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ABSTRACT 
 

The present study was carried out to investigate the formation and evolution of non-metallic 

inclusions during ingot casting. Emphasize have been on understanding the types of 

inclusions formed and developed through the casting process and on the development of 

already existing inclusions carried over from the ladle during casting. Industrial experiments 

carried on at Uddeholm Tooling together with laboratory work and Computational Fluid 

Dynamics (CFD) simulations.  

Ingots of 5.8 tons have been sampled and the types of inclusions together with their 

distribution within the ingot have been characterized. Two new types of inclusions have 

been found. Type C1 is found originated from casting powder and in the size from a few μm 

to 30 μm. Type C2 is of macro inclusion type sizing up to 70 μm. The presence of C2 

inclusions are few but very detrimental for the quality of the steel. Both types, C1 and C2 

consist of alumina, indicating that reoxidation is the main reason for their existence. 

The protecting argon shroud has been studied by the use of a 1:1 scaled 2D model. Both 

flow pattern and oxygen measurement have been carried out. CFD has also been used as an 

auxiliary tool. It has been found that the oxygen pickup through argon gas shroud depends 

mostly on the distance between the ladle and the collar placed on top of runner. Further 

increase of gas flow rate above 2.5 m
3
.h

-1
 had very little effect on the oxygen distribution 

since both the flushing effect and the entraining effect with respect to oxygen are enhanced 

by further increase of inert gas flow rate. In the case of dual gas inlet, the flow in the shroud 

was found much less diffused compared with either vertical or horizontal injection system. 

The oxygen content in this arrangement was also greatly reduced.  

Studies of the runner after casting revealed a sparse non-metallic network structure around 

the periphery of the steel rod remained in the runner. The surface of the refractory had been 

severely attacked by the mechanical force from the streaming steel. The erosions of the 

centre stone and the end stone were on the other hand negligible. CFD calculations showed 

that the flow at those locations is almost stagnant. The surface of the refractory in contact 

with the steel was found to have an increased content of alumina. The source for the alumina 

could come from either exchange reaction of dissolved aluminium replaces the silica or 

reoxidation products origin from oxygen pick up during the transfer from the ladle to the 

vertical runner. Inclusions were also found entrapped in the steel refractory interface. 

It was also found that a formation of a liquid slag film as early as possible during casting 

would increase the possibility to remove inclusions and especially inclusions generated by 

the casting powder. 

 

Key words; Ingot casting, tool steel, inclusion, runner, refractory, erosion, casting powder, 

cold model, argon shroud, reoxidation, oxygen measurement, CFD, PIV. 
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1. INTRODUCTION 
 

High quality tool steels are recognized for their good mechanical properties and 

polishability, which demand on the absence of macro inclusions and very low number of 

micro inclusions bigger than 10 µm.
[1]

 For example, the cyclic fatigue stress study by 

Ekengren et al. has shown that the source for failure is often caused by long stringer macro 

inclusions.
[2]

 The presence of hard spinel inclusions, even small size, has detrimental effect 

on the polishability of the steel. 

Casting is the process, wherein liquid metal solidifies. It is the last step of the process, where 

inclusions can be either removed from or introduced into the steel. To minimize the 

segregation and suit the amount of steel production, it is still very common to practice ingot 

casting for many high-alloying steel grades, e.g. tool steels. The possible main sources of 

generation of non metallic inclusions in ingot casting include (1) exogenous inclusion from 

the ladle nozzles, (2) reoxidation due to the surrounding atmosphere, (3) erosion of the 

runner, (4) reoxidation inside the mould, (5) exogenous inclusions originated from the 

casting powder and (6) endogenous inclusions originated from the solidification. 

While a number of sources could supply oxygen for reoxidation, the pickup of oxygen by 

the steel stream from the surrounding atmosphere is one of the most important. Industrial 

studies have evidently shown that using a protective shroud of inert gas such as argon can 

reduce the number of inclusions and lower the nitrogen as well as hydrogen contents in the 

steel.
[3-6]

  

Some efforts have been made to understand and describe the oxygen pickup around the 

teeming steel stream.
[7-9]

 On the other hand, the lack of experimental data with respect to the 

entrainment of air into the shroud greatly hinders an optimization of the operating 

conditions. The industries are still trying by error and relying on their intuition.  

A number of researcher groups  have studied the roll of runner in the formation of non 

metallic inclusions.
[3,10,11]

 Cornacchia et al. have reported that exchange reactions take place 

between alumina and silica refractory and aluminium killed steel.
[10]

 These authors have also 

noticed that the erosion of the horizontal runner is more profound than the vertical runner. 

Lachmann and his coworker have also found the exchange reaction between the liquid metal 

and the refractory.
[11]

 It is interesting to see that the authors have found non metallic 

inclusions entrapped at the metal-refractory interface. Zhang and Thomas have discussed the 

erosion and corrosion mechanisms in the runner based on their CFD simulation and 

literature survey.
[12]

 They also proposed the possibilities of inclusion entrapment. Sumitomo 

et al. have reported that erosion can be greatly reduced when a refractory material with high 

content of alumina or basic bricks is used.
[3]

 

The objectives of the casting powder is to act as a lubricant, hinder the dissolution of oxygen 

into the steel at the top surface and act as a heat isolator in order to prevent freezing and get 

a more homogeneous solidified structure. Hence, the use of casting powder is inevitable in 

ingot casting.
[3,4,12-15] 
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The casting powder is often placed inside the mould either on the bottom beside the inlet or 

hanging in fibre ropes above the bottom. When the steel is introduced in the mould the steel 

and the casting powder becomes mixed. The density of casting powder is less than the steel 

and thereby it is supposed to float to the top and form a layer. However, the strong 

turbulence of the liquid metal when it makes entrance into the mould would result in the 

entrainment of casting powder into the steel. Findings of inclusions originating from the 

casting powder are reported by several researchers.
[4,12,13,16-20]

 

The ability of separating non-metallic inclusion in the steel in the mould by liquid slag 

formation of the casting powder has also been studied by a number of researchers.
[21]

 

Several studies of mathematical modelling or/and physical modelling have been contributed 

to the flow pattern in the ingot.
[3,4,22,23]

 It has been found that the inlet design, mould shape 

and the filling speed are the main parameters affecting the flow pattern inside the mould. On 

the other hand, no attempt has been made to relate the flow pattern to the separation of 

inclusions introduced by casting powder. Neither, the impact of the time required for the 

formation of liquid slag layer by melting of casting powder on the inclusion removal has 

been systematically investigated. 

Uddeholm Tooling has been striving to have a fundamental understanding for their steel 

making process. The ladle process has been studied by a number of researchers.
[16,24-27]

 

Tripathi et al. have found that the types of inclusions vary with the position in the ingot and 

some of these inclusions are possibly introduced by the erosion of the nozzles and the 

closing gates during the mould filling.
[16]

 They have also reported that calcium sulphide 

inclusions are formed during casting. On the other hand, no macro inclusion has been found. 

The aim of the present work has been to obtain a better understanding for how the ingot 

casting process affects the non-metallic inclusions during casting. The types and distribution 

of inclusions have been studied through industrial samples of ingots and runners. Laboratory 

work and CFD simulation of the argon shroud protection and the possibility of inclusion 

removal during casting using a liquid slag film have also been carried out.  
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2. EXPERIMENTAL 

2.1. Industrial Process 

Uddeholm tooling AB, Sweden produces tool steel and other high quality steel grades based 

on scraps. The process is shown in Figure 1. After melting the scraps in an electric arc 

furnace (EAF) of 65 ton in capacity, the molten steel along with slag is tapped into a ladle. 

Deoxidation by addition of aluminium is carried out after the removal of the EAF slag. Slag 

formers, alumet, dolomet and lime are added. At the same time, the melt is heated up by 

graphite electrodes to reach a temperature between 1853 and 1923 K. Induction stirring is 

applied at this stage for homogenization of the steel bath. On arriving at the degassing 

station, the ladle chamber is closed by a lid for vacuum treatment. While the chamber is 

evacuated by a pump, argon gas is introduced through two porous plugs at the bottom of the 

ladle. The degassing exercise helps the removal of sulphur, nitrogen and hydrogen. It also 

enhances the separation of non-metallic inclusions into the top slag. Thereafter, the ladle is 

sent to the casting station. 

 

 

Figure 1. Casting process at Uddeholm Tooling AB. 

 

Before the casting takes place, a certain amount of steel is disposed into a waste mould to 

make sure that the sand in the bottom of the ladle that protects the inner nozzle during the 

steel process is removed. The ladle is placed as close as possible above the vertical runner 

equipped with a fiber collar. Argon is injected downwards around the falling liquid metal as 

a protection curtain. It functions to limit the mass transfer of air to the column of liquid 

metal. The steel flows through the vertical runner down to the centre stone in the bottom, 

where the steel is divided and led into the horizontal runner channels. At the end of the 

horizontal runner, there is an end stone that directs the steel into the mould. 

The standard material used for the runners at Uddeholm Tooling is Victor KX (Wet pressed 

bauxite reinforced chamotte refractory; firing temperature 1623 K; density: 2350 kg∙m
-3

; 

apparent porosity: 12%), supplied by Höganäs Refractories Sweden.
[28]

 Table 1 presents the 

average composition of the composite refractory material. 



4 

 

Table 1. Average composition of the composite refractory material. 

(mass%) Al2O3 SiO2 CaO TiO2 Fe2O3 

Refractory 52.0 42.0 0.3 1.6 1.6 

 

Casting powder is used to act as a lubricant, hinder the dissolution of oxygen into the steel at 

the top surface and act as a heat isolator in order to prevent freezing and get a more 

homogeneous solidified structure. Hence, the use of casting powder is inevitable in ingot 

casting.
[3,4,12-15] 

The casting powder is often placed inside the mould either on the bottom beside the inlet or 

hanging in fibre ropes above the bottom. When the steel is introduced in the mould the steel 

and the casting powder becomes mixed. The density of casting powder is less than the steel 

and thereby it is supposed to float to the top and form a layer. However, the strong 

turbulence of the liquid metal when it makes entrance into the mould would result in the 

entrainment of casting powder into the steel. 

 

2.2. Industrial Sampling and Analysis 

2.2.1. Ingot 

Steel grade Orvar 2M was chosen for the present study. Steel and slag samples were taken 

along with oxygen activity and temperature measurements. The ladle heat age was 7. 

A rapid solidifying (RS) lollipop sampler was employed to take steel samples from both 

ladle and later on in the mould (during filling up). The thickness of the sample was 6 mm. A 

detail description of the sampling procedure could be found in a previous publication.
[24]

 For 

oxygen activity measurements a Celox sensor with Cr-Cr2O3 reference electrode was used. 

After the ladle refining, the steel was sent for casting of ten ingots (5.8 tons, each). Four 

ingots were cast simultaneously for about 10-12 minutes. An ingot from the second stool 

was selected for sampling at two different heats. Steel samples and oxygen measurements 

were taken at approximate 50 and 80% filling up. 

After casting the ingot was taken away from the production. Thereafter the ingot was cut and 

samples were taken at different positions inside the ingot. Totally 15 samples were cut out 

from one ingot. The positions of these samples are schematically shown in Figure 2. The 

samples were taken from three height levels. 5 samples at each level were collected from the 

symmetrical plan A. 

Sample of the casting powder used in the ingots was pressed into discs of 3 cm in diameter. 

These discs were analysed by an XRF system (Philips Perl X-2). The sulphur content in the 

casting powder was analysed using LECO CS 444. 
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Figure 2. Position of the samples taken from the ingot. 

 

2.2.2. Runner 

Both steel rods and refractory samples from the runners after casting were collected (as 

well). The surfaces of the steel pieces were cleaned to remove the attached refractory pieces. 

The diameters of the steel rods from both vertical and horizontal runners were measured 

using a pair of callipers with estimated accuracy of +/- 1mm. The rods from horizontal 

runners were cut at different positions. The dimensions of the cross sections of the rods were 

measured. Pieces of steel samples (about 15 mm in thickness) were taken at these positions 

and prepared for microscopy examination using light optical microscope (LOM) and 

scanning electron microscope (SEM). 

The removal process of the moulds broke the upper part of the refractory into smaller pieces. 

Identification of the origin of the refractory from the upper part was therefore difficult. 

Hence, the refractory sampling was concentrated to the lower parts found in the stool. The 

thermal expansion from the casting tightened the bricks in the stool so that they had to be 

removed as gentle as possible. Pieces of the collected refractory material were then baked 

together with a conductive bakelite filling material to make a flat surface for microscopic 

studies. 
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2.3. Modeling of Argon Shroud 

A full scale 2-dimensional model was made to simulate the argon shroud between the 

bottom of the ladle and the vertical runner. The model is based on a real industrial practice. 

The dimensions of the model are presented in Figure 3a. To avoid the wall effect due to 

friction, the thickness of the model (the distance between the front plat and the back plat) 

was chosen as 50 mm. The solid wall on the left side was to simulate the steel stream, while  

 

Figure 3a. Schematic drawing of the experimental model. 

 

the solid wall on the top was to simulate the bottom of the ladle. The right side of the model 

was kept open to the atmosphere. The gas inlet was located at (A) having an opening of 4 

mm x 40 mm. The direction of the gas inlet could be adjusted. The bottom part was closed 

by a plat, which was connected to a “collar” marked as B. The collar and the bottom plate 

form an angle of 60
o
. The distance between the gas inlet and the top of the collar, marked as 

h, was also adjustable. All the parts of the model were made of transparent plastic material 

to facilitate the PIV measurement (see the next section). 

Nitrogen gas was used to simulate the argon flow. The gas flow rate was controlled by a 

flow meter with a capacity range of 2.5-25.0 m
3
h

-1
. Just after the flow meter, the gas was 

passed through a device in the shape of tube containing plastic particles. The particles 120-

180 µm in diameter were used as tracer in the PIV measurement. 
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2.3.1. Argon flow in shroud using PIV technique – Physical model 

Just after the flow meter, the gas was passed through a device in the shape of tube containing 

plastic particles. The particles 120-180 µm in diameter were used as tracer in the Particle 

Image Velocimetry (PIV) measurement. In fact, different types of particles and particle sizes 

were tested. The plastic particle in the size range of 120-180 µm gave the best performance. 

The gas flow carried the particles through the hose and the gas inlet and came out into the 

model. The PIV system also consists of a YAG laser source with 520 nm wave length. The 

laser was used to illuminate the 2-dimensional plane across the model where the positions of 

particles were to be recorded by a high speed camera taking pictures in an interval of 1/15 

seconds. By comparing the positions of each tracer particle in two different frames the 

velocities of the individual particles in the flow field of the gas could be determined.  

As show in Figure 3b, the YAG laser was placed to the right of the model. The camera was 

kept about 0.75 m from the front plat of the model. The area where the velocities of the gas 

were measured is marked by the dashed lines in Figure 3b. The area to the left of the gas 

inlet was not measured since the laser source could not illuminate the area satisfactorily. 

                    

Figure 3b. Illustration of PIV sampling area presented in the results. 
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2.3.2. Oxygen measurement within argon shroud – Physical model 

The oxygen content was measured using a combustion analyzer equipped with an oxygen 

sensor probe. On the left wall of the model (see Figure 3a) a few holes were made for 

placing the gas sampler. The holes were located 50 mm apart from each other. The sampler 

was connected to a steel tube, through which a small amount of gas sample could be sucked 

and transported to the oxygen sensor that registered the oxygen concentration/content. The 

sampling tube was inserted through one of the holes on the wall. 

The oxygen concentrations at different positions at the same level could be measured. The 

sampling positions are marked in Figure 3c (At the locations where the horizontal and 

vertical lines cross). Before measurement, the reliability of the probe along with the 

equipment was examined by a number of measurements outside the model. An oxygen 

content of 20.8 % was obtained, confirming thereby the reliability of the equipment. For 

each measurement, the sampler was held still until a stabilized oxygen concentration value 

was achieved. 

 

Figure 3c. Illustration oxygen sampling positions presented in the results. 

 

2.4. Cold model for Inclusion Removal by Slag film in Ingot  

In order to study inclusion removal, a 3D water model was made to simulate a 5.8 ton ingot. 

The geometrical ratio between the model and real mould was 1:3. The dimensions of the 

model are presented in Figure 4. The model was made in a way that inlets of different inlet 

angles could be replaced by one another. 

The inlet of the model was connected to a water reservoir by a hose of Ø 6 mm. The water 

level in the water reservoir was kept constant by continuous water supply from the tap water. 

The height difference between the water reservoir and the bottom of the model was 800 mm. 
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This arrangement gave a casting speed of 20-30 cm
3
 s

-1
. This casting speed was chosen by 

choosing a Reynold number similar as in the case of 5.8 ton ingot in the industry.  

Water was used to simulate the liquid steel, while charcoal particles in the size range of 100-

150 µm was used to simulate the inclusions generated by the entrainment of casting powder. 

The charcoal was premixed in a small amount of water to wet the surface. Silicon oil, 

dynamic viscosity 4.8∙10
-2

 kg m
-1

 s
-1

, density 960 kg m
-3

, supplied by BDH Silicone 

Products, USA was used to simulate slag formed from melted casting powder. 

 

Figure 4. Schematic drawing of the experimental model. 

 

The mould was filled by water to a height of 40 mm. Thereafter, the charcoal-water mixture 

containing 1 g of charcoal powder was added and stirred in the water to get a homogeneous 

distribution. The filling of the ingot started immediately afterwards. Silicon oil was added 

carefully at predetermined level of casting. The thickness of the oil layer was 10 mm. As 

reported by Kumar et al., the interfacial tension between silicon oil and charcoal is nearly 

zero, while the interfacial tension between water and charcoal is relatively high.
[29]

 The 

difference in interfacial tension would facilitate the removal of charcoal particles from water 

phase to oil. This situation would be similar as the inclusion-metal-slag system. Samples 

(inclusions mixed with water) were regularly taken at different positions using a 10 ml 

pipette. The inclusions were filtered out from the water by a paper filter. The number of the 

charcoal particles was carefully counted.  

 



10 

 

3. CFD MODELING 
 

Computerized Fluid Dynamics (CFD) is an auxiliary tool for understanding different 

processes and is helpful for development of new designs. In this work CFD have been 

carried out for the steel flow distribution in the runner system and in the ingot during filling. 

It has also been used for simulating the gas flow inside the argon shroud. The commercial 

software Comsol Multiphysics and Ansys Fluent have been used to simulate the flow of 

liquid fluid and gas respectively. 

The domains used for the simulations have been of 2D and 3D nature where the equation of 

continuity and momentum conservation has been adopted. To simulate the turbulence nature 

of the flow the K-ε model is used.
[30]

 Natural convection has not been taken in consideration 

in the simulations. A couple of demonstrative examples of all the simulations carried out are 

presented here. More detailed information about the boundary conditions and assumptions 

for each type of simulation are to be found in respectively supplements. 

 

3.1. Modeling of Mould Filling 

The flow patterns and velocity distributions at different casting levels can be calculated for 

both water model and industrial ingot. As an example, Figure 5 presents the velocity 

distributions in the water model at three different casting levels for two inlet angles, 

respectively. It is evidently seen that the inlet angle has substantial effect on the flow 

pattern.  

At lower liquid levels, the plume transports the liquid to the top surface where it is 

distributed towards all the sides of the mould by a horizontally flow. During this time, the 

inclusions have the possibility to meet the top phase and become absorbed. At the side walls 

of the mould, the liquid is redirected downwards to maintain the mass balance and 

momentum balance. In a 2-dimension plan (see Figure 5a and 5b), two loops are seen, one 

on each side of the central line. As the surface level is rising, the upward vertical flow starts 

leaning against the right wall of the mould. Finally, one of the two loops vanishes. 

Thereafter, only a bigger flow loop can be seen in the 2-dimension plan. It is worthwhile to 

mention that the vanishing of one of the two loops and the formation of a bigger loop are 

confirmed by the visual observation in the water model experiments. A detailed discussion 

regarding the impact of the flow pattern on the inclusions removal is to be given later in the 

discussion. 
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 a)    b) 

Figure 5. Velocity and direction of the flow in the water mould at different casting levels. 

(a) inlet angle 5
°
 (b) inlet angle 25

°
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3.2. Modeling of Argon Shroud 

CFD was employed to simulate the moving steel as a moving boundary in the model shown 

in Figure 3a. The results of velocity distribution for a distance, h= 50 mm and inlet angle of 

a = 0° and the  moving boundary of 1.2 ms
-1

 and 2.4ms
-1

 are presented in Figure  6a and 6b 

respectively.  

 

Figure 6. Gas velocity distribution calculated by CFD calculation; Distance, h= 50 mm, 

inlet angle, = 0° and gas flow rate of 2.5 m
3
h

-1
. Moving boundary at the left side is adopted 

with a velocity of, a) 1.2 ms
-1

, b) 2.4 ms
-1

. 
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4. RESULTS 

4.1. Industrial Study 

4.1.1. Chemical analysis and oxygen activity of steel.  

The analysed composition of the casting powder is presented in Table 2. The oxygen 

activities measured by Celox sensor along with the steel temperature are listed in Table 3. 

The main steel compositions of the steel samples at different stages are given in Table 4. 

 

Table 2. Casting powder composition before casting supplied by the manufacture. 

 CaO/SiO2 SiO2 CaO+MgO Al2O3 Na2O+K2O Fe2O3 Cfree CO2 Ctotal S 

(Mass%) < 0.20 30.0-40.0 2.0-8.0 15.5-21.5 7.5-10.5 4.0-10.0 19.0-21.0 3.0-5.0 20.0-22.0 0.24 

 

 

4.1.2. Ingot sampling 

Totally, 5 types of inclusions are detected in the ingot. Among them, three types of 

inclusions are also found in the ladle before casting.
[24-26]

 These types of inclusions are 

named by the previous work as Type 6, Type 7 and Type 8, respectively.
[20]

 Inclusions of 

Type 7 consist of only one phase, an oxide solution having high Al2O3 and CaO contents but 

low MgO and SiO2 contents. This type of inclusion is often referred as calcium aluminate 

inclusion. Type 6 inclusions consist of two phases. The outer layer is the same phase as in 

Type 7, while tiny particles of spinel phase present inside the liquid oxide solution. Similar 

as Type 7, inclusions of Type 8 consist of also two phases. MgO islands are found in the 

same oxide solution phase in Type 7. It should be mentioned that only a few Type 8 

inclusions are detected in the ingot. A small difference is noticed when comparing the 

element mappings of these inclusions with that found in the ladle. A very thin layer 

containing sulphur is formed on the surface of the oxide solution. Figure 7 presents an 

example, a typical Type 6 inclusion. The presence of S on the surface of the inclusion is 

evidently seen. 

Table 4. Result of Celox 

measurement (Oxygen activity 

in ppm and temperature in K). 

Ingot 1 Temp(K) aO (ppm) 

AV 1865 2.6 

BC 1837 2.5 

(50%) 1761 1.9 

(80%) 1761 1.9 

 

 

Table 3. Steel composition (mass%) after vacuum 

treatment (AV) and before casting (BC). 

 C Si Mn S Cr Ni 

AV 0.3800 1.0200 0.3700 0.0006 5.100 0.2000 

BC 0.3900 1.0300 0.3700 0.0005 5.150 0.2000 

 Mo W Co V Ti Al 

AV 1.2800 0.0400 0.0210 0.9200 0.0028 0.0180 

BC 1.2900 0.0390 0.0210 0.9300 0.0027 0.0200 
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The calcium aluminate phase was specifically investigated before, during and after casting. 

The alumina contents are presented in Table 5. The number of inclusions is counted and 

presented in Table 5 as well. 

 

 

Figure 7. SEM microphotograph of a typical type 6 inclusion, calcium-aluminate with a 

spinel core surrounded by a thin layer of CaS. 

 

Table 5. Variation of alumina content in the calcium aluminate phase found in the 

inclusions during the process. 

 Before Casting Casting Ingot 

Intervall (mass%) 43.1-43.9 46.7-49.5 47.0-53.9 

Average (mass%) 43.5 47.7 49.3 

Total Incl. (mm-2) 0.10 0.11 0.18 

 

In addition to the inclusions found in the ladle, two new types of inclusions are detected in 

the ingot. To help the discussion, these inclusions are named as Type C1 and Type C2, 

respectively. Figure 8 presents the SEM image of a Type C1 inclusion along with the 

element mappings. The sharp edges of the inclusion suggest that it is solid in the liquid 

metal. While it is difficult to identify all the phases and their boundaries, the mappings still 

indicate that the inclusion is composed of two major parts. The right part contains mostly 

SiO2, Na2O, Al2O3 and CaO. On the other hand, the left part is basically alumina. The shape 

of Type C1 inclusions varies quite a lot and the sizes of Type C1 inclusions range from a 

few µm to 30 µm. 
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Figure 8. SEM microphotograph of a Type C1 inclusion. 

 

In Figure 9a, the SEM image and the element mapping of a Type C2 inclusion are given. 

Inclusions of this type are not many. However, they are usually quite big, belonging to the 

class of macro inclusions. The inclusion shown in Figure 9a is larger than 70 µm. The 

inclusion contains mostly Al2O3 with some amount of MgO. The low content of MgO 

suggests that it is unlikely spinel phase, but mostly alumina. 

 

 

Figure 9. a) SEM microphotograph of a Type C2 macro inclusion. b) Type C2 macro 

inclusion with high magnification. 
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Figure 9b shows the microphotograph of a part of a Type C2 inclusion with high 

magnification. The inclusion seems to consist of many small particles agglomerated 

together. It is worthwhile to mention that inclusions of this type have all stringer shape. A 

careful examination reveals that this type of inclusions present mostly at the grain 

boundaries, packed between grains of the metal.  

As mentioned in the experimental part, 15 samples (shown in Figure 2) are cut out from the 

ingot. The numbers of different types of inclusions are counted in a scanning microscope 

using INCA software. 

The total numbers of inclusions (mm
-2

) in the samples for the two ingots are presented in 

Figure 10. In order to get a basic understanding of the role of non-metallic inclusions 

generated during casting, the numbers of the inclusions of Type C1 are also presented in 

Figure 10. Note that the counting of inclusions at such low concentration, especially in the 

case of Types-C1 and Type C2, would involve considerable uncertainties. However, the 

counting would still provide semi quantitative information and relative comparison. The 

general agreement between the results of the two ingots would support this argument. 

It should be pointed out that the number of inclusions of Type C2 is much lower than that of 

Type C1. It is impossible to present the distribution even in a semi quantitative manner. 

Inclusions of this type are occasionally detected in some of the samples. 

    

Figure 10. Total number of inclusion (mm
-2

) referred to the positions shown in Figure 2 (the 

contributions of the type C1 inclusions to the total number are presented within brackets) a) 

ingot 1, b) ingot 2. 
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4.1.3. Runner sampling - Runner steel and refractory 

Two steel grades were studied, namely (1) Orvar 2M, a chromium-molybdenum-vanadium-

alloyed tool steel and (2) Nimax, a chromium-manganese-nickel-alloyed tool steel. The 

former had an ingot size of 5.8 tons, while an ingot of the latter weighed 24.2 tons. The 

study on the Nimax was focused on the dimensions of the runner after usage, as bigger ingot 

would result in larger amount of metal running through the runner and consequently more 

profound erosion. 

4.1.3.1. Mechanical erosion 

The inner diameters of both the vertical runners and horizontal runners were measured 

before casting. In the case of vertical runner, there was considerable variation in the 

diameter of the runner bricks due to the manufacturing of the refractory industry. For 

example, in one casting stool, the diameter varied between 87 and 89 mm. In another case, 

the variation was much less than 1 mm; and the inner diameters of the runner bricks were all 

very close to 91 mm. The inner diameters of the horizontal runner bricks were more 

consistent, all very close to 50 mm. 

As mentioned in the previous section, the refractory part of the casting unit was broken 

during the removal of the mould. It was impossible to measure the inner diameter of a 

runner after casting. To get an idea of the extent of mechanical erosion, the diameters of the 

remaining steel rods were measured.  

Table 6 lists the diameters of the 4 steel rods remained in the vertical runners. While three 

rods were from the casting of Nimax steel, one rod were from Orvar 2M. For each rod, the 

measurements were made at different heights. The data suggest that the diameters at 

different heights of the same rod are quite consistent, irrespective of the steel grades. 

 

Table 6. Diameters at different distances from the bottom of the steel rod remained in the 

vertical runner. 

Distance from 

centre stone 

(mm) 

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 

1. Orvar 2M 88 89 89 90 90 90 90 90 89 89 90 88 90 89 88 

2. Nimax 88 88 89 91 90 89 - 90 89 89 - 91 - - 89 

3. Nimax 91 89 89 89 89 90 90 90 90 90 89 89 91 91 89 

4. Nimax 91 90 90 91 92 93 93 92 91 92 93 93 93 92 91 

 

Table 7 presents the measured diameters of the steel rods remained in the horizontal runners 

at different distance from the central stone. It is noted that the diameters of the Nimax rods 

are considerably larger than that of the rods of Orvar 2M. In the case of both steel grades, 

the diameters of the remaining horizontal rods are larger than the inner diameter of the 

original runner. 
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Table 7. Diameters (mm) at different distances from the entrance of the steel rod remained 

in the horizontal runner. 

Distance from 

centre stone (mm) 
100 200 300 400 500 600 700 800 900 

1. Orvar 2M 51 51 51 50 51 50 - - - 

2. Orvar 2M 51 51 51 52 51 49 - - - 

3. Nimax 55 55 56 54 55 54 52 52 49 

4. Nimax 56 53 54 51 52 54 51 51 49 

5. Nimax 54 55 57 56 56 55 55 55 56 

6. Nimax 57 57 58 57 57 56 51 54 56 

 

It should be mentioned that the measurements involved considerable uncertainties, as the 

surfaces of the rods were eroded seriously. Hence, all the data in Tables 6 and 7 could be 

only considered semi quantitative. Nevertheless, the increase of the diameters of the 

horizontal runners is evident. 

One important observation is that the erosion of the horizontal runner is not uniform. The 

diameter of the steel rod at the entrance of the horizontal runner is considerably bigger than 

the diameters of the rod at other places. This aspect is clearly brought in Figure 11. The 

lower disk which is taken from the entrance of the horizontal runner has distinguishably 

bigger dimension than the upper disk taken from the middle position between the entrance 

and the end stone. Both disks are from the same cast of Nimax. It is also observed in Figure 

11 that the surface of the steel rod is very rough, despite of the careful removal of all the 

refractory traces. 

 

 

 

Figure 12. SEM photomicrograph of the 

periphery region of the horizontal steel rod, 

continuous grey phase: steel, light phase: 

oxide. 

 

Figure 11. Two disks taken from the 

horizontal runner, the lower one is taken 

close to the entrance and the upper is 

taken from the middle of the runner. 
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Figure 12 presents the SEM photomicrograph of the periphery region of the cross section of 

a horizontal steel rod. The continuous grey phase is steel, while the light phase is oxide. The 

morphology of the sample strongly suggested that a network like oxide layer is formed 

around the periphery of the steel rod. 

No substantial wearing of the central stone was noticed after casting. In Figure 13a, the 

photo of the used central stone is compared with that of an original one, Figure 13b. The 

central stone was used for the casting of Nimax steel. It is seen in Figure 13a that the 

pressing tool used in the manufacturing of the stones leaves a small imprint of less than 1 

mm in height. This imprint is evidently seen on the central stone after casting. It should be 

pointed out that the imprint is observed on all the central stones examined after casting. The 

clear presence of the pressing imprint evidently indicates that the physical erosion of the 

central stone is negligible. Similar as central stone, the mechanical erosion on end stone is 

also very limited. 

 

          

Figure 13. (a) The surface after casting of Nimax, (b) Centre stone before casting. 

 

4.1.3.2. Chemical aspects 

In order to gain an insight into the chemical reaction between liquid steel and refractory 

during casting, the refractory pieces taken from different positions were examined using 

both light optical microscope (LOM) and scanning microscope (SEM). 

Figure 14 presents the element mappings of the refractory taken from the horizontal runner. 

The mappings are made in the region of the refractory surface in contact with metal. The 

surface is not smooth showing a zigzag shape. The mappings evidently show two different 

layers, the outer one having higher alumina content. 
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The average compositions of the two layers are presented in Table 8. A comparison of the 

Tables 1 and 8 indicates that the inner layer of the used refractory still has similar 

composition of the original refractory. On the other hand, the surface layer has much higher 

alumina content. 

Table 8. Main compositions of the refractory matrix and the layer close to the liquid steel. 

(mass%) Al2O3 SiO2 

Inner layer 20.2 79.6 

Surface layer 79.0 19.9 

 

EDS analysis shows that the oxide network in the periphery region of the steel rod in the 

horizontal runner contains many phases. The major part of the network has an average 

composition very similar to the original refractory, confirming thereby that it was a part of 

the refractory. A general increase of alumina content is noticed towards the centre of the 

cross section in the oxide network. 

A detail examination reveals that many non metallic inclusions have been entrapped by the 

zigzag surface of the refractory. As an example, Figure 15 shows an example, spinel phase 

coexists with calcium aluminate phase, which is in accordance with the common inclusions 

found in the ladle before casting.
[24-26]

 

 

Figure 14. SEM micrograph along with the element mappings of the surface area of the 

used runner. 
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Figure 15. SEM photomicrograph of a possible inclusion with spinel phase and calcium 

aluminate phase. 

 

Calcium aluminates were also found entrapped in the periphery close to the refractory. They 

have non globular shape in contrast with the ones found in the ladle. The alumina content 

was also much higher than the calcium aluminate inclusions found in the ladle.
[24-26]

 

Apart from the periphery region in the steel rod, three types of micro inclusions are detected, 

namely, (1) spinel inclusions, (2) calcium aluminate inclusions, and (3) the combination of 

(1) and (2). All these types of inclusions are also found in the ladle before casting.
[24-26]

 

It must be mentioned that big macro inclusions are also found in the steel rod. Figure 16 

shows the steel samples taken from different positions in the horizontal runner. The big 

oxide particles are evidentially seen. EDS analysis reveals that these particles are due to the 

flushing off of the runner. 

 

Figure 16. Steel samples taken from different positions in the horizontal runner. Big oxide 

particles are evidentially seen. 
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In Figure 17, a macro alumina inclusion is shown. The sizes of this type of alumina 

inclusions are usually bigger than 100µm. The appearance of the inclusion suggests that it is 

the result of agglomeration of many small alumina particles. The bright spots in the figure 

are tiny metal droplets. 

 

Figure 17. Alumina inclusion found in the horizontal runner. 

 

4.2. Removal of Inclusions in Ingot. 

4.2.1. Cold model results 

The main physical properties of the materials used are listed in Table 9. The parameters 

considered in the experiments were the inlet angle and the water level in the mould at which 

silicon oil was added. Samples were taken using pipette at different heights of casted water 

levels, namely, 70, 130, 190, 250, 310, 370 mm. The charcoal particles filtered out on the 

filter were counted under magnifying glass. The concentration of the sample taken at 70 mm 

was used as the initial concentration of the particles. 

 

Table 9. Physical properties of the materials. 

Properties Water 

Density [kg m-3] 1000 

Dynamic Viscosity [kg m-1 s-1] 0.001 

Properties Charcoal 

Density [kg m-3] About 500 

Size interval [µm] 100-150 
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In view of the dilution of the concentration of charcoal particle due to the constant supply of 

pure water, the numbers of charcoal particle in the samples were normalised using equation 

(1). 

  (1) 

 

Where N is the normalised number of inclusions, Co and C are the initial concentration of 

charcoal particles (number cm
-3

) and the concentration of charcoal particles (number cm
-3

) 

in a sample, Vo and V are the volume of water at the water level of 70 mm and the level 

when the sample is taken. 

Figure 18 presents the normalised number of inclusions at the different sampling positions 

in the model. Figure 18a shows the results of the experiments, where the top phase is added 

when the water level in the mould reaches 0.1 m. In the case of the experiments shown in 

Figure 18b, the top phase addition is made when the water level is 0.2 m. In both figures, the 

different symbols represent different angles of inlet. As shown in Figure 18a and Figure 18b, 

the inlet angle has no substantial effect on inclusion removal, though Figure 18b seems to 

suggest the small inlet angle leads to low number of inclusions at the end of the experiment 

when the top liquid is added at a water level of 0.2 m. More discussion will be given later in 

the discussion part. 

 

Figure 18. Normalised concentration of the inclusions found in the ingot during casting at 

different casting levels. (a) Top phase addition at 0.1 m, (b) at 0.2 m. 

 

4.3. Reoxidation in Argon Shroud 

4.3.1. Velocity distribution 

The velocity distributions at different gas inlet angles, different gas flow rates and different 

distance between the collar and the gas inlet were determined. Totally 18 experiments were 

conducted. The experimental conditions of these experiments are summarised in Table 10. 
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Table 10. Argon shroud experimental conditions, each experimental carried out is marked 

with an x. 

 
 Flow Rate, Q=2.5m3h-1 Flow Rate, Q= 15m3h-1 

 α= 90° α= 0° α= 0°+90° α= 90° α= 0° α=0°+ 90° 

h= 200 mm x x x x x x 

h= 100 mm x x x x x x 

h= 50 mm x x x x x x 

 

An examination of the experimental results provides a reasonably good overview regarding 

the effects of the gas flow rate “Q”, the inlet angle “ ” and the distance between the gas 

inlet and the collar “h”. However, for the brevity of the thesis only the most important cases 

are presented in detail in the results part. 

Figures 19 present the measured velocity distributions with the flow rate of 2.5 m
3
h

-1
 and b) 

h=15 m
3
h

-1
, respectively. The gas is introduced horizontally (inlet angle, = 0°) and with a 

distance of 100 mm. 

 

Figure 19. Gas velocity distribution in the argon shroud using PIV technique; the 

conditions: flow rate of a) 2.5 m
3
h

-1
 and b) 15 m

3
h

-1
, inlet angle, = 0° and distance, h= 100 

mm. 
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Figure 20 presents the measured velocity distribution with the flow rate of 2.5 m
3
h

-1
 

introduced horizontally (inlet angle, = 0°) and with a distance of 50 mm. 

 

 

Figure 20. Gas velocity distribution in the argon shroud using PIV technique; the 

conditions: flow rate of 2.5 m
3
h

-1
, inlet angle, = 0° and distance, h= 50 mm. 

 

Figure 21 presents the measured velocity distribution for the dual inlet configuration where 

the gas is introduced both horizontally and vertically (inlet angle, = 0°+ 90°) at the flow 

rate of 2.5 m
3
h

-1
 and the distance, h=100 mm. Figure 22 presents the measured velocity 

distribution with the flow rate of 2.5 m
3
h

-1
 introduced vertically (inlet angle, = 90°) and 

with a distance of 100 mm. 
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Figure 21. Gas velocity distribution in the 

argon shroud using PIV technique; the 

conditions: flow rate of 2.5 m
3
h

-1
, inlet 

angle, = 0°+90° and distance, h= 100 

mm. 

 

Figure 22. Gas velocity distribution in the 

argon shroud using PIV technique; the 

conditions: flow rate of 2.5 m
3
h

-1
, inlet 

angle, = 90° and distance, h= 100 mm. 
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4.3.2.Oxygen distribution 

Totally 18 experiments were conducted. Two nitrogen gas flow rates were used, namely 2.5 

m
3
h

-1
 and 15 m

3
h

-1
. The results obtained for these two gas flow rates are presented in Table 

11 and Table 12, respectively. In the tables, h represents the distance between the bottom of 

the ladle and the collar on the top of the vertical runner. α = 0° means the nitrogen gas is 

injected horizontally, while α = 90° means the nitrogen gas is injected downward vertically. 

α = 0°+90° stands for the experiments, where nitrogen gas is injected through both 

horizontal gas inlet and vertical gas inlet. For each experiment, the horizontal positions and 

vertical positions of the measurements are also given in the two tables in accordance with 

the positions marked in Figure 3c. The reported values at these positions are given in 

volume%. 

Note that the number of measuring positions in the studied domain decreases when the 

distance between the collar and ladle, h, is decreased. 

Table 11. Result of oxygen measurement result at different position in the model; the 

conditions: gas flow rate of 2.5 m
3
h

-1
, distances h = 200 mm, 100 mm and 50 mm, inlet 

angle, α = 90°, α = 0°and α = 0°+90°.  

Flow 

2.5 [m3h-1] 

α =90° α =0° α =0°+90° 

x [mm] x [mm] x [mm] 

h 

[mm] 

y 

[mm] 

0 50 100 150 200 

  

0 50 100 150 200 

  

0 50 100 150 200 

 

200 0 12.3 12.0 12.2 12.0 20.2 

  

4.4 5.9 6.0 6.4 8.1 

  

2.3 2.7 2.8 2.7 4.9 

 

 

50 12.4 12.1 12.2 11.8 19.8 

  

4.5 5.8 5.9 4.1 8.6 

  

2.2 2.1 1.7 2.0 3.4 

 

 

100 12.0 12.3 12.1 11.4 19.5 

  

4.7 5.1 5.3 4.6 10.8 

  

2.6 2.2 2.5 2.4 3.1 

 

 

150 11.7 11.7 11.8 12.5 18.8 

  

4.9 4.5 4.1 12.2 19.8 

  

2.4 2.5 2.6 3.1 12.6 

 

 

200 11.6 11.6 

     

5.1 4.6 

     

2.9 2.6 

    

 

250 11.7 

      

4.8 

      

2.7 

     100 0 12.3 12.2 12.3 12.1 20.2 

  

1.7 1.5 1.5 3.1 5.7 

  

1.5 1.3 1.1 1.9 15.8 

 

 

50 12.1 11.9 12.1 11.9 20.1 

  

1.8 1.3 1.1 12.7 19.9 

  

1.4 0.9 0.8 6.3 8.5 

 

 

100 11.9 12.2 

     

1.9 1.7 

     

1.3 1.5 

    

 

150 12.1 

      

1.8 

      

1.3 

     

 

200 12.2 

      

1.8 

      

1.4 

     

 

250 

                    50 0 12.0 11.7 11.7 11.8 20.1 

  

0.5 0.3 0.3 3.6 7.2 

  

0.3 0.2 0.2 0.9 19.7 

 

 

50 11.9 11.8 

     

0.4 0.3 

     

0.4 0.2 

    

 

100 12.1 

      

0.4 

      

0.2 

     

 

150 12.2 

      

0.4 

      

0.2 

     

 

200 

                    

 

250 
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Table 12. Result of oxygen measurement result at different position in the model; the 

conditions: gas flow rate of 15 m
3
h

-1
, distances h = 200 mm, 100 mm and 50 mm, inlet 

angle, α = 90°, α = 0°and α = 0°+90°. 

Flow 

2.5 [m3h-1] 

α =90° α =0° α =0°+90° 

x [mm] x [mm] x [mm] 

h 

[mm] 

y 

[mm] 

0 50 100 150 200 

  

0 50 100 150 200 

  

0 50 100 150 200 

 200 0 12.3 12.3 12.1 11.9 11.9 

  

4.6 4.3 5.9 6.4 7.5 

  

1.5 1.4 1.7 1.9 2.2 

 

 

50 12.2 12.3 12.1 11.8 11.7 

  

4.7 4.6 5.2 4.7 8.5 

  

1.4 1.4 1.6 1.7 1.5 

 

 

100 11.8 12.2 11.9 11.8 11.3 

  

4.9 4.9 4.9 4.8 4.3 

  

1.5 1.5 1.5 1.3 1.2 

 

 

150 11.7 11.8 12.3 12.1 16.7 

  

4.9 4.9 4.8 4.9 18.3 

  

1.7 1.6 1.4 1.5 17.3 

 

 

200 12.1 11.8 

     

5.3 5.0 

     

1.8 1.7 

    

 

250 11.9 

      

5.1 

      

1.5 

     100 0 13.3 13.5 13.5 13.3 20.6 

  

2.3 2.2 2.0 1.8 4.1 

  

0.8 0.7 0.6 0.6 1.0 

 

 

50 12.5 13.1 13.3 12.9 20.7 

  

2.3 1.9 1.8 1.6 17.6 

  

0.7 0.7 0.5 0.5 13.3 

 

 

100 12.9 12.8 

     

2.6 2.5 

     

0.8 0.8 

    

 

150 13.2 

      

2.4 

      

0.7 

     

 

200 13.5 

      

2.3 

      

0.7 

     

 

250 

                    50 0 14.2 14.1 13.7 13.9 20.3 

  

0.7 0.6 0.4 0.4 4.7 

  

0.6 0.4 0.3 0.2 0.4 

 

 

50 13.8 13.5 

     

0.6 0.5 

     

0.4 0.3 

    

 

100 13.0 

      

0.5 

      

0.2 

     

 

150 13.4 

      

0.4 

      

0.2 

     

 

200 

                    

 

250 
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5. DISCUSSION 

5.1. Inclusions generated during casting 

Previous studies carried out at Uddeholm Tooling reveal that 3 types of inclusions are found 

in the steel melt before casting.
[24-26]

  These types are named as Type 6, Type 7 and Type 8 

by the previous authors. These types are presented in Table 13.
[20]

 While all these types of 

inclusions are also detected in the ingot, only a few inclusions of Type 8 are found. In fact, 

for all these three types, the phase in contact with liquid metal is the same, an oxide solution.  

 

Table 13. The different types of inclusions at different stages of the ladle treatment.
[24-26,31]

 

Charcteristics Typ

e 

Ladle 

Arrival 

Initial Al 

adding 

Later Al 

adding 

Before 

Vacuum 

After 

Vacuum 

Pure MgO 1 x x 

   

Liquid oxide solution with high 

SiO2 content 
2 x x 

   

Spinel (MgO·Al2O3) 3 x x x x 

 

Combination of 2 and 3 4 x x 

   

Pure Al2O3 5 

 

x 

   

Spinel + oxide solution with low 

SiO2 content 
6 

  

x x x 

Oxide solution with low SiO2 

content 
7 

   

x x 

MgO + oxide solution with low 

SiO2 content 
8 

   

x x 

 

5.1.1. Sulphur layer 

A very thin layer containing high concentrations of sulphur is some time found on the 

surface of the oxide solution in the inclusions brought over from the ladle, (see Figure 7). 

It should be pointed out that the sulphur containing layer was not found in any inclusion in 

the steel samples taken from the ladle in the same melting shop.
[16, 20,24-26]

  

The presence of sulphur in the surface layer could be attributed to the increasing sulphur 

activity in the liquid steel during casting. This aspect has been discussed by Tripathi et 

al..
[20]

 As shown in Table 2, the sulphur content in the casting powder is 0.24 mass%. Such 

high sulphur content in the casting powder and the low sulphur content in the steel (see 
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Table 3) would lead to the sulphur mass transfer from casting powder to the liquid metal. 

The following reaction would take place when the dissolved sulphur level is high enough. 

 

  (2) 

 

The thin CaS layer is formed when the steel is cooled down. According to the phase diagram 

of the Al2O3-CaO system, it is very likely that the inclusion is saturated by CaO when the 

steel temperature is low enough.
[32]

 At least, the activity of CaO is expected to be very close 

to one during the solidification process. The Celox measurements (Table 4) indicate that the 

oxygen activities in the melt are about 2 ppm (aO=0.0002). On the basis of the Gibbs energy 

for reaction (1) and assuming the activity of CaO is 1, the sulphur activity to form CaS is 

estimated to be 48-80 ppm in the casting temperature range, when the oxygen activity is 2 

ppm.
[33,34]

 When the oxygen activity is lowered to 1 ppm, the required sulphur activity to 

form CaS would be 24-40 ppm. The analysis of the steel sample taken from the mould 

during casting shows the sulphur content is at a level of 30-40 ppm. This content is about 6 

times higher than the sulphur contents in the steel taken from ladle, indicating thereby 

evidently the pickup of sulphur from the casting powder. Though the thermodynamic data 

are associated with some uncertainties, the present calculation still indicates that the 

formation of CaS is quite possible during solidification. It should also be mentioned that the 

sulphur content in the remaining liquid would increase during solidification. This increase 

could also be the reason for the sulphide formation. Note that not all the calcium aluminate 

inclusions have the CaS layer. This would indicate that the sulphur concentration is not 

uniform in the ingot. 

5.1.2. Type C1 and C2 inclusions 

Two types of inclusions, namely Type C1 and Type C2 are generated in the casting process. 

It is seen in Figures 8 and 9 that inclusions of Type C1 consist always two major parts. One 

part contains mostly SiO2, Na2O, Al2O3 and CaO, while the other part contains basically 

alumina. The presence of Na2O in the first part is a strong indication that inclusions of this 

type originate from the casting powder, the composition of which is listed in Table 2. Once 

entrapped into the steel melt, C, CO and H2O would be driven away, so that the remaining 

particles consist of mostly SiO2, Na2O, Al2O3 and CaO. In fact, Na2O is only available in the 

casting powder. 

The entrainment of casting powder during casting would be a very reasonable explanation 

for the presence of Type C1 inclusions. Though the counting of this type of inclusions is 

associated with high uncertainties, the distribution of the inclusions of this type would still 

be helpful for relative comparison on a semi quantitative basis. It is seen in Figure 10 that 

relatively more inclusions of Type C1 are found close to the side surface of the ingot. This 

trend seems to be reasonable, as downward flow is expected along the side walls of the 

mould. The downward flow would be mostly responsible for the entrainment of the mould 

power. The flow would be more violent during casting, but less during solidification. 

Moreover, a liquid slag film is formed between the liquid steel and the casting powder. This 
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film would hinder further entrainment of casting powder into the liquid metal. Hence, the 

part close to the walls, which is solidified earlier, would have high population of Type C1 

inclusions.  

An examination of the casting powder under SEM reveals that pure alumina phase does not 

exist in the powder. The alumina part in a Type C1 inclusion could very likely be formed 

due to reoxidation. The Celox measurements (see Table 4) indicate that the oxygen activity 

does not increase with time. Note that the steel in the ladle is over killed by aluminium. The 

pickup of oxygen by the metal stream between the vertical runner and the ladle (though 

there is an argon curtain around) would oxidize the extra dissolved aluminium according to 

following reaction.  

 

  (3) 

 

The Gibbs energy for reaction (3) can be obtained in the literature.
[34,35]

 Based on the Gibbs 

energy for reaction (3), the equilibrium aluminium activity can be evaluated. The 

equilibrium aluminium activity to form pure Al2O3 (activity=1) is plotted as a function of 

temperature in Figure 23. In the calculation, the oxygen activity is assumed 2.5 ppm 

(aO=0.00025). Even the aluminium activity calculated from the Al concentration of the steel 

using Wagner solution model is plotted in the same figure.
[34]

 It is seen that the dissolved Al 

would become higher than the required aAl to form Al2O3 when the steel is cooled down to 

about 1830 K. Hence, the formation of alumina is well expected during cooling.  

 

On the other hand, the oxygen and aluminium concentrations are not high enough to form 

homogenous nucleation in the ingot.
[27]

 As the casting powder would be ideal sites for 

heterogeneous nucleation, the formation of Al2O3 on these tiny particles would take place. 

 

Figure 23. Activity of dissolved aluminium at equilibrium of reaction (3) as a function of 

temperature and the activity of Al evaluated from the Al concentration using Wagner´s 

solution model.
[34]
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The number of Type C2 inclusions is not big. They are only detected occasionally in some 

of the steel samples. However, inclusions of this type are very large. A recently study 

showed that the steel sample failed in fatigue test due to the presence of a single macro 

inclusion.
[2]

 The initial crack propagation started where there was a long macro inclusion. 

Despite of the small population, inclusions of Type C2 would be extremely detrimental. 

Hence, to illuminate the presence of inclusions of Type C2 would be a task of first priority. 

As discussed earlier, the super saturation of oxygen and aluminium in the ingot is far from 

the level of homogenous nucleation of Al2O3. Note that a Type C2 inclusion is composed of 

a great number of alumina particles smaller than 1 µm in size. Since the total number of the 

inclusions (mm
-2

) is so low (see Figure 10) to provide the probability for agglomeration 

forming such big (>70µm) inclusions, inclusions of Type C2 are likely exogenous. 

From the comparison of the inclusion types and distribution found in the ingot and in the 

ladle it is likely to expect that the potential sources must be the transfer from the ladle to the 

runner system and the refractory material in it and also the filling of the mould. In the 

following sections the individual sources will be discussed. 

 

5.2. Reoxidation in the tap stream  

The physical model (Figure 3a) represents very well the industrial argon shroud. Horizontal 

(α=0°) argon injection is exercised in their system. It is estimated that the h value during 

casting is usually in the range 50-100 mm. However, h value close to 200 mm might also be 

occasionally employed. As seen in Table 11 and Table 12, the oxygen volume concentration 

in the vicinity of the steel stream is about 5 and 2 in the case of h=200 mm and h=100 mm, 

respectively. Figure 19a can serve as a representative example for a typical flow distribution 

in the previously mentioned cases. The main flow just above collar and below the ladle 

bottom is more or less along the collar direction of 60°. The outgoing gas in this region has 

the highest velocity. The right and upward direction of the gas stream along with the high 

velocity between the collar and ladle would form a strong curtain to prevent the penetration 

of air into the vortex. A deeper and more profound discussion of how the flow rate, distance 

and inlet geometry affects the protection will take place in section 5.5. 

The temperature close to the liquid metal could be assumed 1823 K. The dissolution of 

oxygen gas into the liquid steel would take place very fast at such high temperature 

according to the following reaction, 

 

  (4) 

 

The standard Gibbs energy of reaction (4) can be found in the literature.
[34]

 The oxygen 

activity in the liquid metal can be evaluated using the Gibbs energy and the oxygen partial 

pressure, PO2. When PO2=0.04, the activity of oxygen is estimated to be aO=644 (standard 
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state 1 mass%). Even in the case of PO2=0.02, the oxygen activity is quite high, namely 

aO=450. This high oxygen activity would prevail in the surface region of the liquid stream. 

The formation of macro Al2O3 clusters requires big amount of small Al2O3 inclusions, which 

in turn is favoured by homogeneous nucleation. To examine whether homogeneous 

nucleation would take place close to the surface of the steel stream, reaction (3) should be 

considered. 

The reaction equilibrium constant, KR can be calculation using the standard Gibbs energy of 

reaction (3), at 1823 K, KR = .
[34,35]

 The aluminium activity in the steel can be 

calculated using the Wagner´s solution model and the steel composition found in Table 3.
[34]

 

A comparison of the value, Q=  with KR would reveal the super saturation level with 

respective to the formation of Al2O3. The calculation shows Q=9.2·10
-6

 when aO=644 and 

Q=2.7·10
-5

 when aO=450. The ratio,  is 2.1·10
19

 and 7.1·10
18

 for PO2=0.04 and PO2=0.02, 

respective. Such high super saturation would very much like to result in homogenous 

nucleation, and therefore the formation of the alumina clusters. 

The present discussion is in line with Choh et al.’s argument based on their mass transfer 

calculation.
[8]

 These authors point out that the high air gas concentrations near the liquid 

metal due to mass transfer provide a very strong thermodynamic driving force for 

dissolution of oxygen into the steel.  

The formation of the alumina clusters would consume a part of the dissolved oxygen. At the 

same time, the liquid metal would have reasonably good mixing when it comes into the 

runner. The super saturation level would not be high enough to form homogenous 

nucleation. On the other hand, the dissolved oxygen could still be high enough for reaction 

(3) to occur on the existing inclusions. The increase of the Al2O3 content in the calcium 

aluminate inclusions (Table 5) is a strong evidence of this reaction mechanism. The activity 

of Al2O3 in the calcium aluminate inclusions is calculated by the thermodynamic model to 

be 0.06 at 1823K based on the composition of the inclusion found in the ladle, Table 5.
[36]

 In 

Figure 24, the equilibrium oxygen activity for reaction (3) to take place on the surface of 

calcium aluminate inclusion is plotted as function of aluminium activity at 1823K. In the 

tool steel during casting, the aluminium content is usually 200-300 ppm, which would 

correspond to an activity range of 0.02-0.03 (1 mass% as the standard state). The figure 

indicates evidently that the reoxidation on the surfaces of calcium aluminate inclusions is 

inevitable even if the distance between the ladle and the vertical runner is carefully 

controlled.  
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Figure 24. Equilibrium oxygen activity for formation of alumina on already existing 

calcium aluminate inclusions plotted as a function aluminium activity at 1823 K. 

 

5.3. Erosion of runner 

The structure of the non-metallic network around the periphery of the steel rod is very sparse 

(see Figure 12). It indicates that the surface of the refractory is severely attacked by the 

mechanical force from the streaming steel. The erosion of central stone and end stone is a 

big concern of the industrial.
[37]

 On the other hand, the experimental results evidently show 

the wearing of both central stone and end stone is negligible with regard to the inclusions 

generation. Furthermore, Figure 11 shows that the refractory of the horizontal runner is 

eroded unevenly. In order to get a better understanding of these aspects, a simple CFD 

calculation is carried out. 

In view of the longer casting time of bigger ingots, the ingot of 24.2 ton used for Nimax was 

considered. The calculating domain consists of only the inlet part of one ingot, one 

horizontal runner and a vertical runner. As shown in Figure 25, the vertical runner is placed 

to the right where the liquid steel is entering the runner system. The diameter of the vertical 

runner is 9.0·10
-2

 m and the horizontal runner diameter is 5.0·10
-2

 m. The calculating domain 

has a 3D nature. 

The calculated velocity distribution in the runners is presented in Figure 25. When the flow 

reaches the entrance of the horizontal runner it starts to feel the drastic geometrical shape 

change. In contrast with the even velocity distribution in the vertical runner, the velocity 

varies considerably in the region, wherein the flow changes from vertical direction to 

horizontal direction. Just after this binding, the flow has a velocity of 3 m·s
-1

 close to the 

central axes of the horizontal runner. 
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Figure 25. Velocity distribution in the runners of Nimax. 

 

Beyond this binding zone, the velocity distribution becomes quite uniform again across the 

cross section of the horizontal runner. Because of the drastic binding at the entrance of the 

ingot, the velocity once more distributes unevenly. It should be mentioned that the flow is 

almost stagnant close to the central stone and end stone. 

The velocity distribution in Figure 25 is in very good accordance with the minor erosion of 

the central stone (see Figure 13) and end stone. Since the flow is almost stagnant near the 

central stone and end stone, the shear stress of the flow posing on the refractory in these 

regions is very low. Consequently, the erosions of the central stone and end stone are both 

not appreciable. Note that these two stones would experience quite strong impacts when the 

first kilos of liquid steel knock on them. However, these impacts seem have very little 

mechanical damage on the stones, plausibly due to the short time period, a few seconds. 

Both the CFD calculation and the visual observation strongly suggest that the erosion of 

central stone and end stone would not be a potential source of inclusion generation. It is not 

necessary to employ materials of higher quality that are always associated with higher cost 

for these two stones. 

Note that the flow in the horizontal runner has much higher velocity than that in the vertical 

runner. This big difference can well explain the difference between the extents of erosion in 

the horizontal runner and vertical runner. Tables 6 and 7 indicate that while the vertical 

runners still have the dimension very close to the original one, the diameters of the 

horizontal runners have increased considerably. It is worthwhile to mention that Cornacchia 

et al. has also noticed the difference of erosion between horizontal and vertical runner.
[10]

 

The authors have reported that the horizontal runner has been more seriously eroded. The 

enlargement of the diameter of the horizontal runner is more profound in the case of Nimax, 

which has much bigger ingot and much higher steel flow rate. As revealed by Figure 25, the 
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velocities near the join of vertical runner and horizontal runner and near the inlet of the ingot 

could be as high as 3 m·s
-1

 locally. The momentum associated with the flow rate at this level 

is very high. The momentum would very likely result in erosion of the runner by mechanical 

flushing.  

The very uneven velocity distribution at the entrance of the horizontal runner would explain 

the more profound erosion in this zone as shown in Figure 11. Both the results of CFD 

calculation and the examination of the remaining metal rod suggest that the use of refractory 

of higher quality at the entrance of the horizontal runner might be helpful to reduce the 

mechanical erosion. This discussion might even apply to the part of runner very close to the 

ingot. Figure 11 indicates that the velocity distribution is uneven cross the cross section of 

the runner in this region. Unfortunately, the steel rod in this region was always seriously 

deformed after the removal of the ingot. It made the measurement of the dimensions 

impossible. 

As mentioned in the result part the measurements of the dimensions of the steel rods were 

associated with very high uncertainties. However, the results given in Tables 6 and Table 7 

still evidently indicate that the erosion of the runner is substantial, up to 8 mm at some place.  

It should be pointed out that the present CFD-simulation is very primitive and is meant only 

to give a relative understanding of the nature of the steel flow inside the runner. Further 

study using CFD simulation together with cold model would be needed to improve the 

design of the runner system. 

The mean composition of the refractory of the runner (see Table 1) indicates that the 

material consists of two phases, viz. mullite (3Al2O3·2SiO2) phase and silica phase 

according to the phase diagram.
[32]

 The EDS analysis of the surface of the used refractory 

reveals that the runner surface in contact with steel has considerably higher content of 

alumina than the matrix phase inside the material. This observation is in accordance with the 

results of Cornacchia et al. and Lachmann et al..
[10,11]

 Both research groups report the 

exchange reaction between the liquid steel and the refractory. Mullite is a non 

stoichiometrical phase, covering a range of compositions. Since the refractory is fired at 

1623 K, the mullite phase in the runner is likely to have composition on the SiO2 saturation 

side. The alumina content in this phase might increase when in contact with the steel. 

However, the reaction mostly responsible for the increase of alumina in the surface layer of 

the runner is 

 

  (5) 

 

In reaction (5), the underline denotes Henrian standard state for the element (dissolved in 

liquid iron) on a weight percent basis. In view of the casting temperature being about 1800 

K, the Gibbs energy change for reaction (5) is evaluated at this temperature. For this 

evaluation, the standard Gibbs energy for reaction (5) at 1800 K is calculated using the 
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literature data.
[38]

 The activities of Al and Si are calculated using the dilute solution model 

based on the steel composition ([mass% Al] = 0.06, [mass% Si] = 1.0, [mass% C] = 0.39, 

[mass% Mn] = 0.4, [mass% Cr] = 5.3, [mass% Mo] = 1.3, [mass% V] = 0.9) and interaction 

parameters from the literature.
[34]

 The calculation leads to a very negative value, 

, indicating thereby that the formation of the alumina rich layer is unavoidable due 

to the strong thermodynamic driving force. 

The EDS analysis of the oxide network around the periphery of the remaining steel rod is in 

good accordance with the above discussion. In fact, the oxide network had been a part of the 

runner during casting. Because of the zigzag shape of the runner surface, it broke away from 

the refractory becoming a part of the metal during solidification. The increasing alumina 

content towards the centre of the metal rod is in line with the reasoning of reaction (5). 

As mentioned in the result part, some of the inclusions found in ladle treatment are trapped 

by the zigzag surface of the runner surface. Likely, all types of inclusions found before 

casting in the ladle is detected in the refractory network around the periphery of the steel 

rod.
[24-26]

 This phenomenon is also reported by the other researchers.
[11,12]

 It is reasonable to 

conclude that while the inclusions are trapped by the zigzag surface of the runner, they could 

detach from the runner surface along with small pieces of the refractory due to mechanical 

erosion. In fact, trapping and detaching of the inclusions would take place simultaneously 

throughout the casting process. Since the inclusions once entrapped by the runner, would 

have some time to rest there, they would have better chance to meet the other inclusions. 

Alumina inclusions around 100µm are hardly found in the ladle before casting.
[24-26]

 The big 

alumina inclusions shown in Figure 17 are the result of the agglomeration due to the high 

probability of meeting between the small alumina inclusions. Hence, the entrapment of the 

inclusions by the runner followed by their detachment would be an important source of 

macro inclusions. 

The calcium aluminate inclusions entrapped by the runner had considerably higher alumina 

content than that found in the ladle. The increase of alumina content could be attributed to 

the reoxidation process. Some oxygen might dissolve into the liquid metal (even there is an 

argon protection curtain) during casting. Because of the relatively low concentration of 

aluminium, homogenous nucleation of Al2O3 is unlikely to take place.
[27]

 Hence the 

dissolved oxygen and aluminium would react on existing inclusions and consequently 

increasing their alumina content. In fact, the reoxidation reaction might even take place at 

the surface of the refractory leading to the increase of alumina content in the refractory. A 

systematical study of the oxygen transfer from the surrounding to the falling stream of liquid 

steel is planned within the present project to gain an in-depth understanding of the 

reoxidation during casting. 

The foregoing discussion suggests that the erosion of the central stone and end stone is 

limited, while consideration to use refractory of higher quality at the regions close to 

entrance and the exit of the horizontal runner should be made. The entrapment of the 

inclusions by the horizontal runner followed by the detachment might introduce macro 

inclusion into the ingot. The flow rate of the liquid steel in the horizontal runner, at least in 
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the case of Nimax is rather high leading to substantial mechanical erosion. An optimization 

with regard to the use of refractory materials at different positions, the geometry of the 

runner and the casting speed for different sizes of ingots is necessary. 

 

5.4. Removal of inclusions during casting 

The generation of inclusions by casting powder has been evidently seen in Figure 8. The 

sizes of this type of inclusions are in the range of 10-30 µm. As pointed out in the 

publication, the inclusions are solid in nature at casting temperature. The solid nature along 

with their composition range suggests that the casting powder is entrained into the liquid 

metal before the liquid layer of slag is formed. It is reasonable to expect that this 

entrainment takes place at the start of the casting. In order to minimise the number of 

inclusions due to the casting powder, the entrainment should be limited to a minimum level 

and at the same time the flow should be optimised to enhance the inclusion removal.  

Figure 26 presents the flow patterns at different casting stages for a 5.8 ton industrial ingot. 

In this ingot, the inlet angle is 5°. As seen in both Figure 5 and Figure 26, the flow pattern 

varies with the level of the liquid in the mould to great extent. Figure 5 also shows that the 

flow pattern can be modified by the modification of inlet angle. It would be helpful to 

examine whether it is possible to increase the probability of the inclusion removal by 

adjusting the flow patterns. 

 

 

 a) b) c) d) 

Figure 26. Velocity and direction of the flow in the ingot at different casting levels. (a) 13% 

casting level (b) 31% casting level (c) 63% casting level (d) 94%. casting level. 

 



39 

 

It is well known that the meeting between the inclusion and the top slag is a necessary 

condition, but not a sufficient condition for inclusion removal.
29 

The physical properties of both liquid metal and slag do not vary substantially during 

casting. Hence, higher probability of an inclusion meeting the top slag would result in higher 

probability of its removal. 

Because of the small sizes of the inclusions, they usually have very low terminal velocities. 

It is reasonable to believe that most of the inclusions that have the opportunity meeting the 

top slag layer are brought up by the main stream of the steel. Nevertheless, a small particle 

feels two forces, buoyancy force that will push the particle upwards and drag force that will 

drag the particle moving along the stream line of the liquid metal. As seen in both Figure 5 

and 6, the liquid velocities are generally along the horizontal direction at the free surface of 

the metal bath. Assuming that all the particles with a radius, R and density,ρparticle, move 

upwards (z-direction) with their terminal velocities, Vterminal and move horizontally with the 

same velocity of the metal, it is possible to estimate the ΔZ within which the particle would 

have the opportunity meeting the top slag. Vmetal stands for horizontal velocity of the metal 

at the slag-metal interface, while ΔX is the travelling distance along the surface. As seen in 

Figure 5 and 6, ΔX could be either half of the mould width or whole. By taking all the 

mentioned properties in consideration ΔZ could be expressed as, 

 

  (6) 

 

Smaller Vmetal and bigger ΔX would lead to higher probability of inclusion removal. It is 

also expected that the probability of inclusion removal, P is proportional to the volume 

concentration of the inclusions. P can be expressed as, 

 

  (7) 

 

The horizontal velocities near the free surface can be obtained by the CFD calculation for 

different flow conditions in the water model. It should be pointed out that the velocity at the 

free surface is not really constant. An average value is evaluated for each case. The 

calculated average horizontal velocities near the free surface and values of ΔZ, (calculated 

for 100 µm) are presented column wise in Table 14 for different casting levels and different 

inlet angles. In the calculation, the effective viscosities, μeffective of the liquid are employed. 

 

Table 14. The surface velocity and ΔZ evaluated for inclusions of 100 µm in water model. 
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Angle [°] 

5 25 45 

Height vsurf ΔZ100µm vsurf ΔZ100µm vsurf ΔZ100µm 

[norm] [m.s-1] [mm] [m.s-1] [mm] [m.s-1] [mm] 

0.19 0.011 4.88 0.010 6.26 0.008 6.47 

0.38 0.008 4.68 0.007 5.06 0.004 4.56 

0.56 0.003 6.94 0.002 6.20 0.004 7.38 

 

The table shows that the ΔZ values do not differ substantially, though the surface velocity 

varies considerably with the inlet angle.  The reason for similar ΔZ values at different 

surface velocities is because of the difference in effective viscosity. It appears that the lower 

surface velocity is associated with higher turbulent viscosity. 

The results in Figure 18a are in line with the above discussion. As seen in Figure 18b, the 

number of inclusions in the case of the inlet of 45
o
 decreases slower than the other two cases 

in general. However, this trend is not so profound. It must be pointed out that the use of eq. 

(6) is associated with a number of uncertainties, such as the calculated effective viscosities 

and the surface velocities. Even the experiments are subjected to uncertainties, especially at 

the late stages of the experiment when the inclusion number is so small. Nevertheless, the 

effect of inlet angle on inclusion removal is not very profound. 

As shown in Table 14, the inclusions having opportunity meeting the slag film is found in a 

very thin layer, ΔZ. This would explain why casting powder in the range of 10-30 µm are 

easily found in the ingot after solidification. 

A comparison of Figure 18a and 18b indicates that the earlier addition of the top liquid 

enhance the inclusion removal considerably. This is because that most of the inclusions are 

removed in the early stages due to the early addition of the top liquid phase. In fact, 80-90% 

inclusions have been removed when the top liquid is added at 100 mm (19% of the total 

casting height) casting level. On the other hand, a lot of inclusions still remain in the mould 

(see inlet angle 30
o
 and 45

o
) when the oil addition is made at 200 mm (38% of the total 

casting height) casting level. This could be explained by two factors. Equation (5) shows 

that the probability of inclusion removal is proportional to the volume concentration of 

inclusions. It has been pointed out earlier that the casting particles are entrained at the earlier 

stages of the casting, most possibly at the start of the process. Following this reasoning, the 

charcoal powder is added before the main experimental procedure. The concentration of the 

solid particles in the liquid is much higher when the casting level is 100 mm (19%) in 

comparison with a casting level 200 mm (38%). The higher concentration would result in 

higher removal probability. The second reason is the difference in the ratio of  

between the two cases. The ratio  expresses the fraction of the inclusions 

having the possibility to meet the top liquid. Introducing the top liquid at low casting level 

would lead to high  and thereby high removal efficiency.  
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The present results strongly suggests that the early formation of the liquid slag film (or 

mostly liquid) would help the removal of entrained casting powder. It would be useful to 

examine the real industrial practice in the same manner. Table 15 lists the surface velocities 

and  (for inclusions of 100 µm and 30 µm in size) of different inlet angles for a 5.8 ton 

mould. 

 

Table 15. The surface velocity and ΔZ evaluated for inclusions of 100 µm and 30 µm in 

ingot. 

 

Angle [°] 

5 25 45 

Height 

[norm] 

vsurf 

[m.s-1] 

ΔZ30µm 

[mm] 

ΔZ100µm 

[mm] 

vsurf 

[m.s-1] 

ΔZ30µm 

[mm] 

ΔZ100µm 

[mm] 

vsurf 

[m.s-1] 

ΔZ30µm 

[mm] 

ΔZ100µm 

[mm] 
0.31 0.046 0.01 0.14 0.040 0.01 0.16 0.022 0.01 0.12 

0.63 0.010 0.04 0.42 0.017 0.02 0.22 0.023 0.02 0.22 

0.94 0.005 0.08 0.91 0.016 0.03 0.31 0.017 0.02 0.22 

 

The effective viscosities in the mould are usually 2 orders of magnitudes higher than the 

dynamic viscosity of liquid steel. As revealed by eq. (6), the terminal velocity is 

considerably decreased by the high turbulent viscosity. Consequently, ΔZ becomes very 

small, all being less than 1mm as shown in Table 15. These values strongly suggest that the 

removal of inclusions during casting is very slow. A comparison of Table 14 and Table 15 

would indicate that the water model information should be used with precaution when 

transplanted to real metal case.  

It is interesting to see in Table 15 that the inlet of 5° in the industrial mould has the best 

performance. The ΔZ values are bigger than the other two inlet angles. This result seems to 

be in line with the water model results shown in Figure 18b. Note that the present discussion 

should only be considered qualitative, since the ΔZ values are so small. However, it is very 

true that the inclusion removal is very difficult during mould filling. Table 15 also shows 

that the ΔZ for inclusions 30 µm in size is only about one tenth of ΔZ for inclusions 100 µm. 

This can well explain the fact that only the casting powder in the range of 10-30 µm are 

found in the ingot. 

Eriksson et al. have carried out CFD calculation for ingot filling.
[22]

 Based on the fact that 

the surface deformation is almost flat at a filling height and the average surface velocity the 

authors suggest 25° as the best inlet angle. Note that no consideration of inclusion removal 

has been made in their study. The forgoing discussion suggests that the inlet angle used by 

the industry is, in fact a good choice.  

Both the CFD calculation and cold model experiments of the present work should be 

considered semi-quantitative and semi-qualitative. Nevertheless, the results are still useful to 

make relative comparison. One definite conclusion can be drawn from this study- the 

melting shop should try to obtain a liquid or semi liquid film at as early stage as possible. 

For example, one could try to put a thin pre-melted plate of the casting powder and place the 
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rest of the powder on it. This practice would firstly reduce the mechanical entrainment of the 

casting powder and secondly enhance the removal of the entrained particles. Hammerton et 

al. has also suggested a similar practice in an earlier study.
[39] 

 

5.5. Improvement of the argon shroud. 

The argon shroud could be considered a big source for generation of macro inclusions due to 

the oxygen pick up discussed earlier. In order to improve the argon shroud protection it is 

essential to understand how the flow distribution is related to the oxygen distribution.  

5.5.1. Effect of gas flow rate 

A careful comparison of Table 11 and Table 12 reveals that the trends in the case of these 

two flow rates are almost identical. Further comparison of each pair of experiments having 

the same experimental conditions (same gas inlet angle and same distance) but different 

flow rates indicates that distributions are very similar and the values are also very similar. 

For example, in the case of h=200 mm and = 90°, all the measured oxygen contents are 

about 12 volume% for both gas flow rates. Only on the top and on the right side of the collar 

(x=200 mm), the values at different gas flow rates differ considerably. This observation is 

also true for all pairs, especially at the positions on the left side of the collar.  

The little effect of gas flow rate on the distribution of oxygen content in the shroud can be 

explained by the similarity of the flow patterns at different gas flow rates but with the same 

given gas inlet and distance h. Figure 19a and 19b with the gas flow rate of 2.5 m
3
h

-1
 

respectively 15 m
3
h

-1 
are given here as an example of the similarities of the flow pattern. 

Since both the flushing effect and entraining effect with respect to oxygen are enhanced by 

further increase of inert gas flow rate above 2.5 m
3
h

-1
 would have very little impact on the 

oxygen distribution in the shroud. 

5.5.2. Effect of the distance between ladle and the collar 

Since the gas flow rates has no substantial impact on both the values and overall trend of the 

oxygen distributions, the discussion of the effect of the h value will mostly be addressed to 

one flow rate, namely 2.5 m
3
h

-1
.  

In the case = 90°, the oxygen contents in the whole shroud are all very high, about 12% 

irrespective of the h value. The poor protection of vertically injected shroud will be 

discussed in detail in the next section when the effect of gas inlet angle is discussed.  

In the case of = 0° and dual gas inlets, ( = 0°+90°), the decrease of h improves the 

protection function of the shroud. For = 0° , the average oxygen concentration close to the 

steel stream (the left wall) decreases from about 5% to 2% and then 0.5% when the h value 

decreases from 200 mm to 100 mm and to 50 mm. For dual gas inlets, the oxygen 

concentration decreases from about 2.5% to 1.5 % and then to 0.3% when the h value 

decreases from 200 mm to 100 mm and to 50 mm.  
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The positive effect of small h value on reducing oxygen content in the shroud seems to be 

more profound in the case of horizontal gas inlet. In the case of h=100 mm and h=50 mm 

shown in Figure 19a and Figure 20 respectively, the main flow just above collar and below 

the ladle bottom is more or less along the collar direction, namely 60
o
. The outgoing gas in 

this region has the highest velocity. The right upward direction of the gas stream along with 

the high velocity between the collar and ladle would form a strong curtain to prevent the 

penetration of air into the vortex. The PIV results have also shown that the smaller h value is 

the stronger flow is. On the other hand, only in a small region above the collar, the stream 

directs along the collar direction in the case of h=200 mm. The velocity directs mostly 

upwards in the middle region between the collar and the ladle. Close to the bottom of the 

ladle, the gas stream becomes very wide. This flow pattern would favour the penetration of 

air through the shroud. The difference between the flow patterns of the three heights would 

explain why the high h value leads to poor argon protection. Moreover, the diffusivity in the 

gas phase could be in some cases not negligible in comparison with convection. Bigger 

distance between the collar and the ladle results in bigger area for diffusion and bigger 

diffusion flux. 

In the case of dual gas inlets, the flow between the collar and the bottom of the ladle does 

not show any velocity component towards left (see Figure 21). It is possible that the existing 

oxygen is mostly due to gas diffusion. This could be the main reason that the improvement 

of the protection by reducing h is not as profound as in the case of horizontal gas inlet. 

5.5.3. Effect of gas inlet 

A comparison of the results in Table 11 and Table 12 shows evidently that the vertical gas 

injection provides very poor protection of the air entrainment, while the dual gas inlets 

function satisfactorily. The oxygen contents in the shroud in the case of horizontal gas inlet 

are between the results of vertical gas inlet and dual gas inlets. 

In order to have a better understanding of the effect of gas inlet on the oxygen content in the 

shroud, the main feature of the flow patterns formed by vertical gas injection is included in 

Figure 22. Because of the situation in the steel industry, the gas inlet is located outside the 

collar. In the case of vertical gas inlet ( = 90°), the gas expands when coming out from the 

inlet (see Figure 22). Hence, a part of the stream impacts on the top of the collar, and divides 

into two parts. One part enters the area within the collar and the other part flows along the 

inclined outside interface of the collar. The stream that enters the collar flows towards the 

gas-steel stream interface. The main stream forms a vortex having clockwise direction. The 

velocity in the area outside the collar is low. The gas would expand when it is purged out 

through the inlet. This expansion would suck in oxygen from the surrounding, when the gas 

travels downwards to the top of the collar. Hence, the flow would likely bring considerable 

amount of oxygen into the region on the left of the collar. The very little dependent of the 

oxygen contents on the h values is in line with the above reasoning. It is interesting to see 

that the increase of the gas flow rate (Table 11 and Table 12) increases somewhat the 

oxygen entrainment in the case of vertical gas injection. Since more gas will be transported 

by the stream with high gas flow rate, the increase of oxygen entrainment is expected.  
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Note that the location of the gas inlet might have big impact on the oxygen entrainment. The 

present model is based on the dimension of the real industrial practice. However, only 

horizontal gas injection is practiced in the industrial. As shown in Table 11 and Table 12, 

the oxygen contents are all above 0.5% even above 12% in the case of vertical gas injection. 

Such a high oxygen contents would definitely disqualified this option in any industrial 

practice.  

In the case of dual gas inlets, the flow in the whole system is much less diffused compared 

with either vertical or horizontal injection system. While the horizontal inlet ( = 0°) creates 

a counter clockwise flow within the collar, the vertically injected gas jet forms a very sharp 

gas curtain outside the collar (see Figure 22). The sharp gas curtain would efficiently 

prevent the air penetration into the shroud. Hence, the oxygen transfer from the surrounding 

to the steel stream is minimized. As mentioned earlier, even big h value would not increase 

the oxygen contents considerably when dual gas inlets are employed, (Table 11 and Table 

12). 

The present results strongly suggest to the industry that using dual gas inlets improve the 

argon protection dramatically. 

It is worthwhile to mention that the physical model has a stagnant wall on the left side to 

simulate the steel stream. In the real industrial practice, the steel stream travels downwards 

with a velocity of about 2.5 ms
-1

. It is very difficult to incorporate this moving boundary into 

the model. On the other hand, the good agreement between the PIV results and CFD 

prediction would encourage a CFD calculation to examine the effect of the moving steel on 

the gas flow.  

Figure 6a and 6b presents the flow patterns with the left boundary moving at 1.2 m.s
-1

 and 

2.4 m.s
-1

 respectively. In both cases, the gas rate is 2.5 m
3
h

-1
 and the gas inlet angle is = 0° 

and distance, h= 50 mm. A comparison of Figure 20a with Figure 6 indicates that the 

moving boundary would increase the gas velocity near the steel stream somewhat. The 

moving of the steel stream would also bring the vortex inside the collar downward to some 

extent. On the other hand, the effects of moving steel stream on the flow pattern are not 

substantial. It is reasonable to believe that all the results of PIV study and CFD calculation 

using stagnant boundary would provide fairly good description of the flow patterns in the 

argon shroud in industrial practice. 
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6. SUGGESTIONS 
 

From the industrial samples and the laboratory work and the CFD simulations carried out it 

was clearly seen that the reoxidation by the transfer of steel from the ladle to the runner is 

the mayor source for oxygen pickup. The author suggest  

 To minimize the reoxidation and reduce the number of macro inclusions, a well 

designed argon gas shroud is adopted, preferable using the dual inlet configuration. 

The modification of the gas inlet requires minor effort and the amount of argon is the 

same. To adopt this alternative in the industry is both technically and economically 

sound 

 

 Erosion of the central stone and end stone is limited, while consideration to use 

refractory of higher quality at the regions close to entrance and the exit of the 

horizontal runner should be made. The entrapment of the inclusions by the horizontal 

runner followed by the detachment might introduce macro inclusion into the ingot. 

The flow rate of the liquid steel in the horizontal runner, at least in the case of Nimax 

is rather high leading to substantial mechanical erosion. An optimization with regard 

to the use of refractory materials at different positions, the geometry of the runner 

and the casting speed for different sizes of ingots is necessary. 

 

 The way of adding casting powder should also be optimized, though the inclusions 

generated by casting powder are usually small. One definite conclusion can be drawn 

from this study- the melting shop should try to obtain a liquid or semi liquid film at 

as early stage as possible. For example, one could try to put a thin pre-melted plate of 

the casting powder and place the rest of the powder on it. This practice would firstly 

reduce the mechanical entrainment of the casting powder and secondly enhance the 

removal of the entrained particles.  
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7. SUMMARY 
 

The formation and evolution of non-metallic inclusions during the ingot casting process 

have been studied. Samples have been taken from the ingot and the runner together with 

samples from the previous ladle process.  

A very thin layer containing high concentrations of sulphur is some time found on the 

surface of the oxide solution in the inclusions brought over from the ladle. Casting powder 

was concluded to be the source for this layer. Two types of inclusions, namely Type C1 and 

Type C2 were found generated in the casting process. Type C1 was found to be originated 

from the casting powder where the alumina could be formed heterogeneously. Type C2 

inclusion is composed of a great number of alumina particles smaller than 1 µm in size. The 

super saturation of oxygen and aluminium in the ingot is far from the level of homogenous 

nucleation of Al2O3, so for such big (>70µm) agglomerated inclusion the formation is likely 

exogenous.  

The erosion and chemical reactions in the runner was also studied. It was found that the 

horizontal runner was quite worn after casting but that the end and centre stone was intact. 

CFD simulation showed that the flow close to the end and centre stone could be considered 

stagnant and thereby explain the condition of the stones after casting. The surface of the 

refractory in contact with the steel was found to have an increased content of alumina. The 

source for the alumina could come from either exchange reaction of dissolved aluminium 

replaces the silica or reoxidation products origin from oxygen pick up during the transfer 

from the ladle to the vertical runner. Inclusions were also found entrapped in the steel 

refractory interface.  

The removal of type C1 inclusions originated from casting powder to a liquid slag film on 

top of the raising steel surface during casting was studied in a cold physical model. It was 

found that an early formation of a liquid slag film would benefit the potential removal due to 

the higher concentration of particles per steel.  

In order to improve the situation and reduce the number of type C1 inclusions one could try 

to put a thin pre-melted plate of the casting powder and place the rest of the powder on it. 

This practice would firstly reduce the mechanical entrainment of the casting powder and 

secondly enhance the removal of the entrained particles. 

The argon shroud could be considered a big source for generation of macro inclusions due to 

the oxygen pick up. Measurement of the oxygen content in the argon shroud and flow 

distribution using PIV technique showed that the flow pattern is closely related to the 

penetration of oxygen to the steel gas interface. Since both the flushing effect and entraining 

effect with respect to oxygen are enhanced by higher flow rate, further increase of inert gas 

flow rate above 2.5 m
3
h

-1
 would have very little impact on the oxygen distribution in the 

shroud. 
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A short distance between the ladle and the vertical runner was found to be very important in 

order to keep low oxygen content within the argon shroud. Two different types of inlet 

angles were studied and it was found that the ordinary horizontally, α=0° practiced in the 

industry today could be improved by using a dual configuration of both horizontally and 

vertical, α=0°+ 90° inlet. The flow in the whole system became much less diffused 

compared with either vertical or horizontal injection system. 
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