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ABSTRACT 
The exceptional wear resistance and work hardenability, place Hadfield steel as one of the 
most important materials for manufacturing cast components used in the mining, crashing, 
drilling, and excavation industries. In all metallic alloys used for component casting, the 
mechanical properties are highly influenced by the microstructure of the material. Cast 
components with finer microstructural characteristics are known to present better 
mechanical properties and reduced risk of defects when compared with components with 
a coarser microstructure. A reduced grain size in Hadfield steel can increase the strength 
of the material up to 30% and reduce the risk of porosity formation during solidification.  

The practice of adding selected compounds or alloying elements in a metal melt to modify 
and refine the microstructure is called inoculation. It is currently one of the trending 
methods utilized in light-metal alloys and cast-iron components production but has not, 
yet, gained adequate acceptance in the steel casting industry because researchers have not 
been able to find proper inoculants. 

The main objective of this work is to investigate the qualitative and quantitative 
characteristics of the by-products of deoxidation of Hadfield steel that remain in the 
material after solidification and their positive or negative effect on the coarseness of the 
final as-cast microstructure. This type of research can help to identify the type of particles 
or alloying elements that are most effective for refining the microstructure of austenitic 
steels and pave the way for developing new or improving conventional deoxidation and 
inoculation processes that will, in turn, result in the improvement of the properties of the 
component.  

The precipitation of particles and the as-cast grain size are studied in aluminum and 
titanium deoxidized Hadfield steel samples acquired under pilot scale experimental 
conditions. In the first part of this work, the qualitative and quantitative characteristics of 
particles such as type, morphology, composition amount and size are identified. The 
sequence of precipitation is established. A model for predicting particle size and growth is 
developed. The experimental results are compared against thermodynamic equilibrium 
calculations and the precipitation mechanisms for each type of particles are described. In 
the second part, the as-cast grain size of samples with varying deoxidation treatments is 
measured. Then, the grain-size is correlated with certain particle characteristic and the 
particles are ranked according to their ability to refine the microstructure. The particle 
disregistry with austenite is calculated and compared to the experimentally acquired 
ranking. 

Keywords: Hadfield steel, deoxidation, grain size, inoculation, particles, carbides, oxides 
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SAMMANFATTNING 
Hadfieldstålen exceptionella slitstyrkan och deformationshårdnande har gjort dessa till ett 
av de viktigaste materialen för tillverkning av gjutna komponenter som används inom 
gruv-, kross-, borr-och gruvindustrin. I alla metallegeringar som används för tillverkning 
av gjutna komponenter styrs de mekaniska egenskaperna av materialets mikrostruktur. 
Gjutna komponenter med fin mikrostruktur presentera bättre mekaniska egenskaper och 
minskad risk för defekter jämfört med komponenter med grov mikrostruktur. En minskad 
kornstorlek i Hadfieldstål kan öka materialets hållfasthet upp till 30% och minska risken 
för porositetsbildning vid stelning. 

Tillsatsning av spårämnen eller legeringselement i en metallsmälta för att modifiera och 
förbättra mikrostrukturen kallas ympning. Denna metod används i lättmetaller och vid 
tillverkning av gjutjärnskomponenter, men har ännu inte fått acceptans i stålindustrin 
eftersom forskningen inte har funnit effektiva kärnbildare att användas som ympmedel. 

Huvudsyftet med detta arbete är att undersöka kvalitativa och kvantitativa egenskaper hos 
de desoxideringsprodukter som skapas under tillverkningen av Hadfield stål och hur de 
under och efter stelning påverkar mikrostrukturens grovlek. Arbetet syftar till att identifiera 
partikeltyper och legeringselement som är effektiva för att förfina den austenitiska 
mikrostrukturen och bana väg för utveckling nya och förbättra desoxiderings- och 
ympningsprocesser som i sin tur kommer att resultera i en förbättring av den gjutna 
komponentens egenskaper. 

Partiklarnas utskiljning och materialet resulterande kornstorlek studerades i aluminium- 
och titan-desoxidiserade Hadfieldstål, tillverkade i pilotskala. Den första delen av detta 
arbete var att identifiera kvalitativa och kvantitativa egenskaper hos 
desoxidationspartiklar, som typ, morfologi, sammansättning och storlek. 
Utskiljningssekvensen fastställdes. En modell för att förutsäga partikelstorlek och deras 
tillväxt utvecklades. De experimentella resultaten jämfördes med termodynamiska 
jämviktberäkningar och utskiljningen för varje typ av partikel beskrevs. I den andra delen 
studerades kornstorleken och hur denna varierade desoxideringsbehandlingen. Därefter 
korrelerades kornstorleken med partikeltyp och dess karaktäristika och rangordnades efter 
deras förmåga att förfina mikrostrukturen. Partiklarnas kristallografiska missanpassning 
mot austenitens kristallstruktur beräknades och jämfördes med experimentellt fastställda 
rangordningen. 

Nyckelord: Hadfield stål, desoxidering, kornstorlek, ympning, partiklar, karbider, oxider 
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CHAPTER 1  
 

INTRODUCTION 
 

CHAPTER INTRODUCTION 

This chapter describes the background of this work, introduces a brief description of basic 
deoxidation, nucleation, growth and inoculation theory and closes by discussing the 
knowledge gaps identified during the literature survey. 

 BACKGROUND 

Austenitic manganese steel was invented in 1882 by Sir Robert Hadfield from whom it 
took its commercial name (Hadfield Steel). It is a ferrous alloy, usually, containing 1.0-1.4 
wt% carbon and 10-14 wt% manganese[1]. Similarly to nickel, sufficient additions of 
manganese can extend the γ-loop in the iron carbon equilibrium diagram and the austenitic 
structure can be sustained at room temperatures [2]. Hadfield steel alloys	are known for 
their high toughness, high ductility and exceptional work hardening ability and wear 
resistance. Typically, Hadfield steel starts with a harness value of 200HB after solution 
heat treatment and can reach values of over 600HB after work hardening. The above 
characteristics make it an ideal material for manufacturing casting components used in 
mining, crashing, drilling, steelmaking, naval, automotive and excavation applications [3, 
4].  

Solution heat treatment of Hadfield steel increases the strength of the material by 
dissolving the soft carbide phases that precipitate on the grain boundaries during 
solidification but also results in the coarsening of the microstructure [5]. Maintaining a fine 
microstructure in the as-cast condition and reducing grain boundary mobility by Zenner’s 
pinning can help to minimize the negative effect of heat treatment coarsening and thus, 
further improve the material’s strength.  

Deoxidation of Hadfield steel is most often performed by the addition of aluminum and 
titanium in the melting furnace just before the melt is transferred to the casting ladle and 
plays an important role on the yield of carbon and manganese and also the mechanical 
properties of the alloy [6]. In all deoxidation processes, upon addition, the deoxidants react 
with the dissolved oxygen, nitrogen and other alloying elements in the melt to form 
secondary phases. These phases usually nucleate and grow in the form of fine particles. 
Most of these particles are transferred to the surface slag and removed but some remain 
dispersed into the melt. If certain conditions are met, these remaining particles can refine 
the final as-cast microstructure of the alloy by acting as nucleation sites for primary grains 
during solidification or as pinning particles during heat treatment. 

It is reported in the literature that austenitic manganese steel specimens with fine grain 
structure can present up to 30% increased tensile strength and elongation, lower 
susceptibility to hot tearing and reduced risk of porosity formation than specimens with 
coarser grain size.[7]. 



 

Currently, the industrial demand is to develop improved austenitic steel alloys for 
manufacturing components with longer operational life and reduced failure rates. In that 
way, the non-operational time of larger machinery during maintenance and part 
replacement would also be reduced and thus decrease operational costs, increase workforce 
productivity and improve sustainability. Additionally, the Swedish steel foundries can gain 
a significant advantage in terms of product quality and raw material savings.  

Considering that operational life and failure rates of a casting component are directly 
connected with the material’s mechanical properties which in turn are influenced by the 
microstructural features of the material such as the grain size, it is of high importance to 
investigate if the development of new inoculation methods for austenitic steel could help 
to achieve the above goals. 

 Deoxidation of Hadfield steel 

Hadfield steel is a self-deoxidizing material due to its high content of elements such as 
manganese and carbon that have a high affinity for oxygen. Thus, oxygen gas precipitation 
during solidification is not considered as a threat. Though, this self-deoxidizing mechanism 
leads to an increased loss of carbon and manganese. To improve the yield of manganese 
and carbon by preventing their reaction with the dissolved oxygen, aluminum, which has 
higher affinity for oxygen than both manganese and carbon, is added. In some reports, it is 
also mentioned that aluminum can act as an austenite stabilizer by increasing the solubility 
of carbon in the steel Increasing the solubility of carbon results in decreased precipitation 
of cementite in the grain boundaries and thus better mechanical properties in the as-cast 
form. [7, 8] 

Hadfield steel deoxidized only with aluminum presents the lowest wear resistance. It is 
mentioned in several reports that in addition to removing excess dissolved nitrogen from 
the melt, an additional deoxidation with titanium can also increase the wear resistance of 
the material by over 20% when compared to only aluminum deoxidized steel. Titanium is 
a strong nitride former. Faceted nitrides formed during the treatment are evenly dispersed 
in the metal matrix and have a very high harness significantly contributing to the wear 
resistance of the material. [9-11]  

 Nucleation and growth 

 Homogeneous and heterogeneous nucleation 

Homogeneous nucleation is known as the phenomena when atoms in a pure melt come 
together due to collisions induced by kinetic motion and start to form crystal structures 
(embryos) which have higher free energy than the melt (equation 1). [5] 

 

∆ 	
∆ 4 3

3
∆ 4 2 1  

where, ∆  is the free energy required to form an embryo with volume  and area , ∆  
is the change in free energy per mole at transformation of melt into solid phase,  is the 
molar volume, ∆  is the volume free energy and 	is the surface energy per unit area of 
the structure embryo. 
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Those structures become nuclei, when they reach a critical radius and acquire minimum 
energy needed to initiate nucleation. Considering that the volume of a spherical nucleus is 
given by V=4πr3/3, we can obtain the critical size ∗  and the minimum required energy 
∗  by simple maximum – minimum calculations on equation 1 (curve in Figure 1) [12]. 

At the maximum, we have: 

d∆
d ∗

0 4π ∆ 8π 	 2  

 

Then,  

∗ 2
∆

	 3  

 

and 

∆ ∗ 16π
3∆

	 4  

 

  

Figure 1. The free energy required to form an embryo as a faction of its radius. 

For homogeneous nucleation to happen in a pure melt, a large amount of undercooling is 
required. This amount of undercooling is unrealistic in normal casting processes. In reality, 
nucleation occurs on foreign particles that always exist in metal melts and are known as 
heterogeneities. Those provide the excess energy required to initiate nucleation and the 
phenomena are known as heterogeneous nucleation [12]. 

The critical radius and minimum energy for heterogeneous nucleation are given by [13]: 



∗ 2
∆

	 5  

 

∆ ∗ 16π
3∆

	 6  

where f(θ) is a function of the contact angle which equals (2-3cosθ+cos3θ)/4 shown in 
Figure 2. 

 

Figure 2. Formation of a spherical cap of solid α on a substrate 

Figure 3 shows how f(θ) changes with θ. Since f(θ) is always ≤ 1 the critical free energy 
for heterogeneous nucleation is always less than or equal to that of heterogeneous 
nucleation. It is clear that the most potent heterogeneous substrates are those with θ closer 
to zero. The difference in the required free energy for nucleation between homogeneous 
and heterogeneous nucleation is illustrated in Figure 4. 

 

Figure 3. Variation of f(θ) with θ 
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Figure 4. Heterogenous vs Homogeneous required free energy for nucleation. 

 Particle growth in steel 

Several growth mechanisms and mathematical models to describe particles growth and 
size during deoxidation, solidification and heat treatment can be found in the literature. 
Some of the most important are:  

 Diffusion controlled growth [14] 

 Diffusion controlled growth driven the solubility difference due to particles sizes 
(Ostwald ripening [15]) 

 Collision coalescence due to Brownian motion [16]  

 Collision coalescence due to melt flow [17] 

In a work by Suzuki et al. [18] the predicted particle size calculated by models based on 
the above mechanisms was compared with experimental data on particle growth during 
solidification of Stainless steel. It was concluded that the model that better described 
particle growth during solidification was based on the Ostwald ripening mechanism. The 
formulated model seems to give a more complete picture of particles growth during both 
isothermal and solidification situations and therefore it could also prove useful for 
predicting particle sizes for other steel alloys after some modifications. 

According to the Ostwald ripening mechanism, in a system where there are dispersed 
soluble particles of varying sizes, the larger particles grow in expense of the smaller 
particles that dissolve. Lifshitz and Slysov [19] formulated a mathematical model for 
predicting the particle size in any given system at a constant temperature based on the 
Ostwald ripening mechanism. 

4
9
2

R
∙ 	 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 concentration of solute element, k in the liquid 
and CP

k is the concentration of element, k in the particle 

If the diffusion coefficient, molar volume and interfacial tension are constant then at a 
constant temperature, the particle growth rate is proportional to the time that the system 

remains at that 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. 

 Grain refinement through inoculation  

Microstructural refinement through inoculation with foreign particles or elements is a 
trending method that is currently gaining supporters in the component casting industry, 
especially for light metal alloys and cast iron. Inoculants are added to the molten metal to 
promote the formation of fine and randomly oriented equiaxed grains during solidification. 
Chemical composition, casting method and subsequent processing define the final 
microstructure in casting components. It has been proved that the size and morphology of 
grains have an important role on the final mechanical properties of the castings. Grain 
refinement not only improves the mechanical properties of the alloys but also results in 
other secondary benefits such as , the reduction of micro porosity on a fine scale due to the 
better feeding of the last solidifying areas, the better distribution of the secondary phases 
and others[20, 21]. Amongst several methods that have been employed to achieve grain 
refinement in cast components such as inoculation, melt agitation, electromagnetic 
vibration, mold coating and rapid cooling, inoculation is the most common and preferred 
method for refining the grains structure during solidification. Inoculation with potent 
nuclei particles, can promote the formation of a finer macrostructure in two ways: 

  Provide nucleation sites for heterogeneous grain nucleation during solidification, 
suppressing the growth of columnar grains and promoting equiaxed growth. 

 Pinning of the grain boundaries that restrains grain growth during heat treatment.  

Sasaki et al [22] investigated the effect of NbC additions on the microstructure stainless 
steels and proposed a mechanism about how an inoculant can promote grain refinement by 
nucleation of grains. Grain nucleation by inoculant particles can be described by a four-
step process (Figure 5): 

 Inoculant addition to the melt 

 The inoculant matrix dissolves, freeing the primary particles 

 Primary particles are dispersed into the casting. 

 Undissolved primary particles act as nuclei for primary grains, resulting in fine 
equiaxed grain structure. 

According to Lin Liu [23], ideal refiners should have certain characteristics: 

 The melting point should be higher than the solidification temperature of the alloy. 

 The difference in density between the alloy in discussion and the refiner should be 
small to avoid floatation or deposition. 

 The lattice disregistry between alloy and additive should be smaller than 12%. 
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Figure 5. Mechanism of grain refinement by nucleation of grains after reference 21. 

According to Asby et al [24], grain boundary pinning is associated with the interaction 
mechanisms on the particle-boundary interface and the excess free energy that is required 
for the moving boundary to bypass a particle. The moving grain boundary can interact with 
the particle with two different mechanisms, either go through the particle or more 
commonly, bend around and envelope the particle. These two mechanisms were the basis 
for the development of quantitative models for the pinning force. The most widely accepted 
model for the first mechanism where the boundary goes through the particles was proposed 
by Zener and Smith [25]. For the second mechanism where the particle bends around and 
envelopes the particle, a model was proposed by Rios [26]. 

 The Planar Disregistry Theory 

Bruce L. Bramfitt et al [27] tested several possible inoculants for their ability to promote 
heterogeneous nucleation in iron and proved that this ability has a strong correlation to the 
planar disregistry between the substrate and the nucleated solid and the characteristic super 
cooling. The planar disregistry was calculated by a modified version of the Turnbull- 
Vonnegut equation [27] which permits a selection of planes for non-similar as well as 
similar atomic arrangements.  

	

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 found that the smaller the disregistry is the more potent the substrate is and the 
threshold value of disregistry over which a particle cannot be characterized as a potent 
nucleus was defined to be 12%. It was also shown that as the disregistry increased the 
degree of characteristic under cooling also increased.   

Figure 6 is an example of the crystallographic relationship between δ iron and the tungsten 
carbide. The best crystallographic overlap is achieved between the (0001) plane of WC 
and the (110) plane of δ-iron when the angle between the [1210] direction of WC is at a 0 



angle with the [100] direction of δ iron and the [2110] direction of WC is at an angle θ 
with the [111] direction of δ iron. 

 

Figure 6. The crystallographic relationship between the (0001) of tungsten carbide and the (110) of δ iron. 

Figure 7 shows the effect of disregistry of several compounds on the characteristic 
undercooling of δ iron. The trend shows that the required undercooling for nucleation is 
lower for compounds with lower disregistry, thus these compounds are more promising 
candidates for the refinement of δ-iron.  

 

Figure 7. The effect of disregistry of several compounds on the characteristic undercooling of δ iron [28]. 
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 Growth restriction factor – St. John’s model 

Even though the lattice disregistry is a good indication of the effectiveness of a nucleating 
substrate, experimental observations have shown that the effectiveness cannot be 
determined just by crystallographic matching. Many other factors such as the substrate 
geometry and size [29], the interactions between the substrate phase and the alloy 
chemistry including impurity elements [30] and the settling of the substrate particles [31] 
should also be considered.  

StJohn, based on findings regarding aluminum [32]and magnesium [33] proposed a new 
method for assessing the effectiveness of substrate using a graphical representation of the 
relationship between grain size and the growth restriction factor Q. 

Q can be calculated based on phase diagram features [34] by: 

 

1 9 	 

for binary systems and: 

1 	 10  

for alloyed melts:  

where, ml is the liquidus slope, k is the equilibrium partition coefficient and c0 is the 
solute content in the alloy melt 

Equation 10 assumes that the liquidus and solidus lines are linear and that there is 
no chemical interaction between the alloying elements. To overcome this problem, 
a thermodynamic modeling package can be used to calculate the chemical 
interaction on the liquidus and solidus lines. [35]. 

It was found [32] that the above factors can be related to the grain size using 
equation 11:  

1
	 11  

Where, ρ is the number density of nuclei particles, f is the fraction of these particles that 
are activated, b1 is a fitting factor and ΔΤn is the undercooling required for nucleation. 

The left term in equation 11 shows how the population and activated fraction of substrates 
can affect the grain size and the right term represents the ability of the alloying elements 
to restrain grain growth and the potency of the substrates in terms of the required amount 
of undercooling required for nucleation to happen. 

Equation 11 is a linear equation and thus can be written in a simpler form: 

a 	 12  

 Where gradient b is proportional to ΔΤn and the intercept α is related to the particles 
population density. Plotting grain size against 1/Q shows that with increasing potency of 
the substrate but constant particle density a lower gradient but same intercept is observed 
(Figure 8a). On the other hand, with increasing particle density the intercept decreases but 
the gradient b remains constant (Figure 8b) [35]. 



 

Figure 8. (a) the effect of substrate potency on the gradient b and (b) the effect of particle density on the 
grain size. 

Regardless if the substrate type is known or not or the substrates are added or naturally 
present in the melt, combining the above theoretical knowledge with the knowledge 
acquired by experimental data on the grain size for a wide range of Q values could be the 
key for assessing different grain refining systems by providing information on the potency 
of the substrate particles [35]. 

 Inoculation of austenitic steels - Gap in the knowledge  

The literature review revealed that even though microstructure refinement through 
inoculation has been extensively investigated for light alloys, cast iron and δ-iron alloys, 
similar work for austenitic steel grades is limited and often superficially treated. 

There are several reports indicating that addition of alloying elements such as titanium [9, 
10] and magnesium [36] can promote grain refinement in Hadfield steels. Though these 
reports mainly focus on investigating the effect of the microstructural modification on the 
mechanical properties rather than analyzing the mechanisms and causes behind the 
achieved grain refinement.  

In a more “inoculation” focused work by Haakonsen et al. [6] the effectiveness of a cerium-
based refiner on the grain size of Hadfield steel was investigated. The addition of the 
refiner promoted the precipitation of CeO2, CeAlO3, and Ce2O2S particles. An overall 
reduction in the columnar zone size and a transition to a more equiaxed grain structure was 
observed when the density of cerium based particles was over the critical value of 157 
particles per mm2. Though, it was not fully explained why the grain size in the inoculated 
samples was higher than the reference untreated samples. 

In another study by Lekakh et al. [37] 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 an addition of titanium 
followed. The refinement of the microstructure was attributed to the increased number and 
smaller size of titanium nitride particles. Though the reason behind the characterization of 
titanium nitrides as more potent particles than the spinel particles is not argued sufficiently. 
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Generally, most of the works in the literature present no consistency, the results are 
contradicting and in many cases not repeatable. This can be attributed mainly to the fact 
that no systematic investigation on the mechanisms behind particle and grain nucleation in 
austenitic steel exist.  

Additionally, most of the existing experimental work was performed in laboratory scale 
environments under experimental conditions that differ much from actual casting 
conditions in a foundry environment. 

This work aims to fill the gaps in the knowledge behind grain refinement of austenitic 
steels by applying a systematic and practical experimental approach at a pilot scale 
environment. Filling those gaps could pave the way for introducing inoculation practices 
in the casting industry as the means to further improvement in the properties of austenitic 
steel cast components.  
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CHAPTER 2  

RESEARCH APPROACH  
 

CHAPTER INTRODUCTION 

In this chapter, the research methodology followed during the production of the thesis is 
described. The purpose and aim of the thesis are described first, followed by a description 
of the materials, the experimental procedure and design and finally, the characterization 
and analysis procedures that were utilized.  

 PURPOSE AND AIM 

The aim of this research is to achieve a deeper understanding of the mechanisms behind 
nucleation and growth of particles during Hadfield steel’s deoxidation and the role that 
these particles play in the nucleation of austenitic grains and final grain size. Furthermore, 
understanding those mechanisms can improve the ability to control and predict the grain 
size in austenitic steels and thus improve the mechanical properties of the material.  

The industrial aim is to use the above acquired academic knowledge and develop new, 
clean and sustainable deoxidation processes or inoculation methods and more effective 
inoculant substances that are easily adaptable for usage at an industrial level. 

 RESEARCH DESIGN 

 Research perspective  

This research was designed following the deductive reasoning approach as described by 
Williamson[38]. The deductive reasoning approach is commonly used in material sciences 
and natural sciences in general. It is a linear approach, often based on experimental 
research designs and quantitative data collection and analysis that starts with a general 
argument which is narrowed down to a hypothesis over a particular case and leads to a 
conclusion that must be validated through proper testing. The research approach of this 
thesis is schematically illustrated in Figure 9. It starts by defining the topic of interest 
followed by information gathering in the form of a literature review, defining the 
knowledge gaps, designing and executing of experiments, collecting and analyzing data 
and finally, drawing conclusions. 

 
Figure 9. Schematic representation of the research approach. 
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 Research Questions 

The literature review revealed that inoculation and deoxidation treatments play a 
significant role on the microstructural refinement of metallic materials. The topic has been 
widely covered for most of the important alloy families such as aluminum and magnesium 
alloys and even low alloyed ferritic steels and cast-iron grades. At the same time, though, 
there is a noticeable lack of literature about this topic for austenitic manganese steels and 
austenitic steels in general. 
This research tries to extend the knowledge on grain refinement through inoculation 
methods for austenitic manganese steels by trying to answer the research questions listed 
below: 

I. What type of particles precipitate in austenitic manganese steels subjected to the 
traditional form of deoxidation method with aluminum and titanium? 

Defining the type of particles that precipitate during traditional deoxidation practices of 
austenitic manganese steel is the first step needed before evaluating the particles qualitative 
and quantitative characteristics. Research question 1 is addressed in Supplements I and III 

II. What are the qualitative and quantitative characteristics of those precipitating 
particles? 

The qualitative and quantitative characteristics of a particle, such as nucleation 
temperature, composition, size, growth rate, population and crystal structure are what 
determines if the particle is a possible candidate to act as nuclei for austenitic grains. 
Research question 2 is addressed in Supplements I, II and III 

III. Can the precipitating particles act as potent nuclei for austenitic grains to nucleate 
and thus effectively refine the as-cast austenitic grains size? 

Experimentally evaluating which of the precipitating particles and at what degree can 
promote grain refinement in austenitic manganese steels can pave the roadway to 
developing new effective grain refiners and deoxidations processes for austenitic steels. 
Research question 3 is addressed in Supplement III. 

 Research strategy 

Considering that the main goal of this study was to examine if the deoxidation process 
plays any role on the final austenitic grain size of as-cast Al-Ti deoxidized Hadfield steel 
and identify if any of the deoxidation by-products can be considered as potent grain refiners, 
the first important step was to identify the qualitative and qualitative characteristic of 
particles that precipitate due to the melting and deoxidation processes of the steel alloy. 
The above questions were treated in supplements I and II. In supplement I, the type and 
chemical composition of the precipitating particles were identified and a sequence of 
precipitation was established. In supplement II, the influence of the deoxidation process 
and titanium content on the population of particles was examined. The acquired 
experimental data was then compared to theoretical predictions. By combining the 
knowledge acquired from the above, a better understanding of the mechanisms behind 
particles precipitation in Al-Ti deoxidized Hadfield steel was achieved and the particles 
with the highest probability to act as potent nuclei for austenitic grains were identified.  
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The actual effect on the austenitic grain size of the particles, characterized as the most 
probable to act as nuclei for grains in supplements I and II, was studied in supplement III. 
The particles were ranked by their potency to act as nuclei and the important role of the 
deoxidation practice on the as-cast grain size of Hadfield steel was revealed. The research 
strategy of this work is schematically illustrated in Figure 10. 

 
Figure 10. Schematic illustrating the research strategy. 

 MATERIALS AND EXPERIMENTAL PROCEDURE  

 Materials 

The material under investigation in this work was Hadfield steel with a target composition 
according to the American Society of Testing and Materials (ASTM) A128/A128M 
standard[39] (Table 1). All the Hadfield melts produced throughout a series of four pilot 
scale experimental trials were brought to the desired composition utilizing well defined 
amounts of raw material, Hadfield steel scrap, high and medium-carbon FeMn, high-
carbon FeCr and FeSi. Pure aluminum and FeTi were used as deoxidation agents.  

 
Table 1. A128/A128M - 93 (2012) chemical requirements 

C wt%  Mn wt%  Si wt%  P wt% 

1.05–1.35  11.0 min.  1.0 max.  0.07 max. 

Deoxidation of Hadfield steel 

Particles 
Precipitation 

As- cast Grain size and 
microstructure 

Qualitative 
characterization 

Quantitative 
characterization 

Precipitation mechanisms and 
Disregistry 

Heat treatment 

Coarsening of grains 
and Zener pinning  

Future work 



 Experimental Procedure 

As mentioned before, the experimental work for this study comprised of four pilot scale 
experimental trials. The first two trials were dedicated to the investigation of particles 
precipitation and characteristics of Al-Ti deoxidized and untreated Hadfield steel while the 
latter two trials were dedicated to the investigation of the grain size variation between steel 
samples under different deoxidation treatment methods. The basic experimental procedure 
was similar for all trials with differences in the sampling techniques and deoxidation 
treatments. 

An Inductotherm VIP POWER-TRAK-R steel/iron melting induction furnace with a 
maximum capacity of 350 kg and heating power of 250 kW was utilized to heat 250 kg of 
low alloyed raw steel and Hadfield steel scrap up to 1600 °C with a heating rate of 700 °C/h. 
After the material was melted the composition was corrected with the addition of the 
alloying elements. The composition range of all the resulting melts before the deoxidation 
process is shown in Table 2. The Heraeus AB Celox apparatus was used to measure the 
total dissolved oxygen content in the melt. 

Table 2. 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  0.16‐1.46  11.33‐13.82  1.15‐1.53  0.0006‐0.003  0.0009  0.01  0.012  0.01‐0.1  0.04‐0.063 

 

2.3.2.1 Sampling and deoxidation processes for the particles 
characterization (Supplements I, II and III) 

The sampling for the particle characterization part of this work was performed by suction 
of the melt directly from the furnace into two types of hand-made suction samplers at a 
target superheat of 50 °C. The design of each sampler is illustrated in Figure 11. Sampler 
(a) had a cuboid shape, the tube attached at the center of the upper lid functioned as a 
connection between the sampler and the suction pump and the hole located at the bottom 
functioned as the inlet. Sampler (b) had a similar design with reduced dimensions. The aim 
of using two different dimensions was to achieve different cooling rates in each sampler 
and thus capture the particles formation reaction in different stages. Both samplers were 
manufactured from low alloyed steel sheets and could be empty or prefilled with desired 
amounts of additives. The cooling rate for each sampler for different fill ratios was 
determined using the Magmasoft casting simulation software [40]. The cooling rate for 
sampler (a) was 2.15 °C /s with 100% fill ratio, 3.3 °C /s for 75% fill ratio and for sampler 
2 was 4.5 °C /s for 100% fill ratio. 
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Figure 11. Hand-made sampler sketch (a) sampler with dimensions 200Hx60Wx60L mm, (b) sampler 

200Hx30Wx30L mm. Hole at the bottom functions as an inlet and the top tube is connected to the suction 
pump [41]. 

The sampling process was divided into two separate sampling series. The first sampling 
series was performed before deoxidation with empty samplers and samplers pre-filled with 
FeTi additions in the form of grains with size between 3-5mm. The second series of 
sampling was performed with empty samplers, in defined time intervals after deoxidation 
of the melt with both 0.15 wt% Ti and 0.1 wt% Al or only 0.15 wt% Ti in the form of small 
lumps of FeTi and pure Al. Then, from each acquired sample three vertical slices at 
different heights were cut for further preparation. 

2.3.2.2 Sampling and deoxidation processes for the grain size 
measurements (Supplement III) 

Y-block test molds manufactured with furan sand according to the SIS 112132 standard  
[42] were used to acquire proper samples for the grain size analysis part of this work. The 
size and mold material of Y-block samples makes them an ideal choice to reproduce 
casting conditions similar to those of an industrial casting production line of a small to 
medium sized foundry. Deoxidation was performed with the addition of FeTi and Al, either 
in the furnace or directly in the Y-block mold. Sampling was performed directly from the 
induction furnace. Smaller samples were then cut approximately at the center-bottom part 
of the Y-block castings. 



 Sample characterization and analysis 

2.3.3.1 Sample preparation 

All samples were mounted in in thermosetting resin, grinded with SiC papers with grit size 
from P80 (FEPA) to (P2000) in a Presi Mecapol P310 grinding machine, mechanically 
polished with solution containing diamond particles of 3 μm and 1 μm in a Struers 
Tegramin-30 polishing machine and finally etched with 5% Nital solution for 10s. The 
chemical composition analysis was performed with the help of an AMETEK Nordic AB 
SPECTROLAB Optical Emission Spectrograph (OES). 

2.3.3.2 Particles characterization (Supplements I, II and III) 

The initial particles observation and analysis was performed with Light Optical 
Microscopy (LOM) using an Olympus GX71F microscope. Micrographs with 
magnifications between x2.5 and x200, capturing the microstructure of the material were 
acquired.  

A JEOL JSM7001F thermal field emission Scanning Electron Microscope (SEM) was 
utilized for both the qualitative and quantitative analysis of the particles. Automated 
particle detection analysis (APA) and chemical mapping analysis based on Energy 
Dispersive X-ray Spectroscopy (EDS) was used for the evaluation of the chemical 
composition of the particles. APA was also used for the quantitative analysis of particles, 
including average number (Av. Np), area fraction and average size (Av. Dp) defined as 
Feret diameter. APA is a software based method where particles are automatically detected 
in a defined area based on the contrast difference between the metallic matrix of the 
material and the particles. The classification of the particles types is composition based 
and it is also performed automatically using EDS measurements at the center of each 
detected particle. A drawback of the method is the at an electron beam energy of 15 keV, 
the electrons may pass through the particles and penetrate the matrix material behind which 
can significantly contribute to the resulting spectrum. Especially for fine particles (<2μm) 
the contribution from the matrix can be significant. Though, if the compositional different 
of an element between the matrix  and the particle is high or the matrix consists of different 
elements than the particles then the matrix contribution can be discarded or ignored and a 
useful classification by composition can be done[43]. In this work, APA was performed in 
1 and 4 mm2 areas of the samples, at a magnification of x2500 and an electron beam energy 
of 15 keV. The minimum detectable particle size was set to 0.5μm. The total number of 
analyzed particles was over 3000. 

2.3.3.3 Grain Size measurements (Supplement III). 

Images capturing the microstructure of the material were acquired with LOM. The average 
grain size (dGS) of each sample was measured utilizing the intercept method according to 
the ASTM standard E112-13 for estimating the average grain size for metals [44]. 
According to the intercept method a series of lines with equal length are drawn on the OES 
micrograph and the points were the lines intercept with the grain boundaries are counted. 
The average grain size is then determined as a function of the line length and the total 
number of intercepts (equation 13). To ensure the validity of the results, five different areas 
of each sample were examined resulting in a minimum number of intercepts of 400. 
 

	 line	length number	of	interecpts⁄ 	 13  
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2.3.3.4 Thermodynamic equilibrium calculations (Supplements I, II and III) 

Thermodynamic equilibrium calculations are widely accepted as a mean to predict a 
variety of important qualitative and quantitative phase characteristics in metallic alloys 
such as phase constitution, composition, temperature of formation, volume or mass 
fraction and others based on variables like temperature and composition of the alloy [45-
47]. In this work, thermodynamic calculations were considered as a powerful tool to 
acquire first hand theoretical data on the characteristics of particles in Al-Ti deoxidized 
Hadfield steel. This data could then be compared with relevant experimental data acquired 
through a series of experimental trials. The thermodynamic calculations were performed 
using the Thermo-Calc Software with TCFE7 Steels/Fe-alloys database version 7[48]. 
Each calculation was performed using the individual composition of each sample and 
focused on the acquisition of information regarding the particles type, composition, 
temperature of precipitation and volume fraction. 
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CHAPTER 3  

SUMMARY OF RESULTS 
AND DISCUSSION  

 

CHAPTER INTRODUCTION 

In this chapter, the results are summarized and discussed. The chapter starts by presenting 
both the quantitative and qualitative characteristics of particles followed by a brief 
description of the particle precipitation mechanisms and closes by presenting and 
discussing the effect of particles on the grain size and morphology  

 Qualitative and quantitative characterization of particles. 
(Supplements I and II) 

In this section, the qualitative and quantitative characteristics of particles that precipitate 
in aluminum and titanium deoxidized steel such as type, chemical composition, shape and 
the precipitation sequence are presented and discussed. Reference samples, samples with 
0.15 wt% FeTi additions in the sampler or in the furnace and samples with both Al and 
FeTi additions in the furnace were analyzed. This topic is treated in supplements I and II. 

 Particle constitution and chemical composition (Supplement I) 

Figure 12 illustrates the typical microstructure of a reference sample without any Al or Ti 
treatment. The precipitation of intergranular carbides that precipitate under slow cooling 
conditions at a temperature range between 400 and 800 °C [49], is low due to the high 
cooling rate of the hand-made samplers. EDS analysis revealed no precipitation of particles 
other than MnS particles.  

 
Figure 12. Typical Microstructure of reference sample with no Al or Ti additions at (a) x20 and.(b) x100 

magnifications [41] 

On the other hand, in samples treated with only Ti or both Ti and Al, EDS analysis revealed 
the precipitation of three main groups of particle types listed below:  



 Titanium based carbides in the form of TiC, Ti(C N), and (Ti Nb)C. 
 Oxides in the form of spinel ((Mn Mg)Al2O4), corundum (Al2O3) and olivine 

(Mn2SiO4). 
 Sulfides in the form of MnS. 

Figure 13 is a typical example of how the carbide and oxide based particles are positioned 
in the metallic matrix of Hadfield steel. Elongated (Ti Nb)C particles were observed on the 
grain boundaries, cubic Ti(C N) and TiC inside the grains and spherical oxide particles 
(darker phase) were mostly attached to or inside the Ti(C N), TiC particles. Ti(C N) and 
TiC can be considered as the same phase precipitating under different cooling or nitrogen 
content conditions. The shifting from Ti(C N) to TiC will be discussed more thoroughly 
later in section 3.2.3. A more detailed view of each type of particle is shown in the SEM 
images in Figure 14. and Figure 15 
 

 
Figure 13. SEM figure showing the precipitation of (Ti Nb)C on the grain boundaries, Ti(C N) or TiC 

inside the grains and Oxides as nuclei for the Ti(C N), TiC phases [41]. 

 
Equilibrium calculations with Thermo-Calc in a temperature range of 800-2000 °C for a 
Hadfield alloy with 0.15 wt % Ti and 0.1 wt % Al additions, predicted the precipitation of 
phases like those observed in the experimental analysis. As illustrated in the phase diagram 
(Figure 16), oxide phases precipitate at temperatures above 1800 °C, Ti(C N) at 1510 °C 
and both (Ti Nb)C and MnS at 1240 °C. Combining the experimental and theoretical 
information the order of precipitation can be determined. Oxides are the first to form in the 
melt. Then the oxides act as nuclei for the Ti(C N) and TiC particles which are the next to 
form. As the solidification progresses and the dendritic structure coarsens the particles are 
trapped inside the austenitic grains. Finally, (Ti Nb)C and MnS precipitate at the end of 
solidification in the grain boundaries  
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Figure 14. SEM images with EDS spectrums of a) MnS, b) (Ti Nb)C and c) Ti(C N) with engulfed oxide 

[41] 



 
Figure 15. SEM images with EDS spectrums of a) Spinel b) Olivine and c) Corundum particles [50] 
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Figure 16. Phase diagram of a Hadfield steel with 0.15wt% Ti and 0.1wt% Al additions [41]. 

 
The experimental and calculated chemical compositions for each type of particle are listed 
in Table 3 and Table 4 respectively. Predicted equilibrium composition at 1200 °C was in 
good agreement with the experimental measurements. Deviations such as in the case of Nb 
in the (Ti Nb)C particles were expected because equilibrium condition is usually not 
achievable in real-life experimental procedures where the equilibrium is effected by the 
cooling rate or other kinetic factors that hinder the diffusion of elements resulting in non-
equilibrium segregation[51]. Especially for phases that precipitate in the last solidifying 
area the kinetic factor is very important. Additionally, the experimental composition values 
may deviate due to the SEM limitations discussed in section 2.3.3.2. 
 

Table 3. Experimental average chemical composition of particles [41] 

Particle 

type 
Ti[at%]  C[at%]  Si[at%]  N[at%]  Mn[at%]  Al[at%]  O[at%]  S[at%]  Nb[at%]  Cr[at%] 

Ti(C N)  42.35  19.90  ‐  37.75  ‐  ‐  ‐  ‐  ‐  ‐ 

(Ti Nb)C  44.50  45.82  ‐  ‐  ‐  ‐  ‐  ‐  2.90  4.46 

MnS  ‐  ‐  ‐  ‐  58.18  ‐  ‐  41.82  ‐  ‐ 

Corundum  ‐  ‐  ‐  ‐  ‐  47.20  52.80  ‐  ‐  ‐ 

Spinel  ‐  ‐  ‐  ‐  16.80  32.60  50.60  ‐  ‐  ‐ 

Olivine  ‐  ‐  19.40  ‐  28.90  ‐  51.70  ‐  ‐  ‐ 

 
Table 4. Calculated chemical composition of particles at 1200 °C [41] 

Particle type  Ti[at%]  C[at%]  Si[at%]  N[at%]  Mn[at%]  Al[at%]  O[at%]  S[at%]  Nb[at%]  Cr[at%] 

Ti(C N)  48.74  35.33  ‐  15.15  ‐  ‐  ‐  ‐  0.49  0.29 

(Ti Nb)C  34.80  49.33  ‐  ‐  ‐  ‐  ‐  ‐  15.14  0.73 

MnS  ‐  ‐  ‐  ‐  49.85  ‐  ‐  50.15  ‐  ‐ 

Corundum  ‐  ‐  ‐  ‐  ‐  40.07  59.93  ‐  ‐  ‐ 

Spinel  ‐  ‐  ‐  ‐  11.71  30.59  57.70  ‐  ‐  ‐ 

Olivine  ‐  ‐  14.29  ‐  28.57  ‐  57.14  ‐  ‐  ‐ 

 



 Particles population (Supplement II)  

The selection of samples for the population analysis was based on the titanium content and 
the deoxidation method followed. The first sample was treated with 0.15% Ti in the furnace 
and acquired using sampler (b). The second sample was treated with 0.15% Ti in the 
sampler and acquired using sampler (a) with a 75% fill ratio and the third sample was 
treated with 0.065% Ti in the sampler and was acquired using sampler (a). The composition 
of each sample is listed in Table 5.  
 

Table 5. Composition of samples for the particle population analysis [52]. 

0.15wt%Ti‐Furnace [wt%] 

C  Si  Mn  P  S  Cr  Mo  Ni  Al  Co  Cu  Ti  V  Nb  N  Fe 

1.29  0.53  11.78  0.04  0.003  1.36  0.02  0.07  0.01  0.04  0.06  0.15  0.04  0.01  0.011  Bal. 

0.15wt%Ti‐Sampler [wt%] 

C  Si  Mn  P  S  Cr  Mo  Ni  Al  Co  Cu  Ti  V  Nb  N  Fe 

1.32  0.54  12.36  0.05  0.001  1.37  0.02  0.07  0.01  0.04  0.07  0.13  0.04  0.01  0.01  Bal. 

0.065wt%Ti‐Sampler [wt%] 

C  Si  Mn  P  S  Cr  Mo  Ni  Al  Co  Cu  Ti  V  Nb  N  Fe 

1.23  0.53  11.88  0.04  0.001  1.32  0.02  0.07  0.006  0.04  0.07  0.06  0.04  0.01  0.009  Bal. 

3.1.2.1 Area and volume fraction of particles 

The experimental area fraction per unit area and the theoretical volume fraction per unit 
volume for each type of particle are presented in Table 6 and Table 7 respectively. Due to 
limitations of the APA, (OES/PDA) methods and the fact that most oxide particles were 
engulfed into Ti(C N) particles all results for the oxide area fraction were considered 
unreliable and therefore, were omitted from the following analysis.  

It was observed that the total amount of each phase was directly linked with the availability 
of the phase’s composing elements in the melt. The total amount of Ti-based carbides was 
similar in the samples with 0.15 wt% Ti additions and reduced by half in the sample with 
0.065 wt% Ti additions. Correspondingly, the total MnS amount was roughly twice as high 
in the sample with 0.003 wt% S content when compared to the other two samples with 
0.001 wt% S content. 

The theoretical calculations of volume fraction were in good agreement with the 
experimental values of area fraction. Though, extra care must be taken when comparing 
Table 6 and Table 7. Volume fraction of a phase is comparable to the area fraction only in 
the case that the particles are spherical but can also be used with an acceptable margin of 
error for rectangular and cubic shaped particles.  
 

Table 6. Experimental area fraction for each detected phase [52]. 

  0.15wt%Ti‐Furnace  0.15wt%Ti‐Sampler  0.065wt%Ti‐Sampler 

Particle Type  Area Fraction of phase per square unit 

(Ti Nb)C  0.0007  0.000725  0.00017 

Ti(C N)/TiC  0.00161  0.0014  0.00084 

MnS  0.0001  0.00007  0.00008 
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Table 7. Theoretical volume fraction for each detected phase [52]. 

  0.15wt%Ti‐Furnace  0.15wt%Ti‐Sampler  0.065wt%Ti‐Sampler 

Particle Type  Volume Fraction of phase per square unit 

(Ti Nb)C  0.00061  0.00034  0.00014 

Ti(C N)/TiC  0.0017  0.0019  0.00095 

MnS  0.0001  0.00009  0.00009 

3.1.2.2 Size of particles 

Figure 17 illustrates the average particle size normal distribution curves for (Ti Nb) C, 
Ti(C N) and MnS. The graphs were created based on SEM measurements of the Feret 
diameter of the particles. The peak of each curve represents the most frequent diameter 
value (mode of the distribution). In both the cases of (Ti Nb)C and MnS it was observed 
that for similar contents of Ti and S the average size of particles was similar, though, the 
sample with higher cooling rate presented a more even distribution. On the other hand, 
samples with lower contents of Ti and S presented 30% smaller average diameter values 
that those with higher content.  

In the case of Ti(C N) the higher average size was observed in the samples with Ti added 
in the furnace or the lowest cooling rate. The smallest grain size was observed in the sample 
with the highest cooling rate. The above analysis of the curves indicates that the size of 
particles that precipitate at the end of solidification ((Ti Nb)C and MnS) depended mainly 
on the availability of solute elements in the last remaining liquid and less on the cooling 
rate while for particles that precipitation starts at higher temperatures (Ti(C N)) the size 
depended on the cooling rate and holding time between addition on Ti in the furnace and 
sampling. 

Considering the above experimental observations, it was then examined if the Lifshitz and 
Slysov equation presented in CHAPTER 1 could be modified to predict the average 
particles size in Hadfield steel castings. The Lifshitz and Slysov equation refers to 
isothermal conditions but particles growth happens in a temperature interval between the 
sampling temperature and the solidus temperature. Though, if the solidification is divided 
in a series of short isothermal intervals, h-th, and the cooling rate is known then the average 
particle size can be obtained. The calculation was performed using the data listed in Table 
8. 

The interval temperature, Th and time Δth were calculated using equations 14 and 15.  

   (14) 

 Δ  (15) 

where  is the cooling rate. 
Initial particle radius r0 was set to be that of the smallest detectable particle by the SEM. 
Concentration, Ck was the concertation of either Ti or S, assuming that particle growth was 
controlled only by the diffusion of the elements with the lowest concentration in the melt.  



For (Ti Nb)C and MnS, only one temperature interval was considered because they 
precipitate during a small temperature range  in the end of solidification. Additionally, the 
concentration (Ck), had to be adjusted using values calculated with Thermo-Calc at the 
precipitation temperature to compensate for the Ti and S content increase in the last 
remaining liquid due to supersaturation of the matrix. 
For the Ti(C N) particles the precipitation temperature range was divided into ten intervals. 
For the sample with Ti added in the furnace an isothermal section equal to the waiting time 
between deoxidation and sampling had to be considered.  

The results of the calculations are presented in Figure 18 showing that the model was in 
good agreement with the experimental observations indicating that particle growth in 
Hadfield steels follows the Ostwald ripening growth mechanism. 

 
Figure 17. Size distribution curves for (a) (Ti Nb)C, (b) Ti(C N) and (c) MnS [52] 
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Figure 18. Predicted against Experimental average particle size for (a) (Ti Nb)C, (b) Ti(C N) and (c) MnS 
particles [52] 

(c) 



Table 8. Variables used for the particles growths calculation [52]. 

  Ti(C N)  (Ti Nb)C  MnS  Ref. 

Interfacial tension, σ 

(Ν/m) 
0.58  0.58  0.115  [53, 54] 

Diffusion Coefficient of 

element k , Dk (Ti,S) (m2/s) 
1x10‐8  1x10‐8  1.3x10‐7  [55] 

Molar Volume, Vθ 

(m3/mol) 
1.4x10‐5  1.24x10‐5  2.1x10‐5   

Initial content of element 

(Ti, S), C0 (wt%) 
0.15, 0.06  0.125, 0.06  0.03, 0.01   

Content of element (Ti, S) 

in inclusion (wt%) 
77  40  36   

Initial temperature, Ti 

(°C) 

0.15wt%Ti‐Furnace: 1430, 

0.15wt%Ti‐Sampler: 1437, 

0.065wt%Ti‐Sampler: 1430 

1240  1240   

Solidus temperature, Ts 

(°C) 
1180  1180  1180  [41] 

Gas constant, R (N∙m/°C)  8.31  8.31  8.31   

Initial radius of 

inclusions, r0 (m) 
0.2x10‐6  0.2x10‐6  0.2x10‐6   

Time, Δth (s)   

0.15wt%Ti‐Furnace: 18, 

0.15wt%Ti‐Sampler: 26, 

0.065wt%Ti‐Sampler: 47 

0.15wt%Ti‐Furnace: 18, 

0.15wt%Ti‐Sampler: 26, 

0.065wt%Ti‐Sampler: 47 

 

 Particles precipitation mechanisms (Supplements I and II) 
 Oxides 

According to equilibrium calculations, aluminum based oxides in Hadfield steel have a 
precipitation temperature between 1800 – 1850 °C. Practically this means that upon 
addition of aluminum into the melt the reaction with the dissolved oxygen, manganese and 
magnesium to form the spinel and corundum phases happens instantly. If no oxygen re-
enters the melt from the atmosphere or the dissolved aluminum is depleted, the amount of 
precipitated oxides stays stable throughout the solidification. 

According to the Ellingham diagram aluminum has a much higher affinity than both 
manganese and silicon. Therefore, olivine precipitation is possible only under conditions 
where the content of aluminum in the melt is below 0.002 wt%. Olivine precipitates at a 
temperature of 1600 °C. 

 (Ti Nb)C and MnS 

It is known that in metallic alloys the solubility of dissolved elements decreases with 
decreasing temperature. As a result, the solidified metallic matrix becomes oversaturated 
and the excess amount of alloying element is rejected in the remaining liquid where the 
solubility is higher. In Hadfield steel, the major elements that are rejected in the liquid 
during solidification are titanium, chrome, Sulphur and carbon. Near the end of 
solidification, the concentrations of these elements in the surrounding area of the austenitic 
grains reach a critical level and the elements react to form (Ti,Nb,Cr)-based carbides and 
MnS. Due to the limited available space between the grains the particles usually have an 
elongated shape following the grain boundary limits. 

 Ti(C N)/TiC  

Figure 19 captures the reaction of the FeTi additions with the molten steel at an early stage. 
According to the EDS spectrums, point 1 is a primary TiC particle, point 3 is a FeTi particle 
and point 2 is a carbon diffusion front that separates the FeTi rich area from the main steel 
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matrix. Figure 20 shows the EDS mapping of the same area where a transition from 
primary TiC particles in the FeTi rich area to secondary Ti(C N) particles in the main steel 
matrix is observed.  

 
Figure 19. (a) SEM image, (b) Spectrum at point 1, (c) Spectrum at point 2 and (d) Spectrum at point 3 

showing the formation of TiC particles and the carbon diffusion front near FeTi particles [41]. 

A strong temperature and composition dependence of the C/N ratio was revealed by 
thermodynamic calculations. The calculations in Figure 21 show that the particles are 
Nitrogen rich at higher temperatures but as the temperature decreases the C/N ratio 
reverses and carbon becomes the dominant secondary element. Additionally, it was 
observed that particles that precipitate at low dissolved N content conditions also present 
a lower concentration of N. 

Carbon is a fast diffusing element, thus upon contact of the melt with the FeTi additions it 
tends to rapidly diffuse towards the low-carbon area of FeTi. In the same manner FeTi 
starts to dissolve and Ti diffuses to the bulk of molten steel. Ti and C react at the surface 
of FeTi particles and at the carbon diffusion front, forming primary TiC particles. Due to 
thermal convection, the primary TiC particles are then transported to the bulk of the molten 
steel where the temperature is higher, the diffusion of nitrogen is promoted and a 
transformation from TiC to Ti(C N) happens.  

Strangely, in samples where the FeTi additions were performed in the furnace a co-
existence of TiC and Ti(C N) was observed. This was not expected because the high 
temperatures in the furnace and the waiting time between addition and sampling should 
allow the full transformation of primary TiC to Ti(C N). The logical explanation of the 
above observation is that the C /N ratio of the particles is also affected by the availability 



of nitrogen in the melt. When FeTi is added in the furnace precipitation and growth of TiC 
/ Ti(C N) happens in two stages. Upon addition, Ti(C N) precipitates and grows according 
to the current thermodynamic conditions in the furnace. During the holding time, the 
dissolved nitrogen content in the melt is reduced both due to precipitation of Ti(C N) and 
equilibration with the atmospheric nitrogen. Upon sampling, due to the lower availability 
of N in the melt and the new thermodynamic conditions in the samples the precipitation 
continues as TiC. 

 
Figure 20. EDS chemical mapping images illustrating the transition of TiC to Ti(C N) near FeTi particles. 

The FeTi rich area is limited by the carbon diffusion front on the lower left part of the images [41] 

In section 3.1.1 it was mentioned that spherical oxides particles were often found attached 
to or engulfed in TiC/Ti(C N) particles. This observation in combination with the fact the 
oxides precipitate earlier than TiC/Ti(C N) is a strong indication that oxide particles can 
act as nuclei for TiC/Ti(C N). A similar behavior was confirmed by Nick et al. [56] for 
TiN and oxide particles in stainless austenitic steel.  
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Figure 21. Temperature dependence of Ti(C N) composition with (a) 240ppm N and (b) 40 ppm dissolved 
N content [52] 

.  



 The effect of deoxidation practice on the as-cast grain size of Hadfield 
Steel (Supplement III) 

In this section the effect of deoxidation practice and more precisely the effect of oxides 
and TiC/Ti(C N) particles on the as-cast grain size of Hadfield steel is analyzed and 
discussed. As mentioned in section 1.4, particles that precipitate below the liquidus 
temperature of steel cannot act as nuclei for grains and should not have any effect on the 
final as-cast grain size and therefore are omitted from the analysis. For the analysis, 17 
samples were selected based on treatment procedure and composition. The chemical 
analysis of each sample is listed in Table 9. 

Table 9. Composition of samples used for the grain size analysis [50]. 

Composition [wt%]  C  Si  Mn  Cr  S  Al  Ti  N  O  P 

Reference not treated material 

S1  1.24  0.4  12  1.45  0.0006  0.005  0.01  0.075  0.0059  0.06 

S2  1.21  0.16  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

S3  1.21  0.26  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

S4  1.21  0.46  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

S5  1.21  0.66  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

S6  1.21  0.86  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

S7  1.21  1.46  11.78  1.52  0.0006  0.0006  0.01  0.012  0.0067  0.04 

 Deoxidation by addition of 0.1 wt % Al  

S8  1.28  0.45  13.4  1.15  0.0006  0.011  0.03  0.035  0.0056  0.06 

S9  1.24  0.54  12.73  1.29  0.002  0.013  0.023  0.03  0.0037  0.055 

Deoxidation by addition of 0.15 wt % Ti  

S10  1.22  0.56  11.49  1.44  0.0006  0.0009  0.095  0.025  0.0058  0.039 

S11  1.06  0.65  11.33  1.53  0.002  0.001  0.12  0.024  0.0060  0.039 

Deoxidation by addition of 0.1 wt % Al and 0.15 wt % Ti 

S12  1.26  0.4  12  1.45  0.0006  0.005  0.06  0.1  0.0058  0.058 

S13  1.28  0.49  12.68  1.33  0.0006  0.012  0.1  0.034  0.0046  0.06 

S14  1.23  0.47  14.25  1.36  0.0006  0.001  0.056  0.054  0.0035  0.059 

S15  1.25  0.5  12.47  1.37  0.0006  0.002  0.036  0.082  0.0030  0.056 

Deoxidation by addition of 0.1 wt % Al and 0.15 wt % Ti (45 min holding in furnace after casting) 

S16  1.25  0.55  13.82  1.37  0.002  0.003  0.11  0.027  0.0028  0.063 

S17  1.08  0.59  12.65  1.43  0.0006  0.002  0.097  0.06  0.0043  0.056 

 Grain size and Microstructure 

The relationship between average grain size and the inverse of the growth restriction factor 
(Q) is illustrated in Figure 22. The growth restriction factor was calculated utilizing 
equation 10 and the composition of each sample. Based on average grain size values, the 
samples can be divided into three distinct groups.  

 Group A with grain size between 650-800 µm, 
 Group B with grain size between 450-650 µm  
 Group C with grain size between 300-450 µm.  

The typical microstructure for each group is presented in Figure 23. A gradual transition 
from fully columnar type grains in the higher grain size group to a fully equiaxed type 
grains in the lower grain size group was observed.  
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Considering that the composition difference between the samples is small, it can be 
assumed that the second term in equation 11, ,  is the same for all samples and thus 

the growth restriction factor has no role in the grain size difference observed between the 
three groups. On the other hand, the vertical position of the intercept, , of each group 

indicates that the number density of particles, that can act as nuclei for austenitic steels and 
promote equiaxed grain growth, is increasing from Group A to Group C.  

 
Figure 22. Grain size against the inverse of the GRF (S1-S17) [50]. 
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Figure 23. Typical grain structure for (a) Group A (b) Group B and (c) Group C [50]  
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 The effect of Oxide particles 

Figure 24 illustrates the relationship between oxide particle mole fraction and austenitic 
grain size excluding samples with more than 0.0006 mole fraction of Ti(C N). A decrease 
in grain size with increasing mole fraction of oxides was observed for all three types of 
oxides. Spinel particles were the most effective in refining the grains size, followed by 
olivine and finally, corundum as the least effective oxide. The slope and intercept of the 
trendlines in Figure 24 show the effect of particle density and the potency to act as nuclei 
of each type of particle respectively. Assuming that the particles precipitate as fine particles 
that are evenly dispersed in the volume of the matrix material, the particle density can be 
directly connected with the total volume fraction or area fraction of the phase. As discussed 
in section 3.1.2.1, experimental data on the quantitative characteristics of oxides was 
unreliable, therefore the graph in Figure 24 was created using theoretical values of the 
oxides volume fraction calculated with Thermo-Calc, assuming that the good agreement 
between experimental and theoretical for Ti(C N), (Ti Nb)C and MnS is extended also for 
the oxide phases. 

 
Figure 24. Grain size against corundum, spinel and olivine mole fraction [50]. 

Table 10 lists the planar disregistry between the austenite and the different types of 
particles alongside the lattice parameters and planes used for its calculation. The spinel 
phase has the lowest disregistry value followed by olivine, corundum and Ti(C N). Spinel 
and olivine are below the 12% disregistry threshold that defines a potent nucleus. 
Corundum is marginally at the threshold value and Ti(C N) above the threshold value. 
Disregistry values of the oxides agreed with the experimental observations and revealed 
that the close relationship between disregistry and potency of a nucleus is valid for 
Hadfield steel.  
 

Table 10. Planar disregistry [50] 

Compound 
Lattice parameters (Å) [57‐59] 

δ(pct)  planes 
a0  b0  c0 

γ‐iron  3.6988  ‐  ‐  ‐   

Spinel  8.0898  ‐  ‐  9.36  [100]Fe//[100]spinel 

Olivine  4.82  10.61  6.24  11.27  [110]Fe//[110]olivine 

Corundum  4.75  ‐  12.982  12.51  [100]Fe//[0011]corundum 

Ti(C N)  4.275  ‐  ‐  15.58  [100]Fe//[100]Ti(C N) 
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  The effect of Ti(C N) particles 

Figure 25 illustrates the difference in the grain size between samples with an average Ti(C 
N) mole fraction of 0.0013 and samples with and average oxide fraction of 0.0003. It was 
observed that samples with Ti(C N) particles had an up to two orders of magnitude larger 
grain size than samples with only oxide-based particles. Considering that the disregistry of 
Ti(C N) was above the 12% threshold and the particles cannot be characterized as potent 
nuclei for austenitic grains, no grain size refinement effect due to Ti(C N) was expected. 

 
Figure 25. Average grain size of samples with Ti(C N) particles against samples with Oxide particles [50]. 

A secondary negative effect that the precipitation of Ti(C N) has on the average grain size 
is illustrated in Figure 26, where a linear increase of the grains size with increasing Ti(C 
N) content was observed in samples with similar content of oxides. As already discussed 
in section 3.2.3, Ti(C N) precipitates at temperatures above the liquidus but below the 
precipitation temperature of oxides and oxides are potent nuclei for Ti(C N). The 
precipitation of Ti(C N) on the oxide particles surface restrains any contact of the oxides 
with the molted steel. Thus, when solidification starts, the number of available free oxide 
particles that could act as nuclei for austenitic grains is significantly reduced and grain 
refinement is inhibited. 

 
Figure 26. Average grain size against Ti(C N) mole fraction for samples with similar oxide mole fraction 

[50]. 
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CHAPTER 4  

CONCLUSIONS  
 

This chapter summarizes, the most important conclusions obtained throughout this work. 

In this work, the quantitative and qualitative characteristics of particles that precipitate in 
aluminum and titanium deoxidized Hadfield steel and their effect on the as-cast grain 
morphology and size of the alloy were studied. The main conclusions that were obtained 
through the systematic analysis of both experimental and theoretical results are 
summarized below: 

The first question was regarding the type of particles that precipitate during conventional 
deoxidation with Al or Ti. In the current work it was concluded that the main types of 
particles that precipitate in Al-Ti deoxidized Hadfield steels were titanium based carbides 
in the form of Ti(C N)/TiC and (Ti Nb)C, oxides in the form of spinel ((Mn Mg)Al2O4), 
corundum (Al2O3) and olivine (Mn2SiO4) and sulfides in the form of MnS. Oxides were 
the first to precipitate followed by Ti(C N)/TiC. Precipitation of both oxides and Ti(C 
N)/TiC happened above the liquidus temperature. MnS and (Ti Nb)C were the last particles 
to precipitate on the grain boundaries due to oversaturation of the last remaining liquid 
with Mn, S, Ti, Nb and C. 

Precipitation of oxides occurred upon addition of aluminum in the melt. The olivine 
formation depended on the total content of aluminum in the melt and happened only in 
condition were the aluminum content was below 0.002 wt%. Supersaturation and rejection 
of elements in the last remaining liquid led to the formation of (Ti, Nb, Cr)-based carbines 
and MnS on the grain boundaries. The transition from carbon rich TiC to nitrogen rich 
Ti(C N) and vice versa depended on the temperature conditions and on the availability of 
dissolved nitrogen in the melt. At low temperature conditions, upon contact of the melt 
with the FeTi additions, TiC was formed because of the fast diffusing ability of carbon. 
The particles were then transferred to the bulk of the melt where the temperature was higher 
and a transition from TiC to Ti(C N) was observed. On the other hand, when the addition 
was performed at high temperatures and nitrogen content the particles precipitated as Ti(C 
N) but when the melt was depleted of nitrogen the precipitation continued in the form of 
TiC.  

The second question was more related to the quantity of the particles precipitating. The 
total amount of the particles, defined as area fraction was affected only by the initial 
concentration of the element with the lowest concentration in the melt. Ti for Ti-Based 
particles, S for MnS and O for the oxides. Growth of particles that precipitated in the last 
solidifying area was controlled by the availability of solute elements in the last remaining 
liquid. On the other hand, growth of particles that precipitated at temperatures over the 
liquidus happened in a wide temperature range. Thus, the growth was controlled by the 
cooling rate and the waiting time between additions and sampling. 



The third question was related to the possibility of inoculation of the solidifying austenite. 
This started with the development of a model to predict particle growth and size revealed 
that the growth mechanism that describes particle growth in Hadfield steels best, is the 
Ostwald ripening growth mechanism. 

Under the experimental conditions of this study, particle composition, sequence of 
precipitation and concentration were in good agreement with thermodynamic equilibrium 
calculation predictions. 

As a measure of the effectiveness of the inoculation effect it was concluded that the 
austenitic grain size decreased with increasing mole fraction of oxides and a parallel 
transition from columnar to equiaxed morphology was observed. This strongly suggested 
that at least some of the particles seemingly nucleated the austenite. Spinel particles were 
the most potent nuclei for austenitic grains followed by olivine and finally corundum 
particles. On the other hand, Ti(C N) particles were not effective as nuclei for austenitic 
grains. Additionally, the precipitation of Ti(C N) on the oxide particles reduced the total 
number of available free oxide particles that could act as nuclei for austenitic grains and 
grain size refinement was further inhibited.  

The experimentally determined nucleation potency of particles agreed with the planar 
disregistry predictions. 

Generally, it can be concluded that the traditional deoxidation procedure of Hadfield steel 
with aluminum and titanium had a strongly negative effect on the microstructure of the 
material. Deoxidized samples presented a coarser microstructure with up to three times 
higher grain size than the reference, not deoxidized samples. Formation of Ti(C N) on the 
oxides drastically reduced the oxides ability to refine the microstructure. In addition, 
aluminum treatment modified the oxides to oxide types with reduced ability to nucleate 
austenitic grains.  

Experimental data acquired during this work, such as the erratic yield of Al and Ti in the 
final castings, proves that there is little control and understanding over the deoxidation 
process at an industrial level. Understanding how every casting and deoxidation variable 
effects the final microstructure of the material could result in the improvement of industrial 
production practices and in the development of materials with significantly improved 
mechanical properties.  
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CHAPTER 5  

FUTURE WORK  
 

CHAPTER INTRODUCTION 

In this chapter, a brief overview of the future work that should be performed to acquire a 
more complete knowledge over the field of austenitic steels inoculation is presented. 

This study was limited in examining the effect of the deoxidation process and its by-
products in the as-cast grain size of Hadfield steel. Though, austenitic cast components are 
rarely used in their as-cast form. Thus, this research will continue with the investigation of 
the effect of inclusions on the grain size after heat-treatment focusing on the grain 
coarsening mechanisms during heat treatment and the possibility to impinge the grain 
growth process by introducing particles in the grain boundaries.  

Then, the study can be extended in other types of austenitic steels such as stainless 
austenitic steels and examine if the same or similar principals as in Hadfield steel are also 
applicable. 

In this study, the important role of the deoxidation process on the final microstructure of 
Hadfield steel was revealed. Investigating if innovative and sustainable deoxidation 
processes such as inert gas melt surface protection methods could provide better control 
over the deoxidation process and thus the precipitation of more desirable deoxidation by-
products is of high importance.  

Accurate data of the physical properties of materials, especially at high temperatures, is 
very important for the development of reliable mathematical models including models for 
predicting grain size and growth. New methods for experimentally measuring physical 
properties like surface tension, viscosity etc., need to be developed and studied.  
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