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ABSTRACT 
 

This study investigated the formation of non-metallic inclusions and their characterization during the melting of AISI1066 steel from secondary metal scrap in an 

electric arc furnace. The analyses were carried out using scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS). In addition, a deep 

learning-based segmentation method was applied to improve the identification of inclusions. The results confirmed a heterogeneous microstructure consisting of non-

metallic inclusions dispersed within a Fe-based matrix. The size of the inclusions ranged from a few micrometers up to approximately 40 µm. The majority of 

inclusions were found in the 10–25 µm range. SEM analysis showed that the inclusions predominantly exhibit irregular and globular morphologies. EDS results 

confirmed that they consist of manganese sulfides (MnS), oxides (Al₂O₃ and SiO₂), and complex multi-phase particles. The elevated sulfur (S) (0.12 wt.%) and copper 

(Cu) (0.81 wt.%) contents in the investigated samples indicate that deoxidation and modification processes were not sufficiently effective. The deep learning-based 

model enabled accurate separation of non-metallic inclusions from the alloy composition. According to the model results, inclusions ≥30 µm primarily represent the 

oxide phase fraction, while fine inclusions <20 µm represent the sulfide phase fraction.  
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INTRODUCTION 

 

The physical–mechanical properties and service performance of steel components 

are directly dependent on the presence and distribution of non-metallic inclusions 

in their structure. Therefore, these inclusions are generally considered as factors 

that negatively affect the properties of steel [1–3]. 

Non-metallic inclusions in steels are classified into endogenous (such as sulfides, 

oxides, silicates, and similar compounds) and exogenous (originating from 

furnace lining, casting nozzles, ladles, mold mixtures, etc.) types [4,5]. This 

classification is based on their origin and formation mechanisms [6,7]. 

The size and distribution of non-metallic inclusions depend on the 

physicochemical processes occurring during solidification [8,9]. They form due 

to deoxidation products, slag entrapment, and chemical reactions during the 

steelmaking process [10–15]. 

One of the most widely used methods for producing high-quality steel is 

deoxidation using aluminum [16–20]. Because during the melting process, 

aluminum in the composition strongly binds with oxygen and forms Al₂O₃, and 

also binds other non-metallic elements to itself. As a result, it helps improve the 

cleanliness of steel. However, this method is not always fully effective. In 

addition, advanced industrial techniques such as secondary refining, argon 

stirring, and calcium modification are also applied to reduce the amount of non-

metallic inclusions [21–34]. 

However, ensuring the quality of steel and its alloys during the melting of 

secondary metal resources is a complex process in itself [35,36]. This is because 

it is impossible to control secondary metal scrap and its composition. Elements 

such as Cu, Sn, As, and Sb are also present in secondary metal and remain in the 

alloy during melting. As a result, they adversely affect the alloy's mechanical 

properties and technological characteristics [37]. Therefore, steel production 

based on secondary scrap is more complex compared to primary production 

methods and is characterized by a lower quality of the resulting alloy. 

Dobosz et al. [37] found that, in technology based on producing steel from 

secondary metal resources, elements such as Cu, Sn, As, and Sb always remain in 

the composition of steel and its alloys. It is impossible to transfer them into the 

slag during the melting process. As a result, they form weak compounds at the 

grain boundaries. This leads to deterioration of mechanical properties. Dworak et 

al. [38] observed that the proportion of low-quality scrap increases over time due 

to the accumulation of elements such as Cu, Sn, Cr, Ni, and Mo, which 

necessitates improved refining or additional purification technologies. Wang et 

al. [39] found that in Al-containing high-entropy alloys (HEAs), Al₂O₃ inclusions 

initially form in the liquid phase and act as nucleation sites for AlN, resulting in 

Al₂O₃–AlN agglomerates. Qiao et al. [40] found that, based on the results of the 

conducted study, MgO–Al₂O₃ inclusions were initially formed in 42CrMo4 steel. 

Then, under the effect of Ca addition as a slag-forming agent during the melting 

process, they gradually transformed into a low-melting CaO–MgO–Al₂O₃ system. 

According to the balance of basic and acidic processes, such liquid slag was 

difficult to separate from the steel. Guo et al. [41] observed that in GCr15 bearing 

steel, inclusions form mainly as deoxidation products, initially as MgO–Al₂O₃ 

and Al₂O₃ and later transform into CaO–MgO–Al₂O₃ and CaO–Al₂O₃ during LF–

VD processing. Although the number of inclusions decreases slightly, their 

nature remains, affecting steel cleanliness. Al-Gahtani et al. [42] reported that in 

API steels, non-metallic inclusions (mainly Al₂O₃, Ca–Al, and Ca–Mg–Al 

oxides) form during melting and casting, and their composition, size, and number 

vary with processing stages, ultimately affecting mechanical properties and 

hydrogen-induced degradation. 

Many studies have been conducted on the control of non-metallic inclusions in 

steels, and research in this area continues [43–51]. However, there remains a 

need for a detailed investigation of inclusion formation in scrap-based production 

of AISI1066 steel. 

Most existing studies have been carried out under laboratory or optimized 

conditions. In real industrial production, however, these processes are 

significantly more complex. Therefore, developing effective approaches to 

improve steel quality under actual industrial conditions remains a critical 

challenge. 

 

MATERIAL AND METHODS 

 

AISI1066 high-carbon structural steel was selected as the material for 

investigation. The melting process was carried out in a 2000-kg-capacity electric 
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arc furnace at the “Casting–Mechanical” workshop of JSC “Uzmetkombinat”. It 

is important to note that this grade of steel is widely used in industrial production. 

At the same time, it is characterized by a structural tendency toward the 

formation of non-metallic inclusions. 

 

 
Fig. 1 Schematic representation of the technological process under industrial 

conditions 

 

The charge material mainly consisted of secondary ferrous scrap. This leads to 

residual elements in the alloy and to local variations in chemical composition. 

FХ100А (GOST 4757–91), FMn90 (GOST 4755–91) and FС45 (GOST 1415–

93) ferroalloys and pure Al were used in the charge composition as alloying and 

reducing agents. Limestone (CaCO₃) and quartz sand (SiO₂) were used as a flux 

to promote slag formation and improve metal refining efficiency (Fig. 1). 

The melting process was carried out in an electric arc furnace. Technological 

parameters, including the temperature regime, degree of melt mixing, and slag–

metal interaction, were controlled in accordance with established technological 

procedures. During melting, ferroalloys were added incrementally to achieve the 

required chemical composition. Deoxidation was performed using aluminum and 

silicon, resulting in a reduction of dissolved oxygen in the melt. In addition, the 

slag composition was controlled through the basicity coefficient. This led to the 

activation of the coagulation of non-metallic inclusions and their separation from 

the metal bath. 

To ensure uniform distribution of elements in the alloy composition, mechanical 

stirring was used. After that, the melt was poured from the furnace into a ladle, 

and liquid alloy samples were taken from three different points of the ladle and 

cast into pre-prepared molds. This served to ensure the reliability of the research 

results. 

 

Sample preparation 

 

All experimental samples were prepared in accordance with GOST standards. 

The cast samples were removed from sand–clay molds and subjected to 

preliminary cleaning. 

 

 
Fig. 2 Preparation of the test samples using the Tegramin-30 (Struers, Denmark) 

equipment 

 

The research samples were machined on a lathe to meet the specified dimensions 

for testing. The machining process was carried out in the presence of a cooling 

and lubricating fluid, which prevented overheating of the alloy and preserved its 

microstructure [52–54]. 

For metallographic investigations, the samples were prepared using a Struers 

CitoPress-10 (Struers, Denmark) at 140 °C with thermosetting resin and formed 

into cylindrical specimens suitable for grinding and polishing. 

In the next stage, surface polishing of the research samples was carried out using 

a Struers Tegramin-30 device (Struers, Denmark). The grinding process was 

performed using silicon carbide (SiC)-based abrasive papers with sizes of 200, 

400, 600, 800, 1000, 1200, and 2000 µm. This stage enabled the removal of 

deformed surface layers and the attainment of a smooth, defect-free surface (Fig. 

2). 

After grinding, the samples were washed with distilled water. The purpose of this 

was to remove abrasive residues. Final polishing was performed using a 

suspension with a particle size of 0.3 µm. After that, the samples were cleaned 

with ethanol to remove surface contaminants and prevent oxidation. 

 

SEM–EDS 

 

To reveal the microstructure, the specimens were chemically etched using a 1% 

nital solution (99% ethanol and 1% nitric acid). The etching time was 

approximately 24 seconds. This treatment enabled clear observation of non-

metallic inclusions using optical microscopy and SEM. 

 

 
Fig. 3 Investigation of the samples was carried out using the JEOL JSM-IT200 

equipment (Jeol, Japan) 

 

 

Energy-dispersive X-ray spectroscopy (EDS) was used for elemental analysis. 

Elemental mapping was performed to determine the spatial distribution of 

elements (Fig. 3). The elements examined included Fe, Mn, Si, S, Al, Cr, Ni, Cu, 

and Mo. The mapping results enabled identification of compositional correlations 

among elements. 

 

 

 
Fig. 4 Experimental workflow diagram for melting in an electric arc furnace, 

sample preparation, and analysis of non-metallic inclusions using SEM–EDS 

methods. 
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Deep learning (DL)-based segmentation model 

 

Based on SEM analyses of the investigated alloy, a deep learning (DL)-based 

semantic segmentation method was also applied to automatically detect and 

classify non-metallic inclusions. The implemented model architecture is shown in 

Fig. 5. It is based on a U-Net type convolutional neural network widely used for 

image segmentation tasks. 

 

 
Fig. 5 Structure of the DL model for automatic detection of non-metallic 

inclusions based on SEM results of the investigated AISI1066 steel sample 

 

 

The encoder part of the network is responsible for feature extraction. It consists 

of several convolutional layers. They operate together with nonlinear activation 

functions and max-pooling operations. By performing a sequential downsampling 

process, the encoder identifies the hierarchical features of SEM microstructures 

obtained from the samples. The decoder part performs upsampling to reconstruct 

the segmented microstructure image from the SEM results. Using transposed 

convolution layers, the spatial resolution is restored, yielding pixel-level 

classification maps. Skip connections are applied between the encoder and 

decoder layers. 

The input data for the model consists of processed SEM images of the 

investigated samples. The model output is a segmentation mask in which each 

pixel is classified into one of the following categories: metallic matrix, oxide 

inclusions, and sulfide inclusions. 

The segmentation process enables high-accuracy analysis of the morphology, 

size, and spatial distribution of non-metallic inclusions. This capability is of great 

importance for reliable analysis of heterogeneous microstructures found in steels 

based on secondary production. 

Compared with conventional manual image analysis, the deep learning (DL) 

approach offers advantages such as higher accuracy, reduced subjectivity, and 

faster processing [55,56]. The model enables consistent identification of 

inclusion boundaries. 

Using image analysis techniques, the equivalent diameter of inclusions was 

calculated. The obtained values were grouped into predefined size intervals, and 

the statistical distribution of inclusion sizes was presented as a histogram. 

 

RESULTS AND DISCUSSION 

 

Metallographic analysis results 

 

The microstructure of the investigated AISI1066 steel samples was examined at 

different magnifications using an Axiovert 40 MAT (ZEISS, Germany) 

metallographic microscope. The observation and analysis results revealed a 

heterogeneous microstructure comprising secondary phases and non-metallic 

inclusions within a Fe-based matrix. 

In Fig. 6a and Fig. 6d, at low magnification up to X100, dark boundaries 

distributed along the grain boundaries are clearly observed in the samples' 

microstructures. These dark regions are mainly associated with troostite 

microstructure and boundary segregation of carbide compounds. These 

accumulations arise from microstructural inhomogeneities, chemical 

composition-related issues, and thermal effects in the samples. 

 

 

 
Fig. 6 Metallographic microscope analysis results of the research samples 

 

In Fig. 6b and Fig. 6e, at medium magnification up to X500, the distribution of 

secondary phases in the samples' microstructures is shown more clearly. In 

particular, carbide compounds are distributed non-uniformly and in clusters. In 

some regions, a high density of these phases is observed. At the same time, the 

coexistence of non-metallic inclusions and carbide phases in mixed form is also 

observed in the microstructures. These represent very complex phases. Such 

heterogeneity indicates that diffusion and segregation processes during 

solidification of the molten metal in the mold did not proceed properly. 

In Fig. 6c, at high magnification up to X1000, non-metallic inclusions and 

inclusions of sulfide and oxysulfide types in the form of fine dispersed particles 

are identified in the microstructure. It can be observed that they are non-

uniformly distributed throughout the Fe matrix. In some regions, local 

accumulations are also formed. At the same time, in Fig. 6f, at high 

magnification up to X1000, another microstructure shows relatively larger non-

metallic inclusions along with gas porosity. These casting defects occurred due to 

gas (O₂, N₂, H₂) evolution during melting in the furnace and pouring into ladles 

or due to incomplete removal of slag residues. The large non-metallic inclusions 

and gas porosity remaining in the alloy act as stress concentrators. 
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In the analyzed optical microstructures, troostite, carbides, non-metallic 

inclusions, and gas porosity are observed to be unevenly distributed in a mixed 

form. In particular, their location along grain boundaries forms structurally 

weakened zones. This creates favorable conditions for crack initiation in cast 

products or working components. As a result, it decreases the material's fatigue 

resistance and impact toughness. 

 

SEM–EDS results 

 

The microstructural analysis of the AISI1066 steel sample investigated was 

conducted using scanning electron microscopy (SEM) at different magnifications 

to evaluate the morphology, size, and distribution of non-metallic inclusions. The 

observations revealed a heterogeneous microstructure comprising a continuous 

iron-based matrix and dispersed secondary phases. 

 

 
Fig. 7 Non-metallic inclusions and their size in the AISI1066 alloy structure 

 

At magnifications up to X40, the overall structure shows a relatively 

homogeneous metallic matrix with randomly distributed inclusions. In 

backscattered electron mode, the inclusions were observed as dark contrast 

against a bright Fe-rich background. This indicates that they consist of phases 

with a lower average atomic number. The spatial distribution of inclusions is 

non-uniform. In some regions, localized clustering was observed. Such clustering 

is characterized by the fact that inclusion formation is not entirely random. That 

is, it indicates a relationship with local solidification conditions and the chemical 

composition of the melt. 

 

At higher magnification up to X1000, the shape and size of the inclusions are 

more clearly observed. The inclusions are mainly spherical (globular) and 

irregular in shape, and their sizes range from a few micrometers up to 

approximately 40 µm (Fig. 7). The presence of large-sized inclusions indicates 

that the steel was not sufficiently refined during the melting process. That is, it is 

characterized by incomplete removal of non-metallic phases (Fig. 8). 

It is noteworthy that the inclusions did not exhibit elongated or stringer-like 

morphology. This type is usually observed in plastically deformed steels. In 

contrast, their equiaxed and irregular shapes indicate that the material has 

retained the characteristics of a cast structure. This is consistent with the 

production technology. Furthermore, it indicates that inclusion modification and 

directional alignment have not occurred. 

In some regions, inclusions with indistinct or diffuse boundaries were also 

observed. This indicates the formation of complex inclusions as a result of the 

interaction of several inclusion phases during solidification. Such inclusions 

consist of a combination of oxides, sulfides, and silicates. 

The size distribution of inclusions is of particular importance. Fine inclusions 

(<10 µm) are generally considered less harmful. However, the presence of coarse 

inclusions (~40 µm) is a serious metallurgical issue. Such inclusions act as stress 

concentrators. Especially in components operating under fatigue and impact 

loading, they can serve as crack initiation sites. 

 

 
Fig. 9 EDS spectrum of the investigated AISI1066 steel sample. 

 

From a metallurgical point of view, SEM observations showed that the 

cleanliness level of the investigated steel is relatively low. The heterogeneous 

distribution of large inclusions and their complex morphology indicate that the 

control of inclusion formation during melting and solidification was not  

sufficiently effective. This clearly has a direct negative effect on the mechanical 

properties of the material. 

In addition, the chemical composition of the investigated samples and the 

elemental volumetric distribution were studied using energy-dispersive X-ray 

 

   

   

     
Fig. 8 Spatial distribution of chemical elements in the investigated alloy 
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spectroscopy (EDS). In this case, quantitative analysis and spectral evaluation 

were applied together. 

In the EDS spectrum of the investigated sample presented in Fig. 9, the Fe-K 

peak located in the range of 6–7 keV is clearly observed. In addition, distinct 

peaks corresponding to Mn, Si, Cr, Ni, and Cu elements are also present. This 

confirms the quantitative EDS results. The results also confirm the presence of 

peaks corresponding to C and O in the lower energy regions. This indicates the 

presence of oxide phases in the composition. 

The high sulfur (S) content (0.12 wt.%) in the chemical composition of the 

investigated samples is significantly higher than the limits specified for quality 

steels and AISI1066 steel. This promotes the formation of manganese sulfide 

(MnS) inclusions. That is, the co-presence of Mn and S elements in the regions 

indicates the formation of MnS phases. These inclusions have a significant 

negative effect on mechanical properties. 

The high copper (Cu) content (0.81 wt.%) is not typically intentionally added to 

AISI1066 steel. Therefore, its presence is explained by the use of scrap materials. 

High copper content leads to hot shortness. At the same time, it can also 

deteriorate hot deformation properties. 

At the same time, aluminum (Al) and silicon (Si) elements were detected together 

with oxygen (based on spectral and mapping data). This indicates the presence of 

oxide inclusions, including Al₂O₃ and silicate phases. These inclusions are 

formed during deoxidation processes both inside and outside the furnace. If they 

are not completely removed from the melt, they remain in the metal during 

solidification. The coexistence of sulfide and oxide phases indicates the 

formation of complex non-metallic inclusions. This is considered harmful due to 

their heterogeneous structure and large size. 

 

Deep learning (DL)-based segmentation analysis 

 

The results of deep learning-based segmentation are presented in Fig. 10. The 

figure shows the model dividing the SEM image into the metallic matrix, oxide 

inclusions, and sulfide inclusions. The results obtained are consistent with the 

morphology observed in SEM images and the compositional trends identified by 

EDS analysis. 

 

  
a) b) 

Fig. 10 a) Result of the model analysis of the SEM image based on deep learning 

(DL). At a scale of 10 µm, it is divided into oxide phases in blue and sulfide-type 

non-metallic phases in yellow; b) Histogram of inclusion size distribution in the 

range up to ~40 µm 

 

One important observation from the segmentation results is the clear distinction 

between coarse and finely dispersed particles. The model classifies inclusions 

with sizes ≥30 µm mainly as oxide phases. 

In contrast, fine inclusions are relatively uniformly distributed. They are mainly 

identified as sulfide phases. These types of non-metallics have smoother 

morphology and are usually associated with sulfur segregation during the final 

stages of solidification. The model's ability to distinguish these types 

demonstrates its sensitivity in identifying morphological and textural features. 

In addition, fine particles are clustered in certain regions, while coarse inclusions 

occur separately. This non-uniform distribution indicates that local 

thermodynamic and kinetic conditions in the melt influence the formation of 

inclusions. From a quantitative perspective, Fig. 10b shows that segmentation 

clearly separates inclusion boundaries. 

An important aspect is that the segmentation results are consistent with EDS-

based compositional analysis. That is, the co-occurrence of Mn and S elements 

confirms sulfide inclusions, while Al and Si confirm oxide phases. This 

agreement demonstrates the model's classification accuracy. 

 

 

Classification of non-metallic inclusions 

 

Based on SEM observations and EDS analyses of the investigated samples, non-

metallic inclusions were classified into several main categories based on their 

chemical composition, morphology, and sources of formation. Understanding the 

mechanisms of inclusion formation is important for evaluating their effects on the 

alloy's physical–mechanical properties. 

The relatively high sulfur content (0.12 wt.%) in the sample significantly 

promotes the formation of manganese sulfide (MnS). SEM observations show 

that MnS inclusions are spherical and distributed within the matrix. Elongated 

(stringer) forms typical of deformed steels were not observed. 

The formation of oxide inclusions is mainly associated with aluminum and 

silicon, which are used as deoxidizing elements during the steelmaking process. 

EDS analyses confirm the formation of oxide phases belonging to Al₂O₃ and SiO₂ 

types, and they have a lower atomic number compared to the iron matrix. 

Therefore, they appear as dark, irregularly shaped particles. This indicates that 

deoxidation products were not completely removed from the melt during melting. 

That is, it may be related to insufficient flotation processes and inefficient slag–

metal separation. At the same time, it may also be associated with insufficient 

ladle treatment outside the furnace. 

Oxide inclusions have high hardness and brittleness. Therefore, they are 

considered more harmful than sulfides. During service, they act as stress 

concentrators, which significantly reduces fatigue resistance and impact 

toughness of the components (Fig. 11). 

One important result of the study is the presence of complex inclusions. The 

analysis of the obtained SEM observations shows that some inclusions have 

diffuse boundaries. This indicates that these compounds observed in the alloy 

composition have a multiphase structure. Analysis of the EDS results also 

confirms the coexistence of Manganese (Mn), Sulfur (S), Aluminium (Al), and 

Silicon (Si) in the same region. This suggests that oxide particles act as 

nucleation sites for sulfides. As a result, complex composite non-metallic 

inclusions are formed. 

The above analyses confirm the presence of oxide, sulfide, and complex 

inclusions in the investigated steel. 

 

Formation mechanism of inclusions and their effect on mechanical 

properties 

 

The formation of non-metallic inclusions occurs as a result of complex 

physicochemical processes taking place during melting, deoxidation, and 

solidification. The situation observed in the investigated sample is directly related 

to these processes. Based on SEM–EDS observations, the formation mechanism 

of inclusions is interpreted as a multi-stage process. In this process, the formation 

of oxides, the precipitation of sulfides, and interphase interactions play important 

roles. 

The formed oxides are dispersed in the liquid alloy as fine particles under high-

temperature conditions. However, under real conditions, these particles should 

rise and be removed into the slag. The simultaneous detection of Al, Si, and 

oxygen indicates that this process was not fully completed. As a result, these 

particles act as nucleation sites for the formation of further inclusions. 

Since sulfur has low solubility in the solid phase, it accumulates in the remaining 

liquid phase during solidification. The sufficient presence of manganese (0.81 

wt.%) leads to the formation of MnS inclusions. 

The sulfur content of 0.12 wt.% further intensifies this process, and they are 

typically formed in interdendritic regions. 

One of the main results of the study is the formation of complex inclusions. Such 

inclusions form as a result of interactions between oxide and sulfide phases. 

Fine oxide particles such as Al₂O₃ and silicates serve as heterogeneous nucleation 

sites for MnS. During solidification, sulfur and manganese diffuse toward these 

particles, forming composite inclusions. 

The presence, size, morphology, and distribution of non-metallic inclusions are 

important factors determining the quality of steels. In the investigated AISI1066 

steel, sulfides (MnS), oxides (Al₂O₃, SiO₂), and complex multiphase inclusions 

are present. This clearly has a negative effect on the mechanical properties of this 

alloy. 

 

DISCUSSION 

 

There is a difference between these non-metallic inclusions and the metallic 

matrix in terms of mechanical properties. This difference serves as stress 
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concentrators. That is, oxide inclusions are highly hard and brittle. Therefore, 

they have weak bonding with the Fe matrix. Under external loading in working 

components, these interfaces become the most favorable sites for crack initiation. 

 

Based on the results of SEM–EDS analysis, it can be stated that sulfides, oxides, 

and complex multiphase particles are present in the investigated AISI1066 steel. 

In secondary metallurgy processes, significant reduction in the size of non-

metallic inclusions and improvement of their morphology in the alloy can be 

achieved by applying methods such as secondary refining, argon stirring, and 

calcium treatment [21–34, 57,58,59]. 

The results show that the identified coarse, complex, and non-uniformly 

distributed inclusions are related to the limitations of scrap-based melting. 

According to the analysis of the study, the investigated material has a low level 

of cleanliness. This is expected to negatively affect its mechanical properties. 

 

CONCLUSION 

 

In this study, the formation, composition, and effect of non-metallic inclusions in 

AISI1066 steel alloy obtained by melting secondary metal scrap in an electric arc 

furnace were analyzed using combined SEM–EDS and deep learning (DL)-based 

segmentation methods. Based on the obtained results, the following conclusions 

were drawn: 

Non-metallic inclusions unevenly distributed in the Fe-based matrix were 

identified in the alloy microstructure. Their sizes ranged from a few micrometers 

up to ~40 µm. The presence of such large inclusions indicates that the 

investigated alloy has a low level of cleanliness. 

The analysis of the research proved that MnS, Al₂O₃, SiO₂, as well as gas 

porosity, are concentrated in one region of the alloy and have formed non-

metallic inclusions and phases consisting of complex multiphase particles. The 

sulfur content of 0.12 wt.% and manganese content of 0.81 wt.% in the samples 

led to an increase in the natural formation of MnS. The copper content of 0.81 

wt.% indicates contamination from the uncontrolled composition of secondary 

metal scrap. 

The deep learning-based segmentation results enabled automatic detection and 

classification of inclusions. The results showed that coarse inclusions (≥30 µm) 

are primarily oxide phases, whereas fine inclusions (<20 µm) are primarily 

sulfide phases. The agreement of these results with SEM and EDS analyses 

confirms the accuracy of the model. 

Based on the size distribution histogram, the majority of inclusions are located in 

the range of 10–25 µm. However, the presence of coarse inclusions in the range 

of 30–40 µm was also identified. This distribution was shown to have a right-

skewed character. 

The mechanism of non-metallic inclusion formation during secondary melting 

was explained by the initial formation of oxides during deoxidation, followed by 

the precipitation of MnS sulfides during solidification and their interaction 

leading to the formation of complex inclusions. 

The identified coarse oxide inclusions up to ~40 µm act as stress concentrators. 
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