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ABSTRACT
Austempered ductile iron (AD!) is a material which is receiving increasing interest
from the manufacturers of automotive components such as camshafts due to its superior
mechanical properties, and in particular excellent wear resistance, compared with other grades
of cast iron. ADI is produced from a spheroidal graphite casting using a two-stage heattreatment process. During the first stage of the heat-treatment the matrix is transformed to
austenite, and then in the second austempering stage, some of the austenite is transformed to
bainitic ferrite. The final microstructure is therefore complex, consisting of graphite, bainitic
ferrite, austenite, carbides and possibly martensite.
The major focus of this work has been to develop a novel method of predicting the
effect of composition and heat-treatment parameters on the major constituents of the
microstructure. This has resulted in a single model which can predict a 'microstructural map'
of ADI and will assist the foundry industry in reducing lead times for component manufacture.
The high temperature equilibrium between graphite and austenite was investigated
using Gibbs free energy minimisation in conjunction with critically assessed thermodynamic
data. Having established the carbon concentration in austenite at the start of the austempering
process, the volume fraction of bainitic ferrite was established from prediction of the limiting
carbon content for the diffusionless transformation. The kinetics of the bainite transformation
were determined by making modifications to a model which was originally developed for low
alloy steels. The predictions were compared with experimental data obtained, both during the
course of this research and available in the literature, using dilatometric and X-ray diffraction
techniques.
The kinetics of the austenitisation were investigated through consideration of a
diffusion couple between graphite and austenite. The degree of segregation and formation of
primary carbides, in the original ductile iron casting, was calculated using a Scheil approach
to solidification. The effect of this segregation was subsequently accounted for by making
microstructural predictions on a number of individual 'shells' of material between two
graphite nodules. Finally, complete microstructure predictions were compared with reported
mechanical properties for a range of compositions and heat treatments of austempered ductile
irons.

ii

THE MICROSTRUCTURAL MODELLING OF
AUSTEMPERED DUCTILE IRON CAMSHAFTS

by
Jocelyn Steven James

Submitted in partial fulfilment of the requirements of the award of Doctor
of Philosophy, October 1999

~l~il~.~;;p.·;;;~~~;~.;~~r·-~i.

r.

1'

~W~N ._.....t.
~· '•~1·1.;1'.-4•..,;
•·v
, .....
~~

·

~

·_

. -,:·;tar'J r.
r-r__Pili>·:.:,;;·
.... ......· ~.-- ...........
_......._.1
; f.\'\7.

,._.........""'-''"'''"

(J Jv--~-

K>

-

i

.................

ClCJA!'

Ace

No.

.... a;

Cl'{ 0 2-'1-9 l-1> 1--

.>&-~

M oO'il 1-t '{ '2- c....IS

,,

'

'

TABLE OF CONTENTS
ACKNOWLEDGEMENTS
ABSTRACT
1. INTRODUCTION
1.1 Camshaft Technology
1.2 Cast Iron and Austempered Ductile Iron (ADI)
1.3 Ferrite Formed by Isothermal Heat-Treatment
1.4 Structure of the Thesis
1.5 Reference List
2. LITERATURE SURVEY
2.1 General Description of Austempered Ductile Iron
2.2 Overview of the Production of Austempered Ductile Iron
2.3 The Microstructure of Austempered Ductile Iron
2.3.1 Upper and Lower Bainite
2.3.2 Austenite
2.3.3 Pearlite and Martensite
2.3.4 Carbides
2.3.4.1 Iron Carbides Within Ferrite Platelets
2.3.4.2 Iron Carbides Between Ferrite Platelets
2.3.4.3 Primary Carbides and Other Minor Phases
2.3.5 Graphite Nodules
2.4 Segregation Effects in ADI
2.5 The Mechanism ofBainitic Ferrite Formation in Steels
2.6 Austenitisation and Austempering in ADI
2.6.1 Austenitisation
2.6.2 Cooling Rate during Quenching
2.6.3 Austempering
2.6.3.1 Stage I
2.6.3.2 Stage II
2. 7 Relationship Between Microstructure and Mechanical Properties
2. 7.1 The Processing Window
2. 7.2 Austempering Parameters and Mechanical Properties
2. 7.3 The Effect of Carbides on Mechanical Properties
2.7.4 The Influence ofPearlite and Martensite
2.8 Summary
2.9 Reference List
3. CHARACTERISATION OF THE ADI MATRIX
3.1 Optical Microscopy
3.1.1 General Microstructure
3.1.2 Austenite Grains and the Orientation ofBainitic Ferrite
3.1.3 The Effect of Heat-Treatment Parameters
3.2 Transmission Electron Microscopy
3.2.1 TEMl (950°C/250°C)
3.2.2 TEM2 (900°C/250°C)
3.2.3 TEM3 (850°C/250°C)
3.2.4 TEM4 (950°C/400°C)

i

ii
1
3
6

9
12

13
13
15
16
17
18
18
21
22
22
22
23
24
28
28
30
31
32
33

33
33

34
35
36
36
37
41
41
44

45
48
50
53
55
57

3.2.5 TEMS (900°C/400°C)
3.2.6 TEM6 (850°C/400°C)
3.2.7 Summary of Microscopic Characterisation
3.3 Analysis of Intercellular Precipitates
3.4 Microhardness Measurements
3.5 Summary of the Austempering Process
3.6 Reference List

58
60
62
65
67
68
72

4. THERMODYNAMIC MODELLING OF THE MICROSTRUCTURE OF
SPHEROIDAL GRAPIDTE CAST IRON AND AUSTENITISATION
4.1 Introduction
73
4.2 Principles of Prediction of Phase Equilibria Through Gibbs Energy Minimisation
73
4.2.1 Pure Elements
74
4.2.2 Binary Compounds
75
4.2.3 Solid and Liquid Solutions
76
4.2.4 Gaseous Species
77
4.2.5 Prediction of Phase Equilibria
77
4.2.6 Thermochemical Databases
79
4.3 Prediction of Microstructure in SG Irons
79
4.4 Modelling of Eutectic and Eutectoid Reactions
83
4.4.1 Eutectic Temperature and Carbon Concentration
83
4.4.2 Eutectoid Temperature and Carbon Concentration
86
4.5 Effect of Alloying Elements on Carbon Containing Phases
89
4.6 Austenite Carbon Content in Multicomponent Cast Irons
101
4.6.1 Equilibrium Carbon Content for Long Austenitising Times
l 02
4.6.2 Comparison ofMTDATA and ThermoCalc
105
4.6.3 Austenite Carbon Content for Short Austenitising Times
l 06
4.7 Summary
107
4.8 Reference List
109
A4 Appendices
112
A4.l Gibbs Energy Minimisation- Possible Phases in Iron A
112
A4.2 Austenite Carbon Content Measured using X-Ray Diffraction
114
A4.3 Austenite Carbon Content by Martensite Start Temperature Determination
115
5. MODELLING THE BAINITE TRANSFORMATION
5.1 The Volume Fraction ofBainitic Ferrite
ll6
S.l.l Modelling The Isothermal Formation ofBainitic Ferrite
ll6
5.1.2 Prediction of the Volume Fraction ofBainitic Ferrite
119
5.1.3 Experimental Determination of the Volume Fraction ofBainitic Ferrite
125
5.1.3.1 X-ray Diffraction Methods
125
5.1.3 .2 Measurement of the Volume Fraction ofBainitic Ferrite Using Dilatometry 129
5.1.3.3 Prediction of Volume Fraction ofBainitic Ferrite Based on X To and xT•
131
5.1.3.4 Possible Origins of the Discrepancy in Volume Fraction
133
5.1.4 Relationship Between Predicted Volume Fraction ofBainitic Ferrite and
134
Mechanical Properties.
5.1.5 Prediction of Volume Fraction ofBainitic Ferrite- Summary
136
5.2 Prediction ofBainitic Ferrite Transformation Kinetics
137
5.2.1 Original Model Developed for Steels·
137
5.2.2 Modification of Model for ADI
138
5.3 Reference List
143

AS Appendices
AS.l Volume Fraction of Austenite Measured Using X-ray Diffraction
A5.2 Volume Fraction ofBainitic Ferrite from Dilatometry Data
6. NON-EQUILmRIUM PHENOMENA: CHEMICAL SEGREGATION AND
AUSTENITISATION KINETICS
6.1 Introduction
6.2 Measurement of Segregation Profiles
6.3 Modelling of Segregation Effects
6.3.1 Modelling Using Reported Segregation Profiles
6.3.2 Prediction of Segregation Profiles
6.3.2.1 The Scheil Equation
6.3.2.2 Scheil Simulations
6.3.2.3 Evaluation of Segregation Profiles
6.3.2.4 Comparison of Segregation Profiles with the Literature
6.3.2.5 Predicted Segregation and the Volume Fraction ofBainitic Ferrite
6.4 Austenitisation Kinetics
6.4.1 The Effect of Austenitising Kinetics on Microstructure
6.4.2 Transformations During Austenitisation
6.4.3 Quantification of the Effect of Austenitisation Time
6.4.4 Prediction of Austenitising Kinetics
6.5 Summary
6.6 Reference List
7. COMBINED MODEL
7.1 Introduction
7.2 Combined Modelling of Austenitisation and Austempering
7.2.1 Determination of Austenite Carbon Content and the Volume Fraction
ofGraphite
7.2.2 Determination of the Limiting Carbon Content and the Volume Fraction of
Bainitic Ferrite
7.2.3 The Amount of Austenite and Martensite
7.3 The Complete Microstructure
7.3.1 Effect of Heat-Treatment Parameters
7.3.2 Effect of Composition
7.4 Incorporation of Kinetics into the Combined Model
7.5 Summary
7.6 Reference List
A7 Appendices
A7.1 FORTRAN Code for the Combined Model
A7.2 Version of Program used to Calculate Local Volume Fraction ofBainitic
Ferrite in Segregated Matrix
8. CONCLUSIONS
8.1 The Microstructure of ADI
8.2 Microstructural Modelling
8.3 Non-Equilibrium Phenomena
9. FUTURE WORK
9.1 Further Investigations
9.2 Extension of the Model Developed for ADI
9.3 Modelling of Other Materials

146
146
149

151
152
153
154
156
156
158
161
163
166
172
172
176
178
182
187
189
190
190
193
194
197
198
199
201
203
206
208
209
209
216
224
224
226
228
228
229

1. INTRODUCTION

1.1 CAMSHAFT TECHNOLOGY
The camshaft is an integral part of the valve train of the internal combustion engine. It
is responsible for opening the inlet and exhaust poppet valves, which allow combustion gas to
enter and leave the cylinder. The design of the camshaft, as shown in Figure 1.1, is essentially
as the name suggests, a shaft along which a series of cams is arranged. The radial orientation
of these cams determines sequence and timing of the valve operation in a multicylinder
engine. The rotation of the camshaft is linked to the rotation of the crankshaft, and hence to
the movement of the pistons, usually, by a timing belt. The valves are opened by the direct
action of the cam lobes on the valve stem, in the 'overhead earn' arrangement, or indirectly
via rocker arms which in turn act upon the stem of the valve. In both cases the return of the
valve to the closed position is achieved by the action of a spring, but is governed by the profile
of the cam lobe, thus the shape of the lobe determines the duration of the valve opening.

Figure 1.1 As-cast (lower) and machined (upper) camshafts. Picture courtesy of Federal-Mogul

Technology.

Various materials are used to produce camshafts, these include: chill-cast grey iron,
steel, spheroidal graphite (SG) cast iron, re-melted grey cast iron and hardenable steels. The
1

most widely used of these is chill-cast grey iron in which the surface, or whole, of the cam is
cooled rapidly to produce 'chill' - a mixture of pearlite and Fe3C. This is achieved by the
introduction of metal chills into a sand (chemically bonded or greensand) mould at
appropriate locations i.e. around the cams. The presence of chill at the surface of the cams
provides the wear resistance necessary to achieve suitable performance in the sliding contact
mode present in the traditional cam I cam-follower arrangement.
A recent development in valve train design has been the introduction of the roller
follower. In this design, contact between the rocker arm and the cam is through a roller as
illustrated in Figure 1.2. This changes the type of contact from a sliding contact to a rolling
contact in which higher Hertzian stresses are experienced at the point of contact.

Rocker Arm

Pushrod

l
Load

Figure 1.2 The recently introduced roller cam follower produces a rolling contact mode and hence
has led to the development of new materials for camshafts such as austempered ductile iron111 •

As a consequence of the change of contact mode, and of technological progress in
general, new materials are being introduced which improve the longevity and efficiency of
cams and camshafts. One such material is austempered ductile iron (ADI). As well as
providing high wear resistance in the rolling contact mode, ADI has other commercial and
technical advantages:

• high tensile strength, toughness, ductility and fatigue resistance;
• low density leading to weight savings over steel components;
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• good resistance to scuffmg which occurs if lubrication is poor;
• good casting characteristics (as SO cast iron);
• near net shape casting;
• good machinability in the as-cast state;
• low cost material.

Austempered ductile iron owes its combination of good mechanical properties to the
presence of graphite, in a nodular form, and the mixed nature of the matrix which consists
largely of fmely divided ferrite, known as bainitic ferrite, surrounded by austenite.

1.2 CAST IRON AND ADI
In general terms, cast iron is produced by cooling a solution of carbon, and other
elements such as Si, Mn, S, and P, in liquid iron to produce a material which contains a
number of different solid phases. The way the structure of cast iron changes, during
solidification and subsequent cooling is shown as a function of carbon content by the binary
iron I carbon phase diagram, see Figure 1.3. The presence of other alloying elements, in
addition to carbon, produce changes in the way cast iron solidifies and hence to the form of
this diagram.
The dashed lines in Figure 1.3 show the changes which would occur during (infmitely)
slow cooling, and represent the equilibrium phase diagram. The solid lines show the changes
which occur with more rapid cooling, this is the metastable phase diagram. As described
below, the changes which occur during the 'normal' cooling of an iron casting in a sand
mould are described at high temperatures by the equilibrium phase diagram and at lower
temperatures by the metastable phase diagram.

3
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Figure 1.3 The iron I carbon phase diagram shows the effect of temperature and carbon concentration
on the phases present in a cast iron. The solid lines show the metastable phase boundaries and the
dashed lines show the boundaries between the equilibrium phases, names in brackets. Transformation
temperatures and important carbon concentrations (bold type) are also shown. The labels in italics
refer to the names given to the various phase boundaries. Adapted from Sihna<2l.

As liquid iron cools carbon cannot remain in solution and hence forms one of two
distinct solid phases, either 'pure' carbon (graphite) or an iron I carbon compound with a fixed
composition: cementite (Fe3C). The iron and dissolved elements, including any remaining
carbon, solidify to form austenite. If the cooling rate is low a 'eutectic' mixture of austenite
and graphite will form, this is the case in most iron castings. If the cooling rate is high a
mixture of austenite and cementite, 'ledeburite', is formed.
As solidification progresses the composition of the solidifying phases, especially
austenite, can change. The concentrations of the minor elements, including carbon, in the first
solid to form will be different from those in the last solid to form, hence chemical segregation
is integral to the microstructure of cast iron.
As the cooling of the solid continues, the nature of the iron I carbon solid solution
phase can change. In most practical situations, with intermediate cooling rates, as the
temperature reduces further the austenite transforms to ferrite, and at the eutectoid
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temperature, it decomposes to pearlite. The graphite present in the structure does not change
form during such cooling. Cast iron containing this mixture of graphite, ferrite and pearlite is
known as grey iron. If cooling were infinitely slow then austenite would decompose to ferrite
and more graphite, rather than pearlite, at the eutectoid temperature as shown in equilibrium
phase diagram.
Figure 1.3 also shows the phases which are formed after more rapid cooling when the
mixture of austenite and cementite, ledeburite, is generated during solidification. Again,
austenite decomposes to pearlite at the eutectoid temperature, to produce a mixture of pearlite
and cementite. This form of cast iron is known as white iron or 'chill'. The tendency of this
metastable white iron to form is dependent on the composition of the cast iron as well as the
cooling rate.
Since the type of cast iron produced is largely dependent on the cooling rate it is not
uncommon to fmd both types of structure in the same casting. Chill (white iron) can form due

to increased cooling rates at the surface (usually) of a casting, the bulk of which consists of
grey iron. These different cooling rates might occur naturally, as a consequence of the
moulding material and I or section size of the casting, or might be artificially induced in
particular areas by the use of chills, usually cast iron themselves, which act as heat-sinks.
The morphology of the graphite, which is produced from the liquid iron I carbon
solution during slow cooling, can be changed by altering the chemistry, in terms of the minor
alloying elements, of melt. The morphology in grey iron is flake graphite, an inter-linking
series of irregular graphite plates which form an extended network throughout the
microstructure. If magnesium, cerium or nickel, is introduced to the melt the graphite grows
as distinct spheres separated by the austenite matrix, this type of iron is known as 'spheroidal
graphite', 'SG', 'nodular' or 'ductile' cast iron. It is this latter type of cast iron which forms
the starting material for the production of austempered ductile iron.
The preceding section gave a general introduction to the types of structures which are
commonly encountered in cast iron components in the as-cast state, however, there are many
variations which can occur due to differences in production techniques, composition and
cooling rate which are beyond the scope of this work. Also, many changes to the
microstructure can be brought about by further heat-treatment of the as-cast component.
One such heat-treatment is the production of austempered ductile iron. In this process
a spheroidal graphite casting is first heated, i.e. austenitised, to produce graphite nodules in an
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austenite matrix. It is then quenched and held at a suitable temperature to produce the
isothermal transformation of austenite to ferrite as discussed in the following section.

1.3 FERRITE FORMED BY ISOTHERMAL HEAT-TREATMENT

As mentioned above the production of ferrite in austempered ductile iron is achieved
through an isothermal transformation process. The nature of the ferrite produced in such an
isothermal transformation process is heavily dependent on the temperature at which that
process is carried out, as discussed in the following paragraphs.
When an iron I carbon alloy, or the matrix of a ductile iron, containing less than
approximately 0. 7% carbon, a hypoeutectoid alloy, is cooled from the austenite phase region
and held at constant temperature ferrite and I or pearlite is formed. The ferrite which forms
can be one of three types: proeutectoid ferrite, bainitic ferrite or martensite as illustrated in
Figure 1.4. This figure, a time-temperature-transformation (TTT) diagram, shows the phases
expected when austenite is transformed isothermally to ferrite. The transition temperatures
between the three types of ferrite are: the equilibrium phase boundary, Ae3 , which is also
shown, as a function of carbon concentration, in Figure 1.3; the bainite start temperature, Bs ,
and the martensite start temperature, M,. The location of the boundaries in the figure, both in
terms of time and temperature, are heavily dependent on the composition of the alloy or cast
iron matrix.
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Figure 1.4 The time-temperature-transformation shows the three basic types of ferrite which can form
in iron carbon alloys under isothermal transformation conditions. Adapted from Honeycombe and
Bhadeshia!3>.
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At the highest transformation temperatures, between Ae3 and B, proeutectoid ferrite
can form. Within this temperature range four different types of ferrite, see Figure 1.5 can be
produced, the morphology of which is dependent on the transformation temperature. At high
transformation temperatures allotriomorphic ferrite forms. This ferrite is nucleated at the
austenite grain boundary and grows to produce lenticular or equi-axed regions. At lower
temperatures Widmanstiitten ferrite is produced as laths or side plates. Again, this form of
ferrite nucleates at the austenite grain boundary and grows into the austenite with a welldefmed orientation to the austenite. As the temperature decreases further, ferrite idiomorphs
grow within the austenite grains. This form of ferrite is roughly equi-axed. Intragranular
ferrite plates form within the austenite grains at lower temperatures.

b

a
GB

GB

c

d

GB

0
Figure 1.5 The morphology of proeuctectoid ferrite changes as the transformation temperature
decreases: a) high temperature grain boundary allotriomorphs; b) Widmanstiitten side-plates; c)
intragranular idiomorphs; d) intragranular plates. Adapted from Sinha<'>.

At isothermal transformation temperatures below the eutectoid temperature,

Ae~,

pearlite (ferrite plus cementite) will form in addition to proeuctectoid ferrite. The proportion
of pearlite is determined by the composition of the alloy - as the carbon content increases the
amount of ferrite formed decreases until it reaches zero at the eutectoid composition.
At isothermal transformation temperatures below the B, temperature bainitic ferrite
can from. Again bainitic ferrite can form with different morphologies, either upper or lower
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bainite, dependent on temperature. The transition between the two forms is again dependent
on the composition of the alloy. There is some debate over the nature of the transformation of
austenite to bainitic ferrite, some authors propose that the transformation involves the
diffusion of carbon whereas some maintain that the transformation occurs without the
diffusion of carbon in a manner similar to the formation of martensite. Both transformation
mechanisms recognise the fact that only a proportion of the austenite transforms to bainitic
ferrite. In ADI this partial transformation of austenite to bainitic ferrite is termed Stage I of
austempering. In the heat-treatment times commonly employed in austempering the mixed
microstructure produced during Stage I is the final, desired microstructure. If the heattreatment is continued for extended periods the austenite will eventually decompose to ferrite
and cementite, this is termed Stage II of austempering.
Below the martensite start temperature, M,, martensite will form via a displacive
mechanism. The mechanism of formation is such that the transformation is very rapid and
isothermal heat-treatment is not required to allow the transformation to take place.
Thus, if a casting is austenitised and then purposefully quenched and held at a
particular transformation temperature different ferrite morphologies can be produced. Such a
process, in which a casting is held between B, and M, provides the basis for the production of
bainitic ferrite in the matrix of an austempered ductile iron casting. Within this range, changes
of the duration or temperature of the heat-treatment will produce different proportions of
bainitic ferrite and austenite. Also, as mentioned above, the position of the boundaries, in this
case B, and Ms , for a particular transformation are dependent on composition. Hence, changes
in composition and heat-treatment will produce changes in microstructure which will then
lead to changes in mechanical properties of an austempered ductile iron component, for
example - an ADI camshaft.
Hence, to enable foundries to produce the desired microstructure and properties in a
particular component, it would advantageous to have a model to predict the microstructure as
a function of composition and heat-treatment. This would reduce the need for time consuming
and expensive casting and heat-treatment trials and hence aid product and process
optimisation. It is the analysis and modelling of the changes which occur during
austenitisation and Stage I of austempering which form the major part of the work described
in the following chapters of this thesis and outlined below.
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1.4 STRUCTURE OF THE THESIS
The results of an extensive survey of the literature are presented in Chapter 2. The
sources examined relate to: the production of ADI, the microstructures observed both in
bainitic steels and AD I, chemical segregation in the matrix, the mechanism of formation of
bainitic ferrite, the changes which occur during austenitisation and austempering, and finally,
the relationship between microstructure and mechanical properties.
Chapter 3 describes an in-depth practical examination of the phases present, in both
the as-cast state and after various heat-treatments, which was carried out to provide an
understanding of the microstructure in the ADI, and its relationship to heat-treatment
parameters. The techniques used include: optical microscopy, transmission electron
microscopy including electron diffraction, scanning electron microscopy plus energy
dispersive X-ray analysis and microhardness measurements.
The prediction of microstructure was broken down into two parts which reflect the
two major stages of the heat-treatment process. The modelling of the first stage,
austenitisation, is described in Chapter 4. Initially predictions of the as-cast structure and the
effect of various elements on eutectic and eutectoid temperatures and carbon concentrations
were made using Gibbs energy minimisation, MTDATA1, in order to confirm the
appropriateness of that technique and the thermodynamic data upon which it is based for use
with cast irons. Once this had been established, predictions of the effect of individual
elements on the carbon concentration in austenite, which has a large effect on the
austempering process, were made for a range of austenitising temperatures. Finally,
predictions of the austenite carbon concentration in number of cast irons at various

1

Throughout this thesis the term MTDATA is used to refer to the use of Gibbs energy minimisation

package MTDATA in conjunction with critically assessed thermodynamic data, in this case the SGTE (Scientific
Group Thermodata Eroupe) database. Similarly the terms ThermoCalc and D!CTRA refer to the Gibbs energy
minimisation program ThermoCalc and its sub-routine diffusion model D!CTRA, in conjunction with the same
database.
MTDATA is developed and maintained by the Materials Thermochemistty Group at the National
Physical Laboratory, Teddington, Middlesex, TWll OLW, U.K. ThermoCalc is developed and maintained by the
Department of Materials Science and Engineering, The Royal Institute of Technology, Stockholm, S-100 44,
Sweden.
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temperatures were made and compared with measured results. It was found that the values
obtained agreed well with the reported results for long austenitising times.
Chapter 5 describes the modelling of the austempering process itself, that is the
prediction of the volume fraction ofbainitic ferrite and the kinetics of its formation. Initially
predictions were made using a model developed for steels, based on the diffusionless theory
of transformation, which was modified for use with cast iron. These predictions were limited
to Stage I of the austempering process and did not consider the formation of carbides.
Predictions of the volume fraction of bainitic ferrite, for a range of compositions and
heat-treatments, were compared with values determined using dilatometry and X-ray
diffraction measurements (XRD), carried out both by the present author and reported in the
literature.
The relationship between the predicted volume fraction of bainitic ferrite and the
mechanical properties was also assessed. Strong correlations between the volume fraction of
bainitic ferrite, the hardness and some fatigue properties were observed
Chapter 6 outlines modelling carried out to predict the effect of segregation on the
microstructure, especially on the volume fraction of bainitic ferrite. The segregation profiles
between the graphite nodules produced during the solidification were predicted using Gibbs
energy minimisation in a Scheil type simulation. This resulted in a hypothetical structure
consisting of shells of material with a range of compositions which corresponded to the
different compositions found at various distances from the graphite nodules. The volume
fraction of bainitic ferrite was then predicted for these individual shells to establish how the
microstructure would vary between the graphite nodules. This was then related to the bainite
free regions observed in many ADI microstructures.
In order to establish a more accurate understanding of the changes which take place
during austenitisation, a practical examination of the effect of the duration of austenitisation
was made using optical microscopy and dilatometry. The diffusion of carbon through the
austenite matrix was modelled using ThermoCalc's sub-routine program DICTRA. Results
were obtained for both homogeneous and segregated matrices.
As stated previously, the overall aim of this project was to produce a model which
could be used to predict the overall microstructure of AD I. Chapter 7 focuses on the
production of a combined model, which incorporated both the austenitisation steps and
austempering steps. The two stages of modelling were linked using MTDATA's Application
Interface. In the modelling of austempering the limiting carbon content for the displacive
10

fonnation of bainitic ferrite was calculated using MTDATA, this method of calculation was
compared with the values obtained the analytical method in the model developed for steel.
The combined model also incorporated the calculation of the amount of graphite,
based on the modelling of austenitisation, the amount of austenite and the amount of
martensite in the structure using empirical equations. The total microstructure was then
predicted for a series of hypothetical compositions following various heat-treatments.
Finally, Chapter 8 presents the conclusions drawn from this work and discusses
possible areas of further investigation.
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2. LITERATURE SURVEY
2.1

GENERAL DESCRIPTION OF AUSTEMPERED D UCTILE IRON

Austempered ductile iron (ADI) is a heat-treated form of ductile, or spheroidal
graphite, cast iron. Ductile iron itself consists of graphite nodules surrounded by a ferrite or a
ferrite/pearlite matrix which may exhibit significant segregation. Heat-treatment results in a
matrix composed of bainitic ferrite, retained austenite and carbides, while retaining the
spheroidal nature of the graphite. This produces a range of cast irons which, generally, have
higher tensile strengths than ductile iron, and more ductility than grey irons. The austempering
process also produces a material which has mechanical properties comparable with those of
forged steels(!>. ADI has other technical and commercial advantages which include: lower
density than forged steel, better vibration damping, improved lubrication properties, lower
raw-material costs and substantial energy savings during manufacture for particular
components.

Figure 2.1 The major phases observed in austempered ductile iron are: graphite (grey), austenite
(white) and bainitic ferrite (blue/green). (mag. x700).

2.2

OVERVIEW OF THE PRODUCTION OF AUSTEMPERED DUCTILE IRON

The first stage in the production of an ADI component is the casting of 'spheroidal
graphite (SO)' or 'ductile' cast iron component with a general composition similar to that
shown in Table 2.1, but which may also, commonly, contain Ni, Cu and/or Mo.
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Fe

c

Balance

3.6

Si
2.5

p
0.04

Mn
0.3

s

Mg

0.01

0.04

Table 2.1 Typical amounts (wt.%) of major elements in a ductile iron casting suitable for the

production of ADI.
Inoculation is carried out to promote the formation of graphite, that is to prevent the
formation ofFe3C, and to refine the cell structure (increase the nodule count). This is usually
achieved through addition offerrosilicon to the melt either through 'ladle' inoculation or 'late'
inoculation in which the inoculant is added to the metal stream during pouring or placed in the
mould<2>. Spheroidization of graphite is achieved through the addition of magnesium (usually),
cerium or nickel to the melt. In practice this done by placing the spheroidizing agent in the
bottom of the ladle and pouring the metal over it, by plunging Mg into the melt, or by
combination with the inoculant through the addition ofMg-ferrosilicon for example.
The heat-treatment used to produce an austempered ductile component consists of four
parts(3>: austenitisation, quenching, austempering and final cooing to room temperature as
shown in Figure 2.2 and described below.
The first stage of the heat-treatment process is austenitisation, in which the matrix of
the SG casting is transformed to austenite. This is carried out in a furnace containing a
reducing atmosphere to prevent decarburisation or in a molten salt bath for times of between I
and 4 hours at temperatures between 850°C and 950°C dependent on the composition, size and
shape of the casting!).
Following austenitisation the component is quenched directly in the austempering
medium, which can be a molten salt bath, hot oil or a fluidized-bed system, and is held at
between 250°C and 450"C for up to 2 hours, again dependent on size, shape and composition
of the component. This part of the heat-treatment brings about the partial transformation of the
austenite matrix to bainitic ferrite. The component is then cooled to room temperature.
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Figure 2.2 Production route for an ADI component. First a ductile iron casting is produced, this is
then heated and held at =900°C to transform the matrix to austenite. After quenching, austempering
brings about the transformation of the some of the metastable austenite to bainitic ferrite; the
remaining austenite is enriched with carbon. Final cooling can cause transformation of austenite to
martensite if the degree of enrichment is low.

2.3

THE MICROSTRUCTURE OF AUSTEMPERED DUCTILE IRON

The following section gives a detailed description of the phases that can occur in
austempered ductile iron as reported in the literature. Parallels between the structure of ADI
and steels will be drawn, but only when instructive. The crystallographic information
available for the matrix constituents and carbides has been summarised in Table 2.2 and Table
2.3 respectively.
The microstructure of ADI consists of graphite nodules surrounded by a complex
matrix. The matrix is made up of three major components; bainitic ferrite, austenite and
carbides<3>but may also contain pearlite<J-S) and martensite<6•7>.The term "bainite" is often used
to refer to the combination ofbainitic ferrite and carbides found in most ADI structures. The
mixture of bainitic ferrite, carbides and austenite, which is the desired final matrix structure
for most ADI components, has been referred to as "ausferrite'><8•9>indicating the two major
components or "pro-bainite•><S> suggesting that it is a non-equilibrium structure which precedes
the formation of the fmal product: bainitic ferrite, non-bainitic ferrite and carbides.
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2.3.1 UPPER AND LOWER BAINITE

The classical view ofbainite0°>, which relates to observations of steels, describes two
distinct structures: upper bainite and lower bainite, both of which consist of aggregates of
lenticular 'platelets', 'sub-units' or 'laths' ofbainitic ferrite. The aggregates are referred to as
'sheaves' or 'packets'. The platelets form at an angle of about 60" to the axis of the sheaf and
are O.OlJllll<SJ to O.!Jllll !Ill thick. They may be separated by the other phases (see below) or
they may make contact via a low misorientation grain boundary. The sheaves are of the order
of lOp m long and 1pm thick and tend to form with a specific orientation relationship to the
surrounding austenite: a Nishyama-Wasserman<10•12> or a Kurdjumov-Sachs< 10•13 >

type

relationship. The differences between upper and lower bainite are the morphology of the
sheaves and the presence and location of carbides. In lower bainite the bainitic ferrite sheaves
display a fme, acicular structure as opposed to the 'feathery', coarser, more plate-like
morphology of upper bainite< 13>.
Spanos< 14> described a particular bainitic structure in ADI which differs from the
classical description of steels. He describes ferrite sheaves which consist of a ferrite spine
with 'fine ferrite crystals atop the spine'. These secondary ferrite crystals are separated by
films of austenite which have a characteristic 's' shape. These 's-shaped' films can be clearly
seen in the work of Aranzabal et a/.05 >. Although in ADI the presence of carbides is highly
dependent on the exact heat-treatment conditions and alloy composition, the structures
encountered may generally be related to those described in steet<IO) as follows. In lower bainite
carbides grow both within the platelets, and between the ferrite platelets - in the surrounding
austenite. In upper bainite no carbides are formed within the bainite itself, however, carbides
may form in the surrounding austenite. Chang06>found that the transition from upper bainite
to lower bainite in high silicon steels (Si "'2 wt.% , similar to that in ADI) occurred at low
temperatures close to the martensite start for carbon contents between 0.095 and 0.44 wt.%.
This suggests that silicon in steels suppress the growth of carbides within the bainitic ferrite
and so depresses the transition, from upper to lower bainite. This effect of silicon would also
be expected in ADI, but might be countered by the higher levels carbon present. The details of
the carbides formed will be discussed further below, see section 2.3.4.
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2.3.2 AUSTENITE

The austenite in ADI is formed during the high temperature part of the heat-treatment
of ductile iron - austenitising. The carbon content of the austenite in ADI changes markedly
during austenitising and is determined by three factors:
• The austenitising temperature, which determines the equilibrium carbon content< 13•11l;
• The substitutional element concentration, which also affects the equilibrium carbon content
of austenite<ISJ;
• The austenitising time, which determines how close the austenite gets to equilibrium<I7J.

During quenching to the austempering temperature the austenite does not transform
and hence is metastable and supersaturated with respect to carbon. Ideally none of the
austenite transforms, however, in larger section castings, with lower cooling rates, pearlite can
be produced<8>. Following quenching to the austempering temperature the carbon content of
austenite undergoes further changes. As the austenite transforms to bainite ferrite, carbon is
rejected. Some of this carbon may form carbides (at low austempering temperatures) and the
remainder partitions to the remaining austenite. This increase in carbon content determines the
extent of the austenite to bainitic ferrite transformation and hence the volume fraction of
bainitic ferrite - this will be discussed more fully in Chapter 5. Any remaining austenite is
known as the 'un-transformed austenite volume' (UAvp>. If the component is cooled to room
temperature before all the UAV (metastable austenite) has transformed to bainitic ferrite then
some of the UA V may transform to martensite, thus at room temperature the UAV may
contain martensite. These factors will be discussed in more detail in Section 2.5.
The changes in austenite carbon content during austenitisation and austempering affect
its lattice parameter as described by Roberts< 19>:
a= 3.548 + 0.044 C%

Equation 2.1

where a is the lattice parameter of the fee unit cell and C% is the carbon content (wt.%) of the
austenite. Some typical values encountered in ADI are shown in Table 2.2.
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Phase

Lattice Symmetry

Bainitic Ferrite
Austenite

Body Centred Cubic
Face Centred Cubic

Martensite

Body Centred
Tetragonal

Typical Carbon
Content I wt.%
0.02+

1.5
0.68
1.5
0.68

(Pearlite)

(Two Phase Mixture) .

-

Reference
for AD!

Typical Lattice
Parameters I A•

14
14
14

a=2.866
a -3.621
a=3.586
a=2.84
c=3.03
a=2.85
c=2.93

-

Table 2.2 Crystallography of possible matrix structures in AD!. '+' Saturation concentration of
carbon in ferrite. '"' Lattice parameters in column 4 correspond to the carbon content in column 3.
Typical carbon content for martensite taken to be the same as for the austenite from which it would
have formed Martensite lattice parameters were then calculated using the equation developed by
Roberts.
2.3.3 PEARLITE AND MARTENSITE

Pearlite and martensite are usually considered as undesirable phases in ADI. They both
fonn within the matrix as a consequence of ''unsuitable" heat-treatment or composition
although they may not always be avoidable.
The lattice parameters of martensite are again dependent on the carbon concentration.
Since the fonnation of martensite from austenite is a displacive transfonnation which involves
no diffusion, the carbon content of the martensite is the same as that of the parent austenite.
The lattice parameters shown in Table 2.2 were calculated using the equations below proposed
by Roberts< 19>:

a= 1.861- 0.013 C%

Equation 1.1

c:: 1.861 + 0.116 C%

Equation 1.3

Since these phases are undesirable they will not be discussed further except when they
have a bearing on the fonnation of other phases or on the mechanical properties.
2.3.4 CARBIDES

The majority of carbides reported in ADI are, not surprisingly, iron or iron containing
carbides. The literature relating to these iron containing carbides will be reviewed first
followed by a consideration of other carbides reported to occur in ADI. A summary of the
reported crystallographic data is presented in Table 2.3: wherever possible data relating
directly to ADI has been presented. Table 2.4 shows the actual reported occurrence of carbides
in ADI in relation to the composition of the iron and the heat-treatment parameters.
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Phase

Formula

Lattice Symmetry

Lattice Parameters

tA
Fe3C

Orthorhombic

(Fe,Mn,Si,Cr)xC
X"'2.5·2.9

Orthorhombic

£-carbide

Fe,C-Fe,C

Hexagonal

T)-carbide

Fe2C

Orthorhombic

9-carbide
(Cementite)

un-named

Triclinic

a=4.5248
b=S.0896
C"'6.7443
a-8.880
b =11.415
c=l4.825
Fe,C a=2.754*
c =4.349*
Fe3C a =4.767
c=4.354
a=4.7
b=4.3
c:2.8
a=6.38
b=5.05
c=4.59

Reference
for AD!
14,16

13,16,19

14,15,16

13

a=9o•

x-carbide (Hagg)

Fe,C2

Monoclinic

Molybdenum
Carbide
Titanium Carbide

Mo,C

Hexagonal

TiC

Cubic

/J=70.1°
y=-84.7"
a =11.563
b=4.573
c=5.058
b =97"38'
a:2.899+
c=2.809+
a=4.360*

14,15,19

7,18
14

Table 2.3 Carbides found in austempered ductile iron. '*' data obtained form K.W Andrews, D.J
Dyson and S.R Keown<20l. '+' data obtained from Pearson<2'l.
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Base Composition I wt"lo

Heat-treatment

c

Si

Mn

Mg

s

p

Mo

Cu

Ni

Cr

Sn

3.69

2.53

0.25

0.045

0.009

0.014

0.10

0.47

1.07

-

-

3.16

3.09

0.172

0.041

0.015

0.026

-

0.03

0.078

0.03

0.08

3.97

1.57

0.49

0.059

0.010

0.03

-

-

-

-

-

3.51
3.8

2.88
2.9

0.54
0.08

0.53
0.032

0.012
0.005

-

-

-

-

-

--

-

Austenitisation
Temp
Time

900
900
982
982
982
950
950
950
950
900
900
900
900

3.8

2.9

0.08

0.032

0.006

0.02

-

-

-

-

-

900
900
900

30
30
60
60
60
IS

1S
IS
IS
90
90
90
90
90
90

90

Carbides

Reference

e , Triclinic
e
X
X
e
no i.d.
11

11

Austem!lerinlP:
Temp
Time

410
410
400
400
400
400
370
340
370
350
350
300
300
250
3SO
350

960
60

38880
1375
300
60
60
60

26
12

l

60

n 9

120
180
60
120
180
120
300

11
9
e
e
9
11

23

13

't.

Table 2.4 The carbides which have been observed in ADI with the composition of the base iron and the heat-treatment details. Temperature ("C)
and time (minutes).

2.3.4.1 Iron Carbides Within Ferrite Platelets
Three iron carbides have been identified within the bainitic ferrite in ADI: 9-carbide
(cementite), £-carbide and 1]-carbide.
• Cementite, 9-carbide< 12.22l, Fe3C, has an orthorhombic lattice. When cementite forms
within bainitic ferrite in steels it precipitates at an characteristic angle of approximately 60°
to the habit plane of the ferrite platelets<Io) although this orientation relationship has not
been observed in ADI.

• £-carbide, a hexagonal transition carbide, with a composition which can vary between Fe2C
and Fe3C also occurs within bainitic ferrite. Sidjanin and Smallman<23l reported the
orientation relationship between ferrite (a;,) and £-carbide as <1120>£ I <lOO>a;,. The size
of£ -carbides has been reported as 50-200A <14>.
• The third carbide, 1]-carbide, Fe2c< 12·13.22l, which forms within the bainitic-ferrite phase has
an orthorhombic structure. Sidjanin and Smallman<23l report the following orientation
relationship:
(110)1] I (OlO)a;,
[001]111 [lOO]a;,

The occurrence of these carbides is heavily dependent on the austempering
temperature: for instance, Sidjanin and Smallman reported that, for a ductile iron containing
3.8%C, 2.9%Si, 0.005%S, 0.032%Mg and 0.08%Mn, cementite formed directly at
austempering temperatures of 2so•c, but at temperatures of 3oo•c and 3so•c cementite
formed via the transition £-carbide and 1]-carbide respectively.

2.3.4.2 Iron Carbides Between Ferrite Platelets
Three types of carbide have been observed, in ADI, between the ferrite platelets- these
carbides, described below, can occur in both upper and lower bainite.
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• e-carbide has been observed in the austenitic regions of ADI produced following
austenitising at 900"C for 30 minutes and austempering at 4to•c< 11 •24>. Aranzabal et a/
report e-carbide occurring within the martensite/austenite region of an ADI form at
approximately 30" to the martensite/austenite interface. A Jack<2S) type orientation
relationship between the e-carbide and the martensite was observed.

• An un-named triclinc transition carbide is also described by Aranzabal et at.<ll).
• Chi-carbide {X-carbide), also known as the Hligg carbide, Fe2Cs, has been found at the
ferrite I austenite interface and the ferrite I ferrite interface<12•13.2 6>•

•
2.3.4.3 Primary Carbides and Other Minor Phases
As well as the carbides which can form during austempering, other carbides can form
during the solidification of the initial ductile iron casting. These include Fe-Mn-Si-Cr carbides
reported by Ahmadabadi(27) in a high Mn ductile iron and Mo carbides which have been
reported by many authors<7•8.28>. They form within the matrix mid-way between the graphite
nodules due to the segregation of substitutional elements during solidification which will be
discussed further in Section 2.4 and Chapter 6.
Titanium Carbide, nc<l2), and ThC2SP<27> have also been observed. It was suggested
that it formed by the reaction of carbon with residual titanium in the raw materials.
Iron oxide, Fe30 4, has also been observed in ADI samples<11> but it was thought to
have been introduced during sample preparation.

2.3.5 GRAPIDTE NODULES
Graphite nodules, or spheroids, form directly from the melt during the initial casting of
ductile iron. To produce spheroidal graphite, and avoid flake graphite, it is necessary to treat
the melt with cerium or more usually, magnesium. The number of nodules per unit area, the
nodule count, can be between 100 mm·2 and, in extreme cases, 1000 mrn·2, dependent on
section size, cooling rate (moulding materials), inoculation, spheroidization agents and
practice<29>. A typical nodule count for a ductile iron to be used to produce ADI would be
15omm·2 with a nodule diameter of 35mm<l3)_
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2.4

SEGREGATION EFFECTS IN ADI

Segregation occurs during solidification of the original ductile iron casting as alloying
elements separate into different regions of the matrix. The elements involved include Si, Ni,
Cu, Mn, Mo and c<3•7•301 • The segregants then, in turn, affect the matrix phases formed during
quenching, see Section 2.6.2, and the amount of bainite formed during austempering, see
Chapter 7. The degree of segregation is a function of the partition coefficient and amount of
each element, the nodule count and the solidification rate<28l (see Equations 2.4 - 2.6) The
segregation effect is greater in large section castings<8l.
During solidification the metal close to the graphite nodules is the first to freeze. Si,
Ni and Cu - 'negative' segregants - tend to segregate into this region. This can cause the
formation of pearlite around the nodules<8l. Later the interdendritic and intercellular regions
solidify and 'positive' segregants such as Mn and Mo migrate to those regions and can lead to
the formation of carbides in these areas<3•6•301• The segregation of these elements also affects
the local equilibrium carbon concentration<8•31 l. This local variation brings about the effects of
a variable carbon concentration described in Section 2.6.1.
As ductile iron solidifies, austenite dendrites grow surrounding the graphite nodules.
This process can be thought of as the sequential solidification of spherical shells of austenite
around the nodules. The local solute (alloy) concentration, CL, was calculated using a
modified form ofScheil's Equation<31):
CL= Co (1-yljJ~1~

Equation 2.4

lfl= 1- 6ak I (1+6a)

Equation 2.5

where for a sphere

in which

Equation 2. 6

where Co is the original concentration of the particular element/. is the solid fraction, k is the
partition coefficient, D, is the solute diffusivity in the solid, t1 is the local solidification time,

A is the distance between nodule centres and N is the nodule count (mm"2).
If the austenitising time is sufficient the carbon content in these shells will reach the
solubility limit which is determined by the local concentration of the alloying elements.
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Ahmadabadi et

at.<31)

described a Fe, C, Si, Mn system in for which the local carbon

concentration was calculated using the following relationship:~

log ac I zc

=

2300fl- 0.92 +{(3860 + I OOOOyst)/I}yc
- (2200/t)yM,. + (2.1 +3200 I 1JYSJ

where ac is the activity of carbon, Ye

Equation

2.7

=ncf(np.+nSJ+nM,J is the atom fraction of carbon, YMn

andys1 are the atom fractions ofMn and Si in the C-free alloy andzc=yc/(1-yd.
Thus the effect of the segregation of substitutional elements on the local carbon
concentration can be predicted.

In the current project, described in the following chapters, it is hoped that a more
generic method of predicting the local carbon content can be established and that this
prediction can then be combined with modelling of austenitisation and austempering to
predict the amount of bainitic ferrite and the other phases present in ADI to produce a
complete picture of the microstructure.

2.5 THE MECHANISM OF BAINITIC FERRITE FORMATION IN STEELS
Research on bainitic structures in austempered ductile iron has drawn largely on the
work carried on bainite in steel, since its discovery in the late 1920's. Bainite can be produced
in steels by a direct cooling at a suitable rate or by isothermal transformation at a suitable
temperature and time dependent on the composition of the steel, these two routes can also be
employed in cast irons. Figure 2.3 shows schematic temperature-time-transformation (TTT)
and continous-cooling-transformation ( CC1) diagrams and illustrate the thermal path required
to produce a bainite structure in both cases.
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Figure 2.3 Routes for the fonnation of bainite in steels. a) Quench followed by isothennal
transfonnation. Adapted from< 32>. b) Fonnation of bainite during continuous cooling. Adapted from
Bhadeshia<'">.
During the transformation to bainitic ferrite not all the austenite is transformed. This is
known as the 'incomplete transformation phenomenon' and leads to the mixture of austenite
and bainitic ferrite which is commonly observed in steels and ADI. This is discussed further
below.
The mechanism of the formation of bainitic ferrite in steels is surrounded by some
controversy. The debate centres on whether the transformation to bainitic ferrite involves the
diffusion of carbon, similar to Widmiinstatten ferrite, or via a displacive mechanism with no
diffusion of carbon similar to martensite. The different views are presented in reviews by
Hillert33>and Bhadeshia and Christian<34>respectively, both of these works outline the history
of the discovery and subsequent research on bainite in steel and its interpretation in terms of
transformation mechanisms.
Hillert<JJ) described a transformation mechanism in which the rate of growth of
bainitic ferrite is dependent on the diffusion of carbon. He suggests that growth proceeds in an
edgewise mechanism in the same manner as Widmiinstatten ferrite, with no supersaturation of
carbon in ferrite. He supports this argument with the following observations.

• The measured growth rates for Widmiinstatten ferrite and bainitic ferrite lie, for a range of
temperatures, on a single straight line when plotted against the supersaturation of austenite.
Hence the growth rate of both phases can be calculated using the following single,
empirical relationship:
Equation 4.1
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in which V is the growth rate, D is the diffusion of carbon in austenite and in which )(la is
the carbon concentration in austenite at the (extrapolated) austenite/ferrite interface and xD
is the initial carbon concentration in the alloy.

• The bainite start temperatures observed, e.g. Steven and Haynes<35 ) and Ohmori and

Maki(36l, do not correspond to the 'To' line which is proposed in the non-diffusional model
as the ferrite/austenite 'phase boundary', see below.

Hillert proposed that the growth conditions tend towards paraequilibrium at low
temperatures and toward the 'no partition, local eqnilibrium' (NPLE) situation at higher
temperatures, see Figure 2.4, in which experimental results are presented as the dotted line
labelled 'from growth rates'. The first of these conditions, paraequilibrium, describes a
situation where there is diffusion of carbon but no diffusion of substitutional elements. The
NPLE mechanism assumes complete local equilibrium at the interface with a 'spike' of
substitutional elements just ahead of the moving interface. This mechanism is similar to the
Solute Drag Like Effect (SDLE) in which rate of diffusion is reduced by the segregation of
substitutional elements to the interface, and which leads to growth stasis and the hence an
explanation of the incomplete reaction phenomenon observed in steels.

~~--~---L---L--~--~---+

750
700

an

•-=

Figure 2.4 The aJy phase boundaries relating to the various proposed transformation mechanisms,
from Hillert<m.
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Bhadeshia and Cbristian<34> describe nucleation and growth mechanisms for the
transfonnation of austenite to super-saturated bainitic ferrite. They contest that the growth of
bainitic ferrite is via a shear transfonnation and is itself totally diffusionless; any diffusion of
carbon takes place shortly after the change in structure, enriching the remaining austenite.

In the displacive view, the transfonnation occurs by the successive nucleation and
growth of individual (bainitic) ferrite sub-units. The fonnation of each sub-unit occurs via a
rapid displacive mechanism which involves no diffusion of carbon, or substitutional elements.
Immediately after the fonnation of each ferrite sub-unit carbon partitions into the remaining
supersaturated austenite, increasing the carbon content. The reaction ceases when the carbon
concentration in the austenite becomes too high, the diffusionless growth of ferrite becomes
thennodynarnically impossible, when the carbon content reaches the value, Xr. , given by the

To curve shown in Figure 2.5. This leads to the 'incomplete reaction phenomenon'.
Hence the fonnation mechanism is similar to that for martensite in that growth is by
rapid, diffusionless, shear. However, they also suggest the nucleation process involves a
decrease in carbon concentration in contrast to the nucleation of martensite. Although both the
martensite and bainite transfonnations display indications (macroscopic surface relief) of an
invariant-plane strain (IPS) mechanism, more complex, and different, defonnations are
responsible for the changes in structure< 10>.
The To' curve also shown in Figure 2.5 is the boundary for diffusionless
transfonnation when the stored energy involved in the transfonnation, due to the change in the
volume of the unit cell, is taken into account. In steels the strain energy has been estimated to
be of the order of 400J/mol(37>. Relaxation of the austenite matrix may also occur which leads
to the accommodation of some or all of the volume change< 10>. The exact position of the

r.'

line is therefore uncertain. Untransfonned austenite volume fraction measurements by
Ahmadabadi(JS) in ADI, measurements of the volume fraction of bainitic ferrite by Chester
and Bhadeshia<39) in steels and measurements of the bainite start temperature by Chang06>in
high silicon steels indicate that the reaction ceases at, or close to,

r •.

Hence, in this work,

displacive transfonnation, with Xro as the limiting carbon content, was accepted as the
mechanism of bainitic ferrite .
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Temperature

TRANSFORMATION

Carbon Concentration

Figure 2.5 Schematic view of the limiting austenite carbon content for the diffusionless
transfonnation of metastable austenite to bainitic ferrite. X 7• represents the caroon content at which
the Gibbs free energy change r-+ llt> is zero. X7. ' is the limiting carbon when the strain energy of the
transformation is accounted for. The paraequlibrium phase boundary is also shown.

If the heat-treatment is continued for extended periods the high carbon austenite will
decompose to non-bainitic ferrite and carbide. The formation of upper bainite with cementite,
for example, can be summarised as follows< 10>:

Equation 2.8

where the subscripts 'ss' indicate supersaturation, 'us' indicates an unsaturated product and
'en' shows enrichment.

2.6

AUSTENITISATION AND AUSTEMPERING IN ADI

2.6.1 AUSTENITISATION
The transformation of the matrix (ferrite or ferrite/pearlite) of the as-cast ductile iron
to austenite is achieved by heating the component to temperatures between

sso•c and 950°C

and holding for times of between I and 4 hours0 >. Increasing the austenitising temperature
increases the degree to which the matrix transforms to austenite and the rate of
transformation< 17>. The nature of the as-cast matrix also affects the rate of transformation: a
pearlitic matrix will produce a high rate of transformation due to an increased number of
nucleation sites available in the two phase, lamellar, structure whereas single phase ferrite will

28

produce a lower transformation rate. High austenitising temperatures tend to lead to blocky
austenite whereas low temperatures lead to fmer austenite regions between the ferrite< 40>.
As the austenitising temperature, Tc (0 C), increases the equilibrium (highest
attainable) carbon concentration of the austenite,

c!c (wt.%), shows a proportional increases

3

as given by the following relationship< >:

f!lc == Tc/420 • 0.17(wt. 'Y.Si) • 0.95

Equation 2.9

The actual carbon concentration achieved in the austenite increases with time until the
equilibrium concentration (for the particular temperature) is reached< 17>. This increase has four
effects:

•

It decreases the thermodynamic driving force for the transformation of austenite to ferrite

during austempering;
•

It affects the lattice parameters of the austenite and any resultant martensite;

•

It reduces the likelihood of martensite formation on final cooling after austempering is
completed;

•

It increases the austemperability of a cast iron.
The austenitising temperature and time affect the uniformity of the carbon distribution

in the matrix(7). During the austenitisation process, carbon from the graphite nodules dissolves

into the austenite enriching the austenite around the nodules. In an initially fully ferritic cast
iron, if the austenitisation is not long enough at a specific temperature, the carbon
concentration would be expected to reduce as distance from the nodule increases. This would
tend produce a carbon concentration gradient in the opposite direction to that produced by
segregation during solidification<41 >. In a mixed ferrite/pearlite matrix (a bull's-eye ferrite
structure for example) the pattern of carbon concentration would be still more complex. Thus
the first three effects listed above would be observed locally in the regions surrounding the
nodules. The increase in austemperability is a macro effect.
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2.6.2 COOLING RATE DURING QUENCHING

The rapid decrease in temperature to the austempering temperature is usually achieved
when the component is placed in the austempering medium. The cooling rate during
quenching determines the matrix structure of the ductile iron and hence the proportion of the
matrix which can be transformed to bainitic ferrite and, presumably, it also affects the
composition of the metastable austenite and hence the austempering kinetics. A slow quench
will tend to produce pearlitic structures; this is of particular importance in larger section
castings in which the centre sections of the casting will experience much lower quenching
rates than the outer regions. Additions of Mn and Mo are often made to reduce the rate of
pearlite formation during cooling and so allow larger castings to be produced without pearlite
formation. The degree to which the formation pearlite can be avoided during quenching is
known as the "austemperability'' or "pearlite-hardenability'' of a cast iron. The shift of the
pearlite 'nose' due to the addition of Mo, say, and the effect of slow cooling rates can be seen
in the schematic TTT diagram shown in Figure 2.6.

Temperature
Slow

Cooling

Base

Composition

\

\

- _

-

Base Composition + Mo

-

PEARLITE

Time
Figure 2.6 Schematic TTT curve. The solid cooling curve shows conditions which will produce
bainite only. The dashed cooling curves indicates how pearlite may fonn when cooling is slower - for
instance at the centre of a casting. The shift of the pearlite nose due to the addition of Mo shows how
pearlite can be avoided even in areas with a low cooling rate.
Austemperability is often expressed in terms of the largest (cylindrical) section size
which can be cast without the formation of pearlite. Alloying elements other than Mn and Mo
have an effect on this critical bar size, De (mm), which can be related to the concentration
(wt.%) of each element as follows< 17>:
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De= 124C-! + 2 7( %Si) + 22(%Mn) + 16(%Ni) + 25(%Mo) -1.68 x

Jtr T/ +

12(%Cu)(%Ni) + 62(%Cu)(%Mn) + 88(%Ni)(%Mo) + 11(%Mn)(%Cu) +
127( %M n)(%Mo) - 20(%Mn)(%Ni) -137

where

E quation 2.10

c.; (wt.%) is the equilibrium carbon content of the austenite (see section 4.1.2) and

where TA is the austenitisation temperature COC).
2.6.3 A USTEMPERING
Austempering is the term used to describe the isothermal prut of the heat-treatment
process used to produce the desired microstructure for ADI components: bainitic ferrite, h igh
carbon austenite and possibly carbides. The term also includes the subsequent decomposition
of the high carbon austenite to carbides and non-bainitic ferrite and hence is often considered
as occurring in two stages<3•41) which are shown in Figure 2.7 below. Stage IT is associated
with a decrease in 'desirable' mechanical properties and so is usually avoided in the
production of commercial castings.

Amount of Phase I %
STAGE Il

STAGE I

lOO

....... .............

...

··~ -

..................... .. :· ............... ·-· ... .

...

High-Carbon
Austenite
Carbide

0

Austempering Time
Figure 2.7 The changes which occur during austempering; at higher temperatures - upper bainite
formed. During the Stage I metastable austenite transforms bainitic ferrite and the remaining austenite
is enriched. In Stage II the enriched austenite decomposes to non-bainitic ferrite and carbides. The
dashed line shows formation of carbide within bainitic ferrite in lower bainite. Adapted from
Darwish and Ell iott(3).
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2.6.3.1 Stage I
During stage I the metastable austenite, which is supersaturated with respect to carbon
(at the austempering temperature) transforms to bainitic ferrite (!Jb) • As described in Section
2.3.4 the ferrite may contain carbides. This is represented by Equation 2.11 (7).

'Yo

~

r... +a.. (!Xb or !Jb +carbide)

Equation 2.11

Initially ferrite nucleates on the graphite/austenite interface or at austenite grain
boundaries and then grows, by the sympathetic nucleation of further plates, into the austenite
producing the characteristic sheaf structure. During this transformation carbon is rejected by
the growing bainitic ferrite and diffuses into the austenite or, at lower austempering
temperatures, forms carbides with the bainitic ferrite, the degree to which these carbides can
form decreases as Si content increases<12•42>. As with steels the incomplete reaction
phenomenon is observed and the transformation to bainitic ferrite ceases (becomes
thermodynamically impossible) when the carbon content reaches a certain limiting value: this
is the end of Stage I.
The rate of reaction for Stage I is determined by the alloy composition and the
austenitising temperature since both these factors effect the equilibrium carbon concentration
and hence the thermodynamic driving force, the change of Gibbs free energy, for the
transformation to ferrite.
Much of the analysis of the transformations in ADI reported in the literature
concentrates on changes in the amount and composition of the austenite rather than focusing
on the bainitic ferrite. For example the change in volume fraction(%) of metastable austenite,
XuAv, during Stage I at time in minutes, I, can be calculated using the following empirical

equation<43>:

Equation 2.12

lnXuAv=A +BIn I

where A (vol.%) and B (vol.% min' 1) are constants (B is negative) which depend on the
particular alloy and the austenitising and austempering temperature.
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2.6.3.2 Stage II
This latter stage involves the decomposition of the high carbon austenite, Y.n , to form
ferrite and carbides as shown in Equation 2.13<1l. In Stage II the carbides form between the
ferrite platelets in both upper and lower bainite.

r... ~

a+ carbide

Equation 2.13

The rate of reaction during this stage is again dependent on the alloy content but is
independent of the austenitising temperature and more dependent on the austempering
temperature.
Thus it can be seen that the amount of ferrite increases throughout the austempering
process, and that, the amount of high-carbon austenite will increase to a maximum (Stage I)
and then decrease slowly (Stage 11) and that carbides start forming at the start of stage II and
then increase as austempering continues.

2.7 RELATIONSHIP

BETWEEN

MICROSTRUCTURE

AND

MECHANICAL

PROPERTIES

2. 7.1 THE PROCESSING WINDOW
Although austempering is often considered as two separate stages, the Stage II reaction
often begins before Stage I is complete(3), as different parts of the microstructure are
undergoing the two stages at different rates. The period of overlap is greatest in cast irons or
components which develop a large degree of segregation during solidification or in
components of large cross section with widely differing heating and cooling rates. Often
referred to as the 'Processing Window' for a particular composition, this is the range of
austempering times in which "optimum" mechanical properties can be obtained. The start of
the processing window, t 1, has been defmed formallf 13> as the time at which the amount of
retained austenite has reduced to I 0%; this may be measured metallographically. The end of
the processing window, t2, is defmed as:-

In t2

=(In tmln -In tm.,J/2

Equation 2.14

33

where t,.~n and t,.u , see Figure 2.8, are the intersections of a horizontal line drawn I 0% below
the maximum volume fraction of retained austenite and the curve representing the change of
that volume fraction with austempering time.

Vol. Fraction
Retained Austenite

\' ........... .
tmin

Austempering Time

Figure 2.8 Definition oft_ and t.u. according to<l3).

2.7.2

AUSTEMPERING PARAMETERS AND

MECHANICAL PROPERTIES

As described above the amount of high carbon austenite frrst increases (Stage I) and
then decreases (Stage ll) as austempering proceeds. The maximum corresponds,
approximately, to maximum values of tensile strength, hardness and elongation to failure
(ductilityl43 >. During stage I the yield strength of ADI decreases proportionally with the
volume fraction of (high-carbon) austenite<5.2 8>. A relationship between the volume fraction of
high carbon austenite, the size of the bainite particles, d (nm) ,which increases proportionately
to increasing austempering temperature, and yield strength, C:Sy (MN m'2), is given by Hamid
Ali et al. (Sl:

Equation 2.15
In this equation the constant A (MN m"3) is large and positive and B' (MN m"2) is

relatively small and negative indicating the predominant effect of ferrite particle size. a. is a
constant dependent on the alloy composition and the austenitising temperature.
Aranzabal et al. (Ill suggest the following relationship between the volume fractions of
austenite,/1 , bainitic ferrite (1-fr) and the 0.2% proof stress:-
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Equation 2.16

in which
Equation 2.17

and
UJO.Zpct

=15.4[4.4+ 23(C) +1.3(Si) + 0.94(Mo) + 0.46D-

112
]

Equation 2.18

The Equation 2.16 is based on a modified law of mixtures with the exponent 1/3 being
applied to the more plastic phase - austenite. The results obtained using this equation were
approximately 20% greater than those measured experimentally. Equation 2.17 relates the

0.2% proof stress (MPa) to the carbon content (wt.%), C, the width of the ferrite lath (nm), d,
and the dislocation density at the relevant austempering temperature

eC), r.

Equation 2.18

gives the relationship between the 0.2% proof stress, the austenite composition and the
austenite grain size (nm), D.
The morphology of the bainite formed also has an effect on tensile strength. A low
austempering temperature will lead to the formation of lower bainite, with a fme structure,
dispersed carbides, high dislocation density and lattice distortion due to carbon
supersaturation, which exhibits a higher strength and lower ductility than upper bainite<40l
formed at the higher austempering temperatures.

2. 7.3 THE EFFECT OF CARBIDES ON MECHANICAL PROPERTIES
Sidjinin et at.<Il) suggest that the formation of iron carbides during Stage 11
austempering, especially X-carbide at the ferrite I austenite interface cause a decrease in
ductility and impact energy because the crack path extends along the platelet interface rather
than through the more plastic austenite. The mode of failure thus changes from ductile to
brittle as the amounts of carbides increase- as the processing window is 'passed'.
Increasing the amount of molybdenum reduces the ductility and impact energy28l but
increases yield strength(lOl of ADI due to the formation of molybdenum carbides and
microporosity.
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2.7.4 THE INFLUENCE OF PEARIJTE AND MARTENSITE

It can be seen from the above sections that the composition, segregation effects and
the austenitising and austempering parameters have a strong effect on the occurrence of
pearlite and martensite as well as the nature and amount of bainite and carbides produced
during the heat-treatment of ductile iron. Harnid Ali et al. (S) showed that for irons containing
lower and upper bainite the impact energy, hardness and tensile strength decreased as the
volume fraction of pearlite increased. In that case the pearlite was produced 'artificially' by
introducing a isothermal step at

6so•c "during" the quench Gerlach<44> showed that, for as-

cast bainitic irons, that the tensile strength, yield strength, elongation and impact strength all
reduced as the proportion of martensite in the matrix increased and that the hardness (Brinell)
increased leading to improved wear properties.

2.8 SUMMARY
From the literature it can be seen that austempered ductile iron has a complex
microstructure containing graphite nodules surrounded by a matrix which consists mainly of
bainitic ferrite and austenite and which is heavily segregated. This mixed microstructure is
produced through a four stage heat-treatment which consists of transforming the matrix to
austenite then, after quenching to austempering temperature, isothermally transforming some
of the austenite to bainitic ferrite followed by fmal cooling to room temperature. The literature
describes two different mechanisms for the transformation of austenite to bainitic ferrite: a
reconstructive model and a displacive model. In this work, the latter model has been taken as
the basis of predicting the amount ofbainitic ferrite, and hence, it has been accepted, initially,
that the proportion of austenite which transforms to bainitic ferrite is determined by the
limiting carbon content, Xro.
The overall aim of the work laid out in the following chapters is to produce a generic,
mathematical, model which will enable the producers of ADI components to predict the
microstructure of ADI components as a function of heat-treatment conditions and the
composition of the cast iron.
The following chapter describes an in-depth characterisation of the microstructure
found in ADI carried out to provide a sound basis for the development of the predictive
model. It examines the microstructure using a range of techniques and investigates the
relationship between heat-treatment parameters and the final microstructure of ADI.

36

2.9 REFERENCE LIST
l. Harding R.: Austempered Ductile Iron Components. Advantages, Production,

Properties & Specifications, BCIRA. Unpublished Work.
2. Elliott R.: Cast Iron Technology, Butterworths, London, 1989.
3. Darwish N. and Elliott R.: Austempering of Low Manganese Ductile Irons Part 1

Processing Window, Materials Science and Technology, Vol. 9, 1993, pp 572-585.
4. Wickens M.: BCIRA, Unpublished Work.
5. Hamid Ali A.S., Uzlov K.l., Darwish N., and Elliott R.: Austempering of Low

Manganese Ductile Irons Part 4 Relationship between Mechanical Properties and
Microstructure, Materials Science and Technology, Vol. I 0, 1994, pp 34-40.
6. Gagne M. and Fallon P.A.: Microstructural Characteristics of Bainitic Ductile iron,
Canadian Metallurgical Quarterly, Vol. 25, 1986, pp 79-90.
7. Rouns T.N. and Rundrnan K.B.: Constitution of Austempered Ductile Iron and

Kinetics of Austempering, Transactions of the American Foundryrnen's Society, Vol.
95, 1987,pp 851-874.
8. Hayrynen K.L., Faubert G.P., Moore D.J., and Rundrnan K.B.: Heavy Section AD!:

Microsegregation, Microstructure and Tensile Properties, Transactions of the
AmericanFoundryrnen's Society, Vol. 97, 1989, pp 747-756.
9. Kovacs B.V., Keough J.R., and Pramstaller D.M.: Austempered Ductile Iron Process

Development, A Final Report to Gas Research Institute, 1989.
10. Bhadeshia H.K.D.H.: Bainite in Steels. Transformations, Microstructure and

Properties, The Institute of Materials, London, 1992.
ll. Aranzabal J., Gutierrez 1., and Urcola J.J.: Influence of Heat Treatment Variables on

Microstructure of Austempered Ductile Iron, Materials Science and Technology, Vol.
10, 1994, pp 728-737.
12. Fanetovic V., Shea M.M., and Ryntz E.F.: Transmission Electron Microscopy Study of

Austempered Nodular Iron: Influence of Silicon Content, Materials Science and
Engineering, Vol. 96, 1987, pp 231-245.

37

13. Sidjanin L., Smallman R.E., and Young J.M.: Electron Microstructure and

Mechanical Properties of Silicon and Aluminium Ductile Irons, Acta Metallurgica et
Materialia, Vol. 42, 1994, pp 3149-3156.
14. Spanos G.: The Fine Structure and Formation of Bainite, Metallurgical and Materials
Transactions A, Vol. 25A, 1994, pp 1967-1980.
15. Aranzabal J., Gutierrez I., Rodriguez-Ibabe J.M., and Urcola J.J.: Influence of Heat

Treatments on the Microstructure and Toughness of Austempered Ductile Iron,
Materials Science and Technology, Vol. 8, 1992, pp 263-273.
16. Chang L.C.:

Bainite Transformation

Temperatures

in

High-Silicon Steels,

Metallurgical and Materials Transactions A, Vol. 30A, 1999, pp 909-916.
17. Darwish N. and Elliott R.: Austempering of Low Manganese Ductile Irons Part 2

Influence of Austempering Temperature, Materials Science and Technology, Vol. 9,
1993, pp 586-602.
18. Velez J.M., Garboggini A., and Tschiptschin A.P.: Effect of Silicon on the Kinetics of

the Bainitic Reaction in Austempered Ductile Cast Iron, Materials Science and
Technology, Vol. 12, 1999, pp 329-337.
19. Roberts C.S.: Effect of Carbon on the Volume Fractions and Lattice Parameters of

Retained Austenite and Martensite, Journal of Metals, 1953, pp 203-204.
20. Andrews K.W., Dyson D.J., and Keown S.R.: Interpretation of Electron Diffraction

Patterns, Hilger, London, 1971.
21. Pearson W.B.: A Handbook ofLattice Spacings, Pergamon Press, London, 1958.
22. Baihe Miao, Northwood 0.0., Weimin Bian, Kern G.Fang, and Minz Heng Fan:

Structures and Growth of Platelets in Graphite Spheru/ites in Cast Iron, Journal of
Materials Science Letters, Vol. 29, 1994, pp 255-261.
23. Sidjanin L. and Smallman R.E.: Metallography of Bainitic Transformations in

Austempered Ductile Iron, Materials Science and Technology, Vol. 8, 1992, pp 10951103.
24. Gutierrez I., Aranzabal J., Castro F., and Urcola J.J.: Homogeneous Formation of

Epsilon Carbides within Austenite during Isothermal Transformation of a Ductile Iron
at 4Jo•c, Metallurgical and Materials Transactions A, Vol. 26A, 1995, pp 1045-1060.

38

25. Jack K.H.: Structural Transformations in the Tempering of High Martensitic Steels,
Journal of the Iron and Steel Institute, 1951, pp 26-36.
26. Dubensky W.J. and Rundman K.B.: An Electron Microscope Study of Carbide
Formation in Austempered Ductile Iron, Transactions of the American Foundrymen's
Society, Vol. 93, 1985, pp 389-394.
27. Ahrnadabadi M.N., Niyama E., Tanino P., Abe T., and Ohide T.: Chemical
Composition and Structural Identification of Eutectic Carbide in 1 Pet Mn Ductile
Iron, Metallurgical and Materials Transactions A, Vol. 25A, 1994, pp 911-918.
28. Moore D.J., Rouns T.N., and Rundman K.B.:
The Relationship Between
Microstructure and Tensile Properties in Austempered Ductile Irons, Transactions of
the American Foundrymen's Society, Vol. 95, 1987, pp 765-774.
29. Wallace J.F., Du P., Su H-Q., Warrick R.J., and Jenkins L.R.: The Influence of
Foundry Variables on Nodule Count in Ductile Iron, Transactions of the American
Foundrymen's Society, Vol. 93, 1985, pp 813-834.
30. Shih T.S., Chang C.H., Hwang L.Z., and Loper C.R.: Mechanical Properties and
Microstructures of Austempered Alloyed Ductile Irons, Transactions of the American
Foundrymen's Society, 1991, pp 793-808.
31. Ahrnadabadi M.N., Niyama E., and Ohide T.: Structural Control of 1% Mn AD! by
Modelling of Microsegregation, Transactions of the American Foundryrnen's Society,
Vol. I 02, 1994, pp 269-278.
32. Honeycombe R.W.K. and Bhadeshia H.K.D.H.:
Properties, Edward Arnold, London, 1995.

Steels: Microstructure and

33. Hillert M.: Diffusion in Growth of Bainite, Metallurgical and Materials Transactions
A, Vol. 25A, 1994, pp 1957-1966.
34. Bhadeshia H.K.D.H. and Christian J.W.: Bainite in Steels, Metallurgical Transactions
A, Vol. 21A, 1990, pp 767-797.
35. Steven W. and Haynes A.G.: Journal of the Iron and Steel Institute, Vol. 183, 1956, pp
349.
36. Ohmori Y. and Maki T.: Bainitic Transformations in View ofDisplacive Mechanism.,
Materials Transactions JIM, Vol. 32, No.8, 1991, pp 631-641.

39

37. Bhadeshia H.K.D.H.: A Rationalisation of Shear Transformation in Steels, Acta
Metallurgica, Vol. 29, 1981, pp 1117-1130.
38. Ahmadabadi M.N.: Bainitic Transformation in Austempered Ductile Iron with

Reference to Untransformed Austenite Volume Phenomenon, Metallurgical and
Materials Transactions A, Vol. 28A, 1997, pp 2159-2162.
39. Chester N.A. and Bhadeshia H.K.D.K.: Mathematical Modelling of Bainite

Transformation Kinetics, Journal de Physique IV, No.C5, 1997, pp 41-46.
40. Darwish N. and Elliott R.: Austempering of Low Manganese Ductile Irons Part 3

Variation of Mechanical Properties with Heat, Materials Science and Technology,
Vol. 9, 1993, pp 882-889.
41. Moore D.J., Rouns T.N., and Rundman K.B.: Effect of Manganese on Structure and

Properties ofAustempered Ductile Iron: A Processing Window Concept, Transactions
of the American Foundrymen's Society, Vol. 94, 1986, pp 255-263.
42. Ahmadabadi M.N., Niyama E., and Echigoya J.: Transmission Electron Microscopy

Study of High Temperature Bainitic Transformation in 1 wt"/o Mn Ductile Iron,
Materials Science and Engineering A, Vol. 194, 1995, pp 87-98.
43. Moore D.J., Rouns T.N., and Rundman K.B.: Structure and Mechanical Properties of

Austempered Ductile Iron, Transactions of the American Foundrymen's Society, Vol.
93, 1985, pp 705-718.

44. Gerlach H.G.: Production and Use of Bainitic and Martensitic Spheriodal- Graphite
Iron, Metallurgia, 1965, pp 215-219.

40

3. CHARACTERISATION OF THE ADI MATRIX
In order to obtain a deeper understanding of the phases present in AD I, in particular
the exact nature of the bainitic ferrite, and to provide a sound footing for the modelling of
these microstructures, a wide ranging examination of austempered, and as-cast, specimens
was undertaken. The relationship between the heat-treatment and microstructure was also
explored.
The techniques employed in this characterisation included: optical microscopy and
transmission electron microscopy (TEM),

with selected area electron diffraction.

Microhardness measurements were made on as-cast and austempered specimens. Scanning
electron microscopy (SEM), including energy dispersive X-ray analysis (EDX) analysis was
carried out to determine the identity of the intercellular particles which are commonly
observed in ADI. The composition of the cast irons examined in this chapter are shown in
Table 3.1. Heat-treatment details will be specified at the appropriate point.

A
B

c

Fe
Balance
Balance
Balance

c

Si

3.66
3.72
3.67

2.52
2.02
2.07

Mn
0.16
0.44
0.43

s
0.01
0.007
0.035

p
0.04
0.035
0.008

Cu
0.51
0.04
0.37

Ml!:
0.04
0.051
0.051

Cr
0.03
0.05
0.05

Table 3.1 Composition (wt.%) oflrons A, Band C.

3.1

OPTICAL MICROSCOPY

3.1.1 GENERAL MICROSTRUCTURE

A microstructure, typical of those observed in this study, is shown at three different
magnifications in Figure 3.1. This sample, Iron C, was austenitised at 950°C for 3600 s and
austempered at 350°C for 3600 s. The sample was then sectioned, ground using various SiC
papers (240-1 000 grit), polished using 6 IJ.1l1 and I IJ.1l1 diamond paste and finally etched for I 0
sin 10% aqueous solution ofNazSzOs. The phases that can be observed are:

•

graphite - the light grey nodules;

•

bainitic ferrite - the blue/brown phase;

•

austenite - the continuous white phase surrounding the bainitic ferrite;

•

carbides and phosphides: the dark irregular precipitates remote from the nodules.
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The colours observed in Figure 3.1 and described above are specific to the etchant
used and are also affected, to some extent, by photographic processing. In this, and subsequent
chapters, when schematic diagrams are used the following colours will be employed for the
various phases (unless otherwise indicated): blue for bainitic ferrite, grey for graphite, yellow
for austenite, white for non-bainitic ferrite and brown for martensite.
At all three magnifications it can be seen that bainitic ferrite free regions exist remote
form the graphite nodules. At intermediate magnifications the position of the prior austenite
grain boundaries can be observed.
It will be shown latter that the individual units of bainitic ferrite observed in optical
microscopy, and often referred to as 'sheaves', in fact consist of groups of sheaves which form
with specific relationships to each other, these groups have been referred to as 'bundles'. The
sheaves themselves are composed of sub-units of ferrite.
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Figure 3.1 A typical microstructure of austempered ductile iron at a) at xl40, b) at x700 and c) at
xl400.
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3.1.2 AUSTENITE GRAINS AND THE ORIENTATION OF BAINITIC FERRITE
The austenite grain boundaries can be seen in Iron A as shown in Figure 3.2. The grain
size in this sample, from a simple measurement of apparent grain diameter, has been
estimated to be approximately 30 I!Jll. The micrographs in Figure 3.2 also show that, within a
single austenite grain, the bundles of ferrite sheaves (built up of successively nucleating subunits) form with specific orientation relationships to each other due, presumably, to
orientation relationships with the parent austenite. Figure 3.2a suggests larger primary sheaves
form first, in a single orientation, and that secondary sheaves form between the primary
sheaves at an angle of about 30° (between the axes of the sheaves) in a pattern which
resembles a 'stair-rail'. In one grain in Figure 3.2b the primary sheaves lie along two
directions, with the secondary sheaves also on both directions, to form a 'herring-bone'
arrangement of sheaves. The two patterns of growth, shown schematically in Figure 3.3,
occurred in the same sample.

In Figure 3.2a it can be seen that the secondary sheaves are not continuous with the
primary sheaves, i.e. they do not form a 'branched' network. This corresponds to a mechanism
in which platelets, sub-units offerrite which are not visible individually in Figure 3.2, would
nucleate close to the primary sheaf and successive platelets would extend the sheaf until it
approaches another sheaf. Growth of the secondary sheaf will stop when its tip reaches a
region where the local austenite carbon content is equal to the limiting carbon content, X r•.
Such regions will exist around the primary, and all other, sheaves due to the rejection of
carbon by the bainitic ferrite. The primary sheaves tend to be in contact with, or closely
approach, the austeuite grain boundaries and in some cases span the whole grain.
It will be seen later in this chapter that the 'stair-rail' arrangement of sheaves observed

in these optical micrographs, at magnifications of approximately x 1400, resemble structures
observed at higher magnifications (approximately xl 00,00) in TEM work.
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Figur e 3.2 The bundles of bainitic ferrite sheaves in Iron A form within individual austenite grains
with specific orientation relationships to the austenite producing a) a 'stair-rail ' arrangement and b)
the ' herring-bone' pattern. (Both at x1400)

a

BAINmC FERRITE

b

Prior austenite

AUSTENITE

F igure 3.3 Primary (bold lines) and secondary bundles of ferrite sheaves m a) a 'stair-rail'
arrangement and b) in a mixed 'herring-bone' pattern.

3.1.3 THE EFFECT OF HEAT-TREATMENT PARAMETERS
The microstructure of Iron A, the composition of which is given in Table 3. 1, heattreated under different conditions, see Table 3.2, is shown in Figure 3.4. It can be seen that, in

45

general, austempering at 400°C produced a coarse bainitic ferrite structure with clearly visible
ferrite sheaves (in fact bundles of sheaves) in an austenite matrix. The density of the sheaves
is higher after austenitising at 850°C than at 950°C suggesting that the volume fraction of
bainitic ferrite increases with decreasing austenitising temperature. The bainitic ferrite in these
samples is aligned in similar ways to those described in Section 3.1.2.
At lower austempering temperatures, 250°C, the bundles of bainitic ferrite sheaves
are much finer and much less distinct. There is no evidence of the alignment of the bundles of
sheaves at this temperature. However, it can still be seen that the volume fraction of bainitic
ferrite seems to decrease with increasing austenitising temperature. Following austenitising at
850°C and austempering at 250°C it can be seen that a small amount ofWidmanstiitten ferrite
also formed at the austenite grain boundaries.
Sample
Tl

T2
T3
T4

Austenitising

Temperature I °C
850
850
950
950

Austempering

Time/s
3600
3600
3600
3600

Temperature I °C
400
250
400
250

Table 3.2 Heat-treatment conditions for samples of Iron A

46

Time/ s
7200
7200
7200
7200

Figure 3.4 Microstructure of Iron A following different heat treatments is shown in a) Tl , b) T2, c)
T3 and d) T4. (All at x700)
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3.2 TRANSMISSION ELECTRON MICROSCOPY
In order to reveal the structure of ADI on a finer scale and to determine the nature of
the bainitic ferrite in ADI, samples were examined using TEM. Thin foils were prepared for
transmission electron microscopy in the following manner.

•

Samples were sectioned using Struers Accumtom-5 using a diamond slitting blade to
produce slices approximately 200 IJlll thick. Samples were water cooled to prevent
changes in structure.

•

The samples were then ground using various grades of SiC paper and polished using S

J.1m and I J.1m Ah03 paste. At this stage they were approximately 30 J.Un x S mm x S mm.
•

Sections approximately 3 mm in diameter were then cut from these foils. These discs
were attached to copper mounts for ion beam thinning.

•

Ion beam thinning was carried out at an ion current of S mA and an incidence angle of
15° until a reasonably large hole was produced , approximately SO hours.
The samples of Iron A were examined using a JEOL l OOCX TEM with an accelerating

voltage of 100 kV. Photographs showed the general structure and diffraction patterns and dark
field exposures were produced to aid phase identification.
Figure 3.5 shows the structure observed in a sample which had been austenitised at
950°C for 3600 s and austempered at 250°C for 7200 s. It can be seen that generally the
bainitic ferrite (light areas) form in discrete areas separated by austenite (dark areas) films.
The austenite films appear to lie in one of two directions as indicated in the figure, which
presumably indicates that the bainite has formed with a specific orientation relationship to the
austenite. Indeed the overall pattern of ferrite growth is similar to the 'stair-rail' arrangement
shown at a lower magnification in Figure 3.2, although in that case the austempering
temperature was 400°C. Thus it is suggested that the orientation relationship between the
austenite and bainitic ferrite is essentially the same at high and low austempering
temperatures. At high temperatures it is expressed both on a scale visible optically and on a
finer scale, visible using TEM. At a lower temperatures the orientation relationship only exists
on fme scale i.e. within the sheaves, and is only visible in TEM.
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Alignment of
austenite

'!le ,,
f

Figure 3.5 Composite bright field TEM image of bainitic ferrite and austenite. In this image austenite
is dark and ferrite is light.

In order to explore the relationship between heat-treatment conditions and the detailed

microstructure of ADI in more detail, a series of samples of Iron A were examined. The heattreatment of these samples is shown in Table 3 .3. Some of the these samples were heat-treated
in a similar way to the samples Tl to T4, although the austempering time was longer in all
cases, as shown in Table 3.3. The following sections describe the microstructure of samples
TEMl to TEM6; bright and dark field (with the corresponding diffraction patterns)
micrographs are presented. The magnification is x 100,000 unless otherwise stated. Sections
3.2. 1 to 3.2.3 describe microstructure after austempering at 250°C, and Sections 3.2.4 to 3.2.6
after austempering at 400°C.
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TEM
Sample
TEMI
TEM2
TEM3
TEM4
TEM5
TEM6

Equivalent
Sam_llle
T4

-

T2
T3

-

T1

Austenitising
Temperature I °C
Time Is
3600
950
900
3600
850
3600
950
3600
900
3600
850
3600

Austempering
Tempe111_ture I oc
Time Is
7200
250
250
7200
7200
250
7200
400
400
7200
7200
400

Table 3.3 Heat-treatment parameters for samples of iron A examined using TEM.

3.2.1 TEMl (950°C/250°C)
TEM1 consists of sheaves of bainitic ferrite, the dark areas in Figure 3.6, separated
and subdivided by regions of austenite. It can be seen that these sheaves lie parallel to each
other in a bundle. The ferrite sheaves can also be seen under dark-field illumination in Figure
3.7, this image corresponds to spot D in Figure 3.9. Figure 3.6 and Figure 3.8 show a dark
central ferrite spine and the individual ferrite segments within each sheaf.
Austenite can be seen as bright regions in Figure 3.6 and as dark regions in Figure 3.7.
There appears to be two morphologies of austenite, one in which the austenite runs parallel to
the ferrite sheaves and another which runs across the sheaves between the sub-units, forming
fine 's-shaped' films. There is a difference in 'brightness' between the austenite separating the
sheaves and the austenite within the sheaves - the 's-shaped' austenite. This difference in
brightness suggests that the two morphologies of austenite have different crystallographic
orientations. Figure 3.9 shows diffraction patterns for three different austenite orientations
(zones) in the same region: pattern A represents the [332] zone, pattern B is [332] rotated by
approximately 54° and pattern C which represents [111].
The diffraction pattern in Figure 3.10 shows spots D and E which were produced by
ferrite and austenite and a single spot (F) which corresponds to the (302) reflection for
cementite.
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Figure 3.6 Sample TEMI. Bright field. Ferrite sub-units, sheaves and bundles as well as 's-shaped'
austenite films are visible.

0.2 j.lm

•

(

.
1.'

Figure 3.7 Sample TEMI. Dark field- spot D. Ferrite sub-units, sheaves and bundles as well as 'sshaped' austenite films are visible.
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Figure 3.8 Sample TEMI Dark field - spot E. Fine cementite particles are visible within austenite
films.

Figure 3.9 Sample TEMI. Three orientations of austenite can be deduced: pattern A corresponds to
[332]; pattern B to [332] rotated and pattern C represents [Ill].
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Figure 3.10 Sample TEMI. Spots D and E are produced by ferrite and austenite respectively. Spot F
is consistent with a cementite (302) reflection.
3.2.2 TEM2 (900°C/250°C)
TEM2 has a structure similar to TEMI which was austenitised at a higher temperature
and austempered at the same temperature. Figure 3. I 1 shows the segmented sheaves separated
and subdivided by austenite. Figure 3.12 is a dark field view of a similar region highlighting
the 's-shaped'austenite regions corresponding to spot A, austenite[ I 14] zone, in the
diffraction pattern shown in Figure 3.13. Figure 3.13 also shows the ferrite [I I I] zone.

Figure 3.11 Sample TEM2. Bright field. Similar to TEMl, again 's-shaped' austenite is clearly
visible.
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Figure 3.12 Sample TEM2. Dark field- spot A. Austenite films and blocky austenite (top right) can
be seen.

Figure 3.13 Sample TEM2. This figure shows two diffraction patterns, the first containing spot A
from the ferrite [ T11] zone and spot B from the austenite [ T14] zone.
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3.2.3 TEM3 (850°C/250°C)
TEM3 again consists affine segmented ferrite sheaves (see Figure 3.14) separated by
austenite. There is no indication of 's-shaped' austenite regions within the bainitic ferrite
sheaves. Grouping of the ferrite sheaves in bundles can be clearly seen in Figure 3.14. There
are small areas of austenite within the bundles. Larger regions of austenite separate the
bundles of ferrite sheaves. Figure 3.15 shows the sample under dark field illumination from
spot C in Figure 3.16, which represents the cementite (21l). The cementite particles lie in
lines parallel to the sheaf axis between the sheaves.

.

FERRITE

' \
'•

'.

.

;t,: ...

,~'\-•

Figure 3.14 Sample TEM3. Bright field. This figure shows ferrite bundles separated by austenite.
Each bundle is made up of sheaves which are separated by austenite, no 's-shaped'austenite is visible
with the sheaves. Cementite (right) lies between two sheaves.
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Figure 3.15 Sample TEM3. Dark field- spot C. Same area as Figure 3.14. Cementite forms in rows
parallel to the sheaves, but associated with austenite.

Figure 3.16 Sample TEM3. Spot A produced by the ferrite [lll] zone, spot C is consistent with a
cementite ( 21 T) reflection which is within the (113] zone.
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3.2.4 TEM4 (950°C/400°C)
TEM4 consists oflarge regions of monolithic ferrite which contain no signs of internal
segmentation within the ferritic areas. This ferrite is separated by regions of austenite as
shown in Figure 3.17. In the diffraction pattern (Figure 3.19) spot B corresponds to a ferrite
(110) plane and spot A represents an austenite (002) plane. Figure 3.18 shows TEM4 in dark
field illumination from spot A.

Figure 3.17 Sample TEM4. Bright field. Monolithic areas ofaustenite and ferrite, no subdivisions are
obvious.

Figure 3.18 Sample TEM4. Dark field- spot A. Ferrite and austenite.
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Figure 3.19 Sample TEM4. Spot A represents austenite (002) plane.

3.2.5 TEMS (900°C/400°C)
TEM5, Figure 3.20, consists of monolithic ferrite separated by austenite identified by
spot D in Figure 3.22. Figure 3.21 shows the possible presence of cementite in the ferrite
identified by spot A in Figure 3.22. The austenite in Figure 3.21 appears bright due the
closeness of the austenite spot A and D i.e. the diffracted beam from the cementite and
austenite are almost parallel.

Figure 3.20 Sample TEMS. Bright field. Monolithic areas of austenite and ferrite.
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Figure 3.21 Sample TEM5. Dark field- spot A. Cementite observed in ferrite, austenite also appears
bright due to closeness of spot D to spot A, see Figure 3.22.

Figure 3.22 Sample TEM5. Spot A is produced by cementite and spot D by austenite.
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3.2.6 TEM6 (850°C/400°C)
TEM6 appears largely monolithic, with a few traces of 's-shaped' austenite films, see
Figure 3.23 and Figure 3.24, within the bainitic ferrite. Austenite was also observed between
the laths (Figure 3.24). Figure 3.25 shows the presence of carbide particles which are
associated with the austenite films. This image corresponds to spot C in Figure 3.26 which is a
cementite (121) diffracted beam. It is suggested that in this sample a degree of decomposition
of austenite to ferrite and carbide has taken place and that austenite between the ferrite subunits has partially transformed leaving cementite in its former location.

Figure 3.23_Sample TEM6 - Bright Field. This areas is largely composed of ferrite, 's-shaped'
austenite is just visible.
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Figure 3.24 Sample TEM6. Dark field • spot D. Austenite is clearly visible.

Figure 3.25 Sample TEM6. Dark field - spot C. Cementite appears to be associated with traces of
austenite.
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Figure 3.26 Sample TEM6. A ferrite [00 I] zone is visible in the pattern. Spots C and D are consistent
with reflections from cementite (121) and austenite (002) planes respectively.

3.2.7 SUMMARY OF MICROSCOPIC CHARACTERISATION

A summary of the microstructures observed in Iron A after the various heat-treatments
is shown in Table 3.4. The dimensions of the bainitic ferrite observed in ADI using both
optical and transmission electron microscopy are shown in Table 3.5.

Sample
TEM l (950/250)

TEM3 (850/250)

Ferrite
Bundles of sheaves with
sub-units
Bundles of sheaves with
sub·units
Bundles of sheaves

Austenite
's-shaped' &
between sheaves
's-shaped' &
between sheaves
Between sheaves

Coarse, between sheaves

TEM4 (950/400)

Monolithic

Monolithic

None observed

TEM5 (900/400)

Monolithic

Monolithic

Possible 'within' ferrite

TEM6 (850/400)

Monolithic

Traces of 's·shaped'

Fine, associated with

TEM2 (900/250)

Cementite

Fine, associated with
's-shaped' austenite
None observed

's-shaped' austenite

Table 3.4 Summary of the phases observed in Iron A after austenitising for 3600 s and austempering
for 7200 s, heat-treatment temperatures (0 C) are given in the first column.
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Technique
Optical
TEM

Dimension
Length of sheaf bundle
Width of sheaf bundle
Width of sheaf bundle
Width of sheaf
Length of sub-unit
Width of sub-unit

Value I 11111
10-50
1
1
0.1
0.1
0.05

Table 3.5 Approximate dimensions of the bainitic ferrite in ADI, as determined using optical
microscopy and TEM.

After austempering at low temperatures the microstructure consists of bundles of
parallel bainitic ferrite sheaves separated by austenite. It is these bundles which constitute the
randomly arranged ferrite visible in optical microscopy, as shown schematically in Figure
3.27. This is confmned by the fact that the width of the bundles determined using TEM and
the width of the bainitic ferrite visible using optical microscopy were of the same order of
magnitude, as shown in Table 3.5.

Optical

TEM

High
austempering
temperature

b
'S-shaped'
austenite films

Ferrite bundles

Ferrite

1
Low
austempering
temperature

Figure 3.27 The microstructure of ADI produced at high and low austempering temperatures: a) the
coarse microstructure (optical) for high austempering temperatures, this is composed of bundles of
sheaves (blue) arranged in the 'stair-rail' pattern; b) these bundles themselves consist of a number of
sheaves within which the 'stair-rail' pattern may also be seen, the 'stair-rail' p attern is lost during
extended austempering as the austeoite films (red) transform to ferrite and cementite; c) at low
austempering temperatures the bundles of sheaves are arranged randomly; d) at low temperatures the
individual sheaves still display the 'stair-rail' pattern. The 's-shaped' austenite films are produced as a
consequence of the formation of aligned, discrete ferrite sub-units.
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formation of cementite at low temperatures is thought to be due to the high silicon content of
the cast iron(3>.

3.3 ANALYSIS OF I NTERCELLULAR PRECIPITATES.
The precipitates which form during the solidification of ductile iron castings can be
seen in Figure 3.28 (here after austempering). It can be seen that regions free from bainitic
ferrite exist immediately adjacent to, and strongly associated with, these particles. It is
suggested that, if these particles are carbides, they might begin to dissolve during
austenitisation increasing the local carbon content and preventing the formation of bainite and
producing a ' halo' effect around the precipitates.

Figure 3.28 Intercellular precipitates observed in Iron B x700. Analysis suggests these particles may
be carbides or phosphides.

In order to determine the chemical composition of such minor phases, EDX analysis
was carried out on a number of the intercellular particles in an as-cast specimen prepared
using standard metallographic grinding and polishing techniques described earlier. The
relative amounts of the major elements in these minor phases are shown in Figure 3.29, two
analyses were carried out on each particle. It was not possible to obtain exact quantitative
analyses because the analysis area was larger than the particles themselves. Hence the values
shown are normalised peak heights. However, it can be seen that all the particles show
increased proportions of Mn and P compared with the matrix analysis, Figure 3.29d. It is
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The individual sheaves are composed of ferrite sub-units which are separated by 'sshaped' austenite films. The sub-units are arranged with specific orientation relationships to
the parent austenite to form the 'stair-rail' pattern observed at higher magnifications and
described earlier in this chapter. The 's-shaped' appearance of the austenite films is produced
by the oriented growth of the ferrite sub-units. The observation of these sub-divided parallel
sheaves agrees with work on steels containing approximately 0. 1-0.5 wt.% C, 2 wt.% Si and 2
wt.% Mn(l). Some very fine carbides (=0.01 Jl.IIl) are seen in Figure 3.8, these carbides are
strongly associated with the austenite films with ferrite sheaves.
At high austempering temperatures the structure consists generally of monolithic
ferrite separated by austenite. The presence of traces of 's-shaped' austenite films, and
cementite associated with the remanents of these films, in TEM6 suggests that the austenite
films have started to decompose to ferrite and cementite. It has been shown by Rouns and
Rundman<2 > that the breakdown of austenite in ADI started after approximately 6000 s, for
austempering temperatures in the region of 350°C, and continued for times up to 600,000 s,
depending on the composition. It is thought that the sub-division, produced by the growth of
ferrite with specific orientations, would be present in the early stages of austempering but is
lost as austempering continues.
Thus it is suggested that the austenite in specimens TEMl to TEM6 are in the early
stages of austenite decomposition. Since the decomposition of austenite is a reconstructive
transformation, and hence is governed by diffusion, it would be expected that the
decomposition rate would increase with increasing austempering temperature. Hence the rate
of loss of the austenite films and production of cementite would be expected to be greatest at
high temperature. This agrees with the observation that after austempering at 400°C the ferrite
appears monolithic, with some coarse cementite possibly (TEM5), or the remnants of 'sshaped' austenite (TEM6). At 250°C the austenite films are still present, although the
presence of fme carbides suggests that decomposition has in fact started.
Hence it is suggested that all the structures observed in these studies are ' upper
bainite' in the sense that carbides do not form within the ferrite despite the fact that the
arrangement of the sheaves (or bundles of sheaves) is very different at high and low
temperatures. Thus the modelling of Stage 1 of austempering, which is discussed in Chapter 5,
can be carried out on the basis that the bainitic ferrite is carbide free. The suppression of the
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suggested that AP 1 might be Fe3C - possibly containing some Mn, although the Mn signal
may have been from the enriched matrix surrounding the particle. The absence of silicon in
the analysis of AP 1 also suggests that this particle may be cementite, silicon having a low
solubility in the Fe3C. The strong Mg peak in the first analysis of AP 1 may be due to the
presence of undissolved spheroidizing agent. Particles AP2 and AP3, Figw-e 3.29 b and c ,
show a high proportion of phosphorous and hence are assumed to be a phosphide - possibly
Fe3P. The appreciable amounts of silicon in AP2 and AP3 suggest that these particles are not
Fe3C.
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Figur e 3.29 Relative concentrations of the major substitutional elements a), b), c) in different
intercellular particles and d) in the matrix of Iron B in the as cast state. The composition in each
particle was determined twice.
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Thus it has been confirmed that these phases, which form during initial casting, persist
into the austempered product. However, it is suggested that any mechanical effect, due to their
action as stress raisers, will be minimal because the size and total volume fraction are small
compared to that of the graphite nodules which will have a similar mechanical effect. Also,
any effect on the volume fraction of bainitic ferrite, and subsequently on mechanical
properties, will be small because any carbon ' removed' from the matrix by these carbides will
be 'replaced' by the carbon from graphite nodules during austenitisation.

3.4 MICROHARDNESS MEASUREMENTS
The microhardnesses of the three major constituents, ferrite, pearlite and graphite, in
the as-cast materials were measured, see Table 3.6. Generally the values shown are an average
of three determinations. In the case of graphite the results are approximate due to the difficulty
of obtaining satisfactory indentations. Table 3.6 also shows how the hardness of the matrix
changes between nodules. It is suggested that, although the local hardness would be expected
to change due variation of the volume fraction of bainitic ferrite, the over-riding factor is the
change in the hardness of the austenite caused by local differences in carbon and substitutional
element concentrations described in Section 2.4. The hardness of this austenite, locally
enriched by substitutional elements (Mn in particular) and carbon, is considerably higher than
the range of hardness of an iron-nickel-carbon alloy, 125-160 HV10<4>. It would be expected
that the local hardness of the bainitic ferrite might change since it will inherit the (d ifferent)
local substitutional element concentration, although it will have the same carbon
concentration throughout the structure.

Sample
As-cast (Iron B)

ADI (Iron B)

Phase
Pearlite
Graphite
Ferrite

Location
Remote from nodules
Nodules
Adjacent to nodules

Hardness
267

Mixed CXt, and y
Mixed CXt, and y
Austenite
Mixed CXt, and y
Mixed CXt, and y

Adjacent to nodule I
Intermediate
Remote from nodules
Intermediate
Adjacent to nodule 2

325
345
536
325
307

88
199

Table 3.6 The variation of local hardness between two graphite nodules in an austempered sample
(Iron B austenitised for 3600 s at 850°C and austempered for 3600 s at 350°C).
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High Mn and C increase
hardness of austenite

y

Bainite ferrite

Figure 3.30 High C and Mn in austenite remote from the nodule negates the effect of decreasing
volume fraction ofbainitic ferrite and increases local hardness.

3.5 SUMMARY OF THE A USTEMPERING PROCESS
In the light of the investigation of the microstructure of ADI described above, and in
relation to the analyses reported in the literature, the changes which occur during
austempering have been summarised to provide a clear understanding of the process.
It has been confirmed that the microstructure of ADI consists of bainitic ferrite

sheaves (in fact bundles of sheaves) within an austenite matrix which, in turn, surrounds
graphite nodules. It is generally well understood that after austenitisation the matrix is
composed of austenite and some intercellular precipitates. It is also well understood that as
Stage 1 austempering progresses the number of bainitic ferrite sheaves increases. Although at
ftrst sight this process would seem quite straight-forward, the inhomogeneity of the matrix,
which is produced during casting and which persists through austenitisation, leads to a
complex pattern of bainitic ferrite formation.
From the work described in this chapter and the literature relating to ADI a qualitative
picture of the changes in microstructure which occur during austempering has been developed.
The microstructure which results from increasing austempering times, and subsequent
quenching to room temperature, is shown schematically in Figure 3.3 1. Much of the literature,
for example see<2•5 •6 >, relates the changes which occur during austempering to the partial
consumption of what is termed the ' untransformed austenite volume', UA V. The products of
the transformation being high-carbon austenite and bainitic ferrite. Generally, in the literature,
the volume fraction of the UA V is measured optically and the amount of high-carbon austenite
is determined X-ray diffraction.

68

Schematic changes in quenched microstructure
When quenched to rt. part of
'UA V' transforms to

High carbon austenite, A3 , and
bainitic ferrite, BFl.

Part of' UA V' which
transforms to martensite is
very small.

'Y

Graphiteconsidered not
to change

concentration
profile

Amount of thermally
stable austenite may
increase due diffusion of
rejected carbon

Part of' UA V' which
does not transform to
martensite- due to
segregation, A2

Schematic X-ray diffraction pattern

A3
A3

AI &A2

A I & A2

BFl

BFl

Ml

Al &A2

Ml

Figure 3.31 Schematic representation of the microstructure of ADI which has been austempered for increasing periods and then quenched to room
temperature. Only Stage I austempering is shown. Bold text relates regions to a single peak in the qualitative representation of the room temperature XRD
pattern.

At the start of austempering,

t.,

the structure is composed of metastable,

untransformed austenite and graphite. The austenite will have a carbon concentration gradient
due to substitutional segregation effects, this will be discussed in detail in Chapter 6. The
carbon concentration gradient and the substitutional segregation itself may prevent some of
the UA V, remote from the nodule, transforming to martensite when the sample is cooled
rapidly to room temperature. The existence and size of this thermally stable part of the UAV
will depend on the degree of segregation. The proportion of the remaining UAV which
partially transforms to martensite is determined by the exact relationship between room
temperature and the martensite start and finish temperatures. Hence XRD patterns will be
observed for martensite, the austenite between the martensite plates and the 'small' region of
the UAV which is thermally stable.
As the reaction progresses, t

=t1, some of metastable austenite transforms to bainitic

ferrite and carbon is rejected, enriching the immediately adjacent austenite and preventing
that, high-carbon, austenite from transforming to martensite when cooled to room
temperature. Hence XRD patterns are observed for martensite and bainitic ferrite. Since the
bainitic ferrite has a BCC unit cell and martensite has a BCT unit cell, which is similar to
BCC but with one lattice parameter extended and one diminished, the two patterns will be
superimposed. The single XRD pattern observed for austenite represents the sum of patterns
for the high carbon austenite, the austenite between the martensite plates, and the thermally
stable part of the UA V. It is suggested that difference in austenite carbon content is not great
enough to produce individually resolved peaks in the XRD pattern.
When the transformation to bainitic ferrite nears completion, t

=t

2,

a proportion of the

UAV (metastable austenite) will have transformed to bainitic ferrite and high-carbon austenite,
the degree of transformation is determined by the limiting carbon content for the displacive
reaction. At this point the bainitic ferrite will constitute a major part of the XRD martensite I
ferrite pattern. The high-carbon austenite dominates the austenite XRD pattern, although some
thermally stable UAV may still be present, remote from the graphite. The remaining UAV is
distinct from the high-carbon austenite in that it is not the product of the transformation of
austenite and is physically separate from the mixed austenite and bainitic ferrite, also it will
have a carbon content either equal to, or higher than, that of the high-carbon austenite.

Thus it can be seen that after short austempering times the UA V, at room temperature,
will be dominated by a mixture of austenite and martensite. In the later stages of
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austempering, i.e. approaching the end of Stage I, the UAV will consist of austenite alone. The
remaining UAV tends to be remote from the nodules and is regularly observed in the
microstructure of ADI, as shown, for example, in Figure 3.1.
This chapter has presented a qualitative view of how the microstructure of ADI
develops during austempering. The following chapters describe work undertaken to model,
quantitatively, the changes which take place during austenitisation and austempering. This
will enable the prediction of the microstructure and, potentially, the mechanical properties of
austempered ductile iron as a function of heat-treatment and chemical composition.
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4. THERMODYNAMIC MODELLING OF THE MICROSTRUCTURE
OF SPHEROIDAL GRAPIDTE CAST IRON AND AUSTENITISATION

4.1 INTRODUCTION
Measurements of the austenitisation kinetics, in tenns of austenite carbon
concentration, by Darwish and Elliott<I) show that cast irons reach equilibrium with the times
typically employed in commercial heat treatments. Hence, in the first analysis, it was
supposed that predictions of the equilibrium state would provided a good indication of the
phase distribution and composition at the end of austenitisation. In this work the commercially
available Gibbs energy minimisation package, MTDATA, was employed in conjunction with
the SGTE thermodynamic database to make these predictions. However, before direct
modelling of the austenitisation was carried out, the suitability of the package and
thermodynamic data for predictions for cast irons was assessed in two ways. First, a regime
for predictions of as-cast microstructures was established, and predictions of the amount of
graphite in cast irons at room temperature were compared with observed microstructures.
Second, work was carried out to determine whether the eutectic and eutectoid carbon
concentrations and temperatures could be accurately predicted for cast irons containing
various amounts of silicon.
Once the methodology had been proved, predictions of the effect of changes in the
amounts of individual elements in multi-element compositions, typical of those encountered
in cast irons and ADI, on amounts of austenite and graphite, and the austenite carbon
concentration were made.
Finally, the prediction of the carbon concentration in a series of real cast irons,
austenitised at different temperatures is described and the results are compared with the
measured values reported in the literature.
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4.2 PRINCIPLES OF PREDICTION OF PHASE EQUILIBRIA THROUGH GIBBS
ENERGY MINIMISATION
For many years, phase diagrams have been used to predict the equilibrium structure of
binary, ternary and occasionally higher order systems. More recently, techniques for the
calculation of phase diagrams (CALPHAD) have been developed such that using suitable
thermodynamic data, it is now relatively straightforward to predict the equilibrium
concentration of phases present in a multicomponent alloy of specified composition as a
function of temperature and pressure.
The chemical equilibrium of any alloy system may be determined by minimising the
total free energy of the system with respect to the amount and composition of the phases
present, at fixed pressure in the case of Gibbs free energy or fixed volume in the case of
Helmholtz free energy. Conventionally, Gibbs free energy is used in the CALPHAD approach.
To carry out this minimisation, it is therefore necessary to express the Gibbs energies of all (or
a selection of) potential phases as a function of temperature and composition. The total Gibbs
energy is then given by the weighted sum of the Gibbs energies of the individual phases. By
minimising this total, the phases present at equilibrium can be identified.

4.2.1 PuRE ELEMENTS
By convention the Gibbs energy of a pure element, i, in its standard state, 0Gf (T), is
referred to the enthalpy for its stable state ~ at 298.15K, 0Hf(298.15K) <24>; this is the
standard element reference (SER). The Gibbs energy is thus denoted by G-H,.. where:

Equation 4.1

This can be described as a function of temperature, T, by an equation of the form:

The coefficients a to h may be determined directly from measured values of heat capacity,
entropy and enthalpy because the first and second differentials of G-H,.. with respect to
temperature are related to the absolute entropy and heat capacity of the element i at the same
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temperature (3-S). The same functional form may also be used to represent the same element in
a solution in which it takes the structure rp which is different from that of the pure stable
element, since the expression °Gf(T) - 0nf(298.1SK) is equivalent to 0Gf(T)- 0Gf(T) +
G-HsERI

(2)_

For elements which display magnetic ordering, an additional term Gmagnetk must be
added to the Gibbs energy equation. That is:
Gmagnetic

=RTln(l + JJ)g('r)

Equation 4.3

where R is the uuiversal gas constant, pis the average magnetic moment per atom of the alloy,
expressed in Bohr magnetons and -r = T fTc , where Tc is the critical temperature for magnetic
ordering<6>; a detailed description of the function g(-r) is provided by Dinsdale<6>.
Consequently, Equation 4.2 refers to the paramagnetic state of the material.
4.2.2 BINARY COMPOUNDS

The Gibbs energy of formation of a compound A,Bb may be expressed as<2>:
GA•Bb -a 0H~(298.JSK)- b0I1(298.JSK)= f(T)
Equation 4.4
where a and b are constants, different from those in Equation 4.2, and the function /(T) is
identical to that given in Equation 4.2. Thus applying Equation 4.1 to each component of the
compound in turn, Equation 4.4 becomes:

The term .dJG~.Bb is the Gibbs energy of formation of the compound at a given temperature,
T, referred to the stable elements at the same temperature.
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4.2.3 SOLID AND LIQUID SOLUTIONS

The Gibbs energy of each solution phase is slightly more complex; it is made up of

three distinct terms such that:

Equation 4. 7
here the frrst term, Gref , is simply a weighted sum of the data for the pure elements, the
second term,

d 11 , is

the sum of the contributions from the configurational entropy to the

Gibbs energy of mixing, and the third term, Gex, represents the excess Gibbs energy of
mixing due to non-ideality. More explicitly, this takes the general form< 4>:

Equation 4.8

G= I,x1G? +RT'I,x;lnx; +.:iGex
i

j

where x; is the mole fraction of component i, and .:iGex is the excess Gibbs energy of
mixing; for an ideal solution this last term is equal to zero. The modelling of multicomponent
systems is concerned mainly with deriving suitable expressions for the excess Gibbs energy,
and in general two models are used: the Redlich-Kister model, and the sub-lattice model.
The Redlich-Kister model <2.3) is used for solutions where the interactions between
components are fairly small, and takes the form of a polynomial in composition. For example,
the binary interactions for an m component system, to s terms, takes the form(3>:
m-1 m

.:iGex =I,

I,

s

'I,Aqx;xi{x;-xj)'

Equation 4.9

i=l j=i+l r=O

where x; and x j are the mole fractions of components i and j respectively, and A;j is a
model parameter which can be temperature dependent . The ternary and higher order
interactions may be added to this and take a similar form<3•4>.
The sub-lattice model<3> is generally used for solid solutions where the interactions
between components is fairly large, or some ordering within the phases exists. One or more
sub-lattices with one or more types of atoms on each sub-lattice may be used to describe a
structure, so that stoichiometric, non-stoichiometric and substitutional phases may all be
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described. In the case of a non-stoichiometric phase, several sub-lattices are used with
different species (atoms, ions or vacancies) coexisting on the same sub-lattice. Stoichiometric
phases are also modelled using more than one sub-lattice, but each sub-lattice contains only
one type of atom or ion. This contrasts with substitutional phases which may be modelled on a
single sub-lattice containing two or more species.
4.2.4 GASEOUS SPECIES
Gaseous species<2> may be represented by an expression identical to that given in
Equation 4.4 with an additional term, RT In P , where P is the total pressure; the reference
state is taken as the pure component at atmospheric pressure. The gas phase is assumed to
form an ideal solution.
4.2.5 PREDICTION OF PHASE EQUILmRIA
Given an expression for the free energy of the system, it is then possible to predict
equilibrium in two ways. When the Gibbs energy of the system is at a minimum, the chemical
potentials of the components are equalised throughout the system. Equilibrium can therefore
be computed either by minimising the Gibbs energy of the system, or by equalisation of the
chemical potentials.

In fact, due to an increasing interest in thermochemical modelling and in particular the
calculation of phase diagrams, a number of commercial computer software packages have
recently become available which carry out the Gibbs energy minimisation process; a
comprehensive review of eight such packages is given by Bale & Eriksson<7l. Of the packages
available, the two most often cited are MTDATA<6•8•9> and ThermoCalc< 10•11 >. Both of these
packages provide facilities for the manipulation of thermodynamic data, allowing equilibrium
in binary, ternary and higher order systems to be explored using the Gibbs energy models for
phases previously discussed;

the method by which the Gibbs energy minimisation is

performed however differs between the two programs.
MTDATA has two different minimisation algorithms, and operates using either or
both for determining equilibria. The first algorithm, usually termed stage 1, is a true Gibbs
energy minimisation of the integral Gibbs energy of the system. This method is compatible
with all models, and thus all phases; it ensures a lower Gibbs energy is obtained at each
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iteration; it requires no 'initial guess' of the equilibrium point, and it is inherently highly
reliable. Within MTDATA, this method has a composition limit of 10-6 moles. The second
algorithm, termed stage 2, equalises the chemical potentials of the components between
phases. This process is faster than the true Gibbs energy minimisation, and as the stage 2
algorithm determines the speciation to a tolerance on a logarithmic scale, the absolute
accuracy is higher, reducing the composition limit to 10·8 moles. Unfortunately, this method
does not actually work with all models, for example, the sub-lattice model<9>; it also requires
an 'initial guess' of the equilibrium point for which the results of a stage 1 or previous stage 2
calculation are used,<12l and thus within MTDATA it is only invoked when a detailed
knowledge of the speciation or distribution of components present in very small amounts is
required. ThermoCalc, on the other hand, uses only the equalisation of chemical potentials.
This results in a fast calculation algorithm but, due to the requirements for an 'initial guess' of
the equilibrium point, it can have convergence problems leading to the prediction of local
minima rather than global equilibrium, or possible failure to produce any results at all <9>.
The MTDATA software provides a facility for retrieving thermodynamic data from
databases, compiling data sets for the elements of interest, and assessing these data;
calculating binary and ternary equilibrium phase diagrams, as well as equilibria in higher
order multicomponent, multiphase systems; and also a facility for linking the minimisation
algorithms to external software or user code<IJ) enabling, among others, the investigation of
non-equilibrium processes.
Hence in practical terms, once the system has been defined the thermodynamic
database is searched to determine what phases might form for that given system. The phases
of interest, which are to be included (allowed) in the minimisation, are then selected. Using
the data from a suitable database and relationships between the Gibbs free energy and
temperature discussed above the combination of phases and individual phase compositions
which yield the minimum total Gibbs energy - equilibrium - is computed for a given
temperature or range of temperatures. These data are then available in graphical or tabulated
from, the later being the preferred form in this work, for further analysis. In the later stages of
this work MTDATA's application interface (API) was used to combine the functionality of
MTDATA with original FORTRAN code for the evaluation of the appropriate phase
transformations. Hence stand alone applications were developed which would after the input
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of just composition and heat-treatment data, perform the required minimisations, manipulate
the results and provide output in terms of volume fractions of the various phases.
4.2.6 THERMOCHEMICAL DATABASES

At this stage, it would thus appear that using thermodynamic modelling it should be
possible to predict the volume fraction and composition of phases occurring in SG (ductile)
irons as a function of alloy composition and temperature. However, in order to do this
successfully, accurate thermodynamic data for all the phases of interest are necessary.
The essential principle underlying MTDATA is that the mathematical models
incorporated in the software allow equilibria in multicomponent systems to be calculated on
the basis of critically assessed thermodynamic data from simpler subsystems<3•8•13>. In theory,
it is thus possible to explore with confidence alloy compositions and temperature regimes for
which no direct experimental data exist. In the light of this, predictions of the phases which
form during the solidification and austenitisation of SG iron were made using the Scientific
Group Thermodata Europe, 'SGTE', database which contains at least unary and binary
interaction data for most elements. These predictions were then compared with observed
microstructures.

4.3 PREDICTION OF MICROSTRUCTURE IN SG IRONS
The primary aim of this part of the project was to predict the amount of graphite which
forms in irons of different compositions during cooling to room temperature and so establish
an appropriate modelling regime for spheroidal cast irons.

If an inoculated cast iron could be cooled under equilibrium conditions graphite
growth would be expected to continue down to room temperature as the solubility of carbon
decreases first in the austenite and then in the ferrite. However under typical casting
conditions the cooling rate is faster than equilibrium cooling and so growth of graphite by
diffusion can be limited. In the first analysis, it might be supposed that the growth of graphite
would continue until either just after the eutectic decomposition i.e. growth would only occur
while liquid was present, or close to the eutectoid decomposition i.e. graphite growth
continues in the solid state as carbon is rejected by austenite. It was assumed in this work that
below the eutectoid temperature, under normal cooling conditions, no more graphite would be
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formed and that austenite would transform to ferrite and cementite. To provide a useful
assessment of the microstructure of SG castings, prior to austenitising and austempering, it
was therefore first necessary to determine how far graphite growth continues. Three cast iron
compositions were selected as shown in Table 4.1.

A
HE

w

c

Si

Mn

p

s

Cu

Mg

3.66
3.49
3.61

2.52
2.33
2.42

0.16
0.42
0.44

0.04
0.004
0.025

0.01
0.016
0.014

0.51
0.25

0.04
0.035
0.04

Cr

Mo

0.03
0.023

Table 4.1 Compositions (wt.%) considered in the grediction of the microstructure of spheroidal

graphite cast irons. Microstructures of Irons A(l 4l, HE IS) and W16) were reported in the literature.

In the first instance all phases were allowed in the minimisation, these are listed in

Appendix 4.1. However, for further work only liquid, austenite, ferrite, graphite and cementite
were considered as appropriate. The microstructure of cast iron at room temperature was
predicted using the two stage process shown in Figure 4.1. Initially modelling was carried out
over a temperature range of between 1573 K and 573 K with a step size of -5 K. The Fe/C
phase equilibrium diagram shows that no phase changes are expected below 573K and that
changes in the carbon distribution by diffusion, i.e. the growth or dissolution of cementite,
would be slow below this temperature. The amount of graphite was predicted from a
minimisation with liquid, graphite, austenite and ferrite allowed. In order to predict the
amount of cementite the carbon content of the matrix was assumed to be difference between
the total carbon and amount in the form of graphite. Modelling was then carried out over the
temperature range 1000 K to 573 K with a step size of -5K with graphite disallowed.

1000~573K

1573 ~573K
C = base carbon

C = base carbon - graphite

Phases Allowed
Liquid
Graphite
Austenite
Ferrite

-+Amount of
graphite

Phases Allowed
-+

Fe3C
Austenite
Ferrite

a

ount of
cementite

b

Figure 4.1 Procedure for predicting as cast structure of SG irons: a) the amount of graphite is
determined just above the eutectoid temperature, b) carbon concentration is take to be the difference
between the base carbon and the amount of carbon present as graphite. The amount of cementite,
below the eutectoid temperature, is then determined from the equilibrium predictions with only
austenite, ferrite and cementite allowed.
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Figure 4.2 shows a typical phase stability plot for a temperature range which
encompasses the eutectic, the austenite region and the 'eutectoid' region, produced using
MTDATA and the SGTE database. In order to determine the amount of graphite, the
'eutectoid' was taken to be the temperature at which equal amounts of austenite and ferrite
were present and the 'eutectic' was taken to be temperature at which the amount of austenite
had stopped increasing significantly. Table 4.2 shows the volume fraction of graphite
predicted using MTDATA at the 'eutectic' and 'eutectoid' temperatures and those observed,
i.e. measured metallographically, for Irons A, HE and W at room temperature.

Amount of Phase I mols
1800
1600
1400
1200
1000
800
600
400
200
0

700

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

--Graphite

--Austenite
---cinAust

--Ferrite
--FeLiquid

«-

~
I
I

No Distinct End

Three Phase Region

Start of
Eutectic

+------ ------- ------I

800

900

1000

Temperature I

1100

1200

1300

oc

Figure 4.2 Typical phase stability plot indicating eutectic and three phase regions. Solid lines show
the amounts of each of the allowed phases. The dashed line represents the amount of carbon in
austenite.

Table 4.2 also shows the amount of graphite expected from calculations based on the
iron/carbon binary phase equilibrium diagram in the manner shown in Figure 4.3. For a
hypoeutectoid composition, if growth of graphite stops at (or just below) the eutectic
temperature, and the mass fraction of graphite mfa is given by:

Equation 4.10
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where XE'tk is the eutectic carbon concentration and XJii'tk is the austenite carbon content at
the eutectic temperatw'e. If growth continues down to the eutectoid temperature:

Equation 4.11
where XE'told is the eutectoid carbon concentration as illustrated in Figure 4.3.
Teupaal!4"e
(oot to =le)

"'

.

Xo=IOO

X,.....

Cadxn (oot to =le)

Figure 4.3 Portion of the iron I carbon phase equilibrium diagram, carbon concentrations in wt.%.
The amount of graphite can be calculated if growth continues to either the eutectic or eutectoid
temperature using the lever rule. XE'tic and XE'tmd are the eutectic and eutectoid carbon concentrations.
Xy.E'tio is the austenite carbon content at the eutectic temperature.

Comparison of the amount of graphite predicted with that reported for in Iron HE
suggested that graphite growth continued below the eutectic temperature down to a
temperature close to the eutectoid temperature. Experiments with Irons A and W also showed
good agreement with the observed results.

Cast iron

Minimum Growth
Temperature

HE
A
HE

=Eutectic
= Eutectoid
= Eutectoid
= Eutectoid

Predicted
(MTDATA)

Observed
volume%

Calculated
(Phase Diagram)
volume%

11.0
10.9
11.0
12.2

5.0
10.0
9.9
10.1

volume%

w

6.4
10.4
11.3
11.2

Table 4.2 Predicted, observed and calculated graphite contents for cast irons A, HE and W. Results
suggest that growth of graphite continues down to the eutectoid temperature but that there is little
change below that temperature.
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4.4 MODELLING OF EUTECTIC AND EUTECTOID REACTIONS
Modelling of the phase stability in Iron A was carried out over a range of carbon
concentrations at each of six levels of silicon, see Table 4.3. Ranges of carbon concentration
were selected to encompass the anticipated eutectic carbon concentration. Increases in the
amount of silicon and carbon were accommodated by reducing the iron balance i.e. all other
alloying elements were the same as shown in Table 4.1. Modelling was carried out between
1573 K and 1000 K with a step size of -2 K, the allowed phases were liquid, graphite,

austenite and ferrite.

Silicon Content I wt"lo
1.00
2.00
2.52
3.00
4.00
5.00

-----+--....!!Ran=i::.•~of:..:Carb~~o!!,n~C~on~c~en~tra~ti!:!!·o~n~/.!:wt'l~Y<::_o_ _-1
3.40-4.40
3.00- 4.00
3.00- 4.00
3.00-4.00
2.60- 3.40
2.40- 3.40

Table 4.3 Range of compositions considered during the prediction of eutectic and eutectoid reactions
- based on Iron A

4.4.1

EUTECTIC TEMPERATURE AND CARBON CONCENTRATION

For each silicon level, the start temperatUre for the formation of graphite (hypereutectic composition) or austenite (hypo-eutectic) was determined from the modelling results
for a number of carbon concentrations close to the eutectic. These temperatUres represent
points on the graphite and austenite Iiquidus respectively and the intersection of the two
liquidus lines represents the eutectic point. A typical set of results is shown in Figure 4.4. The
relationship between the carbon content and Iiquidus temperatUre was assumed to be linear
close to the eutectic.
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3.8

Carbon Concentration I wt.%
Figure 4.4 Typical determination of the position of the eutectic. Points on the liquidii were
determined from first appearance of austenite or graphite in the phase stability data obtained using
MTDATA. The point of intersection of the liquidii gives the eutectic temperature and associated
carbon concentration.

A comparison of the results from MTDATA, Table 4.4, for the eutectic temperature
and carbon concentration and values taken from the literature shows reasonable agreement see Figure 4.5 and Figure 4.6. Wieser's(I?J results were difficult to interpret, being measured
from small scale phase diagrams. The predicted position of the eutectic point, in terms of
carbon concentration, shows very good agreement with the reported results, despite any
difficulty in interpreting the literature.
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Figure 4.5 Predicted (iron A) eutectic temperature for various silicon levels. Solid points and line
represent MTDATA predictions for Iron A, open symbols are values from the literature. WBW Wieser et a/. 07>, P- Piwowarsky<ISJ
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Figure 4.6 Predicted (iron A) eutectic carbon concentration for various silicon levels, closed symbols,
in comparison to values reported, open symbols, by: HO - Hillard and Owen<19>, WBW - Wieser et
a/.< 11), P- Piwowarsky(ISJ

Although the results of the modelling did suggest the simultaneous existence of y,
liquid and graphite at temperatures below the liquidus, there was no suggestion of a discrete
lower boundary and hence there was no suggestion of a distinct three phase region as
illustrated by Piwowarslo/ 18>, see Figure 4.7. Therefore the eutectic has been considered as an
event which occurs at a single temperature.
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Figure 4. 7 Section through Fe/C/Si phase equilibrium diagram at a 2.4 wt.% Si, after Piwowarsky08>.

Silicon
Content I wt"lo
1.00
2.00
2.52
3.00
4.00
5.00

Eutectic
Tem rature I °C
1159.4
1163.4
1165.5
1164.8
1169.3
1170.1

Eutectic Carbon
Concentration I wt"lo
3.94
3.65
3.50
3.39
3.08
2.82

Carbon Solubility in Austenite at
Eutectic Tern rature I wt"lo
1.84
1.67
1.49
1.31
1.14

Table 4.4 Predicted eutectic temperature and carbon concentration- compositions based on Iron A

4.4.2 EUTECTOID TEMPERATURE AND CARBON CONCENTRATION
It can be seen from Figure 4.2 that the transformation of austenite to ferrite and
graphite at the eutectoid temperature occurs over a range of temperatures rather than at a
'single' temperature as in the binary Fe/C phase equilibrium diagram. The start and finish of
the eutectoid reaction represent the boundaries of a ternary a. + y + graphite region. This is
shown in Figure 4. 7, a vertical slice taken from the iron/carbon/silicon ternary phase
diagram08>.
The start and fmish temperatures of the ternary region were determined from a plot of
carbon concentration in austenite against temperature, for the various silicon levels in Table
4.4, shown in Figure 4.8. The eutectoid carbon concentration was taken to be the austenite
carbon concentration at the start of the ternary region. From this plot it was also possible to
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determine the solubility of carbon in austenite at the eutectic temperature, the maximum
solubility, and how it was affected by the silicon content of the cast iron.

Carbon Concentration
in Austenite I wt.%
- - 1.00%8
2.000(98
3.00%8
4.00'¥98
- - 5.00%8

2

1.5

0.5
o+-~-L~-~-~----,_------~--- L~-L----~

700

800

900

1000

1100

1200

1300

Temperature I °C
Figure 4.8 Carbon concentration in austenite with various silicon levels. Arrows ' a ' and 'b' indicate
the lower and upper boundary temperatures for the three (a+ y + graphite) phase region. Arrow 'b'
also indicates the carbon concentration of the austenite at the junction of the austenite and a + y +
graphjte phase region.

Table 4.5 and Figure 4.9 show the start and finish temperatures for the

a. + y +

graphite phase region for Iron A containing 3.40 wt.% carbon and between 1 wt.% and 5
wt.% silicon. The figure also includes data taken from the literature. It can be seen from
Figure 4.9 that the transformation range decreases as the silicon content decreases . The
residual transformation range, which was estimated to be approximately l2°C at O.O%Si, was
probably due to the presence of the other alloying elements in Iron A.

Silicon
Content I wt%

a + y + Graphite Start

a+ y + Graphite End

Temperature I °C

Temperature I °C

Eutectoid Carbon
Concentration I wt%

1.00
2.00
3.00
4.00
5.00

760
791
832
894
989

740
763
792
832
886

0.64
0.63
0.62
0.64
0.73

Table 4.5 Predicted 'eutectoid' start, end temperatures and carbon concentration -composition based
on Iron A.
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Temperature I °C
10~.------------------------------------------------,
~ Angus- start
-e- Angus- end
~ Piwowarsky- start
-e- Piwowarsky - end
- . -Iron A- start
Iron A -end

1000
950
900

.&

•

FeCSi - start
FeCSi - end

850
800

700+-------+-------,_------~-------r-------+------~

0

2

3

4

Silicon Content I wt%

5

6

Figure 4.9 Predictions, closed symbols of the upper and lower boundary of the three phase region for
cast iron A and the FeiCISi system show good agreement with results reported, open symbols, by
Piwowarskyc18>, also for FeiCISi and by Angus<20> for a cast iron, in the latter case the exact
composition was not specified. Results for FeiCISi suggest the predicted range decreases to zero at 0
wt.% Si as would be expected for the binary FeiC equilibrium phase diagram.

Modelling was also carried out for the ternary iron/carbon/silicon system. The start
and finish temperatures of the

a + y + graphite phase region were determined over a

range of

0.01 wt.% to 5 wt.% s ilicon at 3.66 wt.% carbon, these results are shown in T able 4.6 and in
Figure 4.9 w ith fitted curves .

Silicon
Content I wt%
0.01
0.05
0.10
0.50
1.00
5.00

a+ y + Graphite Start
Temperature I °C
739
739
741
750
764
993

a+ y + Graphite End
Temp_erature I °C
736
736
738
744
753
901

Table 4.6 Predicted 'Eutectoid' Start and End Temperatures- Iron/Carbon/Silicon System.

A t high silicon levels it can be seen that predicted start and end points agree well with
those found in the literature. At lower silicon contents the width of the transformation range
continues to decrease and it can be seen from Figure 4.9 that it reaches an approximate value
of 3°C at 0.0 wt.% Si, this value is approaching the step size for modelling (-2 K). The
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difference in the transformation ranges reported by the different authors in probably due to
difference in the substitutional element (other than Si) composition.
The agreement between the predicted values for the carbon concentrations and
temperatures of the eutectic and 'eutectoid' reactions with the results presented in the
literature suggest that modelling using MTDATA will provide an accurate method of
predicting the constitution of the austenitised and quenched casting prior to austempering. The
predictions will provide the starting point for the kinetic modelling of the formation of
bainitic ferrite and carbides in ADI.

4.5 EFFECT OF ALLOYING ELEMENTS ON CARBON CONTAINING PHASES
The carbon concentration at the end of austenitising and hence at the beginning of
austempering is of critical importance since it determines, in part, the fmal volume fraction of
bainitic ferrite and the thermodynamic driving force for the transformation which decreases
as the carbon concentration in the metastable austenite increases. The carbon content of the
(metastable) austenite is in turn affected by the amounts of the substitutional elements in the
cast iron. The aim of this section is to establish the relationships between the cast iron
composition and the partitioning of carbon between graphite and austenite.
The effects of systematic variations in the concentrations of the individual alloying
elements in Iron A were modelled. The ranges of compositions assessed are shown in Table
4.7. An attempt was made to keep the concentrations within what might normally be used in
the production of SG castings. Modelling was carried out between 1573 K and 573 K with a
step size of -2K.

c
Iron A - Base Composition
Maximum Concentration
Minimum Concentration

3.66
3.00
4.00

Si
2.52
2.00
3.00

Mn

p

s

0.16
0.1
0.6

0.04
0.01
0.05

0.01
0.01
0.06

Mg
0.04
0.01
0.06

Cr
0.03
0.01
0.06

cu
0. 51
0. 2
2. 0

Table 4.7 The composition (wt.%) ranges considered when predicting the effect of individu al
elements on the austenitisation process.

Plots of the results are shown in Figure 4.10 to Figure 4.17, in each figure plots a , b
and c represent the amount of graphite, austenite and carbon in austenite respectively. Figure
4.18 summarises the effect of all the elements at a typical austenitising temperature: 900°C. In
Figure 4.18 the concentration of each element is shown relative to Iron A, that is the ratio of
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the actual concentration to the base concentration is plotted, hence the curves show the
relative effect of each element, the 'potency' of each element, on the distribution of carbon
between the phases at an austenitising temperature of 900°C. The relationships between the
concentration of each element and the amount of graphite, austenite and carbon in austenite at
900°C were also determined and are shown in Table 4.8.
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a

Amount of Graphite I mols

350~---------------------------------------------------,
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0
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1100

1200

1300

Temperature I •c

Figure 4.10 The effect of varying the amount of carbon (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Amount of Graphite I mols
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Figure 4.11 The effect of varying the amount of silicon (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Amount of Graphite I mols
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F igure 4.12 The effect of varying the amount of manganese (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Figure 4.13 The effect of varying the amount of phosphorus (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Amount of Graphite I mols
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F ig ure 4.14 The effect of varying the amount o f sulphur (wt.%) in Iro n A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Amount of Graphite I mols
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Figure 4.15 The effect of varying the amount of magnesium (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Figure 4.16 The effect of varying the amount of chromium (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Figure 4.17 The effect of varying the amount of copper (wt.%) in Iron A on: a) the amount of
graphite, b) the amount of austenite and c) the amount of carbon in austenite.
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Figure 4.18 Effect of various elements on: a) the amount of graphite, b) the amount of austenite and
c) the amount of carbon in austenite. Predictions for 900°C. The amount of each element is plotted
relative to the amount in the base composition (Iron A).
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Element

Species
C as Graphite

Si

Fe in Austeoite

s

Cu

Cr

p

0.13

Si + 2.53

feY900 = -1.00 Si + 95.54

EqnNo

1.00

Equation 4.12

1.00

Equation 4.13
Equation 4.14

Si + 1.13

C as Graphite

c>... = -0.13
cu900 - -0.019

Mn + 2.86

0.82

Equation 4.15

Fe in Austeoite

feY...,= -1.22

Mn +93.31

0.98

Equation 4.16

C in Austeoite

0.018 Mn+0.79

0.98

Equation 4.17

C as Graphite

c>... =
cu... -

Equation 4.18

FeY900= -3.52

1.00

Equation 4.19

0.95

Equation 4.20

C as Graphite

s + 2.86
s +93.06
cY900 = -0.036 s + o.8o
cu....- o.o63 Mg+2.86

0.99

Fe in Austenite

1.00

Equation 4.21

Fe in Austenite

feY...= -1.01

Mg+93.07

1.00

Equation 4.22

C in Austenite

CY900 = -0.063 Mg + 0.80

1.00

Equation 4.23

C as Graphite

cu... =

eu + 2.83

0.99

Equation 4.24

Fe in Austenite

feY...,= -1.06

Cu+93.64

1.00

Equation 4.25

C in Austenite
Mg

cu... -

R'

1.00

C in Austeoite
Mn

Equation (all values are wt %)

o.ot6

o.045

C in Austenite

C'900

= -0.045 Cu + 0.82

0.99

Equation 4.26

C as Graphite

CU900- -0.070 Cr + 2.86

1.00

Equation 4.27

feY...,= -1.01

Equation 4.28

C in Austenite

Cr+93.06
cY900 = 0.010 er+ 0.80

1.00
1.00

Equation 4.29

C as Graphite

cu... -

p +2.85

1.00

Equation 4.30

Fe in Austenite

feY900= -1.0 I

p +93.07

1.00

Equation 4.31

= -0.19 p + 0.89

1.00

Equation 4.32

Fe in Austenite

C in Austenite

C'900

o.t9

Table 4.8 Effect of various elements on amount of graphite, austenite and carbon in austenite at

900°C. Based on Iron A.

It was not possible to confmn the predictions of the effect of each element on the
distribution of carbon in solid phases through reference to the literature. However the general
agreement of the predicted effects of silicon on the eutectic and 'eutectoid' reactions suggests
that MTDATA can predict the behaviour of complex alloys, such as Iron A, with a reasonable
degree of accuracy.
The results presented in Figure 4.10 to Figure 4.17 assume the presence of graphite in
the three phase (a + y + Graphite) 'eutectoid' region. However observation of the
microstructures in iron castings suggest that under normal, non-equilibrium, cooling
conditions austenite would be expected to decompose to Fe3C and ferrite, thus a four phase
(a+ y+ Graphite+ Fe3C) region would be present.
Hence at these temperatures (approximately 700°C-8oo•c for Iron A) the predictions
of the distribution of carbon may not apply to real castings. However the primary aim of this
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work was to provide a means of predicting the constitution of austenitised castings quenched
from 850°C - 950°C. At these temperatures graphite would be expected to be the major form
of carbon, as demoustrated earlier in this chapter, hence the results obtained can be used to
describe the quenched starting material for austempering.
The relationships shown in Figure 4.10 to Figure 4.17 and in Table 4.8 were
established for the addition of individual elements. It can be seen that additions of silicon
have the most affect on the austenite carbon content. The effect of simultaneous changes of
more than one element are assessed in the following section in which the amount of austenite
expected in real cast irons, of various compositions, austenitised at different temperatures, is
predicted and compared with measured values.

4.6 AUSTENITE CARBON CONTENT IN MULTICOMPONENT CAST IRONS
The preceding section has shown the extent to which various individual elements
effect the austenite carbon content during austenitisation. This section describes the combined
effect of various elements on the austenite carbon content. All the compositions considered in
this section are those of real cast irous for which measured values, obtained by various
different methods, of the austenite carbon content are available from the literature.
As discussed in the introduction of this chapter, in the first analysis, it was supposed
that, within the time usually employed in commercial austenitisation, the austenite carbon
content might be expected to reach the equilibrium value. Hence the fust part of this section
compares the values obtained using Gibbs energy minimisation (MTDATA) with the reported
results. A comparison between MTDATA and ThermoCalc, an alternative Gibbs energy
minimisation package is also made.
The fma! part of this section, and chapter, describes a preliminary prediction of the
change of austenite carbon content with time based on measurements reported in the literature.
The kinetics of austenitisation are discussed more fully, and in the light of a consideration of
segregation within cast iron, in Chapter 6.
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4.6.1

EQUILffiRIUM CARBON CONTENT FOR LONG AUSTENITISING TIMES

MTDATA was used to predict the equilibrium austenite carbon concentration for a
series of cast irons of various compositions representative of ADI, see Table 4.9 using the
method described in the preceding section. The predicted results are shown in Table 4.10 and
Figure 4.19 in comparison with values determined from X-ray diffraction measurements and
the martensite start temperature, M, , measurements. Further details of the techniques used are
given in Appendices A4.2 and A4.3. Figure 4.19 also includes a comparison of the MTDATA
predictions with values calculated using Equation 2.9 [Xy0 = T.,1420 - 0.17(o/oSi) - 0.95] for
samples RR1-RR13 austenitised at 87l°C and 927°C.

Alloy

c

Si

Mn

Mo

Ni

Mg

p

s

RRI

3.59
3.63
3.7
3.57
3.65
3.62
3.64
3.6
3.58
3.66
3.81
3.80
3.60
4.2

2.51
2.54
2.52
2.29
2.51
2.65
2.6
2.48
2.35
2.53
2.54
2.77
2.80
2.9

0.134
0.359
0.441
0.592
0.94
0.156
0.156
0.312
0.306
0.289
0.347
0.037
0.016
0.28

0.006
0.007
0.007
0.006
0.008
0.426
0.626
0.228
0.448
0.008
0.323

0.081
0.072
0.061
0.086
0.061
0.057
0.06
0.043
0.044
0.518
1.545
0.07
1.02

0.045
0.049
0.05
0.041
0.053
0.056
0.051
0.045
0.042
0.054
0.056
0.034
0.040

-

-

-

0.013
0.014
0.008
O.Oll
0.009
0.016
0.014
0.01
0.015
0.008
0.012
0.02
0.01
0.01

RR2
RR3
RR4
RR6
RR8
RR9
RRIO
RRll
RR12
RR13
DEl
DE2
VI

0.045

-

-

-

0.03
0.01
0.04

Cu
0.057
0.044
0.057
0.042
0.066
O.lll
O.lll
0.04
0.043
0.07
O.ll3
0.33
0.06

-

Cr
0.044
0.033
0.045
0.031
0.054
0.015
0.052
0.028
0.028
0.051
0.047
0.02
0.06

--

Table 4.9 Composition (wt.%) of the cast irons for which the austenite carbon content was predicted.

RR- Rouns and Rundman(21), DE- Darwish and Elliotr'l, V- Vassileva(22)
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Alloy

Temperature ;oc

Time/mins

RRI

871
927
871
927
871
927
871
927
871
927
871
927
871
927
871
927
871
927
871
927
871
927
871
927
900
950
1000
850
900
950
900
950
1000
1100

120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
120
>50*
>50*
>50*
>30*
>30*
>30*
120
120
120
120

RR2
RR3
RR4
RR6
RR7
RR8
RR9
RRIO
RRII
RRI2
RRI3
DEl

DE2

VI

Cy,MTDATA
/wt%
0.752
0.892
0.751
0.890
0.755
0.894
0.787
0.931
0.764
0.905
0.761
0.902
0.743
0.881
0.758
0.897
0.766
0.907
0.789
0.933
0.739
0.877
0.717
0.852
0.769
0.892
1.019
0.609
0.724
0.841
0.761
0.883
1.009
1.272

Cy, Measured
/wt%
0.565
0.763
0.619
0.793
0.573
0.79
0.672
0.818
0.672
0.84
0.559
0.801
0.611
0.697
0.572
0.713
0.608
0.684
0.638
0.759
0.596
0.717
0.543
0.738
0.71
0.87
1.02
0.64
0.75
0.89
0.97
1.07
1.01
1.19

Table 4.10 Equilibrium austenite carbon content for different cast irons (see Table 4.9) at various
austenitising temperatures as predicted using Gibbs energy minimisation (MTDATA) compared with
measured values. '*' Time taken to reach equilibrium.
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Figure 4.19 Predictions of austenite carbon content obtained using Gibbs energy mmmusation
(MTDATA) show good agreement with measured values for ' long' austenitising times. RR- Rouns
and Rundman< 21 >, DE - Darwish and Elliott<1>, V - Vassileva<22>

From Figure 4.19 it can be seen that good agreement between MTDATA and the
reported results was obtained. The gradient and intercept of the best fit lines to the MTDATA
predictions, for samples RRl to RR13 at the two temperatures, are shown in Table 4.11 which
also shows the gradient and intercept of the best fit lines obtained when the values obtained
using Equation 2.9 are plotted against the measured values reported in the literature. It can be
seen that the gradient and intercept for the MTDATA are reasonably close to one and zero
respectively whereas the values calculated with Equation 2.9 show no correlation with the
measured results. This suggests that MTDATA is successfully predicting the influence of
elements other than carbon and silicon, which is not considered in Equation 2.9, as well as the
effect of austenitising temperature.

Temperature
871
927

MTDATA
Gradient
1.432
0.961

Equation 2.9
Intercept
-0.48
-0.10

Gradient
0.047
0.035

Intercept
-0.73
0.87

Table 4.11 Best fit lines when results from MTDATA and Equation 2.9 are plotted against measured
results for RRI to RR13.

It should be noted that the austenitisation time for all the specimens was long enough

to expect the equilibrium condition. Measurements by Darwish and Elliott(l )' on two cast irons
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with different base compositions, see DEI and DE2 in Table 4.9, show that the austenite
carbon concentration increases with time for times less than approximately 50 minutes in one
case and 30 minutes for the second alloy. The consequent effect of austenitising time on the
final volume fraction of bainitic ferrite will be discussed further below. However, it can be
seen that for 'long' austenitisation times, the austenite carbon content can be predicted
successfully using Gibbs energy minimisation -in this case employing MTDATA and the
SGTE database. In this work it has been assumed that the austenite carbon content does not
change during subsequent quenching and hence that these predictions also give the carbon
content of the metastable austenite at the start of the isothermal transformation to bainite austempering.

4.6.2 COMPARISON OF MTDATA AND THERMOCALC

A comparison of the predictions of equilibrium carbon content made using MTDATA
and ThermoCalc was made; in both cases thermodynamic data was obtained from the SGTE
database. The predictions were made for the following base composition shown in Table 4.12
at various austenitising temperatures or with different silicon or copper contents as shown in
Table 4.13. It can be seen that, in general, there is little difference in the results produced
using the different Gibbs energy minimisation programs, as might be expected.

Table 4.12 Base composition (wt.%) of the cast iron considered for comparison of MTDATA and
ThermoCalc.
Austenitising Temp. I •c
900
950
1000
900
900
900
900

Composition I wt.%
Base
Base
Base
2.00Si
3.00 Si
0.2Cu
2.0Cu

Cy,MTDATAiwt.%
0.819
0.944
1.077
0.870
0.740
0.811
0.730

Cy, Thermocalc I wt.%
0.802
0.952
1.087
0.892
0.758
0.835
0.756

.

Table 4.13 Predictions of austenite carbon content made using ThermoCalc and MTDATA show very
good agreement.
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4.6.3 AUSTENITE CARBON CONTENT FOR SHORT AUSTENITISING TIMES

It has been shown that the austenite carbon content can be predicted for long
austenitising times using Gibbs energy methods, however, it is expected that this carbon
content would increase with time at shorter austenitising times.

1

Darwish and Elliott< >

presented X-ray diffraction measurements of the austenite carbon concentration for various
austenitising times and temperatures, which are reproduced in Figure 4.20 for a cast iron with
the composition shown in Table 4.14

Table 4.14 Composition (wt.%) of the cast iron DEI for which the relationship between austenite
carbon content, time and temperature was established.

Au s tenite C arbon I wt. %
1.20 .,....---- - - - - - - - - - - - - - - ,
1.00
0.80

--+-- 1000' C
-

950 'C

~ 90 0 ' C

0.60

_._ sso·c

0.4 0
0.20
0.00
10

100

Au stenitis ing Time I m in

Figure 4.20 Austenite carbon concentration at various times and temperatures. Reproduced from
Darwish and Elliott(l).

In order to approximate these changes, best fit lines were applied to the linear portions
of the curves (austenitising times of less than 50 minutes). It was found that, in the early
stages of austenitisation, the increase in carbon content was proportional to the natural log of
the time so an equation of the following form was considered:

Xr= A ln(t) + B

Equation 4.33

where the values of A and Bare shown in Table 4.15. The values of the gradient, A, were
averaged and the values of B were plotted against temperature, Figure 4.21. The equation for
the best fit line was determined to provide a relationship of B to temperature.
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Temperature I °C
1000
950
900
850
Mean

A
0.1668
0.1399
0.1595
0. 1609
0. 1553

B
0.4702
0.3709
0.1337
0.0189

---

Table 4.15 Values of coefficients A and B in Equation 4.33, the general form of the best .fit lines to
the measured austenite carbon content.

V al ue of B

0 . 5 . . . - - - - - - - - - - - - - --

----,

0.4

0 .3
0 .2
0 .1
0+-----~-----+----~

850

900

950

Temperature I

1000

•c

Figu re 4.21 Relationship between B in Equation 4.33 and temperature.

Combining the mean value of A and the relationship of B and the temperature gave the
following expression:

XJ<r,1J = 0.16ln(t) + 0.0032T - 2. 7

Equation 4.34

It must be noted that this express ion will only be applicable to cast irons with

compositions similar to that shown in Table 4.6. The effect of short austenitising times on the
microstructure and the prediction of the change of austenite carbon content with time in
different cast irons, in a more generic manner, is discussed in Chapter 6.

4.7 SUMMARY
Gibbs energy minimisation (MTDATA) provides a reliable method of predicting the
equilibrium microstructure of spheroidal graphite cast irons. The predictions of phases
formed above the 'eutectoid' temperature agree with metallographic observation. Predictions
of the existence of a three phase region at the 'eutectoid' temperature and the variation of its
boundaries, due to changes in silicon content, also agree with the literature.
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Systematic modelling of changes in composition indicate that silicon, copper,
phosphorus, magnesium and sulphur decrease the solubility of carbon in austenite, with
silicon having the most effect and sulphur the least Manganese and chromium increase the
solubility of carbon, with manganese having the greatest effect. In all cases the effects are
approximately linear over the range of compositions investigated.

It has also been shown that the Gibbs energy minimisation gives results for real cast
iron compositions which agree with measurements in the literature for long austenitising
times, and that the two minimisation packages employed in this work, MTDATA and
ThermoCalc give similar results when used in conjunction with the SGTE database.
The austenite carbon content for short austenitisation times can be estimated using an
empirical relationship derived in this chapter. The relationship is, however, composition
specific and further work is required to enable the prediction of austenitising kinetics in a
more generic sense. Some preliminary work on this topic is described in Chapter 6.
Hence it can be seen that Gibbs energy minimisation can be used successfully to
predict the effect of various elements, both individually and as part of multi-element
compositions, on the changes in austenite carbon content which occur during (long)
austenitisation - the first stage of the heat-treatment of SG iron to produce ADI. Thus it is
possible to predict the carbon content of the austenite at the start of austempering - the second
stage of process used to produce austempered ductile iron components. This information is of
great importance in the determination of bainite transformation kinetics, and the formation of
other phases, as discussed in subsequent chapters.
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A4 APPENDICES
A4.1 Gmss ENERGY MINIMISATION- POSSffiLE PHAsES IN IRON A

In order to perform a Gibbs energy minimisation, using MTDATA for example, it is
necessary to determine what phases are to be considered. First, a system is defined, in this
case, in terms of the constituent elements (other components may also be specified).
MTDATA then searches an appropriate thermodynamic database to determine all the phases
which might occur as combinations of any of the components. From this list the user can
select the phases which are to be included in the minimisation. The full list of phases possible
in Iron A, determined from the SGTE database is shown below. The model, see Section 4.2,
used for each phase is also shown. Those phases selected for inclusion in Gibbs energy
minimisations carried as part of this project are highlighted'*'. Cementite and iron phosphide
are also highlighted '*' since these phases were included when segregation was being
predicted. The remaining phases were only included in preliminary runs carried out to
determine which phases occurred in significant amounts, subsequently they were excluded.

PHASE

I
2
3
4

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
18
19

DIAMOND_A4
GRAPHITE*
LIQUID*
GAS
BCC A2*
CEMENTITE*
FCC A1*
HCP A3
KSI CARBIDE
M3C2
M7C3
M23C6
CBCC A12
CUB_A13
FE4N
FECN CHI
M5C2
V3C2
FE8SI2C
V3C2
FE8SI2C

MODEL
REDLICH-KISTER
PURE SUBSTANCE
REDLICH-KISTER
IDEAL GAS
SUBLATTICE
SUBLATTICE
SUBLATTICE
SUBLATTICE
SUBLATTICE
PURE SUBSTANCE
SUBLATTICE
SUBLATTICE
SUBLATTICE
SUBLATTICE
PURE SUBSTANCE
PURE SUBSTANCE
SUBLATTICE
SUBLATTICE
PURE SUBSTANCE
SUBLATTICE
PURE SUBSTANCE
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20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
39
40
41
42
43
44

45
46
47
48
49
50
51
52
53
54

55
56
57
58
59
60
61
62
63

SIC
CR3SI
CRSI2
cm_AI2
SIGMA
CR3MNS
HIGH_SIGMA
CR2P
CR3P
CRSSI3
CRSI
CUZN_EPS
ALCU_EPSILON
ALCU_ETA
CU3Pl
FE3Pl*
CU2MG
CUMG2
NISP2 L
CU19SI6
CU33SI7
CU19SI6
CU33SI7
CU4Sil
CU56Sill
CU85SI15
CU87SI13
ALSFE4
FEISII
FESSI3
M3SI
FE2Pl
FEP
FE2SI
FESI2 H
FESI2 L
ALMG_GAMMA_A12
MG2SI
MN11SI19
MN6SI
MN9SI2
RED P
WIDTE P
PSI
FC_ORTHORHOMBIC
MONOCLINIC

PURE SUBSTANCE
SUBLATTICE
SUBLATTICE
SUBLATTICE
SUB LATTICE
PURE SUBSTANCE
SUBLATTICE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
SUBLATTICE
SUBLATTICE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
SUBLATTICE
SUBLATTICE
SUBLATTICE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
PURE SUBSTANCE
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A4.2 AUSTENITE CARBON CONTENT MEASURED USING X-RAY DIFFRACTION

Rouns and Rundman<21) reported austenite carbon contents based on the measurement
of the relative positions of(200)/(002) and the (211)/(112) diffraction peaks in martensite with
the same carbon content, produced when the sample was quenched to room temperature. The
ratio of the lattice parameters, in Angstroms, a and c was calculated and used to calculate the
carbon content (wt.%) of the martensite, Xa·, and hence of the austenite, using relationships
given in Equations 4.35 and 4.36 established by Roberts<24>.

=2.861 + 0.116Xa·

Equation 4.35

a= 2.861- 0.013 Xa·

Equation 4.36

c

Darwish and Elliott<1>also employed an X-ray diffraction technique, but made direct
measurement of the austenite lattice parameter, ay, (A) and used Equation 4.37, which was
also developed by Roberts (l4), to calculate the austenite carbon content, Xy (wt.%).

Xy= (ay- 3.548)10.044

Equation 4.37

Darwish and Elliott<1>described a second X-ray diffraction method for determining the
austenite carbon content of austenite. After quenching to form martensite, the positions of the
(211) and (112) peaks were measured and the martensite (austenite) carbon content was
calculated using the following expression which was derived from Roberts' relationships (see
Equations 4.35 and 4.36).

Equation 4.38

where A. is the wavelength of the incident x-rays and 6 is the diffraction angle for the
particular peak.
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A4.3

AUSTENITE

CARBON

CONTENT

BY

MARTEN SITE

START

TEMPERATURE

D ETERMINATION

Vassileva<22) used the empirical relationship, Equation 4.39<23), to determine the
austenite carbon content from the martensite start, Ms , temperature. The martensite start
temperature was taken to be the start of

expansion of the sample associated with the

transformation of the FCC unit cell to the BCT structure during cooling. This was determined
using dilatometry as shown schematically in Figure 4.22 where Ms is the temperature at which
the measured curve deviates from a linear decrease which represents the thermal contraction
of the samp le.
Relative change in
diameter.
Straight line
rep resenting therm a!

curve - expansion
due to cha nge of
lattice, FCC ~ BCT

Ms
Temperature

Figure 4.22 Determination of martensite start temperature from dilation measured when the sample is
quenched to room temperature.

Ms = 539- 423(%C)- 30.4(%Mn) -17. 7(%Ni)
E quation 4.39

-12.1(%Cr)- 75(%Mo)

Thus it can be seen that if the concentration of the above substitutional elements (wt.%) is
known (from the base composition), and the M s COC) can be determined as described above,
then the carbon content of the austenite can be calculated.
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5. MODELLING THE BAINITE TRANSFORMATION
5.1 THE VOLUME FRACTION OF BAINITIC FERRITE

The prediction of the volume fraction of bainitic ferrite can be broken down into two
stages which reflect the two stages of the heat-treatment: austenitisation and austernpering. As
well as predicting the amount of graphite, the modelling of austenitisation yields values for
the carbon concentration in austenite, which is assumed also to be the carbon content of the
metastable austenite at the start of austempering i.e. it is assumed that no change of austenite
carbon content occurs during quenching. In this work any formation of carbides which might
occur has been neglected.
5.1.1 MODELLING THE IsOTHERMAL FORMATION OF BAINITIC FERRITE

Chapter 4 described how the metastable austenite carbon content at the start of
austernpering may be predicted for long and short austenitising times. Following
austenitisation and quenching to the austempering temperature, the isothermal transformation
of the austenite to bainitic ferrite proceeds by the successive formation of ferrite sub-units. In
the diffusionless view of the transformation immediately after a ferrite 'sub-unit' is formed
carbon partitions to the surrounding austenite, increasing the carbon content. The reaction
ceases when the carbon concentration in the austenite becomes too high and the diffusionless
transformation to ferrite becomes thermodynamically impossible. The limiting austenite
carbon content, termed Xr., decreases with increasing temperature as shown in Figure 5.1.
The X To' curve, also shown in Figure 5J, is the boundary for diffusionless transformation
when the stored energy involved in the transformation, due to the change in the volume of the
unit cell, is taken into account. In steels the strain energy has been estimated to be of the order
of 400 J mor 1<1> and is usually assumed to be independent of temperature. Relaxation of the
austenite matrix may also occur which leads to the accommodation of some or all of the
volume change<2>. Untransformed austenite volume fraction measurements by Ahmadabadi(l)
and measurements of the volume fraction of bainitic ferrite by Chester and Bhadeshia<4>
indicate that the reaction ceases at or close to Xr. in ADI and steels respectively. Hence Xro
was taken, initially, as the limit for the formation ofbainitic ferrite in this work. The extent of
reaction in terms of the volume fraction of carbide free bainitic ferrite, Vfa6 , in the matrix
can be calculated using the lever rule:
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Equation 5.1

where Xo is the initial austenite carbon content (following austenitisation) and Xa is the
maximum carbon content of ferrite (saturated) at the particular austempering temperature as
illustrated in Figure 5.1.

Temperature
(not to scale)

.. ..

.. . ..

•
.
.
.. ... ..

.

. . -. . -- . - - . - .

- - - Diffusionless
boundaries

• - • • Diffusional

Austempering

(full equilibrium)

Temperature

boundaries

X..
Carbon Concentration
(not to scale)

Figure 5.1 Calculation of the volume fraction of bainitic ferrite, showing the phase boundaries for
diffusionless transfonnations as well as those when all elements can diffuse. Phase names refer to the
diffusionless situation.
The two quantities, X To and X a, reqnired to calculate the volume fraction of bainite in
accordance with Equation 5.1 were determined using a model originally developed by Rees
and Bhadeshia<Sl (the 'RB model') in the following manner. The maximum carbon content of
ferrite, Xa, which was assumed to be a function of temperature alone, is determined from a
polynomial generated from empirical data- Equation 5.i6l.
Xa= 0.151xlff2 - 0.8816xlff2T + 0.0245T -0.02417r

+ 0.6966xlff2T'

Equation 5.2

The limiting carbon concentration, X To , is the carbon concentration at which austenite
and ferrite of the same composition (carbon and substitutional elements) have the same free
energy, at a particular temperature. So:
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Equation 5.3

where IJli"'f-fa is the Helmholtz free energy change (approximates to the Gibbs free energy in
solid systems) due to the transformation and JlY and F" are the free energies of the individual
phases. Substituting for JlY and F" leads to the final expression<7l:

Equation 5.4

where

112

6a= I9-6x(2Ja+3)+(9+16Ja)x 2 1
6 1 = I1- 2x(1 + 2J 1

in which

)

+ (1 + 8J 1 )x 2

112

1

Equation 5.5
Equation 5.6

Ja

=1-

ex p (- Q) a I R T )

Equation 5. 7

J

= 1- exp(-11) 7 I RT)

Equation 5.8

1

The carbon-carbon interaction energies, toy and w,. , in austenite and ferrite respectively, are
determined, at various temperatures, from measurements of the activity of carbon in
austenite/ferrite at equilibrium with gas mixtures such as CO/C02 or CILVH2 at various carbon
concentrations<8>. The model used in this work assumes a single value of m,., the average of
the values given in table 2 in Bhadeshia<9>, and that this value is independent of substitutional
alloy content and of (austempering) temperature. The effect of the substitutional elements on

toy is evaluated using a series of empirical relationships<IO) in which it was assumed that toy is
independent of temperature.

.dT.,.g~

and .dTn.wl are constants which describe the effect of

individual alloying elements, with volume fractions Y, on the magnetic and non-magnetic
components of the free energy change of pure (no carbon or substitutional elements) austenite
to ferrite< 8>. The values of .dT.,.g~ and .dT..,1 are shown in Table 5.1; values of the
thermodynamic quantities<7l are given in Table 5.2.
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Element¥

.d:l

Si

..,; •c faL%Y)"1

.liT.,.,; •c (at. %Yr'

-3
-37.5
-6
-26
-19
-44

Mn
Ni

Mo
Cr
V

-3
2
12
-9
-1
-12

Table 5.1 Values of .dT- and .dT..., used in Equation 5.4 for various elements.

Ouantitv
.Ml
t.l/y

M,.
My
ID..

Description
Partial molar heat of solution of carbon in ferrite
Partial molar heat of solution of carbon in austenite
Partial molar non-configurational entropy of solution in ferrite
Partial molar non-configurational entropy of solution in austenite
Carbon-earbon interaction energy in ferrite

Value
112212 J mole·
38575 J mole·•
51.5 J mole' K"
13.48 J mole' K'
48566 J mole·• K"'

Table 5.2 The description and values of the thermodynamic quantities in Equation 5.4

Hence Xa can be calculated using Equation 5.2 and Xro is the value of the carbon
content, x, for which the right-hand side of Equation 5.4 is equal to zero. In the RB model
these values are calculated for a limited set of substitutional alloying elements: Si, Mn, Ni,
Mo, Cr and V, although, this has been extended< 11 >. The use ofMTDATA to calculate Xr. for
a wider range of alloying elements typical of those found in ADI is discussed in Chapter 7.

5.1.2 PREDICTION OF THE VOLUME FRACTION OF BAINITIC FERRITE

To facilitate the

calculation of the volume fraction of bainitic ferrite, and

subsequently the austempering kinetics, the model requires the following inputs from the user:

• The concentration (wt.%) of the following substitutional elements: Si, Mn, Ni, Mo, Cr and
V where applicable;
• The concentration of carbon in the austenite matrix, X 7 , at the start of austempering,
assumed to the same as that at the end ofaustenitising (from MTDATA);
• The austempering temperature.
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The grain size following austenitising and the values of four fitted constants are also
required in the calculation of transfonnation kinetics - these will be discussed further in
Section 5.2.
Predictions of the austenite carbon content, X7 , and of the volume fraction bainitic
ferrite were carried out for a series of austempered ductile irons, the composition of which are
listed in Table 5.3.
Volume fraction predictions were compared with values obtained either through XRD
measurement, or from dilatometry as described in Appendix 5. Heat-treatment details and the
predicted volume fractions of bainitic ferrite are detailed in Table 5.4, in which measured
values were determined using dilatometry, and Table 5.5 in which the measured values are
from XRD. The predictions are plotted against the measured values in Figure 5.2.

Alloy
SB
V
Iron A
Iron B
IronC
KE

RR2
RR6
DEl
DE2

c
3.55
4.2
3.66
3.67
3.72
3.39
3.63
3.65
3.80
3.60

Si•
2.51
2.9
2.52
2.07
2.02
2.56
2.54
2.51
2.77
2.80

Mn•
0.549
0.28
0.16
0.43
0.44
0.37
0.359
0.94
0.037
0.016

Ni•

-

s

0.01
0.01

0.012
0.01
0.01
0.008
0.007

0.072
0.061
0.07
1.02

0.014
0.009
0.02
0.01

--

-

p
0.015
0.04
0.04
0.035
0.035

-

--0.03
0.01

Mo•
0.152
0.045

-

0.00
0.00
0.25
0.007
0.061

-

Cu
0.311

0.51
0.37
0.04
0.29
0.044
0.066
0.33
0.90

Cr"

-

-

0.03
0.05
0.05

-

0.033
0.054
0.02
0.06

Mg
0.042

0.04
0.051
0.051
0.04
0.049
0.053
0.034
0.040

Table 5.3 Chemical composition of cast irons for which the volume fraction of bainitic ferrite has
been predicted by the current author. ••• Included in modelling of austempering kinetics.
Compositions from: SB - Sourmail and Bhadeshia< 12), V- Vassileva< 13 ), Iron A- Tembwe<t<), Iron B
and Iron C- Experimental work by James J.S., KE- Kazerooni et al. (IS)• RR- Rouns and Rundman° 6),
DE- Darwish and Elliot<l7).
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Alloy

SBI+
SB2+
SB3+
SB4+

sas+
SB6
SB7
SB8
VI
V2
V3
V4
VS
V6
Iron A T1
Iron A T2
Iron A T3
Iron A T4
IronS
lronC

Austempering
Volume Fraction
Time"
Temperature
Bainitic Ferrite
/min
/"C
Measured Predicted
0.53
250
0.56
60
0.50
280
0.45
60
0.47
0.47
60
300
0.38
0.39
60
350
0.27
0.30
60
400
0.26
0.37
60
350
0.38
350
0.43
60
0.51
0.51
350
60
0.18
0.37
60
300
0.2
400
0.25
60
0.43
0.33
240
350
0.2
0.27
240
400
0.42
0.48
60
300
0.33
0.30
60
350
0.40
400
60
0.60
0.57
60
250
0.19
0.27
60
400
0.45
0.44
60
250
0.40
0.49
60
350
0.22
0.17
60
350

Austenitisation
Austenite
Temperature Carbon Content
Time
/min
/"C
FromMTDATA
950
0.765'
15
950
0.765'
15
0.765'
15
950
15
0.765'
950
15
0.765'
950
15
0.606'
1000
0.765'
15
950
0.925'
15
900
120
1100
1.272
120
950
0.883
120
950
0.883
120
950
0.883
120
950
0.883
120
950
0.883
60
850
0.676
60
850
0.676
60
950
0.922
60
950
0.922
60
850
0.754
5
950
0.995

Table 5.4 Heat-treatment parameters and predicted volume fraction of bainitic ferrite for various

ADI's. Measured volume fractions were obtained from dilatometry various by authors as referenced
in Table 5.3. '+'Homogenised for three days at JOOO•c. '$' Austenite carbon content using Equation
4.34. '&'The time here only refers to the measured results.

Alloy

KEI
KE2
KE3
KE4

KE5
RR2
RR6
DEI/I
DEI/2
DEI/3
DE2/l
DE2/2
DE2/3
LBDI*
LBDI*

Austenitisation
Austenite
Time
Temperature Carbon Content
/min
/"C
FromMTDATA
120
950
0.944
120
920
0.866
120
870
0.743
120
840
0.675
120
800
0.463
120
927
0.793
120
927
0.840
lOO
900
0.769
lOO
900
0.769
100
900
0.769
100
900
0.724
100
900
0.724
100
900
0.724
0.63
0.63
-

Austempering
Time"
Temperature
/min

--

--

t•c
375
375
375
375
375
371
371
300
370
440
300
370
440
400
270

Volume Fraction
Bainitic Ferrite
Measured Predicted
0.20
0.34
0.44
0.26
0.37
0.57
0.43
0.59
0.60
0.63
0.34
0.44
0.21
0.30
0.52
0.768
0.41
0.645
0.599
0.26
0.51
0.803
0.39
0.596
0.24
0.611
0.32
0.54
0.54
0.85

Table 5.5 Heat-treatment parameters and predicted volume fraction of bainitic ferrite for various

ADI's. Measured volume fractions were calculated from XRD measurement of austenite content by
the following authors; KE - Kazerooni et al.<''>, RR - Rouns and Rundman<' 6l, DE - Darwish and
Elliot<'7J and LBD'*'- LeHoullier et al.<''> Results from magnetic measurements on a steel, no
modelling of austenitisation required.

121

Model Prediction
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Measured Volume Fraction
Figure 5.2 Measured and predicted volume fraction of bainitic ferrite for different alloys and various
heat treatments. Predictions show good agreement with dilatometry (solid symbols). When compared
with results deduced from XRD measurements (open symbols) the ideal relationship (y=x) is not
obtained, however predictions do lie on a single line. The predictions for the LBD* steel are
compared with magnetic measurements<' 8>.

It can be seen from Figure 5.2 that the results of the two stage prediction of austenite
carbon content and the volume fraction of bainitic ferrite show excellent agreement with
dilatometry data obtained for a series of cast irons heat-treated under various conditions. This
includes the results for the SB alloys in which the austenite carbon content was calculated
using the empirical equation (Equation 4.34) derived for short austenitisation times rather than
Gibbs energy minimisation which was employed for samples with longer austenitising times.
However, comparison of the predicted results with the amount of bainitic ferrite
determined from the XRD measurements of the volume fraction of austenite which is stable at
room temperature is less good. There is a discrepancy in the volume fraction,
L1Vab ,. 30 vol .%.

This also the case when predictions were compared

magnetic

measurements of the volume fraction of bainitic ferri te in a steel reported by Le Houillier et

at.< tB>. This suggests that discrepancy is not due to

' errors' in the measured values. It has been

shown in Figure 4.20 that, generally, the initial prediction of the austenite carbon content
agrees well with measured results, and hence, that this is not the source of the discrepancy.
The fact that the predicted results do fall on a single straight line which is parallel to the ideal,

x=y, line suggests that the fundamental assumptions of the calculation of the volume fraction
of bainitic ferrite are not flawed. One possible explanation of the discrepancy might be an
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increased final austenite carbon content. In order to explore this possibility, a new
hypothetical final carbon content, termed
bainitic ferrite,

~

•

x;, was considered with the volume fraction of

v;,' based on x; being:

- x;-x,

Equation 5.9

"•- X:T -X11

The following relationship between Xr. and

x; was considered:
Equation 5.10

where M and K are constants and Ta is the austempering temperature. Values of M and K
were optimised so that, for a series of predictions for different compositions made using
Equation 5.11, the sum of the squares of the error, V.,., for all the predictions was a minimum
where:

Equation 5.11

in this way, for .dVa6

..

30 vol.%, the following relationship was obtained:

Equation 5.12

The values of

x; for Iron A at various different temperatures are show in Table 5.6

Austemnerin" TemnJ •c

Xr.lwt.%

Xr*lwt.%

200
300
400
500

1.66
1.38
1.10
0.82

3.89
2.90
1.91
0.92

Table 5.6 Values of the limiting austenite carbon content, x;, which would increase the predicted
volume fraction of bainitic ferrite by 30 vol.% and produce good agreement with the values deduced
from XRD and magnetic measurement of the volume fraction of austenite. Predictions of Xr. were
made for Iron A using MTDATA.
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This hypothetical final carbon content,

x; ,

is shown, see Figure 5.3, in relation to

Xro and reported positions for the paraequilibrium phase boundary, Ae;, for steels<18•19>. The
position of the Ae; boundary was also determined for Iron A from the Gibbs free energy
curves for austenite and ferrite, with the same substitutional composition, calculated using
MTDATA, using a common tangent method. This shows reasonable agreement the
boundaries reported for steels especially at higher temperatures, the values obtained at lower
temperatures are less certain because of the difficulty of determining the free energy curves at
low temperatures.
Figure 5.3 also shows the maxunum austenite carbon content of various ADI's,
measured by various authors using XRD, which are distributed around the

x;

line. This

suggests that the use of this hypothetical final carbon content should provide predictions of
microstructure, both in terms of austenite carbon content and volume fraction of bainitic
ferrite, which agree reasonably well with experimental observations. It can also be seen that
the hypothetical values X]. agree well with the austenite carbon content estimated from
growth rates in a steel reported by Hillert<20>.

Temperature I °C
800~----------------~================~~

•

- . - Ae3' -HB
c,. RR871C
o LSD
o DE1
o DE2
- - - Ae3'-LBD
--&-- Ae3' -MTD """*-- Xr·
-+- Hillert

•

700

Xro

o RR927C

600
500
400
300
200
100

0 +-----~~-----+------~------+-----~~----~

0

2

3

4

5

6

Austenite Carbon Content I wt. %

x; ,

Figure 5.3 The hypothetical final carbon content,
shows better agreement with the max1mum
austenite carbon content, as measured by LBD, DE and RR, than X ro determined using the RB mode l.
Various values of the paraequilibriurn phase boundary for steels (LBD and HB) and for Iron A a s
predicted by the author using MTDATA are included. The values of
also show good agreement
20
with the austenite carbon content determined from growth rates by Hillert< >.

x;
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5.1.3 EXPERIMENTAL DETERMINATION OF THE VOLUME FRACTION OF BAINITIC FERRITE

In order to assess the apparent discrepancy between the predicted results and the two
main methods of measurement of the volume fraction of bainitic ferrite, predictions and
measurements were made for a single sample of Iron B, B4, austenitised at 850°C for 3600 s
and austempered at 350°C for 3600 s, as follows:

•

Measurement of the volume fraction of bainitic ferrite from the relative size of austenite
and ferrite X-ray diffraction peaks, VfXRD

•

;

Measurement of the volume fraction of bainitic ferrite using dilatometry during the
austempering process, VfDIL ;

•

Measurement of the final austenite carbon content, after austempering usmg XRD,

•

Prediction of volume fraction of bainitic ferrite based on the measured final austenite
carbon content, Vfx r.JaD ;

•

Prediction of volume fraction of bainitic ferrite with X To as the limiting carbon content,
Vfx To ;

•

Prediction of the volume fraction of bainitic ferrite based on

Xj. the hypothetical final

carbon content, Vfx: .
T

5.1.3.1 X-ray Diffraction Methods
In order to determine the volume fraction of bainitic ferrite and the final carbon

content of the enriched austenite after austempering sample B4 was analysed using X-ray
diffraction. XRD was carried out using a Phi lips PW 13 16 diffractometer with a Hiltonbrooks
EHT generator and automation system. A Cu X-ray tube (wavelength, A.cu

= 1.54 A) was used

at 40 kV and 30 mA. The samples were scanned over 28 angles between 70° and 105°, the
diffraction pattern obtained is shown in Figure 5.4. The peaks were indexed in accordance
with data from the JCPDS (Joint Committee on Powder Diffraction Standards) powder
diffraction file as shown in Table 5.7.
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Peak

Measured
d-spacing I A
1.283
1.171
1.096
1.048
1.014

'Yno
a 2 11

'Y311
'Y222
a 22o

JCPDS
d-spacing I

A

1.270*
1. 170
1.083*
1.037*
1.013

T able 5.7 Peaks in the X-ray diffraction pattern produced from sample B4. '*'values obtained from a
13/12 stainless steel.

lnlen 1ty

2000

1500

1000
'Y220.MIN

500

Y220.MAX

1~
75

80

90

85

95

lOO

2-lhela

F igure 5.4 X-ray diffraction pattern (red lines) with fitted peaks (green lines) from sample B4 after
austenitisation at 850°C and austempering at 350°C, the duration of both processes was 3600 s.

The volume fraction of austenite, Vfr , was determined using the following
relationship:

Equation 5.13

in which I is the integrated intensity of a peak and in which R is given by:

Equation 5.14
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in which m is the multiplicity factor for the particular peak, N is the number of unit cells per
unit volume for the particular lattice type, F is the structure factor which in turn is a function
of the atomic scattering factor, f

, and the lattice type and e-2D is the temperature factor.

The

polarisation factor P is given by:

Equation 5.15

The values of these variables are given in Table 5.8. The volume fraction of austenite was
then calculated in accordance with Equation 5.14 for various pairs of austenite and ferrite
peaks as shown in Table 5.9. The values obtained were reasonably consistent suggesting that
there is no effect of preferred orientation. It would be expected that the orientation
relationships between austenite and bainitic ferrite in particular austenite grains, observed
metallographically as described in Chapter 3, would be negated by the random orientation of
the grains within the sample.

Peak

m

(J

sin &'A.

le...

r

r

e·m,.

p ..

'Yno

12
24
24
8
12

36.0
41.0
45.0
47.5
54.5

0.39
0.43
0.46
0.47
0.50

13 .3
12.8
12.5
12.0
11.6

16/
4/
16/
16/

2830
655
2500
2300
538

0.90
0.87
0.85
0.85
0.84

0.54
0.51
0.50
0.50
0.51

C£21 1

'YJtl
'Y222

CLno

4/

R
25
38
32
9.6
13

Table 5.8 Values of the variables used to calculate R using Equation 5.15. ' *' values obtained from

Cullity<2 •>.

Austenite
Peak

Integrated
Intensity

Ferrite Peak

220
222
220

4488
1772
4488

220
211
211

Integrated
Intensity

Volume Fraction
Austenite

16477
51676
51676

0.124
0.121
0.116

Volume Fraction
Bainitic Ferrite,

VfXRD

0.876
0.879
0.884

Table 5.9 The final volume fraction ofbainitic ferrite calculated with different pairs ofXRD peaks.

The austenite carbon content at the end of austempering, X 1 ,XRD, was also calculated
from the position of the y220 peak using the following procedure. First the d-spacing for that
peak, d220 , was determined using Bragg's Law with the wavelength,
order diffraction (n=l):
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Acu

= 1.54

A for

first

nlcu =2d220 sin9

Equation 5.16

and then the lattice parameter, a7 , was calculated<21 > using the relationship for cubic lattice
systems in which h, k, I are the Miller indices of the plane:

Equation 5.17

The austenite carbon content, X 1 .xRD

,

was then determined from the following

relationship<22>:

Equation 5.18

Xy,XRD =(ay -3.548)/0.044

,.... , was determined using the lever

and, finally, the volume fraction of bainitic ferrite, Vfx

rule calculation, described in Section 5.1.1, in which the initial austenite carbon content,

X$,

was determined using MTDATA and the bainitic ferrite carbon content,Xa, was determined
using the empirical relationship Equation 5.2. So:

Equation 5.19

.... for sample B4 is shown, along with some of the parameters

The value of Vfx,

determined during its calculation, in Table 5.1 0. This table also shows values determined from
the two tails of the "(2 2o peak. If the carbon content of the austenite is inhomogeneous, the
position of the top of the peak ("(22o,MEAN) might be thought of as representing the mean carbon
content and, the spread of the peak will be due in part to the spread in the carbon content and
d-spacings. Some peak broadening will also be due to experimental parameters, such as the
flatness of the sample, the width of the X-ray beam, the spread of the wavelength of the Xrays themselves. However, as a first approximation, the range of carbon concentration in
austenite was determined from the position of the tails of the peak, "(220,MIN and "(220,MAX • As
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discussed above, these values may contain considerable error and so should only be taken as
an indication of the maximum spread around a mean value. Also, they should not be
interpreted in terms of possible maximum and minimum values for the volume fraction of
bainitic ferrite, to reiterate, they represent the maximum and minimum carbon contents which
might be found in a sample with a bulk austenite carbon content equal to that determined from

Yno,MEAN •
Peak

..,,......,.,
'fuo.MJN
"f220.MAX

Diffraction
angle/ •29

d-spacing,

Lattice parameter,

dmiA

a1 /A

73.7
72.5
74.6

1.28
1.30
1.27

3.63
3.68
3.59

Austenite caibon content, Volume ofbainitic
ferrite, Vfx
x,.xRDtwt.%

,....

1.90
=3.0
=1.0

0.60

-

,.... , after austempering and intermediate

Table 5.10 The volume fraction of bainitic ferrite, Vfx

parameters for sample 84: the d-spacing, dzzo; the austenite lattice parameter, a1 ; and the austenite
carbon content, X 1.xRD. The approximate range of carbon concentration, determined from the tails of
the peak, Y220.MIN and y220.MAX , is also shown.

5.1.3.2 Measurement ofthe Volume Fraction ofBainitic Ferrite Using Dilatometry
The volume fraction of bainitic ferrite produced during austempering was determined
by measuring the change in diameter of a specimen during the heat-treatment process. During
austempering, as the lattice transforms from FCC austenite to BCC ferrite, a decrease in
density takes place due to a change in the arrangement and number of atoms in the unit cell.
Hence a volume increase is experienced as the proportion of less dense ferrite increases. The
size of both the austenite and ferrite unit cells are dependent on the substitutional and
interstitial element concentrations. Also, although it is implicit in the displacive mechanism
for the transformation of austenite to bainitic ferrite that no diffusion of any solute atoms takes
place at the 'instant' of transformation, the carbon content of the austenite will increase, and
the carbon content of the ferrite will decrease, as the reaction progresses due to diffusion after
the initial formation of each successive ferrite sub-unit. Thus, if the lattice parameters of
austenite and ferrite can be calculated in the light of the above factors, the volume fraction of
bainitic ferrite which forms during austempering can be calculated from measurements of
changes in volume, or of a single linear dimension - in this case the diameter, of a specimen.
The change in diameter was measured using 12 mm x 8 mm diameter, parallel ended
specimens cut from a rod which had been machined from the centre of an as-cast ductile iron
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camshaft. Pt I Pt-Rh thermocouples were spot welded to the cylindrical surface of the
specimens approximately mid-way between the end faces of the sample. The heat-treatment
was carried out in a Thermec-Master Z3 thermo-mechanical simulator with no load other than
the clamping force was applied. The radial dilation of the samples during heat-treatment was
measured in laser scanning device. The samples were heated to the austenitising temperature
at a rate of 0.10 °C/s and held for the appropriate austenitising times. The samples were then
quenched to the austempering temperature in a nitrogen jet to produce a cooling rate of
approximately 0.17 °C/s and held at the austempering temperature for a suitable time to
achieve the transformation of austenite to bainitic ferrite. Figure 5.5 shows the different
sections of a raw dilatometry curve which represent the austenitisation and austempering
stages of the heat-treatment process in terms of the measured diameter change. Section I of the
curve represent thermal expansion due to heating of the sample to the austenitisation
temperature this followed by isothermal austenitisation 11, in which the cause of this
expansion is thought to be the increase of the austenite lattice parameter due to the increase of
carbon content. Section m represents the quench to the austempering temperature. Section IV
shows the dilation, LW, which occurs during the isothermal transformation of austenite to
bainitic ferrite and which is the basis of the measurement of the volume fraction of the bainitic
ferrite. Since the transformation is isothermal the graphite will not expand or contract, hence,
the volume change observed will be due to changes in the matrix, i.e. the transformation of
austenite to bainitic ferrite. Section V is the final quench to room temperature.

Relative Change
in Diameter
0.000

Relative Change
in Diameter

a

b

0.000

II

II
0.025

0.025

IV
0.020
O.D15

I

.................... :~~l.

V

0.020

0.015

I

0.010 '--7-~-:'.::::::------=:::::-~=:----:'.::::::-' 0.010 l-.1..0_ _.,200~_.400__._.600.___800~--..1000"
0
1000 2000 3000
4000

Temperature I °C

Time/ s

Figure 5.5 Example of raw dilatometry data plotted against a) time and b) temperature. The various
sections of the curves are described in the text.
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Figure 5.6 shows the dilation measured for sample B4 austenitised at 850°C for 3600 s
and austempered at 350°C again for 3600 s. The relative change in diameter, LID

=0.00383,

(no units) was converted into a volume fraction ofbainitic ferrite using the method described
in Appendix 5. The final volume fraction for sample B4 measured by dilatometry, VfDIL , was
0.49.
Relative change
in diameter
0.040 r-

0.035

f-

V

0.030

0.025 ...___..__ _ _.......__ _ __.__ _ _
0
2000
4000
6000

~-:---'---'

8000

Time/s
Figure 5.6 Raw dilatometry data showing change in diameter of sample B4. (It is assumed that during
this measurement the diameter measurement went 'off scale' during the austenitisation stage - hence
the flat appearance of the curve)
5.1.3.3 Prediction of Volume Fraction ofBainitic Ferrite Based on XT0 andXr
The preceding two sections describe how the volume fraction of bainitic ferrite in a
single sample (84) was measured using X-ray diffraction and dilatometry. The carbon content
in the austenite after austempering was also measured using X-ray diffraction and the volume
fraction of bainitic ferrite was calculated from that using the lever rule.
The volume fraction of bainitic ferrite was also calculated using the lever rule taking
the fmal austenite carbon content to be equal to either the limiting carbon content, X To, or the
hypothetical final carbon content,

Xr ;the values produced were Vfx

To

and Vfx:T respectively.

The limiting carbon content, X To, was determined as described in Section 5.1.1 and

Xr was

calculated using Equation 5.12. In both cases the austenite carbon content at the start of
austempering,x:. was determined using MTDATA. All the values of the volume fraction of
bainitic ferrite determined for sample B4 are listed in Table 5.11. A micrograph of sample B4
is shown in Figure 5.7.
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F igure 5.7 Micrograph (x700) showing microstructure of sample B4.

Basis of Calculation

Initial Austenite
Carbon Content

Final Austenite
Carbon Content

VJXRD

---

---

Volume Fraction
Bainitic Ferrite
0.88

Vfx r .JUD

0.754

1.89, (3.00 to 1.04)

0.60

Dilatometry

VJDIL

---

--·-

0.49

Theory -Xr0

Vfx,.

0.754

1.252

0.40

*
Theory -Xr

VJ4

0.754

2.522

0.70

XRD - Peak intensity
XRD- X y ,XRD

Quantity

Table 5.11 T he volume fraction of bainitic ferrite determined by various methods. (Carbon
concentrations in wt.%). The results support the general tends observed in this chapter that: lower
values are obtained by dilatometry and from Xro , and the values determined by XRD tend to be
higher- and agree approximately with the value obtained assuming the hypothetical austenite carbon
content, Xr*.

Although the results obtained show no defmitive pattern of agreement, it can be seen
that the dilatometry measurement VJDJL agrees approximately with the value Vfx ,. predicted
taking X To as the fmal austenite carbon content. These two values are both less than those
determined using X-ray diffraction, VfXRDand Vfx
assuming the hypothetical final carbon content,

r.XRD

Xj.,
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. The volume fraction determined

shows better agreement with the XRD

results than the dilatometry result. Thus it can be seen that generally these measurements and
predictions agree with the data in Figure 5.2.

5.1.3.4 Possible Origins of the Discrepancy in Volume Fraction
Some of the possible causes of the discrepancy between the dilatometry I X To
predictions and the X-ray diffraction results are discussed below.
It would be expected that the formation of carbides during the austempering process,
which has not been considered in this work, would lead to an increase in the volume fraction
ofbainitic ferrite expected for a particular base composition and heat-treatment. This increase
would occur due to the 'removal' of carbon from the matrix allowing the reaction to proceed
further, more sub-units and hence larger volume fraction would be produced, before the
matrix carbon content reaches X To· This would not however explain the high values of carbon,
greater than XTo, measured by XRD. A similar argument would apply when considering any
possible growth the graphite nodules during austempering.
It might also be possible that the fmely divided nature of the microstructure would
lead to changes in the sensitivity of the XRD with regard to volume fraction measurement of
the various phases. However, the size of X-ray diffiaction peaks is essentially independent of
the position of the peaks, hence, it is difficult to imagine a 'particle size' effect that would also
shift the peaks to the degree required to yield carbon concentration results which agree with
these altered volume fraction results.
As discussed previously, although orientation relationships between austenite and the
bainitic ferrite, which might effect XRD results, occur within individual grains, the random
orientation of the grains would negate this. Also the use of multiple pairs of peaks in this work
at least suggest that there is no orientation effect.
Another possible source of error in the reported austenite carbon concentration is the
extrapolation of the relationship between carbon content and lattice parameter to carbon levels
encountered in cast irons. This, again, would not explain the high volume fractions of bainitic
ferrite reported in the literature.
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5.1.4 RELATIONSIDP BETWEEN PREDICTED VOLUME FRACTION OF BAJNITIC FERRITE AND
MECHANICAL PROPERTIES.

It would be expected that the mechanical properties would be affected by the volume
fraction of bainitic ferrite. One such property, the hardness, was plotted against the predicted
volume fraction of bainitic ferrite, see Figure 5.8 , in which predictions based on both the
limiting carbon content, X To, and the hypothetical final carbon content, Xy , are shown. The
fatigue properties might also be expected to be dependent on the amount of bainitic ferrite.
Figure 5.9 shows that the cyclic toughness, KQ, in long crack fatigue, and the number of cycles
to failure, N1 , for short crack fatigue, both decrease as predicted volume fraction of bainitic
ferrite increases. The predictions in Figure 5.9 are based on X To.

HVlO
700
600

•

0

500
400
300

200

• Iron A- T1 to T4

100

. DE1 and DE2
j. lron A- TA to Tl

KNE

0
0.00

0.20

0.40

0.60

0.80

1.00

Volume Fraction ofBainitic Ferrite
Figure 5.8 The measured hardness increased with the predicted volume fraction of bainitic ferrite
based on Xro (open symbols) and Xr* (closed symbols). Iron A - Tembwe<14>, KNE - Kazerooni et
a/.<15>, DE - Darwish and Elliott<17>.
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1
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30000
25000

21

20000

19

15000
10000

17

5000
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0.00

0.20

0.40

0.60

0.80

1.00

Predicted Volume Fraction Bainite
Figure 5.9 Long crack and short crack fatigue, cyclic toughness, KQ, and nwnber of cycles to failure,
Nf. Predictions based on X To . Fatigue measurements were supplied by P.A.S. Reed, Southampton
University.

It might, for a fust approximation, be assumed that, ignoring the effect of changes in

the volume fraction of graphite and other minor phases, the hardness of the mixture of bainitic
ferrite and austenite can be calculated using a simple law of mixtures:

Equation 5.20

where HVTotal , HVab and HVr represent the hardnesses of the mixture of bainitic ferrite
and austenite and the individual phases respectively. If this assumption is correct then the
hardness of austenite is given by the projection of the best fit lines as shown in Figure 5.8.
Estimates of the hardness of austenite and bainitic ferrite, based a simple law of mixtures, are
given in Table 5. 12. The estimates for austenite compare with values reported by
Honeycombe and Bhadeshia of approximately 125 HVlO for austenite in an iron-nickelcarbon steel with zero carbon and approximately 160 HVlO at 0.8 wt.%. It should be
remembered that the austenite hardnesses presented in Table 5.12 will be an ' average' value
for the range of austenite in the various ADI's represented in Figure 5.8.
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Austenite (ADO
Mean Carbon I wt%

x,,
x,•

2.54
1.25

Bainitic Ferrite

HVy

HVab

-50
200

530
605

Table 5.12 Estimates of the hardness (HVI 0) of austenite and bainitic ferrite based on the assumption
that a simple law of mixtures can be used to determine the hardness.
The values presented in Table 5.12 indicate that predictions of the volume fraction
based on X To leads to the most realistic value for the hardness of austenite. It should be
remembered that the law of mixtures assumed above is an over simplification. Factors such as
the size and shape of the bainitic ferrite should also be considered when predicting mechanical
properties. Indeed, variables such as the austenite grain size and the number and size of the
graphite nodules may also have an influence on overall hardness.

5.1.5 l'REDICfiON OF VOLUME FRACTION OF BAINITIC FERRITE- SUMMARY

It has been shown that predictions of the volume fraction of bainitic ferrite based on
X To generally produce excellent agreement with dilatometry measurements. Changes in

volume fraction due to differences in heat-treatment and composition are reflected in the
predicted results.
However, the predictions obtained agree less well with XRD measurements. A
hypothetical fmal austenite carbon content, Xj. , which is a function of X To and the
austempering temperature, has been deduced from volume fraction measurements calculated
from the relative intensity of XRD peaks. Generally, values of the hypothetical fmal carbon
content, Xj. , agree with the carbon concentrations calculated from XRD peak
positionsXr.XRD. As discussed in Section 5.1.3.4, since the intensity of X-ray diffraction
peaks, and hence Xj. , is essentially independent of the position of the peaks, and
henceXr.XRD, it is difficult to imagine a source of error which would produce incorrect but
similar values. This would suggest that volume fractions predicted using the hypothetical fmal
austenite carbon content, Xj. , more accurately reflect the amount of bainitic ferrite in
austempered ductile iron.
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5.2

PREDICTION OF BAINITIC FERRITE TRANSFORMATION KINETICS

5.2.1 ORIGINAL MODEL DEVELOPED FOR STEELS

The model developed

by Rees and Bhadeshia<23> and modified by Chester and

4

Bhadeshia< > gives the time, t, for the formation of a given amount of bainite. The amount of
bainite is expressed as a normalised volume fraction, ~ , of bainite, that is the maximum
possible volume fraction, 8, divided by the total volume. The final total volume, 8, is
as discussed above). The increase in the normalised
equivalent to Vfx r. (or possibly Vf.~
Ar
volume fraction, d~ in time, dt, is given by:

Equation 5.21

where u is the volume of a bainite 'subunit' , 1 is the nucleation rate per unit volume and 8 is
calculated as described in section 5.1.1. The nucleation rate, I, is a function of the temperature
and the maximum free energy available for the nucleation of ferrite, !JG,.IIX:

I =K1e (- K2
xp RT

K2AGmax)
rRT

Equation 5.22

!JG..IIX is in turn affected by the original composition of the cast iron and enrichment
of the austenite with carbon as the reaction progresses. The first of these effects is evidenced
by a shift in the austenite and ferrite free energy curves, as described in Section 5.1.1. The free
energy available for nucleation has been assumed to vary linearly between an initial value
determined at the original carbon content (in the case of ADI - the fmal carbon content of the
austenite), !JG11111X, and the limiting free energy change when nucleation ceases which is the
universal nucleation function, GN, so that:

Equation 5.23
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Substitution for the nucleation rate in Equation 5.21 gives a differential equation the
solution of which is described in detail by Chester and Bhadeshia<4>. The final relationship,
which forms the basis of the model, is:

I

{e"(In(t + B~]}+ 1(- [E + D~]}- 1(- E)}
+ 1) - e- (In [t - n + I [ D (t - ~)]- I [D 1)

ec

=

A(B

where

Equation 5.24

D

uK,

B= R8 C= K,
A=8 ,
iJ '
RT

[1+ AG!,.]
r
'

in which r, K1 and K1 are constants, u is the average volume of a platelet and 8 is the
maximum volume fraction.

fJ is

an autocatalysis constant which describes the increase in

nucleation of ferrite at the newly formed ferrite/austenite interface. This effect decreases with
increasing austenite carbon content. Increases in austenite carbon content can be due, in ADI,
to either a high initial (base) carbon level, a high austenitising temperature and I or enrichment
of the austenite during the austempering process itself. The latter cause of high carbon leads to
decreasing autocatalysis as the transformation to bainitic ferrite progress.
5.2.2 MODIFICATION OF MODEL FOR ADI
The matrix of cast iron can have, after austenitising, a substantially higher carbon
content than that commonly encountered in steel. It was therefore necessary to modifY the
relationship between the austenite carbon content and the autocatalysis constant. The linear
term describing autocatalysis, which was adopted 'for simplicity' by Rees and Bhadeshia<5>,
was replaced by an exponential relationship as follows.

Original relationship:-

Equation 5.25

Modified relationship:-

Equation 5.26

!38

where

A-1

and A.2 are optimised empirical constants and x is the mean (matrix) carbon content.

Figure 5.10 shows the relationship between the (matrix) carbon content and the original and
modified autocatalysis factors, f3 and f3m - It was necessary to modify the autocatalysis term
because at high carbon contents the negative value generated prevented the model running
successfully (the program would require the log of a negative number). It is also thought to be
more physically realistic to have positive values at all carbon contents.

Autocatalysis Factor
150

100
50

0.2

0.4

0.6

12

-50
-100~------------------------------------~

Carbon Content I wt%
Figure 5.10 The original autocatalysis factor {3 is negative at austenite carbon contents often
encountered during austempering - this would imply autocatalysis reduces the nucleation rate.
Modified function f3mremains positive for all austenite carbon contents.

In order to verify the suitability of the modified model for ADI, predictions were made
for cast irons V and SB, the compositions of which are shown in Table 5.3, with various heattreatment conditions as shown in Table 5.4.
Predicted transformation curves for samples V2, 5 & 6 are shown along with dilation
curves in Figure 5.11, with Xro as the limiting carbon content. The constants detailed in Table
5.13 were modified by fitting a single curve to the measured (dilatometry) curve, with the
' predicted' fmal volume fraction set to equal the measured final volume fraction. Once the
values of the constants had been established the transformation curve was re-modelled using
these constants and the predicted final volume fraction (from the RB model). Similar curves
are shown in Figure 5.12 for samples SB3, SB4 and SB5 modelled using the modified
constants in Table 5.13.
Figure 5.13 shows the transformation kinetics for samples SB6, SB7 and SB8. It can
be seen that these curves are significantly different from the previous two sets of curves: the
initial transformation rate is considerab ly greater in these samples, it is thought that this is due
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to homogenisation heat-treatment (3 days at 1000°C) given to these samples. Figure 5.14
shows two raw dilatometry curves for homogenised and un-homogenised (as received)
samples, SB alloy- see Table 5.13, with similar austenitisation and austempering parameters.
Although the final dilation is approximately the same in the two samples (0.33%) it can be
seen that the transformation is much quicker in the homogenised sample. In both cases the
austenitisation was 950°C for 15 minutes followed by austempering at 350°C. This would
suggest that the presence of segregation, produced during the initial casting of a component,
in the microstructure decreases the rate of austempering. The effects of segregation on the
microstructure of ADI will be discussed further in Chapter 6.

Samples

--V2, 5 and 6
SB3, 4 and 5
SB6,7 and 8

Constants
Original*
Un-Homogenised

K' / u
34.456
13.0

K2
2.098x l 04
2.098xl04

147.5
147.5

~
30.327
30.327

Homogenised

1.0

2.098xl04

10

30.327

A.,

Table 5.13 Constants used in prediction of austempering kinetics. ' *' determined for a Fe- 0.38wt.%
C - 1.29wt.% Si - 1.73wt.% Mn steel, Chester and Bhadeshia<4>. Homogenised samples were held at
1000°C for 3 days.

Volume Fraction Bainitic Ferrite
0.8.-------------------------------.

----3oo·c
- - -3so·c
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0.6
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0.3
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0~~----+-------+-------~------~

0

1000

2000

3000

4000

Time I seconds

Figure 5.11 Transfonnation curves for samples V2, VS and V6: various austempering temperatures,
dashed lines are predicted results and solid lines are dilatometry measurements.
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Volume Fraction Bainitic Ferrite
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0
1000
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Time I seconds
Figur e 5.12 Measured transformation curves (solid) and results of prediction (dashed) for samples
SB3-5 austempered at different temperatures. Samples austenitised from the as-cast state.

Volume Fraction Bainitic Ferrite
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Figur e 5.13 Measured transformation curves (solid) and results of prediction (dashed) for samples
SB3-5, austenitised at various temperatures. Samples austenitised after homogenising for 3 days at

10oooc.
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Fractional Increase in Diameter
0.020

0.015

- - un-homogenised
- - homogenised

0.010

0.005

~
--------.'\

0.000

Time I seconds
Figure 5.14 The austenite to bainitic ferrite transformation is faster in the homogenised sample (3
days at l000°C) than in the un-homogenised sample for SB cast iron.

Despite the poor final volume fraction prediction for 1000°C in Figure 5.13, it can be
seen, from the three figures above, that the general form of the predicted curves is reasonably
similar to the measured transformation curves. This suggests that the modelling approach
employed can be used successfully to predict the kinetics of the bainite transformation for
different alloys with a range of different heat-treatments given the correct selection of model
constants.
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A5 APPENDICES
AS.l VOLUME FRACTION OF AUSTENITE MEASURED USING X-RAY DIFFRACTION

As discussed in Chapter 3 the austempering process in ADI has often been described
in terms of the consumption of the untransformed austenite volume (UAV), the production of
bainitic ferrite and the production of high-carbon austenite. These changes are shown
schematically in Figure 5.15. This figure shows the changes in amount of austenite, both the
UAV and that measured by XRD, labelled

v,, based on the measurements made by Rouns and

Rundman< 16>. In the diagram V1 represents the volume fraction of ail the austenite stable at
room temperature i.e. it is the sum of the amount of austenite remaining after the partial
transformation metastable austenite to martensite, the thermally stable austenite remote from
the graphite nodule, and any austenite enriched during the isothermal formation of bainitic
ferrite. The curve labeiled UA V is the sum of the volumes of any material not involved in the
isothermal transformation i.e. it represents the mixed phase region produced by the partial
transformation of the metastable austenite to martensite and austenite, plus, any austenite
thermally stable due to segregation effects. The way these two curves represent the
microstructure is shown in Figure 5.16 from which it can be seen that the volume fraction of
bainitic ferrite can be calculated as:

Equation 5.27

The maximum amount of bainitic ferrite occurs when the amount of austenite,
measured by XRD, reaches a maximum, after this point the high carbon austenite decomposes
relatively slowly to non-bainitic ferrite and carbide, this is shown in Figure 5.15.
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untransfonned austenite
+ martensi te

Austempering Time
Figure 5.15 The amount and carbon concentration of austenite as austempering proceeds. The end of
transformation of metastable austenite to bainitic ferrite corresponds approximately to maximum
amount of austenite Xyshown by the dotted line.

Phases included in the
'UA V' - martensite and
some austenite

y

Austenite measured
byXRD, Vy
Figure 5.16 Schematic showing how the UAV curve and the Xr austenite curve measured by XRD,
relate to the phases observed in the microstructure. XRD measurements, include austenite produced
during the bainite transformation, Y.m austenite between the martensite plates,
and austenite
stabilised by segregation. Thus the volume fraction of bainitic ferrite in the matrix is given by Va= 1(Vr+ Ver).

ra ,

The volume fraction of martensite in the structure, V[a' , can be determined using a
mass balance equation, see Rouns and Rundman<16>, as follows;

E quation 5.28
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in which the carbon concentration in the bainitic ferrite, Xa , and the volume fraction of
carbides, Vfc, are both assumed to be zero, the latter assumption presumes that upper bainite
is being formed - i.e. no carbide forms within the ferrite. It is also assumed that the martensite
carbon content X a-=

x:

throughout the reaction. All the volume fractions refer to the matrix

and do not consider the volume of the graphite - this is the approach taken throughout this
work except in final microstructure predictions.
The volume fraction of martensite, Vfa-, was determined for the cast irons DE l &
DE2, at various times during austempering at 370°C, following austenitisation at 900°C, from
the values of Xr0 and Vr reported by Darwish and Elliott<17) , the results are shown in Figure
5.17. The volume fraction of bainitic ferrite, Vfab , was calculated using the following
relationship:

Equation 5.29
Volume Fraction of Phase
1
0.9
0.8
0.7
0.6
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0.5
_._ Marten site
---.--- Bainitic ferrite
0.4
0.3
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0.1
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0
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r---------------------------,

0.9
0.8
0.7
0.6
0.5
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0.3
0.2
0.1
0
60

b

--+---- Austenite
_._ Martensite
---.--- Bainitic ferrite

0

20

40

60

Austempering Time I min

Austempering Time I min

Figu re 5.17 Measured volume fraction of austenite and calculated values for martensite and bainitic
ferrite in a) DEl and b) DE2.

The results show that the amount of martensite is approaching zero as the amount of
austenite reaches a maximum and the formation of bainitic ferrite ceases. This was also found
to be the case for the cast irons KE1 -KE5 (see Table 5.3), RR1-RR13 (see Table 4.9) in which
the amounts ofmartensite were generally small (Xa-< 5 vol.%) or were negative, hence it was
difficult to justify the use of these results in the calculation of the fmal volume fraction of
bainitic ferrite which was therefore assumed to be simply:
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Equation 5.30

A5.2 VOLUME FRAcrJON OF BAINITIC FERRITE FROM DILATOMETRY DATA

To provide comparison data for model predictions the increase in volume fraction of
bainite with time, transfonnation kinetics, was calculated from the raw dilation data reported
by various authors.
As austenite transforms to ferrite the change in the structure, and density, of the unit
cell produces an expansion of the bulk material. If this expansion is measured it is therefiore
possible to calculate the volume fraction of ferrite produced. Since the transformation occurs
isothermally and the dilatometry curves were offset to zero at the beginning of the isothermal
dilation it was not necessary to consider expansion effects in the graphite nodules.
Originally it was intended to use a computer program developed for steels by
Bhadeshia et al. <24>to calculate the volume fraction of bainitic ferrite. However, it was found
that the program could not be successfully used to calculate the volume fraction with the
compositions of the cast irons of interest, despite considerable effort. Hence a !inear
relationship between dilation and volume fraction of ferrite was established for (steel) samples
for which both raw data and calculated volume fractions were available in the literature. Table
5.14 shows the raw dilatometry data for the isothermal transformation of a steel at six

different temperatures reported by Khan and Bhadeshia(25>, the composition of which is shown
Table 5.15.
Austempering
Temperature I oc

Homogenised

320
340
380
400
420
440

Un-Homogenised

Dilation

Calculated
Volume Fraction

Dilation

Calculated
Volume Fraction

0.005
0.0048
0.0034
0.0038
0.0022
0.0008

0.63
0.6
0.45
0.5
0.34
0.11

0.0052
0.004
0.003
0.0026
0.001
0.0002

0.64
0.48
0.4
0.33
0.14
0.07

Table 5.14 Data for 'KB' steel used to determine relationship between the measured dilation volume
fraction ofbainitic ferrite.

I

Fe

I

c

I

Si

I

Mn

I

Cr
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I

Ni

I

Mo

I

V

Balance

0.45

1.7

0.7

0.8

1.9

0.4

0.1

Table 5.15 Composition (wt.%) of 'KB' steel from which the linear relationship between dilation and
volume fraction ofbainitic ferrite was first established.

The samples assessed were in two states: homogenised (3 day at 1000°C) and

UTI-

homogenised. It would be expected that the volume fraction of bainitic ferrite would be
proportional to dilation as observed in Figure 5.18.

Volume Fraction
Bainite Ferrite
0.7
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0
0.001
0.002
0.003
0.004
0.005
0.006

Relative Diameter Change

Figure 5.18 The relationship used to convert dilatometry data to volume fractions ofbainitic ferrite.

Figure 5. 18 shows a single relationship between the change in diameter, L1D , and
volume fraction ferrite, Vfab , for the homogenised and un-homogenised samples:

E quation 5.31

It would be expected that the relationship between volume fraction and dilation is
dependent on austempering temperatures due to the differences in thermal expansion
coefficients of the two phases. However, the fact that data points in Figure 5.18 fall close to a
straight line suggests that this effect is relatively small over the temperature range investigated
(320°C to 440°C). Hence, this relationship was then used to calculate the final volume
fraction of bainitic ferrite and the volume fraction at intermediate times to generate
transformation curves, the transformation kinetics.
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6. NON-EQUILIBRIUM PHENOMENA: CHEMICAL SEGREGATION
AND AUSTENITISATION KINETICS
6.1 INTRODUCTION
As discussed previously, the first stage of the manufacture of a ADI component is the
production of a SG (ductile) iron casting. During the solidification of this casting a very
inhomogeneous microstructure, both in terms of phase distribution and chemical composition
of the matrix, is produced.
Typically, the as-cast microstructure will contain graphite nodules, bull' s-eye ferrite
(ferrite surrounding the nodules) and pearlite in the remaining areas remote from the nodules.
Within these remote areas minor phases, such as primary carbides, may also form.
During cooling, if a cast iron is hypoeutectic, then austenite will be the first solid to
form; if the cast iron is hypereutectic then graphite will be the first phase to form. As freezing
progresses below the eutectic temperature, graphite and austenite grow simultaneously as a
divorced eutectic, with the austenite forming in shells surrounding the graphite. Growth of the
graphite proceeds by diffusion of carbon through the austenite. Thus, the first regions to
solidifY contain the graphite nodules and the last regions to solidifY are those remote from the
-

nodules. As freezing progresses, solute atoms partition between the solid and liquid, so that
the composition of the solid changes and a chemical segregation profile is produced. This
segregation profile leads to the formation of ferrite close to the nodule and pearlite remote
from the nodule, this is termed a 'bull's-eye' microstructure. The presence of segregation in
the as-cast matrix leads to inhomogeneity in volume fractions of the various phases which
make up the microstructure of austempered ductile iron.
The first part of this chapter describes measurement of the segregation profile in a cast
iron following solidification, i.e. in the as-cast state. This is followed by a description of work
carried out to predict the effect of segregation in the matrix on the austenitisation and
austempering stages of the heat-treatment and the final microstructure of ADI. The
microstructure predictions were made on the basis of both reported substitutional composition
profiles and segregation profiles predicted using the Scheil approach. Once the substitutional
profile had been obtained the local austenite carbon concentration was determined using
Gibbs energy minimisation (MTDATA).
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After the SG casting has been produced it is heat-treated to transform the matrix to
austenite. This transformation can be considered as three . concurrent changes: the
transformation of pearlite to austenite, the transformation of ferrite to austenite, and the
dissolution of graphitic carbon. The first two of the changes occur relatively rapidly whereas
the third takes place over a longer period on a time scale which is comparable with
commercial austenitisation. Hence the second part of this chapter describes the modelling of
the slowest of the three processes, the redistribution of carbon. Since the kinetics of the
redistribution of carbon are governed by diffusion, DICTRA, the diffusional sub-routine
program for ThermoCalc, was used to predict the change of austenite carbon content with
time. This enabled predictions to be made for both segregated and unsegregated matrices, in a
more generic manner than that used in Chapter 5.
Finally, the predicted effect of segregation and the kinetics of austenitisation are
related to the observed phase distribution, the measured volume fraction ofbainitic ferrite and
the changes ofrnicrohardness in samples austenitised for increasing lengths of time.

6.2

MEASUREMENT OF SEGREGATION PROFILES

The segregation profiles of the major elements in the matrix of Iron C were measured
using SEMIEDX. A sample which had been austenitised at 950° for 3600 s and austempered
at 350°C for 3600 s, was mounted in conducting Bakelite and ground using SiC papers (601000 grade) and polished using 6lllll diamond paste. The sample was etched in 2% Nital. The
concentrations of Si, Mn, Mo, Ni, V, S, P, Cu and Cr were measured at 15 positions along a
straight line between two graphite nodules; care was taken to avoid any intercellular
precipitates. The results are presented in Figure 6.1. The base composition of Iron C is shown
in Table 6.1.
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Figure 6.1 EDX measurement of the concentration of substitutional elements in Iron C after
austempering: a) the concentrations of major elements (Si, Mn, Mo, and Cu) and b) the minor
elements (S, Cr, Ni, P, Mg and V).

Table 6.1 Base composition (wt.%) oflron C.

The form of concentration profiles for Si, Mn and Cu in Iron C agreed with those
reported in the literature(!>, in that, Si and Cu segregated towards the graphite nodules and Mn
segregated to the last to solidify regions, remote from the nodules. However, the amount of
scatter in the results was large and the overall, mean, concentration did not agree with the base
composition of the cast iron. Hence, although these measurements confmned the expected
trends, it was felt that they did not offer a reliable basis for the validation of predictions of
chemical segregation.

6.3 MODELLING OF SEGREGATION EFFECTS
To explore the effect of the segregation of substitutional elements on the carbon
concentration and the volume fraction of bainitic ferrite, two analyses were made in which the
matrix was considered as being made up of shells of material. As a fust approximation the
concentrations of the substitutional elements in these shells were determined from reported
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segregation profiles. The second examination of the effects of segregation was based on
predictions made using a Scheil analysis. This afforded a more in-depth assessment of
segregation and enabled concentration profiles to be obtained, in a more generic manner, for a
wide range ofbase compositions.

6.3.1 MODELLING USING REPORTED SEGREGATION PROFll..ES
Hamid Ali and Elliott<'> reported SEM line scans between nodules for Si, Cu, Mn and
Mo in a SG casting, see Table 6.2 for base composition, which had been austenitised at 920°C
for 8 hours. The concentrations of these elements, obtained at regular intervals from the line
scan in figure 7 of the referenced work, were taken as the composition of concentric,
spherical, shells centred on the graphite nodules, see Figure 6.2. Dimensions shown in Figure
6.2 were estimated from micrographs presented in the referenced work. The outermost 'shell'
was assumed to be cubic to fill three dimensional space. The equilibrium carbon content of
each shell (with various compositions) and of the matrix as a whole (base composition) was
determined using MTDATA and the SGTE database for the austenitising temperature of
920°C.

c

Mo•
0.04
0.06
0.20

D
Base

0.23

Shell
A
B

l.OO

Mn*
0.3
0.32
0.38
0.58
0.42

eu•
0.35
0.34
0.28
0.20
0.25

Si*
2.5
2.3
1.7
1.3
2.33

c

p

0.862
0.892
0.984
1.079
0.898

0.004
0.004
0.004
0.004
0.004

Mg
0.035
0.035
0.035
0.035
0.035

s
0.016
0.016
0.016
0.016
0.016

Table 6.2 Composition (wt.%) of the various portions of the ADI matrix determined from line scans
by Hamid Ali and Elliott (1996). '*' Mo, Mn, Cu and Si were available from line scans. Carbon was
determined using MTDATA. P, S, Mg were assumed to be the same as base composition.
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Figure 6.2 Two dimensional, schematic representation of segregation shells. Each shell has a
different composition. MTDATA was used to predict the carbon content of each shell after
austenitisation. The volume fraction ofbainitic ferrite was predicted for each shell.

The formation of bainitic ferrite was predicted for the individual shells using the
compositions shown in Table 6.2 with an austempering temperature of 350°C. The results are
shown in Table 6.3 and Figure 6.3. Volume fraction predictions were based on the limiting
carbon concentration, Xro , and the constants for the homogenised material were used, see
Table 5.12, since each shell should be thought of as having a single, homogeneous
composition.

Volume Fraction
ofBainite
0.35 . . . . . - - - - - - - - - - - - - - - -_- _- _- _- _- _- _- _- _- _- _- _---.
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Figure 6.3 Predicted transformation kinetics of individual shells with different compositions due to
segregation and for a homogeneous matrix with the base composition.
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Shell

Volume of Shell
I J.UD3
10.9x10j
258 xlOj
472 xl03
15llxl03
2253xl03
2299xl03

A
B

c
D
Sum
Base

Bainite Volume
Fraction in Shell
0.343
0.317
0.230
0.078

Actual Volume of
Bainite l ~3
3.7 xlOJ
81.7 x!Oj
108.5 x!Oj
117.0xl03
310xl03
666 xl03

0.290

Max Rate of
Growth I J,Un3s' 1
0.43 x10·J
0.40xlo·J
0.27xlo·J
0.09xl0' 3

0.34x10' 3

Table 6.3 Predicted volwne fraction of individual shells. Growth rates were the gradient of the
transformation curve at the point of inflexion.

The predicted growth rate in the individual shells can be compared by considering the
maximum absolute growth rate in each shell, that is the maximum gradient of the
transformation curve. It can be seen that the rate of formation and the final volume fraction of
bainite in the cast iron considered as a whole, with the base composition, were intermediate to
those modelled for the various shells. The shell nearest the graphite nodule displayed the
fastest growth and greatest volume fraction of bainite. This agrees well with metallographic
observations where the density of bainite sheaves can be seen to be greatest near the nodules.
These observations, may however, also be due, in part, to the action of graphite nodules as
nucleation sites for bainitic ferrite as well as differences in composition of the shells. It can
also be seen that the total volume of bainitic ferrite, calculated as the sum of the volumes in
the various shells, is approximately 50% of the value determined for a homogeneous cube
with the base composition.

6.3.2

PREDICTION OF SEGREGATION PROFll..ES

6.3.2.1 The Scheil Equation

In order to obtain a more detailed picture of how the chemical composition changes
across the matrix of cast irons, the MTDATA 'Scheil' macro was used to predict segregation
profiles. This enabled segregation profiles to be predicted for different base compositions in a
generic manner. Before describing the Scheil type simulations which can be carried out using
MTDATA and its Scheil macro, the theory behind the basic Scheil equation<2> itself is
explored.
The progression of solidification in a casting can be related to the movement of the
solid / liquid interface along a solidifying bar as shown in Figure 6.4.
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Figure 6.4 Schematic representation of the progression of solidification showing the change in the
composition of the liquid, CL

Ignoring the change in molar volume on solidification, the variation of the fraction of
solid,

Is , along a solidifying bar, see Figure 6.4, can be obtained by conserving solute when a

small amount of solid, !l. fs , is formed:

(CL- kCL)d/5

= (1 -

E quation 6.1

/ 5 )dCL

where Cs and CL are the mole fractions of solute in the solid and liquid in equilibrium at a
given temperature, and k is the partition coefficient, defmed as k = Cs f CL . Integrating, we
then see:

dfs
Jfs dC L
f0f s (1-/
)= 0 CL(1-k)

Equation 6.2

5

and so the composition of the liquid is given by:

Equation 6.3
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and the composition of the solid is:

Equation 6.4

The Scheil approach assumes equilibrium exists only at the solid - liquid interface, and
since the model assumes complete mixing in the liquid (DL = oo) but no solid state diffusion
( D5

=0 ),

no diffusion data are required. Thus Scheil simulations can modelled using

thermodynamic data alone and thus be implemented using packages such as MTDATA and
ThermoCalc.

6.3.2.2 Scheil Simulations
The Scheil macro program uses MTDATA to perform Gibbs energy minimisation
between liquid and a solid phase (or combination of solid phases) over a range of decreasing
temperatures. In this work the simulations were carried out by stepping in mass. Simulations
which step in temperature may also be used although the former of these two types (stepping
in mass) of simulation is considered more accurate when the solidification of a eutectic system
is being modelled, in which the amount of solid changes very rapidly with respect to
temperature, but is more computationally expensive.
As the temperature decreases the amount of solid which, in combination with the
liquid, corresponds to equilibrium increases, also, solute elements partition and the
composition of the liquid and solid phase(s) will change. That is, at different temperatures the
amounts and composition of the phases that have the minimum total Gibbs free energy will
change. Certain, user defmed, proportions of solidified liquid are considered as ' shells ' with a
fixed composition: the equilibrium composition at that temperature, see Figure 6.5. Hence, as
the temperature decreases consecutive shells of different, fixed composition are formed
leaving a liquid with a changing composition. This continues until a predefined amount of
liquid remains. Since the solidified shells are of fixed (but different) composition and since
the liquid is considered as a homogeneous phase the assumptions of zero and infinite
diffusivity in the solid and liquid which are made in the Scheil equation are satisfied.
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One particular problem has been encountered when applying these simulations to the
solidification of cast iron. This problem is that the Scheil simulation predicts the formation of
graphite, ostensibly, within each shell, the amount of which depends on the solubility of
carbon in the austenite. This distribution of graphite between all the shells persists into the
modelling of the austenitisation, during which growth or dissolution of graphite nodules is
represented by an increase or decrease of the amount of graphite in each shell. The sum of the
amount of graphite in the individual shells is equivalent to the whole of the graphite nodule(s).
This distribution of the graphite among the shells is an artefact of the Scheil type simulation
produced by the assumption of zero (carbon) diffusivity in the solid, that is, the assumption
that carbon cannot diffuse through the solid austenite during solidification.
The distribution of the graphite between the shells also persists into the modelling of
austempering. The presence of graphite in the shells has no bearing on the proportion of the
austenite which transforms to bainitic ferrite in the individual shells. This is determined by the
austenite carbon content which is, in turn, dependent on the solubility of carbon as a function
of substitutional element concentrations.
However, the presence of graphite in each shell does reduce the amount of austenite
which is ' available' for transformation and hence the predicted amount of bainitic ferrite
should be scaled to account for this. That is, in the modelling of individual shells, the amount
of graphite should be considered. This is not the case when the matrix is considered as a
homogeneous whole, as described in the previous chapter, in which predictions can be made
independently of the existence of graphite.
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Solidification, T=Tn

a

Carbon in solution
- - Graphite

s.
Carbon
LIQUID, Ln

Equilibrium between solid (S.) and liquid.
Carbon panitions between liquid, austenite and

Solidification, T=Tn+J

b
S. S,..1

LIQUID, Ln+l

Equilibrium between solid (So) and liquid.
Carbon panirions between liquid, austenite and

c

Simulation complete, a ustenitisation
and a ustempering

Carbon

Equilibrium for single shell. Carbon panitions
between austenite and graphite

d

' Relocation' of graphite

GRAPHITE

NODULE

Figure 6.5 As solidification progresses the solid shells fonn with different compositions, here the
concentration of carbon is considered schematically. Only changes below the eutectic are shown,
above the eutectic shells composed of only graphite or austenite are fonned. a) At temperature T=Tn
the solid fonns with composition Csn in equilibrium with the liquid with composition CLn· b) As the
temperature decreases to Tn+I the solute atoms can partition between the liquid and solid in
accordance with equilibrium for that temperature and hence solid with composition Csn+I forms and
liquid composition changes to CLn+I· c) During subsequent austenitisation and austempering each
solid shell, containing austenite and graphite, is modelled independently. d) The graphite in each shell
should be considered to relocate to fonn the graphite nodules in accordance with the observed
microstructure.
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The prediction of segregation in this manner produces a hypothetical situation where a
single set of ' shells' centred on a single graphite nodule represents the whole of the casting.
Obviously, this is not a true representation of the microstructure, however, each hypothetical
shell represents the sum of all the volumes with a particular composition, Figure 6.6, and
since the solidification order is determined by composition, the outermost shell will
correspond to the last areas to freeze.
The nodule count does not affect this type of analysis, if say, the nodule count were to
increase each Scheil shell would correspond to the sum of a larger number of smaller volumes
of a given composition. This type of approach therefore simulates the segregation profile
between nodules, however, it does not yield any information on changes in composition or
degree of segregation across the cross-section of the casting. This would require an analysis of
the cooling rates, nodule distribution and rates of diffusion during solidification.

Scheil
simulation

'Real'
microstructure

a

b

Figure 6.6 The Scheil type determination of segregation in cast iron: a) the hypothetical shells
represent the sum of individual volumes with the same composition (the same colour) as those shown
in b) the real microstructure.

6.3.2.3 Evaluation of Segregation Profiles
The segregation profile was predicted using MTDATA's Scheil macro for Iron B with
the composition shown in Table 6.4. The modelling parameters used in the Scheil macro are
shown in Table 6.5.
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Table 6.4 Base composition (wt.%) of Iron B for which segregation profiles were predicted using
MTDATA's Scheil macro.

Temperature range
Fraction of liquid solidified in each
shell (step in mass)
Temperature accuracy
(step in temperature)
Final loss of solid
Phases allowed
(classified ' normal')

1573 - 1023 K
1%
0.01

99.99%
Liquid, Graphite, Austenite, Ferrite, Fe3P, Fe3C

Table 6.5 Parameters used in the 'Scheil' type modelling of segregation developed during the
solidification of a cast iron.

This process generated approximately 700 solidification shells with different
compositions from which segregation profiles were produced for each of the elements as
shown for Iron B in Figure 6.7. It should be noted that the these profiles represent the
equilibrium between the solid phase(s) and liquid at each of the temperatures. As discussed in
the preceeding section, carbon will partition between austenite and graphite according to
equilibrium within each shell during simulated austenitisation, i.e. the carbon segregation
profile may change during austenitisation. It has been assumed that the distribution of the
substitutional elements will not change. Figure 6. 7 also shows the variation of amount of
graphite, Fe3C and Fe3P with temperature (below the eutectic) for Iron B. Austenite, the
amount of which is not shown in Figure 6.7, would make up the balance of the microstructure.
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Figure 6.7 Predicted segregation in Iron B. a) shows segregation of the elements within austenite and
b) shows the amount of graphite, Fe3C and Fe3P. The segregation profiles of the substitutional
elements will be largely unaffected by subsequent heat-treatment. The carbon profile will change
during austenitisation.

6.3.2.4 Comparison of Segregation Profiles with the Literature
Segregation profiles were also generated for Iron A, DEl and DE2 using the Scheil
type approach. These results were compared with degree of segregation reported in the
literature for various other cast irons as detailed in Table 6.6. The cast irons were compared by
calculating segregation ratios: the ratio of the maximum concentration to the base
concentration and the ratio of the minimum concentration to the base concentratio n for the
substitutional elements. The ratios were calculated for 0.5 wt.% solid and 99 wt.% solid, that

163

is for material close to the nodule and remote from the nodule respectively. Although it can be
seen from Figure 6. 7 that the concentration of certain elements can change substantially in the
last 1 wt.% to solidify it was considered that the value at 99 wt.% would be more
representative of the measured values and that using these values would avoid the influence of
intercellular precipitates.

Iron A
DEl
DE2
HE

ANO
NS

Fe

c

Balance
Balance
Balance
Balance
Balance
Balance

3.66
3.8
3.6
3.49
3.61

-

Si
2.52
2.77
2.80
2.33
2.82
2.45

Mn
0.16
0.037
0.016
0.42
0.96
1.34

Ni

s

-

0.01
0.02
0.01
0.016
0.013

0.07
1.02

-

-

p
0.04
0.03
0.01
0.004

Cu
0.51
0.33
0.06
0.25

Cr
0.03
0.02
0.06

-

-

0.02

Mg
0.04
0.034
0.04
0.035
0.056

---

-

1.36

--

Mo

-

---

--

0.23

-0.83

Table 6.6 Compositions (wt.%) for which segregation ratios were determined, either from reported or
4
predicted segregation profiles. DEl and DE2 - Darwisb and Elliott(J>, HE - Hamid Ali and Elliott<>,
ANO- Ahmadabadi et al. <S> NS - Natsac and Stefanescu<6).

The results, Figure 6.8, for DEl and Iron A show good agreement with values
measured by Hamid Ali and Elliott (HE) and predicted by Ahmadabadi et al.(ANO) and
Nastac and Stefanescu (NS). It should also be noted that the sense of the predicted segregation
also agrees with measurement i.e. Si and Cu segregated toward the graphite nodules - the
highest concentrations were found in the liquid which solidified at high temperatures and Mn
segregated into areas remote from the nodules - it's concentration increased as temperature
decreased.
Carbon concentration profiles for Iron A, Iron B, HE and DEl were determined by
performing Gibbs energy minimisations, at 950°C, 950°C, 920°C and 900°C respectively, on
the individual ' shells' of material in the segregated matrix. In HE and DEl the austenitisation
temperatures were selected to correspond to those used in the referenced works. The
segregation ratios for carbon in these four cast irons are shown in Figure 6.8 along with
segregation ratios in ANO. Figure 6.8 also shows the segregation ratios for DEl calculated
from the carbon concentration profiles predicted using ThermoCalc and DICTRA as described
later in Section 6.4.4.
It can be seen that the Scheil type predictions of substitutional segregation generally
agree well with measured values and predictions made by other workers by different methods
- with the exception of Mn, which generally had segregation ratios greater than those reported.
Since the irons of specific interest in this project, Irons A, B and C, did not contain
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molybdenum, no modelling was carried out for this element although results from the
literature are included for completeness. It can also be see that the segregation ratios for
carbon agree well for the different methods of prediction. Hence it is expected that these
predictions of carbon segregation should provide a reliable basis for the calculation of the
amounts ofbainitic ferrite which form in segregated cast irons.

4 . 0r-----------------------------------------------------~

Mn

3.0
2.0

1.0
0.0

Scheil
Iron A

Scheil
Iron B

Scheil
DE1

DICTRA
DE1

Model
NS

Meas.
ANO

Meas.

HE

1 . 6r-----------------------------------------------------~

Cu

1.2
0.8

0.4
0.0

Scheil
Iron A

Scheil
Iron B

Scheil
DE1

DICTRA
DE1

Model
NS

Meas .
ANO

Meas .

Model
NS

Meas.
ANO

Mea s.

HE

Si

Scheil
Iron A

Scheil
Iron B

Scheil
DE1

DICTRA
DE1

HE

S.O r-----------------------------------------------------~

4.0

Mo

3.0
2.0

1.0
0.0

+-------+------l-------+----- - -- Scheil
Iron A

Scheil
Iron B

Scheil
DE1

DICTRA
DE1

Mod el
NS

Meas .
ANO

Meas .

Reported
ANO

MTDATA

HE

c

1.2

0.8
0.4

0.0

MTDATA
Iron A

•

MTDATA
Iron B

MTDATA
DE1

DICTRA
DE1

Maximum Segregation Ratio

Model
NS

HE

Minimum Segregation Ra tio

Figure 6.8 Degree of segregation in various cast irons. HE, ANO, NS represent values from the
literature. Segregation was predicted for Iron A, Iron B and DE l using MTDATA 's Scheil macro. The
carbon concentrations in Iron A, Iron B, DE 1 and HE were predicted using MTDATA. ANO reported
carbon concentrations. The prediction of carbon segregation in DEI using The rmoCalc's DICTRA
macro was based on the substitutional gradients measured by HE.
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As well as simulating substitutional segregation in the matrix of cast iron the use of a
Scheil type approach predicts the occurrence of Fe3C and Fe3P remote from the nodules. The
composition of these phases and their location, remote from the graphite nodules, agree
generally with analysis of the precipitates observed in the microstructure as described in
Chapter 3. It can be seen that the amount ofNi and Cu dissolved in the austenite, Figure 6.7a,
decreases rapidly as Fe3C begins precipitate suggesting that this Fe3C contains small amounts
of these elements. Similarly, Si and Mn appeared to dissolve in the Fe3P.

6.3.2.5 Predicted Segregation and the Volume Fraction of Bainitic Ferrite
Using MTDATA's application interface (API) a 'slave' type application, see Chapter
7, was written to predict the volume fraction of bainitic ferrite, and other major phases, in
each shell. To achieve this the program determined the carbon concentration of the austenite
during austenitisation,

x;, using Gibbs energy minimisation. The program also determined

the free energy curves for austenite and ferrite, again using Gibbs energy minimisation, at the
austempering temperature and thence the limiting carbon content, Xro , for each shell. The
values of

x; and Xro for the individual shells in Iron Bare shown in Figure 6.9a.
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Figure 6.9 Determination of the amount of bainitic ferrite in the segregated matrix of Iron B for
various heat-treatment conditions: a) the austenite carbon content at the start of austempering and
limiting carbon content b) the volume fraction ofbainitic ferrite in the segregated matrix.
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Once Xr0 and Xro had been established the program determined the volume fraction of
bainitic fenite for each shell using the lever rule, see Equation 5.3. The total volume of
bainitic ferrite was then the sum of the volume in all of the shells. The volume fraction of
bainitic ferrite in each of the shells in Iron B under the various heat-treatment conditions is
shown in Figure 6.9b.
It can be seen from Figure 6.9 that as distance from the graphite nodule increases

x;

increases and Xro decreases and hence a lower volume fraction of bainitic ferrite is produced
in material remote from the nodules. The rapid changes observed in

x; ,Xro and the fraction

of bainitic ferrite in the final shells is due to the precipitation of carbides, which dramatically
reduces the carbon content in those shells. So, although the fraction of bainitic ferrite in each
shell is high the overall contribution to cumulative volume fraction is negligible because the
volume of each shell is very small(::::: lxl0-3 wt.%). Negative values for the volume fraction
simply indicate that

x; is greater Xro- thus the volume fraction would be zero in these areas.

The predictions of low volume fractions of bainitic ferrite, zero after austenitising at 950°C
and austempering at 350°C, correspond to regions, remote from the nodules, which contain
low amounts of bainite ferrite observed in the microstructure of austempered ductile iron
samples. These regions can be seen clearly in Figure 6.10.

Figure 6.10 Microstructure of Iron B austenitised at 850°C for 3600 s and austempered at 350°C for
3600 s. Regions free from bainitic ferrite can be seen remote from the nodules. These areas also
contain precipitates.

167

The simulated heat-treatment profiles and a summary of the results for Iron B are
shown in Table 6.7 along with those for Iron A and DEI and DE2. It should be noted that the
predictions of the local amount of bainitic ferrite in the individual Scheil shells, the sum of
which gives the total volume fractions presented in were not corrected to account for the
amount of graphite in the each shell which, as discussed in Section 6.3.2.2, is an artefact of
the assumptions made in the Scheil type approach. Hence the total volume fractions are overestimates, probably by approximately l 0%, e.g. a predicted volume fraction for a segregated
matrix of 55 vol.% should have been predicted as approximately 50 vol.%. It should also be
noted that, in the strictest sense, this correction should not be applied to the total volume
fraction. The correction for the amount of graphite should be applied individually to the each
shell since each shell will contain a different proportion of graphite. However, it can be seen
from Table 6. 7 that the predicted results for a segregated matrix are lower than those obtained
when the matrix was considered to be homogeneous despite the need for the above correction,
which would decrease the predicted values further. It would appear that the decrease in the
predicted value due to consideration of segregation is greatest when the volume fraction is
low.

Cast
Austenitisation Austempering
Bainitic ferrite I vol.%
Decrease due to segregation
Iron temperature I °C temperature I °C Segregated Homogenous Absolute I vol.% Relative 1%
Iron A
35
950
400
12.4
19.0
6.6
24
950
250
34.1
45.0
10.9
850
400
33.4
40.4
7.0
17
850
250
49.1
11
18
60.1
Iron B
950
22
17.3
3.8
350
13.5
17
950
250
27.7
33.5
5.7
850
14
350
33.3
38.7
5.4
850
250
43.8
6.9
14
50.7
DEl
900
440
18.2
29
25.6
7.4
25
900
370
30.3
40.5
10.7
25
900
300
38.8
52.0
13.2
DE2
900
440
16.9
23.9
7.0
30
900
370
29.7
9.7
25
39.4
25
900
12.9
300
38.4
51.3

Table 6. 7 Heat-treatment parameters and predicted volume fractions for cast irons with predicted
segregation profiles. The volume fraction calculated for homogeneous matrix is also shown. The
difference is reported both in absolute terms i.e. the actual difference in the volume fraction, and in
relative terms in which the decrease is expressed as a percentage of the amount predicted for the
homogeneous matrix.

In Chapter 5 a discrepancy between the predicted and measured volume fraction of
bainitic ferrite was observed. The measured values, determined by X-ray diffraction, were
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significantly greater than those predicted for a homogeneous matrix, on the basis of the
limiting carbon content,

XTo .

Some such measured results (XRD) and results predicted, for

both a homogeneous and a segregated matrix, are presented in Table 6.8 for DEl and DE2. It
can be seen that consideration of segregation produces lower results than those predicted for
an unsegregated matrix, hence the consideration of segregation increases the discrepancy
observed in Chapter 5.

Cast
Iron
DEl

DE2

Austenitisation
temperature I °C
900
900
900
900
900
900

Austempering
temperature I °C
440
370
300
440
370
300

Segregated
18.2
30.3
38.8
16.9
29.7
38.4

Bainitic ferrite I vol.%
Homogenous
25.6
40.5
52.0
23.9
39.4
51.3

Measured
61.1
59.6
80.3
59.9
64.5
78.6

Table 6.8 The volume fractions of bainitic ferrite in DE 1 and DE2 determined by: prediction based
on Xro in a segregated matrix; prediction in a homogeneous matrix also based on Xro and X-ray
diffraction measurements on a segregated sample.

In order to assess the effect of changing composition the segregation profiles for DEl
and DE2 were compared, as shown in Figure 6.11 This figure also shows the predicted
amounts of the minor phases i.e. Fe3C, Fe3P and graphite. It can be seen that the change in
chemistry has marked effect on the final amount and start temperature of the precipitation of
the carbide and phosphide.
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Figure 6.11 Segregation produced in austenite during the solidification of cast irons a) DEl(high Cu)
and b) DE2 (low Cu, high Ni). Precipitation of Fe3C occurs at a lower temperature in c) DEl than in
d) DE2 .

The start temperatures for the precipitation of Fe3C and Fe3P are shown in Table 6.9
for Iron B, DEl and DE2 along with the major differences in composition. It can be seen from
this table that the addition of Ni has little effect on the precipitation of these phases but that
the addition of Cu apparently reduces the precipitation temperature of Fe3C dramatically.
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Cu i wt.%

Ni l wt.%

0.04
0.33
0.06

0.01
0.07
1.02

Iron B
DEl
DE2

Fe3C Start I oc
1050
860
1020

Fe3P Start I °C
920
880
850

Table 6.9 Relationship between start temperatures of intercellular precipitates and major differences
in composition.

Figure 6.12 shows the volume fraction of bainitic ferrite predicted for different
austempering temperatures for DEl and DE2. The

volume fraction of bainitic ferrite

produced in each individual shell is shown along with the cumulative volume fraction, the
latter being the sum of the product of the total volume of each shell and the fraction of bainitic
ferrite in each shell. It can be seen from this figure that the difference in composition produces
only a small change in the volume fraction of bainitic ferrite formed during austempering,
with the maximum effect being observed at high austempering temperatures, when low
volume fractions are observed.
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Figure 6.12 The effect of segregation on the predicted volume fraction of bainitic ferrite following
austenitisation at 900°C and austempering at: a) 300°C, b) 370°C and c) 440°C for two compositions
DEl and DE2.
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6.4 AUSTENITISATION KINETICS
Following the casting of the SG component the first part of the heat-treatment process
used to produce ADI is to heat the casting to a temperature at which the whole of the matrix
will, after a certain amount of time, transform to austenite. In order to explore the nature of the
changes which occur during austenitising a series samples were austenitised for increasing
lengths of time. In order to assess the effect of the austenitising time on the volume fraction of
bainitic ferrite, the dilation of the samples during subsequent austempering was measured.
The microstructure was also examined. Samples were ,also austenitised under the same
conditions, and then immediately quenched to room temperature. The dilation during the
quench was measured and resulting the microstructure was investigated.
Conclusions about the nature of the changes which occur during austenitisation were
drawn from the experimental work. The effect of two of the changes on the final volume
fraction of bainitic ferrite was quantified using empirical relationships. The most significant of
these changes, in terms of commercial heat-treatment, namely the partitioning of carbon, was
then modelled. Modelling was carried out for homogeneous matrices and matrices which
contained segregation profiles similar to those predicted in the first part of this chapter. The
results showed, potentially, how the prediction of austenitisation kinetics could be
incorporated into a microstructural model for austempered ductile iron.

6.4.1 THE EFFECf OF AUSTENITISING KINETICS ON MICROSTRUCTURE
The effect of increasing austenitising time on the microstructure of ADI and volume
fraction of bainitic ferrite was assessed for a series of samples of Iron B austenitised for 60,
300, 600, 3600 s at 850°C. The method described in Section 5.1.3.2 was used to measure the
change in diameter, the dilation, of the sample during austenitisation and austempering, the
latter being carried out at 350°C for 3600 s. An example of the relative change in the diameter
of the specimen, recorded throughout the heat-treatment, is shown plotted against time and
temperature in Figure 6.13. Sections of the dilation curves which were recorded during
austempering are shown in Figure 6.14, the start of the transformation curves have been offset
to zero dilation and zero time. The final volume fraction of bainitic ferrite, Table 6.1 0,
determined from the dilation curves, increases initially and then decreases as the austenitising
time increases -this will be discussed more fully in Section 6.4.3.
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Figure 6.13 Dilation of a cast iron specimen (Iron B) austenitised for 600 s and austempered for 3600
sat 350°C plotted against a) time and b) temperature.
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Figure 6.14 Dilatometry curves show that the final volume fraction of bainitic ferrite in Iron B goes
through a maximum as the austenitising time increases. The initial rate of austenitisation increases as
the austenitisation time increases.

After heat-treatment the samples were sectioned, ground on various grades of SiC
paper (240-1 000 grit), polished on laps with 6 ~ and l

~

diamond paste and etched for 10

s in 10% aqueous solution of Na2S20 5 to enable optical analysis. The resulting micrographs

(x700) in Figure 6. 15 and Figure 6.16 clearly show the progression of the formation of
austenite. Figure 6. 15 shows the bull 's eye ferrite structure observed in the as cast state. In the
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early stages of the transformation, Figure 6.16, only the ferrite adjacent to the nodules and the
pearlitic regions have transformed to austenite and subsequently to bainitic ferrite during
austempering. 'Rings', in fact spherical shells, of ferrite remain, centred on, but not in contact,
with the graphite nodules. This suggests that the heating rates employed in this study were too
great to allow the transformation follow the path suggested by the equilibrium phase diagram,
that is ferrite is still present, initially, at the austenitisation temperature. However, it should be
remembered that these heating rates are likely to be much higher than those experienced by
castings during commercial heat-treatments. The micrographs in Figure 6.16 also show that as
austenitisation continues these spherical shells of ferrite are consumed to produce a fully
austenitic matrix, in which, after austempering, the amount ofbainitic ferrite formed decreases
continuously as the distance from the graphite nodules increases.

Figure 6.15 The bull 's-eye ferrite microstructure commonly observed in as-cast SG cast irons.
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Figure 6.16 The effect of austenitisation time on samples which were subsequently austempered: a)
after 60 s only ferrite close to the nodule and the pearlite have transformed to austenite and
subsequently to bainitic ferrite. As austenitisation progresses the amount of ferrite remaining
decreases and b) becomes negligible at 300 s . Micrographs c) and d) show that after 600 sand 3600
s, respectively, only regions remote from the nodules are free from bainitic ferrite due to segregation
in the matrix.
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To aid the identification of the phases present during the early stages of
austenitisation, the micro hardness of various regions of a sample which had been austenitised
for 60 sat 850°C and then austempered for 3600 s at 350°C, Figure 6.16, was measured. The
hardnesses, shown in Figure 6.17 agree reasonably with those obtained for ferrite (from the ascast structure) and for the mixed austenite and bainitic ferrite as determined from the sample
austenitised for 3600 s, see Chapter 3. Also, the hardness seems to go through a maximum
close to the mid-point of they+ C4> region (remote from the nodule) where the maximum
amount of bainitic ferrite might be expected. The presence of bainitic ferrite in areas remote
and separate from the graphite nodules suggests that nucleation and growth of platelets does
not have to progress from the graphite nodules but can occur within the matrix wherever the
local thermodynamic conditions are suitable.

y

Figure 6.17 Hardness values (HV) in the various regions of Iron B produced by austenitising at
850°C for 60 s followed by austempering at 350°C for 3600 s.

6.4.2

TRANSFORMATIONS DURING AUSTENITISATION

The changes that occur during austenitisation, which have been characterised by the
work described in the preceding sections, can be summarised as follows:

•

The transformation of pearlite to austenite;

•

The transformation of ferrite to austenite;

•

The transfer of carbon from graphite to ferrite I austenite.

It would be expected that these processes start simultaneously as soon as the eutectoid
temperature is exceeded. However they proceed at significantly different rates. Wade and
Ueda(?) showed, for a fully pearlitic SG iron, that 90% of the pearlite had transformed to
austenite within 10 s at 850°C and a ferritic SG reached 90% austenite after approximately
600 s. These workers also showed that the rate of pearlite transformation increased above
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850°C - the minimum temperature at which austenite is stable for ADI compositions would
not be far below 850°C. Hence in the initial analysis the pearlite

-7

y transformation will be

considered as occurring 'instantaneously' during the heating process.
As has been shown, when the ' bull's-eye' microstructure is heated to the austenitising

temperature the pearlite, remote from the nodules, will transform rapidly to austenite as
described above. The manner in which the ferrite transforms will depend on the heating rate
and the fmal austenitising temperature.
Austenitising temperatures are selected to produce a completely austenitic structure,
and so, if heating is (infinitely) slow the ferrite will first decompose to a mixture of austenite
and ferrite, the proportions of which can be determined using the lever rule. The amount of
ferrite will decrease as the temperature increases and eventually the microstructure will
become fully austenitic at the Ae3 temperature. If the heating rate is greater the breakdown of
ferrite into austenite and ferrite will still take place but the diffusion of carbon and hence the
transformation may not be rapid enough to 'keep pace' with the rise in temperature. The
proportion of austenite and ferrite at any temperature cannot then be calculated using the lever
rule, and ferrite may still be present, initially, at the final austenitising temperature. If the
heating rate is high enough then no decomposition of a

-7

a + y can take place and the ferrite

surrounding the nodules will be completely retained at the austenitising temperature although the pearlite may have transformed to austenite. In this case the remaining ferrite
might be expected to transform first in regions with the greatest carbon concentration, where
austenite is most stable, either adjacent to the graphite nodules or the austenite formed from
pearlite. This is the sequence of transformation observed in samples which were austenitised
for short times and subsequently austempered. Figure 6.18 is a schematic representation of the
phase distribution after rapid heating to the transformation temperature followed by an
austenitisation time of approximately 300 s.
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Figure 6.18 Schematic diagram of phases present during the early stages of isothermal austenitisation
of a bulls-eye microstructure. Transformation to austenite progresses from both the ferrite I austenite
interface and from the graphite I ferrite interface.

6.4.3 QUANTIFICATION OF THE EFFECT OF AUSTENlTISATION TIME

In order to quantify the effect of the transformations which occur during
austenitisation, particularly the transformation of ferrite to austenite and partitioning of carbon
between austenite and graphite, it was flrst necessary to determine two parameters. First, it
was necessary to determine how the austenite carbon content, Xr , changed during the early
stages of austenitising and second, to what extent the amount of austenite, Vfr , increased. To
achieve this, samples of Iron B were austenitised for 60, 300, 600, 3600 s at 850°C and then
immediately quenched. The dilation during austenitisation and quenching was measured and
the microstructure was examined using optical microscopy.

In this case, after short austenitisation times, austenite close to and remote from the
nodules, separated by ferrite, transformed to martensite on quenching; the ferrite did not
transform. Again, as austenitisation progressed the ferrite 'rings' disappeared and martensite
free regions developed remote from the nodules reflecting the carbon and substitutional
solute concentration gradients in the austenite.
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Figure 6.19 The effect of austenitisation time on samples subsequently quenched: a) after 60 s only
ferrite close to the nodule and the pearlite have transformed to austenite and subsequently to
martensite. As austenitisation progresses the amount of ferrite remaining decreases and b) becomes
negligible at 300 s. Micrographs c) and d) show that after 600 s and 3600 s, respectively, regions
remote from the nodules are free from martensite.
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The austenite carbon content, Xr , was detennined from the martensite start
temperature, Ms , which was, in turn, detennined from the dilatometry measurements, as
shown in Figure 6.20. The austenite carbon content, Xr.M, , was then calculated using, for
simplicity, the following relationship<8>, which relates Ms to the austenite carbon content Xr
and concentration (wt.%) of certain substitutional elements in the austenite:

Ms =539- 423Xy- 30.4Mn -1 7. 7Ni -12.1Cr- 7. 5Mo

Equation 6.5

The relative size of the dilation associated with the austenite to martensite
transformation was also measured and was taken as indication of the relative amount of
austenite in the sample following austenitisation, Vfr; it was assumed that the austenitisation
was complete after 3600 s. The results are shown in Table 6.1 0.
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Figure 6.20 The size of the dilation due to the transfonnation of austenite to martensite increases, and
the martensite start temperature, Ms, decreases as the austenitisation progresses.

The empirical equation (Equation 5.2) derived in the previous chapter was also used to
estimated austenite carbon content, Xr.DE, after the various austenitising times. Two sets of
predictions of the proportion (volume fraction) of austenite which would be expected to
transform to bainitic ferrite, Vf.ar M and VJ; DE, were then made. In each case the volume
b•

s

••

fraction was then corrected to allow for the fact that not all the matrix was austenite at the
start of the transfonnation to give values for the final volume fraction of bainitic ferrite,
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Vfa•. M, and Vfa•. DE , for the two initial carbon concentrations. These values were then

compared, see Table 6.10 and Table 6.11, with the volume fraction of bainitic ferrite
determined from the dilatometry curves obtained during austempering of similar samples. The
predicted volume fractions, Vfa•.M, and Vfa. ,DE , are also plotted along with the measured
volume fraction of bainitic ferrite.

Austenitisation
Time / s
60
300
600
3600

X"~"''

vrr
Ja, .M•

Vfr

Vfa, .M,

Measured
V:

0.699
0.725
0.737
0.776

0.43
0.41
0.40
0.37

0.35
0.76
0.87
1.00

0.15
0.31
0.35
0.37

0.52
0.61
0.54
0.48

/ wt.%
224
213
208
191

Table 6.10 Calculation of the volume fraction of bainitic ferrite based on austenite carbon
concentration determined from the martensite start temperature.

Vfr

Vfa, ,DE

Measured

0.35
0 .76
0 .87
1.00

0.35
0.60
0.62
0.58

V
0.52
0.6 1
0.54
0.48

Austenitisation
Time/ s
60
300
600
3600

0.020
0.278
0.388
0.675

0.99
0.79
0.71
0.58

Table 6.11 Calculation of the volume fraction of bainitic ferrite based on austenite carbon
concentration determined using the equation derived from the work ofDarwish and Elliott.
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Figure 6.21 The predicted volume fractions of bainitic ferrite Vfa•.M, and Vfa•. DE calculated from
the martensite start temperature and Equation 5.2 respectively.
determined using dilatometry is also shown.
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The measured volume fraction

Generally it can be seen that the fonn of the curves agree, the amount ofbainitic ferrite
increases to a maximum value and reduces slightly, except in the case of the calculation based
on Ms which continue to rise gently. This shows that it is important to consider the kinetics of
the transformation of ferrite to austenite, as well as the kinetics of the partitioning of carbon
between the graphite and austenite, that is, the diffusion of carbon through austenite. The
curves in Figure 6.21 suggest that the transformation of ferrite to austenite, and hence the
amount of austenite available at the start of austempering, increases rapidly during the early
stages of austenitising and thus confirms the work of Wade and Ueda(7) described earlier. The
values of the measured austenite carbon content, X 1 ,M,

,

continue to increase throughout the

austenitisation process, agreeing with the work Darwish and Elliott<9> who showed with X-ray
diffraction measurements that the austenite carbon content can continue to increase for up to
approximately 50 minutes during austenitisation, dependent on composition and temperature.
Thus it can be seen that the duration of the change is significant in terms of commercial heattreatments.
Since the partitioning of carbon continues over a period comparable with commercial
austenitisation, in order to produce a complete model to predict the kinetics of microstructure
development in ADI, it is therefore necessary to be able to model this process.

6.4.4 PREDICTION OF AUSTENlTISING KINETICS
It has been shown above that the redistribution of carbon continues through a

significant part of commercial heat-treatments, and that it has a significant effect on the fmal
volume fraction of bainitic ferrite. Hence, it is important to be able to predict this process in a
generic manner, as a function of temperature and base composition, in segregated matrices.
Some preliminary work has been carried out to model the redistribution of carbon in a
' microstructure' containing graphite and austenite. This was achieved using the subroutine
package DICTRA(IO) in conjunction with ThennoCalc - a Gibbs free energy minimisation
package similar to MTDA TA. This package simulates the diffusion of solute species through
a matrix material. The basic structure of DICTRA is shown in Figure 6.22.
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Thennodynamics

Kinetics

DATA BANKS

Figure 6.22 Schematic representation of the operation ofDICTRA. Modified from Agren' 10>.

For simulation purposes a cell which represents the geometry, composition and phase
distribution of the initial ' microstructure', is created 1• This is divided into a grid and the
temperature defined. During the simulation the local equilibrium phase distribution and
composition is determined, at each grid point, by Gibbs energy minimisation using
ThermoCalc and thermodynamic data from an appropriate database - in this case the SGTE
database. The flux of each component, in an appropriate time step, is determined using the
mobility data from the kinetics database and the chemical potential gradient calculated by
ThermoCalc. A new local composition is determined as a consequence of the fluxes and hence
a new phase distribution calculated. This process is repeated for successive time steps until the
simulation is completed. Thus the composition and phase distribution at any position in the
cell may be charted over time. To enable predictions of the change of carbon concentration in
an austenite matrix the cell illustrated in Figure 6.23 was considered.

1

This work was carried out in collaboration with Dr. Suresh Babu, Metals and Ceramics Division, Oak

Ridge National Laboratory, TN, USA.
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Figure 6.23 Cell set up for the simulation of the redistribution of carbon in austenite. A notational
boundary layer was introduced to remove large concentration gradients at graphite/austenite interface.
Carbon concentration within the austenite increases with time to ~ te when concentration reaches the
(equilibrium) value in the notational boundary.

This represents a SG iron with a fully pearlitic matrix with a mean carbon content
equal to the eutectoid carbon concentration which has transformed 'instantaneously' to
austenite with a homogeneous carbon content. It was not possible to include the graphite I
austenite interface in the simulation due to numerical problems introduced by the very steep
concentration gradients at the interface. Hence a notional boundary layer, was introduced
which provided an unlimited amount of carbon to the system. The carbon concentration in this
boundary layer was predetermined using Gibbs energy minimisation for the particular
austenitisation temperature and substitutional base composition. Hence the process modelled
was the time dependent increase of the matrix carbon content until the equilibrium matrix
carbon content was reached. The dissolution of graphite, i.e. the movement of the interface,
was not considered. The initial size of the cell was set to 50)..lm, representative of half of the
distance between graphite nodules. The solid line in Figure 6.23 shows the initial carbon
content in the boundary and the matrix. The dotted lines show, schematically, the matrix
carbon concentration for increasing time.
Initial modelling was carried out for the alloy composition DEl, Table 6.6, with a
matrix carbon content of 0.796 wt.% Cat 900°C. The results of simulations carried out with
various initial matrix carbon contents are shown in Table 6.12. In this case only the carbon
concentration changed, with time and position (all the substitutional elements were set at
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constant concentrations throughout the cell). No phase changes occurred since austenite is
stable at all the carbon concentrations encountered for the defined temperature.

Initial Matrix
Carbon Concentration I wt.%
0.3
0.1
0.02

Time to Equilibrium
Carbon Content I s
600- 1200
600- 1200
600- 1200

Table 6.12 The initial austenite carbon concentration has little effect on the time required to each
equilibrium.

It can be seen from Table 6.12 that in all cases the matrix carbon content had reached
equilibrium within between 600 and 1200 s (10-20 minutes). This compares with times of
approximately 30 minutes for a 83% pearlitic alloy of similar composition<9>. Thus it can be
seen that these preliminary predictions show reasonable agreement with the measured results.
Modelling was also carried out for the same alloy (DEl) at 900°C with a segregated
matrix. Linear concentration gradients were imposed on the matrix for Si and Cu, segregated
toward the graphite (boundary layer) and Mn segregated away from the graphite as shown in
Figure 6.24. The minimum and maximum concentrations of these elements are shown in
Table 6.13. These were calculated from ratios of the maximum and minimwn values to the
mean value obtained from SEMIEDX line scans on a similar cast iron which had been
austenitised for 8 hours at 920oc(l>. In the first instance, it was found that these measured
values agreed well with the segregation profiles calculated from the profiles produced by the
Scheil type analysis as described in Section 6.3.2. Further work in this area might involve the
use of full substitutional element profiles generated by a Scheil type analysis to provide a
more accurate model of the concentration (chemical potential) gradients within the
microstructure.

Element

Base

Si
Cu

2.77
0.33
0.037

Mn

Near Graphite Nodules
Ratio
Concentration
1.10
3.15
1.44
0.49
0.73
0.028

Remote from Nodules
Concentration
Ratio
1.06
0.56
0.22
0.65
2.26
0.087

Table 6.13 Segregation of Si, Cu and Mn in DEI. Ratios were calculated from results reported by
Harnid Ali and Elliott'4>.
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Figure 6.24 Modelling of the redistribution of carbon in a segregated matrix. Note the fmal carbon
content is higher than the equilibrium value for the notional boundary layer at that temperature. The
dissolution of graphite is not considered in tills preliminary analysis.
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Figure 6.25 Predicted diffusion of carbon during austenitising: a) a homogeneous matrix results in
constant carbon concentration throughout the matrix and b) a segregated matrix produces a
concentration gradient with increased levels of carbon remote from the graphlte nodule.

It can be seen from Figure 6.25 that, although the segregated and homogeneous
microstructures take approximately the same time to reach equilibrium, the final carbon
concentration attained in the segregated sample, remote from the boundary, exceeds the initial
value predicted for the boundary layer. Thus the results produced using this approach to
predicting the carbon concentration profile agree with the results produced using the Scheil
type approach, although of course, this approach also gives information on the kinetics of the
diffusion of carbon through the matrix. The prediction of the high carbon content remote
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from the graphite nodules confirms metallographic observations that the amount of bainitic
ferrite reduces as distance from the nodules increases. Hence it can be seen that the
preliminary results obtained to date suggest that:

•

The increase in carbon concentration with increasing austenitisation time can be predicted;

•

Segregation in the matrix has only a small effect on the time taken to reach equilibrium;

•

Segregation has a significant effect on the final carbon distribution in the matrix, i.e.
causes increased carbon levels remote from the nodules.

6.5 SUMMARY
It was shown in Chapter 5 that the volume fraction of bainitic ferrite is dependent, in
part, on the initial austenite carbon content. Chapter 4 showed that austenite carbon content is,
in turn, a function of the substitutional composition of the austenite. Measurements described
in this chapter confirmed the existence of concentration gradients, for the substitutional
elements, in the matrix of an as-cast SG iron. The effects of such segregation profiles on
austempering, and hence the final microstructure, were determined in the following manner.
First, the initial local austenite carbon concentration, produced during austenitisation,
was determined using Gibbs energy minimisation techniques. Predictions of the local volume
faction of bainitic ferrite and transformation kinetics were then made using the RB model on
the basis of measured segregation profiles reported in the literature. The results of these
sirnulations suggested that the volume fraction and absolute rate of formation of bainitic
ferrite was greatest close to the nodules; this agreed with the observed microstructure.
The overall aim of this project is the prediction of microstructure, hence it is necessary
to be able to predict segregation profiles, rather than relying on measured values. To
demonstrate such prediction, Scheil type sirnulations of the formation of segregation during
solidification were carried out. These simulated profiles showed good agreement with
reported results, both qualitatively and quantitatively. The local initial austenite carbon
concentration and local limiting austenite carbon content were calculated, on the basis of the
predicted segregation profiles, using Gibbs energy minimisation. Predictions of the local
volume fraction of bainitic ferrite in a segregated matrix agreed with observed microstructure.
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The Scheil simulations also suggested the formation of carbides and phosphides in
areas remote from the graphite nodules. The nature and location of these precipitates agreed
with the analysis of particles found in real microstructures as described in Chapter 3.
The first part of this chapter described how the austenite carbon content, and hence the
microstructure, can be affected by segregation in the matrix of a cast iron. The second part of
the chapter showed how the austenite carbon content could be affected by the kinetics of the
austenitisation process.
Investigation of the changes in microstructure which occurred during austenitising
showed that three changes occur during austenitisation. Estimates of the effects of these
processes suggested that they would produce significant changes in the final volume fraction
of bainitic ferrite. It was confirmed that the partitioning of carbon between graphite and
austenite was the slowest of the three changes and that the time scale for this change is similar
to the duration of commercial heat-treatments. The final part of the chapter described some
preliminary work on the modelling of the partitioning of carbon.
The partitioning of carbon is a diffusional process therefore modelling was carried out
using ThennoCalc, more specifically, its diffusion subroutine program DICTRA. In order to
model the redistribution of carbon a simulation cell which consisted of a notional boundary
layer, in the place of the graphite nodule, and an austenite 'matrix' was considered. This was
done for both a homogeneous matrix and a segregated matrix. The time taken for the carbon
to diffuse through the matrix and reach equilibrium was then calculated. It was found that the
time taken to reach equilibrium was similar for the homogeneous and the segregated matrix,
and that these times agreed approximately with measured austenitisation kinetics. It was also
found that the final carbon content in the segregated matrix increased as the distance from the
boundary layer (graphite nodule) increased. This confirmed the results obtained using the
Scheil simulation, and again agreed with the observed microstructure.
Thus it can be seen that this chapter has demonstrated methods for predicting the
effect of two non-equilibrium processes, which occur during the production of ADI. The
potential for one or both of these models to be incorporated into the combined model for the
prediction austempered ductile iron microstructure which is described in the next chapter has
been clearly demonstrated.
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7. COMBINED MODEL
7.1

INTRODUCTION

The overall aim of this research is to provide a model which will enable producers of
ADI to determine the microstructure generated in a component with a particular composition
as a result of a specific heat-treatment. This chapter shows how the modelling of the two
stages of the heat-treatment process: austenitisation and austempering, as described in
Chapters 4 and 5 respectively, have been combined to produce a single computer program.
The effects of initial composition and heat-treatment on the microstructure of ADI, predicted
using this combined model, are then discussed.
This chapter also shows how the computer program can be extended to incorporate the
segregation effects described in Chapter 6. A methodology is also introduced for the inclusion
of austempering kinetics in the combined model.

7.2

COMBINED MODELLING OF AUSTENITISATION AND AUSTEMPERING

It has been shown that the prediction of the microstructure of ADI and, in particular,
the formation of carbide free bainitic ferrite can be broken down into two stages which
represent austenitisation and austempering. It has been demonstrated in Chapter 4 that the first
stage can be modelled, for long austenitising times, using Gibbs energy minimisation and that
accurate predictions of the austenite carbon content and the amount of graphite can be
obtained.
The second stage, once the austenite carbon content has been determined, is to
calculate the volume fraction of bainitic ferrite using the lever rule, see Equation 5.1. To do
this it is first necessary to determine the limiting carbon content for the displacive
transformation, X To , and the carbon concentration in the bainitic ferrite following subsequent
diffusion of carbon and enrichment of the austenite.

The former is determined from

individual Gibbs free energy 'curves' for austenite and ferrite over a range of carbon contents,
as described below. The latter is determined using the empirical relationship in Equation 5.2.
The amount ofbainitic ferrite calculated using the hypothetical fmal austenite carbon content,
X r* is also considered.

A FORTRAN computer program, listed in Appendix A7.1, was written to combine all
the calculations, including the Gibbs energy minimisations, needed to predict the volume
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fraction of bainitic ferrite, and subsequently, the volume fraction of the other major phases
present in ADI. This program makes use of MTDATA's application interface (API) to link
with object code for individual MTDATA functions and subroutines to form a single
executable program which contains the required parts ofMIDATA's functionality. Using the
API, the system (in terms of compositions) and conditions (such as temperature) can be
defined for MTDATA. Also, allowable phases can be selected, Gibbs free energy
minimisations can be carried out and the results can be reported back to the main program for
further manipulation.
Some examples of the API commands nsed, within the main FORTRAN program, to
perform certain operations are listed below.

• eaU set_temperature(gammatemp). This command calls the MTDATA subroutine which
defines the temperature (K) at which the Gibbs energy minimisation will be carried out. In
this case the temperature is set to the austenitising temperature (gammatemp).

• eaU set_init_eomponent_mass(2,wtC). The mass of component '2', on the initial
component list, is set to be equal to the value of the variable 'wtC'. This is the value used
when equilibrium is determined.

• call compute_equilibrium. This command calls the MIDATA subroutine which carries
out the minimisation i.e. which calculates equilibrium.

• WtCO

=component_w_of_phase(2,7,init). The variable 'WtCO' is assigned a value equal

to the amount of component '2' (carbon) in phase '7' (austenite) after equilibrium has been
calculated (in this case at the austenitising temperature).

In this work the components (elements) in the system were defined and the appropriate

thermodynamic database (SGTE) was searched separately using MIDATA and the results
were stored in a 'mpi' file which was subsequently read during the execution of the main
program using API commands. Such use of the API also enables a suitable user interface to be
designed to provide easy access to the modelling technique. The overall structure of the
combined program is shown in Figure 7.1. The inputs to the program are the austenitising and
austempering temperatures and the composition. The phases allowed in each of the
minimisations are listed in Table 7.1.
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For segregated cast irons a version of main program was written which reads the
composition of individual Scheil type 'shells' from a data file and makes individual estimates
of Xro and X7 for each shell. The code for this version of program is listed in Appendix A7.2.

Austenitising
temperature

(

MTDATA API

Composition
of the cast iron

Austempering
temperature

)

MTDATA API

[

)

"----:------:---

'

Ferrite free energy vs.
carbon content

'

Austenite free energy vs.
carbon content

Limiting carbon concentration for
""t-+ a. +'y
Volume fraction
of graphite

Volume fraction
ofbainitic ferrite

Volume fraction
of austenite

Martensite from
empirical eqn.

I
I

~
Final microstructure
Figure 7.1 The overall structure of the 'combined model' for predicting the microstructure of
austempered ductile iron castings. Composition may be the base composition or the composition of
individual parts of a segregated matrix.

192

Quantity

Allowed phases

Caroonin
austenite, x.
Austenite
free energy
Ferrite
free energy

Austenite, ferrite,
graphite, Fe3C and Fe3P
Austenite

Minimisation
temperature
Austenitising

Caroon
/wt.%
Base

Substitutional
elements
Base

Austempering

0-5*

Base

Ferrite

Austempering

0-5*

Base

Table 7.1 Conditions for the determination of the limiting carbon content, XT•, including the initial
calculation of the austenite carbon content, X7 •••• initial range for the first estimate, tbis range was
decreased for subsequent estimations.

The methods of calculating the amounts of the individual phases, used in the
combined program, are outlined in the Sections 7.2.1 to 7.2.3. Some predictions of the fmal,
complete microstructure, as a function of heat-treatment and composition, are discussed in
Section 7.3.

7.2.1

DETERMINATION OF AUSTENITE CARBON CONTENT AND THE VOLUME FRACTION OF

GRAPHITE

Both the austenite carbon content and the volume fraction of graphite can be
determined from a single Gibbs free energy minimisation, as described in Chapter 4, carried
out at the austenitising temperature. Liquid, graphite, ferrite, austenite, Fe3C and Fe3P phases
were included in the minimisation, the latter two phases being allowed since it is likely that
they will occur in segregated matrices. The mass fraction of carbon in austenite and the mass
of graphite, me, at different temperatures were available as direct outputs from the
minimisation. The volume of graphite can then be calculated as follows:

Equation 7.1

in which mr is the mass of the total system defmed in MTDATA, in all cases in this project
the total mass was defmed as lOO kg. The density of graphite, p6 , and the density of iron, PF••
were taken as 2250 kg m'2 and 7860 kg m·2(Il, respectively.
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7.2.2

DETERMINATION OF THE LIMITING CARBON CONTENT AND THE VOLUME FRACTION

OF BAINITIC FERRITE

It has been shown in Chapter 5 that predictions of the volume fraction of bainitic

ferrite based on the limiting carbon content, Xr., agree well with the trends shown by
dilatometry measurements. It has also been shown that quantitative agreement with
measurements made using X-ray diffraction can be obtained if the volume fraction ofbainitic
ferrite is calculated using the hypothetical fmal austenite carbon content, Xr*, which in turn
can be calculated from the limiting carbon content
Thus, in order to determine the volume fraction ofbainitic ferrite it was first necessary
to determine the limiting carbon content. The limiting carbon content at a given austempering
temperature,Xr., is the carbon concentration at which the Gibbs free energies of austenite and
ferrite, of the same composition, are the same. This is the carbon content at which the driving
force for the transformation of

r~

Gibbs Energy
(not to scale)

ab+ r is zero. This is shown schematically in Figure 7.2.

- - - - Free Energy Curves

Carbon Content
(not to scale)
Figure 7.2 Schematic of Gibbs free energy curves for austenite and ferrite showing the limiting
carbon Xr•. X 0 is the austenite carbon content.
The model developed by Rees and Bhadeshia<2>and further developed by Chester and
Bhadeshia<3>determines Xro from the Helmholtz1 free energies of ferrite and austenite, which
are in turn calculated from the activity of carbon in the two phases at the appropriate
temperature (the calculation of Xro has been described in detail in Section 5.1.1 ). The activity
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of carbon is dependent on the substitutional composition of the phases: the version of the
model used in this work only considers elements typically found in steels (Si, Mn, Ni, Mo, Cr,
V).
MTDATA supplies the facility to calculate the free energy curves for multicomponent
systems with a wide range of compositions including those encountered in ADI. Portions of
such free energy vs. carbon content curves for the Iron A, with the composition given in Table
7.2, at various (austempering) temperatures are shown in Figure 7.3.

Alloy
SB
Iron A

c

Si*

Mn*

Ni*

s

p

Mo*

Cu

Cr*

Mg

3.55
3.66

2.51
2.52

0.549
0.16

---

0.012
0.01

0.015
0.04

0.152

0.311
0.51

---

0.042
0.04

--

0.03

Table 7.2 Composition (wt.%) of cast irons for which the limiting carbon content, Xro , was
determined using MTDATA and the RB model. ' *' Elements considered in the RB model.
Compositions from: SB - Sourmail and Bhadeshia<4>, Iron A- Tembwe<5>.
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Figure 7.3 Sections of Gibbs free energy curves vs. carbon content at different temperatures for
ferrite (dashed lines) and for austenite (solid lines) in Iron A. The locus of the crossing points define
the Xro curve.

1

The Helmholtz free energy can be approximated to the Gibbs free energy in solid systems.

195

Approximations of Xr. were made by finding the carbon concentration at which the
free energy difference is at a minimum. This was accomplished, as part of the combined
model program, nsing the procedure described in the following paragraphs.
Initially, individual Gibbs free energy minimisations are performed, for anstenite and
ferrite, for carbon concentrations between 0-5 wt.% at intervals, &I, 1/SOth of the range. The
values of the free energy for austenite and ferrite are compared at each carbon concentration,
and the concentration at which the minimum difference occurs is taken as a first estimate of
the limiting carbon content, Xro,I· ·In a similar way, the free energy difference is then
determined for the two phases in a carbon concentration range Xr.,I+&I to Xr.,I -&I again
with a step size, &2, 1/SOth of the range is used, this gives a second estimate Xro,2 . The
process is repeated between Xr.,zt&2 to Xro,2 -&2 to obtain the final value of the limiting
carbon content, Xr•. At all stages, if the iron is considered as having a homogeneous matrix,
the substitutional element concentration, in austenite and ferrite, is taken to be that defined in
the base composition. The changes in carbon content are accommodated by changes in the
amount of Fe in the cast iron. If Xr. is being determined for the individual parts of a
segregated matrix the substitutional element concentration in austenite and ferrite is that in
each of the Scheil type shells.
The Xr. values obtained for two cast irons (SB and Iron A) and a pure Fe/C system are
shown in Figure 7.4 together with the values for all three systems obtained using the model
developed by Rees and Bhadeshia<2>. It can be seen that excellent agreement is obtained for the
two methods of calculation.
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Temperature I °C
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Carbon I Mole Fraction
Figure 7.4 Values of Xro established from free energy curves (solid lines) compared with those
calculated in RB model from activities of carbon (dashed lines). SB- Sourmail and Bhadeshia<4>

Once the limiting carbon content has been established, the volume fraction of the
matrix which transforms to bainitic ferrite, Vfa7 , can be determined as described in Chapter
4. The true volume of bainitic ferrite in the microstructure as a whole, Vfa, , can be obtained
from the following relationship:

Equation 7.2

Vfa, = VJ:.(l-VJG)

in which Vfc is the volume fraction of graphite.

7.2.3 THE AMOUNT OF AUSTENITE AND MARTENSITE
Once the true (of the whole) volume fractions of bainitic ferrite, Vfa, , and graphite,

Vfc (and intercellular precipitates such as carbides and phosphides which are predicted if
segregation of the matrix is considered) have been determined the amount of austenite present
at the end of austempering,

VJ;a , but before cooling can be calculated as follows :

Equation 7.3
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.--··------------------When final cooling occurs the austenite may transform to martensite, depending the
martensite start, Ms, temperature, which is related to the composition (wt.%) of the austenite.
The Ms temperature can be calculated using various relationships one<6l of which is:

Ms

=539- 423X.,-30.4Mn -17. 7Ni -12.1Cr- 7.5Mo

Equation 7.4

in which X7 is the austenite carbon content after austempering which is equal to the limiting
carbon content. If segregation in the matrix has been considered then the austenite carbon
concentration profile follows the Xro line close to the graphite nodules and the X! line remote
from the nodules where no bainitic ferrite can form, as shown schematically in Figure 7.5. In
that case the local martensite start temperature must be determined.

Oooeto

Mid-\\11)'

nociJie

t.:rn.m nodules

----- ----
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- - - .... {"1'
y

"

Distan::e fi:anNodJle

Figure 7.5 At the end of austempering the local austenite carbon content, X 1 , in a segregated matrix
follows X To close to the graphite nodules. Remote from the nodules there is no change from the initial
value,x:,

Once the (local) martensite start temperature has been established, it is then possible to
determine the (local) proportion of austenite which transforms to martensite,

VJJ, , using the

following relationship in which T, is the temperature to which the casting has been cooled:

Equation 7.5
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and the true volume fraction of martensite, VfM , and austenite, Vfr , are then given by:

Equation 7.6

Equation 7. 7

Vf, = (1- VfJ.) Vf:•

7.3 THE COMPLETE MICROSTRUCTURE
In accordance with the aim of this research project, the combined model, described

above, was used to predict the amounts of the major phases present in ADI for a range of
compositions and heat-treatments. In the latter case, predictions were made based on both the
limiting carbon content, Xr. , and the hypothetical final austenite carbon content, Xr*.
It should be remembered that these predictions reflect the microstructure at the end of

Stage I of the austempering process, i.e. at the end of the transformation of austenite to
bainitic ferrite, however, this is not unreasonable since most commercial heat-treatments are
not long enough to produce a substantial degree of the Stage II reaction - the breakdown of
austenite to ferrite and iron carbide. Thus the volume fraction of bainitic ferrite represents the
maximum amount which might be obtained.

7.3.1 EFFECTOFIIEAT-TREATMENTPARAMETERS
Predictions were carried out for Iron A with four different heat-treatment conditions
corresponding to those used for samples T1 to T4, see Table 3.2. The results of predictions
based on the limiting carbon content, Xr. , and on the hypothetical carbon content, Xr* , are
shown in Figure 7.6. It can be seen that the use of Xr* rather than Xr. increases the volume
fraction of bainitic ferrite as expected. This figure also shows that predictions based on Xr.
suggest the presence of large amounts of martensite in the fmal microstructure after
austempering at high temperatures. This does not agree with the observation of the
microstructure, see Figure 7.7 a and c, which appears to contain little, if any martensite.
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Figure 7.6 Predicted microstructure after various heat-treatments, bottom axis gives austenitising
temperature followed by austempering temperature. Predictions were based on a) the limiting carbon
content, Xro, and b) on the hypothetical carbon content, Xr*.

It can also be seen that increasing the austenitising temperature or the austempering

temperature reduces the amount of bainitic ferrite in the microstructure and increases the
amount of austenite (or austenite plus martensite). This trend can also be seen in Figure 7.7.
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Figure 7.7 Optical microstructure of samples of Iron A after various heat-treatments: a)
850°C/400°C, b) 850°C/250°C, c) 950°C/400°C and d) 950°C/250°C (All at x700)
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7.3.2 EFFECT OF COMPOSITION
The effect of the carbon concentration on the microstructure of Iron A is shown in
Table 7.3 and Figure 7.8. It can be seen that both the amount of austenite and bainitic ferrite
decrease slightly as the carbon content increases, the former by approximately 3 % and the
latter by approximately 4 %. However, the major change observed is the increase in the
amount of graphite, which is approximately 41 %. There is little change in the amount of
carbon in solution in austenite and no change in the hypothetical final austenite carbon
content. Hence, the change in the (true) volume fraction of bainitic ferrite is due to the
increase in the amount graphite and the consequent decrease in the amount of metastable
austenite (the matrix) which is present at the start of austempering.

C l wt.%

Xol wt.% Xr* l wt.%

3.0
3.2
3.4
3.6
3.8
4.0
+33.3 %

0.837
0.838
0.839
0.840
0.841
0.842
+0.59 %

Ms i °C

1.238
1.238
1.238
1.238
1.238
1.238

-482
-482
-482
-482
-482
-482

--

---

Bairutic Ferrite
/ vol.%
60.7
60.2
59.8
59.4
58.9
58.5
-3.6 %

Graphite
I vol.%
7.28
7.91
8.54
9.16
9.78
10.39
+41.4 %

Austenite
I vol.%
31.9
31.7
31.6
31.4
31.2
31.0
-2.8 %

Martensite
I vol.%
0
0
0
0
0
0

-

Table 7.3 The change of carbon concentration during austempering (at the start, X 0 , and at the end,
Xr* ) and the fmal volume fraction of the major phases in ADI as a function of base carbon content.
The martensite start temperature, Ms , at the end of austempering is also shown. The figures in the
final row indicate the percentage change in the particular quantities.

Volume of
Phase I vol.%
80~------~~==~====~======~------~
• Bainitic Ferrite
OAustenite

70

1!1 Graphite
O Martensite

60
50
40
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20
10
0
3.0

3.2

3.4

3.6

3.8

4.0

Carbon I wt.%

Figure 7.8 The effect of carbon concentration on the amounts of major phases in ADI. Predictions
were made for Iron A, based on Xr*, with an austenitising temperature of 900°C and an austempering
temperature of 350°C.
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The effect of silicon on the amount ofthe major phases in ADI is shown in Figure 7.9
and Table 7.4. A comparison of Figure 7.8 and Figure 7.9 shows that the silicon has a greater
effect on the microstructure than carbon itself. This is due to the decrease in solubility of
carbon in austenite produced by increasing the amount of silicon. It can be seen that the value
of the hypothetical ftnal austenite carbon content does not change over the composition range
investigated.
It would be expected that changes in the amounts of other substitutional elements
would have a similar effect on the carbon concentration. Some substitutional elements,
including Cr and Mn as demonstrated in Chapter 4, would increase the solubility of carbon in
austenite and hence would tend to reduce the amount of bainitic ferrite.

Si I wt.%
2.0
2.2
2.4
2.6
2.8
3.0
+50.0 %

X 0 / wt.% Xr* l wt.%
0.886
0.859
0.832
0.805
0.779
0.753
- 15.0 %

1.238
1.238
1.238
1.238
1.238
1.239

Ms i °C

Bainitic Ferrite

Graphite

-483
-482
-482
-482
-483
-483

/ vol.%
57.6
58 .6
59.6
60.5
61.5
62.0
+7.63 %

/ vol.%
9. 13
9.21
9.29
9.37
9.45
9.53
+4.38 %

Austenite
I vol.%
33.1
32.1
31.0
30.0
29.0
27.9
- 15.7 %

Martensite
/ vol.%
0
0
0
0
0
0

Table 7.4 The change of silicon concentration during austempering (at the start, X 0 , and at the end,
Xr* ) and the final volume fraction of the major phases in ADI as a function of base silicon content.
The martensite start temperature, Ms , at the end of austempering is also shown. The figures in the
final row indict the percentage change in the particular quantities.

Vo1ume of

Phase / vol.%
80
70
60

• Bainitic Ferrite
O Austenite

50
40

30
20
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0

2.0

2.2

2.6

2.4

2.8

3.0

Silicon / wt.%
Figure 7.9 The effect of silicon concentration on the amounts of major phases in ADI. Predictions
were made for Iron A, based on Xr*, with an aus tenitising temperature of 900°C and an a us tempering
temperature of350°C.

203

7.4 INCORPORATION OF KINETICS INTO THE COMBINED MODEL
It has been shown in Chapter 5 that the austempering kinetics in ADI can be predicted
using a modification of the RB model. It is suggested that this approach could be incorporated
into the 'combined model' without too much difficulty.
However, to produce a more consistent combined model it would be desirable to be
able to use MTDATA to calculate the maximum free energy available for nucleation, L1Gmax .
Some preliminary work on this calculation is described below. The results suggest that this
approach may be valid, although it should be noted that it might be difficult to achieve
accurate values of L1Gmax at low austempering temperatures.
The maximum free energy available for nucleation can be calculated using a parallel
tangent construction as shown in Figure 7 .10. If the ferrite nucleus were to have the same
composition as the parent austenite the free energy change would simply be L1G. However, the
maximum probability of nucleation will occur when the free energy change per mole of ferrite
is at a maximum, L1Gmax , and since the amount of ferrite produced is small, the composition
of the nucleus can be different from that of the parent austenite.

Gibbs Energy
(not to scale)

- - - - Parallel Tangents
- - - - - Free Energy Curves

B

Carbon Content
(not to scale)

Xa, N

Figure 7.10 Free energy curves for austenite and ferrite at the austempering temperature showing the

parallel tangent construction used to determine the maximum free energy, L1Gm....,, available for the
nucleation of ferrite in austenite. L1G is the free energy available when no change of composition is
possible, however, since the amount of ferrite produced is small the composition can change.
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In order to determine iiGIIUDC the carbon content of the parent austenite, Xo , at the

austenitising and hence also at the austempering temperature, is established using the same
procedure as described in Section 7.2.1. The conditions used for this, and subsequent, Gibbs
energy minimisations are given in Table 7.5.

Carbon
/wt%

Substitutional
elements

Austenite, ferrite,
graphite, Fe3C and Fe3P
Austenite

Minimisation
te
Austenitising

Base

Base

Austempering

x,±l%

Base

Ferrite

Austempering

0-1·

Base

Determination

Quantity

Allowed phases

t.G....

Carbon in
austenite X1
Austenite
free eneri!V
Ferrite
free eneri!V

t.G....
t.G.,..

Table 7.S Conditions for the detennination of the maximum free energy change on nucleation,
.dG...., '*' initial range for the first estimate, this range was decreased for subsequent estimations.

In order to determine the gradient of the austenite free energy curve, Gibbs energy

minirnisations are carried out close to the austenite carbon content, at the austempering
temperature, to determine the free energies at Xo, 0.99Xu and 1.0 IXo , that is Gx0 , Go.99Xo and
G1.01Xo respectively. The gradient, Mxo,y, of the free energy curve at Xo is then established as

shown:

M

- Gt.OIX• -Go.99X•

r-xt.OJXo -

x••

X

Equation 7.8

0.99Xo

Gibbs energy minimisations are carried out for ferrite, at the austempering
temperature, between 0 and I wt.% carbon, with a step size, &

1,

1/IOOOth of the range. The

gradient, Mx,a, of the ferrite free energy curve, at each carbon content, X a, is calculated from
the free energies determined at Xa + iiX1 and Xa- iiX1 , Gxa+&I and G xa-&1 , respectively.

Equation 7.9

The values of Mx,a are then compared with Mxo,r, and the carbon content at which
the minimum difference is found is taken as the first estimate of carbon content of the ferrite
nucleus, Xa.NI . The ferrite free energy is then determined over two decreasing ranges centred
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on the previous estimate of Xa.N, in similar manner to that described in Section 7.2.2. to give
final value for the ferrite free energy, Ga, at which the rate of change of free energy is the

same as in austenite with a carbon contentX0 • Once Gahas been established, the point G7 on
the tangent AB is established from the gradient Mx., 7 and Xo:

G1 = Gx. -Mx.,1 (X0 -XN..,)

Equation 7.10

The difference between Ga and G7 then gives the maximum free energy change
available for nucleation, IJ.G"'"" •
Table 7.6 and Figure 7.11 show the values of IJ.G"""', for the SB cast iron, determined
using the method illustrated in Figure 7.10, along with the values obtained using the RB
model. It has only been possible to obtain reliable free energy curves, and hence values of

IJ.G"'""' above 400°C: the values for temperatures below 400°C were established by linear
extrapolation. However, it can be seen that values obtained show the same trend as the RB
model results, although they are approximately 240 J mo1" 1 (average difference for the
calculated values) greater than the RB results. If the values for IJ.G111..,, obtained from
MTDATA, are fed back into the RB transformation model, nonsensical results (negative times
of formation) are generated. Hence, the use of MTDATA to calculate the maximum free
energy available for nucleation requires further investigation.
Temperature
/°C
550
500
450
400
350
300
250
200

Carbon concentration where free energy gradient
for austenite and ferrite has the same value.
C,/wt.%
C0 /wt.%
0.944
0.944
0.944
0.944
0.944
0.944
0.944
0.944

0.0046
0.0028
0.0012
0.0005

--

!>.G.,.,./ J mor'
MTDATA

RBModel

784
llOO
1443
1808
2138*
2480*
2821*
3163*

604
896
ll87
1479
1830
2196
2569
2941

Table 7.6 Comparison of values of the free energy change for nucleation of ferrite in austenite for SB
alloy. '*' values obtained by extrapolation.
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Free Energy Change I Jl mol
35 00 . - - - - - - - -- - - - - - - - - - - - - ,
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2500
2 000
1500
1000
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o+---~-_,---+--~--~-~

0

100

200
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4 00

500

600

Temperature I oc

Figure 7.11 Values of AGmax· obtained using the RB model and MTDATA.

7.5 SUMMARY
It has been shown that the combined model can be used to predicted the fmal amount
of the major phases in ADI as function of heat-treatment temperatures and composition. It can
be seen that, taken in isolation, changes in these parameters have the following effects:

•

increasing the austenitising temperature decreases the amount of bainitic ferrite;

•

increasing the austempering temperature decreases the amount of bainitic ferrite;

•

increasing the carbon content has little effect other than increasing the amount of 'excess '
graphite;

•

changing the substitutional composition effects the solubility of carbon in austenite and
so affects the fmal amount of bainitic ferrite and other phases.

As well as predicting the effects of isolated changes, it is most desirable to be able to
predict the combined effect of simultaneous changes to these variables. The combined model
predicts the effect of simultaneous changes in heat-treatment, in terms of austenitising and
austempering temperatures, and composition, in terms of all or any of the individual elements.
That is, the combined model developed during this project and described in this chapter
enables the producers of ADI to model the complex interaction of these production
parameters, and to predict their effects on the microstructure of austempered ductile iron.
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A7 APPENDICES
A7.1 FORTRAN CODE FOR THE COMBINED MODEL
c This program determines austenite carbon content (at austenitisation
c temperature). It determines the free energy curves at the austempering
c temperature and hence Xto, adjusts Xto to give XTstar. From
c that and Bhadeshia's polynomial determines the volume fraction ofbainite
c using a simple lever rule calculation.
c This is the final version of the program - predictions in thesis use this code
program VoiBMtd
include 'DIRUSRAP.FOR'

c
character*80 file!, file2

double precision kgammatemp,cgammatemp,kalphatemp,calphatemp
double precision VFAlpha,VFAlp
double precision wtC,wtFe,wtpercent,totaladds
double precision AlphaFreeG,GammaFreeG,FreeEnergy(50,6)
double precision XTO,XTStar,JITSt
double precision UpperWtC,LowerWtC,StepWtC
double precision WtCO,WtG,TotNoMol
double precision WtMn,WtNi,WtCr,WtMo
integer countXTO,countwt,countclass
commonXTO
common I BFindXTO I UpperWtC,LowerWtC,StepWtC,FreeEnergy
common I BMaxVol I WtCO,calphatemp,VFAlpha,TotNoMol,JITStar
common I BMartVol I VFAlp,WtMn,WtNi,WtCr,WtMo,WtG,xTSt
c

imode=O
do 5 iunit=l,IO
call mtdata_reserve_unit(iunit)
5 continue
c
c file for output jsj
open( I! ,file='VolBRes.txt')
open(22,file='VoiBCsv .csv')

c
call initialise_mtdata(imode)
call sgumen( I)
call sgumen(99)

c
c
c
c

write(ll,*)
write(screenQ,*) 'Gas Constant= ',gas_constant()
write(ll,*)

c

c
c
c

call mtoptn(imode,'BELL=NO')
call mtoptn(imode,'STAGE_l=NEW')
call mtoptn(imode,'SYSTEM_RE SIZE= I0001

c

c

name of mpi file
file I='sg7'
file2='sg7'
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ierr=O

c
c

call open_mpi_file(filel,file2,ierr)
call set_print_level(default)

c
if (ierr .ne. 0) then
write(!!,*) 'Failure in MPI file read, error=',ierr
else
c
c Read Austenitising Temp from screenjsj
write(*,*) 'Input Austenitisation Temperature (degC)'
read(*,*) cgammatemp
kgammatemp=cgammatemp+273
c

c Read Austempering Temp from screenjsj
write(*,*) 'Input Austempering Temperature (degC)'
read(*,*) calphatemp
kalphatemp=calphatemp+273
c Set up intial conditions forT, P and composition
call set_temperature(kgammatemp)
call set_pressure(101325.0DO)
c
c Read composition from screen jsj
totaladds=O
totalsubs=O
do 10 i=2,init_no_of_components()
write(*,*) 'Input Weight Percent of',init_component_name(i)
read(*,*) wtpercent
totaladds = totaladds + wtpercent
if (i.gt.2) totalsubs = totalsubs + wtpercent
call set_init_component_mass(i,wtpercent)

c
c Set weights for calculation of Ms temp in 'MartVol'
if (i.eq.init_component_no('Mn1) WtMn=init_component_mass(i)
if (i.eq.init_component_no('Ni')) WtNi=init_component_mass(i)
if (i.eq.init_component_no('Cf1) WtCr=init_component_mass(i)
if (i.eq.init_component_no('Mo1) WtMo=init_component_mass(i)
10
continue
c end of input section

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c

c start of determination of austenite carbon content at austenitising temp
c Change classification of phases
c

11

do 11 i=l,init_no_of_phasesO
call set_init_phase_class(i,ABSENT)
continue
call set_init_phase_class(2,NORMAL)
call set_init_phase_class(3,NORMAL)
call set_init_phase_class(S,NORMAL)
call set_init_phase_class(6,NORMAL)
call set_init_phase_class(7,NORMAL)
call set_init_phase_class(35,NORMAL)
do 12 i=l,init_no_of_phasesO
if (init_phase_class(i).eq.l) then
write( 11,*) init_phase_name(i), 'classified normal'
endif
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12
c

continue
wtFe=IOO-totaladds
write(*,*)wtFe
call set_init_component_mass(l,wtFe)

c
c Calculate the equilibirum state

c
call compute_equilibrium

c
c Test for any errors

c
if(number_of_errorsO .ne. 0) then

c
c Report errors

c
call write_error
else
c

c
TotNoMol=sum_of_component_amountO
c Report calculation results

c
write(ll,*) 'CARBON IN AUSTENITE'
write(ll,*) '======='
c Write out the names and amounts of the components

c
write(ll,*)
write( I!,*) 'Mass of system= ', sum_of_component_massO
write(ll,*)

c
c Write out the temperature and pressure
c

write( I!,*) 'Temperature
write(ll,*) 'Pressure

= ',cgammatemp
= ',pressureQ

c Set value of WtCO and WtG - amount of carbon in austenite
c and graphite at austeuitisation temp.
WtCO = IOOD+OO*component_w_of_pbase(2,7,init)
WtG = mass_in_phase(2,init)
c WtCO is corrected to give the weight percent of carbon in austeuite
c (rather than in the whole system- IOOKg)
WtCO = WtCO*I00/(100-WtG)
write( 11,*)'Weight of C in Aust= ',WtCO
write(*, *)'Weight of C in Aust= ',WtCO
write(li,*)'Weight of graphite= ',WtG
end if

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c Start of calculation of free energy cuvres, XTO at austempering temp
call set_temperature(kalphatemp)
c
UpperWtC=5Dt{)0
LowerWtC=OD+OO
StepWtC=ID-01
c start offocus-XTO-loop
do 28 countXTO=l,3
WtC=LowerWtC
c start of change-carbon-loop
do 17 countwt=l,50
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c

WtC=WtC+StepWtC
call set_init_component_mass(2,wtC)
wtFe=l 00-totalsubs-wtC
write(*, *)wtFe
call set_init_component_mass( l,wtFe)

c
c start of change-phase-loop , classification of phases jsj

c

IS

18
c

do 19 countclass=1,2
do IS i=l,init_no_of_phasesO
call set_init_phase_class(i,ABSENT)
continue
if (countclass.eq.l) then
call set_init_phase_class(S,ABSENT)
call set_init_phase_class(7,NORMAL)
end if
if (countclass.eq.2) then
call set_init_phase_class(S,NORMAL)
call set_init_phase_class(7,ABSENT)
end if
do 18 i=l,init_no_of_phasesO
if (init_phase_class(i).eq.l) then
write(ll,*)
write(ll,*) init_phase_name(i), 'CLASSIFIED NORMAL'
endif
continue
write(ll,*)

c
c Calculate the equilibirum state

c
call compute_equilibrium

c
c Test for any errors

c
if(number_of_errorsO .ne. 0) then

c
c Report errors

c
call write_error
else
c

c
c Report calculation results
c
write(ll,*)
write( I I,*) 'APPLICATION OUTPUT'
write(ll,*)
'

c
write(ll,*) 'Mass of system = ',sum_of_ccmponent_massO

c
c Write out the temperature and pressure

c
write(ll,*) 'Temperature = ',calphatemp
write(ll,*) 'Pressure
= ',pressureO

c
c Write out the number of phases stable at equilibrium

c
write(ll,*) 'No. stable phases= ',equil_no_of_phasesO

c
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c
do 20 i=l,act_no_of_phasesO
c
c For each stable phase write out results

c
if(mass_in_phase(i,active) .ne. O.OdO) then
c

c The predefined constant "active" is defined in the file "DIRUSRAP.FOR"
c
c Write out the name and mass of stable phase
c
write(ll,•) 'Mass of phase ',act_phase_name(i),
'= ', mass_in_phase(i,active)
c
c Write out Gibbs Free energy of the whole systemjsj
write( I I, •) 'Free Energy of System',
' = ', system_gibbs_energyO

c
c Write out the weight fraction of the carbon in the stable phases
write( I I, •) 'Mass fraction of ',act_component_name(2),
' = ',component_w_of_phase(2,i,active)
if(countelass.eq.l) then
GammaFreeG=system_gibbs_energyO
else
AlphaFreeG=system_gibbs_energyO
end if
c

end if
end of active phases jsj
continue
end if
c
end of no post-compute errorsjsj
19
continue
end of change-phase-loop
c
FreeEnergy(countwt, 1)=wtC
FreeEnergy(countwt,2)=AlphaFreeG
FreeEnergy(countwt,3)=GammaFreeG
c put magnitude of free energy difference (austenite - ferrite) in fourth column of array
FreeEnergy(countwt,4)=abs(FreeEnergy(countwt,2)FreeEnergy(countwt,3))
c
20

17
c

continue
end of change-carbon-loop
call FindXTOO
call MaxVolO
VFAlp=VFAlpha
XTSt=XTStar
28
continue
c
end offocus-XTO-Loop
call MartVolO
c

end if
end of no pre-compute errors (ierr) jsj
stop
end

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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c subroutine to interrogate array FreeEnergy and find point were free energy
c of austenite = free energy of ferrite (XTO) ,actually point of minimum
c difference. Searches for minimum then resets limits of search (in terms
c of carbon content) to values adjacent to the minimum, hands back to main
c program re-computes equilibrium for narrower range , does this twice.
Subroutine FindXTO()
double precision FreeEnergy(50,6),xTO,UpperWtC,LowerWtC,StepWtC
integer countwt
commonXTO
common I BFindXTO I UpperWtC,LowerWtC,StepWtC,FreeEnergy
write(22,*)'CarbonlwtO/o',' ,','GFerrlf ,' ,',
I 'GAust/J',',','DeiGIJ'
do 23 countwt= 1,50
c write FreeEnergy array to a csv file
write(22,*)FreeEnergy(countwt,I),',',FreeEnergy(countwt,2),',',
I FreeEnergy(countwt,3),',',FreeEnergy(countwt,4)
write(*, *)FreeEnergy(countwt, I ),FreeEnergy(countwt,2),
I FreeEnergy(countwt,3),FreeEnergy(countwt,4)
c look for minimum difference
if (FreeEnergy(countwt,4).ItFreeEnergy(countwt-1,4)) then
if (FreeEnergy(countwt,4).lt.FreeEnergy(countwt+ 1,4)) then
UpperWtC=FreeEnergy(countwt-1,1)
LowerWtC=FreeEnergy(countwt+1,1)
StepWtC=(UpperWtC-LowerWtC)I50
XTO=FreeEnergy(countwt, I)
write(22,*)'approx XTO = ', FreeEnergy(countwt, I)
write(*,*)'approx XTO = ', FreeEnergy(countwt,l)
write(22,*)
endif
endif
23 continue
return
end

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c subroutine to calculate maximum volume fraction ofbainitic ferrite based
con XTStar, which is determined from XTo as described in thesis.
subroutine MaxVoiO
double precision calphatemp,ctemp,WtCO,VFAlpha,WtCAipha
double precision XTO,XTStar
double precision xalpha,TotNoMol
commonXTO
common I BMaxVol/ WtCO,calphatemp,VFAipha,TotNoMoi,XTStar
c mole fraction carbon in ferrite
cternp=calphaternpl0.9d03
XAipha=O.I528D-02-0.8816D-02 *ctemp+{).2450D-O I *ctemp**2
I -0.2417D-OI*ctemp**3+ 0.6966D-02*cternp**4
c calculate XTStar - this the only line that has to be removed
c to revert back to predictions based on XTo- although some
c parameter names might appear wrong in the output
XTStar=XT0-7.ld-3*calphatemp+3.65
c for calculation based on XTo:c XTStar=XTO

214

c wt fraction carbon in ferrite
WtCA!pha=O.Ol2*XAipha0 TotNoMol
if (XTStar.gt. WtCO) Then
VFA!pha = (XTStar -WtCO)/(XTStar-WtCA!pha)
else
VFAlpha= Od+OO
endif
c Write values to screen and file.
write(22, 0 )'CinAust =,',WtCO
write(22, *)'XTO at',calphatemp.'
write(22,0 )'wtCAlpha =,',wtCA!pha
write(22, 0 )'Volume Fraction Bainite =,', VFA!pha
write(*, *)'CinAust
= ',WtCO
write(*. *)'XTO
= •,xro
write(*, *)'XTStar
= ',XTStar
write(*, *)'wtCAlpha
= ',wtCA!pha
write(*,*)

=:.xro

return

end

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c

c calculates the Ms temperature for austenite with carbon= XTo
c and thence the proportion of austenite that transforms to martensite
subroutine MartVolO
double precision XTO,X'fSt
double precision WtMn,WtNi,WtCr,WtMo,WtG
double precision VFAlp,VFMart,VFGamma,MStartTemp
double precision VolAlpha,VolGraph,VolGamma,Vo!Mart
double precision VolAGM, VolGM
double precision EndProg
commonXTO
common I BMartVol/ VFAlp,WtMn,WIN~WtCr,WtMo,WtG,X'fSt
MStartTemp=539-423°XTSt-30.4°WtMn-17.7°WtNi-12.1*WtCr-7.5°WtMo
if(MStartTemp.gt.25) then
VFGamma=exp(-O.ll*(MStartTemp-25))
VFMart=lD+OO-VFGamma
else
VFGamma=lD+OO
VFMart=OD+OO
endif
write(22, 0 )'MsTemp=,',MStartTemp
write(22, *)'VFGamma=,',VFGamma
write(22, *)'VFMart=,',VFMart
write(*, *)'XTStar= ',X'fSt
write(*, *)'MsTemp=,',MStartTemp
write(*, *)'VFGamma=,',VFGamma
write(*, *)'VFMart=,',VFMart
write(*,*)
c convert Wt graphite to volume fraction, density C = 2250, density
c Fe = 7860, ignores effect of substitutionals on density of iron
VolGraph=(WtG/2.25D+03)/((lD+02-WtG)/7.86D+03+WtG/2.25D+03)
Vo!AGM = ld+OO-VolGraph
Vo!Alpha= Vo!AGM*VFAlp
VolGM=ld+OO-(VolGraph+Vo!Alpha)
VolMart=VolGM*VFMart
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Vo!Gamma=VolGM•VFGamma
write(22, •j 'Vol. frac. bainitic ferrite =, ', Vo!Alpba
write(22,•) 'Vol. frac. graphite
=, ', Vo!Graph
write(22,.) 'Vol. frac. austenite
=, ', Vo!Gamma
write(22,•) 'Vol. frac. martensite
=, ', Vo!Mart
lOO format (A29,F5.2)
write(• ,lOO) 'Bainitic ferrite I vol.o/o= ', Vo!Alpba•i 00
write(•,too) 'Graphite I vol.%
= ', Vo!Graph•too
write(•,!OO)'Austenitelvol.%
=', Vo!Gamma•!OO
write(•,too) 'Martensite I vol.% = ', Vo!Mart•too
write(...)
write(•, •) 'Enter "I" to end program'
read (•, •) EndProg
return
end

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••

A7.2 VERSION OF PROGRAM USED TO CALCULATE LOCAL VOLUME FRACTION OF
BAINITIC FERRITE IN SEGREGATED MATRIX.

This program reads the composition of each Scheil Shell from a '.csv' file. The
composition of the first six shells in Iron A are shown in Table A7.1.

Table A 7.1 Part of input '.csv' file. Composition (weight fraction) of austenite in the first six Scheil
shells for Iron A. The first column is the temperature ("C) and the last column is the solidified mass
(wt.%) at that temperature.

c This program reads compositions from a csv file
c and calculates the vol bainite for each composition.
c It determines austenite carbon content (at austenitisation
c temperature). It determines the free energy curves at the austempering
c temperature and hence Xto. And from that and Bhadeshia's polynomial it
c determines the volume fraction ofbainite using a simple lever rule
c calculation.
program VolBMtdL
include 'DIRUSRAP.FOR'
c

cbaracter•so file!, file2
character• so header
double precision kgammatemp,cgammatemp,kalphatemp,calphatemp
double precision volferrite
double precision wtC,wtFe,totaladds
double precision filewt(IO)
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double precision wtpercent(IO)
double precision AlphaFreeG,GammaFreeG,FreeEnergy(50,6)
double precision XTO,UpperWtC,LowerWtC,StepWtC
double precision mull
double precision wtCO,TotNoMol
real temp
real solidmass,oldsolmass,shellmass
integer countXTO,countwt,countclass,countshell

c
commonXTO
common I BFindXTO I UpperWtC,LowerWtC,StepWtC,FreeEnergy

c
common I BMaxVoll WtCO,calphatemp,volferrite,
I TotNoMol,countXTO,countshell,shellmass

c

5

imode=O
do 5 iunit=I,IO
call mtdata_reserve_unit(iunit)
continue

c
c file for output jsj
open( I! ,file='VomRes.txt')
open(22,file='VoffiCsv.csv')

c
call initialise_mtdata(imode)
call sgumen(l)
call sgumen(99)

c
c
c
c

write(ll,*)
write(screenQ,*) 'Gas Constant= ',gas_constant()
write(ll, •)

c
c
c
c

call mtoptn(imode,'BELL=NO')
call mtoptn(imode,'STAGE_l=NEW')
call mtoptn(imode,'SYSTEM_RESIZE=IOOO')

c
c

name of mpi file - change this for different alloys
filel='de'
file2='de'
ierr=O

c
c

call open_mpi_file(filel,file2,ierr)
call set_print_level(default)

c
if (ierr .ne. 0) then
write(!!,*) 'Failure in MP! file read, error=',ierr
else
c Read Austenitising Temp from screenjsj
write(*,*) 'Input Austenitisation Temperature (degC)'
read(•, *) cgammatemp
write(22, *) cgammatemp
kgammatemp=cgammatemp+273
c

c Read Austempering Temp from screenjsj
write(*,*) 'Input Austempering Temperature (degC)'
read(*,*) calphatemp
write(22, *) calphatemp
kalphatemp=calphatemp+273
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c Set up intial conditions forT, P and composition
call set_pressure(l01325.0DO)

c
c Read composition from screen
c
totaladds=O
c
totalsubs=O
c
do 10 i=2,init_no_of_components()
c
write(*,*) 'Input Weight Percent of',init_component_name(i)
read(•, *) wtpercent
c
c
totaladds = totaladds + wtpercent
if (i.gt.2) then
c
c
totalsubs = totalsubs + wtpercent
c
endif
c
call set_init_component_mass(i,wtpercent)
c
TotNoMol=sum_of_component_amounts
continue
c I0
c end of input section

c
c read composition from csv file • output from scheil macro say

c

c
6

open(24,file='decsch.csv')
read(24,6) header
write(ll,6) header
format(A80)

write(22, *)'CinA',',','XTo',',','FBinS',',','VBinS'
solidmass=O

c
c start of change-initcomp-loop, change upper limits according
c to number of compositions i.e. number of scheil shells
do 30 countshell=l,690
c
write(22, *)countshell
oldsolmass=solidmass
totaladds=O
totalsubs=O
call set_temperature(kgammatemp)
call set_system_weight(O.ID03)
c change number of'filewt' according to number of elements·
c also necessary to change size of arrays 'filewt' and 'wtpercent'
read (24,*) temp,filewt(l),filewt(2),filewt(3),filewt(4)
I ,filewt(5),filewt(6),filewt(7),filewt(8),filewt(9)
I ,solidmass
shellmass=solidmass-oldsolmass

c
c
c
c
c

do 4 i=2,init_no_of_components0
mult=O.l d03
wtpercent(i)=mult*filewt(i)
write(*,*) wtpercent(i)
if (wtpercent(i).eq.O) then
call set_init_component_class(i,absent)
else
call set_init_component_mass(i,wtpercent(i))
endif
totaladds = totaladds + init_component_mass(i)
if(i.gt.2) then
totalsubs = totalsubs + init_component_mass(i)
endif
wtfe=IOO-totaladds
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call set_init_component_mass(l,wtFe)
4
continue
c
c end of input section

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c
c start of determination of austenite carbon content at austenitising temp
c Change classification of phases jsj
c
c
if (countshell.eq.l) then
c
write(ll,*)'AUSTENITISINGI'
c
write(ll,*) 'Mass of system=', sum_of_component_mass()
do 11 i=l,init_no_of_phasesO
call set_init_phase_class(i,ABSENT)
11
continue
call set_init_phase_class(2,NORMAL)
call set_init_phase_class(3,NORMAL)
call set_init_phase_class(S,NORMAL)
call set_init_phase_class(6,NORMAL)
call set_init_phase_class(7,NORMAL)
call set_init_phase_class(3S,NORMAL)
c
do 12 i=l,init_no_of_phases()
c
if (init_phase_class(i).eq.l) then
c
write(ll, *) init_phase_name(i), 'classified nonnal'
c
endif
c 12
continue
c
endif
c

c Calculate the equilibirum state
c

call compute_equilibrium
c
c Test for any errors

c
if(number_of_errorsO .ne. 0) then
c
c Report errors
c
write( I!,*) 'errors during austenitisation'
call write_error
else
c

TotNoMol=sum_of_component_amountQ
c
c Report calculation results
c
c
write(! I,*) 'CARBON IN AUSTENITE'
c
write(ll,*)''=======
c Write out the names and amounts of the components
c
c
write(ll,*)
c
write(! I,*) 'Mass of system=', sum_of_component_massO
c
write(ll,*)
c

c Write out the temperature and pressure
c
c
write(ll,*) 'Temperature
= ',cganunatemp
c
write(! I,*) 'Pressure
= ',pressureO
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c Set value of WtCO - amount of carbon in austenite at austenitisation temp.
WtCO = I OOO+OO*component_w_of_pbase(2,7,init)
write(ll,*)'Weight ofC in Aust= ',WtCO

c
end if

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c Start of calculation of free energy cuvres, XTO at austempering temp
call set_temperature(kalphatemp)

c
UpperWtC=50+00
LowerWtC=OD-+00
StepWtC=lD-01
c start offocus-XTO-loop
do 28 countXTO=l,3
WtC=LowerWtC

c
c start of change-carbon-loop
do 17 countwt=l,50
WtC=WtC+StepWtC
call set_init_component_mass(2,wtC)
wtFe=IOO-totalsubs-wtC
c
write(*,*)wtFe
call set_init_component_mass( I,wiFe)

c
c start of change-phase-loop , classification of phases jsj

c

15

c
c
33
c

do 19 countclass=l,2
do 15 i=l,init_no_of_phases()
call set_init_pbase_class(i,ABSENT)
continue
if (countclass.eq.l) then
call set_init_pbase_class(5,ABSENT)
call set_init_pbase_class(7,NORMAL)
end if
if (countclass.eq.2) then
call set_init_pbase_class(5,NORMAL)
call set_init_pbase_class(7,ABSENT)
end if
do 33 i=l,init_no_of_phasesO
if(init_phase_class(i).eq.l) then
write(ll,*)
write(ll,*) init_pbase_name(i), 'CLASSIFIED NORMAL'
endif
continue
write(ll,*)

c
c Calculate the equilibrium state
c

call compute_equilibrium

c
c Test for any errors

c
if(number_of_errorsO .ne. 0) then
c

c Report errors
c
call write_error
else

c
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c
c Report calculation results

c
c
c
c

write(ll,*)
write(! I,*) 'APPLICATION OUTPUl'
write(ll,*) '==========

c
c

write(ll,*) 'Mass of system = ',sum_of_component_mass()
do 20 i=l,act_no_of_phasesQ

c

c For each stable phase write out results
c
if(mass_in_phase(i,active) .ne. O.OdO) then

c
c The predefined constant "active" is defined in the file "DIRUSRAP.FOR"

c
c Write out the name and mass of stable phase

c
c
c

I

write(! I,*) 'Mass of phase ',act_phase_name(i),
'= ', mass_in_phase(i,active)

c
c Write out Gibbs Free energy of the whole systemjsj
c
write(ll,*) 'Free Energy of System',
c I
' = ', system_gibbs_energyQ

c
c Write out the weight fraction of the carbon in the stable phases
write(ll,*) 'Mass fraction of',act_component_name(2),
c I
' = ',component_w_of_phase(2,i,active)

c

c
if (countclass.eq.l) then
GammaFreeG=system_gibbs_energyQ
else
AlphaFreeG=system_gibbs_energyQ
end if
c

end if
end of active phases jsj
continue
end if
c
end of no post-compute errors jsj
19
continue
c
end of change-phase-loop
FreeEnergy(countwt, I )=wtC
FreeEnergy(countwt,2)=AlphaFreeG
FreeEnergy(countwt,3)=GammaFreeG
c put magnitude of free energy difference (austenite - ferrite) in fourth column of array
FreeEnergy(countwt,4)=abs(FreeEnergy(countwt,2)FreeEnergy(countwt,3))
c
20

17
c

continue
end of change-carbon-loop
call FindXTOQ
call MaxVolQ
28
continue
c
end offocus-XTO-Loop
30 continue
c end of change-initcomp-loop
end if
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c
c

end of no pre-compute errors (ierr) jsj
stop
end

c

c••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c subroutine to interrogate array FreeEnergy and find point were free energy
c of austenite = free energy of ferrite (XTO) ,actually point of minimum
c difference. Searches for minimum then resets limits of search (in terms
c of carbon content) to values adjacent to the minimum, bands back to main
c program recomputes equilibrium for narrower range , does this twice.
Subroutine FindXTO()
double precision FreeEnergy(50,6),X'TO,UpperWtC,LowerWtC,StepWtC
integer countwt
commonXTO
common I BFindXTO I UpperWtC,LowerWtC,StepWtC,FreeEnergy
c
write(22,*)'Carbonlwt<tlo',',','GFerr/J',',',
c I 'GAust/J',',','DelGIJ'
c
write(22, *)'difference and XTO'
do 23 countwt=l,50
c write FreeEnergy array to a csv file
c
write(22, *)FreeEnergy(countwt, I ),',',FreeEnergy(countwt,2),',',
c I FreeEnergy(countwt,3),',',FreeEnergy(countwt,4)
c look for minimum difference
if (FreeEnergy(countwt,4).llFreeEnergy(countwt-1,4)) then
if (FreeEnergy(countwt,4).llFreeEnergy(countwt+ 1,4)) then
UpperWtC=FreeEnergy(countwt-1,1)
LowerWtC=FreeEnergy(countwt+l,l)
StepWtC--(UpperWtC-LowerWtC)/50
XTO=FreeEnergy(countwt, I)
c
write(22,*)'approx XTO = ', FreeEnergy(countwt,l)
c
write(22, *)
endif
endif
23 continue
return
end

••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
c subroutine to calculate maximum volume fraction ofbainitic ferrite based
c on XT* , the limiting austenite carbon content as defined by a linear
c function of the austempering temperature.
subroutine MaxVoiQ
double precision WtCO,calphatemp,X'TO,volferrite
double precision TotNoMol,massferrshell
integer countshell, countXTO
double precision XA!pha,WtCAlpha,ctemp
real shellrnass
common I BMaxVoll WtCO,calphatemp,volferrite,
I TotNoMol,countXTO,countshell,shellrnass
commonXTO
cternp=calphatempl0.9d03
XA!pha=0.1528D-02-0.8816D-02*ctemp+0.2450D-Ol*ctemp**2
I -0.2417D-OI*ctemp**3+ 0.6966D-02*ctemp**4
c wt fraction carbon in ferrite
WtCAlpha=O.O 12 *XA!pha*TotNoMol
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volferrite = (XTO -WtCO}/(XTO-WtCAlpba)
massferrsbell=volferrite*shellmass
c Write values ofXTO and volferrite from MaxVol to file
if (countXTO.eq.3) then
c
write(22, *)'CinAust =,',WtCO
c
write(22,*)'XTO at,calpbatemp,' =,',XTO
c
write(22,*)'wtCAlpba =,',wtCAlpba
write(•, *)countshell,WtCO,XTO,volferrite
c
write( I!, *)WtCO,',',XTO,',',volferrite
write(22, *)WtCO,',',X'TO,',',volfenite,','
I ,massferrshell
endif
return
end

c•••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••
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8. CONCLUSIONS

8.1 THE MICROSTRUCTURE OF ADI
Austempered ductile iron has been shown to be a complex material consisting of
graphite nodules within a matrix which is composed mainly of bainitic ferrite and austenite,
and which displays significant degree of inhomogeneity due to segregation.
It has been shown that the bainitic ferrite in ADI consists of groups, or bundles, of
parallel sheaves. The sheaves themselves are composed of bainitic ferrite sub-units that grow
with a specific orientation which gives rise to 's-shaped' austenite films and the 'stair-rail'
pattern. The carbides observed appeared to be associated with austenite, hence, it is suggested
that these carbides were the product of Stage II decomposition. It is concluded that the bainitic
ferrite present in the ADI specimens examined, is free from carbides both at high and low
austempering temperatures and thus corresponds to 'upper bainite' observed in steels. This is
despite the fact that optical microscopy has shown that the morphology of the bainitic ferrite
in ADI is dependent on the austempering temperature.
At high austempering temperatures (400°C) coarse, feathery, ferrite formed with
specific orientations to the parent austenite. The growth of the bainitic ferrite can be seen to be
limited by the austenite grain boundaries. The 'stair-rail' pattern was observed in the
arrangement of the bundles of sheaves at optical magnifications and in the alignment of the
ferrite sub-units at higher magnifications used in TEM.
At low austempering temperatures (250°C) the bundles of bainitic ferrite observed
were much finer and did not appear to have a clear orientation relationship with the parent
austenite at optical magnifications. There is some evidence that growth is restricted by the
austenite grain boundaries. The 'stair-rail' pattern was only observed at high magnifications
(TEM) within the sheaves ofbainitic ferrite.

Optical microscopy also showed generally that the volume fraction of bainitic ferrite
increased with both decreasing austempering and austenitising temperatures.

8.2 MICROSTRUCTURAL MODELLING
Initial predictions of phase stability in various cast irons made using Gibbs energy
minimisation, specifically MTDATA in conjunction with the SGTE database, suggested that
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above the eutectoid temperature graphite was the stable carbon containing phase but below
that temperature cementite would form. This provided the basis for further modelling, which
included the prediction of the eutectic and eutectoid carbon concentrations and temperatures,
over a range of silicon contents. The results obtained agreed with values reported in the
literature which further confirmed the suitability of the use of Gibbs energy minimisation for
cast iron systems.
Predictions of the effect of individual elements on the partitioning of carbon between
austenite and graphite suggested approximately linear relationships (for the range
investigated) between the amount of carbon in solution in austenite, hence the amount of
graphite, and the amount of Si, Cu, Mn, S, Cr, P. The solubility of carbon in austenite was
decreased by Si, S, Mg, Cu and P, the greatest decrease was produced by Si. The remaining
elements, Cr and Mn, increased the carbon solubility, the most effective being Cr.
The austenite carbon content after austenitisation was predicted, also using Gibbs
energy minimisation techniques, for a range of real cast irons with different compositions and
heat-treated at different temperatures. Agreement of the predictions with results obtained
using X-ray diffraction indicated that the effect of simultaneous changes in the concentration
of many elements could be modelled in this way for austenitising times greater than
approximately 3600 s. As a first approximation, the carbon content, after austenitising for less

than approximately 3600 s, could be calculated using a composition specific empirical
equation. Thus, it was concluded that the austenite carbon content at the end of the first stage
of the heat-treatment process, austenitisation, which is also the carbon content at the start of
the second stage, austempering, can be predicted using Gibbs energy minimisation for
austenitisation greater than one hour.
Predictions of the volume fraction of carbide free bainitic ferrite formed at the end of
Stage I austempering, based on initial austenite carbon contents, determined using Gibbs
energy minimisation techniques, and the limiting carbon content, X T•

,

produced good

agreement with dilatometry measurements for a range of compositions and heat-treatments.
For samples with the same composition, which were austenitised at the same temperature, the
predicted volume fraction agreed with the trends determined through visual inspection of
microstructure.
However, a significant difference between the predicted volume fraction of bainitic
ferrite and that measured using XRD was observed when a number of different samples were
compared. The discrepancy was approximately 30 vol.% irrespective of composition and heat225

treatment. A discrepancy between the theoretical limiting carbon content for ditfusionless
transformation of austenite to bainitic ferrite and the final austenite caxbon content measured
using XRD was also observed.
In the light of this discrepancy, a hypothetical final austenite caxbon content, Xr"', was
calculated from the volume fraction of bainitic ferrite, measured using XRD, for a range of
compositions and heat-treatments. This hypothetical value was in general agreement with
austenite carbon contents measured using XRD at the end of Stage I of austempering.
Predictions and measurements of the volume fraction of bainitic ferrite were carried out for a
single sample. The predictions were based on both the limiting carbon content and the
hypothetical final caxbon content. Measurements were made using dilatometiy and XRD.
These predictions and measurements showed, although not entirely conclusively, the same
apparent discrepancies as revealed during the course of this research.
Hardness measurements on ADI samples showed a strong correlation with predictions
of the volume fraction of bainitic ferrite determined from both the limiting carbon content,

Xr. , and the hypothetical final carbon content, Xr"' . The predictions based on the limiting
carbon content, Xr. , yielded the most reasonable value for the hardness of austenite, when a
simple law of mixtures was assumed. Correlation between the predicted volume fraction of
bainitic ferrite and fatigue measurements, i.e. the cyclic toughness for long crack fatigue and
the number of cycles to failure for short crack fatigue, was also observed. Thus a initial link
between the microstructure of ADI and mechanical properties was established.
It was demonstrated that austempering kinetics can be determined successfully using a

modified version of a model previously developed for steels. Good agreement between the
predicted kinetics and the measured transformation curves was obtained following
optimisation of the model.

8.3

NON-EQUILffiRIUM PHENOMENA

Segregation profiles for Si, Mn and Cu within the matrix of as-cast spheroidal graphite
iron, measured using energy dispersive X-ray analysis, agreed qualitatively with those
reported in the literature. The local volume fraction of bainitic ferrite predicted based on
measured substitutional element profiles also agreed qualitatively with the observed
inhomogeneity in the amount ofbainitic ferrite within the microstructure of ADI.

226

The use of Scheil type simulatious, based on Gibbs energy minimisation, enabled the
prediction of segregation profiles for a wide range of substitutional elements which generally
agreed with results reported in the literature. The prediction of the local carbon concentration
produced during the austenitisation of a matrix, with a predicted substitutional segregation
profile, and thence, the local volume fraction of bainitic ferrite, also agreed qualitatively with
the observed microstructure. The Scheil type simulation also predicted the occurrence of the
phosphides and carbides which had been observed in the microstructure of ADI.
A complex pattern of change in microstructure during austenitisation was observed.
This included the transformation of ferrite and pearlite to austenite and the diffusion of carbon
through the austenite. Some preliminary work on the prediction of the kinetics of
austenitisation, in terms of the partitioning of carbon, showed the potential of diffusional
modelling packages, in this case DICTRA, in the modelling of the non-equilibrium process
which occur in the early stages of this part of the heat-treatment.
A combined model, which incorporates the prediction of the effects of austenitisation
and austempering temperature and the composition of cast iron, on the final amount of bainitic
ferrite, austenite, graphite and martensite has been developed. This model was then used
demoustrate the effect of changes in composition and heat-treatment on the fmal
microstructure of austempered ductile iron.
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9. FUTURE WORK
9.1 FuRTHER INvESTIGATIONS
One particular area which warrants further investigation is the apparent discrepancy
between the volume fraction of bainitic ferrite measured by dilatometiy and that obtained
using X-ray diffraction. A similar discrepancy between the theoretical limiting carbon content
and the measured final austenite carbon content has also been observed. It is suggested that a
thorough investigation of the carbon concentration of the constituents of the matrix would
help to explain the existence of both these apparent discrepancies. It would be most desirable
to determine the individual carbon content of the two matrix phases, austenite and bainitic
ferrite separately. It has been shown that the ferrite sub-units are of the order of0.05 I1IIl wide,
and the austenite films between the sub-units are smaller than that. Thus any analysis
technique, used to determine the carbon content of the two phases, by individual analysis of
discrete areas, would need a resolution of that order. Any determination of the carbon content
based on an analysis technique with a spatial resolution less than this would presuppose that
the volume fractions of the two phases are known, unless differentiation between the two
phases is intrinsic to the technique as is the case in XRD. One such technique which could be
used is the determination of the lattice parameters of the two phases using electron diffraction
techniques similar to those discussed in Chapter 3 of this thesis. Thus, since the lattice
parameters of both austenite and ferrite change as the carbon content changes it should be
possible to determine that carbon content. However, as with XRD, this assumes that the
relationship between carbon content and the lattice parameters of the two, for composition
ranges typical of ADI, is known.

9.2 EXTENSION OF THE MODEL DEVELOPED FOR ADI
The work described in this thesis has shown how the microstructure of austempered
ductile can be predicted, for various heat-treatments and different compositions, using a
combination of thermodynamic and kinetic modelling. The potential for including the
modelling austenitising kinetics using a diffusional model such as DICTRA has also been
demonstrated. This should include the transformation of pearlite to austenite and ferrite to
austenite as well as the partitioning of carbon.
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In order to produce a more generic and consistent approach to the prediction of
austempering kinetics it would be desirable to be able to calculate the maximum free energy
available for nucleation using Gibbs energy minimisation.
Relationships between the predicted microstructure, in terms of the volume fraction of
bainitic ferrite, and mechanical properties have been demonstrated during this work. The
prediction of mechanical properties, on the basis of the modelled microstructure, might be
made using either established theoretical or empirical relationships, or neural network
modelling. However, precise determinations of mechanical properties would require the
prediction of the size and distribution, as well as the amounts, of all the various phases present
inADI.
It is anticipated that the composition and thermal history may be different at different
locations within a particular component. Hence, to produce a complete picture of the
mechanical properties of a particular component it would be desirable to apply the model
locally within the component. This may well involve the use of the model developed during
this project in conjunction with finite element analysis of the casting and I or the heattreatment processes used to produce austempered ductile iron.
So far, the modelling of the microstructure and to some extent properties, of ADI has
concentrated on the changes which occur during Stage I austempering. Although this
represents the bulk of the changes which will occur during typical austempering heattreatments, and the microstructure obtained is usually considered the most desirable
microstructure, it would be useful to be able to predict the kinetics of the decomposition of
high-carbon austenite to ferrite and carbide. Since this is a diffusional process it may well be
possible to use packages such as DICTRA to include such predictions in an extended model.

9.3 MODELLINGOFOTHERMATERIALS
The aim of this project was to develop a model to predict the microstructure of
austempered ductile iron. However, there are number of other materials, which are related to
ADI, which of interest to camshaft manufactures, one such material is chill cast ADI.
Chill cast ADI is produced in a similar way to ADI, but with the introduction of chills
at appropriate points, in this case at the cam lobe surfaces. This produces a structure which
consists of chilled material (white iron) at the surface casting with gradual change to
spheroidal graphite iron in the centre of the casting. In the first analysis of the modelling of
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such components could be considered as the modelling two different distinct materials,
although at a later stage the boundary layer (in fact an extended region of continuously
changing material) should be considered. However, consider the two regions separately, the
modelling of the central SG iron matrix would be similar to the work described in this thesis.
The outer region would require a different approach. During the solidification of the outer
region white iron would be produced with a room temperature microstructure consisting of
pearlite and cementite, see Chapter 1. As a first approximation the amount of cementite
produce during solidification could be predicted using Gibbs energy minimisation techniques,
with graphite excluded from the calculation and cementite enabled. However, cooling at the
chilled surface is rapid and so it is expected that the volume fraction of cementite might be
less than the equilibrium prediction. To produce accurate results it might be necessary to
model the kinetics of the growth of cementite during cooling i.e. the diffusion of carbon.
Once the initial casting has been produced, as with ADI, the second stage is to
austenitise the casting. In the chilled regions the pearlite matrix would transform to austenite
and the cementite would (partially) dissolve. These two processes are diffusion controlled and
similar to the transformations of ferrite I pearlite to austenite and the dissolution of the
graphite nodules in the un-chilled regions, and hence could be modelled in a manner similar to
that described in Chapter 6.
The final stage of the production of chill cast ADI is the austempering itself.
Modelling of this process should be reasonably similar to the modelling the transformation in
ADI, although the austenite carbon contents, surrounding the cementite might be considerably
different from that in the austenite surrounding the graphite in ADI.
Thus the variation of the microstructure within a chill cast ADI component might
modelled using some of the techniques described above. Variation in microstructure will also
be expected on a smaller scale. Some such variation may be produced during solidification
due to segregation of the substitutional elements. It should be possible to predict the
segregation profiles using Scheil simulations although the spherical geometry implied in this
work will not be relevant. Temperature gradients at the surface of the casting will produce
columnar microstructure and the shape of the Scheil shells should reflect this geometry.
Thus, it can be seen that some of the modelling techniques explored, and the combined
model developed, during this research might be adapted for use with materials which are
related to ADI. Therefore it is hoped that this work will aid the development and optimisation
of methods and materials used to manufacture camshafts.
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