it is of enormous importance for the steelmakers

to accurately control and optimise production parameters in order to reduce costs.

v deformation | Y
S
1) 2)
Austenite
coolin o
/ bainite
Y (enriched) .
N
Accelerated
cooling

—

\Y; ?

QO (allotriomorphic ferrite)

Fig. 1:  Schematic illustration of the transformations which occur during
cooling from the austenite phase field.

During thermomechanical processing, the development of microstructure is controlled by
adjusting the deformation schedule (controlled rolling) and by resorting to accelerated cooling

after rolling. The latter has been made possible by advances in rolling technology which allow

1



Introduction

rapid cooling without undue distortion. Two main advantages result from that process:

e the final grain size can be refined. Grain refinement is the only practical method for

improving both the strength and toughness of an alloy.
with the right deformation and cooling parameters, the need for expensive post-working

heat treatments disappears. -

In recent years, there has been considerable interest in microstructures comprising bainite,

which offer enhanced mechanical properties. Because of the increased feasibility of accelerated

cooling, bainitic steels with leaner alloying can now be produced on a large scale. Many

industrial steels now have total alloying additions that do not exceed 2 wt%. This improves

weldability because of the lower ‘carbon equivalent’t and reduces the cost of microalloying

elements.

Bainitic steels are now used for a variety of applications:

Tubes for the pipe-line industry are now increasingly bainitic, with low carbon contents
(0.02 < C (wt%) < 0.08) to meet the property requirements compatible with use at
higher gas pressures or in deep water. Bainitic microstructures have successfully replaced
ordinary ferrite-pearlite mixtures.

Bainitic forging steels have advantages over martensitic alloys because they don’t require
complex annealing heat treatments or a high hardenability.

Bainitic creep resistant steels have now been used for decades in the power generation
industry [Bhadeshia et al., 1998].

Dual-phase steels used in the automobile industry have a microstructure comprising ferrite,
and a harder phase (martensite or bainite). The mechanical properties are best when the
latter is actually a mixture of bainite and retained austenite films. Thin bainite laths give
high strength and toughness whereas the retained austenite films act as barriers to the
propagation of cracks. The austenite also can transform to martensite under the effect of
stress or plastic deformation, thereby contributing to toughness.

Bainite can be induced to nucleate intragranularly on particles to give a chaotic microstruc-
ture in inoculated steels. Such a disorganised microstructure is more resistant to crack

propagation than when the plates are organized in packets.

f

In welding, it is essential to have a steel with a low carbon equivalent, which is a factor

incorporating the effects on hardenability of the common alloying elements. A simple empirical

relationship [Dearden and O’Neill, 1940}, as a rough guide, is:

% carbon equivalent = C + [Mat8i] 4 [CriMot V1 4 [NitCu](ip wt%)

2



Introduction

Edgar Bain and Davenport (1930) discovered bainite while studying the isothermal de-
composition of austenite. Bainite is a generic term for fine aggregates of ferrite plates (or
laths) and cementite particles. Bainite forms in the intermediate temperature region of a
time-transformation-temperature (I'7'T) diagram, at temperatures typically in the range 250-
550°C. It is different from pearlite and forms at higher temperatures than martensite. During
continuous cooling, bainite forms at cooling rates too fast for pearlite, yet not rapid enough
to induce martensitic transformation. Because of that, there has been much discussion as
to whether bainite, like pearlite, is a diffusional transformation or like martensite grows by
displacive transformation.

Austenite, which is face-centred cubic (fcc), may transform into a variety of body-centred
cubic (bcc) ferritic products. Depending on the driving force and atomic mobility available at a
given temperature, austenite can transform to allotriomorphic ferrite, pearlite, Widmanstatten
ferrite, bainite or martensite by one of the two mechanisms mentioned above.

For some years there has been a need in industry for models capable of predicting the
microstructures, and hence the mechanical properties, of steels with input parameters repre-
sentative of industrial conditions. This enormous task was first tackled about four decades ago
when researchers started to calculate phase diagrams [Hillert, 1962; Kaufman and Radcliffe,
1962]. Using experimental thermodynamic data combined with clever methods of solving sys-
tems of non-linear equations, there are now several commercially available computer programs
for the calculation of phase diagrams. However, phase diagrams can only be used for equilib-
rium conditions, or by extrapolation of the phase boundaries, for regions where the phases are
in metastable equilibrium.

Most industrial processes deviate from equilibrium. The emphasis in modelling is therefore
on complex kinetic theory which enables the estimation of microstructure as a function of
composition and thermomechanical treatment.

The aim of this work is to develop a kinetic model for the bainite transformation in
anisothermal conditions, with the intention of validating the theory for several alloys. The
model should be capable of predicting the bainite transformation-start and finish tempera-
tures according to chemical composition for almost any kind of cooling path (continuous or
discontinuous). It would be useful to estimate the amount of martensite and austenite retained
in the final microstructures.

To achieve this goal, the present study will focus on the formalisms that can be used to
adapt isothermal transformation theory to anisothermal conditions. The basis for the isother-

mal theory relies on a model developed by Bhadeshia et al. over the years, which is probably

3



Introduction

the most complete and least empirical of all existing models. Surprisingly, very little work
exists in the scientific literature on the transition from isothermal to anisothermal kinetics for
the bainite reaction when a physical model is used; hence the present work.

The main characteristics of the bainite transformation are described in Chapter 1, includ-
ing a discussion of any uncertainties. This assessment is then used to justify the approach
adopted. Chapter 2 reviews the theory for isothermal transformation. However, there are
limitations, so other isothermal models are discussed as well. Chapter 3 is dedicated to the
formalisms behind the transition from isothermal to anisothermal kinetics. Results from pub-
lished work are reviewed.

Chapter 4 introduces the experimental techniques and the range of alloys used to validate
the model. The experimental results are presented in chapters 5-6.

The accuracy of a model cannot be validated on only one alloy, so Chapter 7 repeats
the comparisons of Chapter 6, but for the two other alloys. Chapter 8 gives the details of
the method used to measure the martensite fraction from dilatometric data. In Chapter 9,
the model is used to calculate CCT diagrams in order to check that known effects of varying
chemical composition are predicted well.

Chapter 10, finally, draws conclusions on the present work and suggests further areas of
work, most notably the incorporation of this work in a ‘Grand Model’ that could take into

account all phase transformations in a complex thermomechanical treatment.



Chapter 1

The Bainite Transformation

1.1 Introduction: the Iron-Carbon Equilibrium Phase Diagram

The iron-carbon equilibrium diagram (Figure 1.1) is the starting point for the discussion
of phase transformations in steels. The phases found in the binary system Fe-C are also present
in complex alloys, although their relative stabilities change with alloying. Figure 1.1 in fact
represents part of the metastable equilibrium between iron and iron carbide (cementite). True
equilibrium is associated with graphite but the latter is of little practical importance as it is

difficult to obtain, except in cast irons (2-4C wt%).

1000
900 - Y A
o ] Ae3 Cn
g 09\ ypa ¥+ Fe,C
qg 700 {4 A
3 g
= ] o+ Fe3C
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500 :0.02 ' | i | .
0.0 0.5 08 19 1.5
wt% Carbon

Fig. 1.1: The iron-carbon diagram (after Hansen, 1958).

The much larger field of y-iron (austenite) compared with that of a-iron (ferrite) reflects

the greater solubility of carbon in 7-iron. This high solubility is of extreme importance in
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heat treatment, when solution treatment in the v-region followed by rapid quenching to room
temperature allows a supersaturated solid solution of carbon in iron to be formed. The a-iron
phase field is severely restricted, with a maximum carbon solubility of 0.02 wt% at 723°C, so
over the carbon range encountered in steels from 0.05 to 1.5 wt%, a-iron is normally associated

with iron carbide of one form or another.

Elements such as Ni, Mn, Co and N expand the v phase field by increasing the com-
positional limits within which austenite exists and are thus known as ‘austenite stabilisers’.
Conversely, elements such as Si, Al, Cr and Nb contract the v phase field by reducing the

stability of the austenite and are thus known as ‘ferrite stabilisers’.

There are two temperatures in Figure 1.1 which are important, both from the basic and
from the practical point of view. Firstly, there is the Ae; (equilibrium) temperature at which
the eutectoid reaction occurs, which is 723°C in the binary diagram. Secondly, there is the
Aeg temperature when o-iron transforms to 4-iron. For pure iron this occurs at 910°C, but the
transformation temperature is progressively lowered by the addition of carbon. When using
thermal analysis or dilatometry, the corresponding temperatures are Ac, and Ac; on heating
and Ar, and Arg during cooling. These values are sensitive to the rates of heating and cooling,

as well as to the presence of alloying elements.

The transformation of ¥ — a-iron + Fe;C occurs via a eutectoid reaction which plays
a dominant role in heat treatment. The eutectoid temperature is 723°C while the eutectoid
composition is about 0.80 wt% (Figure 1.1). On cooling alloys containing less than 0.80 wt%
slowly, hypo-eutectoid ferrite is formed from austenite in the range 910-723°C resulting in the
enrichment of the residual austenite with carbon, until at 723°C the remaining austenite, now
containing 0.80 wt% carbon transforms to pearlite, a lamellar mixture of ferrite and cementite.
In austenite containing more than 0.80 wt% carbon, on cooling slowly to 723°C, cementite first
forms, progressively depleting the austenite in carbon, until at 723°C, the austenite contains
0.80 wt% carbon and transforms to pearlite. Steels with less than about 0.80 wt% carbon
are thus hypo-eutectoid alloys with ferrite and pearlite as the prime constituents, the relative
volume fractions being determined by the lever rule which states that as the carbon content is

increased, the percentage of pearlite increases, until it is 100 % at the eutectoid composition.

Ferrite, cementite and pearlite are thus the principle constituents of the microstructure
of plain carbon steels, when they have been subjected to relatively slow cooling rates to avoid

the formation of metastable phases, such as bainite or martensite.
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Fig. 1.2: Schematic illustration of the composition variation expected in the

vicinity of the transformation interface, for a variety of growth mechanisms
[Bhadeshia, 1992].

1.2 Ferrite Growth Mechanisms

In a ternary system Fe-C-X, where X represents any substitutional element (Mn, Si, Ni
etc.), the diffusion-controlled growth of ferrite is complicated by the fact that the interstitial
solute has a diffusion coefficient several orders of magnitude greater than substitutional solutes.

For the equilibrium condition to be respected at the interface (hence the name local

equilibrium), in an alloy of average compositions Z; and Z,, mass conservation requires that:

(@1% — 27")v; = =D, (0z,/02) (1.1)

z=z*
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! d abc = NPLE region
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Fig. 1.3: Schematic isothermal section of the Fe-Mn-C system, illustrating

conditions for ferrite growth with local equilibrium at the «/7 interface. Point

A is situated in the domain where the PLE mechanism operates.

Yo

(22" — @3 ")v; = =Dy (0,/02) (1.2)

Z=z"
where z]* and z;” are the compositions in element i (i = 1 for C and i = 2 for X, taken as
Mn for example) of v and « at the interface and D; is the diffusion coefficient of element i. z
is the direction perpendicular to the interface, along which diffusion happens.

The interaction between the fluxes of the two species D,, is neglected to simplify the
treatment in equations 1.1 and 1.2. It can be readily seen that for both equations to be
satisfied simultaneously, there are two possibilities [Kirkaldy, 1958; Coates, 1973a], since the
interface velocity v; must be identical in the two equations:

e (0z,/0z) is close to zero.

e (0z,/0z) is close to infinity.

The first possibility corresponds to the Partitioning Local Equilibrium (PLE) mode of
transformation (Figures 1.2 and 1.3) [Purdy et al., 1964; Coates, 1973b]. This happens at low
supersaturation, that is when the average carbon composition 7, is close to 7. The gradient

in carbon is reduced, allowing Mn to keep up with carbon diffusion.
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Fig. 1.4: Schematic isothermal section of the Fe-Mn-C system, illustrating
conditions for ferrite growth with local equilibrium at the /7 interface. Point

B is situated in the domain where the NPLE mechanism operates.

The second corresponds to the Negligible Partitioning Local Equilibrium (NPLE) mode.
This happens at high supersaturations and there is negligible partitioning of substitutional
element (Mn) between the a and 7 lattices (Figures 1.2 and 1.4). However, the gradient of
manganese in vy near the interface is very large, which again allows Mn diffusion (confined to

the immediate vicinity of the interface) to keep up with the long-range diffusion of C.

To accommodate for the PLE and NPLE modes, tie-lines in a section of the ternary
equilibrium diagram Fe-C-Mn that join the equilibrium compositions of the two phases o and
v do not pass through the point representing the average composition of the alloy and the
PLE and NPLE domains are delimited by the line (ac) on Figures 1.3 and 1.4. A qualitative
analysis for ternary steels was first developed by Hillert [1953].

When the difference between interstitial and substitutional diffusion coefficients is high
enough (for example at low enough temperatures), the situation arises where the distance
over which substitutional element diffusion is allowed in the NPLE mode becomes less than
the inter-atomic distance. This situation is called paraequilibrium [Hultgren, 1951; Rudberg,
1952; Aaronson et al., 1966 a,b]. For paraequilibrium, there is absolutely no redistribution of

substitutional elements across the interface (Figure 1.2). One might say that it is possible for

9
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Fe + X atoms to move in the incoherent interface. Another interpretation of paraequilibrium
is that only displacive transformation is possible. It will be seen that bainite, which was first
studied in detail by Robertson [1929] and later by Davenport and Bain [1930], nucleates by the
paraequilibrium mechanism, with the partitioning of interstitial carbon [Bhadeshia, 1981b].
A martensitic transformation is one where neither interstitial nor substitutional elements

can redistribute (Figure 1.2). The growth of bainitic ferrite is martensitic.

1.3 Reconstructive and Displacive Transformations

Reconstructive and displacive transformations differ by the way the lattice atoms rearrange
across the transformation interface.

In a reconstructive transformation, all the atoms are transferred across the interface in an
uncoordinated manner and this is sometimes compared with the movement of civilians. The
process is thermally activated and satisfies the change in lattice structure while minimising the
strain energy. There is, due to the new structure, a change in volume.

The analogy with military movement is often used to describe displacive transformations.
To accommodate the new crystal structure, at low temperatures, the only possibility is for the
atoms to move in a coordinated manner across the interface, without any diffusion of substitu-
tional atoms. Consequently, the shape of the whole crystal changes. This deformation has been
shown macroscopically to be an invariant plane-strain with a relatively high shear component.
To minimise the strain energy induced in the surrounding matrix by this shape deformation,
the product phase must grow in the form of thin plates. The important characteristic of a
displacive transformation is that there is an atomic correspondence between the phases: cor-
responding planes and vectors in the two phases are related in a particular way. Interstitial
atoms may or may not diffuse, but if they do so because of a higher diffusivity, this does not
alter the crystal structure [Christian, 1965]. The interface between the parent and product
phase is coherent or semi-coherent. The interface dislocations can move conservatively, which
leaves the interface glissile and capable of moving without diffusion. A discussion about the
nature of the interface in the bainite transformation is presented later in this chapter.

Figure 1.5 schematically represents the differences between a reconstructive and a dis-

placive transformation.
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Fig. 1.5: Schematic illustration of the mass transport necessary to achieve
reconstructive transformation, in both pure metals and alloys. Steps (a) to (b)
represent displacive transformation, whereas (a) to (d) represent reconstructive
transformation. The mass transport illustrated in (c) eliminates the shape
change due to the shear [Bhadeshia, 1992].

1.3.a Reconstructive Transformations

Below the maximum temperature Ae; at which both austenite and a-ferrite can coexist
at equilibrium, allotriomorphic ferrite is the first phase to form. The transformation requires
all the atoms to diffuse. Nucleation is heterogeneous because it occurs only at austenite grain
boundaries and allotriomorphic ferrite can grow on both sides of the boundary. Idiomorphic
ferrite forms by the same mechanism but is nucleated inside the austenite grain, usually on

non-metallic inclusions.

Pearlite is formed by the cooperative growth of ferrite and cementite (Fe;C) which grow at
similar rates and has a lamellar structure. Pearlite nodules can be initiated at grain boundaries,
on inclusions or at the ferrite-austenite interface. The first pearlite constituent to nucleate is
ferrite in a hypo-eutectoid steel and cementite in a hyper-eutectoid steel. It has been proposed
that cementite can only form in a hypo-eutectoid steel at a given temperature, if the austenite
composition lies to the right of the extrapolated curve which defines the y/y+ Fe;C phase

boundary. This criterion is illustrated on Figure 1.11.
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1.3.b Displacive Transformations

Martensite is a phase that generally forms at temperatures too low for diffusion to be
significant. Indeed, martensite has been reported to form at the speed of sound in some alloys
with audible clicks for the formation of each lath or plate. There is no diffusion at all during
its formation, and therefore martensite can be supersaturated with carbon. This can make
it very hard and brittle. Martensitic alloys are ‘tempered’ to give ferrite and finely dispersed
carbides with a good combination of strength and toughness. The highest temperature at which
martensitic transformation becomes possible is called M, the martensite-start temperature.

The typical time-temperature diagram (TTT) illustrated in Figure 1.6 shows that bainite

occurs in an intermediate temperature regime between the pearlite and martensite transfor-

mations.
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Fig. 1.6: TTT diagram for a Fe-3Cr-0.5C wt% steel [Thelning, 1975].
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1.4 Bainite Transformation Characteristics

1.4.a Transformation Mechanism

By the displacive mechanism [Oblak an Hehemann, 1967], bainitic ferrite is considered
to grow by the propagation of discrete martensitic sub-units, the aggregate of these sub-units
constituting the classical sheaf of upper bainite. The sheaf itself has a plate-like morphology
and its formation involves the autocatalytic nucleation of successive sub-units. The width of
the sub-units observed by Oblak and Hehemann was about 0.5 um, with a length of about 10
pm.

On the other hand, Aaronson and Kinsman maintain that the observed sub-units are in
fact ledges (Figure 1.7) propagating along the broad faces of bainite plates [Hehemann, Kins-
mann and Aaronson, 1970b]. Based on thickening rates obtained from the in situ thermionic
emission microscopy observations following the work of Grube and Rouze [1967], they calcu-
lated an expected inter-ledge spacing of ca. 0.5 um which was claimed to be consistent with the
0.3-8.0 um ledges observed in the thickening of pro-eutectoid ferrite plates in the Fe-C system
[Kinsman et al., 1975]. They claimed a direct correspondence between ledges and sub-units.
Additionally, they suggested that if the ledge mechanism is accepted, the apparent lengthening

kinetics are consistent with a diffusion-controlled growth mechanism.

Thickening
A

Ledge

Broad face

Side face

Fig. 1.7: Schematic illustration of the ledge growth mechanism proposed by
Aaronson et al.

Bhadeshia and Edmonds [1979] undertook an examination of the structure of bainite

in a silicon steel and found that the sheaf of upper bainite, which had the appearance of a
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plate on the scale of optical microscopy, in fact consisted of smaller sub-units (ca. 0.2 pm
wide). Furthermore, they showed that these could not possibly be compared with ledges
since the individual sub-units were, for the most part of their interfaces, isolated by carbon-
enriched retained austenite films. Their montage of transmission electron microscopy (TEM)
micrographs illustrated the morphology and substructure of a whole sheaf of upper bainite

[Bhadeshia and Edmonds, 1980]. A similar montage is shown on Figure 1.8.

Fig. 1.8: Montage of transmission electron micrographs showing the struc-

ture of a bainite sheaf in a high-carbon high-silicon steel transformed at 200°C
for 15 days [Courtesy of Garcia Mateo and Bhadeshia).

1.4.b The Transition from Upper to Lower Bainite and Carbides

A bainitic ferrite plate or lath nucleates on an austenite grain boundary or next to an-
other lath or plate by a mechanism similar to martensitic transformation. However, during

nucleation, interstitial carbon is partitioned [Bhadeshia, 1981b]. Carbon partitioning does not
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Fig. 1.9: Schematic representation of the transition from upper to lower
bainite [Takahashi and Bhadeshia, 1990].

need to take place during growth. Partition during growth is not favoured as the surface to
volume ratio decreases. The process for the formation of a typical microstructure is illustrated
on Figure 1.9. Several bainite microstructure classifications have been proposed but they only
refer to the appearance of the microstructure and not to its formation mechanism [Bramfitt
and Speer, 1990; The Bainite Committee of the ISIJ, 1992; Oka and Okamoto, 1998]. All these
confusing classifications have therefore been discarded in the present study.

Once the very rapid diffusionless growth of a bainite lath (or plate) is completed, the
excess carbon diffuses out of the lath. This is made possible by the relatively high temperature
at which transformation occurs. The upper bainite microstructure results, with inter-lath
carbides. As the transformation temperature is decreased or the average carbon concentration
of the alloy or of the residual austenite is increased, it becomes possible for some of the carbon
to precipitate as intra-lath carbides. The remainder is partitioned into the residual austenite
and the classical lower bainite structure is formed. The kinetics of diffusion of carbon out of
the plate are slowed down and have to compete with the kinetics of intra-lath precipitation.
Figure 1.10 shows both interlath and intralath carbides coexisting in the same microstructure.

High carbon concentrations lead to microstructures in which the ferrite laths are separated
by continuous layers of cementite. When the alloy carbon concentration is low, small and

discrete particles of cementite form. Intra-lath carbides exhibit the ‘tempering orientation
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Fig. 1.10: Transmission electron micrograph of steel A transformed isother-
mally at 475°C for 10 minutes after austenitisation at 1200°C.

relationship’ which is found when carbides precipitate during the heat treatment of martensite,
often described as the Bagaryatski orientation relationship. Figure 1.11 shows the condition
that the carbon concentration in residual austenite has to satisfy so that carbide precipitation
can occur. The carbon concentration must exceed the value given by the extrapolated v/(y+

Fe;C) phase boundary at a given temperature 7.

1.4.c Mechanism of Carbides Formation

Carbides in bainitic ferrite need not always be cementite. Depending on the chemical
composition and the transformation temperature, other transition carbides may precipitate
first. For example, in high-carbon steels containing more than about 1 wt% silicon (which re-
tards cementite formation), epsilon carbide is commonly observed to precipitate in the bainitic
ferrite. Considerable experimental data show that the carbide precipitation associated with
bainite and martensite does not lead to a partitioning of substitutional solutes [Tsivinsky et al.,
1955; Chance and Ridley, 1981; Bhadeshia, 1989]. The precipitation can occur under condi-
tions where the diffusion rates of iron and substitutional atoms are incredibly small compared
with the rate of precipitation. High-resolution transmission electron microscopy supports the
idea that the carbide particles grow by displacive transformation [Sandvik, 1982; Nakamura
and Nagakura, 1986].

In a remarkable experiment, Babu et al. [1993] have shown using the atom-probe tech-
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Temperature

Carbon

Fig. 1.11: Schematic illustration of the condition which has to be satisfied
before cementite may precipitate from the residual austenite [Kriesement and
Wever, 1956].

nique that the cementite obtained by tempering martensite is forced to inherit the silicon
concentration of the martensite. This is in spite of the fact that the equilibrium solubility
of silicon in cementite is negligible. Cementite therefore forms by a paraequilibrium transfor-
mation mechanism. In silicon containing steels, the free energy change associated with the
paraequilibium precipitation of cementite must be much smaller than when the cementite is
free of silicon. It is probable that this is what leads to suppression of cementite in high-silicon
bainitic or martensitic steels. However, a full theory is far from established and the work is

urgent given the technological significance of carbide-free bainitic steels.

In contrast to tempered martensite, the cementite particles in lower bainite frequently
precipitate in just one variant of the orientation relationship, such that they form parallel
arrays at about 60° to the axis of the bainite plate. In tempered martensite, the carbides tend
to precipitate in Widmanstétten arrays. This peculiar mode of precipitation in lower bainitic
ferrite may arise because the carbides nucleate at the ferrite/austenite interface, and hence
attempt to adopt a unique variant of the orientation relationship, one which gives an optimum

match to both the austenite and ferrite with which they are in contact.

It is possible for both upper and lower bainite to coexist in a microstructure, or to be

present in isolation.
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1.4.d Distribution of Chemical Elements Across the Interface

Many experiments, even on the finest conceivable scale, have shown that there is indeed
no redistribution of substitutional elements across the interface between autenite and bainitic
ferrite, even at moderately high temperatures [Bhadeshia and Waugh, 1981, 1982; Stark et al.,
1988, 1990; Josefsson and Andren, 1988, 1989]. The techniques used, atom probe and quan-
titative chemical analysis allowed atomic scale spatial resolution. These experiments (Figure
1.12) were based on steels where other reactions, such as carbide precipitation, do not inter-
fere with the formation of bainitic ferrite (steels with high silicon content). If the conditions
of local equilibrium compatible with a certain amount of solute diffusion were satisfied, such
experiments would have spotted perturbations in the substitutional solute content near the
interface. This was never found, and only carbon was found to redistribute, in accordance

with the paraequilibrium mechanism.

Fig. 1.12: Imaging atom-probe micrographs, taken across an austenite-
bainitic ferrite interface in a Fe-C-Si-Mn alloy. The images confirm quanti-
tative data showing the absence of any substitutional atom diffusion during
transformation. (a) Field-ion image; (b) corresponding silicon map; (c) cor-
responding carbon map; (d) corresponding iron map [Bhadeshia and Waugh,
1982].
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1.4.e Shape Deformation and Crystallographic Orientations

The bainite transformation is accompanied by a shape change of the transformation re-
gion. This corresponds to an ‘invariant-plane strain’ (IPS) [Ko and Cottrell, 1952; Srinivasan
and Wayman, 1968] with a large shear component [Sandvik, 1982; Swallow and Bhadeshia,
1996] similar to the one for martensite. At the relatively high temperatures at which bai-
nite forms, the austenite strength is not enough to sustain the large strains caused by the
shape deformation. The austenite strength is known to decrease as a function of temperature.
The strains are released by plastic deformation of the austenite, causing its yielding, which in
turn increases the local density of dislocations. Intense tangles of dislocations formed by this
mechanism similar to ‘work-hardening’ halt the movement of the glissile interface of a bainite
sub-unit.

Each bainite sub-unit is therefore limited to a size that is much lower than that of an
austenite grain t [Bhadeshia and Edmonds, 1979]. Bainite sub-units are typically around 10
microns long and 0.2 microns wide. This explains why successive sub-units have to nucleate
and grow and there seems to be preferential sites for that at the tip or on the sides of sub-
units previously formed. The typical sheaf-like structure results (Figure 1.13) [Hehemann,
1970]. Bainite laths are confined to the grain in which they grow because grain boundaries
of the parent phase cannot sustain such coordinated movement of atoms. This is quite unlike
reconstructive transformation products such as allotriomorphic or massive ferrite and pearlite,
which are not hindered by austenite grain boundaries.

An interesting observation was made by Bhadeshia, who annealed a sample containing a
mixture of bainitic ferrite plates and residual austenite for 43 days. The annealing allowed the
formation of ferrite at a grossly retarded rate by a reconstructive mechanism in which there is
no invariant-plane strain shape deformation with a large shear component [Bhadeshia, 1981c].

The shape change was observed on the surface of previously polished samples [Bhadeshia
and Edmonds, 1980]. It implies that bainite grows by a displacive mechanism, much slower
than for martensite, though, because of the reduced driving force at higher temperatures. The
minimisation of the associated strain energy is responsible for the growth of bainite in thin

plates. Since the crystal structure of bainite is generated by a coordinated movement of atoms,

T In practice, in TRIP-assisted steels, for which small austenite regions formed in the inter-
critical domain (& + v), typically of about 1 um in size, are then transformed to bainite, the
sub-unit is about the size of the grain. This interesting case where successive sub-units have to
nucleate laterally with no sheaf-like structure was studied by Jacques et al. [1999] and Giraud
et al. [1999].
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Fig. 1.13: Schematic illustration of the microstructural features relevant in

the kinetic description of a bainitic microstructure [Bhadeshia, 1992].

it follows that there are orientation relationships between corresponding directions and planes
in the two phases. It is not of much relevance to the work contained in this thesis to give such
detailed relationships. The reader will consult [Kurdjumov and Sachs, 1930; Nishiyama, 1934;
Babu and Bhadeshia, 1991] for more information.

1.4.f Mechanical Stabilisation

It is known that the deformation of austenite accelerates allotriomorphic ferrite trans-
formation which is reconstructive. Bainite and martensite, on the other hand, form by a
displacive mechanism of transformation which involves a coordinated movement of atoms dur-
ing the glide of glissile interfaces. Such movements cannot be sustained against strong obstacles
such as grain boundaries. Thus, martensite or bainite cannot cross grain boundaries. Defects
such as dislocations also hinder the progress of any glissile interface in much the same way
that ordinary slip is made more difficult by the presence of dislocation forests.

It follows that displacive transformations can be suppressed by pre-straining the parent
phase which has the effect of enhancing the matrix defect density. This effect is known as me-
chanical stabilisation and is well established for martensitic transformation. At the same time,
heterogeneous nucleation is increased at those defects, but the overall effect is a retardation of
the displacive transformation, even though an acceleration is observed during the early stages.
Tsuzaki et al. [1989] found that the net volume fraction of bainite that formed decreased com-

pared with undeformed austenite. Other studies demonstrated that the bainite transformation
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is mechanically stabilised [Shipway and Bhadeshia, 1995; Larn and Yang, 1999a]. Huang et al.
[1993] showed that deformed austenite transforms to bainite at a higher temperature during
continuous cooling and at a faster rate, as long as the cooling occurred sufficiently fast to
suppress recovery of the austenite. Similar effects were reported by Smith and Siebert [1971].

It is important not to confuse with the situation when an appropriate applied stress favours
the IPS deformation and hence the displacive transformation [Matsuzaki et al., 1994]. For a
diffusional transformation, defects add to the driving force and are destroyed by the growth of
the new phase.

Bhadeshia proposed the very simple criterion that follows: ‘there is no mechanism by
which plastic deformation can retard reconstructive transformation. Likewise, only displacive
transformations can be mechanically stabilised’. For reconstructive transformations, the de-
fects are destroyed by the growth of the new phase, akin to what happens in recrystallisation.
For displacive transformations, the defects are inherited by the growing phase. Widmanstatten

ferrite is also susceptible to mechanical stabilisation [Shipway and Bhadeshia, 1997; Larn and

Yang, 1999b)].

1.4.9 The Incomplete Reaction Phenomenon

Diffusionless growth requires that transformation occurs at a temperature below T, when
the free energy of bainite becomes less than that of austenite of the same composition. The
locus of the T, temperatures as a function of the carbon concentration is called the ‘Tj, curve’
[Zener, 1946], an example of which is plotted on Figure 1.14. Growth without diffusion can
only occur if the carbon concentration of the austenite lies to the left of the 7, curve. As
bainite forms isothermally, residual austenite is progressively enriched in carbon (leading to a
decrease of T)) diffusing out of the bainite plates until its carbon content reaches the T}, curve.
The displacive reaction then stops and cannot resume unless the transformation temperature
is lowered. The maximum permissible degree of transformation to bainitic ferrite, if we ignore

the stored energy term is given by:

(xTo — I)
(xTo - xa)
where 27, is the carbon level at the locus T}, and z, is the amount of carbon which remains

in the ferrite, i.e. about 0.02 wt%.

8, = (1.3)

On Figure 1.14, Ae, is the curve that separates the v and v+ o phase field, when the two
phases are in equilibrium. In conditions of paraequilibrium, i.e when substitutional alloying

elements do not redistribute during transformation, the Ae, curve replaces the Aeg curve. Both
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Fig. 1.14: Schematic illustration of the origin of the 7}, curve on the phase
diagram. The T(; curve incorporates a strain energy term for the ferrite, il-
lustrated on the diagram by raising the free energy curve for ferrite by an
appropriate quantity [Bhadeshia, 1992].

the Ty and Ae; refer to stress-free transformation, and differ from their counterparts, the T,
and Aeg curves, which additionally account for the stored energy of ferrite. The stored energy

is the transformation strain energy and has been found to be around 400 J mol~* [Bhadeshia,
1981b].

1.4.h Widmanstdtten Ferrite, Acicular Ferrite and Overview of Transformations

Widmanstétten ferrite plates nucleate on austenite grain boundaries or on pre-existing
ferrite allotriomorphs. The transformation occurs at a temperature below that of allotriomor-
phic ferrite but above bainite. The mechanism of transformation is displacive but the available
driving force at this relatively high temperature is not enough to sustain growth without car-
bon partitioning. The substitutional atoms do not partition. The paraequilibrium growth rate
is therefore controlled by diffusion of carbon in austenite, even though this transformation
is considered as displacive. The cooperative, back-to-back growth of two mutually accom-
modating variants ensures that the strain energy of transformation is minimised to about 50
J mol™!, thus allowing the transformation to proceed at a relatively small driving force. Wid-

manstatten ferrite has a wedge morphology. Plates of Widmanstitten ferrite tend to form in
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packets of parallel variants, which hardly deflect cleavage cracks and hence can be detrimental
to toughness [Ali and Bhadeshia, 1990]. It is frequently observed in welds but is less common
in wrought products. It is very unusual in low-carbon steels [Tsuji et al., 1997] and is more
likely to form in large austenite grains.

A phase very similiar to bainite is acicular ferrite, but the two are microstructurally differ-
ent in that the bainite plates nucleate on grain boundaries and grow in the form of sheaves of
parallel plates whereas acicular ferrite plates nucleate intragranularly on non-metallic inclusions
and grow radially in many different directions (Figure 1.15). Acicular ferrite is also favoured
when the austenite grain size is large, i.e the grain boundary density is decreased or when
the grain boundary is previously decorated with allotriomorphic ferrite [Ali and Bhadeshia,
1991]. The resulting chaotic microstructure gives a better toughness because cleavage cracks
are deflected more frequently at the plate boundaries. The low carbon concentration of the
vast majority of welding alloys prevents the formation of lower bainite. An experiment in
which the carbon concentration was deliberately increased led to the first ever observation of

‘lower acicular ferrite’ [Sugden and Bhadeshia, 1989].

Inclusions

Bainite

Acicular ferrite

Fig. 1.15: [Illustration of how the microstructure changes from one which
is predominantly acicular ferrite, to another which is mostly bainitic as the

austenite grain size is refined [Bhadeshia, 1992].

The classification of phase transformations according to their diffusive or displacive char-
acter by the displacive school is as shown in Figure 1.16. Amongst the papers which have con-
cluded that bainite transforms by a displacive mechanism, the reader should consult: Bhadeshia

and Edmonds, 1980; Bhadeshia, 1992; Wang and Yang, 1992; Tsuzaki et al., 1994; Yamamoto
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Fig. 1.16: Flow chart summarising the characteristics of transformations in
steels [Bhadeshia, 2001].

et al., 1995; Zarei Hanzaki et al., 1997; Jung et al., 1997; Chang, 1999; Girault et al., 1999;
Jacques et al., 1999.

1.4.1 Unresolved Issues

Bhadeshia [1999b] identified four fundamental key areas in which progress still has to be
made in order to gain an even better understanding of the bainite transformation.

e The measured growth rate of individual plates of bainite is far greater than expected from
the theory of diffusion-controlled growth [Bhadeshia and Waugh, 1984]. It is clear that
bainite forms with a large supersaturation of carbon, but the possibility of some interstitial
diffusion cannot be entirely ruled out. There are a number of theories about this [Hillert,

1975; Agren, 1989; Olson et al., 1990] but none of them are completely convincing for
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reasons discussed in [Bhadeshia, 1992, page 167].

e There exists kinetic theory capable of estimating the fraction of bainite obtained during
the isothermal transformation of austenite in steels where the reaction is not accompanied
by the formation of carbides [Chester and Bhadeshia, 1997]. The autocatalytic nucleation
that will be mentioned in Chapter 2 needs to be understood better in order to have some
idea on the nature of the theory’s fitting constants.

e There are no existing quantitative model for carbide formation during bainite transfor-
mation (or even during tempering of martensite!), and therefore the models must be
inaccurate for the majority of industrial steels which contain carbides.

o There needs to be a better understanding of the effects of plastically deformed austenite
on subsequent bainite formation since most of the industrial bainitic steels are produced
by thermomechanical processes.

In the light of the work presented in this thesis on modelling of the bainite transforma-
tion in cooling conditions, the third issue regarding modelling of carbide formation should
be tackled. Improvements are needed to better model nucleation at grain boundaries but
also intra-granularly and to understand the influence of alloy chemistry on the potency of the

various nucleation sites, this latter point including autocatalysis.

1.5 Characteristic Mechanical Properties of Bainitic Microstructures

Although it is not the purpose of this study to model mechanical properties, a rapid
overview of the typical properties associated with bainitic microstructures is given here. Indeed,
bainitic steels are used more and more extensively because they can offer a good combination
of strength and toughness.

High-strength bainitic steels have not in the past been as successful as quenched and
tempered martensitic steels, because the coarse cementite particles in bainite are detrimental
to toughness. However, it is now known that the precipitation of cementite during bainitic
transformation can be suppressed. This is done by alloying the steel with about 1.5 wt% of
silicon, which has a very low solubility in cementite and greatly retards its growth. When
silicon-alloyed steel is transformed into upper bainite, the carbon that is rejected into the
residual austenite, instead of precipitating as cementite, remains in the austenite and stabilises
it down to ambient temperature. The resulting microstructure consists of fine plates of bainitic
ferrite separated by carbon-enriched regions of austenite, which has the following advantages

of a composite material [Bhadeshia, 1998):
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e Cementite is responsible for initiating fracture in high-strength steels. Its absence is ex-
pected to make the microstructure more resistant to cleavage fracture and void formation.

e Bainitic ferrite is almost free of carbon, which is known to embrittle ferritic microstruc-
tures.

e The microstructure derives its strength from the ultrafine grain size of the ferrite plates
(less than 1 pm in thickness), which determines the mean free slip distance. Grain refine-
ment is the only method available for simultaneously improving the strength and toughness
of steel.

e The ductile films of austenite which are intimately dispersed between the plates of ferrite
have a crack-blunting effect. They further add to toughness by increasing the work of
fracture as the austenite is induced to transform to martensite under the influence of the
stress field of a propagating crack.

o The diffusion of hydrogen in austenite is slower than in ferrite. The presence of austenite
can therefore improve the stress corrosion resistance of the microstructure.

e Steels with this microstructure can be obtained without the use of any expensive alloy
addition. All that is required is that the silicon concentration should be large enough to

suppress cementite.

However, ‘blocky’ regions of austenite between the sheaves of bainite transform into high-
carbon martensite under the influence of stress. This untempered, hard martensite embrittles
the steel. The volume fraction of such regions can be decreased and their stability to marten-
sitic transformation increased by shifting the T(; curve of the phase diagram to higher carbon
content. This can be achieved by appropriate solute additions [Bhadeshia, 1998].

Microstructures of mixed bainite and martensite have a peak in the curve of the strength
as a function of the volume fraction of martensite [Young and Bhadeshia, 1994]. Indeed,
when bainite forms, it enriches the residual austenite with carbon, so that the strength of
the subsequent martensite increases. In addition, during its deformation, the strength of the

bainite is enhanced via plastic constraint by the surrounding stronger martensite.
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1.6 Summary

According to the ferrite growth mechanism involved, a phase transformation can be clas-
sified as either a reconstructive or a displacive transformation, the mechanisms of which have
been discussed. A flow chart summarising the characteristics of the different transformation
products and their mechanisms is shown on Figure 1.16.

The widely acknowledged characteristic features of the bainite transformation, i.e. the
absence of redistribution of substitutional chemical elements, the shape deformation, the me-
chanical stabilisation and the incomplete-reaction phenomenon show beyond doubt that bainite
is a displacive transformation. However, there still remain a few critical issues that are unre-
solved, some of which are an obstacle to better modelling of the transformation. The typical

advantageous mechanical properties of a bainitic microstructure have been mentioned.
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Chapter 2

Existing Isothermal Models

2.1 Introduction

The existing models for the rate of isothermal transformation to bainite are described in
this chapter. It is important before trying to develop a model for continuous cooling to make
sure that the isothermal model on which calculations are based is accurate. The discussion
will show that good agreement with isothermal experimental data can already be achieved by
several models, even if empirical constants have to be used to hide some of the physics which
are not understood.

Firstly, the Johnson, Mehl, Avrami and Kolmogorov approach (JMAK) is introduced.
It allows a description of most precipitation and recrystallization kinetics, as it reproduces
experimental sigmoidal curves. Two examples of such recent studies [Matsuzaki and Bhadeshia,
1999; Quidort, 1999] will be given here. This approach requires the separate estimation of the
nucleation and growth rates for the new phase.

An approach that is less descriptive and more physical comes with the displacive model
of Bhadeshia et al. Its fundamentals as well as successive improvements will be explained in
detail here. This model is, to date, the more complete and physical. It will be adapted for the
first time to continuous cooling conditions according to the incrementation method described
in Chapter 3.

In section 2.6, the factors influencing the bainite transformation are presented with a
particular emphasis on the effects of chemical composition, austenite grain size and cooling
rate. They are presented here because they are well known effects and provide easy ways of

checking that the model predicts the right trends.
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2.2 General Isothermal Models

2.2.a Equations for Representing Solid-State Isothermal Transformation Behaviour

time =t time =t +At
Fig. 2.1: Illustration of the concept of extended volume: two precipitate
particles have nucleated together and grown to finite size in time ¢: new regions
c and d are formed as original particles grow, but a and b are new particles,

of which b has formed in a region which is already transformed.

A model for a single transformation begins with the calculation of the nucleation and
growth rates using classical theory, but an estimation of the volume fraction requires impinge-
ment between particles to be taken into account. This is generally done using the extended
volume concept of Johnson, Mehl, Avrami and Kolmogorov [described in Christian, 1975], as
illustrated in Figure 2.1. Suppose that two particles exist at time ¢; a small interval At later,
new regions marked a, b, ¢ and d are formed assuming that they are able to grow unrestricted
in extended space whether or not the region into which they grow is already transformed.
However, only those components of a, b, ¢ and d which lie in previously untransformed matrix
can contribute to a change in the real volume of the product phase (identified by the subscript

‘1’) so that:

i = ( - %)de 2.1)

S

where it is assumed that the microstructure develops randomly. The superscript e refers to
the extended volume, V] is the volume of phase 1 and V, is the total volume of the sample.
Multiplying the change in extended volume by the probability of finding untransformed regions
has the effect of excluding regions such as b, which clearly cannot contribute to the real change
in volume of the product. This equation can easily be integrated to obtain the real volume

fraction:
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i _ W 2.2
v—l exp{ V} (2.2)

S S

Consider the nucleation process. A particle does not form the instant a sample reaches the
transformation temperature, but there is an incubation period 7. Thus, the volume w, of a
particle is given by

w, = 4?” G¥t—-r)%dr (t>T) (23)

w,=0 (t<T) (2.4)

where G is a growth rate assumed to be constant, ¢ is the time defined to be zero at the instant
when the sample reaches the isothermal transformation temperature (convention also used in
this work for the experimental study of isothermal transformations) and the growing particle

is assumed to be spherical. The extended volume of phase 1 is given by:

dVi = w, IV, dr (2.5)
ie.
t
Ve = 4’;Vs G3I(t — 1)%dr (2.6)
7=0

Using equation 2.5, equation 2.2 can be integrated assuming that the nucleation rate I is
constant. This leads to the familiar Avrami equation [Avrami, 1940]:
i

s
v, 7 exp( 3G ) (2.7)
This equation can also describe other phenomena such as recrystallisation kinetics [Medina

and Mancilla, 1996] and is written in a more general form as

v; = 1 —exp(—kt") (2.8)

The parameter k is known to depend on the temperature and transformation mechanism, i.e.
it depends on the nucleation and growth rates. The time exponent 7 is sometimes considered
constant over the temperature range where a unique transformation mechanism operates. In
the case of equation 2.7, the time exponent is 4, but if growth is diffusion-controlled, i.e. the
particle dimension increases with ¢°-°, then the time exponent becomes % Alternatively, for

growth at a constant rate, beginning from a fixed number of sites (i.e. no nucleation), the time
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exponent can be shown to have a value of 3. The time exponent can therefore be used as an
indicator to the mechanism of growth.
By rearranging Equation 2.8. and taking the logarithm twice, the following equation is

obtained:

In{In[

= "’1)]} = In(k) 4 nln(¢) (2.9)

The values of k£ and n can then be determined from the intercept and slope of ln{ln[rl—_l;“—)]}
vs. In(t) plot.

In practice, there are many cases where several transformations occur together. In the
case of two phases 1 and 2, only phase 1 formed in untransformed 4 will contribute to the real
volume of 1. On average a fraction (1 — L’VLsVz) of the extended volume will be in previously
untransformed material. It follows that the increase in real volume of 1 is given by an equation

corrected from equation 2.1:

dv, = (1 _ Vl—:;vl) qve (2.10)
and similarly for phase 2:
dv, = <1 _ Vl:; V?)dv; (2.11)
s

where the increase of extended volumes of the two phases are given by:

dVy = %nG?(t -7V, dr (2.12)
€ 4 3 3
dvy = gﬂ'Gz(t - 1)LV, dr (2.13)

Generally V; will be some complicated function of V, and it is not possible to integrate these
expressions analytically to find the relationship between the real and extended volumes. Nu-
merical integration is straightforward and offers the opportunity to change the boundary con-
ditions for nucleation and growth as transformation proceeds, to account for the change in
the matrix composition during the course of reaction. This method was applied successfully
to the modelling of the carbide precipitation sequence in power plant steels by Robson and
Bhadeshia [1997], and to the modelling of three simultaneous transformations (allotriomorphic
ferrite, pearlite and Widmanstétten ferrite) in steels by Jones and Bhadeshia [1997]. It can in

principle be applied to any number of simultaneous reactions.
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2.2.b An Fzample of the use of the JMAK FEquation for Bainite

From here onwards, the subscripts ‘1’ and ‘2’ are suppressed as bainite is studied in
isolation. For example, v, become v. A more general expression of the JMAK equation is as

follows:

o(t) = 1 — exp [— /0 1oV, T)dT] (2.14)

where v(t) is the fraction of bainite at time ¢, I is the nucleation rate per unit volume at time
7, and V (¢, 7) is the volume, at time ¢, of the bainite nucleated in the time interval between 7
and 7 4 dr. [ is the derivative of the number density of nucleation sites with respect to time,
which is proportional to S,, the number density of sheaf nucleation sites per unit volume. S,

is inversely proportional to the austenite grain size dv' I(7) can therefore be written:

I(r) = %zexp(—yr) (2.15)

where N, is the initial number density of nucleation sites per unit of grain boundary area, C,
is a constant and v is a frequency that represents the rate at which individual sites become
nuclei.

The formulation of V(¢,7) depends on the characteristics of the development of bainite
sheaves. For steels with rapid growth, it is assumed that each nucleus is associated with a fixed
volume of transformation. The growth rate does not feature explicitly in the kinetic equations

and V (¢,7) can be written as:

V(t,7) = Cpd? (2.16)

where C, is another constant. In the other case where growth is slower and particles are rapidly

nucleated, the volume can be described in terms of a constant growth rate as follows:

V(t,7)=Cs(t—1)° (2.17)

where Cj is a constant. Substituting Equations 2.15 and 2.16 or 2.17 in Equation 2.14 and

expanding the term exp(—v7) for early stages of transformation (¢ small), the following rela-

tionship is derived:

v(t) = 1 - exp(-C,d't") (2.18)
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which is similar to equation 2.8. This treatment for bainite was proposed by Matsuzaki and
Bhadeshia [1999] in order to study the influence of austenite grain size (Section 2.6.c). To

determine v(t), they used dilatometric data and the relationship:

v(t) = gp—— (2.19)

where %—f (t) is the relative length change at transformation time ¢ and -%;L-(max) the maximum

length change. Indeed, it was demonstrated that the linear relation between the volume fraction
of bainite and the corresponding relative length change is preserved up to a volume fraction
of at least 0.7 [Takahashi and Bhadeshia, 1989]. The values Matsuzaki and Bhadeshia found
for m and n using the method of equation 2.18 are given in section 2.6.c. Although they were
able to explain the different forms of fraction transformed versus time curves as a function of
austenite grain structure, their analysis is unable to predict the different kinds of behaviour
observed.

Similar kinetic equations of the Avrami type were developed by several authors [Bhadeshia,
1982; Kriiger, 1993; Donnay et al., 1995]. Fang et al. derived n values for lower bainite (n
between 1.0 and 1.2) and for upper bainite (n between 1.2 and 1.7) in two alloys [Fang et al.,
1997; Lee, 1999].

2.2.c The Isothermal Model due to Quidort [1999]

In a recent study, and following a rather similar approach, Quidort [1999] developed
a model for bainite kinetics in isothermal or continuous cooling conditions. The model for
continuous cooling transformation is presented in Chapter 3.4. The isothermal model takes
account of both nucleation and growth, whereas in the Bhadeshia et al. model (sections 2.3, 2.4
and 2.5), a nucleus transforms instantly into a sub-unit of fixed volume making it unnecessary
to deal with the growth process.

The following equation is the well known equation for the development of spherical pre-

cipitates:

v=1- exp(——gGslt“)

and is the same as equation 2.7. I is the constant nucleation rate per unit volume and G is the
isotropic and constant growth rate. The coefficient n is here equal to 4 (1 from the nucleation

term and 3 for three-dimensional growth). For bainite, Quidort chose n = 2, assuming that
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/ -

T Y grain boundary

Fig. 2.2: Illustration of the link between the Avrami exponent n and the
growth geometry. For the diagram on the left, n = 4, and for the diagram on
the right, the value of n is taken as 2, although A and w are finite [Quidort,
1999].

the growth of a sub-unit is essentially only possible in one direction, represented by the arrow
on Figure 2.2.

The extended volume V¢(t) at time ¢ is generally calculated using the equation

t
Vet) = / (number of units nucleated during dr) * (volume of unit nucleated at 7)dr
to
(2.20)
The volume transformed for each sub-unit is proportional to g5, the lengthening rate of a

sub-unit. The bainite volume, using the formalism of equation 2.2 is easily shown to be equal

to:

V(E)=1-exp (-V°(t)) (2.21)

To calculate the lengthening rate, Quidort assumed paraequilibrium and used the Trivedi [1970]
model with a correction factor to match experimental results better. The Trivedi model is for
diffusion-controlled growth of parabolic plates and relates the austenite carbon supersaturation
to the ‘Péclet number’ which in turn depends on the plate-tip curvature and growth speed of a,
forming plate. For nucleation, Quidort used an activation energy inversely proportional to the
square of the maximum driving force available for nucleatibn, as is the case in classical nucle-
ation theory (G* « AG;?). Bhadeshia, on the other hand uses a proportionality relationship

(G* x AG,,), as in martensite nucleation theory.
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The overall isothermal transformation kinetics obtained by Quidort are of the form:

§(t) = 1 — exp [~ K exp(~K,QY/RT)gr(t - 7)°] (2.22)

where R is the universal gas constant and Q7 is the activation energy for the diffusion of carbon
in austenite. Quidort’s model contains 3 empirical constants K,, K, and K5 (determined
graphically), different for each steel, with K included in the expression of 7, the incubation
time for the transformation. This incubation time is defined as the average time at which
the nuclei reach a critical size and start to grow into the new phase. Model predictions for a

Fe-0.5C-0.7Mn-0.29Cr wt% steel were in good agreement with experimental results.

2.3 The General Theory of the Bainite Transformation

2.3.a The Thermodynamic Parameters

Consider austenite of composition Z at temperature T; (Figure 2.3.a). Its free energy G
can decrease if it decomposes into a mixture of ferrite and carbon-enriched austenite. At a
fixed temperature, the minimum or the equilibrium free energy lies on a line which is a common
tangent to the free energy curves of both phases. The equilibrium compositions of ferrite and
austenite, namely z*” and z7* are given by the points where the common tangent touches the
respective free energy curves. The decrease in free energy associated with the decomposition
is largest when the compositions of the ferrite and the austenite are z*” and z"* respectively.

The free energy change associated with the equilibrium decomposition of one mole of
austenite AG”Y—"Y""Q, can thus be obtained by a common tangent construction. Considering
two similar triangles in Figure 2.3.a, it can be shown that the same free energy change expressed
per mole of ferrite is given by AG,, which is AG™ +e divided by (z7® - %) / (27 — z*7),
the ferrite mole fraction.

The amount of product formed during nucleation is very small and as such has little
influence on the composition of the residual austenite. In the limiting case, it can be said
that the points representing the compositions of the initial austenite and the residual austenite
coincide with each other s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>