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ABSTRACT: 

The control of non-metallic inclusions is very important for the improvement of 

performance during the application of tool steel. This present study was performed to 

see the effect of changing of some process parameters during the vacuum degassing of 

the melt and how these changing parameters affects the characteristics of inclusions in 

tool steel. The main parameters that were changed during the vacuum degassing were 

the change of induction stirring, argon flow rate from both the plug 1 and 2 and 

different ladle ages for different heat. Electrolytic extraction method was used to 

observe the morphology and characteristics of inclusions as a 3 dimensional view in 

tool steel. Four lollipop samples from four different heats were used for the 

experiment and all the samples were after vacuum (AV) degassing. In this study four 

different types of inclusions were found and they are classified as type 1, 2, 3 and 4. 

Of them type 1 inclusion was the major one with mostly spherical shaped. This study 

shows that among the three parameters, induction stirring has the biggest effect for the 

total number of inclusions per volume in the sample than the other two parameters 

Heat 4A showed the lowest number of inclusions per volume comparing with the other 

heats. The main reason behind this can be said that the induction stirring was the 

lowest comparing with the other heats with moderate argon flow and ladle age of 12. 

Extreme value analysis was used in this study to predict the probability of getting 

largest size inclusions in a certain volume of the metal. For the prediction of the 

largest inclusion size, both the electrolytic extraction (3D) and cross-sectional (2D) 

method was used. Later in this study comparison was done to determine the accuracy 

of both the methods and it is concluded that for the type 1 inclusions electrolytic 

extraction method shows almost similar trend with cross-sectional method and 

electrolytic extraction method shows better accuracy for the prediction of largest size 

inclusions than the cross-sectional method. Electrolytic Extraction method is also 

applicable for the prediction of largest size inclusions for multiple types of inclusions. 

 

Keywords: Tool Steel, Electrolytic Extraction, Vacuum degassing, Non-metallic 

inclusions, Induction stirring, Argon flow rate, Ladle age, Extreme value analysis. 
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1. INTRODUCTION: 

Some certain non-metallic inclusions are not desirable in any kind of steel products 

and now a days it is a strong demand for the steel industries to produce clean steel. 

To understand the characteristics and the major sources of these non-metallic 

inclusions from which they come from is necessary for the steel industries.  

A number of studies [2-8] have been performed previously to determine the major 

sources and the causes of the presence of inclusions. The major sources of inclusions 

that may come in the steel are mainly from the deoxidation products, ladle glaze, 

lining wear during ladle treatment, EAF slag during teeming.  

The aim of the work is to see the effect of changing some process parameters during 

the vacuum degassing of liquid steel and how these changes affects the number, size, 

composition and types of larger size inclusions in tool steel. During the vacuum 

degassing of tool steel the main process parameters that were changed were 

induction stirring, argon flow and the ladle age. 

This study was performed in two stages. First, Electrolytic Extraction technique was 

used to determine the morphology and characteristics of larger non-metallic 

inclusions and latter a statistical method based on extreme value analysis was 

performed to estimate the largest size inclusions for a certain volume of tool steel. 

Electrolytic Extraction method is one of the best methods to understand the 

characteristics and the morphology of the inclusions which gives a 3 dimensional 

view on a film filter analyzed in a SEM equipped with EDS. In this technique a 

certain amount of metal is dissolved by electrolytic extraction and then filtered on a 

film filter and then the inclusions on filter paper are observed by SEM to understand 

the inclusion characteristics.  

Most of the inclusions that were found during the experiment are mainly consists of 

CaO-Al2O3-MgO with few amounts of SiO2. They were mainly spherical and some 

with an irregular shaped. They are classified as type 1 inclusion in this study. The 
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other types of inclusions that were found during the study contain high MgO, Al2O3 

and SiO2 and all of them were irregular shaped and were largest in size among the 

other types of inclusion. 

Extreme value of statistics is a very useful statistical method for estimating the sizes 

of large inclusions in steel. This method was used in this study for tool steel to 

predict the largest size of inclusions for a certain volume of the sample. The 

inclusions were observed by applying two different techniques for the same sample. 

They were determined both by electrolytic extraction (EE) and Cross-sectional (CS) 

method. For the CS method only type 1 spherical inclusion were considered for both 

the samples and for EE method for sample 2A both type 1 and 2 inclusions were 

considered. After that, comparison was made for both the methods to show which 

one is better for the use of extreme value analysis. 
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2. INCLUSIONS IN TOOL STEEL: 

Non-metallic inclusions in tool steel are one of the biggest concerns for the steel 

industries for many years in order to produce clean steel. The presence of most non-

metallic inclusions decreases the mechanical properties of the metal and also 

decrease the lifetime of the product in application. A different number of inclusions 

are normally seen in tool steels. They may come to the steel from different sources 

during the production of steel. The major sources of inclusion that may come to the 

steel are mainly from ladle glaze, EAF Slag, ladle refractories and also from the 

deoxidation products [1-7].  

After completing vacuum degassing, the steel is casted and during the casting ladle 

slag comes into contact with the refractory lining. The ladle lining have pores and 

when the slag comes in contact with the ladle lining some parts of the molten slag 

layer penetrates into the pores of the refractory and form a layer which is called as 

ladle glaze. When the next heat is charged in the glazed ladle, some parts of the 

glazed layer will be removed and will result inclusions in the steel [1-3]. 

Inclusions also comes from deoxidation of the steel. After the addition of Al wire, 

deoxidation occurs and Al2O3 moves to the slag. But small alumina inclusions are 

also found in the product which is the product of reoxidation [4]. 

Slag also enters into the steel due to the presence of an open eye during argon flow 

from the plugs. At the end of the refining the open eye which is created by argon 

flow takes slags into the melt and it cannot come out to the slag during refining and 

remains in the melt. 
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3. EXPERIMENTAL PROCEDURE: 

The samples for this experiment were taken from Uddeholm Tooling AB, Hagfors, 

Sweden. They are scrap based steel company and produce tool steel. First the scrap is 

melted in an electric arc furnace then after melting the liquid is transferred to the 

ladle station. The EAF slag is removed before alloying addition. At the ladle station, 

alloy addition and deoxidation occurs. After that the ladle is transferred to the 

vacuum degassing station to undergo vacuum treatment. After all the processes the 

liquid steel is casted by ingot uphill teeming casting. The details of the processes are 

shown in Figure 1. 

 

Figure 1. Details of the processes for tool steel production at Uddeholm Tooling AB [1]. 

3.1 Steel Composition: 
The steel grade which was used for this study was tool steel AISI H13. The major 

elements in this steel grade were carbon (C) 0.39%, high chromium (Cr) and 

molybdenum (Mo) content with 5.3% and 1.3% respectively. Sulphur (S) content 

was 0.0005%. Other components were vanadium (V) with 0.9%, silicon (Si) with 1% 

and manganese (Mn) with 0.4% [13]. 

3.2 Sampling Procedure: 

The heats were named as 1A, 2A, 3A and 4A. The samples were taken by applying 

argon protector to help the sample not to be polluted by top slag [9]. But for heat 1A 

no argon protector was used. The electrolytic extraction method was used for all the 

four heats (after vacuum degassing) as mentioned before were used in this study to 
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determine the characteristics of inclusions. The samples were taken as lollipop 

samples with a thickness of 6 mm as shown below in Figure 3. 

3.3 Main parameters used during vacuum treatment: 

The main parameters that were changed during different heats are shown in Table 1. 

From the table it is seen that heat 1A was the oldest ladle with the age of 23 and for 

this heat higher induction stirring and argon flow was used. A fresh ladle of age 1 

was used for heat 3A and the induction stirring rate was lower than 1A and argon 

flow was the lowest of all the heats. However, the heats 2A and 4A had the ladle age 

of 11 and 12 respectively. As the ladle ages of these two heats are similar,  

Heat No Ladle Age 
Induction Stirring 

(A) 

Cumulative Argon 
flow for the last 

10 min (L) 

1A 23 900=>900 2000 

2A 11 900=>800 115 

3A 1 900=>800 25 

4A 12 900=>700 220 

Table 1. Main parameters that were used during vacuum treatment of tool steel. 

the induction stirring rate and the Ar flow rate of these two samples were different. 

For heat 2A induction stirring rate was higher than heat 4A and the cumulative argon 

flow for the last 10 minutes was higher in heat 4A than in heat 2A.  
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4. EXPERIMENTAL TECHNIQUE: 

The inclusions in tool steel can be determined by different types of methods. In this 

study electrolytic extraction method was used for the determination of inclusions. By 

this method 3D investigation of inclusions can be possible. After electrolytic 

extraction the solution was filtered by a PC film filter and some part of the filter was 

then observed in Scanning Electron Microscopy (SEM) equipped with EDS, to 

observe the characteristics and morphology of inclusions. 

4.1 Electrolytic Extraction Method: 

In electrolytic extraction method a suitable electrolyte for the extraction of tool steel 

is 10% AA (10% acetyleacetone–1% tetramethaylamoniumchloride-methanol). The 

extraction is made by using a potentiostatic electrolytic extraction technique at a 

certain voltage and current to reach an electric charge value which is set before the 

start of the experiment. The detail of the experimental setup is shown in Figure 2.  

 
Figure 2.  Schematic illustration of Electrolytic Extraction Method. 

During the extraction the steel sample dissolves in the electrolyte but the non-

metallic particles remains undissolved. After extraction the solution is filtrated on a 

PC (polycarbonate) film filter. Then a small part of the film filter is cut and observed 

in SEM (Scanning Electron Microscopy) equipped with EDS (Energy Dispersive X-
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ray Spectroscopy) to see the size and composition of the inclusions as a 

3Dimensional view.  

4.1.1 Sample Preparation: 

The lollipop shaped samples were cut into three pieces as top, middle and bottom 

part of the sample. The middle part of each sample was used for the experiment. The 

samples were cut by a cutting machine with a dimension of 6-8 mm width, 12-15mm 

 

Figure 3. Schematic illustration of the cutting position of the lollipop sample for the analysis of 

inclusions by EE (Electrolytic Extraction) method. 

height and 4-5 mm thickness as shown in Figure 3. After cutting, the surface of the 

samples were grinded 0.3 mm from the surface and after that samples were polished 

on polishing wheel to remove the oxide layer on the surface of the sample. Then it 

was first cleaned in ultrasonic cleaning machine by acetone and then in benzene. 

After that the samples were put in benzene in a separate bottle to avoid further 

oxidation. 
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4.1.2 Experimental Parameters: 

For the extraction experiment only one surface of the sample was used for extraction 

and other parts were covered by tape. Current was used in the range of 30-60 mA and 

the voltage was 150 mV. 500C (Coulomb) was used as electric charge for the 

experiments. 10% AA was used as electrolyte and the open pore size of the 

polycarbonate (PC) film filter was 0.4μm. Total amount of metal dissolved for 500C 

was in the range of 0.08-0.10 g. Total time required for the experiment was 4-5 hours 

depending on the current applied. The non-metallic inclusions that were precipitated 

on film filter were observed in SEM equipped with EDS. Figure 4 shows the 

filtration technique and part of the filter paper which was used to observe the 

inclusion characteristics and morphology. 

 
Figure 4. Schematic illustration of the filtration technique during EE method. 

4.1.3 Determinations of inclusions by EE method: 

After successful electrolytic extraction, a small part of the film filter was observed 

under SEM machine. Each screen was observed under 500X magnification and the 

inclusions were observed in the range of 2000X to 20000X magnification. Some 

typical photographs of screens with inclusion at different magnification are shown in 

Figure 5. In Figure 5(a) the screen is shown at 500X and the inclusion is marked with 

an arrow sign. The same screen observed at 2000X is shown in Figure 5(b) and the 

Al holder 
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screen with only the inclusion is observed in Figure 5(c) at 17000X. The accelerating 

voltage was selected as 20KV and the working distance was around 10 mm. The area 

of the PC film filter with inclusions part was around 1130 to 1150 mm2. The  

 

Figure 5 (a). Screen at 500X magnification. 

 
Figure 5(b). Same Screen at 2000X magnification. 
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Figure 5(c). Same screen with inclusion at 17000X magnification. 

observed area of the film filter of each sample was in the range of 1.8 to 4 mm2. 

Then object analysis was performed to observe the composition of the inclusions. 

After measuring the compositions, photographs of the inclusions were taken to 

observe the shape and size of inclusions.  

4.1.4 Advantages and disadvantages of EE method: 

Electrolytic extraction method is one of the best methods for the determination of 

inclusions in steel as a 3D view. By this method very small (<0.5μm) to large size 

(>0.5 μm) particles can be observed with its almost exact shape and size. However, 

in EE method it is difficult to determine from which part of the sample a specific 

type of inclusions comes from. Another problem in EE method is for the detection of 

smaller inclusions. It detects carbon as the composition of inclusions but it is actually 

from the PC film filter. But for larger inclusions this problem is not common.  

4.1.5 Nv calculation: 

After measuring the size, shape and compositions of the inclusions, the number of 

particles per unit volume, Nv was determined by the following equation: 

∆
……………… 1  

 Where, = the metal volume which means the region measured on a film filter 

by SEM,  ∆  = weight of dissolved metal during Electrolytic Extraction,  = 



11 
 

density of the metal which is 7.8 10 . ,  = area of the film filter 

observed by SEM,    = area of the film filter with particles. 

Then the Nv value is measured by using the following formula: 

 

Where, n is the total number of screens observed in the SEM [10]. 

4.2 Extreme Value of Statistical Method: 

In this study extreme value analysis was used for the prediction of the largest non-

metallic inclusions for a certain volume of tool steel. In this method largest values of 

inclusions in each screen were recorded instead of recording all the inclusions 

observed in each screen. The sizes of the inclusions were then plotted with the 

reduced variate to predict the largest size inclusions in the certain volume of the 

sample. 

4.2.1 Importance of the Extreme Value Analysis method: 

The purpose of this study was to see the characteristics of inclusions which is larger 

than 5 μm. However, in extraction method numbers of larger size inclusions were not 

so high for tool steel. There were large number of undissolved particles on the film 

filter and also some inclusions were covered by Fe, Cr, V and Mo which prevents 

detecting inclusions under SEM. In this study, extreme value analysis was used 

which is very useful to predict the largest size inclusions in a certain volume of tool 

steel.  

The extreme value of statistics is a simple method to apply comparing with the other 

statistical method. The weibull distribution is a long procedure because of 

considering many small inclusions for the statistical analysis but statistics of 

extremes are based on considering only the largest inclusion size in a given 

controlled area [11]. 

4.2.2 Methods used to detect largest inclusions: 

Two different methods were used for the determination of the largest size inclusions. 

EE technique was used with the same experimental setup and parameters as 
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described in section 4.1.2. The other method that was used to predict the inclusion 

size is the cross-sectional (CS) method. In this technique the sample was observed 

under the light optical microscope to detect the largest inclusions in each screen. 

4.2.3 Sample Preparation: 

For the extreme value statistical method only two heats 1A and 2A were selected for 

the experiment. The same sample was used for the electrolytic extraction method as 

it was used before. For the cross-sectional method the upper part of the sample with 

Figure. 6 Schematic illustration of the cutting position and dimension of the lollipop sample for      

the analysis of the extreme value of statistical method for cross-sectional method.                  

the dimension of 20×10×5 mm as shown in Figure 6, was used for the analysis. First 

the samples were mounted with bakelite and after that they were fine polished with 

the polishing paper and after polishing it was cleaned well to remove dust and 

particles which comes from the polishing paper. Only one side of the sample was 

used for the CS method which is shown in figure. 6. 
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4.2.4 Determination of largest size inclusions by EE and CS method: 

To determine the largest size inclusions four screens were used as one observed area 

for both the EE and cross-sectional technique. The largest inclusion size was 

recorded for each screen. When the four screen was observed the largest of all the 

four was selected as the largest value of one observed field. In total 30 observed field 

was observed for each sample. For heat 2A only type 1 inclusion was considered for 

this experiment. However, for heat 1A multiple types of inclusion were observed for 

the experiment for type 1 and 2 inclusions. 

The largest sizes of inclusions for EE method was determined by observing each 

screen at 400X magnification in SEM and for the cross-sectional method was at 50X 

magnification in light optical microscopy. Some typical photographs of how the 

largest inclusion was determined for one observed area from four different screens 

are shown in Figure 7. 

a 
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b 

c 
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Figure 7 Typical photographs of the method of measuring the largest size inclusions for one 

observed area from the four screen. 

In Figure 7 (a) for the first screen 3 inclusions were found and they were recorded. 

Then similarly for the other three screens 3 inclusions were recorded and in the end it 

was found that inclusion in Figure 7(d) was the largest. So this inclusion size is the 

largest value for one observed field. In the same way 30 largest size inclusions were 

observed for 30 observed field. 

4.2.5 Estimation of Extreme Value Analysis parameters: 

After obtaining the 30 observed largest inclusions for 30 observed field the 

inclusions were ranked in an ascending order as 1 to 30. Then the probability plotting 

position for each inclusion was calculated by using the following formula, 

1
………………… . . 2  

Where, Pi is the probability function for each number of inclusion, i is the rank of the 

inclusions which was in the range of 1 to 30 and N is the total number of inclusions. 

After calculating the probability position reduced variate for each position was 

calculated by using the following equation 

d 
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ln ln ………………………… 3  

Then for the determination of the best fitted line and the 95% interval lines standard 

deviation ( ) and mean values( ) of all the inclusions for one sample is calculated 

for the calculation of      . These    and is calculated by 

using the following formula: 

 
√ ………… 4  and 0.5772 ………… 5  

The value of   and  is used in equation 6 to calculate        for the 

maximum likelihood method for each inclusions size and after that the summation 

LL was calculated for all the calculations from equation 6. 

∑ …………… (6) 

First the value of  and  was used in equation 6 to calculate the value of LL 

and solver function is used in an excel spreadsheet analyzer to calculate the value of 

      .  

For the calculation of best fitted line equation number 7 was used. 

. ……………(7) 

Then the standard error (SE) for all the inclusions for ML method is calculated by 

using equation 8. 

. 1.109 0.514. 0.608. / …………(8) 

And 95% confidence interval was used in this study and it was calculated by 

following equation 9. 

95% CI = ± 2.SE(x)…………(9) 

After calculating all the values curves were plotted with the inclusion size (x) and 

reduced variate (y). The best fitted line and the 95% confidence interval lines are also 

plotted with respect to reduced variate y in the same plot to predict the largest size 

inclusions for a certain volume of steel material [12]. 
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5. RESULTS & DISCUSSION: 

Determination of the characteristics of the inclusions in tool steel and to make the 

product inclusion free, it is very important to improve the properties of the final 

product. In this study four samples from different heat with different ladle ages were 

taken to observe the inclusions of tool steel by electrolytic extraction method. All the 

samples tested for the experiment were all after vacuum degassing (AV). The main 

purpose was to observe the effect of change of some process parameters during 

vacuum treatment such as stirring rate, argon gas flow rate and different ladle ages 

and to see how these parameters affected the composition, types and shape of the 

inclusions larger than 5 micrometer and also the sources of the inclusions that can be 

created during the steel making process. 

5.1 Summary of the results: 

Below in Table 2 the details of the experimental results are shown. For each 

experiment 500C for electrolytic extraction and 0.4 μm PC film filter was used for 

the filtration. The dissolved weight and the decrease of the thickness (Ldis) of the 

sample after extraction are also given in the table of each sample. The total observed 

area (Aobs) of the film filter under SEM and the number of inclusions that were found 

in these observed area are given. From these data the Nv value is calculated. Nv is the 

number of inclusions per mm3 as mentioned before. 

Heat No 
Dissolved 
Weight 

(g) 

Ldis 

μm 

Aobs 

mm2 

No. of 
Inclusions

Nv 
mm-3 

1A 0.103 30 4 21 458 

2A 0.088 50 2.61 12 450 

3A 0.082 30 1.84 7 427 

4A 0.081 40 2.97 3 115 

Table 2. Summary of the results obtained in this study. 
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The Nv values of the first three samples are in the range of 425-458 mm-3 except for 

the sample 4A the Nv value is only 115. 

5.2 Inclusion Types: 

The inclusions that were found during the experiment are categorized into four 

different types. The inclusions which have similar compositions are considered as the 

same types of inclusion. They are classified as type 1, 2, 3 and 4 in this study. Of 

them, type 1 inclusions are the major ones. They are mainly consisted of Ca, Al and 

with low amount of Mg and Si oxides. Some of the inclusions also contain sulphides 

and they are also considered as type 1 inclusion in this study.  

Inclusion Type Inclusions No. of Inclusions 

Type 1 

CaO-Al2O3-MgO 18 

CaO-SiO2-Al2O3 1 

CaO-Al2O3-MgO-CaS 3 

Type 2 SiO2-Al2O3-MgO 5 

Type 3 SiO2-CaO-MgO 11 

Type 4 Al2O3 4 

Table 3. Summary of types and number of inclusions 

Type 2 inclusions are consists of high Mg with Al and Si oxides and type 3 

inclusions are consists of high Si with Ca and Mg oxides. Type 4 inclusions are only 

Al oxides. The detail of the inclusions, their types and the number of inclusions are 

shown in Table 3. 

5.2.1 Typical photographs of inclusions of different types: 

During this study in total 4 types of inclusions were found as mentioned before. Of 

them type 1 inclusions were the largest in numbers and mostly with spherical shaped. 

They are mainly consists of Ca-Al-Mg-Si oxides and also some sulphides. 

Photographs with the spectrum of these type 1 inclusions are shown in Figure 8(a) & 

(b). From the spectrum it is seen that it has high peak of Ca and Al with small peak  
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                (a)                                                                                   (b)                                                                

Figure 8. (a) Type 1 spherical shaped and  (b) irregular shaped inclusion with spectrum. 
 
of Mg and Si. Meanwhile in Figure 9 typical photographs with spectrum of type 2 

and 3 inclusions are shown. In Figure 9(a) the inclusion is of type 2. From the 

spectrum it is seen that type 2 inclusions have high peak of Mg with Al and Si 

oxides. They are quite larger and irregular shaped in comparison with the other types 

of inclusions and in Figure 9(b) type 3 inclusions and the spectrum shows that this 

inclusion type has high peak of Si oxides with Ca, Al and Mg oxides. 
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(a)                                                                  (b) 

Figure 9. (a) Type 2 and (b) Type 3 irregular shaped inclusion with spectrum. 

 

           
Figure 10. Type 4 irregular shaped inclusion with spectrum. 
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Type 4 inclusions are shown in Figure 10. From the spectrum it is shown that they 

are aluminium oxides. They are irregular shaped and are found in every sample.  

5.2.2 Composition of different types of inclusions: 

The average composition of three major types of inclusions is calculated for 

inclusions in the range of 2-5 μm and also in the range of 5-27 μm separately. These 

values are shown in Table 4. As mentioned before type 1 inclusions consists of CaO, 

Al2O3 with MgO and SiO2. The composition of CaO of type 1 inclusion in the range 

of 2-5 μm is (47 ± 9)%, Al2O3 is (40±5.5)%, MgO is (6±3)% and SiO2 is (3±2)%. 

The compositions of type 1 inclusions which are in the range of 5-28  μm are as 

follows: % CaO is (55±6), % Al2O3 is (36±5), %MgO is (6±2) and %SiO2 is (4±3). 

So it is seen that the inclusions larger than 5μm have less deviation of composition 

than the inclusions smaller than 5 μm inclusions and also the percentages of CaO is 

higher than the smaller one. Type 2 inclusions have high amount of MgO with Al2O3 

and SiO2. The deviations of compositions of type 2 are higher except for the 

percentage of MgO. The percentage of MgO inclusions larger  

 

Table 4. Average composition and STDeviation of different types of inclusion 

than 5 μm is (33±3). The largest size inclusions that were found during this study are 

of type 2. Type 3 inclusions are consists of mainly SiO2 with CaO, MgO and Al2O3 

and this type of inclusion was only found in heat 1A. 

Inclusion 
Types 

Inclusion 
Size (μm) 

%CaO %Al2O3 %MgO %SiO2 

Avg Avg Avg Avg 

     

Type 1 
2-5 47±9 40±5.5 6±3 3±2 
5-8 55±6 36±5 6±2 4±3 

Type 2 
2-5 - 29±1 4±1 69±5 

5-28 - 20±17 33±3 54±16 

      

Type 3 
2-5 12±3 11±10 7±3 70±11 
5-10 11±6 13±12 6±0,5 64±16 
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5.3 Comparison of inclusion composition with its sizes: 

The compositions of the inclusions are compared with the size of the inclusions in 

the following figures. As mentioned before four samples 1A, 2A, 3A and 4A were 

used for the experiment. The compositions of the inclusions are plotted against their 

sizes and compared in the following figures. 

5.3.1 Comparison of CaO and Al2O3 compositions with its inclusion size: 

In Figure 11(a) and 12(a) the percentage of CaO and Al2O3 of type 1 inclusion are 

presented with their size for the four different samples respectively. Figure 11(b) and 

12(b) also shows the percentage of same compounds with the inclusion size which 

were found in previous study [1]. From the Figure 11(a) and 12(a) it is seen that the 

type 1 inclusions are found in all the four samples and the percentage of CaO are in 

the range of 40-60% which shows the same trend as found in the previous study, 

shown in Figure 11(b) and Al2O3 are in the range of 35-45% which also shows the 

similar trend with the previous study as shown in Figure 12(b). Most of these 

inclusions of type 1 are spherical shaped and only few of them are irregular shaped.  

 
Figure 11(a). Comparison of CaO inclusions with its inclusion size (μm) found in this study. 

Type 1 
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Figure 11(b). Comparison of CaO inclusions with its inclusion size (μm) found in previous study 

[1]. 

 
Figure 12 (a). Comparison of Al2O3 inclusions with its inclusion size (μm) found in this study. 

Type 1 
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Figure 12 (b). Comparison of Al2O3 inclusions with its inclusion size (μm) found in previous 

study [1].  

5.3.2 Comparison of MgO and SiO2 compositions with its inclusion size: 

In Figure 13 (a) the percentage of MgO of type 1 and 2 are compared with the size of 

the inclusions for the four samples. From the figure it is seen that most of the type 1 

inclusions have MgO in the range of 2-8% but the type 2 inclusions have higher 

percentages of MgO. The range of composition is from 29 to 36% and their size 

range is 5-27 μm and they are shown in circles in figure 13(a). 

In Figure 13 (b) the inclusion size is also compared with the composition of 

percentages of MgO in previous study. The curve also shows that for the type 1 

inclusion the percentage of MgO is similar than the composition found in this study. 

Type 2 inclusion was not found in previous study and the percentages of MgO is 

scattered for smaller size inclusions. 
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Figure 13 (a). Comparison of MgO inclusions with its size (μm) that were found in this study. 

 

Figure 13 (b). Comparison of MgO with its inclusion size found in previous study [1]. 

The inclusions with high MgO and SiO2 content that are found in these samples are 

irregular shaped and because it has higher MgO with Al2O3 and SiO2 the source of 

these types of inclusions came from the wear of refractories from the ladle lining [7]. 
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Figure 14. Comparison of SiO2 inclusions with its size (μm). 

In Figure 14 the percentages of SiO2 of type 2 and 3 are also compared with the 

inclusion size. As it is seen in the figure most of the inclusions with high SiO2 

content are from sample 1A and 3A. The compositions of the inclusions are in the 

range of 45-76%. 

5.3.3 Comparison of different types of inclusions with its sizes: 

As mentioned before all the inclusions that are found during the experiment are 

classified as Type 1, 2, 3 and 4. In Figure 15 the compositions of the first three types 

of inclusions are compared with their sizes. In Figure 15(a) the percentages of CaO is 

compared with the inclusion sizes for type 1, 2 and 3 inclusions. From the figure it is 

seen that type 1 inclusions have 40-60% CaO and for type 3 it has 8-10% CaO. In 

Figure 15 (b) the percentages of Al2O3 of type 1, 2 and 3 are compared with its sizes. 

For type 1 and 2 the percentages of Al2O3 is in the range of 25-45% and for type 3 

inclusions the percentage is in the range of 3-5%. In Figure 15 (c) the same 

comparison is done for MgO. Both type 1 and 3 has low percentages of MgO but for 

type 2 inclusions the percentage of MgO is in the range of 30-36% and these 

inclusions are larger and irregular shaped. The sources of these inclusions may come 
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from the wearing of the refractories [7]. Then in Figure 15 (d) the percentages of 

SiO2 of the three types of inclusions are compared with their sizes and from the 

figure it is seen that the inclusions of type 2 and 3 have higher percentages of SiO2 

with the range of 45-76%. Type 1 inclusions have very few percentages of SiO2.  

So after analyzing all the types of inclusions it can be concluded that type 1 

inclusions that are rich in CaO and Al2O3 with small amount of MgO and SiO2 

comes from the effect of ladle glaze [3], type 2 inclusions which are mainly rich in  

 

Figure 15. Comparison of compositions of type 1, 2 and 3 inclusions with its sizes. 
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MgO with larger size comes due to the wearing of the refractory wall [7] and most of 

the type 3 inclusions were found in sample 1A which has the ladle age of 23. The 

inclusions of type 3 have high SiO2 with low CaO, MgO and Al2O3 content. The 

probable reason of this type of inclusions may be the high content of SiO2 in the top 

slag. If the deslagging from the EAF is not complete the possibility of high SiO2 in 

the top slag will increase [6] or the other reason may be because no argon protector 

was used during the sampling so the liquid metal may be contaminated with some of 

the top slag [9]. 

5.4 Effect of change of different parameters during vacuum degassing: 

During the vacuum treatment of tool steel some parameters were changed in different 

heats as mentioned before. The main purpose was to see the effect of the change of 

parameters in the inclusion characteristics and morphology of tool steel. The main 

three parameters that were changed during the trial were the change of argon flow 

rate, ladles of different ages for every heat and change of induction stirring rate. 

5.4.1 Effect of Argon flow rate with number of inclusions per volume: 

During vacuum degassing Argon flow rate was recorded for both the plugs in every 

heat. In Figure 16 the cumulative Ar flow in the last 10 mins for both the plugs are  

 
Figure 16. Cumulative Ar flow rate (L/min) during the last 10 mins vs Nv mm-3. 
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shown in comparison with Nv (Number of inclusions per volume). From the figure it 

is seen that as the argon flow rate increases the number of inclusions increases except 

for heat 4A. For heat 4A the number of inclusions are much lower. 

5.4.2 Effect of increase in ladle age with number of inclusions per volume: 

During vacuum degassing all the four heats for this study were performed in the 

ladles with different ladle ages. In Figure 17 the number of inclusion per volume are 

compared for different ladle ages for each heat. The figure shows that as the ladle 

age increases the number of inclusions increases. As the ladle age increases the 

chance of getting inclusions in the finished product increases [1,7]. However, sample 

  

Figure 17. Comparison of number of inclusions per volume with different ladle ages. 

4A is not following the same trend. It is showing much less number of inclusion than 

comparing with the other heats. Meanwhile, the ladle age of heat 2A is 11 and for 

heat 4A the ladle age is 12. For the similar ladle ages the difference of the number of 

inclusions per volume is much higher. 

5.4.3 Effect of Change in Induction stirring with number of inclusions per volume: 

In Figure 18 the effect of change of induction stirring rate is compared with the 

number of inclusions per volume (Nv). Different induction stirring rate in the range 

of 700-900A were used during the refining process. From the figure it is seen that as 
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the induction rate increases the number of inclusions per volume also increases. The 

lowest induction stirring which was 700A shows very low number of inclusions 

comparing to other heats. 

 

Figure 18. Nv vs Induction Stirring rate during vacuum degassing 

5.4.4 Comparison of the results of different parameters during vacuum degassing: 

The increase in ladle age increases the chance of getting inclusions in the sample also 

increases [7]. However, in this study there was no biggest change of Nv value 

observed for the different ladle ages of different samples. From Figure 18 it is seen 

that the increase of induction stirring rate increases the number of inclusions in tool 

steel.  

For Heat 1A the ladle age and also the induction stirring rate was higher and the 

cumulative argon flow for the last 10 minutes was much higher.  

For Heat 2A and 4A the ladle age was 11 and 12 respectively. However the number 

of inclusions for these two samples shows big differences. The two main differences 

for these two heats are the difference of induction stirring and small change of 
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Figure 19. Comparison of Induction Stirring with Cumulative Argon Flow for different 

samples. 

cumulative argon flow for the last 10 minutes. This low induction stirring helps to 

maintain low number of inclusions for Heat 4A than Heat 2A. 

A new fresh ladle was used for Heat 3A. The induction stirring was moderate and the 

cumulative argon flow for the last 10 minutes was the lowest in Heat 3A. So may be 

for these reasons the amount of inclusion was higher in a fresh ladle. 

In Figure 19 the cumulative argon flow for the last 10 minutes are compared with the 

induction stirring rate used during vacuum degassing for each heat. From the figure it 

is seen that for lower stirring rate the number of inclusion is much lower than the 

heat with higher stirring rate and there is no big difference in the total number of 

inclusions for the differences of the cumulative argon flow for the last 10 minutes. So 

from this comparison it can be said from this experimental results that the effect of 

induction stirring is much higher than the effect of argon flow rate and the ladle ages. 

 

600

700

800

900

1000

0 500 1000 1500 2000

In
d

u
ct

io
n

 S
ti

rr
in

g 
(A

)

Cumulative Argon Flow for the last 10 mins

1A (458)

4A (115)

2A (450)

3A (427)



32 
 

5.5 Extreme Value Analysis of inclusions for EE and CS Method: 

Extreme value analysis was performed for heat 1A and 2A for both by the 

Electrolytic Extraction (EE) and Cross-sectional (CS) method. For heat 1A the 

extreme value analysis was performed for only type 1 inclusions and for heat 2A 

both the type 1 and 2 inclusions were considered for the EE method. For the CS 

method only type 1 inclusions was considered for heat 2A. To determine the largest 

size inclusions for a certain volume of metal curves inclusions size versus reduced 

variate are plotted. After that the regression lines for both the CS and EE method for 

each sample are plotted in a same plot to see which one shows better prediction than 

the other method. 

5.5.1 Extreme Value analysis for sample 1A: 

In Figure 20 extreme value analysis of inclusions for heat 1A are shown for both EE 

and CS method. In Figure 20 (a) the curve is plotted for cross-sectional method. First  

 

                               (a)                                                                                 (b) 

Figure. 20 Schematic illustration of extreme value analysis for heat 1A sample for (a) CS and  

(b) EE method. 
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the type 1 inclusions were determined by light optical microscopy and the sizes of 

the inclusions are plotted with the reduced variate (y). A regression line is also 

plotted to predict the largest size inclusions for a certain volume of metal from the 

figure. 95% confidence interval was calculated from equation 9. In Figure 20 (b) the 

same type of curve is plotted for the inclusions determined by EE method. 

5.5.2  Extreme Value Analysis for sample 2A: 

The same methods were performed for heat 2A and are shown in Figure 21. In 

Figure 21 (a) the curve is plotted for type 1 inclusions for the cross-sectional method 

and the curves are plotted in the same way as it is described in section 5.5.1. In 

Figure 21 (b) the same type of curve is plotted for type 1 and 2 inclusions and the 

regression lines for the both types of inclusions are plotted in the same curve. During 

the determination of the largest size of inclusions for each observed field the sizes of  

 
                                      (a)                                                                                 (b) 

Figure 21. Schematic illustration of extreme value analysis for heat 2A for (a) CS (Type 1) and 
(b) EE(Type 1 & 2) method. 
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type 2 inclusions were higher than the sizes of type 1 inclusions and they were all 

irregular shaped. From the figure it is seen that for type 2 inclusions the predictability 

of largest size inclusions for a certain volume of metal is higher than type 1 

inclusions. So from these curves one can determine the largest size inclusions from 

the regression line for a certain value of y. 

5.5.3 Determination of largest size inclusions: 

From the figures 20 and 21 one can determine the largest size of inclusion for an area 

Aref by the following equation 

…………(10) 

Where T is the return period which is used to determine how large inclusion could be 

found for an area Aref . AO is the observed area. 

The cumulative probability P is then calculated by equation 11, 

1
………… 11  

Then the largest inclusion that can be found for the reference area Aref by following 

equation 12, 

ln ln ………… 12  

The values of δML and λML can be calculated from the spreadsheet analysis by using 

solver as mentioned in section 4.2.5. So by using these formulas it is possible to 

predict largest size inclusions for a certain area Aref  of the steel metal. 

5.5.4 Comparison of the CS and EE method for the Extreme Value Analysis: 

In Figure 22 comparisons are made for both the CS and EE method for the extreme 

value analysis. This comparison is made only for type 1 inclusions for both the 

samples 1A and 2A. For both the samples it is seen in Figure 22 (a) and (b) that the 

regression lines are showing almost similar trend for the CS and EE method. For the 

EE method the regression line shows that larger size inclusions will be determined 
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for a certain volume of metals than the CS method. The reason behind this can be 

said that for the EE method the determination of the inclusion size is more accurate  

 
                                      (a)                                                                               (b)   

Figure 22. Comparison of extreme value analysis for both the EE and CS method for type 1 
inclusions in (a) Sample 1A and (b) Sample 2A.  

than the CS method. During the sample preparation for the CS method the metal 

sample with the non-metallic inclusion is cut and because of this the observed 

inclusion size by this method could be different than the size of the real inclusion. 

However, by EE method the real size of inclusions can be determined by 3D 

investigation [1]. 

So from the EE method one can predict larger size inclusions for a certain volume of 

metal by extreme value analysis technique than CS method.  
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6. CONCLUSION: 

To investigate the morphology and characteristics of non-metallic inclusions in tool 

steel three dimensionally some process parameters were taken in consideration to see 

the effect during vacuum degassing of melt on inclusion characteristics such as 

composition, size and number of inclusions in liquid steel. The process parameters 

were induction stirring, argon gas flow rate and the ladle age that was used during 

the refining. The tool steel type AISI H13 was used for this experiment. All the 

samples that were used in this study were after vacuum degassing. 

The electrolytic extraction method was used to observe the inclusion characteristics 

and morphology in a three dimensional way. The electrolyte with undissolved non-

metallic inclusions was filtered on a PC film filter and after that some parts of the 

filter paper containing inclusions was observed under SEM equipped with EDS.  

The types of inclusions that were found during the experiment are classified into four 

different types. Of them type 1 inclusions were the major one. Most of them were 

spherical shaped and contains of CaO-Al2O3-MgO-SiO2 and they were found in all 

the samples. The possible source of this type of inclusion can be from ladle glaze.  

Type 2 inclusions were quite larger in size than type 1 and they were all irregular 

shaped. They are mainly consists of high contents of MgO with SiO2 and Al2O3. The 

possible source of these type of inclusions may be due to the wearing of the 

refractory during ladle refining.  

Most of the type 3 inclusions were found in heat 1A. They were also irregular shaped 

and contains high amount of SiO2. The probable reason of this type of inclusion may 

be there was high content of SiO2 in the top slag. If the deslagging from the EAF is 

not complete the chance of getting the high amount of SiO2 becomes higher. No 

argon gas protector was used during the sampling so some slag particles can 

contaminate the liquid melt during sampling. 

The three main parameters such as induction stirring rate, argon flow rate and ladle 

age were changed during the ladle refining. From the result it is seen that there is no 

biggest change of Nv value observed by changing the parameters except for Heat 4A. 
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For Heat 4A the Nv value is very low. This is most likely for lower induction stirring 

rate and also uninterrupted argon flow through the plugs in respect to assigned argon 

flow during vacuum degassing. 

The control of induction stirring is very important with the argon flow rate and the 

increase of ladle ages during the vacuum degassing. From this study it is seen that 

the effect of induction stirring rate is much higher than the effect of other parameters. 

Extreme value analysis is a useful method to predict the largest size inclusion for a 

certain volume of tool steel. In this study it is found that the extreme value analysis 

of type 1 shows almost similar results for both the CS and EE method. It is also 

found that EE method predicts larger size inclusions than the CS method because the 

real size inclusion can be determined by EE method. 

Generally steels contain multiple types of inclusions in sample and in this study it is 

found that EE method can be used successfully for the prediction of largest multiple 

types of inclusion for a certain volume of steel sample. 
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7. FUTURE WORK: 

To make clean tool steel the number of larger size non-metallic inclusions must be 

decreased as they are harmful for the performance of steel when they are used in 

application. In order to decrease the amount of non-metallic inclusions in tool steel 

the following suggestion can be made: 

 For the determination of non-metallic larger size inclusions in tool steel 

EE technique was used. The high amount of Cr, Mo and Fe in tool steel 

was preventing to determine the inclusions, by precipitating on film filter 

or sometimes covered the inclusions by forming a layer. To overcome this 

problem optimization of the experimental parameters can be made. 

 More experiments needs to be done to get larger size inclusions by EE 

method by dissolving more metal during the extraction. 

 More studies are required to decrease the number of harmful inclusions in 

tool steel samples by selecting experimental parameters close to 700A 

during vacuum degassing. 

 To get more reliable prediction of larger size inclusions in tool steel by 

extreme value analysis higher observation number is required. 
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