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Resumo 
A limpeza e a reoxidação de um aço SAE 1055 modificado foram avaliadas durante a sua 
produção em uma aciaria elétrica. Escória A no sistema óxido CaO-SiO2-MgO-Al2O3-CaF2 
(CSMA-F) e escórias B e C no sistema óxido CaO-SiO2-MgO-Al2O3 (CSMA) foram 
analisadas. Duas amostras de aço foram coletadas em ambiente industrial: forno panela e 
barra laminada. ASPEX Explorer foi utilizado para obter informações sobre as inclusões, 
organizando-as por composição química, tamanho, densidade e tipo. FactSage v7.2 
calculou as inclusões formadas durante a solidificação do aço, fração líquida e sólida das 
escórias e viscosidade da fração líquida. Após o refino secundário, o tipo mais comum de 
inclusão encontrada foram os aluminatos de cálcio. Na barra laminada, o espinélio foi o tipo 
de inclusão mais frequente, indicando um possível produto de reoxidação. Sua formação 
pode ser causada devido a interação com os materiais utilizados no distribuidor e molde. A 
redução da temperatura também favorece a formação de espinélios, como demonstrado 
pelo FactSage. As inclusões de espinélio foram analisadas pelo método Função de 
Densidade Populacional (PDF), que identificou que as corridas A1, A2, C1 e C2 
apresentavam inclusões de espinélio formadas por reoxidação. Uso de escória no sistema 
CSMA é indicado já que eventos de reoxidação foram diminuídos nas corridas B1 e B2. No 
entanto, é necessária uma análise mais profunda dos materiais utilizados no distribuidor e 
molde para melhorar a limpeza do aço SAE 1055.  
Palavras-chave: Reoxidação; Inclusões não-metálicas; Escória; FactSage. 
 

STEEL CLEANLINESS AND REOXIDATION EVALUATION OF MODIFIED SAE 1055 
STEEL 

Abstract 
Steel cleanliness and reoxidation of a modified SAE 1055 steel were evaluated during its 
production on an electric steel mill. Slag A in CaO-SiO2-MgO-Al2O3-CaF2 (CSMA-F) oxide 
system and slags B and C in CaO-SiO2-MgO-Al2O3 (CSMA) oxide system were analyzed. 
Two steel samples were collected in industrial environment: ladle furnace and rolled bar. An 
ASPEX Explorer was used to obtain information about inclusions, organizing them by 
chemical composition, size, density and type. FactSage v7.2 calculated inclusions formed 
during steel solidification, liquid and solid fraction of slags and liquid viscosity. After 
secondary refining, most common type of inclusion was calcium aluminate. At rolled bar, 
spinel was the more frequent type of inclusion, indicating a possible reoxidation product. 
Their formation could be caused by interactions with tundish and mold materials. Reduction 
of temperature also favors formation of spinel as shown by FactSage. Spinel inclusions were 
analyzed by Population Density Function (PDF) method, which identified that heats A1, A2, 
C1 and C2 had spinel inclusions formed by reoxidation. Usage of slag in CSMA system is 
indicated since reoxidation was diminished in heats B1 and B2. Nevertheless, it would be 
necessary a deep analysis on tundish and mold materials to improve steel cleanliness of 
SAE 1055 steel.   
Keywords: Reoxidation; Non-metallic inclusions; Slag; FactSage.  
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1 INTRODUCTION 

 
Steel cleanliness standards are increasing each year and inclusion control during 
steelmaking becomes crucial [1,2]. Previous works in the past years evaluate slag 
chemical composition and their relation with steel cleanliness [3-8]. Since removal of 
inclusions usually occurs in the ladle furnace and it is performed by slag, this 
information is paramount for metallurgists [4]. In general, literature provides great 
information regarding the production of different steel grades and the slag that match 
cleanliness requirements. However, before solidification process, liquid steel pass 
through tundish and mold in a continuous casting station. At this moment, reoxidation 
events can take control being harmful to steel cleanliness [9,10]. Over the past years 
reoxidation at this stage of the process is being evaluate, bringing new insights to 
improve steel cleanliness [11-13]. An active tundish slag, capable to remove 
inclusion during tundish metallurgy and improved chemical composition of gunning 
mass material are examples of industrial practices that could be adopted to diminish 
reoxidation [9,11]. 
Automated inclusion analysis surge as one of the main tools to evaluate inclusion 
population. This method provides information such as chemical composition, size, 
density and area fraction of inclusions [14-16]. With these data, it is possible to 
compare and evaluate reoxidation based on inclusion population for different stages 
of steelmaking process. Inclusions size information also can be used in Population 
Density Function (PDF) method to obtain more results about reoxidation [17-19]. This 
analysis evaluates if inclusion were formed due to reoxidation, presenting a 
lognormal or linear fit as output result [17]. Lognormal curve indicates that inclusions 
were formed by reoxidation [17]. FactSage can corroborate the results found in 
previous analysis mentioned providing thermodynamic equilibrium results [20]. 
Inclusions formed due to the different steel and slag chemical composition are easily 
obtained by its module and databases [21]. During solidification, variation in solubility 
of steel dissolved elements that favors inclusion formation are visualized as well [22]. 
The objective of this work was to evaluate steel cleanliness and reoxidation of 
modified SAE 1055 steel in industrial production of an electric steel mill. Slag 
parameters such as binary basicity, CaO/Al2O3 ratio, liquid fraction and effective 
viscosity were correlated with inclusion density to investigate cleanliness after 
secondary refining. Inclusion population on a rolled bar was compared with results 
after the secondary refining in order to evaluate reoxidation phenomenon during the 
continuous casting. Thermodynamic software FactSage and PDF method were used 
to analyze reoxidation events. 
 
2 MATERIALS AND METHODS 
 
Six heats from steel production in an electric steel mill were selected for this study. 
Steel grade chosen was a modified SAE 1055, average composition presented in 
Table 1, manufactured for bearing industry. An ARL 3560 Optical Emission 
Spectrometer measured steel chemical composition.  
 

Table 1. Average chemical composition (wt.%) of modified SAE 1055. 
Steel C Si Mn P S* Altotal* Ca* N* T.O.* 

SAE 1055 0.555 0.235 0.748 0.013 50 60 1 73 11 
           * = ppm 
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Three different slag compositions were investigated, providing a wider range of 
chemical composition. Heats A1 and A2 presented a ladle slag in the following oxide 
system: CaO-SiO2-MgO-Al2O3-CaF2. A similar slag without the presence of fluoride 
was used in heats B1, B2, C1 and C2. Binary basicity (B2) was the key difference 
between slag B (B2 = 3.62) and C (B2 = 1.48). Slags chemical composition were 
measured by X-ray fluorescence in a Philips PW2600 equipment. A steel and slag 
samples were withdrawal in the ladle after secondary refining, moments before its 
release to the continuous casting station. Another steel sample was taken in the end 
of the process from a rolled bar. This sample also had total oxygen content analyzed 
by a LECO equipment model TC-436. Figure 1 presents the steelmaking route during 
the production of modified SAE 1055 and withdrawal points of steel and slag 
samples. 
 

 
Figure 1. SAE 1055 production route. Steel and slag samples withdrawal points. 

 
Automated SEM/EDS (ASPEX Explorer) equipment provided inclusion data for both 
steel samples. Steel area analyzed varied from 50 to 100 mm2. Output data from this 
equipment included size, diameter and chemical composition of inclusions. They 
were classified according to specific rules presented in Table 2. Following inclusion 
types were selected for the present work: spinel, Ca sulfide, CaAl liquid, CaAl mushy, 
CaAl solid and Silicate. 
 

Table 2. Classification rules used in the present work. 
Inclusion 

Type 
Clasification Rule 

Spinel 
Mg/(Al + Mg + Ca) > 0.1 

Al > 30 
Ca < 20 

Ca Sulfide 
Ca > 20 
S > 20 

CaAl liquid 
(Ca + Al) > 50 

Al/Ca < 0.8 

CaAl mushy 
(Ca + Al) > 45 

Al/Ca < 1,5 

CaAl solid 
(Ca + Al) > 45 

Al/Ca < 3 

Silicate 
(Ca + Al + Si) > 50 

Si > 5 

       
Thermodynamic software FactSage v7.2 provided data about liquid and solid fraction 
of slags. Equilib module with FToxid and FactPS databases were used for this 
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calculation. Viscosity module with Melts database calculated the viscosity of the 
liquid fraction of slag. Since metallurgical slags usually have a liquid and a solid 
fraction, Roscoe-Einstein [23] model, Equation 1, was applied to obtain the effective 
viscosities of the slags. ɳe = effective viscosity; ɳ = liquid viscosity; c = solid fraction. 
 

ɳe = ɳ(1 − c)−2,5     (1) 
 
Where: 
• ɳe = effective viscosity;  
• ɳ = liquid viscosity;  
• c = solid fraction. 
 
Equilib module with FSstel, FToxid and FactPS databases calculated inclusions 
formed during solidification. Temperature was varied from 1600 to 1200 °C and 
spinel phase was evaluated during solidification. Once steel chemical composition 
measurement method did not provide dissolved Mg content, a previous step was 
done to obtain this information. Steel and slag chemical composition after the 
secondary refining were set in equilibrium using FactSage, providing a dissolved Mg 
content that was used further for solidification calculation.   
Another tool applied to evaluate the formation of spinel inclusion and their relation 
with reoxidation was the Population Density Function (PDF). This analysis was 
applied to spinel inclusions present in the rolled bar. Methodology used by Zinngrebe 
et al. [17] and VanEnde et al. [18] was replicated. A bin value of 1 was used to 
organize inclusions by equivalent diameter. Therefore, inclusions were separated 
and grouped for each range of 1 µm to provide a point as output result of PDF 
method. 
 
3 RESULTS AND DISCUSSION 
 
3.1 Steel, Slag and Inclusions after Secondary Refining 
 
Steel samples after secondary refining presented similar values on all conditions analyzed. 
Table 3 summarizes the values of steel chemical composition.  

 
Table 3. Steel chemical composition (wt.%) for samples taken after secondary refining. 

Heat C Si Mn Altotal* S* Ca* N* 

A1 0.524 0.229 0.797 60 10 12 33 

A2 0.551 0.229 0.726 70 20 1 41 

B1 0.535 0.239 0.722 80 10 4 36 

B2 0.550 0.256 0.756 40 30 8 86 

C1 0.533 0.199 0.742 20 110 1 57 

C2 0.557 0.268 0.683 30 60 1 79 
* = ppm 

 
In general, they present a good approach to standard composition aimed.  Lowest 
Altotal and highest S content visualized for heats C1 and C2 could be a consequence 
of its chemical composition with an average binary basicity of 1.48. After chemical 
composition, inclusion population was investigated. Inclusions were classified and 
the density of each type was calculated. Figure 2 summarizes these results.  
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Figure 2. Inclusion density for each type of inclusion after secondary refining. 

 
Ca sulfide had the lowest values among all types, except heat C2. Heats C1 and C2, 
due to their increased S content could favor the formation of sulfides. At this stage of 
the process, only heat C2 confirms this anticipation. CaAl liquid was the main type of 
inclusion found in heats A1, A2, B1 and B2. Slag chemical composition used in these 
heats with CaO/Al2O3 (C/A) ratio below 3 could explain this behavior. Heats C1 and 
C2 with a C/A above 4 appeared to favor the presence of CaAl inclusions as mushy 
and solid. CaO/Al2O3 ratio has been used as an interesting parameter to evaluate 
steel cleanliness, with insightful results depending on steel grade and type of 
inclusions to be removed [24,25]. Silicate inclusions presented similar values for all 
heats, with slag chemical composition influence diminished. At this stage of the 
process, formation of spinel is controlled and for all slag practices, their inclusion 
density is below 0.4 mm-2. Comparing inclusions after secondary refining and at 
rolled bar would bring comprehensions about which type of inclusion is the main 
reoxidation product. Subsequently, average inclusion density of all inclusion and 
standard deviation of each group were evaluated and presented in Figure 3. 
 

 
Figure 3. Average inclusion density, average area fraction and standard deviation for each slag 

practice. 
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Heats A1 and A2 had the lowest inclusion density and standard deviation at this 
stage of the process. Heats B1, B2, C1 and C2 had similar inclusion density and an 
increased standard deviation. From Figure 3, slags with the presence of fluoride 
(CaF2) provided a better removal of inclusion during secondary refining. Area fraction 
results had different pattern than inclusion density. Heats C1 and C2 presented the 
lower area fraction and B1 and B2 the highest. Slag with fluoride still presents a good 
result, especially with a lower standard deviation among the heats analyzed. 
However, one more step is necessary until the solidification of steel. During the 
continuous casting, reoxidation events could occur resulting in the formation and/or 
modification of inclusions [9,10]. Thus, analysis of inclusions after this stage 
becomes an interesting tool to evaluate reoxidation events at continuous casting. 
Slag samples were collected after secondary refining and their chemical composition 
is presented in Table 4. 
 

Table 4. Slag chemical composition (wt.%) after secondary refining. 
Heat CaO SiO2 MgO Al2O3 FeO MnO CaF2 

A1 52.65 15.05 7.49 18.35 0.81 0.23 5.42 

A2 55.89 14.97 7.95 17.78 0.82 0.20 2.40 

B1 53.26 16.69 9.73 19.37 0.76 0.19 - 

B2 51.08 18.27 10.70 18.84 0.85 0.25 - 

C1 41.86 29.14 17.85 9.88 0.67 0.60 - 

C2 42.70 28.09 18.29 10.02 0.60 0.31 - 

 
The main difference between heats A and B is the presence of fluoride in chemical 
composition of A1 and A2 slag samples. Furthermore, a slight increase in MgO 
content is verified on heats B1 and B2. This behavior was expected since the 
presence of fluoride is capable to reduce MgO saturation point of slags [26]. Among 
three slag practices, heats C1 and C2 presented the highest SiO2 and the lowest 
Al2O3 content. This combination of compositions provides a slag with a low binary 
basicity (1.48) and high C/A ratio (4.25). The sum of FeO and MnO content is 
controlled below 1.5, obtaining a slag with low oxidation capability. Slag parameters 
such as binary basicity (B2), C/A, liquid fraction and effective viscosity were evaluated 
regarding their influence in steel cleanliness after secondary refining. Table 5 presents these 
results for all slags analyzed.  

 
Table 5. Binary basicity, CaO/Al2O3 ratio, liquid fraction and effective viscosity of slags after secondary 

refining. 

Heat 
Binary 

Basicity 
CaO/Al2O3 

Liquid 
Fraction 

(%) 

Effective 
Viscosity 

(Pa.s) 

A1 3.50 2.87 98.32 0.065 

A2 3.73 3.14 92.80 0.084 

B1 3.19 2.75 95.57 0.091 

B2 2.80 2.71 95.54 0.095 

C1 1.44 4.24 94.19 0.114 

C2 1.52 4.26 88.38 0.132 

 
Binary basicity increased and C/A decreased from heats C to A. All slag presented 
similar liquid fraction with values above 90 % (except C2 – 88.38%). Nevertheless, 
effective viscosity was different, being influenced by slag chemical composition. 
Lowest values found in heats A1 and A2 are explained by the presence of CaF2, 
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which is known as a strong flux compound [8,26]. Heats B1 and B2 had an increase 
in effective viscosity and C1 and C2 presented the highest values. This behavior 
could be explained by the high values of SiO2 (~30%) in initial slag composition. An 
increase in this oxide on liquid fraction of slag leads to an increase of liquid viscosity 
and subsequently an increase in effective viscosity [27,28]. Correlations between 
inclusion density and slag parameters shown remarkable results regarding the 
removal of inclusions. Control of these parameters could provide improvement in 
steel cleanliness after secondary refining. Figure 4 presents the correlation between 
parameters in Table 5 and total inclusion density measured for each heat. Results 
obtained by Reis et al. [3] in this same electric steel mill were also plotted to provide 
a wider range of points and a better visualization of tendency. 
 

 
Figure 4. Correlation of inclusion density with binary basicity, CaO/Al2O3 ratio, liquid fraction and 

effective viscosity of slags. 
 

Binary basicity presents a tendency of decrease inclusion density at higher values (3-
4). CaO/Al2O3 ratio shown lowest values of inclusion density below 3.5 Liquid fraction 
did not show a correlation with inclusion density. Effective viscosity had the better 
correlation with inclusion density. An increase in liquid fraction led to a decrease in 
total inclusion density. This phenomenon corroborates previous statements that 
claims the liquid fraction of slag to be the part that effective react with steel [3]. 
Furthermore, an increase in this property also could provide a decrease in the 
effective viscosity of slags [8]. This behavior is also observed, and the lowest values 
of effective viscosity are grouped with lowest inclusion density. Remarkable results 
for this present work were obtained with B2 above 3, C/A ratio of 3, liquid fraction 
above 95 % and effective viscosity below 0.100 Pa.s.  
 
3.2 Steel and Inclusions after Rolling Process 
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Next step was the analyses of steel composition and inclusion population in the end 
of the process. Comparison between these results in the following subtopic would 
help to clarifies possible reoxidation events during SAE 1055 industrial production. 
Table 6 summarizes steel chemical composition results at rolled bar. FactSage 
calculated Magnesium content based on thermodynamic equilibrium. 
 

Table 6. Steel chemical composition (wt.%) for rolled bar samples. 
Heat C Si Mn Altotal* S* Ca* N* T.O* Mg*,# 

A1 0.550 0.220 0.810 60 20 1 46 9 3 

A2 0.560 0.220 0.730 60 20 1 47 13 3 

B1 0.560 0.230 0.730 60 20 1 78 10 2 

B2 0.550 0.260 0.760 60 40 1 99 8 2 

C1 0.550 0.220 0.760 60 100 1 84 12 0.5 

C2 0.560 0.260 0.700 60 80 1 86 15 0.6 
* = ppm; # = calculated by FactSage 

 
At this point, all samples present similar composition regarding the standard chemical 
composition of SAE 1055. Altotal, which had variation for Slag C, now is stable at 60 
ppm for all samples. Sulphur content remains at higher values for Slag C, with 
samples C1 and C2 presenting 100 and 80 ppm respectively. This result indicates a 
lower sulfide’s capacity for this composition. Average binary basicity of 1.48 
visualized for this slag corroborates the hypothesis of a weaker desulphurization 
during secondary refining due to its low sulfide capacity [29]. All heats had an 
increase in Nitrogen content, which can be used as an indirect method to evaluate 
reoxidation [30]. In general, total oxygen remains below 15 ppm for all samples, 
being an acceptable value for SAE 1055 after the rolling process. High Mg content is 
visualized for heats A1 and A2, with higher binary basicity among slag analyzed. This 
pattern was expected and verifies by previous authors [31]. Subsequently, inclusion 
population was evaluated and Figure 5 summarizes the results.  
 

 
Figure 5. Inclusion density for each type of inclusion at rolled bar. 

 
Spinel inclusions shown an increase compared with samples after secondary 
refining. Previously, spinel inclusion density was below 0.4 mm-2 and now they are 
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above 1.2 mm-2, with a maximum of almost 2.4 mm-2 for heat B1. In general, all heats 
presented similar behavior regarding the formation of spinel inclusions. Ca sulfide 
inclusion presented a slight increase, which can be explained by the formation of 
CaS inclusions during solidification [31]. Even heats C1 and C2, with higher Sulphur 
values, did not present greater formation of this type of inclusions, with a behavior 
similar to other slags compositions. CaAl liquid and CaAl mushy diminished at rolled 
bar, being removed during continuous casting. Tundish slag and mold flux could be 
responsible to perform the removal of these inclusions. CaAl solid and silicate 
inclusions did not show greater variation from secondary refining to rolled bar. 
Results for total inclusion density are represented in Figure 6. 
  

 
Figure 6. Average inclusion density at rolled bar and standard deviation for each slag practice. 

 
Despite the formation of spinel inclusions as reoxidation products, average inclusion 
density decreased for all slag practices. Area fraction did not shown great variation 
compared with samples after secondary refining. Considering that inclusion density 
decreased, coalesce of inclusion and formation of new inclusion by reoxidation 
should take control at this part of the process. This represents that once spinel 
formation would be controlled, SAE 1055 could present a higher steel cleanliness at 
the end of steelmaking process.  
 
3.3 Reoxidation Evaluation 
 
First analysis regarding the formation of spinel as reoxidation product took in 
consideration the variation of Nitrogen between the rolled bar and ladle furnace 
samples. Figure 7 exposes in a graphic form this analysis. 
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Figure 7. Correlation between nitrogen and spinel density variation between rolled bar (RB) and ladle 

furnace (LF). 
Figure 7 compare the variation (∆) in spinel inclusion density between the rolled bar 
and after secondary refining. It is seen a tendency that the increase of spinel 
inclusion density is correlated with an increase in Nitrogen pick-up. This result 
reasonably correlates a possible reoxidation product (spinel) with Nitrogen 
absorption. Another explanation for the formation of spinel inclusions is the decrease 
of temperature during the solidification. This phenomenon affects the solubility of 
dissolved elements in steel, favoring the formation of new inclusions [32]. FactSage 
calculated the formation of spinel inclusion due to the reduction of temperature and 
the results are presented in Figure 8.  
 

 
Figure 8. Formation of spinel inclusions due to the decrease of temperature during solidification.  

 
This calculation revealed the formation of spinel phase during solidification process. 
Heats B1 and B2 shown the smaller formation of spinel phase. In the other hand, 
A2,C1 and C2 heats had the greatest peak during solidification process. Heats C1 
and C2 present a great decrease around 1400 °C. Since Figure 9 presents spinel 
inclusions as weight percent, at 1400 °C formation of sulfides greatly increases, 
lowering spinel phase weight percent. Other heats also present formation of sulfides 
around 1400 °C. Nevertheless, for heats A1, A2, B1 and B2, this formation is less 
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pronounced, causing a lower decrease in spinel weight percent below 1400 °C. 
Lastly, spinel inclusions were analyzed using PDF method and results are visualized 
in Figure 9.  

 
Figure 9. PDF method applied for spinel inclusion observed at rolled bar samples. 

 
Heats A1, A2, C1 and C2 present a lognormal shape, which characterize inclusions 
formed by reoxidation [17,18]. Reoxidation in these heats could be due to interaction 
with tundish and mold materials. Gunning mass used in this industry revealed in 
previous study formation of spinel inclusions after interacts with a similar modified 
SAE 1005 under laboratorial condition [13]. This could be an explanation for 
reoxidation events observed in these heats. Differently, a linear fit is observed for 
heats B1 and B2, indicating that spinel inclusions were not formed due to reoxidation 
[17,18]. In this case, other inclusions could be modified to spinel and a deeper 
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investigation is recommended. PDF method surge as an efficient tool to evaluate 
reoxidation, being used frequently in the past years to clarify this phenomenon [17-
19]. 
 
4 CONCLUSIONS 
 
The following conclusion were achieved after the evaluation of cleanliness and 
reoxidation on modified SAE 1055 steel. 
 

• After secondary refining the main type of inclusions found were calcium 
aluminates. At the rolled bar occurred a decreased in these inclusions and spinel 
were formed during continuous casting stage. 

• Nitrogen variation presents a good correlation with the increase of spinel inclusion 
at rolled bar, being an efficient indirect method to evaluate reoxidation. 

• During solidification, FactSage verified the formation of spinel inclusion with the 
decrease of temperature for all slags analyzed. 

• PDF method clarified formation of spinel after secondary refining. Heats A1, A2, 
C1 and C2 had spinel formed by reoxidation. For heats B1 and B2, other type of 
inclusions present after secondary refining was modified to spinel during 
continuous cast process. 

• Slag in CaO-SiO2-MgO-Al2O3 system with B2 and C/A ratio of 3 and 2.7 present 
better results regarding reoxidation. Control of tundish and mold materials that 
could modified previous inclusions to spinel would deliver a SAE 1055 with a high 
steel cleanliness.  
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