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1. Introduction 

New steel grades with improved mechanical and chemical properties are being 

developed all the time. Moreover, achieving these improvements with less en-

ergy consumption is of particular interest. The improved properties can be ob-

tained by developing the production processes and by controlling the chemistry 

of the steels. A potential strengthening mechanism is to add a new phase into 

the steel. The new phase can for instance be in the form of small particles, rang-

ing from a few hundred nm to a few μm in size. The new phase can be added to 

the steel in the form of particles (exogenous particles) or as components to form 

certain type of particles in the steel (endogenous particles). Usually, small par-

ticles in the steel microstructure are called inclusions and they are considered 

harmful or even detrimental to steel properties. However, if the size and chem-

istry of the inclusions is controlled properly, the inclusions can act as functional 

inclusions or particles in the steel instead of being harmful.  The microstructure 

can in fact be controlled by inclusion engineering. 

Titanium-containing particles can act as functional inclusions in steel. They 

can exist as oxide, nitride, carbide or complex particles and other conventional 

alloy metals can be present as well. In addition, the shape and the size of these 

particles can vary. By adding titanium-containing inclusions into liquid steel to 

control the resulting microstructure, grain size and mechanical properties, new 

materials with improved mechanical properties can be obtained.  Titanium-con-

taining particles can be either uniformly or locally distributed in the material. 

In many applications it is not necessary to add reinforcement into the whole 

material, but instead it is enough to have a locally reinforced material. Overall, 

in order to be able to control these particles the phenomena between the parti-

cles and the steel in liquid state, during solidification and during each step of 

the production process should be known. By identifying and controlling the in-

terfacial phenomena between the particles and the steel, the manufacturing and 

processing methods as well as the final properties of the materials can be im-

proved and optimised.  

1.1 Background 

The work in this thesis examines interfacial phenomena when adding titanium 

in different forms and ways into liquid steel: the phenomena involved in the 

addition of titanium oxides into low-alloyed steel and the phenomena involved 

in the wetting of titanium carbides by iron alloys and stainless steel. This thesis 
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is based on parts of two research projects. In the case of the former, the subject 

of the research project was Grain Size Control in Steel by Means of Dispersed 

Non-Metallic Inclusions (GRAINCONT; Andersson et al., 2011). In the latter the 

title of the research project was Study on Solid-Liquid Interfaces in Castings and 

Development of Functionally Graded Structures (SULA-TAJU; Lagerbom et al., 

2010). The research work from these two projects was combined in this thesis 

because of the similar phenomena, materials and the concept of using particles 

to modify material properties. 

1.2 Scope and objectives of the thesis 

The two afore-mentioned research projects were chosen to form the thesis, be-

cause both dealt with the development of steel-based materials containing tita-

nium particles. In the development and production of such particle-reinforced 

materials, it is important to understand the phenomena within the material dur-

ing different processing stages. In particular, the interfacial phenomena be-

tween the matrix material (iron, iron alloys, steel and stainless steel) and tita-

nium-containing particles are of great importance. The addition method and 

form of the additives play a significant role and affect the behaviour of the par-

ticles in the matrix material as well as the interfacial phenomena. 

Figure 1 illustrates the scope of this thesis together with two parts from the 

research projects, the related publications (I-IV) as well as the two main refer-

ence articles related to this thesis. 

 

 

Figure 1. Schematic presentation of the research projects. 
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The general objective of this thesis was to study the interfacial phenomena be-

tween titanium-containing inclusions and liquid steel. The prime focus was on 

the phenomena in liquid steel and to a lesser extent on the phenomena during 

cooling and solidification. The experimental part of the thesis was divided into 

two parts, as the original work resulted from two different research projects. 

Firstly, the aim was to study the addition of Ti and TiO2 into liquid steel and the 

resulting Ti-containing inclusions with the emphasis on the TiOx inclusions. 

Wetting and the reactions between the Ti/TiO2 and steel, and the composition 

and distribution of the final inclusions were also studied to understand the in-

terfacial phenomena resulting from the addition of Ti and TiO2 to liquid steel. 

(Publications I and II). Secondly, the aim was to study the wetting of TiC by 

liquid iron alloys and the resulting dissolution and formation of the Ti-contain-

ing particles to understand the interfacial phenomena in the addition of TiC to 

liquid iron-based alloys or stainless steel. Two different wetting experiments 

were performed. (Publications III and IV). Thermodynamic studies on the for-

mation of the particles and different phases were used as a background and sup-

port for the experimental part (Holappa and Kiviö, 2012; Kiviö et al., 2016). The 

article by Kiviö et al. (2016) also attempts to summarize and outline the results 

from Publications III and IV.  

The main objectives of this work were:  

 

• To study the types of Ti-containing inclusions in low-

alloyed steel after additions of Ti and TiO2 into the melt 

and during solidification. 

• To determine the effect of the Al content and Ti/Al ratio 

in steel on the inclusions formed. 

• To study the behaviour of manganese during inclusion 

formation. 

• To determine the wetting between liquid steel and 

titanium carbide and the effect of Cr, Ni and Mo. 

• To observe the reactions at the TiC and iron alloy 

interface and the effect of Cr, Ni and Mo. 

1.3 Structure of the thesis 

This thesis consists of four publications (I-IV) and this compendium. The pub-

lications attached in the appendices consist of four scientific peer-reviewed 

journal articles (I, II, III and IV). 

This compendium consists of the following chapters. Chapter 2 includes the 

most relevant theoretical background for titanium-containing oxide and carbide 

particles and inclusions used as functional particles. The second chapter also 

includes related studies about the addition and usage of titanium-containing 

particles. Thermodynamic calculations done in relation to this thesis are sum-

marized in the theoretical background as well. Chapter 3 summarizes the exper-

imental part and methods used in this thesis, followed by a summary in chapter 

4 of the most important results from Publications I-IV and some unpublished 
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results. Chapter 5 combines discussions of the results with the findings from 

previous studies. Finally, chapter 6 presents the conclusions of this dissertation 

including the author’s recommendations for further studies.
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2. Theoretical background 

There are several phenomena related to titanium-containing inclusions in steel 

besides the well-known stabilizing effect of Ti in stainless steel. Titanium reacts 

with residual carbon forming titanium carbides and thus prevents the formation 

of Cr carbides (sensitization), which might deteriorate corrosion resistance. Ti-

tanium is also a rather strong deoxidizer in steels: not as strong as aluminium 

but stronger than silicon for example. On that account the appearance of tita-

nium oxides has become of increasing interest. The concept of controlling the 

microstructure by means of oxide inclusions and the distribution of inclusions 

has been termed ‘Oxide Metallurgy in Steels’ (Takamura and Mizoguchi 1990). 

Titanium-containing inclusions can promote grain refinement through con-

stitutional supercooling during solidification (Jackson, 1972) and through the 

Zener pinning effect during solid-state transformations (Smith, 1948; Zener, 

1949). In general, finely dispersed titanium oxides, nitrides and carbides are po-

tential grain refiners for steels (Grong et al., 2006; Lou and Holappa, 2001). 

2.1 Titanium oxides 

A uniform distribution of titanium oxide inclusions in steel promotes grain re-

finement and the formation of acicular ferrite, both of which have an effect on 

improving the strength and toughness of the material.  

Besides grain refinement, titanium oxide inclusions can act as nucleation sites 

for acicular ferrite in the steel microstructure (Byun et al., 2003; Gregg and 

Bhadeshia, 1997; Shim et al., 1999; Shim et al., 2001/1; Shim et al., 2001/2). 

Acicular ferrite plates grow in many directions and prohibit the propagation of 

cracks in the microstructure, resulting in a good combination of toughness and 

strength (Bhadeshia, 2001). The utilization of titanium-containing inclusions in 

welds to create the acicular ferrite microstructure in the weld is well-known 

(Bhadeshia, 2001).  

The mechanism for the nucleation of acicular ferrite on titanium oxide inclu-

sions has not been confirmed. A small lattice disregistry (Bramfitt, 1970) be-

tween ferrite and the inclusion has been reported to play an important role. The 

formation of a Mn-depleted zone around the inclusions as a result of the pres-

ence of MnS or MnOx in the inclusions is the most prevailing concept for the 

nucleation of acicular ferrite on titanium oxide inclusions (Byun et al., 2003; 

Shim et al., 1999; Shim et al., 2001/1; Shim et al., 2001/2; Jiang et al., 2015). 
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Ti2O3 has been reported to absorb Mn from the surrounding matrix (Shim et al., 

1999; Shim et al., 2001/2; Kang and Lee, 2010).  Ti2O3 itself seems to be inert 

to ferrite nucleation in Mn-free steel (Shim et al., 2001/2). Instead, the for-

mation of (Mn,Ti)2O3 inclusions is necessary for the nucleation of acicular fer-

rite. Microstructures rich in acicular ferrite have been observed in steels con-

taining many TiOx+Mn inclusions (Byun et al., 2003; Gregg and Bhadeshia, 

1997; Hossein Nedjad and Farzaneh, 2007; Jin et al., 2003; Shim et al., 2001/1; 

Yang et al., 2008; Zhuo et al., 2007). In contrast, TiO has also been found to be 

a more effective nucleation site for ferrite than Mn-containing TiOx inclusions 

(Kikuchi et al., 2011). The reason proposed was high lattice consistency. Several 

types of inclusions have been found active in acting as nuclei for acicular ferrite: 

(Ti,Mn)Ox,  (Ti,Mn)OxSy, (Ti,Al)Ox, (Ti,Al,Mn)Ox and (Ti,Al,Mn)OxSy depending 

on the composition of the steel (Loder et al., 2016). A higher Mn content in the 

complex (Ti,Al,Mn)Ox might promote the formation of acicular ferrite. How-

ever, the presence of Ti in the inclusions is a prerequisite for acicular ferrite for-

mation and inclusions with Ti, Mn and possibly also MnS are effective nuclei for 

acicular ferrite formation. In general, the inclusions formed in steels containing 

Ti and Mn can be very complex depending on the steel composition and condi-

tions (Kang and Lee, 2005/1; Kang and Lee, 2005/2). 

Due to the presence of alloying elements in steel and different processing con-

ditions, these inclusions can be very complex regarding chemistry, shape and 

size distribution. The Al content and Al2O3 inclusions play a significant role in 

the formation of TiOx inclusions. Titanium oxides can nucleate heterogeneously 

on existing Al2O3 inclusions (Byun et al., 2003). The Al content and oxygen con-

tent in the melt prior to Ti addition play a significant role in Ti deoxidation. 

However, increasing the Ti content does not significantly affect the Ti deoxida-

tion (Van Ende et al., 2009). A higher oxygen content promotes titanium oxida-

tion and increases the titanium content in Al-Ti oxide inclusions (Wang et al., 

2011). In another study, a low Al content and high Ti content have been empha-

sized in order to obtain a high number of TiOx-rich inclusions (Xuan et al., 

2016/2). Several thermodynamic calculations depict the importance of a low Al 

content in obtaining TiOx inclusions (Jung et al., 2009; Ruby-Mayer et al., 

2000; Matsuura et al., 2007). The optimum size range for the inclusions is from 

a few microns to a few hundred nanometres (Lee et al., 2000; Shim et al., 1999). 

The idea of using Ti-containing inclusions throughout the material is becom-

ing more attractive. The inclusions are usually created through deoxidation by 

adding Ti into the liquid steel, but this might result in coarsening of the inclu-

sions (Van Der Eijk et al., 2009). The inclusions are more easily controlled if 

they are added directly as exogenous particles. This might help in improving 

steel production steps (see 1.1.1).  The direct addition of titanium oxide directly 

has been studied by adding it with the steel charge before meltdown (Gregg and 

Bhadeshia, 1997; Hossein Nedjad and Farzaneh, 2007; Mu et al., 2014; Mu et 

al., 2016). However, the idea of adding the inclusions directly into the melt as 

titanium oxides has not been reported earlier in the same way as in this work. 

Since the release of Publications I and II, a study on TiO2 additions directly into 

the melt has been made (Xuan, 2016/1).  
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2.2 Titanium carbides 

Titanium carbide, a group IV carbide, is a stable, hard and wear-resistant mate-

rial with a high melting point and heat of formation (Samsonov et al., 1968), 

due to which it is used as a reinforcement material in composites. When used in 

a metal matrix composite, it improves the hardness and wear resistance of the 

composite. TiC can exist with carbon contents varying between 34-50 at% (Oka-

moto, 2006). The wide composition range of TiC should be considered when 

using it as reinforcement material in metal-matrix composites. A uniform or 

gradual distribution of titanium carbide particles on a specific part of the mate-

rial creates a hard and wear-resistant surface (Terry and Chinyanakobvu, 1991; 

Tiusanen et al., 2009; Verezub et al., 2003; Zhang, 1993). The reinforcement 

material can be added in powder processing or into the liquid metal before or 

during casting. Instead of adding the reinforcement into the whole material, it 

can also be added only locally to a certain surface in a casting where wear re-

sistance is required. This leads to the combination of a hard surface and a tough 

matrix, for example in a stainless steel casting. Several studies have been 

published on adding TiC, (Ti,Mo)C or Ti/Mo and C directly to liquid low-alloyed 

or stainless steel or creating them in the melt (Chambers et al., 1987; Chen et 

al., 2009; Degnan and Shipway, 2002; Dogan et al., 2006; Erauskin et al., 

2009; Funakawa et al., 2004; Jang et al., 2012; Jiang et al., 2005; 

Parashivamurthy et al., 2006; Razavi et al., 2010; Terry and Chinyanakobvu, 

1992/1; Terry  and Chinyanakobvu, 1992/2; Verezub et al., 2003; Wu et al., 

2008). 

When adding a reinforcement material (ceramic) to liquid steel, wettability, 

stability and dissolution are key phenomena. Good wetting between the rein-

forcement material and the metal ensures good bonding and mechanical prop-

erties (Delannay et al., 1987) and the desired distribution of the reinforcement 

particles in the melt. The size and shape of the particles is important as well. 

Fine particles provide better wear resistance and large, angular particles deteri-

orate toughness (Dogan et al., 2006). The other alloying elements present in 

composite systems also play an important role. The elements affect the above-

mentioned phenomena and might create new phases. The role of the main al-

loying elements in stainless steel on these phenomena have not been reported 

earlier to the extent that this thesis does. 

Wetting is evaluated by measuring the contact angle. Wetting between the 

ceramic (substrate) and the liquid material is considered good when the contact 

angle is <90° and poor when it is >90°. The interface between the ceramic and 

metal can be a reactive or non-reactive one (Eustathopoulos et al., 1991).  The 

wettability of a non-reactive interface can be improved by modifying the 

metallic phase through adding alloying elements that modify the interface. The 

alloying element can improve wetting by increasing the dissolution of the 

ceramic into the metal or by reacting with the ceramic to form a new product at 

the interface (Eustathopoulos and Coudurier 1992). The more metallic the new 

product, the more it improves wetting. Wetting between a transition metal 

carbide (such as TiC) and a metal is usually good. The metallic bonding at the 

interface results in low interfacial tension, dissolution of the ceramic into the 



Theoretical background 

18 

melt (and vice versa) and also in reactions between the melt and the ceramic 

(Delannay et al., 1987; Parashivamurthy et al., 2008; Warren, 1980). It is well-

known that dissolved oxygen in a metal melt decreases the contact angle 

(Naidich, 1981). However, not all alloying elements or solutes improve wetting. 

The reaction product can in some cases also be detrimental to the mechanical 

properties (Delannay et al., 1987). In the case of high-alloyed stainless steel the 

alloying elements (especially Cr, Ni and Mo) can significantly affect the wetting 

as well as other interfacial phenomena 

To improve wetting the ceramic (substrate) can also be modified through al-

loying. Molybdenum is commonly added to reinforcement material to improve 

wettability and several studies about the addition of Mo to TiC containing 

composites and cermets have been made (Andrén, 2001; Cardinal et al., 2009; 

Cutard et al., 1996; Hussainova, 2003; Mari et al., 2003; Samsonov et al., 

1972/1; Vallauri et al., 2008; Zhang, 1993; Park et al., 1999; Qian and Lim, 1999; 

Zhuo et al., 2008). Mo can be added with the reinforcement material or with the 

binder/matrix metal. As a result of the Mo addition to the composites or 

cermets, the TiC or Ti(C, N) reinforcement particles tend  to form core-rim type 

particles with TiC or Ti(C, N) in the core and (Ti, Mo)C or (Mo,Ti)(C,N) in the 

rim phase (Cutard et al., 1996; Park et al., 1999; Samsonov et al., 1972/1; Zhang, 

1993, Zhuo et al., 2008). On the other hand, rim-core particles with a darker 

rim indicating a lower Mo content than the core have also been observed (Chen 

et al., 2000; Liu et al., 2006). Besides wetting, the addition of Mo to the 

reinforcement has been reported to result in improved hardness and yield 

strength, a more homogeneous structure, decreased size of the carbides, less 

dissolution of the carbides, more stable particles and smaller growth rate of the 

rim (Cutard et al., 1996; Hussainova, 2003; Mari et al., 2003; Samsonov et al., 

1972/1; Zhang, 1993). The addition of Mo to the binder has also been reported 

to improve the interface bond strength and wear resistance (Hussainova, 2003). 

In addition to Mo, nickel has also been found to improve wettability by decreas-

ing the contact angle compared to iron (Samsonov et al., 1972/2) and decreasing 

the particle size of the carbides (Jiang et al., 2005).  

In general, several phenomena have an effect on the functional inclusions or 

particles in steel. In most cases, the inclusions and particles formed are very 

complex and several other elements play important roles in the phenomena and 

behaviour of the particles as well. 

2.3 Application of the materials 

Steels having an acicular ferrite microstructure and a fine grain size as a result 

of titanium-containing inclusions, particularly oxide inclusions with a certain 

size range, can have superior mechanical properties - especially toughness - 

without compromising strength (Bhadeshia, 2001). These inoculated steels can 

be used for example in Arctic offshore applications. These steels retain their 

strength and toughness even at lower temperatures. Titanium-containing steels 

are also widely used in the automobile industry and pipelines. 
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The use of TiC-reinforced steel or stainless steel is concentrated in applica-

tions which require wear resistance. The material can also be only partly rein-

forced if wear resistance is only required of a certain part or surface of the com-

ponent. This allows the rest of the material to be more ductile because it is not 

completely reinforced by the hard TiC particles. 

2.4 Thermodynamic studies 

Thermodynamic calculations were performed with FactSage 6.2 (for TiOx sys-

tems) and 6.4 (for TiC systems) using the FSstel and FToxid databases in order 

to obtain information about the different phases formed in low-alloyed and 

stainless steel systems both in liquid state and during solidification related to 

this work (Bale et al., 2016). The compositions used in the calculations repre-

sent the compositions used in the experiments of this work. 

2.4.1 TiOx systems 

Titanium is very reactive with oxygen, nitrogen and carbon. Titanium oxides are 

of particular interest because Ti can exist in several oxidation states forming 

different oxides in steel, depending on the Ti and O contents, temperature and 

the presence of other elements especially Al (Babu et al., 1995). Ti and O can 

form Ti3O5, Ti2O3, TiO2, Ti4O7 and TiO among others. As mentioned earlier, 

Ti2O3 seems to be the most beneficial of the oxides regarding the desired micro-

structure in the final solid steel. 

Fig. 2 represents the predominance area diagram for oxides in low-alloyed 

steel containing Fe, Ti, Al, C, Mn, Si, O, N and S at 1600°C (Holappa and Kiviö, 

2012). The dashed lines present the 2-phase region between slag and Al2O3 at 

30ppm Otot. At lower oxygen content, the region is very narrow and is thus not 

shown on the figure. Ti3O5 is the stable titanium oxide within a wide range of Ti 

content in the melt at 1600°C. The crosses represent the compositions of the 

experimental heats which are discussed later in conjunction with the experi-

mental results. Industrial compositions have been added for reference. Based 

on several other studies and thermodynamic calculations of the Fe-Ti- (Al)-O 

system or low-alloyed steel, the stable titanium oxide in equilibrium with liquid 

steel is Ti3O5 at a Ti content of below 0.2-0.4 wt%, whereas at higher content the 

stable oxide is Ti2O3 (Jung et al., 2009; Kang and Lee, 2010; Mutale et al., 2004; 

Pak et al., 2007; Wang et al., 2009/2). In Fig. 2 the transition takes place at 

about 0.4 wt% Ti (log 0.4wt% Ti ≈ -0.4). It is worth noting that the other com-

ponents in the steel may have a certain effect too. Based on the thermodynamic 

calculations, the Al content should be kept at a low level of <50ppm and the 

Ti/Al ratio should be at least around 15-20 to ensure the presence of titanium 

oxide dominant inclusions (Publications I and II). The predominance area dia-

gram of oxides (Al2O3, Ti3O5, Ti2O3) and liquid oxide (slag) is shown as well as 

the respective oxygen isoactivity lines in the steel at equilibrium. Additionally, 

2-phase regions can occur at total oxygen content higher than the equilibrium.  
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Figure 2. Predominance area diagram at 1600ºC for oxides as a function of Al and Ti contents in 
steel with 0.15 wt% C, 0.2 wt% Si, 1.35 wt% Mn, 20 ppm S and 40 ppm Ntot (Holappa and Kiviö, 
2012). 

Figs. 3-5 represent the equilibrium formation of inclusions in steel containing 

Fe, Mn, Si, C, Ti, Al, O, N and S in the temperature range from 1600 to 1200°C. 

The effects of the Ti and Mn contents on inclusion formation can be observed 

from the figures. The slag phase represents mixed liquid oxide inclusions which 

consist mainly of Al2O3 (20-29 wt%), TiO2 (26-28 wt%), Ti2O3 (39-48 wt%) and 

MnO (4-5 wt%). If Mn is not included in the calculations, the slag phase does 

not contain any MnO but only the three first mentioned. These inclusions are 

mostly liquid in liquid steel. In liquid steel the deoxidation product of Ti is Ti3O5 

(Publication II). Ti3O5 is transformed to Ti2O3 during cooling.  A similar trans-

formation has been calculated in other studies (Kang and Lee, 2010). The trans-

formation temperature range depends on the Ti and Mn contents of the steel. 

By increasing the Ti content from 0.05 to 0.07 wt% (Fig. 3 and Fig. 4), the for-

mation of Ti2O3 starts already at higher temperatures during cooling and is 

much stronger. The Mn content also has a significant effect. In the system with-

out Mn (Fig. 5), the formation of Ti2O3 starts at much lower temperatures than 

in the system containing Mn. Based on the calculations of the systems with Mn, 

the ilmenite phase (Ti2O3) consists mainly of Ti2O3 (>93%) with the rest being 

mainly MnTiO3. The increase in Ti content increases the Ti/Al ratio from 10 to 

14 and the formation of Al2O3 is considerably reduced.  According to the equi-

librium calculations, the formations of Al2O3, TiC and TiN increase at lower tem-

peratures. This, however, is not very likely to take place in the experiments of 

this study as strongly as depicted in the thermodynamic calculations. The equi-

librium calculations are discussed more below in conjunction with the experi-

mental results.  
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Figure 3. Equilibrium calculation of 1.35 wt% Mn - 0.2 wt% Si - 0.15 wt% C - 0.05 wt% Ti - 50 
ppm Al - 30 ppm O - 40 ppm N - 20 ppm S – balance Fe system between 1600  and 1200°C. 

 

Figure 4. Equilibrium calculation of 1.35 wt% Mn - 0.2 wt% Si - 0.15 wt% C - 0.07 wt% Ti - 50 
ppm Al - 30 ppm O - 40 ppm N - 20 ppm S – balance Fe system between 1600 and 1200°C 
(Holappa and Kiviö, 2012). 
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Figure 5. Equilibrium calculation of 0.2 wt% Si - 0.15 wt% C - 0.07 wt% Ti - 50 ppm Al - 30 ppm 
O - 40 ppm N - 20 ppm S – balance Fe system between 1600 and 1200°C (Holappa and Kiviö, 
2012). 

Most of the titanium in the calculations is present in the liquid steel at higher 

temperatures and in the austenite (FCC) phase at lower temperatures. The FCC 

phase includes the titanium as dissolved [Ti]FCC and TiC and TiN precipitates. 

The distribution of titanium into different phases and dissolved titanium is not 

shown in the figures above but was represented in the reference article (Holappa 

and Kiviö, 2012). 

2.4.2 TiC systems 

Fig. 6 represents the equilibrium carbide formations in stainless steel 

containing Fe, Cr, Ni, Mn, Si, Ti and C and Fig. 7 those in stainless steel 

containing  Fe, Cr, Ni, Mo, Mn, Si, Ti and C in the temperature range of 1600-

800°C (Kiviö 2016). The composition of the stainless steel is based on the 

experiments described later in this study. Ti and C are included in the 

calculations as 5 vol% TiC at 1600°C. At this temperature TiC is fully 

decomposed and dissolved as [Ti] and [C] (Ti-LIQ and C_LIQ respectively). TiC 

formation starts below 1550°C. In both calculations, a complex carbide is 

formed at lower temperatures around 1100°C (Figs. 6-7) with and without Mo.  

In Fig. 6 the carbides are TiC and M23C6 type, consisting mainly of Cr20Fe3C6 

i.e. with some Fe and very little Ti. In Fig. 7 with Mo in the stainless steel the 

carbides are TiC and M23C6 type, consisting mainly of Cr20Mo3C6 i.e. with some 

Mo and very little Ti. The calculations did not show any nickel in the carbides. 
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Figure 6. Equilibrium calculation of 19 wt% Cr- 8.5 wt% Ni - 0.48 wt% Si - 0.95 wt% Mn – 5 wt% 
TiC– balance Fe system between 1600 and 800°C (Kiviö et al., 2016). 

 

Figure 7. Equilibrium calculation of 19 wt% Cr- 8.5 wt% Ni - 0.48 wt% Si - 0.95 wt% Mn – 5 wt% 
TiC– 0.8 wt% Mo - balance Fe system between 1600 and 800°C (Kiviö et al., 2016).



24 

3. Experimental 

The experimental part of this thesis consisted mainly of two types of 

experiments: the addition of Ti- and TiO2-containing particles into liquid low-

alloyed steel, and wetting experiments between TiO2 or TiC and iron-based 

materials. These experiments were chosen because they simulated actual 

conditions in production processes and provided important results about the 

interfacial phenomena. All parameters related to the experiments were 

recorded. Samples resulting from the experiments were analysed and evaluated 

using mainly scanning electron microscopy and energy-dispersive X-ray 

spectroscopy (SEM-EDS) but also wavelength-dispersive X-ray spectroscopy 

(SEM-WDS), optical emission spectroscopy (OES), combustion analysis and 

electron backscatter diffraction (EBSD) methods. The experiments and analysis 

methods are presented in the following chapters. 

3.1 Materials used in the experiments 

Both metallic Ti and TiO2 were added into a low-alloyed steel melt. They were 

added in different forms and in different amounts. TiC and TiO2 substrates were 

used in the wetting experiments with pure Fe, Fe alloys (Fe-X), low-alloyed steel 

and stainless steel. 

3.1.1 Low-alloyed steel, stainless steel and Fe alloys used in the experi-
ments 

Low-alloyed steel was used in the experiments with Ti/TiO2 additions and in the 

wetting experiments with TiO2. Pure Fe, Fe alloys and stainless steel (304) were 

used in the wetting experiments. The chemical compositions of the materials 

are presented in Table 1.  

Table 1. Chemical composition of the low-alloyed steel and stainless steel (304) in wt% and ppm. 

Material 
C Mn Si Cr Ni Mo Al Ti S N 

wt% ppm 

Low-al-
loyed steel 

0.11 1.46 0.22 0.65 - - 290 20 10 38 

Stainless 
steel 

 
0.008 

 
0.93 0.51 19.9 9.3 0.29 <170 - 300 181 

 

The Fe2O3 and carbon used in the Ti/TiO2 addition experiments were commer-

cial powders.  



  Experimental 
 

25 

The pure Fe used in the wetting experiments was electrolytic iron (99.95 wt%). 

The alloys used in the wetting experiments were the following: FeCr23, 

FeCr22.8, FeCr18.2, FeNi9.5, FeNi9, FeNi6.5, FeMo5.2, FeMo3.7 and FeMo3.5, 

where the number indicates the alloying element content in wt%. These 

represent typical alloying element contents in stainless steels. These alloys were 

made from electrolytic iron or iron powder (99.5 wt%) and commercial alloying 

element powders with a purity of 99.9. The alloys were melted in argon 

atmosphere, soaked and left to solidify (Heikkinen, 2009; Publication III). 

Small pieces suitable for the wetting experiments were cut from the solidified 

ingots.   

3.1.2 Ti and TiO2 materials added to low alloyed steel melt 

Metallic titanium was added as 5-30 mm sized FeTi flakes (72.6 % Ti, 2.7 % Al, 

and about 24 % Fe with some minor impurities) or as 10 mm thick Ti bar 

(99.999% Ti). 

The TiO2-containing materials were added either as pellets or cylinders. The 

approximately 10 mm sized pellets produced at Sintef Norway (Grong 2006) 

contained about 10 wt% TiO2 and 5 wt% Al2O3 with the rest being metallic Fe. 

The cylinders (10 wt% TiO2 and 90 wt% Fe) were prepared by mixing and com-

pressing chemically pure TiO2 (99.8 wt%) and carbonyl iron powders with min-

imum 99.5 wt% Fe (Publication I).  

3.1.3 TiC, TiCMo and TiO2 substrates for the wetting experiments 

The TiC substrates used for the wetting experiments were made of commercial 

stoichiometric TiC powder (1-3µm, H.C. Starck Standard 120 titanium carbide, 

≥ 19.2 wt% C)  or by igniting commercial Ti and C powder to form TiC powder 

(<32 µm) by SHS technique (Tiusanen et al., 2009). The TiCMo substrates were 

also prepared by the SHS technique by igniting Ti, C and Mo powders with 14 

wt% Mo. The Ti/C or Ti+Mo/C atomic ratio was 1 in both powders. The TiC and 

TiCMo powders were then spark plasma sintered (SPS) to form cylindrical sub-

strates with a density of 92-98 % (Publication III and IV). The TiO2 substrates 

used were commercial, 3 mm thick TiO2 sheets of 99.6% purity (TI603300 

Goodfellow). 

3.2 Addition of Ti and TiO2 to liquid steel 

Altogether seven experiments related to the addition of Ti and TiO2 to low 

alloyed steel were done at the Foundry Institute of Tampere University of 

Technology. The experiments were performed inside a furnace chamber in 

argon atmosphere including heating, melting, temperature measurement and 

control, sampling, additions and casting (Publication I). The experimental 

procedures are described in Table 2, the amounts of additives are presented in 

Table 3 and the exact addition, sampling and casting times are given in Table 4. 

The charge consisted of 29 kg of low-alloyed steel (Table 1) and 56 g Fe2O3 to 

decrease the Al content of the melt.  Carbon was added after meltdown to 
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increase the carbon content slightly. Metallic Ti was added first before the 

addition of TiO2 to deoxidize the steel and to modify the inclusions into Ti 

bearing ones. Then TiO2 was added to boost the number of Ti oxides in the steel. 

The Ti-containing additives were inserted with a special adding device which 

was submerged into the melt (Publication I). In experiments 3 and 4 TiO2 was 

added later in the mould during casting with a similar adding device. The FeTi 

flakes, Ti bar and TiO2-containing cylinders dissolved well when added to the 

melt. However, the TiO2 pellets did not disperse as desired.  Instead they floated 

on the top of the melt and became attached to the walls of the crucible. In the 

mould additions neither the pellets nor the cylinders dissolved completely 

because of the lower temperature and the short time before solidification. The 

melt samples were taken inside the furnace chamber with a small crucible 

through an air-tight hatch. The sample was immediately placed into water to 

quench it and retain the melt conditions (Publications I and II). 

Table 2.  Experimental procedures and approximate times (Publication I). 

Procedure 
Time Approx. 

min 

Start of heating in vacuum 0.3 to 0.4 Pa 0 

Atmosphere change to argon 700 mbar 30 
Charge completely molten 50-55 
Temperature check 52-57 

Melt sample 1 55-60 
Carbon addition 58-63 

Temperature check 61-66 
FeTi/Ti addition into the melt 64-69 

TiO2 addition into the melt (experiments 5-7) 67-72 

Melt sample 2 70-75 
Temperature check 73-78 

Casting (TiO2 mould additions only in experiments 3–4) ~80 

 

Table 3. Additions in the experiments (Publication I). 

Experiment 
Ti as 
FeTi 
(g) 

Ti as 
bar 
(g) 

TiO2 
pellets 

(g) 

TiO2 
cylinders 

(g) 

Location of TiO2 addition 

In the crucible In the mould 

1 27.6 -     

2 21.8 -     

3 - 20 4.75   x 

4 - 20  5.0  x 

5 - 20  5.0 x  

6 - 20 4.75  x  

7 - 28  9.86 x  

 

Table 4. Additions, sampling and casting times (Publication I). 

Experiment 
FeTi/Ti 

Addition 
(min) 

TiO2 
Addition 

(min) 

Melt 2 
Sample 
(min) 

Start of 
casting 
(min) 

1 69 - 72 79 

2 64 - 66 75 

3 68 80 71 80 

4 66 83 69 83 

5 70 73 75 79 

6 65 68 71 75 

7 70 73 76 81 
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The target temperature for casting was 1570°C. The molten steel was cast into 

two ingots and the size of the moulds was the same in all experiments. The 

cooling of the ingot during casting was measured in experiment 7 (Publication 

I). The ingot samples were cut from the lower part of the ingot after removing 

an approximately 40-mm-long piece from the bottom and by cutting the sample 

from the middle of the cross section (Publications I and II). 

3.3 Wetting experiments between titanium-containing materials 
and liquid Fe alloys or steel 

The wetting experiments were done to determine the contact angle indicative of 

wetting, to study the interface and other particles and phases found in the 

system. 

In all the wetting experiments the contact angle during the experiment was 

recorded by taking pictures of the specimens. The contact angle was measured 

from both sides of the droplet and calculated from the images using Image J 

software.  

3.3.1 TiC wetting experiments 

All the substrates were ground, polished and washed before each experiment to 

make sure the surface was flat and free of any debris. The TiC substrate was 

replaced by TiCMo in 3 experiments to study the effect of Mo addition into the 

substrate. Two types of wetting experiments with TiC were performed. Type A 

experiments were normal sessile drop experiments and type B were experi-

ments with separate heating of the substrate and the metal. A summary of the 

TiC and TiCMo wetting experiments is presented in Table 5. 

Table 5. Summary of the TiC and TiCMo wetting experiments (Publications III and IV). 

Experiment 
Abbreviation 

Metal 
(alloy 
wt%) 

Sub-
strate 

Substrate 
Density 

% 

Holding 

No Type 
Time 
(min) 

Temp. 
(°C) 

1 A Fe-TiC A Fe TiC 98 30 1550 

2 A FeCr22.8 A FeCr22.8 TiC 98 30 1550 

3 A FeCr18.2 A FeCr18.2 TiC 98 15 1550 

4 A FeNi9.5 A FeNi9.5 TiC 98 15 1550 

5 A FeNi6.5 A FeNi6.5 TiC 98 15 1550 

6 A FeMo5.2 A FeMo5.2 TiC 98 15 1550 

7 A FeMo3.7 A FeMo3.7 TiC 98 15 1550 

8 B Fe-TiC B Fe TiC 98 10 1550 

9 B Fe-TiC B5 Fe TiC 98 5 1550 

10 B Fe-TiC B3 Fe TiC 92 3 1550 

11 B FeCr23 B FeCr23 TiC 98 10 1550 

12 B FeNi9 B FeNi9 TiC 98 10 1550 

13 B FeMo3.5 B FeMo3.5 TiC 98 10 1550 

14 B 304-TiC B 304 TiC 92 10 1550 

15 B Fe-TiCMo B Fe TiCMo 92 10 1550 

16 B Fe-TiCMo B3 Fe TiCMo 92 3 1550 

17 B 304-TiCMo B 304 TiCMo 92 10 1550 

 

Sessile drop experiments (Type A) 

These experiments were done as part of a Master’s thesis at Helsinki University 

of Technology (Heikkinen, 2009). 



Experimental 

28 

The substrate with a metal piece (to form the droplet) on the top were heated 

together in an Ar-1%H2 atmosphere. The specimens were kept in the midway of 

the furnace until the hottest part of the furnace had reached about 1430°C. At 

that point, the specimens were moved slowly to the hottest part of the furnace 

to heat them up to the holding temperature. In the midway, the temperature 

reached a maximum of 727°C. This was done to minimize the reactions between 

the substrate and the metal during heating. To summarize, the specimen was 

heated to 727°C at a rate of 4.17°C/min and from 727°C up to the experiment 

holding temperature at 50°C/min. 

The time when the metal had completely melted down and formed a droplet 

was the starting point (t=0) of the contact angle measurement. The holding time 

was 15 or 30 min. After the holding period the specimen was moved to the cooler 

end of the furnace to 800°C and left to solidify. Then the specimen was cooled 

down to room temperature at a rate of 4.17°C/min.  

Wetting experiments with separate heating of the substrate and the metal 
(Type B) 

Type B wetting experiments were performed at Osaka University, Japan (Pub-

lications III and IV). 

In type B experiments, only the substrate was placed inside the furnace and 

the metal piece to be melted was kept outside the furnace. An alumina tube was 

placed inside the furnace through an air-tight lid and a rubber tube with the 

metal piece inside was attached to the other end of the alumina tube. The head 

of the alumina tube was placed on top of the substrate inside the furnace. The 

atmosphere inside the furnace was Ar-10%H2 and the oxygen content around 

30 ppm. The furnace with the substrate was heated up to 300°C at a rate of 

13.8°C/min, from 300-800°C at 12.5°C/min, from 800-1400°C at 8.6°C/min 

and from 1400-1550°C at 7.5°C/min.  

When the furnace had reached the holding temperature of 155o°C, the metal 

piece was dropped from the rubber tube to the lower end of the alumina tube. 

The metal piece was then inside the alumina tube, which was placed on top of 

the substrate. There, the metal piece melted in 1-2 minutes and fell from the 

tube on top of the substrate, forming a droplet. In these experiments the starting 

point (t=0) for the contact angle measurement was the point when the metal 

droplet fell onto the substrate. The holding times were 3, 5 and 10 minutes de-

pending on the experiment. 10 minutes was the normal holding time and 3/5 

minutes were chosen to study the dissolution of the substrate and infiltration of 

the melt. After holding, the furnace was cooled down rapidly to 1400°C at 

50°C/min to avoid reactions during solidification, and then down to room tem-

perature at 9.8°C/min. 

In these experiments, reactions between the substrate and the metal were 

avoided during heating and the test resembled actual casting conditions more 

closely than type A. 
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3.3.2 TiO2 wetting experiments 

The TiO2 wetting experiments were performed at Osaka University, Japan. The 

TiO2 wetting experiments were similar to normal sessile drop experiments of 

type A. Both the substrate and the metal were placed inside a furnace. The 

atmosphere inside the furnace was changed to Ar-10%H2. The furnace was 

heated up to 1550°C according to the same settings as in the type B wetting 

experiments. The holding time at 1550°C was 30 min. The furnace was allowed 

to cool down at a rate of 9.8°C/min. Three experiments are represented in Table 

6.   

Table 6. Wetting experiments between TiO2 and pure Fe or steel. 

Experiment 
Abbreviation 

Metal 
(alloy 
wt%) 

Sub-
strate 

Holding 

No Type 
Time 
(min) 

Temp. 
(°C) 

1 A Fe-TiO2 A Fe TiO2 30 1550 

2 A Steel-TiO2 A Steel TiO2 30 1550 

3 A SteelTi-TiO2 A Steel+Ti TiO2 30 1550 

 

The steel referred to in Table 6 is listed in Table 1 as low-alloyed steel. Steel+Ti 

is the same low-alloyed steel with 0.074 wt% titanium. The cross sections of the 

samples from the wetting experiments were studied by SEM-EDS and WDS. 

3.4 Analysis of the samples 

3.4.1 Chemical analysis 

The chemical composition was analysed for all samples from the experiments 

using low-alloyed steel and additions of Ti/TiO2. The chemical analyses were 

mostly performed using optical emission spectroscopy. Oxygen and nitrogen 

contents were analysed by combustion analysis. All chemical analyses were 

carried at an external laboratory.  

3.4.2 Scanning electron microscopy, energy-/wavelength-dispersive X-
ray spectroscopy (SEM-EDS/WDS) and electron backscatter diffrac-
tion (SEM-EBSD) 

All samples from each experiment were studied with a scanning electron micro-

scope (SEM) and by microanalysis. Before the SEM study the samples were 

mounted, ground and polished up to 1μm. The SEM used was a LEO SEM 1450. 

The microanalyses were done by energy- (EDS) and wavelength-dispersive 

(WDS) X-ray spectroscopy (Oxford Instruments) and using INCA software ver-

sion 17b (Oxford Instruments). Wave dispersion was only used for studying the 

samples from the TiO2 wetting experiments. An accelerating voltage of 12 keV 

was used in the study of low-alloyed samples and 15keV in the study of wetting 

experiment samples. It should be mentioned that the detection limit for EDS is 

approximately 0.1 wt% and content below 1 wt% should not be considered ac-

curate. 

In addition, INCA Feature, which is a part of the INCA software, was used for 

the TiO2 inclusion study of low-alloyed steel. It automatically finds and analyses 
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the inclusions (features) in a predetermined area according to predetermined 

criteria. In this work the size of the predetermined area was 1mm2, the resolu-

tion 2048x2048 and magnification 2000x. Inclusions smaller than 150nm (2 

pixels) were omitted from the analysis due to the fact that the uncertainty in the 

microanalysis was too high.  

Two samples from the experiments with TiO2 additions into low-alloyed steel 

were chosen for SEM-EBSD (Oxford Instruments Nordlys F+ camera and Chan-

nel 5 software) studies to determine the type of TiOx inclusions (Publication II). 
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4. Summary of the results 

4.1 Experiments with Ti and TiO2 additions into low-alloyed steel 

4.1.1 Chemical composition 

Table 7 represents the chemical composition analyses by OES and combustion 

analysis of all samples from the Ti/TiO2 experiments. The first number refers to 

the experiment number and the letter m and i to melt (m1 and m2) and ingot (i1 

and i2) respectively (Table 2).  

Table 7. Chemical composition of all samples from Ti/TiO2 addition experiments (Publication I). 

Sample 
C Mn Si Cr Ti Al Otot Ntot S 

wt% ppm 

1 m1 0.1 1.41 0.21 0.65 0.005 60 55 30 13 

1 m2 0.14 1.4 0.21 0.64 0.085 80 21 42 15 

1 i1 0.15 1.41 0.21 0.64 0.074 70 19 49 15 

1 i2 0.15 1.42 0.22 0.64 0.074 70 18 51 12 

2 m1 0.09 1.39 0.21 0.65 0.009 50 42 27 22 

2 m2 0.16 1.39 0.22 0.64 0.069 60 25 36 25 

2 i1 0.16 1.41 0.22 0.64 0.053 60 21 51 27 

2 i2 0.16 1.4 0.22 0.63 0.05 60 21 53 18 

3 m2 0.16 1.35 0.19 0.63 0.057 50 29 34 20 

3 i1 0.16 1.35 0.19 0.63 0.039 50 31 46 19 

3 i2 0.16 1.35 0.19 0.63 0.038 50 35 51 20 

4 m1 0.09 1.35 0.19 0.63 0.004 50 25 28 15 

4 m2 0.17 1.37 0.2 0.64 0.062 40 19 41 20 

4 i1 0.16 1.35 0.2 0.63 0.041 60 41 74 21 

4 i2 0.16 1.35 0.2 0.63 0.04 60 40 83 21 

5 m1 0.1 1.36 0.19 0.64 0.005 60 40 31 16 

5 m2 0.17 1.35 0.19 0.63 0.049 50 33 44 20 

5 i1 0.16 1.35 0.2 0.63 0.039 50 36 53 19 

6 m1 0.1 1.35 0.19 0.63 0.006 60 32 31 13 

6 m2 0.16 1.35 0.19 0.63 0.047 50 24 45 20 

6 i1 0.16 1.36 0.2 0.63 0.038 50 31 50 19 

6 i2 0.16 1.37 0.2 0.63 0.036 50 30 60 20 

7 m1 0.1 1.34 0.19 0.63 0.005 50 39 30 13 

7 m2 0.16 1.34 0.2 0.63 0.07 60 37 46 17 

7 i1 0.16 1.35 0.2 0.63 0.057 60 30 57 17 

7 i2 0.15 1.34 0.2 0.63 0.053 50 26 66 17 

 

The Ti contents are highest in the m2 samples, because the samples were taken 

immediately after the addition of Ti and TiO2. The overall yield for Ti additions 

was 55-75%. In experiments 3 and 6, as well as 4 and 5, the same amounts of Ti 

and TiO2 were added but at different stages of the experiments.  In experiments 

3 and 6 TiO2 was added as pellets and in 4 and 5 as cylinders. Even though in 

experiments 3 and 4 the TiO2 was added later during casting the final Ti content 

in the ingot is not much higher. In other words, the yield is nearly the same. This 
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will, however, be discussed later in more detail in conjunction with the number 

and size of TiOx inclusions.  The Al content was decreased down to about 50ppm 

in the experiments with TiO2 additions.  

4.1.2 Inclusion analysis 

Several types of inclusions were found in the samples. Inclusions containing 

titanium were divided into TiN-dominant and TiOx-dominant inclusions. This 

study concentrates on TiOx inclusions, but the presence of TiN inclusions cannot 

be avoided under these conditions. Ingots from experiment 1 and 2 had the 

lowest number of TiOx inclusions, whereas ingots from experiments 3 and 4 had 

the highest. Addition of Ti+TiO2 instead of Ti alone seems to increase the 

number of TiOx inclusions. The later the TiO2 was added, the more TiOx 

inclusions and the more Ti-containing inclusions found in the ingots. Especially 

in experiment 4, addition into the mould created significantly more TiOx 

inclusions (Publication I).  

The size of the inclusions was evaluated from the INCA Feature results (width 

and length) (Publication I). The biggest TiOx inclusions were found in the ingots 

from experiment 1 and the smallest in experiments 3 and 4. The earlier the in-

clusions were added, the more time they had to grow in the melt. The size dis-

tribution of the inclusions in experiments 4 and 7 corresponded well with the 

size distribution of the TiO2 powder used for the additives, suggesting successful 

addition. 

The percentage of manganese and aluminium-containing TiOx inclusions was 

also studied (Publication I). Most of the TiOx inclusions (>74%) from experi-

ments 3-7 contained Mn. The percentage of Al-containing TiOx inclusions in-

creased significantly between the melt 2 and the ingot samples in experiments 

3-7. The average Al content in the TiOx inclusions was 0.5-2.2 wt% (melt 2 sam-

ples) and 1.7-3.3 wt% (ingot samples) for experiments 3 and 5-7. Experiments 

1, 2 and 4 had a higher (8.7-10.9 wt%) average Al content. Experiment 4 had the 

lowest Ti/Al ratio of the ingot samples and also the lowest Ti/Al ratio in the TiOx 

inclusions (Table 8). The Ti/Al ratios of the steel in both the melt and ingot sam-

ples as well as the Ti/Al ratios of the inclusions in the melt and ingot samples 

are listed in Table 8. The Ti/Al ratio in the melt and ingot samples were calcu-

lated from the OES results in Table 7 as an average. The Ti/Al ratios of the in-

clusions were calculated from the SEM-EDS results of the inclusions as an av-

erage. 

Table 8. Ti/Al ratios of melt and ingot samples and Ti/Al of TiOx inclusions in melt and ingot sam-
ples 

Experiment 
Ti/Al 

in melt 
sample 

Ti/Al 
in TiOx inclusions 

in melt sample 

Ti/Al 
in ingot sam-

ples 

Ti/Al 
in TiOx inclusions 
in ingot sample 

1 10.6 11.8 10.5 4.9 

2 11.5 6.4 8.6 3.8 

3 11.4 50.5 7.7 14.0 

4 15.5 56.3 6.8 4.6 

5 9.8 43.6 7.8 19.8 

6 9.4 24.6 7.4 29.7 

7 11.7 55.7 10.1 24.5 
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The Ti/Al ratios are higher in the melt samples and in the TiOx inclusions in the 

melt samples compared to the ingot samples. The Ti/Al ratios of the steel show 

some variation between the experiments. In contrast, the inclusions have much 

more variation in terms of the Ti/Al ratio in both melt and ingot samples. The 

results are discussed in more detail in the discussion section of this thesis. 

Based on the SEM-EDS studies using INCA Feature, the inclusions were di-

vided into four types. The inclusion types found in the ingot samples are pre-

sented in Fig. 8. Many inclusions contained both Mn and Al. For this reason, 

some inclusions are present in two groups in Fig. 8, resulting in total percent-

ages higher than 100%. For example, an inclusion containing Mn + S and some 

Al was found in both TiOx+Mn(O,S) and TiOx+Al2O3. The average composition 

of the TiOx+MnO inclusions is presented in Fig. 9.  

 

Figure 8. Different inclusions groups in ingot samples (Publication II). 

 

Figure 9. Average composition of TiOx+MnO inclusions in ingot samples (Publication II). 

Examples of the four different inclusions types are presented in Figs. 10-15. It 

should be noted that elements such as Fe, Cr, Mg and C in the analyses originate 

from the surrounding steel matrix and crucible material (Mg). Light elements 

such as O, C, N and S cannot be analysed precisely by SEM-EDS. The presence 

of carbon in some of the inclusion analyses could mean that some inclusions 

also contain carbides. Small amounts of carbon could also be due to 
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contamination. Figure 13 is taken from the melt sample (before any addition of 

TiO2) and the rest of the inclusion examples are from the ingot samples.  

 

 

Figure 10. Example of a TiN+TiOx inclusion with Al (18.3 wt% N, 19.4 wt% O, 8.6 wt% Al, 48.4 
wt% Ti and 5.3 wt% Fe) in experiment 1 ingot sample. 

 

Figure 11. Example of a Ti-Al oxide inclusion with MnS (27.9 wt% O, 10.5 wt% Al, 2.5 wt% S, 
28.5 wt% Ti, 4.5 wt% Mn and 5.3 wt% Fe) in experiment 2 ingot sample. 

 

Figure 12. TiOx+Mn inclusion (30.1 wt% O, 0.4 wt% Al, 0.2 wt% S, 36.9 wt% Ti, 6.6 wt% Mn, 14.0 
wt% Fe, 9.2 wt% C, 0.2 % Mg, 0.3 wt% Si, 0.3 wt% Ca and 1.8 wt% Cr) in experiment 3 ingot 
sample. 
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Figure 13. TiN+TiOx inclusion (left with 12.9 wt% N, 7.0 wt% O, 76.3 wt% Ti, 2.4 wt% Fe and 1.4 
wt% C) and TiOx+MnS inclusion (right 20.4 wt% O, 0.3 wt% Al, 2.9 wt% S, 6.4 wt% Mn, 41.1 wt% 
Ti, 27.5 wt% Fe, 0.4 wt% Mg and 0.9 wt% C) in experiment 4 melt sample. 

 

Figure 14. TiOx+Mn inclusion (30.2 wt% O, 0.4 wt% Al, 48.1 wt% Ti, 7.6 wt% Mn, 12.2 wt% Fe, 
0.6 wt% C, 0.3 % Mg and 0.6 wt% Cr) in experiment 4 ingot sample. 

 

Figure 15. Example of a TiOx+Mn inclusion (32.7 wt% O, 1.3 wt% Al, 51.1 wt% Ti, 4.9 wt% Mn, 
7.6 wt% Fe, 1.2 wt% C, 0.7 wt% Mg and 0.6 wt% Cr) in experiment 7 ingot sample. 

Experiments 3-7 with addition of TiO2 contained far more TiOx+MnO inclu-

sions. As a result of this, the absolute amount of Mn found in the inclusions was 
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also higher in experiments with TiO2 addition. Al was found in many TiOx inclu-

sions as well, but the amounts were small. Most of the inclusions contained Mn 

and/or Al, but TiOx was clearly the main phase in the inclusions. 

The Mn/S ratios in the inclusions were also compared. The results indicated 

that, in the TiOx +Mn(O, S) inclusions, Mn was present as both sulphide and 

oxide. This would mean that at least 75% (Fig. 8) of the inclusions in experi-

ments 3-7 contained Mn as oxide, either pure MnO or complex Ti-Mn oxides. 

In experiments 1 and 2, they accounted for approx. 30% and 50%, respectively.  

Altogether five inclusions from the experiment 4 ingot sample and experiment 

5 melt samples were studied by SEM-EBSD (Publication II). Only Ti2O3 was 

found in both ingot and melt samples and there was no TiO2 or Ti3O5. The ab-

sence of Ti3O5 in the melt samples could be explained by the fact that the cooling 

of the melt sample was too slow. 

The titanium oxide inclusions found in the experiments were compared with 

inclusions found in industrial samples (Holappa and Kiviö, 2012). The inclu-

sions in the industrial samples contained much more Al, with Al2O3 being the 

main phase in the inclusions. The Ti/Al ratio in the industrial samples was 7-8 

and the Al content approx. 0.02 wt%. In the experiments carried out in this 

study, the ratio was 7-10 and the absolute Al content much lower. In addition, 

the Mn content of the inclusions in the industrial samples was lower, even 

though the Mn content of the steel was higher. The higher titanium oxide con-

tent of the inclusions resulted in a higher Mn content as well. 

4.1.3 TiO2 wetting experiments 

The results concerning wetting and contact angles were published in the 

research project report (Andersson et al., 2011). The wetting between TiO2 

substrate and the different melts was poor with a contact angle of 100° for pure 

Fe and 85-90° for the two different steels. The most interesting results were 

found during the SEM-EDS and WDS studies of the samples after the wetting 

experiments. 

The SEM-EDS analysis of the Fe-TiO2 experiment did not reveal any signifi-

cant findings. Very small amounts of Fe were found at the interface in the TiO2 

substrate. The origin cannot be confirmed on the basis of SEM-EDS analyses. 

The analyses of the experiments with steel revealed some interesting results. 

The low-alloyed steel contained 1.5 wt% Mn, but no trace of Mn was found in 

the steel droplets in the SEM-EDS analyses (Fig. 16). In contrast, the substrate 

contained up to 4.4 wt% Mn in the vicinity of the droplet (Fig. 17). Not even the 

steel droplets found inside the substrate contained any Mn (Fig. 18). Thus, all 

the Mn from the steel must have been absorbed into the TiOx substrate. Alumin-

ium was not found in any of the analyses despite the fact that there was some Al 

contained in the steel. The EDS analyses for each spectrum are presented in Ta-

ble 9. 
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Figure 16. SEM-BSE image of the steel droplet (light) and substrate (dark) interface. 

 

Figure 17. SEM-BSE image of the steel droplet (light) and substrate (dark) interface. 

 

Figure 18. SEM-BSE image of the steel droplet (light) inside the substrate (dark). 
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Table 9. EDS analyses of the droplet, TiO2 substrate and small steel droplet inside the substrate 
in wt%. 

Spectrum O Ti Cr Mn Fe 

Fig. 16 - - 0.5 - 99.9 

Fig. 17 41.2 47.6 2.3 4.4 4.5 

Fig. 18 - 1.0 0.4 - 85.7 

 

The TiO2 substrate sheets were white before the wetting experiments, which is 

a typical colour for TiO2. After the experiments, the colour of the substrate 

sheets had turned to blueish and brownish. The change in colour suggested that 

a reduction of TiO2 might have taken place during the experiment. SEM-WDS 

was used to analyse the TiO2 substrate after the wetting experiments in the Fe-

TiO2 sample. The Ti and O contents were analysed to verify which titanium ox-

ide the reduced substrate was. Some of the results are presented in Table 10 as 

at% with the SEM-BSE image presented in Fig.19. 

Table 10. WDS and EDS analyses of the TiO2 substrate after wetting experiments in at%. 

Spectrum O Ti V Fe 

1 61.0 33.7 0.3 5.1 

3 59.1 35.7 0.2 5.0 

4 66.1 32.9 0.2 0.8 

5 62.9 36.0 0.3 0.9 

6 65.2 33.8 0.2 0.7 

 

 

Figure 19. SEM-BSE image of TiO2 substrate after the experiment. 

Ti and O were analysed by WDS and the rest by EDS. TiO2 (rutile) and pure Ti 

were used as standards for the analyses. The origin of the vanadium remained 

unknown and iron came from the droplet material.  The results indicate that the 

TiO2 had been reduced partly to Ti2O3 (lighter phase), leaving some darker TiO2 

and possibly some Ti3O5. The lighter phase can be seen next to the pure Fe drop-

let.  
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These results strongly suggested that a Ti2O3 substrate was formed at the in-

terface of the TiO2 substrate and the metal droplet, and absorbing Mn from the 

steel causing the steel to be Mn depleted. 

4.2 TiC wetting experimets 

4.2.1 Contact angles 

The contact angles discussed here are an average of the values from both sides 

of the substrate. The values did not differ significantly between different sides. 

The measured contact angles from all the experiments are presented in Figures 

20-24. 

Chromium did not have any significant effect on the wetting in type A experi-

ments but in type B experiments Cr decreased the wetting somewhat. Ni in-

creased the initial contact angle but decreased the minimum contact angles in 

type A experiments. Ni increased the initial contact angle in type B experiments 

as well, but did not have any significant effect on the minimum angles. Molyb-

denum alloying decreased the lowest contact angles in type A experiments, but 

increased them slightly in type B experiments. The replacement of TiC substrate 

with TiCMo substrate decreased the contact angle slightly in both pure Fe and 

304 experiments. Using stainless steel instead of pure Fe did not have any sig-

nificant effect on wetting. 

 

 

Figure 20. Measured contact angles for type A experiments with Cr an Ni alloying (modified from 
Publication III). 
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Figure 21. Measured contact angles for type B experiments with Cr an Ni alloying (Publication 
III). 

 

Figure 22. Measured contact angles for type A experiments with Mo alloying (modified from 
Publication IV). 
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Figure 23. Measured contact angles for type B experiments with Mo alloying (Publication IV). 

 

Figure 24. Measured contact angles for type B experiments with stainless steel (modified from 
Publication IV). 

The increase in the contact angles towards the end of the holding periods is due 

to the appearance of TiC at the surface of the droplet followed by solidification 

of the surface. This was also observed by the very uneven and rough surface ap-

pearance of the samples after the experiments (Fig. 25). Figure 25 summarizes 

the droplet behaviour during the holding in type B experiments. Only type B 

experiments are presented in Fig. 25, but samples in type A experiments be-

haved the same way. The behaviour was even more marked as a result of the 

longer holding period. Solidification of the surface was not observed in the ex-

periments with short holding times. Droplets alloyed with Ni and Mo were in 

the liquid state and no solidified surface was clearly observed at the end of the 

holding period. However, during cooling the surface of the droplet also gained 

a rough appearance as well, although slightly less rough. 
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Experiment 
Type B 

           0min                     2min                     6min                      9min After 
Experiment 

Fe 
- 
TiC 

  
FeCr23 
- 
TiC 
 

 
 

FeNi9 
- 
TiC 
 

 
 

FeMo3.5 
- 
TiC 

 
 

304 
- 
TiC 

 
 

Fe 
- 
TiCMo 

 

 
304 
- 
TiCMo 

 
 

Figure 25. Droplets from type B experiments at different times (0, 2, 6 and 9 min) after start of 
holding period: on the right the substrate and solidified droplet at room temperature after the 
experiment (Kiviö et al., 2016). 

In general, the wetting was good with low contact angles in all experiments. The 

wetting behaviour in the different experiment types did not exhibit any major 

differences and the alloying had only minor effects on wetting.  

Interface and penetration zone in the substrate 

During the wetting experiments the melt penetrated the substrate strongly 

along the grain boundaries. Also, a high degree of interface roughness was ob-

served in all the experiments. The penetration depths were calculated from the 

SEM-BSE images (Publications III and IV). In general, the penetration depths 

were greater in type A experiments due to the different experimental setup. Al-

loying increased the penetration: Ni having the strongest effect followed by Cr 

and Mo. In type B experiments, stainless steel had the shallowest penetration 

depths. The melt penetrated into the TiC substrate more than into the TiCMo 
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substrate. The shallowest penetrations could also be explained by the slightly 

different substrates (Table 5). The effect of holding time on the penetration 

depth could be seen from type B experiments with pure Fe and different holding 

times (experiments 9-11). The penetration depth decreased with shorter holding 

times. However, the dissolution of the substrate was very strong even in these 

experiments. 

4.2.2 SEM study of the wetting experiment samples 

A typical SEM-BSE image of the interface of the wetting experiment samples is 

presented in Figure 26. The dark are on the left is the substrate, next right from 

the substrate is the penetration zone, and the light phase on the right is the alloy 

droplet. The alloy droplet contains a lot of TiC particles having different shapes 

and sizes. Average SEM-EDS analyses of the wetting experiment samples for 

type B experiments are presented in Table 11. The results were first presented 

in Publications III and IV. 

 

 

Figure 26. SEM-BSE image of the interface in experiment FeMo3.5 B. 

The numbers (1-4) in Figure 26 refer to the substrate (1), TiC particles inside the 

alloy droplet (2), the alloy phase in the penetration zone (3) and the alloy droplet 

(4) in Table 11. As an example, in the FeCr23 B experiment the substrate (1) 

contained 0-2.2 wt% Fe, 75-81 wt% Ti and 0.6 wt% Cr.  As a second example, in 

the FeMo3.5 B experiment the alloy phase in the penetration zone contained 

0.9-2.8 wt% Ti, no Mo and of course Fe. The Fe content of the alloy is not in-

cluded in Table 11. 
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Table 11. Average SEM-EDS analyses (wt%) of the substrate and alloy at the penetration zone 
and in the droplet (Kiviö et al., 2016). 

Experiment 
Substrate 

 
Fe 

Contents in: Substrate / TiC particles inside Alloy Droplet/ Alloy 
Phase in Penetration Zone / Alloy Droplet 

Ti Cr/Ni/Mo 

Fe-TiC B 0-1.4 75-81/81/0.8-3.5/0-1 0 

FeCr23 B 0-2.2 74-77/ - /0.8-1.1 /0.3 Cr:  0.6/-/17.2-18/15.8 

FeNi9 B 0 73-75/73-74/1-2.8/0-0.3 Ni:  0/0/6.1-6.8/6.2-6.8 

FeMo3.5 B 0.3-4.4 72-81/62-82/0.9-2.8/0-3 Mo:  0-11/0-27/0/0 

304-TiC B 0-1 80-82/69-79/0.8-2/0-0.5 
Cr:  0-2/1-4/13-18/17-20 
Ni:  0/0/8.9-9.6/8.4-9.2 

Fe-TiCMo B 0-2.7 63-82/63-71/1.1-2.1/0-0.7 Mo:  0-12.1/0-12/0/0-0.6 

304-TiCMo 
B 

0-1.4 38-76/54-73/0.8-2/0-0.4 
Cr:  0-1.4/1-3.4/17-19/17-25 

Ni:  0/0/7.6-8.8/8.3-10.2 
Mo:  0-36/4.6-12.6/0/0 

 

The TiC found in the samples existed with different Ti and C contents. Also, the 

partly dissolved TiC and TiCMo substrates had varying Ti and C contents. Some 

Fe and also Cr had dissolved into the substrates and into the TiC particles found 

in the metal droplet. In experiments including Cr, a lot of (Cr,Fe)Cx carbides and 

some sigma phase were found in the alloy droplet and in the penetration zone 

as well. Ni was not found in the substrate or TiC particles at all. In many cases, 

some dissolved Ti was found in the alloy. The Ti content was lower in the alloy 

droplet than in the alloy phase at the interface. The carbon content in the alloy 

was discussed in Publications III and IV. However, carbon analysis by SEM-

EDS is unreliable. Nevertheless, dissolution of TiC in the alloy resulted in 

dissolved C in the alloy as well.  

Molybdenum was not present in the alloy at all (Table 11). Instead, it was 

found only in the TiC particles both in the substrate and in TiC particles on the 

droplet side. The Mo content in the TiC varied a lot and the (Ti,Mo)C particles 

found in the experiments were very diverse. Figure 27 represents the (Ti,Mo)C 

particles found at the interface.  
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Figure 27. SEM-BSE of TiCMo particles at interface in experiment 304-TiCMo B. 

In the lower left corner a particle with a lighter rim can be observed (1 in Fig. 

27). The Mo-rich parts appear lighter in the substrate particles and in the TiC 

particles found on the alloy side. In most of the (Ti,Mo)C particles the lighter 

phases are randomly distributed (2 in Fig. 27). Experiments including Mo and 

the (Ti,Mo)C particles were first discussed in Publication IV. Some particles 

with a lighter rim and some with a darker rim were found in experiment (13) 

FeMo3.5 B and in experiments with TiCMo. However, most of the particles were 

more of the random type with lighter parts in them. Lighter rim particles were 

mostly found in the type A experiments, because the FeMo alloy had more time 

to react with TiC. The darker rim indicates a lower Mo content on the surface of 

the particle. Due to the small size of the rim, it could not be analysed precisely 

in this study. In the TiCMo experiments, the Mo content of the TiC particles was 

lower than in the FeMo3.5 B experiments, but the number of Mo-containing TiC 

particles on the alloy droplet side was higher. In the 304-TiCMo B experiment, 

some Cr and Fe were found in the substrate and in the (Ti,Mo)C particles. Ni 

was found in the alloy only. 

TiC particle types 

Besides the substrate, three different types of particles could be found in the 

systems (Fig. 28): small and more spherical, bigger and more angular, and very 

thin, longish particles (Fig. 28). All types were found in each experiment but in 

different amounts. Type A experiments were quite similar when it comes to the 

amounts of the different types. The type A experiments contained a lot of big, 

angular particles. The type B experiments were different, and they contained 

only a few big particles. Fe-TiC B had a lot of small spherical particles but almost 

no thin and longish particles. FeCr23 B had mostly spherical and some thin and 
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longish particles. FeNi9 B had a lot of thin and longish particles. Of type B 

experiments, FeCr23 B had the highest number of big particles. The overall 

density of all kinds of particles was lower in the type B experiments. The 

experiments where Mo was involved had a large amount of spherical and 

longish particles.  

 

 

Figure 28. Examples of different particle types found in the alloy droplet in the TiC wetting exper-
iments (Publication IV). 
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5. Discussion 

5.1 Thermodynamic calculations and experimental results 

Thermodynamic calculations from the system equilibria in low-alloyed steel 

help to understand the experimental results of Ti/TiO2 addition. The differences 

can be explained by local conditions and kinetics. Titanium oxide dominant 

inclusions seem to be more stable rather than Al2O3, which was highlighted by 

the thermodynamic calculations. The inclusion distribution (especially in 

relation to the low Al content in the TiOx inclusions in Figs. 8 and 9) in 

experiments 3-7 deviates from the predominance diagram (Fig. 2). After the 

addition of the TiO2, the local titanium concentration in the melt is higher and 

the local equilibrium is in the predominance area of Ti3O5 or even of Ti2O3. 

There was not enough time available to reach the equilibrium inclusion 

composition, because the TiO2 was added sufficiently late (Publication I). In 

experiments with only the addition of metallic Ti, the equilibrium inclusion 

composition was more readily achievable, resulting in higher Al content in the 

TiOx inclusions. Similar phenomena have been observed in several studies 

immediately after Ti addition when the local Ti content was very high compared 

to Al (Wang et al., 2009/1; Pande et al., 2013). It has been concluded that the 

TiOx-containing inclusions would be formed as a result of the reduction of 

existing Al2O3 inclusions in Al-deoxidized steel with subsequent Ti addition. No 

increase in the number of inclusions after Ti addition was observed, which 

suggested that no new TiOx inclusions were formed (Wang et al., 2009/1). Ti 

and/or TiO2 should be added as late as possible to prevent the re-formation of 

Al2O3. The greater amount of Al-containing TiOx inclusions in the ingot samples 

indicated a partial transformation of TiOx inclusions to Al-containing TiOx 

inclusions over time after the addition of TiO2. 

On the basis of the thermodynamic calculations (Fig. 3-4) and the experi-

mental results, the TiO2 is first reduced to Ti3O5 in the melt, then later, during 

solidification, converted to Ti2O3. These spontaneous reactions release free ox-

ygen, which then further reacts with the titanium. Later these inclusions and the 

free oxygen most likely react with manganese, resulting in a higher number of 

TiOx+MnO inclusions, as observed in experiments 3-7. The addition of TiO2 re-

sults in more Mn-containing TiOx inclusions. During cooling at lower tempera-

tures (below 1350-1200°C depending on the Ti content), Ti2O3 tends to trans-

form partly to Al2O3 as predicted in Figs. 3 and 4. However, as a result of the low 

Al of the inclusions this happens only on a small scale due to slow kinetics. Many 
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of the inclusions in ingot samples, however, contain small amounts of Al (Pub-

lication I). The slower cooling rate of the ingot samples gave more time for the 

transformation to Al2O3, as shown in Fig. 3. Ingot samples from experiments 4 

had more Al-containing TiOx inclusions and a higher Al content than the other 

TiO2 experiments (Ti/Al ratio in TiOx inclusions in the ingot sample, Table 8). 

This could be explained by the fact that experiment 4 had the lowest Ti/Al ratio 

of ≈7.  In addition, experiment 4 had by far the longest time between addition 

of Ti and casting, which might have given the Al more time to react with the TiOx 

inclusions. Experiment 4 was the only experiment with a prolonged time be-

tween the addition of Ti and casting. The rest of the experiments had somewhat 

similar timings. Even though the Ti/Al ratios were too low in all of the experi-

ments, the late addition of TiO2 ensured that the inclusions were TiOx rich. The 

Ti/Al ratios of the steel were not consistent with the Ti/Al ratios of the inclusions 

due to the late addition and kinetics, which has been observed in another study 

(Li et al., 2018). 

Based on the thermodynamic calculations, a liquid oxide would be present in 

the melt at higher temperatures. This is supported by the inclusion studies from 

the experimental part as well as by earlier studies (Ruby-Meyer et al., 2000; 

Jung et al., 2009). In particular, Figure 14 and Figure 15 represent spherical 

inclusions, whose shape evidently originated from the liquid state. The compo-

sitions of the inclusion, especially the Al contents, differ from the slag composi-

tion in the thermodynamic calculations in this case also. The Al content is clearly 

lower, which could be due to local conditions as well. According to more recent 

studies (Kang and Lee, 2017; Kang and Jung, 2018) the liquid phase should be 

less stable in the experimental conditions of this thesis. Manganese was in-

cluded in most of the thermodynamic calculations. Based on the results manga-

nese is expanding the liquid oxide (slag) region. 

The thermodynamic calculations of TiC formation in a stainless steel system 

were in line with the results from the wetting experiments. Nickel does not react 

with carbides. On the other hand, chromium and molybdenum form carbides 

and react with the existing titanium carbides.  

5.2 Behaviour of manganese after TiO2 additions 

The smaller amount of Mn-containing inclusions and the lower Mn/S ratio in 

experiments 1 and 2 indicate that the addition of Ti leads to TiOx inclusions with 

less Ti-Mn oxides. Based on the difference between the inclusion types in 

experiments with Ti addition compared to the experiments with Ti+TiO2 

addition, it can be concluded that many of the TiOx inclusions originated from 

the addition of TiO2. The Mn content in the inclusions was much higher than 

indicated by the thermodynamic calculations (Holappa and Kiviö, 2012), which 

is most likely due to Mn reacting strongly with existing TiOx inclusions during 

cooling. Based on the thermodynamic studies and SEM-EBSD study, the TiOx 

inclusions can be shown to be Ti2O3. This is supported by other studies in which 

the final inclusion type in similar conditions was Ti2O3 with Mn (Byun et al., 

2003; Mu et al., 2014; Mu et al., 2016). 
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Ti2O3 was found in the SEM-WDS studies of the TiO2-Fe/steel wetting exper-

iment samples. These results suggest a reduction of the TiO2 substrate to Ti2O3 

at the interface. A similar observation about the reduction has been made in 

another study on Fe-TiO2 wetting (Xuan, 2016/1). The results of inclusion stud-

ies from the experiments with addition of TiO2 as well as the results of the steel-

TiO2 wetting experiments suggest a strong reaction between Ti2O3 and manga-

nese. It is clear from these wetting experiments as well that Ti2O3 strongly in-

teracts with the Mn from the surrounding matrix. Several other studies listed in 

the background described in chapter 2 have already presented similar results. 

Additionally, the transformation of Ti3O5 to Ti2O3 has been reported to enhance 

Mn absorption from the steel matrix (Kang and Lee, 2010). The findings from 

the inclusion study of industrial samples also indicated that inclusions richer in 

TiOx have a higher Mn content (Holappa and Kiviö, 2012). No other reaction 

products besides the Mn absorption and reduction of TiO2 were observed in the 

wetting experiments. 

5.3 Wetting experiments with TiC 

In order to have good bonding between the reinforcement particles and the 

substrate, good wettability is necessary. Good wetting results in good bonding 

between the reinforcement particles and the metal and in the desired 

distribution of particles. The contact angles measured in the TiC systems of this 

study were low indicating good wetting. Both the initial and the minimum 

contact angles measured are important. In this case, the initial contact angles 

were low in almost all of the experiments. Even in the experiments with 

somewhat higher initial contact angles the value dropped very quickly, and the 

minimum contact angle was low. Alloying did not have any significant effect on 

the wetting and the wetting behaviour was quite similar between type A and type 

B experiments. Mo and Ni alloying improved the wetting somewhat in type A 

experiments, whereas in type B experiments the effect of alloying elements was 

very small. The contact angle was decreased slightly by using a TiCMo substrate 

instead of TiC. Cr alloying did not affect the wetting significantly in type A 

experiments. In the type B experiments Cr alloying increased the contact angle 

somewhat. It should be noted that the solidification of the droplet surface was 

strong in the FeCr23 B. The experiments with stainless steel 304 showed similar 

contact angles as those with pure iron. The 304 had a low Mo content, but 

similar Ni and Cr contents as the alloys used in the other wetting experiments. 

It is likely that the Cr and Ni counteract the effects of each other. In almost all 

the wetting experiments the surface of the droplet solidified towards the end of 

the holding time and the surface became rough. This could be explained by the 

formation and transportation of TiC particles to the surface. Similar phenomena 

have been reported in another study as well (Liu and Fredriksson, 1997). 

The repeatability of the contact angles in the experiments was very good and 

the results are consistent with each other, especially among the different types 

of alloys used. Previous studies regarding the wetting between Fe/Fe-alloys and 

TiC have been somewhat inconsistent (Naidich, 1981; Panasyuk et al., 1981; 
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Panasyuk and Umanskii, 1987; Kiparisov et al., 1976; Kiparisov et al., 1979; 

Samsonov et al., 1972/2). Complete wetting (contact angle 0°) between TiC and 

NiMo melt has been reported (Hussainova, 2003). In contrast, the current the-

sis provides consistent and comprehensive results for the contact angles be-

tween Fe/Fe-alloys and TiC (and TiCMo), especially regarding alloying ele-

ments in stainless steel. The differences regarding wetting between type A and 

B experiments can be explained by the different experimental setup and the re-

actions during heating. 

In type A wetting experiments, the TiC substrate dissolved strongly into the 

metal already during heating. In general, dissolution of Ti and C results in good 

wetting (Parashivamurthy et al., 2008). The low Ti content of the metal indi-

cates a very strong formation of carbides, especially during cooling. The experi-

ments with FeNi showed the strongest penetration of the melt into the sub-

strate, the strongest dissolution of the substrate and strongest TiC appear-

ance/formation on the droplet side, and also the lowest contact angles. Similar 

observations have been made in an earlier study (Samsonov et al., 1972/2). The 

sudden drop in the initial contact angle values in the FeNi experiments is the 

result of fast and strong reactions between the melt and the substrate. However, 

dissolution of the substrate into the metal droplet and infiltration and dissolu-

tion of the melt into the substrate were observed in all experiments. The exper-

iments with 304 had strong penetration of the melt into the substrate as well. 

Most likely because the 304 had a similar nickel content. 304 was followed by 

FeCr and FeMo. Based on the results the penetration of the melt was somewhat 

stronger into the TiC than into the TiCMo substrate. In general, the alloying of 

the melt improves the penetration compared to pure Fe. The penetration depths 

were greater in experiments with longer holding times, but otherwise the disso-

lution of the substrate was very fast and quite strong carbide formation was ob-

served on the droplet side in all experiments. 

5.4 Formation of carbides 

The Fe-TiC (experiments 8-10) and Fe-TiCMo (experiments 15 and 16) experi-

ments were performed with varied holding times to observe the dissolution of 

the substrate. The penetration depths were smaller in the experiments with 

shorter holding times. Nevertheless, the extent of TiC formation on the droplet 

side was very similar, regardless of the holding time. These observations mean 

that the dissolution of the substrate was quite vigorous, resulting in strong car-

bide formation on the droplet side as well. 

Different types and shapes of particles were found in the samples from the TiC 

wetting experiments. Moreover, the origins and formation mechanisms of the 

particles were different. The TiC on the droplet side formed partly as a result of 

drifting from the substrate and partly from the dissolved Ti and C in the melt. 

Carbides can form on existing particles or as new particles (Terry and 

Chinyamakobvu, 1992/1; Terry and Chinyamakobvu, 1992/2). The number of 

larger particles was clearly higher in type A experiments. Due to the different 

setup, there was more time for substrate particles to drift to the alloy droplet 
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side. Based on the shape and size of the large angular particles on the droplet 

size, the particles had detached from the substrate surface. Some of the larger 

and angular particles might have been proeutectic TiC formed above 1500°C 

(Dogan et al., 2006), instead of drifted substrate particles. The TiC particles 

formed earlier had angular shapes and the TiC particles formed later were more 

spherical (Parashivamurthy et al., 2008). According to an earlier study (Dogan 

et al., 2006), eutectic TiC is formed around 1400°C, which explains the high 

number of the longish eutectic TiC even in the type B wetting experiments. The 

presence of the longish type TiC is not desirable (Liu and Fredriksson, 1997). 

The higher the cooling rate, the thinner and longer the TiC particles are, leading 

to fine TiC particles at high cooling rates (Dogan et al., 2006). The cooling rate 

has an effect on TiC particle types as well. An increased cooling rate results in 

smaller and finer particles (Dogan et al., 2006), which can be observed in the 

type B experiments with higher cooling rates which had more particles that were 

small and spherical, as well as longer TiC particles. 

The large angular particles are probably the first to appear. Proeutectic ferrite 

might also partly explain the solidified surface. Experiment 9 (Fe-TiC B) had the 

highest dissolved Ti content as well as the highest number of small spherical TiC 

particles in the metal phase. High supersaturation could lead to a large number 

of spherical TiC particles (Liu and Fredriksson, 1997). Great amounts of dis-

solved Ti and C have been found to lead to good dispersion of TiC in the melt 

(Parashivamurthy et al., 2009; Terry and Chinyamakobvu, 1992/2). Experi-

ment FeNi9 B had the highest number of longish eutectic and small spherical 

TiC particles, which could be related to the phenomenon of Ni acting as a dilu-

ent, preventing carbon diffusion and the growth of TiC (Jiang et al., 2005). 

Based on another study, addition of Ni could lead to a shape change of the TiC 

from angular to spherical (Jie-Cai et al., 2000), which could explain the low 

number of large angular TiC particles in the metal. 

In the Mo-containing systems, additional particle types can be found: pure 

TiC, TiC with a lighter rim rich in Mo, TiC with a darker rim depleted in Mo and 

(Ti,Mo)C particles with randomly distributed lighter phases. These types existed 

in all the different shapes listed in the previous section. The Ti and Mo contents 

in the particles were very diverse. The small spherical particles and longish par-

ticles in the Mo-containing systems were formed during solidification directly 

from the eutectic melt and partly by Mo reacting with existing TiC particles. Mo-

lybdenum reacted very strongly with the melt and particles because, based on 

the analyses, the alloy did not contain dissolved Mo. It seems that molybdenum 

partly replaced titanium in the TiC particles.  

Experiments with the FeMo alloy contained a great number of lighter rim 

particles. In contrast, experiments with TiCMo had only a few lighter rim 

particles. In particular, the TiC substrate particles at the interface had a lighter 

rim, although some particles were also found in the alloy droplet. It is most 

likely that molybdenum from the FeMo melt had reacted with the existing 

particles (especially the substrate), resulting in the lighter rim particles. This is 

in accordance with other studies (Qian and Lim, 1999; Andrén et al., 1994). The 

formation of TiC particles with Cr, Mo and Fe in TiC-reinforced steel has been 



Discussion 

52 

reported to occur due to the melt surrounding the TiC becoming poorer in Ti 

and thus resulting in a lighter rim phase enriched in Cr, Mo and Fe (Bourithis 

et al., 2003). The type A experiments with FeMo had plenty of lighter rim 

particles and the type B experiments less. This suggests that some of the 

reactions took place already during heating, but most likely the lighter rim 

particles were formed during solidification as the cooling rate was slower in the 

type A experiments. 

Experiments with the TiCMo substrate had a higher number of small and ho-

mogeneous (Ti,Mo)C particles and TiC particles with randomly distributed 

lighter Mo-rich phases. Some of the TiC particles with random lighter phases 

most likely originated from the TiCMo substrate. The more homogeneous 

(Ti,Mo)C particles were usually the small spherical or longish type. Particles 

with a darker rim were observed in all Mo-containing experiments. The darker 

rim indicates Mo depletion compared to the lighter core phase. However, the 

thin rim could not be analysed precisely.  

In general, the alloying elements affect the appearance of new phases in the 

TiC-Fe systems. If molybdenum is present in the system, it seems to react very 

strongly with TiC particles. All of the Mo reacts with the TiC or (Ti,Mo)C parti-

cles, resulting in the absence of Mo in the alloy phase. In contrast, if chromium 

is present in the system, small amounts of Cr can be found in most of the TiC 

and/or (Ti,Mo)C particles. Chromium also forms (Cr,Fe)Cx carbides, which can 

be detrimental to the properties of the materials. Chromium carbides were 

found in the penetration zone and in the vicinity of the TiC on the droplet side.  

The experiments with FeNi alloys did not contain any other phases besides TiC 

and FeNi, which means that no other reaction products were formed. Even the 

TiC particles or the substrate did not contain any Ni, which means that no nickel 

had dissolved into the TiC. 

The addition of titanium to stainless steel (stabilization) is a well-known 

practice to bond the carbon and prevent the formation of chromium carbides. 

In addition to the formation of titanium carbides, the formation of molybdenum 

carbides also reduces the formation of chromium carbides (Kuzucu et al., 1998; 

Pardo et al., 2007). Mo replaces Cr in the TiC and stabilizes the TiC in stainless 

steel (Pardo et al., 2007). This was, however, not the case in this study due to 

the formation of TiC with a carbon deficit and due to leaving extra carbon in the 

stainless steel. Based on a previous study (Jang et al., 2012), the carbon in the 

(Ti,Mo)C is partly replaced by vacancies resulting in an increased carbon 

content of the metal, which might be the cause of the high carbon content of the 

metal in this study. In addition, in Mo-containing stainless steels the passivity 

of the material might be reduced as a result of the Mo depletion due to the 

formation of (Ti,Mo)C. The TiC particles contained a lot of Cr because the 

dissolution of Cr into TiC is very strong at high temperatures (Booker et al., 

1997). The formation of a Fe,Cr-rich layer on the surface of the TiC particle has 

been found to improve the bonding between the particles and the metal 

(Pagounis and Lindroos, 1998). The formation of a more metallic layer could 

also improve wetting (Eustathopoulos and Coudurier, 1992). In the casting 

experiments related to this thesis (Tiusanen et al., 2009) strong chromium 
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carbide formation was observed around the TiC particles formed. This was most 

probably due to the same phenomena observed in this thesis: the carbon content 

in the vicinity of the TiC particle is decreased due to the formation of TiC with a 

carbon deficiency. The excess carbon in the metal around the particles reacts 

with the chromium from the stainless steel, leading to the formation of the 

detrimental chromium carbides. 

The differences regarding wetting and TiC particle types between the type A 

and B experiments can be explained by the different experimental setup and the 

reactions during heating in type A experiments. The similar outcome in type A 

experiments concerning the shape of the particles is most likely the result of the 

long interaction time between the substrate and the alloys: reactions during 

heating, the longer holding period and the smaller cooling rate. Conversely, type 

B experiments had fewer particles in general. The main differences between 

type A and B experiments are the deeper penetration zone, stronger dissolution 

and transportation of substrate particles and the higher particle density in type 

A experiments. Type B experiments resemble the real casting process more. 
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6. Conclusions 

The interfacial phenomena between Ti-containing oxide and carbide particles 

and liquid steel were the focus of this thesis. The results are useful in developing 

production processes for steels with improved mechanical properties by means 

of functional particles. The aim was to obtain information about the inclusions 

resulting from the addition of Ti and TiO2 into liquid steel and wetting, and the 

reactions between the Ti/TiO2 and steel. Another aim was to gain information 

about wetting and particle dissolution and formation during and after addition 

of TiC into liquid iron-based alloys or stainless steel. More detailed conclusions 

of the objectives of this thesis are presented in the following paragraphs. 

The formation of titanium-containing inclusions after the addition of Ti/TiO2 

is complex. According to thermodynamic calculations and experimental studies, 

a low Al content (≤50ppm) promotes the occurrence of TiOx-dominant inclu-

sions. Even if the Ti/Al ratio is low, the local equilibrium moves towards the 

Ti3O5 predominance area promoting TiOx-dominant inclusions when TiO2 par-

ticles are added into the steel melt. Even liquid oxide inclusions seem to exist to 

some extent. If the additions are made late enough there is not enough time for 

conversion to Al2O3-dominant inclusions. TiO2 is reduced to Ti3O5 in the melt 

and later during solidification to Ti2O3. During solidification the Ti2O3 inclu-

sions react with Mn, Al and/or S, leading to complex Ti2O3-rich inclusions with 

one or several of the following components: Al2O3, MnTiOx, AlTiOX, MnS and 

TiN. The contents of the other components in the TiOx inclusions remain much 

lower, with titanium oxide being the main component. Addition of TiO2 into liq-

uid steel increases the amount of titanium oxide dominant inclusions, leads to 

more Ti2O3+MnO inclusions and decreases their size. Late addition of TiO2 dur-

ing casting further promotes these phenomena. The results of the TiO2 wetting 

experiments supported the findings from the addition of TiO2, i.e. the Mn in 

steel strongly reacts with the existing titanium oxide. 

The wettability between TiC and different Fe alloys and stainless steel was 

good. The effect of alloying elements on wettability was minor and mostly posi-

tive. Good wettability between the reinforcement particles and the metal should 

ensure good bonding and a good distribution of the reinforcement particles in 

the melt. The difference between the two types of wetting experiments was due 

to the reactions between the substrate and metal during heating. This resulted 

in improved wetting by Ni and Mo alloying of the Fe. 

The good wettability was most probably ensured by the high reactiveness of 

the interface, especially the dissolution of the TiC into the melt. However, as a 
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result of the dissolution and subsequent precipitation, the TiC for-mation was 

very complex with different shapes and compositions. The TiC existed with var-

ious Ti/C ratios and the presence of other elements like Fe, Cr and Mo were 

either as dissolved or separate phases. TiC was found to have precipitated with 

carbon deficiency, which means that the use of a stoichiometric TiC as reinforce-

ment material may lead to too high a carbon content in the metal, which is es-

pecially detrimental to stainless steel such as 304. 

Nickel seemed to increase the dissolution of the TiC at the interface. The pres-

ence of nickel did not create any new reaction products at the interface. How-

ever, due to the increased dissolution of the substrate, the amount of film-like 

eutectic TiC was higher, which is undesirable in com-posite materials.  

The presence of Cr seemed to promote the formation of spherical TiC. In ad-

dition, Cr also dissolved into TiC which means that bonding should be improved 

due to the mutual dissolution. The mutual dissolution of the melt and substrate 

into each other should result in strong bonding between the metal and the rein-

forcement particles. This would be most advantageous without the formation of 

any new detrimental phases or reac-tion products. 

Molybdenum strongly affected the TiC particles formed in the steel. It created 

particles with core-rim structures, homogeneous (Ti,Mo)C particles and TiC 

particles with randomly distributed Mo-rich phases. A long reaction time be-

tween the alloy and the substrate resulted in more core-rim particles. Mo re-

acted very strongly in the systems, because no dissolved Mo was found in the 

alloy phase.  

Titanium-containing inclusions can exist in different sizes and shapes and 

with complex chemistries and multiple phases. Minor changes in the production 

process can change their appearance drastically. Some of these types are desir-

able in order to obtain improved mechanical properties while some are consid-

ered more harmful. The complexity of Ti-containing particles should be taken 

into account when utilizing Ti-containing particles to obtain desired mechanical 

properties and microstructures in steel. 

6.1 Further Studies 

The results of this thesis formed an important part of the research projects de-

scribed in chapter 1.1. The research project “Grain size control in steel by means 

of dispersed non-metallic inclusions (GRAINCONT)” was continued with a 

slightly different approach in “Nanoparticle addition into molten steel 

(NAMOS)” (Lintunen et al., 2017). In the light of the results and conclusions of 

this thesis and all the previous work done in other studies, the utilization of ti-

tanium oxide inclusions in steel has great potential for use in industrial 

steelmaking on a larger scale. It is very likely that it is already being used in 

certain applications. For example, TiC and other types of particles are used in 

matrix materials as reinforcement particles. However, adding TiC or Ti+C di-

rectly into molten material during casting needs a significant amount of re-

search to minimize or avoid detrimental effects. Nevertheless, the results of this 

thesis give a profound understanding of the phenomena, which is necessary for 
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the design and control of the steel manufacturing process (Kiviö et al., 2016). 

Some research topics are suggested in the following paragraphs. 

Titanium-containing particles should be studied in more detail to determine 

the different phases that exist in the inclusions: which types of particles are bet-

ter at acting as nucleation sites and pinning the grain boundaries: complex par-

ticles or the more homogeneous (Ti,Mn)2O3? The same question goes for car-

bide particles. Which particles are better as reinforcement particles: the more 

complex core-rim particles or the more homogeneous (Ti,Mo)C particles? 

The addition of TiO2 into liquid steel could be studied with a different type of 

low-alloyed steel, with particular attention being paid to the Mn and S contents 

in order to make the acicular ferrite form on a larger scale. 

In addition to the phases in the inclusions and the effect of the steel composi-

tion, the types of additives or inoculants and the ways of dispersing them in the 

melt should be studied. As depicted in Publication I the addition of TiO2 con-

taining inoculants is challenging.   

The effect of Mo on the mechanical properties of TiC-reinforced stainless steel 

castings should be studied further. In addition, the reactions between TiC with 

carbon deficiency and Fe, FeCr alloy and stainless steel should be studied to 

verify whether the carbon deficiency in TiC could reduce the dissolution of car-

bon into the metal and the formation of chromium carbides. In general the sta-

bility of TiC in liquid steel in practical applications should be studied in more 

detail. As shown in this thesis the dissolution of TiC is very strong. 
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