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Abstract 
An extreme value distribution (EVD) analysis has been applied for three dimensional (3D) investigations of clusters 
observed in REM alloyed stainless steel samples. The presence of observed unit areas without any clusters has been 
discussed. It has been shown that an increase of the observed unit area (AO) significantly improves the correlation of 
EVD regression lines. Moreover, three different size parameters were considered for EVD analysis. The results show 
that using the maximum length of clusters (LC) results in a better correlation of EVD regression lines by improving R2 
value up to 0.9876 as compared to 0.9656 – 0.9774 for other size parameters. Moreover, a comparison of predicted 
and observed maximum lengths of clusters showed that there is need of further work on validation of EVD analysis.  
 

1. Introduction: 
In recent years, additions of rare earth metals (REM) to steel has gained a considerable 

attention due to their beneficial effects. It is has been reported that REM can modify the shape of 
sulfide inclusions and improve the hot workability of steels. [1] Among the other beneficial effects 
of REM additions are a reduction in the degree of undercooling, a refining of the as-cast structure 
and a limiting solidification segregation in steels. [2-5] However, steels deoxidized with REM 
alloys encounter nozzle clogging during casting process due to the high tendency of REM-oxides 
to form cluster. [6,7] It was reported [6,8] that the main part of the nozzle accretion is caused by 
an agglomeration of Ce inclusions and clusters in the nozzle.  

Moreover, it is important to determine the large size and number of inclusions and clusters for 
an assessment of the steel quality. One useful method to detect large defect size is the statistics of 
extreme value method focusing on of the largest inclusions. [9-13] The probable maximum size 
(PMS) of inclusions can be determined by using a linear regression formula obtained for an 
extreme value distribution (EVD). This method has been applied by many researchers for 
estimations of the maximum size of inclusions in various steel grades. [9-16] In these studies, a 
size parameter (i.e.  ) based upon recommendations of Murakami’s method [11], 
measured on a polished cross section was used in the EVD calculations. 

The size of inclusions and clusters on a cross section determined by two-dimensional (2D) 
observation doesn’t correspond to the actual size of inclusions and clusters. More specifically, it 
is true for clusters. Hideaki et al. [17] has performed two dimensional observations of REM 
clusters on a polished surface and three dimensional (3D) observations after electrolytic extraction. 
They have shown that the largest clusters observed by the 2D method didn’t exist in the sample, 
but that they actually are small sized clusters which tend to locate close to each other during filling 
of samples. Kanbe et al. [18] has also shown that the apparent size of clusters in 2D could be larger 
than the real size determined in 3D investigations. Several studies have been performed to 
determine relationship between apparent and actual size of inclusions for EVD analysis carried out 
on 2D observations. [19-20] However, there is a lack of work performed on EVD determinations 
for clusters, especially based on 3D observations.  

Kanbe et al. [18] has applied EVD analyses on 2D and 3D observations of clusters in a Fe – 
10 mass % Ni alloy. It has been shown that an EVD analysis can be applied to estimate the probable 
maximum size of clusters in metal samples. However, they have used a size parameter  
, which is calculated as the square root of the product of length and width of a cluster. Whereas, 
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according to Murakami’s method [11] the size parameter ( ) to be used is projected area 

of the defect. Therefore, a calculation of the  value based upon the length and width of 
clusters might not be a good representation of the size of clusters, as it can significantly 
overestimate the size. For instance, the largest clusters found in REM alloyed stainless steels have 
very low circularity factors and they are not very compactly packed. [21] Moreover, in accordance 
to the practice described in the ASTM E2283-03 [22] standard, the maximum length of a defect 
shall be measured for EVD analysis. Therefore, there is need to determine a size parameter of 
clusters which is suitable to be used in an EVD analysis.  

In addition, based upon Murakami’s recommendation [11], Kanbe et al. [18] has observed 40 
unit areas to perform an EVD analysis. Among these 40 observations, some observed fields doesn’t 
contain any clusters. It has not be properly mentioned that how these fields (without clusters) are 
considered while performing calculations for EVD analysis.   

Therefore, the aim of this study is to apply EVD analysis for REM clusters observed by using 
a 3D method based on electrolytic extraction. Further, to determine the appropriate size parameter 
for EVD analysis. Moreover, to compare the predicted sizes obtained by EVD to those observed 
in specific volumes of steel samples.    

2.  Experimental 
Samples taken during a pilot trial (350 kg) from a liquid 253MA stainless steel after 

alloying by rare earth metals were used in this study. The composition of the 253MA stainless 
steel is given in Table 1. Moreover, Fig. 1 illustrates the time line of three samples (S1, S2 and 
S3) taken from liquid steel after misch-metal addition at different holding times. The misch-metal 
contained about ~50% Ce, ~35% La and ~15% of the other REM elements. The details of the pilot 
trials are presented somewhere else. [21]   

Electrolytic extraction (EE) was applied to extract non-metallic inclusions and clusters of 
REM-oxides from metal specimens. The electrolytic extraction was carried out by using a 2%TEA 
electrolyte (2 v/v% triethanol amine – 1 w/v% tetramethylammonium chloride - methanol) and 
using the following experimental parameters: current – 40~60 mA and voltage – 3.6~3.8 V. The 
weight of the steel dissolved during the extractions, Wdis, varied between 0.11 and 0.19 g.  

The extracted inclusions and clusters were collected on a polycarbonate (PC) film filter 
with an open pore size of 0.4 μm by filtering the electrolyte through the file filter. The extracted 
clusters were investigated in three dimensions (3D) on a surface of a film filter by using a SEM at 
magnifications of 500~5000. An area of 15 mm2 on film filters was observed for each sample and 
total number of investigated clusters varied from 380 to 750.  

The number of clusters per unit volume of steel sample (NV) in different size intervals was 
calculated as follows: 

   = ∙ ∙          (1) 

where nc is the number of clusters in the given size interval. The parameters Af and Aobs are the 
total area of the film filter (~1200 mm2) with inclusions and clusters after filtration and the area of 
the filter observed by SEM. The parameter ρm is the density of the steel (~0.0078 g/mm3).  

The maximum length (LC), width (WC) and area (AC) of each cluster on the SEM images 
were measured by using the “ImageJ” software. Fig. 2 illustrates the measurement of maximum 
length, width and area of cluster on converted SEM image by using ImageJ. 
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3. Extreme value distribution  

The extreme value distribution (EVD) analysis was performed according to the ASTM 
E2283-03 [22] standard and by using the Murakami’s method. [11] The size of largest cluster on 
each unit area (Ao) was measured for a total observed area of 15 mm2 of a film filter. All the 
measured cluster sizes were sorted in an ascending order and given a ranking. Thereafter, the 
reduced variate of each size data, yi, was determined by using Eq. (2) and plotted against a size 
parameter. 

=  − ln − ln             (1 ≤ ≤ )           (2) 

where n is the number of investigated unit areas on a cross section of a steel sample.  

A regression line of EVD data can be calculated by using the maximum-likelihood (ML) 
method according to the ASTM E2283-03 standard. The obtained EVD regression line is applied 
to extrapolate the predicted maximum size (PMS) of the largest inclusion in a reference area of a 
steel sample, Aref. The PMS value in the reference area in steel sample can be determined from the 
y value, which was calculated for Aref from Eqs. (3) and (4). 

=  − ln − ln           (3) 

=              (4) 

where AO is the unit area, y is the reduced variate and T is the return period for the expected area.  

In this study three different size parameters were investigated to determine appropriate size 
parameter for EVD analysis of clusters, i.e. LC,  and  . Where the size parameter  

  and  for a cluster were calculated according to Eq. 5 and 6, respectively.  
=  √ ×           (5) 

=             (6) 

where AC is the area of cluster obtained by Image J.  

4. Results and discussion 

In this study, agglomerates consisting of three and more inclusions were considered as a 
cluster. The typical cluster size distributions (CSDs) obtained by observing clusters on 15 mm2 
on film filter for all three samples are shown in Fig. 3 in terms of NV with a constant size step 
(∆LC=1 µm).  

4.1.Problem of blank fields 

As mentioned earlier, when applying an EVD analysis to clusters one might face problem 
regarding the observed fields that did not contain any clusters. A similar problem was met in the 
current study. For instance, for sample S3, in total 330 fields were observed but 290 of them 
contained clusters and the remaining 40 fields didn’t contain any clusters (hereafter referred as 
‘blank fields’ in this study). In order to deal with this problem 4 different cases, which are enlisted 
in Table 2, were considered for an EVD analysis of sample S3. For this investigation LC was used 
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as size parameter as suggested by the ASTM E2283-03 standard [22]. In the first case, Case 1, 
only the fields containing clusters are used for calculations, i.e. n = 290 was used in Eq. 2. Whereas, 
in Case 2 all the observed fields, i.e. containing clusters and blank fields (290 + 40), are used for 
analysis. Here the blank fields are added as zeros indicating that cluster with measurement of zero 
was observed and used in ranking the measured cluster sizes in range of 1 – 330. According to 
recommendations of Takahashi et. al. [20] the correlation coefficient of EVD regression lines can 
be improved by using an increased number of inclusions on a unit area. Moreover, Bi et al. [23] 
suggested that increasing the unit area can improve the linearity of the EVD regression lines. 
Hence, a smaller unit area can result in blank fields. Therefore, for Case 3 and 4, the unit area for 
a field was increased from AO to 2AO and 4AO, respectively. 

 The EVDs obtained for sample S3 in accordance to all 4 cases is presented in Fig. 4 and 
the equations and the coefficient of determination (R2) for the regression lines is shown in Table 
3. It can be seen that for Case 1, clusters with LC > 15µm deviate from the linear distribution. 
Whereas, this deviation decreases for Case 2 and the R2 value is significantly improved from 
0.9404 to 0.9744. However, it is to be mentioned that this is due to a change in the slope of 
regression line for Case 2, due to the presence of blank fields as zeros. Also, Case 3 exhibits almost 
a similar R2 value to that of Case 2. However, it is interesting to note that by increasing the unit 
area of the observed fields from AO to 2AO the blank fields are eliminated, as can be seen in Table 
3. Moreover, when the unit area is further increased to 4AO in Case 4 the linearity of the distribution 
is improved and an R2 value of 0.9876 is obtained.  

These results indicate that though an improvement in R2 value can be attained by using 
Case 2, the presence of blank fields as zero can significantly affect the slope of the regression line 
for the same cluster length data. Moreover, increasing the unit area yields a better linearity of the 
regression line by eliminating the blank fields. Therefore, when applying an EVD analysis for 
clusters it is important to select an appropriate unit area to eliminate the blank fields.   

4.2.Size parameter for EVD of clusters 

After determining the suitable method for solving the problem of blank fields, Case 4 was 
applied for an EVD analysis of S3 to determine the appropriate shape factor to be used for clusters. 
Fig. 5 depicts the obtained EVD values for three different size parameters. Furthermore, the 
corresponding equations and R2 values for these parameters are enlisted in Table 4. As can be seen 
that R2 values for the investigated size parameters show the tendency as LC >  > . 
Moreover, for  several data larger than ~20µm deviate from linear function. It is to be 
noted that the slopes of the regression lines obtained for all these size parameters vary a lot. This 
is obviously due to different definitions of these parameters. The size parameter  being 
the smallest among all results in maximum slope of regression line and vice versa is true for the 
LC value. These results suggest that the size parameters LC and  can be preferred over the  

 value for an EVD analysis of clusters. However, the selection of these parameter is 
solely dependent on the choice of information required to determine a specific property of a steel 
product. For instance, to estimate the volume fractions of clusters in steel melt  might be 
the best option. Whereas, LC should be used to predict the maximum dimensions of clusters in the 
melt.   
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4.3.Validation of predicted maximum sizes  

Based upon the earlier presented results, Case 4 i.e. using 4AO as unit area of an observed 
field and LC as size parameter were applied for all three samples to obtain the EVD values and to 
predict the maximum sizes (PMS) of clusters in different volumes of steel. Fig. 6 (a) and (b) 
presents the EVD values and PMS values for all three samples, respectively. In order to validate 
the PMS values by EVD values, an increased area on a film filter was observed for all three sample 
to find the largest clusters.  The increased observed areas, which range from 30 – 75 mm2 on a 
film filter, have been used to calculate the corresponding weight of steel.  The observed largest 
sizes of clusters in the increased observed areas are plotted against the corresponding dissolved 
weights of samples in Fig. 6(b) and compared to the PMS values.  For the sample S1, a significant 
difference in the predicted and observed LC for dissolved weight i.e. ~ 1.3 and 1.6 times larger 
predicted lengths of the clusters for 0.0012 and 0.0024 g dissolved weight, respectively. As can be 
seen the predicted and observed LC for sample S2 are relatively in good agreement. The predicted 
LC for S2 in dissolved weights of 0.0014 and 0.0054 g are 16.85 and 20.09 µm respectively. 
Whereas, the observed LC values in the corresponding dissolved weights are 18.19 and 21.96 µm. 
For S3 the predicted and observed LC for 0.0024 g are 35.016 and 38.5 µm, respectively. However, 
a higher deviation between the predicted (43.44 µm) and observed (56.2 µm) LC can be noted for 
0.012 g of dissolved weight.  

 Based upon the presented results for validation of EVDs it is difficult to conclude that the 
predictions of LC are in good agreement with observed LC because the deviations are higher than 
50%, especially for sample S1. Therefore, there is need to conduct further work for the validation 
of the EVD values.  

5. Conclusions 

An extreme value distribution (EVD) analysis has been applied for clusters observed in REM 
alloyed stainless steel samples based on three dimensional (3D) investigations. Different methods 
have been applied to cope with problem of blank fields which are found during observation of 
clusters on a film filter. Based upon presented results the following conclusions can be made: 

1) It is suggested to use the maximum length of clusters (LC) and , i.e. the square 
root of projected area of clusters, as size parameters for EVD analyses of clusters.   

2) When applying EVD for clusters, an appropriate unit area must be selected to avoid 
blank fields i.e. without any clusters, as the presence of such blank fields can negatively 
affect the results.  

3) Increasing the observed unit area can significantly improve the correlation coefficient 
of the EVD regression lines. 

4) Application of EVD analysis for REM clusters requires further work. 
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Table 1. Composition of 253MA stainless steel (in wt%) 

Cr Ni Si Mn 

17 – 19 7 – 9 1.3 – 1.4 1.3 – 1.4 

 

Table 2. Parameters used for EVD analysis of sample S3 for four different cases. 

Case 
Unit 
area, 

AO (mm2) 

Total 
observed unit 

areas 

Number of used 
unit areas , n 

Number of 
maximum sized 

clusters 

Number of 
blank fields 

Range of used 
ranks (i) 

1 0.045 330 290 290 40 1 – 290 
2 0.045 330 330 290 40 1 – 330 
3 0.090 165 165 165 – 1 – 165 
4 0.180 82 82 82 – 1 – 82 

 

Table 3. Regression line equations and coefficient of determination, R2, for EVDs 
obtained in accordance to four different cases. 

Case number Regression line function R2 value 
Case 1 y= 0.2725x – 1.9053  0.9404 
Case 2 y= 0.2162x – 1.1924 0.9744 
Case 3 y= 0.2248x – 2.0235 0.9738 
Case 4 y= 0.1909x – 2.3127 0.9876 

 

Table 4. Regression line equations and coefficient of determination, R2, for EVDs 
obtained using different size parameter and 4AO as unit area. 

Size parameter Regression line function R2 value 

 y= 0.4020x – 2.3994 0.9774 

 y= 0.2322x – 2.1638 0.9656 
LC y= 0.1909x – 2.3127 0.9876 
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Fig. 1 Schematic illustration of sample timings.  

 

a) 

 

b) 

 
Fig. 2 Illustration of measurement of (a) maximum length (LC) and width (WC) and (b) area (AC)  

of a cluster on a SEM image by using an ImageJ software. 
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Fig. 3 CSD of all samples obtained by observation of clusters at 15mm2 area on a film filter.  

 

 

Fig. 4 Comparison of EVDs obtained for three different cases applied for sample S3 
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Fig. 5 Comparison of EVDs of sample S3 obtained for different size parameters. 

a) 
 

 

b) 
 

 
 

Fig. 6 a) The obtained EVDs and b) predicted and observed maximum lengths clusters in 
different dissolved weights of steel for all three samples. 
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