
IN DEGREE PROJECT MATERIALS SCIENCE AND ENGINEERING,
SECOND CYCLE, 30 CREDITS

,  STOCKHOLM SWEDEN 2017

Evaluation of deformed MnS in 
different industrial steels by using 
electrolytic extraction

SHUO GUO

KTH ROYAL INSTITUTE OF TECHNOLOGY
SCHOOL OF INDUSTRIAL ENGINEERING AND MANAGEMENT



 i 

Abstract: 
 

The inclusions have a different chemical composition and give the steel different mechanical 

properties. These inclusions affect several properties of steel. In order to understand how the 

inclusions will affect the steel properties, the electrolytic extraction of 3D investigate method 

is applied on the steel grade of 42CrMo4. Then follow with Scanning Electron Microscope 

(SEM) observation. Steel samples from both ingot and rolling with and without heat treatment 

are observed and compared with different ratios.  

 

The result shown that, heat treatment can be applied for removing carbides successfully. And 

most inclusions are belonging to Type RS which is rod like MnS. The percentage of broken 

particles can be up to 80%, which means that the reason for the inclusions broken should be 

find. And heat treatment can affect the characteristics of elongated MnS.  

 

 

Key words: Non-metallic inclusions, Electrolytic Extraction, Scanning Electron Microscope, 

Inclusion characterisation, Steel 
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1. Introduction 
 

As impurities, non-metallic inclusions are several kinds of compound materials exist inside 

the steel during the manufacturing process. The inclusions have a different chemical 

composition and give the steel different mechanical properties. These inclusions affect several 

properties of steel, such as machinability, toughness, corrosion resistance and formability.  [1] 

For improving the mechanical properties of metal and steel products as well as for clean steel 

productions, the characterization of non-metallic inclusions is important. Such characteristics 

(like size, numbers, composition and distribution) of non-metallic inclusions are especially 

important because these parameters can help to better understanding the mechanism of grow 

and formation of different non-metallic inclusions as well as the effect of mechanical 

properties of final steel. [2] In this paper, the introduction (literature review) is based on 

analysis of reference listed in table of Appendix. By analysing the literatures from roughly to 

deep systematically, the most important information was obtained. The table is necessary for 

better understanding the recent research and the mature techniques in this study field.  

 

1.1. Literature analysis  

 

As shown in Appendix A, the introduction of this thesis paper is based on the literature 

review table which the information of all literatures has been obtained and summarized. In 

this literature review, there are several key points which contain important parameters: the 

year of each literature published, types of non-metallic inclusions (NMI) mentioned in the 

paper and the most important aspects and conclusions. The aims of the literature review of 

this thesis are divided into four important aspects: 1) different evaluation methods for 

investigation of NMI in steels, 2) different inclusions characteristics in steel samples (such as 

oxides, sulphides), 3) evaluation of deformation characteristics for inclusions and steels and 4) 

properties of metal and steel depending on non-metallic inclusions. 

 

For understanding the behaviour of inclusions deformation and their characteristics, different 

methods are applied for many studies based on the topics of each paper. [3 - 45] There are 

theatrical method (model and computer simulation) and experimental method (SEM+EDS). 

From the over view of the literature table, 19% (8 papers) [11, 15, 17, 18, 20, 26, 28, 30] of the 
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literatures are using the simulation method (finite element method) for calculating the 

deformation behaviour of inclusions. 81% (35 papers) [3-10, 12-14, 16, 19, 21-25, 27, 29, 31-45] of 

literatures applied the experimental methods for investigating the characteristics of inclusions 

(like size, number, distribution etc.). For experimental analysis, two-dimensional cross section 

(2D CS) method and three-dimensional extraction (3D) method are commonly applied. In 

these papers, 62% of them (22 papers) are using the 2D CS method for investigating the 

inclusions [3, 6, 9, 10, 12, 14, 16, 19, 21, 22, 23-27, 32, 38, 39, 42-45]. 40% (14 papers) of them are applying the 

3D extraction method [3-10, 13, 14, 16, 19, 21, 24]. All of them are using the electrolytic extraction 

method and take place in KTH. Some of the papers are compared different methods (2D and 

3D) for better understanding the advantages and drawbacks of each methods [3, 6, 10, 14]. As 

many papers which using the 3D method for investigating the inclusions (especially for 

elongated inclusions), 2D CS method is still a majority method for investigating. Because, 2D 

method is an easy standardized method for almost samples from all steel grades.  

 

For the types of inclusions investigated in these papers, oxides and sulphides inclusions are 

the most majority inclusions which analysis most. Because oxides and sulphides are thought 

as harmful for metal and steel. For elongated inclusions, sulphides (MnS) and oxy-sulphides 

(Al2O3-MnS) are studied most. Because these inclusions and the behaviour of inclusions can 

decrease the steel properties (like anisotropy fatigue strength, local ductility, machinability 

etc.) after deformation [11, 14, 22, 23, 25, 35, 36, 39, 45, 46]. For understand the behaviour of inclusions, 

inclusion characteristics investigation (like, size, number, distribution, morphology etc.) are 

main topics for many papers. [3-14, 19, 21, 22-25, 32, 35-45] Besides, the deformability, deformation of 

inclusions or the behaviour of inclusion deformation during rolling process are studied by 

many researchers. [11, 12, 15, 17, 18, 20, 22, 23, 25-29, 47, 48] These literatures include deformation and 

effect on the properties of steel are the main aims for this study.  

 

From the year of publish for these papers, most of them are new and published within 10 

years. Some of them are old [15, 17, 20, 24, 28, 33, 47] but still important and can be used as basic 

references.  
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1.2. Types of non-metallic inclusions and effect on the mechanical properties of steel 

 

Usually, non-metallic inclusions are classified several types based on their composition. They 

are sulphides (MnS, CaS, FeS, etc.), oxides (Al2O3, MnO, FeO, etc.), nitrides (NiN, Si3N4, 

etc.), carbides (Fe3C, etc.), phosphides (Fe3P, etc.) and complex inclusions (Al2O3-MnS, etc.). 

As majority inclusions, oxides and sulphides are thought harmful for steels in some cases. 

Especially sulphides, which can bring problems and will affect the properties of steels after 

deformation during process. Previous studies [25, 29] shown that the morphology of the 

sulphides inclusions has a significant effect on properties of final steel productions (like 

mechanical anisotropy). Based on the morphology of sulphides (especially MnS) have three 

types: type I (globular with a wide range of size and often with the form of duplex oxy-

sulphide); type II (dendritic) and type III (angular sulphide and often form single phase 

inclusion). [29, 42] The behaviours of fatigue and anisotropy on the effect of the inclusions 

especially MnS was studied according to previous research. [25] For example, the elongated 

shape of MnS lead to the anisotropy fatigue strength. The results shown that when the steel 

oxygen content decrease, the sulphur solubility increase in the liquid steels. This can lead to 

form more sulphide inclusions and bring anisotropy fatigue strength. And the anisotropy 

increase with the sulphur content increase. According to Temmel et al. [29], type I and III MnS 

inclusions may deform to a flat pancake shape and this will lead to the anisotropy and high 

stress will be concentrated on the edge of MnS after deformation. [29, 42] As one of the 

important properties of steel, the fatigue properties of the steel affect by the inclusion 

properties was studied. [45] The average initiating inclusion size had the effect on fatigue crack 

is larger than 70-90 µm. The stress intensity factor range ΔK (critical factor for the fatigue 

crack procreation) for irregular calcium aluminates which fatigue crack initiation took place is 

smaller than the globular calcium aluminates. The oxides are hard and brittle and most 

harmful as they will reduce the fatigue strength and endurance. [49]  

 

1.3. The effect of deformed non-metallic inclusions on mechanical properties of steel 

 

However, most of the steel productions made by the working process of casting, rolling, 

forging etc. Metal will deform during the process. The non-metallic inclusions present in the 

steel will also deformed in different ways which decided by the characteristics of non-metallic 
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inclusions (like composition, hardness etc.). The behaviour of inclusions during deformation 

has been done by several previous studies. [17, 29, 33, 43] Deformation of different inclusions 

during hot working is showed in figure 1 below. As can be seen in the figure, the mechanical 

behaviour is controlled by the morphology of inclusions during the process. Different types of 

inclusions have different effect on the properties of steel. As show in the figure below, hard 

inclusions almost never deform during rolling (a) and soft inclusions are easily deformed into 

elongated inclusions (e). The hard-crystalline inclusions will not deform but break into pieces 

(b). The hard cluster strung out after rolling and show as a line (c). The deformability of 

complex inclusions is shown between the hard and soft inclusions (d). Also, it can be seen 

from the figure that these inclusions formation defect and anisotropy in steel mechanical 

properties by decreasing the toughness and ductility. [50] During hot working, oxides 

inclusions are more harmful than sulphides inclusions on ductility in majority of steels at hot-

working temperatures.  

 

 

 

 

 

 

 

 

 

Fig. 1 Plastic deformation of inclusions in steel and their effect on the properties during hot 

working temperature. [50] 

The relative plasticity and mechanisms of inclusion deformation were also done by previous 

study for understanding the deformation of inclusions. [17] The result shows that the behaviour 

of the inclusion depends on the plasticity of the inclusion during working process and the 

plasticity of inclusions depend on the relative plasticity between inclusions and steel matrix. 

The relative plasticity can be defined as ratio between true strain between inclusion and steel 

matrix. In this case, hard and soft inclusions can be defined and hard inclusions (like Al2O3) 

rarely deformed however soft inclusions (like MnS) can deform easily. Other factors such as 

strength of inclusion and matrix, composition, temperature etc. will also affect the inclusion 

deformation. For example, the temperature during rolling can be seen as a significant affect 

parameter during hot rolling steel. As show in the figure 2, there is a temperature transition 

Undeformed 
with “fishtail” 

Brittle/ductil
e 

Brittle 
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 5 

area (about between 800� and 1000�). Above this region, the inclusions are shown as plastic 

and easy to deform. However, below this temperature region, the inclusions are shown as 

rigid and hard to deform. 

 
Fig. 2 The relationship between rolling temperature and relative plasticity index. [17] 

 

Ånmark et al. [46] compare the characteristics of non-metallic inclusions. It was also 

mentioned that the final mechanical properties also depend on the characteristics of the non-

metallic inclusions like size, number, hardness, distribution and deformability etc. Thermal 

properties of the inclusions are another important aspect that will affect the inclusion 

deformation and mechanical properties of final productions like machining property and 

fatigue of steel. During machining, a cooling is follow with heating in different working zones 

and this will lead to tresses near inclusions in the steel matrix. As show in the table 1 below, 

Due to similar thermal expansion between inclusions and steel matrix (Group 2), the 

inclusions have no effect on the process of machining. For Group 1 and 3, during heating and 

cooling, inclusions can lead to degradation of steel matrix.  

 

Table 1. Schematic sketch of additional stress fields formation, pores around the non-metallic 
inclusions and cavities and steel matrix because of different thermal expansions during 
cooling and heating. [46] 
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Figure 3 shows the different coefficients of thermal expansion of inclusions cause the internal 

stresses around the inclusions in bearing steel. [51] When the thermal expansion coefficient (a) 

of the inclusion is larger than that for the steel matrix, then the detrimental tensile residual 

stress will not be realised (like CaS and MnS). Because the oxides will lead the tensile 

residual stress, so oxide inclusions are more harmful than sulphides (like MnS).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 Stress-raising properties of various inclusion types in bearing steel. [51] 

 

Other property like corrosion behaviour cause by different non-metallic inclusions was 

studied and compared the different types of inclusions with the potential difference before and 

after deformation for rail wheel. [36] Under the condition of electrochemical heterogeneity of 

steel surface with the contact of environment, the properties of non-metallic inclusions are not 

the same as the steel matrix. This is because the difference of the semiconductor properties of 

different inclusions leads to the corrosion damage propagation. And the chemical potential 

will also change before and after the deformation of different inclusions. In their study, two 

types of corrosion environment (5% NaCl of water solution and 1% H2SO4 of water solution) 

were considered and mainly sulphides ((Fe,Mn)S), oxides (Al2O3, MnO, FeO, SiO2) and 

TiCN inclusions were taking into account. The index of steel (low-cycle fatigue) depends on 

the inclusions. The larger of the index lead to a better low-cycle durability of steel. The low-

cycle durability also depends on the coefficient of environmental influence (the ratio between 

wheel steel durability in air and in corrosive environment). The larger of this ratio lead to a 
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more reduction of low-cycle fatigue. In this case, the steel is worse with low-cycle durability. 

After the low-cycle fatigue test in these environments, the (Fe, Mn)S inclusions shown the 

lowest low-cycle fatigue index (0.5-1.2) and TiCN have the largest index (1.4-2.2) in all the 

tested corrosion environments. By comparing the potential difference before and after cold 

deformation of steel, the (Fe, Mn)S inclusions which have large deformation show a largest 

potential difference (29.3 mV before deformation and 45.4 mV after deformation) and TiCN 

have the lowest potential difference (6.3 to 14.55 mV for before and after deformation). As a 

result, sulphides inclusions have the worse impact on low-cycle durability and decrease the 

corrosion behaviour of steel. 

 

Yamamoto et al. [22] studied the hot deformation behaviour of non-metallic inclusions and the 

effect on the local ductility of steel. Because the deformation behaviour of non-metallic 

inclusions during hot working (rolling etc.) and the effects of non-metallic inclusion 

morphologies on local ductility have not been studied clearly. In their study, all the samples 

are examined by using SEM combine with EDXS to identify the inclusions. And the results 

shown that, at low sulphur content (22ppm), the inclusions of small oxide (with the size of 

4µm) surrounded by sulphide (MnS) do not change their shapes. The elongated inclusions 

especially for the part of MnS will form (with the size of 5-20µm). Also, increasing the 

sulphur content will lead to increase the aspect ratio of inclusions (See in figure 4).  At S 

content larger than 60ppm, high aspect ratio inclusions (elongated MnS) were formed.  

 

 
Fig. 4 Relationship of S content and aspect ratio of inclusion during hot deformation. [22] 

 

The result also shown that, better local ductility is depending on the voids formation after the 

tension test. The smaller and fewer voids format, the better local ductility was obtained. Large 

numbers of voids were found with the samples of lower reheating temperature (1000�) and 
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higher sulphur content (90ppm). In this case, lower sulphur content and higher reheating 

temperature contribute to a better local ductility.  

 

Concerning of the steel sheet with high strength, the fracture of steel products is caused by 

inclusions with elongated shapes which were deformed during hot rolling process. So, from 

the viewpoint of the shape control aspect, it is needed to be less harmful inclusions. The 

results show that, the MnS was nucleated on the Al2O3 (hard inclusion as core). In order to 

have lower numbers of MnS formation in the steel, the hot working temperature should higher 

than the MnS precipitation temperature. In this case, MnS inclusions are dissolved in the steel 

matrix and fewer elongated can be formed after hot deformation. 

 

However, most of results discussed in this subchapter were obtained by 2D investigations of 

inclusions on polished surface of metal samples. Perhaps, some errors for measurements of 

real size of deformed inclusions by using the 2D method can explain significant variation and 

dispersion of obtained relationships. 

 

1.4. Methods for investigating the non-metallic inclusions and their comparison 

 

Different methods applied to investigate the behaviour of the non-metallic inclusions and their 

characteristics in metal samples. For theoretical investigations, thermodynamic calculation 

and three-dimensional finite element method simulation have been studied by many 

researhers. [11, 15, 17, 18, 20] Finite element method is a numerical method and a computational 

tool for solving engineering problems. The method is based on different formulations for 

solving different problem. For understanding the deformation of inclusions during rolling, 

rigid-viscoplastic formulation is used. [20] Before doing the simulation, several parameters 

must be set like the diameters and the morphology of the inclusions. The rolling condition 

will also be considered. After the data obtained, it will be compared with the inclusions SEM 

image. For example, Yu et al. [11] studied the strain distribution of strips during cold rolling 

with spherical inclusions. Two types of inclusions were considered: hard inclusion (Al2O3) 

and soft inclusion (MnS). As a 3D simulation, several local axes were explained first and 

show in the figure 5 below.  
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Fig. 5 Schematic sketch of local axis setting around the inclusion. [11] 

 

The result can be seen in figure 6. The strain for both hard and soft inclusions in rear of 

inclusion is smaller than in front of inclusion. This can help to understand how the inclusions 

will deform during rolling.  

 

 
 

Fig. 6 Strain distribution for strip of inclusion with size of 20 µm in XY profiles: (a) hard 

inclusion and (b) soft inclusion. [11] 

 

The SEM images of hard and soft inclusion after rolling are shown in the figure 7 below. In 

the figure, the hard inclusion almost never deforms, and the soft inclusion was deformed into 

a rode like inclusion. 

 
 

Fig. 7 SEM image of hard (a) and soft (b) inclusions after cold rolling. [11] 



 10 

For experimental studies, two-dimensional (2D) and three-dimensional (3D) methods are 

applied. Currently as one of the widely-used method, two-dimensional investigation method 

examines the non-metallic inclusions on a polished cross-section (CS) of a steel sample using 

Scanning Electron Microscope (SEM) and sometimes combined with Energy Dispersive X-

ray Spectroscopy (EDS) composition analysis. For 2D investigation, the steel or metal 

samples are first cut to an appropriate size first and then mounted by using Bakelite or other 

material. While doing the sample polishing, several steps are applied using different abrasive 

sheet grinding from course to fine. At last, by using polishing agent, the sample will be 

polished with a mirror like surface with no scratches. After all these steps, the sample will be 

observed by SEM. However, there is a majority drawback by using 2D method for analysing 

particles. It is shown that [16], the results are often having big deviation in comparison to the 

real size of the particles, especially for deformed inclusions like elongated MnS.  

 

When observing the elongated inclusions which with high aspect ratio, they are not always 

parallel with the polished cross-section. The real sizes of the deformed inclusions (like MnS) 

are hard to analyse on surface of metal sample the real size and get the accurate results. As 

shown in figure 8, Kanbe et al. [16] demonstrate the apparent length (Lobs) of inclusions 

observed by 2D methods on a cross section compared with real maximum length (Lmax).  

 

 

 

 

 

 

 

 

Fig. 8 Schematic sketch of patterns of elongated inclusions after cutting by using CS methods 

which apparent length (Lobs) shows equal (a), shorter (b) and longer (c) detection compared to 

the real length of the inclusion (Lmax). [16] 

 

The apparent length shows equal to the real length of the inclusion only for the cutting section 

goes through the inclusion directly (Figure 8a). At other q value, the apparent length is 

smaller than the real length (Figure 8b). The q value is the angle between the polished surface 

of sample (cross section) and the rolling direction. Other possibility shows the apparent length 
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is much larger than the real length of the inclusion which means measured several inclusions 

combine as “one” inclusion (Figure 8c). The cutting angle must be arranged between 1o and 

6o, the results will be show as acceptable compare to the real length in the case of elongated 

inclusions have large aspect ratio [4]. However, this is not easy to achieve. And the three-

dimensional extraction (3D EE) method is shown a more accurate than the 2D CS method for 

measuring the real size of the inclusion. [16] In this case, three-dimensional extraction method 

can be applied. The three-dimensional extraction method is by using a type of electrolyte 

(which type of electrolyte is depend by the steel grade and the type of inclusion) to extract the 

inclusions from steel matrix. The steel matrix will be dissolved in the electrolyte and the 

inclusions are stable and not dissolved.  For example, Janis et al. [3] studied the application of 

different extraction methods to investigate of inclusions and clusters in steels. This method 

includes chemical extraction (by using acid and halogen-alcohols) and electrolytic extraction 

of inclusions from metal sample. However, different inclusions should choose different kind 

of acid/halogen solutions or electrolytes. That some of the inclusions will also be dissolved 

with the metal matrix together. There are several studies [3, 14, 21] carry out the comparison of 

different investigate methods. For example, Doostmohammadi et al. [14] compare the two-

dimensional and the three-dimensional method for inclusion characteristics in tool steel.  All 

these studies [3, 4, 14, 16, 21] show that for a reliable size and morphology of elongated inclusions, 

3D extraction method should be applied.

Above all, for investigation the of deformed inclusions (like elongated MnS), EE method is a 

preferable than the CS method. The elongated sulphides can be extracted and measured in the 

real size by using SEM. However, there are some limitations about 3D extraction method. 

During the extraction process, the inclusions especially large size elongated sulphides may 

damage. And if the carbon content of the sample is high (up to 0.2% C content), after 

extraction, too many carbides will also be extracted on the film filter. This is a problem that, 

the carbides will cover the other inclusions like oxides and sulphides. As a result, it is difficult 

to measure the real size of NMI covered by carbides. This harmful effect of carbides can be 

avoided by application of specific heat treatment of metal specimens before electrolytic 

extraction. 
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1.5. Deformation behaviour on MnS and Oxy-sulphides inclusions 

There are several types of the sulphides in steel precipitated during solidification (MnS and 

Oxy-sulphides like Al2O3 core with MnS outside surface layer) are commonly studied by the 

researchers. Matsuoka et al. [26] studied the composite inclusion rate on inclusions deformation 

behaviour and the influence of steel matrix and inclusions flow stress ratio. The composite 

rate of inclusion was defined as the fraction of soft inclusion in the complex inclusion (like 

Al2O3-MnS). 0% of composite rate means the inclusion is a hard oxide inclusion (Al2O3) and 

100% of composite rate is a soft sulphide inclusion (MnS). The ratio of flow stress was 

defined as an index and means the inclusion is soft or hard. In the study, they found that the 

aspect ratio of inclusion would be determined by the ratio of flow stress and the ratio of 

composite inclusion. The FE simulation and 2D method of on the polished surface of cross-

section were applied to investigate the characteristics of the inclusions.  The steel sample 

containing MnS (compound of manganese and sulphur) was conducted with uniaxial 

compression test. The specimens were machined and surface polished for SEM observation 

with EDS analysis. It was observed composite inclusion (i.e. Al2O3 core covered with MnS). 

The SEM image of inclusion during compression (before and after deformation) can be seen 

in figure 9. 

Fig. 9 SEM image of inclusion during defromation. [26] 

After 80% of compression of the experimental cylinder specimen (which means the height of 

the cylinder will be compressed for 80% of the initial height), the aspect ratio of single MnS 

inclusion (a=w/h) was analysed and calculated from the SEM observation. The aspect ratio 

from experiment analysis was calculated as 24. By FE simulation for the same experimental 

condition, the aspect ratio was calculated as 25 (figure 10 shows the deformation of inclusion 

aspect ratio defined in FE simulation). The result was obtained from the DEFORM-2D code 

after simulation. 
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Fig. 10 Definition of aspect ratio in FE analysis. [26] 

However, the aspect ratio is different for different inclusions and steels. In case of hard 

inclusions, the inclusions almost never deform during steel matrix deformation. Moreover, the 

composite inclusions, which have hard phase (Al2O3) as a core covered with soft phase (MnS) 

as an outside layer (Figure 11), are considered also. 

Fig. 11 Definition of aspect ratio and sketch of composite inclusion. [26] 

As shown in figure 12, the aspect ratio a is defined by the content of MnS in inclusion. The 

result shows that the aspect ratio increases with the increase of compression ratio and the 

MnS percentage in inclusion. That means, the larger fraction of soft phase in inclusion 

promotes to the larger changing of inclusion aspect ratio before and after metal compression.  

Fig. 12 Relation between aspect ratio and composition inclusion ratio. [26] 
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1.6. MnS transformation at high temperature 

Another phenomenon should be considered that, the shape of elongated MnS (especially large 

size elongated MnS inclusions) will be affect by the conditions of heat treatment. Heat 

treatment is an important process in steel making. Shao et al. [52] studied the MnS 

transformation at high temperature in commercial rolled steel. A confocal scanning laser 

microscope was used for in-situ observation of change of sulphide shape during heating. 

Several experiment parameters like the size of the inclusion, several different heating rate and 

heating time were set up. The result shown that the heating rate and temperature can affect the 

shape of the elongated MnS. Elongated MnS can be split to separate pieces at high 

temperature. As a result, the aspect ratio will decrease. The shape changes of elongated MnS 

is caused by the surface diffusion, and the surface tension difference. According to the Gibbs-

Thompson relation, chemical potential on the side of the inclusion in the point F is larger than 

that in point E in figure 13. The Mn and S atoms will diffuse to the low chemical potential 

point, E as shown in figure 13. Therefore, the elongated MnS will change into two bulges and 

continues transform to several pieces.  

Fig. 13 Schematic diagrams of shape evolution for elongated MnS. [52] 

Some results, obtained in their study [52], are shown in figures 14 and 15. As can be seen 

in the figures, the aspect ratio drop quickly at the temperature of 973K (700�) because 

the MnS inclusion start to split into two parts start at this temperature. At the 

temperature of 1473K (1200�) the inclusion not only split into several parts but also 

shrink. But in this temperature MnS will not melt because it is not reach the melting 

point (1655� [29]). This effect must be considered in this study during heat treatment 

of metal specimen for electrolytic extraction. 
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Fig. 14 The difference of aspect ratio of MnS at different temperature. [52] 

 

 

 

 

 

 

 

 

 

 

Fig. 15 The shape of large size elongated MnS at heating rate of 0.5 K/s. [52] 

1.7. Problems and aims 

 

1. The first purpose of this study is applying electrolytic extraction method for 3D 

investigation of elongated MnS inclusions.  

2. For elimination of precipitated carbides in steel grades with C > 0.2%, the heat treatment 

of the different steel samples has been done at 900� in previous study. The second aim of 

this study is evaluating the heat treatment conditions on characteristics of elongated MnS 

inclusions in these steel samples. 

3. The last problem for this study is that, elongated MnS inclusions can be broken during 

some circumstances. This will affect the result. In this case, find out the reasons why 

broken particles happened and avoid them to an acceptable level.  
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2. Experiment 
2.1. Samples 

In this study, two sets of steel samples of the same steel grade (42CrMo4) are studied. One set 

of samples is from ingot (IMA) and another (IMA-900) is from rolled metal. The samples 

were used for heat treatment at 900�. The sample 0 of both sample sets are regular without 

any special heat treatment. Other samples were heated and keep at 900� of 5, 10 and 30 

minutes. Then, non-metallic inclusions in these samples were studied by using Electrolytic 

Extraction (EE) and Scanning Electron Microscope (SEM) combined with Energy Dispersive 

Spectroscopy (EDS) analysis. Other two industry samples of 13HMF and 316L steels having 

smaller sulphur content were investigated for comparison. All the samples were cut into the 

right size (15×10×5mm) for electrolytic extraction (EE) process. Some characteristics of 

samples are given in table 2.  

 

Table 2. Experiment materials. 

 

2.2. Electrolytic Extraction (EE) process 

 

For EE process, there are usually three steps: grinding, extraction and filtration. Before 

ultrasonic cleaning the sample by using organic solvent (first Acetone and then Benzene for 3 

minutes), the size and the weight of the sample were measured before the extraction process. 

In this study, only one side of each sample is used for EE process.  

 

Samples Heat treatment Process Content of 
main elements 

IMA 
 
0 – without heat treatment 
1 – 900 � heat treatment for 5 min 
2 – 900 � heat treatment for 10 min 
3 – 900 � heat treatment for 30 min 
 

Ingot 
(Undeformed) 42CrMo4 

 
0.42%C, 
0.025%S IMA-900 Rolling 

(Deformed) 

Other 
samples  

13HMF 1 – 900 � heat treatment for 5 min 0.24%C, 
0.013%S 

316L Without heat treatment before Ca treatment 0.01%C, 
0.007%S 
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For electrolytic extraction, 10%AA (10% acetyl acetone – 1% tetramethylammonium chloride 

– methanol) was used as electrolyte. The parameters for electrolytic extraction are: electric 

charge (500 coulombs), electric current (40-60mA) and voltage (3.5v). During the extraction 

process, the parameters of current, voltage and electric charge were recorded. Following 

figure 16 shows how the electrolytic extraction system looks like.  

 
 

Fig. 16 The system for electrolytic extraction (a) and filtration (b). [6] 

 

After finishing extracting the inclusions, the filtration is applied then. A 0.4 µm aperture 

polycarbonate film filter was used for obtaining the inclusions on the film filter. After the 

whole process finished, the filter was placed in a dry clean plastic sample box carefully for 

the SEM observation later. The weight of the sample after the electrolytic extraction was 

measured. 

 

Depth of dissolved sample layer during electrolytic extraction can be calculated as follows:  

 

D = Wdis/ (ρmetal · Asurface)                                                                                                           (1) 

 

where D is the depth loss of dissolved metal, Wdis is the weight loss of sample during 

extraction process, Asurface is the reaction surface area of the metal sample and ρmetal is the 

metal density (0.0078g/mm3) 
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2.3. Scanning Electron Microscope (SEM) observation 

 

Before observed the characteristics of non-metallic inclusions from EE process by using SEM 

(Hitachi, S3700N), a part of sample filter was put on the aluminium sample holder with 

carbon tape, as shown in figure 17.  

 

 

 

 

 

 

 

Fig. 17 Sketch of sample preparation for SEM observation. 

 

In order to obtain the composition of the typical NMI, Energy Dispersive X-ray Spectroscopy 

(EDS) analysis were carried. The voltage was set to 15kV (for Fe based material) and the 

working distance was 11mm. Back-scattered electrons (BSE) mode was applied for 

observation of the inclusions. The BSE mode can avoid the impurity interference.  

 

2.4. Measurement and calculation 

 

In this study, for deformed elongated inclusions sulphides, the maximum length (L) and width 

(W) were measured by using the digital calliper, as shown in the figure 18. 

 

 

 

 

 

 

 

 

Fig. 18 Size measurement for elongated inclusions. 

																																																												

Top 

Bottom Aluminium base 

Film filter 
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For evaluation of the deformability and classification of the inclusions, aspect ratio (AR) is 

applied, which was calculated by using Equation (2). 

 

AR=L/W                                                                                                                                    (2) 

 

where L and W are the length and width of the measured inclusion. 

 

Moreover, the equivalent diameter (D-eq) of each inclusion was calculated by using the 

maximum length and width of the inclusion. 

 

D-eq= !´W                                                                                                                              (3) 

 

The number of NMI per unit volume of metal sample (Nv) was also calculated as follows: 

 

Nv=n · Af / SAobs ´ ρmetal/Wdis                                                                                                    (4) 

 

where n is the number of inclusions in selected size range. Af is the whole area of film filter 

with inclusions (=1200mm2). Aobs is the observed area on film filter. 
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3. Results and Discussion 

3.1. Characteristics of 42CrMo4 before and after heat treatment 

As can be seen in the table 3, too many iron carbides were extracted from these steel samples 

without preliminary heat treatment. These carbides on the film filter covered all other 

inclusions needed for analysis. It can be seen in the SEM images for samples before heat 

treatment. If the carbides not be removed fully or partly, the results of determination of 

inclusion characteristics of (like oxides and sulphides) will be incorrect. However, after 

special heat treatment 900� done in previous study, the carbides dissolved completely or 

partially and the inclusions can be seen clearly after electrolytic extraction. The heat treatment 

is firstly heat the samples up to 900� in the furnace and after required time the samples are 

fast cooled to avoid other carbides (like cementite) precipitated. The heat treatment can be 

applied to dissolve the carbides successfully, as shown in the SEM images after heat 

treatment in table 3. 

 

Table 3. Typical SEM image before and after heat treatment of 42CrMo4 steel samples 

 

 

Samples Before heat treatment After heat treatment 

Ingot 

  

Rolling 
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3.2. Characteristics of MnS inclusions in 42CrMo4 before and after deformation 

 

To compare the inclusions before and after deformation (rolling), the morphology of MnS 

inclusions in steel samples is evaluated. Results can be seen in table 4 below. From the SEM 

images, the initial morphology of the most MnS inclusions is regular shape (angular sulphides 

of type III) [51] The average equivalent diameter of these sulphides was varied between 7.5µm. 

The elongated MnS with rod like shape also can be clearly seen using SEM after heat 

treatment of rolled steel samples.  

 

Table 4. Typical SEM image of MnS inclusions in ingot and rolled steel samples after heat 

treatment. 

 

However, large number of elongated inclusions have one or two broken edges. Therefore, the 

elongated MnS inclusions are divided into three groups depending on the broken edges:  

unbroken-unbroken (UU), unbroken-broken (UB) and broken-broken (BB) inclusions. The 

figure 19 shows the morphologies of each group of inclusions. The unbroken-unbroken (UU) 

inclusions are the inclusions having real size without any destroying. These inclusions can be 

used for accurate evaluation of inclusions characteristics like size and distribution. The 

unbroken-broken (UB) inclusions have broken edge at one side though another side is 

unbroken. The broken-broken (BB) inclusions are break at both sides. These inclusions 

cannot be used for determination of real size of elongated sulphides. 

 

 

  

Sample Ingot (Undeformed) Rolling (Deformed) 
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Fig. 19 Typical SEM images of elongated MnS from different groups. 

 

For all samples of 42CrMo4 after rolling process and heat treatment, the fraction of each 

group of inclusions were calculated. The obtained results are given in table 5. As can be seen 

in the table 60 - 65% of the inclusions are UB and BB inclusions. Only 35 - 40% are UU 

inclusions.  

 

Table 5. Parameters of EE, SEM observations and characteristics of elongated sulphides in 

different steel samples of 42CrMo4 steel grade after heat treatment. 

 

 

Unbroken-Unbroken (UU) 

inclusion 

Unbroken-Broken (UB) 

inclusion 

Broken-Broken (BB) 

inclusion 

   

Sample IMA-900-1  
(5 mins) 

IMA-900-2  
(10 mins) 

IMA-900-3  
(30 mins) 

Dissolved metal (g) 0.1159 0.1291 0.1221 
Depth of dissolved 

(µm) 
53.7 48.9 44.6 

Observed area (mm2) 2.443 0.878 1.042 
Total numbers of 

inclusions 
193 (100%) 105 (100%) 75 (100%) 

Numbers of UU 
inclusions  

76 (39%) 38 (35%) 26 (35%) 

Numbers of UB 
inclusions 

57 (29%) 41 (39%) 24 (32%) 

Numbers of BB  
Inclusions  

61(31%) 26 (25%) 25 (33%) 

Nv (mm-3) 6380 8671 5518 

U 

U 

B 

U 

B 

B 
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Moreover, according to inclusion morphology, there are three main types of inclusions were 

found in 42CrMo4 steel after rolling: Type RS - rod like MnS; Type PS - plate like MnS and 

Type OS - oxy-sulphide. Main characteristics of each type of inclusions are shown in table 6.  

 

Table 6. Classification of different non-metallic inclusions in rolling samples of 42CrMo4 

steel. 

 

 

 

 

 

 

Type Typical SEM images Size range  
(D-eq, µm) 

L 
(µm) AR 

RS 

 

3-33 7-330 7-95 

PS 

 

8-31 8-170 4-8 

OS 

 

4-30 10-106 4-19 
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The figure 20 shows fractions of different types of inclusions in 42CrMo4 after deformation. 

It can be seen that 65 - 88% of particles in UU, UB and BB groups are Type I - rod like MnS 

(RS). There are limited number (0 - 8%) of Type II - plate like (PS) inclusions found in 

42CrMo4 samples. After steel making process, the oxygen level is low so the fraction of 

oxides is much less than sulphides, so the most inclusions are elongated rod like sulphides 

(MnS). However, fraction of oxy-sulphides, which are less deformed during rolling, varied 

from 11 up to 31% in different samples. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 20 The fraction of different type of sulphides in rolled 42CrMo4 samples after heat 

treatment. 

a) 

 

b) 

 

c) 
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As mentioned above in table 5, about 30% of inclusions are UB inclusion (from 29% to 39%). 

The measured size of the UB and BB inclusions may smaller than the real size of inclusions. 

The figures of equivalent diameter vs. aspect ratio were made. As shown in the figure 21, the 

trend lines of UU inclusions are different from the trend lines of UB and BB inclusions for all 

42CrMo5 samples. For samples 5min and 30min, the tendency of trend lines for samples of 

5min and 10min shows the same agreement with the same gradient. For sample 42CrMo4 

10min, neither of the trend lines have the same agreement. For the sample of 42CrMo4 with 

heat treatment, use the data of UB inclusions for calculating the characteristics (size and 

distribution) could be critically. 

 

However, there are also some critical points found in the samples. As can be seen in region I 

in the figure of 21a (for 5 min), there are small amount of small size particle with large aspect 

ratio.  In region II for UB inclusions (figure 21b), the equivalence diameters are the same but 

with different aspect ratios. In region III for 30 minutes heat treatment (figure 21c), there is a 

largest UU inclusion with aspect ratio of 95 was found. In this case, the figure of D-eq vs. 

Length for all inclusions in 42CrMo4 samples was made. As can be seen in figure 22a and b, 

the tendency of trend lines for UU and UB inclusions are show as the same. The tendency of 

BB inclusions is lower than the tendency of UU and UB inclusions in the samples of 

42CrMo4 steel with 5 and 10min heat treatment. However, for the sample of 42CrMo4 with 

30min heat treatment, the UB and BB inclusions are shown the same tendency and the trend 

lines for these inclusions are much lower than UU inclusion. From the result from figure 22, 

the UU and UB can be used together for calculating the inclusion characteristics for samples 

of 42CrMo4 with 5 and 10min heat treatment. However, for the sample with 30min heat 

treatment, the UB inclusions cannot be used. 
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Fig. 21 The D-eq vs. AR for all inclusions in 42CrMo4 samples. 

a) 

 

b) 

 

c) 
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Fig. 22 The D-eq vs. L for all inclusions in 42CrMo4 samples. 
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Following are the distributions of UU inclusions for rolled steel after heat treatment. From the 

figure 23, the tendencies of the distribution for all three samples are very similar.  According 

to previous study [4], the surface of hot rolled bar has largest number of small size inclusions 

and the size of inclusions increasing from surface to centre part. So, the sample for 10 minutes’ 

heat treatment may cut from the surface of the bar and sample for 30 minutes’ heat treatment 

was cut from centre. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 23 Distribution of UU inclusions for 42CrMo4 rolled steel after heat treatment. (ΔD-eq = 
10µm) 
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Another aspect should be considered that, the 42CrMo4 samples with heat treatment may 

affect the characteristic of elongated MnS. The average length and aspect ratio are calculated 

for all the UU inclusions of all 42CrMo4 samples. As seen in the figure 24 below that, with 

the increase of the heating holding time, the aspect ratio of the elongated MnS inclusions 

shows a decrease tendency. At the length between 15 to 60 µm, the aspect ratio of 5 min heat 

treatment is much larger than the 10 min and 30 min heat treatment. For larger than 60 µm, 

the aspect ratio for 5 min does not change however for 10 and 30 min heat treatment the 

aspect ratio shown the liner increase. For the length which larger than 120 µm, the aspect 

ratio is almost the same for both 5 min and 30 min. This is only considered on the aspect of 

aspect ratio for all inclusions. The figure shows that, the elongated MnS does transformed 

after heat treatment. But for large size inclusion (larger than 120 µm), the elongated MnS 

does not have the tendency of transformation in high temperature. The difference on the 

aspect ratio between 5 min and 10 min is larger than that 10 min and 30 min. In this case, the 

heat treatment may consider by using 5 min in order to have less sulphides transformed. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 24 The average length and AR with STD for UU inclusions in 42CrMo4 samples with 

heat treatment. 
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3.3. Characteristics of MnS inclusions in deformed 13HMF and 316L steels 

 

For other samples of 13HMF and 316L steels, the fraction of Unbroken / Broken inclusions is 

quite different compare to 42CrMo4 samples. Some parameters of electrolytic extractions and 

characteristics of deformed MnS inclusions in metal samples of 13HMF and 316L steel 

grades are given in table 7. As shows below in figure 25 for 13HMF and 316L steel, 88 and 

94% of inclusions respectively are UU. It can be assumed that the amount of Broken 

elongated MnS depends on the steel grade, parameters of deformation and heat treatment. The 

sample from 316L steel without heat treatment have the largest fraction of UU inclusions. 

However, sample 42CrMo4 with heat treatment of 5 minutes have smallest fraction of UU 

inclusions.  

 

Table 7. Some parameters of electrolytic extractions and characteristics of inclusions for 

samples of 13HMF and 316L steels.  

 

 
Fig 25. Fraction of Unbroken / Broken inclusions in different steel samples. 

37%

88% 94%
33%

8% 4%

30%

4% 2%

0%

20%

40%

60%

80%

100%
Fraction between different samples

42CrMo4
HT 5min

13HMF
HT 5min

316L

UU

BB

UB

Sample 13HMF 316L 

Dissolved metal (g) 0.1344 0.0878 

Observed area (mm2) 0.504 0.465 

Total numbers of inclusions 147 (100%) 173 (100%) 

Nv (mm-3) 20313 39661 



 31 

The table below (table 8) shows the classification of inclusions in samples of 13HMF and 

316L. As can be seen in the table, most inclusions in both of these samples are rod-like MnS 

(RS) (92% for sample 13HMF and 97% for sample 316L).  

 

Table 8. Classification of different non-metallic inclusions in samples of 13HMF and 316L. 

 

Sample Type Typical SEM images Size range 
(D-eq, µm) 

L 
(µm) AR Fraction 

(%) 

13HMF 
 (5 min) 

RS 

 

6-20 7-110 5-40 92% 

PS 

 

9-30 3-80 8-30 8% 

OS - - - - - 

316L 
(without 

heat 
treatment) 

RS 

 

2-36 3-70 6-28 97% 

PS 

 

10-35 5-60 2-7 3% 

OS - - - - - 
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From figure 26, the same tendencies of size distribution for the samples were found. The 

sample of 316L has larger number of small size inclusions (<5µm) than the sample 13HMF.  

 

  
 

Fig. 26 Distribution of UU inclusions for 13HMF and 316L steel samples. (ΔD-eq = 5µm) 
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3.4. Possible reasons for broken inclusions 

 

Regarding to the content above, some possible reasons of inclusion broken can be assumed 

that:  

 

First, during steel making process, temperature is an important factor. If the temperature range 

is beyond the optimum temperature range, the inclusions will break during rolling process. If 

this happens, the following process cannot avoid it. 

 

Second, during electrolytic extraction (grinding, ultrasonic cleaning, filtration and film filter 

preparation for SEM observation) may cause the problem. This can be avoided by optimised 

the process such as, carefully operating or shorter time for ultrasonic cleaning. 

 

Third, as mentioned above, the heat treatment may cause the MnS transform, this also can 

assume that, the MnS can be broken during heat treatment. 

 

Finally, the electron beam or the high current during SEM observation can cause this problem. 
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3.5. Consideration on social and ethic aspects 

 

Clean and high property steels are still in high demand in recent years. As mentioned above in 

the introduction part, the non-metallic inclusion in steels reduce the property of final steel 

products (like fatigue resistance, anisotropy etc.).  In this circumstance, the service life of the 

steel products must be shortened significantly. That means, the recycling and working period 

of the steels will be decreased. This will lead to a higher energy consumption and larger off 

gas emissions. This will bring a negative impact on the environment protection since the 

aspect of consider and maintain a sustainable environment is important in recent society 

Moreover, the reduce of the property of final products may cause damage during the service 

life. This safety problem is strongly affect the human life.  

 

This study is not only for better understanding the behaviour of the inclusion deformation and 

solve the technical problems but finally find a way to optimize the process of steel making 

which give a balance of longer service life (higher quality) of steel, environmental 

sustainability and the cost of production. 
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4. Conclusion 
 

In order to evaluate the deformed MnS with an appropriate result, electrolytic extraction 

method was applied. And several ratios were compared in numbers and types. Here come the 

following conclusions: 

 

• Heat treatment can be applied successfully for removing carbides.  

• In all samples (42CrMo4 rolled steel grade with heat treatment), the majority of inclusions 

is Type RS - rod like sulphides which contains 65%~88%. The less amount of inclusions 

is Type PS - plate like sulphides which is 1%~8%. And Type OS - Oxy-sulphides have 

11%~31%. 

• The broken (UB/BB) inclusions of steel sample for this study are mostly Type RS which 

is 65%~80%. 

• The ratio between UU/UB/BB affect by different steel grade composition. 

• Heat treatment may have affect the morphology of elongated MnS, as the aspect ratio 

decrease as the process holding time increase.  
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5. Future work 
 

This study is only a small part of the project, the following work for improvement will be 

done: 

 

1. Make more analysis to check if the special heat treatment will affect the MnS clearly and 

make quantity analysis of this effect. This should be done first, because, the characteristics 

of elongated MnS cannot be reach to a reliable level. 

2. Find out the reason why the elongated MnS will break and how to avoid due to different 

kind of reasons. 

3. Make a methodological analysis and optimize the operation of EE process in order to 

improve the result. 

4. The aspect ratio change with the ratio between oxides and sulphides is not done in this 

work. This must be contained in the future work. 

5. At last, examine how the elongated MnS will affect on the mechanical properties of steel 

in different steel grades and how to control the characteristics of elongated MnS in a safe 

range for products. 
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toughness, ductility, etc. 
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