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Abstract  

This study was performed on Hardox steel at the steel plant of SSAB Oxelösund to examine 

the stirring effect on steel cleanliness. Two different experimental series were carried out, 

viz., shortened vacuum treatment and prolonged induction stirring after vacuum treatment. 

Reference samples were also taken.  Steel and slag samples were taken from the ladle at 

different process steps and were compared to the reference samples. Analyses of steel samples 

were made with light optical microscopy and with OES-PDA technique. Analyses of the slag 

samples were made with X-ray diffraction. The experiments showed that the inclusion amount 

tends to increase during vacuum treatment, decreased during flotation and clear trend during 

induction stirring. The results observed from OES-PDA showed a tendency for inclusion size 

growth during vacuum treatment. Furthermore, no correlation between the amount of 

inclusions and the ladle age was obtained within the range of this study. 

 

Keywords: Steel, inclusions, stirring, vacuum, induction stirring, argon blowing, optical 

microscopy, PDA. 

 

Sammandrag 

Denna studie utfördes på Hardoxstål på SSABs anläggning i Oxelösund för att undersöka 

omrörningens effekt på stålets renhet. Två olika experiment utfördes; förlängd 

induktionsomrörning efter avslutad vakuumbehandling, samt förkortad vakuumbehandling. 

Analys av prov skedde på stålprov med ljusoptiskt mikroskop, samt med OES-PDA-teknik. 

Experimenten visade en tendens mot att antalet inneslutningar ökar under vakuumbehandling, 

minskar under flotering och ingen tydlig trend under induktionsomrörning. Vidare sågs inget 

samband mellan mängden inneslutningar och skänkålder inom denna studies ramar.  

 

Nyckelord: Stål, inneslutningar, omrörning, vakuum, induktionsomrörning, argonspolning, 

optisk mikroskopi, PDA. 
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Introduction 

The production of cleaner steel is a constant goal for metallurgist all over the world. Much 

research is performed regarding the constant improvement of the steel cleanliness. Increased 

cleanliness can result in better corrosion resistance, higher isotropy and improved material 

properties. This leads to lighter applications with higher quality and thereby reduced transport 

loads. This in turn gives lower fuel costs and carbon footprints. The cleanliness of steel can be 

deteriorated in several ways, for example by unwanted gases in the steel. Hydrogen has a 

much lower solubility in solidified steel compared to liquid steel, which leads to formation of 

pores in the solidified material. Too high amounts of nitrogen in the steel can lead to the 

formation of unwanted brittle nitrides and sulphur weakens the grain boundaries of the steel, 

causing unwanted properties. An effective way to reduce the amounts of unwanted gases in 

the steel is by vacuum treating the steel. In addition to unwanted elements, the steel can also 

contain unwanted non-metallic inclusions. Non-metallic inclusions are oxides or sulphides, 

often chemically bound to metals. Both oxide and sulphide inclusions can originate in steel 

and are believed to affect several important parameters negatively, such as fatigue strength, 

machinability and polishability. The inclusions can also act as crack initiators since they don’t 

have the same material properties as the steel matrix. Another negative impact is some 

inclusions ability to cluster together, forming bigger complex shapes. During tapping or 

teeming the steel from its ladle the clusters can build up in the nozzles, causing clogging 

which gives great industrial complications. Furthermore, sulphide inclusions can also 

decrease the corrosion resistance of the steel. 
[1]

 

One of today’s aim for clean steel making is thus to reduce the total amount of inclusions in 

the steel and to shift the size distribution towards smaller inclusions, since large inclusions are 

believed to affect the properties most negatively. Several studies show that the stirring of the 

molten steel does matter to enhance the inclusions removal. Stirring can be done in different 

ways; this study tries to give a larger understanding of how the stirring affect the inclusions 

and thereby one aspect of the cleanliness of the steel.  

Theory and background 

There are mainly two kinds of inclusions; sulphide and more commonly occurring oxide. The 

oxide ones can further be divided into two types; endogenous and exogenous inclusions. The 

exogenous inclusions are originated from sources outside of the melt. Examples of exogenous 

sources are, top slag captivation, already existing inclusions in added scrap, ladle lining and 

ladle glaze. Ladle glaze is formed on the ladle walls as a result of tapping the steel from the 

ladle. When the steel is tapped through the bottom of the ladle, some of the top slag will end 

up on the ladle walls, forming ladle glaze. The ladle lining layers becomes more porous for 

every time the same ladle has been used due to the slag attack. Endogenous inclusions are 

formed within the steel as a result of reaction between alloying elements and oxygen and are 

further categorized into primary and secondary inclusion. Primary inclusions are formed in 

the liquid melt; secondary inclusions are formed during the solidification to solid state steel.  

An overview of the different kind of mentioned inclusions is presented in figure 1. This study 

focuses mainly on oxide inclusions.  
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Formation of endogenous inclusions 

A steel melt contains dissolved oxygen which have two main origins; either from the 

surrounding atmosphere or from the decarburization process where pig iron is transformed 

into crude steel. When the melt solidifies, the oxygen solubility decreases and the dissolved 

oxygen will thus form unwanted gas pores in the solidified steel. To avoid this phenomenon, 

elements with high oxygen affinity, such as aluminium and silicon, are added to the melt, to 

bind the free oxygen, and instead creating inclusions. Such elements are called deoxidation 

elements. Common deoxidation elements in steelmaking are aluminium and silicon thanks to 

their high oxygen affinity, their relatively low cost, and their beneficial effect on the steel as 

alloying elements. The aluminium deoxidation is explained in reaction 1 and silicon 

deoxidation in reaction 2.  

2Al (Fe) + 3O (Fe) ↔ Al2O3 (s)    (1) 

Si (Fe) + 2O (Fe) ↔ SiO2 (s)     (2) 

When adding deoxidants to a melt with high oxygen content, the dissolved oxygen content 

will quickly decrease to the equilibrium value of the oxygen-deoxidant reaction. To reduce 

the total oxygen content in the steel the inclusions must further be separated from the steel. 

The remaining dissolved oxygen will either form secondary inclusions or gas pores during 

solidification. The deoxidation procedure can be followed in figure 2. 

 

 

 

 

 

 

 

Figure 2. A schematic view of the deoxidation procedure [2
] 
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Figure 1. An overview of different kind of inclusions.  
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After deoxidation, the free oxygen content in the melt is very low and in equilibrium with the 

deoxidizing agent. The remaining agents, which often also act as alloying elements, have thus 

a large driving force to oxidize. This makes the steel sensitive for reoxidation, which is highly 

unwanted. Reoxidation can occur if the melt is exposed to new oxygen sources, such as the 

atmosphere by for example, too strong stirring. It is therefore very important to protect the 

steel melt from the oxygen rich atmosphere during the remaining time of the steel making 

process. 

Growth and separation of inclusions 

Inclusions grow foremost due to collisions against each other, where collision can originate 

from different mechanisms. Collision due to Brownian motion, which describes how small 

inclusions move randomly in the melt, is one factor. It is also believed that they can collide 

due to turbulence. Furthermore, if inclusions move with different velocities along different 

streamlines, collision can occur in laminar shear zones. Moreover, large inclusions float up to 

the surface faster than small ones due to buoyancy forces. Buoyancy forces describe the 

inclusions floating forces, where big inclusions have larger floating forces than small ones. 

This means that large inclusions can race small ones and thereby collide according to Stoke’s 

collision.  

When the inclusions are created they have to be separated from the melt. To increase the 

motion patterns in the steel, the melt can be stirred in, mainly, two ways; induction stirring or 

gas blowing. The induction stirring practice consists of large electromagnets close to the ladle. 

By creating and electromagnetic field from the magnets controlling the quantity of the electric 

current, the steel can be manipulated and thus stirred by controlling the field. When stirring 

the steel by gas blowing, inert gas such as argon is injected through porous plugs in the 

bottom of the ladle, resulting in stirring of the steel. The different stirring mechanisms create 

different motion patterns and can be used separately, as in this study, or combined. Several 

separation mechanisms have been studied and shown to be effective to different amounts. 

Mats Söder 
[3] 

has created a static model to study the growth and separation of inclusions in 

gas stirred ladles. His model shows that collision in laminar shear zones and the ones due to 

Brownian motions are of such small value that they don’t have to be taken into consideration. 

The largest collision factor turned out to be turbulence. If the inclusion size scatter is large 

(the inclusion radius difference being bigger than 13µm), the Stoke’s collision is also an 

important factor.  

In Söder’s previously mentioned model
 [3]

, the most important removal mechanism for 

inclusion removal to the slag is bubble formation if the inclusion diameter is smaller than 25 

µm, and by Stoke’s flotation bigger than 25 µm. Bubbe flotation describes how the smaller 

inclusions will adhere to bubbles and by doing so float up to the slag. The bigger ones float up 

thanks to their stronger floating buoyancy forces. Lindskog
 [4]

 made experimental try-outs on 

induction stirred steel with radioactive deoxidation agents. After casting he examined were 

the radioactive inclusion ended up; most of the formed radioactive inclusions were caught in 

the ladle lining. Furthermore, his experiments show that inclusion removal is increased with 

induction stirring compared to argon stirring, which is supported by Söder who found that 
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inclusions are removed faster with induction stirring. Lindskog also found that a greater 

stirring effect provides faster inclusion removal in induction stirred steels.  

Both Huet et.al.
 [5]

  and Pär Jönsson et.al 
[6]

 have carried out experiments on induction stirred 

ladles and show that the inclusion removal before vacuum degassing is enhanced by longer 

stirring time. The phenomenon is particularly clear for inclusion bigger than 22,4  µm. 

Jönsson et. al. have also tested different induction stirring times after vacuum treatment and 

taken samples in solidified material, but don’t see an effect on the amount of inclusions from 

longer stirring times. Furthermore Jönsson et.al show that most of the inclusions are removed 

by stirring before and during vacuum treatment, and that alternate stirring direction for 

induction stirred steels results in an increased number of inclusions.  

Steneholm et.al.
 [7]

 have performed try-outs to study the inclusion removal with argon blown 

vacuum degassing at different time intervals. The results show that the process is effective to 

reduce the total amount of inclusions, but that the number of inclusions larger than 22,4 µm 

increases with the on-going of the process. Beskow 
[8]

 and Tripathi 
[9]

 show that the amount of 

inclusions increases with longer ladle age, likely due to the formed ladle glaze along the ladle 

walls.  

Ergo, the literature indicates that soft stirring enhances inclusion removal. Different studies 

show that argon stirring and induction stirring have different effect on inclusion removal. 

Studies show that longer induction stirring enhances the removal, while longer argon stirring 

increases the number of large inclusions. The removal effect also seems to depend on if the 

stirring has been performed before or after vacuum degassing. Furthermore, higher ladle age 

has shown to increase the amount of inclusions.  

Ca-treatment 

When teeming and tapping steel from the ladle, alumina inclusions tend to cluster together, 

stick to nozzle walls and eventually block it completely. This causes great industrial 

difficulties. To reduce this problem the inclusion morphology can be modified by calcium 

addition. Calcium reacts with the alumina inclusions and form complex CaO-Al2O3 

compositions, which can be seen in the phase diagram in figure 3. The wanted calcium 

aluminates have low melting points and flow more easily through the nozzle with reduced 

build-ups and blockage. Another advantage with calcium aluminates is that they are not 

deformed during rolling, in contrast to alumina clusters and MnS inclusions. This will give 

better mechanical properties due to the increased isotropy, assuming small, few and evenly 

distributed inclusions in the steel matrix
 [10]

.Calcium has a very high oxygen affinity, and is 

thus very reactive, therefore it is added as a ferroalloy, CaFe or as CaSi as the last ladle 

operation before casting.  
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Figure 3. The CaO-AL2O3 phase diagram [11] 

Plant description 

This study was performed at the steel plant of SSAB EMEA in Oxelösund. The plant runs an 

integrated process where the whole process chain is represented; from coke plant and blast 

furnaces to steel production and rolling to delivery ready plate. An overview of the process 

can be seen in figure 4.  

Svenskt Stål AB (SSAB) was founded in 1978 by a merge of Norrbottens Järnverk in Luleå, 

Domnarvets Jernverk in Borlänge and Oxelösunds Järnverk in Oxelösund. The company was 

listed on the Stockholm stock exchange market 1989. The corporate group is today divided 

into three geographic regions: SSAB EMEA with Europe, Middle East, and Africa; SSAB 

Americas North America and Latin America; and SSAB APAC with Asia, Australia, and 

New Zealand. In 2010 SSAB produced in total 5700 kiloton steel. 
[12]
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Figure 4. An overview of the SSAB EMEA steel plant in Oxelösund 
[13] 

The process starts with the two blast furnaces where pig iron is produced by, foremost, iron 

ore and coke. The ore is purchased as pellets from LKAB and the coke is produces in the 

site’s own coke plant. In the blast furnace, the ore is reduced to pig iron by the carbon rich 

coke. The pig iron is tapped from the furnaces and transported to the steel plant in torpedo 

cars. At this level the pig iron has too big amounts of elements such as carbon and sulphur, 

and too low amounts of other elements needed for the wanted steel grade. At the arrival to the 

steel plant the melt is sulphur refined and poured over to a transport ladle. There, the sulphur 

rich slag is removed so the melt is ready to be charged into the Linz-Donawitz converter. In 

the converter the pig iron is converted into crude steel by oxygen blowing which reduces most 

of the carbon. When the blowing is finished the steel is tapped to a ladle and deoxidation 

agents, synthetic slag and most of the required alloying elements are added. Thereafter the 

steel is taken to the Tyssen-Niederrhein (TN) station where the steel is flushed by argon gas 

for thermal and chemical homogenization. At this station, some more deoxidation agents are 

added. After the TN-process is finished there are two possible process routes; the ladle 

furnace station or the vacuum tank degassing station depending on which steel grade is to be 

produced. Mutual for both stations is that new, synthetic slag is added after the previous TN-

slag has been removed. At the ladle furnace station the steel is completed by adding alloying 

elements and desoxidation agents, heated by graphite electrodes and stirred with induction 

stirring and/or argon stirring. At the vacuum tank degassing station, alloying elements and 

deoxidation agents are added as well as heating with graphite electrodes. The difference is 

that the steel is vacuum degassed at this station during 24 minutes under 4 mbar, which 
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enhances removal of unwanted gas elements such as hydrogen, nitrogen and sulphur. Another 

important difference from the ladle furnace station is that the steel is stirred by argon gas only, 

through two porous plugs at the bottom of the ladle. When the steel has reached correct 

temperature and composition the ladle is taken to one of the two continuous casters, casted 

and cut to slabs. Some steel grades which are extra hydrogen sensitive undergo a diffusion 

process in particular furnaces. The slabs are then inspected and if needed grinded or scarfed. 

Finally, the slabs are rolled to plate, quenched and tempered according to customers’ 

requirements and is ready for delivery. The try-outs in this study have been performed at the 

ladle furnace and at the vacuum tank degasing stations. 

The production creates a niche towards high strength steels. The plant in Oxelösund produces 

several plates for different brands depending on properties and applications; the wear plate 

Hardox, the structural plate Weldox, the protection plate Armox and the tool steel Toolox. All 

try-outs in this study have been performed on the steel grades Hardox 400 and Hardox 450. 

These grades are durable against wear and withstand high payloads thanks to their strength, 

toughness, bendability and weldability. The chemical composition of the grades can be seen 

in table 1 and 2. 
[14, 15] 

Table 1. The chemical composition of Hardox 400. 

 
 

Table 2. The chemical composition of Hardox 450.

 

 

Experimental 

The key parameter of inclusions removal in this study is the stirring of the steel melt. The 

stirring pattern differs between the ladle furnace and the vacuum tank degassing station, since 

the melt is stirred by induction in the ladle furnace and by bottom blown argon gas in the 
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vacuum tank degassing station. The stirring intensity needs to be defined to be optimized. A 

definition of this study’s stirring intensities, according to the operators’ standard operation 

procedure, at the different stations is seen in table 3. When stirring with argon gas, the 

bubbles rising to the surfaces will open up a part of the slag layers and expose the melt to the 

atmosphere. This opening is called an open eye and can be used to measure the stirring 

intensity since stronger stirring and more argon gas results in a bigger open eye. The stirring 

intensity at the ladle station is defined as the magnitude of the electric current in the 

electromagnets. For simplicity, the stirring is assumed to be even and equal within each 

intensity group. 

 

Table 3. Definition of different stirring intensities at the LF and the VTD according SSAB’s standard operating 

procedure. 

Stations Soft Stirring Medium Stirring Strong Stirring 

Ladle 

Furnace 
300 Ampere (A) 800-1100 (A) 1350 (A) 

Vacuum 

tank 

degassing 

Open eye with a 

diameter of 20 cm 

Open eye with a 

diameter of 40 cm 

As strong stirring as 

possible without 

risking splashing 

melt on the ladle 

walls 

 

Two different experiments have been run in this study; prolonged induction stirring after 

vacuum degassing and shortened vacuum treatment. Reference samples for standard vacuum 

time were also taken. Since the choice of sample taker 
[16]

, and the sampling depth 
[3]

 affects 

the inclusion image, all samples in this study have been taken with an automatic, argon 

protected sampler. This kind of sampling equipment is supplied with argon gas protection; the 

sampler is programed to register when it leaves the slag surface and breaks into the steel area. 

Until reaching the steel area, the sampler flushes argon gas so that no slag is sucked into the 

sample. When entering the steel melt the argon flushing is turned off so that steel only enters 

the sample. The equipment is also programed so that the sample is always taken at the same 

depth under the slag layer. The sample solidifies after a couple of seconds and is then ready 

for analyse. Due to their shape, seen in figure 5, they are called lollipop samples. All samples 

were taken before calcium treatment.  

 

Slag samples were taken from the experimental heats, after the measured stirring time but 

before the final calcium addition. All slag samples were taken manually with a slag scope. 

Reference samples  

One sample was taken before and after vacuum treatment respectively. The standard vacuum 

treatment time is 24 minutes under 4 mbar. The sample pairs were either analysed by light 

optical microscopy, or by OES-PDA technique. Reference samples were taken from 3 heats 

for each analysing method. Three of the heats did subsequently undergo induction stirring.  
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Short vacuum treatment 

Two samples were taken before and after vacuum treatment respectively. The vacuum time 

was shortened to 15 minutes under 4 mbar. The sample pairs were either analysed by light 

optical microscopy, or by OES-PDA technique. Samples were taken from 2 heats for each 

analysing method. Slag samples were taken manually after vacuum treatment.  

Induction stirring after vacuum treatment 

After the vacuum treatment the ladle was moved to the ladle furnace station, where the heats 

underwent a following induction stirring. At the arrival to the ladle furnace the steel was first 

alloyed and homogenized for at least 2 minutes and the argon flushing was turned off so that 

the only stirring mechanism was due to induction with an amplitude of 1100 A for 15 

minutes.  Samples were taken before and after the 15 minute stirring. Manual slag samples 

were taken after the stirring period. A total of 7 heats were tested. The steel samples were then 

analysed with optical microscopy and the slag samples with X-ray diffraction. 

It is worth mentioning that slag samples were not taken at a particular time, but always after 

final stirring and before calcium treatment. An overview of the experimental procedure can be 

seen in table 4. 

 

Table 4. An overview of the experimental procedure 

Operation Reference samples 
Short vacuum 

samples 

Induction stirring 

samples 

Heats 3 2 7 

Optical 

microscopy 
Yes Yes Yes 

Samples for 

PDA analysis 

 

3  

 

 

2 

 

No 

Slag samples No 

Yes, after vacuum 

treatment but before 

Ca-addition. Some 

taken manually, some 

automatically 

Yes, after induction 

stirring but before 

Ca-addition. All slag 

samples are taken 

manually. 

Analysing methods  

The inclusions were found and counted in a light optical microscopy. According to the 

Swedish standard method SS 11 11 16 
[17]

 the inclusions are divided into different groups; 

ductile (A), brittle (B), brittle-ductile (C), and undeformed (D). Within each group the 

inclusions are further categorized according to size; extra thin (X), thin (T), medium (M), 

thick (H), extra thick (P) and spherical for undeformed material. All samples in this study 
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were undeformed, meaning that all observed inclusions are spherical and D-types. How the 

undeformed inclusions are categorized according to size can be seen in table 5.   

Table 5. Size intervals for undeformed inclusions [17].  

Category Equal to or bigger than (µm) Less than (µm) 

DX 0,5 2,8 

DT 2,8 5,7 

DM 5,7 11,3 

DH 11,3 22,6 

DP 22,6 ∞ 

 

Only inclusions equal to, or bigger than 10 µm in diameter was counted in order to not give 

too much attention to small inclusion since they are believed to not affect the properties as 

much as the big ones. According to SS 11 11 16, 50 mm
2 

should be read and at least 30 

inclusions of each type should be found to achieve statistical security. Since the samples of 

this study contained so few large inclusions, it was difficult to provide a fulfilling amount of 

statistics with the standard method. Therefore, larger areas were analysed in this study with a 

modified method where between 130 and 340 mm
2 was read at a 200 times magnification. 

The lollipop samples were cut according to figure 5, where it is also shown which areas were 

analysed. The amounts of counted inclusions are presented as number of inclusion per mm
2
. If 

the sample contained pores bigger than 1 mm
2
, the pore area was deducted from the total 

sample area, explaining the observed area interval.  

 

 

 

 

 

 

Figure 5 - Shows how the lollipop samples were cut, the blue fields shows the read areas.  

Some samples were also analysed with optical emission spectroscopy – pulse discrimination 

analysis (OES-PDA) technique. This analyzing technique is on online method of measuring 

the composition of the samples in a couple of minutes only. The method also gives 

information about the oxide amount in the samples, i.e. a indication of the amount of 

inclusion. By understanding the information given from the OES-PDA measuring results, it 

can be possible to control the steel making process online with regards not only to the steel 

composition, but also to the inclusion image. The measuring routine starts by grinding the 

samples to reach the non-oxidized steel area. Thereafter the sample is hit by a spark or 
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electrical discharge which extracts material from the surface of the samples. The particles in 

the extracted material are excited and when de-excited back to their original energy state, light 

is emitted with a characterized wave length for different materials. These light beams are, 

with help of a spectrometer connected to software, analysed with regards to the materials 

chemical composition 
[18]

. The drawback of this method is its limitation when measuring 

inclusion sizes; partly since it only analyses such a small volume of the sample 

(approximately 0,14 mm
3 

per lollipop); partly since the technique cannot differ between one 

large inclusion and several small ones. This gives results obtained from OES-PDA technique 

a distorted size distribution compared to optical microscopy results. 

The nitrogen and carbon composition were analyzed separately for more exact results. Two 

pieces were cut off of the sample to be analyzed separately. The carbon content was analyzed 

through a combustion process with a LECO CS-600 equipment. There, the sample piece is 

combusted with purified oxygen gas, producing CO2 gas. The gas product is then detected and 

quantified by infra-red detection technique, and thus the carbon content of the sample is 

consequently measured. The nitrogen content was evaluated with melt extraction with a 

LECO TC-600 equipment. With this method the samples piece is put in graphite crucible, and 

heated by an electrical current. A carrying gas is simultaneously be flushed over the sample 

and the nitrogen will be released as N2. The nitrogen content is then detected and quantified 

with both infra-red and thermal conductivity detectors. 

Sample preparation  

To be able to analyse the samples with light optical microscopy they have to be prepared in 

order to get an even and polished surface. The preparation starts by cutting the samples 

according to figure 5 and casting them into Bakelite. Thereafter 200 µm was grinded off from 

the samples to obtain an even surface. Thereafter, the samples were polished during 4 minutes 

with a lubricant of 15 µm roughness; 4 minutes with 6 µm roughness and 2 minutes with 1 

µm roughness respectively. Between each steps the samples were thoroughly cleaned from 

dust, lubricant and polishing agents with ethanol to avoid contamination. Finally, the samples 

were dried with hot air.  

Slag samples 

The slag samples also have to be prepared to be analysed. Firstly, the sample is crushed to a 

powder and is then treated magnetically. This is done to separate steel from oxide if it 

accidently has gotten into the sample. The separated oxide is then pressed into a puck and 

analysed by X-ray diffraction, where light beams are sent towards the puck, and then 

transmitted and diffracted in different ways depending on the elements of the sample. This 

way the slag composition can be determined by analysing the light beams behaviour. 
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Results  
In this chapter, the experimental results out of the trials are presented. 

Short vacuum time  

Table 6 shows the increase of the number of inclusions after vacuum degassing for three 

reference heats and two heats with shortened vacuum time. 
 

Table 6 – Amount of inclusions before and after vacuum treatment. 

 

Induction stirring 

The result for the induction stirring’s influence on the inclusion number is presented in table 

7. 

Table 7 - Amount of inclusions before and after induction stirring 

 

For heat number 68720 and 68721 the melt was stirred for approximately further 3 hours. 

During these hours the melt did undergo some treatment, such as heating and alloying.  
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Flotation 

The three reference heats underwent a subsequent induction stirring, where the transport time 

of the ladle is approximately 20 minutes. The sample after vacuum was compared with the 

sample taken before induction stirring as shown in table 8. 

Table 8 - Amount of inclusions during floatation time 

 

Ladle age 

The ladle lining consists of a MgO-C material and needs to be changed on regular basis due to 

wear and ladle glaze build ups. The lining wear and erosion at the slag-metal interface is 

bigger than in the rest of the ladle and is thus changed more often. In table 9a-b the amount of 

inclusion after vacuum treatment is plotted against the total ladle age respectively the slag-

metal lining age.  

Table 9a - Amount of inclusions as a function of total ladle age 
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Table 9b - Amount of inclusions as a function of the slag line lining age 

 

OES-PDA 

Table 10 shows the measured amount of different oxides in the steel analysed with the OES-

PDA method. The results are presented in weight%. The three first heats in the table are 

reference heats, whereas the two latter are short vacuum heats.  

Table 10 – PDA results of different oxides measured before and after vacuum treatment 

Heat  Oxide %Before vacuum %After vacuum 
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Scatter 

To analyse the scatter between the samples, four lollipops; A, B, C and D were taken rapidly 

one after the other in a heat of the same steel grade as the experimental ones, just after 

finished vacuum treatment. The four samples were then cut, prepared and analysed as 

described in previous chapters. The inclusions in these samples were also measured and 

divided according to size intervals between 10-20 µm, 21-40 µm, and 41+ µm respectively. 

The result of the scatter analysis can be seen in table 11. 

Table 11 – Inclusion amount and size distribution for four different samples from the same heat at the same time.  

 

 

 

 

 

 

 

 

 

Slag composition 
The slag samples were analysed with X-ray diffraction. The results are presented in table 12 

where the first line shows the composition interval of the samples taken at the vacuum tank 

degassing station after vacuum treatment, and the second line shows the slag composition of 

the slag samples taken at the ladle furnace station after induction stirring.  

 

Table 12 – Slag composition analysis for vacuum reference and short vacuum treated heats. 

Station Al2O3 (%) CaO (%) SiO2 (%) MgO (%) FeO (%) MnO (%) P2O5 (%) V2O3 (%) TiO2 (%) 

VTD 33,8 - 36,7 52,8 - 55,4 2,5 - 3,3 7,2 - 7,6 0,2 - 0,5 <0,1 <0,05 <0,05 0,07 - 0,09 

LF 37,8 - 42,9 50,3 - 52,5 1,3 - 3.3 5,3 - 7,2 0,3 - 1,5 <0,1 <0,05 <0,05 0,06 - 0,2 
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Discussion  
In this chapter, the possible inclusions sources and important error sources are discussed.  

Argon gas stirring during vacuum treatment 

The results in table 6 show an increase of inclusion amount during vacuum treatment with 

argon blowing. The inclusion amount increase is clear for every heat, for both reference heats 

with standard vacuum time, and for the heats with shortened vacuum time. Too few samples 

have been taken to state a trend, but there is a tendency which would be interesting to 

examine further for fulfilling statistical security. If the number of inclusions increases it is 

also very important to understand their source, to eliminate the inclusions as much as 

possible. An attempt to understand the inclusion sources of this study will be discussed 

further.  

The increase between the reference and short vacuum group does not differ notably. This is a 

sign that the increase tendency of short vacuum time does not differ particularly from 

reference time with regard inclusion difference for this study. If there would have been a clear 

trend for the vacuum treatment effect on inclusion where no difference is observed between 

24 or 15 minutes vacuum time, it would also be interesting to examine how other steel 

cleanliness parameters would be affected by shortened vacuum time, such as such gas 

refining. If it would be possible to lower the steel production time with 9 minutes, it would 

mean saved production time, higher efficiency, lowered energy cost, lowered ladle wear and 

possibly lowered alloying element costs, since some alloying elements are consumed during 

the vacuum treatment. 

Induction stirring 

Table 7 shows that induction stirring has an unclear effect of the inclusion amount. For three 

heats there is an increase of the inclusion amount, and for the remaining four a decrease is 

observed. Two of the heats were further stirred for an additional time of approximately 3 

hours respectively, where the number of inclusions decreases in one of the heats and increases 

in the other. Thus, subsequent induction stirring for 15 minutes after finished vacuum 

treatment does not show a clear trend for inclusion separation, although, the mean inclusion 

number value does decrease throughout the process.  

Soft induction stirring has the advantage, in comparison to the more violent argon gas stirring, 

that the melt is in contact with the slag for a longer time, which is one of the conditions for 

inclusions removal to slag. Inclusion removal involves very complex reaction, it is not 

sufficient that the melt is in contact with the slag for removal to occur. The interface must also 

have the right properties to make it favourable for the inclusion to transfer from metal to slag. 

This has not been taken into consideration during this study, but could explain the unclear 

observed trend further.  

Flotation  

Since inclusion have smaller density than steel it is reasonable to assume that inclusions 

sooner or later will float up to the surface. The flotation mechanism is stronger for big 

inclusions due to Buoyancy forces. Table 8 shows that the amount of inclusions decreases for 
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the three reference heat during transportation, which follows the hypothesis. Although a 

decrease of the inclusion amount is observed for the three taken samples, too few samples 

taken to draw conclusion about a flotation mechanism trend. The decrease in the amount of 

inclusions has not been statistically strengthened in this study and could therefore lie within 

the error margins of the measured results. Therefore more samples should be taken to examine 

the flotation mechanism further, and the statistical security should be further investigated and 

strengthened before a trend can be stated.  

Ladle age 

Table 9a shows no clear dependence between the inclusion amount and the total ladle age. In 

table 9b there is a tendency of higher inclusion amount with higher slag line lining age.  The 

table consists of an insufficient amount of data points to state a trend or to draw any 

conclusion of how the ladle lining affects the inclusion amount. Therefore, more samples 

should be taken in order to investigate the possibility of dependence further.  

Inclusion sources and OES-PDA 

The increase of inclusion observed during vacuum treatment could be oxide products of 

deoxidation reactions. The OES-PDA equipment that was used in this study can’t measure Si 

or SiO2 contents in the samples. Deoxidation products can thus only be measured as the 

alumina content in the samples. 

Table 10 shows the oxide composition in the samples taken at the vacuum tank degassing 

station before and after finished vacuum treatment respectively. The alumina content 

decreases for every heat during vacuum treatment. In the same time, table 6 shows an increase 

of the inclusion amount during vacuum treatment. The contradiction of the increase observed 

in table 6 and the decreased measured in table 10 could be explained by the limits of the 

analysing methods. The PDA method only analyses inclusions within a restricted size range 

and can’t make a difference between one large inclusion or several small ones in contrast to 

light optical microscopy. This can explain the contradicting results, indicating that small (less 

than 10 µm) inclusion cluster together to the large ones observed in the light optical 

microscope. Another explanation is that the big inclusions, whose increase is seen in table 6, 

does not consist of alumina.    

Another possible inclusion source is the ladle lining, which wears down especially during the 

violent vacuum treatment. The ladle-lining consist of an MgO-C material, and it is thereby 

relevant to examine the MgO level measured by the OES-PDA technique. Table 10 shows an 

unclear trend of how the MgO content is affected by the vacuum treatment. In some heats the 

content increases, whereas it decreases in others.  This, together with the unclear trend in table 

9a and b, and the fact that MgO constantly is present in the slag and in the steel at the same 

time makes it difficult to draw any conclusion of how the ladle lining and its age affects the 

inclusion amount.  

In contrast to Al2O3 and MgO, there is no CaO added to the steel  as alloying element or as a 

ladle wear product, since the samples are taken before Calcium treatment. The only source of 

measured CaO must thus come from the top slag. Table 10 shows an increase of the CaO 
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content during vacuum treatment for all five heats indicating the possibility of top slag 

captivation in the steel. This could be an explanation of the increase of the inclusion amount 

seen in table 6 and could be verified by examining the inclusion compositions further.  

The Al2O3 content is approximately 10 times higher than the CaO content in the steel. Even if 

the CaO content does increase during vacuum treatment, the total oxide content always 

decreases. The increase of big inclusions seen in the light optical microscope together with the 

decreased content observed with PDA indicates the possibility of inclusions size growth at the 

expense of small inclusions during vacuum treatment, meaning that vacuum treatment shifts 

the inclusion size distribution towards bigger inclusions. This phenomenon could be verified 

by recounting the inclusions in the taken samples and take smaller (less than 10 µm) 

inclusions into consideration and by taking more samples for statistical security.  

Scatter 

Table 11 shows the expected results that the measuring method of lollipop sampling and light 

optical microscopy brings a scatter. The scatter between the size interval distributions is 

bigger than the inclusion amount within each size interval. It is of great importance to 

understand the error sources and statistical error margins to draw correct inclusions. Due to 

lack of time this has not been made, but the scatter results of table 11 gives a picture of the 

error sources and margins that should be taken into account in this study.  

Slag composition 
The slag composition interval measured at both the vacuum tank degasser station, and at the 

ladle furnace station lies within the expected composition. The measured results do not differ 

from the standard process of the same steel grades.   

Error sources  

There are some error sources made due to lack of time worth mentioning in this thesis.  

The assumption that the argon gas stirring is equal for every heat according to the operators’ 

standard operation procedure is a simplification since the measurements of the open eye size 

is based upon the visual judgements of the operator and could thus therefore differs between 

them.  

No consideration was taken into account for the ladle age during induction stirring. Higher 

ladle age results in a thinner lining which leads to different distances to the magnet inducing 

the stirring. The stirring intensity is depending on the distance between the melt and the 

magnet. The same magnet effect could therefore induce different stirring intensity in the melt 

depending on the ladle age.   

The larger the inclusion sizes, the fewer there are represented in the steel. The different 

statistical securities in different size ranges have not been measured or taken into account.  

The measuring method brings a scatter that has not been measured. 

The fewer samples that have been taken, the larger are the statistical error margins. No 

statistical analysis has been made in this study.   
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Conclusions 
This study was performed on Hardox steel at the steel plant of SSAB Oxelösund to examine 

the stirring’s effect on steel cleanliness. Two different experiments were carried out; 

shortened vacuum treatment and prolonged induction stirring after vacuum treatment. 

Reference samples were also taken.  Steel and slag samples were taken from the ladle at 

different process steps and were compared to the reference samples. Analyses of steel samples 

were made with light optical microscopy and with OES-PDA technique. Analyses of the slag 

samples were made with X-ray diffraction.  

 Vacuum treatment tend to increase the amount of inclusions.  

 The inclusion amount tends to decreases during flotation in the observed interval of 

this study.  

 Induction stirring does not have a clear effect on inclusion removal. 

 There is no clear correlation between the ladle age and the inclusion amount for the 

samples taken in this study. 

 The measurements from the OES-PDA equipment tend to show a decrease of the total 

Al2O3 content, an increase of CaO content and an unclear trend for the MgO in the 

steel during vacuum treatment.  

 Vacuum treatment tends to shift the size distribution towards bigger inclusions.  

 The measurement method brings a scatter 

 Shortened vacuum time or prolonged induction stirring after vacuum treatment does 

not affect the slag composition. 

Future work 

To get a deeper understanding of how the stirring affects the inclusion number, further 

research must be made.  

 More samples need to be taken to further investigate if the observed tendencies are 

trends or coincident. 

 The inclusion composition should be examined further to get a deeper understanding 

of their origin. 

 Analyse taken samples with regards to inclusions smaller than10 µm in order to get a 

wider picture of the inclusion increase during vacuum treatment. 

 Quantify the stirring more precisely and examine how soft or intense argon stirring 

effect the inclusion growth or removal. 

 Measure the shortened vacuum time’s effect on sulphur, nitrogen and hydrogen 

refining.  

 Measure the shortened vacuum time’s effect on steel composition. 
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