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ABSTRACT 

 

The influence of MgO and sulphur contents on the shape and state of oxide and oxide/sulphide inclusions 

was studied by analysing the aspect ratios and shape factors of inclusions in the steel samples taken from the 

mould in continuous casting. Aspect ratio (AR) refers to the ratio between the longest and the shortest length 

of each inclusion (in the direction of polished surface in the samples), whereas the shape factor (SF) 

describes the roundness of each inclusion. Low values (i.e. values close to 1) of AR and SF indicate shape of 

at least partially molten inclusions. 

 

Based on the values of AR and SF the inclusions were categorized in four different categories:  

- AR < 1.2 and SF < 1.2 

- AR < 1.2 and SF > 1.2 

- AR > 1.2 and SF < 1.2 

- AR > 1.2 and SF > 1.2 

Furthermore, inclusions were divided into large (length > 5 m) and small (length < 5 m) inclusions, 

which resulted in eight different categories in total. Inclusions smaller than 3 m in diameter were excluded 

from this study in order to avoid the weakened clarity of results due to excessive amount of inclusions. 

Similar results (but with less clarity) were obtained while taking also smaller inclusions into account. 

Compositions of inclusions belonging to different categories were compared by plotting the inclusion 

compositions in a (pseudo)ternary diagram describing the CaO-Al2O3-CaS(-MgO) system. 

 

According to the results, most of the inclusions that could be considered as molten (i.e. inclusions with low 

values of both AR and SF) were located in a composition range between binary CaO-Al2O3 liquid window 

and CaS. On the other hand, most inclusions outside this area were not molten. The amount of MgO in 

inclusions did not seem to have an influence on the shape and state of inclusions, although it should be noted 

that the variation of MgO-content in the inclusions studied in this research was not very large. 

 

Finally, the influence of the boundary values given to AR and SF on the results was estimated by changing 

the above mentioned limits and comparing the results obtained by using different boundaries as starting 

points. Values from 1.1 to 1.3 were tested for both AR and SF. 

 

 



INTRODUCTION 

 

After aluminium deoxidation, alumina inclusions are the prevailing inclusion type in the steel melt. 

Although they are easily agglomerated and flotated into the slag, they are more harmful if left in the steel 

when compared to liquid inclusions. A typical method to adjust the chemical composition and structure of 

inclusions is a calcium treatment in which the purpose is to convert solid alumina inclusions into molten 

calcium aluminates and, at the same time, to avoid the formation of solid sulphides. The correct amount of 

calcium required to fulfill these goals depends on the oxygen and sulphur contents in molten steel. [1,2,3] 

The composition of inclusions is also affected by magnesium, which also have a very high affinity for 

oxygen and which is present in many refractory materials (as magnesia, spinel, forsterite and/or olivine) in 

steel ladles and tundishes [4,5] and may also exist as impurity in aluminium deoxiders [6]. Similar to 

alumina, MgO-containing solid inclusions are also harmful for the steel properties. 

 

Succesful calcium treatment modifies alumina and spinel inclusions into liquid calcium aluminates, which 

do not adhere to refractory materials and are capable to absorb sulphur from the melt [7]. Inadequate 

treatment leaves alumina and spinel inclusions in the melt, whereas excessive use of calcium may lead to 

formation of calcium sulphide inclusions. All these solid inclusions may cause harm during the steelmaking 

processes, the most notable effect being nozzle clogging in the continuous casting. [5,6,7] Furthermore, 

calcium sulphides are also harmful for the mechanical properties of the steel [8]. It has been stated by many 

researchers that pure calcium sulphide inclusions are rare and that they are more commonly attached to solid 

or liquid oxide inclusions [e.g. 9,10]. 

 

Within this study, the influence of MgO and sulphur contents on the shape and state of oxide and 

oxide/sulphide inclusions was studied by analysing the aspect ratios and shape factors of inclusions in the 

steel samples taken from the mould in continuous casting. Furthermore, the influence of the boundary values 

given to AR and SF on the results was also estimated by comparing the results obtained by using different 

boundaries as starting points. 

 

 

METHODS  

 

Inclusions studied within this study were analysed from the steel samples taken from the mould in 

continuous casting of aluminium-killed calcium-treated steels in the SSAB Europe Raahe steel plant in 

Finland. Steel meltshop at Raahe steel plant consists of basic oxygen furnaces, facilities for different 

secondary metallurgical operations (ladle furnace, vacuum degassing, CAS-OB) and curved continuous 

casting machines. Steel samples from the mould were taken manually with argon-protected lollipop 

samplers from three heats. Chemical composition of the steel samples were analysed with optical emission 

spectroscopy (OES) and LECO. Contents of aluminium, calcium, oxygen, sulphur and magnesium are 

presented in Table 1. 

 

Table 1. Contents of Al, Ca, O, S and Mg in the steel samples considered in this study. 

 Aluminium Calcium Oxygen Sulphur Magnesium 

ppm 260 – 430 13 – 23 8 – 17 4 – 21 2 – 6 

Method OES OES LECO OES Calculated from mass balance 

 

Inclusions were analysed from the cross-sectional surfaces cut from the lollipop samples. Sections were 

analyzed with a Jeol JSM-7000F FESEM equipped with an EDS detector. Inclusion analyses were acquired 

with Oxford IncaFeature software using an acceleration voltage of 15 kV. In the INCA Feature runs, 

inclusions larger than 1.0 μm were analyzed with a livetime of one second with EDS. The analyzed sample 

areas were approximately 6 mm x 6 mm, totaling 36 mm2. Based on the elemental compositions, compound 

composition was calculated for each inclusion using a method described in more detail in reference [11]. 

Automated inclusion analysis, in which specified area is scanned for particles, provides simultaneous 

recording of properties of each inclusion encountered within the sample area. In addition to chemical 

composition, other properties such as length (L), aspect ratio (AR), shape factor (SF) and direction are 

determined for each inclusion. Aspect ratio refers to the ratio between the longest and the shortest length of 

each inclusion (in the direction of polished surface in the samples), whereas the shape factor describes the 



roundness of each inclusion. Low values (i.e. values close to 1) of AR and SF indicate shape of at least 

partially molten inclusions. 

 

For this study, the inclusions were categorized in four different categories based on the values of AR and 

SF: 

 

- AR < 1.2 and SF < 1.2 

- AR < 1.2 and SF > 1.2 

- AR > 1.2 and SF < 1.2 

- AR > 1.2 and SF > 1.2 

 

Examples of inclusions from each of these four categories are shown in Table 2. 

 

Table 2. Examples of inclusions belonging in different categories considered in this study. 

 

  AR 

  < 1.2 > 1.2 

SF < 1.2  

 
AR 1.12 

SF 1.08 

Length 5.2 µm 

~50 % CaS + 50% CaAlO 

 
AR 1.35 

SF 1.17 

Length 6.4 µm 

~50 % CaS + 50% CaAlO 
> 1.4 

 
AR 1.08 

SF 1.26 

Length 3.0 µm 

~50 % CaS + 50% CaAlO 

 
AR 1.30 

SF 1.35 

Length 3.4 µm 

~90% CaS + 10% CaO 
 

In addition to dividing inclusions based on the values of AR and SF, they were also divided into large (L > 

5 m) and small (L < 5 m) inclusions, which resulted in eight different categories in total. Inclusions 

smaller than 3 m in diameter were excluded from this study in order to avoid the weakened clarity of 

results due to excessive amount of inclusions. Similar results (but with less clarity) were obtained while 

taking also smaller inclusions into account. 

 

To illustrate the compositions of inclusions belonging to different categories, all inclusion compositions 

were plotted in (pseudo)ternary diagram describing the composition of the CaO-Al2O3-CaS(-MgO) system. 

Inclusions containing less than 5 wt-% of MgO were plotted to one diagram and the ones containing more 

than 5 wt-% of MgO to another diagram. Based on the locations of inclusions of different categories in the 

diagram, it was possible to estimate the correlations between inclusion compositions and shapes (i.e. values 

of AR and SF). 



 

Finally, the procedure was repeated with different boundary values of AR and SF in order to estimate the 

influence of the boundary values on the results. In addition to the original value of 1.2, values of 1.1 and 1.3 

were tested for both AR and SF. 

 

Figure 1 illustrates the subject area of this study. Samples are taken from the molten steel (mould in this 

study) and inclusions are studied using cross-sections of these samples. Both chemical compositions (as 

elements) and shapes of inclusions can be studied using FESEM with EDS. Chemical composition as 

compounds may be calculated based on elemental composition. Using phase diagrams and/or computational 

thermodynamics, this compound analysis may be used to estimate the state of inclusions at given conditions. 

On the other hand, the behaviour of the steel product produced from the molten steel via continuous casting 

and rolling depends on its properties which, in turn, are affected by the size, state and shape of inclusions 

(among other factors). This study focuses on the comparison between the shapes of inclusions (i.e. values of 

AR and SF) and their chemical compositions (as illustrated in ternary system diagrams). 

 

 
 

Figure 1. General view on the role of inclusion analyses in the steel production. The subject area of this 

study is marked with green dashed line. 

 

 

RESULTS AND DISCUSSION 

 

The chemical compositions of the inclusions belonging to different categories are plotted in the 

(pseudo)ternary diagrams in Figures 2 and 3. In these diagrams, the values of 1.2, 1.2 and 5 m are used as 

boundary values for SF, AR and L, respectively. In both Figures, the inclusions plotted with either green or 

yellow markers (smaller and larger inclusions, respectively) represent the inclusions with a relatively round 

shape, which indicates molten state, whereas the inclusions plotted with either blue or red markers (smaller 

and larger inclusions, respectively) represent the inclusions with less round shape as an indication to 

existence of at least partially solid inclusions. 

 



 
Figure 2. Inclusions categorized based on their size (length, L) and shape factor (SF) into four different 

categories plotted in the (pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-

MgO) system. Inclusions with less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones 

containing more than 5 wt-% of MgO are plotted on the right diagram. Values of 1.2 and 5 m are used as 

boundary values for SF and L, respectively. 

 

 
Figure 3. Inclusions categorized based on their size (length, L) and aspect ratio (AR) into four different 

categories plotted in the (pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-

MgO) system. Inclusions with less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones 

containing more than 5 wt-% of MgO are plotted on the right diagram. Values of 1.2 and 5 m are used as 

boundary values for AR and L, respectively. 

 

It is seen from Figures 2 and 3, that most of the inclusions that could be considered as molten (i.e. inclusions 

with low values of both AR and SF) were located in a composition range between binary CaO-Al2O3 liquid 

window (close to CaO/Al2O3 –ratio of 1) and CaS. On the other hand, most inclusions outside this area 

(mostly inclusions with either high Al2O3-content or high CaS-content) were not molten. It is seen that 

inclusions with low values of AR and SF can be found with relatively high CaS-contents as long as the 

CaO/Al2O3 –ratio of the inclusions is close to 1. However, inclusions with CaS-contents as high as 

40-80 wt-% are not likely to be molten at casting temperatures even though the values of AR and SF would 

indicate round shape. By comparing the Figures 2 and 3, it is seen that although similar main tendencies can 

be seen from both Figures,  there are more round inclusions when using SF as a criteria and less round 

inclusions when using AR as a criteria. The difference is clearest for inclusions with a composition of 

approximately 50-80 wt-% of CaS and a CaO/Al2O3 –ratio close to 1. 

 



Concerning the effect of MgO on the shape and state of inclusions, it has been stated that increasing MgO 

content widens the stability area of the molten phase in the CaO-Al2O3(-MgO) –system [5]. On the other 

hand, MgO reacts easily with Al2O3 to form solid spinel inclusions when calcium is not present [12]. Hence, 

the increase in the MgO content should have an effect on the shapes of inclusions presented in Figures 2 and 

3. However, it is seen from both Figures 2 and 3 that the amount of MgO in inclusions did not seem to have 

a significant influence on the shape and state of inclusions. It should, however, be noted that the variation of 

MgO-content in the inclusions studied in this research was not very large. Concerning the size (i.e. length) 

of inclusions, no clear correlation between the inclusion size and inclusion shape was found. Hence, in the 

following considerations (i.e. Figures from 4 to 7), length was no longer used as a criteria in the 

categorization and the inclusions were divided into different categories based on only the values of AR and 

SF. 

 

Figures similar to Figures 2 and 3, but for differing boundary values of SF and AR are presented in Figures 

4, 5, 6 and 7. In Figures 4 and 5 the inclusions are categorized based on their SF-values using the values of 

1.3 and 1.1 as boundary values, respectively. In Figures 6 and 7, the categorisation is based on inclusions’ 

AR-values using the values of 1.3 and 1.1 as boundary values, respectively. Since L is not as a basis for 

categorisation, there are only two categories of inclusions for each figure. The inclusions plotted with green 

markers represent the inclusions with a relatively round shape, which indicates molten state, and the 

inclusions plotted with blue markers represent the inclusions with less round shape as an indication to 

existence of at least partially solid inclusions. 

 

A comparison of Figures 2, 4 and 5 (in which different values of SF are used as a criteria for inclusion 

roundess) to Figures 3, 6 and 7 (in which different values of AR are used as a criteria) shows that the 

categorization based on AR-values is more dependent on the given boundary values. Obviously the amount 

of inclusions considered as round/molten decreases as the boundary value is decreased, but the change is 

larger, when AR is used as a boundary value. It is seen from Figure 6 that round inclusions exist on the 

whole composition area from molten calcium aluminates to pure CaS, when AR-value of 1.3 is used as a 

boundary value. On the other hand, the same composition area consists mainly of non-round inclusions, 

when AR-value of 1.1 is used (as seen from Figure 7). Hence, categorization of inclusions using AR as a 

criteria could give very different results depending on the boundary value that is used as a boundary value. 

As seen from Figures 2, 4 and 5, the categorization of inclusions is not so heavily dependent on the given 

boundary values, when SF is used as criteria instead of AR. 

 

Comparison of Figures 2, 4 and 5 with the CaO-Al2O3-CaS(-MgO) –phase diagram presented in Figure 8 

shows that for the inclusions analysed in this study the boundary value of 1.1 seems to be the most reliable, 

when using SF as a criteria for inclusion roundess. With boundary values of 1.2 and 1.3 the composition 

area in which inclusions are considered as round reaches CaS-concentrations that are too high for inclusions 

to be molten in the mould temperatures. 

 

Although this study would suggest the use of SF rather than AR as a criteria for inclusion roundess, it should 

be noted that the values of SF are heavily dependent on the resolution used to analyse the inclusions. The 

higher the resolution, more detailed are the surfaces of the inclusions. Hence, the same inclusion might have 

a higher value of SF when analysed with higher resolution. This resolution-dependence should be taken into 

account when studying inclusions analysed with different resolution accuracies. 

 



 
Figure 4. Inclusions categorized based on shape factor (SF) into two different categories plotted in the 

(pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-MgO) system. Inclusions with 

less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones containing more than 5 wt-% of 

MgO are plotted on the right diagram. Value of 1.3 is used as a boundary values for SF. 

 

 

 
Figure 5. Inclusions categorized based on shape factor (SF) into two different categories plotted in the 

(pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-MgO) system. Inclusions with 

less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones containing more than 5 wt-% of 

MgO are plotted on the right diagram. Value of 1.1 is used as a boundary values for SF. 

 



 
Figure 6. Inclusions categorized based on their aspect ratio (AR) into two different categories plotted in the 

(pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-MgO) system. Inclusions with 

less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones containing more than 5 wt-% of 

MgO are plotted on the right diagram. Value of 1.3 is used as a boundary value for AR. 

 

 

 
Figure 7. Inclusions categorized based on their aspect ratio (AR) into two different categories plotted in the 

(pseudo)ternary diagrams describing the composition of the CaO-Al2O3-CaS(-MgO) system. Inclusions with 

less than 5 wt-% of MgO are plotted on the left diagram, whereas the ones containing more than 5 wt-% of 

MgO are plotted on the right diagram. Value of 1.1 is used as a boundary value for AR. 

 



 
Figure 8. Calculated liquidus surface of the CaO-Al2O3-CaS-MgO –system with 5 wt-% of MgO. 

 

 

SUMMARY 

 

The influence of MgO and sulphur contents on the shape and state of inclusions was studied by analysing 

the aspect ratios and shape factors of inclusions in the steel samples taken from the mould in continuous 

casting. Inclusions were divided into different categories based on the values of aspect ratio, shape factor 

and length. Compositions of inclusions belonging to different categories were then plotted in 

(pseudo)ternary diagram describing the composition of the CaO-Al2O3-CaS(-MgO) system in order to 

estimate the correlations between inclusion compositions and shapes. Influence of the boundary values 

given to AR and SF on the results was estimated by changing the above mentioned limits and comparing the 

results obtained by using different boundaries as starting points. Values from 1.1 to 1.3 were tested for both 

AR and SF. 

 

According to the results, most of the inclusions that could be considered as molten (i.e. inclusions with low 

values of both AR and SF) were located in a composition range between binary CaO-Al2O3 liquid window 

and CaS. On the other hand, most inclusions outside this area were not molten. The inclusions size and the 

amount of MgO in inclusions did not seem to have much influence on the shape and state of inclusions, 

although it should be noted that the variation of MgO-content in the inclusions studied in this research was 

not very large. According to this study, the use of aspect ratio as a criteria for inclusion roundness seems to 

be more sensitive to the given boundary value, when compared to the use of shape factor as a criteria. 

However, the values of the shape factor might be more dependent on the resolution used in the inclusion 

analysis and that needs to be taken into account if inclusions are analysed with varying resolution. 
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