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Abstract 

Due to the high efficiency and productivity of continuous casting process, this method has been the 
most employed process to produce steel in past decades. The need to improve and optimize the 
finished product made it essential to gain more knowledge about the process, types of defects that 
may occur and the reasons for them. Moreover, the solutions for reducing the shortcomings in 
continuous casting process have been an intriguing subject to study. Many attempts have been done 
in order to reach this goal.  

Understanding, determining and optimizing the mould flux slag properties is especially important, 
since it plays an important and significant role in this process. For this, it is of outmost importance 
to acquire more knowledge about different properties of mould flux powders. Hence, there has been 
a world wide effort to measure and model the properties of mould flux properties, such as liquidus 
and solidus temperatures, heat capacity, enthalpy, thermal expansion, density, viscosity, electrical 
conductivity, surface tension and thermal conductivity.  

This thesis presents a brief review on continuous casting process, mould flux powder and its 
properties and characteristics. Furthermore, it focuses on the thermo-physical properties of mould 
fluxes. In present work, different industrial mould flux powders have been analyzed to measure their 
viscosity, break temperature, physical properties such as density, flowablity of powder, slag structure 
and chemical composition. The experimental data have been compared to some of the most 
commonly used models such as Riboud model, Urbain model, Iida model and KTH model.  
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1 Introduction 

Many defects and problems that may occur in the continuously cast steel and the process, are closely 
related to the mould flux powders used in the mould. Longitudinal cracks, corner cracks, breakouts, 
depth of oscillation marks and chemical reactions between molten steel and environment are some 
of the problematic factors in the continuous casting process. The main goal of this thesis has been 
to deepen the current knowledge of mould flux properties and ways to predict, estimate and 
optimize them. Nine industrial mould powders have been analyzed in different aspects. Viscosity, 
break temperature and physical characteristics of these powders have been studied. 

 

2 Continuous Casting Process History and Background 

During the last decades, continuous casting has been the dominant process for producing steel and 
it is due to its high productivity, efficiency and improved quality of finished product. However, prior 
to 1960s, the major part of steel production was achieved using ingot casting. The concept of 
continuous casting goes back to late nineteenth century, when the first patent was produced at 1840. 
Yet it took almost one century for development, optimization and commercialization of the early 
pilot plants of continuous casting. Table 1, provides a list of major turning points and events that 
resulted in the current developments in continuous casting process and technology [1]. 

 

Table 1: Turning points in continuous casting process [1]. 

Year Inventor Turning Point 
1856 Bessemer Twin-wheel strip casting (trials) 
1856 Bessemer Stoppered tundish; open-ended mold closed with ram 
1858 Goeransson Stoppered ladle 
1859 Bessemer Ladle turret 
1885 Lewis Ladle slide gate (concept) 
1886 Atha Vertical type billet casting with dummy bar 
1889 Daelen Vertical type billet casting with cut-off (concept) 
1915 Rowley Bending/unbending type billet casting 
1921 Van Ranst Mold oscillation (concept) 
1933 Junghans Mold oscillation and submerged pouring tube 
1936 Junghans Strand inline sizing (trials) 

1938 Junghans/Rossi Tundish heating and inertization, slag retention, spray 
water secondary cooling 

1939 Williams Roller apron strand support for slab section 
1944 Bardin et al. Plate mold for large bloom and slab section 

1947 Harter et al. Remote mold operation with TV-supervision and automatic 
mold level control 

1947 Rossi Funnel-shaped mold for thin slab casting (concept) 
1949 Junghans Electromagnetic stirring in the mold 
1950 Tarquinee et al. High-productivity caster with inline sizing (concept) 
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The benefits of continuous casting process can be summarized as follows [2]: 

• Better quality of semi-finished product, 
• Increased productivity and efficiency, 
• Reduction of energy consumption and operational costs, 
• Reduced pollution in comparison to ingot casting. 

In Sweden, SSAB is one of the leading producers of steel. The steel plant located in Oxelösund uses 
continuous casting process to produce sheet steel and heavy plates of steel of diverse steel grades. 
Figure 1, illustrates a flow map of a complete steelmaking process. Coal is converted to coke in the 
coking plant. The produced coke and iron ore pellets are continuously fed to the blast furnaces to 
produce pig iron. After separating the slag from the hot metal, the pig iron containing 4.5% of 
carbon is transported using Torpedo cars. During a desulphurization process, the sulphur content of 
pig iron is removed. The hot metal then is fed into a LD (Linz and Donawitz) converter along with 
some scrap. Inside the LD converter, oxygen is injected into the melt in order to reduce the carbon 
content to 1.7%. The final treatment of steel melt which is done in vacuum is the adjustment of 
temperature and the alloying elements. Then the hot melt is moved to the casters. The SSAB 
Oxelösund steel plant is equipped with two continuous casters to produce slabs with different sizes. 
When the slabs are rolled and heat treated, the heavy plates or steel sheets are ready to be shipped to 
the customers.  

Figure 1: Material and flow map of SSAB Steel Plant at Oxelösund, Sweden. 
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After adjusting the temperature and composition of the melt, it is carried inside a ladle to the casting 
section. The melt is discharged from the ladle into a tundish equipped with a Submerged Entry 
Nozzle (SEN). The SEN nozzle controls the melt flow current into the mould and prevents it from 
turning to turbulence. However, a small amount of turbulence is desired in some processes and is 
achieved by using specially designed SEN nozzles. The melt is continuously poured out from the 
tundish into the oscillating mould. The copper mould is cooled with water. In order to protect the 
melt from oxidation and sticking to the chill mould and other reasons which will be discussed 
further in this report, a mould powder (mould flux, casting powder, mould flux slag) is used in the 
chill mould section. Figure 2 shows a schematic figure of the different layers formed inside the chill 
mould. The mould powder is poured on the top surface of the steel melt inside the mould which can 
be done manually or automatically. The lower part of the powder starts to sinter and forms a 
sintered layer. However the powders which are in closest contact with the steel melt, due to the high 
temperature, melt down and result in a liquid slag pool on top of the steel melt. The first part of the 
liquid slag which comes into contact with the chill mould, at the beginning of the casting, freezes 
and form a glassy solid layer. The glassy layer transforms to a crystalline layer at the parts with higher 
temperature. Due to the higher rate of heat transfer at the upper part of the mould, a slag layer 
called rim is formed on the top of meniscus and around the mould. The layers of steel melt which 
are closest to the chill mould starts to solidify. The quality and characterizations of this shell is of 
outmost importance. Therefore, it is essential to control and optimize the stability and quality of the 
solidified shell. This can be done by adjusting the casting speed, mould oscillation speed, heat 
transfer and mould flux properties such as melting rate, composition and viscosity etc.. The 
thickness of solidifying shell grows larger as steel passes through the secondary cooling section. The 
strand is bended slowly and gradually to horizontal position [3] and cut into desired slabs and enters 
the heat treatment and rolling section [4]. 

 

 

Figure 2: A schematic view of the mould and the formed layers inside [5]. 
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2.1 Ladle 

One important aspect in continuous casting is the process of transporting the prepared melt through 
the plant to the next steps. The transportation must be done fast enough to keep the steel melt 
temperature steady and also in highly safe conditions. For this purpose a container called ladle is 
used which is made of steel lined with refractory materials and the hot molten steel is transferred 
from the furnace to the casting site inside a ladle and is discharged to a tundish. In 1858, the first 
stoppered ladle (with a stopper at the bottom) was introduced by Goeran Fredrik Goeransson for 
which he used a hoist to transfer the hot melt [1]. A ladle should tolerate the high temperature of the 
melt and also should not react with it. In order to protect the melt from the ambient, a slag is used 
which will remain in the ladle at the end of process [6]. 

 

2.2 Ladle Metallurgy 

Ladle metallurgy or secondary steelmaking is the final stage to adjust the properties of melt. It is 
done inside the ladle and is to fulfill the following purposes [2]: 

• Final adjustment of melt temperature, 
• Decarburization, 
• Deoxidation, 
• Vacuum degassing process, 
• Final adjustment of the alloying elements inside the melt. 

 

2.3 Tundish 

Another refractory container which connects the ladle to the casting mould is tundish. The design of 
tundish itself is a whole subject since the tundish must perform different crucial tasks, such as [6], 
[7]: 

• Controlling the rate of melt entering the mould by keeping the depth of melt inside the 
tundish steady, 

• Functioning as an inclusion separator by keeping the melt inside the tundish, the 4 minutes 
remaining time in tundish has been reported[6], 

• Delivering the melt evenly to more than one mould. 

In order to perform the above tasks, a tundish is equipped with different flow controlling devices. 
Figure 3 shows a simple design of tundish. The nozzle which delivers the melt into the mould is 
fastened to the bottom of the tundish. A slide gate or stopper rod is located at the bottom of the 
tundish to control the start and stop of the melt flow. 
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Figure 3: A simple design of tundish [6]. 

 

2.4 SEN Nozzle 

A submerged entry nozzle (SEN) is attached to the bottom of the tundish and is submerged into 
molten steel. It is also made of refractory materials (Al2O3, ZrO2, C, SiC and MgO etc.) and plays 
important roles in the process: 

• Controlling the melt flow into the mould, by reducing the turbulence or in some cases 
producing some amount of desired turbulence in the melt, 

• Protecting the melt from the ambient atmosphere and inserting the melt below the mould 
powder layer, 

• Controlling and guiding the melt flow in an even and centered point inside the mould in 
order to increase the quality of product, 

• Injecting Ar bubbles into the melt flow for further protection of melt from oxidation and 
protection of nozzle from clogging by inclusions in order to provide a constant rate of flow. 

• The life expectancy of the SEN limits the casting hours, since the process must be shut 
down in order to change the dysfunctional SEN. 

The Ar entry can be designed in many ways which is shown in figure 4. 
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Figure 4: Different designs for Ar gas entry inside the SEN nozzle [7]. 

 

Two different views of the tundish, SEN and mould in continuous casting process are presented in 
figures 5 and 6. The first view is from the wider side of the mould (figure 5) and the second is from 
the narrow side of the mould (figure 6).  

 

2.5 Mould 

The continuous casting (of steel) mould is an open ended box mostly made of copper due to its high 
thermal conductivity. The mould is cooled with water. The melt must partially solidify (the outer 
surface must solidify inside the mould) and form a solidified shell. The properties and stability of 
this shell is highly influential on the process. The shell must be strong enough to keep the still liquid 
melt inside and also to be dragged down along the mould without any crack formation. The copper 
mould surface can be coated with a thin layer of a wear resistance component such as Ni and Cr for 
wear protection. Due to the solidification shrinkage, the moulds are mostly conical shaped and the 
design of mould walls can be convex or concave [6]. The convex or concave shape can improve the 
quantity and uniformity of the heat transfer through mould and also help to improve the quality of 
the solidifying shell at the corners. It is essential that the mould provides a uniform heat transfer for 
molten steel. 
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Figure 5: View from the wider side of the mould in continuous casting process [8]. 

 

2.6 Mould Oscillation 

In order to prevent the sticking of solidified shell to the mould wall and the risk of breakout, the 
mould oscillation has been designed. The initial patent was invented by Cornelius W. van Ranst in 
1921, however it was Siegfried Junghans who implemented the early patent in 1933 [1]. The 
movement of the mould reduces the friction between the shell and mould and also pulls the liquid 
slag from the top of the meniscus into the gap between the shell and the mould. There are many 
different oscillation cycles according to the frequency, amplitude and form (Sinusoidal or non-
sinusoidal). However, it is quite common to use negative strip which was first introduced by 
Halliday in 1954 [1]. During the negative strip, the mould is moved faster than the casting speed in 
downward direction. This part of the cycle is very advantageous, since it forces the liquid mould flux 
to fill the gap between the shell and mould. However, the positive strip which is the upward 
movement of the mould causes some problems. During the positive strip the frictions is higher than 
desired and the lubricant is pulled out which results in surface ripples called oscillation marks. These 
marks can initiate cracks [2], [9]. Figure 7 illustrates oscillation marks along the mould [10]. 
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Figure 6: View from the narrow side of the mould in continuous casting process [8]. 

 

 
Figure 7: Oscillation marks along the mould [10]. 

Meniscus 
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2.7 Meniscus 

The meniscus in a liquid is formed due to the surface tension. Inside the mould, molten steel forms 
an outward curve or convex close to the mould wall. The solidifying shell is formed under the 
meniscus and the thickness of shell is very thin under meniscus; however there is some disagreement 
on the exact point of the solidified shell initiation. It is very essential that the melt flow under 
meniscus is stable and not too cold, since many of the surface defects in the product are initiated in 
the meniscus area due to the turbulence of the flow [8]. An illustration of meniscus is shown in 
figure 7. 

 

2.8 Rim 

The rim is a mould flux slag layer (may also contains un-melted powder) which is re-solidified and 
formed around the mould on top of the liquid slag pool. The reason for this is the higher heat 
transfer in those areas. Rim plays a crucial role in continuous casting, since it applies an additional 
force on the liquid slag pressing it into the gap between the mould and shell in negative strip cycle. 

 

2.9 Mould flux powders 

Mould flux powder (mould powder, casting powder, mould flux slag) is one of the most influential 
and critical factors during the continuous casting. Before the development of the synthetic mould 
powders, rape-seed oil and fly-ash based powders were used to lubricate and protect the melt. 
However, none of them could work as efficient as the synthetic powders. Today, many types of 
mould powders with different compositions and shapes (granular and powder form and extruded 
powders) are produced to suit the casting of diverse steel grades and sizes [10]. Each shape and type 
of powder has its own advantages and disadvantages, such as price, health issues, flow-ability, and 
thermal insulation and melting rate. The choice of powder requires a deep knowledge of the casting 
process, steel composition, desired and feasible preferences and characteristics for the process and 
product. 

 

2.9.1 Applications and Functions 

As mentioned before, mould powders play an important role in the continuous casting. They 
improve the performance of process and reduce the surface defects. Their functions can be 
summarized as follows: 

• Lubrication for the solidifying steel, 
• Controlling and optimizing and insulating the heat transfer from the melt to the chill mould 

and the ambient in horizontal and vertical direction, 
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• Absorption of the inclusions from the melt to produce cleaner steel, 
• Chemical protection of the hot melt from oxidation and other undesired reactions. 

Figure 8 gives an illustration of how the mould powder on the surface forms different layers. The 
mould powder contains carbon particles which react with the oxygen and burn, providing a reducing 
atmosphere at the mould and also heat for sintering and melting of powder. Then mould powder 
forms a sintered layer, some parts of the sintered layer eventually melts and results in a liquid slag 
pool on top of the hot melt. The carbon particles float into top of the liquid layer. The slag pool is 
the most crucial layer since it provides the lubrication and protection for the melt [4], [11], [12]. 
According to Mills and Fox [3], the depth of the liquid pool should be kept constant and at about 10 
mm or more to get the satisfying results [3].  

 

 
Figure 8: A closer look at the different layers inside the mould [13]. 

 

 

2.9.2 Composition  

The powder composition differs according to the application, steel grade, and the desired product. 
However, some components are considered to be the main constituents of mould powders. For 
continuous casting, the following components characterize the composition [11], [14-15]: 

• A mixture of CaO+ SiO2 which is about 70% of the composition with the ratio of CaO+ 
SiO2=1.0-1.3, CaO about 22-45% and SiO2 about 17-56%, 

• MgO, about 0-10%, 
• Fe2O3 about 0-6%, 
• Al2O3, about 0-13%, 
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• Na2O, about 0-25%, 
• K2O, about 0-2%, 
• F, about 2-15%, 
• TiO2, B2O3, ZrO2, Li2O and MnO, These components are added to the powders according 

to the application, therefore the amount can vary a lot. 
• C, 2-20% 

 

2.9.3 Structure 

Physical and chemical properties of slags are strongly affected by their structure. This dependence 
can be explained by two different theories, molecular and ionic [14]. 

In molecular view, each oxide and fluoride individually constitute the composition of slag; hence the 
effect of addition of each component is characterized by the activity of other individual components 
[14]. 

On the other hand, in ionic theory, it is assumed that the molten slag has the ionic nature, which can 
suggest the ionic conducting mechanism instead of the electronic mechanism. In this theory, molten 
slags are composed of three ionic groups [14]: 

• Cations: Ca2+, Fe2+. 
• Anions: O2-, F2-, S2-. 
• Anion complexes: SiO4

4-, PO4
3-, AlO3

3-. 

The main constituent of metallurgical slags is silica or SiO4
4-. This anion complex has the 

tetrahedron form in the slag. Each Si cation in the center is surrounded by four oxygen anions, and 
all tetrahedron SiO4

4-  complexes are connected to each other by oxygens called bridging oxygen 
(BO). However, some cations such as Ca2+, Mg2+, Na+ and K+ have the tendency to break these 
bonds. These cations form non-bridging oxygen (O-) NBO, and free oxygen, O2-. This can result in 
de-polymerization of molten slag. Before adding any network breaking cation, each oxygen is 
connected to two silicon atoms, however it will only be connected to one oxygen with the addition 
of metal oxides [14], [16]. Figure 9, is an illustration of tetrahedron structure of SiO4

4- and figure 10 
shows the de-polymerization which happens by addition of network breaking cations. 

 



16 
 

 

Figure 9: Structure of SiO4
4- [12]. 

 

 

Figure 10: De-polymerization of slag due to addition of network breaking cations [16]. 

 

2.9.4 Parameters Representing Slag Structure 

In order to express the slag structure, different parameters has been defined. The earliest parameter 
is the basicity or basicity indices; however NBO/T is the mostly used parameter [11-12], [14-17]. 

2.9.4.1 Basicity 

Basicity is a factor which gives us a sense of slag structure and can be defined in different ways. In a 
molten slag, each component plays a different role in the silicate network. Some work as network 
formers and some as modifiers [12], [14], [17], [18]. 

• Network breakers: Na2O, Li2O, CaO, MgO, K2O, SrO and BaO. 

• Network formers: SiO2 and Al2O3. 
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The simplest basicity index is the ratio of network modifier CaO to network former SiO2 [14], [18] 
and is expressed with equation 1: 

𝐵 = 𝑤𝑡% 𝐶𝑎𝑂
𝑤𝑡% 𝑆𝑖𝑂2�      (1) 

The above definition is not complete, since it does not consider other major cations in the slag. To 
overcome this problem, other basicity indices have been defined in which different basic oxides 
have different influences and weighs. One example is equation 2 [16]: 

𝐵 = %𝐶𝑎𝑂+1.4×%𝑀𝑔𝑂
%𝑆𝑖𝑂2+0.84×%𝑃2𝑂5

     (2) 

Optical basicity is an entirely physic based concept and can be calculated from equation 3 [14], [18]: 

∧= ∑(𝑥1𝑛1∧𝑡ℎ1 +𝑥2𝑛2∧𝑡ℎ2 +𝑥3𝑛3∧𝑡ℎ3 +⋯ )
∑(𝑥1𝑛1+𝑥2𝑛2+𝑥3𝑛3+⋯ )

    (3) 

Where in equation 2, n is the number of oxygen atoms, xi is the mole fraction and ∧𝑡ℎ is the optical 
basicity of compounds and are calculated experimentally. Table 2 provides some experimental data 
for ∧𝑡ℎ in equation 2. 

 

Table 2: Experimental data for ∧𝑡ℎ  in equation (1) [14]. 

Compound ∧𝐭𝐡  
Al2O3 0.60 
B2O3 0.42 
BaO 1.15 
CaO 1.0 
FeO 1.0 

Fe2O3 0.75 
K2O 1.4 
Li2O 1.0 
MgO 0.78 
MnO 1.0 
Na2O 1.15 
P2O5 0.40 
SiO2 0.48 
SrO 1.10 
TiO2 0.61 
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2.9.4.2 NBO/T 

The number of non-bridging oxygens per the number of tetrahedral coordinated ions is called 
NBO/T, which indicates a measure of the de-polymerization of silicate melt besides the basicity. 
This parameter is used more often than basicity by some authors. There are some important points 
concerning network breaking cations [11], [12], [14]: 

• Ca2+ and Mg2+ are network breaking cations.  
• P5+, Ti4+ and Al3+ can enter the silicate chain; however, it is essential that the electrical charge 

remain balanced. Hence, these cations cannot participate in the breaking of the network. 
However, Ti4+ is reported to act as a network breaker in the measurements of viscosity.  

• If the content of Fe3+is high in slag, it acts the same way as Al3+, otherwise, it acts as a 
network breaker.  
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3 Major Defects  

In some steel plants, when a strand is cold it will be inspected for any defects. Several types of defect 
many occur on or in a strand, however in this work, the focus is on some major types of defect and 
the reasons behind their occurrence. 

 

3.1 Longitudinal Cracks 

One of the main problems in a continuously casted strand is longitudinal cracks that appear on the 
surface and along the length of strand even up to 400 mm long. This type of crack can occur on all 
grades of steel; however, it is the main problem for casting of peritectic steel and low carbon content 
steels. This is due to the difference between the thermal shrinkage coefficients of 𝛾 and 𝛿 phases 
[10-11]. 

One way of reducing these cracks is to reduce the thickness of solidifying shell by reducing the heat 
transfer from the molten steel to the mould. This can be done by increasing the thickness of 
crystalline slag or increasing the content of cuspidine crystalline (by changing the cooling rate). 

 

3.2 Breakouts 

It can be a catastrophe in a steel plant, if a sticker breakout occurs. As a result, the process must be 
shut down and it can cause an enormous loss of time and money. Therefore, it is of great 
importance to prevent this type of defect from happening. Breakouts happen due to several reasons, 
however, one of the main reasons can be the lack of lubrication. High carbon steels are more prone 
to this type of defect.  

In order to prevent these defects, several process parameters should be carefully controlled for 
example casting speed, powder consumption and slag viscosity. 

 

3.3 Oscillation Marks 

Due to the oscillation of the mould, some depressions appear on the surface of the strand. These 
marks can be a cause of further defects. Although the main reason for these types of defects is the 
mould oscillation, but some of the mould powder properties can intensify these defects and the 
depth of them. Increasing viscosity and mould powder consumption can directly increase the depth 
of oscillation marks [9- 10]. 
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4 Thermo-Physical Properties of Mould Flux Powders 

4.1 Viscosity 

Among different properties of slags, viscosity is one of the most important factors which play a 
significant role in the efficiency of the continuous casting process and the final product. This crucial 
role is known to the scientific and industrial community and there have been several efforts to 
determine, predict or model the parameters that can influence the viscosity of slags. Yet, the 
obtained results are not complete and there is still a need for further studies and experiments. The 
influence of different components and the way they exert their effect is still open for many studies. 
Moreover, the investigation and current knowledge of viscosity for multi-component slags is not 
complete [11], [12].  
It is of outmost importance to optimize the viscosity of mould powders in order to get better slag 
infiltration and lubrication of the mould. Viscosity is also in a highly influential factor on the powder 
consumption. It is known that, the viscosity of slags is dependent on two factors [11], [12], [19]: 

• Temperature 
• Composition 

In order to predict and optimize the viscosity, many experimental, numerical and thermodynamic 
models have been developed which relate the viscosity to temperature and composition. The 
temperature dependence of viscosity is well formulated, however, due to the diversity of the 
composition of the powders, there is still more work left to be done concerning the composition 
dependence of viscosity. This work reviews some of the models that are commonly used due to 
their simplicity or accuracy. 
 

4.2 Different viscosity models for mould flux powders 

Most of the viscosity models are based on structure of melt slags. These models relate the viscosity 
to either optical basicity or (NBO/T). In this study, three models are chosen; the very well-known 
Riboud model which is one of the oldest and simplest, the Iida model which is very accurate and 
reliable in most cases and the model which was developed by the Royal Institute of Technology. 

 

4.2.1 Riboud Model 

Riboud et al [20] developed the simplest model for calculating the viscosities of mould slags. This 
model is based on an interpolation formula obtained from Arrhenius plots of measured viscosity 
values. It was preliminary developed in order to calculate the viscosities of mould powders; however, 
it is proved to be applicable to a wide range of different metallurgical slags [11], [12]. 

Riboud model classifies the chemical components of slag into five groups and sums of their mole 
fractions X; if the mould flux contains constituents which are not given in these groups, it should be 
added to the appropriate category, e.g. Li2O can be added to the group Na2O. These additional 
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components are allocated to various groups and are shown by {}. This model applies to the 
following range SiO2 (28-48%) CaO (13-52%) Al2O3 (0-17%) CaF2 (0-21%) Na2O (0-27%) [11], [12]. 
 

(i) Network formers: 𝑋"𝑆𝑖𝑂2" = 𝑋𝑆𝑖𝑂2 + 𝑋𝑃2𝑂5 + 𝑋𝑇𝑖𝑂2 + 𝑋ZrO2  

(ii) Network breakers:  𝑋"𝐶𝑎𝑂" = 𝑋𝐶𝑎𝑂 + 𝑋𝑀𝑔𝑂 + 𝑋𝐹𝑒𝑂 + 𝑋𝐵𝑂1.5 + 𝑋𝐹𝑒2𝑂3 +

�𝑋𝑀𝑛𝑂 + 𝑋𝑁𝑖𝑂 + 𝑋𝐶𝑟𝑂 + 𝑋𝑍𝑛𝑂 + 𝑋𝐶𝑟2𝑂3� 

(iii) “Al2O3”:   𝑋"Al2O3" = 𝑋Al2O3 + �𝑋𝐵2𝑂3� 

(iv) “CaF2”:   𝑋"CaF2" 

(v) “Na2O”:   𝑋"𝑁𝑎2𝑂" = 𝑋𝑁𝑎2𝑂 + 𝑋𝐾2𝑂 + �𝑋𝐿𝑖2𝑂� 

 

The temperature dependence of viscosity is expressed by Weymann Equation [11]: 

 

ln 𝜂 (𝑃𝑎𝑠) = ln𝐴𝑊𝑇 + 𝐵𝑊𝑇          𝑤ℎ𝑒𝑟𝑒 𝑇 𝑖𝑠 𝑖𝑛 𝐾   (4) 

𝐴𝑊 = exp�−19.81 + 1.73𝑋"𝐶𝑎𝑂" + 5.82𝑋"CaF2" + 7.02𝑋"𝑁𝑎2𝑂" − 35.76𝑋"Al2O3"� (5) 

𝐵𝑊 = 31140 − 23896𝑋"𝐶𝑎𝑂" − 46356𝑋"CaF2" − 39159𝑋"𝑁𝑎2𝑂" + 68833𝑋"Al2O3" (6) 

 

4.2.2 Iida Model 

The structure of molten slags because of high influence on viscosity should be considered in 
modeling. Iida viscosity model tries to make a relation between structure and basicity of slag. There 
are three groups of slags which can be found in slags [21]. 

a) Acid oxide (SiO2, B2O3, P2O5) 

b) Basic oxide (CaO, MgO, K2O, CaF2, …) 

c) Amphoteric oxide (Al2O3, Fe2O3, TiO2) 

The Arrhenius Equation is the base of this model which divides oxides into two group (a) and (b), 
but it has been modified by considering group (c) as the third group [21]. 
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The viscosity of slags can be estimated by Eq. (7-9): 

 

µ=Aµ0exp( 𝐸
𝐵𝑖∗

)      (7) 

A = 1.745- 1.962×10−3T +7.000×10−7𝑇2     (8) 

E = 11.11 – 3.65×10−3 T     (9) 

 

Where A and E are parameters that have best fit to the experiment, T= absolute temperature, µ 

=viscosity, Bi*= basicity index. 

µ0 = ∑ µ𝑜𝑖𝑛
𝑖=1 𝑋𝑖      (10) 

The value of µ0𝑖 can be calculated by Equation (11): 

µ0𝑖 = 1.8×10−7 
[𝑀𝑖(𝑇𝑚)𝑖]

1
2� exp (

𝐻𝑖
𝑅𝑇)

(𝑉𝑚)𝑖
2 3� exp [

𝐻𝑖
𝑅(𝑇𝑚)𝑖

]
     (11) 

𝐻𝑖 =5.1 (𝑇𝑚)𝑖
1
2�        (12) 

Where Ti =mole fraction, Tm = melting temperature, µ0= hypothetical viscosity of pure oxide, R= 

universal gas constant, Vm =molar volume at melting point, M = the formula weight, i=component, 

Bi* = modified basicity which can be calculated by Equation (13): 

𝐵𝑖∗ = 
∑( 𝛼𝑖𝑊𝑖)𝐵 + 𝛼𝐹𝑒2𝑂3

∗ 𝑊𝐹𝑒2𝑂3
∑( 𝛼𝑖𝑊𝑖)𝐴 + 𝛼𝐴𝑙2𝑂3

∗ 𝑊𝐴𝑙2𝑂3+  𝛼𝑇𝑖𝑂2
∗ 𝑊𝑇𝑖𝑂2

    (13) 

Where α = specific coefficient, A = acidic oxide, B = basic or fluoride oxide, Wi = mass percentage. 

Table 3 gives the value for 𝛼𝑖 and µ0𝑖 of different compositions. 

Interaction between amphoteric oxide and other component is indicated by 𝛼𝑖∗(modified specific 

coefficient) that itself is dependent to Bi* and Wi. 
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Table 3: Values of 𝛼𝑖and µ0𝑖 for three groups of oxide [21]. 

 

In Table 4, 34 different slag composition of (SiO2, Al2O3, CaO, MgO) system and the values of 

measured viscosity are listed which can be used for calculating the value of 𝛼𝐴𝑙2𝑂3
∗  for system with 

different chemical composition [21]. 

The value for 𝛼𝐴𝑙2𝑂3
∗   can be calculated by Equation (14) which gives the best fit to experimental 

results. 

𝛼𝐴𝑙2𝑂3
∗ = a𝐵𝑖 + b𝑊𝐴𝑙2𝑂3+c     (14) 

a = 1.26×10−5𝑇2 - 4.3552×10−2T + 41.16   (15) 

b = 1.40×10−7𝑇2 - 3.4449×10−4T + 0.2062    (16) 

c = -8.00×10−6 𝑇2 + 2.5568×10−2T – 22.16   (17) 
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If we consider 𝛼𝑖∗=𝛼𝑖 which means that 𝛼𝑖∗ is independent of composition then the modify basicity 

index (Bi*) will be the same as the basicity index (Bi) [21] 

 

Table 4: Viscosity measurements for (SiO2, Al2O3, CaO, MgO) system with different 

chemical composition [21]. 
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4.2.3 Modified Iida Model 

The base of calculations is the same as mentioned before but there are new description for A, E and 

𝐵𝑖
(𝑗)(modified basicity index) parameters, according to Equation (18-20) [22]. 

A = 1.029 – 2.078×10−3 T+ 1.050×10−6𝑇2    (18) 

E = 28.46 – 2.0884×10−2T + 4.000×10−6𝑇2    (19) 

𝐵𝑖∗=
∑( 𝛼𝑖𝑊𝑖)𝐵 +∑(𝛼𝑖

∗𝑊𝑖)𝐴𝑚2
∑( 𝛼𝑖𝑊𝑖)𝐴+∑(𝛼𝑖

∗𝑊𝑖)𝐴𝑚1
     (20) 

 

It should be noticed that the amphoteric oxide can act as the basic oxide and the acid oxide which is 

dependent on the overall of basicity of slag. In quaternary slag system of (SiO2, Al2O3, CaO, MgO) 

the modified basicity index (𝐵𝑖
(𝑗)) and specific coefficient of (Al2O3) can be estimated by Equation 

(21, 22) [22]. 

 

𝐵𝑖
(𝑗) = 𝛼𝐶𝑎𝑂𝑊𝐶𝑎𝑂+𝛼𝑀𝑔𝑂𝑊𝑀𝑔𝑂

𝛼Si𝑂2𝑊Si𝑂2+𝛼𝐴𝑙2𝑂3
∗ 𝑤𝐴𝑙2𝑂3

      (21) 

𝛼𝐴𝑙2𝑂3
∗  = a𝐵𝑖+b𝑤𝐴𝑙2𝑂3 +c      (22) 

 

The value of 𝛼𝐴𝑙2𝑂3
∗  can be positive or negative, means that Al2O3 play a role as acic oxide and basic 

oxide respectively. For 9 different compositions of (SiO2, Al2O3, CaO, MgO) system according to 

Table 5, the value of A and E with best fit to experimental data are calculated. The experiment was 

done in temperature range of 1723-1823K [22]. 

 

A = 2.1356 – 2.2601×10−3T +0.5997×10−6𝑇2   (23) 

E = 23.0260 – 20.3566×10−3T +6.6856×10−6 𝑇2   (24) 
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Table 5: Slag’s molar compositions [mol%] [22]. 

 

 

From the viscosity measurements for these groups (C1-C9) and using the information from Table (5-

6), the value of the coefficients (a, b and c) are calculated. 

 

Table 6: Values for melting temperature (Tm), density (ρm), molar volume (Vm) at (Tm), 

molar weight Mi, viscosity of hypothetical melts μ0 and specific coefficients αi [22]. 

 

 

 

a = 21.057 – 23.702×10−3T + 6.736×10−6𝑇2   (25) 

b = -2.450 – 2.758 ×10−3T – 0.790×10−6𝑇2   (26) 

c = 34.484 – 37.670 ×10−3T + 11.033 ×10−6𝑇2   (27) 

 

We can use Equations 28 and 29 for obtaining the average error of calculated viscosities. 

 

𝛿𝑛= 
(µ𝑐𝑎𝑙)𝑛−(µ𝑚𝑒𝑎)𝑛

(µ𝑚𝑒𝑎)𝑛
 ×100     (28) 

Δ = 1
𝑁

 ∑ | 𝛿𝑛|𝑁
𝑛=1       (29) 
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Where  (µ𝑐𝑎𝑙)𝑛 = calculated viscosity, (µ𝑚𝑒𝑎)𝑛 = measured viscosity, N = the number of samples 
[21]. 

 

4.2.4 KTH Model 

The relation between viscosity of melt and Gibbs energy can be shown by Equation (30): 

 

𝜇 = 𝑁ℎ𝜌
𝑀

 𝑒𝑥𝑝 �∆𝐺
∗

𝑅𝑇
�   (30)     

 

Where ρ =density of the melt, h = Planck’s constant, N = Avogadro’s number, M=molecular 
weight, T = absolute temperature, R = universal gas constant. 

For a metallic binary solution, a relation between 𝛥𝐺𝑚𝑖𝑥 (Gibbs energies of mixing) and 
𝛥𝐺∗(activation Gibbs energy for viscosity) was introduced by Seetharaman and Du Sichen which is 
presented by Equation (31) [19]. 

 

𝛥𝐺∗ = ∑ 𝑋𝑖2
𝑖=1 𝛥𝐺𝑖∗ +  𝛥𝐺𝑚𝑖𝑥 + 3RT𝑋1𝑋2    (31) 

 

Where, in a binary solution of two components 1 and 2, X1 and X2 are mole fractions of each 
component, respectively [23]. 

Degree of polymerization and the polymeric unit properties like shape and size are important 
parameters that indicate the properties of slags. Most slags contain SiO2 and metal oxide (MexO) and 
also some component like Al2O3, CaF2 and P2O5. In the silicate melts, the ions of SiO4+ form a 
tetrahedral unit which is bonded to four oxygen ions. This kind of tetrahedral unit also can be 
formed by (⋮Si-O). In this situation the metal oxide can break a bond of the unit, this happens when 
MexO induces an extra oxygen and compensation of electron charge by the cation at the broken 
bond [19].  

Polymeric slags show Newtonian behavior and can be expressed by Arrhenius Equation (32): 

 

µ = µ0 exp (−𝐸𝑎𝑐𝑡
𝑅𝑇

)       (32) 
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Each silica unit needs energy to move respect to another unit, this energy indicate by activation 
energy (Eact). The size of the silica unit influence the amount of activation energy, since the number 
of negative charge of a smaller silica unit is fewer than the bigger one and the number of bonds 
which needs to break decrease so the activation energy decreases. This shows a relation between 
structure and property (viscosity). It is also obvious that thermo-physical properties of slags like 
viscosity, density, heat capacity,…etc are a function of the structural parameters (intrinsic bond 
between cations and silicon units, the size of silicon units,…) [19]. 

A new approach to predicting viscosity of ternary silicate slag was studied by the Royal Institute of 
Technology. Consider a mixture of ternary silicate slag (MO-YO- SiO2 which consist of two basic 
oxide MO and YO. We are able to study the thermodynamics properties of this kind of system by 
dividing it into two groups zMO- SiO2 and zYO- SiO2 which consist of equal mole fraction of silica 
and can mix ideally [23], [19]. 

The linearity of Gibbs activation energy changes by influence of the interaction between MO and 
YO on viscosity, shown in figure 11. 

 

 
Figure 11: The variation of Gibbs activation energy of the silicate melts [23]. 

 

 

The Gibbs activation energy of viscosity of a ternary system (XMO-YMO-XSiO2) can be estimated by 
Equation (33): 
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𝛥𝐸𝐺∗ = 𝑈𝑧𝑀𝑜.Si𝑂2 𝐸𝑧𝑀𝑜.Si𝑂2 + 𝑈𝑧𝑌𝑜.Si𝑂2𝐸𝑧𝑌𝑜.Si𝑂2 + ∆𝐸𝐺𝑚𝑖𝑥∗    (33) 

Where 𝑈𝑧𝑀𝑂.Si𝑂2 and 𝑈𝑧𝑌𝑂.Si𝑂2 are described by Equations (34) and (35): 

𝑈𝑧𝑀𝑜.Si𝑂2 = 𝑋𝑀𝑜
𝑋𝑌𝑜+𝑋𝑀𝑜 

       (34) 

𝑈𝑧𝑌𝑜.Si𝑂2 = 𝑋𝑌𝑜
𝑋𝑌𝑜+𝑋𝑀𝑜

       (35) 

The value of ∆𝐸𝐺𝑚𝑖𝑥
∗  can be calculated by Equation (36): 

∆𝐸𝐺𝑚𝑖𝑥∗  = 3𝑋𝑀𝑜. 𝑋𝑌𝑜.(1- 𝑋Si𝑂2). 𝛥𝐸𝐺𝑚𝑖𝑥                (36) 

Which give for Equation (37): 

𝛥𝐸𝐺∗ = 𝑈𝑧𝑀𝑜.Si𝑂2 𝐸𝑧𝑀𝑜.Si𝑂2 + 𝑈𝑧𝑌𝑜.Si𝑂2𝐸𝑧𝑌𝑜.Si𝑂2 + 3𝑋𝑀𝑜. 𝑋𝑌𝑜.(1- 𝑋Si𝑂2). 𝛥𝐸𝐺𝑚𝑖𝑥      (37) 

Finally the viscosity of slag can be estimated by Equation (30) [23], [19]. 

 

4.2.5 Urbain Model 

Urbain proposed an experimental model to estimate the viscosity of complex slags based on pure 
binary and ternary systems. According to Urbain model, the oxides inside a melt are classified into 
different categories; glass formers XG, network modifiers XM and amphoterics XA. Component such 
as SiO2 is considered as a glass former, whereas CaF2, CaO, MgO, FeO, Na2O and K2O work as 
network modifiers. Al2O3 and Fe2O3 are in the amphoteric category. Urbain normalized the values of 
XG, XM and XA by dividing them by �1 + 0.5𝑋𝐹𝑒𝑂1.5 + 𝑋𝑇𝑖𝑂2 + 𝑋𝑍𝑟𝑂2 + 𝑋𝐶𝑎𝐹2� to get the values of 
XG

*, XM
* and XA

*. Using the values for XG
*, XM

* and XA
*, empirical equations are derived to calculate 

constants A and B in the equation (38) which is used in Urbain model to calculate viscosity[24-25]. 

 

𝜇 = 𝐴 ∙ 𝑇 𝑒𝑥𝑝 �10
3∙𝐵
𝑇
�       (38) 
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5 Experimental Methods 

Here are short descriptions of experimental methods used in this work. Several experimental 
methods were applied, both simple and complicated methods. Experiments such as viscosity and 
break temperature were very time consuming and complicated experiments, and measurements of 
the flowablity and density were very simple. 

 

5.1 Flowability 

In order to have an idea about the ability of powders to flow freely into the mould a simple 
experiment has been performed. Although the results may not give an exact value of the flowability 
of the powders, but they give a sense of powder flow in the mould and make it possible to have a 
comparison between different powders.  

For this simple experiment, a glass funnel and a stopwatch were used. The end tube of the funnel 
was kept closed and for each powder the same volume of powder was thrown in the funnel. Then 
using the stopwatch and opening the end of funnel, the time it take for the specific powder to flow 
out of the funnel was measured. The experiments were carried out in the same environment and the 
same humidity to reduce the errors. It is necessary to consider that the results from this experiment 
are totally dependent on the value volume of the powder, therefore, for all the measurements; the 
same volumes of the powders were used. The reason for using the same volume is based on the fact 
that the volume of the mould is constant and during the casting process, always a constant volume 
of powder exists in the mould on top of the melt. 

 

5.2 Density 

The density of each powder was measured by using a crucible and a lab scale. All the measurements 
were carried out at the same humidity to decrease the possible errors. 

 

5.3 Chemical Analysis 

The chemical composition of each powder was analyzed in laboratory of Degerfors Laboratorium 
AB in Sweden. 
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5.4 Viscosity 

All the viscosity measurements were carried out in the High Temperature Viscosity lab located in the 
Department of Materials Science and Engineering in KTH Royal Institute of Technology. Figure 12 
illustrates the instrument used for these measurements: 

 

 

Figure 12: An illustration of the apparatus used to measure the viscosity. 

 

This apparatus is equipped with a group 1000 Graphite Hot Zone furnace from Thermal 
Technology INC, coupled with a Eurotherm digital controller and an optical pyrometer sensor. A B-
type thermocouple with Alumina sheath was used for the temperature measurements. For the 
viscosity measurements, the rotating cylinder method was used using a Brookfield digital viscometer 
and Iron crucible and Iron bobs. Since the Graphite heating elements of the furnace works in the 
Argon atmosphere and also in order to prevent the melt slag from oxidation, measurements were 
carried out in Argon atmosphere. The Argon gas was supplied by AGA Gas AB in Sweden with the 
quality 5.0 (99.999 % Ar). In order to remove moisture and CO2 impurities, a gas cleaning system 
equipped with silica gel, Mg(ClO4) and ascarite columns were connected to the apparatus. A pure 
molybdenum wire was used to connect the spindle to the viscometer. The viscosity of slags was 
calculated by measuring the torque at different temperatures. The measurement were considered to 
be carried out at steady state conditions, however some error to this assumption must be considered 
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in analyzing the data since reaching a steady state condition is hard to happen [26]. All the 

measurements were carried out after cooling the melt with a 5 ℃
𝑚𝑖𝑛

 cooling rate and after reaching 
the desired temperature; the values of torque were reported after waiting for the melt to reach a 
semi-steady state condition. 

The powders were first decarburized in a Muffle furnace up to 800℃ for 24 to 48 hours in order to 
reduce the amount of carbon. Then the decarburized powders were used for the viscosity 
measurements. It is assumed that there has not been any oxidation in either Iron crucibles or Iron 
spindles, due to the constant flow of Argon gas through the furnace. It is mentioned that the 
viscosity of mould powders is commonly reported at 1300 (˚C) [18].  

 

5.5 Break Temperature 

Break temperature, as some may consider it as the solidification temperature, was reported for some 
of the mould powders by the manufacturing companies. However, the exact procedure in which the 
values were achieved was not reported. For this reason, in this study, there has been an attempt to 
measure the break temperature from the viscosity experiments. This has been done by finding the 
point in the viscosity vs. temperature plots that a sudden change in the value of viscosity happens. 
There are disagreements between experts on how the break temperature should be measured and 
interpreted. Sridhar et al suggested two equations for calculation of break temperature in steady state 
and dynamic measurements [27]. Equations (39-40) provide a relation between break temperature 
and composition of mould powder [27]: 

 

• For Dynamic Measurements: 

(𝑇𝑏𝑟 − 1120)(℃) =  −8.43%𝐴𝑙2𝑂3 − 3.30%𝑆𝑖𝑂2 + 8.65%𝐶𝑎𝑂 − 13.86%𝑀𝑔𝑂 −
18.40%𝐹𝑒2𝑂3 − 3.21%𝑀𝑛𝑂 − 9.22%𝑇𝑖𝑂2 + 22.86%𝐾2𝑂 − 3.20%𝑁𝑎2𝑂 −
6.46%𝐹                 (39) 

• For Steady State Measurements: 

(𝑇𝑏𝑟 − 1180)(℃) =  −3.94%𝐴𝑙2𝑂3 − 7.87%𝑆𝑖𝑂2 + 11.37%𝐶𝑎𝑂 − 9.88%𝑀𝑔𝑂 +
24.34%𝐹𝑒2𝑂3 + 0.23%𝑀𝑛𝑂 − 308.7%𝐾2𝑂 + 6.96%𝑁𝑎2𝑂 − 17.32%𝐹       (40) 

 

5.6 Light Optical Microscopy (LOM) 

In order to understand more about the influence of shape and size of the particles in the powders, 
each powder has been studied using a Leica light optical microscope in 2.5x magnification.  
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5.7 Scanning Electron Microscopy (SEM) 

Each powder was studied both in the powder form and melted (slag) form to better understanding 
their structure. In case of slags, it is beneficial to understand the solidification structure in order to 
optimize the heat transfer through the solidified slag shell in the mould.  

 

5.8 Size Distribution 

For each sample, the size distribution was measured using the Malvern laser diffraction equipment 
provided by Swerea KIMAB AB located in Stockholm. Having knowledge of the size distribution of 
mould powders can provide an idea about the ability of powers to flow inside the mould and also 
about their melting behavior. 
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6 Results and Discussion 

In this section, all the experimental results and calculated values are presented and for each part, a 
thorough discussion is provided. 

 

6.1 Chemical Analysis and Physical Properties 

Different powders were supplied by companies such as SSAB Oxelösund and SSAB Luleå and 
SANDVIK. The composition of each decarburized powder analyzed by Degerfors Laboratorium 
AB is listed in table 7, only the main components are mentioned below: 

 

Table 7: The composition of different mould powders. 

    Sample    
Component 

(Wt%) 1 2 3 4 5 6 7 8 9 

𝑪𝒂𝑶 44.1 44.2 43.8 43.8 37.9 43.9 42.2 48.6 41.1 

𝑺𝒊𝑶𝟐 35.0 33.7 36.7 33.7 34.2 36.3 36.2 32.9 35.4 

𝑴𝒈𝑶 0.14 0.42 0.51 0.37 0.62 2.01 0.51 1.96 0.62 

𝑨𝒍𝟐𝑶𝟑 7.46 9.60 5.63 9.96 6.05 6.39 12.5 5.40 2.99 

𝑭𝒆𝟐𝑶𝟑 0.61 0.68 0.51 0.69 0.96 1.16 0.79 0.73 0.18 

𝑵𝒂𝟐𝑶 6.72 6.60 6.49 6.59 12.8 6.55 9.10 5.41 12.3 

𝑲𝟐𝑶 0.09 0.09 0.10 0.08 0.44 0.20 0.24 0.17 0.09 

𝑴𝒏𝑶 0.22 0.20 0.21 0.20 0.30 0.25 0.22 0.21 0.21 

𝑭 6.01 5.72 6.47 5.86 8.96 6.62 4.81 7.34 9.33 

 

 

For the calculations of different properties such as basicity, viscosity and break temperature in this 
work, it is assumed that all the content of F reacts with CaO and produces CaF2. Therefore the 
actual amount of CaO remaining in the slag would be lower than the initial amount. Table 8 presents 
the composition of each sample after melting (slag). 
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Table 8: The composition slags. 

    Sample    
Component 

(Wt%) 
1 2 3 4 5 6 7 8 9 

𝑪𝒂𝑶 43.2 44.1 44.3 44.8 46.1 42.4 44.5 51.0 42.0 

𝑺𝒊𝑶𝟐 36.4 34.4 37.1 34.9 32.9 35.2 34.9 32.1 36.1 

𝑴𝒈𝑶 0.51 0.71 1.00 0.73 2.50 2.80 0.65 1.47 0.31 

𝑨𝒍𝟐𝑶𝟑 5.57 9.40 6.10 8.56 3.16 5.14 6.74 2.08 2.58 

𝑭𝒆𝑶 1.81 2.35 1.64 2.49 2.38 2.96 2.44 1.68 1.21 

𝑵𝒂𝟐𝑶 6.64 6.36 6.93 6.48 5.82 4.81 4.88 4.28 10.8 

𝑲𝟐𝑶 0.007 0.07 0.08 0.07 0.09 0.16 0.16 0.08 0.21 

𝑴𝒏𝑶 0.24 0.21 0.24 0.22 0.29 0.26 0.24 0.23 0.26 

𝑭 5.42 5.12 5.25 5.32 7.01 5.93 5.84 7.94 7.64 
Remaining 

𝑪𝒂𝑶 35.2 36.5 36.6 36.9 35.8 33.6 35.9 39.3 30.7 

Created 𝐂𝐚𝐅𝟐 11.1 10.5 10.8 10.9 14.4 12.2 12.0 16.3 15.7 

 

 

The density and the flowability of each sample are given in table 9. Among all samples which were 
studied in the present work, sample 9 was the only mould powder which was not granulated and was 
in the form of powder. This powder is used for continuous casting of high-alloyed steels (stainless 
steel). 

 

Table 9: Density and flowability of samples. 

Sample 1 2 3 4 5 6 7 8 9 

Density (𝒈𝒓 𝒄𝒎𝟑⁄ ) 0.57 0.63 0.73 0.67 0.58 0.83 0.72 0.73 0.88 

Flowability (𝒔) 9:57 9:94 8:50 9:49 10:93 8:27 9:49 8:23 - 
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6.2 Experimental Values for Viscosity  

The viscosity measurement results for the nine samples are given in table 10 at different 
temperatures. The results of viscosity experiments for all nine samples are presented in the figure 13. 
As expected, sample 9 has the lower viscosity during cooling. This is due to the fact that this powder 
is use for continuous casting of high-alloyed steels (stainless steel). 

 

Table 10: The results for viscosity measurements at different temperatures. 

Sample Temperature 
(℃) 

Viscosity 
(𝒄𝑷) Sample Temperature 

(℃) 
Viscosity 

(𝒄𝑷) Sample Temperature 
(℃) 

Viscosity 
(𝒄𝑷) 

1 1281 307.197 4 1356 187.7315 7 1304 255.9975 

1 1243 392.5295 4 1320 238.931 7 1278 307.197 

1 1222 494.9285 4 1281 307.197 7 1249 375.463 

1 1215 511.995 4 1265 341.33 7 1246 375.463 

1 1208 614.394 4 1235 443.729 7 1226 511.995 

1 1201 853.325 4 1221 477.862 7 1219 477.862 

1 1193 1262.921 4 1205 904.5245 7 1209 682.66 

1 1189 1877.315 4 1192 1245.8545 7 1197 1160.522 

2 1356 187.7315 5 1350 85.3325 8 1358 85.3325 

2 1319 238.931 5 1330 85.3325 8 1321 85.3325 

2 1281 324.2635 5 1310 102.399 8 1279 119.4655 

2 1265 341.33 5 1285 119.4655 8 1271 119.4655 

2 1242 392.5295 5 1261 136.532 8 1255 153.5985 

2 1228 443.729 5 1239 153.5985 8 1240 153.5985 

2 1214 614.394 5 1216 238.931 8 1230 221.8645 

2 1200 785.059 5 1209 170.665 8 1217 426.6625 

3 1356 187.7315 6 1355 136.532 9 1347 136.532 

3 1319 255.9975 6 1318 170.665 9 1273 187.7315 

3 1281 341.33 6 1281 204.798 9 1235 238.931 

3 1265 358.3965 6 1265 238.931 9 1181 341.33 

3 1248 409.596 6 1248 255.9975 9 1159 392.5295 

3 1235 460.7955 6 1234 290.1305 9 1134 853.325 

3 1221 511.995 6 1221 324.2635 9 1119 1604.251 

3 1208 563.1945 6 1206 358.3965 9 1113 1877.315 
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Figure 13: Viscosity results for nine samples. 

 

Table 11 provides the experimental values of viscosity at 1300 (˚C) for each sample and basicity, 
using ((CaO+MgO)/(SiO2+ Al2O3)) as the definition of basicity. These values are plotted in figure 
14. 

 

Table 11: Viscosity values at 1300 (˚C) and basicity. 

Sample Basicity �
�𝐶𝑎𝑂+𝑀𝑔𝑂�
�𝑆𝑖𝑂2+𝐴𝑙2𝑂3�

� Viscosity at 1300 (˚C), (𝒄𝑷) 

1 0.851 292 
2 0.850 314.6 
3 0.870 295.99 
4 0.866 289.16 
5 1.062 111.09 
6 0.902 192.85 
7 0.878 262.99 
8 1.193 105.73 
9 0.802 171.43 
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Figure 14: Plot of basicity vs. viscosity at 1300 (˚C) for all samples. 

 

Table 12 presents the values of CaF2 in the mould flux slag for each sample. The experimental 
values of viscosity at 1300 (˚C) vs. CaF2 content are presented in figure 15. As shown in figure 15, 
viscosity decreases with the increase in the content of CaF2. It must be considered that other 
components such as SiO2 and Al2O3 have the opposite effect on viscosity, meaning that they 
increase the viscosity value. This can account for the increased viscosity of sample 9 and 1.  

 

Table 12: CaF2 content for each sample. 

Sample CaF2 Content (Wt%) Viscosity at 1300 (˚C), (𝒄𝑷) 

1 11.1 292 
2 10.5 314.6 
3 10.8 295.99 
4 10.9 289.16 
5 14.4 111.09 
6 12.2 192.85 
7 12.0 262.99 
8 16.3 105.73 
9 15.7 171.43 
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Figure 15: the CaF2 Content vs. viscosity at 1300 (˚C) for all samples. 

 

 

6.3 Experimental and Calculated Values for Break 
Temperature 

For all the samples, an experimental value for the break temperature is derived from the viscosity 
results. This value shows the temperature at which there is a sudden and noticeable change in the 
viscosity. Using equations (39-40) and the chemical composition analysis results for each sample, 
two other values for break temperature are predicted. Table 13 contains the values for break 
temperature and the basicity of each sample. 

Figure 16 presents the plots of each set of break temperature values vs. the basicity. Knowing that 
one definition of basicity is the ratio of ((CaO+MgO)/(SiO2+ Al2O3)), it is expected that the break 
temperature should show an increasing behavior by increasing of the basicity. This can be seen in 
figure 16. However, due to the complexity of mould powders structure and composition, there are 
some decreasing trends in the results. Moreover, equations (39-40) contain only a few of the 
powders components. This shortcoming in equations shows itself in the difference between the 
experimental and calculated values.  

Equations (39) and (40) were derived from experimental value and may not fit for all types of mould 
powders. 
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Table 13: Experimental and calculated values for Break temperature. 

Sample 
Basicity 

�
�𝐶𝑎𝑂+𝑀𝑔𝑂�
�𝑆𝑖𝑂2+𝐴𝑙2𝑂3�

� 

Break Temperature 
Measured from 

Experiments 
(℃) 

Break Temperature 
Calculated from 
Equation (40)- 

Steady State 
(℃) 

Break Temperature 
Calculated from 
Equation (39)- 

Dynamic 
(℃) 

1 0.851 1258 1304.9 1247.8 
2 0.850 1221 1311.0 1230.5 
3 0.870 1228 1276.6 1250.4 
4 0.866 1213 1306.4 1223.2 
5 1.062 1231 1133.3 1166.4 
6 0.902 1219 1245.9 1216.2 
7 0.878 1216 1245.8 1182.6 
8 1.193 1240 1308.8 1284.0 
9 0.802 1144 1251.4 1223.2 

 

 

 

 
Figure 16: Experimental and calculated values of break temperature vs. basicity. 
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6.4 Comparisons between Calculated and Experimental 
Values for Viscosity 

For each sample three different models has been used to estimate their viscosity; Riboud model, 
Urbain model, Iida model and. Furthermore, using KTH Thermoslag software, which has been co-
developed by KTH and USTB, the calculated viscosity for all samples were measured. Figures 17-25 
illustrates the calculated data vs. experimental values of viscosity for each sample at different 
temperatures. Tables 14-22 give the values for figures 17-25. 

There are some facts concerning the Thermoslag software that should be taken into consideration: 

• The available Thermoslag software is only applicable to very few systems with limited 
number of components. A new version of Thermoslag is being developed to widen the 
range of systems and components. The system used for calculation of the results that are 
presented below, is a quinary system of (Al2O3, CaO, MgO, FeO, SiO2). Other other hand, 
the mould powder sample used in this thesis contains many other components that are 
missing in this model. 

• CaF2 has a decreasing effect on the viscosity. Therefore, due to the fact F was not 
considered in the Thermoslag system, the calculated values of viscosity are higher that the 
experimental values. The same fact applies to Li2O, MnO, Na2O and K2O. 
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Figure 17: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 14: Viscosity values for sample 1 using different models. 

Sample 1  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1281 300.2207 347.868 849.4604 1780 307.2 

1243 383.272 457.6514 1105.028 2390 392.5 

1222 441.1175 534.9168 1285.613 2820 494.9 

1215 462.7063 563.8484 1353.486 2990 512 

1201 509.833 627.1034 1502.474 3350 853.3 

1193 539.3576 666.7665 1596.356 3590 1263 

1189 554.8895 687.6334 1645.902 3710 1877 
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Figure 18: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 15: Viscosity values for sample 2 using different models. 

Sample 2  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1356 236.6793 289.801 623.3078 1130.00 187.7315 

1319 300.1692 388.8391 791.1304 1470.00 238.931 

1281 387.9065 533.9873 1023.234 1950.00 324.2635 

1242 511.8051 751.3485 1351.284 2640.00 392.5295 

1228 567.4314 852.6359 1498.656 2960.00 443.729 

1214 630.3822 969.5228 1665.49 3320.00 614.394 

1200 701.7816 1104.615 1854.779 3730.00 785.059 
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Figure 19: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 16: Viscosity values for sample 3 using different models. 

Sample 3  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1356 195.3908 215.1544 534.1775 1080.00 187.7315 

1319 242.605 275.7915 673.7101 1400.00 255.9975 

1265 339.3413 403.9396 965.4039 2240.00 358.3965 

1248 379.1139 457.5977 1087.18 2380.00 409.596 

1235 413.3772 504.1124 1192.824 2640.00 460.7955 

1221 454.5498 560.2642 1320.595 2960.00 511.995 

1208 497.2831 618.748 1454.082 3290.00 563.1945 
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Figure 20: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 17: Viscosity values for sample 4 using different models. 

Sample 4  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1356 207.0844 255.9054 587.6256 1060.00 187.7315 

1320 258.8941 335.9521 738.9727 1370.00 238.931 

1281 333.8145 457.7738 959.2031 1820.00 307.197 

1235 458.5664 672.1488 1328.678 2600.00 443.729 

1221 507.1504 758.5441 1473.322 2910.00 477.862 

1205 570.4017 872.9086 1662.169 3320.00 904.5245 

1192 628.8005 980.0937 1837.012 3700.00 1245.855 
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Figure 21: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 18: Viscosity values for sample 5 using different models. 

Sample 5  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1350 67.069 117.5016 398.9867 854.00 85.3325 

1330 73.6416 130.4699 447.9552 977.00 85.3325 

1310 81.0624 145.1973 504.4867 1120.00 102.399 

1285 91.7369 166.4805 587.9377 1340.00 119.4655 

1239 116.5043 215.9655 790.1398 1880.00 153.5985 

1216 132.0682 246.9314 922.6074 2240.00 238.931 

1209 137.3182 257.3314 968.1415 2370.00 170.665 
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Figure 22: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 19: Viscosity values for sample 6 using different models. 

Sample 6  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1355 145.8809 195.6075 515.578 1220.00 136.532 

1318 179.3229 247.955 646.9258 1580.00 170.665 

1281 222.7316 317.4905 821.0098 2060.00 204.798 

1248 272.7888 399.071 1025.921 2640.00 255.9975 

1234 298.1301 440.7219 1131.119 2950.00 290.1305 

1221 324.273 483.8419 1240.566 3270.00 324.2635 

1206 357.9897 539.5898 1382.993 3690.00 358.3965 
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Figure 23: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 20: Viscosity values for sample 7 using different models. 

Sample 7  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1304 245.842 318.6681 746.9952 1420.00 256 

1278 289.6588 385.8769 888.2037 1710.00 307.2 

1246 357.3338 492.1518 1108.575 2180.00 375.5 

1226 409.3947 575.3904 1279.701 2560.00 512 

1219 429.7427 608.1893 1346.921 2700.00 477.9 

1209 460.9619 658.747 1450.391 2930.00 682.7 

1197 502.0954 725.72 1587.305 3240.00 1161 
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Figure 24: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 21: Viscosity values for sample 8 using different models. 

Sample 8  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1358 45.539 88.1689 322.0946 606.00 85.33 

1321 53.4174 104.5317 396.8703 769.00 85.33 

1279 64.661 127.7587 509.4436 1020.00 119.5 

1271 67.1416 132.8482 535.128 1080.00 119.5 

1240 77.9996 154.9267 650.8493 1350.00 153.6 

1230 81.9793 162.9279 694.5352 1450.00 221.9 

1217 87.5513 174.0397 756.7761 1600.00 426.7 
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Figure 25: Comparison between Calculated and experimental values of viscosity. 

 

 

 

Table 22: Viscosity values for sample 9 using different models. 

Sample 9  

Temperature  
(℃) 

Riboud 
(cP) Iida (cP) Urbain 

(cP) 
KTH 

Model (cP) 
Experiment 

(cP) 

1347 72.711 108.1851 395.4279 1210.00 136.532 

1235 124.3307 197.601 796.7465 2800.00 238.931 

1181 166.1914 269.4224 1163.156 4410.00 341.33 

1152 196.103 319.4808 1443.024 5700.00 409.596 

1141 209.2021 340.9976 1569.794 6310.00 529.0615 

1134 218.1115 355.4821 1657.392 6730.00 853.325 

1119 238.8588 388.7242 1865.497 7750.00 1604.251 
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6.5 LOM and SEM Results 

For each sample results from LOM for the powder form is listed below. From these results the size 
and shape distribution of the mould flux powders can be studied. These results are presented in 
figures 26-34. 

As shown in each figure, some sample particles are in an almost even size and shape. However in 
some samples, particles are crushed, broken, jointed. In some sample, there are some particles with 
porosities.  The shape of particles also differs from sample to sample, from spherical to elliptic. The 
edges of particles in some samples are very even, yet in others, it is very sharp. Only sample 9 was 
originally in powder form with needle shaped particles. 

Figures 35-52 illustrate the SEM results for samples 1 to 9 both in powder and slag form. 

A study of crystalline structure of mould flux slags provides a significant and crucial knowledge of 
heat transfer behavior through the slag layer. It is believed that cuspidine crystalline 
(3CaO.2SiO2.CaF2) controls the heat transfer through the slag layer. This knowledge can be very 
useful in solving the problematic matter of longitudinal cracks.  

In figures 35-52, it can be seen that for all samples, the light phase is a much larger phase in 
comparison to the dark phase. This can be because of the fact that the light phase is the primary 
precipitated phase. There for the solidification interval has been longer for light phases and as a 
result of this, the light phases are larger than dark phases. 

The only exception is for sample 6, shown in figure 46, which appears in only one phase. This can 
be because a very fast cooling rate. So there is no primary precipitation in this sample and it appears 
as if the slag was freezed. 

Showing a sudden increase in viscosity during the cooling (break temperature) can be strongly 
related to the crystalline structure of the slag. This can be seen in sample 6 which appears in only 
one phase, with no primary solidification. As shown in figure 13, sample 6 shows no significant and 
sudden increase in its viscosity, which implies that it has no break temperature. 
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Figure 26: LOM Result for sample 1. 

 

 

  
Figure 27: LOM Result for sample 2. 
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Figure 28: LOM Result for sample 3. 

 

 

 

 
Figure 29: LOM Result for sample 4. 
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Figure 30: LOM Result for sample 5. 

 

 

 
Figure 31: LOM Result for sample 6. 
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Figure 32: LOM Result for sample 7. 

 

 

 

  
Figure 33: LOM Result for sample 8. 
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Figure 34: LOM Result for sample 9. 
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Figure 35: SEM result for sample 1 in powder form. 

 

 
Figure 36: SEM result for the slag of sample 1. 
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Figure 37: SEM result for sample 2 in powder form. 

 

 

 
Figure 38: SEM result for the slag of sample 2. 
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Figure 39: SEM result for sample 3 in powder form. 

 

 

 
Figure 40: SEM result for the slag of sample 3. 
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Figure 41: SEM result for sample 4 in powder form. 

 

 

 

 
Figure 42: SEM result for the slag of sample 4. 

 

CaO     52.72 [wt.%] 

SiO2    29.84 [wt.%] 

CaF2    13.54 [wt.%] 

CaO        22.84 [wt.%] 

SiO2        35.51 [wt.%] 

CaF2         0.92 [wt.%] 

Al2O3       20.97 [wt.%] 

Na2O      10.19 [wt.%] 

MgO         5.43 [wt.%] 

FeO          3.43 [wt.%] 
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Figure 43: SEM result for sample 5 in powder form. 

 

 

 
Figure 44: SEM result for the slag of sample 5. 

 

CaO          8.55 [wt.%] 

SiO2        45.64 [wt.%] 

CaF2         6.08 [wt.%] 

Al2O3         0.12 [wt.%] 

Na2O      18.21 [wt.%] 

MgO       11.79 [wt.%] 

FeO          8.56 [wt.%] 

CaO     52.50 [wt.%] 

SiO2    29.96 [wt.%] 

CaF2    12.39 [wt.%] 
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Figure 45: SEM result for sample 6 in powder form. 

 

 

 
Figure 46: SEM result for the slag of sample 6. 

CaO        35.99 [wt.%] 

SiO2        33.84 [wt.%] 

CaF2        10.34 [wt.%] 

Al2O3        6.24 [wt.%] 

Na2O        5.61 [wt.%] 

MgO         3.39 [wt.%] 

FeO          3.02 [wt.%] 
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Figure 47: SEM result for sample 7 in powder form. 

 

 

 
Figure 48: SEM result for the slag of sample 7. 

CaO     52.35 [wt.%] 

SiO2    29.66 [wt.%] 

CaF2    14.10 [wt.%] 

CaO          0.95 [wt.%] 

SiO2        43.43 [wt.%] 

CaF2         0.70 [wt.%] 

Al2O3       31.26 [wt.%] 

Na2O      17.77 [wt.%] 

MgO         1.00 [wt.%] 

FeO          4.32 [wt.%] 
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Figure 49: SEM result for sample 8 in powder form. 

 

 

 

Figure 50: SEM result for the slag of sample 8. 

CaO     49.77 [wt.%] 

SiO2    30.45 [wt.%] 

CaF2    15.66 [wt.%] 

CaO          6.66 [wt.%] 

SiO2        43.05 [wt.%] 

CaF2         2.36 [wt.%] 

Al2O3       13.97 [wt.%] 

Na2O      14.94 [wt.%] 

MgO         8.00 [wt.%] 

FeO         10.37 [wt.%] 
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Figure 51: SEM result for sample 9 in powder form. 

 

 

 

Figure 52: SEM result for the slag of sample 9. 

CaO     51.39 [wt.%] 

SiO2    29.96 [wt.%] 

CaF2    14.94 [wt.%] 

CaO        10.97 [wt.%] 

SiO2        54.53 [wt.%] 

CaF2         4.38 [wt.%] 

Al2O3       8.75 [wt.%] 

Na2O      15.03 [wt.%] 

MgO         1.67 [wt.%] 

FeO          3.81 [wt.%] 
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6.6 Size Distribution Results 

The results of laser diffraction experiments are presented in figure 53. The results show a variation 
of particle size in each sample. For these measurements, it has been assumed that all particles are 
spherical. As shown in the figure 53, sample 9 has the lowest average particle size, since it is in 
powder form. For other samples size distribution, the main volume of the granules is in the average 
range of 250-400 μm. 

 

 

Figure 53: Particle size distribution for each sample. 
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7 Conclusions 

Previous studies in the field of mould flux powders, suggest many different models for prediction, 
estimation and further optimization of mould powders properties. This work focuses more on the 
thermophysical properties such as viscosity and break temperature. 

All samples with the exception of sample 9 were granulated. The size and shape distribution differed 
in each sample. In some, a more even size distribution was observed whereas in others the particle 
were in a more diverse sizes and shapes. 

Samples 1-8 are used for peritectic steels; whereas sample 9 is used for the high-alloyed steels 
(stainless steels). As a result of this difference of applications, sample 9 shows an entirely different 
behavior. 

Results from viscosity experiments show a decreasing trend for the viscosity by increasing of the 
basicity, which is as expected. In mould powders with higher content of SiO2 meaning lower 
basicity, the powder is more polymerized and more networks are formed. This would result in a 
higher viscosity. 

For most of the samples, the experimental value of break temperature is more close to the value 
calculated from the equation for dynamic measurements. This implies that the experimental 
procedure used to measure break temperature provided a more dynamic condition. 

Comparison between viscosity results for each sample shows that Riboud and Iida models give more 
reasonable values which are very close to the experimental values. Riboud model is a more suitable 
model for systems with compositions similar to the samples. Thermoslag software which is based on 
KTH model, gives results more far from the experimental values. This is due to two different 
factors: 

• Thermoslag software is not yet fully developed meaning that it is not possible to introduce 
systems with higher number of components. 

• The defined systems in this software are limited in the diversity of components. Meaning 
that in a system with certain number of components, the type of components is limited. So it 
is impossible to study a system with SiO2, CaO, Na2O, Al2O3, CaF2, K2O and MgO all at the 
same system and together.  

A newer version of Thermoslag software with a wider and more diverse database is expected to be 
released in future. 

Almost the viscosity of all samples shows a decreasing trend with the increasing of CaF2, which is 
expected. 

SEM results for all samples (except sample 6) show that they consist of two different phases, light 
and dark phases. The light phase is the larger phase for all samples (except sample 6), which implies 
that it was the primary precipitated phase and it grows larger due to the longer cooling time. Sample 
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6 has only one phase which means that there is no primary precipitation in this sample. This may 
have occurred due to the higher cooling rate. In all samples, it is probable that cuspidine may exists, 
however, for a more certain knowledge more experiments with different equipments, for example 
XRD, is required. This can provide a significant understanding of heat transfer through the slag 
layer. 

The field of mould flux powders is a very complicated subject of research. This complicity is the 
result of a very complicated system of many components. Although many attempts for modeling 
and simulating of these perplex systems have been done, yet it cannot be considered satisfactory. 
Any further investigation of mould flux powder can result in optimization of quality of finished 
product and efficiency of continuous casting process. 
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8 Future Works 

The author of this work suggests these further steps in order to improve the results and accomplish 
a higher knowledge of mould flux powders. 

1. Using a more complicated and more divers system for the calculations of viscosity with the 
newest version of Thermoslag Software which is expected to be released in future. 

2. Performing Melting Temperature experiment in order to achieve more information 
concerning the break temperature. 

3. Analysis of the results from DSC experiments to estimate the break temperature and 
transition temperature. 

4. Comparing the break temperature values that are gained in different ways listed below: 
• Experimental values, 
• DSC experiments, 
• Melting Temperature experiments, 
• Calculated values using different models. 

5. Focusing more on optical and thermal properties of mould flux powders in order to 
optimize the heat transfer through the slag layer in the mould section. 
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Appendix A: Heat Transfer 

 

Other than lubrication, the mould flux slag plays another important role in the continuous casting of 
steel that is controlling the heat transfer. Figure 54 shows different layers that exist inside a mould. 

 

 

Figure 54: Different formed layers inside the mould [1]. 

 

Heat flux from molten steel flows in two directions.  

1. Horizontal direction, 
2. Vertical direction. 

In both directions, heat flux passes through various layers of mould flux, each in different 
thicknesses and forms. In vertical direction, heat flux passes through one layer of liquid slag and one 
layer of mould powder. The vertical heat transfer affects the depth of oscillation marks on the strand 
and the depth of liquid slag pool on top which results in lubrication of strand [2]. 

In horizontal direction, heat transfer is more complicated. First the solidified shell and then a layer 
of liquid slag, a layer of solidified slag and a very small air gap are the layers which control the heat 
transfer from the molten steel through the mould. Therefore, the heat flux is transferred via 
different mechanisms of heat transfer through different layers in the mould section. In low or 
medium carbon steels, the most significant defect is longitudinal crack that are the result of 
difference between thermal shrinkage coefficients of 𝛿 and 𝛾 phases. The only way to relieve these 
stresses that are formed due to this difference is cracking along the length of the strand [3]. In order 
to solve this problem, the horizontal heat transfer must be reduced by reducing the thickness of the 
solidified shell or increasing the thickness of slag layer. The increase in crystalline content of slag 
also helps in this case. 
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Heat transfer mechanisms in horizontal direction are: 

1. Conduction, 
2. Radiation. 

Due to the high temperature in the mould section, radiation can be very influential and it must be 
taken into consideration. Mills et al. suggested that the solidified slag can be made of one glassy layer 
and one crystallized layer (closer to the parts with higher temperature) [4] and that in glassy 
materials, the dominant mechanism of heat transfer is radiation [4], [5]. According to Mills et al., 
with the increase of the crystalline content of the slag, the influence of radiation in total heat flux 
will be decreased [4], [5].  

In order to calculate the heat transfer in horizontal direction, equation (41) can be used [6]: 

 

𝑞 = −𝑘𝑒𝑓𝑓 ∆𝑇
𝑑

       (41) 

 

Where q is the heat flux density in (Wm-2), keff is the effective thermal conductivity, ΔT is the 
temperature gradient and d is the distance. 

As mentioned before, two different mechanisms influence the heat transfer in horizontal direction. 
These two are represented by two different thermal conductivity coefficients, lattice or thermal 
conduction coefficient kL and radiation conduction coefficient kR. The effective thermal conduction 
coefficient keff is made up of these two coefficients as presented in equation (42) [6]: 

 

𝑘𝑒𝑓𝑓 = 𝑘𝐿 + 𝑘𝑅       (42) 

 

The most efficient and reliable method to measure the lattice conduction coefficient 𝑘𝐿 is the hot 
wire method. A schematic of a non-stationary hot wire method is shown in figure 55 [7]. 
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Figure 55: an illustration of an experimental cell for hot wire method [7]. 

 

On the other hand, calculation of kR is more complicated. It can be derived from equation (43) [6-7], 
however, depending on the type of slag (glassy or crystalline), the denominator can differ [6], [7].  

 

𝑘𝑅 = 16 𝜎 𝑛2 𝑇3

3 𝛼
       (43) 

 

Where 𝜎 is the Stefan Boltzmann constant, n is the refractive index, T is the temperature and 𝛼 is 
the absorption coefficient. In a glassy slag, kR can be calculated from equation (43) without any 
changes. However, in a crystalline or partially crystalline slag, instead of using the absorption 
coefficient in the denominator, the extinction coefficient is used. This alternation is due to the fact 
that phonons are both absorbed and scattered in a crystalline slag. In order to consider the scattered 
phonons, equation (44) must be used for a crystalline and partially crystalline slag [6], [7]: 

 

𝑘𝑅 = 16 𝜎 𝑛2 𝑇3

3 𝐸
       (44) 

 

E in equation (44) can be calculated from equation (45) [6], [7]: 

 

𝐸 = 𝛼 + 𝑆       (45) 

 

In equation (45), S is the scattering coefficient. 
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Measurements of refractive indices have been made for different types of slags and the results have 
been reported in different journals and databases. Kobashi et al. reported the results from 
measurements of refractive indices for different silicate glasses using an ellipsometer. Figure 56 
illustrates the schematic of the ellipsometer that they used for their measurements [8]. 

 

 

Figure 56: An illustration of the ellipsometer for measuring the refractive indices [8]. 

 

Absorption and extinction coefficients can be measured using spectrometers [7].  

 

Discussion: 

It has been reported that the radiation coefficient kR can be 10-30 % of the kL in industrial slab 
casting [5]. However, this amount can differ depending on the crystalline content of the slag. The 
value mentioned above can increase in glassy slags; on the other hand, it can decrease significantly in 
crystalline or partially crystalline slags [9]. In a crystalline slag, the refractivity is higher than in a 
glassy slag which results in the returning of heat energy back to the solidified shell. This is the reason 
for the reduced heat transfer in the crystalline slags [9]. 

Addition of transition oxides to the slag can increase the absorption coefficient. Fe2O3 can increase 
the value of absorption coefficient considerably [6]. 

The total heat flux through the slag layer is strongly dependant on the degree of the crystallinity of 
the slag. In slags, with the increase in degree of crystallinity, the lattice conduction coefficient 𝑘𝐿 
decreases [7]. It has been reported that the amount of Cuspidine crystalline has a significant effect 
on the heat transfer in the mould section. Moreover, the diameters of Cuspidine grains are highly 
influential in the total heat flux [10]. 
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Conclusion: 

Measurement of the heat flux through the slag layer is a complicated task due to the complicity of 
slag layers that exists inside the mould section. It is very essential to have a thorough knowledge of 
the existing slag layers in order to predict, measure or optimize the total heat flux. By doing so, the 
occurrence of many defects on the surface of strand can be prevented. 
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SEM Mapping Results 
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Sample 1: 

 

 

 

Figure 57: SEM Mapping for Slag Sample 1. 
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Sample 2: 

 

 

 

Figure 58: SEM Mapping for Slag Sample 2. 
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Sample 3: 

 

 

 

Figure 59: SEM Mapping for Slag Sample 3. 
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Sample 4: 

 

 

 

Figure 60: SEM Mapping for Slag Sample 4. 
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Sample 5: 

 

 

 

Figure 61: SEM Mapping for Slag Sample 5. 
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Sample 7: 

 

 

 

Figure 62: SEM Mapping for Slag Sample 7. 
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Sample 8: 

 

 

 

Figure 63: SEM Mapping for Slag Sample 8. 
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Sample 9: 

 

 

 

Figure 64: SEM Mapping for Slag Sample 9. 
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