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ABSTRACT 

 

The interest of gaining on-line information related to non-metallic inclusions 

during the steelmaking process has recently increased due to the development as well as the 

promising results of the Pulse Distribution Analysis with Optical Emission Spectroscopy 

method (PDA/OES). Even though, the time from sampling to presented results on 

inclusions is only about 5-10 minutes, the method has also shown limitations with respect 

to the determination of some inclusion characteristics.  

Therefore, a first step was to perform a study on other methods such as the 

cross-section method (CS) on a polished sample surface, the cross-section after etching 

method (CSE), the bromine-methanol extraction method (BME), and the electrolytic 

extraction method (EE). This study focused on the evaluation of these methods with respect 

to the time consumption for preparation and analysis of a sample, the analyzed volume and 

the determination of inclusion and cluster characteristics such as size, number, particle size 

distribution (PSD) and composition. The CS and CSE methods were found to be suitable in 

the determination of the largest cluster in a sample which can be recommended in order to 

select proper extraction parameters for further studies. The BME method was considered to 

be fast with the possibility of analyzing a large volume. However, the used solution is 

chemically stronger compared to electrolytic extraction solutions, which can affect the 

results. In most aspects, the EE method was found to be the most stable, reliable and 

accurate method with some limitations regarding the time aspect.  

Based on this conclusion, the EE method was selected for a comparative study 

with the PDA/OES method. Reliably detected size ranges by using the PDA/OES method 

were defined for two low-alloyed steel grades. These are 2.0-5.7 µm and 1.4-5.7 µm for 

steel samples taken before and after a Ca-addition during the secondary steelmaking, 

respectively. Moreover, agreements between the EE and PDA/OES methods were observed 

in the average size and number of detected inclusions when only inclusions with the size > 

2 µm were considered. Also, a theoretical minimum size and a maximum number of 

inclusions present in the steel sample, which can be detected by using the PDA/OES 

method, were estimated.  
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The work continued by successfully applying the EE method to study 

correlations between inclusions observed in the liquid steel samples and in a clogged nozzle 

(clogging material). It was found that the average sizes of spherical and non-spherical 

inclusions observed in the steel corresponded well with those observed in the clogging 

material. However, there were some differences in the frequencies of these inclusions. This 

was explained by a possible transformation of the present inclusions due to a reoxidation 

and a reaction with the nozzle refractory of the steel melt. The results of this study may 

contribute in the selection of proper process parameters or inclusion characteristics for 

future studies on the improvement and application of on-line methods.  

Finally, suggestions on how to present and interpret data obtained by the 

PDA/OES method during production of stainless steels were given in the present thesis. 

More specifically, the possibilities of defining operating windows with respect to inclusion 

composition and the use of a B-factor for Al (the total content of Al in inclusions detected 

by using the PDA/OES method) during the secondary steelmaking were discussed. In 

addition, a correlation study between B-factors for Al and numbers of inclusions (dV > 4 

µm) obtained by using the PDA/OES method on process samples, and corresponding 

slivers indices from plate products was performed. The results showed a moderate 

correlation between these parameters as well as an increase of the slivers index with 

increased values of the chosen PDA/OES data. This indicates that it could be possible to 

predict when there is an increased risk of having slivers on the final rolled product at an 

early stage of the steelmaking process. 

 

 

Keywords: on-line method, PDA/OES, electrolytic extraction, inclusions, clusters, nozzle 

clogging, secondary steelmaking. 
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1. INTRODUCTION 

 

The need of expanding and deepening the knowledge on non-metallic 

inclusions present in the steel seems never-ending. For many years, extensive research has 

been done to study the formation of inclusions in the liquid and the solidifying steel. This 

knowledge is extremely valuable and, in some aspects, even crucial in order for the steel 

companies to produce a high quality steel. Moreover, it is essential to understand the 

inclusion characteristics and their behavior during the production of steel to optimize the 

process control and further treatment of the final product from both an economic and an 

environmental point-of-view. 

With a continuous improvement and development of conventional as well as 

novel characterization methods, new angles to approach metallurgical problems and issues 

related to inclusions becomes possible. However, there are several factors from the 

sampling of the liquid steel to the evaluation of obtained data which can affect the results. 

These need to be considered in the study of the inclusion characteristics. It has been shown 

in previous studies [1, 2] that the results can differ depending on the geometry as well as 

which part of the sample is investigated. Some other important factors are the sampling 

method, filling and solidification rate of the liquid steel in the sample mold, the various 

preparation steps prior to the observation of inclusions, and the consideration of statistical 

aspects in the evaluation of the results. 

 Today, many characterization methods are available which can be applied to 

study inclusions in steel [3, 4]. These can be described or classified differently, usually 

depending on the purpose or type of assessment. Some examples are direct/indirect 

methods, two-dimensional (2D)/three dimensional (3D) methods, and in recent years off-
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line/on-line methods. The latter classification has lately been given some extra attention. 

This is because until recently it has not been possible to obtain any direct information on 

the inclusion situation during the steelmaking process. Today, the Pulse Distribution 

Analysis with Optical Emission Spectroscopy (PDA/OES) represents a method which can 

practically provide on-line inclusion information. The mentioned descriptions for the 

PDA/OES method as well as the extraction methods, and the conventional method which 

includes investigation of inclusions on a polished cross-section of a steel sample (hereafter 

referred to as the cross-section or CS method) are given in Table 1-1. 

 

Table 1-1: Some common descriptions of the three characterization methods used in the present 
study. 

Characterization  
methods 

Observations/ 
evaluations 

Obtained data on 
inclusions 

Time aspect 

PDA/OES 3D Direct/Indirect On-line 

Extraction methods 3D Direct Off-line 

Cross-section 2D Direct Off-line 

 

However, the time which is necessary for the determination of different 

inclusion characteristics is only one aspect for the selection of a characterization method. 

The ideal situation for the steel producers would be to have a method for characterization of 

inclusions which can also provide accurate and reliable results besides being fast enough in 

order to make necessary corrections (if needed) in the liquid steel before casting. This can 

be a very challenging task mainly due to the time aspect as well as the fact that the 

information provided from different methods may vary. Thus, a combination of several 

methods is sometimes required for the best assessment. In addition, evaluation of the same 

inclusion characteristic by using two different methods on the same sample can give 

different results. Therefore, an understanding of the possibilities and limitations of the 

applied methods is of great importance. For that reason, different methods were evaluated 

with respect to the time consumption, accuracy and reliability in the investigation of 

inclusions and clusters in different steel grades. 
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1.1 Two- and three-dimensional methods for characterization of 

inclusions and clusters 

Today, the two-dimensional (2D) investigation of inclusions on a polished 

cross-section of a metal sample (the CS method) is a common characterization method, 

which is widely applied in the steelmaking industry for evaluation of the steel quality. 

However, previous studies [5-7] showed some shortcomings of this conventional method 

regarding the accuracy of determinations of inclusion and cluster characteristics (such as 

morphology, number, size and composition) in steels. 

 During recent years, it has been reported that the three-dimensional (3D) 

investigations of inclusions and clusters after electrolytic dissolution of steel samples have 

major advantageous in comparison to the CS method. When applying this technique, the 

metal matrix of a prepared steel specimen is dissolved in an electrolyte during the 

electrolytic extraction procedure (the EE method). The inclusions and clusters (such as 

SiO2, Al2O3, MgO, CaO, ZrO2, REM-oxides, and other) are more stable in comparison to 

the steel matrix and do not dissolve during the electrolytic procedure. After the electrolytic 

extraction step, they are collected on the surface of a film filter by filtration of the 

electrolyte. Thereafter, they are investigated by using a Scanning Electron Microscope 

(SEM) to determine different inclusion and cluster characteristics [8, 9]. Therefore, the 

electrolytic extraction with the following 3D investigations represents one accurate method 

for assessment of inclusions and clusters in steel samples [5, 7]. 

 Another extraction technique, which is also widely applied for 3D 

investigations of inclusion and cluster characteristics, is dissolution of steel samples by 

using halogen-alcohol solutions (such as bromine-methanol and iodine-methanol). 

However, Inoue et al. [8-10] reported that some oxides (such as Al2O3, MgO, CaO, CaO-

Al 2O3, REM-oxides and other) can be partially or completely dissolved depending on the 

dissolution times when using halogen-alcohol solutions. In the present study, short 

dissolution times (5-10 minutes) by using the bromine-methanol solution (the BME 

method) were used to extract and study inclusions and clusters for the 3D investigations. 
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1.2 Background of the PDA/OES method 

The method which has been under development during the past two decades 

and has made the idea of obtaining on-line information related to inclusions possible is the 

PDA/OES method. More specifically, the PDA/OES method can provide information 

related to inclusions in just a few minutes from the sampling moment. In addition, it is 

considered to be a 3D method since a volume is analyzed. 

The principle of the PDA/OES method, illustrated in Figure 1-1, is partly 

based on the OES technique, which is commonly used for fast routine elemental 

determinations of process steel samples. After an OES measurement, the determined 

intensities of each element can be processed using a PDA software to obtain information 

related to inclusions. More specifically, a calculation algorithm has been developed [11] for 

the evaluation of the high light intensity peaks (outliers), which are related to the elements 

present in non-metallic inclusions. These outliers are identified as intensities exceeding the 

median intensity of the metallic background (bulk intensity), with a specified number of 

standard deviations (σ). The σ value is determined by means of an iterative calculation, 

including a removal of large outliers. 

 

 

Figure 1-1: Schematic illustration of a PDA/OES measurement. 
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The PDA/OES method is considered to be a direct method, since these high 

intensity outliers correspond to a spark ablating an inclusion. However, it could also be 

classified as an indirect (or semi-direct) method since these intensities need to be further 

processed in the software to obtain information on specific inclusion characteristics. 

Examples of raw spark intensities for Al and Ca in a steel sample obtained 

from one OES measurement (4000 sparks) are presented as “pulsograms” in Figure 1-2. 

The identification of inclusion types is based on the coincidences of outliers detected in 

single sparks. If high intensity outliers e.g. Al and Ca are present in the same spark, a 

complex inclusion containing both elements has most likely been ablated. The obtained 

information is quantified to provide the size, number and composition of inclusions in steel 

samples. 

Even though the PDA/OES method is able to determine all these inclusion 

characteristics, some limits with respect to the determination of the size and type of 

inclusions have been reported [12]. In the discussion of a detectable size range, a lower size 

limit of inclusions has been set to about 1 µm. This is especially evident in the case with the 

detection of a large number of inclusions containing Ca since it is nearly insoluble in the 

steel. For this reason, it gives a high background signal from many small inclusions which 

are interpreted as a metallic background, which leads to a detection of only larger 

inclusions (>1 µm). Another limit with the PDA/OES method is the detection of Si or Mn 

in inclusions. This is due to the high soluble contents of these elements in the steel which 

makes a separation of outliers difficult.  

Currently, the PDA/OES method is used as a routine method at several 

companies such as voestalpine, Ascometal, Dillinger, ArcelorMittal and SSAB EMEA [13-

17]. Basically, process samples are systematically collected and analyzed with the PDA/OES 

method during the steelmaking. To this point, the PDA/OES method has shown promising 

results with respect to repeatability, and correlations between some inclusion characteristics 

and process time in the study of low-alloyed steel grades [18-21]. In addition, the PDA/OES 

method has successfully been used to study the effect of different ferroalloys on process 

parameters such as the clogging index and steel cleanliness [22-24].  
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Figure 1-2: Typical “pulsograms” of raw intensities obtained from an OES measurement for the 
elements (a) Al and (b) Ca in a steel sample. 

 

Moreover, it has been shown that the PDA/OES method can be a helpful tool 

in improving and optimizing soft reduction parameters when investigating macro-

segregation in slabs [25, 26]. In the study of stainless steel grades, Outokumpu Stainless AB 

in Avesta has performed extensive work focused on the calibration and verification of 

results using established assessment routines and commercial certified reference materials 

representing final rolled products [27]. However, less work has been done on process 
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samples to study the use and application of the PDA/OES method as a feedback tool for on-

line process control. More specifically, it would be of great significance in many aspects for 

many steel producers to have a method such as the PDA/OES method to on-line detect any 

changes or deviations during an early stage of the secondary steelmaking. 

 

1.3 Purposes and overview of the present study 

The idea of using the PDA/OES (3D) method to obtain information on the 

inclusion situation in the steel on-line during the production is attracting many steel 

producers’ attention. To have this information in just a few minutes from the sampling 

moment and to be able to take necessary actions before casting, would improve many 

factors such as the process efficiency, cost and quality of the steel. However, it has been 

shown that researchers and producers also face many challenges with this method, as 

briefly discussed above. Therefore, an attempt to understand and define possibilities and 

limitations with the PDA/OES method for future on-line use during the steelmaking process 

has been made in the present study. 

An approach in part of realizing this vision has been to first study other 

inclusion and cluster characterization methods, such as the CS (2D), cross-section after 

etching (CSE, 3D*), bromine-methanol extraction (BME, 3D) and EE (3D) methods by 

considering the time consumption for sample preparation and analysis, reliability and 

accuracy of these methods. As a consequence, the most suitable and accurate 3D method, in 

this case the EE method, was selected for comparative studies with the PDA/OES method 

with respect to different inclusion characteristics. Moreover, a well-known production 

problem related to inclusions, the nozzle clogging phenomenon, was selected to study a 

possible correlation between inclusion characteristics observed in the liquid steel samples 

and the deposition in the clogged nozzle (the clogging material). The EE method was 

applied in this part of the study. The obtained results may contribute in the selection of 

proper process parameters or inclusion characteristics for future studies on the improvement 

and application of on-line methods. Finally, suggestions on how to present and interpret 

data obtained by the PDA/OES method during production of stainless steel were presented. 
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The main purposes of the present thesis can be stated as follows: 

• to qualitatively and quantitatively confirm the reliability and accuracy of the EE 

method by studying the characteristics (such as composition, number, size, particle 

size distributions (PSD)) of inclusions and clusters in various steel grades by using 

different methods; 

• to define some possibilities and limitations of the PDA/OES method in the 

determination of some inclusion characteristics by comparing the corresponding 

results with the EE method; 

• to discuss a possible correlation between results on inclusions in the liquid steel 

samples and in the clogging material; and 

• to evaluate possible applications of the PDA/OES method towards on-line 

determinations of some inclusion characteristics during production of stainless 

steels. 

 

An overview of the present study, which also includes some information on 

the experimental trials, the used characterization methods and obtained inclusion and 

cluster characteristics in the enclosed supplements, is presented in Table 1-2. 
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Table 1-2: Short overview of this study and the Supplements. (The contents of elements in the steel 
grades are given in weight-%). 

Overview of the present work Supplement 1 Supplement 2 Supplement 3 Supplement 4 

1. Experimental trials: 
    

    Trial scale Lab, pilot Industrial Pilot Industrial 
    Investigated steel and alloys Fe-10%Ni,  

Fe-18%Cr-8%Ni 
 

Low alloyed 
steels 

Fe-18%Cr-8%Ni  LDX2101, 
SAF2507 

    Steel samples: 
- from liquid steel 

 

 
Induction 
furnace 

 
Ladle, tundish 

 
Induction 
furnace 

 

 
Ladle, tundish. 

- from solidified steel No No Clogged nozzle Plate 
 

2. Characterization of 
inclusions and clusters: 

    

    Used methods CS (2D), 
CSE (3D*), 
BME (3D), 

EE (3D) 
 

EE (3D), 
PDA/OES (3D) 

EE (3D) PDA/OES (3D) 

Characterization of inclusions 
 

Yes Yes Yes Yes 

Characterization of clusters Yes No Yes No 
 

3. Evaluation of applied 
    methods 

Yes Yes No Yes 

4. Theoretical considerations No Yes No No 

Procedure/Approach 

Study 2D and 
3D methods 
with respect to 
inclusion and 
cluster 
characteristics 

Compare the 
EE and 
PDA/OES 
methods 

Study 
inclusions in 
liquid steel 
samples and 
clogging 
material 

Study obtained 
PDA/OES data 
in process 
stainless steel 
samples 

Purpose 

To show the 
accuracy and 
reliability of the 
EE method (3D) 

To define 
possibilities and 
limitations with 
the PDA/OES 
method 

To present 
possible 
correlations 
between results 
on inclusions 

To show 
possible use of 
the PDA/OES 
method during 
steelmaking 
processes 
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2. EXPERIMENTAL 

 

The present thesis includes investigations of the application of different 

inclusion characterization methods and various inclusion characteristics in steel samples 

produced or taken during laboratory trials, a pilot plant trial and industrial trials. In this 

chapter, the trials, the sampling methods of liquid steel and the analysis methods are 

described. 

 

2.1 Studied steel grades 

The steel grades which were investigated are listed with the typical chemical 

compositions in Table 2-1. 

  

Table 2-1: Investigated steel grades and their typical chemical compositions given in weight %. 

Steel 
grade 

Number 
of trials 

Content of elements (wt-%) 

C Si Mn P S Cr Ni Mo N Al 

Fe-10%Ni 4 
0.005-
0.006 

     10  
0.0032-
0.0060 

0.005-
0.16* 

Fe-18%Cr 
-8%Ni 

1 0.08 
0.36-
0.41 

1.2  0.002 18 8.1  0.044 
0-

0.84* 

Steel 
grade A 

3 0.14 0.2 1.5 0.01 0.002     0.04 

Steel 
grade B 

3 
max 
0.09 

max 
0.031 

max 
1.3 

max 
0.025 

max 
0.004 

    
min 

0.015 

LDX2101 24 0.03 0.70 5.00 
max 
0.035 

max 
0.0020 

21.5 1.5 0.3 0.22 
max 
0.025 

SAF2507 13 0.02 0.35 0.8 
max 
0.035 

max 
0.0010 

25.0 7.0 4.0 0.27 
max 
0.025 

*content depends on the experiment and sampling moment during the deoxidation process 
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2.2 Experimental trials 

In this section the experimental setup, trials, sampling moments and sampling 

conditions are described. 

 

2.2.1 Laboratory trials 

An Fe-10% Ni alloy (250-350 g) was melted at 1600 ºC in a high-purity 

Al 2O3 crucible under an Ar atmosphere using a laboratory high induction furnace (100 kHz, 

20 kW) equipped with a graphite susceptor. Quartz tube samplers of a 10 mm diameter 

were used for sampling of the melt at different holding times after the additions of varied 

amounts of Al (0.04, 0.08, 0.12 or 0.2 mass%) during respective trial. After sampling, the 

metal remaining in the Al2O3 crucible was cooled to a temperature of 1400 °C using a 

cooling rate of ~0.65 °C/s in the furnace. This was followed by a rapid water quenching. A 

schematic illustration of the experimental procedure is shown in Figure 2-1. 

 

 

Figure 2-1: A schematic illustration of the experimental procedure in the laboratory trials. 
[Supplement 1] 

 

2.2.2 Pilot plant trial 

The pilot plant trial was carried out to study the nozzle clogging phenomenon 

by melting 350 kg of stainless steel (Fe-18% Cr-8% Ni) at 1600 ºC in an induction furnace 

(600 Hz, 600 W) lined with a high purity Al2O3 refractory. A schematic illustration of the 

experimental setup, the main operations and the sampling moments during the experimental 

trial are shown in Figure 2-2.  

Fe – 10% Ni Water quenching 
ingot samples 

1600 ºC 

1400 ºC 

Al 

0.65 ºC/s 

Shutdown 

 
10-20 s 

         Sampling 
Trial 1: 1, 3, 6, 9 and 12 min 
Trials 2-4: 1, 3 and 5 min 
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(a) 

 

       (b) 

 

 

 

Figure 2-2: Schematic illustration of (a) the experimental setup, and (b) the main operations during 
the experiment and the sampling moments. [Supplements 1 and 3] 

 

During the experiment, argon was continuously added on the melt surface in 

order to prevent a possible reoxidation. The melt was deoxidized with 0.1 % Al. This was 

followed by sampling of the liquid steel by using dual thickness (4 and 12 mm) lollipop 

samples at different holding times (1, 3, 9 and 12 minutes). The melt was cast through a 

heated ZrO2 nozzle with an inner diameter of 5 mm after a 6 minutes holding time of the 

deoxidized liquid steel. A complete nozzle clogging occurred at about 11 minutes after the 

Al addition. The clogging material in the nozzle was separated from the nozzle for further 

studies. More information about the pilot plant trial can be found in supplement 3 and 

elsewhere [28]. 

 

2.2.3 Industrial trials 

 The industrial trials were carried out at two steelmaking companies producing 

low-alloyed steel and stainless steel, respectively. In the case of the low-alloyed steels (steel 

grades A and B), sampling from 6 heats (A1-3 and B1-3) was done during the CAS-OB 

(Composition Adjustment by Sealed argon bubbling – Oxygen Blowing) and the casting 

processes. Samples L1, L2 and L3 (dual thickness lollipop type) were taken from the ladle 

during the CAS-OB treatment and samples T4 and T5 from the tundish during continuous 

casting. Also, it should be mentioned that a Ca addition was made in the ladle between 

samples L2 and L3. All samples were taken manually by using argon-protected samplers. 
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An illustration of the relevant process steps and sampling occasions during the trials are 

schematically shown in Figure 2-3. 

 

 

Figure 2-3: Schematic illustration of the main steps of steel production and the sampling occasions 
during the industrial trials. [Supplement 2] 

 

The sampling campaign during production of two stainless steel grades 

(LDX2101 and SAF2507) included sampling from 37 heats (A1-24 and B1-13) during the 

ladle treatment and the continuous casting. Samples LF1, LF2 and LF3 were taken from the 

ladle and CC1 was taken from the tundish during respective process. A Ca addition was 

made in the ladle between samples LF2 and LF3. An automatic sampling equipment was 

available at the ladle station and manual sampling was done at the casting station. All 

samplers were argon-protected. An illustration of the relevant process steps and sampling 

occasions during these industrial trials are shown schematically in Figure 2-4. 

 

 
Figure 2-4: Schematic illustration of the secondary steelmaking process and the different sampling 

moments LF1, LF2, LF3, and CC1. [Supplement 4] 

 

Ladle treatment            Continuous casting                  Rolling 

LF1            LF2           LF3                    CC1 
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2.3 Investigations of inclusions and clusters 

The methods which were used for measurements and analyses of inclusions 

and clusters in the samples of different steel grades are summarized in Table 2-2. It should 

be mentioned that the evaluation of the clogging material which was separated from the 

nozzle after the pilot plant trial is included in the table under the steel grade Fe-18% Cr-8% 

Ni. 

 

Table 2-2: Used methods to investigate inclusions and clusters in samples of different steel grades. 

Method 
Steel grade 

Fe-10% Ni Fe- 18%Cr- 
8%Ni 

Low-alloyed grades 
A and B 

LDX2101 and 
SAF2507 

Supplement 1 1 and 3 2 4 

CS (2D) C C, A  C, A 

CSE (3D*) C C   

BME (3D)  C   

EE (3D) C A C  

PDA/OES (3D)   C C, A 

(C) – comparative study; (A) – application study 

 

The experimental parameters and settings that were used for each 

characterization method of inclusions and clusters are described below. 

 

2.3.1 CS (2D) – Investigation on a cross-section 

In the present work, the investigations of inclusions and clusters on a cross-

section (the CS method, 2D) were done on a polished surface of the metal sample by using 

a microscope. For the comparative studies between the different methods, the inclusions 

present in the samples collected from the laboratory trials (Fe-10% Ni) were analyzed with 

respect to the chemical composition using an SEM. In addition, the samples obtained from 

the pilot plant trial (Fe-18% Cr-8%) were primarily investigated with respect to the cluster 

size using a Light Optic Microscope (LOM). Moreover, the clogging material (consisting of 

inclusions and solidified metal) obtained from the same trial was cut vertically and polished 
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for observations using the LOM for the application studies. This was done in order to 

localize the zone with the highest concentration of inclusions.  

Finally, the CS method was applied for the stainless steel samples to 

investigate the type of inclusions present in the samples taken during the industrial trial. 

Here, the samples were polished followed by an automatic scanning of an area of 100 mm2 

with a x250 magnification by using an SEM. Smaller inclusions were included in the 

investigation by scanning an area of 20 mm2 and by increasing the magnification to x1000. 

 

2.3.2 CSE (3D*) – Investigation on a cross-section after etching 

The investigations of inclusions and clusters were also done on a cross-section 

of a sample after light etching (the CSE method, 3D*) by using a 5-10 v/v% bromine-

methanol solution for the comparative studies of the methods. This is considered to be a 

partial 3D observation (hence the denotation 3D*). This is due to that some of the 

inclusions and clusters, which are revealed after etching, are partially visible and partially 

still fixed in the sample material. The samples obtained from the laboratory trials (Fe-10 % 

Ni) were etched for 15 seconds. Moreover, the etching time of the steel samples obtained 

from the pilot plant trial (Fe-18% Cr-8% Ni) varied from 30 to 180 seconds. Thereafter, the 

etched sample surfaces were observed using an SEM to evaluate different inclusion 

characteristics. 

As mentioned in section 2.3.1, the clogging material was prepared for 

investigation of the inclusion distribution using the CS method. This investigation was 

continued by performing electrolytic etching on cut specimens from the polished cross-

section of the clogging material. The used electrolyte was a 10% AA (10v/v% 

acetylacetone - 1w/v% tetramethylammonium chloride - methanol) electrolyte. The 

principle and the experimental setup of the electrolytic extraction method, which are 

basically the same as for electrolytic etching, are given in section 2.3.4. However, a 

filtration step was not necessary since observation using an SEM was done on the etched 

surface of the clogging material for investigation of inclusion size and morphology. 
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2.3.3 BME (3D) – Investigation after bromine-methanol extraction 

The first step in the investigation of clusters by using bromine-methanol 

extraction (the BME method, 3D) is practically the same as for the CSE method. The 

surfaces of the polished samples obtained from the pilot plant trial (Fe-18% Cr-8% Ni) 

were emerged into a 5v/v% bromine-methanol solution and were chemically dissolved 

(etched) for 5-10 minutes. The longer etching time enabled an extraction of clusters. 

Thereafter, the extraction step was followed by a filtration of the solution by using a 

polycarbonate (PC) film filter with an open pore size of 1 µm. Finally, the film filters were 

observed by using a SEM equipped with an electron-probe microanalyzer (EPMA) for 

determination of primarily the cluster sizes. 

 

2.3.4 EE (3D) – Investigation after electrolytic extraction 

Electrolytic extraction (the EE method, 3D) was used for more accurate and 

reliable determinations of inclusion and cluster characteristics. The studied samples were 

obtained from the laboratory (Fe-10 % Ni), pilot plant (Fe-18% Cr-8% Ni), and industrial 

(low-alloyed grades A and B) trials. These were used for both comparative and application 

studies of the EE method. The principle of the EE method is basically the same as for the 

BME method. However, the inclusions and clusters are extracted from the sample 

electrolytically, as is shown in Figure 2-5. In addition, the dissolution of the sample is 

more stable in comparison to when using a bromine-methanol solution. 

 

a)                                                                                          b) 

 

Figure 2-5: The experimental setup for (a) the electrolytic extraction and (b) filtration procedures. 

POTENTIOSTAT  
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The experimental parameters used during these extractions of the three types 

of steel grades are summarized in Table 2-3. The electrolyte is chosen based on the type of 

inclusions present in the steel sample. For the samples of the two low-alloyed steel grades 

A and B, a 2% TEA (2v/v% triethanolamine-1w/v% tetramethylammonium chloride-

methanol) electrolyte was chosen for the samples taken after a Ca addition (samples L3 and 

T4). This is due to the risk of dissolving Ca aluminates present in these samples, if a 10 % 

AA electrolyte is used [8, 9]. Instead, a 10% AA electrolyte was used for the other 

investigated samples since they contain mostly pure alumina inclusions. After the 

extraction procedure, the solution was filtered using a PC film filter. This was followed by 

observations of the film filter by using an SEM to determine different inclusion and cluster 

characteristics such as morphology, size, PSD, number per unit volume and composition. 

 

Table 2-3: Experimental parameters used during the electrolytic extractions. 

Steel grades 
Electrolytic extraction parameters 

Charge (C) Current (mA) Voltage (V) Electrolyte 
Pore size of 

PC filter (µm) 

Fe-10% Ni 800 or 1200 45-60 0.15 10% AA 0.05 

Fe-18% Cr-8% Ni 700-1000 40-60 2-3 10% AA 0.4 

Low-alloyed 
grades A and B 

500 30-80 0.15 
10% AA or  
 2% TEA 

0.05 

 

2.3.5 PDA/OES (3D) – Investigation by using the PDA/OES method 

The major difference between the fast on-line PDA/OES method and the other 

off-line methods described above is that a visual evaluation of inclusions and clusters in the 

steel samples by using a microscope is not included. Instead, the PDA/OES method is 

based on analysis of intensities of each element determined by the OES using a well-tested 

calculation algorithm. After the calculations, results such as the size, number of inclusions 

(outliers) per unit volume, PSD, and inclusion composition represented in ternary diagrams 

can be obtained. Moreover, a B-factor (which corresponds to the total content of an element 

in detected inclusions) can also be obtained. 

In the present study, the PDA/OES method was applied on the samples 

obtained from the industrial trials. The samples of the two low-alloyed steel grades A and B 



19 

 

were used for comparative studies between the PDA/OES and EE methods. More 

specifically, the possibilities and limitations of the PDA/OES method were evaluated with 

respect to different inclusion characteristics. In the case of the stainless steel samples, the 

possibilities of the application of the PDA/OES method on-line during secondary 

steelmaking were evaluated and discussed. The main experimental parameters during the 

PDA/OES measurements for these types of steel grades are summarized in Table 2-4. 

 

Table 2-4:  Main experimental parameters used during the PDA/OES measurements. 

Steel grade 
OES 

instrument 
Frequency 

(Hz) 
No. of spots 

(measurements) 

No. of 
sparks per 

spot 

Ablated 
mass per 

spark 
(ng/spark) 

Ablated 
volume 

(mm3/spot) 

Low-alloyed 
grades A  
and B 

ARL 4460 400 5 4000 50 ~ 0.0256 

LDX2101 
SAF2507 

Spectrolab 
M10 

100 5 or 10 4000 60 ~ 0.0308 

 

2.4 Determination of the size, number and PSD of inclusions and clusters 

Typical clusters in steel samples observed in an SEM by using the CS, CSE 

and EE methods are shown in Table 2-5. 

   

Table 2-5:  Typical clusters in steel samples observed in an SEM by using different methods which 
were applied in this study for 2D and 3D investigations of inclusions and clusters. 
[Supplement 1] 

On a cross section of a metal 
sample  

(CS, 2D) 

On a cross section of a metal 
sample after etching 

(CSE, 3D*) 

On a film filter after 
extraction and filtration 

(EE, 3D) 
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The sizes of inclusions and clusters were measured on the sample surface by 

using the CS and CSE methods or on the film filter by using the BME and EE methods as 

shown in Figure 2-6. More specifically, the diameter, dV, was measured for spherical 

inclusions (Figure 2-6 a)). Moreover, in case of irregular shaped inclusions or in case of 

clusters (Figure 2-6 b)), an equivalent size was calculated as the average of the measured 

maximum length, Lcl and the perpendicular width, Wcl. 

 

      

Figure 2-6: Size measurements of (a) an inclusion on the sample surface after short etching and (b) 
a cluster on a film filter after extraction. 

 

In the present study, the number of inclusions per unit volume, NV(EE), and the 

PSD of inclusions were determined in the low-alloyed steels by using the EE method. The 

PSD was determined by considering the number of inclusions in each preselected size 

range, NVi, which was calculated as follows: 

 

��� � �� � 	

	��

	 � 	 ���
���

     (1) 

 

where ni is the number of inclusions in the i-th size range. Af and Aobs are the total area of 

the film filter with inclusions (~1260 mm2) and the total observed area, respectively. ρMe is 

the density of the steel (=0.0078 g/mm3 in this study) and Wdis is the dissolved weight of the 

metal sample during extraction. These characteristics were obtained in the same manner 

when using the BME method. 

dV 
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 When using the PDA/OES method, the sizes of inclusions were calculated by 

considering the intensity of each single outlier which corresponds to an inclusion. First, the 

weights of the elements in ablated inclusions were determined by using a calibration 

function for the respective element. Thereafter, a diameter was calculated for each inclusion 

by assuming a spherical shape of inclusions and by using a global density of 0.0039 g/mm3. 
[12] The number of inclusions per unit volume was obtained by simply counting identified 

outliers and taking the ablated volume into consideration. In the study of the low-alloyed 

steel grades, the PSD was presented by using size ranges which were preselected in the 

software (0-1.4, 1.4-2.0, 2.0-2.8, 2.8-4.0, 4.0-5.7, 5.7-8.0 and 8.0-13.0 µm). 
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3. RESULTS AND DISCUSSION 

 

Based on the results presented in the enclosed supplements, the following 

investigations and parameters on non-metallic inclusions and clusters in steel samples 

obtained by using different methods are considered in this chapter: 

i) the time required for preparation of steel specimens, the analyzed volume (or 

area) of a steel specimen and determinations of different inclusion and cluster 

characteristics by using different methods; 

ii)  the accuracy of the determinations of inclusion and cluster characteristics such as 

size, number, PSD and composition by using different methods; 

iii)  the minimum detectable size and the maximum possible number of inclusions by 

using the PDA/OES method; 

iv) the applications of the EE method to study inclusions in liquid steel and clogging 

material; and  

v) the application of the inclusion composition, the B-factor for Al and the number 

of inclusions per unit volume obtained by using the PDA/OES method to study 

the possibilities of an on-line use. 

 

3.1 Time consumption and analyzed steel volume by using different 

methods 

Based on the results which were obtained in the frame of this study, the time 

required for preparation of steel specimens with following investigations of inclusions and 

clusters by using different characterization methods can be ranged in the following order: 

the PDA/OES method (5~10 minutes); the CS method (2~5 hours), the CSE method (2~5 
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hours), the BME (3~6 hours) and the EE method (7~14 hours). Therefore, only the 

PDA/OES method can be used for the fast on-line evaluation of inclusion characteristics in 

samples taken from the liquid steel during ladle treatment and casting. In this case, the 

minimization of the analysis time is the main factor for on-line correction of current 

processes during steel production. The other methods can only be used for off-line 

investigations. Consequently, the accuracy of the measurements as well as the time 

consumption of different methods used for determination of inclusion and cluster 

characteristics can be very important in order to obtain reliable results. 

 It should be pointed out that the time consumption of an investigation strongly 

depends on the amount of the analyzed volume (or area) of the steel specimens and on the 

number of measured inclusions and clusters required in order to achieve reliable and 

statistically significant results. It is apparent that the parameters used by the extraction 

methods (such as composition of used solvent, dissolution rate and dissolved depth of the 

steel specimens) can significantly affect the time consumption, the analyzed volume of the 

steel specimens, and the accuracy of determined inclusion and cluster characteristics, as 

shown in Figure 3-1 for Fe-18% Cr-8% Ni and Fe-10% Ni samples. It is evident from 

Figure 3-1(a) that the 5v/v% bromine-methanol (BrM) and 14w/v% iodine-methanol (IM) 

are chemically stronger solutions, which have the dissolution rates in the ranges of 0.006-

0.015 g/min and 0.001-0.005 g/min, respectively. However, the dissolution rates obtained 

by using these halogen-alcohol solutions are very scattered for the same stainless steel 

samples and when using the same experimental conditions. Much slower and stable 

dissolution rates (0.0004-0.001 g/min) were obtained by using the EE method. Moreover, it 

was found that the dissolution rates applied for the studied steel grades did not show any 

drastic differences with the given conditions for each extraction solution. As can be seen in 

Figure 3-1(b), based on the specific results, the average depth of a dissolved layer of steel 

specimens varies in a wide range. Furthermore, it depends on the composition of the 

extraction solutions, the extraction time and the surface area of dissolved metal specimen. 

The metal specimens, in which only one side was dissolved (1-sd extraction), have on 

average a two times deeper dissolved depth compared to that for the two-side dissolution 

(2-sd extraction). Moreover, the BME method dissolves the required depth of a metal 

specimen on average 5-10 times faster compared to if using the EE method. 
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Figure 3-1: (a) Dissolution rates of metal specimens during the chemical (using 5v/v% bromine-

methanol and 14w/v% iodine-methanol) and electrolytic extractions. (b) Dissolved depth 
of metal layer during one-side (1-sd) and two-side (2-sd) chemical and electrolytic 
extractions. 
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3.2 Accuracy of different methods for characterization of inclusions and 

clusters 

The different characterization methods which were used in the present study 

are compared and discussed below with respect to the accuracy to determine the size, 

number, PSD and composition of non-metallic inclusions and clusters in various steel 

samples. 

 

3.2.1 Determination of inclusion and cluster sizes 

All of the used characterization methods can be applied to determine the size 

of non-metallic inclusions and clusters present in steel samples (except the PDA/OES 

method regarding clusters). However, the obtained results from these methods will 

probably differ. The difference between the results depends on several factors such as 

whether it is a 2D or a 3D investigation, when the liquid steel sample is taken or which 

types of inclusions that are present in the steel samples. These differences in the results as 

well as the limitations of the used methods are discussed below. 

 Figure 3-2 shows the equivalent cluster sizes determined by using the CS and 

BME methods for the same set of lollipop samples, taken at different holding times after an 

Al addition in stainless steel [Supplements 1 and 3]. Moreover, the approximate dissolved 

layer depth after the dissolution of the samples is presented. Error bars represent the 

standard deviations of cluster sizes. As can be seen in the figure, the average cluster size 

obtained by using these two methods significantly differs in the first three samples, while in 

the last sample the determined cluster size is similar. The difference in the results is 

explained by the insufficiently dissolved layer depth, which does not exceed 20 µm for any 

of the studied samples. As a consequence, the average cluster sizes determined by the BME 

method are below this value. For that reason, it is recommended to estimate the largest 

cluster size by using the CS method prior to performing the extraction experiments or to 

dissolve larger layer depths (> 200 µm) during extraction of steel samples. More 

specifically, the best results were obtained when a sufficient layer depth was dissolved. In 

addition, if the expected maximum size of clusters present in the steel specimen is known, 

proper extraction parameters can be chosen in order to fully extract these large clusters and 

include them in the investigation.  
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Figure 3-2: The equivalent cluster size obtained from the CS and BME methods and the dissolved 
layer depth as a function of holding time. [Supplement 1] 

 

Although, the largest cluster size can quickly be estimated by using the CS 

method, it has to be kept in mind that the CS method is a 2D method. More specifically, 

only random sections of inclusions and clusters can be measured on the polished cross-

section of a steel sample. However, it should be mentioned that expressions for the 

conversion of 2D into 3D data have previously been suggested [29, 30]. 

As mentioned, some parameters (such as dissolution rate and layer depth) 

have to be carefully considered prior to the extraction experiments. In addition, it has been 

shown that the types of extraction solutions used in the experiments may affect the results. 

More specifically, it has been shown that some acids and halogen-alcohols (e.g. bromine-

methanol) can partially or completely dissolve the extracted inclusions (such as Al2O3, 

CaO, CaO-Al2O3, MgO, etc.)[8, 9]. As a consequence, this will result in an underestimation 

of the inclusion size. It has also been shown that there is a risk of dissolving some phases 

(such as CaO, CaO-Al2O3, etc.) in the inclusions when a 10 % AA electrolyte is used 

during an electrolytic extraction. Therefore, a 2 % TEA electrolyte is preferred in the case 

of studying for example Ca aluminates.  
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In case of clusters, the sizes can also be underestimated due to possible 

breakage during the dissolution step as a consequence of using a too strong extraction 

solution. However, it should also be pointed out that the largest clusters observed by 2D 

investigations perhaps did not exist in the steel melt during sampling, as was found by Sone 

et al. [2] based on comparison of the results obtained from the CS (2D), CSE (3D*) and EE 

investigations of REM clusters in lollipop steel samples. Presence of the largest clusters in 

lollipop samples, which were observed by the CS method and were not observed by the 

CSE and EE methods, was explained by the close location of small clusters in specific 

sample zones due to the turbulent flow of liquid steel during filling of the sample mold [31]. 

A major difference between the PDA/OES method and the other methods is 

that the PDA/OES method does not include a visual investigation of the observed 

inclusions. The determination of the size of inclusions is based on several assumptions and 

calculation steps, starting from the intensity of each single outlier. All these steps contribute 

to an increased risk of possible errors in the final calculated inclusion size. 

The average sizes of all detected inclusions and of inclusions > 2 µm were 

obtained by using the PDA/OES and the EE methods in liquid steel samples for two low-

alloyed steel grades. These results are compared in Figure 3-3 (a) and (b), respectively. As 

can be seen, the PDA/OES method overestimates the size for most samples, when all 

inclusions are considered. More specifically, the calculated ratio between the dV(PDA/OES) 

and dV(EE) values varies from 1.6 to 2.0. The overestimation of the PDA/OES method may 

be explained by the fact that the PDA/OES method cannot detect small size inclusions 

present in the studied samples. This is due to the effect of e.g. the Al concentrations in the 

steel samples on the detection limit of small size inclusions. In addition, during an OES 

measurement several small inclusions are ablated by one spark. This in turn leads to either 

an elevated bulk level or a registration of one larger inclusion [12]. In the case of the results 

of inclusions > 2 µm, the ratio varies in a more narrow range, i.e. from 0.8 to 1.2. Thus, a 

better agreement exists in a comparison between the PDA/OES and EE methods if small 

size inclusions are not included in the evaluation. 
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Figure 3-3: The average size, dV, determined for (a) all inclusions and for (b) inclusions larger than 
2 µm in different steel samples using the EE and PDA/OES methods. [Supplement 2] 
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3.2.2 Evaluation of the number and the PSD of inclusions 

 Obviously, major differences exist between the 2D and the 3D methods in the 

determination of the number and PSD of inclusions present in steel samples as was 

mentioned above. One main difference is that only random sections of non-metallic 

inclusions can be observed and measured on a polished cross-section of a steel sample by 

using the CS method. Though, different calculation methods can be used for translation of 

the 2D results (size of inclusion sections, dA, and number of inclusions per unit area in steel 

samples, NA) into 3D data (size of inclusion, dV, and number of inclusions per unit volume 

in steel samples, NV). It was shown [30] that the translated characteristics agreed 

satisfactorily well in practice only for compact spherical inclusions at a large number of 

measurements. However, Karasev and Suito [5] also reported that the number and that the 

average diameter of non-metallic inclusions, which was obtained from the 2D 

measurements (CS method) and was translated to the 3D values by using the DeHoff 

method [29, 30] and Schwartz-Saltykov method [30] are significantly overestimated compared 

to that value obtained from the 3D measurements (EE method). This tendency was obtained 

by investigations of different non-metallic inclusions (such as SiO2, TiOx, Al2O3, ZrO2 and 

Ce2O3) in Fe-10% Ni alloys. This fact was explained by some limitation of the CS method 

by investigations of small size inclusions (< 1 µm). As a result, the total numbers of 

inclusions estimated by using the CS method in different experimental trials were 

significantly underestimated compared to those determined by using the EE method. 

Therefore, in this study, the EE (3D) method is considered to be more 

accurate for a realistic determination of the number of inclusions (including small size 

inclusions) and clusters in comparison to the CS (2D) method. The BME (3D) method can 

also be considered to be accurate if the inclusions are kept in the BrM solution for a short 

time and are not dissolved. 

Liquid steel samples of two low-alloyed steel grades were studied to 

investigate the reliability of the PDA/OES method with respect to the number of inclusions 

per unit volume and the PSD of inclusions. This was done by comparing the numbers of 

inclusions per unit volume obtained by using the PDA/OES method, NV(PDA/OES), with those 

obtained by using the EE method, NV(EE). Figure 3-4 shows the total values of NV(PDA/OES) 

and NV(EE) for a) all detected inclusions and b) inclusions with a size > 2 µm.  
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Figure 3-4: Total number of inclusions per unit volume, NV, determined for (a) all inclusions and for 
(b) inclusions > 2 µm in different steel samples using the EE and PDA/OES methods. 
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> 2 µm (Figure 3-4 (b)) in comparison to the respective NV(EE) values. As mentioned 

previously, this is due to the inability of the PDA/OES method to detect the small 

inclusions when the amount of those inclusions is too large. The PSD results were 

compared between the PDA/OES and EE methods by calculating a ratio, rn, between the 

numbers of inclusions per unit volume, NV(PDA/OES) and NV(EE), in each size range. These rn 

values are presented in Figure 3-5 (a) for samples taken before a Ca addition (the L2 

samples) and in (b) for samples taken after a Ca addition (the L3 and T4 samples) of two 

low-alloyed steel grades [Supplement 2].  

Three different regions could be identified: Region I – extremely low rn 

values (rn ~ 0.002-0.03), Region II – rn ~ 0.5-4, and Region III – somewhat lower rn values 

(rn ~ 0.1-0.3). More specifically, the PDA/OES method underestimates the number of 

inclusions in Region I. This is due to the presence of many small inclusions, which cannot 

be distinguished as single inclusions when using the PDA/OES method, as described above. 

In case of Region III, the PDA/OES method also underestimates the number of inclusions. 

This can be due to a partial ablation by one spark of inclusions larger than 5.7 µm. As can 

be seen, the best agreement is obtained in Region II for both set of samples. However, it 

should be pointed out that Region II extends within different size ranges for these results. 

More specifically, the best agreement is seen in the size range 2.0-5.7 µm for the L2 

samples and in the size range 1.4-5.7 µm for the L3 and T4 samples. These results indicate 

that the type of inclusions present in the steel samples may influence in which size range 

the PDA/OES results are most reliable. 
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Figure 3-5: Ratio of the numbers of inclusions per unit volume, rn, in steel samples from the A and B 
trials taken (a) before (samples L2) and (b) after (samples L3 and T4) a Ca addition. 
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3.2.3 Evaluation of the chemical composition of inclusions 

Generally, the inclusion composition, which is obtained by using most of the 

discussed methods, is considered to be relatively accurate. However, there are also some 

limitations which have to be considered that will be discussed in this section. If using the 

CS and CSE methods, possible effects of the metal matrix on the accuracy of the 

composition analysis of inclusions have to be considered. This is because different contents 

of analyzed elements (for example Al) in the metal matrix and in non-metallic inclusions 

are significantly different. A comparative study between the CS, CSE and EE methods was 

performed on samples obtained from the laboratory trials (Fe- 10% Ni) to investigate the 

effect of the metal matrix on the results [Supplement 1]. This was done by comparing the 

total contents of Fe and Ni obtained from the analysis of inclusions by using an SEM. 

Moreover, the inclusions were divided according to size, i.e. < 2 µm and ≥ 2 µm. The 

results are presented in Figure 3-6. 

 

 

Figure 3-6: Effect of the metal matrix (Fe+Ni content) on analysis of alumina inclusions in an Fe-10 
% Ni alloy for different evaluation methods. 
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Overall, the CS method gives the highest effect of the metal matrix on the 

results, closely followed by the CSE method. In addition, the effect is more evident for the 

smaller inclusions. A simple explanation of these results is that the analyzed inclusions are 

fixed or partially fixed in the metal matrix when the CS or CSE methods are used and the 

risk of analyzing the matrix becomes higher. Therefore, the EE method is recommended for 

an accurate chemical analysis of inclusions (especially small inclusions) with a minimum 

effect of the metal matrix. Still, the CSE method can be recommended for a fast 

determination of some inclusion characteristics such as the chemical composition. 

The compositions of inclusions and clusters, which were extracted from the 

steel samples by using the BME method, can also be analyzed without the metal matrix 

effect. However, the obtained results can have significant errors due to the dissolution of 

some oxide phases in inclusions during the chemical extraction, as was discussed above. 

For that reason, the BME method cannot be recommended for an accurate determination of 

the composition for those inclusions. 

An evaluation of the possibility to determine the inclusion composition by 

using the PDA/OES method was not included in the present thesis. Nevertheless, a short 

description of some main factors influencing the results on the inclusion composition found 

in the literature will be presented here. Primarily, the determination of the inclusion 

composition by using the PDA/OES method differs from the other described methods. 

Instead of the determination by using an SEM equipped with an EDS or EPMA, the 

compositional determinations of inclusions are obviously based on the OES results. Even 

though the OES measurements usually give total contents of different elements in a sample, 

it is also possible to obtain information related to the inclusion compositions through a 

number of calculation steps with PDA. The information on the inclusion compositions 

obtained by using the PDA/OES method is usually presented in ternary diagrams with 

preselected elements or compounds [12, 15].  

Another approach of presenting information related to the inclusion 

composition is by considering the B-factors of the chosen elements [12, 15]. A B-factor of an 

element represents the total content of that element in the detected inclusions. However, the 

reliability of the B-factor has been shown to vary depending on the steel grade and the 

elements present in the inclusions. For example in case of stainless steels (and some low-

alloyed steel grades), the higher contents of Si make it difficult to detect the smaller 



36 

 

inclusions containing Si. This is due to the larger variations of the intensity signals and 

noise levels in the measurements of the bulk concentration. In addition, if the PDA/OES 

method detects large Si containing inclusions, the risk of these being false outliers is high. 

Another challenge is the detection of many small inclusions containing Ca, which was also 

mentioned in section 1.2 of this thesis. More specifically, the dissolved content of Ca in the 

steel is negligible and is often assumed to be equal to the insoluble content (content of Ca 

in inclusions) [12]. As a consequence, the PDA/OES method will interpret these small 

inclusions as a metallic background, which leads to a detection of only larger inclusions (> 

1 µm). The use of the B-factor for Al is discussed more in detail in section 3.4.2 of the 

present thesis. 

 

3.3 Limitations of the PDA/OES method for investigation of inclusions in 

steel samples 

As was described above, the PDA/OES method is one possible on-line 

method, which can be used for a fast 3D evaluation of non-metallic inclusions in steel 

samples during the steelmaking process. However, it was found that this method have some 

limitations for the determination of some inclusion characteristics such as size, number and 

composition in different steel samples. 

 It was shown that the minimum reliably detected inclusion size was 2 µm and 

1.4 µm in samples taken before (L2) and after (L3 and T4) a Ca addition, respectively. It 

was assumed that the minimum size of inclusions, which were distinguished during the 

PDA/OES measurement, can be limited by the content of analyzed elements in the steel 

matrix and by the number of small size inclusions. For example, as was already mentioned, 

in case of stainless steels (and some low-alloyed steel grades), the higher soluble contents 

of Si make it difficult to detect the smaller inclusions containing SiO2 
[12]. This is due to the 

larger variations of the intensity signals and noise levels in the measurements of the bulk 

concentration in the steel matrix. From another side, if the sample contains a large number 

of small inclusions, two or more inclusions can be ablated at the same time by one spark, 

which results in a larger error when the number and size of detected inclusions are 

determined. 
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The minimum size and the maximum (or critical) number of non-metallic 

inclusions, which can be detected satisfactorily well for different steel grades by the 

PDA/OES method, can be estimated based on theoretical considerations. 

 

3.3.1 Evaluation of the minimum size of inclusions detected by the PDA/OES method 

In this study, the minimum size of detected Al2O3 inclusions was estimated 

for different concentrations of Al (0.005, 0.015 and 0.040 %) in the steel.  For this purpose, 

a ratio of intensities for Al, k(Al), obtained by a spark ablation of metal with one Al2O3 

particle, I(Me+P), and without particles, I(Me), was calculated by using the following equation: 
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where M(Al) (Me+P) and M(Al) (Me) are the mass of Al in the metal with and without an Al2O3 

particle being ablated by one spark, respectively. V(P) and V(Me) are the volumes of a particle 

(V(P) = dV
3
·π/6) and metal matrix ablated by one spark (V(Me) ~ 6.41·10-6 mm3), respectively. 

ρ(Al2O3) and ρ(Me) are the densities of Al2O3 (=0.00397 g/mm3) and the metal matrix (= 

0.0078 g/mm3), respectively. (%Al2O3) and [%Al](Me) are the concentrations of Al2O3 in the 

inclusion and of Al in the metal matrix, respectively. 

Figure 3-7 (a) shows the variation of the k(Al) value for pure Al2O3 inclusions 

as a function of the size of Al2O3 particles, dV, for three different concentrations of Al in the 

metal matrix, [%Al](Me). As can be seen from the figure, the critical k(Al) value should not 

exceed a value of 1.44 in order for the PDA/OES method to reliably detect inclusions with 

a minimum size of 2 µm in a steel with an Al concentration of 0.040 % (Steel grade A). 

This means that a pure Al2O3 inclusion can be satisfactorily well detected by the PDA/OES 

method when the ratio between the values of the Al intensities I(Me+Al2O3) and I(Me) is larger 

than 1.44. As follows from Figure 3-7 (b), when using the obtained critical k(Al) value, the 

minimum size of reliably detected Al outliers as inclusions increases with a decreased 

content of Al2O3 in the inclusions (e.g. after an Ca-addition). 
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Figure 3-7: (a) Variation of the k(Al) values as a function of the size of Al2O3 inclusions, dV, for 
different concentrations of Al in the steel, and (b) variation of the minimum size of 
detected inclusions, dV-min, as a function of the concentrations of Al in the steel for 
different contents of Al2O3 in the inclusions. 
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and NV(EE) values agreed satisfactorily well, is 1.4 µm for all steel samples taken after a Ca 

addition. However, additional investigations are needed in the future to clarify the k(Ca)crit 

value. 

 

 

 
 

 

Figure 3-8: (a) Variation of the k(Ca) values as a function of the size of CaO inclusions, dV, for 
different concentrations of Ca in the steel, and (b) variation of the minimum size of 
detected inclusions, dV-min, as a function of the concentrations of Ca in the steel for 
different contents of CaO in the inclusions. 

0

1

2

3

4

5

0 1 2

k (C
a)
 =

 I (M
e

+P
) / 

I (M
e
)

d
V
   [µm]

[  ] - concentration of Ca in steel

[ 0.0020% ]

[ 0.0010% ]

[ 0.0005% ]

(100% CaO) (a)

0

1

2

3

d V
-m

in
   

[µ
m

]

Concentration of Ca in steel   [%]

(   ) - concentration of CaO in inclusion

(10%)

(50%)

(100%)

k
(Al)

 = 1.44

0 0.002 0.004 0.006 0.008 0.010

(b)



40 

 

3.3.2 Limitations in the evaluation of the inclusion number 

 The maximum possible (or critical) number of non-metallic inclusions, which 

can be detected by the PDA/OES method without ablation of two or more inclusions per 

spark, was estimated in this study under the following assumptions:  

i) only one inclusion is ablated by one spark; and 

ii)  the bulk matrix without inclusions should be ablated by the following spark 

(there should be a minimum one spark which ablates the metal matrix between 

the ablation of separate inclusions). 

In this case, this possible maximum theoretical number of inclusions per unit 

volume, NV,max, can be calculated for the given parameters of the PDA/OES measurements 

as follows: 

NV,max = nsr / (2 · Vabl)    (3) 

where nsr is the number of sparks (=4000 in this calculation) and Vabl is the ablated volume 

per spot (~0.0256 mm3/spot used for the low-alloyed steel grades [Supplement 2]). 

If the inclusion number in the steel sample is higher than the NV,max value 

(=7.8·104 mm-3), there is an increased risk of ablating several inclusions by a one spark 

during the PDA/OES measurement. As a result, the inclusion number per unit volume 

obtained by the PDA/OES method becomes significantly underestimated. Figure 3-9 

shows the rn (= NV(PDA/OES) / NV(EE)) values for different size ranges of inclusions as a 

function of the NV(EE) values. The critical NV,max value for the PDA/OES measurements is 

represented by the dashed vertical line. It can be seen that the experimental results obtained 

by using the PDA/OES and EE methods are in good agreement with the estimated critical 

NV,max value for the PDA/OES measurements. However, further studies are necessary to 

clarify the NV,max values for different steel grades. 
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Figure 3-9: Correlation between the rn values and the number of inclusions per unit volume 
obtained by using the EE method, NV(EE), for different inclusion size ranges. 
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purposes. During the continuous casting of the steel, these inclusions and clusters may 

cause nozzle clogging problems. 

The nozzle clogging phenomenon was studied by collecting liquid steel 

samples of a stainless steel grade (Fe- 18 % Cr-8 % Ni) during an Al-deoxidation process 

during a pilot plant trial. In addition, after casting of the liquid steel, the material in the 

clogged nozzle was separated to obtain a better understanding of the origin of the inclusions 

present in the deposition material. This was done by studying and comparing different 

characteristics of inclusions in clusters present in the samples of the liquid steel with the 

corresponding characteristics of inclusions observed in the clogging material. More 

specifically, inclusion characteristics such as the frequency and average size of spherical 

and non-spherical inclusions in clusters and in the clogging material were measured. It is 

currently impossible to obtain any information on clusters and on the morphology of 

inclusions by using the PDA/OES method. For this reason, the EE method was found to be 

the most appropriate method for these detailed studies. Most importantly, the EE method 

was chosen due to the ability of obtaining reliable and accurate results on different 

inclusion characteristics in comparison to the other discussed methods. 

 The results on the average sizes of spherical and non-spherical inclusions 

present in the liquid steel samples and in the clogging material are presented in Figure 3-

10. The filled points (from the left in the figure) represent the specific results on the average 

size of inclusions observed in zones A, B and C in the clogging material. These results 

show that during the time of casting, the average sizes of inclusions in clusters in the melt 

practically correspond to the average sizes of inclusions observed in the clogging material. 

This indicates that the inclusions observed in the clogging material could originate from the 

steel melt during the time of casting. 
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Figure 3-10: Comparison of the average size of spherical and non-spherical inclusions in clusters in 
the melt and clogged nozzle as a function of the holding time after an Al addition. 
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Figure 3-11: Comparison of the frequency of spherical and non-spherical inclusions in clusters in the 
melt and in the clogged nozzle as a function of the holding time after an Al addition. 

 

3.4.2 The potential of applying the PDA/OES method during production of stainless steel 

The potential of applying the PDA/OES method during the production of two 

duplex stainless steel grades (LDX2101 and SAF2507) is discussed in Supplement 4. The 

focus is on how to present and use the data related to inclusions obtained from the 

PDA/OES method on steel samples taken during the ladle refining and continuous casting 

processes. In addition, a possible correlation between PDA/OES data and information about 

the degree of slivers observed on the final product (presented as the slivers index) is 

discussed. 

The results on the inclusion composition obtained with the PDA/OES method 

can at the moment be presented in ternary diagrams. However, if several samples taken 

from the same sampling moment need to be compared, the results can be presented as 

shown in Figure 3-12. More specifically, a percentage of the total determined mass of the 

oxides (Al2O3, CaO or MgO) was calculated and presented as a single point in a ternary 

diagram. The results in Figure 3-12 represent several ladle samples (LF2) and tundish 

samples (CC1) for a) the LDX2101 and b) SAF2507 steel grades.  

0

20

40

60

80

100

0 5 10 15

F
re

qu
en

cy
 o

f i
nc

lu
si

on
s 

  (
%

)

Time after Al addition   (min)

Casting

Spherical
Non-spherical

S1-4 CN Inclusions:



45 

 

  

 

Figure 3-12: Calculated mass% of oxides and suggestions on the positions of the operating windows 
for samples LF2 and CC1 for steel grades (a) LDX2101 and (b) SAF2507. 
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materials, JK27A and ECRM298-1 in a round-robin test within the EU project RAMSCI 
[12]. The insoluble content the B-factor for Al was determined using a wet chemistry 

method, from cross-sectional studies using SEM-EDS and by using the PDA/OES method. 

A comparison between these results indicated a very good agreement with respect to the 

insoluble Al content between the different methods. In the present thesis, the B-factor for 

Al, BAl, was determined in process steel samples by using the PDA/OES method. Figure 3-

13 shows the variation of the BAl value with process time for three different heats.  

 

 

Figure 3-13: The variation of the B-factor for Al, BAl, with process time for three heats of the steel 
grade SAF2507. 
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data were studied based on information from 10 heats. More specifically, the BAl values and 

the number of inclusions with a diameter larger than 4 µm, NV (d > 4 µm), obtained by 

using the PDA/OES method on samples LF2 and CC1 were plotted against the 

corresponding slivers indices. The results are presented in Figure 3-14 together with an 

average value of the slivers index calculated in three different intervals of the BAl and NV (d 

> 4 µm) values. 

 

 

     

 

     

Figure 3-14: The B-factor for Al, BAl, and number of inclusions larger than 4 µm, NV (d > 4 µm) 
plotted against a slivers index in samples (a) and (c) LF2 and (b) and (d) CC1. 
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could be possible to predict when there is an increased risk of having slivers on the final 

rolled product at an early stage of the steelmaking process. Even though more data has to be 

collected from a statistical point-of-view, these results suggest that, if necessary, measures 

can be taken after the compositional adjustment at the ladle furnace if certain PDA/OES 

values are higher than a specific limit. 
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4. CONCLUDING DISCUSSION 

 

In the present thesis, various 2D and 3D methods have been applied to study 

the characteristics of inclusions and clusters present in different steel samples. The different 

methods described above are evaluated with the focus on the time consumption for the 

sample preparation and analysis, the analyzed volume, and on defining the possibilities and 

limitations of studying inclusion characteristics. Some comparative characteristics of the 

used methods for investigations of inclusions and clusters in steel samples are summarized 

in Table 4-1. It should be pointed out that this table presents both qualitative and some 

quantitative information, which is partly based on a general perception and experience as 

well as on specific results presented in the thesis. Also, it should be mentioned that 

information on the accuracy of estimating the morphology and the location of inclusions in 

a metal specimen are given in the table even though this is not discussed previously in the 

thesis. This is to give a more complete idea on the differences between the used methods.  

It can be seen from Table 4-1 that from a practical point-of-view, the 

PDA/OES method is preferred for a fast on-line investigation of inclusions in steel samples 

(5~10 minutes), while the other methods are more suitable as off-line methods. It should be 

pointed out that the time consumption for the BME and EE methods depends on parameters 

used during the dissolution step, the dissolved metal weight, the number of investigated 

inclusions and clusters, and the SEM investigations. The investigated surface area can be 

relatively large (about 20 mm2/spot), while the volume is moderate (about 0.025 mm3/spot) 

by using the PDA/OES method. These values are easily increased by performing several 

measurements (at least two are recommended) on the same steel sample. It is also possible 

to investigate a relatively large surface area with the CS and CSE methods (> 10 mm2), 

however, the volume is considered to be insignificant. 
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Table 4-1: Studied characteristics of used characterization methods for investigations of inclusions 
and clusters in steel samples. 

 Methods 

 
CS (2D) CSE (3D*) BME (3D) EE (3D) PDA/OES (3D) 

Characteristics On a cross 
section of a 
metal 
sample 

On a cross 
section of a 
metal 
sample after 
etching 

On a filter 
surface after 
extraction 
and filtration 

On a filter 
surface after 
extraction 
and filtration 

After OES 
analysis 

1. Time required for sample   
preparation and analysis 

Moderate 
(~2-5 h) 

Moderate 
(~2-5 h) 

Moderate 
(~3-6 h) 

Long 
(~7-14 h) 

Very short 
(~5-10 min) 

2. Reliability of results 
Amount of analyzed material: 

- surface area; 
 

- volume 

 
 

Large 
(> 10 mm2) 

Insignificant 

 
 

Large 
(> 10 mm2) 

Insignificant 

 
 

Small 
(0.1-5 mm2)  

Moderate 
(0.001-1.5   
mm3) 

 
 

Small 
(0.1-5 mm2) 

Small 
(0.001-0.01 
mm3) 

 
 

Large 
(20 mm2/spot) 

Moderate 
(0.025 
mm3/spot) 

3. Accuracy of measurements 
     

Size: 
- inclusions; 

 

- clusters 

 
Possible 
(> 1µm) 

Possible 
 

 
Possible/ 
Good 

Possible/ 
Good 

 
Good 
 

Good 

 
Very good 
 

Very good 

 
Good/Limited 
(~2.0-5.7µm)+ 

Impossible 

Number of inclusions Possible Rough Good Very good 
Limited 
(max. 7.8·104 
mm-3)+ 

Composition: 
- inclusions; 

- effect of metal matrix 

 
Possible 

High  

 
Good 

Small  

 
Good 

No  

 
Good 

No  

 
Limited 

Small  

Morphology of inclusions Possible Good Very good Very good Impossible 

Location of inclusions Very good Very good Impossible Impossible Impossible 

*Partial 3D investigation. +For investigated low-alloyed steels. 

 

Generally, a larger analyzed area and volume of steel samples contribute to a 

better reliability and a higher statistical significance of the obtained results. This can be 

considered as a challenge when using the BME and EE methods. On the other hand, these 

methods, and especially the EE method, provide more accurate results with respect to 

different inclusion and cluster characteristics such as size, number, composition and 

morphology. Moreover, it is also considered to be possible to achieve a good accuracy in 
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the determination of these inclusion characteristics by using the CS and CSE methods. 

Though, the effect of the metal matrix during composition analysis of inclusions by using 

the CS method can be high for small inclusions.  

The PDA/OES method is currently showing some limitations in the detection 

of different inclusion characteristics. Some of these limitations were estimated 

experimentally and theoretically, as presented in the thesis. More specifically, a size range 

for different types of inclusions, a minimum detectable size and a maximum number of 

inclusions present in a steel sample were estimated for which the PDA/OES method is 

considered to be reliable.  

The location of inclusions in a steel sample is impossible to estimate with the 

BME, EE and PDA/OES methods, while this information can be provided from the CS and 

CSE methods. For this reason, the CS and CSE methods are recommended to be used in the 

study of e.g. the homogeneity of the inclusion and cluster distribution in a steel sample. 

The morphology of inclusions is best evaluated by using the EE and the BME 

methods compared to the other studied methods. This is due to the dissolution of the steel 

around the inclusions, which eventually exposes the inclusion surface. A similar procedure 

is applied with the CSE method except for that some inclusions are partially exposed for 

observation and partially still fixed in the steel matrix. It is currently impossible to obtain 

any information on the inclusion morphology by using the PDA/OES method. This is 

simply because the method does not include a visual evaluation of the inclusions. However, 

the morphology can be estimated through the knowledge on that the morphology can 

depend on the different types of inclusions, on at what stage of the steelmaking process the 

sample is taken, liquid steel temperature, etc. 

According to the obtained results, it is believed that EE method compared to 

the other studied methods gives the most realistic and accurate view of the inclusion and 

cluster characteristics (such as the size, number, PSD, composition and morphology) in 

steel samples. This was one of the main reasons why this method was applied for the study 

of the correlations between the size and morphology of inclusions in liquid steel samples 

and in the clogging material. As a recommendation, this method is an excellent off-line 

method to use for detailed and accurate studies on inclusions and clusters. In addition, it 

can be recommended for future comparative studies on other inclusion characteristics and 

steel grades for further improvement of the PDA/OES method. 
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Even though there are limitations with the PDA/OES method with respect to 

some inclusion characteristics, as presented above, the results in the present thesis have 

proved that comparative studies can be successfully performed to define specific intervals 

or limits in which reliable results can be obtained by using the PDA/OES method. This is 

very important and promising for the continuation of the development and towards the 

application of the PDA/OES method on-line during the production of steel. 
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5. CONCLUSIONS 

 
The results of the present thesis were based on the evaluation of inclusions 

and clusters present in liquid steel samples collected during laboratory trials, a pilot plant 

trial and industrial trials. Qualitative and quantitative comparisons of different methods 

were combined to study inclusion and cluster characteristics (such as size, number, PSD 

and composition) to present possibilities and limitations with the used methods. In addition, 

the PDA/OES method was evaluated by estimating the theoretical minimum detectable size 

and maximum possible number of inclusions present in the steel samples. Thereafter, a 

possible correlation of inclusions in the liquid steel samples and in the clogging material 

was discussed. Finally, a possible application of the PDA/OES method towards on-line 

determinations of some inclusion characteristics during production of stainless steels was 

evaluated. Based on this work, the main conclusions can be summarized as follows: 

(1) In the investigation of the dissolution rate and dissolved depth during extraction of 

inclusions and clusters from metal specimens, the halogen-alcohols showed a higher 

dissolution rate (0.001-0.015 g/min) compared to that of electrolytic extraction 

solutions (0.0004-0.001 g/min). Even though a larger volume is possible to analyze 

and the investigation time is faster with the former solutions, the results are more 

scattered. Therefore, the EE method is recommended for a more stable dissolution. 

Only the PDA/OES method is possible to use on-line due to very short investigation 

times (~5-10 minutes). 

(2) In the study of the determination of inclusion and cluster sizes by using different 

methods, it was found that the CS (2D) and the CSE (3D*) methods can primarily be 

recommended for fast estimation of the largest cluster size in steel samples. These 

results and the type of inclusions present in the steel sample have to be considered to 
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select proper experimental parameters for following electrolytic extractions. In the 

comparative study between the EE and PDA/OES method with respect to the size of 

inclusions, a good agreement was found only when inclusions with a size > 2 µm 

were considered. When all detected inclusions were considered, the PDA/OES 

method overestimated the size due to the inability of detecting small inclusions.    

(3) In the determination of the number and PSD of inclusions in steel samples by using 

different methods, the EE (3D) method is again considered to be more accurate for a 

realistic determination (including small size inclusions) and clusters in comparison to 

the CS (2D) method. The BME (3D) method can also be considered to be accurate if 

the inclusions are not dissolved when kept in the BrM.  

(4) In the comparative study between the EE and PDA/OES method with respect to the 

determination of the number per unit volume of inclusions, a good agreement was 

found only when inclusions with a size > 2 µm were considered. When all detected 

inclusions were considered in the comparison, the PDA/OES underestimated the 

number of inclusions drastically. In the comparison of the number of inclusions per 

unit volume in specific size ranges between the PDA/OES and EE methods, the best 

agreement was observed in the size range 2.0-5.7 µm for samples taken before a Ca 

addition and in the size range 1.4-5.7 µm for samples taken after a Ca addition. 

(5) The effect of the metal matrix (Fe+Ni contents) on the chemical analysis of inclusions 

was presented when the used methods were evaluated regarding the determination of 

the composition of inclusions. The EE method showed the best results including for 

small inclusions (< 2 µm) in comparison to the CS and the CSE methods. 

(6) A ratio between Al intensities obtained by a spark ablation of metal with and without 

an Al2O3 particle, k(Al) (= I(Me+P) / I(Me) ~1.44), was experimentally estimated for the 

PDA/OES measurements of the inclusion characteristics in the two low-alloyed steel 

grades. This k(Al) value can be used for an estimation of the minimum size of 

inclusions, which can reliably be detected in steel samples for different 

concentrations of Al in steel and Al2O3 in the inclusions. 

(7) The maximum possible (or critical) number of inclusions, which can be detected by 

the PDA/OES method without ablation of two or more inclusions per spark, was 

estimated in this study. The experimental results obtained by using the PDA/OES and 

EE methods are in good agreement with the estimated critical NV,max value for the 
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PDA/OES measurements. However, further studies are necessary to clarify the NV,max 

values for different steel grades. 

(8) By using the EE method, the change in the average size and frequency of spherical 

and non-spherical inclusions is observed in liquid steel samples during a 1-12 min 

holding time. The average size of spherical and non-spherical inclusions increases 

during this time from 1.0 to 3.2 µm and 1.9 to 5.2 µm, respectively. As the frequency 

of spherical inclusions decreases from 68 to 9%, the frequency of non-spherical 

inclusions increases from 32 to 91% during the holding time. This indicates that a 

transformation of the morphology of inclusions in the investigated clusters from a 

spherical into a non-spherical shape takes place during the holding time. 

(9) By using electrolytic etching, the inclusions in the clogging material are exposed for 

an evaluation using the SEM. The average sizes of spherical and non-spherical 

inclusions in different zones of the clogged nozzle practically correspond to those in 

the melt during the casting period. However, the frequency of the spherical inclusions 

in the clogged nozzle is significantly (2 times) higher than that observed in the melt. 

(10) In the study of the potential of applying the PDA/OES method on two stainless steel 

grades, an idea of identifying an operating window which could be used for process 

control was suggested. The inclusion compositions were in this way presented in a 

more simplified way, i.e. as a single value in the ternary diagram representing the 

percentage of the total mass of each oxide. 

(11) By using the B-factor of Al2O3 obtained by the PDA/OES method, the change of the 

inclusion situation with process time can be evaluated in the two studied stainless 

steel grades. A similar tendency of the change in the B-factor of Al2O3 with process 

time was observed for most heats, which confirms the reliability of using this value 

for metallurgical evaluations. 

(12) It was found that the B-factor for Al and the number of inclusions larger than 4 µm 

obtained using the PDA/OES method in the two stainless steel grades show a 

moderately good correlation with the slivers index. More specifically, the risk of 

having slivers increases with an increased value of these parameters. This strengthens 

the possible use of the PDA/OES method early in the process, to predict an eventual 

risk of having slivers in the final rolled product. 
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6. FUTURE WORK 

 

In the suggestions for future work presented below, the main focus is on how 

to improve and optimize the PDA/OES method. Moreover, ideas on how to use the 

PDA/OES method on-line during production in order to improve factors such as cost, 

efficiency and quality of steels are also given:  

• Continue to define specific limits or ranges in which the PDA/OES method is 

considered to be reliable for inclusion characteristics such as inclusion composition 

and size for different types of inclusions and steel grades. Usually, inclusions in the 

steel melt consist of several compounds which make the reliable determination 

more difficult due to statistical limitations. An analytical model for interpolation 

(e.g. statistics of extreme values for the prediction of large inclusions) or an 

adequate interpretation of the obtained data could be developed. 

• Since the information provided by the PDA/OES method is not considered to be 

absolute, an operating window should be defined for different steel grades as well as 

for various process steps during secondary steelmaking after collecting and 

processing a considerable amount of samples. This is in order to define a normal 

state regarding the inclusion situation during the processes through which possible 

deviations can easily be detected. 

• Study the possibilities of predicting clogging problems as early as possible during 

the secondary steelmaking, e.g. during ladle treatment, in order to be able to take 

proper measures if necessary. Initially, correlations between PDA/OES data and 

information on e.g. stopper rod or sliding gate position could be investigated. 

• Couple the on-line information to the existing process control systems as well as to 

the existing theories on growth and separation of inclusions in stirred ladles. More 



58 

 

specifically, the obtained data can be used to set proper stirring times and conditions 

depending on the inclusion situation in the ladle during ladle treatment.  

• A common procedure after casting is to cut off the first part of the cast steel and 

discard it due to the high requirements on steel cleanliness set by the customer. As a 

consequence, there is a risk of discarding steel which fulfill these requirements since 

this length is predetermined. Here, the PDA/OES method can be applied on process 

samples collected from the tundish to give information on when the inclusion 

situation is enough stable after the casting start. With this information, a more 

precise cutting position can easily be estimated.   
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