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Abstract 

To stay competitive in the steel industry, steelmakers are utilizing different production 

methods to reduce production cost without compromising on the quality of their products. 

In steelmaking, the production process plays a significant role on the steel cleanliness. 

Recent increasing demands on the cleanliness level therefore require optimization of 

production process to meet the requirement. Often, the types and distribution of non-

metallic inclusions in steel determines the steel cleanliness. In order to optimize the 

production process, complete assessment of the non-metallic inclusions in the steel is 

necessary, leading to implementation of measures to control and/or remove non-metallic 

inclusions in the steel. 

The present study was performed to investigate the cleanliness level of steel bars produced 

from a high frequency induction furnace (HF) route at Uddeholms AB. Experimental 

studies were carried out and characteristics such as number, composition, size distribution 

and morphology of non-metallic inclusions were investigated. Total oxygen and total 

nitrogen content were also measured for indirect assessment. Further, the production 

operations at the HF were observed and evaluated to determine their influence on the 

inclusion characteristics. The characteristics obtained were compared with characteristics 

of inclusions in steel bars produced from an electric arc furnace production (EAF) route at 

Uddeholms AB and a competitor producer sample. 

The results showed that the level of cleanliness varies from different production routes and 

is hence dependent on the process at each production route. The number, maximum and 

mean size of inclusions were found to be higher in the HF route compared to the other 

routes. More so, there were differences in the types of oxide inclusions observed from each 

process route. However, sulphide inclusions exhibit similar characteristics from the 

different process routes. Further, the compositions of oxide inclusions observed from the 

HF route were found to be closely related to the steel chemistry. More importantly, the 

types of inclusions formed in the HF route were found to be sensitively affected by the 

extent of aluminium and calcium contents in the steel. Thus, the oxide inclusion types in 

the HF samples could be traced to the extent of different additions and operations such as 

deoxidation and calcium treatment that were carried out during the steelmaking process. 

Keywords: high frequency induction furnace, non-metallic inclusions, inclusions 

assessment, deoxidation, calcium treatment 
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1.0 Introduction 

The production of clean steel is based on technologies to control and/or remove inclusions 

in steel. Often, the types and characteristics of non-metallic inclusions in steel have 

significant influence on the mechanical properties of the steel and also determine the 

cleanliness of the steel. Precise analysis of these characteristics is therefore needed to 

optimize the steelmaking process to produce quality steels. 

Uddeholms AB is a renowned world leader in the production and sales of tool steel. The 

Uddeholms branded steel grades are produced with high demands on the cleanliness level. 

To achieve this high cleanliness, secondary metallurgy operations, ladle and vacuum 

metallurgy, are utilized in addition to a more stringent casting operation. Other operations, 

such as electroslag remelting, are used for special products demanding very high 

cleanliness level. Uddeholms AB operates two main production routes; the EAF-LM-VM-

UIC route (EAF route) with approximately 65 tons capacity, and the HF-UIC (HF route) 

with approximately 5 tons capacity. The EAF route is the main production route for steel 

bars. The HF route is mainly utilized for steel granules production.  

Due to the recent instability in the market, some customers put orders of far less material 

compared to the high tonnage output of the EAF route. This is in most cases a major 

drawback giving the high cost of production for the requested material. An alternative in 

the EAF production route of some of the steel bars is the HF route with a lower tonnage 

output. However, due to the demand of high cleanliness level of Uddeholms branded steel, 

the cleanliness level of steel bars produced from the HF route has to be investigated before 

it is used as an alternative route without risking the Uddeholms quality brand.  

In the present work, steel bars produced from the HF route are assessed and compared to 

steel bars produced from the EAF route, and competitor producer samples. The overall aim 

of the study is to assess and characterize the non-metallic inclusions found in steel bars 

produced with the different production routes. The result obtained should lead to a 

recommendation on how to improve the quality of steelmaking operation and product at 

the HF route. In addition, analysis to optimize the manufacturing operation and process at 

the HF route using calcium treatment for inclusion modification is introduced and 

discussed. Further, recommendations aiming to improve the overall steelmaking practice 
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for production of some Uddeholms brands with satisfactory cleanliness level from the HF 

route are also presented.  
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2.0 Literature Review 

2.1 Clean steel 

The demand for clean steel increases every decade. In addition to lowering the oxides and 

sulphides inclusions, and controlling their composition and morphology, clean steel 

requires lowering of other residual impurities such as phosphorus, hydrogen, nitrogen 

content and other trace elements in steel. Kiessling 
[1]

 argue that the clean steel concept is 

debatable. He mentioned that clean steel is relative, and it is true to say ‘’the cleanliness of 

steel, like beauty, is very much in the eye of the beholder’’. He further mentioned that the 

concept leads to the impression that steel with fewer numbers of inclusions are superior in 

performance which is not always the case. 

There are different steel grades produced for different purposes. The cleanliness level of 

the steel for each purpose depends on the inclusion number, morphology, composition and 

size distribution of each steel grade. For example, in free machining or resulphurized steel, 

the idea is not to completely remove the inclusions but to modify them to improve 

machinability. Therefore, a balanced opinion regarding permissible level of inclusion or 

cleanliness for each steel grade is really of great technical and economic importance both 

to the steelmaker and the user. To a large extent, clean steel should be emphasized to 

meets the customer’s specifications and requirements for an application with regard to 

non-metallic inclusion characteristics.  

The main non-metallic inclusions in steelmaking are the oxides and the sulphides. They 

are formed as a result of the steelmaking process and therefore form integral part of the 

steel. Whereas oxides are usually regarded harmful, sulphides plays a tricky role in 

determining steel properties such as machinability.  

Secondary steelmaking technology such as ladle metallurgy and vacuum degassing has 

played a significant role in steel refining process. These technologies considerably control 

non-metallic inclusions in steel. The use of ladle metallurgy for controlled slag-metal 

reactions, micro alloying and inclusion shape control has been a great improvement in the 

steelmaking process. Other enhancement achieved in today’s clean steelmaking includes 

improved practice of deoxidation, stirring, vacuum degassing and electroslag remelting. 

Also, a more effective and stringent teeming procedure and the use of up-hill teeming with 

effective teeming shrouds has greatly contributed to the reduction in reoxidation, and thus 
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significantly reduced oxide inclusion in steel. However, the presence of non-metallic 

inclusions in steel is inseparable from the steelmaking processes. Their presence is 

frequently regarded as harmful, but sometimes equally advantageous. Whichever the 

effect, their presence in steel is part of the steelmaking process and should be exploited to 

the advantage of the final steel properties. 

2.2 Product Requirement 

There are standardized product requirements for some steel applications. In general, a 

typical product requirement is governed by customer’s specification, in consultation with 

the steelmaker. The customer generally seeks less expensive but high quality product and 

performance 
[2]

. It is the task of the steelmaker to develop products to meet the customer’s 

requirement and also to anticipate the future requirement if the product is to have a 

competitive edge in the market. Recent developments in engineering steels have 

concentrated on offering the customer a product which reduces his through costs. These 

cost reductions may be eliminating an intermediate operation such as annealing in cold 

heading treatment and modification of the abrasive nature of some inclusions such as 

alumina to softer calcium aluminates with improved machinability 
[3]

. Summary of some 

selected product applications and standard requirements are given in Table 1. 

Table 1 Cleanliness requirement of steel for some selected applications 
[2] 

Product Maximum impurity fraction Max. inclusion size 

IF steel 

Automotive sheet 

[C] ≤30 ppm, [N] ≤40 ppm T.O ≤40ppm 

[C] ≤30 ppm, [N] ≤30 ppm 

d ≤100 µm 

Drawn and ironed cans [C] ≤30ppm, [N] ≤30 ppm T.O ≤20 ppm d ≤20 µm 

Alloy steel for pressure vessel [P] ≤70 ppm  

Alloy steel bars [H] ≤2 ppm [N] ≤10-20 ppm T.O ≤10 ppm  

HIC resistant steel [P] ≤50 ppm [S] ≤10 ppm  

Sheet for continuous annealing [N] ≤20 ppm  

Plate for welding  [H] ≤1.5 ppm  

Shadow mask for CRT  d ≤5 µm 

Tire cord [H] ≤2 ppm, [N] ≤40 ppm T.O ≤15 ppm d ≤10 µm 

Ball bearings T.O ≤10 ppm d ≤15 µm 

Line pipe [C] ≤30 ppm, [N] ≤40 ppm T.O ≤40 ppm d ≤ 20 µm 

Wire [N] ≤60 ppm, T.O ≤40 ppm d ≤20 µm 
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2.4 Steelmaking Operations at Uddeholms 

Uddeholms AB, Sweden, is a scrap based steel production company. The steelmaking 

operations are divided into two routes; the EAF route, which is the main production route 

with an output capacity of 65 tons, and the HF route with output capacity of 5 tons. 

2.4.1 The EAF route 

The EAF route at Uddeholms is illustrated in Figure 1. It consists of an electric arc 

furnace (EAF) for melting of scraps. Once the scraps are melted, the liquid metal is 

transferred to the ladle station where the EAF top slag is removed. Thereafter a new 

synthetic slag is added and aluminium wire feeding is introduced into the liquid steel for 

deoxidation. Temperature adjustment and alloying additions are made to achieve the 

target. Other operations such as stirring are also carried out to achieve homogeneity. From 

there, the liquid metal is transferred to the vacuum degassing station for vacuum treatment 

to remove residual gases such as oxygen, nitrogen and hydrogen. During ladle and vacuum 

treatment, large number of non-metallic inclusions is removed due to the agitation effect 

created. From the vacuum degassing station, the liquid steel is casted by uphill teeming 

casting in argon protective atmosphere. 

 
Figure 1: Schematic illustration of the EAF route at Uddeholms AB 

2.4.2 The HF route 

The HF route is much shorter compared to the EAF route. Unlike the EAF route, the HF 

route consists of a high frequency induction furnace for melting of scraps. All other 

operations such as deoxidation, alloying, stirring and temperature adjustment are carried 

out in the furnace. Schematic illustration of the operations at the HF route is given in 

figure 2. 
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Figure 2 Schematic illustration of the HF route at Uddeholms AB 

2.4.2.1 Operations at the HF route 

Metal scraps are charged into a high frequency induction furnace. Alloying elements such 

as manganese and silicon in a form of ferroalloys are added to the initial scraps charged. 

The initial Mn-Si added serve as alloying agents as well as partial deoxidizers during the 

melting process. Once the initial charge is melted, premixed slag is added for insulation 

and refining purposes. Aluminium bars are then added to the liquid steel in the furnace for 

full deoxidation. Depending on the steel type, calcium treatment is carried out after the 

aluminium deoxidation. The calcium is injected in a form of CaSi alloy wire into the 

furnace. After calcium treatment of the steel, alloying elements are added to adjust the 

steel composition. For resulphurized steel such as Formax, sulphur addition is made after 

calcium treatment just before tapping into the ladle. The tapped steel is cast by up-hill 

casting method with protective shrouds. Two important differences between the EAF and 

the HF routes are the vacuum treatment operation and possibility of casting in an inert gas 

protective atmosphere. When there is no such gas protection atmosphere, reoxidation may 

occur and cause formation of unwanted inclusions. 

2.4.2.2  Mn-Si deoxidation process 

Combination of deoxidizers is commonly used for improved result. Partial deoxidation is 

typically utilized during the melting process and a final deoxidation process is achieved in 

the ladle. This practice promotes the formation of low melting-point deoxidation products 

which is easily removed from the steel melt. Mn-Si deoxidation frequently form inclusions 

of solid silica and liquid manganese silicate. Turkdogan 
[4]

 suggested that there exist 

critical ratio [%Si]/[%Mn] at a given temperature which influence the type of deoxidation 

products formed as illustrated in the figure 3. For a composition to the left side of the 

curves in figure 3, solid silica is likely to be formed whereas liquid manganese silicates are 
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likely to be formed to the right of the curve where manganese content is higher. The 

equilibrium reaction of Mn-Si deoxidation reaction and the corresponding equilibrium 

constant are given in equations 1-3. 

                      [Si] + 2MnO = 2[Mn] + SiO2                                                   (1) 

                                 
            

          
 

                                                                   

                                    
    

 
                                                                     

 

 
Figure 3: Equilibrium relation of manganese-silicon deoxidation of steel at different temperatures 

[4]
 

Increasing Mn/Si ratio will therefore yield liquid manganese silicate inclusion. Liquid 

manganese silicates inclusions are glassier and plastic in deformation when hot rolled. 

However, the plasticity index of these type of inclusions decreases and becomes more 

brittle when cold rolled. At the HF route, combination of manganese-silicon, and 

aluminium are utilized for deoxidation. Manganese and silicon are charged in a form of 

ferroalloys during the melting process and aluminium utilized in the ladle for final 

deoxidation. Inclusions in this system mainly consist of alumina, silica and mullite when 

the manganese content is low. However, liquid manganese silicates are formed with 
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increasing temperature when the manganese content of the steel is high. Study by 

Kiessling et al 
[5]

 as shown in figure 4, indicate that, to form liquid inclusions at 

steelmaking temperatures, the composition area (for lines L1 and L2, and a third line 

representing 40wt% maximum alumina) is limited by MnO/SiO2 ratio of 1.9-17 with 

respective Mn/Si ratio of 1.7-0.47 in the inclusion content respectively. 

 
Figure 4: MnO-SiO2-Al2O3 ternary phase diagram [5] 

2.4.2.3 Aluminium deoxidation 

Aluminium is one of the most effective deoxidizers used in steelmaking. Steel deoxidized 

with aluminium usually contains alumina inclusions such as corundum. Solid alumina 

inclusions are reported 
[6]

 to cause nozzle clogging during casting operations. They are 

more detrimental and undesirable in steel. Alumina inclusions have high melting 

temperature and remain solid at steelmaking temperatures. In addition, alumina inclusions 

are hard and are either undeformed or deformed in brittle manner when rolled. The 

equilibrium reactions of aluminium deoxidation and corresponding equilibrium constant is 

shown in equations 4-6. At the HF route, aluminium bars are added to the liquid steel for 

deoxidation. 

                          2[Al] + 3[O] = Al2O3                                                     (4) 
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2.5 Calcium treatment of steel 

Calcium has a strong affinity for oxygen and can therefore be used as deoxidizers. 

However, the use of calcium as deoxidizer is challenged by its low boiling point of 

1439
o
C, limited solubility of 0.032%Ca in steel at 1600

o
C, and a high vapour pressure of 

1.81atm at 1600
o
C. These properties make it difficult and non-economical to use calcium 

as deoxidizers 
[7]

. However, combinations of Ca and Al or Mn/Si deoxidation form 

modified primary inclusions with lower activity and melting temperatures. For this reason, 

in modern steelmaking, calcium is added to steel more as an inclusion modifier rather than 

deoxidizer 
[8]

. Most steel grades are treated with calcium using either Ca-Si alloy or Ca-

Fe(Ni) mixture depending on the alloy specification. Usually this treatment is effectively 

done after trim additions and argon rinsing. At the HF route, CaSi alloy wire is injected 

into the liquid steel after Al deoxidation process. An illustration of inclusions modification 

by calcium addition is given in figure 5. The general effect of calcium treatment on 

inclusions modifications are summarized as follows 
[9]

: 

 Manganese sulphides are reduced in number and size, and they are transformed to 

Ca-Mn sulphides with varying properties. 

 Aluminium oxides, which are normally hard, angular and often appears in clusters 

are reduced in number or completely eliminated and replaced with complex CaO-

Al2O3 or CaO-Al2O3-SiO2 inclusions. 

 Silicates are eliminated and replaced by CaO-Al2O3-SiO2 inclusions 

 Complex globular CaO-Al2O3-SiO2 inclusions are formed, often surrounded by 

sulphide rim. 
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Figure 5: Schematic illustration of inclusion modification with calcium treatment of steel [5] 

2.5.1 Sulphides modification by calcium addition 

Sulphur has almost unlimited solubility in liquid steel. However, solubility of sulphur in 

solid steel approaches zero. During solidification sulphides precipitate in various forms at 

the grain boundaries producing characteristic steel defects. The chemical affinity of 

calcium to oxygen is higher than that of sulphur. It is estimated that for calcium to react 

with sulphur, the sulphur activity should be about 19 times higher than the oxygen activity 

in steel, a condition which is difficult to achieve 
[10]

. Therefore, the purpose of introducing 

calcium for sulphur modification is to change the sulphur release mechanism in a way such 

that the sulphur is bound to or precipitated around calcium containing oxide and do not 

deposit at grain boundaries as free sulphides during solidification. In calcium free treated 

steels, sulphur precipitates as small particles of MnS in the last liquid to freeze. The MnS 

particles are deformed to form stringers when hot rolled. However, sulphide inclusions 

containing calcium have a globular shape which does not deform during hot rolling 
[11]

. In 

table 2, compositional range to achieve acceptable sulphur shape control is presented. 

These criteria given by Kiessling 
[5]

 suggest the total oxygen, sulphur and calcium content 

in steel as the parameters governing the extent at which sulphur shape control can be 

achieved. 
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Table 2 Composition ranges for Al-Killed steels to achieve acceptable sulphide shape control [5] 

As aluminates inclusions  

ppm O ppm Ca % Mn ppm S 

25 20 – 30 0.4 - 0.6 < 20 

25 20 – 30 1.3 - 1.5 < 30 

12 15 – 20 0.4 - 0.6 < 10 

12 15 – 20 1.3 - 1.5 < 15 

 

2.5.2 Modification of oxides inclusions by calcium addition 

After effective calcium treatment all oxide inclusions normally contain some amount of 

calcium. Effective modification of oxide inclusions in steel depends on the dissolved 

aluminium and oxygen content of the steel before calcium treatment. For an essential 

inclusion modification, a calcium lower limit of 15 – 20 ppm is needed 
[11]

. With a CaO-

Al2O3 ratio of 12:7, low melting points of 1455
o
C of calcium aluminate inclusions are 

formed. These inclusions exist in the liquid state at steelmaking temperatures. As shown in 

figure 6, calcium aluminates: 12CaO.7Al2O3, 3CaO.Al2O3, and CaO.Al2O3 exist in the 

liquid state, whereas CaO.2Al2O3 and CaO.6Al2O3 are solid at steelmaking temperatures. 

The compositions of calcium containing oxides belonging to the system CaO-Al2O3-SiO2 

with lower melting temperatures are described in figure 6. 

 
Figure 6: CaO-SiO2-Al2O3 ternary phase diagram [7] 
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2.5.3 Estimation of Calcium recovery in steel 

The extent of inclusion modification in steel is an essential feature in secondary steel 

refining by calcium treatment. Portion of the calcium added to the melt undergoes reaction 

and remain in the melt as dissolved calcium in form of inclusions or go to the slag as slag 

constituent. The rest escape the system in form of vapour. It is vital that the calcium added 

must be consumed by the melt to the maximum extent to make the calcium injection 

efficient and cost effective. In this regard, study of calcium recovery is an important factor 

for process optimization. In this study, estimation of calcium recovery was calculated from 

equation 7. 

           
                     

        
                                                    

where %Cafinal and %Cainitial are the percentage of calcium in the final, and initial samples 

taken from the melt respectively. %Caadded is the percentage of calcium added to the melt. 

2.5.4 Influence of Calcium treatment on steel properties 

Improvements of steel properties have been reported for calcium treated steel 
[11]

. These 

include: 

 improvement of mechanical properties especially in transversal and through 

thickness direction by modifying MnS to undeformed globular (Ca-Mn)S or CaS; 

 improvement of steel machinability at high cutting by forming protective film on 

the tool surface that prolongs the life of the carbide tool; 

 improvement of surface quality and polishability; 

 minimizing lamellar tearing in large restrained welded structures and the 

susceptibility of steel to reheat cracking as in the heat affected zones (HAZ) of 

welds; and 

 improvement of steel castability by preventing or minimizing nozzle clogging. 

2.6 Inclusions and machinability 

Non-metallic inclusions are known to impart negatively on the mechanical properties of 

steel. However, when machinability of steel is desired, studies 
[12-15]

 have shown that 

sulphides and modified oxide inclusions are beneficial. This has led to the development of 

free-cutting or free machining steel where advantage is taken by the effect of additions 
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such as sulphur and calcium. Sulphide inclusions such as MnS improve machinability of 

steel. However, the high deformation of MnS when hot rolled causes anisotropy in other 

mechanical properties such as toughness. As opposed to sulphides, oxides have generally 

been regarded as detrimental to machinability due to the much lower deformability. Recent 

progress indicates that calcium containing oxide inclusions with low melting point such as 

calciumaluminate (12CaO.7Al2O3) and anorthite, (CaO.Al2O3.2SiO2) greatly improves the 

machinability of steel. Other glassy oxides such as spessartite (3MnO-Al2O3-SiO2) and 

rhodonite (MnO-SiO2) inclusions belonging to MnO-Al2O3-SiO2 ternary system have also 

been reported to significantly improve the machinability of steel. Besides their low melting 

temperatures, these types of inclusions have lower hardness value compared to pure oxides 

inclusions such as alumina. The low melting temperature regions of CaO-Al2O3-SiO2 

which are reported to improve machinability of steel are shown in figure 6. Of these types, 

calciumaluminate and anorthite have the highest influence on machinability of steel 
[11]

. 

2.7 Types of Non-metallic Inclusions In steel 

The types of non-metallic inclusions in steel are categorised based on different criteria 

such as chemical composition, morphology, formation mechanism and the source of the 

inclusions. 

2.7.1 Classification based on source 

In general, non-metallic inclusions in steel are divided into two types; indigenous and 

exogenous inclusions.  

Exogenous inclusions are regarded as foreign particles in the steel. They originate from 

external sources, for example slag entrainment, casting powders, reoxidation and furnace 

or ladle refractory. They usually exist in small numbers in steel; however they are regarded 

more detrimental due to their larger sizes. With careful steelmaking practice, the amount of 

exogenous inclusions can be greatly minimized. 

Indigenous inclusions, unlike exogenous are generated as a result of chemical reactions 

such as alloying and deoxidation in steel. These types of inclusions are commonly small in 

size. They form an inherent part of steelmaking and can exist as both liquid and solid at 

steelmaking temperatures. The formation of indigenous inclusions often occurs in series of 

process steps; primary inclusions generated during deoxidation reactions; secondary 
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inclusions generated as a result of equilibrium shift as temperature decreases during vessel 

transfer, such as tapping and teeming operations; and tertiary inclusions generated during 

solidification, usually characterized by rapid cooling. 

2.7.2 Classification based on composition 

Classification based on compositions includes the oxides, nitrides and the sulphides. Oxide 

inclusions are categorized into single component (MnO, FeO, SiO2, Al2O3, Cr2O3, and 

TiO2) and complex oxides (CaO.Al2O3, MgO.Al2O3, etc). During solidification, sulphur 

segregates and forms FeS (low melting point of 1187
o
C) which often causes embrittlement 

during hot working. In steelmaking, elements with high affinity for sulphur such as 

manganese are added to suppress the formation of FeS. Examples of sulphide inclusions 

include MnS, CaS, FeS and (Mn, Ca)S. Sulphides inclusions are categorized into three: 

Type I having globular shape with a wide range of sizes. Type II which have a dendritic 

structure and are usually found in aluminium-killed steel with no excess of aluminium; 

they are most often precipitated at the grain boundaries; and Type III are commonly 

faceted or angular and form monophase inclusions, often observed in Al-killed steel with 

excess aluminium, or steel deoxidized with magnesium. Massive spherical sulphide 

inclusions are found in high sulphur, free-machining steels. Type I and type III are best 

suited due to their good length-width-ratio and since type II often has low ductility. 

2.8 Inclusion determinations in steel 

There are a number of methods for determining inclusions in steel. These methods can be 

grouped into direct and indirect methods. Direct methods of inclusions comprise the use of 

instrument such as light optical microscope (LOM), scanning electron microscope with 

energy dispersive x-ray spectrometer (SEM-EDS), electron probe micro analyser (EPMA), 

and optical emission spectroscope with pulse discrimination analysis (OES-PDA) to 

directly observe inclusion characteristics in steel on polished sample surface or after 

extraction of the inclusions. These direct observations give more accurate information of 

inclusion characteristics in steel. However, the direct methods of inclusion determination 

are usually expensive and time consuming. The use of these methods for inclusion 

characteristics determination is usually based on standards such as the SS 111116 and 

ASTM E45 (standard test method for determining the inclusion content of steel) 
[13]

. 

Owing to these setbacks, inclusions in steel are sometimes determined indirectly using 



 
Cleanliness assessment of steel  

15 
 

parameters such as total oxygen and total nitrogen contents in the steel. The total oxygen is 

the measure of the sum of free oxygen and oxygen combined as non-metallic inclusion. 

This can easily be measured using oxygen sensors. Again, the difference in nitrogen 

content between different steps in steelmaking is an indicator of the amount of entrapped 

air. Thus the magnitude of total oxygen and nitrogen content serves as a rough estimation 

method of measuring steel cleanliness. However, these indirect methods are just indicators 

of the extent of cleanliness and do not give much accurate assessment results 
[14].

 

2.9 Inclusion ratings in steel 

Cleanliness assessments of steel are based on inclusion characteristics in the steel. 

Standards such as the SS 111116, ASTM E2142 (standard test method for rating and 

classifying inclusions in steel using the scanning electron microscope), and the ISO 4967 

gives methods of rating inclusions characteristics in steel. Some of these methods uses 

comparative pictures of inclusions characteristics, others involves measuring of the 

inclusions using standardised automatic image analysis software. The SS 111116 described 

a method of inclusions ratings using comparative picture of four basic morphologies; 

ductile (A), brittle (B), ductile-to-brittle (C) and undeformed (D) shown in figure7, 

 
Figure 7: The four basic types of inclusions in SS 111116 

and four basic size ranges of inclusions 2.8 ≤T < 5.7µm, 5.7 ≤ M < 11.3µm, 11.3 ≤ H < 

22.6µm, and P ≥ 22.6µm. By SS 111116 standard, inclusions of H-type and P-type are 

mostly detrimental to steel cleanliness 
[15].
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However, Atkinson 
[3]

 reported that the comparative picture ratings give less quantitative 

and qualitative information on the inclusion characteristics as compared to using automatic 

image analysers. He argued that the use of comparative chart for inclusion determination is 

relative to the communication between the operator at the microscope and the computer. In 

effect, this result in a less accurate analysis as compared to automated inclusions ratings. 

Furthermore, automated inclusions determination can be more accurately repeated. It has 

also been recognised that methods such as the light optical microscope are not very 

efficient for finding macro size inclusions. Thus to get a statistically meaningful 

distribution of macro inclusions, relatively large volume of steel must be analysed which is 

very time consuming and less efficient with the use of methods such as optical microscope, 

but more efficient with automated image analysers. 
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3.0 Experimental work 

The experimental work was divided into several parts. These include sampling, chemical 

analysis, and inclusion characterizations in two dimension (2D) and three dimension (3D). 

Steel grades used for this study are tool steel grades; Formax and MCG 4M and stainless 

steel grade 1.4873. Typical composition of these steel grades is given in table 3. 

Table 3: Typical composition of samples used for this study 

Steel grade C Mn Si Cr Ni V S 

Formax 0.18 1.4 0.3    0.02 

1.4873 0.46 1.2 3.0 17 8   

MCG 4M 0.30 0.3 1.2 2.3 4 0.8 0.02 

 

3.1 Sampling 

Two types of samples were used for this work; samples from final (rolled) product and 

samples from liquid steel. 

3.1.1. Final product samples 

Product 

Name 
Route Heat 

Designation 

Name 

Number of 

samples analysed 

Formax 

HF 
P22477 HF-1 6 

P22177 HF-2 6 

EAF 
DV63316 EAF-1 6 

DV63677 EAF-2 6 

Comp-1 - - 6 

MCG 4M 
HF P17078 HF-MC 3 

EAF DV60425 EAF-MC 3 

1.4873 

Stainless 

Steel 

HF 

P23385 HF-S-1 3 

P23397 HF-S-2 3 
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3.1.2  Lollipop samples 

An attempt was made to take samples of 1.4873 stainless steel grade and Formax steel 

grade from liquid steel at various stages in the HF process as shown in figure 8. However, 

1.4873 grade samples taken from these stages had defects on the surface after cross-

sectioning and polishing, and hence, where not used for analysis. Likewise, some of the 

Formax samples taken at these stages had also defects. Successful samples, HF-3 (P23561) 

of Formax, was analysed to investigate the changes in inclusion characteristics at different 

stages of the HF process. 

 
Figure 8: Stages of HF route where sampling was carried out 

3.2 Sample preparation 

Two sample types were used in the present study, rectangular blocks with length (l) 75mm, 

width (w) 40mm and thickness (t) 10mm, and lollipop samples with the diameter of 32mm 

and thickness of 12mm. The sample surfaces to be tested were prepared by grinding and 

polishing. Two smaller block samples with approximate size of 14mm x 10mm x 5mm 

were cut from the centre of the initial block and the lollipop samples and used for the 3D 

analysis. 

3.3 2D investigations of inclusions by cross section method 

The cross-sectional method was used for the 2D investigation of inclusions. Polished 

surface of cross-sections of samples were analysed using SEM equipped with EDS and 

automatic image analysis software INCA Feature. The size and composition of inclusions 

in the observed area was automatically scanned and measured. The equivalent circle 

diameter (dA) of detected inclusions and other parameters such as the area fraction and 

particle mean size was calculated automatically from the INCA Feature software. The 

number of inclusions per unit area (NA/mm
2
) was estimated from equation 8:  
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where n is the number of inclusions in a given size interval and Aobs-cs is the total observed 

area on the sample surface in mm
2
. A magnification of 100× was used for the scanning and 

detection of inclusions by the SEM. Inclusion sizes from 8µm was measured for 

quantitative analysis. The inclusions measured were rated using the inclusion classify in 

correspondence with the INCA Feature software according to the Swedish Standard SS 

111116. 

3.4 3D investigations of inclusions by extraction method 

The electrolytic extraction method was used in the 3D analysis of inclusions. The test 

samples were selectively dissolved in an electrolytic cell and inclusions were collected on 

film filter after filtration, thus allowing the analysis of 3D morphology of inclusions by 

SEM and subsequent composition analysis by EDS. 

3.4.1 Procedure 

In the electrolytic extraction, 2% TEA (2% triethanolamine – 1% tetramethylammonium 

chloride – methanol) was used as electrolyte with potassium chloride gel used as the salt 

bridge. Applied electric current and voltage of 45-50 mA and 35V, respectively, were used 

with a charge of 500 coulombs. The change in current and applied potential with time was 

recorded at a regular interval of 15 minutes during the extraction procedure. After 

extraction, electrolytic solutions containing the extracted inclusions were filtered through a 

polycarbonate membrane (PC) film filter with an open-pore size of 1µm. The extracted 

inclusions were collected on the film filter after filtration. Illustration of the electrolytic 

extraction set up is given in figure 9. 

 
Figure 9: Illustration of electrolytic extraction set-up 
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3.4.2 SEM/EDS analysis on film filter 

Characteristics such as particle size and morphology of inclusions collected on the surface 

of the film filter were investigated. Compositions of typical inclusions were measured with 

EDS. Figure 10 shows a schematic illustration of the filtration process and film filter 

preparation for SEM/EDS analysis of extracted inclusions. 

 
Figure 10: Schematic illustration of film preparation for SEM/EDS analysis 

Images obtained from the electrolytic extraction provided three dimensional views which 

gave information on the shape and morphology of inclusions with a better accuracy than 

those obtained on a polished sample surface. Even though the extraction technique best 

describes the morphology of inclusions and allows a more accurate analysis of larger 

inclusion composition, it is difficult to determine from which part of the sample a specific 

inclusion is extracted. Further, details of the core parts of the extracted inclusions may not 

be exposed, in which case the 2D method compensates for.  
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4.0 Results 

Different analyses were made to assess the inclusion characteristics from each sample. 

Summary of results obtained from the various analyses are presented in this section. The 

chemical composition of samples analysed are given in table 4. Formax has a low carbon 

and high sulphur content. MCG 4M is a high alloy steel with high carbon and sulphur 

content. Both Formax and MCG 4M are calcium treated steels. The stainless steels grade 

1.4873 contains low sulphur and is not calcium treated. 

Table 4: The composition of samples used for this study 

Sample 
Steel 

grade 

Chemical composition (mass %) 

C Mn Si Cr S Ca Al T.O T.N 

HF-1 Formax 0.19 1.28 0.40  0.028 0.0005 0.005 0.02140 0.008 

HF-2 Formax 0.17 1.38 0.29  0.029 0.0011 0.012 0.00247 0.009 

EAF-1 Formax 0.17 1.42 0.29  0.025 0.0012 0.019 0.00195 0.006 

EAF-2 Formax 0.19 1.48 0.30  0.029 0.0015 0.018 0.00158 0.007 

Comp-1 Formax 0.17 1.35 0.31  0.017 0.0005 0.005 0.00145 0.008 

HF-SS-1 1.4873 0.46 121 2.52 17.4 0.007  0.018 0.00375 0.068 

HF-SS-2 1.4873 0.46 1.30 2.49 17.5 0.007  0.022 0.00358 0.066 

EAF-MCG MCG4M 0.30 1.10 0.44 2.32 0.024 0.0011 0.013 0.00197 0.022 

HF-MCG MCG4M 0.30 1.16 0.52 2.26 0.030 0.0017 0.016 0.00467 0.019 

 

4.1  Types and compositions of inclusions 

In all samples, six (6) different types of inclusions, comprising oxides and sulphides, were 

detected. It should be mentioned that the six (6) types comprises only oxide and sulphide 

inclusions found in all the samples analysed. Other inclusions consisting of carbides and 

nitrides were not considered in this work, although they were present in varied quantities.  

For simple identification and discussion, the inclusions observed in the present work have 

been classified as; type 1, type 2, type 3, type 4, type 5 and type 6. The general chemistry 

and the average composition range of the six different types are given in table 5. Typical 

examples of the different types of inclusions with compositions observed from different 

routes are given in the appendix C. 
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Table 5: summary of inclusions types found in this study 

 

Types 

 

Chemistry 

Mean inclusion composition (wt %) 

CaO Al2O3 SiO2 MnO MgO 

1 Al2O3 8±3 >85 <5  <5 

2 CaO-Al2O3-SiO3 33±11 50±9 8±3  4±1 

3 MnO-Al2O3-SiO3 <5 24±5 43±4 38±6  

4 MgO-Al2O3- SiO3 <5 20±7 51±6 8±3 31±8 

5 CaO-Al2O3 (Ca,Mn)S 21±10 36±12  11±5 4±0.9 

6 MnS, CaS, (Mn, Ca)S - - - - - 

 

4.2 Morphology of inclusions 

An attempt was made to study the morphology of the different types of inclusions 

observed using the 3D method. However, due to inadequate time availability, only 

morphology of inclusions in Formax samples from the HF route before and after rolling 

were studied. Typical examples of inclusion morphologies observed after extraction during 

this study are given in figure 11 to 13. 

 
Figure 11: Different morphology of inclusions (before rolling) dispersed on film filter after extraction 

and filtration 
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Morphology of typical inclusion types (before rolling) on film filter after extraction 

                          

                                  

                         

 
Figure 12: Morphology of typical inclusions types observed on film filter after extraction from sample 

HF3-4 (Before rolling) 

A type 2 inclusion with 

composition: 29.9%CaO, 

10.8%SiO2, 50.8%Al2O3 and 

4.3%MgO. The spherical shape 

suggests the inclusion existed in 

the liquid state during 

solidification. This type of 

inclusion is usually undeformed 

and hence maintains its globular 

shape after hot rolling. They 

improve isotropy of mechanical 

properties of metal. 

A type 5 inclusion with 

composition: of 28.1%CaO, 

30.4%Al2O3, 2.6%SiO2, 3.3%MgO 

and 29.6%MnS. This inclusion also 

existed in the liquid state during 

solidification. Figure 14 shows 

mapping of this inclusion. The 

inclusion is undeformed after 

rolling due to the Ca content. And 

the outer sulphide layer of the 

inclusion type aid in machinability. 

A type 6 inclusion with 97%MnS 

The inclusion was in the liquid state 

during solidification given its 

spherical shape. However, due to its 

low melting temperature, this 

inclusion will soften and elongate 

into stringer form after hot rolling. 

This type improves machinability 

but result in anisotropy of most 

mechanical properties of metal. 
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Morphology of typical inclusion types (after rolling) on film after extraction 

             

                  

                  

 
Figure 13: Typical morphology of inclusions extracted from samples HF-1 after rolling: (A) stringer 

shape type 3, (B) spherical shape type 5, and (C) stringer shape type 6 

Globular type 2 inclusion showing 

slight deformation (stretched) after 

hot rolling. A more spherical shape 

is resulted with higher Ca content 

of the inclusion. This inclusion 

type result in isotropy of metals; 

there is no variations in mechanical 

properties with direction. It also 

improves machinability of the 

metal. Composition: 36.5%CaO, 

14.9%SiO2, 42.8%Al2O3, 

2.5%TiO2 and 3.1%MgO 

A type 3 inclusion with a stringer 

shape morphology. The inclusion was 

spherical after solidification, however 

due to its low melting temperatures, it 

soften and deform along the rolling 

direction. This inclusion type assists 

in machinability due to its shape and 

low melting temperature, but causes 

anisotropy of mechanical properties. 

Composition: 42.7%MnO, 

39.9%SiO2, 10.4%Al2O3 and 

1.2%CaO 

Stringer shape type 6 inclusion. 

Due to their low melting 

temperatures, the type 6 inclusions 

exist in liquid state during 

solidification. These inclusions 

deform into stringer shape after hot 

rolling. Their shape and low 

melting temperatures aid in 

machinability. However, they cause 

anisotropy of mechanical 

properties. Composition: 98%MnS 
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4.3 Phase mapping of inclusions 

Phase mapping of elements for different types of oxide inclusions was done to predict the 

source and formation mechanism of the inclusions. Figures 14-17 show typical examples 

of phase mapping of different types of oxides inclusions found in this study. Only globular 

oxides inclusions with their main constituents such as Al and Ca were mapped in each 

case. However, there were other residual phases such as Ti in small quantities which are 

not shown here.  

 

 
Figure 14: Phase map of elements of type 5 inclusion extracted from sample HF-1. The inclusion 

existed in liquid form at steelmaking temperatures and was undeformed after hot rolling. 

 
Figure 15: Phase map of elements of type 5 inclusion on surface of sample EAF-1 showing a hard 

alumina core surrounded by calcium manganese sulphides phase.  

 
Figure 16: Phase map of elements of type 2 inclusion on surface of sample EAF-2 showing calcium 

sulphide precipitation at different spot on alumina inclusion surface. The oxide phase may have 

existed in the liquid form at steelmaking temperatures. 

 
Figure 17: Phase map of elements of type 2 inclusion on sample HF3-4 bearing a spinel phase at the 

centre. The spinel phase may have originated from an exogenous source and calciumaluminate phase 

from indigenous source precipitated around the spinel phase. 

 

Ca Al O S Mg 

Ca Mn Al S 

S 

Ca Al Si Mg O 

Ca Al Mg S 
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4.4 Inclusion distribution in samples 

Information on non-metallic inclusion distribution is essential for cleanliness assessment 

of steel. In this study, inclusion distribution parameters such as the number of inclusions 

per unit area, mean particle size, largest inclusion sizes, area fraction of inclusions, and the 

aspect ratio of inclusions for each sample were estimated. A summary of inclusion 

distribution results obtained for analysed Formax samples is given in table 6. Total 

number of oxide and sulphide inclusions observed in Formax samples taken from the end 

product of different process routes is also shown in figure 18. 

Table 6: Summary of results of Formax samples 

Sample 
Total 

NA(mm
-2

) 

% Area 

fraction 

Mean size 

(µm) 

Maximum 

size (µm) 

Aspect 

ratio 

HF-1 10.241 0.217 16.8 120.4 6.67 

HF-2 9.772 0.275 16.4 146.1 8.76 

EAF-1 2.553 0.022 9.9 116.7 2.22 

EAF-2 7.512 0.081 11.7 99.8 4.38 

Comp-1 2.984 0.0172 11.6 157 3.47 

 

 
Figure 18: Comparison of number of oxide and sulphide inclusions in samples from different routes. 
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4.5 Inclusion size distribution 

The inclusion size distribution of samples analysed in the present study are given from 

figure 18 to 26. For clarity in plotting, the size distributions of Formax are divided into 

two categories, A and B given in figures 18 and 19, respectively. Inclusions with sizes 

from 8µm are measured for Formax and MCG 4M, and sizes from 22.4µm are measured 

for 1.4873 stainless steel grade. The maximum inclusion sizes observed from the EAF 

samples do not exceed 100 µm. However, maximum inclusion sizes exceeding 100 µm 

were observed from the HF samples. 

 
Figure 19: Inclusion size distribution of Formax (Category A). 
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Figure 20: Inclusion size distribution of Formax (Category B). 

 
Figure 21: Inclusion size distribution of 1.4873 stainless steel grade. 
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Figure 22: Inclusion size distribution of MCG 4M. 

 

4.6 Maximum and mean inclusion size of Formax 

In figure 23, a plot showing the maximum and mean size of inclusions for each Formax 

sample is given. These parameters represent important factors of the product requirement. 

 
Figure 23:  Maximum and mean inclusion size of Formax samples 
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4.7 Ternary phase plot of Formax 

Ternary phase CaO-Al2O3-SiO2 was plotted for Formax samples from different process 

routes to locate the region(s) were inclusions are concentrated the most. The plotting of 

CaO-Al2O3-SiO2 phase diagram was due to the fact that Formax is aluminium-killed steel, 

and calcium treated for non-metallic inclusion modification. The CaO-Al2O3-SiO2 ternary 

phase plots obtained for the different process routes are given in figure 24.  

 

  
 

 
Figure 24: Ternary phase diagram showing the regions of inclusions compositions from different 

routes (A) HF (B) EAF (C) Competitor  

4.8 Changes in inclusion composition at different stages of the HF process 

Inclusion characteristics were observed to change at the different process step in the HF 

route. The characteristics changes at the different stages of the HF were investigated in 

sample HF-3. Graphical representations of the results of the trend of changes in inclusion 

(A)  (B)  

(C) 
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composition are given in figure 25. In this sample, 9kg of aluminium was added for the 

deoxidation reaction (5kg more than added aluminium in sample HF-1), and 8.5kg of SiCa 

alloy wire was added for calcium treatment, the same amount added to sample HF-1. 
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Figure 25: Changes in inclusion compositions with change in steel compositions at different stages of 

the HF process. 
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5.0  Discussion 

5.1 Types of inclusions 

The type 1 inclusions primary consist of high Al2O3 content with little amount of SiO2 and 

CaO or MgO. They are hard and have irregular shape with angular edges. The type 1 

inclusions also have high melting temperatures and are either not deformed or deform by 

forming chains of fragmented pieces after hot rolling. These types of inclusions exist in 

solid phase at steelmaking temperatures and are susceptible to crack initiation in the final 

products. The type 1 inclusions observed in this present work are product of deoxidation. 

The type 2 mainly consists of spherical shape inclusions with high content of Al2O3 and 

CaO and low content of SiO2 and MgO. The type 2 has a lower melting temperature and 

exists in liquid form at steelmaking temperatures. Due to their spherical shape, the type 2 

inclusions result in more isotropic properties of metal, thus elimination of variations in 

mechanical properties with direction. These inclusions observed in the present work are of 

indigenous source as a result of Al deoxidation and Ca modification. 

The type 3 inclusions contain high content of MnO and SiO2 and lower content of Al2O3. 

This inclusion type is glassy with low melting temperature and deforms plastically into 

stringers after hot rolled. However, in cold working, the plasticity index of this type of 

inclusion decreases and makes them more brittle; therefore, form thread of fragmented 

inclusion pieces when cold rolled. As a result of their stringer shape and their low melting 

temperatures, the type 3 aid significantly in machinability properties of steel. However, 

they cause anisotropy of metal resulting in variations in most mechanical properties with 

respect to longitudinal, transverse and through thickness directions. These inclusions were 

from indigenous source due to low Al oxidation and Ca treatment and may also be as a 

result of reoxidation during tapping and casting operations. 

The type 4 inclusions mainly consist of MgO, Al2O3 and SiO2 with lower amount of Al2O3 

and MnO. The type 4 inclusions are brittle and have high melting temperatures. They exist 

in solid phase at steelmaking temperatures and deform into fragmented pieces of 

inclusions when hot rolled. The fragmented pieces have irregular shape with pointed or 

shape edges. They are mainly from external source such as refractory lining and top slag. 
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The type 5 inclusions are made up of coexisting sulphide and oxide phases. These 

inclusions are primary composed of Ca-Al-Mg-Mn-O-S. The type 5 has spherical or 

globular shape with the oxide phase at the core part and sulphides phase precipitating 

around the oxide phase. Some of the type 5 inclusions found consist of the oxide phase 

with the sulphides phase precipitated as spots on different part of the oxide inclusion 

surface.  

The type 6 inclusions are simple sulphide compounds of MnS, CaS and (Ca,Mn)S. In cast 

samples, the type 6 consists mainly of globular and dendrite shape. In rolled steel, the type 

6 mainly shows stringer shape inclusions composed of MnS. There are, however, globular 

types found in rolled steel containing calcium phase. In this study, globular type with sizes 

<10µm consisting of single phase MnS were also observed in rolled samples. 

5.2 Comparison of inclusion types in Formax from different routes 

Type 6 inclusions, consisting mostly of MnS stringers, were found in all Formax samples 

from the different routes. Other smaller size type 6 containing calcium with globular shape 

was observed in sample HF3-4 after extraction. Globular shape type 6 inclusions 

consisting of single phase MnS were also observed undeformed after extraction from 

rolled sample HF-1.  

The major difference in inclusion types in Formax was the types of oxide inclusions 

observed in samples from each route.  

Of the oxide inclusions found in Formax samples HF-1 and HF-2, about ≈73.4% consist of 

the type 3 inclusions. The type 3, as discussed earlier, contain higher amount of SiO2 and 

MnO. This type of inclusions observed is in good agreement with the ternary phase plot in 

figure 22 (A). Other types of oxides inclusions in samples HF-1 and HF-2 are the type 1 

(≈14.1%), type 2 (≈7.8%) and type 5 (≈4.7%) inclusions. The oxide inclusions observed in 

Formax samples from the EAF contain mainly type 1 (≈21.17%), type 2 (≈43.24%) and 

type 5 (≈35.59%). Most of these types of inclusions observed in the EAF contain higher 

alumina. Typical mapping of type 5 inclusions observed in Formax from the EAF routes 

are given in figure 15 and 16. 

In contrast to Formax samples HF-1 and HF-2, there were large numbers of type 1, type 2 

and type 5 inclusions in sample HF3-4. There was no type 3 inclusion observed in sample 
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HF3-4. Most of the types of inclusions observed in HF3-4 have similar characteristics to 

inclusions observed from the EAF routes. Typical mapping of type 5 and type 2 inclusions 

extracted from sample HF3-4 are given in figure 14 and 17.  

The differences in inclusion composition for the HF Formax samples are made clear in the 

ternary phase diagrams given in figure 24(A) and 26. Inclusions in EAF samples and HF3-

4 samples have higher calcium content compared to HF-1 and HF-2 inclusions. This 

account for the large number of type 2 and type 5 inclusions in the EAF and HF3-4 

samples. 

Again, the differences in the type of inclusions in HF-1 and HF3-4 are attributed to 

differences to the extent of deoxidation and calcium recovery in each sample. Apparently, 

4kg of aluminium was used for sample HF-1 whereas 9kg was used for sample HF3 

resulting in approximately 11% and 34% calcium recovery, respectively.  

 
Figure 26: Ternary phase plot of sample HF3-4. Lollipop sample taken from ladle prior to casting at 

the HF route 

5.3 Comparison of inclusion types in MCG 4M from different route 

Inclusions found in MCG 4M from HF routes mainly consist of type 1, type 2 and type 6. 

MCG 4M samples from the EAF contain type 1, type 2, type 4 and type 6. In contrast, no 

type 4 inclusions were observed in MCG 4M from the HF route. Contrarily to the 

composition range of type 4 given in table 5, the type 4 inclusions observed in MCG 4M 

from EAF consist mainly of spinel phase, with higher amount of MgO (60±9) and Al2O3 

(23±7) lower SiO2 and MnO content. The type 6 inclusions found in MCG 4M are mostly 
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single phase MnS. Other inclusions consisting of (Ti,V) nitrides were observed in small 

quantities in the MCG 4M. Typical photograph of inclusions observed in MCG is given in 

appendix. 

5.4 Inclusions in 1.4873 Stainless steel from the HF route 

All analysed stainless steel grades of 1.4873 samples are from the HF route. Inclusions 

observed in this grade consist largely of oxide inclusions of type 1. Sulphides inclusions 

were rarely observed in the 1.4873 steel grades. Other inclusions composed of nitrides and 

carbides were observed in less quantity. Apparently, this grade was aluminium deoxidized 

but not calcium treated and though few oxide inclusions were observed, they were 

typically consisting of inclusions deformed to form long chains of fragmented pieces. Such 

deformation characteristics have negative influence on steel properties such as impact 

toughness and fatigue and can serve as crack initiation points. Typical examples found in 

samples HF-SS-1 and HF-SS-2 are given in the appendix. 

5.5 Comparison of inclusion size distribution from different routes 

It is clearly seen from figures 17 and 18, the number of inclusions of Formax from the HF 

samples is higher in all size ranges compared to the EAF and the competitor samples. 

Similar scenario is observed in Formax for the different routes which is also presented in 

figure 20 for MCG 4M. This trend should be expected, as given in table 4, the HF Formax 

samples have higher total oxygen content than the EAF Formax samples. It could also be 

attributed to the fact that the EAF route has good conditions for inclusion removal 

compared to the HF route.  

The electric furnace for instance has wider surface area for slag/metal interaction. 

Moreover, the depth of the furnace compared to its diameter is shallow providing shorter 

distance for inclusions to travel from bottom of the furnace to the slag/metal interface for 

removal. The induction furnace, however, is narrow and deep. Hence, it provides less 

surface area for slag/metal interaction. Other operations such as combined induction and 

gas stirring at the EAF route provide good kinetics for inclusions to coalesce into bigger 

sizes, thus increasing the buoyancy force to float faster. In addition, casting at the EAF 

route is done in a protective atmosphere using argon gas protected shrouds to prevent 

reoxidation, which is not the case at the HF which uses shrouds with no argon gas 
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protection during casting.  Nevertheless, the main reason for the differences in number of 

inclusions may be due to vacuum treatment at the EAF route.  

Despite the differences in number of inclusions, the different size distributions of 

inclusions from the different routes follow similar tendency; that is, the number is higher 

for smaller inclusion sizes and lower for larger inclusion sizes.  

5.6 Comparison of ternary phase diagram from different routes 

The ternary phase diagram for the HF Formax samples given in figure 24 is in a good 

agreement with the oxide inclusion types found in samples HF-1 and HF-2. Comparing the 

CaO-Al2O3-SiO2 ternary phase in figure 6 in the literature review to figure 24(A), it is 

evident that the inclusions in figure 24(A) are concentrated in the mullite region. This 

region has low Ca and high SiO2 content. The high Si content makes the inclusion glassy 

and softens during hot rolling causing it to deform plastically into stringer shape 

inclusions. This account for the stringers type inclusions observed in samples HF-1 and 

HF-2.  

In figure 24(B), it is clear that the inclusions in EAF route are concentrated mostly in a two 

phase region of CaO-Al2O3 with lower amount of SiO2. This is in good concurrence with 

the types of inclusions observed in samples EAF-1 and EAF-2. However, most of the 

inclusions observed contain high content of Al2O3, which means most of them existed in 

solid or solid-liquid transition state.  

From the CaO-Al2O3-SiO3 ternary plot for sample Comp-1 given in figure 24(C), it is seen 

that the inclusions are concentrated in the regions of high temperature phase corundum and 

mullite. These regions have lower calcium content, high melting temperatures and deform 

in a brittle manner, a good agreement with the types of inclusions observed in competitor 

samples. 

In figure 26, unlike figure 24(A), the inclusions are shifted a little towards the calcium rich 

region. This confirms the high calcium content of oxide inclusions observed in sample 

HF3-4. The increase in calcium content gives the inclusions a more spherical shape. It 

should be noted that this sample was from the ladle and not rolled. Therefore, it is also safe 

to say some, if not most, of the spherical inclusions may be deformed after hot rolling 

since the calcium content was generally low to make the inclusions undeformed after hot 

rolling.  
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5.7 Differences in calcium recovery of HF Formax samples 

Calcium recovery estimated for samples HF-1 and HF3-4 was 11.5% and 34.6%, 

respectively. In respect, sample HF-1 had the least calcium content of 8 ppm and sample 

HF3-3 having the highest of 14 ppm from the HF route. Calcium was added to the crude 

steel in a form of SiCa alloy wire by the injection method. Calcium constitutes of 30% of 

the SiCa alloy wire. 8.5kg of SiCa alloy wire was added to both sample HF-1 and HF-3. 

The differences in recovery can be attributed to many factors. However, the possible 

reason in this case point to deficient aluminium deoxidation. The result suggest that most 

of the added calcium was used for deoxidation reaction in the melt. This resulted in lower 

content of dissolved calcium in the melt. As a result, in both samples, the amounts of 

dissolved calcium did not meet the criteria for inclusion modification indicated in table 2. 

5.8 Effect of deficiency in aluminium deoxidation  

There was a big difference in the types of oxide inclusions found in Formax samples HF-1, 

HF-2 and HF3 from the HF route. Oxide inclusions found in HF-1 and HF-2 mainly 

consist of type 3 composed of MnO-Al2O3-SiO2 with high SiO2 and MnO content. 

However, in sample H3-4, the oxide inclusions consisted mostly of spherical CaO-Al2O3-

SiO2. Most of the inclusions observed in sample HF3-4 showed high content of CaO and 

Al2O3, with lower amount of SiO2. Apparently, different amount of aluminium was used in 

in different heats; 4kg of aluminium was used for deoxidation in HF-1, whereas 9kg was 

used in sample HF3. Compositions of aluminium before calcium addition were 0.007% 

and 0.025% for sample HF-1 and HF3-4, respectively. In principle, 4 main reactions in 

equations 9 to 12 occur after calcium addition: 

                   [Ca] + [O] = CaO                                                                             9 

                   [Ca] + (x+1/3) Al2O3 = CaO.Al2O3 + x/3[Al]                                 10 

                   [Ca] + [S] = CaS                                                                            11 

                   CaS + 4Al2O3 = CaO.Al2O3 + [S] + [Al]                                       12 

Reactions in equations 9 and 10 occur when oxygen activity is higher than sulphur activity, 

whereas reactions 11 and 12 occur when sulphur activity in steel is increased. In both 

sample HF-1 and HF3-3, before calcium addition, the sulphur content in the steel was very 

low, and therefore, the main reactions that occurred in both cases are equations 9 and 10. 
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As a result of the low aluminium deoxidation in sample HF-1, there was an incomplete 

deoxidation reaction which resulted in too high dissolved oxygen content in the steel for 

sample HF-1. Since calcium has a higher affinity for oxygen than silicon, upon addition of 

the SiCa alloy, the calcium readily reacted with the excess dissolved oxygen for 

deoxidation as shown with equation 9 resulting in a drop of calcium recovery in sample 

HF-1. Consequently, the short in aluminium deoxidation resulted in calcium being used up 

for deoxidation reaction, thus, resulting in lower amount of calcium and increase in silicon 

in the steel. This as a result led to the formation of oxide inclusions in HF-1 with lower 

calcium content. Deoxidation in sample HF3-4 was higher than HF-1, in which calcium 

reacted with both dissolved oxygen and Al2O3 as described by reactions 9 and10 resulting 

in the formation of CaO-Al2O3-SiO2 inclusions in sample HF3-4 with higher content of 

Al2O3 and CaO. 

5.9 Changes in inclusion composition at different stages of the HF process 

In figure 25, the changes occurring in oxide inclusions composition at different process 

steps are given. It is apparent here that the composition of inclusions changes with respect 

to changes in steel compositions as a result of additive element(s) at each stage. Inclusions 

after aluminium addition consist mostly of alumina with few manganese and silicate oxide 

inclusions. The composition of inclusions changed and increased in calcium content after 

calcium addition to steel. Inclusions at this stage consist largely of CaO-Al2O3. Sulphur 

was added after the calcium addition just before tapping into the ladle. The sulphur reacted 

with some of the calcium in steel as described by equation 9 to form CaS which floats up 

to the top slag reducing the dissolved calcium content in the steel. As a result, the 

compositions of inclusions in the ladle sample had reduced calcium content. The increase 

in silicon and manganese content of inclusions in the ladle sample could be attributed to 

reoxidation during tapping operations. It could also be attributed to entrapped slag as both 

top slag and steel was tapped into the ladle. The reduced content of calcium could also be 

attributed to reoxidation during tapping according to equation 9, and   the formation of 

CaS during steel refining described by equation 11. It is obvious from figure 24 that most 

of the inclusions formed are from an indigenous source. However, there is high risk of 

reoxidation and slag entrapment during tapping operations at the HF route.  
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6.0 Final Discussion 

The cleanliness assessment of steel bars have been studied by comparing characteristics of 

non-metallic inclusions characteristics in steel produced from a high frequency induction 

furnace route and from an electric arc furnace route. Further comparison was made with 

competitor producer materials for the Formax steel grade. In addition, brief analysis of the 

changes in inclusion characteristics occurring at different process steps at the HF route was 

carried out. The most vital conclusions are summarized as follow: 

Six different types of inclusions were found in the present study. The types of inclusions 

observed are classified as type 1, type 2, type 3, type 4, type 5 and type 6. The type 6 was 

common in high numbers in all analysed samples except in the 1.4873 stainless steel 

grade. Oxide inclusions observed in 1.4873 stainless steel sample are mainly of type 1 

inclusion. Oxide inclusions in HF Formax are mainly type 3 inclusions with small number 

of type 1 and type 5 inclusions. Formax from the EAF route contain type 1, type 2 and 

type 5 inclusions. MCG 4M from the HF route contain type 1 and type 2 inclusions with a 

fewer number of type 5. However, MCG from the EAF route contain a high number of 

type 5 inclusions and a fewer number of type 1 and type 2 inclusions. 

Fewer numbers of globular type 2 and type 5 inclusions were observed in all analysed 

samples. This was not surprising in the case of the stainless steel grade as it was not 

calcium treated. However, for Formax and MCG 4M, the low numbers of type 2 and type 

5 inclusions can be attributed to the fact that conditions for calcium treatment was not met. 

Especially in the HF samples, there was low deoxidation and low calcium recovery. This 

resulted in high total oxygen and low calcium content in the steel accounting for the high 

number of inclusions with little or no calcium content. 

The types of inclusions formed are closely linked to the steel chemistry. The inclusions 

characteristics in HF Formax were observed to change with respect to changes in steel 

composition. Thus, the chemical compositions of inclusions from the HF samples could be 

traced to the different additions of elements made to the steel. Therefore, most of the 

inclusions observed in the HF samples indicated an indigenous source.  

The results of inclusion size distribution showed that the number of inclusions in HF 

samples were much higher (≈ 2 times more) in all size ranges than the EAF and competitor 

samples. In addition, the mean and biggest inclusion sizes observed in the HF samples 
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were larger than the EAF and the competitor samples. The high number of inclusions in 

the HF samples can be attributed to possible reoxidation during tapping and casting 

operations and the high level of total oxygen in the HF samples. 

Calcium content was generally low in all the steel samples from the different process 

route. The recovery is particularly low for both the HF route. As a result, low calcium 

content was observed in inclusions, especially from the HF route. However, the low 

calcium recovery is dependent of the extent of deoxidation process. Therefore, the 

incomplete deoxidation process directly affected the efficiency of calcium treatment. 
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7.0 Conclusion 

In general, the cleanliness of steel bars produced is dependent on the process route. The 

EAF route steel bars and the competitor samples are much cleaner (in terms of number and 

size of inclusions) compared to steel bars from the HF route. Moreover, the types of 

inclusion compositions generally differ for samples from different process routes. The 

production operation and practice at the HF route has a significant effect on the 

characteristics of inclusions formed in the final product. More importantly at the HF, the 

extent of two important operations, aluminium deoxidation and calcium treatment, 

sensitively affect the characteristics of inclusions in the final product. 

It is therefore apparent that, given the present conditions, steel produced from the HF route 

will have higher number of inclusions. However, it is also possible to transform these high 

numbers of inclusions into desirable inclusion types using calcium treatment to improve 

the final steel properties or otherwise have less negative effect on the final steel properties. 

Inclusions produced from the HF route have good characteristics for machinability but 

exhibit anisotropic characteristics which may adversely affect other mechanical properties 

such as toughness. 
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8.0 Recommendations and future works 

With respect to the conclusions drawn from the investigations it will be secure to utilize 

the HF route for production of steel bars intended for applications where higher numbers 

of inclusions are acceptable in the final product. For instance free machining steel or 

resulphurized steels 
[18]

 such as Formax where the number of inclusions will have less 

harmful effect on the final applications. To produce high quality steels from the HF, 

improve measures to limit the number and maximum inclusions size, and also ensure 

required inclusions characteristics should be implemented. 

Metal refining operations at the HF process should be improved significantly in order to be 

able to produce high alloyed steel. In this respect, operations such as stirring should be 

optimized. For instance, to reduce the number of inclusions, two-stage stirring should be 

used; intense stirring for coalescence of micro inclusions should be applied first, followed 

by weak stirring to float up coalesced or macro inclusions 
[19]

. Composition of the top slag 

should be formulated depending on the type of steel and the type of inclusions formed in 

order for the top slag to be able to assimilate the floated inclusions from the steel. 

The influences of the extent of deoxidation and condition influencing calcium treatment of 

steel at both the HF route and the EAF route should be well investigated for different steel 

grades depending on the steel chemistry and the process conditions of Uddeholms AB. 

This will ensure precise control of inclusions characteristics formed especially for 

machinability purposes 
[23]

.  

As stated earlier, previous studies 
[16, 17]

, indicate that manual sampling method and the use 

of metal-cap-protected samplers do not give accurate and consistent results and lack 

repeatability. The metal-cap is even suggested to have influence on the chemical analysis 

of the steel. It will therefore be appropriate to introduce argon protected samplers at the HF 

route to guarantee more accurate chemical analysis of melt, thereby ensuring the right 

adjustment of alloying elements during production. This may have direct influence on 

inclusion compositions since it has been deduced that the inclusion compositions are 

linked with the steel compositions. 

Residence time between tapping and casting should be optimized to allow enough time for 

inclusions removal
 [24]

. This practice is already being utilized at the EAF route and can 

possibly be introduced to the HF route. In which case, temperature optimization needs to 

be made to compensate for temperature loss after tapping into ladle. 
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Too little dissolved material (500C) for the 3D analysis by electrolytic extraction 

technique resulted in observation of just a few macro inclusions. Hence, more material 

(≥1000C) should be extracted for extensive analysis of macro inclusions if this method is 

used for any future analysis of macro inclusions. 
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Appendix A 

 

Examples of Inclusions in Formax from different routes 

                                               

    

     

    

 

A B 

C D 

F E 

H G 

A. Type 1 inclusion from the HF route 

with composition: 93%Al2O3. The 

inclusions is fragmented after rolling 

B. Type 1 inclusion from the EAF route 

with composition 87%Al2O3, 4%SiO2, 

7%MgO and 2%FeO. The inclusion is 

undeformed, showing angular edges 

after rolling. 

 

 

C. Type 2 inclusion from the HF with 

composition 35.4%CaO, 44.5%Al2O3, 

17.7%SiO2, 2.6%MgO and 1.8%TiO2 

with globular shape prior to hot rolling. 

D. Type 2 inclusion from the EAF route 

with composition 31.2%CaO, 

47.1%Al2O3, 16.1%SiO2 and 3.4%MgO 

undeformed after hot rolling. 

 Type 3 inclusions from HF route: 

E. Composition 26.6%MnO, 

37.9%SiO2, 18.3%Al2O3 and 

12.2%CaO 

F. Composition 41.1%MnO,37.2 

%SiO2, 16.1%Al2O3 and 5.6%CaO 

The inclusions are elongated in the 

rolling direction to form stringers. 

Type 6 inclusions deformed into 

stringers after hot rolling.  

 

G. MnS from the HF route 

 

H. MnS from the EAF route 
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Examples of Inclusions in MCG 4M and 1.4873 Stainless Steels 

  

         
 

 

  

I 

M 

J 

K 

Type 3 inclusions observed in MCG 

4M from both HF and EAF routes: 

I. undeformed with composition 

25.7%Al2O3, 59.3%MgO, 

11.2SiO2  and 2.1%TiO2 

J. Deformed with composition 

23.1%Al2O3, 57.6%MgO and 

15.3%SiO2 

 Type 1 inclusions observed from HF 

route. The inclusions are deformed 

into fragmented pieces after hot 

rolling. Compositions:  

A. 88%Al2O3, 5%SiO2,  

3%MgO 

 

B. 91%Al2O3, 3%SiO2 
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Appendix B  

 Estimation of dissolved oxygen and calcium recovery 

  Al2O3(s) = 2[Al] + 3[O] 

 

                       
      

    
       

 

                 
   

    
  

      

 
          

            

      

 

 

                          

Assumption that pure Al2O3 is formed and hence       
             

 

                                                                                  
                   

        
 

 

Sample 

Total Al added 

(kg) 

Total SiCa added 

(30%Ca) % Al ppm O 

% Ca 

recovery 

HF1 4 8.5 0.005 54.3 11.5 

HF3 9 8.5 0.014 33.8 34.6 

 

Estimated Ca needed for Ca modification 

Assuming an initial Ca concentration of 0.0005% and a recovery of 0.0176 (as was the 

case of sample HF3), to achieve considerable Ca content of 25ppm that meet the criteria 

given in table 2,  
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 Therefore mass Ca needed per 5 tonne of steel: 

 

                     
     

   
              

Given 30% Ca content of SiCa alloy wire, total amount needed for 5 tonne: 

  

                                                                   
    

   
              

 

Therefore a minimum of 18.9kg of SiCa wire is needed for the 5 tonne steel to achieve the 

required calcium content for calcium treatment in order to achieve desirable inclusion 

modification. Alternately, aluminium added for deoxidation could be increase above 9kg 

to increase the calcium yield or recovery. 
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Appendix C 

SAMPLE HF 1 
       

  Date 
 

Field Area mm2 1.000 

Steel Grade Int 
  

FORMAX (HF) Magnification 100 

Steel Grade Ext 
  

 Analysed Area mm2 7292.0 

Heat Number 
  

P22477  Number of Fields 7292 

Position 
  

  No of Analysis 15651 

          Measure Unit AX AT AM AH AP 
   Area %x100 0.00272289 0.42247209 0.32238263 0.00333415 0 
   Length µm/mm2 0.10691512 11.958456 7.22443247 0.06147619 0 

   Number /mm2 0.00479978 0.56335711 0.21859573 0.00095996 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0.13539147 0.9201687 0.11786467 0.00631405 
   Length µm/mm2 0 3.32607579 17.8803139 1.68364024 0.02792537 
   Number /mm2 0 0.23324832 0.953785 0.05252331 0.00082282 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0.00028942 0.00068072 0 

   Length µm/mm2 0 0 0.0043691 0.01051332 0 
   Number /mm2 0 0 0.00041141 0.00013714 0 
   Str. Len. µm/mm2 0 0 0.00946978 0.01928889 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0.00226676 0.00344761 0.01399187 0.01069476 
   Length µm/mm2 0 0.06397088 0.0758688 0.17035142 0.0855321 

   Number /mm2 0 0.00342841 0.00287987 0.00109709 0.00013714 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0.0023478 0.03471457 0.03050751 0.08132558 
   Length µm/mm2 0 0.05630863 0.61543727 0.31780523 0.35720572 
   Number /mm2 0 0.0041141 0.0419638 0.0127537 0.00397696 
   

   
Other Inclusions 

     Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 0.09842933 0 
    Length µm/mm2 0 0 0.69745749 0 
    Number /mm2 0 0 0.04333516 0 
    

   
Totals 

      Measure Unit A B C D A+B+C+D 
  Area %x100 1.93065 0.00097 0.03040 0.14890 2.11092 
  Length µm/mm2 42.26924 0.01488 0.39572 1.34676 44.02660 
  Number /mm2 2.02809 0.00055 0.00754 0.06281 2.09899 
  Str.Len. µm/mm2 0.00000 0.02876 

  
  

  Mean Shape 0.37 
 

0.41 
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SAMPLE HF 2 

     

  Date 
 

Field Area mm2 1.000 
  Steel Grade 

Int 
  

FORMAX (HF) Magnification 100 
  Steel Grade 

Ext 
  

 
Analysed Area 
mm2 1720.0 

  

Heat Number 
  

P22177  Number of Fields 1720 
  

Position 
  

  No of Analysis 4026 
  

          Measure Unit AX AT AM AH AP 
   Area %x100 0 0 0 0 0 
   Length µm/mm2 0 0 0 0 0 

   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0.0012954 0.79137838 0.48873654 0.02397105 
   Length µm/mm2 0 0.0332384 11.0959511 4.72109747 0.12361587 
   Number /mm2 0 0.00248106 1.17209303 0.33023256 0.00465116 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0 0 0 

   Length µm/mm2 0 0 0 0 0 
   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2 0 0 0 0 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0 0.19404575 0.38389018 0.06543449 
   Length µm/mm2 0 0 2.71668935 3.20619011 0.31186014 

   Number /mm2 0 0 0.27848837 0.20697674 0.01104651 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0 0.11324898 0.14438581 0.01875867 
   Length µm/mm2 0 0 1.56547558 1.32377982 0.09099525 
   Number /mm2 0 0 0.15930232 0.09011628 0.00348837 
   

          

   
Other Inclusions 

     

          Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 0.10531753 0 
    Length µm/mm2 0 0 0.88613713 0 
    Number /mm2 0 0 0.06395349 0 
    

         

   
Totals 

      

          Measure Unit A B C D A+B+C+D 
  Area %x100 1.30538 0.00000 0.64337 0.27639 2.22515 
  Length µm/mm2 15.97390 0.00000 6.23474 2.98025 25.18889 
  Number /mm2 1.50946 0.00000 0.49651 0.25291 2.25888 
  Str.Len. µm/mm2 0.00000 0.00000 

  
  

  Mean Shape 0.02 
 

0.02 
    



 
Cleanliness assessment of steel  

53 
 

SAMPLE EAF 1 

Date 
 

Field Area mm2 1.000 
  Steel Grade 

Int 
  

FORMAX (EAF) Magnification 100 
  Steel Grade 

Ext 
  

 
Analysed Area 
mm2 1744.0 

  

Heat Number 
  

DV63316 Number of Fields 1744 
  

Position 
  

  No of Analysis 166 
  

         Measure Unit AX AT AM AH AP 
  Area %x100 0 0 0.07581246 0.10580441 0 
  Length µm/mm2 0 0 1.40293753 1.8186779 0 

  Number /mm2 0 0 0.01548165 0.01834862 0 
  Str. Len. µm/mm2           
  Measure Unit AXS ATS AMS AHS APS 

  Area %x100 0 0 0 0.21224777 0.0639241 
  Length µm/mm2 0 0 0 2.94221997 0.52187288 
  Number /mm2 0 0 0 0.04071101 0.00745413 

  Measure Unit BX BT BM BH BP 
  Area %x100 0 0 0 0 0 

  Length µm/mm2 0 0 0 0 0 
  Number /mm2 0 0 0 0 0 
  Str. Len. µm/mm2 0 0 0 0 0 

  Measure Unit CX CT CM CH CP 
  Area %x100 0 0 0 0.00256548 0 
  Length µm/mm2 0 0 0 0.01564614 0 

  Number /mm2 0 0 0 0.00057339 0 
  Measure Unit DX DT DM DH DP 

  Area %x100 0 0 0 0 0.53830618 
  Length µm/mm2 0 0 0 0 0.64322734 
  Number /mm2 0 0 0 0 0.00172018 
  

         

   
Other Inclusions 

    

         Measure Unit E Rank 6 Carbides Nitrides 
   Area %x100 0 0 0.10012162 0 
   Length µm/mm2 0 0 0.37885714 0 
   Number /mm2 0 0 0.0103211 0 
   

        

   
Totals 

     

         Measure Unit A B C D A+B+C+D 

Area %x100 0.45779 0.00000 0.00257 0.53831 0.99866 

Length µm/mm2 6.68571 0.00000 1.01565 0.64323 8.34458 

Number /mm2 0.08200 0.00000 0.00057 0.00172 0.08429 

Str.Len. µm/mm2 0.00000 0.00000 
  

  

Mean Shape 0.37 
 

0.10 
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SS RATINGS: SAMPLE EAF 2 

Date 
 

Field Area mm2 1.000 

Steel Grade Int 
  

FORMAX (EAF) Magnification 100 

Steel Grade Ext 
  

 
Analysed Area 
mm2 1643.0 

Heat Number 
  

DV63677  Number of Fields 1643 

Position 
  

  No of Analysis 187 

         Measure Unit AX AT AM AH AP 
  Area %x100 0 0 0.07600272 0.13436122 0 
  Length µm/mm2 0 0 1.43065691 2.48961186 0 

  Number /mm2 0 0 0.01582471 0.02434571 0 
  Str. Len. µm/mm2           
  Measure Unit AXS ATS AMS AHS APS 

  Area %x100 0 0 0 0.28197876 0.04877082 
  Length µm/mm2 0 0 0 3.89417052 0.75052148 
  Number /mm2 0 0 0 0.05295191 0.00791236 

  Measure Unit BX BT BM BH BP 
  Area %x100 0 0 0 0 0 

  Length µm/mm2 0 0 0 0 0 
  Number /mm2 0 0 0 0 0 
  Str. Len. µm/mm2 0 0 0 0 0 

  Measure Unit CX CT CM CH CP 
  Area %x100 0 0 0 0 0.01548622 
  Length µm/mm2 0 0 0 0 0.07908551 

  Number /mm2 0 0 0 0 0.00243457 
  Measure Unit DX DT DM DH DP 

  Area %x100 0 0 0 0 0.0159281 
  Length µm/mm2 0 0 0 0 0.06428822 
  Number /mm2 0 0 0 0 0.00182593 
  

         

   
Other Inclusions 

    

         Measure Unit E Rank 6 Carbides Nitrides 
   Area %x100 0 0 0.12175234 0 
   Length µm/mm2 0 0 0.35363746 0 
   Number /mm2 0 0 0.00791236 0 
   

        

   
Totals 

     

         Measure Unit A B C D A+B+C+D 

Area %x100 0.54111 0.00000 0.01549 0.01593 0.57253 

Length µm/mm2 8.56496 0.00000 0.07909 0.06429 8.70833 

Number /mm2 0.10103 0.00000 0.00243 0.00183 0.10530 

Str.Len. µm/mm2 0.00000 0.00000 
  

  

Mean Shape 0.38 
 

0.04 
    



 
Cleanliness assessment of steel  

55 
 

SAMPLE EAF MCG 4M 
 

Date 
 

Field Area mm2 1.000 
 Steel Grade 

Int 
  

MCG 4M (EAF) Magnification 100 
 Steel Grade 

Ext 
  

  
Analysed Area 
mm2 499.0 

 

Heat Number 
  

DV60425  Number of Fields 499 
 

Position 
  

  No of Analysis 6274 
 

          Measure Unit AX AT AM AH AP 
   Area %x100 0 0 0.00223313 0.00304517 0 
   Length µm/mm2 0 0 0.03124749 0.02787473 0 

   Number /mm2 0 0 0.00200401 0.00200401 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0.00945214 1.0742352 2.17442203 1.77465856 
   Length µm/mm2 0 0.15427259 8.64415836 14.6661034 5.25232124 
   Number /mm2 0 0.01074439 0.80561125 0.87775552 0.11422846 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0 0 0 

   Length µm/mm2 0 0 0 0 0 
   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2 0 0 0 0 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0.01715447 0.44489962 1.09832585 0.53953677 
   Length µm/mm2 0 0.22654434 3.63778281 6.64757061 2.40494466 

   Number /mm2 0 0.01202405 0.33066133 0.39078158 0.06813627 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0.01163932 5.72918653 9.19235897 450.921234 
   Length µm/mm2 0 0.16404934 45.1627235 63.8415527 62.9065361 
   Number /mm2 0 0.01202405 3.95390797 3.56513023 0.75951904 
   

          

   
Other Inclusions 

     

          Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 200.464722 0.00348503 
    Length µm/mm2 0 0 23.6093636 0.05869127 
    Number /mm2 0 0 1.18436873 0.00601202 
    

         

   
Totals 

      

          Measure Unit A B C D A+B+C+D 
  Area %x100 5.03805 0.00000 2.09992 465.85442 472.99238 
  Length µm/mm2 28.77598 0.00000 12.91684 172.07486 213.76768 
  Number /mm2 1.81235 0.00000 0.80160 8.29058 10.90453 
  Str.Len. µm/mm2 0.00000 0.00000 

  
  

  Mean Shape 0.05 
 

0.05 
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SAMPLE HF MCG 4M 

      

  Date 
 

Field Area mm2 1.000 
 Steel Grade 

Int 
 

MCG 4M (HF) Magnification 100 
 Steel Grade 

Ext 
  
             

Analysed Area 
mm2 503.0 

 

Heat Number 
  

 P17078 Number of Fields 503 
 

Position 
  

  No of Analysis 6737 
 

          Measure Unit AX AT AM AH AP 
   Area %x100 0 0 0.00221537 0.00302096 0 
   Length µm/mm2 0 0 0.030999 0.02765306 0 

   Number /mm2 0 0 0.00198807 0.00198807 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0.00573982 1.18867898 2.35134411 1.81911886 
   Length µm/mm2 0 0.05424826 9.37183475 15.6813097 5.46281719 
   Number /mm2 0 0.00397614 0.86878723 0.94234586 0.12127236 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0 0 0 

   Length µm/mm2 0 0 0 0 0 
   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2 0 0 0 0 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0.01701805 0.47385368 1.19099498 0.5833801 
   Length µm/mm2 0 0.22474277 3.79493237 7.2964716 2.56300735 

   Number /mm2 0 0.01192843 0.34592444 0.42544729 0.07355864 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0.01570897 6.07202005 9.99197865 450.382477 
   Length µm/mm2 0 0.19374378 47.814846 69.1154709 66.9256439 
   Number /mm2 0 0.0139165 4.16302156 3.85089445 0.82703775 
   

          

   
Other Inclusions 

     

          Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 199.085342 0.00345732 
    Length µm/mm2 0 0 24.7477398 0.05822454 
    Number /mm2 0 0 1.24254465 0.00596421 
    

         

   
Totals 

      

          Measure Unit A B C D A+B+C+D 
  Area %x100 5.37012 0.00000 2.26525 466.46218 474.09755 
  Length µm/mm2 30.62886 0.00000 13.87915 184.04970 228.55772 
  Number /mm2 1.94036 0.00000 0.85686 8.85487 11.65209 
  Str.Len. µm/mm2 0.00000 0.00000 

  
  

  Mean Shape 0.05 
 

0.05 
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SAMPLE HF-SS1 1.4873 STAINLESS STEEL 

    

  Date 
 

Field Area mm2 1.000 
  

Steel Grade Int 
  

1.4873 (HF) Magnification 100 
  Steel Grade 

Ext 
  

 
Analysed Area 
mm2 1315.0 

  

Heat Number 
  

P23395  Number of Fields 1315 
  

Position 
  

  No of Analysis 12213 
  

          Measure Unit AX AT AM AH AP 
   Area %x100 0 0 0 0 0 
   Length µm/mm2 0 0 0 0 0 

   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0 0.76955396 0.31954652 0.00481477 
   Length µm/mm2 0 0 9.8494072 3.43154955 0.04545342 
   Number /mm2 0 0 1.04106462 0.25323194 0.00152091 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0 0 0 

   Length µm/mm2 0 0 0 0 0 
   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2 0 0 0 0 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0.00039802 0.30395952 0.1380105 0 
   Length µm/mm2 0 0.01284553 3.89085841 1.37649083 0 

   Number /mm2 0 0.00076046 0.41368821 0.10038023 0 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0.00082172 2.16398787 1.40587366 0.82061619 
   Length µm/mm2 0 0.01877424 26.9453793 12.9290648 3.46719861 
   Number /mm2 0 0.00152091 2.83574128 0.89125472 0.10874525 
   

          

   
Other Inclusions 

     

          Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 3.24637318 0.01222309 
    Length µm/mm2 0 0 38.1737251 0.16389337 
    Number /mm2 0 0 3.37794662 0.01673004 
    

         

   
Totals 

      

          Measure Unit A B C D A+B+C+D 
  Area %x100 1.09392 0.00000 0.44237 4.39130 5.92758 
  Length µm/mm2 13.32641 0.00000 5.28019 43.36042 61.96702 
  Number /mm2 1.29582 0.00000 0.51483 3.83726 5.64791 
  Str.Len. µm/mm2 0.00000 0.00000 

  
  

  Mean Shape 0.01 
 

0.01 
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SAMPLE HF-SS2 1.4873 STAINLESS STEEL 
 

Date 
 

Field Area mm2 1.000 
  Steel Grade 

Int 
  

 1.48473 (HF) Magnification 100 
  Steel Grade 

Ext 
  

  
Analysed Area 
mm2 5316.0 

  

Heat Number 
  

P23397  Number of Fields 5316 
  

Position 
  

  No of Analysis 196 
  

          Measure Unit AX AT AM AH AP 
   Area %x100 0 0 0 0 0 
   Length µm/mm2 0 0 0 0 0 

   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2           
   Measure Unit AXS ATS AMS AHS APS 

   Area %x100 0 0 0 0 0.00077495 
   Length µm/mm2 0 0 0 0 0.00430824 
   Number /mm2 0 0 0 0 0.00018811 

   Measure Unit BX BT BM BH BP 
   Area %x100 0 0 0 0 0 

   Length µm/mm2 0 0 0 0 0 
   Number /mm2 0 0 0 0 0 
   Str. Len. µm/mm2 0 0 0 0 0 

   Measure Unit CX CT CM CH CP 
   Area %x100 0 0 0 0 0.00089882 
   Length µm/mm2 0 0 0 0 0.00463979 

   Number /mm2 0 0 0 0 0.00018811 
   Measure Unit DX DT DM DH DP 

   Area %x100 0 0 0 0.00476405 0.18845303 
   Length µm/mm2 0 0 0 0.03088017 0.55069393 
   Number /mm2 0 0 0 0.00112867 0.01542513 
   

          

   
Other Inclusions 

     

          Measure Unit E Rank 6 Carbides Nitrides 
    Area %x100 0 0 0.00820369 0 
    Length µm/mm2 0 0 0.03480131 0 
    Number /mm2 0 0 0.00112867 0 
    

         

   
Totals 

      Measure Unit A B C D A+B+C+D 
  Area %x100 0.00077 0.00000 0.00090 0.19322 0.19489 
  Length µm/mm2 0.00431 0.00000 0.00464 0.58157 0.59052 
  Number /mm2 0.00019 0.00000 0.00019 0.01655 0.01693 
  Str.Len. µm/mm2 0.00000 0.00000 

  
  

  Mean Shape 0.00 
 

0.00 
     


