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Abstract

Grey cast irons are a group of alloys with a unique combination of properties in terms of

mechanical performance and castability. These properties are strongly related to their

composite structure where graphite precipitates are embedded in a metallic matrix. The

graphite precipitates form during solidification and growth continues throughout solid

state cooling and the eutectoid transformation. Years of research have greatly improved the

understanding of the basic mechanisms that control graphite growth as well as the ability

to control graphite morphology during industrial production of cast components. This

is important since the shapes of the graphite precipitates play a determining role for the

properties of grey cast irons. However, to reach the full potential of cast irons and enable

high-performance light-weight designs, more in-depth knowledge of the mechanisms

controlling graphite growth and morphological developments is required. It is the aim of

the present thesis to contribute with new insights within these fields.

In ductile cast irons graphite precipitate as spheroids which result in a material in

which the mechanical properties are similar to those of steel. To predict the mechanical

properties of ductile cast iron it is important to estimate the density of nodules as well

as the distribution of nodule shapes and sizes at room temperature. This emphasises

the importance of models which can correctly describe the nucleation and growth of

spheroidal graphite during solidification.

In this thesis, the solidification of cast iron is studied with focus on formation and

growth of spheroidal graphite. To this end, an experiment is conducted at the Diamond

Light Source synchrotron facility in Harwell, UK: Employing an environmental cell devel-

oped at the Manchester X-ray Imaging Facility at the University of Manchester, a small

cylindrical sample of ductile cast iron is melted. During re-solidification, the sample is

continuously imaged. As a result, the first time resolved imaging of graphite formation in

three dimensions is presented in the present thesis.

A comparison of a one dimensional model for spheroidal graphite growth to experi-

mental observations showed that the model can describe the observations relatively well

despite its simplicity. The investigation also showed that a gradually decreasing growth

rate towards the end of solidification is not reflected in the model in spite of an extension
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to solid state growth presented in the present thesis. From the analysis it is clear that

the presented data is of an unprecedented quality and that it represents a solid basis for

validation of future models.

Solidification simulations of a ductile cast iron component highlights the importance

of the nucleation model for the correct prediction of the final nodule density as well

as the cooling curve. The tomographic data showed that nucleation within the studied

sample is initiated at very high undercoolings and that it accelerates rapidly as eutectic

solidification takes off. Experimental data can be reasonably described by two different

models both emphasising the importance of taking into account the fraction solid in

nucleation models.

Since very limited graphite particle movement is observed during the course of solidi-

fication, the particles must be anchored in austenite and most likely also encapsulated

while they grow. Simultaneously, spherical graphite particles undergo significant morpho-

logical changes and in many cases develop irregular features. Furthermore, the particles

which are the most irregular after solidification grow significantly faster than their regular

counterparts and it seems that fast growth is associated to the development of irregular

features. These observations are slightly surprising and highly interesting as it is usually

assumed that irregular graphite shapes develop when the graphite is in contact with the

liquid melt. These results have important implications for how degeneracy of spheroidal

graphite should be understood and theoretically described in the future.



Resumé

Gråt støbejern er en gruppe af legeringer, som har unikke mekaniske egenskaber og er

ukomplicerede at støbe. Derfor er de interessante i mange industrielle sammenhænge.

Støbejernslegeringernes egenskaber er især forbundet til deres kompositstruktur, hvor

grafitudfældninger er indlejret i en metallisk matriks. Grafitten dannes under størkning,

men væksten fortsætter under fastfaseafkølingen samt den eutektoide faseomdannelse

af matriksen. Mange års forskning betyder, at mange af de basale mekanismer for vækst

er relativt velbeskrevne, og at grafittens form i industriel produktion af støbejernsemner

i høj grad kan kontrolleres. Kontrollen over grafittens morfologi har stor betydning, da

grafitpartiklernes form er afgørende for det støbte emnes mekaniske egenskaber. Hvis

det fulde potentiale for støbejernslegeringer skal realiseres og resultere i legeringer, der

kan honorere ekstreme krav til ydeevne og letvægtsdesign, er yderligere forskning i de

styrende mekanismer for vækst samt partiklernes form dog nødvendig. Denne afhandling

sigter mod at bidrage væsentligt til disse underbelyste felter.

I duktilt støbejern udfældes grafit i kugleform, såkaldte noduler. Her er det muligt

at opnå mekaniske egenskaber, der er sammenlignelige med egenskaberne for stål. For

at forudsige de mekaniske egenskaber for et emne produceret i duktilt støbejern, er det

nødvendigt at kunne estimere både tætheden af noduler samt fordelingen deres af form og

størrelse. Derfor er det afgørende at have modeller, der præcist kan forudsige kimdannelse

og vækst af disse noduler.

Denne afhandling beskæftiger sig med størkning af støbejern med særlig fokus på

dannelse af grafitnoduler. Til det formål er der blevet udført et forsøg på synkrotronen Dia-

mond Light Source i Harwell i England. Dette forsøg gør brug af en såkaldt atmosfærecelle,

hvori en lille cylindrisk prøve af duktilt støbejern smeltes. Under størkning gennemlyses

prøven af røntgenstråling, og der optages projektioner af denne gennemlysning. Disse

projektioner muliggør, at det i denne afhandling for første gang kan vises, hvordan grafit

dannes og vokser over tid i tre dimensioner.

En sammenligning mellem forudsigelser fra en en-dimensionel model og de ekspe-

rimentelle observationer resulterer i den overraskende konklusion, at den simple en-

dimensionelle model i høj grad kan beskrive observationerne. Undersøgelsen viser også,
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at den hastighed grafitpartiklerne vokser med, aftager mod størkningens afslutning. Dette

er ikke reflekteret i den anvendte model, selvom der i nærværende arbejde er udviklet en

udvidelse af modellen, som beskriver væksten af grafit under fastfaseafkøling. Analysen af

de eksperimentelle data viser, at observationerne er af hidtil uset kvalitet, og kan danne

baggrund for verificering af fremtidige modeller.

Simuleringer af størkning af emner i duktilt støbejern i nærværende afhandling viser,

at præcise modeller for kimdannelse af grafitnoduler dels er vigtige for at kunne forudsige

tætheden af noduler efter størkning, dels for at kunne forudsige kølekurver korrekt. Fra

den tomografiske data kan det observeres, at dannelse af de første noduler sker ved meget

store underafkølinger, og at kimdannelse accelererer hurtigt, idet den eutektiske størkning

tager fart. Undersøgelsen viser for det første, at to forskellige modeller i rimelig grad kan

beskrive de eksperimentelle observationer, og understreger for det andet vigtigheden af at

tage højde for volumenfraktionen af størknet materiale i sådanne modeller.

Da de observerede grafitnoduler ikke bevæger sig i løbet af størkningen, må de være

fastgjorte og sandsynligvis også omsluttet af austenit, mens de vokser. Samtidig ændrer

mange partikler form og bliver mindre kugleformede under væksten. Desuden er det

observeret, at de partikler, der har de mest irregulære former efter størkning, også er

dem der vokser hurtigst under størkning. En detaljeret analyse indikerer, at selve den

hurtige vækst at tæt forbundet til udviklingen af irregulære former. Disse observationer er

overraskende og meget interessante, idet det ofte antages at grafitpartikler kun udvikler

irregulære former, når de er i kontakt med den flydende smelte. Fremtidige analyser og

teoretiske beskrivelser af dannelsen af irregulære grafitpartikler bør derfor tage højde for

resultaterne i denne afhandling.
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Chapter 1

Introduction

Grey cast irons are a family of iron based alloys where a high carbon content results in

precipitation of graphite during solidification. The shape, size and distribution of graphite

particles depend on the processing route as well as the chemistry of the melt. In industrial

production of ductile cast iron (DCI) graphite precipitates as spheroids which is achieved

by adding spherodising elements, primarily Mg and rare-earth elements, to the melt

before casting. The shape of the graphite particles influences the mechanical properties

of a component in service. For DCI the nodularity and the size distribution of spheroids

greatly effects some of the mechanical properties of the cast component, e.g. the fatigue

strength [1, 2], showing the importance of understanding and ultimately entirely control

the graphite particle morphology. Modern cast iron alloys are used in a wide range of

industries [3] and support the transition to a more sustainable energy supply through the

use of large cast irons components in wind turbines [4].

In production of large castings, low cooling rates result in degenerate graphite morpho-

logies termed exploded and chunky graphite which reduce the fatigue life and ultimate

tensile strength of the casting [5–7]. The mechanisms governing the processes of graphite

degeneration remain unclear in spite of recent advances in the understanding of graphite

growth as described in chapter 2. Further, it has become clear within the last years that

the internal structure of graphite nodules play a significant role for the mechanical prop-

erties of DCI components [8, 9] which further emphasises the importance of pursuing

new insights into the mechanisms controlling the graphite structure and growth. Studies

of graphite growth often utilise indirect observations through interrupted solidification,

observation of the graphite particle structure or parametric studies of the effect of e.g.

cooling rate and chemistry. These investigations have been important in the development

of model descriptions for cast iron solidification which ideally can be used to predict the

room temperature microstructure of a cast component under different cooling conditions
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and melt chemistries. Such predictions allow estimates of the mechanical performance

of the component [10, 11] paving the way for optimised component designs and process

conditions.

Synchrotron X-ray facilities are increasingly used to study solidification and semi-solid

behaviour of metallic alloys. This type of experiments often utilises an environmental

cell to enable imaging, either radio- or tomography, at elevated temperatures. These

imaging techniques exploit the differences in attenuation of X-rays to distinguish phases

during solidification. The increasing availability of synchrotron X-ray sources as well as

the continuous development of environmental cells and other related methodologies now

permit investigation of solidification behaviour of a wide range of alloys. A number of

investigations have in recent years significantly advanced the understanding of columnar

to equiaxed transition [12], dendrite interaction [13, 14] and coarsening [15] of a range of

alloys as well as mechanical behaviour of semi-solid microstructures [16]. For a range of

alloys time resolved in situ observations have provided new insights and high quality data

for validation of models.

For cast irons, however, the potential of these methods have not been widely exploited.

The first radiography experiment on DCI solidification has been performed recently and

allowed highly time-resolved imaging of graphite spheroid growth in very thin samples

[17]. However, the experiment also showed the limitations of observing the solidification

process in two dimensions (2D) by the fact that the actual size and shape of a particle

cannot be determined. Further, the essentially 2D geometry bears limited resemblance

with the conditions under which the solidification of a macroscopic component takes

place. Considering the full dimensionality of the problem and observing solidification

time resolved in 3D can give general insights into the solidification as well as provide a

solid basis for new models.

1.1 Objectives of the thesis

From the brief introduction above it is clear that utilising synchrotron X-ray tomography

to investigate cast iron solidification might yield significant new insights. The present

work aims at exploring these possibilities as outlined in the following three objectives

• Investigate the possibilities of using existing methodologies to successfully perform

an in situ study of the solidification of DCI by synchrotron X-ray tomography. For

such data to be useful it is necessary to confirm the nature of the observed objects

by room temperature microscopy as well as track objects over time.
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• Explore the possibilities of quantifying nucleation and growth of graphite and com-

paring the experimental observations to model predictions where it is relevant. Such

comparisons can highlight where model improvements are necessary and or where

the understanding of graphite formation is incomplete.

• Describe the changes that different graphite morphologies undergo during solidific-

ation both qualitatively and quantitatively where possible. The relation between

different graphite morphologies as well as spheroidal graphite degeneracy are of

primary interest in industrial applications.

1.2 Structure of the thesis

The structure of the thesis to a large extent reflects the order in which the work has

been carried out. Specifically, the project was initially intended to focus on modelling

of DCI solidification by exploring possible new ways to describe growth of individual

nodules as well as consider a detailed description of the solidification of macroscopic

cast components. However, during the course of the project the opportunity to perform a

unique experiment on cast iron solidification using synchrotron X-ray tomography was

introduced. Since this experiment held promises for highly interesting results the project

objectives were changed. The extent of the work needed to conduct the experiment as

well as process and analyse the resulting data did not allow pursuance of the original aims

of the project. Still, the initial work on DCI solidification hold interesting insights which

highlight the usefulness of the in situ observations.

The structure of the thesis is presented below in order to supply the reader with an

overview of the remaining chapters:

Chapter 2: Graphite formation and solidification of cast iron

A brief introduction of the solidification of cast iron and graphite formation

is given. Emphasis is put on growth of graphite but the factors controlling

graphite morphology are also described in some detail. Models for nucleation

of spheroidal graphite are briefly introduced.

Chapter 3: Modelling graphite growth and solidification of cast iron

A model for the growth of a single spheroidal graphite particle is described

along with an application of the model to simulate the solidification of a cast

component. The results of the solidification model are compared to experi-

mental observations in terms of cooling curves and microstructure with the
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purpose of validating the model.

Chapter 4: Synchrotron X-ray tomography experiment setup

The experiment on solidification of a DCI sample using synchrotron X-ray

tomography is described in terms of sample preparation, the environmental

cell setup as well as the conditions under which solidification was imaged.

Further, the post-processing of the obtained data is briefly described. A single

sample was successfully melted and re-solidified while imaging. This sample

constitutes the basis for the remaining experimental analysis.

Chapter 5: Characterisation of DCI solidification from synchrotron X-ray

tomography

The microstructure of the investigated sample immediately after solidifica-

tion is related to the room temperature microstructure as observed during

serial sectioning. The solidification sequence is then presented along with

a qualitative analysis of the growth of compact and spheroidal graphite and

the formation of oxides and porosities. Only spheroidal graphite particles are

investigated in detail in the following chapters.

Chapter 6: Quantification of spheroidal graphite growth during solidifica-

tion

A method for tracking individual spheroidal graphite particles across time is

described. The tracking allows a quantitative analysis of spheroidal graph-

ite growth and comparison with modelling results. The conditions affecting

growth are analysed and possible reasons for observed discrepancies between

experiment and model are discussed.

Chapter 7: Quantification of spheroidal graphite nucleation

Nucleation temperatures for spheroidal graphite particles are estimated. The

fraction solid within the considered volume is furthermore calculated in order

to assess the nucleation potency of the melt itself. The observations are com-

pared to 2 models for nucleation.

Chapter 8: Morphological development of spheroidal graphite

The morphological developments associated to spheroidal graphite growth are

evaluated and the relation of these changes to particle growth is investigated.
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The observation that graphite particles develop irregularities while they are

encapsulated is discussed.

Chapter 9: Summarising discussion and future directions

This chapter summarises important points of discussion within the thesis

and for selected themes suggest new investigations which might shed light on

aspects which remain unclear after the present work.

Chapter 10: Conclusions

The most important conclusions made throughout the thesis are summarised

in this chapter.





Chapter 2

Graphite formation and solidification of

cast iron

The present chapter introduces the formation and structure of graphite in cast irons. It

is not the aim of the chapter to present a comprehensive overview of the vast literature

in this field but rather to set the stage for the results and discussions presented in this

work. Firstly, the solidification sequence of DCI is introduced in broad terms followed

by a section on the structure of graphite. Growth and nucleation of graphite are then

discussed in some detail while a quantitative model for graphite growth is first introduced

in chapter 3.

2.1 Solidification of DCI

The development of cast iron microstructures during solidification can be assessed at

room temperature by various methods. Considering a cast iron melt during cooling,

graphite is the first phase to form in hyper-eutectic melts while austenite in the shape

of dendrites appears first in hypo-eutectic melts. In the following this will be termed

pro-eutectic austenite as opposed to eutectic austenite forming as part of the eutectic

reaction. Silicon segregates negatively during precipitation of austenite. As experimental

investigations [18] show that long range diffusion of Silicon during solid state cooling

and eutectoid transformation is limited, the distribution of silicon after solidification as a

result indicates the order of austenite formation.

Silicon can be mapped using at least two different approaches: Microprobe mappings

return a quantitative map of silicon concentrations [19, 20] while mapping by the related

EDS technique only reveals the relative variations in concentration. Colour etchings
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Figure 2.1: Colour etching of DCI microstructure.

sensitive to silicon segregation provide a qualitative overview of the solidification sequence

for large areas [5, 20–22]. An example of one type of colour etching [23] of a high silicon

ferritic DCI microstructure is shown in Fig. 2.1 where the outline of an austenite dendrite

is revealed. Other techniques which do not exploit silicon segregation are also applied

in the literature: The DAAS technique [24–27] reveals the austenite macrostructure after

solidification which is usually not distinguishable due to the eutectoid transformation.

Rapid quenching of solidifying samples freeze-in the semi-solid microstructure which

can then be observed at room temperature giving detailed insight into the the interaction

between graphite and austenite and to some extend the kinetics of solidification [28–30].

The following overall picture of DCI solidification emerges: Graphite nucleates in the

melt independently from the existing pro-eutectic austenite [29] but after a short stage of

growth in liquid it comes into contact with austenite as a consequence of interaction with

existing pro-eutectic austenite [30, 31] or due to nucleation of austenite on the graphite

[21]. At early stages graphite nodules with austenite shells might exist isolated in the melt

[29] but engulfment of graphite by austenite dendrites results in eutectic units containing

multiple nodules [24, 25]. Graphite growth continues during solid state cooling and

eutectoid transformation of the matrix due to the reduction of the solubility of carbon in

the matrix as temperature decreases [32].

2.2 Graphite structure

Graphite is constructed by ABAB stacking of single layer sheets of carbon atoms, so-called

graphene, as shown in figure 2.2. The a and c-directions are defined as normal directions

to the prism and basal planes respectively and are indicated in the figure. Whereas the
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internal bonding between atoms in the close packed graphene sheet is quite strong the

bonding between sheets is weak and the graphite-liquid interface energies are larger on

the prismatic planes than on the basal planes in pure cast iron melts [33]. Graphite forms

faceted crystals due to the highly anisotropic solid-liquid surface energy and thus solid-

liquid interfaces are under normal conditions atomically smooth. In graphite, multiple

graphene layers are stacked to form platelets which can be considered the building blocks

of crystalline graphite in cast iron [34–36].

Graphite types are traditionally distinguished by their morphological appearance in

micrographs of 2D sections. The morphological counter part to spheroidal graphite is

flaky graphite where graphite takes the form of long lamellas which extend mainly in the

crystallographic a-direction. Graphite spheroids have a more complicated structure. Dis-

regarding the foreign particle which constitutes the nucleus, the central graphitic region

of a spheroid is microcrystalline or highly disorganised [37, 38]. From the the central

region, sectors of crystalline graphite oriented with the c-axis parallel to the nodule radius

emerge and as a result only the basal plane is exposed to the matrix. Sectors show mod-

erate variation in crystal orientation within one sector and high angle grain boundaries

between neighbouring sectors [34, 38–40]. These sectors extend to the periphery of the

spheroid where a thin layer of microcrystalline graphite is often found [36, 40–42]. A range

of intermediate graphite morphologies can be defined in between the arch types flaky and

spheroidal graphite but only compact graphite will be touched upon: This type of graphite

is rod-shaped with alternating directions oriented parallel to the length-direction of the

particle [43–45]. While spheroidal graphite is a divorced eutectic both compact and flaky

graphite grow in contact with the liquid. Graphite growth is considered in the following

section.

Figure 2.2: The basic structure of graphite [46].
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2.3 Graphite crystal growth

Faceted crystal growth is under normal growth conditions controlled by the attachment

kinetics at the liquid-crystal interface and especially the nucleation of new atomic layers

on the existing faceted interface. As the energy increase associated with creation of a

new interface is rather high this type of growth is highly dependent on the driving force,

i.e. the undercooling. A range of graphite morphologies exist as a consequence of the

different modes of growth. Flaky graphite growth is characterised by the extension of

platelets in the a-direction [36] while spheroidal graphite growth is more complicated as

indicated by the nodule structure: Considering a spheroid the main growth takes place

in the radial direction indicating that growth in the c-direction is dominating. However,

spheroidal graphite growth might not be so different from flaky graphite growth. It is

likely that conical sectors extend in the radial direction by the nucleation of new blocks

or platelets on the surface of the exposed basal plane followed by extensive growth of

the platelet in the a-direction [47]. This type of growth take places on multiple locations

across the graphite surface leading to overall radial growth as illustrated by Fig. 2.3 which

also shows how lateral growth is blocked as the platelet meets a neighbouring sector. This

means that the basic mechanism of growth is the same for both graphite morphologies

but nucleation of new platelets is much more important in the case of spheroidal graphite

growth.

Figure 2.3: Growth of a graphite nodule by nucleation of graphite platelets on exposed
basal planes of conical sectors followed by lateral extension. Figure reproduced from Ref.
[48].

The graphite morphology is determined by the conditions present during solidification:

A transition from spheroidal over compact to flaky graphite can be triggered by increasing

the amount of dissolved Oxygen or Sulphur in the melt [49] but the morphology can also

be controlled by the cooling rate such that high cooling rates yield spheroidal graphite and
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low yield flaky graphite [50]. The concentration of dissolved Oxygen and Sulphur in the

melt can be controlled by adding e.g Magnesium or Cerium to the melt as they will form

oxides and sulphides leaving the remaining melt ’cleaner’ allowing spheroids to form. The

different effects of various impurities have recently been discussed by Lacaze [51]. Due to

variations in solubility as well as segregation during solidification, the concentration of

surface active elements will vary during the course of solidification which might result

in morphological transitions as a function of fraction solid [52–54]. Although a cast iron

microstructure can be characterised as DCI based on the graphite particle roundness in

2D metallographic sections, large variations in shape often exist which is reflected in the

classification of DCI according to the standards e.g. ISO 945. Encapsulation of a graphite

spheroid by austenite would ideally result in isotropic growth conditions as growth is

controlled by carbon diffusion in austenite [54]. Thus, irregular particles might be a result

of incomplete encapsulation [21, 55] leaving the particle partially in contact with the liquid.

However, it has been concluded previously [56] that irregular particles developed from

spheroids as an intermediate shape towards compact graphite without visible contact

between irregular particle and liquid. Other experiments [53, 54] found intermediate

morphologies where spheroids develop tails clearly in contact with the remaining liquid.

It has been suggested that irregular graphite is the result of a fast rate of nucleation of new

blocks on the exposed basal plane [57]. If the rate of growth due to surface nucleation is

larger than the lateral growth rate the result is a non-spherical morphology.

Considering graphite growth in metal liquid it has recently been suggested [58] that

a roughening transition of the faceted graphite surfaces takes place as a consequence

of increasing driving force explaining the observed transition from flaky to spheroidal

graphite with increasing cooling rate. In a similar way the flake tip might undergo a

roughening transition during solidification as a consequence of a large driving force [35].

An atomic roughening of the prismatic planes as a consequence of sulphur adsorption to

the graphite interface has also been observed[59]. It is generally agreed that substantial

spheroidal graphite growth takes places after encapsulation. When the graphite spheroid

is encapsulated the growth is diffusion controlled and driving forces are limited. The

suggested roughening of the spheroid surface must then be due to e.g. adsorption of

spherodisers to the graphite-matrix interface.

It is speculated that outer layers in the form of the microcrystalline graphite as well

as cabbage like structures found in some graphite spheroids are the result of solid state

growth [41, 60]. Precipitation of microcrystalline regions indicate that the conditions or

the growth mechanism are different from regular growth, irrespective of the graphite shape.

Other authors suggested that the same growth mechanism prevails during solidification
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and solid state cooling [61]. In the case of spheroidal graphite it is unclear why graphite

precipitated during solidification and during solid state growth should be different since

the graphite is encapsulated by austenite in both cases. Experiments have shown that

graphite spheres nucleating and growing from a supersaturated solid matrix feature

conical sectors [62] and thus display an internal structure similar to that of a nodule

which formed during solidification. This indicates that the microcrystalline layers at

the periphery of a nodules is not connected to the state of the matrix during growth. It

has been suggested [63] that amorphous carbon precipitating during the encapsulated

stage of spheroidal graphite growth recrystallise to form crystal platelets. Graphitisation

of amorphous carbon generally takes place at much higher temperatures than what is

realised during casting [64] but studies of thin films of metal and amorphous carbon

show that the metal assists graphitisation by dissolving amorphous carbon upon heating

subsequently allowing carbon to precipitate as graphite at much lower temperatures

[65–67]. As carbon does in fact precipitate from a supersaturated matrix during solid state

cooling of metal-carbon alloys it is not clear why it should be in the form of amorphous

carbon rather than graphite.

2.4 Nucleation of graphite during solidification

Nucleation during solidification is a large subject in itself and it is not the purpose of this

section to present a comprehensive overview of nucleation theory which can be found

elsewhere [68, 69]. Instead, models for nucleation relevant to the later discussion are

introduced.

As mentioned previously, nucleation of graphite takes place in the melt. Heterogen-

eous nucleation of graphite on austenite requires extremely large undercoolings [70] and

instead nucleation is often assisted by other compounds in the melt. Typical nucleation

sites are sulphide and oxide particles continuously precipitating in the melt [51, 52, 71].

The different types of graphite can nucleate on the same compounds [72] but a larger

number of active nucleation sites are required for DCI compared to flaky graphite iron

as growth is limited by austenite encapsulation. This results in higher undercoolings

observed during solidification of DCI. Nucleation is considered to be continuous although

recalescence during solidification pauses nucleation resulting in two populations of nod-

ules from primary and secondary nucleation [73].

In an early attempt to model nucleation of graphite during solidification Oldfield [74]

found a relation between the number of activated nuclei and the undercooling, ∆T . The

expression was later modified [75] to account for the decreasing amount of liquid in which
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graphite can nucleate. The nucleation rate was then described as

dN

dt
=

{
n An(∆Tg )n−1 f l d∆Tg

dt for d∆T g

dt > 0

0 for
d∆Tg

dt ≤ 0
(2.1)

where dN
dt is the nucleation rate per volume, An is a constant associated to the power n, f l

is the fraction liquid of the considered volume and∆Tg = T l/g −T is the undercooling with

respect to the graphite liquidus temperature. The dependency on undercooling highlights

that a distribution of potential nucleation sites exist in the melt which are activated at

different undercoolings [71]. Thus, the undercooling must increase in order to activate

new nuclei. Values for An and n have been obtained from experiments [19, 75] but the

mapping between melt inoculation and final nodule count remains incomplete rendering

An and n tunable parameters in casting simulations.

The above type of model gained considerable backing from investigations of nucle-

ation of aluminium on foreign substrates which showed that only a small fraction of the

present foreign particles were actively nucleating aluminium grains and that geometrical

constraints plays a decisive role in determining the undercooling at which a certain foreign

particle is activated as nucleation site [76–78].

A different approach is taken by Boeri [79] who took inspiration from classical hetero-

geneous nucleation theory when proposing the following expression for the nucleation

rate

dN

dt
= f l a ·∆Tg e−b/∆Tg (2.2)

where a and b are adjustable parameters. Strictly speaking, the parameters a and b are not

freely adjustable as they contain physical constants and characteristic values of the alloy

considered. In applications of Eq. (2.2) in simulations of DCI simulations this discussion is

ignored [80, 81] and will also be ignored in the present work for the purpose of the discus-

sion in chapter 7. As discussed by Dantzig and Rappaz [68] heterogeneous nucleation is

in practical applications often equivalent to instantaneous nucleation at a critical under-

cooling. Instant nucleation, in which a specified number of nuclei are activated at a single

given undercooling, has also been used in simulations of DCI solidification [82]. Various

types of nucleation models might correctly predict the final nodule density and cooling

curve despite the different origin and theoretical support of the models, highlighting the

difficulties in choosing one model over another [83].





Chapter 3

Modelling graphite growth and

solidification of cast iron

Models which can correctly predict the microstructure of a cast component are vital tools

in the process of designing cast components. For DCI, the prediction of graphite nodule

size distributions are central as the size, shape and density of nodules highly affect the

mechanical properties of the material as mentioned in chapter 1. In this chapter, one of

the most used type of models for nodule growth during solidification is introduced. The

model is employed to simulate the solidification of a macroscopic component in the last

part of the chapter.

3.1 Modelling spheroidal graphite growth

Modelling of spheroidal graphite often relies on simplifying the solidifying structure to

individual units of nodule and austenite shell, a so-called uni-nodular model. This type of

model disregards experimental observations showing multiple nodules engulfed by the

same austenite dendrite as discussed in section 2.1. In spite of this, the uni-nodular model

continues to be the point of reference for DCI microstructure models due to its simplicity

and reasonable success [84]. This type of model is inspired by solid state precipitation

models for spheroids by Zener and Wert [85, 86]. Early measurements from quenching

experiments found a constant ratio between the austenite shell radius r γ and graphite

nodule radius r g such that r g /r γ = 2.4 [28]. This ratio was confirmed experimentally and

theoretically by Wetterfall et al. [29] forming the basis for the uni-nodular model.

Cellular Automata has also been used to model DCI solidification [87, 88] providing a

more detailed description of growth and solute distribution. This type of model is, however,
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Figure 3.1: Schematic drawing for the unit cell and the assumed carbon concentration
profile for free growth (left) and encapsulated growth (right) [90].

limited to small calculation domains due to the high spatial resolution needed. Dardati et

al. [89] made an attempt to construct a multi-nodular framework for solidification of DCI

but still relying on Zeners equation for growth of spherical precipitates. According to an

evaluation of the authors them selves [80], the model did not improve the prediction of

cooling curve and nodule sizes compared to classical uni-nodular models.

The present work only considers the uni-nodular type of model as formulated by

Lesoult et al. [90, 91]. The model predicts the growth rate of nodule and austenite shell

along with the fraction of dendritic austenite in the surrounding melt. Prediction of

segregation of Silicon and other elements can be included [92] but is not a part of the

present investigation.

The model considers a closed unit volume where the nodule is located at the volume

centre. Assuming spherical symmetry reduces the spatial dependency to the radius from

volume centre ,r , rendering the model essentially 1D. Based on conservation of carbon

and mass within the volume it is possible to derive growth equations for the nodule and

the austenite shell after making assumptions about the carbon concentration profile in

the different phases.

Growth is divided into 3 stages according to the previous discussion: In free growth

the nodule is completely surrounded by liquid melt and is only considered relevant in

hypereutectic melts above the eutectic temperature. During encapsulated growth it is

assumed that the nodule is surrounded by a perfectly spherical austenite shell which is

again surrounded by a mix of liquid and austenite dendrites. Finally, solid state growth is
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considered in which the unit volume is completely solid and the nodule grows only from

the carbon which is in solution in the matrix. While free and encapsulated growth has been

described in detail by Lesoult et al. [90] the part on solid state growth has been developed

within the present project in order to describe experimental observations presented later.

During free growth the nodule growth relies on the transport of atoms towards the

nodule and the subsequent incorporation of carbon atoms in the nodule. The first process

is governed by the rate of diffusion of carbon in liquid whereas the second is governed by

the interface kinetics and thus essentially controlled by the undercooling with respect to

the graphite liquidus. A quasi-steady state concentration profile is assumed in the liquid.

This means that changes to the existing steady state profile are reflected immediately in a

new steady state profile. The steady state assumption results in a r−1 dependency with

lowest concentration at the graphite-liquid interface and highest at the edge of the unit

volume, see Fig 3.1. This leads to the following expression for the carbon concentration at

the graphite-liquid interface, w i
C

w i
C = w l/g

C +
√( D l

C

2K r g

)2 + D l
C

K r g
(w∞

C −w l/g
C )− D l

C

2K r g
(3.1)

where w l/g
C is the carbon concentration in liquid in equilibrium with graphite, w∞

C is the

carbon concentration far away from the interface and D l
C is the diffusion coefficient of

carbon in liquid. r g is the radius of the nodule. K is an interface kinetics parameter which

controls the rate at which carbon atoms can be added to the nodule. From the expression

it is clear that the ratio between D l
c and K · r g expresses whether diffusion or interface

kinetics controls the growth rate of the nodule. The growth rate equation is obtained by

requiring a balance between the rate of nodule growth and the rate of carbon transport

towards the nodule

dr g

dt
= Kρl (w i

C −w l/g
C )2

ρg (1−w i
C )

(3.2)

where t is time and ρg is the density of graphite and it is assumed that graphite con-

sists of pure carbon. The free growth stage continues until austenite forms in the melt

where encapsulated growth takes over. At this stage the nodule is assumed immediately

encapsulated by an austenite shell of radius r γ. The shell is in local equilibrium at the

graphite-austenite interface as well as at the austenite-liquid interface. In between these

equilibrium points a quasi-steady state concentration profile is assumed as previously.
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These equilibrium values are given from the phase diagram through the temperature

in the volume. It is assumed that the liquid surrounding the shell is homogeneous and

in equilibrium with austenite, see Fig 3.1. When carbon is removed from the liquid as

graphite grows and as the temperature changes it is necessary to make sure that the liquid

remains in equilibrium with austenite while the carbon mass balance is maintained. In

the model this is taken care of by allowing austenite, termed dendritic or off-eutectic

austenite, to form in the surrounding liquid. From mass conservation and kinetics at the

moving interfaces between graphite and austenite and austenite and liquid respectively,

the growth rate equations for the nodule radius and the austenite shell radius are

dr g

dt
= ργ

ρg
Dγ

C

1

1−wγ/g

r γ

(r γ− r g )r g
(wγ/l

C −wγ/g
C ) (3.3)

dr γ

dt
= Dγ

C r g

(r γ− r g )r γ
wγ/l −wγ/g

w l/γ−wγ/l

(
1+ ργ−ρg

ρg

w l/γ−wγ/l

1−wγ/g

)
(3.4)

where ρα is the density of phase α, wα/β
C is the carbon concentration in phase α in

equilibrium with phase β. α and β are replaced with g for graphite, γ for austenite and l

for liquid. Dγ

C is the diffusion coefficient of carbon in austenite. The dendritic austenite is

represented as a fraction solid, f γ, in the volume not occupied by nodule and austenite

shell. The rate of change of f γ is found to be

d f γ

dt
= −XC

(1−kC )w l
C

+ Φ

(1−kC )w l
C

1

mγ

C

dT

dt
(3.5)

XC = −ργw l
C [1−Φ](r γ)2 dr γ

dt − (ργ−ρg )[(1−Φ)w l
C +wγ/g

C −wγ/l
C ](r g ) dr g

dt

1
3

(
ρl (or )3 −ρg (r g )3 −ργ((r γ)3 − (r g )3)

) (3.6)

Φ= ρl (1− f γ)+ργ f γkC

ρl (1− f γ)+ργ f γ
(3.7)

where T is the temperature of the volume, mγ

C is the austenite liquidus slope, w l
C is the

carbon concentration in the liquid, kc is the austenite partitioning coefficient and or is

the initial radius of the unit volume.

When the unit volume is completely solid, solid state growth is considered. This part

of the description of spheroidal graphite growth was not part of the original model [90,

91] but developed within this project. The description of solid state growth is a simple

extension of the model presented above. As previously, a quasi-steady state profile for the

carbon concentration is assumed, in this case between the graphite-austenite interface

at r γ and the limit of the unit volume, r s . The initial boundary conditions for the carbon
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profile in austenite are wC (r s) = w r s = wγ/l
C and wC (r g ) = wγ/g

C . This is exactly the profile

assumed during encapsulated growth with r γ = r s i.e. as the shell reaches the unit volume

limit. Where the concentration at the shell outer diameter previously was controlled by

equilibrium with liquid it is now obtained from conservation of carbon mass. Thus, the

austenite is supersaturated with respect to the only other phase present, namely graphite.

The nodule growth rate is the same as in Eq. (3.3) but with w r s

C replacing wγ/l
C .

dr g

dt
= Dγ

C

ργ

ρg

w r s

C −wγ/g
C

w g
C −wγ/g

C

r s

(r s − r g )r g
(3.8)

wγ

C (r ) = wγ/g
C + r sr g

r g − r s
(w r s

C −wγ/g
C )(

1

r
− 1

r g
) (3.9)

The full carbon mass of the volume is

mc = 4π

3
ρg (r g )3 +4πργ

∫ r s

r g
wγr 2dr

= 4π

3
ρg (r g )3 +4πργ[w r s

C (−α
2
+ r sβ)+wγ/g

C (
α

2
− r gβ)] (3.10)

with

α= r g r s(r s − r g ) β= (r s)3 − (r g )3

3(r s − r g )
(3.11)

from which w r s

C can be obtained after each time step.

In the following the values for constants such as density are taken from Pedersen et

al. [73] and an explicit time scheme is used to step forward in time during calculations. A

linearised version of the phase diagram is used [91]. It is important to note that the bulk

part of eutectic solidification can take place significantly below the eutectic temperature

where a linear extension of the austenite solidus and liquidus lines are used for wγ/l
C and

w l/γ
C . Fig. 3.2 shows a simulation considering encapsulated and solid state growth from an

initial nodule of r g = 1 µm. The figure shows a gradual transition from fast growth while

the unit volume solidifies to a very slow growth regime when the now solid volume is

simply cooling. The gradual transition is ensured by the assumptions on the concentration

profile.

The volume of the unit cell obviously plays a large role in determining the final nodule

size obtained during solidification but it does not influence the growth dynamics. The

boundary condition dictated by local equilibrium at the interface between austenite

shell and liquid is maintained irrespective of the amount of liquid in the volume and

is set by the phase diagram. For solid state growth the situation is different. The total
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Figure 3.2: Encapsulated growth followed by solid state growth. r g
0 = 1µm, r γ0 = 2µm,

r s = 56µm, T0 = 1130◦C and cooling rate is 0.03 ◦Cs−1

carbon mass as well as the total mass of the carbon in supersaturation in the austenite

increases with increasing unit cell size. It is the carbon in supersaturation which will

precipitate to the nodule resulting in growth. The dependency of the growth rate on unit

cell volume is illustrated in Fig. 3.3. The figure shows the two stages of growth within

solid state: Transitional, fast growth from precipitation of the carbon which initially is in

supersaturation, and slow growth at a constant rate due to the continuous reduction of

carbon solubility in austenite.

Figure 3.3: Solid state growth of a nodule 10 µm radius in unit volumes of radii ranging
from 30 µm to 60 µm. Initial temperature is 1130 ◦C and the cooling rate is 0.03 ◦Cs−1
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3.2 Modelling solidification of DCI casting

Modelling casting solidification must ideally include models for microstructure evolution,

thermal field, concentration fields, flow of melt as well as mechanical displacement and

stresses in 3D due to volumetric changes. The model presented in the following is a limited

model for DCI solidification including a microstructural model as well as a model for the

thermal field. The original idea and ambition behind the modelling framework presented

below was to enable an extension of the model to include mechanical displacement and

prediction of residual stresses. This part of the project was, however, never realised due a

shift in focus towards in-situ observations of cast iron solidification which are presented

and analysed in the remaining chapters of this work. In spite of this, the work presented

in this section highlights interesting aspects of solidification models for DCI.

A model for microstructural evolution was presented in the previous section. Limited

modifications to the model are necessary to predict the microstructure in a macroscopic

casting. To this end, the approach by Pedersen et al. [73, 93] was used. To solve the

heat conduction equation a finite element (FE) model was employed. The finite element

approach was chosen due to the flexibility it provides with respect to the casting geometry

which can potentially be simulated. Further, the FE framework is ideal for including mech-

anical stresses and strains. As mentioned above, these possibilities were not exploited

within this project.

Previous work [73] coupled the microstructural model to a 1D thermal solver for the

purpose of simulating the solidification of thin-walled plates. The present work extends

previous efforts to 2D enabling a larger range of geometries which can be simulated.

The structure of the code and implementation of the coupling between microstructural

model and thermal solver presented by Pedersen et al. has been followed in the present

work. The solid state growth model presented in the previous section is not a part of the

microstructural model employed here.

A standard finite element model using 2D four-node isoparametric elements [94] was

programmed in C and involves casting and sand mould. Discrete meshes representing the

geometry under consideration was constructed in ABAQUS and exported for use in the

developed code.

3.2.1 Implementation of microstructural model

A few details on the implementation of the microstructural model for macroscopic casting

solidification are emphasised here. A detailed description can be found elsewhere [93].

The nucleation of new nodules is assumed to follow Eq. 2.1 with n = 2 and An a variable
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parameter. With this model new nodules are nucleated in every time step in which the

total undercooling with respect to the graphite liquidus increases. The nodules that

nucleate in the same time step are considered a family as they will experience exactly

the same conditions through the remainder of the solidification and thus develop in

exactly the same way. Growth of graphite nodules and associated austenite shells are

calculated within unit volumes of unlimited size which means that encapsulated growth

will continue until the fraction solid in the volume element is 1. The concentration

in the liquid between eutectic units is assumed to be controlled entirely by the phase

diagram through the temperature locally and graphite growth is not directly affected by

the presence of other nodules. Impingement between austenite shells are only taken into

account when calculating the compositional changes and the release of latent heat. The

rate of change of the total graphite volume, V g , in a given volume element is calculated as

dV g

dt
=∑

i
Ni ·Ψ · (r g

i )2 · dr g
i

dt
(3.12)

The sum over subscript i is a sum over nodule families where Ni is the number of nodules

and r g
i is the radius of the nodules in family i . Ψ= 1− f s is the Avrami correction factor and

f s is the fraction solid. Ψ is used to account for the impingement between spherical units

during growth [91, 95] in this case eutectic units of nodule and austenite shell. An equation

similar to Eq. (3.12) is set up for the total change in volume of austenite shells within one

time step, dV γ. dV g and dV γ are used for calculating the compositional changes as well

as increase in fraction solid. Thus the contribution to the increasing fraction solid from

eutectic units is greatly reduced towards the end of solidification while growth rates of

nodules and austenite shells are unaffected.

3.2.2 Simulation of casting solidification

For the purpose of testing and validating the solidification model three rectangular bars

of varying cross sectional size were simulated. The simulations were modelled after a

series of experimental castings described by Vedel-Smith et al. [96] and form the basis for

validation. The temperature was measured at the centre of each bar during casting. The

bar side lengths were 34.7 mm, 52 mm and 65 mm and they were cast from a melt with the

nominal composition given in Table 3.1. Further details on the experiment can be found

elsewhere [96]. In the following the analysis focuses on the 52 mm bar as it illustrates the

general points made by Bjerre et al. [97] who reported on the results presented here.
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Table 3.1: Alloy composition [%wt], carbon equivalent (CE) and casting temperature [96].

C Si CE Casting T [◦C]

3.31 3.81 4.57 1387

Due to the two-fold symmetry of the castings only a quarter of each casting was

simulated using adiabatic boundary conditions along the symmetry lines. The mesh

generated using ABAQUS for a quarter of the 52 mm bar along with sand mould is shown

in Fig. 3.4. A variable heat transfer coefficient (HTC) controls the heat conduction between

casting and mould. In the simulations shown hereafter the HTC is set to vary from 1500

Wm−2 K−1 at zero fraction solid to 400 Wm−2 K−1 at 0.4 fraction solid similarly to the

implementation by Pedersen et al. [73]. Validation was performed by comparing the

predicted and measured temperature at the centre of the casting in terms of solidification

time, temperature of the eutectic plateau as well as the overall shape of the curve. Secondly,

the microstructure obtained from simulation and experiment in terms of nodule count at

the corner of the casting cross section were compared.
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Figure 3.4: Left: Mesh for simulation of 52 mm bar obtained using ABAQUS. White
elements represent the casting while grey elements represent the sand mould. Right:
Measured and simulated emperature at the centre of 52 mm bar. Reproduced from Ref.
[97].

Experimental temperature measurements for the 52 mm bar are presented in Fig. 3.4

with two temperature curves from solidification simulations with An = 1010 m−3 K−1 and

3 · 1011 m−3 K−1. The cooling curves illustrate that only the low value of An predicted

the temperature of the eutectic plateau while the high value of An results in a cooling

curve where the shape resembles the measured curve albeit with a significantly higher
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predicted eutectic plateau temperature and an underestimation of the solidification time.

Another important difference is the absence of undercooling and recalescence before the

eutectic plateau for both values of An . As discussed by Bjerre et al. [97] it seems that the

simulated thermal conditions do not allow for a sufficiently fast cooling of the melt before

solidification.

Experimental nodule densities are calculated from nodule counts from 2D micro-

graphs using the Schwartz-Saltykov method [98]. A comparison of nodule densities at

a corner of the cross section from experiment and simulation are presented for the 52

mm bar in table 3.2. Only the highest value of An results in a nodule count similar to

that observed experimentally. The analysis shows that it was not possible to simultan-

eously predict the temperature of the eutectic plateau as well as the nodule count after

solidification.

Table 3.2: Nodule density at the corner of the 52 mm bar cross section obtained by
experiment and simulation [97]. The results exclude nodules with a diameter smaller than
5µm.

Nodules mm−3

Experiment 4.08 ·1013

Simulation

An = 1010 m−3K−1 2.18 ·1012

An = 3 ·1011 m−3K−1 3.91 ·1013

In the light of the above analysis it does not seem possible to validate the micro-

structural model solely based on comparison between experiment and results from the

presented simulation framework. A necessary prerequisite appears to be a more precise

description of the evolution of the thermal field including an extension to 3D but also a

better description of the heat transfer between casting and mould as well as the heat con-

duction in the mould [97]. From the comparison between simulation and experiment it is

quite obvious that a correct description of nucleation in terms of model and parameters

is paramount in order to obtain a correct description of the nodule density but also the

cooling curve. As discussed in section 2.4 not a lot of data is available to bound the value

of An when using it as a fitting parameter.

The differences between the representation of the DCI microstructure in the uni-

nodular model and actual experimental observations presented in the literature discussed

in section 3.1 are also relevant in the solidification simulation. Growth of encapsulated

nodules continues throughout solidification as impingement between austenite shells
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are not reflected in reduced growth rates. This implies that the assumption on the bound-

ary condition for the carbon concentration profile at the shell-liquid interface can be

maintained throughout solidification which probably is unrealistic. As a consequence

direct comparison between nodule size distributions in simulation and experiment is

irrelevant even if solid state growth during cooling and eutectoid transformation are taken

into account. Although reasonable agreement between simulations and experiments was

obtained it is clear that it is difficult to conclude upon the validity of the microstructural

model from the presented comparison. Instead, such a validation is one of the aims of the

following chapters through in-situ observations of nodule growth. With improved models

it is possible to return to macroscopic casting simulations with renewed confidence.





Chapter 4

Synchrotron X-ray tomography

experiment setup

For the purpose of elucidating graphite formation in general and to quantify spheroidal

graphite growth for validatation of present and future microstructural models a solidi-

fication experiment for DCI was devised. It employs synchrotron X-ray tomography in

combination with an environmental cell which combined permit in situ observations of

the formation of graphite during solidification. The environmental cell [14] employed

in the experiment and described below is designed for the purpose of conducting tomo-

graphic imaging experiments of samples at high temperature on synchrotron beam lines.

The present experiment was undertaken at the I12 beam line at the Diamond Light Source

(DLS) synchrotron facility which is designed for tomography or diffraction experiments

using environment cells on relatively large samples of dense material [99]. Synchrotron X-

ray sources have recently been applied to cast iron for characterisation in 3D [100, 101] but

also for 2D radiography of DCI solidification [17]. The latter showed interesting images of

graphite spheroids nucleating in proximity of an advancing austenite dendrite. However,

the present experiment is the first in 4D (3D plus time) of DCI solidification. The purpose

of the present chapter is to introduce the experimental setup used during the beam time

in July 2015 in which the experiment was conducted. This chapter briefly introduces

X-ray tomography before describing the preparation of samples for the solidification

experiment, the environmental cell and the imaging conditions and post-processing of

the recorded data. Finally, observations from tomograms obtained before solidification

are discussed.



28 Synchrotron X-ray tomography experiment setup

4.1 X-ray attenuation contrast tomography

In X-ray attenuation contrast tomography the difference in attenuation of X-rays between

different materials is exploited. For a an incoming beam of intensity I0 the exponential

attenuation law

I /I0 = exp
(
− µ

ρ
x
)

(4.1)

describes the intensity, I , of the beam as it passes through a material of mass thickness t

and density ρ with x = ρt . The mass attenuation coefficient µ/ρ is plotted for iron and

graphite1 in Fig. 4.1. As iron has a higher mass attenuation coefficient and a higher density

it attenuates X-rays to a larger extent than graphite. Cast irons are from this perspective

quite ideal for attenuation contrast tomography as the heavy matrix will attenuate much

more than the light graphite.

Figure 4.1: Mass attenuation of iron and graphite as a function of photon energy obtained
from NIST. The 75keV photon energy used during the experiment is indicated by a vertical
line.

As mentioned in the beginning of the chapter synchrotron X-rays are increasingly used

in solidification experiments. The advantages of using a monochromatic synchrotron

source compared to a polychromatic laboratory source are many but most importantly the

high flux of X-rays in synchrotrons enables much faster imaging compared to laboratory

equipment [102], a key feature when imaging dynamic processes. With a monochromatic

beam one also avoids imaging artefacts otherwise complicating the post-process analysis.

1Obtained from NIST: http://physics.nist.gov/PhysRefData/XrayMassCoef/tab3.html
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4.2 Sample preparation

For the experiment at the synchrotron a DCI alloy with high residual magnesium was cast.

Iron, Silicon and graphite of industrial purity were used to avoid excess concentrations

of elements such as S and Ti in the melt which might modify the graphite particle mor-

phology rendering them non-spherical. To ensure spheroidal graphite morphology the

commercial spheroidser Elmag from Elkem which contains Si, Mg, Al, Ca and RE was used

and no inoculant was added to the melt. Melting was performed in an induction furnace

using a silicon carbide crucible before casting at approximately 1400 ◦C into a small SiC

crucible. From this casting, cylindrical samples of 2 mm diameter and 8 mm length were

machined out as well as samples for microscopy and chemical analysis. Carbon content

was measured using a LECO CS230. The sample composition is reported in Table 4.1. The

sample is slightly hypo-eutectic as indicated by the linearised phase diagram presented

in Fig. 4.2 which is used throughout this work. Fig. 4.3 presents a micrograph showing

the microstructure of the casting. Spheroidal nodules but also significant amounts of

carbides are present probably as the combined result of absent inoculation and high

residual magnesium concentration [1].

Table 4.1: The concentration of selected elements in the casting and eutectic temperature,
T eut.

C Si Mg P S Ce La T eut

[wt%] [◦C]

3.6 1.9 0.06 0.02 0.002 0.01 0.01 1162

4.3 Environmental cell and temperature control

The environmental cell employed during the experiment has been developed and con-

structed at the Manchester X-ray Imaging Facility (MXIF), in particular by Dr. Mohammed

A. Azeem, under supervision of Prof. Peter D. Lee, both at the School of Materials, Uni-

versity of Manchester and was presented recently [14]. It allows tomographic imaging at

temperatures above 1300 ◦C and stable cooling rates down to approximately 0.01 ◦Cs−1.

A schematic drawing of the environmental cell is presented in Fig. 4.4 which shows a

sample held by a ceramic rod and centrally placed in a water cooled enclosure. The

cavity is closed off from the surroundings allowing the controlling software to manage

the temperature within the cavity by adjusting the current through the heating elements
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Figure 4.2: Linear approximation of the stable Fe-C phase diagram [91] for 1.9 %wt Si.
Composition of the sample is indicated by the red vertical line.

Figure 4.3: As cast microstructure of casting from which the sample for synchrotron
experiment was obtained. By courtesy of N. K. Vedel-Smith.
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while monitoring the temperature using thermocouples placed approximately 3 mm from

the sample. Simulations have shown that the temperature variations within the field of

view during experiments are less than 3 ◦C [14].

heat density and high temperature (>1000 �C) stability in both
oxidizing [34,35] and reducing environments [35]. Temperature
was controlled by two R-type thermocouples placed at about 3 mm
from the sample surface. The sample is separated from the heating
element using a central dense alumina ceramic column. Further, to
isolate the environmental cell chamber from the ambient atmo-
sphere, fused quartz faceplates, 0.5 mm thick, were placed over

square 10 mm X-ray windows.
During the in situ high temperature solidification experiment, a

0.0165 nm (75 keV) monochromatic X-ray beam with PCO edge
camera at a pixel size of 1.3 mmwas used for tomographic imaging
with 900 projections and 0.1 s exposure. The experiment was
conducted as follows. First, the sample was heated to 1400 �C, held
isothermally for 10 min, and then cooled at a rate of 0.05 �Cs�1.
Concurrently, a series of X-ray tomographic images were acquired.
The imaging conditions described above allowed for acquisition of
27 tomograms within the semi-solid regime. The reconstructions
were performed by standard filtered back projection [36].

To improve the sample alignment, and to ensure safe operation
resulting from the high temperatures, thermal modelling of the
environmental cell was performed using SolidWorks [37] software.
Boundary conditions were set on the insulating fibre block (50 �C)
and heating element surface (1800 �C). The model included radia-
tive heat transfer, but the contact thermal resistance between the
mating surfaces was ignored. The modelled temperature profile in
the central block of the environmental cell is shown in
Supplementary Fig. S2a. In addition to isolating the sample from
the heating elements, the central alumina core was observed to
promote radiative heating, homogenizing the temperature across
the central sample volume. The temperature profile across the
entire quartz tube is shown in Supplementary Fig. S2b. Based on the
model results, the location of the X-ray field of view was chosen
such that there was minimum thermal gradient within the imaged
volume. The model predicted <3 �C variation across the sample
height within the FOV.

3. Results and discussion

3.1. Methodology demonstration

The in situ, 4D evolution of patterns during the liquid to solid

Fig. 1. (a) Schematic of the sample module with alumina sample mount and quartz
encapsulated sample and (b) image of the as-encapsulated sample, held in place at one
end of the encapsulation by a quartz rod.

Fig. 2. (a) Schematic of one half of environmental cell with heating and sample module and (b) schematic of the environmental cell setup at the I12 beamline of Diamond Light
Source. Scale bar ¼ 32.5 mm.

M.A. Azeem et al. / Acta Materialia 128 (2017) 241e248 243

Figure 4.4: Schematic illustration of one half of the environmental cell (a) and the setup at
the beam line (b) as presented by Azeem et al. [14]. The scale bar is equivalent to 32.5 mm.

As a part of the development of the methodology to image alloys with high melting

temperatures, a system for stable encapsulation of samples during high-temperature

experiments has been developed [14]: The cylindrical sample is encapsulated in a quartz

tube in order to contain the sample while also protecting it from the surrounding at-

mosphere during the experiment. Preliminary tests showed that samples from the alloy

presented above were very prone to magnesium loss producing only flaky graphite upon

re-solidification when heated to temperatures significantly above the sample melting

point despite the encapsulation. The maximum temperature during the synchrotron

experiment thus had to be as low as possible while still melting the sample completely

thus minimising the time during which the sample is liquid.

During the experiment at the synchrotron the sample was heated by a rate of 0.5 ◦Cs−1

reaching a maximum temperature of 1167 ◦C. From this point a relatively low cooling

rate of 0.03 ◦Cs−1 was applied across the expected range of solidification. After reaching

1080 ◦C the sample was cooled to room temperature at a rate of 0.5 ◦Cs−1. The measured
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temperature in the cavity of the environmental cell during the experiment is shown in

Fig. 4.5. The temperature curve clearly shows a constant slope in the recording regime

corresponding to the pre-set cooling rate albeit with minor fluctuations. The beginning

and the end of tomographic recordings are also indicated. 61 scans2 were recorded during

the indicated temperature interval and the last scan obtained during the experiment was

recorded at approximately 1089 ◦C when the beam time ended. No room temperature

scan from the synchrotron is thus available for a detailed investigation of the effects of

solid state cooling and eutectoid transformation.

Figure 4.5: Temperature measured in furnace cavity during recording of tomograms. The
beginning and the end of tomographic scanning are indicated.

4.4 Imaging and post-processing

Under static conditions the quality of a tomographic image can usually be improved by

increasing the number of projections as well as the exposure time of each projection which

both increase the recording time of a tomogram. During an experiment where a dynamic

process is imaged a more delicate balance has to be maintained, in this case involving

also the cooling rate imposed on the solidifying sample. A high cooling rate will lead to

fast kinetics requiring fast imaging to capture the changes. A low cooling rate might allow

slower imaging resulting in images of higher quality but leaves the sample in a molten

state over a long time which allows carbon and magnesium to escape and oxygen to enter

from the surroundings in spite of the encapsulation.

2The terms (CT) scan, tomogram and tomographic frame will be used interchangeably within this work.
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Projections were continuously recorded at an exposure time of 0.11 s by a PCO Edge

camera with a pixel size of 1.3×1.3 µm using a 75 keV monochromatic X-ray beam. The

relatively long exposure time was due to a fault on the DLS which resulted in only half

the X-ray flux compared to normal operating conditions which required a low cooling

rate during the experiment. Tomograms were reconstructed from 360 projections which

means that each tomogram took 40 s to record corresponding to a temperature change

of 1.2 ◦C on average. Reconstruction, including reduction of imaging artefacts, filtering

of tomograms as well as segmentation was performed by M. A. Azeem from MXIF in

collaboration with I12 beam line scientist R. C. Atwood. The reconstruction was performed

using a standard filtered back projection while several measures were taken to reduce the

number of imaging and reconstruction artefacts such as ring removal [103, 104] and to

increase the image contrast by the use of a phase retrieval algorithm [105].

Segmentation of tomograms based on variations in attenuation is necessary to quantify

graphite growth in 3D and was performed after applying an anisotropic diffusion filter

[106] to reduce noise while preserving edges. The latter is critical in order to have a

proper representation of graphite particle morphologies. The filtered images were only

used for the purpose of segmentation and will not be considered in the further analysis.

In chapter 5 the observed microstructure is analysed and the result of segmentation is

discussed.

4.5 Discussion of pre-solidification observations

The original microstructure was dissolved before cooling as illustrated by a 2D section of

the first tomogram, Fig. 4.6. The bright region is the sample bounded by the encapsulation

on the sides. During heating, the quartz encapsulation broke at the top of the sample

allowing a large oxide to form while the sample remained in shape. At the top left corner,

indicated by a red rectangle, the oxide as well as the broken encapsulation can be observed.

In proximity of the oxide solid has formed. Due to the very limited attenuation difference

between the solid and the liquid, the interface is generally not visible and cannot be iden-

tified for a detailed analysis. However, before eutectic solidification the interface between

the solid and the liquid in proximity of the oxide can be observed and is emphasised by a

dashed line. Indicated by arrows are examples of voids or gas bubbles caught within the

solid. Two imaging artefacts have been highlighted with circles but several other artefacts

can also be found.

In spite of the relatively moderate maximum measured temperature the original mi-

crostructure was dissolved posing the question of a systematic error on the temperature
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Figure 4.6: 2D cross sectional view from the first tomogram obtained of the sample.
The average temperature during recording was 1166 ◦C. The broken encapsulation and
the oxide formed instead is indicated by the red rectangle. The solid-liquid interface is
indicated by a dashed line while voids and imaging artefacts are highlighted with arrows
and circles respectively.

measurements. In earlier efforts to validate temperature measurements in the environ-

mental cell cavity DSC measurements on Nickel alloy solidification have been compared

to the temperature at which the first solid formed during synchrotron X-ray tomography

experiments on the same alloy. No offset was found between the two measurements3.

This conclusion is assumed to be valid in the present experiment as well. The loss of

carbon through the broken encapsulation means that it is difficult to replicate the melting

and solidification cycle which the sample went through during the experiment. DTA

measurements on the original alloy were conducted under a CO atmosphere to avoid

decarburisation and it was found that the alloy only starts melting around 1165 ◦C and

finishes around 1200 ◦C as shown in Fig. 4.7. This indicates a mismatch between the

measured and the actual temperature within the environmental cell. It does, however,

correspond reasonably well with the linearised phase diagram presented in Fig. 4.2. The

fact that the temperature was measured in the cavity rather than directly on the sample

during the synchrotron experiment introduces an uncertainty on the actual temperature

of the sample. However, it is unclear why the sample temperature should be much higher

3Private communication with M. A. Azeem.
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than the surroundings, especially during cooling where the cooling rate is relatively low

and is unlikely to introduce a lag between cavity temperature and sample temperature.

Throughout the remaining work the temperatures measured during the synchrotron ex-

periment will be used when considering tomographic data as they represent the actual

measurements during the experiment, however, keeping the conflicting measurements in

mind.

Figure 4.7: Temperature cycle and DTA signal measured during heating and cooling of the
original alloy. The temperature of initiation of melting is indicated by the dashed lines.





Chapter 5

Characterisation of DCI solidification

from synchrotron X-ray tomography

Time resolved in-situ observations of solidification of cast iron using synchrotron radiation

hold promises for significantly improved descriptions of graphite nucleation and growth.

Selected experimental efforts to elucidate the solidification of DCI were presented in

chapter 2 and while quenching experiments have advanced the general understanding

of spheroidal graphite growth they rely on ensemble descriptions and do not provide

a description of individual particle development. The present experiment concerning

in-situ observations allows observation of the development of individual particles as well

as the distribution and shape of objects in 3D.

The characterisation of compact and spheroidal graphite by synchrotron X-ray tomo-

graphy performed by Chuang et al. [100, 101] emphasised the importance of full 3D char-

acterisation for a faithful representation of the graphite particle morphologies. Individual

graphite particle morphology on a much smaller length scale has been characterised

in 3D by FIB-tomography by Velichko et al. [107, 108] who successfully described the

detailed structure of the graphite-matrix interface. They showed that nodules in some

cases have a very rough surface which was attributed to effects of inclusions [45] while

in other cases the nodule surface is rather smooth. The use of real tomographic data for

simulation of properties further illustrates the usefulness of full 3D characterisation of

cast iron microstructures [109, 110].

The present chapter is concerned with the detailed analysis of and the relation between

the observed microstructures at high temperatures and room temperature. The solid-

ification sequence and microstructure evolution are analysed and the possibilities for

quantification of graphite growth are assessed. Image processing, stitching of individual

images to mosaics and volume renderings are made using the open source image analysis
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software ImageJ or its extension Fiji [111–113] with the plug-ins MosaicJ [114] and Volume

Viewer.

5.1 Microstructure characterisation

Before analysing the solidification and microstructure formation it is useful to describe

the sample microstructure after solidification in broad terms. Also, the observations of

the microstructure at room temperature and at elevated temperature are compared in this

section.

5.1.1 Overall characterisation of sample room temperature microstruc-

ture

After solidification the complete sample was imaged using laboratory X-ray tomography

equipment. Fig. 5.1 shows a full length longitudinal sample cross section from the room

temperature CT scan while Fig. 5.2 displays a transversal cross section. The approximate

region imaged during solidification is indicated in Fig. 5.1. The oxide which formed during

melting and solidification is clearly visible at the top of the sample along with a carbon

depleted zone where no nodules are present. The carbon-depleted zone extends into the

region imaged during solidification. Graphite is predominantly spheroidal in the imaged

region with some compact graphite towards the bottom and the edges of the sample. The

remaining sample primarily contains compact graphite. In the transversal cross section

in Fig. 5.2 a shrinkage on the sample surface is indicated by a white arrow. This formed

during liquid cooling and initial stages of solidification indicating that the sample was

constrained from contracting uniformly.

The sample was embedded in resin and serially sectioned. Sectioning was performed

by polishing longitudinal sections of the cylindrical sample using 3 µm and 1 µm dia-

mond suspensions in steps of roughly 20 µm. Each section was imaged in a light optical

microscope (LOM). The approximate distance between slices was monitored by meas-

uring hardness indentation diagonals in a steel ring embedded in resin with the sample.

The room temperature CT scan was used for an approximate confirmation of distances

between slices. The full distance of 1000 µm from sample surface to central section was

covered. The last 150 µm was additionally imaged in a scanning electron microscope

(SEM) obtaining secondary electron images (SEIs) and selected areas of the sample was

mapped using energy-dispersive X-ray spectroscopy (EDS). The last section imaged was

etched with 2% Nital to reveal the distribution of ferrite and pearlite. The top part of the
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Figure 5.1: Full length longitudinal section of the room temperature CT scan of the sample
obtained after solidification. The approximate region imaged during solidification is
indicated by the black rectangle. The cylindrical sample measures 2 mm in diameter
corresponding to the hight of the sample cross section in this image.

Figure 5.2: Transversal cross section of the room temperature CT scan of the sample
towards the bottom of the region imaged during solidification. The white arrow indicates
a shrinkage on the sample surface which formed during liquid state cooling.
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sample, including the area imaged during the experiment, is displayed in Fig. 5.3. The

massive carbon loss is evident through the presence of a thick ferrite layer where the

sample encapsulation had broken. A large pearlitic region without graphite can also be

observed. Only tiny amounts of ferrite is otherwise found at the sample edges indicating

that carbon loss from the remaining encapsulated sample surfaces is limited.

Most spheroidal particles appear with a thin ferritic halo while compact graphite often

is surrounded by a thicker ferritic shell. This indicates that the extent of graphite growth

during the eutectoid transformation is rather limited and can be expected to contribute

relatively little to a possible difference in graphite particle volume between solidification

temperature and room temperature.

Figure 5.3: Sample cross section etched with 2% Nital and imaged in LOM.

5.1.2 Comparison of microstructures observed at elevated and room

temperatures

2D sections of tomographic volumes are in the following compared to room temperature

observations for the purpose of verifying the nature of observed objects and the source

of attenuation variations. LOM images and SEIs have a much higher spatial resolution

than what was obtained using X-rays and allow for a detailed description of the particle

cross sections as well as graphite-matrix interfaces. As mentioned in chapter 4 there is no

high quality room temperature scan available from the synchrotron beam time. Instead,
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the room temperature microstructure imaged during serial sectioning is compared to the

microstructure observed during and immediately after solidification.

Before initiating a detailed comparison a general note is needed: A detailed and quant-

itative comparison of microstructures at different temperatures requires a very precise

registration of micrographs to the 3D volume, i.e. a match in space between the two

data sets. In the present case the registration between micrographs and tomograms was

performed manually and is not completely perfect. It is however not straightforward to

evaluate if differences between micrographs and high temperature CT scans are due to

changes in the microstructure or to the imperfect registration. Graphite growth during

solid state cooling and eutectoid transformation is expected due to the decreasing solubil-

ity of carbon in the matrix with decreasing temperature. This complication could have

been avoided using a room temperature scan from the synchrotron, which does not exist

in the present case. It is, however, clear from the later examples (e.g. Fig. 5.5) that a good

match between data sets has been obtained over smaller areas.

The room temperature CT scan obtained using a laboratory X-ray source provided a

voxel size of 2.5 µm×2.5 µm×2.5 µm. This CT scan constitutes a possible bridge between

synchrotron CT scan from elevated temperature and room temperature micrographs.

Such a relation, however, requires an accurate registration of the volume to high temper-

ature scans but also a segmentation is needed based on grey level variations which can

correspond to the choices made for the synchrotron data for quantitative analysis. The

latter step is not straightforward. No serious efforts were made to neither register the

room temperature volume to the high temperature volumes nor to segment the volume

but constitute a future possibility to enhance the data and observations presented in this

chapter.

With the above considerations in mind, Fig. 5.4a and b show an SEI from room temper-

ature and a 2D section from a tomogram after solidification is complete. The images show

a microstructure where both graphite particles, voids and objects which are combinations

thereof are present and where each object can easily be recognised in both images1. In

theory, grey level variations in the tomographic 2D section originate from physical vari-

ations whereas in real experimental data noise introduces artificial variations. The grey

level profile along the line in the tomographic section is shown in Fig. 5.4c which provides

the following insights: The dual-phase nature of the object highlighted with a circle in

Fig. 5.4 is reflected in differences in attenuation as the void has a lower grey-level value

than the graphite. This indicates that voids may be distinguishable from graphite in CT

1Note that 2D sections of grey level tomograms can appear slightly different due to small differences in
brightness/contrast settings as well a minor variation in beam intensity during recording. Also, print and
digital versions of the images might yield different impressions.
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data without serial sectioning. The line profile also shows an increase in grey level value

towards the centre of the particle pointed out with an arrow in Fig. 5.4a. The SEI shows

that this stems from the relatively high concentrations of metallic inclusions at the center

of the particle cross section illustrating the relation between grey level variations in CT

data and physical objects as well as well as the usefulness of the serial sectioning.

a b

c

Figure 5.4: a: SEI obtained during serial sectioning. b: 2D section of the last tomogram
obtained after solidification is complete. c: Profile of the grey level variations along the
line indicated in b.

Figs. 5.5a and c present 2D sections of the microstructure as observed at elevated

temperature after solidification is complete and at room temperature. The room temper-

ature microstructure presents both perfectly spherical nodules with almost no metallic

inclusions and a smooth graphite-matrix interface as well as highly irregular particles with

a high density of metallic inclusions and a relatively irregular graphite-matrix interface.

Attempting a comparison of microstructures in spite of the difficulties discussed above

several conclusions can be made: The extent of growth during solid state cooling seems
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relatively limited in the sense that overall graphite particle shapes appear conserved as

does the spatial distribution of particles. A comparison of Fig. 5.5a and c indicates that

features with a high surface area to volume ratio have not been suppressed during solid

state cooling as would be expected if coarsening was a dominant mechanism. Several

features of the particles, pointed out with black arrows in Fig. 5.5a, appear diffuse and

not very well defined. Similar observations of graphite by synchrotron radiation were

attributed to the limited spatial resolution of the tomographic data [100, 101]. Despite

a voxel size of 1.3 µm × 1.3 µm × 1.3 µm in the X-ray tomogram the minimum size of a

recognisable feature is significantly larger. Given the high observed density of metallic

inclusions within graphite particles and the irregularity of the graphite-matrix interface in

Fig. 5.5c it seems appropriate to conclude that limited resolution in X-ray data results in

diffuse interfaces between matrix and graphite at elevated temperature.

Segmentation of tomographic volumes is a necessary step towards a quantification

of the microstructure. However, such a process will necessarily disregard the detailed

information mediated by small variations in grey level as illustrated in Fig. 5.4. Fig. 5.5b

shows the binary equivalent of Fig. 5.5a and is a 2D section of a binary volume obtained

after filtering and segmentation as described in chapter 4. The presented cross section

was deliberately chosen to illustrate the result of the choices made during post-processing

of data: The overall particle shapes are very nicely reproduced but diffuse features are to

some extent segmented out.

a b c

Figure 5.5: 2D section from tomogram obtained after solidification is complete shown in
grey scale (a) and as binary (b) images. Room temperature SEI is presented in c.

As graphite grows during the recording of tomograms and due to poor image quality,

features might be not be sufficiently well defined to be segmented as graphite after filtering.
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Figs. 5.6a-c show 2D sections of the microstructure during solidification in grey scale and

as binary image along with the room temperature microstructure from approximately the

same 2D section. A comparison of images shows that graphite particle features which are

weak and diffuse but discernible in the grey level image are not segmented as graphite

in the binary image. It is however important to keep in mind that just as features are

diffuse within the plane of view the same applies in the perpendicular direction (out of

plane). Diffuse features observed in a 2D section might thus be the result of smearing of

an object interface which after filtering does not intersect the observed section. Filtering

and segmentation are performed in 3D and the 3D connectivity of the two particles or

structures (distinguished by colour) is well represented as shown by Fig. 5.7. The two

structures illustrate the two characteristic features of the compact graphite observed

within the sample: One presents a highly branched structure with both small and large

thin rod-like protrusions while the other can primarily be described as plate-like albeit

with minor branches extending from the main structure. Similar descriptions of compact

graphite shape in 3D have been made by Velichko et al. [107] and Chuang et al. [100].

At early stages of solidification image quality does not permit a correct description

of the connectivity of the thin 3D structures of compact graphite rendering it difficult to

analyse qualitatively. Due to their compactness and relatively simple shapes spheroidal

graphite appears to be better represented in the X-ray data and can be subjected to

quantitative analyses with fewer restrictions than compact graphite.

a b c

Figure 5.6: a: 2D section from tomogram during solidification. b: Binary version of a after
filtering and segmentation. A 3D rendering of the grains encircled by a dashed line is
shown in Fig. 5.7. c: Room temperature microstructure.
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Figure 5.7: 3D rendering of 2 unconnected particles intersected in by the 2D section in
Fig. 5.6b and highlighted with a dashed line.

5.2 Characterisation of the sample solidification

The vast majority of the sample solidified over a temperature range of approximately

14 ◦C (from 1136 ◦C to 1122 ◦C) corresponding to a total time of 440 s and 11 tomographic

frames albeit including a single corrupt scan which cannot be used in the analysis. For

convenience scan number 20, during which the average temperature is 1138 ◦C, is set to

time t = 0 s and is used as reference point. No graphite is present within the imaged part

of the sample at scan number 20.

5.2.1 Overall solidification sequence

The sample solidification sequence is presented in Fig. 5.8. It shows that the first type of

graphite to form is the compact graphite which primarily grows from the sample periphery

towards the center. Simultaneously the first spheroidal graphite forms towards the top

part of the image followed by a more homogeneous precipitation of spheroidal graphite

in the remaining central region. This overview of the solidification shows that substantial

changes take place from frame to frame indicating that the time resolution obtained in

the experiment is relatively low compared to the rate of change observed. Relatively fast

changes during the course of a scan will lead to blurring of particle-matrix interfaces and

introduce an uncertainty on the actual size of the particles. However, growth of spheroidal

graphite seems resolved over several scans which will allow a comparison with model

results. Particle movement is limited during recording which enables segmentation and

tracking of most objects.
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a: t = 80 s, T = 1136 ◦C b: t = 120 s, T = 1134 ◦C c: t = 160 s, T = 1132 ◦C

d: t = 200 s, T = 1132 ◦C e: t = 240 s, T = 1130 ◦C f: t = 280 s, T = 1128 ◦C

g: t = 320 s, T = 1127 ◦C h: t = 360 s, T = 1125 ◦C i: t = 480 s, T = 1122 ◦C

Figure 5.8: a-i: 2D sections from the centre of 9 tomographic frames obtained during
the sample solidification. Time after scan number 20 and average temperature during
recording are given in each frame.
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More insight into the solidification sequence can be gained from Fig 5.9 which shows

the distribution of Silicon on a central 2D section of the sample obtained by EDS as the

variations in Silicon indicates the order of austenite formation. A rather homogeneous

zone with respect to Si concentration can be observed at the sample edges. With the

observations from Fig. 5.8 in mind this indicates that austenite solidifies with the compact

graphite forming a solid shell at the sample periphery. Given the loss of carbon from the

melt it is plausible that austenite dendrites even extended into the otherwise liquid central

zone possibly forming a network at early stages of solidification. Such a network would

limit the time and distance which new nodules travel before contact and encapsulation

by austenite fixes them in space. The last-to-solidify zones identified in the Si-map do not

outline classical dendritic patterns. Rather, it is likely that upon graphite formation the

dendrites loose their characteristic shape as austenite encapsulates graphite and form

more irregular structures as outlined by the low-Si zones.

It is very likely that oxygen enters the sample easily where the encapsulation had

broken. Thus, despite high residual Mg in the original sample before remelting the

concentration of O upon formation of the first graphite is high enough for compact

graphite to form. As the sample solidifies it is possible that the oxygen concentration

decreases in the melt as it reacts with Magnesium and Cerium which is rejected to the

melt during solidification [52]. This promotes formation of spheroidal graphite [115].

The same reasoning does, however, not apply to the remaining sample were compact

graphite dominates and it seems counter-intuitive that spheroidal graphite forms in the

region where oxygen concentration is likely highest due to the broken quartz encapsula-

tion. It is uncertain how the remaining sample solidified and what role this plays in the

formation of spheroidal graphite in terms of redistribution of solutes. It is not possible to

exclude that some graphite nodules nucleated further below and due to flotation entered

the imaged region. This is supported by the fact that the first nodules appear at the top of

the sample.

As discussed above, graphite particles are fixed in space soon after they form, likely by

austenite encapsulation. An exception is found at the top of the sample where particles

are translated towards the bottom of the sample as shown in Fig. 5.10. A grid is added for

an easy comparison between frames. The 2D sections are obtained at the same absolute

position in the volume and due to the movement and particle growth, the particle outlines

do not appear the same in all frames. The translation of particles can be the result of an

overall contraction of the sample due to solidification.
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Figure 5.9: Mapping of Silicon distribution by EDS covering the full 2mm width of the
sample.

a b c

Figure 5.10: Graphite particle movement during solidification as illustrated by 2D sections
at three different instances of time. Grid is added to all frames to enable easy tracking of
movements.
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5.2.2 Compact graphite

In the imaged volume, compact graphite forms primarily at the sample edges and in a

single case towards the lower centre of the imaged region. Considering the formation at

the sample periphery Figs. 5.11a and b show a compact graphite particle connected to a

Mg containing object, likely an oxide film, emerging from the sample surface. Figs. 5.11c

and d show two sequential images from the solidification of the sample where the oxide

can be observed in the first image and the graphite particle has formed in the next. The

fineness of the compact graphite structure and the oxide combined with the limited spatial

resolution does not allow 3D rendered illustration of the process through segmented

images. Fig. 5.11c and d show that the oxide is present before the graphite particle forms

and since the graphite particle is connected to the oxide after solidification the oxide

surface is likely the nucleation point of the graphite. The actual growth is not resolved

due to the relatively low temporal resolution. Nucleation of compact graphite on surface

oxides has been observed on multiple locations within the sample and points to one

reason why graphite growth initiates at the sample periphery. A loss of carbon to the

surroundings from the outer regions of the sample might also initiate austenite formation

and subsequent coupled growth between austenite and graphite.

a b c d

Figure 5.11: a: SE image of compact graphite particle. b: Mg map from EDS. 2D section
from tomograms at t = 80s and 1136 ◦C (c) and t = 120 s and 1134 ◦C (d).

Initial growth of compact graphite appears to be fast compared to the time-wise resol-

ution in the experiment. Figures 5.12a-d show a time series of compact graphite growth.

In Fig. 5.12a the only structure present is an oxide on which graphite has nucleated in the

next time instance. The intersected structures in Fig. 5.12 develop a few more branches

outside the observed section but the main structures are formed between Fig. 5.12a and b.

Subsequent growth primarily thickens the existing structures allowing a segmentation of

the full structure which is too ill defined at earlier time instances. Fig. 5.13a presents a
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3D rendering of the large particles in a subvolume which includes the section presented

in Fig. 5.12d and shows highly branched structures extending towards the centre of the

sample although not entirely parallel to the sample radius. The solidification sequence

shows that the rounded branch endpoints in some cases form towards the end of compact

graphite growth, possibly as part of the transition to a spheroidal graphite morphology.

An example of rounded branch endpoints which are sometimes observed for compact

graphite [116] is pointed out in Fig. 5.13b. Comparing room temperature and elevated tem-

perature microstructures (Fig. 5.12d and Fig. 5.13b) indicates that significant thickening

has taken place during solid state cooling and eutectoid transformation.

a: T = 1136 ◦C b: T = 1134 ◦C c: T = 1130 ◦C d: T = 1089 ◦C

Figure 5.12: 2D sections of tomograms at four different average temperatures presenting
growth of compact graphite from sample periphery. 3D rendering and 2D section from
room temperature microscopy is presented in Fig. 5.13.

In Fig. 5.14 the growth of a large compact graphite rosette-like structure is presented

by 2D sections of tomograms at four different temperatures. The pattern develops over a

longer time/temperature span than the compact graphite observed at the sample peri-

phery. The complex morphology of the structure is not well represented by segmented

images during early stages of solidification . This limits quantitative studies to regions

and time instances where the segmentation can be manually confirmed using the final

structure after solidification where a complete description is possible. One half of the

structure after solidification is shown as a 3D rendering in Fig. 5.15. The previously ob-

served arch type compact graphite morphologies, plate-like and rod-like, observed in

Fig. 5.6 are repeated here but as the structure in Fig. 5.15 spans approximately 650 µm in

diameter the complexity of the structure is significant. The number of small and large

protrusions indicate a large number of branching events during growth.

A thickening of the innermost branches of the particle takes place while new branches

form at the outer regions of the rosette. It is possible that the outer branch tips are in

contact with the liquid and otherwise surrounded by austenite in a coupled growth mode



5.2 Characterisation of the sample solidification 51

a b

Figure 5.13: a: 3D rendering of microstructure in Fig. 5.12d. b Room temperature micro-
structure of the region observed in Fig. 5.12. Rounded branch endpoint is highlighted
with an arrow.

similar to classical eutectic growth [56]. After Fig. 5.14d very few branches form while

a significant thickening of all branches takes place. This change in growth behaviour

coincides with the initiation of spheroidal graphite formation in the surrounding volume

and it is possible that the austenite which forms along with spheroidal graphite blocks off

compact graphite growth for further radial extension. Thus, it is possible that the trans-

ition to spheroidal graphite morphology is assisted by austenite formation in two ways:

Segregation of Mg to the remaining melt during austenite formation allows spheroidal

graphite to form as it removes oxygen from the melt while austenite, by blocking of existing

compact graphite, allows new graphite particles to form to continue solidification. Note

that graphite morphology often transitions from spherical to compact over increasingly

degenerate spheroids during the course of solidification [53, 56], which is opposite of what

has been observed in the presented experiment. Although the presented observations of

compact graphite growth are highly interesting, further analysis has not been possible

within this work due to time limitations.

5.2.3 Spheroidal graphite

Spheroidal graphite primarily forms in the central region of the sample after the ini-

tial compact graphite growth. Figs. 5.16a-f display a time series of 2D sections from 6

tomograms where formation and growth of spheroidal graphite can be observed while
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a: t = 120 s, T = 1134 ◦C b: t = 160 s, T = 1132 ◦C

c: t = 200 s, T = 1132 ◦C d: t = 280 s, T = 1128 ◦C

Figure 5.14: Growth of large compact graphite structure. Average temperature during
acquisition are given in each frame.

Figs. 5.16g-i show 3D renderings of selected graphite particles obtained from segmented

volumes at three time instances. Figs. 5.16j-l show room temperature observations from

LOM and EDS, respectively, of the same region. The time series shows that there is very

little, if any, particle movement from frame to frame indicating that the particles are fixed

in space by austenite encapsulation. The figure clearly shows that the particles undergo

substantial changes with respect to volume while encapsulated. However, after 1124 ◦C

only few changes to the graphite particles take place.

The 3D renderings allow a qualitative impression of the particle shapes and an in-

dication of the result of the segmentation. A relatively detailed representation of the

particle surfaces can be observed which is the result of the chosen filtering algorithm.
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Figure 5.15: 3D rendering of half of the compact graphite structure after solidification. 2D
sections from tomograms was presented in Fig. 5.14.

It is interesting to observe that irregular and regular particles form in the same region

with the large irregular particle forming as the first particle. Further, it seems that the

shapes of some particle change with time while encapsulated. The irregular particle

becomes less spherical as it grows while the highly spherical particles remain spherical.

This observation calls for a closer investigation which is undertaken in chapter 8.

Fig. 5.16j displays the room temperature microstructure as observed by LOM. The

resemblance between the microstructures at elevated temperature and room temperature

is quite clear and identification of the individual particles at both elevated temperature

and room temperature is straightforward. From the discussion of compact graphite

in the previous section and the figures presented in the present section it is clear that

no dramatic changes in particle morphology take place during solid state cooling and

eutectoid transformation. A thickening of the compact graphite does seem plausible from

the observations while an equivalent growth for spheroidal graphite is less clear. The thin

ferritic halo surrounding most spheroidal graphite particles observed in Fig. 5.3 indicates

that contribution to graphite growth from the eutectoid transformation is limited in the

present experiment. Due to the missing room temperature synchrotron CT scan growth

during solid state cooling cannot be quantitatively evaluated.
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a: t = 280 s, T = 1128 ◦C b: t = 320 s, T = 1126 ◦C c: t = 360 s, T = 1125 ◦C

d: t = 400 s, T = 1124 ◦C e: t = 1200 s, T = 1100 ◦C f: t = 1600 s, T = 1089 ◦C

g: t = 280 s, T = 1128 ◦C h: t = 360 s, T = 1125 ◦C i: t = 1600 s, T = 1089 ◦C

j k l

Figure 5.16: a-f: Time series showing 2D sections from tomograms at 6 time instances.
Time and average temperature during recording are given in each frame. g-i: 3D render-
ings of selected graphite particles at three time instances corresponding to a, c and f. j:
Room temperature microstructure obtained by LOM. EDS maps of Silicon and Magnesium
are presented in k and l.
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5.2.4 Formation of voids and oxides

Fig. 5.16k presents the EDS map of Si from the approximately same region as Fig. 5.16j and

shows that the order of solidification suggested by the segregation of Si matches the obser-

vation in Figs. 5.16a-d although the segregation primarily highlights the last-to-solidify

zones as low concentration areas. As the solid-liquid interface could not be observed

it is not possible to describe the development of the austenite during solidification but

mapping of Silicon has identified the last-to-solidify zones. The EDS mapping of Mg

in Fig. 5.16l further shows that the tiny light objects at the bottom of Fig. 5.16f contain

Mg indicating that the tiny light objects are oxides and microvoids. Comparing to the

Si map of Fig. 5.16k shows that the last-to-solidify zones coincide with the location of

Mg-containing particles and microvoids. It is a general finding within this sample that low

Si zones coincide with the position of microvoids and Mg-containing particles indicating

that a careful filtering and segmentation will allow an identification of the 3D structure

of the last-to-solidify zones in this sample and possibly also in other castings with high

levels of residual Magnesium.

The solidification time series in Figs. 5.16a-f indicates that oxides form at high solid

fractions. Continuous oxide formation has been described by Muhmond and Fredriksson

[52] while coarsening of oxides was suggested by Skaland et al. [71]. Thus it is possible

that the relatively large oxides found in the last-to-solidify zones actually do form at late

stages of solidification. It is however also possible that oxides formed at an early stage and

remained indistinguishable from the melt due to continuous movement of the particles

in front of the advancing solid and only became distinguishable as solidification was

complete. Comparing Mg maps with SEIs an overlap is often observed between voids

and traces of Mg. A likely explanation is that the microporosity nucleated on the oxide.

Porosities are in general much more likely to nucleate on oxides in the melt than on the

solid-liquid interface [68] due to the much higher surface energy between melt and oxide

than between melt and solid.

While microvoids might logically be associated to formation in very late stages of

solidification or even during solid state cooling it is unclear why oxides should form or

become visible more than 20 ◦C below the temperature at which graphite growth ceases

(around 1122 ◦C). One possibility is that the very last liquid to solidify remains liquid

over a relatively large temperature range. This suggestion is supported by observations

of formation of large porosities below 1122 ◦C. Fig. 5.17 shows 2D sections from 3 time

instances in which newly formed porosities are pointed out with arrows. They form

mainly towards the carbon depleted top of the sample. Although they are surrounded by

graphite particles, graphite growth has ceased and thus the associated volume expansion
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does not counteract porosity formation at this point. The shape of the voids, shown as

3D renderings in Fig. 5.18, are similar to those found in equiaxed Al-Cu alloys [117]. As

they outline the solid-liquid interface and form during late stages of solidification they

are categorised as shrinkage porosities. The pioneering work on gas porosity formation

by Lee and Hunt [118] showed a gradual porosity growth during solidification. In the

present case, growth of porosities was not resolved within the 40 s time resolution and

thus extensive networks form relatively fast. In spite of these interesting observations,

further investigation of the porosities and their formation was not possible due to time

limitations.

a: T = 1122 ◦C b: T = 1114 ◦C c: T = 1112 ◦C

Figure 5.17: 2D cross section from CT data shown at three different temperatures. Porosit-
ies which are observed for the first time in one of the presented tomographic frames are
pointed out with arrows.
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Figure 5.18: 3D rendering of macroporosities present at 1089 ◦C. Note that the scale bar is
approximate.





Chapter 6

Quantification of spheroidal graphite

growth during solidification

The present chapter is dedicated to a quantification of spheroidal graphite growth dur-

ing solidification from the time series of segmented tomograms obtained during the

synchrotron X-ray tomography experiment described in previous chapters.

In order to perform such an analysis it is necessary to select a subvolume of the

imaged part of the sample to ensure that it contains only spheroidal graphite and that

it does not overlap with regions of low graphite particle density observed in chapter 5.

The selected subvolume is indicated in Fig. 6.1 and particles within this volume are the

basis for quantifications in the present and following chapters. While the present chapter

focuses on the relation between particle volume and time later chapters analyse nucleation

behaviour and the development of particle shape.

1D uni-nodular microstructural models similar to the one presented in chapter 3 are

often applied in simulations of DCI solidification [19, 81, 119–121]. While a validation of

this type of models has been performed by Wetterfall et al. [29] it was based on quenching

experiments. Thus, it seems relevant to evaluate how well this type of model describes the

experimental observations made in the present work.

It is the aim of the present chapter to characterise spheroidal graphite growth and

to directly compare it with the microstructural model presented in chapter 3 with the

purpose of validating it and possibly pinpoint where improvements can be made as

well as increase the understanding of the factors influencing growth. In the following,

the term spheroidal graphite is used to describe particles which display widely different

morphologies but which bear little resemblance with the rather large compact graphite

particles observed and discussed in chapter 5.
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Figure 6.1: Cross section from tomogram of sample after solidification. A subvolume
of 650×650×735 voxels (845µm×845µm×996µm) is analysed in this and the following
chapters and is indicated by a black rectangle.

The present chapter is structured as follows: The applied method for tracking indi-

vidual graphite particles through time is presented first as it is a critical prerequisite for any

further analysis of particle development. After an overall characterisation of spheroidal

graphite in the subvolume, the analysis of graphite growth for single particles is presented.

Then large ensembles of particles are considered in order to study the general trends in

particle growth. The chapter ends with a broader discussion of the observations and an

attempt is made to pinpoint possible causes to observed variations in growth rate.

6.1 Tracking of individual particles through time

In order to allow for an analysis of the growth behaviour of individual particles it is para-

mount to track individual particles across time, i.e. between individual tomographic

frames. In chapter 5 the sample solidification was discussed and very limited particle

movement was observed. This enables the use of particle centroids to track particles from

one frame to the other as the particles are located at roughly the same position in every
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time frame. As a first step it is necessary to analyse each segmented volume using the

3D Objects Counter [122] in ImageJ. This way, each object in each tomographic frame is

assigned a label unique to the analysed frame, and the particle volume, centroid coordin-

ates and bounding box are obtained. Objects intersecting the subvolume boundaries were

disregarded and are excluded from the further analysis.

The tracking was performed in the following steps starting from scan number 60 going

backwards in time:

1. Consider scan number n and the objects in the volume one by one.

(a) Consider label, centroid coordinates and bounding box for object O in scan n.

(b) Does the centroid coordinates of O lie within an object in scan n+1?:

i. Yes, it lies within object P. Then associate O with P.

ii. No. Then obtain a list of objects in scan n+1 which are contained or

intersected by the bounding box of O.

A. If only a single object Q is on the list, then associate O to Q.

B. If multiple candidates are found, calculate the distance from Os centroid

to each candidates centroid and associate O to the object Q where the

distance between centroids is smallest.

C. If no particles are found in the bounding box, consider O to be an

object not present in scan n +1.

(c) Repeat for each object in the volume of scan number n.

2. Repeat the above associating objects in scan number n-1 to objects in scan number

n.

The results of this simple analysis were found to give surprisingly good and consistent

results and associate the right objects across time, overcoming issues of small particle

movements and large changes in object volume between two time frames. The method

provides a straightforward way to distinguish imaging artefacts from physical objects as

only physical objects will remain at the same position through several consecutive scans.

Problems with the tracking operation primarily occur when imaging artefacts coincide

with physical objects as well as when segmentation is erroneous. Only objects which are

identified over several scans and that are larger than 250 µm3 are included in the following

analysis.
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6.2 Spheroidal graphite growth

The development of particle volume over several tomographic scans is related to the total

time over which these developments take place. As discussed in chapter 5 time is set to 0

at scan 20 which had an average temperature of 1138◦C. In the following analysis a fixed

difference in temperature between scans of 1.2 ◦C, corresponding to a cooling rate of 0.03
◦Cs−1, is used.

As the microstructural model considers a spherically symmetric particle it is necessary

to compare its prediction to the observed behaviour of relatively spherical particles and

to this end a simple measure for particle shape is needed. In this work sphericity, Ψ, is

used. It is defined asΨ= π1/3(6V )2/3

A where V is the object volume and A its surface area.

Ψ= 1 means that the object is perfectly spherical and less spherical objects haveΨ< 1.

3 particles of different sphericity are presented in Fig. 6.2. Ψ has previously been used

to characterise the shape of graphite in 3D and to distinguish compact from spheroidal

graphite based on a somewhat arbitrary threshold of 0.6 [100, 101] but a standardised way

of characterising and classifying graphite in 3D does not exist to the best of the author’s

knowledge. As discussed by Chuang et al. [101] the method for estimating the surface area

is important for the evaluation of particle sphericity of 3D digital objects. In the present

work the particle surface area is obtained using the ImageJ plug-in MorphoLibJ [123] which

is designed for analysis of 3D digital objects. It is however clear that the spatial resolution

in the data limits an analysis of the detailed shape of very small objects. A thorough

analysis of particle sphericity is presented in chapter 8 where the spatial resolution is not

found to limit the extent and the conclusions of the analysis.

(a)Ψ= 0.60 (b)Ψ= 0.71 (c)Ψ= 0.94

Figure 6.2: 3D renderings of graphite particles with 3 different sphericities.
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6.2.1 Overall quantifications

As background for the further analysis it is useful to characterise how and when spheroidal

graphite forms. By tracking individual particles it is possible to find the scan and the

associated time (and temperature) at which a given particle is first observed. This is not

equivalent to the actual time of nucleation which cannot be directly observed but gives

a good first indication for the development of the nucleation rate. Considering all the

particles first observed in scan number s, the average volume after solidification for these

particles is calculated, V̄s . Repeating this calculation for all scans a relation between V̄s

and the time associated to s can be obtained. It is presented in Fig. 6.3 which also shows

the number of new particles found at each time instance within the subvolume. No data

point exists for t = 440 s as the data from scan number 31 is corrupt as mentioned in

chapter 4 which means that particles appearing at t = 480 s are possibly associated to

t = 440 s. After t = 480 s no additional particles form.

Figure 6.3: Average final volume, V̄s , plotted against time at first observation (black squares,
left axis) as well as number of new particles observed at each time point (open circles, right
axis). Note that particles smaller than 250 µm3 have been disregarded from the analysis.

The figure clearly illustrates that particles which form early become significantly larger

on average than particles forming late as they have more time to grow. Disregarding the

data points from t = 120 s and 160 s as the mean values are calculated from very few

particles, the data indicates that the relation between the time available for growth and

the volume of the particle is monotonic and non-linear under the selected experimental

conditions. It appears likely that graphite precipitation ended around t = 480 s as the
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average particle volume for particles forming around this time instances are rather small

indicating that they had very limited time to grow.

Fig. 6.3 also shows that the number of new particles in a scan is increasing up to

t = 360 s after which it decreases indicating that nucleation is active throughout the

interval of graphite precipitation but apparently with varying nucleation rate. Nucleation

is the subject of a detailed investigation in chapter 7. Correlating the average final volume

with the number of nodules appearing at each time instance indicates that relatively

small nodules dominate the final microstructure in terms of numbers. This can be further

investigated by observing Fig. 6.4 where the size distribution is plotted at different time

instances. The size distribution is increasingly dominated by the smallest particle sizes

until t = 480 s where nucleation seems to have ceased or slowed down while particle

growth continued shifting the maximum of the distribution towards larger particles sizes.

Thus, while the shape of the size distribution is largely maintained during solidification it

finally changes after nucleation has ceased. After 480 s, corresponding to approximately

1122 ◦C, no substantial changes to the distribution take place within the imaged time.

This confirms t = 480 s as the end of precipitation of graphite related to solidification.

These observations indicate that while there is still carbon available from which nodules

can grow, the potential for nucleation has drastically decreased, highlighting that care

should be taken when comparing size distributions from immediately after solidification

obtained by simulation to room temperature experimental distributions, a comparison

which is often made [81, 88].

Figure 6.4: Particle volume distribution as a function of time.
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Experimental size distributions are often calculated from 2D sections converted to 3D

using mathematical tools, and nodule sizes are often represented in terms of equivalent

radii [124]. A size distribution of equivalent particle radii is presented in section A.3 in the

appendix. Such a distribution emphasises small particles compared to Fig. 6.4 and present

a distribution which becomes more narrow over time. A significant shift in the shape is

not observed between t = 400 s and 480 s although the mean of the distribution increases

markedly. A further difference is that the small maximum on the distribution for t = 480 s

observed in Fig. 6.4 between 4 ·104 µm3 and 6 ·104 µm3 is not reflected in the distribution

of equivalent radii. Particle size distributions with multiple maxima are often interpreted

as evidence for multiple waves of nucleation [124]. Although a thorough analysis of

nucleation is not performed until chapter 7, Fig. 6.3 already indicates that nucleation is

continuous however varying in intensity over time, questioning interpretation of maxima

on size distributions as evidence for multiple nucleation waves.

6.2.2 Quantified observations of individual particles

Focusing now on the development of individual particles Fig. 6.5a shows the volume

as a function of time of 5 particles distributed throughout the considered subvolume.

Note that each curve is broken at t = 440 s as scan number 31 is corrupt. The particle

sphericities after solidification are indicated in the figure legend and show that the curves

represent the growth of particles of a range of shapes. Each particle displays a growth stage

up until 480 s after which the particle volume is constant albeit with minor fluctuations.

The collective transition to a plateau of constant particle volume indicates that graphite

precipitation ends at approximately the same time throughout the subvolume consistent

with previous observations. The figure also illustrates the clear correspondence between

the time of first observation and the final volume of the particle as was observed in Fig. 6.3

but comparing the particles with Ψ = 0.62 and 0.80 (green circles and yellow squares

respectively) which start out with similar sizes at the same time instance highlights that

considerable variations on growth rate can be expected.

The median volume of the total 643 particles in the considered sub-volume is presen-

ted as a function of time in Fig. 6.5b. Due to the continuous nucleation of new particles the

median volume goes through a significant drop during solidification and is smaller than

4 out of 5 curves presented in Fig. 6.5a after t = 500 s. The low number of new particles

observed towards the end of graphite precipitation in Fig. 6.3 results in a significant in-

crease in median volume over the last time instances before the constant volume plateau.

The curve also shows that additional graphite precipitation takes place over a few time
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instances after the data gap indicating that graphite precipitation is not entirely complete

at t = 480 s as was indicated by Fig. 6.5a.

a b

Figure 6.5: a: Volume as a function of time for 5 selected particles. b: Global median
volume as function of time.

Observing the fluctuations in particle volume after t = 500 s it is clear that they to

a large extent are synchronised across the different particles and can be observed in

the median as well. Further, the fluctuations appear to scale with particle volume. Two

examples of major fluctuations apparent for all the presented particles are indicated with

arrows in Fig. 6.5a. The fluctuations likely stem from the fact that throughout time a single

grey level was used to segment matrix from graphite. Variations in the overall grey levels of

the tomograms are possibly caused by small random fluctuations in X-ray flux during the

experiment. Secondly, a shift in the level around which each particle volume fluctuates

can be observed at t = 1200 s. This is illustrated in Fig. 6.5b by the vertical separation

between the two dashed lines, which might be due to an overall shift in grey level of the

tomograms.

From this discussion it seems relevant to try to estimate the random error δV on

particle volume V using data from the interval t = [560 s;1160 s], i.e. the extent of the

plateau before the shift in base line. The particle volume within the selected time interval

can be approximated by a straight line F (t ) = a · t +b. Fitting using the curve_fit routine

in the SciPy library for python the best fit F̃ (t ), is used to estimate the standard deviation

on the volume of each particle according to

σV =
√√√√ 1

N −1

N∑
i=0

(
Vi − F̃ (ti )

)2 (6.1)
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where ti and Vi are the time and volume at scan number i and N is the number of data

points used for fitting. The standard deviation is found to depend linearly on particle

volume, see appendix A.2. Assuming the error is Gaussian it is possible to convert the

standard deviation to a 90% confidence interval δV = 1.645σV [125]. The measured

particle volumes probably also contain systematic errors and although they might be

larger than the random errors estimated above, they are much harder to estimate. A large

uncertainty rests with the segmentation threshold used to segment graphite from matrix

and is an inevitable part of the post-processing operation. Thus, only the random error is

included in the following analysis.

6.2.3 Comparison of experiment and model simulations

In the following, a direct comparison of model predictions and experimental observations

is performed. The comparison only considers the encapsulated and solid state growth

as defined in chapter 3. This is justified from the observations in chapter 5 where very

limited particle movement during solidification was observed which was attributed to an

early encapsulation of spheroids upon nucleation.

The concepts of the model for spheroidal graphite growth presented in chapter 3 are

briefly recapitulated: The model considers a 1D representation of a spherical unit volume

where a single nodule with an austenite shell is located at the centre. The nodule and

austenite shell is isolated from other solidifying units by the melt. During encapsulated

growth the nodule is surrounded by a spherically symmetric austenite shell while the

remaining volume consists of liquid and off-eutectic austenite. Liquid is at all times in

equilibrium with austenite and local equilibria govern the carbon concentration at phase

interfaces.

Before entering the comparison of model simulation to experimental observations it

is necessary to state the initial conditions for the simulations on which the comparison is

based. Fig. 6.3 shows that nodules form over a range of temperatures with a significant

increase in nodule count at 1130 ◦C which is chosen as initial temperature for simulations.

Uncertainties related to the temperature measurements discussed in chapter 4 along

with the fact that the actual initial temperature of growth of a given nodule is unknown

does not justify differentiated initial temperatures in simulations of individual particles.

Thus the same initial temperature and a constant cooling rate of 0.03 ◦Cs−1 is used in all

simulations for comparison to individual nodule growth.

The initial nodule radius was in all cases set to 1 µm as was the thickness of the

austenite shell. The initial thickness of the austenite shell plays a minor role in predicting

the thickness of the shell over time rendering the actual input value unimportant within
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reasonable limits. In chapter 3 it was observed that the choice of the radius of the unit

cell r s plays a decisive role for the final size of the nodule but not for the growth rate

during encapsulated growth. In the present comparison, r s is considered an adjustable

parameter.

Fig. 6.6 shows the volume of four nodules, N1 to N4, as a function of time plotted

with error bars along with model simulations. The nodules vary in final volume but

all have Ψ > 0.8 to ensure some degree of similarity with the modelled geometry. For

each simulation, the transition between encapsulated growth and solid state growth is

indicated by a grey vertical line. Simulations are adjusted to experiments by translation of

the simulated curve along the time axis to ensure a match between the first data point

and the simulation and by manual tuning the size of the unit cell in terms of r s in order

to obtain a good qualitative agreement with the experimentally observed final volume.

The value of r s also determines the transition from encapsulated to solid state growth and

ranges from 46 µm to 76 µm in the presented simulations.

Figure 6.6: Volume of four spherical particles as observed during experiment and predicted
by model simulation. Errorbars indicate 90% confidence interval.

A very good correspondence between the simulated curves and the experimental

points can be observed despite the limited number of data points resolving the growth

regime especially for N2. The figure also shows that discrepancies arise towards the end

of growth and before the predicted transition from encapsulated growth to solid state

growth. This indicates that the transition is more gradual than the abrupt switch assumed

in the simulation. The predicted increase in volume during solid state growth cannot be
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tested with the data available as the magnitude of the experimental uncertainty is larger

than the predicted increase in volume over the temperature range observed here.

The comparison shows that the model is capable of predicting the main part of the

growth stage of nodules of a range of sizes and thus that the model for encapsulated

growth performs quite well. The range of r s values seems to imply a high importance

of this parameter. However, if applying the model to simulate solidification of larger

volumes containing multiple nodules the encapsulated growth regime is terminated sim-

ultaneously for all nodules as the global fraction solid reaches 1. Similarly in Fig. 6.6, the

predicted growth curves terminate the encapsulated growth regime roughly simultan-

eously. This way different values of r s have ensured simultaneous termination of the

encapsulated growth regime in the absence of a global fraction solid.

The extension of the growth model encompassing solid state growth ensured a relat-

ively soft transition compared to the original model. The observations, however, indicate

an even more gradual transition between the encapsulated growth regime and solid state

growth. Before discussing this in details in section 6.2.5 an analysis of the overall growth

behaviour of observed particles is performed.

6.2.4 Ensemble assessment of spheroidal graphite growth

In order to explore the growth of graphite during solidification it proves enlightening to

investigate the relation between particle growth rate and volume. The growth rate of the

particles observed experimentally is calculated the following way: Consider a particle with

volume Vs at time ts and the volume Vs+1 in the following time instance ts+1 = ts +∆t . The

growth rate of the specific particle between time instance s and s +1 is then calculated

as V̇s = (Vs+1 −Vs)/∆t . The growth rate is plotted as a function of the average of Vs and

Vs+1 in Fig. 6.7 for different ts . The error on the growth rate is estimated using the relation

δV̇ = dV̇
dV δV = 1

∆t δV . The magnitude of the mean errors (90% confidence interval) on

particle volume as well as the growth rate are represented by the horizontal and vertical

extent of the black rectangle situated in the lower right corner of the figure.

In order to maintain a basis for comparing experimental and simulated data only

particles with a final sphericity above 0.75, termed regular particles, were included in

Fig. 6.7. The threshold is to some extent arbitrary but as shall become clear later in this

section less spherical particles seem to behave slightly different than regular particles.

A single simulation of spheroidal graphite growth where the temperature is assumed

constant and equal to 1130 ◦C is also included in Fig. 6.7. The uni-nodular model predicts a

unique relationship between nodule volume and volume growth rate during encapsulated

growth for a given set of input parameters.
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Figure 6.7: Growth rate as a function of particle volume at four time instances for particles
with a final sphericityΨ> 0.75. Data points connected by a solid line belong to the same
particle. Simulation of encapsulated growth for constant temperature is also included.

Presenting experimental data separately for each ts allows an analysis of the changes

in the relation between volume and growth rate over time. Only a few data points are

available for ts = 240 s but they all remain below the simulated curve. An increase in

growth rates with respect to ts = 240 s is observed for ts = 280 s and growth rates in

several cases exceed the predicted rates. With ts = 320 s the growth rates are slightly

lower across all volumes, a trend which is continued with ts = 360 s. The figure shows

that the simulated growth predict growth rates which are relatively high compared to the

experimental observations. This corresponds well with the conclusions from Fig. 6.6. As

before, the gradual reduction in growth rate might be linked to the increasing fraction

solid.

To illustrate how the growth rate of individual particles change over time, each grey

line connect data points originating from one particle obtained at different instances

of ts . It is clear that while all 3 particles experience a drop in growth rate from ts = 320

s to ts = 360 s towards the end of solidification there are also large differences as one

particle experiences an increase in growth rate at the same time as the growth rate of a

different particle is decreasing. The large variation in growth rate observed for particles

of comparable volumes expresses a similar diversity in growth behaviours indicating

differences in local growth conditions. Thus, while the overall growth conditions, possibly

controlled by the total solid fraction, dictates a general lowering of growth rates this

general trend covers large individual variations highlighting that local differences in
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growth conditions, whatever they might be, also play a large role. This aspect will be

further discussed in the following section.

A plot of the particle growth rate as a function of volume for irregular particles (Ψ<
0.75) is presented in Fig. 6.8. Note that the axis limits are not the same for this and the

corresponding plot for regular particles, Fig. 6.7. Although it is not expected that the

model for spheroidal graphite growth will describe irregular growth the simulation is

included in order to have a common reference between Figs. 6.7 and 6.8. As previously,

the horizontal and the vertical extend of the black rectangle in the lower right corner of

the figure represent the mean errors on the volume and the growth rate respectively.

Figure 6.8: Growth rate as a function of particle volume for particles with final sphericity
Ψ< 0.75. Data points connected by a solid line belong to the same particle. Simulation of
encapsulated growth for constant temperature is also included.

It is clear that the irregular particles distribute more equally around the simulated

curve compared to the regular particles and can exhibit much larger growth rates. Similar

to the regular particles the spread in growth rates for a given volume is quite large and

although the number of data points is relatively small an overall reduction in growth rate

from ts = 280 s to 360 s can still be observed. Note that the mean error on growth rate and

volume is considerably larger than the error associated to regular particles as the data

contains fewer small particles. As for the plot for regular particles each grey line connect

data points obtained from the same physical particle. They highlight the variations in

growth rate similar to those observed for regular particles.

In order to condense the information given in Figs. 6.7 and 6.8 as well as allow for a

direct comparison of growth behaviours of regular and irregular particles, the data from

each plot is separately treated as follows: Considering data for growth rates and associated
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volumes for a given time instance, it is sorted according by volume. After sorting, the

data is collected in bins of each 10 data pairs (volume and growth rate) in which average

volume and growth rates are calculated. This process is repeated for each time instance

separately. The results for both regular (Ψ> 0.75) and irregular (Ψ< 0.75) particles are

shown in Fig 6.9. In this plot, data concerning regular particles appear in yellow and

data for irregular particles appear in magenta while the shape of the symbols indicate

the ts and is common to both data sets. The simulation is again included as reference.

The previously observed general trend that growth rates decrease over time is very clear

from Fig. 6.9 while the simulated curve further highlights that both regular and irregular

particles experience a larger growth rate at ts = 280 s than predicted by the simulation.

The comparison of regular and irregular particles is limited by the relatively low num-

ber of irregular particles as well as by the fact that regular particles are generally signific-

antly smaller than irregular ones. The figure does, however, show that irregular particles in

some cases grow faster than regular particles for a given particle volume, primarily above

a particle volume of 20000 µm3. For all three values of ts there is an initial overlap between

the two data sets after which the regular particles display a smaller increase or stagnation

in growth rate for large particles. A clear example is the data from ts = 320 s where only the

data for irregular particles matches the simulated curve after above volumes of 30000 µm3

while the growth rates for regular particles stagnate at constant growth rate for increasing

particle volume. Thus, the data indicates that while regular particles experience a limit to

the growth rate as they increase in size, the irregular particles are not affected in a similar

way at large particle volumes. It is worth noticing that the correspondence between simu-

lation and experimental data for irregular particles at ts = 320 s is almost too good to be a

coincidence. Thus it seems that while the model considers a spherical particle the growth

rate it predicts can also apply for irregular particles. Curiously, the model assumptions

appear to apply over a much larger particle range for irregular particles than for regular

ones. If this is the case, then this points to that the growth conditions imposed by the

environment are different for the two morphologies while the shape itself does not play a

role. It is however difficult to envision how the particle shape should dictate the extent of

austenite encapsulation but the concentration field could be markedly different for regular

and irregular particles as a result of growth as discussed in chapter 8. Also, one should

keep in mind that the value ofΨ used to distinguish regular from irregular particles is the

final particle sphericity and thus the analysis of the development of particle sphericity as

analysed in chapter 8 might yield useful insights in relation to this discussion. Instead the

discussion is now turned towards the local conditions for growth and a broader discussion

of the presented analysis.
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Figure 6.9: Data from Fig. 6.7 and Fig. 6.8 is sorted by volume for each ts and divided into
bins of 10 data points. The average is then calculated within each bin an plotted as a data
point.

6.2.5 Discussion of analysis

So far the analysis of spheroidal graphite growth has shown that initial stages of growth are

well described by the microstructure model. The analysis has highlighted general trends

including increasing differences between simulation and experiment towards the end of

solidification but also that significant variations of the growth rate between otherwise

similar particles.

Graphite growth is driven by the continuous flux of carbon towards the particle sus-

tained by a concentration gradient in the surrounding matrix. In the model, the gradient

is maintained as a consequence of local equilibrium at two interfaces: Liquid-austenite

and austenite-graphite. During growth of graphite the thickness of the encapsulating

austenite also increases leading to impingement of solid grains. This results in reduction

of the total liquid-austenite interfacial area. This is shown schematically in Fig. 6.10 for an

agglomerate of 4 encapsulated nodules.

From the figure it is clear that the likelihood of the 1D uni-nodular model being a valid

representation of the growth conditions diminishes with increasing fraction solid since

austenite encapsulations impinge and break the isolation of each eutectic unit. Further,

as discussed in chapter 2, the uni-nodular model is not necessarily a correct description

of the actual configuration of graphite and austenite in the case where austenite dendrites
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Figure 6.10: Coalescence of solidifying spheres shown over 3 time instances during growth
of encapsulated nodules. One pair of symmetry lines after coalescence is indicated by
dashed lines. The graphite phase is labelled g , the austenite γ and the liquid l .

are present in the melt since multiple nodules can be embedded in the same austenite

grain which is a likely scenario in the presented experiment. In that case nodules are by no

means isolated from neighbouring nodules by the liquid and instead carbon concentration

fields will over time impinge and lead to a deviation from the assumed quasi-steady state

profile. A schematic drawing of the concentration profile along the symmetry lines of

Fig. 6.10 is shown in Fig. 6.11. In this case the contribution from the volume between

nodules to nodule growth is rather limited as the austenite has been depleted in carbon.

The redistribution of silicon might also influence the growth as the silicon concentration

affects the austenite liquidus temperature.

Figure 6.11: Schematic drawing of the idealised carbon concentration profile along a
symmetry line of Fig. 6.10. Liquid is denoted by an l , austenite by γ and graphite by g .
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While the growth of nodules appears to be relatively well described by the microstruc-

tural model experimental data also show large variations in growth rate for a given particle

volume. It is relevant to extend the analysis to a comparison of the growth of neighbouring

particles on a very local scale in order to identify possible reasons for variations in growth

rate observed in the previous analysis.

a b

Figure 6.12: a: SEI of microstructure. b: Si map from EDS. The considered particles are
numbered from 1-6.

An example of the sample microstructure as well as the distribution of silicon in the

same region is presented in Fig. 6.12. The low-silicon areas highlight the last-to-solidify

zones in which particle 6 has formed. Fig. 6.13 shows a plot of the volume of the labelled

particles as a function of time. This shows that particle 2 and 5 formed first and particle 6

formed last, probably during the missing scan at t = 440 s. Interestingly, particle 2 and

5 are not the largest particles after solidification is complete. Rather, particle 1, which

formed at a later time instance, exceed particle 2 and 5 to become the largest particle in

the region. Further particle 3 and 4 formed around the same time as particle 1 but display

a much lower growth rate. As a matter of fact, particle 6 grows to a size similar to that of

particle 3 and 4 in spite of its late formation.

The above observations now raise the following question: What distinguishes the

conditions for growth for particle 3 and 4 from those of particle 1 and 6 as the latter

particles experience the largest growth rates? A look at the Si-map of Fig. 6.12 suggests

that particle 1 and 6 formed in or very close to the liquid which solidified last. Further, it

seems clear that the density of particles in the vicinity of particles 3 and 4 is quite high.

This points to two possible conditions which can affect the carbon concentration profile

surrounding a particle and thus its growth rate:
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Figure 6.13: Volume as a function of time for particles labelled 1-6 in Fig. 6.12b.

1. A high density of graphite particles in the vicinity of a particle under consideration

leads to low growth rates because of competition for carbon. It is clear that a graphite

particle nucleating in the liquid centre between the four encapsulated nodules of

the second frame of Fig. 6.10 will be surrounded by small concentration gradients

limiting the growth rate of the particle.

2. If located next to or in the carbon rich last-to-solidify melt the carbon concentration

gradients surrounding a particle are maintained allowing the particle to grow at

high rates until very late in the solidification. Multiple comparisons of individual

particle growth show that for particles of similar size, proximity to last-to-solidify

liquid result in high growth rates, however with some variations. An example hereof

can be found in appendix A.3.

The latter point seems to play a large role in cases where a particle is clearly located in

or next to the liquid which solidifies last. The effect of particle position with respect to the

liquid can however primarily be probed at very late stages of solidification. The reason is

that the solid-liquid interface is not available from the synchrotron CT data. The lack of

knowledge of the distribution of liquid through time as well as of the distribution of the

last-to-solidify liquid in 3D introduces significant unknowns and limits the extent of the

analysis of this aspect of local variations in growth conditions.

Considering the local density of particles it is possible to quantify and relate it to

particles exhibiting high and low growth rates. The number of neighbours as a function of

distance is quantified for particle 1-3 in Fig. 6.14 at various instances of time. Distances
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between particles are measured from centre to centre. The figure shows that particle 1,

which grows relatively fast, has very few neighbours and that the nearest one is more than

100 µm away at t = 360 s when it is first observed. For particle 3, the nearest neighbour

is only about 70 µm away and the number of neighbours is in general much higher for

this particle than for particle 1. This supports proposition number 1 above. However,

particle 2 and 3 have comparable number of neighbours within 120 µm and yet particle 2

displays intermediate growth rates. A possible explanation is that particle 2 is closer to the

last-to-solidify zone compared to particle 3. This illustrates the difficulty in distinguishing

the effects of the local density of graphite particles from the advantage of proximity to

the last-to-solidify melt complicating the process of identifying the causes for differences

in growth rates. An effort to correlate the number of neighbours to particle growth rate

for particles comparable in size is presented in appendix A.3. No significant correlation

between local density of particles and growth rate could be identified partially due to the

limited number of comparable particles.

a b

c

Figure 6.14: Number of neighbours as a function of distance from the centre of particle 1
(a), 2 (b) and 3 (c) of Fig. 6.12.
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With the observations made in the present experiment in mind is seems plausible

that overall reductions in growth rate are linked to an increasing fraction solid. The

general trends are most clearly observed from the condensed representation of the data

presented by Fig. 6.9 which can serve as a possible reference for validations of microscopic

models. The analysis points to the importance of including a gradual transition between

the encapsulated growth regime and solid state growth in models for spheroidal graphite

growth. On the other hand, significant variations in growth rate exist across comparable

particles indicating that local conditions can vary significantly between otherwise similar

particles. Below the general trends the experiment has shown that solidification is, not

surprisingly, much more complicated and diverse than what a 1D model can represent

with very large variations in growth rate.

When nodule growth in spite of the above objections can be reasonably described by a

model which highly simplifies the geometry of the situation at hand it seems natural to

conclude that simplified spherically symmetric concentration fields are a good approx-

imation to the actual concentration fields at the initial stages of growth. Thus, overall

the growth conditions appear relatively insensitive to the configuration of austenite and

graphite over a considerable interval of time, temperature and fraction solid. While it is

clear that the complexity of the spatial arrangement of graphite and austenite cannot be

represented in 1D, the analysis does, from a modelling perspective, point to the possibility

of continued use of the simplified 1D model with modifications to late stage growth.

To move forward from existing models it seems, as previously mentioned, necessary to

focus the effort on ensuring a gradual transition from encapsulated growth to solid state

growth resulting in a more gradual decrease in the growth rate as compared to the current

implementation. An attempt to modify the uni-nodular model along these lines has been

suggested by Boeri [79]: By multiplying the predicted nodule growth rate by 0.9 · (1− f s)2/3

where f s is the fraction solid such that the growth rate is continuously reduced as solidi-

fication proceeds. However, this specific choice of correction factor is not supported by

the results presented in this chapter. The fraction solid in the present experiment is likely

quite significant before graphite precipitation is initiated (see estimation of the fraction

solid and discussion in chapter 7) and approaches 1 as graphite growth ceases. Differences

between predictions from the uni-nodular model and the experimental observations are

relatively small, especially at the initial stages of growth, suggesting that the consequences

of austenite impingement are limited until much later in the solidification process. Su et

al. [119] suggested that austenite growth is limited by impingement only above f s = 0.5

but did not apply this to graphite growth and this might be a viable way to correct Boeris
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suggestion. However, such ad hoc corrections must be made carefully as they might lead

to erroneous estimations of the phase fractions [80].

Cellular Automata (CA) models, e.g. as proposed by Zhu et al. [88], might yield more

precise evaluations of the assertions made above regarding effects of fraction solid on

growth rates although Zhu et al. do not analyse growth rates of nodules once encapsu-

lated. They, however, do find a large effect of neighbour competition for carbon when

nodules grow freely in the melt supporting the proposition made above that competition

is relevant among encapsulated nodules. While considered computationally efficient by

the authors the CA model does not appear to scale easily rendering macroscopic simu-

lations infeasible. Rather this type of model could be a tool for exploring the effects of

spatial configuration and interaction of phases during solidification possibly informing

modifications of bespoken 1D models which can more easily be applied to macroscopic

simulations because of their simplicity.

Another approach can be taken with inspiration from models for solid-solid precip-

itation which have many similarities to liquid-solid transformations [126]. Kampmann-

Wagner numerical (KWN) models are used to describe the kinetics of size distributions of

(primarily) spherical precipitates in solid state [127, 128] and have recently been applied

to solidification problems [129]. Modelling efforts along the lines of Lacaze et al. [91]

are conceptually not very different from this type of models. This indicates a possible

direction for macroscopic or statistical models for which the development of the size

distribution presented in Fig. 6.4 or Fig A.1 in the appendix might be considered a basis

for validation of a KWN model for spheroidal graphite. Constructing such a model for

DCI would probably rely on even more simplified growth rate equations than the micro-

structural model employed here while still requiring modifications for late stage growth as

well as a simple extension to eutectoid transformation. Such a model would be relatively

cheap from a computational point of view and predict the size distribution important for

estimation of mechanical properties of a real casting.





Chapter 7

Quantification of spheroidal graphite

nucleation

Nucleation models are critical to the effort of correctly predicting the nodule density after

solidification as well as for the predicted cooling curve in simulations [97]. An introduction

to nucleation has been given in chapter 2. This chapter focuses on the relation between

nucleation rate and temperature or undercooling and the possibilities of describing the

observations by a nucleation model.

7.1 Quantification of spheroidal graphite nucleation

In the previous chapter a relatively good correspondence between model predictions

and experimental observations of graphite growth was found, especially at early stages

of growth. This finding is employed here to estimate the nucleation temperatures of the

particles observed within the subvolume defined in chapter 6.

Now, consider a particle with the volume V when it is first observed in scan number X .

The time at which the particle nucleated is obtained by extrapolating the particle volume

down to r g = 1µm assuming that its growth can be described by the microstructural model

for encapsulated growth. Thus, the time tN it takes for a nodule to grow from r g = 1µm

to the volume V is obtained from the model. The time of nucleation is then obtained by

subtracting tN from the time corresponding to scan number X . The initial conditions

of the simulation used to estimate tN are the same as those employed in the previous

chapter. The process is illustrated in Fig. 7.1 where the black stars indicate the predicted

time of nucleation for four specific nodules. As previously, t = 0 at scan number 20 and

the temperature of nucleation can be obtained using the constant cooling rate and the
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temperature at scan number 20, i.e. 1138 ◦C. Assuming that the system follows the linear

extrapolations of the stable phase diagram the undercooling with respect to the graphite

liquidus, ∆Tg = T l/g −T , can be calculated from the temperature of nucleation. The

temperature range at which nucleation takes place as well as the magnitude of ∆Tg are

indicated in Fig. 7.2.

Figure 7.1: A zoom-in of Fig. 6.6 illustrating the extrapolation down to time of nucleation.

The distribution of obtained tN values is presented in Fig. 7.3. The majority of the

values of tN lie within 40 s, the duration of a single CT scan, but a significant amount lies

above 40 s indicating that they were present in the scan prior to the scan in which they

were first observed but remained undetected. A nodule might remain undetected if it is

freely moving in the melt after nucleation or if the size of the particle is very limited as

discussed in chapter 5.

As briefly discussed in chapter 2 the nucleation rate is often assumed to depend on

the undercooling with respect to the graphite liquidus, ∆Tg , although other models exist.

Expressed in terms of the total number of particles per volume, N , this dependency is

expressed in terms of a power law of the form

N = An(∆Tg )n (7.1)

A plot of the number of nodules per volume N as a function of graphite undercooling is

presented in Fig. 7.4. Note that the small increase in nodule count around∆Tg = 190◦C are

nodules which likely nucleate during the missing scan 31 and instead they are observed

in scan 32 appearing as a secondary nucleation wave. A small modification to Eq. (7.1) is
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Figure 7.2: Linearised Fe-C phase diagram at 1.9%wt Si obtained from Ref. [91]. The
linear extension of the austenite liquidus line below eutectic is given by the dashed black
line. The undercooling with respect to the graphite liquidus in the temperature range of
spheroidal graphite nucleation is indicated.

needed to allow for a nucleation which is initiated at ∆Tg > 0:

N = An(∆Tg + c)n (7.2)

The cumulative distribution is fitted to this equation in order to obtain the best estimate

for An and n. However, c is not a fitting parameter but an off-set which is set by the

approximate undercooling of the onset of nucleation, i.e. when N first reaches 1. In the

present case this happens at ∆Tg = 138 ◦C which is very high. Fitting is performed using

the non-linear regression tool curve_fit in the python library SciPy. Restricting the value

Figure 7.3: Distribution of tN values from throughout solidification.
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of n to integers the smallest residual was found for n = 4 with An = 2.07 ·10−4 ±0.01 ·10−4

particles ◦C−4mm−3. The standard deviation on An is estimated from the covariance

matrix provided by curve_fit. The optimal n is relatively high compared to previous

observations [130] indicating a low nucleation potency in the melt. A further discussion of

the observations is presented at the end of the chapter.

Figure 7.4: Number of nodules per volume, N , as a function of graphite undercooling. Fits
to Eq. (7.2) with n = 3, 4 and 5 are also included.

The cumulative distribution in Fig. 7.4 counts the number of nuclei per total volume

(i.e. liquid and solid) and thus the estimated values for An and n are influenced by the fact

that the amount of liquid, in which nodules form, is decreasing over time. As discussed in

chapter 2 a modification has been suggested by Lacaze et al. [130], which explicitly states

this dependency through the expression for the derivative of N with respect to graphite

undercooling,

dN

dt
= n An(∆Tg )n−1 f l d∆T g

dt
when

d∆T g

dt
> 0 (7.3)

As the sample is subjected to a constant cooling rate the undercooling with respect to

graphite will increase linearly which means that the condition that d∆Tg /dt > 0 is fulfilled

throughout the experiment and it will not be mentioned in the following.

The nucleation rate, dN /dt , is explicitly dependent on the fraction of liquid which

in turn varies with temperature and time over the course of solidification. Knowing the

fraction liquid as a function of temperature allows a direct estimate of An and n which are

properties of the melt rather than of the solidification of the sample.
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7.2 Estimating fraction solid

The solid austenite cannot be distinguished from the liquid during solidification. Thus,

the fraction solid cannot be directly measured from the synchrotron CT data. Instead, an

attempt to estimate the fraction solid as function of temperature is made in this section.

Disregarding possible offsets between measured and actual temperature of the sample, the

spheroidal graphite precipitation takes place considerably below the eutectic temperature

as indicated by Fig. 7.2. Considerable amounts of austenite must be precipitating before

any graphite forms in order to maintain the liquid in equilibrium with austenite. How

much is determined by the nominal concentration of carbon within the volume. However,

the exact carbon content is unknown due to loss of carbon during solidification.

To estimate the carbon content of the subvolume the following procedure was em-

ployed: At a given time instance after solidification (or rather graphite precipitation) is

complete, the total volume of graphite in the considered subvolume is obtained from

segmented tomograms. In this summation all graphite particles which are a part of the

subvolume is included. Assuming that the matrix is completely solid and in equilibrium

with graphite, the total carbon content within the subvolume can be estimated as:

wC (T ) = V gρg + (V −V g )wγ/g
C ργ

V gρg + (V −V g )ργ
(7.4)

where wC (T ) is the carbon concentration estimated at temperature T , V g is the total

volume of graphite, V is the total volume and ρg and ργ are the densities of graphite and

austenite respectively. wγ/g
C is the carbon concentration of austenite in equilibrium with

graphite which is temperature dependent. It is, however, clear that an error is introduced

by assuming that the matrix is completely solid as formation of porosities is observed at

relatively low temperatures as discussed in chapter 5.

Repeating the procedure for a number of time instances one can calculate the mean

as a best estimate for the total carbon content of the sample. The estimates of the carbon

concentration vary due to the fluctuating graphite volumes discussed in chapter 6. Fig. 7.5

displays the calculated carbon content within the subvolume for a range of temperatures

associated with scans 33 to 49. The mean value w̄C = 3.02%wt and the standard deviation

σ = 0.01 are also indicated. This is a very low carbon content compared to the initial

concentration of 3.6%wt but nevertheless the best estimate available.

The calculation of the fraction solid has two components: Estimating the eutectic

volume (i.e. graphite and eutectic austenite) and estimating the austenite precipitating to

maintain the liquid in equilibrium with austenite (i.e. off-eutectic austenite). The contri-
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Figure 7.5: Estimated carbon content in the considered subvolume at a number of time
instances. The mean value, w̄C is given by the full green line while the dashed lines
indicate the standard deviation.

bution to the fraction solid from eutectic solidification is calculated from the following

considerations: All graphite particles at a given time instance are assumed spherical and

their equivalent radii r g
eq are obtained. It is then assumed that each nodule is encapsulated

by an austenite shell of radius r γ = 2.4r g
eq [28]. Assuming that these eutectic units are

randomly distributed in space the austenite shells will overlap leading to an overestima-

tion of the solid volume if not corrected. This can be done using the concept of extended

solidified volume V e
s . The extended volume corresponds exactly to the volume occupied

by solidifying eutectic units when impingement is not taken into account. It is related to

the actual solid eutectic volume through (Christian [95] p. 19ff):

Vs = (1−e−V e
S /V ) ·V (7.5)

where V is the total volume of the subvolume. This method is closely related to the Avrami

correction factor used to correct for impingement during simulations of DCI solidification

[73, 91]. The amount of off-eutectic austenite in the volume is then adjusted to maintain

liquid in equilibrium with austenite in a similar way as when simulating single nodule

growth described in chapter 3.

Initially, the volume consists of only austenite and liquid and the initial amount of

austenite is calculated using the lever rule. Then the total fraction solid of the subvolume

is obtained by the following steps repeated for each time instance:

1. Calculate the extended volume occupied by eutectic units of graphite nodules and

austenite spheres and obtain from this the true eutectic volume.
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2. Calculate the change in austenite volume needed in order to maintain equilibrium

based on the increase in eutectic volume calculated in previous step.

3. Calculate the total fraction solid.

Fig. 7.6 presents the estimated fraction solid as a function of temperature from scan

number 20 and onwards. Initially, at high temperatures, the solid fraction increases

linearly as solidification is governed by austenite precipitation at a constant cooling rate.

A rapid increase then takes the fraction solid close to 1 at around 1120 ◦C due to graphite

nucleation. It is expected that the fraction solid relatively accurately reaches 1 as the

carbon content was estimated based on this assumption.

It is remarkable that the low estimated carbon concentration results in a fraction

solid of approximately 0.5 before any graphite has formed. The low estimated standard

deviation on w̄C results in a mean standard deviation on the estimated fraction solid of

0.005 which is very small. Underlying systematic errors might play a much larger role as

discussed towards the end of this chapter.

Figure 7.6: Estimated fraction solid as a function of temperature.

7.3 Quantification of nucleation in the liquid

The previous estimates of An and n were biased by the unknown fraction solid. Eq. (7.3) is

rearranged to obtain an expression for dNl /d∆Tg , the increase in the number of nodules

per volume of liquid per degree of increase in undercooling, which can be obtained using
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the estimated fraction solid

dN

d∆Tg
= n An(∆Tg )n−1 f l =⇒

dNl

d∆Tg
= 1

f l

dN

d∆Tg
= n An(∆Tg )n−1 (7.6)

dN /d∆Tg is obtained as a histogram counting the number of new nodules within an

interval of ∆Tg and is presented in Fig. B.1 in the appendix. The choice of bin width

influences the shape of the histogram and thus possibly also the fit to data and must

be made with care. In the present case a bin width of 2.5 ◦C was chosen according to

the Freedman-Diaconis rule as implemented in the histogram function of the numpy

library for python but other valid choices could have been made. It is however clear that

the chosen bin width allows a reasonable resolution of the non-linear relation between

dN /d∆Tg and ∆Tg while presenting a limited amount of fluctuations on the curve. Using

the above relation and the curve in Fig. 7.6 the data for dN /d∆Tg can be converted to

dNl /d∆Tg as presented in Fig. 7.7. A direct comparison of Fig. B.1 and 7.7 shows that the

nucleation rate is much higher and increases faster in Fig. 7.7. This is expected due to the

relatively high and increasing fraction solid. The error bars indicated for the experimental

data are obtained from the estimated error on the fraction solid resulting from evaluating

the fraction solid with w̄C +σ or w̄C −σ. The magnitude of this uncertainty is rather

limited as illustrated by Fig. 7.8a.

Now, fitting dNl /d∆Tg to a power law will enable a determination of An and n directly.

As previously,∆Tg is offset by a constant c = 138◦C such that the fit is made to the following

expression

dNl

d∆Tg
= n An(∆Tg − c)n−1

Two fits are displayed in Fig. 7.7 restricting n − 1 to integers. The corresponding

residuals for the two fits are presented in Fig. 7.8. It is clear that n −1 = 4 yields the best

fit at the tail of the distribution (i.e. at low undercoolings) while n − 1 = 5 provides a

slightly better fit towards the peak of the distribution. Considering that the estimated

error is largely proportional to the nucleation rate n−1 = 4 minimizes the sum of residuals

weighted by the estimated error and is considered the best fit with A5 = 1.4±0.1 ·10−5

particles ◦C−5mm−3.

The present analysis shows that a power law is well suited to describe both the nucle-

ation per volume and per volume of liquid however with different parameters. Comparing
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Figure 7.7: Experimentally observed dNl /d∆Tg per volume of liquid along with fits to
Eq. (7.6) for n −1 = 4 and 5.

the n found here to the fit to the cumulative distribution it appears that taking into account

the fraction liquid increases n by 1. This shows the importance of including the fraction

solid when considering nucleation laws and estimating parameters. However, it appears

that an additional parameter c is needed compared to Eq. (7.1) and Eq. (7.6) such that

graphite nucleation does not start at zero undercooling but rather at a critical undercool-

ing for nucleation. The high undercooling observed might be the result of the relatively

high purity of the melt along with the fact that no inoculant was added to the melt. The

large value of c observed in the present experiment combined with relatively high values

of n might suggest that graphite nucleation is a self-accelerating process. However, if this

is the case, An and n are not only qualities of the melt but also of the solidification process.

It seems unlikely that a lot of nuclei existed in the melt which could only be activated at a

very high undercooling but over a very small range of undercoolings. Instead, it is possible

that the eutectic solidification produces nuclei thus accelerating the solidification process

once graphite nucleation has commenced [52, 131]. The investigation in chapter 5 showed

a considerable amount of oxides embedded in the matrix produced during solidification

which could act as nuclei. It is, however, unclear why nuclei should be produced primarily

by the eutectic solidification and not by formation of austenite. The estimated fraction

solid was approximately 0.5 before graphite precipitation allowing for a considerable

increase of minor elements in the remaining melt.

An unknown factor of uncertainty rests with the actual temperature of the sample

which is clearly important to the estimate of the undercooling with respect to the graphite

liquidus but also to the estimation of carbon content as well as the fraction solid. Thus, a
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a b

Figure 7.8: a: Errors in terms of 90% confidence intervals as a function of∆Tg . b: Residuals
for fits to n −1 = 4 and 5 as a function of ∆Tg .

possibly large unknown systematic error is propagated through the calculations to affect

the estimation of An and n which is not reflected in the errors indicated in Fig. 7.8a. The

estimation of fraction solid further depends heavily on the linear approximation of the

phase diagram. Thus, if the equilibrium concentrations as a function of temperature

diverge from the assumed linearity below the eutectic temperature, e.g. due to silicon

segregation during solidification, the true fraction solid will differ from the estimated

values.

In spite of the uncertainties, the estimates for An and n obtained in the present section

express a quality of the melt rather than a specific relation between fraction solid and

temperature. In this sense, the values of An and n should remain the same if the melt is

subjected to a different solidification sequence. It is however not clear to which extent

the obtained values can be applied to other non-inoculated melts. According to Lacaze et

al. [130] n = 1 corresponds to a strongly inoculated melt while n = 2 describes a weakly

inoculated melt. As n = 5 was found for the present non-inoculated melt it fits the pattern

of increasing n with decreasing ability of the melt to nucleate graphite.

Correlating the fraction solid, Fig. 7.6, and dN /dT plotted as a function of absolute

temperature, Fig. B.2 in the appendix, it is clear that nucleation ends significantly before

the estimated fraction solid reaches 1. This indicates that the nucleation potency of the

last melt is relatively low. This matches the observation from chapter 5 that pockets

of liquid remained over large temperature intervals without any graphite precipitating.

The oxides observed in the last-to-solidify melt were relatively large, a possible result of

coarsening of oxides [71] which reduced the number of potential sites. One can further

speculate that there exists an upper limit for the volume of an oxide particle above which

graphite cannot nucleate on the particle.
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To end the discussion on nucleation it is interesting to consider a different type of

expression for the nucleation rate which has been suggested on the basis of classical

heterogeneous nucleation theory [79] and briefly mentioned in chapter 2:

dNl

dt
= a ·∆Tg ·e−b/∆T g (7.7)

Using the fact that the cooling rate is constant the parameters a and b can be obtained

by a fit to the experimental data presented in Fig. 7.7 using dN /dt = dN /d∆Tg ·d∆Tg /dt .

∆Tg is offset by 138 ◦C as previously. Fig. 7.9 shows the experimental data for dNl as well as

the best fit to Eq. (7.7) with a = 145±58 nodules ◦C−1 s−1 mm−3 and b = 138±16 ◦C. Note

that a good fit to Eq. (7.7) can be obtained without offsetting ∆Tg highlighting the ability

of this model to inherently include a critical undercooling for nucleation. It is clear that

the fit to Eq. (7.7) describes the experimental data equally well as compared to Eq. (7.6)

emphasising the fact, that more than one nucleation model might be applied to obtain

the same result in terms of nodule density after solidification as discussed in chapter 2.

There is, however, no doubt that only continuous nucleation models can describe the

development of N as a function of temperature or time as observed in the presented

experiment.

Figure 7.9: Experimentally observed dNl per volume of liquid along with best fit to
Eq. (7.7).





Chapter 8

Morphological developments of

spheroidal graphite

The analysis in chapter 6 pointed to a relation between the shape of a particle and the rate

at which it grows. While this result is in itself intriguing, the development of particle shapes

is also of relevance to practical applications as nodularity of particles influences the fatigue

life of DCI components [1]. In the present chapter, an analysis of how particle shapes

develop during the course of solidification is performed and particularly the relation to

particle growth rate is investigated for ensembles of particles. Further, the development of

particle shape is analysed for individual particles.

8.1 Overall characterisation of particle shape developments

The development of particle shape was briefly discussed in chapter 5 where observations

suggested that particle morphologies are not necessarily constant during growth. Fig. 8.1

presents the relation between the average final sphericity of particles first observed in a

given scan and the time associated to the scan. As previously, only the particles within

the subvolume defined in chapter 6 are considered. There is a clear tendency for irregular

particles to have formed early in the solidification process. Correlating with Fig. 6.3, which

shows the relation between final volume and time when first observed, it can be seen that

large particles tend to be the most irregular after solidification. This relation might point

to the previously mentioned connection between shape and growth rate but also indicates

that irregularities develop given sufficient time.

To explore how the relation between sphericity and volume develops over time, Fig. 8.2

shows curves from four different instances of time. The figure presents a condensation of
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Figure 8.1: Average final sphericity among particles first observed in a given scan plotted
against time associated to the scan (black squares, left axis) as well as number of new
particles observed at each time point (open circles, right axis).

the data presented in Fig. C.1 in the appendix from which it is clear that the number of

data points obscure the underlying tendencies. Considering the data at each time instance

separately, the data is sorted by volume and divided into bins of each 50 data points. In

each bin the average volume and sphericity are calculated. The results of this operation are

plotted in Fig. 8.2 for each time instance. Throughout time the same negative correlation

between particle volume and sphericity can be observed and it is maintained despite the

growth and nucleation of new nodules. The pattern observed in Fig. 8.1 is thus constant

through time pointing to a very general relation. From a zoom-in of Fig. 8.2, shown in

Fig. C.2 in the appendix, it can be seen that sphericity is constant or increases with volume

among the smallest particle volumes thus displaying a different behaviour than their

larger counterparts. This observation is further discussed later in the chapter.

A more complete overview of the development of particle sphericity can be obtained

from Fig. 8.3a which shows the distribution of particle sphericity at different time instances.

From an initially flat distribution at t = 240 s with only few particles the maximum of

the distribution increases in terms of number of counts but it also moves towards higher

values of sphericity. At the same time the distribution becomes more narrow. Thus, the

distribution of particle shapes are increasingly dominated by spherical particles. From the

number of particles first observed at each time instance and their average final sphericity

as presented in Fig. 8.1 as well as the average sphericity plotted in Fig. 8.3b it seems that

nucleation of new particles causes an increase of the average sphericity.
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Figure 8.2: Sphericity as a function of volume at four time instances. Data points show
averages in bins of 50 data points.

Between the last two time instances, i.e. from t = 400 s to 480 s, the distribution

broadens towards low values ofΨwhile the hight of the peak decreases. The reduction

in mean sphericity between the last two time instances can also be observed in Fig. 8.3b.

From the analysis in the previous chapters it has become clear that graphite nucleation

ceases before t = 400 s and that graphite growth is complete at around t = 480 s. This

means that the changes in the distribution in Fig. 8.3a between the last two time instances

is associated primarily to graphite growth implying that for a majority of the particles an

increase in particle size will simultaneously reduce its sphericity.

8.2 Changes in sphericity and particle growth

The magnitude of a particle’s growth rate primarily depends on the volume of the particle

as demonstrated in chapter 6. But since the analysis showed that irregular particles

were growing faster than regular ones, the question is if large growth rates are associated

to the sphericity or the change in sphericity and if this to some extent can account for

the large variations in growth rate observed. From the previous analysis it is clear that

irregular particles primarily form early in the solidification process and that growth itself

might induce irregularities given sufficient time. Long solidification times are known to

promote graphite degeneracy [132]. However, considering particles which form at the

approximately same time there is a clear tendency for irregular particles to be larger than

regular particles after solidification as is shown by Fig. 8.4.
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a

b

Figure 8.3: a: Particle sphericity distribution as a function of time. b: Average sphericity
across all particles as a function of time.

To get closer to explaining the relation expressed by Fig. 8.4, the relation between

sphericity and growth rate is plotted in Fig. 8.5. In the figure the growth rate between two

time instances, ts and ts +∆t , is plotted against the sphericity as measured at ts . ∆t is the

time between tomographic scans. As previous analysis showed a significant reduction in

growth rate over time, the relation between sphericity and growth rate is plotted for four

time instances separately. A clear negative correlation between sphericity and growth rate

can be observed in three out of four time instances. However, as Fig. 8.2 in the previous

section showed a clear relation between particle volume and sphericity, Fig. 8.5 might only

express the previously observed increase in growth rate with particle volume as shown in

Fig. 6.9.

For the further investigation of the relations between sphericity and growth rates it is of

interest to investigate how morphological changes relate to the shape of a particle. Fig. 8.6

shows the relation between the sphericity of a particle at ts and the change in sphericity

which the particle undergoes between ts and ts +∆t . It shows that the change in sphericity

is negative for the majority of the particles throughout time and most often between -0.1

and 0 irrespective of the sphericity of the particle. In general, Ψ and ∆Ψ appear rather

uncorrelated. This agrees with Fig. C.3 in the appendix which shows no relation between

the initial sphericity and the total change in sphericity of a particle during solidification.

The observation that most particles have negative ∆Ψmatches the previous observation

from Fig. 8.3 that particle growth for many particles is associated with a reduction in

sphericity. A few particles show ∆Ψ of around -0.2 and they are all relatively spherical
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Figure 8.4: Final volume and sphericity of graphite particles which are first observed at
ts = 280 s.

before this major change in sphericity. An increase in sphericity is primarily observed for

particles which are already relatively spherical.

Since particle growth rate has been found to depend strongly on particle volume it

makes sense to test to which extent ∆Ψ correlates to particle volume before relating it

to growth rate. Fig. 8.7 shows that overall, ∆Ψ is independent of particle volume at the

four instances of ts . For small particles the values of ∆Ψ distribute more equally around 0.

This observation relates well to the small increase in sphericity with volume observed in

Fig. C.2 for small particles emphasising that the growth conditions might change as the

particles reach a certain size. The similarity of the four plots in Fig. 8.6 indicates that the

growth pattern with respect to particle shape does not change across time, for both large

and small particles.

The lack of correlation between ∆Ψ and volume means that any correlation between

growth rate and ∆Ψ is not simply expressing the well known dependency of growth rate

on the particle volume. However, Fig. 8.8, which presents the relation between ∆Ψ and

growth rate of all particles at four different time instances, does not show any significant

correlation between the two quantities. This result along with the previous analysis

indicate that while irregular particles in many cases appear to grow faster than regular

particles, this growth behaviour is not associated with large negative changes in sphericity.
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Figure 8.5: The relation between sphericity and growth rate at four time instances: t = 240
s, 280 s, 320 s and 360 s.

Figure 8.6: The relation between the change in sphericity, ∆Ψ, and sphericity,Ψ at four
time instances: ts = 240 s, 280 s, 320 s and 360 s.



8.2 Changes in sphericity and particle growth 99

Figure 8.7: The relation between sphericity,∆Ψ, and particle volume at four time instances:
t = 240 s, 280 s, 320 s and 360 s.

Figure 8.8: The relation between the change in sphericity, ∆Ψ, and growth rate at four
time instances: ts = 240 s, 280 s, 320 s and 360 s.
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8.3 Morphological development of individual particles

The above analysis shows that for a majority of the particles, the sphericity decreases

during growth. By following single particles over time it is possible to relate this general

finding to individual growth patterns of both regular and irregular particles. Fig. 8.9a

shows a 3D rendering of 5 graphite particles after solidification labelled P1-P5 while

Fig. 8.9b shows an SEI obtained during serial sectioning of the sample where the particles

P1-P5 are indicated . The five highlighted particles cover a range of sphericities and sizes

and prove useful to illustrate how the sphericity of spheroidal graphite can develop during

the course of solidification.

a b

Figure 8.9: a: 3D rendering of the graphite particles P1-P5 after solidification. b: Room
temperature SEI where particles P1 to P5 are pointed out.

The particles’ sphericities are plotted as a function of time and volume in Fig. 8.10a and

b and a rather nuanced picture emerges as the particles follow different paths towards their

final shapes: The sphericity of P3 increases with time while that of P1 is approximately

constant and P2 and P5 develop less spherical shapes as they grow. P4 forms rather late in

the solidification process but undergoes a relatively large change in sphericity at the end

of graphite precipitation where the remaining particles retain their shapes. In line with

previous observations, there seems to be no correlation between initial sphericity and the

final sphericity: P1 is initially less spherical than P2 but after solidification P1 is the most

spherical of the two. Comparing P2 to P5 it is observed that while they have approximately

the same sphericity and volume at t = 240 s, P5 is significantly less spherical and roughly

50% larger than P2 after graphite precipitation during solidification is complete. These
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observations correspond well with the previous analysis but also illustrate the significant

individual differences between particles and why clear conclusions are difficult to reach.

a b

Figure 8.10: The sphericity of P1-P5 as a function of time (a) and particle volume (b). The
approximate end of graphite precipitation is indicated by a vertical line in a.

Fig. 8.11 further illustrates how encapsulated particles through several small reductions

in sphericity reach final sphericities below 0.75. The observed changes in sphericity and

volume are continuous, significant and take place while the particles are encapsulated.

Particle 1, 3 and 4 grow at rates comparable to those predicted by diffusion controlled

growth while particle 2 is a particular case treated in detail below.

Figure 8.11: Examples of development of sphericity,Ψ, with particle volume for particles
with a low final sphericity.
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Formation of protrusion

Particle 2 of Fig. 8.11 displays a different pattern than the remaining 3 particles as the

sphericity of this particle is approximately constant before and after a large abrupt change

in sphericity fromΨ= 0.86 to 0.67 between two tomographic frames. Two consecutive

sections of Particle 2 obtained by LOM are presented in Figs. 8.12a and b from which it can

be seen that a large protrusion is attached to an otherwise spherical particle. Figs. 8.13a-c

show a time series of 2D sections from tomograms where the formation of the protrusion

from the initially spherical particle can be observed. In Fig. 8.13b the protrusion is visible

for the first time, however it is long and very thin which does not permit a correct seg-

mentation of the feature. The same type of problem was observed for compact graphite in

chapter 5. Thus, the large and abrupt change in sphericity, caused by the formation of the

protrusion, takes place one time step earlier than indicated by Fig. 8.11.

a b

Figure 8.12: a and b: The internal structure of particle 2 of Fig. 8.11 imaged by LOM in two
consecutive micrographs from serial sectioning.

The shape of Particle 2 after solidification is presented in Fig. 8.14. Small irregularities

or branches have developed on the protrusion which is otherwise extending radially from

the nodule. The internal structure of the protrusion can to some extent be evaluated from

Fig. 8.12 although neither of the micrographs intersect the protrusion exactly parallel

to its main direction of growth. Fig. 8.12a indicates where the protrusion attaches to

the spheroid and display a rather disordered internal structure of the protrusion while

Fig. 8.12b shows a cross section with fewer irregularities. These considerations do not give

clear indications of how the growth proceeded.

The particle is likely isolated from the melt at Fig. 8.13a but the rapid development

of the protrusion indicate that the growth conditions have changed. It is possible that

a part of the particle came into contact with the carbon rich liquid through a channel
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a b c

Figure 8.13: 2D sections from tomographic images of Particle 2 in three consecutive time
instances: t = 240 s, 280 s and 320 s. The large descrease in Ψ observed in Fig. 8.11 is
associated with the development of the protrusion between the two time instances shown
in a and b of the present figure.

Figure 8.14: 3D rendering of Particle 2 of Fig. 8.11 after solidification.

or a crack in the encapsulation promoting fast growth. Similar protrusions extending

through thin channels in the austenite encapsulation were observed by Itofuji et al. [55].

Such liquid channels would not be discernible from X-ray CT. It is interesting to note that

despite considerable thickening of the protrusion between Fig. 8.13b and c the length of

the protrusion is approximately constant. Thus, after the protrusion has formed it seems

likely that the particle is again completely encapsulated and a thickening of the structure

takes place after formation. The observed fast directional growth is uncommon among

the observed particles supporting the assumption that most particles are isolated from

the melt while growing and undergoing morphological changes.
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Growth and the formation of irregular features

Growth of encapsulated spheroidal graphite is generally considered to be isotropic which

is reflected in the assumed spherical symmetry of the microstructural model presented in

chapter 3. The vast majority of particles are relatively spherical as they are first observed,

see Fig. C.3 in the appendix, and there seems to be no connection between the initial

and final sphericity. Isotropic growth of the graphite spheroid is probably dominant at

the initial stages of growth which is reflected in an increasing sphericity with increasing

volume among small particles. Even for less spherical particles, the analysis in chapter 6

showed that the volume growth rate seems reasonably well predicted by isotropic growth.

For most particles, however, anisotropic growth conditions are necessary to account for

the fact that many particles become increasingly irregular as they grow.

Ham [133] considered steady state growth of a prolate precipitate particle in a su-

persaturated matrix and found that the particle eccentricity is constant during growth

since the anisotropic concentration gradients are maintained as a result of the uneven

curvatures of the particle surface. To achieve decreasing sphericity as is observed in the

present case, growth conditions must thus be influenced by the particle surroundings. If

highly anisotropic concentration fields are indeed present it seems clear that irregular

particle shapes are induced by growth and not vice versa. Such concentration fields might

result from competition between neighbours or to inhomogeneous distribution of solid

and liquid as represented schematically in the last frame of Fig. 6.10. Similar ideas were

put forward by Qing et al. [31] considering a nodule growing while suspended in liquid.

Although it is possible to relate relative positioning of neighbouring particles and morpho-

logical developments from the data used within this work, such an analysis has not been

pursued.

The possibility of uneven capture of solute along the surface of a precipitate particle

which results in increasingly non-spherical shapes was also considered by Ham [134]. For

graphite, this might be relevant if the distribution of impurities is not uniform resulting in

retarded or promoted growth on some parts of the particle surface. The literature shows

mixed results with respect to the distribution of impurities within graphite and at the

graphite surface [135–138] but it is generally agreed that impurities affecting the particle

morphology adhere to the graphite surface and are possibly rejected to the surroundings

during graphite precipitation, also while the graphite is encapsulated [51].

During the solidification of the sample investigated in the present work, highly irregu-

lar graphite morphologies in the shape of compact graphite form first, possibly as a result

of high initial concentrations of dissolved oxygen as discussed in chapter 5. The concentra-

tion of oxygen in the melt probably decreases during solidification as it forms compounds
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with Mg which segregates to the melt during solidification. This allows spheroidal graphite

to form. If impurities do control particle shapes it implies that the final particle shape

is affected by impurities present at the point of encapsulation in austenite as graphite

particles are encapsulated while degenerating into less spherical morphologies. If this is

the case, significant inhomogeneities in the concentration of impurities in the melt must

be present as particles which are highly spherical after solidification in some cases formed

relatively early in the solidification process where the concentration level of impurities,

presumably, is relatively high. Significant differences between neighbouring particles

were observed from Figs. 8.9 and 8.10 further stressing the requirement for local variations

in impurity concentration to account for the observed differences.

a b

c d

Figure 8.15: a-d: 2D sections of 4 graphite particle of relatively irregular shape and outline.

Studies of the crystallographic structure of graphite is best performed by TEM which

also give indications of the mechanism of graphite growth. Although no crystallographic

investigation has been performed in the present study it is relevant to attempt to relate mi-

crostructural images to the previous analysis of growth. Fig. 8.15a-d display four examples

of relatively irregular nodules which still share features with regular nodules similar to the
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a b

Figure 8.16: a: Regular graphite particle which shows a division into conical sectors. b:
Part of irregular particle in which considerable amounts of metallic inclusions can be
found. A schematic representation of this structure is presented in Fig. 8.17.

one presented in Fig. 8.16a. As discussed in chapter 2 the mechanism by which graphite

grows while it is encapsulated is not entirely clear. The vast majority of particles observed

in the presented experiment grew very significantly during solidification resulting in final

volumes several times larger than the volume they had when first observed irrespective of

the particle shape. This growth took place while the particles were encapsulated. Although

it is possible that small changes in the morphology result from the growth during solid

state cooling (see discussion in chapter 5), the micrographs of Fig. 8.15 indicate that both

large and small irregular features resemble conical sectors found in spherical nodules.

The active mechanism of growth of encapsulated graphite appears to produce sectors

similar to the conical regions which are observed in spheroidal graphite. One possibility

appears to be the mechanism suggested for growth of spheroidal graphite in contact with

liquid [47]: Nucleation of platelets on the basal plane of conical sectors exposed to the

matrix which afterwards extend laterally. Nucleation of platelets on the graphite basal

plane is possible when the Sulphur concentration is low [51] as in the present case. Some

sectors appear to have grown faster than their neighbours creating small protrusions

and lead to creation of a metallic inclusion when a sector is overgrown by its neighbours.

Thus, as previously discussed, multiple effects, mechanisms or factors must be in play

simultaneously in order for irregular features to form.

Even though no exploded or chunky graphite is observed in the sample, other very

degenerate particles can be observed. The feather-like structure of the graphite particle
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branch in Fig. 8.16b is similar to what has previously been termed graphite dendrites [60,

63, 139]. In this structure conical sectors branch out at an angle from the stem of the

structure. This is illustrated by the schematic drawing in Fig. 8.17 where the orientation

of the c-axis is indicated according to a similar schematic by Hamasumi [139]. Particles

with similar features are not uncommon in the sample and a further example is shown in

Fig. C.4 in the appendix.

Figure 8.17: Schematic of feather-like feature also termed graphite dendrite.

a b c d

Figure 8.18: a-d: Time series showing the development of the dendritic arm shown in a
2D section at room temperature in Fig. 8.16. The position of the dendritic arm is pointed
out with an arrow in a.

It seems agreed that degenerate spheroidal graphite morphologies such as exploded

and chunky graphite develop and grow in contact with liquid [6, 140]. It is possible that

the feather-like graphite structure of Fig. 8.16b graphite dendrite also grows in contact

with the liquid while remaining anchored in austenite. However, it is clear from Fig. 8.18

that the dendritic arm develops over several time steps to reach an extent comparable to

the protrusion illustrated in Fig. 8.14 indicating that growth of the feather-like structure

is markedly slower and thus might take place under encapsulated conditions. Fig. 8.18

also shows how small protrusions develop in all directions during growth of the particle.

Graphite morphology including degeneracy of spheroidal graphite nodules is governed
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by local chemistry and cooling rates in a different way than morphological stability of

metallic solid-melt interfaces. Thus, even if the feather-like feature resembles a dendrite

it has not formed in a fashion which is similar to that of metallic dendrites opening the

possibility that the feature has developed while encapsulated.



Chapter 9

Summarising discussion and future

directions

The observations and results presented throughout the present thesis have been discussed

in detail in the relevant chapters. It is, however, useful to summarise some of the discus-

sions and to address ambiguities and uncertainties associated to these discussions thus

pointing to solutions or methodologies by which they can be mitigated.

Through the chapters 5 to 8 the development of spheroidal graphite particles has been

characterised in terms of volume and shape. The investigation showed that an isotropic

growth model can reasonably predict the growth of spheroidal graphite of a wide range of

sphericities despite its inherent assumption about spherical symmetry. The likelihood of

multiple graphite nodules being embedded in a single austenite grain also contradicts the

assumed symmetry of the model as previously discussed. Still, the simplifying concept

of an isolated nodule surrounded by austenite employed by the model, resulted in a

reasonably successful prediction of the growth of graphite spheroids over a substantial

interval of time, temperature and fraction solid. Thus, the magnitude of the growth

resulting from the fluxes arising as consequence of concentration gradients are reasonably

described by a spherically symmetric approximation of the carbon concentration field.

This is in apparent contrast to the analysis of chapter 8 which concluded that an-

isotropy must be present in one form or another in order to induce decreasing particle

sphericities. However, for the majority of the observed particles, the deviations from a

perfectly spherical shape are on a relatively small length scale compared to the length

scale involved in diffusion. Further, several factors influence the shape and growth rates of

a graphite particle as discussed in chapter 8 complicating the identification of the mech-

anisms responsible for graphite degeneracy. It was not possible to show a direct relation

between loss of sphericity and fast growth but as the sphericity of irregular particles were



110 Summarising discussion and future directions

reducing gradually as the volume increased, fast growth seems likely to induce irregular

morphologies. Previous efforts to describe and understand the development of irregular

spheroidal shapes focused on the graphite-liquid interface. The present investigation has

shown that it may be relevant to include the graphite-austenite interface in that discussion

and that growth at this interface might not behave fundamentally different. Especially

the redistribution of impurities which are known to affect graphite morphology during

growth of encapsulated graphite should receive more attention. Detailed studies of the

crystallography combined with estimations of local growth rates of irregular features

from in situ observations can possibly yield valuable input to theoretical investigations

of the mechanisms of growth. The initial stages of solidification as well as the interac-

tion between graphite and austenite can be investigated by performing 2D radiography

experiments on cast iron solidification since this approach increases the possibility of

distinguishing liquid from austenite [141].

The uncertainty about the role of liquid in the development of particular irregular

features calls for extensions of the presented work. Assuming that graphite growth during

solid state cooling and the eutectoid transformation is not very different from encapsu-

lated growth during solidification, an in situ study of graphite growth during the eutectoid

transformation would be highly enlightening. Performing high quality tomographic scans

before and after the solid state transformation as well as continuously recording tomo-

grams during the transformation will enable a detailed quantification of the graphite

growth rates during the eutectoid transformation as well as the changes in particle mor-

phologies. Ensuring a composition which favours a ferritic matrix rather than pearlite and

cooling slowly over the temperatures during which the eutectoid transformation takes

place will ensure maximum precipitation of carbon to existing nodules and thus make

substantial morphological changes possible if they indeed take place.

Development of alloys specifically for imaging of cast iron which allows the investigator

to distinguish between solid and liquid during imaging could give significant new insights.

Such alloys can be achieved through addition of an element to the alloy which enhances

absorption contrast similar to the developments made by Azeem et al. [14] where Hafnium

is added to Nickel and Cobalt alloys to distinguish dendrites from the surrounding melt.

For cast iron, such an additional element would have to fulfil the following requirements

• Be completely miscible with liquid iron but segregate heavily during austenite

formation.

• Attenuate X-rays very differently from iron either as a result of density differences or

due to the presence of absorption edges in proximity of photon energies relevant for

tomographic imaging of cast iron.
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• The element should not interfere with the solidification in terms of modifying the

graphite morphology or promote carbides.

Designing cast iron alloys specifically for in situ experiments also involves optimising

the chemistry of the melt to ensure a specific (degenerate) graphite morphology or melt

inoculation state upon remelting, a task which is not trivial.

An alloy with enhanced liquid-solid contrast would provide a basis for evaluating

the extent to which a specific graphite particle is in contact with liquid and enable a

calculation of the fraction solid as a function of time and temperature which would be

useful in the following three cases all highlighting areas where improvement of the present

work can be obtained

1. Knowing the solid fraction before graphite precipitation would provide a method for

testing to which extent the measured temperature in the environmental cell cavity

corresponds with the actual temperature of the sample.

2. The parameters in nucleation models could be estimated with more well described

uncertainties.

3. The effect of global fraction solid and local distribution of solid and liquid on the

graphite particle growth rate could be more accurately estimated for the benefit of

future models for DCI solidification.

Regarding nucleation model parameters, it is also relevant to repeat the solidification

experiments for the same alloy under different cooling conditions. This will enable an

evaluation of the assumption that the obtained parameters for the nucleation models are

qualities of the melt rather than dependencies of the process conditions.

Tomographic data allowed a quantification of size and shape distributions without the

uncertainty usually associated to microstructural characterisation of cast irons from 2D

micrographs. However, this method involves other uncertainties related to binarisation

of tomographic images which were not evaluated in the present experiment although

they might be significant. Combining room temperature tomograms with well aligned

micrographs from serial sectioning might be a viable way to reduce some of the uncertainty

associated to segmentation. Since the presented experiment was conducted at half of the

flux normally available at the DLS simply repeating the experiment will yield significantly

improved images reducing ambiguities in the interpretation of tomographic images.

The segmentation of graphite from the surroundings in tomographic data has in gen-

eral allowed a detailed analysis of the particle shapes. Notable exceptions are long and

thin features exemplified by compact graphite branches at early stages of solidification.
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However, since spheroidal graphite and their irregular features are in general less delicate,

the analysis of spheroidal graphite morphology is not significantly affected by this issue. It

is clear from the presented observations that in order to complete an analysis of compact

graphite growth it is necessary to revisit segmentation while taking into account that the

quality of the data might simply not allow an analysis of the early stages of compact graph-

ite growth. The data shown within this work does however indicate that a characterisation

of growth in terms of growth rates, branching and morphological changes is possible.

The present investigation usedΨ as a measure for the particle roundness in 3D. As 3D

characterisations of cast iron microstructures are likely becoming more and more frequent

it is necessary to investigate which measures are the most useful to e.g. distinguish

different types of graphite but also to characterise the mechanical properties of a given

microstructure. An evaluation ofΨ in these respects has not been a part of the present

work. Also, the investigation did not distinguish between the different origins of low

sphericity, e.g. localised irregularities or elongated overall shape. Thus, two particles might

have the same low sphericity for very different reasons. A more careful quantification of

particle shapes might provide a more nuanced picture of the morphological changes.

The present work has illustrated the usefulness of in situ observation of cast iron solid-

ification and highlighted this as a way forward to develop more detailed models as well as

obtain more knowledge on many aspects of solidification and solid state transformations

in cast irons.



Chapter 10

Conclusions

In the presented work, the solidification of cast iron was successfully imaged using syn-

chrotron X-ray tomography allowing the first in situ observations of graphite formation

in 4D. This data provided a unique possibility to observe the growth and morphological

development of compact and spheroidal graphite. Focusing on spheroidal graphite, the

investigation showed limited particle movement during solidification which is a critical

prerequisite for a detailed analysis of graphite nodule nucleation and growth. A compar-

ison of tomographic data to room temperature EDS maps confirmed that the distribution

of silicon can be used to infer the order in which graphite particles form.

Estimations of nucleation temperatures showed that the nucleation was accelerating

rapidly after nucleation had commenced at a large undercooling. Experimental observa-

tions were compared to models for nucleation which showed that a power law as well as

an exponential expression could fit the data with good accuracy while highlighting the

importance of the taking into account the fraction solid. Nucleation was observed to be

continuous albeit resulting in a non-trivial size distribution after solidification.

Spheroidal graphite growth was quantified and compared to a 1D model. The simple

model showed a relatively good correspondence with experimental observations and

especially early stages of growth appear to be well described. The experimental obser-

vations showed a gradual decrease in particle growth rate with increasing fraction solid

as a consequence of depletion of carbon from the particle surroundings. An existing

uni-nodular model for graphite growth was extended to include growth during solid state

ensuring a gradual reduction in growth rate after solidification is complete. Although this

development is an improvement with respect to existing models, a comparison to experi-

mental data highlighted the need for future models to address the gradually decreasing

growth rate during solidification. A detailed comparison of individual particles showed
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a dependency on the local conditions in terms of the distance to neighbouring particles

and especially the distance to the carbon-rich liquid.

One of the major findings in the presented work is, that initially spherical particles

can develop highly irregular features while they are encapsulated. Further, these particle

grow significantly faster than their regular counterparts. A detailed analysis indicated long

intervals of relatively fast growth is likely to induce degenerate spheroidal morphologies

without the presence of liquid.

The quantification of spheroidal graphite growth forms the basis for validating existing

and future models for both individual particles as well as ensembles of spheroids. An

example of modelling solidification of a cast component using a microscopical model

for graphite growth pointed to the importance of correct descriptions of the nucleation

model as well as graphite growth during the late stages of solidification.
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Appendix A

Additional quantification of spheroidal

graphite growth

A.1 Particle size distribution as function of time

As experimental particle size distributions are often plotted as function of particle radius,

the equivalent radius, r g
eq , is calculated from the particle volume

r g
eq =

(3V

4π

)1/3
(A.1)

The size distributions of equivalent radii is plotted at different time instances during

solidification in Fig. A.1a while the mean equivalent radius as function of time is plotted

in Fig. A.1b.

a b

Figure A.1: a: Distribution of particle sizes measured by equivalent radii at different time
instances through solidification. b: The mean equivalent radius as function of time.
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A.2 Estimation of random error on particle volumes

The volume of graphite nodules is approximately constant after t = 500 s although with

significant fluctuations which possibly originate from variations in X-ray flux intensity,

see Fig. 6.5. The standard deviation on the volume of each particle is estimated using

a linear fit to the plateau of constant particle volume and is plotted as function of the

actual particle volume, V , in Fig. A.2. The figure shows a clear linear and positive relation

between the volume of a particle and the estimated random error on the particle.

Figure A.2: Standard deviation on particle volume, σV , as function of the particle volume,
V .

A.3 Quantification of local conditions on on growth rate

This section is primarily an addition to section 6.2.5 as it expands the analysis performed

in that section.

Fig. A.3a shows an Si-map obtained by EDS with 5 labelled particles while Fig. A.3b

shows the volume as function of time for the 5 labelled particles. Particles 422 and 659

nucleate first which allows them to grow undisturbed to relatively large volumes. Particles

578, 683 and 731 form approximately at the same time but do not grow at the same

rate. Particle 578 grows fast while particle 683 almost does not grow and particle 731

is somewhere in between. From the Si-map it seems clear that particle 578 grow in an

environment where it is surrounded by liquid on 3 sides (out of 4 possible in a 2D section)

enabling a fast growth. Particle 683 seems more deeply embedded in austenite but it is
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difficult to evaluate from the Si-map. Particle 731 appears even further from the liquid in

which 578 is growing in, but the Si-map indicates the existence of a zone which solidified

relatively late which might have enabled substantial growth rates for particle 731.

The figure illustrates that the distance to the last-to-solidify liquid plays a large role,

but also that the analysis is complicated by subjective analysis of Si-maps and incomplete

knowledge about the distribution of liquid in 3D.

(a) Si map from EDS with 5 labelled
particles.

(b) Volume as function of time for the 5 labelled
particles.

Figure A.3

As discussed in section 6.2.5, it is possible that graphite growth is affected by the local

density of particles. Here an attempt to quantify the effect of the local density is made

in order to assess this hypothesis. The growth rate is highly dependent on the particle

volume and to eliminate this factor from the present analysis only particles of similar

volumes are considered. Specifically, at a given time instance, the particles are divided

into bins of 5000 µm3 intervals. For each particle in the bin, the number of neighbours

within 60, 90 and 120 µm is considered and plotted against the growth rate of the particle

in the bin. As binning greatly limits the number of data points in each bin, especially at

early times, only the result from the most populated bin is presented in Fig. A.4. It is clear

that no correlation can be observed from the presented data.
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Figure A.4: Growth rate as function of number of neighbours (NNs) within the given radii
at t = 360 s. Only particles of volumes between 15000 and 20000 µm3 at t = 360 s are
considered.



Appendix B

Additional figures for the analysis of

nucleation

The nucleation undercooling temperatures obtained in chapter 7 can be binned to create

a histogram of the number of particles nucleating at within a given undercooling interval.

The bin width is determined using the Freedman-Diaconis rule which suggests a bin width

of 0.5 ◦C for absolute temperatures corresponding to a bin width of 2.5 ◦C when converting

to undercooling with respect to the graphite liquidus due to the steep slope of the graphite

liquidus.

dN /d∆Tg per total volume is presented in Fig. B.1. This data is converted to dNl /d∆Tg

by dividing by the fraction liquid corresponding to the temperature of each bin center. The

result is presented in Fig. 7.7. The data is divided by the bin width for proper normalisation.

Figure B.1: dN /d∆Tg per total volume.
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It is useful to plot the nucleation rate with respect to absolute temperature dNl /dT

per volume of liquid, Fig. B.2. From this figure it is further evident that nucleation mainly

takes place over roughly 5 ◦C and is complete when the temperature has reached 1125
◦C disregarding the erroneous secondary nucleation wave after 1125 ◦C. The bin width

is much smaller resulting in higher absolute numbers of nucleation rate. However, the

integral of the curve is the same as for dNl /d∆Tg .

Figure B.2: dNl /dT per volume of liquid.



Appendix C

Additional quantification of changes in

sphericity

This appendix provide background and details for some of the figures presented in

chapter 8. Fig. C.1 display how sphericity depends on particle volume throughout time. It

also indicates that there is an upper limit to the particle sphericity which decreases slightly

with volume. The upper limit is however so high that it does not influence the conclusions

in this work. Due to the large scatter of data points it proved useful to bin data in batches

of 50 data points after sorting the data by volume and calculating the average sphericity

and volume within each bin. The result is presented in Fig. 8.2. The part of this figure

showing small volumes is presented in Fig. C.2.

In Fig. C.3 the total change in sphericity which a particle undergoes during the course

of solidification is presented as function of both the sphericity when the particle was first

observed and the sphericity after graphite precipitation is complete.

Fig. C.4 presents a spheroidal graphite particle which has developed 2 feather-like

structures similar to those observed in Fig. 8.16b.
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Figure C.1: Sphericity as a function of volume at several time instances.

Figure C.2: A zoom-in of Fig. 8.2.
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Figure C.3: Total change in sphercitiy plotted against initial and finals sphericity.

Figure C.4: Feather-like structures extending from a spheroid.







DTU Mechanical Engineering

Section of Manufacturing Engineering

Technical University of Denmark 

Produktionstorvet, Bld. 427A

DK-2800 Kgs. Lyngby 

Denmark

Phone (+45) 4525 4763

Fax  (+45) 4593 0190

www.mek.dtu.dk

ISBN: 978-87-7475-502-9


	Blank Page
	thesis_MathiasBjerre_28112017.pdf
	Acknowledgements
	Abstract
	Resumé
	Contents
	1 Introduction
	1.1 Objectives of the thesis
	1.2 Structure of the thesis

	2 Graphite formation and solidification of cast iron
	2.1 Solidification of DCI
	2.2 Graphite structure
	2.3 Graphite crystal growth
	2.4 Nucleation of graphite during solidification

	3 Modelling graphite growth and solidification of cast iron
	3.1 Modelling spheroidal graphite growth
	3.2 Modelling solidification of DCI casting
	3.2.1 Implementation of microstructural model
	3.2.2 Simulation of casting solidification


	4 Synchrotron X-ray tomography experiment setup
	4.1 X-ray attenuation contrast tomography
	4.2 Sample preparation
	4.3 Environmental cell and temperature control
	4.4 Imaging and post-processing
	4.5 Discussion of pre-solidification observations

	5 Characterisation of DCI solidification from synchrotron X-ray tomography
	5.1 Microstructure characterisation
	5.1.1 Overall characterisation of sample room temperature microstructure
	5.1.2 Comparison of microstructures observed at elevated and room temperatures

	5.2 Characterisation of the sample solidification
	5.2.1 Overall solidification sequence
	5.2.2 Compact graphite
	5.2.3 Spheroidal graphite
	5.2.4 Formation of voids and oxides


	6 Quantification of spheroidal graphite growth during solidification
	6.1 Tracking of individual particles through time
	6.2 Spheroidal graphite growth
	6.2.1 Overall quantifications
	6.2.2 Quantified observations of individual particles
	6.2.3 Comparison of experiment and model simulations
	6.2.4 Ensemble assessment of spheroidal graphite growth
	6.2.5 Discussion of analysis


	7 Quantification of spheroidal graphite nucleation
	7.1 Quantification of spheroidal graphite nucleation
	7.2 Estimating fraction solid
	7.3 Quantification of nucleation in the liquid

	8 Morphological developments of spheroidal graphite
	8.1 Overall characterisation of particle shape developments
	8.2 Changes in sphericity and particle growth
	8.3 Morphological development of individual particles

	9 Summarising discussion and future directions
	10 Conclusions
	References
	Appendix A Additional quantification of spheroidal graphite growth
	A.1 Particle size distribution as function of time
	A.2 Estimation of random error on particle volumes
	A.3 Quantification of local conditions on on growth rate

	Appendix B Additional figures for the analysis of nucleation
	Appendix C Additional quantification of changes in sphericity

	Blank Page

