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ABSTRACT 
 
During the steelmaking process samples are taken from the liquid steel, mainly to assess the 

chemical composition of the steel. Recently, methods for rapid determination of inclusion 

characteristics (size and composition) have progressed to the level where they can be 

implemented in process control. Inclusions in steel can have either good or detrimental effects 

depending on their characteristics (size, number, composition and morphology). Thereby, by 

determination of the inclusion characteristics during the steelmaking process it is possible to 

steer the inclusion characteristics in order to increase the quality of the steel. However, in 

order to successfully implement these methods it is critical that the samples taken from the 

liquid steel represent the inclusion characteristics in the liquid steel at the sampling moment.  
 

The purpose of this study is to investigate the changes in inclusion characteristics during the 

liquid steel sampling process. Experimental studies were carried out at steel plants to measure 

filling velocity and solidification rate in real industrial samples. The sampling conditions for 

three sample geometries and two slag protection types were determined. Furthermore, the 

dispersion of the total oxygen content in the samples was evaluated as a function of sample 

geometry and type of slag protection. In addition, the effects of cooling rate as well as oxygen 

and sulfur content on the inclusion characteristics were investigated in laboratory and 

industrial samples. Possibilities to separate primary (existing in the liquid steel at sampling 

moment) and secondary (formed during cooling and solidification) inclusions depending on 

size and composition were investigated. Finally, in order to evaluate the homogeneity and 

representative of the industrial samples the dispersion of inclusion characteristics in different 

zones and layers of the samples were investigated.  
 

It was concluded that the type of slag protection has a significant effect on the filling velocity 

and the sampling repeatability. Furthermore, that the thickness of the samples is the main 

controlling factor for the solidification rate. It was shown that top slag can contaminate the 

samples. Therefore, the choice of slag protection type is critical to obtain representative 

samples. It was shown that the cooling rate has a significant effect on the number of 

secondary precipitated inclusions. However, the number of primary inclusions was almost 

constant and independent on the cooling rate. In most cases it is possible to roughly separate 

the secondary and primary oxide inclusions based on the particle size distributions. However, 

in high-sulfur steels a significant amount of sulfides precipitate heterogeneously during 

cooling and solidification. This makes separation of secondary and primary inclusions very 

difficult. Moreover, the secondary sulfides which precipitate heterogeneously significantly 

change the characteristics (size, composition and morphology) of primary inclusions. The 

study revealed that both secondary and primary inclusions are heterogeneously dispersed in 

the industrial samples. In general, the middle zone of the surface layer is recommended for 

investigation of primary inclusions.  

 

Keywords: liquid steel sampling, inclusion characteristics, sampling conditions, sample 

homogeneity. 
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1 INTRODUCTION 

In the last decades the steel industry has experienced a markedly increase in production 

efficiency and steel quality. A vast range of tools are nowadays available for process control, 

with increased possibilities to reach optimum parameters for casting, as well as obtaining 

tailored material properties for each specific application. Specifically, temperature, chemical 

composition and inclusion characteristics (size, number, composition and morphology) are the 

main parameters controlled during the steelmaking process.  

Commonly used tools are online and continuous measurements of temperature, as well as 

online determinations of oxygen activity and hydrogen content directly in the melt. The 

chemical composition is usually determined from samples taken from the liquid steel at the 

different steps in the steelmaking process. Therefore, a range of different techniques for 

sampling during the steelmaking process have been developed, from handheld metal scoops to 

the nowadays commonly used, disposable samplers. Disposable samplers basically consist of 

a paper sleeve in which a mold with an inlet is attached. During sampling the sampler is 

dipped into the liquid steel, which flows into the metal mold as a result of the ferrostatic 

pressure. The sampler is withdrawn from the steel melt and thereafter the solidified metal 

sample can be easily removed and sent for analysis of the chemical composition. In order to 

obtain a sample of high quality there are several aspects to consider. First, it should be easy to 

obtain a filled sample. In each produced heat, several samples are taken to control the process. 

Therefore, each unfilled sample can result in an additional, costly, process time. Considering 

the vast number of heats produced per year, the number of consumed samplers is significant. 

Second, the sample has to be homogenous with respect to the chemical composition. This is 

especially critical for high-quality steels where the interval of the target composition can be 

narrow. In addition, for high-alloyed steels a correct chemical analysis can decrease excessive 

use of costly alloy additions. For this aspect, researchers have estimated the contributed error 

of each variance to the total analysis error. It was shown that the contribution of the sampling 

technique error is significant regarding the chemical composition.[1-3] Third, it is critical that 

the sample gives a correct image of the inclusion characteristics present in the liquid steel at 

the sampling moment. The inclusion characteristics in samples taken during the steelmaking 

process are used to study the effect of treatment parameters (time, stirring, temperature, alloy 

additions, deoxidation method, etc.) on the quality of the liquid steel. Without representative 

samples the error in the analysis can increase significantly. 

With common methods for inclusion assessment the response time is too long in order to 

receive feedback during the liquid stage process.[4] When the analysis result is received, the 

heat is already cast. In this case, the obtained results can only be used for offline corrections 

of process parameters. Therefore, methods for rapid (within minutes) determination of 

inclusion characteristics in steel samples have been under development during the last 

decade.[5-12] Furthermore, in the last couple of years, some steel plants have begun to 

implement them into the process control systems.[11,12] These methods can make it possible 
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to control the steelmaking process online with respect to the inclusion characteristics. This is 

very important since it enables control of steel cleanliness, inclusion modification, clogging, 

etc. These are very important factors for the productivity and the final properties of the steel. 

Therefore, it is critical that the samples taken from the liquid steel represent the real 

characteristics (size, number and composition) of the inclusions which are present in the 

liquid steel at the sampling moment. Considering that only a small fraction of a 200 g sample 

taken from a heat weighing 200 t is analyzed, the importance of a homogeneous sample is 

realized. It should be noted that another very important factor is the sampling location. This, 

since it has been previously shown that inclusion-forming elements are not necessarily evenly 

distributed in the liquid steel in the ladle.[13] 

During immersion, filling, cooling and solidification of the liquid steel sample, several factors 

can affect the inclusion characteristics. First, on its way down into the liquid steel, the sampler 

passes through a slag layer. At this moment it is critical that slag is not allowed to enter and 

pollute the sample. Second, when the liquid steel (and inclusions) flows into the sample mold, 

the sample geometry and filling velocity can affect the fluid flow, which can affect the 

inclusion dispersion and collision.[14] Third, during cooling and solidification of the liquid 

steel sample, the decreased solubility of inclusion-forming elements (e.g. S, N and O) can 

lead to precipitation of sulfides, nitrides and oxides.[15-18] These can significantly change 

the characteristics of the existing inclusions in the steel sample. 

Therefore, increased understanding of the changes in inclusion characteristics which can 

occur during sampling of the liquid steel and the effect of different sampling conditions are 

key points for this study. In general, numerous studies have been published on changes in 

inclusion characteristics due to casting, treatment time, slag composition, etc.[19-22] 

However, few studies have focused on the representativity of the samples taken from liquid 

steel. It should be mentioned that even though it has not been the main objective of the 

studies, researchers [8,23,24] have observed that primary inclusions can be heterogeneously 

dispersed in the obtained steel samples. However, little quantifiable data about the inclusion 

dispersion in industrial samples exist in the open literature. In addition, numerical data for 

sampling conditions such as filling velocity, solidification rate and cooling rate for industrial 

samples have not been found.  

In this study, the different types of inclusions are defined as follows. Primary inclusions are 

endogenous inclusions which are present in the liquid steel at the sampling moment. 

Secondary inclusions are endogenous inclusions precipitated during cooling and solidification 

of the liquid steel sample. Finally, exogenous inclusions are inclusions which originate from 

external impurities, e.g. top slag, refractory material or reoxidation products. 

The purpose of this study is to present experimentally measured values (filling velocity and 

solidification rate) for different techniques and sampling conditions in different types of 

laboratory and industrial samples. In addition, the changes in inclusion characteristics during 

sampling of liquid steel are studied. Finally, the dispersion of secondary and primary 

inclusions in industrial samples is evaluated to determine which zones that represent the 

characteristics of inclusions present in the liquid steel at the sampling moment. 
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It should be mentioned that the experimental results obtained in this study are used by Zhang 

et al. [25-27] in our research group to develop a mathematical model to explain the filling and 

solidification of liquid steel in industrial samples. The combination of experimental and 

modeling studies can improve the understanding of the liquid steel sampling process. This, in 

turn, could lead to increased possibilities to design samplers for specific purposes.  

The supplements in this thesis follow the liquid steel sampling procedure, as illustrated in 

Figure 1-1. 

 
Figure 1-1. Overview of supplement objectives schematically shown in a timeline of the 

 liquid steel sampling process. 

 

In Supplement I sampling parameters (filling velocity and solidification rate) in commonly 

used types of disposable industrial samplers and sampling systems are measured. The 

following sample types are investigated: i) Björneborg with a 14 mm thickness, ii) Lollipop 

with a 6 mm thickness and iii) Lollipop with a 12 mm thickness. Furthermore, two types of 

slag protection were studied: argon-protection and metal-cap-protection.  

In Supplement II the effect of the type of slag protection on the oxygen content in the 

industrial steel samples is evaluated. The total oxygen content values give an indication of the 

general oxide inclusion cleanliness of the samples, which can be used to detect possible 

contamination from external oxygen sources, i.e. air and top slag. The total oxygen content 

distribution in industrial samples is investigated in different zones of various industrial 

samples as a function of the type of slag protection used during sampling. 

Possibilities to separate the non-metallic inclusion population into primary and secondary 

inclusions, depending on sampling conditions, are studied in Supplement III. The changes in 

number, size and composition of primary inclusions due to precipitation of secondary 

inclusions during cooling and solidification of liquid steel samples are investigated. 

Laboratory scale samples as well as industrial samples with varying oxygen and sulfur levels 

are studied. 



4 

 

Finally, in order to determine the most homogenous and representative zones for investigation 

of inclusion characteristics in industrial samples, the dispersion of secondary and primary 

inclusions in different zones and layers of Lollipop samples taken from liquid steel is 

determined in Supplement IV.  
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2 EXPERIMENTAL WORK 

In this study laboratory scale and industrial samples were used to assess how the different 

sampling conditions affect the inclusion characteristics. Typical composition of investigated 

steel grades and alloys are listed in Table 2-1. The geometric shapes of the samples are 

illustrated in Table 2-2. 

Table 2-1. Typical content of main elements in sampled steel grades from laboratory and 

industrial experiments. 

Steel  Content of element (mass %) 

grade C Si Mn Cr Ni Al S T.O T.N 

Fe-10%Ni (1) 0.005- 

-0.006 

   9.80- 

-9.90 

0.006- 

-0.033 

 0.0034- 

-0.0058 

0.0033- 

-0.0043 

S32304 (2) 0.02   23.0 4.8   0.0025- 

0.0030 

0.1 

304L (3) 0.02   18.2 10.1     

316L (1) 0.02 0.55 1.4 17.0 10.0 < 0.005 <0.003 0.0030 < 0.05 

28MCB5 (1) 0.25- 

-0.30 

0.15- 

-0.35 

1.10- 

-1.30 

0.20- 

-0.50 

 0.002- 

-0.005 

<0.030   

SAE 1146 (1) 0.42- 

-0.49 

≤0.2 0.7- 

-1.0 

   0.08- 

-0.13 

  

17CrMo4 (1) 0.18 0.16 0.76 1.25 0.25 0.02 0.030 0.002 0.01 
(1) Investigation of inclusion characteristics  
(2) Analysis of total oxygen content  
(3) Measurement of solidification rate 

 

Table 2-2. Geometric shape of laboratory and industrial samples. 
Sample QT 

quartz tube 
LP 

Lollipop 
BB 

Björneborg 
LSHR IC, IQ 

ingot 

Thickness (mm) Ø6 6 and 12 14 14 Ø~40 
Experiment Laboratory Industrial Industrial Industrial Laboratory 
Steel grade Fe-10%Ni 304L, 

316L, 
S32304, 

28MCB5, 
SAE 1146 

304L, 
S32304 

17CrMo4 Fe-10%Ni 

 
Geometric 
shape 

 

 
 

 

 

 

 

 

 

 

Sample weight (g) 10-20 40 and 80 160 ~360 90-110 
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2.1 Sampling procedure of liquid steel  
Two different types of slag protection approaches were used to prevent the top slag from 

entering the sampler during sampling of the liquid steel: argon-protection and metal-cap-

protection. The different types of slag protection and samplers are schematically shown in 

Figure 2-1.  In this study most of the samplers were constructed as follows: a metal mold 

with a quartz tube inlet in a sand core. The assembled core was placed into a paper sleeve. 

Thereafter, a fibrous tube was attached onto the bottom-end part of the paper sleeve in order 

to decrease vibrations and metal splash during sampling. 

 
 

Figure 2-1. Schematic illustration of metal-cap-protected (a, c) and argon-protected (b, d) 

 Lollipop (LP-6 and LP-12) and Björneborg (BB) samplers.  

 

Most of the samples were taken with an automatic argon-protected sampling system during 

the ladle treatment. This sampling system makes it possible to collect samples under constant 

sampling conditions by control of argon gas pressure, dipping depth, dipping time and suction 

rate during sampling. The same sampling system was used with metal-cap-protected samples. 

In this case the argon supply from the sampling lance was disconnected, while the rest of the 

settings were kept the same. A sketch of the sampling system and the sampling location is 

shown in Figure 2-2.  
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Figure 2-2.  Sketch of liquid steel sampling setup for ladle treatment. 

 

In this study, the sampling procedure was as follows: first the argon flow (argon pressure 2~3 

bar) was started and air was flushed from the sampling lance. Then, the sampling lance moved 

down into the liquid steel with a constant velocity of ~0.5 m/s and stopped shortly after it had 

reached the desired dipping depth (0.30~0.45 m). After it stopped the argon flow was turned 

off and the gas was evacuated (suction pressure ~0.5 bar) from the sampling lance. When the 

dipping time (~3 s) was reached, the sampling lance was raised, and returned to the initial 

position.  

In some cases the samples were taken from the tundish with a semi-automatic hand held 

system for argon-protected sampling. This sampling system uses the same control system as 

the automatic sampling system (control of argon gas pressure, dipping time, dipping depth 

and suction rate).   
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2.2 Measurement of filling velocity and solidification rate in 

industrial steel samples 
In order to measure the filling velocity and the solidification rate during industrial sampling, 

type B thermocouples (Pt-6%Rh/Pt-30%Rh) were mounted into disposable samplers of 

following geometries: Björneborg (BB) with a 14 mm thickness, Lollipop with a 6 mm 

thickness (LP-6) and Lollipop with a 12 mm thickness (LP-12). Schematic locations of the 

thermocouples are shown in Figure 2-3.  

 
 

Figure 2-3.  Sketch of thermocouple locations in the molds. 

 

Two thermocouples were used in each mold for the filling velocity measurements 

(Björneborg and LP-12), and one thermocouple for measurement of the solidification rate 

(Björneborg, LP-6 and LP-12). Most of the Lollipop samplers contained one LP-6 and one 

LP-12 mold for simultaneous measurement of the two geometries. After modifying the 

samplers with thermocouples, they were finalized according to the standard manufacturing 

procedure at the Rescon Electro-Nite site. 

At the steel plant, a standard sampling lance for argon-protected sampling was modified to 

transfer the thermocouple signal from the modified samplers to the measuring instrument. 

Before each measurement of solidification rate in the samples, the temperature of the liquid 

steel in the ladle was measured with a standard temperature probe.  
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2.3 Laboratory scale experiments 
Laboratory scale samples were used to investigate the effect of cooling rate on the inclusion 

characteristics. The experimental procedure of the laboratory scale experiments is illustrated 

in Figure 2-4.  

 
 

Figure 2-4. Schematic illustration of melting, deoxidation and sampling during lab scale 

experiments. QT – sampling by quartz tube, IQ – water quenched ingot sample, 

IC – ingot sample cooled in furnace till 1200oC. 

 

A high grade alumina crucible with 160 g of Fe-10% Ni (here and hereafter in mass %) 

charge was placed in an induction furnace. This was equipped with a graphite susceptor, 

which was used to avoid induction stirring of the melt. The charge was melted in an argon 

atmosphere and held for 20 minutes at 1600 °C for homogenization of the melt composition. 

Thereafter, 0.02% or 0.06% of Al (as Fe-16% Al alloy) was added for deoxidation and then 

stirred mechanically with an Al2O3 rod for 10 seconds. During the experiments, the metal 

samples QT-1 and QT-2 were taken from the melt after 1 and 5 minutes, respectively. This 

was done using a quartz tube which was quenched in water directly after sampling. The melt 

which remained in the crucible was quenched in water from 1600 oC (IQ ingot sample), or 

cooled in the furnace till 1200 oC with a cooling rate of approximately 0.8 °C/s (IC ingot 

sample) and thereafter quenched in water. 

0.02 or 0.06% Al 

1600 
o
C 

QT-1 QT-2 

1 min 5 min 10 min 

IQ IC 

1200 
o
C 

0.8 
o
C/s 

Fe-10%Ni 
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2.4 Analysis of total oxygen content in different industrial samples 
Analysis of the total oxygen content in the different zones of the metal sample provides a 

rough estimation of the dispersion of oxide inclusions. The body, pin and inlet parts of the 

industrial metal samples from three heats of the S32304 steel grade were cut into small 

specimens (0.5~1 g). The analyzed zones of the body, pin and inlet in the different samples 

are shown in Figure 2-5. The specimens were prepared by filing, cleaning in alcohol in an 

ultrasonic bath and drying. Directly after preparation they were analyzed by the melt 

extraction method using a Leco TC600 instrument.  

 
 

Figure 2-5. Schematic illustration of the different zones (white squares) for 

 determination of the total oxygen content in the metal samples. 

 



11 

 

2.5 3-D investigation of inclusions by extraction method 
The electrolytic extraction method (hereafter named as the “EE method”) was used for three-

dimensional analysis of inclusions on film filters. The sample specimens (12×8~10×3~5 mm) 

were ground, cleaned and thereafter dissolved using electrolytic extraction with a 10% AA 

electrolyte (1 w/v% tetramethylammonium chloride - 10 v/v% acetyl acetone - methanol). 

After extraction, the solution, with undissolved inclusions, was filtrated through 

polycarbonate (PC) film filters with an open pore size of 0.05 and 1 µm. 

The characteristics (such as particle size distribution, composition and morphology) of 

inclusions on surface of film filters were investigated in three-dimensions with a scanning 

electron microscope (SEM). The composition of typical inclusions was determined with 

energy dispersive spectroscopy (EDS). The area and equivalent circle diameter (dV) of each 

inclusion on obtained photographs were determined with image analysis software. The 

number of inclusions per unit volume (NV) was calculated as follows: 

 
dis

m

EEobs

f
V

WA

A
nN

ρ

−

=      (2-1) 

where n is the number of inclusions in the appropriate size interval, Af is the area of film filter 

with inclusions (~1245 mm2), Aobs-EE is the total observed area of the film filter (mm2), ρm is 

the density of the metal (in this study the density of pure Fe (0.0078 g/mm3) was used) and 

Wdis is the weight of the metal dissolved during extraction (g). The values of Aobs-EE for the 

laboratory and industrial samples were 0.01-0.11 and 0.01-0.23 mm2, respectively. The total 

number of analyzed inclusions for each sample varied in the range of 300-8500 and 220-870 

for laboratory and industrial samples, respectively. Magnifications of 1000 to 5000 times 

were used for all samples during the SEM investigations. 

2.6 2-D investigation of inclusions by cross-section method 
The cross-sectional method (hereafter named as the “CS method”) was used for two-

dimensional investigation of inclusions on cross-sections of metal samples. The steel samples 

were ground and polished. Thereafter, a SEM equipped with software for automatic imaging 

and EDS analysis was used to automatically measure the size and composition of each object 

in the observed area. The equivalent circle diameter (dA) was calculated from the area 

measurements obtained from the software. Thereafter, the number of inclusions per unit area 

(NA) was calculated as follows: 

CSobs

A

−

=
A

n
N      (2-2) 

where n is the number of inclusions in the appropriate size interval and Aobs-CS is the total area 

observed on the sample cross-section by SEM (mm2). Aobs-CS varied in the range of 0.5~75 

mm2 depending on zone and magnification. Magnifications of 150 to 1000 times were used 

during all SEM investigations. 
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2.7 Investigation of inclusion dispersion in industrial samples 
In order to determine the dispersion of inclusions in different zones and layers of the LP-6 and 

LP-12 samples taken from 316L liquid steel, the EE and CS methods were used. The different 

zones (top, middle and bottom) in the samples analyzed by extraction and cross-section 

methods are shown in Figure 2-6.  

 

 

 

Figure 2-6.  Schematic illustration of zones for determination of inclusion 

 characteristics in LP-6 and LP-12 samples from heats A, B and C, determined 

 by EE (heat A) and CS (heats B and C) methods.  

 

The sample mold is filled by the molten steel through the inlet located at the bottom end of 

the samplers. For the extraction method, metal specimens were cut from the marked positions 

in the steel samples from heat A. For cross-section method, the appropriate marked zones of 

the steel samples from heats B and C were polished and investigated in 2-D. Samples from 

heat A and C were analyzed in “surface” (0.1~0.3 mm under original sample surface) and 

“center” (~3 mm for LP-6 and ~6 mm for LP-12 under original sample surface) layers, which 

were parallel to the original surface of the steel samples. The sample from heat B was only 

analyzed in the “surface” layer.  
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3 RESULTS AND DISCUSSION 

3.1 Filling velocity and solidification rate in industrial samples 
The filling velocity and solidification rate was measured in industrial samples taken from the 

liquid steel during ladle treatment. Three different geometries were used (Björneborg, LP-6 

and LP-12) and two different slag protection types: argon-protection (AP) and metal-cap-

protection (MCP).  

3.1.1 Filling velocities in the sampler body 

The filling velocity was experimentally determined for two sample geometries: the 

Björneborg sampler (14 mm thickness) and the LP-12 sampler (12 mm thickness). In addition, 

the filling velocity was determined for both metal-cap-protected and argon-protected 

samplers. The thermocouples were placed as shown in Figure 2-3. Figure 3-1 shows a typical 

time-temperature profile during sampling of liquid steel by a LP-12 sampler with argon-

protection. The data from the lower and the upper thermocouples are plotted in the same 

diagram.  
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Figure 3-1.  Typical time-temperature profile measured in argon-protected 12 mm thick 

 Lollipop sample. TC=Thermocouple, ∆t=time between thermocouple response. 
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By using the thermocouple data, the experimental filling velocity, expv , is determined as 

follows: 

∆t

∆TC
exp =v       (3-1) 

where ∆TC is the distance between the two thermocouples in the sample mold (m) (Figure 2-

3) and ∆t is the time difference between the response of the lower and upper thermocouple (s) 

(Figure 3-1). The ∆t values were obtained at a temperature of 250 °C, which is the 

temperature at which type B thermocouples start to give accurate results. 

In Figure 3-2 the velocity data is plotted for the body part of the Björneborg and the LP-12 

samplers. The filled marker represents the mean velocity for each type and the error bars 

shows the standard deviation. Specifically, the results show that the filling velocity in the 

body part of the Björneborg sampler varies between 0.24 m/s and 6.00 m/s for a MCP sampler 

and between 0.11 m/s to 0.26 m/s for an AP sampler. The corresponding data for the LP-12 

sampler is 0.08 m/s to 4.40 m/s for a MCP sampler and 0.16 m/s to 0.35 m/s for an AP 

sampler. 

0

2

4

6

BB 
MCP

BB
AP

LP-12 
MCP

LP-12 
AP

F
il

li
n
g
 v

el
o
ci

ty
 i

n
 b

o
d

y
  
 (

m
/s

)

Sample:
Slag protection:

 

Figure 3-2.  Filling velocity in the body part depending on sample geometry and type of slag 

 protection. (MCP=metal-cap-protected, AP=argon-protected, BB=Björneborg, 

 LP-12=12 mm thick Lollipop).  
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Based on the results it can be concluded that the difference in filling velocity between the 

sample geometries is relatively small. However, the type of slag protection has a significant 

effect on the filling velocity. Specifically, the filling velocities in the body part are 0.19±0.09 

m/s using argon-protected-samplers and 1.77±2.08 m/s using metal-cap-protected samplers. 

The higher filling velocity in the MCP samplers may be due to a cascade effect caused by an 

unsteady filling. The filling velocity in the sampler during sampling is further discussed in 

Supplement 1. 

3.1.2 Effect of filling velocity on sample quality 

Figure 3-3 shows the filling time depending on the filling velocity for the argon-protected 

and metal-cap-protected LP-12 samplers. Markers show the average values and error bars 

show the minimum and maximum values.  
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Figure 3-3.  Calculated filling time for argon-protected (AP) and metal-cap-protected (MCP) 

 LP-12 samplers. 

 

It can be seen that as a consequence of the dispersed filling velocities using metal-cap-

protected samplers, the variation in filling time is significant. Therefore, argon-protected 

samplers are preferred since the AP sampling is more stable and the dipping time can be 

estimated more accurately. However, if the filling velocity is lower than a critical value, vcrit, 

this can cause the liquid steel to freeze in the sampler inlet during filling, which can result in 

an unfilled sample. It should be noted that an increased filling velocity increases the risk for 

inclusion collision and growth, which can change the characteristics of inclusions present in 
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the liquid steel at the sampling moment.[14] Further discussion on this subject is found in 

Supplement 1.   

Another important factor of the sample quality is the sample weight. In case the samples are 

not entirely filled it means that pores and holes are present which can disturb the analysis of 

the chemical composition by spectroscopy methods. In addition, it can affect the total oxygen 

analysis due to presence of air in the pores and holes. Therefore, after removing the inlet of 

the samples (as they vary slightly in length) they were weighed. The obtained sample weights 

are shown in Figure 3-4 as a cumulative probability plot.  
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Figure 3-4.  Cumulative probability of maximum sample weight obtained with argon-

 protected (filled markers) and metal-cap-protected (unfilled markers) Lollipop 

 and Björneborg samplers.  

 

It can be seen that the sample weights of the argon-protected samples are stable, while around 

30 % of the metal-cap-protected LP-12 and Björneborg samples weigh considerable less. 

These samples were cut and after examination large holes were found. Thus, these samples 

can be unsuitable for chemical analysis and especially for oxygen analysis. Considering that 

these samples were taken with an automatic sampling system it becomes apparent that it is 

even more difficult to obtain filled samples with a manual sampling system.  
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3.1.3 Solidification rate in industrial samples 

The solidification rates in industrial samples (Björneborg, LP-6 and LP-12) were measured to 

investigate the effect on changes in inclusion characteristics during sampling. In addition, the 

data were used for mathematical modeling.[25] In this study, the solidification rate is defined 

as the average rate of decrease in temperature from the measured temperature in the ladle at 

the sampling moment, Tmelt, to the calculated solidus temperature, Tsol, of the given steel 

grade. Thus, it takes into account both cooling of liquid phase, from Tmelt to Tliq, and 

solidification of the metal sample, from Tliq to Tsol. The positions of the thermocouples for 

measurement of the temperature profile in the sample during sampling are shown in Figure 2-

3. Figure 3-5 shows a typical temperature profile obtained by sampling of a 304L steel grade 

with the Björneborg sampler. 
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Figure 3-5.  Illustration of measurement of solidification rate for Björneborg sample. 

 

It can be seen that from the initial thermocouple response (at ~4 s) it takes about 4 s until the 

temperature has reached the solidus temperature (end of solidification). It should be noted that 

the measured temperature did not reach the Tmelt value. Instead, temperatures close to the 

liquidus temperature (start of solidification) was obtained. This may be explained by a slow 

response of the thermocouples or fast cooling of the melt by the sampler mold. A similar 

tendency was found in LP-6 and the LP-12 samples. 
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Based on the temperature profiles, the solidus and the liquidus temperature, the solidification 

rate, r, was estimated according to equation (3-2). The parameters are schematically illustrated 

in Figure 3-6. 
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==      (3-2) 

where tA is the time when the thermocouple reaches a temperature of 250 °C (point A in 

Figure 3-6) and tB is the time when the temperature of the sample measured by the 

thermocouple reaches the solidus temperature at the final moment of solidification (point B in 

Figure 3-6).  
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Figure 3-6. Illustration of the parameters used for calculation of the solidification rate. 

 

In the investigated samplers the sample thickness had the largest influence on the 

solidification rate. This is an important aspect to consider when choosing sample geometry as 

this can affect the inclusion characteristics in the solidified sample. Specifically, the 

solidification rate in the different samples taken from 304L steel grade was as follows: i) 

Björneborg sample: 22~35 °C/s with a solidification time of 2.7~4.4 s, ii) LP-12 sample: 

21~23 °C/s with a solidification time of 4.1~4.7 s and iii) LP-6 sample: 78~117 °C/s with a 

solidification time of 0.9~1.3 s.  
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3.2 Homogeneity of total oxygen content in industrial samples 

The total oxygen content in different zones of the AP and MCP Björneborg, LP-6 and LP-12 

samples was investigated to test the dispersion of oxide inclusions within the samples and to 

detect possible contaminations (Supplement II).  Figure 3-7 show typical photographs of the 

surface of metal-cap-protected and argon-protected LP-6 samples.  

 

Figure 3-7.  Photographs of typical metal-cap-protected (a) and argon-protected (b)

 LP-6 samples. 

 

From the photographs it can be seen that the surface of the argon-protected Lollipop is 

considerably smoother than the surface of the metal-cap-protected sample. In addition, the 

metal-cap-protected sample is partly covered by a dark layer. Most of the other samples in 

this study had a similar appearance. It should be noted that the AP and MCP Björneborg 

samples did not show as much difference as for the LP-6 and LP-12 samples.  

Figure 3-8 shows the average total oxygen content in different samples depending on 

geometry and slag protection. The error bars in this figure represent the arithmetic standard 

deviation values. As seen, most of the argon-protected samples contain on average 25-35 ppm 

of oxygen. However, the total oxygen content in the metal-cap-protected samples is 

significantly higher, particularly in the Lollipop samples (on average 45-80 ppm). Moreover, 

the standard deviations values for the results obtained with metal-cap-protected samplers are 

significantly larger it comparison with argon-protected samplers. It was found that the oxygen 

content in the end part of the inlet (Figure 2-5) in all the samples was drastically higher. This 

is most likely because of reoxidation and/or entrapment of top slag during withdrawal of the 

sampler from the melt. Therefore, it is clear that this part does not represent the melt and these 

values are excluded from further discussion.  
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Figure 3-8.  Average total oxygen content in LP-6, LP-12 and Björneborg samples 

 depending on type of slag protection. 

 

As seen in Figure 3-8, for the metal-cap-protected samples, the average value of the total 

oxygen content increases significantly with a decreased sample weight. For the argon-

protected samples the oxygen content is stable and independent on the sample geometry. In 

addition, the average deviation of total oxygen content within the samples, ∆, was defined as 

follows: 

mini OO −=∆       (3-3) 

where Oi is the total oxygen content in an appropriate zone and Omin is the minimum total 

oxygen content in that sample. In Figure 3-9 it can be seen that the average ∆ value for argon-

protected samples is in the range of 1 to 5 ppm, which is close to the accuracy of the oxygen 

analysis (± 3 ppm for the reference samples). However, in most of the metal-cap-protected 

samples, the average ∆ values vary between 5 and 60 ppm, and tend to increase with a 

decreased sample weight.  
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Figure 3-9.  Deviation of total oxygen content in LP-6, LP-12 and Björneborg samples 

 depending on type of slag protection. 
 

The original ∆ values in the different zones of Lollipop and Björneborg samples are given in 

Figure 3-10 and Figure 3-11, respectively. It can be seen that the ∆ value in the pin and inlet 

part of all samples is generally low (<10 ppm). However, the deviation in the body of metal-

cap-protected samples is much higher than 10 ppm, particularly in LP-6 samples (∆ = 20~150 

ppm). Therefore, the reliability for determination of the total oxygen content is clearly 

dependent on the type of slag protection, sample shape and the analyzed sample zone. 

Overall, the obtained results show that it is very difficult to obtain representative values of the 

total oxygen content with metal-cap-protected samples. A more reliable, and more stable, 

result is obtained with argon-protected samples. This is especially crucial for Lollipop 

samples because of their low weight. Therefore, it can be concluded that argon-protected 

sampling is much better than metal-cap-protected sampling for determination of the total 

oxygen content and the inclusion characteristics. In this case, the deviation of oxygen content 

in argon-protected samples is usually lower than 5 ppm. Two possible explanations for the 

higher oxygen contents in metal-cap-protected samples are reoxidation and entrapment of 

large size slag particles during sampling. In Supplement II, it was found that the particle size 

distributions below 5 µm on cross-section of argon-protected and metal-cap-protected LP-6 

samples differ little. Therefore it may be concluded that the effect of reoxidation is very small 

and cannot explain the significantly higher oxygen contents found in the metal-cap-protected 

samples.  
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Therefore, possible entrapment of slag particles during sampling was analyzed in a LP-6 

sample by optical and scanning electron microscope. In large parts of the investigated sample 

area, there were large dark particles, both in form of spherical particles (Figure 3-12a) in 

diameters up to almost 400 µm, and as large irregular particles (Figure 3-12b) up to 100 µm 

in length.  

 

Figure 3-12.  Typical spherical (a) and irregular (b) particles found in MCP samples. 

 

By SEM-EDS analysis, these particles were confirmed as oxide particles. The spherical 

particles corresponded well to the composition of the top slag during ladle treatment. 

However, the irregular particles had an unusually high Cr2O3 content (17~23 %). One 
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possible source of the irregular particles is the converter slag as this slag is rich in Cr2O3. 

Normally the converter slag is reduced by FeSi and/or MnSi but sometimes the reduction is 

not complete and some amount is transferred to the ladle treatment. In this case some 

undissolved particles can be found in the top slag during ladle treatment.[28] These particles 

are believed to correspond well to the high contents of Cr2O3, MnO and SiO2 found in the 

irregular particles. Based on the results, the presence of these particles in the samples can be 

explained by top slag which freezes onto the surface of the metal cap during immersion of the 

sampler. Thereafter, parts of the particles can be pushed into the sample mold by the liquid 

steel when it flows into the sample body after the metal cap melts. This can explain the fact 

that these large size particles (spherical and irregular) are present only in the metal-cap-

protected samples, which were taken almost simultaneously as the argon-protected samples. 

Since the samplers contain one LP-6 and one LP-12 mold, it can be assumed that a similar 

amount of top slag flows into each sample body. As a consequence, the oxygen contents in 

the LP-6 samples are higher than in the LP-12 samples. In addition, the higher oxygen 

contents found in the top part of the samples can be explained as the particles can be pushed 

to the top by the fluid flow. The presence of large size oxide slag particles is especially 

critical for total oxygen analysis. This is because the volume of an oxide particle is 

proportional to the cube of the diameter, and thus its contribution to the oxygen level in the 

sample increases rapidly as the particle size increases. Therefore, a few large size oxide 

particles have a significant effect on the total oxygen content. While it can be difficult to find 

the particles by cross-sectional methods, they are more likely to affect the total oxygen 

analysis, which analyzes a significantly larger volume (specimen weight 0.5~1 g). Therefore, 

similar particle size distributions for small size inclusions can be found in the metal-cap-

protected and argon-protected samples, while the oxygen content varies significantly. 

Overall, the argon-protected samples are recommended since the uncertainties of using metal-

cap-protected samples are high. The deviation of total oxygen content in argon-protected 

samples is low, in the range of 1 to 5 ppm, which is comparable to the accuracy of the total 

oxygen content determinations. If argon-protected samples are used, all zones except the end 

of the inlet can be used for oxygen analysis. However, the inlet part close to the body or pin 

(Björneborg sample) part of the sample can be recommended to be used for analysis of total 

oxygen content since the specimen preparation from these parts is easy. 
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3.3 Changes in inclusion characteristics due to precipitation of 

secondary inclusions during sampling 
It is known that the cooling rate of liquid steel has a strong effect on the precipitation of 

secondary inclusions during cooling and solidification. The change in inclusion characteristics 

such as particle size distribution and (PSD) and composition during cooling and solidification 

of samples taken from liquid steel is considered as a function of the cooling rate in 

Supplement III. In case of rapid solidification of the liquid steel sample, two peaks can clearly 

be distinguished in the observed particle size distribution (Figure 3-13a) due to homogenous 

nucleation of many small size secondary inclusions. The right-hand-side peak (PI0) 

corresponds to the particle size distribution of primary inclusions, which are present in the 

liquid steel at the sampling moment. The left-hand-side peak (SIt) corresponds to that of small 

size secondary inclusions, which nucleates during cooling and solidification of the melt. In 

this case a critical particle size, dcrit, can be used to separate the inclusion population into the 

two subgroups containing primary (≥ dcrit) and secondary (< dcrit) inclusions. This can enable a 

separate estimation of the secondary and primary inclusion characteristics (such as number, 

size and composition) based on the particle size. However, a lower cooling rate can give the 

secondary inclusions time to grow and precipitate heterogeneously on the primary inclusions. 

This can result in that only one peak can be distinguished (Figure 3-13b) in the PSD. In this 

case, the primary inclusions (PI0) cannot be separated from the obtained total particle size 

distribution (TSDt) by a size condition. Thus, the obtained characteristics of the final 

inclusions are different from those of the primary inclusions initially existing in the liquid 

steel. Finally, if the secondary inclusions only precipitate heterogeneously as a secondary 

phase (hereafter called Phase B) onto the primary inclusions (hereafter called Phase A), the 

apparent diameter of the initial primary inclusions increases, while the numbers of primary 

inclusions remain unchanged (Figure 3-13c). Moreover, the surface layer (secondary phase) 

significantly changes the initial composition of the primary inclusions. Thus, homogenous 

nucleation of secondary inclusions (Figure 3-13a) is preferred for separate investigation of the 

primary inclusions in the metal samples, which correspond to the characteristics of the 

inclusions present in the liquid steel at the sampling moment. 
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Figure 3-13. Schematic diagram of particle size distributions by homogeneous (a) and 
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 cooling and solidification of a liquid steel sample.  
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The calculated number of secondary oxide and sulfide inclusions, NV, which can nucleate 

homogenously during cooling and solidification of the melt, is shown in Figure 3-14 

depending on the amount of O and S precipitated as secondary phases (∆O and ∆S) and size 

of secondary inclusions.  
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Figure 3-14. Calculated number of secondary oxide and MnS inclusions per unit volume of 

metal by homogeneous precipitation during solidification of liquid steel sample. 

 

In this figure the number of secondary Al2O3 inclusions, NV(Al2O3), is calculated by using 

following equation: 
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where ( )
32V

OAlf is the volume fraction of Al2O3 inclusions in the metal, mρ is the density of 

the metal (g/mm3), ( )
32

OAlρ  is the density of Al2O3, dV is the inclusion diameter (mm), Mw is 

the molecular mass (g/mol), Aw is the atomic mass (g/mol), n is the number of oxygen atoms 

in the oxide molecule and ∆O  is the amount of oxygen in the secondary inclusions (ppm). 

The numbers of other oxide and MnS secondary inclusions were calculated by using similar 

equations derived for appropriate oxides and MnS.           

It can be seen that 10 ppm of oxygen may form about 104 to 108 inclusions with a size of 2.0 

and 0.1 µm, respectively. Furthermore, the number of precipitated secondary inclusions 

significantly depends on the composition of the secondary phase and increases in following 

order: NV(Al2O3) < NV(SiO2, Ti2O3, ZrO2, MgO) < NV(Ce2O3). Similar numbers are obtained 

for secondarily formed MnS inclusions with sizes in the range of 0.1 to 2.0 µm.  
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Figure 3-15 shows the calculated thickness of secondary Al2O3 and MnS layers (lB) 

precipitated heterogeneously on the surface of primary spherical inclusions during 

solidification of the liquid steel sample.  
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Figure 3-15. Calculated thickness of secondary Al2O3 and MnS layers by heterogeneous 

precipitation on surface of primary spherical particles during cooling and 

solidification of liquid steel sample. 

 

It is assumed that the secondary phase precipitate uniformly on the surface of all primary 

inclusions. In this case, the total volume of obtained particle, Vtot, can be estimated as the sum 

of the volumes for primary, VA, and secondary, VB, phases. 
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where dV(A) is the diameter of the primary inclusions (mm). The parameters fV(B) and NV(B) are 

the volume fraction of secondary phase B and number of secondary inclusions per unit 

volume (in this case, NV(B)= NV(A)). The fV(B) values in equation (3-5) for different oxides and 

sulfides are calculated in a similar manner as fV(Al2O3). The depth of the second phase layer, 

lB, was calculated for a given size, dV(A), and number, NV(A), of primary inclusions by using 

the following equation: 
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In this case, the thickness of the precipitated secondary phase depends strongly on the surface 

area of the primary inclusions, i.e. on the number and initial size of the primary inclusions. It 

can be seen in Figure 3-15 that the lB value increases with decreasing NV and dV values for 

primary inclusions and with increasing ∆O or ∆S values. Thus, at a low number (< 105 mm-3) 

and a small size (dV~1 µm) of primary inclusions as nucleation centers, and larger values of 
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∆O or ∆S (> 100 ppm), the thickness of the precipitated layer of secondary phase can reach 

significant values (> 0.5 µm). Consequently, the final inclusion size change markedly.  

Furthermore, a thick layer of a secondary phase has a significant effect on the result of the 

inclusion composition analysis. Figure 3-16 shows the change of the composition analysis 

result from the EE method depending on the depth of the analyzed zone, Lanal, and the 

thickness of the precipitated layer, lB.  
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Figure 3-16. Relationship between the estimated content of primary inclusion phase (Phase 

 A) in result of particle composition by EDS analysis, thickness of secondary 

 phase layer (lB) and depth of analyzed layer (Lanal.). 

 

The definition of analyzed layers of Phase A and B and the depth of the analyzed zone by 

EDS are shown schematically in Figure 3-16a. In this case, the content of the A-phase 

determined using EDS analysis can be estimated as xA/(xA+lB).100%. The depth of the 

analyzed zone (Lanal) depends on the interaction volume which is mainly determined by the 

EDS settings and the properties of the analyzed material. In this study, the analyzed depth is 

approximated to one-dimension to simplify discussion. Then, Lanal can be approximated to 

0.5-1.5 µm for an acceleration voltage of 10-20 keV (in iron).[29] It can be seen in Figure 3-

16b that the content of Phase A decreases drastically as the layer thickness of the secondary 

Phase B increases. As the exact thickness of the precipitated layer is unknown it is difficult to 

determine the average composition of the primary inclusion. Thus, it may be difficult to 

correctly identify the type of inclusion present in the liquid steel. 

Based on Figures 3-14, 3-15 and 3-16, it is apparent that the partial or total heterogeneous 

precipitation of secondary phase onto the surface of the primary inclusions strongly changes 

the initial characteristics (number, size and composition) of the primary inclusions. Therefore, 

for separate analysis of the primary inclusions which are present in the liquid steel at the 
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sampling moment, it is very important to determine the optimal parameters for sampling and 

solidification of the liquid steel in the sample, in order to avoid heterogeneous precipitation of 

a secondary phase onto the surface of the primary inclusions. 

3.4 Inclusion characteristics depending on sampling conditions 

In this study, the nucleation modes of the secondary inclusions were estimated by plotting the 

particle size distributions for different sample types obtained for various sampling parameters. 

The real inclusion size distributions were obtained by 3-D SEM investigation of particles on 

film filters after electrolytic extraction. The typical particle size distributions in a Fe-10%Ni 

alloy deoxidized by Al are shown in Figure 3-17 for different cooling rates of the laboratory 

scale samples.  
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Figure 3-17. Typical particle size distributions in different metal samples of Fe-10%Ni alloy 

 deoxidized by Al at various cooling rates: >50 °C/s (a), 5-15 °C/s (b) and 0.8 

 °C/s (c). 
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The samples taken from liquid steel by using a quartz tube (QT, Figure 3-17a) have the 

highest cooling rate (> 50°C/s). The ingot samples (IQ, Figure 3-17b), which are obtained by 

quenching the remaining melt in the crucible in water have a cooling rate of approximately 5-

15°C/s. The IC samples (IC, Figure 3-17c) are the ingot samples which were cooled and 

solidified in the induction furnace with an average cooling rate of 0.8°C/s. The real cooling 

rate in the IC samples of Fe-10% Ni alloy was determined as about 0.1-0.3oC/s by 

investigation of the sample microstructure.[30] In the QT and IQ samples two peaks are 

clearly seen, while in the IC sample the two peaks have a large overlap. The left-hand-side 

peak corresponds to secondary inclusions and the right-hand-side peak to primary inclusions. 

The observed critical particle size between the two peaks of secondary and primary Al2O3 

inclusions (dcrit) was determined as 0.6 µm. In this case, most of the inclusions below 0.6 µm 

are considered to be secondary and those above to be primary inclusions. It can be seen that 

the peak height of the secondary inclusions decreases dramatically with decreasing cooling 

rates. In this case it is probable that some of the secondary inclusions precipitated 

heterogeneously onto primary inclusions and/or increased considerable in size.  

The total numbers of secondary (< 0.6 µm) and primary (≥ 0.6 µm) inclusions in different 

samples of Fe-10% Ni alloy deoxidized with 0.02 and 0.06% Al are shown as a function of 

cooling rate in Figure 3-18. It can be seen that the number of secondary inclusions per unit 

volume (NV) increases significantly with an increased cooling rate (Figure 3-18a). However, 

the number of primary inclusions (≥ 0.6 µm) is almost constant at given cooling rates, as 

shown in Figure 3-18b. A small decrease of the NV value at the lowest cooling rate can be 

explained by agglomeration and flotation of some of the primary Al2O3 inclusions. This 

occurs during longer holding times of the melt in liquid state at a slow cooling of the sample 

in the furnace (IC sample). The obtained tendencies for the primary and secondary inclusions 

in the metal samples are consistent with findings by other authors.[31,32] From Figure 3-18b 

it can be seen that for fast cooling rates (>50 °C/s) the nucleation of secondary inclusions is 

very fast. Furthermore, that the inclusion growth is limited and very small size inclusions are 

observed. The large scatter in the results for NV of secondary inclusions (Figure 3-18a) can be 

explained by slightly different amounts of dissolved oxygen in the different samples. It should 

be noted that the oxygen contents, estimated from the secondary Al2O3 inclusions in QT 

samples correspond in most cases satisfactorily well with the amount of oxygen calculated 

from [Al]/Al2O3(s) equilibrium, which precipitated as secondary inclusions during cooling 

and solidification of the Fe-10% Ni alloy deoxidized by 0.02 and 0.06% Al. It means that the 

effect of melt reoxidation during QT sampling was negligible. In addition, the heterogeneous 

precipitation of secondary inclusions onto primary inclusions seems to be small within these 

higher cooling rates. However, this may not be valid for higher amounts of dissolved oxygen 

and especially for high amounts of sulfur, as can be found in the SAE1146 and 17CrMo4 

industrial samples. 
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Figure 3-18. Total number of secondary (a) and primary (b) inclusions in Fe-10%Ni samples 

 as a function of cooling rate. 

 

3.5 Inclusion characteristics in different industrial steel samples 
As mentioned above, the heterogeneous precipitation of secondary oxide, nitride and sulfide 

inclusions can dramatically change the characteristics of primary inclusions during sampling 

of liquid steel. The real particle size distributions in various steels with different contents of 

oxygen, nitrogen and sulfur were investigated in different industrial samples. It was seen that 

each sample contained inclusions of different shapes. Most of the inclusions (80-100%) in all 

samples from the investigated steel grades are “spherical” or “spherical and regular” 

inclusions. Figure 3-19 show the typical particle size distributions in LP-12 samples obtained 

from high (SAE 1146) and low (28MCB5) sulfur steels. It can be seen that in both cases the 

obtained particle size distributions have two peaks, which correspond to “secondary” (left-

hand-side peak) and “primary” (right-hand-side peak) inclusions. Although, the two peaks in 

the high-sulfur steel (SAE 1146) have a large overlap. Still, the boundary between 

“secondary” and “primary” inclusions is located approximately at the same size as for the 

laboratory scale samples, at about 0.6 µm. Therefore, the value of dV = 0.6 µm is used below 

as critical value (dcrit) for separation of secondary and primary inclusions in particle size 

distributions. 
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Figure 3-19. Typical size distributions of inclusions in SAE 1146 (high sulfur content) and 

 28MCB5 (low sulfur content) liquid steel samples of industrial experiments. 

 

In general, the frequency of secondary inclusion was very high. Specifically, the population of 

the secondary inclusions (%NV) varied from 79 to 99% in the QT and IQ samples (Fe-

10%Ni), and LP-6 (316L) samples, having the highest cooling rates and containing very low 

amount of sulfur. These data correlate very well with results obtained by Dekkers et al. [33], 

which shows that 87-98 % of the inclusions in the comparable Total Oxygen Sampling (TOS) 

pin samples (Ø4 mm) taken from liquid low-alloyed Si and Al killed steels are small (on 

average d≈0.5 µm) spherical inclusions. The LP-12 sample of the 28MCB5 steel (cooling rate 

~25 oC/s and S < 0.030 %) contains about 77 % of secondary inclusions, which corresponds 

well to the population of the secondary inclusions in the IC samples of Fe-10% Ni alloy 

(cooling rate <1 oC/s and S < 0.001 %). In comparison, the frequency of secondary inclusions 

in the LP-12 and LSHR samples of high sulfur steels SAE1146 and 17CrMo4 (cooling rate 

20-25 oC/s and S ≥ 0.030 %) is on average 53 %. The frequency of secondary inclusions in 

the total particle size distributions is shown as a function of the cooling rate for the samples 

from laboratory and industrial experiments in Figure 3-20.  
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Figure 3-20. Frequency of secondary inclusions in total particle size distributions as a 

function of cooling rate of samples in laboratory and industrial experiments. 

 

It can be seen that the %NV value of secondary inclusions tend to increase with an increased 

cooling rate for most industrial and laboratory samples. However, the samples with high S 

contents (SAE 1146 and 17CrMo4) do not fall within the same range as those samples 

containing mostly oxides. 

The composition analysis of spherical inclusions on film filters after electrolytic extraction 

shows that most of the secondary, as well as the primary, oxide inclusions in the steels with 

≥0.03 % of sulfur are covered by a significant sulfide layer. According to Figure 3-15, the 

thickness of the precipitated layer can exceed 1 µm in the case of a SAE 1146 steel grade, 

assuming that all of the sulfur precipitates heterogeneously. However, it should be noted that 

some amount of the inclusions in the samples were detected as pure MnS. The small amount 

of oxide found in the inclusions means that the oxide core is probably very small in 

comparison with the thick outer layer of MnS. Because of the Lanal thickness being normally 

around 0.5-1.5 µm it is only possible to detect a small amount of oxide, as shown in Figure 3-

16. It is clear that the cooling rate in these steel samples is not high enough to prevent 

heterogeneous precipitation of sulfide onto primary inclusions. In this case, the characteristics 

of primary inclusions (such as particle size, number and composition) change dramatically 

during sampling of liquid steel with high levels of sulfur (>0.03 % S). 
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Based on the obtained results, it may be concluded that the characteristics of most primary 

oxide inclusions with sizes larger than 0.6 µm can be investigated in LP-12 (cooling rate 

20~25 oC/s) and LP-6 samples (cooling rate >50 oC/s) taken from liquid steel with a S content 

smaller than 0.03 %. 

3.6 Homogeneity of inclusion characteristics in different zones and 

layers of industrial samples 
Based on the results from Chapter 3.2 the argon-protected samples are well suited for further 

studies of inclusion characteristics. However, it could not be concluded that the oxide 

inclusions are homogenously dispersed (size and number) within the samples. Therefore the 

dispersion of oxide inclusions in different zones (Figure 2-6) and layers of industrial LP-6 and 

LP-12 samples was investigated. Based on the size, composition and morphology of the 

inclusions they were separated into secondary (d < 0.6 µm, Al-Ti-O and Al-Mg-O) and 

primary (d ≥ 0.6 µm, Ca-Si-Al-Mg-O) inclusions. Details are shown in Supplement IV. 

In order to facilitate comparison of the inclusion number in the different sample zones, a 

relative coefficient of inclusion dispersion, KN, was estimated as follows: 

A

A

N

N
KN =       (3-7) 

where NA is the number of inclusions per unit area in the appropriate zone (mm-2) and AN  is 

the average number of inclusions per unit area in all investigated zones (mm-2) obtained by 

the CS method. The corresponding KN value for the inclusion number per unit volume is 

estimated by using the same procedure for the results from the EE method. With the 

assumption that all of the primary inclusions (d ≥ 0.6 µm) are counted and do not change 

during sampling, the average inclusion number should correspond to the number of inclusions 

present in the liquid steel. Therefore, if KN  ≈ 1 the inclusion number in that zone represents 

the inclusion number present in the liquid steel at the sampling moment. It should be noted 

that for secondary inclusions (d < 0.6 µm), the KN value shows the relative frequency as they 

are not present in the liquid steel at the sampling moment.  

Zhang et al. [25] developed a mathematical model to predict the inclusion dispersion in a LP-

12 sample. The boundary conditions applied in this model were taken from results described 

in Chapter 3.1 and Supplement I in the present study. Therefore, the inclusion dispersion in 

the sample experimentally obtained in the present study was compared to the inclusion 

dispersion obtained from the model. The KN values for the primary inclusions calculated from 

the model and from the experimental investigation for different heats, sample zones and 

layers are illustrated in Figure 3-21. It can be seen that the obtained experimental results are 

confirmed by the calculated KN values from the model. Specifically, a decrease of the KN 

value can be seen going from the top to the bottom zone in the surface layer of the LP-12 

samples. Furthermore, the KN value increases significantly moving from the surface to the 

center layer in the middle zone. 
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Figure 3-21. The relative coefficient of inclusion dispersion for primary inclusions, KN, 
 calculated from model [25] and experimental results obtained in the present 
 study. The analyzed heats are represented individually as [heat A], <heat B> and 
 (heat C), where A was obtained by the EE method and B and C with the CS 
 method.  
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3.6.1 Dispersion of primary inclusions in industrial samples 

The dispersion of primary inclusions (≥ 0.6 µm) in the different sample zones was 

investigated by using the EE and CS methods. The total numbers of primary inclusions, NV, 

obtained by the EE method are shown in Figure 3-22, for different zones of the surface layer 

in the LP-6 and LP-12 samples from heat A. It can be seen that the same trend was obtained 

for both samples. Specifically, a significantly higher number of primary inclusions are 

observed in the top zone (KN=1.4), which then decreases to a minimum in the middle zone 

(KN=0.7-0.8). Finally similar numbers are obtained in the bottom zone (KN=0.8-0.9).  
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Figure 3-22. Total number of primary inclusions obtained by the EE method in top, middle 

 and bottom zones of surface layer of LP-6 and LP-12 samples from heat A.  

 

The total numbers of primary inclusions, NA, obtained by the CS method are shown in Figure 

3-23. A similar trend, as shown in Figure 3-22, is applicable to the surface layer of the LP-12 

samples from heats B and C. In these samples the number of primary inclusions in the top 

zone is significantly larger (KN=1.3) in comparison to the middle and bottom zones, where the 

NA value is almost same (KN=0.6-0.9). However, in the LP-6 sample from heat C, the NA 

value in the top and middle zone is practically same (KN=0.9). This deviation from the overall 

tendency may be explained by a different grinding depth during the preparation of the surface 

layer for analysis by the CS method, which seems to be particularly important for the LP-6 

sample, probably because of its smaller sample thickness. 
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Figure 3-23. Total number of primary inclusions obtained by the CS method in top, middle 

 and bottom zones of surface and center layer of LP-6 and LP-12 samples from 

 heat B and C.  

 

Going from the surface layer through to the center layer in the middle zone, the NA value 

tends to increase in both LP-6 and LP-12 samples. Particle size distributions of the respective 

layers, as shown in Figure 3-24, show no significant difference between the layers, 

particularly for the LP-6 sample.  
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Figure 3-24.  Particle size distribution of primary inclusions obtained by the CS method in 

 surface and center layer of the middle zone in LP-6 and LP-12 sample from heat 

 C. Obtained by cross-section analysis. 

 

Furthermore, in this zone, for the LP-6 sample the KN values for primary inclusions in the size 

range 0.6 to 3 µm are quite stable (0.9-1.2), as seen in Figure 3-21. However, for inclusions 

larger than 3 µm, the KN value increases significantly from 0.8 in the surface layer to 1.7 in 

the center layer. A similar tendency was obtained for the LP-12 sample. Specifically, from the 

surface to the center layer, the KN value increases from 0.6 to 1.1 and 0.6 to 1.6 for primary 

inclusions in the size range 0.6 to 3 and > 3 µm, respectively.  Accordingly, the overall 

tendencies are similar in both LP-6 and LP-12 samples, but the general homogeneity of 

inclusion dispersion is better in the LP-6 sample. 
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3.6.2 Dispersion of secondary inclusions in industrial samples 

The dispersion of secondary inclusions (d < 0.6 µm) in LP-6 and LP-12 samples from heat A 

obtained by the EE method were compared in the top, middle and bottom zones of the surface 

layer, and in the bottom and middle zone of the center layer. The results are shown in Figure 

3-25 expressed by the KN values.  

 

 
Figure 3-25.  The relative coefficient of inclusion dispersion, KN, for secondary inclusions in 

 heat A obtained by the EE method.  

 

In the surface layer of the LP-6 sample, the KN value is evidently more stable than in the LP-

12 sample. Specifically, the KN value ranges from 1.2 to 1.7 in the LP-6 while the 

corresponding value in the LP-12 sample is 0.6 to 2.7. In both samples, the KN value 

decreases drastically to a level of 0.1~0.3 in the center layer. In addition, a slight shift towards 

larger dV values was noticed in the center layer. The smaller amount of secondary inclusions 

in the center layer may be explained by a lower solidification rate in the center layer of the 

sample, which gives the secondary inclusions a possibility for heterogeneous precipitation 

onto surfaces of the primary inclusions as well as additional time to grow. Based on the 

obtained results, it can be concluded that the secondary inclusions can grow and/or precipitate 

heterogeneously in the center layer of both LP-6 and LP-12 samples. This can have a 

significant effect on the size and composition of the primary inclusions. However, based on 

the results from Chapter 3.4 (Figure 3-18b) the number of primary inclusions should not be 

affected. In this case, it can be difficult to separate the secondary and primary inclusions for 

separate analysis. On the other hand, in the surface layer most of the secondary inclusions in 

the top, middle (LP-6 and LP-12) and bottom (LP-6) zones can be separated from the primary 

inclusions in order to separately analyze the inclusion characteristics. 



41 

 

3.7 Recommended zones for investigation of primary inclusions 
Based on the results, the overall tendencies are similar in both LP-6 and LP-12 samples, but 

the overall inclusion dispersion in the LP-6 is more homogenous. In Table 3-1, the KN values 

for primary and secondary inclusions are summarized for both sample types, depending on 

layer and zone.  

 
Table 3-1.  KN values for primary and secondary inclusions in different zones and layers of 
 LP-6 and LP-12 samples from heats A, B and C. 

 

Sample zone Layer 

 Surface Center 

 KN-Prim KN-Sec KN-Prim KN-Sec 

Top 0.9-1.4 1.6-2.7 *   
 (0.5-0.8)    

Middle 0.7-0.9 1.5-1.7 * 1.1-1.2 0.1-0.2 ** 
 (0.8-0.9)  (1.6-1.7)  

Bottom 0.7-0.9 0.6-1.2 **  0.1-0.3 ** 

 (1.5)    

(     )  values for primary inclusions with d > 3 µm 
*  - Possible separation of primary and secondary inclusions (two peaks in particle 
size distributions) 
** - Possible heterogeneous precipitation of secondary inclusions on primary 
inclusions and growth of secondary inclusions 

 

It can be seen that in most cases, the KN-Prim value is close to one (0.7-0.9) in the middle and 

bottom zones of the surface layer, which resembles the average number of inclusions in the 

sample the inclusion number present in the liquid steel at the sampling moment. Furthermore, 

in the middle and top zones, the KN-Sec values are significantly larger than one (1.5-2.7), which 

indicates an easier separation of primary and secondary inclusions. Based on the obtained 

results, the middle zone of the surface layer in the LP-6 sample can be recommended for 

determination of inclusion characteristics (KN-Prim ≈ 1 and KN-Sec ≈1.7). 

On the other hand, in the center layer, a larger and more scattered, number of primary 

inclusions is observed, particularly for inclusion larger than 3 µm (KN-Prim = 1.6-1.7). In 

addition, the number of secondary inclusions is markedly lower (KN-Sec = 0.1-0.3), which 

indicates that secondary inclusions can grow and/or precipitate heterogeneously on the surface 

of primary inclusions. In this case the characteristics of the primary inclusions may change 

during sampling. As a result, it is difficult to separate primary and secondary inclusions by 

using size or composition. 

A very important summary from the present study is that as a general recommendation, the 

sampling equipment, type of sample, and the analyzed zone and layer has to be clearly 

defined in the analysis of inclusion characteristics from liquid steel samples. 
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4 CONCLUDING REMARKS 

Based on the obtained results, the liquid steel sampling procedure illustrated in Figure 4-1 is 

suggested. The objectives, factors and the recommendations obtained from each supplement 

are summarized. Overall, an automatic (controlled sampling location) argon-protected (no 

pollution by top slag) sampling system with a 6 mm thick Lollipop sample (cooling rate > 50 

°C/s) provides the best option for determination of primary inclusion characteristics.  

 

Figure 4-1. Recommended sampling procedure of liqud steel as obtained from the present 

 study. AP = argon-protection, MCP = metal-cap-protection, LP-6 = 6 mm thick 

 Lollipop, LP-12 = 12 mm thick Lollipop. 

From the measurements of sampling parameters (Supplement I) it was shown that the filling 

velocity and filling time mostly depend on the type of slag protection. It was concluded that 

the filling velocity is more stable with argon-protected samplers (Figure 3-3), making it easier 

to determine a suitable dipping time for each type of sampler. It should be noted that the 

argon gas has to be able to move relatively freely through the sample body. Otherwise, the 

flow rate can be too low in order to prevent entrapment of top slag during sampling. It can 

also result in a high pressure in the mold, which hinders the liquid steel from flowing into the 

mold. Additionally, improvement of the sampling method may not only save time and money 

but make it easier and safer for the operators to perform the daily work. Especially with 

automatic sampling systems which decrease the risk of being hit by splashes of molten metal. 

In addition, because the distribution of inclusion-forming elements in the molten steel during 
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the ladle treatment can be heterogeneous [13], it is desirable to use an automatic sampling 

system with a controlled dipping depth and sampling position for increased repeatability. 

Based on the assumption that the fluid flow has a major effect on the inclusion dispersion, the 

direction of the sampling lance during sampling should be considered. If the sampler is 

immersed in the vertical direction or with an angle it can affect the results. Furthermore, 

strong vibrations of the sampler due to gas formation (as a result of reactions between the 

paper sleeve and the liquid steel) may also affect the fluid flow and dispersion of inclusions in 

the steel sample. 

In addition, in Supplement I (Figure 3-4) it was shown that the obtained sample weight varied 

considerably with the metal-cap-protected samplers. As a result, approximately 30 % of the 

samples had a significantly lower weight, which can make them unsuitable for chemical 

analysis. This is a problem considering the large amount of samples taken at the steel plants. 

For example, a steel plant producing 20 heats per day, 300 days per year, uses about 24000-

60000 samplers per year. That means that a relatively low failure rate of 5 % on average totals 

2100 samplers per year. The direct costs are relatively small at 2100-8400 EUR for sampler 

purchases. However, indirect costs in terms of additional process and/or analysis time 

approximates to 200 EUR per min in lost profits. Assuming a delay of 1-5 min per failed 

sample, this means roughly 420 000-2 100 000 EUR per year, showing how important 

sampling repeatability is. Furthermore, visual inspection (Figure 3-7) of the argon-protected 

samples show that they have a much smoother surface compared to the metal-cap-protected 

samples. This decreases the need for sample preparation. It should be noted that the difference 

in surface quality is smaller for the Björneborg samples. This can be an effect of the smaller 

metal-cap which was used in this kind of samplers. 

Based on the total oxygen content homogeneity determinations (Supplement II) the argon-

protected samples are recommended (∆=1~5 ppm), since the metal-cap-protected samples are 

contaminated by top slag (∆=5~150 ppm), where ∆ is the deviation of total oxygen content in 

different zones from the minimum value in the sample. The particles from the top slag 

increases the total oxygen content in the steel samples to a large degree. This is especially true 

for the Lollipop samples because of the lower sample weight. Since Björneborg samples have 

a higher sample weight the increase of the total oxygen content is lower. However, argon-

protected-sampling is recommended in all cases.  

The laboratory and industrial samples with varying oxygen and sulfur contents were found to 

result in different particle size distributions (Figure 3-19). This is further discussed in 

Supplement III. It was found that, overall, a critical particle size condition, dcrit = 0.6 µm, can 

be used to roughly separate secondary (< dcrit) and primary (≥ dcrit) inclusions depending on 

particle size. However, in high-sulfur steels, the cooling rate (LP-12, ~25 °C/s) was not high 

enough to prevent heterogeneous precipitation of sulfides onto the primary inclusions. 

Precipitation of large secondary inclusions can introduce particular problem to analyze 

primary inclusions with rapid inclusion assessment methods. In this case, a sample with 

higher solidification rate is suggested. This can be achieved by, for example, decreasing the 

sample thickness or increasing the weight ratio between the metal mold and sample. Here, 

mathematical modeling can be used to predict the solidification behavior. This can help to 



45 

 

find the balance between a rapid solidifying sample, and a too rapid solidification which can 

result in a blockage of the inlet pin.  

The dispersion of secondary and primary non-metallic inclusions in different zones of the 

argon-protected Lollipop samples was investigated in Supplement IV. The tendencies are 

similar in both LP-6 and LP-12 samples. However, the LP-6 sample is more homogenous in 

comparison to the LP-12 sample. Based on the results, the middle zone of the surface layer of 

the LP-6 sample is recommended for analysis of primary inclusions. It should be noted that 

the top zone in the surface layer and the middle zone in the center layer contain a larger 

number of primary inclusions. Furthermore, the decreased number of secondary inclusions in 

the center layer may indicate that secondary inclusions have time to grow or precipitate 

heterogeneously and therefore change the size and composition of the primary inclusions 

during sampling. It should be noted that porosity is often present in the center layer, 

increasing the difficulty of sample preparation and analysis. This, in turn, can lead to a 

prolonged sample preparation time and therefore increase the total response time of the 

analysis. 

The overall conclusion from this study is that it is critical to clearly define the sampling 

equipment, the sample shape and the analyzed zone in the results of the inclusion 

characteristics determination. Hopefully, the results of this study can help to increase the 

awareness of the importance of the liquid steel sampling process within the steel industry. 

Furthermore, the combination of experimental and model results show promising potential to 

develop sample shapes with an increased homogeneity of inclusion dispersion as well as a 

good representation towards the inclusion characteristics present in the liquid steel.  
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5 CONCLUSIONS 

The filling velocity and solidification rate of samples taken from liquid steel have been 

measured in argon-protected and metal-cap-protected samples of following types: Björneborg 

with a 14 mm thickness, Lollipop with a 6 mm thickness (LP-6) and Lollipop with a 12 mm 

thickness (LP-12). In order to evaluate the oxide cleanliness and homogeneity depending on 

the type of slag protection and sample shape, the total oxygen content in different zones of 

industrial samples was determined. The changes in inclusion characteristics (such as size, 

number and composition) during sampling and solidification of liquid steel was investigated 

as a function of sampling parameters and oxygen and sulfur content in the liquid steel. A 

possibility for investigation of original primary inclusions without heterogeneous precipitation 

of secondary inclusions was evaluated in different laboratory and industrial samples. Finally, 

the dispersion (size and number) of inclusions in industrial samples were determined to locate 

the most homogenous and representative zones for determination of inclusion characteristics. 

The most important conclusions are summarized below. 

1) The filling velocity mostly depends on the type of slag protection. A markedly higher 

repeatability is obtained with argon-protected sampling (0.19±0.09 m/s) compared to metal-

cap-protected sampling (1.77±2.08 m/s). The investigated sample geometries do not have a 

significant effect on the filling velocity.   

2) The solidification rate in industrial samples is mostly determined by the sample and mold 

geometry, especially the thickness of the sample. The solidification rate for the different 

samples is estimated as follows for the 304L steel grade (with the solidification time given in 

parenthesis): 22~35 °C/s for the 14 mm thick Björneborg samples (2.7~4.4 s), 21~23 °C/s for 

the LP-12 samples (4.1~4.7 s) and 78~117 °C/s for the LP-6 samples (0.9~1.3 s).  

3) The deviation of total oxygen content in different zones from the minimum value in 

sample, ∆, within the metal-cap-protected samples is much higher (5~150 ppm) than for 

argon-protected samples (<10 ppm). This is true for all heats, irrespective of the sample 

geometry. The ∆ value in the argon-protected samples varied mostly from 1 to 5 ppm, which 

is practically in the same range as the accuracy of the total oxygen content determinations. 

4) The higher total oxygen content in the metal-cap-protected samples cannot be explained by 

reoxidation during sampling. However, large size oxide particles (30~400 µm) are present in 

the metal-cap-protected samples. These are entrapped in the sample from the top slag during 

the sampling procedure and are not present in the liquid steel. Furthermore, the total oxygen 

content in the metal-cap-protected samples increases with a decreased sample weight 

(especially for LP-6 and LP-12). Therefore, it is critical to use argon-protection to obtain 

samples which represent the oxygen content in the liquid steel. 
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5) From investigation of inclusion characteristics in laboratory and industrial samples taken 

from liquid steel it was found that, in most cases, the obtained particle size distributions have 

two peaks. These correspond to “secondary” (left-hand-side peak) and “primary” (right-hand-

side peak) inclusions. The height and overlap of the peaks depend on the cooling rate and 

steel composition (S content in this study). A critical size (dcrit) of 0.6 µm is found as a 

boundary particle size between secondary (d < 0.6 µm) and primary inclusions (d ≥ 0.6 µm) 

in laboratory and industrial samples. 

6) The number of secondary inclusions in liquid steel samples increases significantly with an 

increased cooling rate of the sample. However, the number of primary inclusions is almost 

constant and independent of the sample cooling rate. The samples with a cooling rate larger 

than 50 oC/s (as LP-6) can be recommended for investigations of the original characteristics 

of primary oxide inclusions in low-sulfur steels (<0.03 %S). In this case it is possible to 

separate primary and secondary inclusions based on their size.  

7) During sampling of liquid steel with a high level of sulfur (≥0.03 %S) a significant amount 

of sulfides precipitated heterogeneously onto primary inclusions, even at cooling rates of 20-

25 °C/s. In this case, it is not possible to separate oxides from sulfides by size or morphology. 

As a result, the original characteristics of primary inclusions (such as particle size, number 

and composition) are changed drastically during sampling of liquid steel with high sulfur 

levels. 

8) For analysis of primary inclusions, the middle zone in the surface layer of LP-6 sample can 

be recommended. In this region the number of primary inclusions corresponds satisfactorily 

well with the average number of primary inclusions in the sample, i.e. the relative coefficient 

of inclusion dispersion, KN ≈ 1, which value corresponds well with the real number of primary 

inclusions present in the liquid steel at the sampling moment. Furthermore, in this zone it is 

possible to separate secondary (left-hand-side peak) and primary (right-hand-side peak) 

inclusions based on the particle size. 

  

9) The inclusion characteristics in the center layer of the LP-6 and LP-12 samples may change 

drastically during sampling because of the lower amount of secondary inclusions (KN-Sec = 

0.1-0.3) in this layer, which indicates that they may have time to grow or precipitate 

heterogeneously onto the surface of primary inclusions. Thus, it is difficult to separate 

secondary and primary inclusions. Moreover, the number of primary inclusions is higher than 

the average value (KN-Prim = 1.1-1.2), especially for inclusions larger than 3 µm (KN-Prim = 1.6-

1.7). 
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6 FUTURE WORK 

In the present work focus was set on understanding and analyzing the effect of different 

sampling parameters and conditions on inclusion characteristics in samples taken from liquid 

steel. Based on the obtained results key parameters that control the inclusion characteristics in 

industrial samples have been investigated. Following work is suggested in order to improve 

the liquid steel sampling process. 

- The present work can act as a framework to develop computational fluid dynamics models 

which incorporate models for solidification, particle nucleation and particle growth. This 

could make it possible to develop samples that represent the inclusion characteristics in the 

liquid steel at the sampling moment, as well as samples that simulate the inclusion 

characteristics in the final steel for different casting conditions. 

- Development of a rapidly solidifying sample shape with a well controlled fluid flow in order 

to prevent heterogeneous precipitation of secondary inclusions and obtain a sample with a 

homogenous dispersion of primary inclusions. 
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