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Abstract 

Steel cleanliness as a function of stirring practice during vacuum degassing treatment have been 

investigated in industrial studies at the steel plants of SSAB Special Steels in Oxelösund and 

Uddeholm AB in Hagfors. The cleanliness was examined with regards to the contents of sulphur, 

nitrogen and large inclusions (>10µm). 

The stirring practice during the vacuum degassing treatment has been studied with respect to 

time, namely by shortening the vacuum degassing treatment time from 24 to 15 minutes. 

Furthermore, the effect of the stirring intensity was studied by measuring the open eye zone using 

camera recordings. The focus has been to study the effect of a shortened vacuum degassing time 

as well as a controlled stirring intensity on the steel cleanliness. Moreover, study the effect of 

subsequent induction stirring, after vacuum degassing, on the amount of inclusions. By taking 

steel and slag samples taken before and after the vacuum degassing treatment, the different 

stirring practices could be investigated. It should be noted that all heats reached the desired 

composition regardless of the treatment time and stirring practice. 

The results from the trials at SSAB Special Steels showed that the stirring practice during 

vacuum degassing have an effect on the total number of inclusions. The strong argon stirring 

during vacuum degassing with visible open eyes resulted in an average increase of 400% of the 

total amount of inclusions >10µm. However, no difference between a vacuum degassing time of 

24 or 15 minutes was seen with respect to the increased amount of inclusions, denitrogenization 

or desulphurization. During the subsequent induction stirring, which was softer with no open 

eyes, the effect of the stirring practice was unclear due to overlapping confidence intervals. An 

average decrease of 65% of the total amount of inclusions >10 µm was seen for the heats  with 

non-overlapping confidence intervals. Based on these results it can be suggested that the use of a 

soft induction stirring after the vacuum degassing treatment as a possible process change to reach 

lower amounts of large inclusions.  

 

The stirring intensity during the vacuum degassing treatment was measured as the average ladle 

eye size during the trials at Uddeholm AB. This, due to that stronger stirring results in larger ladle 

eye zone. The results show that the amount of smaller inclusions (<11.2 μm) decrease by up to 

90% compared to the original amount, regardless of the stirring intensity. A stronger stirring 

showed tendency to increase the amount of large inclusion (>22.4 μm). Moreover, the 

denitrogenization and desulphurization was not affected by the changed stirring intensity during 

vacuum degassing. It was also found that the average ladle eye size did not correlate to the 

logged average argon flow.  

 

Keywords: Vacuum degassing treatment, inclusions, ladle eye, stirring intensity, 

denitrogenization, desulphurization. 
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Sammandrag 

Stålrenhet som funktion av spolningsförfarande under vakuumavgasning har undersökts i 

industriell skala på två stålverk; SSAB Special Steels i Oxelösund, samt Uddeholm AB i Hagfors. 

Stålrenheten analyserades avseende svavel- och kväveinnehåll samt stora inneslutningar 

(>10µm). 

Spolningens tidsberoende inverkan på stålets renhet under vakuumavgasningsbehandlingen 

undersöktes genom att förkorta avgasningsbehandlingen från 24 till 15 minuter. Dessutom 

undersöktes inverkan av spolintensiteten på stålrenheten genom mätning av spolögonen med 

hjälp av kamera. Syftet var att undersöka inverkan av en förkortad vakuumavgasningsbehandling, 

samt en kontrollerad spolintensitet, på stålrenheten. Därutöver undersöktes även inverkan av 

efterföljande induktionsomröring på inneslutningsbilden. Stål- och slaggprov före och efter de 

olika behandlingarna analyserades för att undersöka spolningspraxis närmare. Alla charger nådde 

önskad kemisk sammansättning oberoende av behandlingstid samt spolförfarande.  

Resultaten från försöken på SSAB Special Steels visade att spolningspraxis under 

vakuumavgasning påverkade antalet stora (>10µm) inneslutningar. Den starka argonomrörningen 

med synliga spolögon resulterade i en ökning av antalet stora inneslutningar med i snitt 400%. 

Dock sågs ingen skillnad mellan en vakuumbehandlingstid på 24 eller 15 minuter, avseende 

varken kväve, svavel eller inneslutningar. Effekten av en efterföljande induktionsbehandling, 

med lugn omrörning utan synliga spolögon, var svårtydd på grund av överlappande 

konfidensintervall. En minskning av antalet inneslutningar (>10µm) med i snitt 65% sågs för 

charger utan överlappande konfidensintervall. Baserat på dessa resultat kan lugn 

induktionsomrörning efter vakuumbehandling föreslås som en möjlig processförändring för att 

minska antalet stora inneslutningar.  

Vid försöken på Uddeholm AB mättes spolningsintensiteten under vakuumbehandling som 

funktion av spolögonens medelstorlek. Detta då starkare spolning leder till större spolögon. 

Resultaten från försöken visar att mängden små inneslutningar (<11.2 μm) minskade med upp till 

90%, oberoende av spolningsintensiteten. Starkare omrörning visade en tendens mot att öka 

antalet stora (>22.4 μm) inneslutningar. Vidare påverkades varken kväve- eller svavelreningen av 

den förändrade spolningsintensiteten under vakuumbehandlingen. Spolögonens medelstorlek 

visade ingen korrelation mot det loggade argonflödet.  
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1 Introduction 

One of the main goals with ladle metallurgy is to reach the increasing market demands for 

cleaner steel, with few non-metallical inclusions and low levels of chemical impurities such as 

sulphur and nitrogen. Stirring of the steel and control of the stirring intensity are the key 

parameters to produce clean steels. A good stirring favours the kinetics of important slag-metal 

reaction, such as desulphurization. Stirring of the steel also controls the movement of the top slag 

and therefore the exposure of the steel bath to the surrounding atmosphere. Steel exposure to its 

surroundings is important for nitrogen and oxygen content control in the steel. The most common 

way to stir steel is either by induction stirring or by inert gas (often Argon) through bottom plugs. 

In many steel plants, these two stirring methods can be combined and used together.  

 

Many studies have been done to investigate the importance of stirring on steel cleanliness, both in 

industrial 
[1-8]

 and laboratory scale
 [9-13]

. Furthermore, computational and mathematical models 
[14-

17]
 have studied the relation. The literature shows that the use of induction stirring only decreases 

the total amount of inclusions. An alternation of the stirring direction has been reported to 

increase the number of inclusions 
[1]

. This might be due to unwanted turbulence in the steel bath. 

To the author’s knowledge, no further publications have shown an increase of the amount of 

inclusions due to induction stirring.  

 

However, the results are more contradicting for gas stirring. Many studies show that the total 

amount of inclusions decreases with gas stirring in both industrial 
[1-4]

, laboratory 
[12, 18-19]

 and 

simulation scale 
[14-17, 20]

. However, there are studies showing that increased gas flow and/or 

increased gas stirring time have an increasing effect on the number of inclusions 
[2]

. A numerical 

study by Chung et al. 
[21]

 showed that induction stirring only is superior to gas stirring for 

inclusion separation.  A calm gas stirring has been showed to be more beneficial for inclusion 

separation compared to a strong stirring 
[6]

. Likewise, Ek et al.
 [12]

 showed that an increased gas 

flow did not enhance an inclusion separation. One explanation could be that a too strong or long 

stirring creates disadvantageous movement patterns at the steel/slag interface, which would make 

it more difficult for the inclusions to be separated to the slag phase [Malmberg, steneholm]. 

Another possible reason for the increasing amount of inclusions, with an increased gas stirring 

intensity, is that a calm stirring reduces the possibility for top slag och ladle glaze to be dragged 

down into the steel. Moreover, ladle glaze has been showed to be an important inclusion source, 

both with respect to the composition and amount of inclusions
 [22-25]

.  

 

Few studies have been carried out focusing on large inclusions (>10 µm). These should have the 

largest impact on the steel quality and should thus be of largest interest to minimize. Argon 

stirring has been shown to be a less effective method to remove large inclusions. Furthermore, 

industrial results by Steneholm et al. 
[2]

 showed that the amount of inclusions larger than 22,4 µm 

increased with an increased vacuum degassing time. Controlling the stirring intensity by closing 

the ladle eyes during parts of the vacuum degassing treatment has shown to decrease the amount 

of large inclusions without risking too low sulphur – or nitrogen contents 
[6]

.  
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The stirring intensity is often assumed to be constant in both model and industrial scaled trials. 

However, the stirring fluctuates both within and between different heats and ladle treatment steps. 

The stirring intensity due to induction stirring depends on the distance between the steel and the 

inducing magnets. Thus, the stirring intensity changes with ladle age and lining wear. The stirring 

intensity due to gas purging depends on many factors, such as the porous plug conditions, 

clogging and leakage. Thus, the stirring intensity is difficult to measure accurately in reality. 

When the stirring of the steel bath is strong enough, the top slag layer will open up and create 

open eye(s) independently of the stirring method being used. Measurements of the ladle eye area 

as a function of the stirring intensity has been used in previous studies 
[8]

. This should give a 

more accurate estimation of the real stirring intensity compared to measuring the induction 

current or gas flow due to mentioned deviations and error sources. However, it should be noted 

that the ladle eye size is dependent on the top slag amount. 

 

Very few studies have been done with respect to clean steel with respect to the removal of 

chemical impurities and large inclusions combined with stirring control.  Therefore, this thesis 

focuses on the importance of the stirring practice on the inclusion removal, as well as the sulphur 

and nitrogen refining. Supplement 1 studies the importance of vacuum degassing and subsequent 

induction stirring on the removal of chemical impurities and inclusion larger than 10 µm. 

Moreover, on the possibility to shorten the vacuum degassing treatment time to increase the 

productivity. Supplement 2 focuses on the stirring intensity control during vacuum degasing by 

measuring the open eyes, and its influence on sulphur, nitrogen and inclusion removal.  
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2 Experimental 

The effect of different stirring practices on inclusions larger than 10 µm has been investigated 

through industrial plant trials.  Experiments have been performed on four different steel grades at 

two different Swedish steel plants, namely SSAB Special Steels in Oxelösund, and Uddeholm 

AB in Hagfors. The different steel grades and their target compositions at the time of the trials 

are described in detail in table 1.  

 

Table 1. The target steel compositions (mass%) of the trial heats.  

Steel grade % C % Si % Mn % Cr % Mo % V % B 

Orvar 2M 0.39 1.0 0.4 5.3 1.3 0.9 - 

Dievar 0.35 0.2 0.5 5.0 2.3 0.6 - 

Hardox 400 0.13 0.25 1.35 0.3 0.15 - 0.0015 

Hardox 450 0.195 0.3 1.1 0.2 0.15 - 0.0015 

 

Parts of this study has been performed at the SSAB Special Steels, an integrated, ore based steel 

plant in Oxelösund. The steel process starts by converting hot metal and scrap to crude steel in a 

Linz-Donawitz converter. During tapping to a 190-ton ladle, most of the alloys, slag formers and 

deoxidizers are added. The secondary metallurgy continues with a Tyssen-Niederrhein process 

where the steel is further deoxidized and flushed with argon for thermal and chemical 

homogenization. Depending on which steel grade to be produced the ladle can be sent to either 

the vacuum tank degassing (VTD) - or the ladle furnace (LF) - station. At the VTD-station, the 

slag is raked off and a new synthetic slag is added. The steel is then alloyed and heated to the 

aimed composition and temperature. Furthermore, the steel is vacuum degassed under a pressure 

below 4 mbar. The steel is stirred by argon through two porous plugs at the bottom of the ladle. 

At the LF-station, the steel is treated similarly as at the VTD station. However, no vacuum 

degassing takes part at this station. Also, stirring of the steel is possible by both argon and 

induction stirring, respectively. The steel is finally cast by continuous casting. A more detailed 

description of the steel production process can be found in supplement 1. 

 

Trials were also performed at Uddeholm AB, a scrap based steel plant in Hagfors. The process 

starts at the electric arc furnace with a careful selection of scrap. After tapping the steel into a 65 

ton ladle the steel is taken to the ladle furnace (LF) station. The slag is raked off and a new 

synthetic slag is added. Thereafter, the steel is heated and alloyed to reach the aimed temperature 

and composition. Then, the ladle is taken to the vacuum station where the steel is degassed under 

a lid at a pressure below 4 mbar. Stirring by argon through two porous plugs at the bottom of the 

ladle as well as by induction stirring is possible at both the LF and the vacuum station. After a 

completed vacuum degassing treatment, the steel is softly post stirred to promote a further 

separation of unwanted impurities. Finally, the steel is cast by uphill teeming into ingots. A 

further explanation of the process is described in supplement 2.  
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 Plant trials at SSAB Special Steels in Oxelösund 2.1
To investigate the effect of the stirring time on the number of inclusions, the trials at the VTD 

stations were divided into two groups: 

 

 7 reference heats with a vacuum degassing time of 24 minutes. 

 8 experimental heats with a vacuum degassing time of 15 minutes. 

 

Steel samples were taken before and after the vacuum degassing treatment. A camera placed on 

the covering lid made it possible to follow the stirring intensity. Argon was flushed strongly 

enough to form two open eyes, but not so strong to splash steel on the ladle walls. In order to 

examine the scatter and reproducibility of the result, four steel samples were taken rapidly one 

after another from a heat after finished vacuum degasing treatment of 24 minutes.  

  

Furthermore, 6 heats underwent subsequent induction stirring at the LF-station after finished 

vacuum treatment (of 24 minutes). After arrival to the LF station the steel was flushed with argon 

gas during two minutes to homogenize the steel if any heating or alloying had occurred. 

Thereafter, the argon supply was shut off so that induction stirring was the only remaining 

stirring mechanism. Then, the steel was stirred for 15 minutes with a current of 1100 A which 

was considered as a medium intensity. Steel samples were taken before and after the stirring 

treatment, respectively. A schematic illustration of the process route and sampling procedure is 

shown in figure 1. 

 

All steel samples were argon protected to avoid a slag contamination during sampling. In 

addition, they were taken automatically at the same position in the ladle. Furthermore, all samples 

were of the same brand, namely a dual-thickness lollipop type. Slag samples were taken manually 

with a slag scope. Also, the slag samples were taken after the last steel sample and before the 

final Ca-addition.  

 

The amount of inclusions was measured with a light optical microscope using a 200 times 

magnification. Only inclusions larger than 10 µm were taken into account. The chemical 

composition of the inclusions was further examined in a SEM equipped with EDX. The steel 

composition was determined by optical emission spectroscopy. This is with exception of the 

nitrogen content, which was determined separately by melt extraction using a LECO equipment. 

The slag composition was determined by a XRF analysis. A detailed description of the analysis 

procedure is described in supplement 1.  
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Figure 1. Process route and sampling procedure at SSAB Special Steels in Oxelösund.  

 

 

  

 Plant trials at Uddeholm AB in Hagfors  2.2
Trials were performed on two steel grades with different vacuum treatment time: 

 Orvar 2M with (8 heats) a vacuum degassing time of 30 minutes 

 Dievar (10 heats) with a vacuum degassing time of 50 minutes 

 

The vacuum degassing treatment was divided into different periods with different stirring 

intensities. During the first period, argon was flushed strongly, with two clear open eyes but 

without causing splashing on ladle walls. During the last period, the argon gas was decreased 

until the ladle eyes were completely closed. The induction stirring was also lowered during this 

period. A full description of the different periods and stirring intensities can be seen in Table 2. 

 

A camera on the lid made is possible to estimate the stirring intensity by measuring the size of the 

open eyes. Since the slag addition and steel weight is constant within each steel grade, a larger 

open eye area should be in correlation with a stronger stirring intensity.  The open eye area was 

noted and divided by the total ladle area. This will later be presented as the “average ladle eye 

size [%]”. 

 

Slag and steel samples of lollipop type were taken before and after the vacuum treatment, 

respectively. The slag samples were taken manually with a slag scope. The steel samples were of 

a lollipop type and argon protected during sampling. In addition, they were taken automatically at 

a fixed position in the steel melt. However, it should be noted that not all steel samples were of 

the same type as shown in Table 2. A schematic illustration of the process route and sampling 

procedure is shown in figure 2. 
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Figure 2. Process route and sampling procedure at Uddeholm AB in Hagfors.  

 

The amount of inclusions was analyzed according to the Swedish Standard SS111116 
[26]

, were 

the inclusions are divided into four different size groups. The size intervals are presented in 

Table 3. Thereafter, the inclusion composition was further analyzed in a SEM equipped with 

EDX. The total steel composition was measured with OES. Though, the carbon, nitrogen, sulphur 

and total oxygen content was analyzed separately by LECO. The slag composition was analyzed 

by XRF analysis. A further description of the analysis processes is presented in supplement 2.  

 

  



   

7 

 

Table 2. Stirring procedures and sample types for the different Uddeholm heats.  

 

 

Table 3. The inclusion classification according to the SS 11 11 16 standard 
[26]

. 

Classification Size interval (μm) 

Thin (DT) 2.8≤ DT <5.6 

Medium (DM) 5.6≤ DM <11.2 

Heavy (DH) 11.2≤ DH <22.4 

Particular (DP) DP >22.4 

  

Heat Stirring 

procedure 

P1 - Stirring 

intensity 

P2 - stirring 

intensity 

P3 - stirring 

intensity 

Sample type 

Orvar 1 reference 900 A + 50 Nl/min 900 A + 50 Nl/min - 6 mm - lollipop 

Orvar 2 reference 
900 A + 100 

Nl/min 

900 A + 100 

Nl/min 
- 6mm - lollipop 

Orvar 3 15 min + 15 min 900 A + 25 Nl/min 700 A + 7 Nl/min - 6mm - lollipop 

Orvar 4 15 min + 15 min 900 A + 50 Nl/min 700 A + 10 Nl/min - 
14mm - 

Björneborg 

Orvar 5 15 min + 15 min 900 A + 60 Nl/min 700 A + 0 Nl/min - 
14mm - 

Björneborg 

Orvar 6 20 min + 10 min 900 A + 50 Nl/min 700 A + 8 Nl/min - 6mm - lollipop 

Orvar 7 20 min + 10 min 900 A + 50 Nl/min 700 A + 7 Nl/min - 6mm - lollipop 

Orvar 8 20 min + 10 min 900 A + 50 Nl/min 700 A + 5 Nl/min - 6mm - lollipop 

      

Dievar 1 reference 
900 A + 100 

Nl/min 

900 A + 100 

Nl/min 
- 6mm  - lollipop 

Dievar 2 reference 
900 A + 100 

Nl/min 

900 A + 100 

Nl/min 
- 6mm  - lollipop 

Dievar 3 reference 900 A + 75 Nl/min 900 A + 75 Nl/min - 6mm  - lollipop 

Dievar 4 30min + 20min 
900 A + 250 

Nl/min 
700 A + 10 Nl/min - 12mm - lollipop 

Dievar 5 30min + 20min 900 A 100 Nl/min 700 A + 5 Nl/min - 12mm - lollipop 

Dievar 6 30min + 20min 
900 A + 125 

Nl/min 
700 A + 8 Nl/min - 12mm - lollipop 

Dievar 7 40min + 10min 
900 A + 125 

Nl/min 
700 A + 5 Nl/min - 6mm - lollipop 

Dievar 8 40min + 10min 900 A + 75 Nl/min 700 A + 5 Nl/min - 6mm - lollipop 

Dievar 9 40min + 10min 
900 A + 250 

Nl/min 
700 A + 5 Nl/min - 

14mm - 

Björneborg 

Dievar 10 
20min + 10min 

+ 20min 

900 A + 250 

Nl/min 

700 A + 250 

Nl/min 
700 A + 15 Nl/min 12mm - lollipop 
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3 Results  

 Results from plant trials at SSAB Special Steels in 3.1
Oxelösund 

 

Experiments were carried out during the vacuum degassing treatment. Argon protected steel 

samples of lollipop type were taken before and after the vacuum degassing treatment, 

respectively. Initially, reference trials were performed with a degassing time of 24 minutes. 

Thereafter, experiments with a 15 minutes degassing time were carried out.  

 

3.1.1 Sulphur and nitrogen refining 
The desulphurization was measured as the sulphur refining ratio, RS, defined as shown in 

equation (1).  

 

RS =
[mass%S]0−[mass%S]1

[mass%S]0
   (1) 

 

where the subscripts 0 and 1 represent the sulphur content in the steel before and after vacuum 

degassing, respectively. This was done due to company restrictions. Table 4 shows the results of 

the sulphur refining ratio, RS, during vacuum degassing for the different heats and the two 

degassing procedures (namely 24 min and 15 minutes of vacuum treatment). The confidence 

interval of 95% is also presented in the table.  

 
Table 4. The effect of the vacuum degassing time on the sulphur refining ratio for reference (ref.) and experimental 

(exp.) heats along with a confidence interval (CI) of 95%. 

Ref. heats 

(24 min 

vacuum) 

Heat no. 1 2 3 4 5 6 7 Average  

RS 0.82 0.64 0.84 0.68 0.52 0.61 0.6 0.67  

CI 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08  

Exp. heats 

(15 min 

vacuum) 

Heat no. 8 9 10 11 12 13 14 15 Average 

RS 0.52 0.52 0.75 0.64 0.63 0.50 0.78 0.64 0.62 

CI 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 

 

The denitrogenization was measured similarly as the desulphurization, viz. the nitrogen refining 

ratio, RN, defined as shown in equation 2.  

RN =
[mass%N]0−[mass%N]1

[mass%N]0
  (2) 
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where the subscripts 0 and 1 denote the nitrogen content in the steel before and after vacuum 

degassing, respectively. The nitrogen refining ratio during vacuum degassing is presented in 

Table 5 with a confidence interval (CI) of 95%.  

 
Table 5. The effect of vacuum degassing time on the nitrogen refining ratio for reference (ref.) and experimental 

(exp.) heats along with a confidence interval of 95%. 

Ref. heats 

(24 min 

vacuum) 

Heat no. 1 2 3 4 5 6 7 Averag

e 

 

RN 0.31 0.16 0.31 0.01 0.19 -

0.19 

0.09 0.13  

CI 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12  

Exp. heats 

(15 min 

vacuum) 

Heat no. 8 9 10 11 12 13 14 15 Averag

e 

RN -0.04 -0.13 0.27 0.19 0.05 -

0.10 

0.0 0.04 0.04 

CI 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 0.09 

 

 

3.1.2 Inclusion and slag compositions 
The inclusion composition of the samples taken before and after vacuum degassing was analyzed 

using a scanning electron microscope equipped with EDX. Three types of inclusions were found 

before vacuum degassing, namely irregular shaped Al2O3-MgO-spinel, liquid Al2O3-CaO-MgO-

SiO2-solution inclusions and spinel island(s) surrounded by the complex liquid oxide solution. 

Before vacuum degassing, the most dominating inclusion type was the irregular shaped 

inclusions. Micrographs of the three inclusion types can be seen in figure 3 and figure 4. The 

dark areas in figure 4 represent the spinel phase, and the light areas denote the oxide solution. 

 

 
Figure 3. Typical examples of an irregular spinel (left) and a liquid oxide (right) inclusion types observed before the 

vacuum degassing treatment. 

 



    

11 

 

 
Figure 4.  A typical example of an inclusion consisting of spinel islands surrounded by an oxide solution, before the 

vacuum degassing treatment.  

 

After vacuum degassing, the three mentioned inclusion types could be detected along with 

another inclusion type; namely particles consisting of MgO or MgO island(s) surrounded by a 

liquid oxide. Note, that this inclusion type was only found after vacuum degassing. Overall, the 

liquid oxide inclusions were the dominating type in both the reference and the experimental heats 

after vacuum degassing. Micrographs of the different inclusion types found after vacuum 

degassing can be seen in figure 5.  

 

 

 
Figure 5. Typical examples of inclusion types found after the vacuum degassing treatment: A large liquid oxide 

solution (left) and a MgO inclusion surrounded by an oxide solution (right).  
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An overview of the inclusion composition in mass% can be seen in table 6. The values given in 

parenthesis represent the average inclusion compositions. 

 

 
Table 6. Inclusion composition (mass%) analyzed in SEM equipped with EDX.  

Inclusion type 
Type1 - 

Irregular shape 

Type 2 - 

Liquid oxide 
Type 3 and 4 - Two-phased 

Phase(s) Single phase Single phase 
Core phase: MgO 

or spinel 

Surrounding 

phase: 

Liquid oxide 

Before vacuum 

treatment 

%Al2O3 
45.2 – 98.8 

(74.7) 

0.8 – 89.9 

(52.2) 
71.2 – 81.8 (75.2) 

58.3 – 90.4 

(71.4) 

%CaO 0 – 23.1 (2.8) 0 – 60.8 (34.4) 0.7 – 27.5 (8.2) 8.6 – 38.8 (24.7) 

%MgO 0 – 28.7 (20.8) 0 – 61.0 (2.8) 17.9 – 27.0 (21.6) 1 – 8.1 (3.9) 

%SiO2 0 – 28.7 (0.5) 0 – 45.0 (2.8) 0 – 0.3 (0.2) - 

After vacuum 

treatment 

(reference heats) 

%Al2O3 
41.1 – 98.1 

(68.5) 

8.9 – 81.6 

(41.5) 
0 – 71.3 (37.6) 

33.0 – 55.9 

(48.9) 

%CaO 0 -55.3 (8.8) 0 – 88.6 (46.0) 0.3 – 13.7 (3.0) 
31.9 – 62.1 

(45.0) 

%MgO 0 – 28.6 (18.6) 0 – 60.2 (4.3) 27.3 – 99.5 (59.2) 0.9 – 12.2 (5.5) 

%SiO2 0 – 2.7 (0.5) 0 – 45.7 (4.5) 0 – 0.7 (0.2) 0 – 2.4 (0.9) 

After vacuum 

treatment 

(experimental 

heats) 

%Al2O3 0 – 99.3 (63.7) 
7.2 – 67.3 

(44.2) 
0.5 – 14.6 (5.7) 

34.6 – 57.1 

(49.5) 

%CaO 0 – 57.4 (9.5) 
4.1 – 77.9 

(46.5) 
0.2 – 13.4 (4.1) 

21.5 – 52.8 

(41.9) 

%MgO 0 – 99.7 (22.5) 0.7 – 84.3 (8.5) 71.7 – 98.8 (90.0) 1.2 – 43.8 (8.2) 

%SiO2 0 – 29.1 (1.3) 0 – 7.3 (0.7) 0 – 1.2 (0.2) 0 – 0.8 (0.3) 

 

 

Slag samples were taken manually from the experimental heats at the VTD and LF stations. The 

results of the chemical compositions of the slag samples can be seen in table 7. The composition 

interval for all elements falls within the aimed slag composition interval for the specific steel 

grades. Thus, the modified stirring procedures are possible to apply without changing the slag 

composition to a large degree. 

 
Table 7. Chemical compositions (mass%) of slag samples. 

Oxide Al₂O₃ CaO SiO₂ MgO FeO 

Short vacuum treatment 33.8 – 40.6 50.6 – 55.4 2.0 – 4.9 7.0 – 9.5 0.21 – 0.49 

Induction stirring 37.8 – 42.9 50.3 – 54.0 1.3 – 3.3 5.3 – 7.2 0.21 – 1.54 
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3.1.3 Inclusion numbers 
The effect of the different stirring procedures during vacuum degassing on the total amount of 

inclusions larger than 10 μm is presented in figure 6 and figure 7. It is important to note the 

results of the sample taken after vacuum degassing from heat 2 deviate from the other results. 

This particular heat was transported to the ladle furnace station prior to sampling after the 

vacuum treatment. The transportation time, of about 30 minutes, could possibly allow some 

inclusions time to float out. Therefore, a smaller amount of inclusions was expected. Due to this 

misleading result, this sample was not considered when calculating the average result as well as 

the confidence interval. The deviating result of heat 13 will be discussed later.  

 

 

 

 
Figure 6.  The effect of vacuum degassing treatment on the number of inclusions larger than 10 μm for the reference 

heats. Data are given for before vacuum treatment (BV) and after vacuum treatment (AV).  
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 Figure 7. The effect of vacuum degassing treatment on the number of inclusions larger than 10 μm for the 

experimental heats. Data are given for before vacuum treatment (BV) and after vacuum treatment (AV). 
 
 

After a completed vacuum degassing procedure of 24 minutes, 6 heats were transported from the 

vacuum tank degassing station to the ladle furnace station. Thereafter, the steel was stirred by 

only induction, using a 1100 A current (viz. medium stirring intensity), during 15 minutes. 

Lollipop steel samples were taken before and after the stirring procedure. The results can be seen 

in figure 8. Heats 1-4 are the same heats as presented as the reference heats in figure 6. Also, 

heats 16 and 17 are separate heats where no sampling was done prior to the induction stirring.  
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Figure 8. The influence of induction stirring on the number of inclusions larger than 10μm. Data are given for before 

induction stirring (BI) and after induction stirring (AI). 

 

 

Figure 9 shows an overview of how the number of inclusions larger than 10 μm changes 

throughout the process. The figure shows the results from the four heats where samples were 

taken before and after a vacuum degassing and a subsequent induction stirring, respectively. 

During the transport between the vacuum tank degassing station and the ladle furnace, the steel 

bath was not subjected to any kind of stirring.  
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Figure 9. The total amount of inclusions larger than 10 μm at different process steps. Data are given for before 

vacuum treatment (BV) , after vacuum treatment (AV), before induction stirring (BI) and after induction stirring 

(AI). 
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 Results from plant trials at Uddeholm AB. 3.2
 

Experiments were carried out during vacuum degassing. The vacuum degassing was divided into 

two parts with different stirring intensities, respectively. The stirring during the first period was 

performed according to standard procedures. Then, the stirring was strong and two visible open 

eyes were formed. During the second period, the stirring intensity was lowered so that the ladle 

eyes were closed. A more detailed description of the experimental stirring procedure is explained 

in the previous “Experimental” chapter. Steel samples were taken before and after the vacuum 

degassing treatment. During the degassing process, the ladle eyes were measured visually 

through a camera placed on the covering lid.  The ladle eye size was measured as the area percent 

of the total surface area. The results of the ladle eye measurements are presented as the average 

ladle eye size, since the ladle eye size varies to some extent during the vacuum degassing. Table 

8 and table 0 show the different stirring procedures and the average ladle eye sizes for the 

different heats.  

 
Table 8. The average ladle eye sizes for the Orvar 2M heats. 

Orvar 2M 
Average ladle eye 

size [%] 

Heat 1 (O1) 16.2 

Heat 2 (O2) 14.4 

Heat 3 (O3) 6.4 

Heat 4 (O4) 9.3 

Heat 5 (O5) 9.1 

Heat 6 (O6) - 

Heat 7 (O7) 10.7 

Heat 8 (O8) 12.9 

 

 
Table 9. The different stirring procedures and average ladle eye sizes for the Dievar heats. 

Dievar 
Average ladle eye 

size [%] 

Heat 9 (D1) - 

Heat 10 (D2) 13.7 

Heat 11 (D3) 19.3 

Heat 12 (D4) 5.8 

Heat 13 (D5) - 

Heat 14 (D6) 10.0 

Heat 15 (D7) 12.8 

Heat 16 (D8) 11.5 

Heat 17 (D9) 7.7 

Heat 18 (D10) 9.3 
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3.2.1 Nitrogen and sulphur refining 
The sulphur and nitrogen refining ratios are defined as described earlier in equations 1 and 2. 

The nitrogen refining ratio during vacuum degassing for the steel grades Orvar 2M and Dievar 

can be seen in figure 10 and 11, respectively. The black line represents the total reference values 

from previous studies for the same steel grade, viz. Orvar 2M 
[2, 6]

.  

 

 
Figure 10. The nitrogen refining ratio as a function of the average ladle eye size during the vacuum degassing 

treatment for the Orvar 2M heats. 

 

 
Figure 11. The nitrogen refining ratio as a function of the average ladle eye size during the vacuum degassing 

treatment for the Dievar heats. 

 

-100

-75

-50

-25

0

0 5 10 15 20

R
N

 (%
)  

Average ladle eye size [%] 

-100

-75

-50

-25

0

0 5 10 15 20

R
N

 (%
) 

Average ladle eye size [%] 



    

19 

 

The sulphur refining ratio results during vacuum degassing for the Orvar 2M steel grade are 

scattered, as seen in figure 12. In addition, figure 13 shows that the same scattered results were 

found for the Dievar steel grade.  
 

 
Figure 12. The sulphur refining ratio as a function of the average ladle eye size during the vacuum degassing 

treatment for the Orvar 2M heats. 

 

 
Figure 13. The sulphur refining ratio as a function of the average ladle eye size during the vacuum degassing 

treatment of the Dievar heats. 
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3.2.2 Inclusion and slag compositions 
The determination of the inclusion composition by using scanning electron microscope equipped 

with EDX showed that different types of inclusion were present before and after vacuum 

treatment, respectively. Before vacuum degassing, liquid complex CaO-Al2O3-MgO-SiO2 

inclusions, Al2O3-MgO-spinel and a combination of spinel island(s) surrounded by oxide solution 

were found in both steel grades. Typical micrographs of these inclusions type can be seen in 

figure 14. The darker areas show the spinel phase and the lighter areas represent the surrounding 

oxide solution. 

 

 
Figure 14. Inclusion spinel islands surrounded by an oxide solution in a Dievar heat (left), Al2O3-MgO-spinel 

inclusions in an Orvar 2M heat (middle) and Al2O3-MgO-spinel inclusions in a Dievar heat (right). All samples were 

taken before the vacuum degassing treatment.  

 

 

After vacuum degassing, complex liquid oxide solution inclusions and spinel inclusions 

surrounded by an oxide solution were found in the Orvar 2M heats. In the Dievar heats, only 

liquid oxide solution particles were found after the vacuum degassing. Typical micrographs of 

these inclusion types can be seen in figure 15. The dark area in the middle inclusion represents 

the spinel phase, and the light area shows the surrounding liquid oxide.  An overview of the 

different kind of inclusions and their compositions (mass%) can be seen in table 10 and table 11 

for the Orvar 2M and Dievar heats, respectively. The values presented within parenthesis 

represent the average compositions. Moreover, the results of the chemical composition of the slag 

samples analyses are presented in table 12.  

 

 
Figure 15. Oxide solution inclusions in an Orvar 2M heat (left), Al2O3-MgO-spinel island inclusions surrounded by 

an oxide solution in an Orvar 2M heat (middle) and liquid oxide solution inclusions in a Dievar heat (right). All 

samples were taken after the vacuum degassing treatment. 
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Table 10. Inclusion compositions (mass%) determined by using a SEM equipped with EDX for the Orvar 2M heats. 

Inclusion type Irregular shape Liquid oxide Two-phased 

Phase(s) Single phase Single phase Core phase: Spinel 

Surrounding 

phase: 

Liquid oxide 

Before vacuum 

treatment 

Size 

(µm) 
4.2 – 13.2 2.7 – 78.6 20.7 – 27.2 

%Al2O3 68.9 – 73.1 (71.2) 3.5 – 37.7 (23.8) 8.4 – 72.7 (54.6) 32.0 – 61.6 (50.4) 

%CaO 0 – 4.9 (2.1) 45.5 – 96.5 (64.8) 0 – 30.4 (11.4) 17.9 – 53.8 (34.8) 

%MgO 26.2 – 27.1 (26.8) 0 – 13.7 (4.2) 22.3 – 61.2 (33.3) 4.7 – 20.5 (11.8) 

%SiO2 -  0 – 17.8 (4.4) 0 – 3.4 (0.4) 0 – 9.6 (2.9) 

%Cr2O3 -  0 – 10.2 (2.4) 0 – 1.9 (0.2) - 

After vacuum 

treatment 

Size 

(µm) 
-  3.1 – 60.0 7.2 – 62.1 

%Al2O3 -  23.5 – 54.5 (35.7) 15.1 – 72.9 (46.09) 45.7 – 49.5 (47.9) 

%CaO -  22.4 – 67.1 (51.6) 0 – 30.3 (12.6) 39.5 . 43.9 (42.3) 

%MgO -  1.8 – 52.0 (7.5) 27.1 – 67.1 (40.8) 5.1 – 9.9 (7.4) 

%SiO2 - 1.4 – 10.8 (5.6) 0 - 1,3 (0.6) 1,9 - 2,8 (2.2) 

%Cr2O3 - 0 – 4.3 (0.4) -  -  

 

Table 11. Inclusion compositions (mass%) determined by using SEM equipped with EDX for the Dievar heats. 

Inclusion type Irregular shape Liquid oxide Two-phased 

Phase(s) Single phase Single phase Core phase: Spinel 

Surrounding 

phase: 

Liquid oxide 

Before vacuum 

treatment 

Size 

(µm) 
4.5 – 13.8 3.3 – 16.5 10.6 – 30.7 

%Al2O3 69.8 – 72.6 (71.4) 58.2 – 60.1 (59.3) 67.3 – 73.1 (71.7) 52.6 – 60.1 (56.6) 

%CaO 0 – 5.0 (2.2) 28.7 – 36.4 (32.3) 0 – 5.4 (1.4) 24.3 – 41.1 (30.4) 

%MgO 25.2 – 27.4 (26.4) 1.5 – 6.0 (4.1) 25.5 – 27.6 (26.9) 6.1 – 15.6 (12.1) 

%SiO2 -  3.7 – 5.2 (4.2) - - 

%Cr2O3 -  -  -  -  

After vacuum 

treatment 

Size 

(µm) 
-  4.3 – 60.8 -  

%Al2O3 -  32.7 – 47.8 (37.6) -  -  

%CaO -  39.4 – 57.0 (52.2) -  -  

%MgO -  3.3 – 9.4 (6.3) -  -  

%SiO2 -  0.7 – 5.9 (3.2) -  -  

%Cr2O3 -  0 – 4.2 (0.5) -  -  

 



 

22 

 

Table 12. Chemical compositions (mass%) of the slag samples, before and after the vacuum degassing treatment, for 

the Orvar 2M and Dievar trials.  

Orvar 2M S CaO MgO Al2O3 SiO2 FeO Cr2O3 

BV 0.058 – 0.25 49.3 – 59.5 7.7 – 10.4 24.5 -27.9 8.4 – 13.4 0.3 – 0.9 0.05 – 0.3 

AV 0.12 – 0.34 48.3 – 58.1 6.5 – 10.8 26.9 – 30.7 8.9 – 12.5 0.2 – 0.5 0.03 – 0.05 

Dievar S CaO MgO Al2O3 SiO2 FeO Cr2O3 

BV 0.029  - 0.15 47.7 – 59.8 7.54 – 10.7 25.4 – 32.5 5.1 – 11.4 0.3 – 1.2 0.06 – 0.6 

AV 0.09 – 0.29 44.6 – 54.7 7.6 – 12.3 27.1 – 37.2 3.6 – 10.2 0.2 – 0.3 0.04 – 0.10 

 

 

3.2.3 Inclusion number 
The change of the number of inclusions smaller than 11.2 μm, (i.e. DT and DM inclusions) in the 

Orvar 2M heats as a function of the average ladle eye size is presented in figure 16. The black 

lines represent the minimum and maximum values of the reference heats from earlier work 
[2, 6]

 

focusing on the same steel grade.  The change of the number of inclusions during vacuum 

degassing, Nv, is defined according to equation (3):  

 

𝑁𝑉 = (
𝑄𝐴𝑉−𝑄𝐵𝑉

𝑄𝐵𝑉 
)   (3) 

 

where QBV and QAV represent the number of inclusions per mm
2
 before and after vacuum 

degassing, respectively. 

 

 

 
Figure 16. The change of the amount of DT+DM inclusions (<11.2 μm)  during the vacuum degassing treatment for 

the  Orvar 2M heats. 
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The results show an average decrease of 61% of the inclusions smaller than 11.2 μm during the 

vacuum degassing treatment. However, no relation between the inclusion content and the average 

ladle eye size is observed. The results for the same inclusions size interval in the steel grade 

Dievar is seen in figure 17. The average decrease is 86% for the Dievar heats. No relation is seen 

between the decrease of the number of inclusions smaller than 11.2 μm and the average ladle eye 

size for the Dievar heats either.  

 

 
Figure 17. The change of the amount of DT+DM inclusions (<11.2 μm)  during the vacuum degassing treatment for 

the Dievar heats. 
 

The change of the inclusions larger than 22.4 μm, i.e. DP inclusions, as a function of the average 

ladle eye size can be seen in figure 18 for the Orvar 2M steel grades. The same relation, but for 

the Dievar heats can be seen in figure 19.  
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Figure 18. The change of the amount of DP inclusions (< 22.4 μm ) during the vacuum degassing treatment for the 

Orvar 2M heats. 

 

 
Figure 19. The change of the amount of DP inclusions (< 22.4 μm ) during the vacuum degassing treatment for the 

Dievar heats. 
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3.2.4 Control of stirring intensity 
Figure 20 shows the average ladle eye size during the vacuum degassing treatment as a function 

of the average argon gas flow for the Orvar 2M and Dievar heats. The results indicate that there 

could be a relation between an increased average argon flow and a larger average ladle eye size. 

However, this relation is contradicting for the Dievar heats. 

 

 
Figure 20. The average argon flow as a function of the average ladle eye size for the Orvar 2M and Dievar heats. 
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4 Discussion 

 Sulphur and nitrogen refining 4.1

The sulphur refining is controlled by the following reaction: 

S steel + CaO (slag)  CaS (slag) + O steel    (1) 

As seen from the reaction, the sulphur refining is favored by good a contact between the top slag 

and the steel bath. This, in turn, is favored by a strong stirring during a sufficient long time. The 

results from Table 4 show overlapping confidence intervals. Therefore, no difference can be seen 

with regards to the sulphur refining between the two different degassing times. It should be noted 

that all heats reached sufficiently low sulphur amounts for the specifications of the steel grade, 

namely less than a 0.003 mass% sulphur content. Heat number 13 had problem with a poor 

stirring. The result shows the lowest sulphur refining ratio of all heats with a sulphur refining 

ratio of -50%. Despite this worse stirring, in comparison to the other heats, the heat reached the 

aimed sulphur composition. Thus, the results from heat number 13 indicate that a calmer stirring 

during vacuum does not need to risk too high contents of unwanted elements such as sulphur.   

 

The sulphur refining ratio show scattered results for the Orvar 2M and the Dievar heats, as seen 

in figure 12 and 13. No trend is seen with respect to the average ladle eye size for the Orvar 2M 

heats. There seem to be a trend for the Dievar heats, indicating that a larger average ladle eye size 

and thus a stronger stirring could result in a better sulphur refining. This corresponds to the 

discussion from the data presented in Table 4.  However, all heats reached sufficiently low 

amounts of sulphur to meet the demands of the steel grades. Moreover, all Orvar 2M heats shows 

sulphur refining ratio values below the reference values from earlier work 
[2, 6]

. This means that 

the stirring intensity could be lowered without risking too high sulphur contents in the steel. 

These results are also supported by the earlier studies by Steneholm et al. and Malmberg et al.
 [2, 

6]
. They showed that a vacuum degassing time of 15 minutes is enough to reach a sufficiently low 

amount of sulphur in the steel for the investigated steel grades. 

  

The nitrogen refining during the different vacuum degassing procedure carried out at SSAB 

Special Steels in Oxelösund does not seem to show any trend, as seen in Table 5. There are large 

differences in the nitrogen refining ratio between the different heats. Also, in 4 of the 15 heats, 

the results show a nitrogen pickup instead of a decrease. This might be due to a leakage of air 
[27]

. 

However, further studies are needed to explain this. Moreover, there is no difference in the 

nitrogen refining between the reference and experimental heats, when considering the confidence 

intervals.  This indicates that a shortened vacuum degassing time from 24 to 15 minutes does not 

have an important impact of the nitrogen refining of this steel grade. It should be noted that all 

heats reached nitrogen contents below the targeted maximum amount of 0.0044 mass% nitrogen. 

 

Six of seven heats in the Orvar 2M steel grade showed a constant decrease of the nitrogen 

refining ratio, which is very close to the reference results from previous work 
[2, 6] 

as seen in 
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figure 10. No trend with respect to the average ladle eye size is observed. Figure 11, which 

shows the results of the nitrogen refining ratio in the Dievar heats, scatters. Moreover, no trend is 

seen with respect to the ladle eye size for this steel grade either. These results, together with the 

scattered results seen in Table 5 indicate that the stirring does not have an important impact on 

the nitrogen refining. Therefore, it is possible that a calmer stirring during vacuum degassing 

would not result in a too high nitrogen content in the steel.  

 

 Slag and inclusion composition 4.2
When comparing the results presented in tables 6 and 7 it can be seen that the average inclusion 

composition did approach the slag composition during the degassing procedure for the 

experiments performed at SSAB Special Steels in Oxelösund. This is expected since the 

equilibrium between the slag and the inclusions is promoted by the increased kinetics during 

vacuum degassing. Furthermore, the presence of MgO-particles and MgO-islands in the 

inclusions found only after vacuum degassing indicates that the strong stirring during vacuum 

degasing might result in erosion of the ladle lining. It could also be due to the formation of Mg-

gas from the ladle lining, which is further oxidized into MgO as showed in previous studies 
[29-30]

: 

 

Mg (g) + O (steel) = MgO (s)    (2) 

 

The inclusion and slag compositions from the Uddeholm AB  trials as seen in table 10, 11 and 

12, agree with earlier work 
[2, 6-7, 22, 24]

 that have been carried out for the same steel grades. The 

average inclusion composition (presented within parenthesis) seems to approach the slag 

composition during vacuum degassing to some extent. This is expected due to the strong stirring 

and increased kinetics during vacuum degassing, which is beneficial for approaching equilibrium 

between the slag and the inclusions, as already mentioned. However, the composition values 

scatter and are rarely similar to the slag composition. This indicates that other inclusion sources 

apart from slag entrapment also exist. These inclusion sources can be ladle lining and/or ladle 

glaze erosion. The latter have been showed in previous studies 
[22-25]

 to be an important inclusion 

source.  

 

Inclusion numbers  

The effect of vacuum degassing on the amount of inclusions, is presented in figure 6 and 7. The 

results show a clear increase of the amount of inclusions larger than 10 μm for both degassing 

procedures. The number of inclusions increased with, on average, 300% during the reference 

degassing time. The average increase of the number of inclusions during the shortened degassing 

time was 500%. However, if the confidence intervals are considered, there is no difference in the 

increase of the amount of inclusions between the different degassing procedures. It is interesting 

to note the result from the sample taken after vacuum degassing from heat number 13. This 

sample result deviates from the trend. More specifically, it shows the lowest amount of inclusions 

of all heats. The data points of this heat show a small increase of the number of inclusions larger 

than 10 μm. However, the overlap of the confidence intervals enables a possible decrease of the 

amount of inclusions. For this heat, problems with the argon stirring due to clogged or leaking 

porous plugs occurred, as was mentioned earlier. Therefore, the operators were not able to stir the 

steel sufficiently, according to their guidelines of a maximum argon flow without risking steel 

splashing on the ladle walls. This could be due to a more beneficial flow in the steel bath were 
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the inclusions have a better chance to separate to the top slag. This is also an indication of that the 

great increase of the number of inclusions larger than 10 μm in the other heats is an effect of the 

strong stirring during vacuum degassing. Moreover, that the inclusion content in the steel could 

be better controlled by optimizing the stirring intensity during vacuum degassing.  

 

The number of inclusions decreases, on average, by 52% during the transport between the 

vacuum tank degassing station and the ladle furnace station, as seen in figure 9. The 

transportation time was approximately 30 minutes. This decrease indicates that the absence of a 

strong stirring, where the inclusions are not submitted to any kind of induced flows or 

movements aside of natural convection, might promote the inclusions separation in the steel. This 

is expected due to the floatation mechanism of the inclusions 
[30]

. 

 

Figure 8 shows an unclear influence of the induction stirring on the number of inclusions larger 

than 10 μm. In the cases were the confidence intervals do not overlap, viz. heat number 3, 4 and 

17, an average decrease of -65% of the number of inclusions is observed. This could imply that a 

soft induction stirring (i.e. were the top slag layer is not opened) leads to a decrease of the 

number of inclusions larger than 10 μm. This agrees with previous studies 
[21]

, which show that a 

soft induction stirring promotes the inclusion refining.  

  

The decrease of the number of inclusions smaller than 11.2 μm during vacuum degassing as seen 

in figure 16 and 17 is in accordance with earlier work 
[1-3, 6]

 showing that vacuum degassing leads 

to a cleaner steel with less inclusions. The size distribution of the inclusions is shifted towards 

smaller inclusions (smaller than approximately 11.2 μm) 
[2]

. The decrease of inclusions of the 

smallest size ranges makes it easy to draw the conclusion that the total amount of inclusions 

decreases with the strong stirring during vacuum degassing. This can, in turn, give the impression 

that a strong stirring is beneficial for inclusion separation and steel cleanliness. Previous work by 

Thorsell et al. 
[13]

 and Wijk et al. 
[31]

 show the importance of stirring to enhance the collision 

mechanism between the inclusions. This would make them larger and thus easier to float out 

from the melt due to an increased buoyancy.  However, even if the total number of inclusions, 

which is dominated by inclusions from the smallest size ranges, does decrease there are few 

studies done on how the inclusions of larger size ranges are affected during the production of 

clean steel. The larger inclusions probably have the largest effect on the final product properties 

and should thus be the most important to control during steelmaking. 

 

Both steel grades Orvar 2M and Dievar show, in figures 18 and 19, that the number of inclusions 

larger than 22.4 μm increase with an increased average ladle eye size and thus a stronger stirring. 

An average ladle eye size smaller than approximately 10% of the total area results in a decrease 

of the number of inclusions larger than 22.4 μm. Moreover, the number of inclusions in the Orvar 

2M samples is lower than the reference values from earlier work 
[2, 6]

, when the average ladle eye 

size is smaller than approximately 10%. This indicates that a softer stirring of the steel is 

beneficial for the separation of large (>22.4 μm) inclusion, whilst a stronger stirring might 

generate more inclusions larger than 22.4 μm. Additionally, this corresponds to the discussion of 

the deviating results of heat 13 in figure 7. Moreover, it is in accordance with earlier work done 

by Steneholm et al.
 [2]

, which showed that the number of inclusions larger than 22.4 μm increased 

during vacuum degassing; viz. the longer time that the steel was subjected to strong stirring, the 

more inclusions were found in the sample. The promoting effect of smaller average eye sizes can 

also be explained by a decreased generation of new inclusions.  During vacuum degassing the 
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steel is subjected to a turbulent flow were the steel and the slag are strongly mixed due to argon 

purging. This might lead to an increased risk of generating new inclusions in comparison to the 

soft stirring conditions. Possible examples of inclusion sources due to too strong stirring could be 

top slag entrapment or erosion from the ladle glaze on the ladle walls, as discussed earlier. 

 

 Control of stirring intensity 4.3
Figure 20 shows the relation between the average argon gas flow during the vacuum degassing 

treatment and the average ladle eye size for Orvar 2M and Dievar, respectively. The trend from 

the Orvar 2M heats indicates that larger average argon flows will result in larger average ladle 

eye sizes. This, in turn, results in stronger stirring of the steel. Thus, the stirring intensity could be 

controlled by controlling the argon flow. However, the same relation from the Dievar heats 

indicates the opposite trend. A larger average argon flow results in a smaller average ladle eye 

size. These contradictory results show that controlling the argon flow is not a reliable method to 

monitor the stirring intensity during vacuum degassing. The non-existing relationship between 

the argon flow and the average ladle eye size has also been showed in a previous study
 [8]

. A 

likely reason for this is leaking of argon or clogged porous plugs. Therefore, the ladle eye size is 

a more reliable and accurate process control parameter for measuring the stirring intensity.   

 

This work shows that the stirring of the steel might have an important effect of the steel 

cleanliness with respect to sulphur, nitrogen and large inclusion refining. A calmer stirring during 

vacuum degassing and a subsequent induction stirring or time for the inclusions to float out prior 

to casting might lead to a decrease in the amount of large inclusions without risking too high 

contents of nitrogen or sulphur in the steel. The results from this work indicate that a stronger 

stirring intensity will not lead to an increased steel cleanliness. This is in contradiction with some 

earlier findings 
[3, 1, 9, 14, 16]

 showing that a strong stirring results in a decrease of the total number 

of inclusions and thus an increased steel cleanliness. As earlier mentioned, the size distribution of 

the inclusions is shifted towards smaller inclusions, which are believed to be less detrimental for 

the steel properties. This means that even if the total amount of inclusion does decrease during 

vacuum degassing, the few large inclusion represented in the steel may increase. A calmer 

stirring will still result in a decrease of the small inclusions, as seen in figure 16 and 17. 

Moreover, a stronger stirring seem to lead to an increase of the large inclusions as showed in 

figure 6, 7, 18 and 19. Thus, a calmer stirring intensity during vacuum degassing could result in a 

smaller increase of the number of large inclusions. The results from this study even enable the 

possibility to decrease these inclusions at a sufficiently low stirring intensity during vacuum 

degasing. This is due to that a calmer stirring reduces the generation of new inclusions from, for 

example, ladle glaze or slag entrapment. Moreover, a calmer stirring might ease the inclusion 

floatation and separation from the steel.  However, the steel cleanliness could be improved by a 

more controlled and calmer stirring during vacuum degassing.  
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5 Concluding discussion 

The two supplements of this thesis focus on the effect of stirring on the number of inclusions 

during secondary ladle metallurgy.  The emphasis of the work is on the vacuum degassing 

process. The two supplements have been made at two different steel plants and using different 

stirring procedures. In total, experiments have been made on four different steel grades, namely 

Hardox 400, Hardox 450, Orvar 2M and Dievar. 

 

The first supplement showed that the number of inclusions larger than 10 μm increased during 

the vacuum degassing treatment. The experiments were performed on two steel grades with very 

similar chemical compositions, viz. Hardox 400 and Hardox 450.  On average, the number of 

inclusions increased with 300% for a vacuum degassing time of 24 minutes.  A vacuum 

degassing time of 15 minutes resulted in an average increase of 500%. However, no difference 

was seen with respect to the increase of the number of inclusions between a degassing time of 24 

or 15 minutes if the confidence intervals of the different vacuum degassing times were 

considered. It is important to note that a shortening of the degassing time did not lead to exceeded 

maximum levels of the sulphur or nitrogen contents of the steel grade specifications. When the 

steel was kept with no stirring at all during 30 minutes, approximately 50% of the average total 

amount of inclusions larger than 10 µm was separated from the steel. However, a subsequent 

induction stirring procedure gave an unclear effect on the inclusions. In the heats were the 

confidence intervals did not overlap, the inclusions number decreased when the steel was stirred 

with only induction stirring. These results indicate that a strong stirring of the steel (a maximum 

argon flow without risking splashing of steel on the ladle walls) could cause an unwanted 

increase of the number of inclusions larger than 10 μm. However, a calmer stirring i.e. a soft 

induction stirring in this study, or no stirring at all, might make it easier for inclusion floatation 

and separation to occur.  

 

In the second supplement the vacuum degassing process was divided into two periods. The 

stirring intensity during period 2 was lowered in comparison to period 1 (the argon flow was 

lowered so that the ladle eyes closed completely, and the induction stirring was lowered from 900 

A to 700 A) to investigate if the desired inclusion separation thereby could be promoted. The 

stirring was quantified by visual measurements of the ladle eye size. The experiments were 

performed on two steel grades with different chemical compositions, viz. Orvar 2M and Dievar. 

The results show that there seem to be a trend between the ladle eye size and the increase of the 

amount of inclusions larger than 22.4 μm. The larger the ladle eye, i.e. the more intense stirring 

during vacuum degassing, the larger the increase of inclusions larger than 22.4 μm for both steel 

grades. All heats reached sufficiently low amounts of sulphur and nitrogen to meet the material 

specifications. The study also showed that the amount of inclusions smaller than 11.2 μm 

decreased for both steel grades. Moreover, this was seen for all ladle eye sizes.  

 

The strong stirring during the vacuum degassing process is important, since it causes the slag and 

the steel to mix properly. This is of importance in order to enhance certain reactions that 
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contribute to the steel cleanliness, such as sulphur refining. Such slag/steel reactions benefits 

from an increased reaction area caused by the intense stirring. However, results from this thesis 

show that strong stirring during vacuum degassing might lead to an increased number of 

inclusions larger than 10 μm. Numerous studies have been made in order to investigate the 

inclusion optimization. Thorsell et al. 
[13]

 presented an inclusion collision model as early as in 

1968. Several studies have investigated the collision mechanisms since 
[10-11, 14, 16 -17]

. A stronger 

stirring has been believed to increase the collision probability and thus to increase the floatation 

mechanism. This is due to that larger inclusions have a larger buoyancy force than smaller ones. 

However, the collision of smaller inclusion into larger inclusions have also been studied by Kang 

et al. 
[11]

 and Wijk et al. 
[31]

 showing that it is alumina and silica inclusion only that attach and 

agglomerate together. This implies that it is unlikely that the increase of the amount of inclusions 

is due to inclusion collision, since very few of the inclusions found in these steel grades consist of 

only Al2O3 or SiO2. The inclusion generation during vacuum degassing should therefore be 

explained by other inclusion sources. Possible sources are slag entrapment and ladle glaze 

erosion. Earlier work by Song et al. 
[22]

 using added tracers to the top slag, has shown that ladle 

glaze is an important inclusion source.  

 

This thesis work show that the stronger the stirring, the more inclusions tend to be formed, and 

vice versa. It could therefore be beneficial to lower the stirring intensity during the vacuum 

degassing process in order to increase the steel cleanliness with respect to inclusions without 

risking an increased amount of unwanted gases. A decreased stirring intensity towards the end of 

the vacuum degassing is therefore suggested. This would ensure a sufficient degassing as well as 

an earlier start of particle floatation and separation before casting.  
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6 Conclusions 

The focus of this thesis is the influence of stirring practice on the number of inclusions in clean 

steel production. Experiments have been performed at two steel plants, SSAB Special Steels in 

Oxelösund and Uddeholm AB in Hagfors, respectively. The emphasis of the experiments has 

been to study the vacuum degassing treatment. Moreover, the focus has been to study inclusions 

larger than 10 μm. The most important specific conclusions may be summarized as follows:  

 

Supplement 1 

 Argon stirring during vacuum degassing increased the total amount of inclusions larger 

than 10 μm. A degassing time of 24 minutes resulted in an average increase of 300% for 

the number of inclusions. A shortening of the degassing time from 24 to 15 minutes 

caused an average increase of inclusions by 500%.  

 No difference between vacuum degassing times of 24 or 15 minutes was seen with respect 

to an increased amount of inclusions, when considering confidence intervals of 95%. Nor 

was a difference seen for the nitrogen, or sulphur refining efficiency between the two 

degassing procedures.  

 The impact of induction stirring on the number of inclusions was somewhat unclear, due 

to overlapping confidence intervals. However, in the cases of non-overlapping confidence 

intervals, as for 3 out of 7 heats, an average decrease of 65% was observed for the total 

amount of inclusions.  

 In average, 52% of the inclusions floated out during the ladle transportation time of 

approximately 15 minutes. 

 

 

Supplement 2  

 Up to 90% of the amount of inclusions smaller than 11.2 μm decreased during the 

vacuum degassing, regardless of the stirring condition and steel grade.  

 A larger ladle eye size and thus stronger stirring during vacuum degassing seemed to 

result in an increase of the number of inclusions larger than 22.4 μm for both steel grades, 

viz. Orvar 2M and Dievar.  

 A closing of the ladle eyes during the latter part of the vacuum degassing so that the 

average ladle eye size is decreased, improves the steel quality with respect to the inclusion 

content in both studied steel grades. This was done without causing the composition of S 

and N to reach levels higher than the specifications.  
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7 Future work 

This thesis investigated how the stirring of the steel during secondary ladle metallurgy affects the 

number of inclusions. Even though some trends have been observed, there is still more to 

discover in the field. Based on the present results, the following is suggested as future work:  

 

 Investigate how the ladle age affects the stirring intensity. Older ladles have thinner walls 

and will thus come closer to the induction magnets. This will give a stronger stirring and 

could in turn affect the number of inclusions in the steel. 

 Develop a further way to measure the stirring intensity by argon bubbling in an accurate, 

clear and easy way. This would enhance the possibility for a more accurate process 

control. One possibility might be to measure the open eyes with picture analysis.  

 Further experiments to study how stirring guidelines during the steelmaking process 

should be developed to be used as work operation descriptions. This could be made in 

order to minimize the number of inclusions for different steel grades.  

 Investigate if, and how, a decreased number of inclusion in the ladle is reflected in the final 

product for different steel grades. Thus, also consider how the inclusion population is changed 

during casting. 
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