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Three-dimensional Investigations of Different 

Sulfides in Steels by Using Electrolytic Extraction 

Abstract 

The emphasis of this study is focusing on three-dimensional (3D) investigations of the 

manganese sulfide (MnS) inclusions characteristics in steels by using electrolytic extraction 

(EE). Two steel grades, 42CrMo4 and 157C, heat treated (HT) at 900 oC were investigated. 

42CrMo4 steel samples were heat treated for 5, 10, 15 and 30 minutes while 157C steel 

samples were heat treated for 5 minutes. Samples of 42CrMo4 were taken from middle zone 

of an as-cast steel bar while that for grade 157C were taken from 3 different zones (centre, 

middle and surface). Inclusions were collected on film filters and analyzed by SEM for 

classification and determination of their characteristics including the size, number density, 

morphology and composition. The aspect ratio (AR) as well as particle size distribution (PSD) 

were also compared for steel samples conducted at various HT times. The result showed that 

EE is a reliable method of investigation inclusion characteristics. The inclusions were 

classified into 3 types according to their morphology and composition. Type I was elongated 

rod-like MnS, type II was coarsened sheet-like MnS and type III was spherical MnS inclusions. 

In addition, HT significantly reduced the Nv and fairly reduced AR but no significant reduction 

in size observed. The peak of PSD decreased with an increased HT time. The change of Nv, 

length, AR and PSD could be altered because of uneven inclusion distribution in filter and 

different sampling positions.   

 

 

Keywords: Electrolytic extraction (EE), Manganese sulfides (MnS), Heat treatment (HT), Size, 

Number density per unit volume (Nv), Morphology, Aspect ratio (AR), Particle size 

distribution (PSD) 
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1 Introduction 

1.1  Problems of non-metallic inclusions (NMI) on 

mechanical properties of steel  

It has been well known that the final mechanical properties of the steels are significantly 

dependent on the characteristics such as size, number, composition and morphology of 

non-metallic inclusions (NMI) in steel. The inclusions have been regarded to be very 

detrimental to mechanical properties due to that they provide sites for micro voids and 

cleavage crack in steel. In addition, stress magnitude in local area of steel could be increase 

due to NMI.[1] These NMI may dissolve or stay in solid determined by the melting point and 

the thermodynamic stability of that specific inclusions at the steel making temperature and 

composition. If NMI dissolve, formation of new inclusion may result from a local high oxygen 

or sulfur content. If NMI stay solid, a strong deoxidants that dissolved in the liquid steel may 

react with them under formation of complex inclusion. Also, solid inclusions probably act as 

nucleation sites if the sizes are small. Besides, there is a chance that these solid inclusions 

collide with each other to form clusters. Therefore NMI is always a typical problem in the 

steel industry. Thus the appropriate quantitative analysis of inclusions in metal samples of 

different steel grades is very important for controlling the steel production. These inclusions 

including brittle oxides and more ductile Manganese sulfides (MnS). They have negative 

impact on fatigue endurance limit, notch toughness, transverse tensile properties, and 

anisotropy of these properties with respect to the rolling direction. [2] Based on the 

deformation characteristics during metalworking, inclusions are categorized into 4 primary 

types according to Swedish standard SS111116. Type A is ductile inclusions while type B is 

brittle inclusions. Type C is brittle ductile inclusions and type D is hard inclusion. MnS, along 

with calcium silicates and manganese silicates of relatively high SiO2, is belong to type A that 

they follow the steel’s deformation direction when conducting metalworking. MnS inclusions 

may elongate in rolling direction when being rolled to steel slabs, steel bars and other steel 

products. [3] [4] [5] [6] 

 

In this article, the study of inclusions is focused on the MnS, a frequently observed NMI in 

steel. Heat treatment is always a proper and necessary process to improve the MnS 

characteristics so that the steel quality can fulfill the severe requirement. However, 

nowadays, the level of precision of investigation methods is still a big challenge that 

conventional two-dimension (2D) observation method (CS) by light optical microscope (LOM) 

or scanning electron microscope (SEM) on polished cross section of steel samples is not 

accurate enough to evaluate the effect of heat treatment on the improvement of MnS 

characteristics. In traditional 2D method, the morphology, size, number and composition can 

be roughly evaluated. This method has been modified to a partial three dimensional 3D* 

method (CSE) that cross section of steel sample is observed after etching. CSE method is 
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good at obtaining the morphology, size and composition of inclusion while the number of 

inclusions can only be counted roughly as in CS method. Three dimensional method (3D), 

inclusions are extracted from metal matrix and collected by a filter observed by scanning 

electron microscope (SEM), is the most accurate method of investigation in the state of art in 

which the inclusion characteristics could be assessed in a very high level of precision in spite 

of the long sample preparation time. As a consequence, a 3D method is used for MnS 

inclusion investigation in this study.  A detailed comparison between the traditional 2D 

method, partial 3D* method and 3D method is discussed in section 1.6. [5] [7] [8] [9] [10] [11] 

 

 

 

1.2  Influence of steel properties by MnS 

MnS inclusions, which are not desirable in steel sheets, are, however, not possible to avoid. 

Low sulfur contents could be obtained after the desulfurization process in ladle treatment, 

but it is not possible to remove all the sulfur. During solidification, part of the steel becomes 

solid first. Because the solubility of sulfur in solid steel is lower than that in the liquid form, 

sulfides precipitate to the liquid form steel once the concentration of sulfur is sufficiently 

high. Therefore, finished steel products always contain sulfides. Iron sulfides are probably 

formed when the iron in steel reacts with sulfur. These have a negative impact on hot 

ductility which would lead to red brittleness. Alloying with manganese which has a 

significantly higher affinity for sulfur than iron is a usual practice to prevent the formation of 

low-melting point films of iron sulfides in steel. As MnS inclusions have a higher melting 

point than steel, they would first be released to the liquid state steel. When all the liquid 

steel becomes solid as temperature decreases, MnS inclusions remain inside the steel. [12] [13] 
[14] 

 

Although MnS could improve the machinability of steel, it is not suitable in some steel 

grades such as sheet steel. Soft MnS inclusions are ductile that they could be compressed to 

elongated shape during rolling resulting in deterioration of the steel’s transverse properties 

like the transverse toughness and fatigue strength. Figure 1 obtained from S. B. HOSSEINI’s 

study shows that the MnS inclusions in short transvers direction of steel fractured in a much 

smaller stress interval, that for longitudinal direction fractured the higher stress interval of 

fracture. Void formation would occur due to the fracture which further affect the mechanical 

property of steel. The anisotropic behavior was the negative consequence. [13] [15] [16] 
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Figure 1 Tensile test results for specimens L1, L2, L3, S1, S2, and S3.[17] 

 

 

Corrosion resistance, stress corrosion cracking (SCC) for example, in stainless steel can also 

be weaken by the presence of MnS. The sharp edge of MnS inclusions could act as stress 

concentrators. Because of the larger coefficient of the thermal expansion, MnS introduce 

compressive residual stresses into the surrounding steel matrix. These stresses may force 

phase transformations of steel. In spite of the unwanted effect of MnS on the steel 

properties, MnS inclusions have attractive applications. Refining the microstructure of steel, 

improving the mechanical properties of the heat-affected zone in high heat input welding 

steel and providing good cutting performance in free-cutting steel are the common 

utilization of MnS inclusions. Like other NMIs, the influence of MnS inclusions on the 

material properties of steel is highly related to their characteristics such as morphology, size, 

and their distribution. [17] [18] [19] [20] [21] [22] Heat treatment is a possible process to transfer the 

undesired MnS characteristics to beneficial ones. 
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1.3  Formation mechanisms of different types of MnS and 

their impacts on steel  

1.3.1 Previous researchers’ classification and formation mechanisms  

According to Sims and Dahle, MnS can be generally divided into 3 types based on their 

morphology as shown in Figure 2: Type I is globular MnS. Type II is fine rod-like MnS. Type III 

is angular MnS. [18] [23] [24] [25] 

 

 

Figure 2 Typical 3-D SEM morphologies of electrolytically etched MnS: (a) Type I; (b) Type II; (c) Type 

III[18] 

 

In addition, sheet-like MnS inclusions are classified as Type IIS while faceted MnS is classified 

as Type IIF inclusions in the study by H. Fredriksson and M. Hillert shown in Figure 3. [26] 

 

 

Figure 3 Morphologies of sheet-like (left) and faceted MnS (right) [26] 

 

  The oxygen (O) content and sulfur (S) solubility are not the same in these 3 types of MnS 

inclusions. Type I MnS inclusions are usually formed in rimmed or semikilled steel having a 

high O content and a low S solubility so a precipitation of sulfide at a comparatively high 

temperature is possible. Type I inclusions are often observed in multiphase inclusions. Type II 

MnS inclusions regarded as grain boundary sulfide, are typically present in killed steels which 

are thoroughly deoxidized with Al but without an excess of Al. The O content in type II is low 

while the S solubility is high. As a result, the sulfide phase precipitates late during the last 

parts of the steel ingot to solidify that Type II is normally found in the primary grain 
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boundaries in a dendritic pattern. Type III inclusions are irregular and they are frequently 

found in steels deoxidized with an excess of Al. They usually have an angular shape, and are 

randomly distributed in the steel. The liquid steel has low O content and S solubility 

compared with steels forming type II sulfides, since the Al content in solution in the liquid 

steel is high. There is no significant difference between type I and type III inclusions, in spite 

of that type III inclusions mostly form monophase inclusions. [18] [27] [28]  

 

These MnS inclusions in steel formed during solidification. Their morphology is dominated 

by the precipitation mode and the growth conditions. [29] [30] [31] A monotectic reaction and 

subsequent fast solidification result in globular type I MnS. The formation of Type II MnS is 

the result of a eutectic reaction followed by the growth in the Fe matrix. Type III inclusions 

are formed through an irregular eutectic reaction. In sulfur-lean melts of steel, after the 

primary crystallization of Fe phase during solidification, secondary MnS inclusions with 

different morphologies are formed. Type I globular or droplet shaped inclusions are formed 

from a monotectic reaction. Type II Rod-like inclusions are formed as a result of a eutectic 

reaction. In sulfur-rich melts, the primary crystallization phase is MnS. The morphologies of 

these primary MnS are dependent on additional elements into the melt as well as the melt 

atmosphere. In these case, morphologies could be spherical, dendritic and angular. The 

monotectic and spherical types of MnS are formed via metastable reactions, while the other 

types of MnS are formed due to stable reactions. Both stable and metastable reaction are 

achieved by addition of elements or compounds. TiN and Al2O3 would facilitate the stable 

eutectic reaction, dendritic and the angular morphology through acting as nucleants for the 

MnS crystalline phase. The oxide of Ti-Mn-O system may be present as molten oxide droplets, 

playing a role of nucleants for the separation of liquid MnS and to promote the metastable 

reaction resulting in monotectic MnS morphology. Carbon and silicon are the elements that 

raises the activity of sulfur in iron and which lowers the melting point of iron. This could 

cause a bigger temperature difference between the eutectic and monotectic points, so that a 

stable eutectic reaction is promoted. [26] [27]  

  

1.3.2 MnS properties and harmfulness on steel properties 

MnS inclusions are beneficial to the machinability of steel that machining cost can be 

saved by a chip embrittlement, tool protection and flow zone improvement. However, the 

drawback of MnS inclusions on the mechanical properties of steel cannot be ignored. The 

balance between steel strength and machinability is necessary maintain. The melting point 

of MnS is 1655 oC. The hardness of MnS is temperature dependent and it decreases almost 

linearly with an increasing temperature. It is 170 HV for pure MnS at an ambient 

temperature. At 1000 oC, the hardness of MnS is only 1/10 of the initial hardness. The 

temperature dependent hardness is thus important to the deformability of MnS when being 

rolled or forged. [32]  

 

  The impacts on steel properties varies for different types of MnS. Because of 
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comparatively smaller dimensions, type II MnS inclusions classified by Sims and Dahle are 

inferior to type I and type III. Type II inclusions have a harmful influence on ductile fractures. 

According to the differences in morphology and distribution among various types of MnS, 

type I and type III MnS are more beneficial compared with type II MnS due to their 

appropriate sizes and uniform distributions. Type II inclusions are elongated MnS inclusions, 

acting as both the voids nucleation sites and the crack propagation paths. The failure 

mechanism of steel is related to the nucleation, growth and coalescence of voids formed due 

to particle fracture or separation particle/matrix interface. The ease of formation of voids at 

the MnS inclusions at the metal matrix interface notched by the elongated MnS inclusions is 

the key for the ductile failure of steel. It is normally shown that crack initiation notched with 

an elongated MnS inclusion’s acute edge. Furthermore, the difference in the elastic modulus 

between the metal matrix and MnS inclusions generates shear stress at the interface 

between the metal matrix and MnS inclusions as well as at the acute angles between the 

elongated MnS inclusions and the metal interface. Besides, The metal matrix are harder than 

MnS inclusions and the brittle MnS inclusions are easily broken to nucleate voids which 

would grow in the direction of the elongated MnS inclusions. Elongated MnS inclusions are 

highly probably the reason for steel deformation and fracture, local ductility of steel with 

elongated MnS is small. Therefore controlling MnS in steel is essential and discussed in next 

section. [32] [33] [34] 
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1.4  Control and modification of MnS inclusions 

  To achieve an excellent material properties of steels, MnS inclusions must be strictly 

controlled to be small, uniformly distributed and to have a spherical shape. Not only 

hot-working and thermos-mechanical conditions but also alloying elements are the 

dominating factor of MnS characteristics. [35] [41] 

 

  Alloying with rare earth metal REM, typically cerium Ce, is an effective way to modify 

elongated MnS inclusions to the desired shape and to reduce their number in steel. In the 

research conducted by Guojun Cai et. Al, various weight percentage (wt. %) of Ce was added 

to AISI 202 stainless steel. The result showed that When wt. % ([Ce]) is less than 0.011 wt.%, 

sulfide inclusions could be controlled, and the cluster of MnS, CeAlO3, CeS, and Ce2O2S 

multiphase inclusions occurred in steel. With 0.011 wt.%<W ([Ce]) <0.016 wt.%, the 

spherical multiphase inclusions containing CeAlO3 and Ce2O2S were obtained, and at the 

same time, CeS and MnS inclusions were not present in steel. The change of MnS 

morphology as the increase of Ce addition is shown in Figure 4 below. The more Ce addition, 

the less MnS was found in the steel. However, if addition of Ce was more than 0.016 wt. %, 

the corrosion resistance of steel was weaken. [36] [37]  

 

 

Figure 4 Morphologies of inclusions in AISI 202 stainless steel and x-ray EDS analysis: (a) No Ce addition; 

(b) 0.005 wt. % Ce additon; (c) 0.011 wt. % Ce addition [36] 
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  Apart from the Guojun Cai’s research, another research by S.K Paul et. Al showed addition 

of Misch metal (Ce-50%, La-22.5%, Pr-5.0%, Nd-12.5% and Fe-10%) at the rates of 0.35, 0.85, 

1.2 Kg per tonne of steel into the steel (commercial grade 20MnCr5) changed the inclusion 

parameters. A distinct change in inclusions was observed in the middle and right hand side of 

Figure 5 when adding of 0.85 kg per tonne misch metal. [38] [39] [40] 

 

 
Figure 5 Morpologies of MnS inclusions: Elongated MnS (left); Re-enriched MnS precipitating around 

oxides (middle); spherical rare earth oxysulfides with a sulfide rim (right). [38] 

 

The complex spherical rare earth oxysulfide inclusions with sulfide rim were present. When 

the misch metal addition reached 1.2 Kg per tonne of steel, MnS inclusions were totally 

eliminated. Generally, misch metal addition resulted in an increment of small inclusions and 

a decrease of large inclusions so that the harmful effect on steel properties could be 

minimized. 

 

  Heat treatment instead of alloying is a typical steel making process in the industry to 

modify the MnS morphology. When a steel is being hot deformed, and the hot deformation 

temperature is higher than the precipitation temperature of MnS, MnS could be dissolved in 

steel. When being hot-rolled, a small amount of MnS inclusions in steel lead to less chance 

that medium size MnS being rolled to elongated MnS inclusions achieving a smaller side 

effect on mechanical properties of steel. Furthermore, the heating rate, soaking time and 

soaking temperature in heat treatment were found to play an important role on shape 

control of large-sized elongated MnS inclusions. Y.V.Murty reported that the maximum 

deformability of sulfides appeared in γα transformation temperature for AISI 4340 

steel. In other words, the highest plasticity of this steel was in the temperature range 900 to 

1000 oC. Significant coarsening of sulfide stringers during the early stages of homogenization 

subsequent to a hot-rolling was also reported. [41] Xiaojing Shao et. al reported that 5 minutes 

heat treatment soaking time around 1000 oC is sufficient for a separation of elongated MnS 

in a commercial rolled steels of a resulfurized free-cutting steel. A high heat treatment 

temperature is more likely to result in spindle-like MnS with small sizes. The major 

compositions are C-0.086 wt. %, Si–0.01 wt. %, Mn-1.02 wt. % and S-0.32 wt. %. Long 

soaking time reduced the number density of large-sized MnS inclusions. An increased 

soaking temperature resulted in decreased in aspect ratio, rapid change in mean aspect ratio 

as shown in Figure 6. [42] 
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Figure 6 Aspect ratio (left); Change of aspect ratio (right) at different soaking temperature [42] 

 

A long soaking time at a high temperature had a significant effect on the morphology change 

for MnS inclusions, as shown in Figure 7 .  

 

Figure 7 MnS morphologies at different soaking time [42] 

 

In addition to the aspect ratio and morphology, the MnS number density and mean length 

were observed that they changed with the soaking time in Xiaojing Shao et. al’s study on a 

commercial continuous cast billets of resulfurized non-quenched and tempered steels. The 

compositions were C-0.48 wt. %, Si–0.45 wt. %, Mn-1.36 wt. % and S-0.043 wt. %. Figure 8 

below shows the mean length and number density of MnS inclusions in certain length 

dropped as the increase of soaking time. [18] Heat treatment was recognized as the effective 

way for a morphology modification of elongated MnS so that the shape of MnS transformed, 

by the control of thermodynamics and kinetics, into more desirable ones such as spheroidal 

or spherical shapes. [25] [31] [43] [44] [45] [46] [47]  



~ 10 ~ 

 

  

Figure 8 Number density of MnS (left); Mean length and number density of MnS (right) at different 

soaking time [18] 
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1.5  Classification of MnS inclusions in this study 

In this study, the classification of MnS inclusions was different from the classification by 

Sims and Dahle. [23] Our classification is revised based on the MnS inclusion morphology and 

their harmfulness on steel. In our classification, type I inclusions were elongated rod-like 

MnS inclusion. They had very sharp edges and seriously adverse impact on steel property. 

Type II was coarsened MnS inclusion. The edges of type II inclusions were not as sharp as 

those of type I inclusions so they probably had a less negative impact on the steel property 

compared with type I inclusions. Type III MnS inclusions were observed mostly to have a 

spherical shape and the rest of type III were found to have an angular shape. The type I and 

type III inclusions classified by Sims and Dahle are grouped into type III in this study. Type III 

inclusions have positive impact on machinability of steel and have no serious deterioration of 

transverse impact properties. [26] Type I, type II and type III, are referred to our classification 

in this study as shown in Figure 9. 

 

Figure 9 Classification of MnS inclusions in our study: Type I (left); Type II (Middle); Type III (right) 
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1.6  Investigation methods 

2D and 3D methods 

With a view to fulfill increasing demands on high quality steel, manufacturing commercial 

steel with outstanding material properties. It is a must that a good knowledge of inclusion 

characteristics in steel at every steel making procedure is highly required for control and 

improvements of the quality of the final products. 2D and 3D methods can be used for 

investigation. Previous researches showed that 3D investigations are more reliable and 

precise than 2D investigations. [11] [48] [49] [50] [51] 

 

A 3D method has a higher accuracy than a traditional 2D method and a partial 3D* 

method, but there is still a limitation. The use of an extraction solution has to be done very 

carefully so that investigated inclusions should not be dissolved by the selected electrolyte. 

In addition to the damage of inclusions, alloying elements in the steel might form new 

phases during an electrolytic extraction. These phases could cover the surface of the film 

filter, making the inclusion observation difficult. Compared with conventional 2D method, a 

3D method is quite time consuming. A comparison of the application of 2D and 3D 

investigation methods of nonmetallic inclusions particles and clusters in metal was 

conducted in Diana Janis’s et al study [7] and is summarized in the Table 1 below: 

 

Table 1 Application of different methods for 2D and 3D investigations of NMI particles and 

clusters in metal sample [7] 

inclusions and 

clusters 

characteristics 

On a cross section 

of a metal sample 

(CS, 2D) 

On a cross section 

of a metal sample 

after etching (CSE 

3D*) 

On a surface of a film 

filter after extraction 

and filtration (EE, 

3D) 

Time for sample 

preparation  

short Short / moderate Long 

Morphology Possible Good Very good 

Size 

(i) Inclusions Rough Possible / good Precise 

(ii) Clusters Rough Possible / good Precise 

Number Rough Rough Precise 

Composition 

(i) Inclusions Possible / good Good Good 

(ii) Effect of metal 

matrix 

High effect No / small effect No effect 

Location in metal 

specimen 

Very good Good Impossible 

*Partial 3D investigation 

 

 

The problem of an inaccurate inclusion size in a traditional 2D method may be due to cutting 
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angle of the polished surface. Figure 10 shows inclusions obtained from some cutting angles 

and cross sections for a 2D investigation. Real size might not be revealed if there was an 

angle θ between the rolling direction and the polishing direction. Inclusions might be 

damaged in a certain cutting angles so that a shorter length is shown. For other larger cutting 

angles, mislead by the close distance between 2 inclusions, the observed length may be 

larger than the real length. The larger the cutting angle, the larger the error due to higher 

number of cut inclusions. Broken inclusions are also possible in the studied cross section. [17] 
[52] 

 

 

Figure 10  inclusions in different cutting angle (left) and cross sections (right) 

 

In the partial 3D* CSE method, the estimation of the size and number of inclusions is not as 

precise as for the 3D EE method because of the incomplete removal of inclusion particles and 

clusters from the metal surface during etching so that some inclusions still remain in small 

cavities of the surface of the metal. Another reason is that inclusions may not be completely 

extracted from the metal matrix. Apart from the size and number, the composition is a key 

characteristics of inclusions. Error always comes from the matrix of the steel when using the 

2D CS method and partial 3D* CSE methods while there is no effect from steel matrix 

influencing the composition analysis result because inclusions is collected on a 

polycarbonate (PC) film filter. According to H. Doostmohammadi et. al.[53] , EE method in 

general has a higher accuracy than CS and CSE method except for carbides composition 

analysis which is affected by the PC filter. The critical size for a correct composition analysis 

in CS and CSE is 15μm while that for EE is 6μm. [53] 

 

900 oC is a typical heat treatment temperature in which steel undergoes a γ→α 

transformation as shown in Figure 11 below. This is the iron-carbon phase diagram showing 

carbon content of cementite Fe3C. 100 wt. % FeC3 is in the position of a 6.67% wt. % carbon 

content. The desired steel properties can be achieved in this heat treatment temperature. 

The carbon content range is from 0.02 wt. % to 1.5 wt. % dependent on types of steel. [54] 

Rolling direction 

Polishing direction 
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Figure 11 Fe-C phase diagram 

 

In spite of the high precision of 3D method, attention should be drawn from problem raised 

from extraction solution and extraction parameters. A sufficient dissolved depth of metal is 

required to collect enough inclusions. Otherwise, some large-sized inclusion in the inner part 

of the metal would be ignored. An efficient extraction speed without dissolving the studied 

inclusions is also essential.  Diana Janis et. al. [7] compared different extraction methods, 

sμmmarized the dissolution rates and dissolved depth for 5 types of extraction solution, 

namely, BrM (5 v/v% bromine-methanol), IM(14 w/v% iodinemethanol), 10%AA (10 v/v% 

acetylacetone-1 w/v% tetramethylammonium chloridemethanol), 4% MS (4 v/v% 

methylsalicylate-1 w/v% tetramethylammonium chloride-methanol), and 2% TEA (2 

v/v%triethanolamine-1 w/v% tetramethylammonium chloridemethanol ). The comparison of 

the results in Figure 12 and Table 2 shows the optimum extraction method for investigation 

of Al2O3 was to use a 10% AA with one-side (1-sd) extraction by which the dissolved depth 

was 2 times deeper than the 2-sd extraction. [7] Therefore, 10%AA is selected as the most 

suitable extraction solution to use a 1-sd extraction to avoid a serious dissolution of MnS.  
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Table 2 Comparison of EE parameters of various EE methods [7] 

Dissolution parameters Acid 

Extraction method 

Halogen-alcohols Electrolytic extraction 

5% 

Bromine-me

thanol 

14% Iodine-methanol 10% AA 4% MS 2% TEA 

Dissolution ratio of Al2O3 (%)       

(i) Particle < 0.1μm  
4.0 - 

6.7 
0.4 – 0.5 0.10 – 0.13 

0.006 – 

0.007 
-  

(ii) Particle ~ 1μm  0.021 0.016 < 0.003 -  

Dissolution rate (g/min)  0.006 – 0.015 0.002 – 0.006 
0.0004 – 

0.001 

0.0004 – 

0.001 

0.0004 – 

0.0007 

Depth dissolution rate  

(μm / min) 
 2.07 – 5.17 0.69 – 2.07 0.14 – 0.35 

0.14 – 

0.35 

0.14 – 

0.24 

 

 

    
Figure 12 dissolution rate (bottom left) and dissolved depth (bottom right) of different extraction 

methods for inclusion Al2O3 
[7] 
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1.7  Aims of study 

The objectives of this study were to: 

 

(1) Assess the reliability of 3D investigation of MnS by using EE 

 

(2) Study the MnS inclusion characteristics including size, number density, aspect ratio (AR), 

particle size distribution (PSD) and morphology, in 42CrMo4 steel at different holding 

time at 900 oC heat treatment (HT) temperature. 

 

(3) Investigate of MnS characteristics in industrial samples of 157C steel after 5 minutes HT 

at 900 oC. 

 

(4) Evaluate the effect of different sampling zones on the assessment of MnS characteristics 

from the same 157C steel samples. 

 



~ 17 ~ 

 

 

2 Experimental setup and procedures 

2.1  Parameter selection 

The heat treatment parameters were selected with the reference from the study of 

Xiao-jing Shao et. al [18] as shown in Figure 13 which reported that the number density of 

large-sized MnS inclusions became smaller as HT soaking time increased accompanied with 

the increase of small-sized inclusions at 1200oC. Meanwhile, a splitting of MnS inclusions was 

observed when the HT temperature increased to 800 oC with 5 minutes soaking time. This 

showed that the decrease of large-size MnS was probable caused by inclusion splitting during 

a morphology evolution. Since there were no available data at 900 oC for a longer HT soaking 

time in the study of Xiao-jing Shao et. al [18], 900 oC HT with a maximum 30 minutes soaking 

time was used in our study. 

   

Figure 13 Changes in aspect ratio (left) and number density (right) of MnS inclusions with increasing 

soaking temperature and time in HT respectively [18] 
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2.2  Samples 

In this research, two steel grades 42CrMo4 and 157C were studied. Their heat treatment 

time, compositions and the sampling zones cut from the radius of a steel bar are shown in 

Table 3 and Figure 14 below: 

 

Table 3 Compositions of steels 

Steel 

Grade 

Sampling 

zone 

HT / 

min 

Compositions wt. % 

C Si Mn P S Cr Ni Mo Fe 

42CrMo4 

Φ = 120mm 

HT 900
o

C 

Middle (M) 

[Sampling 

zone in steel 

industry] 

5 

0.42 0.25 0.80 
< 

0.035 
0.025 1.05 

< 

0.030 
0.20 Bal. 

10 

15 

30 

157C 

Φ = 90mm 

HT 900
o

C 

Centre (C)  

5 

0.17 

 –  

0.22 

0.20  

–  

0.30 

0.55  

–  

0.65 

0.015 0.003 

0.50  

–  

0.60 

1.65  

–  

2.00 

0.23 

 –  

0.28 

Bal Middle (M) 

Surface (S) 

 

 

 
Figure 14 Sampling zones cut from the radius of a steel bar 
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2.3  Electrolytic extraction (EE) and filtration 

Samples were polished and thereafter they undergone one-side electrolytic extraction by 

10% AA (10 v/v% acetylacetone-1 w/v% tetramethylammonium chloridemethanol). The EE 

parameter for 42CrMo4 is 500C, 30 – 62mA while that for 157C is 1000C, 11 – 55 mA. The 

schematic diagram and picture of EE are illustrated in Figure 15. 

 

                

 

Figure 15 Schematic diagram of electrolytic extraction (left) and filtration (right) 

 

 

After an EE, inclusions were released to the electrolyte and collected by a 0.4 μm 

polycarbonate (PC) filter and analyzed by scanning electron microscope SEM (S3700N, 

Hitachi).  

 

  The length (𝑙), width (𝑤), and height (ℎ) of each samples were measured before the 

experiments. In addition, the weight of samples was measured before and after an extraction 

to enable the determination of the number density per unit volume. 
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2.4  Investigations of MnS  

 

Figure 16 PC film filter and observation area 

 

The inclusions on surface of film filter were analyzed by SEM (S3700N, Hitachi) with 

energy-dispersive X-ray spectroscopy (EDX). According to Figure 16 above, the piece of PC 

film filter was cut and pasted on conducting graphite tape, which is already fixed on the 

surface of aluminum holder. In order to make it convenient for a SEM observation, 2 different 

zones (top and bottom) are marked. Back-scattered electrons (BSE) mode was chosen for 

observation, since heavy elements with high atomic number backscatter electrons are 

stronger than the light ones, which in turn became much brighter in the photo. The working 

distance was around I0 mm. Zigzag scanning on filters with magnifications x200 and x500 

were used for analysis of inclusion characteristics such as size, number density (Nv) per unit 

volume and particle size distribution (PSD) of inclusions as shown in Figure 17.  

 

 
Figure 17 SEM image for determination of inclusion size and number density 
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Higher magnifications (1000X – 2000X) were used to check the morphology of inclusions 

as shown in Figure 18. EDX was used to determine the compositions of inclusions 

 
Figure 18 SEM image for spherical inclusions in magnifications 200x (left) and 2000x (right) 

 

 The dimension measurement for MnS inclusions is illustrated in Figure 19 below:   

 

Figure 19 illustration of dimension measurement for MnS inclusions 
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3 Results and discussions 

There were 4 samples in 42CrMo4 steel with various heat treatment (HT) soaking times (5, 

10, 15 and 30 minutes). The time(s) of electrolytic extraction (EE) for each sample and their 

dissolved weight and depth are listed in Table 4. Also there were 3 samples from various 

sampling zones (centre, middle and surface) taken from 157C steel with only one extraction 

for each sample.  

 

Table 4 Time(s) of electrolytic extraction (EE) and dissolved weight and depth for 42CrMo4 samples 

Steel 

sample 

Sample after 

EE  

(EE sample)   

Time(s) of EE 
Dissolved 

weight / g 

Dissolved 

depth /μm 
HT / Min 

IMA-900-1 
IMA-900-1-1 1 0.1284 - 

5 
IMA-900-1-2 2 0.0833 75 

IMA-900-2 IMA-900-2-1 1 0.1153 129 10 

IMA-900-3 
IMA-900-3-2 2 0.1296 - 

15 
IMA-900-3-3 3 0.0829 67 

IMA-900-4 
IMA-900-4-2 2 0.1341 96 

30 
IMA-900-4-3 3 0.1096 77 

Dataset EE sample 

Dataset 1 (DTSET 1): 

 

IMA-900-1-1 

IMA-900-2-1 

IMA-900-3-2 

IMA-900-4-2 

Dataset 2 (DTSET 2): 

 

IMA-900-1-2 

IMA-900-2-1 

IMA-900-3-3 

IMA-900-4-3 

 

From Figure 20 below, the times of electrolytic extraction for 42CrMo4 samples in 5, 10, 15 

and 30 minutes heat treatment were 1, 1, 2 and 2 respectively. Their population was plotted 

in data set 1 (DTSET 1).  The deeper the dissolved depth, the higher number of inclusions 

could be extracted.  The dissolved depth for 10 minutes heat treatment sample was enough 

to obtain a higher number of MnS inclusions to render a more correct result. As the 

dissolved weight and depth were different for each sample, the number density (Nv) per unit 

volume (mm3), were used for investigation instead of observed number. Nv was calculated in 

the equation (1): 
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(1) 

where n is the number of inclusions observed. Af is the area of film filter. Aobs is the observed 

area in SEM. Wdis is the weight dissolved of sample in EE. ρm is the density of steel (0.00785 g 

/ mm3). 

 

To obtain a more accurate result and compare to the number density Nv of type I MnS 

inclusions in different times of extraction, samples with 5, 15 and 30 minutes heat treatment 

time were conducted during an extra EE. The result was plotted as DTSET 2 in the same 

figure. The classification of MnS inclusion will be discussed in section 3.3. The result showed 

that there was a significant difference in Nv of type I MnS inclusions for a 15 minutes heat 

treated sample between the two datasets. The Nv value was double in DTSET 2 than that in 

DTSET 1, while Nv was only 20% and 4% higher in the 5 and 30 minutes heat treated samples 

respectively. The remarkable difference was possible due to an uneven particle distribution 

on PC filter which might resulted from filter vibration in SEM sample preparation or during 

sample transportation. Therefore, the result from DTSET 2 had a higher accuracy than DTSET 

1 and it was used in the further investigations of the inclusion characteristics. 

 

 
Figure 20 Number density of type I MnS inclusions for different datasets in 42CrMo4 
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3.1  Inclusion shapes 

  There are three types of shapes of MnS inclusion observed as shown in Table 5 below. The 

completed shape inclusion is named an unbroken-unbroken (UU) inclusions in which the two 

sharp edges could be observed. The semi-completed shape inclusion is named an 

unbroken-broken (UB) inclusions in which only one sharp edge remained and the other was 

broken. The remaining one is called a broken-broken (BB) inclusions since the two sharp 

edges were broken.  

Table 5 Image of different shapes of inclusions 

Shape Image 

Unbroken 

unbroken 

 (UU) 

 

Unbroken 

broken  

(UB) 

 

Broken 

broken (BB) 
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The population of the three kinds of inclusion shapes is shown in Figure 21 below. Almost 

70% of the observed inclusions have an unbroken–unbroken (UU) shape, showing that an 

electrolytic extraction EE with a 10% AA could be considered as a reliable method to apply in 

three dimensional (3D) investigations of sulfide inclusions in steel. The number of inclusion is 

sufficient that the selected EE parameters are reasonable. The remining 30% were 

unbroken-broken (UB) and broken-broken (BB) shape inclusions. This was probably caused by 

tweezer or scissor when making the SEM sample. Sample polishing before an EE was also a 

possible cause of the broken shapes. From the BB image in Table 5, broken sites were 

observed at the wide positons instead of at the narrowest positons. This broken shape was 

likely resulted from polishing deduced from the broke positions. In addition, part of an 

inclusion may be left in the matrix of steel while the other part was extracted during EE. The 

extracted part of an inclusion showed UB or BB shapes.  

 

(a) 

 
(b) 

 
Figure 21 Population ratio of three kinds of MnS inclusion shapes (a)42CrMo4; (b) 157C 
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  The 3 types of shapes of 10 largest inclusions at each HT time are shown in Figure 22. The 

significant decrease of the size of large MnS inclusions as the HT time increased for 5 to 30 

minutes is not observed. Some literatures [18] [42] showed that the size of inclusion was 

reduced as the increase of soaking time in HT. however, this was not consistent with our 

experiment result. The maximum size inclusions observed in the longest HT time (30 minutes) 

instead of from the shortest HT time (5 minutes). This could be possibly be affected by 

dissolved the weight and dissolved depth listed in Table 4. The dissolved weight in this 

sample was the largest and the dissolved depth was the second deepest that the possibility 

of extracted a larger inclusions would be higher. In addition, the influence of the HT 

temperature on large size inclusions cannot be ignored because the efficiency for reducing 

the Nv of large inclusions was faster at a higher temperature in previous research [42]. 

 

 

Figure 22 42CrMo4 MnS inclusion shapes of largest 10 inclusions 
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3.2  Error of measurements at different magnifications 

The morphologies and sizes of MnS inclusions varied in SEM images captured at various 

magnifications, which resulted in error as shown in Table 6, Table 7 and Table 8. 

 

Table 6 the error and morphologies at various magnifications and sizes for Type I MnS inclusions 

Type I inclusions in various magnifications 

Magnification 2000x 1000x 500x 200x 

Size / μm 48.16 49.43 47.86 47.84 

Percentage error % 0 (Reference) 2.45 0.61 0.65 

Morphologies 

2000x (Reference) 

 

 

1000x 

 

 

500x 

 

 

200x 
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Table 7 the error and morphologies at various magnifications and sizes for Type II MnS inclusions 

Type II inclusions in various magnifications 

Magnification 2000x 1000x 500x 200x 

Size / μm 28.91 29.05 29.08 29.22 

Percentage error % 0 (Reference) 0.48 0.58 1.07 

Morphologies 

2000x (Reference) 

 

 

1000x 

 

 

500x 

 

 

200x 
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Table 8 the error and morphologies at various magnifications and sizes for Type III MnS inclusions 

Type III inclusions in various magnifications 

Magnification 2000x 1000x 500x 200x 

Size / μm 5.58 5.56 6.03 6.13 

Percentage error % 0 (Reference) 1.28 8.19 9.92 

Morphologies 

2000x (Reference) 

 

 

1000x 

  

500x 

 

 

200x 

 

 

 

The error of the size of inclusions increases as the magnification decreases. Since the 

maximum value of the error is less than 10%, the accuracy of the result is acceptable. The 

morphologies of inclusions in 200x and 500x are recognized. Although a 1000x magnification 

gave a smaller error for type III inclusions, it is difficult to obtain the particle size distribution 

PSD for only a few or even no type III inclusions present on 1000x SEM images. 500x 

magnification images are possible to capture more inclusions for an analysis. As a result, a 

500x magnification is a suitable magnification to analysis inclusions characteristics for small 

type III MnS, while 200x SEM images are a better choice for type I and type II MnS inclusions. 

For larger size type III MnS inclusions clearly shown in 200x SEM images were also measured. 

H. Doostmohammadi et. al [53] stated that for the EE method the carbon from the 

polycarbonate material would have an influence on the inclusion composition if the inclusion 

size was smaller than 6μm, implying that high accurate compositional analysis could be 
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achieved for inclusions larger than 6μm. Moreover, it was also found that 4μm is the critical 

inclusion size below which inclusions were regarded as small inclusions. A quantification of 

composition for inclusions smaller than this critical inclusion size was resulted in scattered 

results. [53] Practical industrial experience shows that the harmful effect of inclusions on steel 

properties diminish if the inclusion size is less than 5μm. Therefore EE is highly reliable for 

MnS inclusions investigation in this study even though small size MnS cannot be analyzed 

precisely.   
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3.3  Classification of MnS 

From Table 9, the content of Mn is higher than S in type I and type II MnS inclusions while 

it shows the opposite results for type III MnS. There are available sulfur to react with oxygen 

to form oxysulfide which could prevent MnS from being compressed to elongated or 

coarsened inclusions. Please refer to appendix A for the raw data of EDX result. 

 

Table 9 EDX result of inclusions and filter compositions 

Element 
Type 1 inclusions Type 2 inclusions Type 3 inclusions PC filter 

EDX 1 EDX 2 EDX 3 EDX 1 EDX 2 EDX 3 EDX 1 EDX 2 EDX 3 EDX 1 

C 43.20 43.41 36.90 64.64 55.05 54.35 42.71 54.66 39.67 88.72 

O 3.61 5.73 6.71 3.72 12.52 13.84 3.17 5.19 2.36 11.24 

Al 0.42 0.38 0.24 0.27 2.13 2.10 0.06 0.10 0.34 - 

Si 0.03 0.15 - - 0.17 0.17 0.05 0.05 0.02 - 

Mn 25.87 23.95 29.50 16.61 13.02 12.88 23.26 17.14 25.04 - 

S 24.65 21.93 25.15 13.69 12.52 12.42 25.16 17.93 25.98 - 

Ca 0.10 0.42 0.16 - 0.52 0.51 1.68 4.37 5.79 - 

Cu 2.12 2.13 1.26 1.08 1.32 1.31 3.91 0.30 0.80 - 

Remark All the element content is shown in atomic percentage (at. %) 

 

The composition, SEM images, size and aspect ratio range are summarized in Table 10. Type I 

MnS had the widest size and aspect ratio range. It is undesirable for the steel properties that 

the reduction in number density for this type of MnS was worthwhile to study. 

 

Table 10 SEM image, size and aspect ratio range for different types inclusions 

Types of 

inclusion 
SEM Image 

Size range / 

μm 

Aspect ratio 

(AR) range 

Type I 

Elongated 

rod-like 

[MnS] 

 

2.5 

- 

260 

2.5 

- 

67 
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Type II 

Coarsened 

sheet-like 

[MnS 

+ 

Al2O3] 

 

3.0 

- 

47 

2 

- 

8 

Type III 

Spherical 

shape 

[MnS 

+ 

CaO 

+ 

(Ca,Al) O ] 
 

1 

- 

20 

1 

- 

2.8 
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3.4  Effect of heat treatment (HT) time on inclusions 

characteristics  

Research and industrial experiences have shown that the soaking time during heat 

treatment plays an important role for the modification of the inclusions characteristics in 

terms of the number density (Nv), size, aspect ratio and particle size distribution (PSD). An 

appropriate soaking time at certain temperatures may facilitate the transformation of 

unwanted morphologies to a desirable morphology which is harmless to the mechanical 

properties of final products. The heat treatment effect in our study was discussed below. 

3.4.1 Effect of HT time on Nv 

The number density Nv per unit volume (mm3)of MnS inclusions are summarized in Table 

11 below: 

Table 11 Number density of different types of inclusions 

EE sample 

Heat 

treatment 

[min] 

Types of inclusions 

Sum Nv 
I II III 

IMA-900-1-2 5 
15047 

66% 

2115 

9% 

5569 

25% 

22732 

100% 

IMA-900-2-1 10 
8411 576 1805 10792 

78% 5% 17% 100% 

IMA-900-3-3 15 
7775 1130 2744 11649 

67% 9% 24% 100% 

IMA-900-4-3 30 
5474 407 2035 7896 

69% 5% 26% 100% 

 

The result from above table is plotted in Figure 23 below. Reduction in Nv was observed as 

the increment of heat treatment soaking time.  
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Figure 23 42CrMo4 inclusion population of different types 

 

The effect of the heat treatment on the MnS inclusion number density varied in different size 

ranges of type I MnS inclusions as shown in Figure 24. Type I MnS were subdivided into three 

size groups to study their behavior under heat treatment. They were small-sized (<50μm), 

medium-sized (50 - 100μm) and large-sized (>100μm). The tendency of the Nv values for 

small-sized MnS was decreased in a similar with a similar way for all size groups as the 

soaking time in heat treatment increased. This is because small-sized MnS had a remarkably 

higher population among the three size groups. However, the tendency for the other two 

size groups was different from all size groups. The medium-sized MnS rapidly dropped from 5 

to 15 minutes while it slightly raised from 15 to 30 minutes. Fluctuations in the Nv values for 

Large-sized MnS were observed. It moderately increased from 5 to 10 minutes followed by an 

obviously decrease from 10 to 15 minutes. From 15 to 30 minutes, it moderately increased 

again. The expected tendency for Nv was supposed to be decreased with heat treatment 

time that not every size group MnS followed. The reason for the Nv decrease was a 

morphology evolution including a splitting of elongated type I MnS and a transformation to 

ellipsoidal and spherical shapes during the heat treatment. The mechanism of the evolution 

was necessary to be applied in the interpretation of the phenomenon of a Nv reduction as 

well as the inconsistency in the results for medium and large-sized MnS inclusions. 
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Figure 24 42CrMo4 type I MnS number density in different heat treatment time  

(a) All size groups, small-sized, medium-sized and large-sized; (b) medium-sized and large-sized  

 

 

According to Xiaojing Shao et. al. [42], there is an evolution mechanism for MnS separating 

them into smaller ellipsoidal or spherical particles, as shown in Figure 25. Elongated large 

size MnS inclusions might shrink through an axial contraction followed by an expansion and a 

contraction in the radial direction and finally a spheroidization as the heat treatment time is 

increased.  

Small-sized 

Medium-sized Large-sized 

Medium-sized Large-sized 
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Figure 25 Schematic diagrams of morphology evolution for elongated MnS [42] 

 

A shape evolution of elongated MnS might be facilitated by a surface diffusion of Mn atoms 

and S atoms. The chemical potential on the surface of MnS is obtained by Gibbs-Thompson 

relation in equation (2). 

 

 
K      

 

(2) 

where μo is the chemical potential of a flat surface as shown in point E in figure 24. Ωis the 

molecular volume. γis the surface tension and K is the total curvature of the surface.Point E 

is at the flat surface and point F is at the surface with the curvature radius of RF (KE<KF). 

According to the Gibbs-Thompson relation, the chemical potential at point E is lower than 

the chemical potential at point F. Because of the potential difference, Mn atoms and S atoms 

at point F diffuse to point E. This diffusion could result in a contraction at the length direction. 

The morphology change is length dependent. If the length is small, the contraction directly 

leads to the formation of the spindle, as shown in Figure 25 (a-1). If the length is large, the 

two ends of the elongated MnS bulge while the time is not sufficent for atoms to diffuse to 

the center, so it is still flat in the middle part, as shown in Figure 25(b-1).  

 

In Xiaojing Shao’s study [42], significant particle splitting was observed at 1000 oC for a 3 

hours soaking time while our HT temperature was only treated at 900 oC with a maximum 30 

minutes soaking time, implying that splitting of all elongated MnS inclusions was not highly 

possibly to occur. [42] If the morphology evolution of type I MnS took place, the expected 

tendency for a reduction of the Nv value of Type I MnS should be accompanied with a 

remarkably increase of the Nv value of type II and type III MnS. However, the Nv values of 

type II and type III decreased instead of increased which implied that 30 minutes was not 

sufficient for morphology change to take place. An uneven particle size distribution in steel 

bar was the possible main cause for the reduction of Nv of type I MnS.  
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3.4.2 Effect of HT time on average size 

  The inclusion characteristics, in addition to Nv, the average size (length) was measured to 

examine the morphology evolution in the axial direction. Figure 26 illustrates the average 

length of type I MnS inclusions for different heat treatment time. There was no remarkably 

change of the average length for type I inclusions below 100μm. For MnS > 100μm, there is 

no obvious change from 5 to 10 minutes followed by a moderate increase of from 10 to 15 

minutes. Finally, the values dropped from 15 to 30 minutes. Generally, a significant decrease 

of the average length was not observed. As a consequence, there were no shrinkage in the 

axial direction during 30 minutes heat treatment. An uneven particle size and number 

distribution were a sensible interpretation of the length for the different heat treatment 

times. 

 

 

Figure 26 42CrMo4 type I MnS average length at different heat treatment time 

 

Ostwald ripening: 

A phenomenon called Ostwald ripening, occurred by which large-sized particles coarsened 

while smaller size particles dissolved driven by concentration gradient. [46] A larger size 

particle is more thermodynamically stable than a smaller size one. Therefore, large size 

particles are more energetically favored. The small particles would undergo dissolution and 

later become deposited on the surface of other bigger particles. Atoms in the inside bulk of a 

particle are bonded to 6 neighbor atoms while atoms in surface are bonded with fewer 

neighboring atoms so that they are more active and less stable than atoms in bulk. Every 

system has a tendency to lower their energy to achieve a more stable energy state. There are 

more atoms in large particles than smaller particles. So the atoms in the surface of a small 

particles can easily detach from the particle surface. As a result, the concentration of these 

detached free atoms in the solution rise. Once the solution is supersaturated with this 

detached atoms, these atoms will tend to diffuse and be condensed on the surface of large 
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particles. As a consequence, larger particles will grow even larger by consuming the small 

particles. In our study, only a 13% increase (from 5.8 to 6.6μm) in the average length of 

spherical type III MnS inclusions from 5 to 30 minutes soaking times which were not long 

enough for particle coarsening by Ostwald ripening. Instead, an error of measurement was a 

possible reason for the increase in the average length. 
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3.4.3 Effect of HT time on average AR 

Particle division: 

The inclusion characteristics, as well as average length, and average aspect ratio (AR) were 

measured to examine the morphology evolution in the radial direction, which lead to a 

division of particles. The mechanism for the evolution of elongated type I MnS was found to 

be surface diffusion by many researchers. They also concluded that the rate of the shape 

evolution for type I MnS was higher than for other types of MnS inclusions. F.A.NICHOLS [47] 

has studied the influence of AR on the evolution of elongated MnS, concluding that there 

existed critical AR above which division could occur. The value of the critical ratio is 7.2, as 

shown in Figure 27 from F.A.NICHOLS’s study. [47] 

 

 

Figure 27 Number of spherical shape inclusion formation at different AR [47] 

 

The shape evolution of rod-like particles in various AR in F.A.NICHOLS’s study is illustrated in 

Figure 28. For AR values of 4.75, the two ends of particles may bulge and contract toward 

each other. Meanwhile, a lightly depression was established at the centre of the rod but then 

it returned to origin itself, therefore an ellipsoidal shape could develop and finally it formed a 

spherical shape after a long time. In this case, only one sphere may form. For AR = 7.2, the 

longer length of particle benefited the formation of a waist until the particle was broken into 

two oval shapes. For AR = 10.6, three particles produced that central one was smaller than 

two ends. The two ends had an ellipsoidal shape while the centre approached to a more 

spherical shape. Also, increased AR values leaded to increased number of spheroidal shapes.  
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(a) AR = 4.75 

 

(b) AR = 7.2 

 

(c) AR = 10.6 

 

Figure 28 Morphology evolution of elongated rod-like particle in AR of (a) 4.75; (b) 7.2; and (c) 10.6 [47] 

 

 

The form of evolution was mainly due to inclusions diffusion of atoms. The concentration of 

Mn and S in the axial direction of elongated MnS is not even. A longer length may render a 

concentration gradient of Mn and S leading to concentration perturbations in cross-sections. 

Once the AR value of MnS reached the critical value 7.2, a fast division occurred. The reason 

for fast division of elongated MnS inclusions was also related to their formation mechanism. 

They were formed as a result of a eutectic reaction followed by growing in a Fe matrix. They 

mostly appeared in grain boundary where a short diffusion path for atom diffusion was 

provided as shown in Figure 29. Result from the study of Xiao-jing Shao et. al. showed the 

image of inclusions before and after splitting in Figure 30. [18] [47] 

 

  

Figure 29 MnS inclusions at 1100 oC HT for 4 hours [18] 
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(a)  

 

(b) 

 

Figure 30 MnS before (a) and after (b) splitting at 1200 oC HT after 4 hours [18] 
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In our study, the population of type I MnS inclusions in various aspect ratios are listed in 

Table 12. The expected population for inclusions with an AR value larger than 7.2 should 

significantly decrease as the heat treatment time is increased. However, the expected 

tendency was not observed in our study. As a result, the particle division was not significantly 

changed for a 5 to 30 minutes heat treatment time. 

 

Table 12 Population of type I MnS inclusions in different AR 

Group / μm HT / Min 
Population of inclusions in different AR (%) 

Total 
< 7.2 7.2 – 10.6 > 10.6 

< 50 

5 73 18 9 100 

10 67 22 12 100 

15 82 14 4 100 

30 71 23 6 100 

50 - 100 

5 3 33 63 100 

10 2 26 72 100 

15 8 15 77 100 

30 33 0 67 100 

> 100 

5 0 0 100 100 

10 0 17 83 100 

15 33 0 67 100 

30 0 0 100 100 

 

 

Figure 31 illustrates the average AR values of type I MnS inclusions for different heat 

treatment times. There was no remarkably reduction in the average AR value for type I MnS 

inclusions. Similar to the result of the populations of type I MnS inclusions for various AR  

values listed in Table 12 above, this also meant no remarkably radial contraction and 

expansion indicating that type I MnS inclusions were not likely to split. 

 

 

Figure 31 42CrMo4 type I MnS average aspect ratio at different heat treatment time 
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The AR values obtained in our studied were compared with those from the study of Shao et. 

al. in Table 13. The temperatures were similar. Our average AR value was in the range of the 

AR value in the study of Shao et. al. in 5 minutes heat treatment. The range of the AR value 

from 10 to 30 minutes in our study was similar to that after a 5 minutes heat treatment time 

in the study of Shao et. al. This indicated that the effect of heat treatment on the AR values 

were similar for 5 and 30 minutes heat treatment time. A significant decrease of the AR value 

may require a longer heat treatment time.  

 

Table 13 comparison of AR in different studies 

Study HT temperature / oC HT time / min AR 

Shao et. al. 1000 5 22 - 25 

This study 900 
5 22 

10 - 30 20 - 27 

 

As a splitting of MnS inclusions were observed from 0 to 5 minutes heat treatment period in 

the study of Shao et. al., the possibility of particle splitting from a 0 to 5 minutes heat 

treatment period in our study could not be ignored. However, it was not possible to observe 

the MnS characteristics before any heat treatment by EE in our study. If the carbon content is 

larger than 2 wt. %, the extracted inclusions in filter are covered by carbides. This problem 

will be discussed in section 3.5.  
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3.4.4 Effect of HT time on PSD 

Peaks dropped as the soaking time increased in the curves of the particle size distribution 

(PSD) as shown in Figure 32. This contradicted the result of the average length and the AR 

value in section 3.4.2 and section 3.4.3 respectively. Previous sections showed that there 

were no significant changes of the particle morphology that the number density of MnS 

should not vary from 5 to 30 minutes heat treatment. Unvaried PSD curves should be 

expected. If type I MnS inclusions were splitting or shrinking as the heat treatment soaking 

time increased, the peaks should shift to left (smaller particle size) as the time increased. If 

type III MnS inclusions were undergoing ripening, the peaks should shift to the right (larger 

particle size) as the soaking time increased. However, neither unvaried PSD curves nor 

shifting peaks were observed. Uneven particle size distribution in samples from steel bar 

rather than soaking time was likely the cause for the dropping peaks in the PSD curves.  

 

(a) Type I 

 
(b) Type II 
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(c) Type III 

 

Figure 32 PSD of MnS inclusions (a) type I; (b) type II and (c) type III 
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3.5  Investigation of industrial samples (157C) after 5 

minutes of heat treatment 

 

Removal of carbides: 

Because of the limitation of EE, it was not possible to analysis a steel sample without using 

a heat treatment (HT), as shown in the SEM image and EDX result in Figure 33(a). Alloying 

elements in steel might form new phases during an electrolytic extraction. These phases 

could cover the surface of the film filter, making the inclusion observation difficult. For steel 

samples with a carbon content higher than 0.2 wt. %, carbides covering filter is a typical 

problem when using the EE method. To study the effect of HT on the inclusions 

characteristics, a short HT time is required to dissolve carbides so that the inclusions can be 

revealed. In our study, carbides were observed that covered most of the MnS inclusions in 

PC-filter. After at 5 minutes HT in 900oC, carbides were dissolved so that MnS inclusions 

could be observed in filter.  

(a-1) 

 

(a-2) 

Atomic percent (%) 

 

Spectrum    C    O      F    Mg   Al   Si     S   Cl   Ca   Cr    Mn    Fe   Cu   Mo 

------------------------------------------------------------------------------------- 

8          58.52  4.78    -  2.65 1.26 0.06 11.90    - 0.13 0.50 14.22  5.40 0.59    - 

9          73.14  4.58    -    -   0.17 0.02  0.08    -    - 1.39  1.05 19.49    - 0.08 

10         67.11 5.36  3.50  1.57 0.44 0.05  5.91    - 0.08 0.56  7.35  7.59 0.48    - 

11         46.37  5.16    -    - 0.54 0.13  0.07 0.29    - 3.01  2.18 41.93    - 0.34 

12         55.70  2.27  6.16   - 0.37 0.04     - 0.06    - 2.27  1.64 31.23    - 0.26 

 

(b) 
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Figure 33 SEM image of 157C steel (a-1): before HT; (a-2): EDX of (a-1); (b) after 5 minutes HT 

 

 

MnS characteristics in different sampling zones: 

Similar with 42CrMo4 steel grade, type I MnS inclusion also had the highest amount in the 

157C steel grade, as shown in Figure 34. It was observed that the inclusion population for 

type I inclusions increased from the center to the surface sampling zone of the radius of a 

steel bar. For type II inclusions, the maximum population was observed in the middle zone 

followed by the surface zone while the minimum population was observed in center. Type III 

inclusion showed an opposite to type II for the population in middle zone, the minimum 

population was present in the middle zone while the maximum population was found in the 

surface. In industry, samples are usually taken from the middle zone for a general testing. 

There is a drawback for this sampling zone since large-sized inclusions may not be revealed in 

the sample investigation. In our research, inclusions characteristics for various size groups 

were studied at different sampling zones for the elongated type I inclusions.  

 

 
Figure 34 157C inclusions population after 5 min HT 
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Various sampling zones rendered a varied Nv in same HT time. The number density of 

small (< 50 μm), medium (50 - 100 μm) and large-sized (> 100 μm) type I MnS inclusions is 

shown in Figure 35. The Nv values of small-size inclusions increased gradually from the 

center to the middle zone and rapidly from center to surface. Nv of medium MnS slightly 

increased from the centre to the surface. For large-sized MnS, their Nv increased remarkably 

from the surface to the centre. A higher Nv of MnS could be observed at the surface. 

However, the large-sized inclusions could be found in the centre of the sampling zone. This 

result could be used in comparison with the result obtained in a 42CrMo4 sample. The rapid 

increase of type I large-sized MnS inclusions in the sample taken after a 30 minutes soaking 

time was probably due to the sampling zone. This sample was highly likely taken near the 

centre side, which affecting our assessment of effect of heat treatment on MnS 

characteristics. This could be a highly possible reason for the decrease in the Nv value of type 

I MnS inclusions in 42CrMo4 without a significant increase of the type II and type III MnS 

inclusions as the HT soaking time was increased. If the sample was taken near the surface, 

the Nv of type I MnS was higher. If the sample was taken near the centre, the Nv value was 

lower while the Nv value for large-sized MnS was higher. The most appropriate sampling 

zone for studying HT effect on large-sized type I MnS should be in the centre. 
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(a) 

 

(b) 

 

Figure 35 Nv of type I inclusions for different size groups (a)All; (b) 50 -100μm and > 100μm 
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4 Conclusions 

(1) EE is a reliable three-dimensional method to study MnS inclusions in steel samples. 

 

(2) The effect of heat treatment (HT) on the inclusion characteristics has been studied and it 

is found that a longer heat treatment time is required to obtain a significant morphology 

change of MnS inclusions.  

 

(3) The effect of different sampling zones on the assessment of the MnS characteristics has 

been evaluated and it is found that different sampling zones is the highly possible 

reason for a significant reduction of the Nv value for type I elongated-rod like MnS 

inclusions . 

 

(4) The most appropriate sampling zone to study the large-sized (>100μm) elongated MnS 

inclusions is found to be in the centre zone of a steel bar. 
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5 Future work 

(1) As longer soaking time is more beneficial to reduce the amount of elongated MnS and 

control their morphology, more detailed evaluation is worthy to conducted in longer 

soaking time such as 3 hours, 5 hours and 10 hours. 

 

(2) To achieve a more accurate result of the heat treatment effect on large-sized (>100μm) 

elongated MnS inclusions, samples should be taken in centre part of a steel bar. 

 

(3) A parallel 2D observation by using confocal scanning laser microscope (CSLM) could be 

used to study the evolution of MnS from 0 to 5 min at 900oC HT and in the prolong HT 

time. 
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8 Appendices 

Appendix A  

EDX result of different types of MnS inclusions 

 

Type of 

MnS 
EDX Result 

PC Filter 1 

 
Element  Series  norm. C Atom. C 
                  [wt.%]  [at.%] 
-------------------------------- 
Carbon  K-series   85.39   88.72 
Oxygen  K-series   14.41   11.24 
Iron    K-series    0.20    0.04 
-------------------------------- 
 Total:             100.00  100.00 
 

I 

1 

 
Element    Series  norm. C Atom. C 

[wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   17.65   43.20 
Oxygen    K-series    1.97    3.61 
Aluminium K-series    0.39    0.42 
Silicon   K-series    0.03    0.03 
Sulfur    K-series   26.90   24.65 
Calcium   K-series    0.14    0.10 
Manganese K-series   48.35   25.87 
Copper    K-series    4.58    2.12 
---------------------------------- 
Total:                 100.00  100.00 

 

2 

 

Atomic percent (%) 
  
Spectrμm        C     O   Al   Si     S   Ca   Cr    Mn   Fe   Cu 

----------------------------------------------------------------- 
  4          43.41  5.73 0.38 0.15 21.93 0.42    - 23.95 1.90 2.13 

----------------------------------------------------------------- 
 

3 

 

Atomic percent (%) 

 

Spectrμm        C    O   Al   Si     S   Ca   Cr    Mn   Cu 
----------------------------------------------------------- 
25         36.90 6.71 0.24    - 25.15 0.16 0.07 29.50 1.26 
----------------------------------------------------------- 
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II 

1 

 

Spectrμm:  16 
Element    Series  norm. C Atom. C 
[wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   34.31   64.64 
Oxygen    K-series    2.63    3.72 
Aluminium K-series    0.32    0.27 
Sulfur    K-series   19.40   13.69 
Manganese K-series   40.32   16.61 
Copper    K-series    3.02    1.08 
---------------------------------- 
Total:                  100.00  100.00 
 

2 

 

El AN  Series  unn. C norm. C Atom. C Error (1 Sigma) 
[wt.%]  [wt.%]  [at.%]          [wt.%] 
----------------------------------------------------- 
C  6  K-series  32.21   28.98   55.05            3.89 
O  8  K-series   9.76    8.78   12.52            1.25 
Mg 12 K-series   0.57    0.52    0.48            0.06 
Al 13 K-series   2.80    2.52    2.13            0.16 
Si 14 K-series   0.24    0.21    0.17            0.04 
S  16 K-series  19.63   17.66   12.57            0.73 
Ca 20 K-series   1.01    0.91    0.52            0.06 
Cr 24 K-series   0.66    0.59    0.26            0.05 
Mn 25 K-series  34.84   31.35   13.02            0.95 
Fe 26 K-series   5.33    4.79    1.96            0.17 
Cu 29 K-series   4.10    3.69    1.32            0.14 
----------------------------------------------------- 
Total:            111.14  100.00  100.00 
 

3 

 

Atomic percent (%) 

Spectrμm    C     O    Mg   Al   Si    P      S      Ca   Cr   Mn    Fe  Cu       Mo 

--------------------------------------------------------------------------------- 

23       54.35 13.84 0.48 2.10 0.17   -  12.42 0.51    - 12.88  1.93 1.31    - 

--------------------------------------------------------------------------------- 

 

III 

1 

 
Element    Series  norm. C Atom. C 
[wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   17.04   42.71 
Oxygen    K-series    1.68    3.17 
Aluminium K-series    0.05    0.06 
Silicon   K-series    0.05    0.05 
Sulfur    K-series   24.78   25.16 
Calcium   K-series    2.24    1.68 
Manganese K-series   45.91   23.26 
Copper    K-series    8.25    3.91 
---------------------------------- 
Total:                100.00  100.00 
 

2 

 

Atomic percent (%) 
Spectrμm    C      O    Mg   Al   Si     S   Ca    Mn   Cu 
------------------------------------------------------------ 
47         54.66  5.19  - 0.10 0.05 17.93 4.37 17.14 0.30 
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3 

 
Spectrμm:  25 
 
Element    Series  norm. C Atom. C 
[wt.%]  [at.%] 
---------------------------------- 
Carbon    K-series   15.80   39.67 
Oxygen    K-series    1.25    2.36 
Aluminium K-series    0.30    0.34 
Silicon   K-series    0.02    0.02 
Sulfur    K-series   27.62   25.98 
Calcium   K-series    7.70    5.79 
Manganese K-series   45.62   25.04 
Copper    K-series    1.68    0.80 
---------------------------------- 
Total:  100.00  100.00 
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Appendix B 

Number density and observed number of inclusions 

 

EE 

Sample 

Weight 

dissolved  

EE [g] 

Depth 

dissolved  

[μm] 

Area 

observed 

mm2 

Number 

Nobs of 

inclusion 

observed 

Nobs  of  

type I 

Nv of 

type I 

Nobs  of 

type II 

Nv of 

type II 

Nobs of 

type III 

Nv of type 

III 

IMA-900-1-1 0.1284 - 6.023 778 716 12511 45 787 16 280 

IMA-900-1-2 0.0833 75 6.067 849 562 15047 79 2115 208 5569 

IMA-900-2-1 0.1153 129 6.112 562 438 8411 30 576 94 1805 

IMA-900-3-2 0.1296 - 6.067 267 224 3855 22 379 21 361 

IMA-900-3-3 0.0829 67 6.067 433 289 7775 42 1130 102 2744 

IMA-900-4-2 0.1341 96 6.067 371 318 5289 20 333 33 549 

IMA-900-4-3 0.1096 77 6.067 388 269 5454 20 407 99 2015 

157C-C-HT-1 0.1431 177 6.067 203 153 153 7 113 43 693 

157C-M-HT-1 0.1464 143 5.620 218 158 158 31 510 29 477 

157C-S-HT-1 0.1383 145 6.023 336 244 244 14 220 78 1225 
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Appendix C   

Size, number density (Nv), average length and AR for all 

samples 

 

Size (length): 

 

Table 14 Size (length) of different types inclusions in steel grade 42CrMo4 

Sample     Type 
HT / 

Min 

Average  

Length ,L 

/ μm 

Std 

Length ,L 

/ μm 

Minimum  

Length ,L 

/ μm 

Maximum  

Length ,L / 

μm 

IMA-900-1-1 

1st EE 

I 5 32.03 25.06 3.20 176.52 

II 5 15.34 8.41 5.19 44.63 

III 5 4.65 2.00 1.17 8.37 

IMA-900-1-2 

2nd EE 

I 5 26.40 21.36 2.88 186.87 

II 5 11.28 6.64 3.12 33.42 

III 5 5.86 1.53 1.56 14.37 

IMA-900-2-1 

1st EE 

I 10 26.55 24.62 2.20 163.94 

II 10 11.51 5.96 3.13 34.21 

III 10 5.67 2.92 0.53 16.86 

IMA-900-3-2 

2nd EE 

I 15 33.15 29.02 2.38 193.36 

II 15 14.34 11.54 3.96 46.08 

III 15 8.58 4.56 3.16 19.35 

IMA-900-3-3 

3rd EE 

I 15 24.51 22.88 3.97 179.79 

II 15 9.76 2.81 3.41 16.25 

III 15 6.30 1.83 2.69 9.91 

IMA-900-4-2 

2nd EE 

I 30 33.80 29.99 2.88 258.03 

II 30 13.15 6.31 3.52 27.36 

III 30 6.58 2.85 2.02 11.58 

IMA-900-4-3 

3rd EE 

I 30 33.29 30.11 3.65 216.37 

II 30 11.48 5.35 3.06 20.46 

III 30 6.71 2.26 1.89 13.24 
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Table 15 Size (length) of different types inclusions in steel grade 157C 

Sample     
Sampling 

position 
Type 

HT / 

Min 

Average  

Length ,L 

/ μm 

Std 

Length ,L 

/ μm 

Minimum  

Length ,L 

/ μm 

Maximum  

Length ,L / 

μm 

157C-C-HT-1 

1st EE 
Centre 

I 5 26.60 29.39 2.09 240.30 

II 5 15.30 8.84 7.24 30.20 

III 5 5.36 3.07 1.55 18.05 

157C-M-HT-1 

1st EE 
Middle 

I 5 26.03 23.29 5.33 138.88 

II 5 10.63 5.75 5.26 33.01 

III 5 6.70 1.44 4.47 9.43 

157C-S-HT-1 

1st EE 
Surface 

I 5 22.50 18.69 2.54 103.10 

II 5 10.12 4.87 3.37 17.68 

III 5 4.46 2.46 1.51 13.73 

 



~ 64 ~ 

 

 

Aspect Ratio: 

 

Table 16 Aspect ratio AR of different types inclusions in steel grade 42CrMo4 

Sample     Type 
HT / 

Min 

Average 

AR 
Std AR 

Minimum 

AR 

Maximum 

AR 

IMA-900-1-1 

1st EE 

I 5 10.67 7.57 1.08 66.25 

II 5 2.92 0.88 1.28 5.47 

III 5 1.30 0.45 1.02 2.63 

IMA-900-1-2 

2nd EE 

I 5 6.55 5.20 1.09 50.22 

II 5 2.08 0.74 1.16 4.85 

III 5 1.29 0.40 1.00 6.23 

IMA-900-2-1 

1st EE 

I 10 7.74 6.48 1.26 59.22 

II 10 2.41 0.75 1.31 4.49 

III 10 1.39 0.46 1.00 2.76 

IMA-900-3-2 

2nd EE 

I 15 9.75 7.09 1.33 45.48 

II 15 3.46 1.45 1.91 7.58 

III 15 1.61 0.29 1.13 2.15 

IMA-900-3-3 

3rd EE 

I 15 5.47 4.12 1.26 28.51 

II 15 1.94 0.47 1.33 3.86 

III 15 1.21 0.17 1.00 2.27 

IMA-900-4-2 

2nd EE 

I 30 9.30 6.27 1.40 37.82 

II 30 2.95 0.85 1.92 4.99 

III 30 1.28 0.30 1.01 2.32 

IMA-900-4-3 

3rd EE 

I 30 7.29 4.88 1.34 28.21 

II 30 2.18 0.83 1.24 4.61 

III 30 1.22 0.15 1.00 1.75 
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Table 17 Aspect ratio AR of different types inclusions in steel grade 157C 

Sample     
Sampling 

position 
Type 

HT / 

Min 

Average 

Aspect 

ratio, 

L/W 

Std 

Aspect 

ratio, 

L/W 

Maximum 

Aspect 

ratio, L/W 

Minimum 

Aspect ratio, 

L/W 

157C-C-HT-1 

1st EE 

Centre 

 

I 5 9.55 9.94 1.05 87.92 

II 5 3.16 0.89 1.96 4.38 

III 5 1.33 0.30 1.01 2.59 

157C-M-HT-1 

1st EE 

Middle 

 

I 5 9.61 8.78 1.60 59.17 

II 5 2.32 0.89 1.36 5.68 

III 5 1.26 0.24 1.01 2.11 

157C-S-HT-1 

1st EE 
Surface 

I 5 9.11 8.55 1.07 62.31 

II 5 2.11 0.64 1.34 3.43 

III 5 1.43 0.33 1.01 2.58 

 



~ 66 ~ 

 

   

Table 18 Type I inclusion characteristics in steel grade 42CrMo4 

Group 

/ μm 

Heat treatment 

Time / Min 

5 

1st EE 

5 

2nd EE 

10 

1st EE 

15 

2nd EE 

15 

3rd EE 

30 

2nd EE 

30 

3rd EE 

All Nv 12529 15047 8411 3855 7775 5289 5454 

All Average  

Length ,L /μm 32.03 26.40 26.55 33.15 24.51 33.80 33.29 

All Standard 

deviation of L 
25.06 21.36 24.62 29.02 22.88 29.99 30.11 

All 
Average aspect 

ratio AR, L/W 
10.67 6.55 7.74 9.75 5.47 9.30 7.29 

All 
Standard 

deviation of AR 
7.57 5.20 6.48 7.09 4.12 6.27 4.88 

<50 Nv 10359 13280 7278 3184 6995 4224 4416 

<50 
Average  

Length ,L / μm 
23.06 20.04 18.70 22.30 18.63 22.03 22.00 

<50 
Standard 

deviation of L 
11.31 11.47 11.50 11.86 11.29 12.23 11.63 

<50 
Average Aspect 

ratio, L/W 
8.76 5.61 6.21 7.91 4.60 7.19 5.76 

<50 
Standard 

deviation of AR 
5.18 4.40 4.07 5.27 2.92 4.15 3.48 

50 - 

100 
Nv 1820 1606 941 499 241 832 266 

50 - 

100 

Average  

Length ,L / μm 
64.55 65.33 66.93 70.72 68.63 66.43 65.69 

50 - 

100 

Standard 

deviation of L 
12.62 11.88 13.84 16.45 14.65 13.00 12.58 

50 - 

100 

Average Aspect 

ratio, L/W 
17.84 12.17 15.62 15.46 12.49 16.37 12.19 

50 - 

100 

Standard 

deviation of AR 
8.36 4.79 7.44 5.35 3.30 6.10 3.33 

>100 Nv 350 161 192 172 81 233 203 

>100 
Average  

Length ,L / μm 
128.48 125.41 126.33 124.94 152.03 130.72 142.24 

>100 
Standard 

deviation of L 
26.45 32.33 17.73 28.65 44.71 38.21 43.13 

>100 
Average Aspect 

ratio, L/W 
30.07 22.46 27.23 27.15 19.96 22.30 19.89 

>100 
Standard 

deviation of AR 
12.34 6.30 13.72 8.74 12.24 4.69 4.91 
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Table 19 Type I characteristics inclusion in steel grade 157C (5 min HT) 

Group 
Sample 

157C-C-HT-1 

1st EE 

157C-M-HT-1 

1st EE 

157C-S-HT-1 

1st EE 

Sampling position Centre Middle Surface 

All Nv 2467 2599 3831 

All 
Average  

Length ,L /μm 
26.60 26.03 22.50 

All 
Standard 

deviation of L 
29.39 23.29 18.69 

All 
Average Aspect 

ratio, L/W 
9.55 9.61 9.11 

All 
Standard 

deviation of AR 
9.94 8.78 8.55 

<50 Nv 2161 2286 3517 

<50 
Average  

Length ,L /μm 
18.06 18.94 18.13 

<50 
Standard 

deviation of L 
11.54 10.70 11.12 

<50 
Average Aspect 

ratio, L/W 
7.35 7.97 8.10 

<50 
Standard 

deviation of AR 
5.90 6.84 7.91 

50 - 100 Nv 226 263 283 

50 - 100 
Average  

Length ,L /μm 
67.81 69.34 67.98 

50 - 100 
Standard 

deviation of L 
13.88 13.76 13.02 

50 - 100 
Average Aspect 

ratio, L/W 
19.41 19.82 19.40 

<50 
Standard 

deviation of AR 
6.61 12.05 6.87 

>100 Nv 81 49 31 

>100 
Average  

Length ,L /μm 
140.13 123.82 103.04 

>100 
Standard 

deviation of L 
57.21 20.69 0.09 

>100 
Average Aspect 

ratio, L/W 
40.92 31.17 29.80 

>100 
Standard 

deviation of AR 
26.97 3.66 4.11 
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Table 20 Type II inclusion characteristics in steel grade 42CrMo4 

Group 

/ μm 

Heat treatment 

Time / Min 

5 

1st EE 

5 

2nd EE 

10 

1st EE 

15 

2nd EE 

15 

3rd EE 

30 

2nd EE 

30 

3rd EE 

All Nv 787 2115 576 379 1130 333 407 

All Average  

Length ,L /μm 15.34 11.28 11.51 14.34 9.76 13.15 11.48 

All Standard 

deviation of L 
8.41 6.64 5.96 11.54 2.81 6.31 5.35 

All 
Average aspect 

ratio AR, L/W 
2.92 2.08 2.41 3.46 1.94 2.95 2.18 

All 
Standard 

deviation of AR 
0.88 0.74 0.75 1.45 0.47 0.85 0.83 

<10 Nv 210 1419 307 138 619 116 183 

10 - 20 Nv 420 375 230 189 511 166 203 

>20 Nv 157 321 38 52 0 50 20 

 

 

 

Table 21 Type II inclusion characteristics in steel grade 157C (5 min HT) 

Group 
Sample 

157C-C-HT-1 

1st EE 

157C-M-HT-1 

1st EE 

157C-S-HT-1 

1st EE 

Sampling position Centre Middle Surface 

All Nv 113 510 220 

All 
Average  Length 

/μm 
15.30 10.63 10.12 

All 
Standard 

deviation of L 
8.84 5.75 4.87 

All 
Average Aspect 

ratio, L/W 
3.16 2.32 2.11 

All 
Standard 

deviation of AR 
0.89 0.89 0.64 

< 10 Nv 48 313 126 

10 - 20 Nv 16 164 94 

> 20 Nv 48 33 0 
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Table 22 Type III inclusion characteristics in steel grade 42CrMo4 

Group 

/ μm 

Heat treatment 

Time / Min 

5 

1st EE 

5 

2nd EE 

10 

1st EE 

15 

2nd EE 

15 

3rd EE 

30 

2nd EE 

30 

3rd EE 

All Nv 280 5569 1805 361 2744 549 2015 

All Average  

Length ,L /μm 4.65 5.82 5.67 8.58 6.30 6.58 6.58 

All Standard 

deviation of L 
2.00 1.41 2.92 4.56 1.83 2.85 2.85 

All 
Average aspect 

ratio AR, L/W 
1.30 1.27 1.39 1.61 1.21 1.28 1.28 

All 
Standard 

deviation of AR 
0.45 0.20 0.46 0.29 0.17 0.30 0.30 

<5 Nv 175 1499 845 103 807 200 448 

5 - 10 Nv 105 4043 845 138 1937 266 1445 

>10 Nv 0 27 115 120 0 83 122 

 

 

 

Table 23 Type III inclusion characteristics in steel grade 157C (5 min HT) 

Group 
Sample 

157C-C-HT-1 

1st EE 

157C-M-HT-1 

1st EE 

157C-S-HT-1 

1st EE 

Sampling position Centre Middle Surface 

All Nv 693 477 1225 

All 
Average  

Length ,L /μm 
5.36 6.70 4.46 

All 
Standard 

deviation of L 
3.07 1.44 2.46 

All 
Average Aspect 

ratio, L/W 
1.33 1.26 1.43 

All 
Standard 

deviation of AR 
0.30 0.24 0.33 

< 5 Nv 419 66 832 

5 - 10 Nv 210 411 330 

> 10 Nv 65 0 63 

 

 

 

 

 

 

 

Size, Nv, average length and AR of only DTSET 2: 
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Table 24 Inclusions characteristics for data set 2 (DTSET2) 

Type  
Group 

μm 

Time / 

Min 
5 10 15 30 

% change of MnS characteristics  

10 15 30 

I All Nv 15047 8411 7775 5454 -44 -48 -64 

I All 

Average  

Length,L 

/ μm 

26.40 26.55 24.51 33.29 1 -7 26 

I All 

Std 

Length,L 

/ μm 

21.36 24.62 22.88 30.11 15 7 41 

I All 

Average 

Aspect 

ratio, 

L/W 

6.55 7.74 5.47 7.29 18 -17 11 

I All 

Std 

Aspect 

ratio, 

L/W 

5.20 6.48 4.12 4.88 25 -21 -6 

I <50 Nv 13280 7278 6995 4416 -45 -47 -67 

I <50 

Average  

Length,L 

/ μm 

20.04 18.70 18.63 22.00 -7 -7 10 

I <50 

Std 

Length,L 

/ μm 

11.47 11.50 11.29 11.63 0 -2 1 

I <50 

Average 

Aspect 

ratio, 

L/W 

5.61 6.21 4.60 5.76 11 -18 3 

I <50 

Std 

Aspect 

ratio, 

L/W 

4.40 4.07 2.92 3.48 -8 -34 -21 

I 
50 - 

100 
Nv 1606 941 241 266 -41 -85 -83 

I 
50 - 

100 

Average  

Length,L 

/ μm 

65.33 66.93 68.63 65.69 2 5 1 

I 
50 - 

100 

Std 

Length,L 

/ μm 

11.88 13.84 14.65 12.58 17 23 6 

I 
50 - 

100 

Average 

Aspect 
12.17 15.62 12.49 12.19 28 3 0 
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ratio, 

L/W 

I 
50 - 

100 

Std 

Aspect 

ratio, 

L/W 

4.79 7.44 3.30 3.33 55 -31 -30 

I >100 Nv 161 192 81 203 20 -50 27 

I >100 

Average  

Length,L 

/ μm 

125.41 126.33 152.03 142.24 1 21 13 

I >100 

Std 

Length,L 

/ μm 

32.33 17.73 44.71 43.13 -45 38 33 

I >100 

Average 

Aspect 

ratio, 

L/W 

22.46 27.23 19.96 19.89 21 -11 -11 

I >100 

Std 

Aspect 

ratio, 

L/W 

6.30 13.72 12.24 4.91 118 94 -22 

II All Nv 2115 576 1130 407 -73 -47 -81 

II All 

Average  

Length,L 

/ μm 

11.28 11.51 9.76 11.48 2 -13 2 

II All 

Std 

Length,L 

/ μm 

6.64 5.96 2.81 5.35 -10 -58 -19 

II All 

Average 

Aspect 

ratio, 

L/W 

2.08 2.41 1.94 2.18 16 -7 5 

II All 

Std 

Aspect 

ratio, 

L/W 

0.74 0.75 0.47 0.83 1 -36 12 

II < 10 Nv 1419 307 619 183 -78 -56 -87 

II < 10 

Average  

Length,L 

/ μm 

7.49 7.71 7.68 6.49 3 3 -13 

II < 10 

Std 

Length,L 

/ μm 

1.38 1.79 1.81 2.39 30 32 74 

II < 10 Average 1.72 2.05 1.80 1.52 19 4 -12 



~ 72 ~ 

 

Aspect 

ratio, 

L/W 

II < 10 

Std 

Aspect 

ratio, 

L/W 

0.34 0.54 0.38 0.29 58 10 -15 

II 
10 - 

20 
Nv 375 230 511 203 -39 36 -46 

II 
10 - 

20 

Average  

Length,L 

/ μm 

13.75 13.94 12.28 15.08 1 -11 10 

II 
10 - 

20 

Std 

Length,L 

/ μm 

2.94 2.82 1.33 2.66 -4 -55 -9 

II 
10 - 

20 

Average 

Aspect 

ratio, 

L/W 

2.35 2.69 2.10 2.69 14 -11 14 

II 
10 - 

20 

Std 

Aspect 

ratio, 

L/W 

0.42 0.64 0.53 0.75 51 26 78 

II > 20 Nv 321 38 0 20 -88 -100 -94 

II > 20 

Average  

Length,L 

/ μm 

24.65 27.25 nil 20.46 10.54 n.a -17.01 

II > 20 

Std 

Length,L 

/ μm 

4.67 9.84 nil n.a 110.65 n.a n.a 

II > 20 

Average 

Aspect 

ratio, 

L/W 

3.27 3.57 nil 3.10 9.08 n.a -5.48 

II > 20 

Std 

Aspect 

ratio, 

L/W 

0.94 1.30 nil n.a 37.60 n.a n.a 

III All Nv 5569 1805 2744 2015 -68 -51 -64 

III All 

Average  

Length,L 

/ μm 

5.82 5.67 6.30 6.58 -2.46 8.27 13.18 

III All 
Std 

Length,L 
1.41 2.92 1.83 2.85 106.53 29.57 101.96 
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/ μm 

III All 

Average 

Aspect 

ratio, 

L/W 

1.27 1.39 1.21 1.28 9.44 -4.90 0.96 

III All 

Std 

Aspect 

ratio, 

L/W 

0.20 0.46 0.17 0.30 129.72 -13.27 53.05 

III < 5 Nv 1499 845 807 448 -44 -46 -70 

III < 5 

Average  

Length,L 

/ μm 

3.96 3.38 3.99 3.61 -14.84 0.64 -8.91 

III < 5 

Std 

Length,L 

/ μm 

0.88 1.05 0.81 0.86 19.65 -7.76 -1.91 

III < 5 

Average 

Aspect 

ratio, 

L/W 

1.21 1.17 1.17 1.23 -3.51 -3.52 1.14 

III < 5 

Std 

Aspect 

ratio, 

L/W 

0.20 0.23 0.12 0.16 18.11 -37.87 -18.59 

III 5 - 10 Nv 4043 845 1937 1445 -79 -52 -64 

III 5 - 10 

Average  

Length,L 

/ μm 

6.49 6.97 7.26 7.25 7.40 11.91 11.75 

III 5 - 10 

Std 

Length,L 

/ μm 

0.86 1.36 1.14 1.16 58.01 32.62 34.59 

III 5 - 10 

Average 

Aspect 

ratio, 

L/W 

1.29 1.56 1.22 1.21 21.36 -5.22 -6.04 

III 5 - 10 

Std 

Aspect 

ratio, 

L/W 

0.20 0.52 0.19 0.14 164.09 -4.28 -27.09 

III > 10 Nv 27 115 0 122 330 -100 356 

III > 10 

Average  

Length,L 

/ μm 

n.a 13.04 Nil 11.73 n.a n.a n.a 

III > 10 Std n.a 2.55 Nil 1.14 n.a n.a n.a 
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Length,L 

/ μm 

III > 10 

Average 

Aspect 

ratio, 

L/W 

n.a 1.70 Nil 1.35 n.a n.a n.a 

III > 10 

Std 

Aspect 

ratio, 

L/W 

n.a 0.54 Nil 0.14 n.a n.a n.a 
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Appendix D  

PSD for all dataset 
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