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Abstract
Hadfield steel is widely accepted as one of the most important steel alloys
utilized in industrial applications where high impact strength and wear
resistance is required. Like in most metallic alloys used for component
casting, the mechanical properties of Hadfield steel are directly connected
with the microstructure of the material. It has been reported that Hadfield steel
components with fine microstructure can present up to 30% increased strength
and reduced risk of porosity formation during solidification when compared
with their coarser microstructure counterparts.
In the light-metal alloy and cast-iron industry, one of the most widely used
methods for achieving refinement of the microstructure of the material is
known as inoculation. As the name implies, inoculation is the practice of
adding selected compounds or alloying elements in a metal melt that have the
ability to promote rapid grain nucleation during solidification. Even though it
has been proved that inoculation is one of the most efficient methods for the
refinement of a wide variety of metallic alloys, it has not yet gained adequate
acceptance in the steel casting industry because researchers have not yet been
able to identify proper inoculants for steel.
The efficiency of the microstructural refinement when inoculating is
influenced by several factors like the type of inoculant used and the processing
conditions during melting, deoxidation, casting and heat treatment. Following
proper deoxidation methods and application of tailored oxidic slags during
melting could significantly promote the precipitation of desired inclusions that
can act as potent nucleation sites for grains or as grain growth inhibitors.
In any case, efficient inoculation is influenced by the complex interaction
between the inoculant, the oxide slag, and the melt. The way this interaction
happens is in many ways dictated by the chemical and thermophysical
properties of the substances involved. Therefore, obtaining accurate values of
basic thermophysical properties like viscosity and interfacial tension by
improving current and utilizing novel measurement methods could
significantly help in the effort of identifying and efficiently utilizing potent
inoculants for austenitic steels.

Considering the above, this work has a dual objective. The primary aim is to
investigate if any of the by-products of deoxidation of Hadfield steel that
remain in the material after solidification can act as potent inoculants by
examining their qualitative and quantitative characteristics and their influence
on the as-cast microstructure of the steel. The secondary aim is to acquire
accurate values for oxide slag viscosity and slag-iron interfacial tension at
high temperatures using different measurement methods and investigate how
thermophysical properties are influenced by thermal and compositional
conditions. This type of research is important because not only it can help to
identify which substances are potent inoculants for austenitic steels but also
pave the way for developing new or improving conventional deoxidation and
inoculation processes with the ultimate goal of improving the cast
component’s mechanical properties.
The work is divided into 3 different stages. The first stage is dedicated to hightemperature oxide slag viscosity measurements. The viscosity of oxide slags
with varying composition is measured in a wide temperature range utilizing
the rotational bob and aerodynamic levitation methods. The systematic error
is defined, and the compositional and thermodynamic dependence of viscosity
is explained. In the second stage, the precipitation of particles in aluminum
and titanium deoxidized Hadfield steel is investigated. The characteristics of
particles, including type, size, morphology, composition, population, and
sequence of precipitation are identified. The results are then compared against
thermodynamic equilibrium calculations, a particle growth mathematical
model is developed and the precipitation mechanism of each type of particle
is described. Finally, in the third stage, the as-cast grain size of samples
produced with varying deoxidation procedures is measured and the
relationship between particle characteristics and grain size is determined. The
particles are ranked according to their refining potency and compared to a
ranking based on their disregistry with austenite.

Sammanfattning
Hadfieldstål är allmänt accepterade som en av de viktigaste stållegeringarna
för industriella användning där hög slaghållfasthet och slitstyrka krävs.
Liksom i de flesta metalliska legeringar som används för komponentgjutning,
är de mekaniska egenskaperna hos Hadfield stål direkt kopplade till
materialets mikrostruktur. Det har rapporterats att Hadfieldstålkomponenter
med fin mikrostruktur kan visa upp till 30% ökad styrka och minskad risk för
porositetsbildandning under stelnandet, jämfört med ett motsvarande material
med grövre mikrostruktur.
I lättmetallsindustrin och inom gjutjärnsindustrin är en av de mest använda
metoderna för att uppnå rätt sorts och finare mikrostruktur så kallad ympning.
Som namnet antyder, är ympning en metod som genom tillsats av särskilda
masterlegeringar och föreningar till i en smälta som har förmågan att främja
kärnbildningen av korn under stelnandet. Det finns även metoder som kan
begränsa korntillväxt under sekundär värmebehandling som även har en
kornförfinande effekt. Även om det har bevisats attympningen är en av de
effektivaste metoderna för förfining av en mängd olika metalllegeringar, har
den ännu inte fått acceptans inom stålgjutningsindustrin eftersom forskarna
ännu inte har kunnat identifiera en lämplig kärnbildare för stål och då särskilt
för austenitiska stål.
Effektiviteten vid ympning påverkas av flera faktorer som typ av kärnbildare
som används och processbetingelserna vid smältning, desoxidation, gjutning
och värmebehandling. Efter en korrekt desoxidation och i kombination med
en skräddarsydd oxidisk slagg under smältprocessen skulle kunna främja
utskiljning av lämpliga inneslutningar som även kan fungera som potent
kärnbildare och som korntillväxthämmare.
I vilket fall som helst påverkas en effektiv inympning av den komplexa
interaktionen mellan kärnbildare, oxidslaggen och smältan. Hur denna
interaktion sker är på många sätt dikterad av de kemiska och termofysikaliska
egenskaperna hos de inblandade ämnena. Därför är fastställandet av korrekta
värden hos grundläggande termofysikaliskaegenskaper som viskositet och
ytspänning viktigt. Detta kan åstadkommas genom att förbättra nuvarande och
att nyttja nya mätmetoder och därigenom förbättra möjligheten till att
identifiera och effektivt utnyttja potenta kärnbildare för austenitiska stål.

Med ovanstående i tank har detta arbete ett dubbelt mål definierat. Det primära
syftet är att utreda om någon av de biprodukter som bildas vid desoxidation
av Hadfield stål har potential som kärnbildare för ett austenitiskt Hadfieldstål
genom att undersöka deras kvalitativa och kvantitativa egenskaper och deras
inflytande på den gjutna mikrostrukturen av stålet. Det sekundära syftet är
att mäta mer exakta värden för oxidiskaslaggers viskositet och
ytspänningen i gränsytan mellan slagg och järn vid höga temperaturer med
hjälp av olika mätmetoder och undersöka hur termofysikaliska
egenskaper påverkas av temperature och sammansättning hos slaggen.
Denna typ av forskning är viktig då den inte bara det kan bidra till att
identifiera vilka ämnen är potenta kärnbildare för austenitiska stål utanäven
kan bereda väg för att utveckla nya och förbättra konventionella
desoxidation och ympningsprocesser med det slutliga målet att förbättra den
gjutna komponentens mekaniska egenskaper.
Arbetet är uppdelat i 3 olika delar. Den första delen är tillägnad
viskositetsmätning av oxidslagger vid hög temperatur. Viskositeten hos en
oxidslagg med olika sammansättning har mätts i ett brett temperaturintervall
genom en roterande bob viskosimeter och och genom en metod baserad på
aerodynamisk levitation. Det systematiska felet definieras och inverkan av
sammansättning förklaras genom en strukturell termodynamisk inverkan på
viskositeten. I den andra delen studeras utskiljning av partiklar i aluminiumoch titan-desoxiderat Hadfieldstål. Egenskaperna hos partiklar, som typ,
(antal)
och
storlek,
morfologi,
sammansättning,
population
utskiljningssekvens identifieras. Resultaten jämförs sedan med
termodynamiska jämviktberäkningar, en matematisk partikeltillväxt modell
utvecklades och utskiljning och tillväxtmekanismen för varje typ av partikel
beskrivs. Slutligen, i den tredje delen mäts kornstorleken för de material som
framställs med olika deoxidationsförfaranden och förhållandet mellan
partikelegenskaper och kornstorlek fastställs. Partiklarna rangordnas enligt
deras kärnbildningspotential och jämförs med en rangordning baserad på
deras gitters missanpasning med austenit.
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Part 1
BACKGROUND AND THEORY

CHAPTER 1:

Introduction
Austenitic manganese steel or Hadfield steel as it is more commonly known
was developed in 1882 by Sir Robert Hadfield. It is a high carbon – high
manganese steel with a basic composition of at least 1.0-1.4 wt% carbon and
10-14 wt% manganese[1]. Similarly to high nickel alloys high enough
additions of manganese in steel can shift the γ-loop in the iron-carbon
equilibrium diagram and thus stabilize the austenitic structure at room
temperatures [2]. Hadfield steel alloys are characterized by exceptional work
hardenability and wear resistance, high toughness, and good ductility. The
typical harness of a solution heat treated Hadfield alloy starts at 200HB and
can reach values as high as 600HB after work hardening. Hadfield steel’s
unique mechanical properties place it as an ideal material for manufacturing
cast components used in applications such as mining, drilling, and crushing,
where high wear resistance and impact toughness are crucial for the longevity
of the component[3,4].
In as-cast Hadfield steel castings, a cementite phase is usually present on the
grain boundaries, reducing the overall strength of the material. To alleviate
this problem, solution heat-treatment is used in secondary processing to
dissolve the soft carbide phases and thus increase the strength of the material.
Though, this processing results in the adverse and competing effect of grain
coarsening[5]. Thus, trying to maintain a finer microstructure in the as-cast
condition can help to reduce the negative effect of coarsening and further
increase the strength of the material.
According to the literature austenitic manganese samples with fine
microstructure show an up to 30% increase in tensile strength and elongation,
reduced risk of porosity formation and lower susceptibility to hot tearing when
compared to samples with coarser microstructure[6].
Hadfield is usually deoxidized in the melting furnace with aluminum and
titanium before it is transferred to the casting ladle for casting. Deoxidation is
essential for carbon and manganese yield and also improves the mechanical
properties of the material [7]. Deoxidation results in the formation of
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secondary phases due to the reaction between the deoxidants and the oxygen,
nitrogen and other alloying elements in the melt. The secondary phases most
often nucleate and grow as fine particles that are mostly transferred to the slag
and removed. Though, some remain dispersed into the melt. During
solidification and if certain conditions are met, these particles can act as
nucleation sites for primary grains and thus lead to a material with refined ascast microstructure.
It is clear from the above that the efficiency of any inoculation process
depends highly on the complex interactions between inclusions and melt,
inclusions and surface slag and surface slag and melt. The interfacial
phenomena between slag, molten metal and inclusions can influence the
population of inclusions in the melt and the reactivity and availability of
elements in the melt and thus be the determining factor between a successful
or unsuccessful inoculation process. To be able to optimize iron and
steelmaking process, a deep understanding of interfacial phenomena between
slags, molten metal and inclusions, is essential. Accurate values of
thermophysical properties like viscosity, density, and surface/interfacial
tension are required as input for the development of reliable simulation tools
for metallurgical processes[8]. Though, acquisition of reliable thermophysical
data is a serious scientific challenge. Accurate measurements of
thermophysical properties are extremely difficult at high-temperature
conditions due to the increased reactivity between the slags or molten metal
with the experimental equipment and the increased risk of contamination of
the samples.
Currently, the industrial requirements are to develop both reliable simulation
tools for casting processes and improved austenitic alloys that can be utilized
to manufacture cast components with reduced failure rates and longer
operational life. The development of reliable simulation tools can help reduce
research and development costs, contribute to alloy development and optimize
casting processing. Furthermore, increased operational life and a reduced
failure rate of components directly translate to reduced operational costs of
larger machinery due to reduced non-operational time for maintenance and
part replacement and improved workforce productivity. Additionally, at a
foundry level, optimization of the deoxidation processes can lead to the
reduction of slag waste. Also, reduced risk of defects due to inoculation can
minimize scrap rates. In such a way, foundries can significantly improve their
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carbon foot print and generally improve their environmental impact. All the
above, can provide a significant advantage to the Swedish steel foundries in
terms of raw material savings and product quality.
Considering that simulation tools highly depend on accurate thermophysical
data input, the development of reliable ways to measure thermophysical
properties and a deeper understanding of how these properties are influenced
by external factors is of importance. On the other hand, development of new
inoculation methods for austenitic steels is essential because operational life
and risk of defects of cast components are directly connected to the
mechanical properties of the material which in turn are influenced by the
microstructure of the material.

1.1 Gap in knowledge
The viscosity of oxide slag systems used in various metallurgical processes
has been well studied by many groups and the significant role of the silicate
network and cation effect on the viscosity is well known and widely accepted
[9]. Though most of the work is focused on slag systems for iron and
steelmaking process rather than casting processes. Reviewing a lot of the
previous studies has revealed that under well-defined thermal and
compositional conditions the behavior of the viscosity in a wide range of slags
systems shows inconsistencies. These inconsistencies indicate that the
depolymerization of the anion network is not solely responsible for the viscus
behavior of some slag systems. Additionally, the widespread of different
results even for the same slag systems revealed that a standardized way to
measure and assess viscosity does not yet exist.
Even though, grain refinement through inoculation is a topic that has been
widely investigated for light alloys, cast iron and δ-iron by many research
groups, similar research for austenitic steels, is noticeably rear and usually
treated superficially or inadequately. It is not unusual to find inconsistent
research studies with contradicting and not repeatable results. This can be
attributed to the lack of systematic investigation about the mechanisms that
hide behind particle and grain nucleation in austenitic steel alloys.
Furthermore, existing experimental work is mostly performed in laboratory
scale under experimental conditions that differ a lot from actual casting
processes in foundry environments.
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1.2 Purpose and aim
The purpose and aim of this work were defined based on the identification of
the gaps in knowledge is section 1.1.
One of the aims of this work is to attempt to develop a standardized method
for measuring the viscosity of oxide slags for a wide temperature range that
will be able to produce consistent and accurate results with well-defined
standard uncertainties. Furthermore, the work aims to achieve a deeper
understanding of the influence of composition on the viscus behavior of slags
and attempt to explain the inconsistencies found in several previous works.
Another goal is to gain knowledge about nucleation and growth of particles in
Hadfield steel deoxidated with aluminum and titanium and examine the
influence of these particles on the nucleation, growth and final grain size of
austenitic grains. Understanding these mechanisms could potentially enable
researchers to control and predict grain size in austenitic steel castings leading
to an overall improvement in the mechanical properties of the material.
At an industrial level the aim is to use the above acquired academic knowledge
for the development of new or improved simulation tools, deoxidation
processes or inoculation methods and identify more effective inoculant
substances that are easily adaptable for usage at in industrial practices.

1.3 Research Questions
Based on the aims of this work that have been defined in section 1.2, five
research questions were formulated and was used as the basis for the research
design in this thesis work.
I. How one can obtain reliable measurements of slag thermophysical
properties?
II.

Which are the variables that effect slag thermophysical properties?

III. What type of particles precipitate in austenitic manganese steels
subjected to the traditional form of deoxidation method with aluminum and
titanium?
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IV. What are the qualitative and quantitative characteristics of those
precipitating particles?
V. Can the precipitating particles act as potent nuclei for austenitic
grains to nucleate and thus effectively refine the as-cast austenitic grains size?

1.4 Outline, scope, and delimitations of the thesis
Considering the research questions formulated in section 1.3 this thesis was
divided into two different parts.
The first part of the thesis dedicated to slag viscosity measurements and
addresses research questions I and II. Research question 1 was handled in
paper I. In the paper I the viscosity of six low silica SiO2-CaO-Al2O3 slag
systems was measured for a wide temperature range with the rotating bob
method and the aerodynamic levitation method. The Measurement error was
assessed and a standardized procedure for measuring viscosity and assessing
the results was proposed. Research question 2 is addressed in paper II. In paper
II inconsistencies in the viscus behavior of slag measured in the paper I are
addressed and explained with help from thermodynamic equilibrium
calculation in terms of slag composition and temperature. A new theory for
the inconsistence behavior of the slags is proposed.
The second part of the thesis work addressed question III-V and focuses on
particles precipitation in aluminum and titanium deoxidized Hadfield steel and
their influence on the as-cast grain size of the material. Research question III
is addressed in paper III but is also complemented in paper IV and V. In the
paper I the chemical composition and type of particles that precipitate in
Hadfield steel is investigated and the sequence of precipitation is established.
Paper IV mainly addressed research question IV. In paper IV an extensive
statistical analysis of the particle population was performed. The influence of
the deoxidation process and titanium content on the particle population was
examined. The experimental data were then compared with thermodynamic
equilibrium calculations and a formulated model for calculating particle size.
Research question V was addressed in paper V where the particles
characterized in papers III and IV were ranked according to their potency to
act as nuclei. The significant role of the chosen deoxidation practice on the ascast grain size was revealed.
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Due to time, cost and other practical limitations only the viscosity of slags was
measured while other thermophysical properties such as density and
interfacial tension were omitted. Furthermore, viscosity measurements were
performed only for SiO2-CaO-Al2O3 based system because the main goal of
the work was to establish a standardized methodology for measuring the
viscosity of slags a not examine a targeted slag system. Similarly, out of a
wide variety of austenitic steels, only Hadfield was investigated, and the
choice of deoxidizers was limited to aluminum and titanium, elements that are
traditionally used for the deoxidation of Hadfield steel. The influence of the
particles on the grain size investigation was limited in the as-cast condition.
The overall research strategy of this thesis work is schematically illustrated in
Figure 1Figure 1. Schematic illustration of the research strategy.

Thermophysical properties
of Slags

Deoxidation of Hadfield
steel

Influence of temperature and
composition

As- cast Grain size and
microstructure

Particles
Precipitation

Reliable Measurements of
Viscosity and Interfacial tension

Qualitative
characterization

Quantitative
characterization

Precipitation mechanisms
and Disregistry

Slag Optimization

Figure 1. Schematic illustration of the research strategy.
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CHAPTER 2:

Viscosity of slags
The viscosity of a fluid can be defined as: “the property of a fluid that resists
the force tending to cause the fluid to flow.” Viscosity measures the degree to
which the relative motion of neighboring liquid layers is hindered, and it can
be generally considered as a measure of the internal friction of the liquid.
Viscosity is one of the most important thermophysical properties of liquid
metals and slags. It has a strong influence on a wide range of fluid-transport
problems in many metallurgical processes. Because of the direct effect of the
viscosity on the kinetic conditions, it is also a very important input property
for modeling and controlling the processes in question. Due to its strong
relation with molecular structure and composition, it is considered as an
important characterization tool widely used in the study of liquid metals and
slags. The relationship between temperature and viscosity is often described
by one of the following forms of the Arrhenius relationship [10]:
(1)

=
log

= log

+

(2)

log

= log

+

(3)

where η is the viscosity, A is a pre-exponential factor, E or B the activation
energy, R the gas constant, and T the temperature in K. Often, Viscositytemperature data is illustrated in the form of log η as a function of reciprocal
temperature (T1). Though often the viscosity-temperature plots for silicates
have a slight curvature, and the fit can be improved by using the Wayman [11]
and Brostow [12] relationships:
(4)

=
=

+

+
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(5)

2.1 Viscosity Measurement methods
2.1.1

Rotational bob method

The rotational bob method is one of the most widely accepted and used
methods for measuring the viscosity of slags. The required experimental setup
is simple, and it consist of a viscometer capable of measuring torque, a bob,
usually of cylindrical shape, and a cylindrical crucible to contain the molten
slag. For the measurement the bob is submerged in the molten slag and rotated
at a constant speed and the viscosity can be determined by the generated
torque with the help of equation 6 [13].
=

1
8

ℎ

−

1

(6)

Where M is the measured torque, n the number of rotations per unit of time, h
and r1 the height and radius of the bob and r2 the inner radius of the crucible.
Equation 6 is valid for infinitely long cylinders.
Viscometers of this type should always be calibrated with viscosity reference
materials (standards) both at room and high temperature. Especially for hightemperature measurements, special care must be given to the choice of
material for both bob and crucible. The materials should have a low thermal
expansion coefficient to avoid large volume change with changing
temperatures and low reactivity with the slag to avoid slag contamination. The
vertical position of the bob is also important because it can affect the total
volume of the bob and thus the measured torque [13].
Another way to utilize the RBM method is by measuring the torque at several
different rotation speeds. The viscosity can then be determined by the slope of
the linear trend line of relationship between the measured torque and the
rotation speed. In this case, the fitting of trend line can introduce an error in
the measurement because the R2 of the trend line is not always 1.

2.1.2 Aerodynamic Levitation Method (ADL)
Accurate measurements of viscosity at high temperatures are extremely
difficult due to the reaction of the slag with the crucible walls or other
containing surfaces. Considering the above, a containerless measurements
technique could be a promising way towards the acquisition of reliable
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thermophysical properties data. Utilizing a containerless measurement
technique can minimize any type of contamination from the surroundings and
the temperature can be increased to even higher values when compared to
measurements in a crucible as there are no limitations by the container
material. Aerodynamic levitation (ADL)[14], couples with surface oscillation
is a promising containerless measuring methodology that can generate reliable
slag viscosity data. To generate surface oscillations on the levitated droplet,
Langstaff et al. [14] invented the acoustic excitation method and managed to
generate surface oscillations on a levitated drop using audio speakers. It was
also shown that the generation of normal mode natural surface oscillation on
a levitated droplet could also be obtained with the acoustic excitation method
when the gas-jet flow was utilized [14]. Normal mode natural surface
oscillations, which is analyzed by Rayleigh [15] and by Lamb[16], is essential
for the measurement of surface tension and viscosity with the surface
oscillation method. The above observations confirmed that viscosity and
surface tension could be obtained by this method under normal gravity
conditions[17]. The surface oscillation method can generate accurate
measurements for viscosities below 100 mPa·s, but for viscosity higher than
100 mPa·s generation of surface oscillation with adequate amplitude to
measure the viscosity becomes very difficult. Liquid oxide viscosities can
largely vary between 1 Pa·s to 10 mPa·s depending on the temperature, and
therefore ADL technique cannot be utilized for the measurement of the lower
viscosity range of molten slag.

2.1.3 Irregular viscus behavior
It is generally accepted that the viscosity decreases with decreasing SiO2 or
Al2O3 content because of the depolymerization of the silicate or aluminate
network respectively3, 4). Though, in a recent work it was observed that the
viscosity presented an inconsistent behavior at the higher basicity range
indicating that over a threshold basicity value, the viscosity starts to be
influenced by factor(s) other than the depolymerization of the aluminosilicate
network [18].
Several other research groups observed similar irregular trends of the viscus
behavior with changes in the composition for different. According to Lee et
al. [19], the viscosity of a CaO-SiO2-Al2O3-MgO(-FeO) system decreased
with increasing CaO/SiO2 ratio up to a threshold ratio value of 1.3 (mass ratio)
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where an increase of the CaO/SiO2 ratio resulted in an increase of the viscosity
value. The behavior of viscosity below the critical CaO/SiO2 value was
attributed to the depolymerization of the silicate network. Though, the
increase of the viscosity value at CaO/SiO2 values higher than the critical
value was linked to the activity of the primary solid phase (2CaO·SiO2).
A low SiO2-CaO-5MgO-Al2O3 slag system was investigated by Xu et al.[20].
Due to the low content of SiO2, Al2O3 was the network former. It was observed
that the viscosity took its lowest value at a compositional range where the slag
formed a low melting point material (12CaO∙7Al2O3). On the other hand, peak
values were observed both at lower and higher CaO/Al2O3 ratios where the
slag formed high melting point materials like spinel and magnesium olivine.
Řeháčková et al. [21] presented similar results for the CaO-SiO2-Al2O3 system
which showed a minimum viscosity value at a CaO/Al2O3 ratio of 1.13 (mass
ratio). In this case, the group proposed that the viscosity was influenced not
only by the disassociation of the silicate network but also the overall change
of the ionic radii due to the increased amounts of Ca. It was suggested that as
the content of Ca+ increased over the range of CaO/Al2O3 >1.13, the ionic radii
reached a critical size where its influence on the viscosity became more
important than the influence of the silicate network disassociation.
In another work Waseda et al. [22] that focused on the FeO-SiO2 system. An
increase in the viscosity value was observed around the Fayalite composition
(Fe2SiO4). In this case, the abnormal behavior was attributed both to the
silicate network polymerization and the cation size influence.
Earlier, it was proposed by Ikeda et al. [23] that the peak in the viscosity of
the FeO-SiO2 system was attributed to the formation of fayalite clusters (shortrange order) or in other words the strong ionic interaction between similar ions
related the structure of the primary solid phase. The group also adopted the
same approach for the CaO-SiO2 system where the abnormal viscus behavior
happened around the CaSiO3 composition.
In a more recent work, a low silica CaO-SiO2-Al2O3 was investigated. In this
slag system, Al2O3 was the network former. An unexpected sudden increase
in viscosity that deviated from the normal trend was observed at a CaO/Al2O3
ratio of 1.57. According to the ternary diagram (Figure 2) of discussed slag
system the CaO/Al2O3 of 1.57 lies in the region where the first precipitating
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phase is 12CaO∙7Al2O3. The ternary diagram shows that the 12CaO∙7Al2O3
phase precipitates at a SiO2 content of up to 8% while thermodynamic
calculations showed 12CaO∙7Al2O3 precipitation at 10% SiO2 content. This
difference was considered to be within the experimental and calculation error.
Thus, the result from Thermo-Calc was used since it could reasonably explain
the viscosity measurement results. It was concluded that the viscosity was
influenced by the aluminosilicate network, the compound like cluster
formation and the precipitation of the solid phase. It was also shown that the
apparent volume fraction of cluster could be described in terms of the driving
force of precipitation [24].

Figure 2. Ternary diagram of the CaO-SiO2-Al2O3 slag system [25].
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CHAPTER 3:

Inoculation and grain refinement of
steels
3.1

Deoxidation of Hadfield steel

Hadfield steel’s high content of elements with high affinity to oxygen such as
carbon and manganese make it a self-deoxidizing material and thus, the threat
of oxygen gas precipitation during solidification is very low. Though, the
same self-deoxidizing mechanism promotes undesirable carbon and
manganese consumption. To prevent the reaction of oxygen with manganese
and carbon an element with higher affinity to oxygen such as aluminum is
added to the melt. Adding aluminum to Hadfield steel is also reported to
improve the material’s mechanical properties by increasing the solubility of
carbon and thus acting as an austenite stabilizer and also restraining cementite
precipitation on the grain boundaries [6,26].
On the other hand, nitrogen gas precipitation during solidification is
considered as a significant threat in Hadfield steels. To prevent nitrogen gas
precipitation, titanium is added to the melt. Titanium is a strong nitride former
and forms hard faceted nitride particles that are evenly dispersed in the matrix
of the material. Apart of reducing the nitrogen content in the melt, the
precipitation of titanium nitrides in Hadfield steel is known to increase the
wear resistance of the alloy by over 20% when compared to alloys that have
been deoxidized only with aluminum [27,28].
In a recent study it was shown that there are three main types of particles that
precipitate in aluminum and titanium deoxidized Hadfield steel, titanium
based carbides in the form of Ti(CN), TiC and TiNbC, Oxides in the form of
spinel, corundum, and olivine (papers III, IV, V) [29–31]. In the same study,
the precipitation mechanism of each type of particle was thoroughly described
and statistical analysis of the population of the particles was performed. It was
concluded that modern computational software for thermodynamic
equilibrium calculations and mathematical models can be useful tools for
acquiring information on the effect of different deoxidation practices on
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casting alloys in terms of particles precipitation and particles qualitative and
quantitative characteristics.

3.2 Particle growth in steel
Some of the most important growth mechanisms and mathematical models to
describe particle growth during casting processes and calculate particle size
that have been proposed by several researchers are listed below.


Diffusion-controlled growth [32]


Diffusion-controlled growth driven by the solubility difference due to
particles sizes (Ostwald ripening) [33]


Collision-coalescence due to Brownian motion [34]



Collision-coalescence due to melt flow [35]

Suzuki et al. compared experimental data on particle growth during
solidification of Stainless steel with predicted particle size calculated with
models based on the mechanisms mentioned above. The group concluded that
the most reliable model to describe particle growth in stainless steel was based
on the Ostwald ripening mechanism. The model was able to adequately
describe particle growth during both isothermal and solidification conditions
and could, with some modifications, be effective to describe particle growth
also in other alloys.
The Ostwald ripening mechanism dictates that in a system where there are
dispersed soluble particles of different sizes, the larger the smaller particles
dissolve and the larger particles grow. Based on the Ostwald ripening
mechanism, Lifshitz and Slysov formulated a mathematical model to calculate
the particle size in any given system under isothermal conditions.
=

+

4 2
9R

−

∙

(7)

where r is the radius of inclusion particle, r0 is the size of particle at the start
of solidification, σ is the interfacial tension between particle and molten steel,
VΘ is the molar volume of particle, T is the temperature, t is the time, Dk is the
diffusion coefficient of element, k, R is the gas constant, Ck is the
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concentration of solute element, k in the liquid and CPk is the concentration of
element, k in the particle.
Assuming that the interfacial tension, the molar volume, and the diffusion
coefficient are constant then under isothermal conditions, the particle growth
rate is proportional to the time that the system remains at a certain temperature
and the solubility,

(

)

,of element k. Thus, if the solidification is divided

in a series of short isothermal steps and the cooling rate is known, the particles
growth rate and average size can be obtained.

3.3 Grain refinement through inoculation
It is known that various casting variables such as chemical composition
casting method and secondary processing can significantly influence the final
microstructure in casting components. Size and morphology of grains in
castings have a significant influence on its mechanical properties. The benefits
of grain refinement are not limited only in the improvement of the mechanical
properties but also include reduced risk of microporosity due to better feeding
of the last solidifying areas, more homogeneous distribution of secondary
phases and other. Some of the methods that have been used to achieve grain
refinement in cast components include electromagnetic vibration, rapid
cooling, mold coating melt agitation, and inoculation. From these methods,
inoculation is currently the most popular and successful method in the
component casting industry, especially in the fields of light alloys and cast
iron [36,37]. Inoculation is the act of adding foreign element or particles in a
melt to promote grain refinement during solidification. Inoculation with
potent inoculants can promote grain refinement in two ways:

During solidification, inoculants can act as nucleation sites for
heterogeneous grain nucleation shifting grain growth from columnar structure
to equiaxed structure.

During heat treatment, inoculant particles that are placed on the grain
boundaries can hinder grain growth by reducing grain boundary mobility.
In a work by Sasaki et al [38] were the influence of NbC additions on the
microstructure of stainless steels was examined, a mechanism on how an
inoculant can promote grain refinement by nucleation of grains was proposed.
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The nucleation mechanisms can be described by a four-step process (Figure
3):


Inoculant addition to the melt



Dissolution of the inoculant matrix, freeing the primary particles



Dispersion of the particles into the melt.


Undissolved primary particles act as nuclei for primary grains,
resulting in fine equiaxed grain structure.
According to Lin Liu [39], it is also important that a refiner has certain
characteristics:


A higher melting temperature than the solidus temperature of the alloy.


A small density difference between the refiner and the alloy to avoid
floatation or deposition.


Alloy and additive lattice disregistry lower than 12%.

Figure 3. Mechanism of grain refinement by nucleation of grains after reference
[38].
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3.3.1 The Planar Disregistry Theory
After testing the ability several inoculants to promote heterogeneous
nucleation in δ-iron Bruce L. Bramfitt showed that the potency of each
inoculant was directly connected to the value of the planar disregistry between
the substrate (inoculant) and the nucleating solid (iron) and the achieved
characteristic supercooling. A modified version of the Turnbull- Vonnegut
equation that permits a selection of planes for both similar and non-similar
atomic arrangements [40].

(
(
(

)
)

cos ) −
uvw
3

=

× 100

(8)

where, (hkl)s is a low-index plane of the substrate, [uvw]s is a low-index
direction in (hkl)s, (hkl)n is a low-index plane in the nucleated solid, [uvw]n is
a low-index direction in (hkl)n, d[uvw]n is the interatomic spacing along
[uvw]n and d[uvw]s is the interatomic spacing along [uvw]s
It was determined that with decreasing disregistry the required characteristic
undercooling decreased and the substrate potency for nucleating solid
increased. The threshold disregistry value where the substrate could no longer
act as nuclei was found to be 12%.
Figure 4 illustrates the crystallographic relationship between tungsten carbide
and δ iron. The ideal crystallographic match happens between the (110) plane
of δ-iron and the (0001) plane of WC when the [100] direction of δ iron is at
0 degree angle with the [1210] direction of WC and the [111] direction of δ
iron is at angle θ with the [2110] direction of WC.
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Figure 4. The crystallographic relationship between the (0001) of tungsten carbide
and the (110) of δ iron [40].

The influence of disregistry of several oxides, carbides, and nitrides on the
characteristic undercooling of δ iron is illustrated in Figure 5. The lowest
required undercooling for nucleation is achieved with compounds that have
the best crystallographic match with δ-iron and thus these compounds are
considered as the most promising candidates for achieving grain refinement
[41].
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Figure 5. The effect of disregistry of several oxides, carbides, and nitrides on the
characteristic undercooling of δ iron[41].

3.3.2 Grain refinement of Austenitic Steels
In many reports, it is indicated that the addition of alloying elements like
magnesium [42] and titanium [27,28] can promote grain refinement in
Hadfield steels. Though the focus of these reports is shifted towards the effect
of the refined microstructure on the mechanical properties of the material
without any further investigation on the reasons and mechanisms behind the
achieved grain refinement.
Haakonsen et al. examined the effectiveness of a cerium-based refiner on the
grain size of Hadfield steel. It was observed that the refiner promoted the
precipitation of CeO2, CeAlO3, and Ce2O2S particles in the material.
Additionally, when the population of cerium-based particles was over a
critical value of 157 particles per mm2 the columnar zone size was suppressed
and a more equiaxed microstructure was promoted. Though, the authors were
not able to fully explain why the average grain size was lower in the reference
untreated samples.
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In another study by Lekakh et al. the effect of different deoxidation practices
on the microstructure of austenitic stainless steel was investigated. It was
found that the finest microstructure was achieved after a two steps deoxidation
treatment where calcium, aluminum, and magnesium were initially added in
the melt and addition of titanium followed. The refinement of the
microstructure was attributed to the increased number and smaller size of
titanium nitride particles[43]. Later, the group investigated the difference in
the microstructure between in situ precipitation of TiN and addition of a
master alloy with pre-formed TiN particles and showed that in situ
precipitation of TiN produced a finer microstructure [44]. Though in both
those cases the samples that showed finer microstructure should have a higher
population of spinel inclusions and the reason behind the characterization of
titanium nitrides as more potent particles than the spinel particles, is not
argued sufficiently.
Siafakas et.al. [31] (paper V) investigated the effect of in situ forming particles
in aluminum and titanium deoxidized Hadfield steel utilizing experimental
data, thermodynamic equilibrium calculations and the planar disregistry
theory. In this work, it was shown that both population and type of particles
can influence the as-cast microstructure of the material. It was determined that
from all particles that precipitate in the steel the most potent was spinel
followed by olivine and corundum with Ti(CN) being the least effective. The
results agreed with disregistry calculations. Samples with the highest
population of spinel particles and lowest population of Ti(CN) particles
presented an up to 60% reduction in average grain size when compared to
samples with a high count of Ti(CN) particles indicating that Ti(CN) can
reduce the refining ability of oxides by precipitating on the oxides.
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CHAPTER 4:

Experimental
4.1 Materials
4.1.1 Slags
Six different ternary slag systems containing SiO2, Al2O3 and CaO were
investigated. Table 1summarizes the compositions, liquidus and solidus
temperatures, and basicity (CaO/(SiO2+Al2O3) in mass % of each slag system.
Low silica slags were chosen because they are the least investigated slags in
the family of SiO2-Al2O3-CaO slags. The individual composition of each slag
was chosen in a way to cover a wide range of basicity levels but also have
slags with the same basicity but different SiO2/Al2O3 ratio. Thermo-Calc
software SLAG3.2 database[45] was used for the calculation of liquidus and
solidus temperatures. Since Al2O3 is an amphoteric oxide and in the current
slags system acts as a network former, the basicity was defined as the value of
CaO / (SiO2+Al2O3) (mass% ratio). Viscosity was measured for all six slag
systems. Well defined amounts of SiO2, (Sigma-Aldrich, -325 mesh, 99.5%
trace metal basis), Al2O3 (Sigma-Aldrich, α-phase, -100 mesh, 99%) and
CaO powders were used to prepare the slag mixture and obtain the
desired composition. CaO was produced from CaCO3 powder (SigmaAldrich, ACS reagent, ≥99%) that was heated to 1223 K for 12 hours in a
muffle furnace. For the interfacial tension measurements, high purity iron
(99.99% trace metal) was used.
Table 1. Compositions, liquidus/solidus temperatures and basicity of slag systems
(mass%).

Slag No.

SiO2

Al2O3

CaO

Liquidus
temp.[K]
(ThermoCalc)

Solidus
temp.[K]
(ThermoCalc)

Basicity
CaO/(SiO2+Al2O3)

1

10

40

50

1681

1614

1.00

2

10

35

55

1639

1613

1.22

21

3

10

30

60

1773

1637

1.50

4

14

36

50

1665

1616

1.00

5

10

44

46

1722

1620

0.85

6

20

30

50

1792

1668

1.00

4.1.2 Hadfield Steel
In the second part of this work, the material to be investigated was Hadfield
Steel with composition within the range defined by the American Society of
Testing and Materials (ASTM) A128/A128M standard[46] (Table 2). All
melts were produced during four pilot-scale experimental trials. The
composition of the melts was adjusted using Hadfield scrap, raw material, and
Mn, C, Cr, Si ferroalloys. Pure aluminum and Ti ferroalloy were added for the
deoxidation of the melts.
Table 2. A128/A128M - 93 (2017) chemical requirements
C wt%

Mn wt%

Si wt%

P wt%

1.05–1.35

11.0 min.

1.0 max.

0.07 max.

4.2 Slag viscosity measurements (Supplements IV,
V)
In this work measurements of the viscosity of low silica SiO2-CaO-Al2O3
systems in a temperature range between 1623 K and 2800K was performed
utilizing the rotating bob and aerodynamic levitation methods.

4.2.1 Rotating bob method
The rotating bob method was utilized to measure the slags viscosity at the
lower temperature zone (1623 K – 1898 K). The main equipment that was
used for the measurements consisted of a Brookfield digital viscometer
(DV2T-LV, maximum torque: 7.187×10-4 Nm), a high temperature (max.
1973 K) electric furnace equipped with x-ray transparent windows for the
observation of the sample position and a medical grade X-ray machine
manufactured by Philips. A detailed schematic illustration of the experimental
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setup and the designs of the molybdenum spindle and the BN crucible are
shown in Figure 6.

Figure 6. (a) Schematic illustration of the experimental setup, (b) molybdenum
spindle and (c) BN crucible.

The desired amounts of oxide powders were mixed in a mortar and then
compressed into a BN crucible. The crucible was then placed in the furnace
which was flushed with argon and the powder mixture was heated up to 1873
K or 1923K with a rate of 10 K min-1 to achieve complete melting. The
powder mixture was kept at these temperatures for at least 20 minutes to
achieve homogenization and then the temperature was manually adjusted the
desired measurement temperatures. All temperature adjustments were
always done from higher to lower temperatures at increments of 25 or 50
K. Before the measurement started, the molybdenum spindle was lowered
into the slag with
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the tip was positioned 15mm below the slag meniscus. The spindle was
suspended with the help of a dense alumina rod and molybdenum wire.
The spindle was allowed to spin freely for 120 until the torque value stabilized.
The torque was logged every second by a data logger and the duration of each
measurement was 120 seconds. Depending on the torque limitations of the
viscometer, the viscosity was measured for 3 to 7 rotation speeds between
3RPM and 120RPM. The viscosity could then be directly calculated from the
slope of the rotation speed against torque diagrams. The torque at each rotation
speed was defined as the average torque value of all sampling for the duration
of 120 seconds.
The viscometer was calibrated at various rotation speeds at 298 K with
standard silicon oils of known viscosities (97, 494 and 985 mPa·s). A typical
example of a calibration curve and derivation of the viscosity equation at room
temperature is shown in Figure 7. At higher temperatures, though, the torque
value will increase as the diameter of the spindle will increase due to thermal
expansion. For the calibration to be valid, this change in the torque value due
to thermal expansion must be compensated. The change of the diameter of the
spindle at each temperature was calculated by Eq.9 which describes the
thermal expansion for molybdenum[47].
0.097Pa.s

(a)

0.494Pa.s

0.985Pa.s

(b)

0.985

250

1

Vi s kocity (Pa .s)

y = 1.4848x - 0.642
R² = 0.9999

200

Torque %

1.2

150
y = 0.764x - 0.3281
R² = 1

100

y = 0.147x + 0.0801
R² = 0.9995

50

50

100

0.6

0.494

0.4
0.2

0
0

0.8

y = 0.66426x - 0.00515
R² = 0.99974

0.097

0

150

0

RPM

0.5

1

1.5

Sl ope

Figure 7. Typical (a) calibration curve and (b) viscosity eq. derivation at room
temperature.
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2

⁄

= 0.760 + 7.583 ∙ 10 ( − 1545)
+1.329 ∙ 10 ( − 1545)
(9)
+1.149 ∙ 10 ( − 1545)
(1545 K < < 2800 K)

Then, a model to estimate the influence of the diameter change on the torque
was created using a Multiphysics simulation software, COMSOL
Multiphysics® software. The geometry was drawn based on the spindle
design in Figure 6(b) and the dimension of both the bod and the shaft varied
based on the estimated thermal expansion. Table 3 lists the derived equations
for the estimation of viscosity at each temperature.
Table 3. Viscosity equation per temperature.
Temperature
[K]

Viscosity, η [Pa·s]

1898

= 0.6583 − 0.00612

1873

= 0.6589 − 0.00509

1823

= 0.6602 − 0.00513

1773

= 0.6613 − 0.00510

1723

= 0.6623 − 0.00513

1698

= 0.6627 − 0.00511

1673

= 0.6632 − 0.00513

1648

= 0.6638 − 0.00514

1623

= 0.6643 − 0.00515

* The a in the equations is the slope of the linear trendline of the rotation speed against torque diagram

4.2.2 Aerodynamic Levitation Method
The Aerodynamic Levitation method (ADL) with a surface oscillation
excitation system was utilized for the viscosity measurements at the higher
temperature range (2229 – 2800 K). The ADL method is a containerless
method which is crucial to avoid any kind of reaction between the slag sample
and the crucible at such high temperatures. With ADL the sample is floated in
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a fixed position with the help of jet flow gas that is generated from conical
nozzles. A schematic illustration of the experimental setup used in this work
is shown in Figure 8.

Figure 8. Schematic illustration of ADL apparatus.

Pre-manufactured spherical solid oxide samples of 2mm diameter were
levitated by the gas-jet flow and then melted by irradiating them from the top
and bottom with high powered CO2 lasers. The temperature was monitored
with the help of a monochromatic pyrometer at a 1.45μm wavelength. Surface
oscillation was induced on the sample droplet through acoustic oscillation by
a single wavelength signal generated by two audio speakers installed in a small
chamber and placed into the gas flow path. The surface oscillations were
captured by a high-speed camera that recorded the shadows of a 539nm
backlight laser to avoid noise from the radiation emitted by the molten oxide.
using spherical harmonics,
and the time dependent radius r the shape of a
levitated undeformed sphere can be described by the following equation:
( , , )=

+ ( )

( , )

(10)

where R is the radius of an undeformed sphere. The time-dependent radius, r,
depends also on the polar and azimuthal angles, θ and φ, respectively. a(t)
shows the time-dependent deformation, l and m are integers characterizing the
oscillation mode.).
The normal mode frequency of the natural surface oscillation, according to
Rayleigh[15] is given by:
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,

= ( + 2)( − 1)

(11)

where σ, ρ, R are the surface tension, density and undeformed radius of the
droplet, respectively.
For small deformations, the frequencies in Eq. 11 are independent of the
oscillation mode index m. When no external acoustic excitation is applied, the
ADL droplet can be considered as an undeformed sphere. Additionally, the
fundamental mode of l=2 is considered as the lowest possible surface mode.
Considering the above, Eq 11 can be simplified to Eq. 12 that describes the
fundamental mode frequencies for natural surface oscillation, , .
,

=

8

(12)

If normal mode frequencies are generated by the acoustic oscillation system,
then the sample resonates at an l=2, m=0 mode. When the signal is stopped,
the oscillation of the sample continues in the mode, though an exponential
decrease in amplitude is observed.
Then, the viscosity η of the sample can be calculated by the amplitude decay
time constant, τ, using the following equation[16].
=

5

(13)

At high temperatures where the decay time is long, the decay time constant, τ,
can accurately be calculated from a dumping sine curve using eq.14. A typical
dumping sine curve is shown in Figure 9.
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Figure 9. Typical dumping sine curve.

( )=

+

sin(

) exp −

(14)

where R0 is the initial sphere radius and τ is the decay time constant.
On the other hand, at low temperatures where the viscosity is high, the decay
time is very short and Eq.8 cannot be used without resulting in significant
errors when fitting the experimental data in the curve.

4.3 Particle analysis and grain size investigation in
Hadfield steels. (Supplements IV, V and VI)
4.3.1 Casting Procedure
For this part of the study, the experimental work was divided into four pilotscale experimental trials. In the first two, the investigation the scope was to
investigate particles precipitation and characteristics of Al-Ti deoxidized and
untreated Hadfield steel. On the latter two trials the work focused on the grain
size variation between samples that underwent different deoxidation practices.
The experimental procedure in both cases was similar and differentiated only
the deoxidation treatments and sampling techniques.
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All melts were produced in an Inductotherm VIP POWER-TRAK-R steel/iron
melting induction furnace with a maximum capacity of 350 kg and heating
power of 250 kW. During each trial, a 350kg mixture of low alloyed steel and
Hadfield scrap were heated to 1600oC with a rate of 700 oC/h and the
composition was corrected with the addition of alloying elements after
melting. The composition and dissolved oxygen content of the melts, were
analyzed before deoxidation using an industrial spectrometer and the Heraeus
AB Celox apparatus. The composition range of all melts is shown in Table 4.
Table 4. Composition range of all melts produced during the four experimental
trials.
C
wt%

Si
wt%

Mn
wt%

Cr
wt%

S wt%

Al
wt%

Ti
wt%

Nb
wt%

N
wt%

P wt%

1.06–
1.28

0.161.46

11.3313.82

1.151.53

0.00060.003

0.0009

0.01

0.012

0.010.1

0.040.063

the

particle

4.3.1.1 Sampling
characterization

and

deoxidation

processes

for

Sampling for particle characterization was performed using two types of
handmade suction samples. The molten metal was sucked into the samples
directly from the furnace at a superheat of 50oC with the help of a vacuum
pump. Both samplers had a similar design but different dimensions. The
samplers comprised of a low alloyed steel rectangular container with the
option to be prefilled with a variety of deoxidation additives. At the top of the
container a steel tube was attached to connect with the vacuum pump and at
the bottom, a single inlet hole was drilled. Different sized samplers were used
to achieve different cooling rates and capture particle formation reactions at
different stages. A 2.15 °C /s with 100% fill ratio, 3.3 °C /s for 75% fill ratio
cooling rate for the sampler (a) and a 4.5 °C /s for 100% fill ratio cooling rate
for the sampler (B) was determined by Magmasoft casting simulation
software[48]. Both sampler designs are shown in
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Figure 10. Hand-made sampler sketch (a) sampler with dimensions 200Hx60Wx60L
mm, (b) sampler 200Hx30Wx30L mm. The hole at the bottom functions as an inlet
and the top tube is connected to the suction pump[29].

Two separate sampling series were performed. For the first series of samplings
were done before deoxidation with empty samplers and samplers pre-filled
with FeTi grains of 3-5mm size. For the second samplings, series samples
were taken with empty samples after deoxidation with both 0.15 wt% Ti and
0.1 wt% Al or only 0.15 wt% Ti. After the samples solidified, three vertical
slices from each sampler were cut for later preparation. The choice for the
amounts of Ti and Al addition was based on the traditional deoxidation
practice that is followed by most of the foundries.
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4.3.1.2 Sampling and deoxidation processes for the grain size
measurements
Sampling for grain size investigation was performed in furan sand Y-block
test molds designed according to SIS112132 standard[49]to reproduce casting
condition similar to those of small to medium sized castings of a normal
production line. The Y-block molds were filled directly from the furnace and
deoxidation included the addition of FeTi and Al in the furnace or directly in
the mold.

4.3.2 Metallographic investigation
4.3.2.1 Sample preparation
Suitable thermosetting resin for usage in SEM was used for mounting the
samples. Samples were ground in a Presi Mecapol P310 machine with
P80(FEPA) – P2000) grit size SiC papers and mechanically polished in a
Struers Tegramin-30 machine with 3μm-1 μm diamond particle solutions. The
etching was done with 5% nital solution for 10s. An AMETEK Nordic AB
SPECTROLAB Optical Emission Spectrograph (OES) was used for chemical
composition analysis.
4.3.2.2 Particle analysis
An Olympus GX71F light optical microscope was utilized to observe the
microstructure of the material. Micrographs with magnification between x2.5
and x200 were captured.
The qualitative and quantitative analysis of the particles was performed with
a JSM7001F thermal field emission Scanning Electron Microscope (SEM).
The chemical composition of particles was evaluated through a combination
of automated particle analysis and Energy Dispersive X-ray Spectroscopy
(EDS) chemical mapping. Detailed experimental and statistical data of
particle average number (Av. Np), area fraction and average size (Av. Dp)
defined as Feret diameter was obtained with the help of automated particle
analysis. With automated particle analysis, the particles in a predefined area
of the sample are automatically detected by the SEM software by the
difference in contrast between the particles and the metallic matrix. The
software can also classify each type of particle based on its composition by
doing EDS analysis at the center of each particle. One drawback of the method

31

is that especially for smaller particles (<2μm) the backscatter of the electron
beam from the metallic matrix can become significant and allow
contamination of the spectrum. In the case, though that the compositional
difference of an element between the matrix and the particle is high or particle
consists of different elements, a useful classification is possible by discarding
or ignoring the contribution from the matrix[50]. For this work, more than
3000 particles were analyzed in areas between 1 and 4 mm2, the magnification
was x2500, the electron beam energy was set at 15keV and the minimum
detectable particle was set at 0.5μm.
4.3.2.3 Grain size measurements
The average grain size (dGS) was determined from LOM images with the line
intercept method according to the ASTM standard E112-13[51]. A series of
lines of equal length but different orientation, are drawn on the microstructure
micrographs and the points were the lines intercept with the grain boundaries
are counted. The average grain size can then be calculated from Eq. 15 as a
function of the number of intercepts and the length of the lines.
= line length⁄number of interecepts

(15)

4.3.3 Thermodynamic equilibrium calculations
It is widely accepted that thermodynamic equilibrium calculations are a
valuable tool for investigating a wide range of important phase characteristics
in, amongst others, metallic alloys and oxide slags. The temperature of
formation, composition, constitution, volume or mass fraction, are some of
many phase properties that can be determined based on variables like the
composition of the alloy/slag and temperature [52–54]. In this work, ThermoCalc Software with TCFE7 Steels/Fe-alloys database version 7and oxide
database version 7[45] was used to acquire first-hand theoretical data on the
characteristics of particles in Hadfield steel and useful thermodynamic data
about oxide slags such as liquidus/solidus temperatures and pseudo-binary
phase diagrams. This data could later be compared with the relevant
experimental data and help describe some of the experimental phenomena
observed. Each calculation was performed at the targeted experimental range
of temperatures and the composition of each individual steel or slag sample.
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CHAPTER 5:

Discussion on the appended
papers
All five scientific papers that were produced during this thesis work are
included in part 2 and contain all obtained results and drawn conclusions. In
this chapter, the results and conclusion will be briefly summarized in respect
to the research questions presented in the first chapter.

How one can obtain reliable measurements of slag thermophysical
properties?
This research question is mainly handled in paper I[18]. It is widely known in
the relevant research field that obtaining accurate and reliable experimental
measurements of thermophysical properties of slags at high temperatures such
as viscosity, surface tension, density, etc., can be challenging due to several
reasons. At high-temperature measurements researchers can face problems
like the reaction of the molten slag with the elements of the surrounding
atmosphere or the crucible walls, dimensional changes due to thermal
expansion and other predictable or not predictable variables that can either
affect the accuracy of the measurement itself or irreversibly change the
composition of the molten slag. Additionally, it is often observed that the
assessment of measurement error is improperly performed or completely
omitted by many research groups. For the above reasons, it is not a surprise
that there are many inconsistencies and a wide spread of results between
different research groups when measuring the thermophysical properties of
similar slags under similar condition. Nevertheless, obtaining an accurate
measurement of thermophysical properties is essential for the development
and improvement of simulation tools used for improving metal making and
casting processes in general.
During the work for paper I, it was attempted to address some of the above
problems by measuring the viscosity of SiO2-CaO-Al2O3 slag systems with
low silica content for a wide range of temperatures (1623 K – 2800 K). The
rotating bob method was used for the lower temperature range and the
aerodynamic levitation method for the higher temperature range.
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Aerodynamic levitation is a containerless method and when combined with an
inert gas atmosphere can significantly help to avoid any reaction of the slag
with the crucible or the atmosphere especially at very high temperatures.
Though, as it is an oscillation-based method, measurement accuracy is
significantly decreased at lower temperatures where the viscosity is lower. For
this reason, the more traditional, rotating bod method is considered better for
lower temperature viscosity measurements. The rotating bob method requires
calibration of the viscometer which could only be performed in room
temperature. The calibration could not be considered valid at increased
temperatures unless the dimensional change of the diameter of the bob due to
thermal expansion was taken into consideration. Correction of the calibration
was done with the help of Comsol Multiphysics software and corresponding
viscosity equations for each temperature were obtained. To further improve
the reliability of the viscosity measurements a detailed assessment of the
measurement error for both methods was done. For the rotating bod method,
the torque against rotation speed slope and the height adjustment of the bod
were defined and calculated as the most significant sources of measurement
errors. On the other hand, the droplet radius and mass measurements and the
accuracy of the high-speed camera were defined and calculated as the most
significant sources of error for the aerodynamic levitation method.
In conclusion, the work in paper I established a standard methodology for
reliably measuring slag viscosity in a wide range of temperatures. This
methodology can be utilized in the future for measuring slags with different
compositions. Accurate measurements of viscosity slags can then be
implemented in simulation tools or used for other type measurements such as
interfacial tension in microgravity conditions. Slightly modified experimental
setups can also be used for measuring other thermophysical properties such as
interfacial tension.


Which are the variables that effect slag thermophysical properties?

‘This research question is addressed in papers I and II. The temperature
dependency of the viscosity of six different SiO2-CaO-Al2O3 slag systems
with low silica content is presented in paper I. The experimental results were
then fitted in curves using Mauro’s equation[55]. For the fitting, only viscosity
values from the liquid state temperature range were used and then the curves
were extrapolated towards the solid-liquid coexistence zone. In this scenario,
it was expected that the experimental values from the solid-liquid coexistence
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zone would deviate from the curve to higher viscosity values. Such behavior,
though, was not observed and the values correlated well with the extrapolated
part of the curves, indicating that the influence of the solid phase on the
viscosity was negligible. On the other hand. In some instances, a deviation to
lower values was observed and attributed to the lack of an adequate number
of experimental measurements near the lower temperature part of the curve
where a steep chance towards higher viscosities happens.
The relationship between the viscosity and the basicity of slag is generally
well documented for many slag systems. It is universally accepted that the
viscosity of slag generally increases with increasing basicity due to the
depolymerization of the silicate or aluminate network. In this work though, it
was observed that this rule was valid only for the lower basicity range while
in the higher basicity range there were inconsistencies in the behavior of the
viscosity suggesting that the viscosity may also be influenced by other factors.
Similar irregular trends were observed by other researchers in other slag
systems. Some of the theories proposed to explain this abnormal behavior
include ionic size and ionic interactions that result in the formation of a
compound like clusters with structural similarity to the first precipitating
phase. To investigate this phenomenon, the influence of composition in terms
of SiO2/Al2O3 and CaO/Al2O3 was investigated and presented in paper II. It
was observed that the viscosity remained constant with increasing SiO2/Al2O3
ratio indicating that alumina and silica had a similar contribution to the
viscosity. A small variation of the viscosity at the lower temperature was
attributed to the existence of a solid phase in the slat that precipitated on the
crucible wall and decreased its diameter and thus affected the measured torque
value. On the other hand, the influence of CaO/Al2O3 was more apparent.
Considering CaO/Al2O3 ratio was always higher than unity and thus alumina
acts as a network former, a general trend where the viscosity decreased with
increasing CaO/Al2O3 ratio was observed and attributed to the disassociation
of the aluminosilicate network. Though, an unexpectedly sharp increase of the
viscosity value at a 1.57 ratio that deviated from the trend was also observed.
This abnormal behavior was attributed to the formation of a compound like
cluster that resembles the primary precipitating phase structure and make the
slag behave more like a suspension rather than a liquid. Using the MoriOtotake equation and Thermo-Calc calculations for driving for of
precipitation for the primary phase it was shown that the theoretical value of
the volume fraction of cluster and the driving force of precipitation decreased
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in a similar manner with increasing temperature. This observation led to the
hypothesis that the stability of the clusters depended on the driving force of
precipitation. Assuming that volume fraction and driving force were
proportional the Mori-Ototake equation was modified to enable calculation of
the apparent viscosity using driving force values. Additionally, it was shown
that the apparent viscosity of the slag-cluster systems highly depended on the
size of the clusters in terms of molecular weight. Compound-like clusters with
low molecular weight had a negligible effect on the viscosity.
The main idea behind paper II was to introduce new theory and help
understand how the mechanisms that affect viscosity of slags work. Based on
these findings, these theories could, in the future be expanded to other slag
systems, explain inconsistencies in the measurements and help develop better
models for predicting the viscosity of molten slags.

What type of particles precipitate in austenitic manganese steels
subjected to the traditional form of deoxidation method with Al and Ti?
The work that addresses the third research question is described in paper III
and complemented in papers IV and V. Deoxidation in steel casting is a
process that aims to decrease the levels of gaseous elements like oxygen and
nitrogen in the melt by adding other metallic elements with high affinity to the
elements that need to be removed. The deoxidation process is primarily used
to prevent gas formation during solidification and thus avoid gas related
porosity in the final component. Deoxidation results in the formation of
byproducts due to the reaction between the deoxidant and the dissolved
elements in the melt. These byproducts are usually in the form of particles that
either remain in the melt or float to the surface of the melt and are removed
with the surface slag before casting. Sometimes the type of deoxidation
byproduct can be tailored by the proper choice of deoxidants to serve a
secondary role like improving certain mechanical properties of the melt (e.g.
wear resistance) or promote microstructural refinement of the melt. The usual
deoxidation practice in Hadfield melts is performed by adding aluminum for
removal of oxygen and titanium for removal of nitrogen and increased wear
resistance. During the work in papers III, IV and V scanning electron
microscopy and thermodynamic calculations were utilized to identify and
characterize all the byproducts of the standard Hadfield deoxidation process
in terms of type, composition, and sequence of precipitation. Initial
observation in paper III revealed four types of particles that precipitate in Al
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and Ti deoxidized Hadfield steel are Ti(CN), TiC, MnS, and oxides. A more
detailed investigation in papers IV and V showed that titanium-based particles
appeared in three different types, Ti(CN), TiC and TiNbC and oxide particles
appeared in the form of spinel, olivine, and corundum. The location of the
particles in the matrix indicated that the particles to precipitate first were
Ti(CN)/TiC and the oxides followed by MnS and TiNbC the were located at
the grain boundaries. Thermo-Calc calculation showed a good correlation
with the experimental results both in terms sequence of precipitation. It was
also interesting to observe that the oxide particles had the ability to nucleate
the Ti(CN) phase.
Identifying the type of particles that precipitate in Al-Ti deoxidized steel was
very important to establish a baseline to further investigate the influence of
those particles on the as-cast grain size.

What are the qualitative and quantitative characteristics of the
particles?
Research question 4 comes as a natural continuation of research question
number 3 and is handled in papers III and IV. It is generally accepted that not
only the type but also the number and density of particles and the composition
of the matrix are very important to achieve efficient refinement of the
microstructure of the material. In papers III and IV an extensive statistical
analysis of the particle composition, population and size were performed. One
of the most important observations was that there was a good correlation
between experimental measurements and thermodynamic calculations both in
terms of composition and amount of each phase indicating that the steel melts
reached near equilibrium condition.
Another interesting observation was that the Ti(CN)/TiC phase precipitated
either with carbon-rich content or nitrogen-rich content. The variation in the
C/N ratio was attributed to the temperature and the amount of dissolved
nitrogen in the steel melt.
Particle size distribution curves revealed that the size of particles that
precipitated first such as Ti(CN)/TiC and the oxide particles depended mostly
in the cooling rate and the holding time. On the other hand, the size of particles
that precipitate at the end of solidification depended mostly on the solute
availability.
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Additionally, during this work, a model to calculate particle growth and size
was developed based on the Ostwald ripening mechanism and the Lifshitz and
Slysov equation [56]. As the equation refers to isothermal conditions, the
solidification process had to be divided into several isothermal sections, the
holding time was calculated from the cooling rate. The cooling rate of each
type of sampler was determined with Magmasoft software. The model showed
good correlation with the experimental measurements.
The most important outcomes of this work were to confirm that
thermodynamic calculations show a good correlation with experimental data
and thus can be utilized for alloy development, the development of a model to
calculate particle size and to acquire the knowledge of particles characteristics
that would help to further investigate the influence of particle on the as-cast
grain size of Hadfield steel.

How can the particles act as potent nuclei to nucleate austenitic
grains and thus effectively refine the as-cast austenitic grains size?
The collective knowledge obtained through the work in papers III and IV is
utilized in the work presented in paper VI and addresses research question 5.
In paper VI, the as-cast grain size of Hadfield steel samples treated with
different deoxidation processes is examined. Initial investigation of the
microstructure revealed three different groups of samples ranging from grain
sizes between 650-800 μm and fully columnar structure to grain sizes between
300-450 μm with fully equiaxed microstructure. The disregistry between the
Hadfield matrix and each type of particle was calculated using Bramfit’s
equation to identify the most probable candidates for grain refinement of
Hadfield Steel classifying the spinel phases as the most potent, followed by
olivine then corundum and finally Ti(CN) as the least potent. The
experimental results agreed with the theoretical classification from Bramfit’s
equation. In detail, samples without Ti(CN) particles and an oxide particle
content as small as 0.0003 mole fraction presented significantly smaller grain
size and mostly equiaxed structure. In comparison samples with as much as
0.0013 mole fraction of Ti(CN) presented twice the grain size and almost only
columnar structure. For all three types of oxides, a trend of decreasing grain
size with increasing mole fraction of particles was observed but the effect was
stronger for the spinel phase, followed by olivine and then corundum. Another
important observation was that when both Ti(CN) and oxide particles were
present, the efficiency of the refinement from the oxides was significantly
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reduced because Ti(CN) consumed the oxides before solidification started and
thus not an adequate number of oxide particles was available to nucleate
Hadfield grains.
From the above, it is clear the deoxidation practice can play a significant role
in the final microstructure of the material. Depending on the casting condition,
type of deoxidants and even the deoxidation procedure itself can either
positively or negatively affect grain size. The results in this work clearly show
how little control over the deoxidation process we currently have and the
potential of highly benefiting in terms of material properties if new or
improved deoxidation and generally casting processes are developed.
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CHAPTER 6:

Outlook
During this thesis work, all research questions were addressed. A standardized
method for measuring slag viscosities in a wide range of temperatures was
established. This method can be applied in future research in a wide range of
slags systems with compositions closer to the composition of slags that are
found in industrial metallurgical practices. Through this method, more
accurate viscosity data can be acquired that can later be used as input in
modeling tools. The abnormal viscus behavior of low silica SiO2-CaO-Al2O3
slag systems at well-defined composition was explained and it was shown that
the viscosity can be calculated using thermodynamic equilibrium calculation.
This could prove to be a powerful tool for predicting the viscus behavior of
different slag after verifying that it is valid for other slag systems too.
A comprehensive experimental and statistical analysis of particle precipitation
in Al-Ti deoxidized steel was performed and some possible inoculant
candidates were identified. In the future, this kind of research could be
expanded to other cast austenitic grades and eventually lead to the
optimization of the deoxidation processed or the development of new
inoculation processes with significant benefits in the quality and properties of
the cast components. Additionally, similar research can be expanded to postheat treatment grain growth and examine the influence of particles on grain
coarsening. Finally, it was shown that mathematical models and
thermodynamic equilibrium calculation can be utilized for the prediction of
particles sizes and particles characterization. These tools could potentially
promote the development of new deoxidation and inoculation processes and
provide a significant advantage for the casting industry that will utilize them.
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