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Abstract. The properties of high-grade steel are influenced by a combination of factors, including the chemical 

composition, production technology and other factors. The quantity of impurities is also a key determinant of the 

steels properties. Inclusions may also play a negative important effect, which is dependent on their content, size, 

shape and distribution. An effective method for complete elimination of non-metallic inclusions has not been 

developed to date. There are, however, various techniques for reducing the quantity and the size of inclusions 

and controlling the quality of inclusions to minimize their adverse impact on the mechanical properties of high-

grade steel. Steel was melted in a 100 ton converter and treated involved vacuum circulation degassing. The aim 

of this study was to determine the quantity and dimensional structure of inclusions in carbon steel melted in a 

converter subjected to desulfurization and vacuum circulation degassing. The results of the tests indicate that the 

quantity of submicroscopic non-metallic inclusions measuring up to 2 µm is the highest. Larger inclusions 

occupied greater volume in the alloy, but their number was lower. The dissipation coefficient is a sensitive 

parameter illustrating the strength of correlations between the oxygen content of steel and the volumetric share 

of oxide inclusions. 
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Introduction 

Steel of various purity grades is manufactured for the production of elements that operate under 

different conditions. Steel used in structures, which are exposed to low loads, may contain significant 

amounts of impurities that do not compromise the functional parameters of steel [1-3]. The allowable 

impurity content of steel, the morphology of impurities and their influence on the steel strength 

(mainly under variable loads) have been analyzed by numerous authors [4-7]. Endogenous inclusions 

pose the greatest problem [8]. They include oxides, which are produced during reactions in the ingot 

mold, and sulfides, which are formed during the first stage of steel solidification [9; 10]. According to 

numerous research studies, endogenous inclusions of a similar number, size and distribution have a 

similar influence on the properties of steel [11]. The number of inclusions can be reduced by limiting 

the oxygen and sulfur content. In metallurgical processes, deoxidized steel can be supplied with 

oxygen diffused from slag or ladle lining [12-15]. Impurities from ladle lining are large in size and 

easy to remove mechanically. They can enrich steel in oxide impurities [16]. Steel can also be 

contaminated with exogenous impurities, such as erosion products from furnace or ladle lining. Non-

metallic inclusions can be products of chemical reactions that occur in metals under exposure to fire 

retardant materials. They can also occur when steel comes into contact with ambient air [11; 15].  

Despite years of research and analyses, our knowledge of the impact of non-metallic inclusions on 

the properties of steel elements is still ambiguous and limited. Most authors analyzed inclusions larger 

than 10 µm [3; 8; 17-19]. Methods for the production and out-of-furnace treatment of high-grade steel 

have been developed. The research results indicate that impurities are more effectively removed 

during out-of-furnace treatment than inside the furnace [20-25]. Studies investigating the morphology 

of submicroscopic impurities in structural steel characterized by high plasticity and high fatigue 

strength, such as the steel used in mining chains, are difficult to find.  

Steel is highly effectively purified by vacuum degasification. In this process, vacuum acts on 

liquid steel in the ladle or on steel poured into ingot molds in a vacuum chamber. During vacuum 

degasification, the deoxidizing capacity of carbon increases above the surface of the metal with a 

decrease in pressure. In this process, oxides in non-metallic inclusions are reduced with the use of 

carbon dissolved in a molten steel bath. Inclusions are removed from the metal in reaction (1): 

 ( ) ( ) MeCOCMeO gasconst +=+ ,  (1) 

where (MeO)solid – solid metal oxide; 

 (CO)gas – gaseous carbon monoxide. 
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Large-sized inclusions are most effectively reduced. Steel degassed in a vacuum chamber is 

effectively purified of non-metallic inclusions [23]. Fine and evenly distributed non-metallic 

inclusions remain in the metal, whereas large impurities are nearly entirely eliminated. A reduction in 

the content of oxygen (through bonding with carbon) and sulfur (through evaporation) can be achieved 

by selecting optimal vacuum degassing processes. This problem was addressed in our study. 

The aim of this study was to describe the distribution of non-metallic inclusions in structural steel 

melted in an oxygen converter and degassed in vacuum. 

Materials and Methods 

The study was carried out in an industrial setting with the aim of reproducing analytical results on 

an industrial scale. The analyzed material was constructional carbon steel. Steel was melted in a 100-

ton oxygen converter and deoxidized by vacuum (RH treatment). Pig iron was ca. 25 % of the charge. 

Steel was cast continuously and square 100x100 mm billets were rolled with the use of conventional 

methods. Billet samples were collected to determine the chemical composition with the use of LECO 

analyzers, an AFL FICA 31000 quantometer and conventional analytical methods. Relative volume of 

non-metallic inclusions with the use of the extraction method and dimensions of impurities by 

inspecting metallographic specimens with the use of a Quantimet 720 video inspection microscope 

under 400x magnification were determined. Sample fragments corresponding to the area of 500 vision 

fields were analyzed. The relative volume of impurities was determined selectively by modifying the 

lower limit of the range determining the dimensions of the investigated inclusions to form two 

fractions.  

The dimensions of non-metallic inclusions were equal to or higher than the adopted boundary 

values (minimum dimensions of the measured particle were equal 2 µm). The above approach enabled 

to determine the share of non-metallic particles at a level higher than and equal to the boundary value 

2 µm. The applied measuring ranges were 5 and 10 µm respectively, too. Analytical calculations were 

performed on the assumption that the quotient of the number of particles on the surface divided by the 

area of that surface was equal to the quotient of the number of particles in volume divided by that 

volume [26].  

The number of particles for the microscopically undetectable range was determined by chemical 

extraction where the content of all non-metallic particles was identified in the investigated steel. The 

particle content was the difference between the number of all inclusions and the number of inclusions 

measured at the lowest boundary value of 2 µm: 

 memd VVV µµ 22 ≥< −=  (2) 

where Vd<2 µm – share of particles with a diameter smaller than 2 µm, 

 Ve – share of particles determined by chemical extraction, 

 V≥2 µm – share of particles with a diameter larger than or equal to 2 µm. 

The dimensions of non-metallic inclusions were described by stereometric parameters. The 

analysis focused on oxygen due to the predominance of oxygen inclusions. The dissipation of non-

metallic inclusions in steel volume was described by the dissipation coefficient β (Eq. 3) that 

illustrates the correlations between the volume of oxide inclusions and the oxygen content.  

 
iVO /=β   (3) 

where O – oxygen content of steel, vol. %,  

Vi – relative volume of non-metallic inclusions evaluated in a metallographic analysis in 

the i
th
 size interval or measuring range, vol. %. 

The calculated number of inclusions in each size interval per surface area is presented by the 

coefficient of non-metallic inclusions (Eq. 4). 

 
2/4 isii dVn π=   (4) 

where dis – average size of inclusion from the i
th
 size interval, µm. 
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The percentage of sulfur-based inclusions was below the value of error in determinations of the 

percentage of oxygen-based inclusions; therefore, sulfur-based inclusions were excluded from further 

analyses. The main focus of the analysis was on oxygen-based inclusions.  

Results and discussion 

The chemical composition of heats is presented in Table 1.The content of sulfur and oxygen in 

steel from the examined heats is presented in Fig. 1. The impurity content of steel was low, the sulfur 

levels did not exceed 0.02 % (in melt number 5) and the oxygen levels did not exceed 0.003 % (in 

melt number 7). This confirms the effectiveness of the vacuum deoxidation process of steel. 

Table 1 

Chemical compositions of the research steel 

Chemical compositions, wt. % Melt 

number C Mn Si P S Cr Ni Mo Cu B O 

1 0.2 1.22 0.25 0.016 0.014 0.55 0.49 0.25 0.03 0.003 0.0023 

2 0.23 1.18 0.22 0.018 0.017 0.5 0.51 0.22 0.02 0.003 0.0025 

3 0.23 1.16 0.28 0.014 0.012 0.48 0.53 0.22 0.02 0.002 0.0028 

4 0.24 1.13 0.27 0.018 0.018 0.56 0.5 0.26 0.02 0.003 0.0025 

5 0.24 1.23 0.23 0.019 0.02 0.5 0.52 0.25 0.03 0.003 0.0025 

6 0.25 1.21 0.23 0.02 0.016 0.56 0.52 0.24 0.02 0.002 0.0028 

7 0.27 1.08 0.22 0.017 0.015 0.52 0.55 0.26 0.02 0.003 0.0030 

 

Fig.1. Content of sulfur and oxygen on melt numbers of steel 

The total relative volume of non-metallic inclusions in the steel volume is presented in Fig. 2. 

Excluding heat 3, 6 and 7, the total relative volume of inclusions did not exceed 0.09% and in heat 3, 

6, 7 did not exceed 0.12%. 

 

Fig. 2. Relative volume of inclusions on melt numbers of steel 

The quantity of the non-metallic inclusions coefficient (Eq. 4) from 7 heats in different size 

intervals is presented in Fig. 3. The highest number of inclusions was reported in the fraction smaller 

than 2 µm, and was more than 15-, 60- and 80-fold higher than in successive intervals. The observed 

distribution of non-metallic inclusions reflects the efficiency of elimination processes by deoxidized 

by vacuum treatment in every size interval. Larger inclusions occupied greater volume in the alloy, but 

their number was lower. The increase in the size of impurities was generally accompanied by a 

decrease in their number. 
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The relative volume of non-metallic inclusions on melt numbers of steel in measuring range is 

presented in Fig. 4, and in size interval in Fig. 5. The percentage of non-metallic inclusions in the 

remaining measuring ranges indicates their volume for the size w and greater. For this reason, the 

volume ofinclusionsdecreases withtheirnarrowersize range. The volumetric share of small inclusions 

measuring up to 2 µm was smaller in threecases out ofseven than that of the remaining inclusions. The 

proposed approach to presenting the percentage of impurities in steel samples can be useful in 

analyses aiming to determine the effect of impurities of a given size or larger, for dimensionsgreater 

thanto the assumed size. 

 

Fig. 3. Quantity of non-metallic inclusions coefficient (ni) in size intervals 

 

Fig. 4. Relative volume of inclusions on melt numbers of steel in size interval 

The share of inclusions in every size interval was determined with the use of a histogram (Fig. 5).  

 

Fig. 5. Size range relative volume of inclusions on melt numbers of steel in measuring intervals 

Fractionsequal to or largerthan 10 µm characterized by the highestvolumetric sharein 4meltsand 

thesizemeasuring up to 2 µm in3melts. When the above observation is compared with the results 

shown in Fig. 1, 2 and 3, it appears that the reported high share of submicroscopicinclusions in this 

size interval could be due to out-of furnace treatment of steel. A comparison of the values noted in this 

interval with the remaining intervals revealed small, but significantly statistical differences. The 

fraction with the highest volumetric share comprised inclusions of up to 2 µm, followed by inclusions 

measuring 2 to 5 µm. 
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The dissipation coefficient (Eq. 2) of non-metallic inclusions of steel in the measuring range is 

presented in Fig. 6. Analysis ofthe dissipation coefficientconfirms that the oxygen content of steel was 

correlated with the share of non-metallic inclusions. The dissipation coefficient was highest for small 

inclusions of up to 2 µm (for all 7 melts – Fig. 6).  

 

Fig. 6. Dissipationcoefficient of non-metallic inclusions of steel in measuring range 

The dissipation coefficient increases when the oxygen content of different heats is constant and 

when the volume of impurities from different size classes decreases. The distance between inclusions 

from the same size class thus increases. 

In this study, non-metallic inclusions measuring up to 2 µm had the highest volumetric and 

quantitative share of structural steel melted in an oxygen converter and deoxidized by vacuum. The 

above fractions were most numerous; therefore, they can be expected to influence the properties of the 

analyzed steel. Inclusions regarded as harmful in the literature (larger than 10 µm) are less frequently 

observed in the research steel, but their volumetric share can be significant on account of their large 

size. It should be noted, however, that the number of non-metallic inclusions in the steel degassed in 

vacuum is very small, which confirms theresults of the work [23]. Thus,the probability oftheir impact 

on properties is alsosmall. The dissipation coefficient is a sensitive parameter illustrating the strength 

of correlations between the oxygen content of steel and the volumetric share of oxide inclusions. The 

oxygen content of steel was correlated with the share of non-metallic inclusions.  

The dissipationcoefficient is a sensitive indicator of the percentage of non-metallic inclusions in 

the microstructure of steel. The steel melted in a converter (Fig. 1) was characterized by a significantly 

lower oxygen content and a higher sulfur content than the steel melted in an arc furnace [24; 27]. 

Conclusions 

1. The results of the tests indicate that the quantity of submicroscopic non-metallic inclusions 

measuring up to 2 µm is the highest.  

2. Larger inclusions occupied greater volume in the alloy, but their number was lower.  

3. The dissipation coefficient is a sensitive parameter illustrating the strength of correlations 

between the oxygen content of steel and the volumetric share of oxide inclusions. 

4. The use of quantitative metallography in the analysis of non-metallic inclusions supports the 

determination of the size and inclusion structure, and enhances the methods of evaluating steel 

purity. 
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