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Abstract

Investigation of non metallic inclusions in two different steels from Sandvik was made before and after 

turning. After dissolving the non-metallic inclusions by electrolytic extraction the particles were analysed 

manually or by INCA feature. This was referred to as 3D analysis. INCA feature analysis without extraction 

of particles was also performed, this was referred to as 2D analysis. The aim of the report was to a make a 

characterization of  non-metallic inclusions with respect to chemical composition, aspect ratio, size and 

shape. The aim was also to compare different investigation methods. Samples were prepared and 

investigated. It was obtained that inclusions with sulphur content was elongated and crushed during the 

turning process. Broken sulphides were detected in one of the steels, and broken oxysulphides in the other 

steel in the electrolytically extracted chips created by turning. The first steel, steel 1, mainly contained 

sulphide and oxysulphide inclusions, and steel 2 mainly contained oxysulphides. The aspect ratio obtained 

by 2D analysis of the sulphide inclusions in steel 1 before turning showed similar results to the electrolytic 

extracted inclusions measured by hand. The aspect ratio increased with the length of the inclusion. However 

the deviation of data obtained by the 2D analysis was larger than deviation from the extracted particles 

measured by hand. The reason for this was assumed to be that the 2D method was not able to analyse the true

shape of the inclusions e.g. if inclusions were partly concealed by metal matrix. In analysis of steel 2 the 

average aspect ratio decreased for oxides and increased for oxysulphides after turning. The chemical 

composition of inclusions did not change after the turning process for neither of the steels. Copper was 

detected in the electrolytic extracted inclusions, however not in the 2D investigation by SEM. This is an 

interesting topic for future research. 
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In this report abbreviations will be used, the following list implicate the definitions:

Method – method for analysis of a sample that has been prepared by polishing, grinding and etching

3D method – method for analysis of a sample that has been prepared with electrolytic extraction

3D-MM method – manual measurement analysis of a sample that has been prepared with electrolytic 

extraction

2D sample – sample prepared by polishing, grinding and etching. In this report a 2D sample is    

always a sample from the working material.

3D sample – a sample of non-metallic inclusions that has been prepared through electrolytic 

extraction

Chip – turning of steel produces chips. In this report non-metallic inclusions in chips are analysed in 

order to determine their properties after a cutting process

ECD – When referring to size it is the equivalent circle diameter (ECD) that is aimed at. ECD of the 

inclusions  is calculated as the square root of  (4 ·Area) / π. The unit is meter. This is not the same as 

the maximum length!!br0ken!!

EE sample – the same as a 3D sample; a sample of non-metallic inclusions that has been prepared 

through electrolytic extraction. EE refers to electrolytic extraction

Working material –  sample from the rolled steel before turning
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1. Introduction

1.1 Technical background
The steel production in Sweden is an important industry and most of the steel produced within the country 

are exported abroad to 140 countries worldwide. Development of new types of steel and new technique in 

the field is an essential part of being world leading in production of advanced steel [1].

This research was initiated when the authors of this report were introduced to a method of  investigating non-

metallic inclusions in steel through electrolytic extraction at the department of material science and 

engineering in KTH. Further Sandvik was contacted concerning their interest in this type of investigation, 

resulting in a collaboration with the steel research department in Sandviken. 

1.2 Scientific background

1.2.1 Non-metallic inclusions

Inclusions are formed during different states of the steel-making process. Primary inclusions, which are 

formed when the steel is in its melted state, are detached in the ladle process. Secondary inclusions are found

in cast metal. These inclusions are small (< 1 µm) and precipitate during solidification, and can have a 

positive impact on the properties of the material. Inclusions can affect the microstructure so that some 

properties of the metal get improved, while other properties deteriorate. Several properties, e.g. weldability, 

fatigue strength, surface roughness, corrosive properties, ductility and machinability, are affected by the 

variety of inclusions, their size range and their composition when these are bigger than 10-15 µm [2].

Figure 1.1: Different types of inclusions A-D [2].

The photographs in figure 1.1 shows four different inclusions in rolled steel. The morphology of the 

inclusions affect the properties and machinability of the steel. 

The first picture A in figure 1.1 shows a typical ductile inclusion; if the steel is deformed this inclusion will 

    A    B        C     D
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follow the deformation of the surrounding steel matrix. The inclusions will elongate with ease along the 

rolling direction. Examples of ductile inclusions are mangansulphides, calciumsilicates and mangasilicates 

with high SiO2 content. The second picture B shows a brittle inclusion which tears up into small separate 

fragments while the material is processed.  In production of metal sheets this type of inclusion is unwanted 

because of their brittle behaviour and tendency to crush and deteriorate the smoothness of the surface. 

Anisotropic properties in the sheet can also be the result of these inclusions. Examples of brittle inclusions 

are Al2O3-clusters, MnO-CrO3, and titancarbonitrides. Calcium can be added after Al-desoxidation to create 

round shaped calciumaluminates for more isotropic properties and a finer surface of the sheet.

The third picture C shows brittle-ductile inclusions that consist of a hard core surrounded by a deformable 

phase. Silicates with low SiO2 content are examples of this. The fourth picture D shows a hard inclusion that 

will barely deform when the material is processed; the deformation of the inclusion is therefore highly 

limited. Cavities are often shown in the rolling direction when a metal containing these hard inclusions is 

rolled. Calciumaluminates, small Al2O3 inclusions and MgO-Al2O3 spinelles are examples of such hard 

inclusions. In steel applications that require high demand on fatigue properties these inclusions are 

thoroughly avoided because they will not deform and create crack initiating points. To lower the number of 

D inclusions, alloys and desoxidants with low Ca and Mg content can be used [2].

1.2.2 Inclusions effect on processability

Inclusions are often more hard and more abrasive than the surrounding metal matrix, and therefore they 

effect the processability. Inclusions larger than 150 µm is known as macro inclusions and they are mainly 

present in low quality steels. The steels from Sandvik investigated in this report contain micro inclusions. 

Aluminiumoxides and spinels (a hard mineral containing Mg[Al2O4]) are undesired inclusions because they 

are hard and abrasive. Inclusions containing iron oxide and manganoxides are also unwanted, however they 

are easier to deform than the previous mentioned. Inclusions wanted when processing with high cutting 

speed are silicates due to their softening properties at high temperatures which saves the attrition of the 

equipment [3]. 

Chips can be created by turning. In turning a force is applied to the steel by the cutting tool to make the 

material shear, as illustrated in figure 1.2. While the turning takes place the temperature rises in the cutting 

zone. The deformation proceeds to a critical point where the piece of steel breaks of, a chip is created [4].

Figure 1.2: Formation of chips during turning [4].
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1.2.2.1 Addition of sulphur agents in steel

To improve the cutting ability in steels sulphur is added in the steel. Mangansulphide is a common agent to 

obtain inclusions which have lubricating effects and reduce the friction between the contact zones and the 

shearing plane. The mangansulphide inclusions are formed when the steel melt solidifies. MnS has a low 

hardness and has a high deformability at temperatures lower than 1000 oC. Presence of MnS in the steel 

means decrease in toughness, weldability and the level of cold brittleness. However it is an advantage that 

the cutting force and power consumption of machining steels with MnS inclusions is low, and the formation 

of chips is good [4]. Due to the cutting properties the most favourable state of the mangansulphides is an 

even distribution, a cone formed shape and a moderate size. This can be obtained by annealing and hot 

rolling of the steel [3].

1.2.3 Microscope investigation and sample preparation

1.2.3.1 SEM

Scanning Electron Microscope (SEM) is a useful tool to closely examine materials; it is possible to magnify 

specimens from 10 -50 000 times. An electron beam scan the surface of the specimen, then the electron beam

is reflected or back scattered, further collected and displayed on a cathode ray tube. The image shown on the 

screen is depicting the surface feature and can be photographed [5]. Generally more dense material looks 

brighter on the SEM-image [6]. The surface of the specimen may be polished, etched, and it must be 

electrically conductive [5]. 

1.2.3.2 EDS 

Energy Dispersive Spectroscopy (EDS) is a software used to identify elements present in the sample and 

their relative proportions to each other. An X-ray spectrum (or diagram) of the SEM-scanned area is 

generated. The Y-axis shows the number of X-rays generated and the X-axis shows the energy level of these 

X-rays. The energy level of the X-ray can be associated with the particular element and electron shell that 

generated the X-ray, while the number of counts enables calculation of the concentration of the elements in 

the specimen.

When the electron beam from the SEM interact with the atoms in the sample, radiation of two different types

can result; characteristic and continuum. Characteristic X-rays arise when the electrons in the beam eject the 

inner shell electrons in the atoms of the specimen. The X-rays are characteristics of the atomic numbers of 

the specimen atoms, thus they are used for element identification. Continuum X-rays result when the beam 

electrons interact with the nucleus of the specimen atoms. Characteristic X-rays are present as peaks imposed

upon a background of continuum X-rays. Often the background of continuum X-rays is referred to as 

”background noise”. In order to carry out quantitative analysis of elements present in the specimen, the 

continuum X-rays need to be subtracted from the characteristic X-rays. When accurate measures of peak 

intensities has been obtained, the concentration of elements can be calculated [7]. 
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1.2.3.3 Limitations of EDS

The ability of EDS to detect the presence of peaks above the background noise in the generated X-ray 

spectra is very poor when it comes to elements with low atomic weight; elements lighter than carbon cannot 

be detected [8]. There is limitations in the detection of all elements with atomic number below 10. Reliable 

analysis of light elements requires a different approach [9].

1.2.3.4 Spatial resolution of EDS

Because the electron beam will penetrate into and interact with the atoms within the specimen volume, and 

the X-rays have a relatively big escape depth (compared with back scattered electrons for example), X-rays 

will not only be generated from the surface of the specimen but also from the bulk, figure 1.3. This can affect

the molecular composition data that is received by the method. [7].

Figure 1.3. Schematic illustration of EDS spatial resolution.

1.2.5.3 Comparison of 2D and 3D analysis

The sample preparation of the 2D method enables investigation of the cross section of the specimen in the 

microscope. Because the non-metallic inclusions may be completely or partially covered with metal matrix, 

their true size and morphology can in reality be different from that determined in the 2D-analysis. 

Furthermore it is not possible to decide whether the inclusions form clusters or if they are only located 

closely together by watching the cross section of the sample [6]. However, the 2D-methods can determine 

the location of the non-metallic inclusions in the specimen. It can also give an approximation of what the 

largest cluster size is, which is important to know when using the 3D-methods [12]. Regarding 3D analysis, 

it was found in an experiment comparing a cross sectional method with the EE-method for analysis of non-

metallic inclusions in tool steel samples, that the carbon from the polycarbonate filter on which the non-

metallic inclusions were collected in the EE-method affected the determination of the composition of 

inclusions smaller than 6 µm. However, since carbide inclusions were not present in the investigated steel 

this was not detrimental for the composition analysis of the inclusions. In the same experiment it was 

concluded that the composition determination of  non-metallic inclusions was more accurate with the EE-
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method than with the 2D-method for small size inclusions (less than 4 µm). Furthermore, the study showed 

that precipitations of Cr, V, Fe and Mo covered some non-metallic inclusions so that the size and number of 

the covered inclusions could not be determined exactly by 3D investigation. Precipitation of the above 

mentioned compounds happen when the content of Cr, V and Mo is high [13]. More accurate 3D 

investigations of the morphology, composition, size, number of clusters, and inclusion particles in clusters 

can be obtained after electrolytic extraction, in comparison to chemical extraction. A drawback is that this 

extraction method is more time consuming than the chemical extraction [12].

1.2.4 INCA 

INCA Energy, a software produced by Oxford instruments, is used to obtain and process energy dispersive 

X-ray spectra. It is based on EDS analysis. A description of some software functions follow;

Mapping: The mapping function depict the distribution of elements over a particular area of the specimen. 

Energy range specification can be made for acquisition of maps showing the distribution of certain elements 

within the sample. Figure 1.4 displays a series of maps for a non-metallic inclusion.

Point & ID  : The Point & ID function enables acquisition of X-ray spectra at a manually chosen point or area 

of interest.

Feature  : Feature collects data from features detected in the sample. A feature refers to a small particle, e.g. a 

non-metallic inclusion. The data that can be obtained for each and every feature is, among all, area, length 

(maximum Feret), width (minimum Feret), aspect ratio, chemical composition (at-% or wt-% of each 

element) and location in the sample [10].

Figure 1.4: Element mapping of a non-metallic inclusion present in steel grade SANMAC 2205.
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1.2.5 Sample preparation techniques

Before a microscope investigation of inclusions in a metal sample is possible, the sample needs to be 

prepared. One way to prepare the specimen is to polish, grind and etch the surface to allow for a cross 

sectional view of the inclusions in the microscope. Another more comprehensive method is to extract the 

inclusions and collect them on a filter. Such a method enables a 3D-analysis of the inclusions (further 

discussed in paragraph 1.2.5.2) and can be either chemical or electrolytic.

1.2.5.1 Sample preparation of 2D investigation

The main reason to prepare the specimen before microscopy is to make it representative for what is desired 

to examine. The first step is to grind and polish the surface of the specimen and thereby make the features 

that shall be examined visible. The surface treatment is also necessary to make the surface of observation 

flat. Eventually an etching step can follow. Etching creates contrasts in the surface to make observable 

microstructure details such as different phases and different crystallographic orientations [11]. To be able to 

observe eventually elongated inclusions it is necessary to investigate the sample in the direction of 

deformation e.g. the rolling direction. This is the reason why 2D sample preparation is problematic for chips.

Inclusions will have random orientations within the chip and therefore it is difficult to know when a full view

of the most interesting shape (e.g. the elongated shape of a ductile inclusion) has been obtained. Also it is 

impossible to see the most interesting shape of all inclusions in the specimen at the same time with the 2D 

preparation technique because they are covered by metal matrix [6].

1.2.5.2 Sample preparation of 3D method

As the inclusions are completely deliberated from the metal matrix they can be examined in three 

dimensions, i.e. no part of the inclusion will be covered by the metal matrix. This is the main idea of this 

sample preparation method, which is carried out by an extraction method [6]. There are two principal 

methods for extracting inclusions from the metal matrix; chemical and electrolytic extraction. Both methods 

will be further explained below. A guideline for any extraction technique to analyse non-metallic inclusions, 

is that the depth of the dissolved metal layer must be comparable with the expected size of the largest cluster 

of non-metallic inclusions in the metal sample. If not, larger inclusions may not be collected [12].

Chemical extraction: The metal matrix on the surface of a metal sample is dissolved through reaction with a 

strong solution (an acid or a halogen-alcohol). This liberates the inclusions from the matrix. The inclusions 

are then collected on a film filter for the forthcoming examination in the microscope. However, a drawback 

of the method is that the inclusions can dissolve in the extraction process [6].

Electrolytic extraction: The extraction is done by dissolving the metal matrix through electrolysis. During the

electrolytic extraction process the non-metallic inclusions do not dissolve because they do not conduct 

electric current; instead they are deliberated from the matrix and gathered at the bottom of the cell. When a 
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satisfying amount of inclusions has been extracted and the matrix has been dissolved, filtering technique is 

used in order to collect the non-metallic inclusions on a film filter.

1.3 Aim

The aim of this report is to do a characterization of non-metallic inclusions according to morphology and 

chemical composition, in two different rolled steels before and after turning. The task of the report is to 

answer the following questions through a theoretical background and experimental practice;

 What is the chemical composition of the non-metallic inclusions present in the two materials? 

 In which size ranges do the non-metallic inclusions occur?

 How does the inclusions look with respect to shape and structure? 

 What is the aspect ratio of the non-metallic inclusions? 

 Do chemical composition, size, appearance and aspect ratio of non-metallic inclusions change after 

turning? If there is a change; what is the difference?

 Which differences between different investigation methods of non-metallic inclusions can be found?



2. Method 

2.1 Investigated steels

To determine the inclusion characteristics experiments were performed on two different steels from Sandvik. 

The first steel (later referred to as steel 1) was 4LR60, a stainless austenitic steel. The second steel, steel 2, 

was a stainless duplex steel called SANMAC 2205. The main compositions of these steels are the following;

Steel 1 , stainless austenitic

0.02% C, 16% Cr, 10% Ni, 2% Mo and 0.05% N

Sulphur content: 300 PPM

Oxide content: 50 PPM

Steel 2, stainless duplex

0.02% C, 22% Cr, 5% Ni, 3% Mo and 0.2% N

Sulphur content: 50 PPM

Oxide content: 30 PPM

Previous investigations by Sandvik on these steels state that steel 1 contains mangansulphides and oxide 

inclusions. The oxide inclusions are mainly composed of CaO-SiO2-Al2O3 and have an elongated shape. 

Their width falls between 2-20 µm and their length can be up to 500 µm. Steel 2 contains globularly shaped 

oxide inclusions mainly composed of CaO-Al2O3 with elements of CaS. Their width is 2-30 µm. Steel 2 

contains a significantly lower amount of Mn-sulphides than steel 1 [14].

2.1.1. Production process

The two stainless steels that this research concern was produced at Sandvik in Sandviken. Scrap steel and 

raw material was put into an electric arc furnace (EAF), then processed in the argon oxygen decarburization 

converter (AOD) where the carbon was reduced and the principal metallurgic process took place. Further the 

steel temperature and composition was adjusted in a ladle furnace (LF) where the inclusions in the steel melt 

were modified. Finally the ladle was lifted to the cast platform and continuously !!br0ken!! This process is 

schematically presented in figure 2.1. The steel was then reheated in a heating furnace to the correct rolling 

temperature, and thereafter rolled and directioned (figure 2.2). Turning was used for manufacturing the chips 

[15].
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Figure 2.2: Illustration of the rolling process [16].

Figure 2.1:Schematic representation of the production 

process of the steels examined in this report [16].

2.1.2 Working material samples

The samples that come from the working material contained non-metallic inclusions that had not yet been 

exposed to turning. These samples had the shape of cuboids and were taken at half of the radius of  “pucks” 

from billets, see figure 2.3. Sample dimensions were 18x18x12 mm for steel 1 and 23x22x12 mm  for steel 

2.  An “L” marked onto the samples informed about the longitudinal (or rolling) direction of the billets. The 

2D method analysed a face in the rolling direction of the steel because inclusions are expected to deform in 

that direction. Elongated inclusions are aligned in the rolling direction and therefore a face in the rolling 

direction was exposed to electrolytic extraction; in that way less matrix needed to be dissolved in order to 

deliberate the inclusions.

Figure 2.3: Illustration of where the working material samples were cut from.
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2.1.3 Chips 

The chips on which experiments were performed resulted from turning. Investigation of non-metallic 

inclusions in chips enabled characterization of these after the deformation turning exposure.

2.2 Sample preparation

2.2.1 The 2D sample preparation

Non-metallic inclusion could be investigated with the 2D method before turning. For this, the working 

material sample had to be polished, grind and etched. This was done by the department of research and 

development at Sandvik.

2.2.2 The 3D sample preparation 

Three electrolytic extractions were made. From steel 1, a working material sample and one chip was 

extracted. From steel 2 only a chip was extracted. Platinum electrodes were used and the electrolyte 

contained 10% AA (10 v/v% acetylacetone – 1 w/v% tetramethylammonium chloride – methanol) and 2% 

TEA (2 v/v% triethanol amine – 1 w/v% tetramethylammonium chloride – methanol). During the extraction 

the current density was set to 35-52 mA/cm2.  After the electrolytic process the solute was filtrated through a

film filter. 

2.2.2.1 Procedure of electrolytic extraction

Before using any equipment it was cleaned three times with water, three times with distilled water and three 

times with methanol. Finally it was dried with a dryer. Oils originating from the production of the steel were 

removed from the steel sample/chip (from now on called specimen). Then the specimen was put in a bottle of

acetone, which in turn was put in an ultrasonic bath of water for three minutes. After the acetone treatment 

the specimen was removed from the bottle with a pincette and dried with the dryer. In the next step the 

specimen was introduced into a bottle of benzene, this was also put in the ultrasonic bath for 2-3 minutes. 

Afterwards the specimen was dried again. The weight of the specimen was measured using the weight 

balance machine. Then 270 ml of electrolyte (10% AA) was added to the cell and the specimen was clamped 

to the anode. Before the specimen-anode arrangement was introduced into the electrolyte, it was cleaned 

with methanol. When the cell arrangement was ready it looked like figure 2.4. At this point the voltage, 2.6 

V, was applied. The starting values of the charge in the electrolyte and the current were fixed. These 

parameters and the voltage were from that moment on controlled and documented every 30 minutes until the 

end of the electrolysis. The electrolysis stopped by itself when the charge in the electrolyte reached 501 

coulomb.
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Figure 2.4: Cell arrangement. A voltage is applied between 

anode and cathode.  

2.2.2.2 Filtration

The equipment was cleaned and dried before usage in the same way as in the extraction process. For the 

filtration a polycarbonate filter with a 0.4 µm open pore size was used. With this filter all inclusions with a 

size >0.4 µm could be collected. An arrangement looking like figure 2.5 was prepared; this was the filtration 

apparatus. By letting a methanol solution pass through the apparatus (without starting the vacuum pump) it 

was checked that the clamp held tight between the top bottle and the funnel. The filtration was carried out by 

pouring the electrolyte into the top bottle. After starting the vacuum pump, the solution passed the filter and 

fell down into the lower bottle whilst the non-metallic inclusions were caught on the filter. As some 

inclusions deliberated during the electrolysis could be stuck to the specimen, the specimen was put in a bottle

of methanol which was further put in the ultrasonic bath for 10 seconds. Then the methanol solution, 

eventually containing inclusions was poured into the electrolyte. This process was repeated two more times 

to ensure that all non-metallic inclusions had been moved from the specimen to the electrolyte. Then the 

electrolyte could finally be filtered. The specimen was left in the methanol solution. When all electrolyte had

been filtered the top bottle was flushed three times with methanol in order to obtain also the non-metallic 

inclusions that could be stuck to the bottle walls. After finishing the filtration, the filter with the non-metallic 

inclusions was removed and put in a box. The box had been cleaned in the same way as the other equipment, 

however it had only been dried from the outside to avoid introduction of dust in it. By using a tweezer the 

specimen was lifted up from the methanol bottle, dried and then weighted again. 

2.3 Investigation of non-metallic inclusions

The analysis methods that were applied in this project will be described here. They will be referred to as 2D-,

3D- and 3D-MM method, respectively.  In all analyses a SEM-microscope equipped with EDS was used. The

2D method generated information about non-metallic inclusions present on a polished, grind and etched 

specimen by use of the INCA software. The 3D analysis aims to analyse a sample prepared with electrolytic 

extraction, a 3D sample. In this project distinctions was made between two separate ways to perform the 3D 

Figure 2.5: Filtration apparatus. The electrolyte was poured into 

the top bottle (after removing the cap).
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analysis; 3D and 3D-MM method (MM stands for manual measurements). The 3D method refers to the use 

of INCA software to analyse the 3D sample. 3D-MM method means that INCA point & ID was first used to 

identify different kinds of inclusions based on their morphology and chemical composition. An atlas with 

each kind of inclusion type in the samples was created and used as a guideline in investigating and 

determining inclusions of unknown chemical composition that were present on SEM-photographs. Thus non-

metallic inclusion characteristics (e.g. aspect ratio, length) could be obtained from the photographs, 

compared to the atlas and further connected to a specific type of non-metallic inclusion without knowing its 

specific elemental composition. Investigation with SEM was used to detect whether or not the non-metallic 

inclusions were homogeneously distributed and it was confirmed that it was homogeneously distributed and 

therefore only analysing a part of the sample would give a fair picture of the whole sample. 

For examination of non-metallic inclusions in the working material samples, 2D-, 3D- and 3D-MM method 

could be applied. Only the 3D and 3D-MM methods could be used for examination of non-metallic 

inclusions in chips. The reason why the 2D method is generally not applied to analyse non-metallic 

inclusions in chips is that the sample preparation is problematic due to the non-flat and irregular shape of the 

sample.

2.3.1 Chemical composition

INCA feature gives the number of sulphides, oxides and oxysulphides for the following size ranges; 2.8-5.6, 

5.6-11.2, 11.2-22.4, 22.4-44.8 and >44.8 µm. Also the specific chemical composition for sulphides, oxides 

and oxysulphides was determined. For detection and possibility to perform analysis (e.g. determination of 

number, aspect ratio, specific chemical composition) of sulphides, oxides and oxysulphides in a sample, 

certain characteristics of their respective chemical compositions was specified in the settings of INCA 

feature. Restrictions made for the 2D samples:

Oxides: (Al+O-S)-matrix

Sulphides: (S-O)-matrix 

Oxysulphides: (Al+O+S)-matrix. 

Restrictions made for EE samples: 

Oxides: Al-Mn-S-Fe

Sulphides: -Al+Mn+S-Fe 

Oxysulphides: Al+Mn+S-Fe. 

Due to the spatial resolution of the EDS, the sample matrix had some contribution to the analysed chemical 

composition. The contribution of the steel matrix to the inclusion composition for the 2D samples was 

removed by specifying”-matrix”. This deleted the Fe-peak from the EDS-spectrum of the inclusion, and 

proportionally removed the other matrix elements (Si, Cr, Mn, Ni, Mo). The restrictions had to be different 

for inclusions on the film filter because it contained oxygen. Since oxide inclusions almost always contain 

Al, the command +Al was used to detect oxides. -Fe was used to avoid INCA feature from including inter-

metallic phases in the analysis. The oxygen from the film filter could not be removed proportionally to C, 
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because the proportionality of the data between O and C that EDS registered was too unreliable due to the 

light weight of the elements. 

Manual analysis of chemical composition was only done on the EE samples. To do this INCA point & ID 

was used in order to find patterns of how the chemical composition was connected to the morphology of 

non-metallic inclusion. INCA Point & ID determined the chemical composition of a specific non-metallic 

inclusion chosen by the operator. The matrix of the 3D sample (the polycarbonate filter) had an impact on the

determined chemical composition due to the spatial resolution of the EDS. To evaluate if the analysed 

oxygen came from inclusions and/or filter, the following method was used: 

First the C:O ratio of the polycarbonate film filter was determined and assumed to be constant. The 

percentage of carbon divided by the percentage of oxygen would then have constant value k for the filter. In 

the examined non-metallic inclusion a composition including carbon was present, however that carbon was 

known to be only an effect of the matrix; the non-metallic inclusions themselves did not contain carbon. The 

oxygen originating from the filter would be carbon * k. Therefore, the percentage of oxygen present in the 

inclusion was calculated as the total analysed percentage of oxygen minus the oxygen in the filter. Still it is 

important to highlight that because the EDS registration of the proportionality between O and C was 

unreliable, neither of this calculated percentage of oxygen contents in the non-metallic inclusion was reliable

values. However it could be used as rough estimations of the oxygen content, e.g. if the ratio was big it 

meant that the inclusion contained oxygen. Relating particular main chemical compositions to particular 

inclusion morphologies allowed manual classification of different types of inclusions (oxides, sulphides and 

oxysulphides). 

2.3.2 Aspect ratio

Aspect ratio is defined as maximum length divided by maximum width of the inclusion. How to calculate 

aspect ratio can also be interpreted from figure 2.6. The aspect ratio was determined by using INCA feature 

and by manual measurements. When manually calculating the aspect ratio a software called ImageJ was used

to obtain more precise length measurements than can be done with an ordinary ruler.

Figure 2.6: Illustration of how aspect ratio was calculated.
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3. Results and discussion

3.1 Classification and occurrence of non-metallic inclusions in the 
investigated steels

Table 3.1. Chemical contents of the non-metallic inclusions that were classified as either oxides, oxysulphides or 

sulphides. When parenthesis is used around the element it means that this element occurred in significantly smaller 

amount than the other elements. 

In Table 3.1 the components of oxides, oxysulphides and sulphides is respectively presented. When further 

referring to an oxide, oxysulphide or sulphide in this report, the chemical composition can be found in this 

table.

3.1.1 Appearance

3.1.1.1 Steel 1

Oxides: Only one picture of an oxide in the working material was photographed and that is the leftmost 

picture below in figure 3.1. This oxide has an elongated shape. The other two oxides were observed in the 

chip. Oxides sizes varied up to 11.2 µm (ECD).

Figure 3.1.Oxide inclusions extracted on a filter from steel 1. The leftmost is from working material and the other two 

from the chips. 

 

Oxysulphides: The picture to the left in figure 3.2 shows an oxysulphide from a 2D sample. The two other 

pictures show extracted oxysulphides collected on film filter. Oxysulphides  had ECD up to 22.4 µm. 

Mapping indicated that the sulphide and oxide parts of the oxysulphides were separated, a more ductile 
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sulphide phase surrounded (or were attached to) a less deformable oxide core. The effect of this is visualized 

in the pictures below.

Figure 3.2: Oxysulphide inclusions in steel 1. The leftmost is from a 2D sample and the other two from EE investigation.

Sulphides: Figure 3.3 presents sulphides that were detected in steel 1. Sulphides were recognized by their 

elongated shape, however smaller sized sulphides was not always elongated (the aspect ratio tend to increase 

with size). The maximum length of sulphides in working material was about 80 µm and in the chips 

somewhat longer, about 90 µm, due to the deformation (or elongation) during the turning process. The 

broken looking sulphides (rightmost picture of figure 3.3) were only observed after turning. 

Figure 3.3: Sulphide inclusions in steel 1.

3.1.1.2 Steel 2

In steel 2 the INCA feature detected inclusions in size range 2.8-11.2 µm (ECD).

Oxides: Oxide inclusions were only observed in the chips. They had a round shape, or appeared in the 

constellation to the right in figure 3.4. The oxide to the right in figure 3.4 was about 20 µm long and it is 

unknown whether it should be regarded as an assembly of inclusions constructed in the sample preparation 

process or if it occurred in that conformation also in the steel. As oxides contained predominantly Al2O3 they 

were expected to exhibit brittle behaviour, so the photograph probably shows an oxide which has been 

fragmented in the turning process.
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Figure 3.4: Oxide inclusions in steel 2.

Oxysulphides: The first set of pictures in figure 3.5 show oxysulphides in a 2D prepared sample. The left of 

these has more character of a sulphide than the right. Oxysulphides in chips could have a circular or an 

elongated shape. Figure 3.2 in section 3.1.1.1 suggests that oxysulphides had a more circular shape before 

turning. Oxysulphides also sometimes look like they were fragmented (rightmost photograph in figure 3.6). 

Mapping pictures indicated both separated and homogene oxide and sulphide phases in the oxysulphides. 

The oxysulphides of steel 2 did not exhibit the so called brittle-ductile behaviour that was observed for 

oxysulphides in steel 1. 

Figure 3.5: Oxysulphide inclusions in 2D sample of steel 2.

Figure 3.6. Oxysulphide inclusions in 3D samples of steel 2.

Sulphides: No sulphide inclusions were detected.
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3.1.2 Occurrence of different non-metallic inclusions 

3.1.2.1 Steel 1

Figure 3.7 shows the average composition of particles in different size ranges (ECD) analysed by INCA 

feature for steel 1. In this figure EE samples refer to samples that has been prepared through electrolytic 

extraction, i.e. it is the same as 3D samples. The number of oxysulphides and sulphides vary a lot between 

the EE working material and the EE chips; after the turning process the relative amount of sulphide 

inclusions in the chip increase and the relative amount of oxysulphides decrease. The composition is possibly

changed during the turning process due to elongation of the sulphides. If there is a reasonable amount of 

small size inclusions smaller than 2.8 µm, and sulphides are elongated to a higher extent than oxysulphides, 

this will raise the share of detected particles with sulphur content. The two 2D measurements of steel 1 show 

significant variation in number of inclusions with oxide and oxysulphide composition. If an assumption is 

made that the sample preparation was exactly the same, the composition variance within the steel must be 

substantial.  Working material 2D-2 show a composition very close to the EE working material, however the 

2D measurements show a higher proportion of oxide than the 3D measurement. Generally steel 1 contained 

more sulphides than oxysulphides and oxides.
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Figure 3.7: Results are presented from investigation of inclusions in working material and chip of steel 1, performed 

with different methods. The total amount of particles analysed in every size range is specified in parenthesis. The 

diagrams show the percentage of the average occurrence of inclusions in each size range that the INCA feature has 

detected >25 particles. Exception; there is no diagram for size range 22.4-44.8 µm where the 3D method detected 52 

sulphides and 3 oxysulphides.
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3.1.2.2 Steel 2

Steel 2 contained mostly oxide inclusions. A significant difference in the composition of the inclusions 

between the working material and chips was observed in figure 3.8. After the turning process the relative 

amount of oxides increase and relative amount of oxysulphide decrease in the chips (compared to the 

working material).

  Figure 3.8: The diagrams show the percentage of the average occurrence of inclusions in each size range where the 

INCA feature has detected >25 particles. Results from investigation of inclusions from working material (2D method) 

and chip (3D method) of steel 2. The total amount of particles analysed in every size range is specified in parenthesis.

3.1.2.3 Size range of the non-metallic inclusions

The size of the detected non-metallic inclusions observed in the steels varied for the analysis with INCA 

feature. The size (ECD) of oxides in the two steels mainly varied in the size range of 2.8-5.6 µm.  

Oxysulphides were found in the size range of 2.8 -22.4 µm in steel 1 and 2.8-11.2 µm in steel 2. Sulphides 

mainly ranged between 2.8-22.4 µm. 

3.2 Chemical composition

3.2.1 Comparison of methods

Copper was persistently detected in the inclusions of the 3D prepared samples, whereas no copper was 

detected in the inclusions of the 2D samples. The affinity of copper to sulphur is the reason for the varying 

Mn:S ratio observed in the ternary diagram for extracted sulphide inclusions from the working material (the 

diagram to the right of figure 3.9). Similar tendency for the Mn:S ratio as indicated by the diagram to the 

right in figure 3.9 was detected for sulphides extracted from chips. Because copper was only found in 
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extracted inclusions, it is suggested that it somehow appeared during the 3D sample preparation process.

Figure 3.9: Ternary diagrams of sulphide inclusions from the working material steel 1. Analysis performed with INCA 

feature on a 2D sample (left) and 3D sample (right).

3.2.2 Before and after the turning process

3.2.2.1 Steel 1

Sulphide inclusions and sulphide parts of oxysulphides contained mostly MnS and some Cr2S (ternary 

diagram to the left in figure 3.9). Copper was found in extracted inclusions from both working material and 

chips, as previously discussed in section 3.2.1 it was presumably due to the sample preparation technique. 

The oxide inclusions contained mainly Al, Ca, Si and O. The amounts of CaO, Al2O3 and SiO2 in the oxides 

were similar (illustrated for inclusions from the working material in figure 3.10) and their proportion to each 

other was similar after turning. As also indicated by figure 3.10, the oxide phase in oxysulphides had a 

similar chemical composition as the oxides. When the oxide phase in the oxysulphides has a composition 

that is similar to that for oxides, it is usually an indicator that the oxide and sulphide phases are separated. 

For the oxysulphides in steel 1 the ductile MnS phase surrounds the less deformable oxide core and make the

inclusion exhibit so called brittle-ductile behaviour.
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Figure 3.10: Ternary diagrams for oxide inclusions (left) and oxide phase in oxysulphide inclusions (right) for a 2D 

sample of steel 1.

3.2.2.2 Steel 2

Oxides were not detected in the working material, only in the chip (see figure 3.8). These oxides consisted 

primarily of Al2O3. This is visualized in the upper diagram of figure 3.11. The relative amounts of oxide and 

sulphide phase in oxysulphides probably not changed; the rise in oxygen content in the lower, right diagram 

of figure 3.11 is due to the polycarbonate filter on which the extracted inclusion were collected. It is beyond 

the scope of this report to evaluate the specific chemical composition of non-metallic inclusions further than 

this.
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Figure 3.11: The upper diagram shows detection of oxide inclusions from a chip. The lower diagrams shows 

oxysulphide inclusions in working material 2D investigation (left) and chip (right). The diagrams demonstrate the 

relative amounts of oxide and sulphide phase in these inclusions.
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3.3 Aspect ratio

Table 3.2: Average aspect ratio of inclusions from the working materials and chips of steel 1 and 2 determined by 

different methods. Two samples were analysed by the 2D method and named 1R and 2R. The smallest analysed 

inclusion size (equivalent circle diameter) in the working material of steel 1 was 5.6 µm with the 2D method. This limit

was changed to 2.8 µm for all other measurements because of interest to investigate non-metallic inclusions also in this

size range. 

In table 3.2 the average aspect ratios that were determined by use of the 2D, 3D, and 3D-MM method are 

presented. The weaknesses and strengths of these different methods for aspect ratio determination will be 

evaluated in this section. A comparison of aspect ratio for non-metallic inclusions before and after cutting 

will also be made.

3.3.1 Comparison of investigation methods

3.3.1.1 The 2D method compared to the 3D-MM method

The comparison is done regarding to sulphide inclusions in the working material of steel 1. The comparison 

is focused on sulphide inclusions because their true aspect ratio can be difficult to measure with the 2D 

method. That is the case because the usual elongated sulphide inclusions can be covered by metal matrix so 

that their real shape cannot be analysed. This problem is illustrated by figure 3.12:

Figure 3.12: A 2D investigation of a particle can give false data of the true 3D length and geometry.
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In figure 3.13 and 3.14 the aspect ratio is plotted against length for sulphide inclusions in the working 

material of steel 1. Different methods were used to obtain the data of the respective diagrams. Figure 3.13 

presents results from 2D analysis and figure 3.14 presents results from 3D-MM analysis. Both of these 

diagrams show that aspect ratio increases with the length. If the data points of figure 3.13 and 3.14 are 

plotted in the same diagram, this yields figure 3.15. Figure 3.15 demonstrates that the aspect ratio plotted 

against inclusion length follow the same trend in the determination with the 2D and the 3D-MM method.  

Also, there was no substantial difference in determination of the maximum inclusion lengths. However, the 

data points deviated more in the plot of the 2D method. Two possible reasons for this is suggested. One 

suggestion is that the 2D method analyse more inclusions than the 3D-MM method (861 versus 41) and that 

a more similar result would be obtained with the 3D-MM method if more inclusions had been analysed. The 

other suggestion is that the metal matrix partly covered some sulphide inclusions and thus affected the 

detected aspect ratio (the same scenario as shown in figure 3.12). If the metal matrix had this effect on the 

2D method when determining the aspect ratio, which was just discussed as probable, the 3D-MM method 

should be considered as a more reliable method. Table 2 indicates that aspect ratio obtain the highest value 

for the sulphide inclusions determined by 2D method. Probably that is due to a combination of 1) the 

deviation of data points shown in figure 3.15 and 2) the fact that the smallest analysed inclusion size was set 

to be 5.6 µm instead of 2.8 µm that was the lower limit for all other INCA feature analyses. Parameter 2) 

probably do affect the value of  the mean aspect ratio for sulphides and oxysulphides. If INCA feature did 

not take the smaller size inclusions into account in some of the measurements, then the mean values of aspect

ratio will increase and it will not be reliable values for comparison.  

                  

Figure 3.14:. 3D-MM method determined aspect ratio 
plotted against maximum length for sulphide inclusions in 
steel 1.Figure 3.13: 2D method determined aspect ratio plotted 

against maximum length for sulphide inclusions in steel 1.
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Figure 3.15: The diagram combines the contents of figure 3.13 and 3.14 to clearly show the differences between the 

results. The value of aspect ratio with respect to length varies more when it was determined with the 2D method.

3.3.1.2 The 3D method compared to the 3D-MM method

Inclusions extracted from the chips were examined manually and with INCA feature. In figure 3.16 aspect 

ratio is plotted against the maximum length for each of the two methods. The increase of aspect ratio with 

length is higher for the 3D analysis. A possible reason that the 3D method indicates less increase of aspect 

ratio with length for sulphides may be that the software analyses broken sulphide inclusions extracted from 

the chip (figure 3.17) as pieces instead of whole inclusions. Due to these results the 3D method should be 

considered a more reliable method for analysing inclusions from the chip in steel 1. However, there is no 

reason for INCA feature to not give trustworthy results in analysing extracted samples which do not contain 

broken inclusions (i.e. steel 1 working material). Regarding the chip from steel 2 there is not enough manual 

measurements to evaluate whether INCA feature was able to determine the true shape of the fragmented 

oxides and oxysulphides. Yet it is important to highlight the advantage that with INCA feature it is possible 

to analyse a multitude of inclusions much quicker than can be done manually. 
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Figure 3.16: Aspect ratio plotted against maximum length for

sulphide inclusions show that 3D-MM method calculated

larger aspect ratios than 3D method. 

3.3.2 Before and after turning

3.3.2.1 Steel 1

Figure 3.13 and 3.14 in section 3.3.1.1 have already presented how the aspect ratio is dependent of length for

sulphide inclusions in steel 1. In section 3.3.1.2, the 3D-MM method was suggested to be more reliable than 

the 3D method for determining aspect ratio of inclusions from the chip in steel 1. Based on those previous 

assumptions, aspect ratio is plotted against the length of sulphides from the working material (2D and 3D 

data) and chips (3D data) in figure 3.18. In figure 3.19 the data points associated with each investigation 

method are replaced by linear trendlines. The figures demonstrate that the aspect ratio increased in sulphide 

inclusions after turning. Both before and after turning the tendency of aspect ratio to increasing with 

increasing sulphide length was observed. Section 3.3 discussed different methods to investigate aspect ratio 

of inclusions. The 3D-MM method was suggested as a good method for analysing inclusions in the working 

material and chips from steel 1. Some shortcomings of the 2D method were pointed out and the reliability of 

the average aspect ratios obtained with the 2D method for the working material in steel 1 was questioned. 

The 3D method could not be used to analyse aspect ratio of sulphides after turning in steel, however the 3D 

method would be good for analysing the working material in steel 1 because these inclusions are not broken. 

The average aspect ratios of oxides, oxysulphides and sulphides from the working material and chips from 

steel 1 can be studied in table 3.2. It can be found out that the average aspect ratio increases for sulphides and

oxysulphides, while for oxides it decreases.

Figure 3.17: A SEM-photograph of a 3D sample. Some 
sulphides are broken.
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Figure 3.18: Aspect ratio variation with respect to maximum sulphide inclusion length for steel 1 before and 

after turning.

Figure 3.19: Aspect ratio increased faster with length for sulphide inclusions extracted from chip.

3.3.2.2 Steel 2

The working material from steel 2 were only analysed by the 2D method. It was not possible to do enough 

manual measurements of the inclusions in chips from steel 2, therefore only the results from the 3D method 

will be presented here. Figure 3.20 and 3.21 were the results of aspect ratio being plotted against the 
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maximum length of inclusions in working material (sample 2R) and chip. Regarding inclusions from chip the

aspect ratio increased with length (figure 3.21) while inclusions from the working material not clearly 

showed such tendency (figure 3.20). In table 3.2 it was announced that the inclusions in steel 2 had larger 

average aspect ratio after turning. This can also be visualized by plotting the data points of figure 3.20 and 

3.21 in the same diagram (figure 3.22).

Figure 3.20.  No clear aspect ratio to length dependence was
observed for the non-metallic inclusions in steel 2 before 
turning.

Figure 3.21. After turning aspect ratio showed tendency to 
increase with maximum length of the non-metallic 
inclusions.

Figure 3.22: The plot show the data point of figures 3.20 and 3.21 in the same diagram, 
this facilitates the comparison of aspect ratio dependency of length for non-metallic 
inclusions in steel 2 before and after turning.
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4. Conclusions

  Sulphides, oxysulphides and oxides were present in steel 1. Steel 2 mostly contained oxysulphide 

inclusions. After the turning process oxides were detected in steel 2.

 After the turning process broken sulphide inclusions were detected in steel 1, and broken oxides and 

oxysulphide inclusions were detected in steel 2.

 Copper was detected in the inclusions of samples prepared by electrolytic extraction, whereas no 

copper was detected in the inclusions of the 2D prepared samples. The copper was suggested to have

appeared during the 3D sample preparation process.

 The size of the detected non-metallic inclusions observed in the steels varied. The size (ECD) of 

oxides in the two steels mainly varied in the size range of 2.8-5.6 µm. Oxysulphides were mainly 

found in the size range of 2.8 -11.2 µm. Sulphides mainly ranged between 2.8-22.4 µm.

 The oxide inclusions in steel 1 mainly contained Al, Ca, Si and O. The amounts of CaO, Al2O3 and 

SiO2 in the oxides were similar. Sulphides mainly contained Mn, S and only a smaller amount Cr. 

According to the phases of oxysulphides, the oxide and sulphide phase were separated. No change 

was obtained in the chemical composition of inclusions after turning, neither for steel 1 nor steel 2. 

After the turning oxides mainly containing Al2O3 were found in steel 2.

  The 2D and 3D-MM method showed similar result regarding increase in aspect ratio with length for 

sulphide inclusions in working material from steel 1. However the deviation of data points was 

bigger for the 2D method when aspect ratio was plotted against maximum length of inclusion. Two 

reasons were suggested for this behaviour; 1) the 2D method analysed a larger amount of inclusions, 

and 2) the 2D method was not able to analyse the true shape of the inclusions e.g. because inclusions

were partly concealed by metal matrix. If 2) is assumed to be the primary reason, then the 3D-MM 

method is considered a more reliable method of investigating inclusions.

 Both 3D and 3D-MM methods identified a tendency of aspect ratio to increase with increasing 

maximum length for sulphide inclusions extracted from the chip of steel 1. However, the 3D method 

indicated less increase in aspect ratio with length than the 3D-MM method. A suggestion for this was

that INCA feature analysed the broken inclusions as pieces instead of whole inclusions. The 3D-MM

method was proposed to be a more reliable investigation method for inclusions with broken 

appearance. For analysis of unbroken inclusions the INCA feature is functional. An advantage with 

the 3D method in comparison with the 3D-MM method is the possibility to analyse more inclusions 

in shorter time.
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 The tendency of aspect ratio to increase with the length of the inclusion was observed before and 

after turning for sulphides in steel 1, however there was an additional increase of aspect ratio after 

the turning process. The average aspect ratio decreased for oxides and increased for oxysulphides 

after turning.

  In steel 2 the aspect ratio increased with the length of the inclusions after turning. In the working 

material, that mainly contained oxysulphide inclusions, no clear relation between aspect ratio and 

length could be observed. The inclusions obtained larger average aspect ratio after turning.
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6. Recommendations

For the interested reader previous investigations of electrolytic extracted inclusions made by Andrey Karasev

et. al. and Yanyan Bi is highly recommended;

Ånmark, N.; Karasev, A.; Jönsson, P.G. The Effect of Different Non-Metallic Inclusions on the Machinability

of Steels. Materials 2015.

Bi, Yanyan. Three Dimensional Determinations of Inclusions in Ferroalloys and Steel Samples. Doctoral 

thesis. Stockholm, KTH Royal Institute of Technology, 2014. 67 s. 

7. Future work 
The observed content of copper in the electrolytic extracted inclusions is an interesting topic for a future 

research. Where does the copper come from? 

Another interesting topic for future research is why the 3D method analysed smaller aspect ratio of sulphides

in steel 1 chips than in the 3D-MM method. Could it be due to broken inclusions?
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