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ABSTRACT 

 

In order to obtain a good performance and predict the properties of alloys, it is necessary to 

control the contents of alloying elements and to evaluate a largest inclusion in the product. 

Thus, improved techniques for both control of alloy elements and evaluation of the large 

inclusion in products will enable us to provide better qualities of the final products. 

In the case of one Ni alloy, (NW2201, >99 mass%Ni), the precise control technique of Mg 

content is important to obtain a good hot-workability. Hereby, the slag/metal reaction 

experiments in a laboratory have been carried out at 1873 K, so that the equilibrium Mg content 

and kinetic behavior can be understood. More addition of Al in the melt as well as higher 

CaO/Al2O3 value of slag resulted in higher amount of Mg content in Ni. For the same 

conditions of Al content and slag composition, the mass transfer coefficient of Mg in molten Ni 

was determined as 0.0175 cm/s. By applying several countermeasures regarding the 

equilibrium and kinetic process to the plant trials, the value of the standard deviation for the 

Mg content in an alloy was decreased till 0.003 from 0.007 mass%. 

The size measurements of largest inclusions in the various alloys (an Fe-10mass%Ni alloy, 

17CrMo4 of low-C steel and 304 stainless steel) were carried out by using statistics of extreme 

values (SEV). In order to improve the prediction accuracy of this method, three dimensional 

(3D) observations were applied after electrolytic extraction. In addition, the relationship of 

extreme value distribution (EVD) in the different stages of the production processes was 

studied. This was done to predict the largest inclusion in the products at an early stage of the 

process.  

A comparison of EVDs for single Al2O3 inclusion particles obtained by 2D and 3D 

observations has clarified that 3D observations result in more accurate EVD because of the 

absence of pores. Also, it was found that EVD of clusters were larger than that of single 

particles. In addition, when applying SEV to sulfide inclusions with various morphologies, 

especially for elongated sulfides, the real maximum sizes of them were able to be measured by 

3D observations. Geometrical considerations of these particles clarified the possibility of an 

appearance of the real maximum inclusion sizes on a cross section to be low. The EVDs of 

deoxidation products in 304 stainless steel showed good agreement between the molten steel 

and slab samples of the same heat. Furthermore, the EVD of fractured inclusion lengths in the 

rolled steel were estimated from the initial sizes of undeformed inclusions which were 

equivalent with fragmented inclusions. On the other hand, from the viewpoint of inclusion 

width, EVD obtained from perpendicular cross section of strips was found to be useful to 

predict the largest inclusion in the final product with less time consumption compared to a slab 

sample. 

In summary, it can be concluded that the improvement of the techniques by this study has 

enabled to precisely control of alloy compositions as well as to evaluate the largest inclusion 

size in them more accurately and at an earlier stage of the production process. 

Key Words: slag/metal reaction, equilibrium, kinetics, largest inclusion, statistics of extreme 

values, electrolytic extraction, cross section, inclusion morphology.  
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1 I�TRODUCTIO� 

 

In the recent years, the companies manufacturing alloy products have been required to 

supply the alloy with high performances and qualities regarding the fatigue life, workability, 

cleanliness and so on. In order to satisfy those demands, it can be understood that the hot and 

cold rolling processes including the heat treatment for those products are important to control. 

More specifically, the microstructure of the matrix as well as the population of precipitates in 

the final products needs to be controlled. Furthermore, the importance of refining and casting 

processes of those materials, in addition to the rolling processes, is increasing as well. Those 

processes are improved to obtain the desired compositions of the products as well as lower 

concentrations of non-metallic inclusions in the final products. The contents of some alloying 

elements have to be adjusted precisely into the narrow target range during the refining process 

to obtain a good hot-workability for steel products.
1)

 Also, the large deviations of the contents 

of alloying elements bring the variation of the physical properties in the final products, in 

addition to a hot-workability.
2)

  

The technique for a control of the alloying element content in liquid alloys into a narrow 

range can also be advantageous to obtain the desired characteristics of non-metallic inclusions 

such as composition, number, size and morphology. When viewing the problems of steel 

products caused by non-metallic inclusions such as low fatigue life or sliver defects on the 

surface of the product, relatively large size inclusions are recognized to originate those 

problems.
3)

 Generally, the amount of non-metallic inclusions in steel products should be fewer 

to prevent those problems. Thus, a number of studies were carried out to clarify the removal of 

inclusions from the molten steel by the flotation during the refining process in a ladle and a 

tundish, so that highly clean steel were produced.
4-6)

 However, it is necessary to quantitatively 

and accurately determine the inclusion sizes in steel products (especially for the large sized and 

low concentrated inclusions) to precisely predict the qualities and properties of the final 

products. 

The information on a large inclusion in the final steel product is very useful for industries to 

predict the quality of it. If that information can be obtained at an early stage of the 

manufacturing process, it is also helpful to control the physical properties and to prevent 

defects in products. In order to obtain an accurate size of the largest inclusion in the final form, 

the relationships among largest inclusions in samples at the different stages of the processes 

have to be studied precisely. In the case of rolled steel as the final form of a product, the 

deformation behavior of inclusions during the rolling process should be taken into account for 

accurate estimation of the final morphology of an inclusion. 

A more specific background of this study will be given in the following parts to clarify the 

problems of the current techniques to control alloying elements and to evaluate the largest 

inclusion sizes. 
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1.1 Control of Mg Content in Molten �i 

Mg is known as one of useful alloying element for steel as well as Ni alloy products. A 

nickel alloy of NW2201 (>99.0 mass% Ni, JIS H 4551 standard) is widely used for a reactor of 

caustic soda plant due to its superior corrosion resistance as well as for electronic devices 

because of its low electric conductivity. Also, it is generally recognized that sulfur in nickel 

alloys deteriorates the hot-workability. Haruna
1)

 has found that an adequate amount of Mg 

could significantly improve the ductility at high temperatures, because Mg could react with 

sulfur to form MgS to make sulfur harmless. On the other hand, a surplus amount of Mg 

deteriorates the ductility due to the formation of a metallic compound of Ni2Mg with a low 

melting point.
7-8)

 However, it is difficult to precisely control the Mg content due to the high 

vapor pressure of Mg at high temperature. Thus, a precise control technique of the Mg content 

in a target range is important to obtain a good workability of alloys. 

Usually, ladles lined with a MgO-base refractory, typified by MgO-C or dolomite, are 

employed in the refining process.
9-12)

 It is well known that MgO contained in the refractory is 

eroded into molten slag during the refining process. Therefore, steelmakers need to take into 

account an increase of the Mg content to some extent, due to the reducing reaction of MgO in 

the slag by Al in molten Ni. This reaction must be taken into consideration along with additions 

of Mg as for example Ni-Mg alloys for a precise control of the Mg content. Furthermore, some 

studies have been conducted in the view point of kinetics during slag/metal reaction.
13-15)

 It is 

also important for the optimization of the refining period to take into account the kinetics of the 

slag/metal reaction. However, the study focusing on the kinetic process of Mg in molten Ni 

between slag and metal has not been carried out yet. 

This study is aiming at improving the control technique of the Mg content in molten Ni alloy 

to obtain the constant value within the narrow target range for a good hot-workability of the Ni 

alloy. In summary, the literature survey showed that the equilibrium Mg content in molten Ni 

depending on the Al content and slag composition should be clarified, because the target range 

should be controlled so it becomes close to the equilibrium value. Furthermore, the kinetics of 

the slag/metal reaction for a Mg reduction into molten Ni also need to be studied to understand 

the variation of the Mg content with time until its equilibrium value. Thereafter, the improved 

techniques regarding the equilibrium and kinetic process of the Mg content in molten Ni has 

applied to the manufacturing operation of Ni alloy. 

 

 

1.2 Evaluation of the Largest Inclusion by Statistics of Extreme Values 

In general, large size inclusions are recognized to be crucially harmful for the physical 

properties and the surface qualities of the alloy products.
3)

 The typical large inclusions in steel 

are originated from (1) the agglomerated inclusions as clusters, (2) the contamination of the 

exogenous inclusions into the molten alloy and (3) the largely grown endogenous inclusions 

such as deoxidation products or precipitations.
16)

 Basically, inclusions with liquid state in the 

molten alloy are formed as spherical shapes, while agglomerated ones are irregular shape such 

as clusters. On the other hand, it is well known that inclusions in the rolled alloy such as bars or 
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strips are elongated or fractured depending on their plasticity during the rolling.
17-21)

 The highly 

elongated or fractured inclusions from the rolling process causes anisotropy of physical 

properties or faster propagation of a crack along the inclusions.
22-23)

 Thus, it can be considered 

that various inclusions with different morphological features in three-dimension (3D) exist in 

alloy products depending on the manufacturing process of them. Therefore, such morphological 

features of inclusions should be taken into account for size evaluation of large inclusions in 

alloy products. 

Statistics of extreme values (SEV) are widely used and studied by the researchers as one 

useful method to evaluate the largest size of an inclusion in a steel sample.
6,24-31)

 This analytical 

method can determine the probable maximum size of an inclusion in a certain area by using 

extreme value distribution (EVD) of inclusion sizes. This method has the advantage that the 

relatively small inspection area is required for the assessment of the larger area of products. 

When applying this method, two-dimensional (2D) investigations of inclusions on a metal cross 

section using light optical microscopy (LOM) have been conventionally carried out. However, 

as aforementioned, it has been pointed out that the apparent inclusion sizes measured by 2D 

were considered to be different from the real sizes of themselves, due to their various 

morphologies in 3D.
29-31)

 Although the difference of EVD for spherical particles between 2D 

and 3D by using numerical simulations was studied
31)

, observations of inclusions in 3D have 

not applied for SEV. In addition to the spherical inclusions, the non-spherical shape particles 

should also be taken into account for the accurate prediction, when investigating various 

inclusions on metal cross sections.
32-35)

  

Commonly, alloy products are manufactured through the refining, casting, hot-rolling and 

cold-rolling processes with several heat treatments. In addition to the accuracy of the evaluation 

for an inclusion size, alloy samples are required to be examined easily and quickly using a 

regular inspecting method. The determination of EVD for inclusions in the final alloy by using 

a sample at an early stage of whole process is beneficial to predict the final condition of 

inclusions and to optimize the conditions of the following steps of process. Therefore, it is 

important to understand the relationship of the EVD for inclusion sizes through the production 

process. In this case, the deformation of inclusions during the rolling process should be taken 

into account for prediction of the inclusion size in the final products.  

According to the literature survey, the relationship of SEV for inclusion sizes in 2D and 3D 

should be clarified experimentally for accurate prediction. Especially, the EVD for inclusions 

with various morphologies has not been understood sufficiently. Moreover, the relationship of 

EVD throughout the manufacturing process should be studied to obtain the accurate prediction 

of the largest inclusion size in the final product at an early stage of the process. 

 

 

1.3 Objectives of the Work 

This work is aimed at improving the technique for precise control of alloying elements such 

as Mg during the refining process. Furthermore, the accurate evaluations of larger size 

inclusions with various morphologies were studied. The relationship among the individual 
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study corresponding to each supplement in this thesis work is schematically illustrated in Fig. 1. 

The control of the Mg content in molten Ni during the refining process was studied in 

Supplement 1 by using the metal and slag equilibrium experiments. Finally, this study aimed at 

reducing the variation of Mg content caused by the operation in the ladle refining process. 

Supplements 2 - 5 were mainly focused on evaluation of the largest size of non-metallic 

inclusions in several kinds of metal samples by using SEV. More specifically, the two- and 

three-dimensional measurements of size for inclusions with various morphologies (spherical, 

rod-like, clustered and elongated shape) were carried out in Supplements 2 and 3 to obtain the 

precise evaluation method. The 3D observations of inclusions were carried out by applying 

electrolytic extraction of inclusions. In Supplements 4 and 5, the studies regarding the EVD for 

inclusion sizes obtained from the different stages of 304 stainless steel manufacturing process 

were carried out to predict accurately the largest inclusions in the final product.  

 

 

Fig. 1-1. Relationship between different steps of alloy making process and 

supplements in this study.  

 

In summary, the current study is mainly focusing on the following topics; 

1.  The equilibrium contents of Mg in molten Ni were studied in the various conditions of 

Al content in the melt and CaO/Al2O3 ratio of slag using the laboratory scale experiments. 

The kinetic process until achievement to the equilibrium Mg content was also studied. The 

experimental results were applied to the plant operations to improve the control technique of 

Mg content in molten Ni alloy of NW2201. (Supplement 1) 
 

2.  The 2D and 3D measurements of the largest inclusion sizes were experimentally 

performed for SEV using a Fe-10mass%Ni alloy deoxidized with Al or Ti/Al. The 

differences between the EVD for single inclusion particles, which was shaped almost 

Molten alloy As cast alloy Rolled alloy

Precise control of 

alloying element

by slag/metal reaction in 

equilibrium and kinetic 

consideration

(Supplement 1)  

Precise evaluation of 

largest inclusion size

by developed method for the 

largest inclusion size in 3D

(Supplements 2 and 3)  

Accurate prediction of the largest inclusion size 

in the final products

by using appropriate samples taken at early stages of 

the manufacturing process

(Supplements 4 and 5)  



5 

 

spherical, obtained from both methods as well as for clusters were discussed. Thereafter, the 

probable maximum size and the real observed maximum size for single inclusion particles 

after electrolytic extraction of a 1 mm
3
 volume were compared. (Supplement 2). 

 

3.  The maximum sizes of the various morphological sulfide inclusions in low carbon steel 

(17CrMo4) were determined by both the 2D and 3D investigations for SEV in order to 

clarify the effect of their morphologies on accuracy of 2D measurements. The maximum 

length of elongated sulfides in the rolled steel was also evaluated from the cross sectional 

2D observation and from the 3D investigation of inclusions after extraction. Furthermore, in 

order to understand the possibility of the appearance of the real maximum length of particles 

on a cross section, the relationship between the apparent and real maximum sizes of particles 

was discussed by using geometrical consideration. (Supplement 3) 
 

4.  The variation of EVD for inclusion s on different stages of the manufacturing process of 

304 stainless steel was experimentally studied in 2D. This experiment was performed using 

one heat of stainless steel. The relationship between EVDs for spherical and fractured 

inclusions in the steel samples, which were taken from molten steel in a tundish, a slab and a 

hot rolled strip, was clarified. Finally, the transition of EVD for inclusion length before and 

after the hot rolling was studied. (Supplement 4) 
 

5.  The evaluation of the maximum inclusion size by SEV using one heat of 304 stainless 

steel was carried out to obtain the appropriate step for sampling to detect inclusion sizes as 

large as found in the final product of the cold rolled strip. The maximum inclusion sizes 

were determined from the 2D observations on perpendicular cross sections against the 

rolling direction for several strips as well as a slab taken from the same heat. (Supplement 5) 
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2 EXPERIME�TAL A�D A�ALYSIS PROCEDURES 

 

This thesis work is focused mainly on oxygen in alloy making. This is done with respect to 

two important aspects. One is the slag-metal equilibrium reaction using the laboratory scale 

experiment. Another is the inclusion sizes analysis with SEV. The experimental procedures as 

well as the analysis methods for both studies are as follows. 

 

 

2. 1 Slag/Metal Reaction 

 

2.1.1  Experimental Procedure 

The experiments in a laboratory scale were carried out to determine the equilibrium Mg 

content in molten Ni with various Al contents and slag compositions (Supplement 1). The 

schematic illustration of the experimental apparatus is shown in Fig. 2-1. The experimental 

conditions and specifically the CaO/Al2O3 (C/A) ratios of slag with the amount of additives (Al 

and Mg) in each experiment are summarized in Table 2-1. 

 

 
Fig. 2-1. Experimental apparatus. 

 

Firstly, nickel master metal (500 g) in a MgO crucible was melted in a vertical type electric 

resistance furnace under an Ar gas atmosphere at 1550 °C. After that, pure Al (>99.5 mass%) 

grains were added into molten Ni. This was followed by stirring using a quartz rod to 

Hole to add deoxidizer and slag, and to sample metal

Heater

MgO crucible

Thermocouple

Slag

Metal

Gas inlet

Gas outlet

C/A Al Mg

0.4 0.5 -

0.2 -

0.5 -

0.2 -

1.0 0.3 -

0.5 -

0.5 -

1.25 -

1.5 1.25 0.030

1.25 0.060

1.25 0.075

0.7

Slag Additives (mass%)

Table 2-1. Experimental conditions. 
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homogenize the molten alloy. Thereafter, slag (40 g) was immediately added onto the alloy. 

This moment was defined as time 0 in the present study. Then, the metals were sampled until 

60 minutes by quartz tubes. As for the samples taken, Mg and Al contents were measured by 

wet chemical analysis. In addition, the total oxygen content was measured by the inert gas 

fusion-infrared absorptiometry method. 

The slag with appropriate contents of CaO, Al2O3, MgO and CaF2 reagents was preliminary 

melted homogeneously to obtain the desired compositions. These slag compositions were 

ranged from 0.4 to 1.5 in C/A with a constant MgO content (10 mass%). Figure 2-2 shows the 

final slag compositions plotted on the CaO-Al2O3-MgO ternary system phase diagram. The slag 

compositions are plotted on the MgO or MgO·Al2O3 saturation regions. It should also be 

mentioned that CaF2 was added into slag with constant CaO/CaF2 ratio (in mass%) of 0.9 to 

allow slag to be easily melted.  

 

 
Fig. 2-2. Slag compositions on CaO-Al2O3-MgO ternary system phase 

diagram.  

 

 

2.1.2  Analysis with Equilibrium State and Kinetic Processes 

The equilibrium contents of Mg determined experimentally were compared to calculated 

equilibrium values from thermodynamic data in molten Ni. The equilibrium constants for the 

following reactions were employed for calculations considering the available compositional 

range: 

Al2O3 (s) = 2Al + 3O      (2-1) 

K1= 
aAl

2 ·aO
3

aAl2O3

=  
f Al

2
·�mass%Al�2· f O

3
·�mass%O�3

aAl2O3

    (2-2) 

log K1 = -35 200/T + 7.8
36)

      (2-3) 

C/A

0.4

0.7

1.0

1.5

MgO⋅Al2O3 saturation

MgO saturation
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MgO (s) = Mg + O       (2-4) 

K2= 
aMg·aO

aMgO

=  
f Mg·�mass%Mg�· f O ·�mass%O�

aMgO

    (2-5) 

log K2 = -25 500/T + 7.78
37)

      (2-6) 

MgO·Al2O3 (s) = Al2O3 (s) + MgO (s)    (2-7) 

K3= 
aAl2O3

·aMgO

aMgO∙Al2O3

       (2-8) 

log K3 = -980/T - 0.32
38)

      (2-9) 

where T is temperature (K). When considering the Mg reduction by Al in molten Ni, the 

reducing reaction is depending on the saturated oxide species in slag. In the case of the slag 

with the C/A values of 0.4 and 0.7, the Mg reduction reaction from the slag saturated with 

MgO⋅Al2O3 is as follows: 

3(MgO⋅Al2O3) + 2Al = 4(Al2O3) + 3Mg    (2-10) 

K4= 
aAl2O3

4 ·aMg
3

aMgO·Al2O3

3 ·aAl
2 =  

aAl2O3

4 · f Mg
3

·�mass%Mg�3

aMgO·Al2O3

3 · f Al
2 ·�mass%Al�2

    (2-11) 

log K4 = -44240/T + 14.58      (2-12) 

Meanwhile, in the case of the MgO saturated slag with the C/A values of 1.0 and 1.5, the 

following reaction had occurred: 

3(MgO) + 2Al = (Al2O3) + 3Mg     (2-13) 

K5= 
aAl2O3

·aMg
3

aMgO
3 ·aAl

2 =  
aAl2O3

· f Mg
3 ·�mass%Mg�3

aMgO
3 · f Al

2 ·�mass%Al�2
     (2-14) 

log K5 = -41300/T + 15.54      (2-15) 

The equilibrium constants, K4 and K5, were determined by combining the reactions (2-1), (2-4) 

and (2-7). The activity coefficient of fi (i = Al, Mg and O) can be expressed as follows: 

log f
i
= ∑ e i

j
·�mass% j�      (2-16) 

The interaction parameters e ij in molten Ni is listed in Table 2-2.
12, 36, 39)

 

 

Table 2-2. Interaction parameters e ij in molten Ni used in the present study.  

 
 

It is considered that the slag/metal reaction consists of three processes; (1) mass-transfer of 

elements in slag phase, (2) chemical reactions at the slag/metal interface and (3) mass-transfer 

of elements in the molten metal phase. It is generally postulated that the chemical reaction at 

i
j

Al

Mg

O

0.007  
36)

Al

0.08  
39)

-0.84  
36)

Mg

0.008  
36)

0.037  
36)

-46  
12)

O

-1.42  
36)

-70  
12)

0  
39)
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the interface occurs instantaneously at high temperature condition. In such case, mass-transfer 

of elements in molten metal or slag phase controls the reaction ratio. According to the analysis 

by Okuyama et al., 15) the estimated reaction rate is controlled by mass-transfer of Mg in the 

metal side. Hereby, the following equation was used for kinetic analysis: 

-
dCi

dt
= 

Areact·ρm

Wm
∙ km ∙ 	Ci 0-Ci e
     (2-17) 

where Areact is the reacting area between molten alloy and slag (cm
2
), ρm is the molten alloy 

density (g/cm
3
), Wm is the weight of molten alloy (g), km is the mass-transfer coefficient of 

element i in the metal side (cm/s). Ci0 and Cie are the initial and the equilibrium contents of 

element i in molten alloy, respectively. Element i corresponds to Mg for this specific case.  

 

 

2.2 Evaluation of Maximum Inclusion Size using Statistics of Extreme Values 

 

2.2.1  Preparation of Samples 

In order to study the development of SEV for the maximum inclusion size, the metal 

samples from different steel grades were used in this study:  

(1) Fe-10mass%Ni alloy (Supplement 2),  

(2) 17CrMo4 of low carbon steel (Supplement 3) and  

(3) Type 304 stainless steel (Supplements 4 and 5). 

An Fe-10mass%Ni alloy with Al or Ti/Al deoxidation as well as carbon steel were applied 

for a comparison of EVD for inclusions with various morphologies in 2D and 3D. The different 

samples from 304 stainless steel were applied to study the transition of EVD for inclusion sizes 

on different steps of the manufacturing process. An Fe-10mass%Ni alloy was produced in the 

laboratory, while the others were sampled from the industries. The chemical compositions of 

each metal sample are summarized in Table 2-3. The contents of Al, Ti and O were shown as 

total contents in metal samples. 

 

Table 2-3. Chemical compositions of the metal samples (in mass%). 

 
 

Steel C Si Mn S N i Cr Mo Al Ti O

Fe-10%Ni

1 9.81 0.011 0.029 0.0041

2 9.80 0.011 0.026 0.0080

3 10.03 0.047 0.033 0.0045

4 9.79 0.006 0.000 0.0034

5 9.90 0.033 0.000 0.0058

17CrMo4 0.18 0.16 0.76 0.03 0.25 1.25 0.24 0.02

304 0.051 0.52 0.90 8.10 18.06 0.0028
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Table 2-4 shows the summary of the experimental and sample conditions as well as type of 

inclusions observed in the sample for this work. For comparison of the EVD analysis for inclusions 

with various morphologies by 2D and 3D investigations, an Fe-10mass%Ni alloy with Al or 

Ti/Al deoxidation as well as carbon steel were applied. The specimens for a comparison of the 

2D and 3D measurements were taken from near position in the metal samples. On the other 

hand, Type 304 stainless steel was applied to study the transition of EVD through the 

manufacturing process between the steelmaking and rolling processes by 2D observations.  

 

Table 2-4. Experimental and sample conditions for each experiment. 

 
 

In the experiments using an Fe-10mass%�i alloy, the evaluation of single inclusion 

particles and clusters were focused on 2D and 3D measurements. This alloy was produced in a 

laboratory by using a high-frequency induction furnace. Initially, a charge (160 g) from an 

appropriate amount of pure electrolytic iron and nickel was melted in an Al2O3 crucible at 1600 

°C in the furnace under an Ar atmosphere. Table 2-5 shows the experimental conditions for 

each sample such as the amount of additives and cooling conditions. After addition of 

deoxidants, Al or Ti/Al, and stirring of the liquid alloy by using an Al2O3 rod, it was held 

during 10 minutes at 1600 °C. Then, the samples were cooled in the furnace to 1200 °C 

followed by water quenching. In one experiment, the molten metal in the Al2O3 crucible was 

directly quenched into water. The metal specimens for both the 2D and 3D measurements were 

cut out from the central vertical slice of the solidified metal ingots.  

Non-metallic inclusions were classified into two groups, such as a "single inclusion" and a 

"cluster". The "single inclusions" on cross sections and on film filters was defined as an 

isolated single inclusion particle without any connections with other particles. Agglomerations 

of two or more particles were determined as a "cluster" in both measurements. Also, in the case 

of cross sectional measurements, it was judged to be a "cluster" when the distance between 

neighboring particles was closer than 5 µm.  

Steel grade Sample Suppl.

Molten Al2O3 or   Single

Molten Al2O3-TiOx   Clusters

Molten   Sherical

Molten   Rod-like

Molten   Dendritic

Rolled bar   Elongated

Molten   Spherical

Slab   Spherical

Hot rolled strip   Fractured

Slab   Spherical

 Hot rolled strip*   Flattened

 Hot rolled strip**   Flattened

Cold  rolled strip   Flattened

*: The sample was taken immediately after the hot rolling process.

**: The sample was taken after the annealing and pickling process.

Investigation

  2D and 3D

  －〃－

  2D and 3D

Type of inclusion

MnS

Fe-10%Ni

17CrMo4

2

3
  －〃－

  －〃－

  2D (parallel) and 3D

4

5

304

Silicate

Silicate   －〃－

  2D

  2D

  2D (parallel)

  2D (perpenducular)

  －〃－

  －〃－
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Table 2-5. Experimental conditions of an Fe-10%Ni alloy sample preparation. 

 
 

The investigations using low carbon steel (17CrMo4) samples were focused on the 

investigation of various shaped sulfides. The typical chemical composition of this steel grade is 

given in Table 2-3. Metal samples from liquid steel in a tundish (molten steel sample) as well 

as from a rolled round bar with 37 mm in diameter (rolled steel sample) were studied. The 

molten steel was taken from a tundish by suction using an LSHR-type sampler.
40)

 The 

inspected specimen was cut out from the middle part of whole sample, as shown in Fig. 2-3(a). 

In the rolled steel sample, three specimens were taken for the 2D and 3D investigations. The 

2D observations on a cross section were carried out in perpendicular and parallel directions 

against rolling direction. Meanwhile, the specimen for electrolytic extraction was cut in a 

parallel direction against the rolling direction. Figure 2-3(b) schematically shows the positions 

of the specimens in the rolled steel sample and on investigated surfaces. 

 

 
Fig. 2-3. Schematic illustration of the position and direction of each specimen 

taken from the molten (a) and rolled (b) steel samples. (17CrMo4) 

 

The experiments for investigations of largest inclusions in 304 stainless steel deoxidized 

with Si/Mn were carried out by using the industrial samples taken from different stages of the 

Ti Al

1 0.03 0.02 A

2 0.03 0.06 B

3 0.03 0.06 A

4 - 0.02 A

5 - 0.06 A

*: A - 1600°C => 1200°C => water quench,

    B - 1600°C => water quench

(mass% in addition)

Exp. 

No

Cooling 

condition*

Specimen

P
er

p
en

d
ic

u
la

r 

se
ct

io
n

Specimen

(a)

(b)
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manufacturing process of that steel. The typical chemical composition of this steel grade is 

given in Table 2-3. The manufacturing process is stated as follows. After the refining process in 

an argon-oxygen decarburizer (AOD) and in a ladle furnace (LF), the molten steel was 

continuously cast to slabs with a 200 mm thickness and a 1000 mm width by using a vertical 

type casting machine. Thereafter, the slab was hot rolled into the target thickness after heating 

to 1200 °C. The hot rolled strips were annealed and pickled to remove scale and thereafter cold 

rolled. The samples for each study in Supplements 4 (from the molten steel to the hot rolled 

strip) and 5 (from the slab to the cold rolled strip) were taken from the same heat, respectively. 

The specific steps of sampling in the manufacturing process are as follows. In Supplement 4, 

the samples in one heat were taken from (1) molten steel in a tundish using a lollipop-type 

sampler, (2) solidified steel of a slab and (3) a hot rolled strip with an 8.8 mm
 
thickness, in 

order to study the change of EVD for the largest inclusions depending on the steps of the 

manufacturing process. Inclusion sizes on a parallel cross section were measured in 2D by 

using LOM, as illustrated in Fig. 2-4. 

In another heat, the samples taken from an as-cast slab and several rolled strips in three 

stages of the process were investigated by 2D observations (Supplement 5). Several specimens 

from the slab sample were taken from different positions of the slab in the vertical direction, as 

illustrated in Fig. 2-5(a). Furthermore, these samples were taken at two different places of slab 

width. The strip samples in different stages were named as (1) "as-hot" taken immediately after 

the hot rolling, (2) "hot-coil" taken after the annealing and pickling process and (3) "cold-coil" 

taken from final products after the cold rolling. Both the as-hot and hot-coil samples have a 

thickness of 6.5 mm. The cold-coil sample was finally rolled to a 3 mm thickness. These strip 

samples were investigated in a perpendicular cross section, as illustrated in Fig. 2-5(b). It was 

assumed that the inclusion widths were not changed by the rolling process, because the slab 

was rolled in one direction. Therefore, inclusion widths on a perpendicular cross section can be 

considered to be equivalently compared to the inclusion width in the slab samples. 

 

 
Fig. 2-4. Schematic illustrations of inspected sections and typical inclusions in 

different samples. (304 stainless steel in Supplement 4) 

10µm

10µm

20µm

d

L40

d

q

(b)

(c) (d)

(e) (f)

(a)

Rolling 
direction

Casting 

direction

Sample Inspected section Inclusions

Molten

steel

(Lollipop)

As cast 

steel 
(Slab)

Rolled steel

(Strip)

Prallell section
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Fig. 2-5. Positions of the samples taken from the slab (a) and the strips (b) 

showing the observed sections. (304 stainless steel in Supplement 5) 

 

 

2.2.2  2D and 3D Investigations of Inclusions 

Conventional 2D measurements of inclusion sizes on a metal cross section were carried out 

by using LOM. This method is hereinafter called the "CS-method".  

On the other hand, the potentiostatic electrolytic extraction of inclusions from the metal 

samples (an Fe-10%Ni alloy and low carbon steel of 17CrMo4) were applied for 3D 

investigations of inclusion sizes. A 10% AA non-aqueous solution (10v/v% acetylacetone – 

1w/v% tetramethylammonium chloride – methanol) was used as an electrolyte for all samples. 

Metal specimens to be used in extraction were cut in almost the same size (7×10×3 mm) to 

establish the same dissolution conditions. The total surface area of each specimen was adjusted 

to approximately 240 mm
2
. The following parameters were used during the extraction: a 150 

mV voltage, a 40-50 mA electric current and a 500 Coulomb electric charge. After electrolytic 

extraction, the electrolyte containing non-metallic inclusions was filtrated through a membrane 

polycarbonate (PC) film filter with 0.05 and 0.4 µm open-pore diameters for an Fe-10mass%Ni 

alloy and low carbon steel, respectively. The size measurements of inclusions on a film filter 

were performed by using scanning electron microscopy (SEM). This measurement in 3D is 

hereinafter called the "EE-method". 

 

2.2.3  Statistics of Extreme Values  

In order to predict the maximum inclusion size in a sample, SEV were applied. The analysis 

was performed according to Murakami's method
24)

 and the ASTM E2283-03 standard
25)

. The 

size measurements of the largest inclusions in the unit areas were basically carried out for 40 

measurements. The sizes of the unit areas for conventional 2D investigations of an Fe-

10mass%Ni alloy and low carbon steel of 17CrMo4 were chosen to be 0.186 and 0.28 mm
2
, 

respectively. For investigating on a parallel cross section of 304 stainless steel, 0.24 mm
2
 of 

unit area was examined for each sample (Supplement 4). Furthermore, a 100 mm
2
 area for 

slabs and a given thickness times a 30 mm width on the perpendicular cross section of strips 

were chosen as unit areas to investigate a large area of samples (Supplement 5). 

The basic procedure of this analysis is to first rank the size of inclusions in an increasing 

order, like x1 ≤ x2 ≤ xk ≤ ... ≤ xn (1 ≤ k ≤ n), where x is the representing size parameter of 

inclusions and n is the number of unit volume or unit area. Thereafter, in order to obtain EVD, 

Distance 

from surface
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the reduced variate of each size data, yk, defined by Eq. (2-18) was plotted against a size 

parameter. 

y
k
= -ln �-ln � k

n+1
�   (1 ≤ k ≤ n)      (2-18) 

According to Murakami's method,
24)

 the square root of an area of the largest inclusion, 

√areamax, in an observed unit area was used as a parameter to represent the inclusion size in the 

undeformed metal samples such as the molten steel and slab samples. When investigating the 

parallel section of the rolled samples, the maximum length of a deformed inclusion, Lengthmax, 

was mainly determined as a size parameter. 

For the estimation of the probable maximum size of an inclusion in a larger volume or area, 

regression lines were determined from EVD for each experiment by using the maximum 

likelihood (ML) method or the conventional least-square method according to the ASTM 

E2283-03 standard.
25)

 Every regression line was calculated as a normal linear function of the 

size parameter, x, as follows: 

y = c1 x + c2        (2-19) 

where c1 and c2 are the constants of the linear function. The largest inclusion size in a reference 

volume, Vref, or a reference area, Aref, could be predicted by using the reduced variate, y, 

determined by the return period, T, as follows: 

y = -ln �-ln �T-1

T
�       (2-20) 

T = 
Vref

V0
  (for volume investigation)     (2-21) 

T = 
Aref

A0
  (for area investigation)     (2-22) 

where V0 and A0 are the unit volume and the unit area for SEV. By introducing this y value into 

Eq. (2-19), the probable maximum size can be calculated. The range of error bars in every 

predicted value shows a 95% confidential interval (95%CI), which was calculated using the 

following equations according to the ASTM E2283-03 standard:
25) 

95%CI = ±2·SE       (2-23) 

 SE = 
1

c1
·�(1.109 + 0.514 · y + 0.608 · y2)

n
      (2-24) 

Figure 2-6 shows typical single inclusions (upper photographs) and clusters (lower 

photographs) on a cross section and on a film filter after the extraction in an Fe-10mass%Ni 

alloy. As given in Fig. 2-6, the sizes for spherical and non-spherical shape inclusions were 

separately calculated in all experiments. The √areamax  values of inclusions in SEV were 

calculated from following equations: 

√areamax= √π × d

2
  (for spherical shape)    (2-25) 

√areamax= �L × q  (for non-spherical shape)   (2-26) 
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where d is the diameter of spherical inclusions, L is the longest length and q is the maximum 

width of non-spherical inclusions. The √areamax values for rod-like and dendritic shape sulfide 

inclusions in 17CrMo4 were also determined by using Eq. (2-26). 

 

 
Fig. 2-6. Estimation of sizes for single inclusions and clusters by 2D (CS-method) and 3D 

(EE-method) investigation. (Fe-10mass%Ni alloy) 

 

For rolled steel, the L0 and L40 lengths were determined as the Lengthmax values in SEV. 

Single inclusion length on a parallel cross section was measured as L0 length. Meanwhile, the 

length of an inclusion group, in which the distance between the neighboring lined inclusions 

was smaller than 40 µm, was defined as the L40 length for one inclusion length, as is shown in 

Fig. 2-4(f), based on the ASTM E45-97 standard
41)

.  

For comparison of results obtained from the CS- and EE-methods, the experimental data 

obtained from 2D investigations need to be recalculated to the 3D data. According to Uemura 

and Murakami,
29)

 the thickness of a metal layer analyzed by a 2D observation, h0, is assumed to 

correspond to the mean √areamax value in SEV given by the following equation:  

h0= 1

n
∑ √area

max
       (2-27) 

By using this assumption, the unit volume of a metal sample analyzed by the CS-method, VCS, 

was estimated as: 

VCS = h0 × ACS       (2-28) 

where ACS is the observed unit area of a metal sample analyzed by the CS-method at the given 

magnification. 

On the other hand, the unit volume of a metal sample for the EE-method, VEE, was 

calculated from the following equation: 

VEE = (AEE / Afil) × (Wdis / ρm)     (2-29) 

where AEE and Afil are the observed unit area and the whole filtration area (1017 mm
2
) of a film 

filter with inclusions, respectively. The parameter ρm is the metal density (= 0.0078 g/mm
3
). 

Inclusion

Single

inclusion

Cluster

CS-method EE-method

10µm

d

10µm

d

L

q

10µm

L

q
10µm

2

d
×π

ba×

maxarea

L××××q
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Furthermore, Wdis is the weight of dissolved metal, determined by the difference of sample 

weight before and after electrolytic extraction. According to Eq. (2-29), it should be pointed out 

that the VEE value depends on the dissolved metal weight as well as on the observed unit area 

by SEM. Therefore, the values of Wdis should be kept almost constant in all electrolytic 

extraction experiments to obtain a similar VEE value.  

For an equivalent comparison of the experimental results obtained from the CS- and EE-

methods, the unit volumes for both methods have to be kept equal: 

VEE = VCS        (2-30) 

By introducing Eqs. (2-28) and (2-29) into Eq. (2-30), the relationship between the observed 

unit areas in both methods can be given as follows: 

AEE / ACS = h0 · Afil · ρm / Wdis     (2-31) 

In this study, SEV analysis by the CS-method was firstly examined to determine the h0 value. 

Thereafter, based on Eq. (2-31), the AEE value was determined to satisfy Eq. (2-30) for SEV 

analysis by the EE-method. The determined unit volume and observed unit area for the EE-

method as well as the CS-method in each experiment will be described in the following section. 
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3 RESULTS A�D DISCUSSIO�S 

 

3. 1 Control of Mg Content in Molten �i 

 

3.1.1  Analyses of Equilibrium and Kinetic in Laboratory Scale Experiment 

Table 3-1 shows the Al, Mg and O contents at 60 minutes in each slag sample. These 

analyzed values were determined as the equilibrium content in this study, due to the fact that 

almost constant values were obtained after 30 minutes. Hereby, these analyzed values were 

compared to the thermodynamically calculated Mg content in molten Ni for each condition. 

The activity of Al2O3 in the slag was also determined by using the iso-activity lines of Al2O3 

studied by Ohta and Suito
42)

, as shown in Fig. 3-1, to calculate the equilibrium Mg content in 

molten Ni with each slag. 

 

Table 3-1. Analyzed compositions at 60 minutes.
 

 
 

 
Fig. 3-1. Iso-activity lines of Al2O3 at 1823 K on CaO-Al2O3-MgO 

system by Ohta and Suito.
42)  

C/A Al Mg O

0.4 0.388 0.0014 0.0033

0.048 0.0014 0.0012

0.40 0.0020 0.0016

0.055 0.0014 0.0018

1.0 0.25 0.0029 0.0024

0.35 0.0036 0.0016

0.25 0.0025 0.0005

1.25 0.0150 0.0010

1.5 1.09 0.0167 0.0007

1.16 0.0142 0.0009

1.19 0.0162 0.0005

0.7

Slag Analysis (mass%)

1.5

1.0

0.7

0.4
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Figure 3-2 shows the calculated lines as a function of the C/A ratio along with the 

experimental plots. The experimental results for the lower C/A (0.4 and 0.7) are in good 

agreement with the calculated lines in Fig. 3-2(a). However, in the case of higher C/A values of 

1.0 and 1.5, some data points are below the lines. In this way, the Mg contents in equilibrium 

can be expected under the given conditions and the tendency of Mg behavior can be understood.  

 

 

 
Fig. 3-2. Relationship between Mg and Al equilibrium contents in molten Ni as a function of C/A 

in slag (a) for the present experimental results and (b) for the other published data.
12, 43)  

 

The experimental data conducted at 1873 K by Cho and Suito
12)

 and Numata et al.
43)

 are also 

compared to the Mg content determined by the thermodynamic calculations. As shown in Fig. 

3-2(b), the Numata’s results
43)

 agrees quite well with the present calculations. However, the 

results of Cho and Suito
12)

 in the case of C/A value of 1.4 is apparently higher than the line of 

C/A = 1.5. This reason may be attributed to the different nitrogen content compared to their 

studies examined with the AlN addition into the slag. More specifically, nitrogen in the slag 
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(3.8 - 13.1 ppm) might have affected the equilibrium constant of Eq. (2-15). Thus, the present 

calculation results for molten Ni without nitrogen in the system are considered as being 

available enough if ignoring the results by Cho and Suito
12)

. 

In addition to the analysis according to the equilibrium reaction between molten Ni and slag, 

the experimental results were analyzed kinetically, as well. Figure 3-3 shows the variation of 

Mg with holding time for the various initial Mg contents. It was found that the Mg contents at 

60 minutes converged to a value of about 0.015 mass% in every experiment.  

By using these experimental data, the transfer coefficient of Mg in molten Ni was calculated 

from Eq. (2-17). The applied parameters were as follows: Areact = 19.6 cm
2
, ρm = 7.8 g/cm

3
 

(density of molten nickel at 1823 K), Wm = 500 g and Cie = 0.015 mass%. As a result, the km 

values in these experiments were determined to be 0.013, 0.017, 0.020 and 0.020 cm/s, as 

shown in Fig. 3-3. These values are consistently similar to each other. Furthermore, they 

indicate that the rate-controlling step should be Mg transfer in the metal side, as estimated. The 

average value of the four data (0.0175 cm/s) should be taken in this study as the representative 

for all experiments. Moreover, this value agrees satisfactorily well with the km value of 0.0146 

cm/s (0.88 cm/min in the paper) obtained by Numata et al.
43)

 within probable experimental 

errors. 

 
Fig. 3-3. Variations of Mg content in Ni with holding time with km (cm/s) values calculated by 

fitting methods.  

 

 

3.1.2  Application to Plant Scale Operation 

Based on the above results of equilibrium and kinetic analyses, a scale-up was made to the 

practical conditions conducted in Nippon Yakin Kogyo Co., Ltd. Since 40 ton of NW2201 

alloy is refined in a ladle, the corresponding dimensions were used in Eq. (2-17). The surface 

area of a ladle (Areact = 3.3×10
4
 cm

2
) was considered as the reaction area between slag and 

molten alloy. In addition, the km value of 0.0175 cm/s determined from this study has been used 
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for the calculation. The scale-up to 40 ton ladle directly from crucible-size experiments should 

involve some uncertainties. However, it is meaningful to predict how long it takes to attain 

equilibrium Mg content with various initial Mg contents. Figure 3-4 shows the calculation 

result. It can be seen that the equilibrium value ±0.001 mass% can be achieved after 120 

minutes, if the initial Mg contents are controlled between 0.013 and 0.017 mass%. 

 

 
Fig. 3-4. Variations of Mg content with holding time expected for practical scale of NW2201.  

 

According to the experimental results and the scale-up consideration, the countermeasures 

for the precise control of Mg were summarized as follows: 

1. Decrease of variation in Al content in the melt between heats, 

2. Uniform slag compositions between heats, 

3. Completing Al addition at the stage as early as possible, and 

4. Addition of appropriate amount of Ni-Mg alloy corresponding to equilibrium Mg content. 

From the view point of equilibrium, Mg content in the melt can be controlled by slag 

composition and Al content under the conditions where temperatures are well controlled, as 

described in the countermeasures 1 and 2. From the view point of kinetics, the timing of a Ni-

Mg alloy addition is the point, when the initial amount of Mg is lower than the equilibrium 

content. To obtain a stable yield of Mg after addition, a molten alloy has to be sufficiently 

killed by Al. Consequently, the value of the standard deviation for the Mg content in the alloy 

was decreased till 0.003 mass% by performing those countermeasures.  
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3.2  Evaluation of Single Inclusions and Clusters in 2D and 3D 

 

3.2.1  Size Evaluation of Single Inclusions in 2D and 3D 

For all metal samples of an Fe-10%Ni alloy deoxidized with Al or Ti/Al, the 2D 

investigation by the CS-method were carried out using the ACS value of 0.186 mm
2
, which 

corresponds to one photograph at a magnification of 540 times. Numbers of measurements (n 

and ncl for single inclusions and clusters), average sizes (l �0 and l �cl for single inclusions and 

clusters) and unit volumes (VCS and VEE) for all experiments are summarized in Table 3-2. The 

h0 values for recalculation of results from 2D to 3D were determined from the sizes of single 

inclusions obtained from the CS-method. Consequently, the AEE/ACS ratio (= 0.23) was 

calculated from Eq. (2-31) by using the mean values of h0 (h�0 = 4.0 µm) for all experiments in 

2D and Wdis (W� dis = 0.1411 g) for all EE experiments. Based on the given AEE/ACS ratio and ACS 

values, the AEE value was determined as 0.042 mm
2
. Thus, the mean VCS and VEE values were 

calculated as 7.44×10
-4

 mm
3
 by Eq. (2-28) and 7.47×10

-4
 mm

3
 by Eq. (2-29), respectively. The 

both unit volumes are in accordance with each other to enable an equivalent comparison. 

Thereby, the value 0.045 mm
2
 was decided as AEE on an SEM photograph taken at a 

magnification of 500 times. 

 

Table 3-2. Number of measurements, average size for largest 

inclusions and unit volume for each experiment.  

 
 

Figure 3-5 shows two typical EVDs for single inclusions obtained by the CS- and EE-

methods. One of them shows a coincidence of distributions in both methods (Fig. 3-5(a)) which 

corresponds to most experiments (Exps. 2, 3 and 5). However, another shows a significant 

discrepancy between the EVDs obtained from both methods (Fig. 3-5(b)) which correlates with 

results for Exps. 1 and 4. In this case, the slope of the regression line determined from the EE-

method is considerably larger compared to that from the CS-method.  

V CS V EE

n h 0 (µm) n cl l 0 (µm)

1 40 4.7 23 8.5 8.78 -

2 40 3.5 30 6.9 6.59 -

3 40 3.8 30 6.1 7.14 -

4 40 4.7 23 12.6 8.69 -

5 40 3.5 30 8.3 6.43 -

1a 40 3.0 - - 8.78 -

2a 40 3.8 - - 6.59 -

4a 40 3.4 - - 8.69 -

1 40 2.9 29 5.3 - 7.65

2 40 2.9 34 6.9 - 7.90

3 40 2.8 29 4.4 - 7.65

4 40 2.5 36 3.8 - 7.95

5 40 3.1 34 5.1 - 7.94

(×10
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 mm
3
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Fig. 3-5. Comparison of EVD for single inclusions obtained from CS- and EE-

methods. Typical example of closing (a) and different distributions (b).  

 

In order to clarify the factor causing such a discrepancy in the EVDs, a careful observation 

of the metal surface of Exp. 4 sample was carried out by using SEM at a magnification of 3000 

times. As shown in Fig. 3-6, the object on a cross section determined as a non-metallic 

inclusion by LOM at a magnification of 540 times was identified as a pore by using 

backscattered electron image analysis. Thereafter, the numbers of pores (≥5 µm) on a cross 

section of all metal samples were counted. It was found that the numbers of pores on sample 

surface of Exps. 1 and 4 were significantly larger compared to in the other experiments, as 

shown in Fig. 3-7. Such large size pores resulted in a large discrepancy between the EVDs 

obtained from the CS- and EE-methods. 

 

 
Fig. 3-6. Optical microscope image (a) and backscattered electron image (b) of typical 

pore on a cross section of metal sample (Exp. 4).  
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Fig. 3-7. Size distributions of pores (≥5 µm) on a cross section of metal samples in 

different deoxidation experiments. The analyzed area is 50 mm
2
.  

 

The metal samples of Exps. 1, 2 and 4 were re-examined by the CS-method after careful 

repolishing of their cross sections to obtain EVDs excluding pores. Figure 3-8 shows the 

comparison of the revised EVD plots (Exps. 1a and 4a) with the original ones (Exps. 1 and 4). 

The revised distributions in the size range smaller than 4 µm agreed satisfactorily well with the 

original data. However, in the range of the √areamax  value larger than 5 µm, the obtained 

EVDs show significant discrepancies. Furthermore, the comparison of the regression lines 

obtained from the original and revised results is shown in Fig. 3-9. It can be seen that the 

revised regression lines of Exps. 1a and 4a have lower slopes than the respective original lines 

of Exps. 1 and 4. On the other hand, the regression lines for the metal sample, which has a 

fewer number of pores, show a satisfactory agreement between two measurements (2 and 2a). 

 

 
Fig. 3-8. Comparison of the revised EVD plots with the original one in (a) Exp. 1 

and (b) Exp. 4 by CS-method.  
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Fig. 3-9. Comparison of regression lines obtained by revision of metal samples in 

CS-method. 

 

The maximum sizes of single inclusions in a 1 mm
3
 volume estimated from both methods 

were compared with those actually observed using the electrolytic extraction method. Figure 3-

10 shows that the sizes predicted from the EE-method agree satisfactorily well with the 

observed ones. In the CS-method, the predicted sizes excluding pore measurements are also 

close to the actual size. However, the error bars (95%CI) for the CS-method have large values 

in comparison with the EE-method. Moreover, the maximum sizes of inclusions estimated from 

the original data by using LOM in Exps. 1 and 4 of the CS-method are significantly over 

estimated due to the existence larger porosity in these samples. 

 

 
Fig. 3-10. Comparison of the estimated from EVD and observed maximum size of 

single inclusions for 1 mm
3
.  
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3.2.2  Size Evaluation of Clusters in 2D and 3D 

The comparison of the typical EVDs for single inclusions and clusters in Fe-10mass%Ni 

alloy is shown in Fig. 3-11. The clusters have apparently smaller slope of EVD lines compared 

to that for the single inclusions in both methods. This is due to the difference of growing 

mechanisms for single inclusions and clusters. Single inclusions grew by Ostwald ripening,
44)

 

while clusters grew due to the collision and agglomeration of inclusions.
45)

 Thus, clusters in a 

metal were investigated separately from single inclusions in order to predict the probable 

maximum size of them by SEV. 

 

 
Fig. 3-11. Comparison of EVD for single inclusions and clusters in metal samples 

of Exp. 5 obtained from (a) EE-method and (b) CS-method.  

 

The EVDs for clusters determined by the CS- and EE-methods in the same sample are 

classified into two types such as relatively close (Exps. 1, 2 and 3) or different (Exps. 4 and 5) 

distributions, as shown in Fig. 3-12. However, in all experiments, the EVDs obtained by the 

CS-method demonstrate a larger size of clusters than that obtained by the EE-method.  

In order to understand such a difference, the number of clusters analyzed for SEV was 

focused on. The measured number of clusters for the analysis was less than the total observed 

number of unit area (40), as given in Table 3-2, because of the absence of clusters in several 

unit areas. More specifically, the number of clusters observed by the EE-method varied from 29 

to 36. The corresponding number for the CS-method varied between 23 and 30. Moreover, it is 

also suggested that the possibility of detection and measurement of small size clusters by using 

the CS-method is much lower in comparison with EE-method.
46)

 Based on these results, it may 

be concluded that the 2D investigations correlate with fewer numbers and larger sizes of 

measured clusters than the 3D investigations.  
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Fig. 3-12. Comparison of EVD of clusters obtained from CS- and EE-methods. Typical 

example of (a) closing distribution for Exp. 3 and (b) different distribution for Exp. 4.  

 

As a result, some overestimation of the average size of clusters by the CS-method was 

considered to be caused due to the detection and measurement as one cluster of unattached 

inclusions, other clusters or some pores. Figure 3-13 schematically shows several patterns of 

clusters in metal matrix with an apparent size on a cross section of metal. In some cases, the 

apparent clusters would consist of a group of several single inclusions and/or smaller clusters. 

However, in the case of a group of several clusters, as shown in Fig. 3-13(c), the number of 

measured clusters would increase, while the average size would decrease after electrolytic 

extraction. Thus, it can be suggested that the EE-method is more accurate compared to the CS-

method for the determination of the actual size and number of clusters in a metal sample. 

 

 
Fig. 3-13. Schematic illustration of 2D measurement for apparent size of cluster on 

metal cross section and real size of this cluster in metal volume in 3D. 
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3.3 Evaluation of Sulfide Inclusions with Various Morphologies in 2D and 3D 

 

3.3.1  Sulfide Inclusions in Molten Steel 

When investigating sulfide inclusions in the molten steel sample of 17CrMo4 by the EE-

method, they were classified depending on their morphology into three groups, such as 

globular, rod-like and dendritic shape, as shown in Fig. 3-14. According to the previous 

studies
47-49)

, globular and rod-like sulfide inclusions were denoted as Type I and Type II, 

respectively. Type III sulfide having octahedral shape was not found in the sample. Therefore, 

in this study, the dendritic sulfides were named as Type IV. The experimental conditions of 

SEV for both the molten and rolled steel samples are summarized in Table 3-3. 

 

 
Fig. 3-14. Estimation of size for sulfide by 2D (CS-method) and 3D (EE-method) investigation.  

 

 

Table 3-3. Experimental conditions of SEV for both the CS- and EE-methods. 
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The VCS value for Exp. CSM1 (9.84×10
-4

 mm
3
) was calculated by introducing the h0 (= 3.5 

µm) and ACS (= 0.28 mm
2
) values into Eq. (2-28). Based on the condition of VEE = VCS, the AEE 

and VEE values for 3D investigations of the molten steel sample were determined as 0.051 mm
2
 

and 9.56×10
-4

 mm
3
, respectively. The ACS value corresponds to an area of two micrographs at a 

magnification of 200 times for LOM. 

The EVDs of sulfide inclusions in the molten steel sample obtained from the CS- and EE-

methods are shown in Fig. 3-15. The √areamax values for sulfides determined from the EE-

method are ranged from 2 to 4 µm for Type I, from 3 to 7 µm for Type II and from 6 to 23 µm 

for Type IV. The EVD from the CS-method are located between the EVDs for Type I and Type 

II sulfides obtained from the EE-method. Furthermore, it can be seen that the obtained EVD 

data show a good linear relationship for each type of sulfides. 

 

 
Fig. 3-15. Comparison of EVDs for sulfide inclusions with different shapes in the 

molten steel sample obtained from the CS- and EE-methods.  

 

The formulas of the regression lines and the correlation coefficients, R, as well as the 

probable maximum size of sulfide inclusions calculated for 1 mm
3
 of steel in all experiments 

are given in Table 3-4. The slope of the regression lines increases in the order from Type IV to 

Type I sulfides. The slope of the regression line for single sulfide particles on the cross section 

(Exp. CSM1) is larger than that for Type II sulfide inclusions obtained by the EE-method (Exp. 

EEM2). This result shows that the size of single sulfide inclusions measured in 2D on a cross 

section was measured smaller than the real maximum size of rod-like sulfide inclusions 

measured in 3D on a film filter.  
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Table 3-4. Regression line formulas and the probable maximum size 

of inclusions in 1 mm
3
 of steel for each experiment.  

 
 

 

3.3.2  Sulfide Inclusions in Rolled Steel 

The sulfide inclusions with an elongated shape in the rolled steel sample were observed on 

the cross section as well as on a film filter after electrolytic extraction, as shown in Fig. 3-14. 

However, the thinner elongated sulfides inclusions could easily be broken during the 

preparation and extraction of specimen for the 3D investigation. Therefore, before analyzing 

the elongated sulfides by the EE-method, the shape of edges for the extracted inclusions were 

firstly investigated to determine the frequency of damaged sulfides.  

Figure 3-16 shows typical edge shapes of sulfide inclusions extracted from the rolled steel 

sample and the frequency of damaged inclusions. In this study, the stuffed edge was defined as 

a broken edge (Fig. 3-16(a)), while the sharp edge (Fig. 3-16(b)) was determined as an 

unbroken one. It can be seen that around 70 % of the elongated sulfides with the length longer 

than 10 µm have an undamaged shape (Shape 1). Meanwhile, for the "longest" sulfides (40-240 

µm) in observed unit areas, approximately 55, 40 and 5 % of them are classified as Shape 1, 2 

(one broken edge) and 3 (two broken edges), respectively. Thus, most of the elongated sulfide 

inclusions studied after extraction experiments were identified as undamaged. Based on these 

results, it can be believed that the EVD for elongated sulfides determined by the EE-method are 

correlated to the true length of them in the rolled steel sample.  

For application of SEV to the rolled steel sample, the VCS and VEE values were calculated as 

9.53×10
-4

 and 9.56×10
-4

 mm
3
, respectively, by using the h0 value (= 3.4 µm) determined by 

size measurements of sulfide inclusions on a perpendicular cross section of the sample (Exp. 

CSR1). As shown in Fig. 3-17, the EVD for the LEE value obtained by the EE-methods is 

located between the EVD determined for the L0 and L40 values by the CS-method. More 

specifically, EVD for the L0 length is significantly smaller than others. Meanwhile the values of 

L40 for lined inclusions on cross sections are evidently larger compared to the LEE values from 

the EE-method. 

c1 c2 R*

CSM1 1.611 -5.141 0.953 7.5 (1.1)**

EEM1 2.322 -5.585 0.964 5.4 (0.8)

EEM2 1.199 -4.732 0.983 9.7 (1.5)

EEM3 0.339 -3.525 0.978 30.9 (5.4)

CSR1 1.763 -5.415 0.948 7.0 (1.0)

CSR2 0.091 -2.651 0.978 105 (20)

CSR3 0.025 -2.018 0.984 352 (72)

EER2 0.035 -2.488 0.860 268 (52)

EER3 1.587 -1.791 0.879 5.5 (1.2)

*: Correlation coefficient.

**: (  ) shows 95%CI.

Exp.
Regression line, y  = c1x  + c2 Probable max.

size (µm)
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Fig. 3-16. Typical SEM images of (a) the "squared" and (b) sharp edge of elongated 

inclusions in the rolled steel sample on a film filter after electrolytic 

extraction, and (c) the frequency of three kinds of inclusion shapes in the 

sulfides longer than 10µm and the longest ones. 

 

 
Fig. 3-17. Comparison of EVDs for the maximum length of elongated sulfide 

inclusions investigated on a parallel section of the rolled steel sample by 

the CS- and EE-methods.  

 

The probable maximum length of elongated sulfides in a reference volume of 1 mm
3
 

estimated from the regression line of L40 (352±72 µm) is much larger than that determined from 

the LEE data (268±52 µm), as given in Table 3-4. Hereby, it is suggested that the probable 

maximum length of an elongated sulfide inclusion in the rolled steel determined by the L40 

values by the CS-method is overestimated in comparison with the estimated value from the LEE 

data. Therefore, the EE-method is preferable for evaluation of the maximum size for 

undamaged elongated inclusions in rolled steel samples by composition with the CS-method. 
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applied for geometrical consideration, as schematically illustrated in Fig. 3-18(a). The real size 

of this model inclusion was determined by using the maximum length, Lmax, and the largest 

width, q. The apparent maximum length of the inclusion section on an arbitrary cross section, 

Lobs, can be calculated from the equations given in Table 3-5 with a couple of parameters, H 

and θ. Here, H is the shift of the cross section to the width direction from 0 to q at the center 

line of the inclusions, and θ is the slope angle of the cross section (from 0 to 90°) compared to 

the longitudinal direction. A ratio between the apparent and maximum lengths, F, which 

correlates with the possibility for the measurement of the real length by the CS-method, can be 

determined as follows: 

F = Lobs / Lmax × 100 (%)      (3-1) 

Figure 3-18(b) shows the variation of the F values for the inclusion with an Lmax/q value of 2 

for different values of H and θ parameters. When a cross section goes thru the center point of 

an inclusion (H = q/2), the Lobs value is almost equal to the actual Lmax value (F ≥ 95%) in the θ 

range from 0 to 20°. However, the Lobs value decreases significantly at being larger θ values 

than 20°. Thus, for the CS-method, it is important to cut the elongated inclusions close to the 

center in longitudinal direction for obtaining the apparent length similar to the actual maximum 

length. 

 

 

Fig. 3-18. Schematic illustration of sectioned inclusion by the CS-method (a) and 

calculated possibility, F, for the measurement of the actual length 

depending on the θ and H values at Lmax/q = 2 (b).  
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Table 3-5. Equations for the geometrical calculation of the apparent length, Lobs, of an 

inclusion on a cross section as a function of cutting angle, θ.  

 
 

The mean LEE/qEE value for the undamaged elongated sulfides (Shape 1) in Exp. EEM2 

obtained by the EE-method was determined as 56, with the minimum and maximum values of 

14 and 137. Figure 3-19 shows that the F value for an inclusion with larger aspect ratio value 

is decreased dramatically with an increasing θ value. Based on this geometrical consideration, 

it can be suggested that the inclusions with an Lmax/q value of 10 or 150 are required to be cut 

within θ < 6° or θ < 1° against rolling direction to measure almost the actual maximum length 

(F ≥ 95%) by the CS-method.  

 

 
Fig. 3-19. Possibility for the measurement of actual length for an elongated 

inclusion on a cross section of rolled steel depending on their aspect ratio, 

Lmax/q, and angle of cross section (θ) against rolling direction at H = q/2.  
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3.4 Evaluation of Maximum Inclusion Sizes on Different Stages of Stainless Steel 

Production 

 

3.4.1  EVD for Inclusion Sizes in Stainless Steel Samples 

The investigations of the largest inclusions in the molten steel, slab and hot rolled steel 

samples using SEV were carried out by using one heat of 304 stainless steel (Supplement 4). A 

comparison of EVDs for inclusions in the molten steel and slab samples is shown in Fig. 3-

20(a). It can be seen that the EVD obtained for the molten steel sample in the range of the 

inclusion size below 9 µm agrees reasonably well with that for the slab sample. However, the 

slope of EVD for the molten steel sample decreases significantly in the range larger than 9 µm 

in the √areamax values. 

 

 
Fig. 3-20. EVDs obtained from (a) the molten steel and slab samples, and (b) the 

rolled steel sample. 

 

In order to clarify the factor causing different slope in one EVD for the molten steel sample, 

the contents of consisted oxides in typical inclusions were plotted on the ternary diagram, as 

shown in Fig. 3-21. The inclusions in the molten steel sample can be classified into two groups 

depending on their compositions: (1) SiO2-CaO-MgO-Al2O3 and (2) SiO2-MnO-Cr2O3 oxide 

inclusion. The former is typical deoxidation product, while the latter would be formed by the 

reoxidation phenomenon. On the other hand, only inclusions of group 1 were detected in the 

slab and rolled steel samples. The relationship between the total MnO+Cr2O3 content and 

diameters of analyzed inclusions in the molten steel and slab samples are shown in Fig. 3-22. In 

the slab sample, the low concentrations of MnO+Cr2O3 (<10 mass%) were detected in 

inclusions independently from their sizes. However, the inclusions with a diameter being larger 

than 10 µm contain larger amount of MnO+Cr2O3 (40-80 mass%) compared to the smaller 

inclusions in the molten steel sample. 

 

-2

-1

0

1

2

3

4

5

6

0 10 20 30 40

R
e
d

u
c
e
d
 v

a
ri

at
e
, 
y

(µm)maxarea

CSM1

CSS1

0 50 100 150 200 250 300 350

Lengthmax (µm)

CSR1

(b) (a) 

Molten steel

Slab

Rolled steel



34 

 

 
Fig. 3-21. Chemical compositions of typical oxide inclusions obtained in the molten 

steel, as-cast slab and rolled steel samples. 

 

 
Fig. 3-22. Relationship between total MnO+Cr2O3 content and a diameter of 

individual inclusion. 

 

According to the experimental results of this work as well as the previous study
50)

, it can be 

considered that reoxidation products consisting of SiO2, MnO and Cr2O3 have larger particle 

sizes compared to deoxidation products. The comparison of the particle size distributions and 

the EVDs for inclusions in both the molten steel and slab samples is shown in Fig. 3-23. The 

particle size distributions in the range being smaller than 10 µm agree well with both samples. 

However, only the molten steel sample contains the large size (>10 µm) SiO2-MnO-Cr2O3 

particles, which correspond to the smaller sloped part of the EVD for the √areamaxvalue (>10 

µm). 
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Fig. 3-23. Comparison of the particle size distributions and EVDs for inclusions in 

the molten steel and slab samples.  

 

For the rolled steel sample (Fig. 3-20(b)), the several data points (>150 µm) are deviated 

from the linear distribution. In order to understand the cause of such deviation, the 

investigations with the increased number of measurement were performed in all samples. As 

given in Fig. 3-24, despite the increase of measurements from 40 to 80 in the molten steel 

sample, the EVDs show the same tendency. More specifically, the EVD has two different 

slopes in the size ranges from 0 to 10, and larger than 10 µm, as shown in Fig. 3-24(a). In the 

cases of the slab and rolled steel samples, as shown in Fig. 3-24(b) and (c), the linearity of their 

distributions has been improved significantly with increasing number of measurements.  

 

 
Fig. 3-24. Comparisons of EVDs with different number of measurements obtained from (a) the molten 

steel, (b) slab and (c) rolled steel samples.  
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Figure 3-25 shows that the correlation coefficient, R, determined for the regression lines of 

the slab and rolled samples increases with an increased number of measurements. Meanwhile, 

the R values in the slab sample can obviously be determined to be a higher degree compared to 

those in the rolled steel sample obtained at the same number of measurements. Such difference 

of the R values between the slab and rolled steel samples may be explained by the deformation 

and fracture phenomenon of inclusions during the rolling. 

 

 
Fig. 3-25. Relationship between the correlation coefficient of the regression line for 

EVD and the number of measurements.  

 

 

3.4.2  Modification of EVD on Different Stages of the Steel Making Process 

It was shown in Section 3.4.1 that the EVD as well as the size distribution of deoxidation 

products in the molten steel sample taken from a tundish agreed well with those obtained from 

the slab sample. The larger size inclusions formed from reoxidation phenomenon in the molten 

steel are considered that they did not detected in the slab sample due to the separation by 

flotation in the tundish and in the mold. Consequently, it can be suggested that a metal sample 

taken from molten steel in a tundish has the potential to be applied for the examination of 

largest inclusions in solidified steel by using SEV.  

The relationship of an inclusion size before and after the hot rolling has been studied 

geometrically. Assuming that the summation of the areas of fractured particles on the parallel 

cross section is equal to the initial particle area on the cross section of the slab, the following 

relationship can be delivered: 

 Stot = S0 = π �d

2
 2

       (3-2) 

where Stot is the total summation of the areas of all lined inclusion particles on a parallel cross 

section of rolled steel and S0 is the area of the original spherical inclusion on a cross section of 

a slab, as schematically illustrated in Fig. 3-26.  
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Fig. 3-26. Photographs and schematic illustrations of typical inclusions on a metal 

cross section before and after the hot rolling.  

 

Figure 3-27 shows the comparison of the EVDs for spherical inclusions in the slab sample 

(Exp. CSS3) and for fragmented inclusions in the rolled steel sample (Exp. CSR3). The Stot 

values were calculated by using the image analyzing software (WinROOF©). As a result, the 

EVD and regression line of the �Stot values in Exp. CSR3 agrees well with the measured EVD 

for inclusions in the slab sample. This result shows that the EVD of deformed and fractured 

inclusions after the hot rolling is based on the EVD of the original undeformed inclusions 

before the hot rolling. 

 

 
Fig. 3-27. Comparison of the EVDs for undeformed inclusions in the slab sample 

and for fractured inclusions on a parallel cross section of the rolled steel 

sample. 

 

The relationship between the Stot area and ellipsoidal area, which is schematically drawn by 

the dashed line in Fig. 3-26, can be described geometrically, as follows: 
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where fS is the area fraction of all fractured inclusions in the total ellipsoidal area. When Eq. (3-

2) is introduced into Eq. (3-3), the following relationship can be given: 

 L40 = d� λ  f
S

⁄         (3-4) 

λ = L40/q        (3-5) 

where λ is the aspect ratio of a fractured inclusion. By applying Eq. (3-4) to the initial size of an 

inclusion, the calculated length of the rolled inclusion, L40, Calc, could be estimated from the 

initial size along with the corresponding λ and fS values. The λ and fS values are dependent on 

the initial inclusion characteristics, such as size and composition, and some parameters of 

rolling process. Therefore, it is important to determine the optimum λ and fS values for the 

accurate estimation of the L40 length. 

Figure 3-28 shows comparisons of the EVD for the L40 length of rolled inclusions between 

the directly measured (square marks) and the calculated values (triangle marks) by using Eq. 

(3-4). The λ and fS values used in each calculation are summarized in Table 3-6. The fractured 

inclusions in the rolled steel sample were classified into two types depending on morphologies 

of fractured inclusion parts. One is defined as Type B1 which consisted mostly of equivalent 

size particles grouped along one line (upper photograph in Fig. 3-26). Another inclusion is 

named Type B2, which typically contains one large particle surrounded by smaller fractured 

inclusion parts (lower photograph in Fig. 3-26). More specifically, the inclusion whose largest 

width, a, in one group was larger than 3 µm and 3 times larger than the mean width of the other 

parts in that inclusion group was defined as Type B2. It can be seen on Fig. 3-28(a) a significant 

discrepancy between the measured and calculated EVDs by using the average values of whole λ 

and fS. However, it was found that the estimated EVD for Type B1 inclusions agrees well with 

the measured one (Fig. 3-28(b)). However, in the case of Type B2 inclusions (Fig. 3-28(c)), the 

measured EVD shows considerably larger length of fractured inclusions in comparison with the 

calculated EVD.  

 

 
Fig. 3-28. Comparisons of the calculated and measured EVDs for the inclusion length in the rolled steel 

sample (Exp. CSR3) using the data from (a) total, (b) Type B1 and (c) Type B2 inclusions. λ and fS 

values are given in Table 3-6. 
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Table 3-6. Average λ and fS values obtained from measurements for all (Total), Type 

B1 and Type B2 inclusions in Exp. CSR3 with standard deviation (σ).  

 
 

By using the regression lines determined from 80 measurements, the probable maximum 

size of the inclusion in a 240 mm
2
 area of the Sref value in each sample was predicted, as shown 

in Fig. 3-29. In order to predict the maximum size of the deoxidation product in the molten 

steel, the linearly distributed data being smaller than 12 µm in Exp. CSM3 was applied for the 

determination of the regression line. As a result, the probable maximum sizes for the molten 

steel and slab samples were calculated to have almost same values of 16.9±2.5 and 16.6±2.3 

µm, respectively. The predicted value from the deoxidation products in the molten steel 

satisfactorily agrees well with the predicted value from the slab sample. Thus, it can be 

suggested that the EVD data in the molten steel sample excluding exogenous inclusions can be 

applied to predict the largest inclusion sizes in slab samples. 

 

 
Fig. 3-29. Comparison of the probable maximum size determined from the 

measured and calculated EVD in a 240 mm
2
 area. 

 

In the case of fractured inclusions, the probable maximum length in a 240 mm
2
 area was 

predicted to be 281±44 µm based on the measured EVD data in Exp. CSR3. For Type B1 and 

B2 inclusions, those lengths can be determined to be 239±42 and 374±120 µm, respectively. 

Furthermore, the corresponding lengths were determined by using the calculated EVD of the 

L40, Calc lengths for the molten steel and slab samples by applying the determined λ and fS values 

into Eq. (3-4), as given for the slab sample in Fig. 3-28. In the case of Type B1 inclusions, as 

shown in Fig. 3-29, the predicted values from both the calculated EVD obtained from the 

molten steel and slab samples were almost the same as the value determined from the measured 

EVD for L40. Hereby, the samples before the hot rolling are considered to have possibility to be 

used for prediction of the largest size for Type B1 inclusions in the rolled steel after the hot 
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rolling by applying the appropriate correction factors such as λ and fS values. However, 

differences can be seen between the predicted values from the calculated EVD for the total and 

Type B2 inclusions and from the measured EVD due to the difference of regression lines 

between two EVD, as given in Fig. 3-28(a) and (c).  

The disagreement of the measured and calculated EVDs for Type B2 inclusions may be 

explained by the fact that the average values of λ and fS, which are used for the calculations, do 

not represent really that group. Figure 3-30 shows the relationship between the determined λ 

and fS values and the calculated initial inclusion sizes, dcal. The dcal values were calculated as a 

diameter of a spherical area corresponding to the Stot values in Exp. CSR3 by using the 

following equation: 

dcal = 2�Stot π⁄         (3-6) 

The data points of the average λ and fS values obtained from Type B1 inclusions lie almost in 

the center of the uniformly dispersed data, as shown in Fig. 3-30. However, the data obtained 

from Type B2 inclusions are distributed non-uniformly in a rectangle of standard deviation 

interval (±1σ) particularly for fS data. In this case, the average values did not represent the real 

measurement data points. Thus, it can be suggested for Type B1 inclusions, which fractured 

into almost equivalent size particles, that the L40, Calc values can be estimated from the initial 

inclusion size using Eq. (3-4). Moreover, the λ and fS values depending on the rolling 

conditions and inclusion types are required to be introduced. However, for Type B2 inclusions, 

other ideas should be applied to modify the EVD of fractured inclusions from the initial sizes. 

 

 
Fig. 3-30. Distributions of the fS and λ values for different types of fractured 

inclusions in the rolled steel against the calculated initial inclusion 

diameter from the Stot value in Exp. CSR3. 
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3.5  Evaluation of EVD for Inclusions on Perpendicular Cross Section

 

The investigations using SEV focusing on 

section from the slab to cold rolled strip samples w

stainless steel (Supplement 5). 

a 304 stainless steel sheet. As can be

dispersed in the defect. Assuming that the width of the defect did not vary when the steel was 

rolled, the width of the sliver defect 

original inclusion, d, which existed in 

 

Fig. 3-31. (a) An inclusion defect appeared on the strip (0.2

SEM image of the defect.

 

The non-metallic inclusions in 304 stainless steel have mostly in a spherical shape on a cross 

section of the slab sample. The element distribut

they represent complex MgO-

can be reasonably considered that these inclusions were in a liquid state in the molten steel 

during the refining and casting process. 

Fig. 3-32. Element distribution 

Sliver defect 
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Evaluation of EVD for Inclusions on Perpendicular Cross Section

The investigations using SEV focusing on an inclusion width on a perpendicular cross 

section from the slab to cold rolled strip samples were carried out by using another heat of 304 

). Figure 3-31 shows a typical sliver defect seen on the surface of 

As can be seen in Fig. 3-31(b), a number of particles 

Assuming that the width of the defect did not vary when the steel was 

sliver defect can be considered to correspond to the diameter of the 

existed in an as-cast slab. 

lusion defect appeared on the strip (0.2 mm thickness) of 304 stainless steel 

of the defect. 

metallic inclusions in 304 stainless steel have mostly in a spherical shape on a cross 

section of the slab sample. The element distribution of such an inclusion makes it clear that 

-Al2O3-SiO2-CaO inclusions, as illustrated in 

can be reasonably considered that these inclusions were in a liquid state in the molten steel 

asting process.  

 

 
Element distribution in an inclusion of the slab sample of stainless steel.

Sliver defect 

Evaluation of EVD for Inclusions on Perpendicular Cross Section of Strips 

on a perpendicular cross 

ere carried out by using another heat of 304 

shows a typical sliver defect seen on the surface of 

particles are randomly 

Assuming that the width of the defect did not vary when the steel was 

correspond to the diameter of the 

 
304 stainless steel and (b) 

metallic inclusions in 304 stainless steel have mostly in a spherical shape on a cross 

ion of such an inclusion makes it clear that 

CaO inclusions, as illustrated in Fig. 3-32. Thus, it 

can be reasonably considered that these inclusions were in a liquid state in the molten steel 

 
sample of stainless steel. 
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After the hot rolling, most of the inclusions on a perpendicular cross section of the strip 

samples show a flat shape. Figure 3-33 shows the section of typical elongated inclusion in a 

perpendicular steel cross section after the hot rolling. According to the assumption that the 

width of an inclusion did not change significantly during the hot and cold rolling, the √areamax 

values of the inclusions in an original spherical shape can be expressed by using the width of an 

inclusion in a perpendicular cross section as follows: 

√areamax= √π × d'
2
       (3-7) 

 

 
Fig. 3-33. Typical deformed inclusion observed in the as-hot sample on the 

perpendicular cross section. 

 

For the investigation of the slab sample, the cross section parallel to the widest face was 

examined in 2D by LOM for 40 unit areas each consisting of a 100 mm
2
 area. Meanwhile, 15 

unit areas whose size was defined as a given thickness times a 30 mm width on the 

perpendicular cross section were observed for the strips. This unit area can be considered to be 

equivalent to the slab thickness (200 mm) with the same width. As a result, a 6000 mm
2
 area 

was assumed as a size of a unit area. This was tried expecting that one can assess a product 

with an inspected time shorter than by the slabs, if large inclusions deformed after rolled are 

clearly visible by LOM. 

The EVDs of inclusions determined for the samples from the slab, as-hot, hot-coil and cold-

coil of one heat are shown in Fig. 3-34. It is obvious that the EVD for each sample well obeys 

the linear regression line arithmetically determined by the least-square method. The probable 

maximum diameter of the inclusion on a 300000 mm
2
 reference area was determined to be 53 

µm in the slab, while those values for rolled steel samples were ranged between 68 and 78 µm. 

The estimated maximum diameters from the strip samples show similar values to each other. 

Also, those determined sizes are larger than those from the slab. This is mainly due to the fact 

that the total observed area was even wider with the strip samples leading to the higher 

possibility to detect large inclusions. Moreover, perhaps the original inclusions in a slab were 

deformed during rolling not only in longitudinal but also in width direction (though to a smaller 

extent) against rolling direction. 

 

d’

Inclusion



 

Fig. 3-34. EVDs of inclusions on perpendicular cross section of different samples

Furthermore, the slab samples with various positions in one slab were investigated. 

According to the experimental results, the 

determined between 50 and 65 

maximum sizes near the surface 

part of a slab, as given in Fig. 3

position are slightly larger than the values obtained from the samples at the center positions, 

when comparing the data for the same 

flow pattern of the molten steel in the cast strand

moment. 

Fig. 3-35.
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EVDs of inclusions on perpendicular cross section of different samples

 

Furthermore, the slab samples with various positions in one slab were investigated. 

According to the experimental results, the probable maximum sizes in each position were 

between 50 and 65 µm from the individual EVD. It can be seen that 

the surface (2 mm) tend to be slightly larger than the

Fig. 3-35. Moreover, the probable maximum 

than the values obtained from the samples at the center positions, 

the same depth from the surface. This reason may be related to the 

pattern of the molten steel in the cast strand, but are not fully understood at the 

 

 
35. Difference of predicted size in the location of the slab. 

 

 

 
EVDs of inclusions on perpendicular cross section of different samples. 

Furthermore, the slab samples with various positions in one slab were investigated. 

probable maximum sizes in each position were 

It can be seen that the predicted 

tend to be slightly larger than the ones at the deeper 

probable maximum sizes at the edge 

than the values obtained from the samples at the center positions, 

This reason may be related to the 

but are not fully understood at the present 

Difference of predicted size in the location of the slab.  
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4 CO�CLUDI�G REMARKS 

 

This study was aimed at improving the control techniques of content for alloying elements, 

such as Mg, in the narrow range during the ladle refining and also the largest inclusion size 

evaluation method for alloy products. The concluding remarks from this study are stated as 

follows. 

Based on the experimental results in the laboratory and the scale-up study of the Mg content 

in molten Ni (Supplement 1), a plant trial has been carried out. In order to control Mg content 

within the narrow target range, it was firstly necessary to obtain the constant equilibrium Mg 

content in each operation by controlling the slag composition and Al content in the melt. 

Hereby, in the viewpoint of equilibrium reaction, by decreasing variation for Al content in the 

melt and for slag compositions between heats (countermeasures 1 and 2, Section 3.1.2), the 

standard deviation of the final Mg content in the Ni alloy was decreased from 0.007 to 0.004 

mass%. This positive effect is shown as a column of an "Improvement A" in Fig. 4-1. 

 

 
Fig. 4-1. Relationship between standard deviation and method of control for Mg content in NW2201. 

 

Furthermore, this study determined the average value of mass-transfer coefficient for Mg in 

the molten Ni to be 0.0175 cm/s, as mentioned in Section 3.1.2. The scale-up study by using 

this value showed that the required holding time for obtaining the equilibrium Mg content in 

the melt at the same mass-transfer coefficient value was depended on the initial content of Mg, 

as shown in Fig. 3-4. Thus, the addition of an appropriate amount of Mg in the melt with lower 

initial Mg content can significantly decrease the operation time for obtaining the equilibrium 

content. In addition to the countermeasures 1 and 2, the application of the other two 

countermeasures of 3 and 4 from Section 3.1.2, which were improved the kinetics of process, 

eventually decreased the standard deviation of Mg content to 0.003 mass%. The total positive 

effect obtained by applying the countermeasures 1 to 4 is represented by an "Improvement B" 

column in Fig. 4-1. Thus, it is necessary to consider the kinetic behavior of the reaction 
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between slag and metal into account in addition to the equilibrium analysis for the precise 

control of the content of alloying elements such as Mg in narrow range during the refining 

process. 

According to the experimental results obtained in Supplements 2 and 3 from 2D and 3D 

investigations of largest inclusions in different alloys, more precise evaluation method by using 

SEV in 3D has been developed. More specifically, the EE-method including the 3D 

investigation of inclusions on film filter after electrolytic extraction can be successfully used 

for the evaluation of maximum size of inclusions by SEV along with the CS-method. Moreover, 

it was found that the EVD determined by the EE-method was not influenced by the existence of 

pores in metal specimens. Also, it has been possible to directly analyze in 3D the actual 

maximum size of inclusions after extraction of samples. As a result, the maximum sizes of 

Al2O3 inclusions in an Fe-10mass%Ni alloy deoxidized with Al and Ti/Al predicted by the EE-

method have sufficiently good agreement with the actually detected inclusion size at a 1 mm
3
 

volume of all samples, as shown in Fig. 3-10. 

In the case of the observation for clusters, the predicted largest sizes of clusters from EVD 

obtained by the EE-method were significantly smaller than those by the CS-method. As 

schematically shown in Fig. 3-13, this reason may be explained by the consideration in 2D as a 

cluster of unconnected particles or small size clusters, which are placed very closely to each 

other. However, such closely positioned particles may also behave like one large inclusion or 

cluster even though they are not really connected. Hereby, when taking into account the worst 

case scenario, the CS-method is also available to evaluate the largest cluster sizes. On the other 

hand, the EE-method can be applied to study the EVD for real clusters agglomerated during the 

refining and casting process.  

For non-spherical sulfide inclusions in alloys, it is more difficult to obtain the real size by a 

2D observation. As shown in Fig. 3-14, they are formed to the various shapes during 

solidification of molten steel. In the molten steel, the dendritic sulfide inclusions were 

determined to be the largest size of a sulfide inclusion from SEV. However, it is impossible to 

measure the actual size of dendritic sulfides by the CS-method. In addition to the dendritic 

sulfides, most of the elongated inclusions in the rolled steel sample can also be successfully 

evaluated without breaking during electrolytic extraction by using the EE-method. Thus, it was 

concluded that the EE-method is useful for evaluation of the actual size of sulfide inclusions 

with various morphologies in metal samples. 

The geometrical consideration using the simplified rod-like particle model clarified that the 

possibility to be measured the actual size of an elongated inclusion decreases rapidly with 

increasing aspect ratio, as given in Fig. 3-19. Based on this consideration, the relationship 

between the cutting angle, θ, and the apparent length of elongated inclusions on a cross section, 

Lobs, can be considered, as schematic illustrated in Fig. 4-2. It can be suggested that elongated 

inclusions should be cut parallel to the rolling direction in order to obtain the real maximum 

length, Lmax, of itself, as shown in Fig. 4-2(a). In other cases, the apparent size shows 

significantly different from the real size. Meanwhile, as shown in Fig. 3-14, elongated 

inclusions are curved during rolling. In such case, the EE-method is more useful to obtain the 

actual size compared to the CS-method. 
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Consequently, the EE-method is more accurate for the measurement of actual maximum 

sizes of inclusions and clusters. However, it takes a longer time than for the CS-method due to 

the sample preparation, electrolytic extraction and investigations by SEM. Hereby, the 

application of the EE-method for the regular inspection of alloy samples in industries may be 

difficult due to the time consumption. In this study, it was clarified that inclusions with various 

morphologies can be measured more accurately by using the EE-method. Thus, it can be 

suggested that the EE-method could be applicable as a reference method to confirm or correct 

the results obtained by a conventional cross sectional investigation. 

 

 

Fig. 4-2. Schematic illustration of different pattern for cutting of elongated inclusions whose apparent length 

(Lobs) shows equal (a), shorter (b) and longer (c) detection compared to the real length (Lmax).  

 

In Supplements 4 and 5, the EVDs of inclusions in 304 stainless steel obtained from the CS-

method were studied using the samples on different stages of the manufacturing process to 

predict the largest inclusion size in the final products. For the accurate prediction of that, it is 

important to understand the modification of EVD throughout the manufacturing process. 

The experimental results in Supplement 4 show that the EVDs determined experimentally 

using the molten steel and as-cast slab samples shows good agreement with respect to the 

deoxidation products, as given in Fig. 3-23. Therefore, it indicates that the molten steel sample 

can be applied as a representative sample for the prediction of the maximum size of inclusions 

in as-cast steel. Furthermore, it was found that the EVD for the rolled inclusion in the hot rolled 

steel sample is related to that obtained from the slab before rolling. In addition, the length of a 

fractured inclusion in the rolled steel was able to be evaluated by using the initial size of an 

undeformed inclusion in a slab, the value of inclusion aspect ratio after the hot rolling, λ, and 

the area fraction factor, fS. By using Eq. (3-4) and these parameters, the EVD for the inclusions 

fractured into equivalent size particles can be predicted accurately from the initial size, as 

shown in Fig. 3-28(b). It is, hereby, important to obtain appropriate values for the λ and fS 

values which are related to the rolling conditions such as heat temperature, size reduction ratio 

and so on. 

In Supplement 5, it was also found that the predicted largest inclusion size, which was 

obtained by measuring their width on a perpendicular cross section of the various strip samples 

in different stages, almost agreed for the hot and cold rolled steel samples. This is shown in Fig. 

(a)

(b)

(c)

θ = 0°Inclusion
Cross section

Lobs = Lmax

θ > 0°

Lobs << Lmax

θ > 0°

Lobs >> Lmax
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3-34. However, the predicted maximum size of inclusions in the slab sample was significantly 

smaller than that in the rolled steel samples in the same heat. This is considered to be due to the 

difference of the substantial size of the observed unit areas between the slab and rolled steel 

samples. In these experiments, the required time for investigating each sample has also been 

studied. Table 4-1 gives the details of the time for the preparation and measurement of each 

sample. It can be seen that the investigation of the rolled steel samples can be carried out in a 

shorter time compared to that for the slab sample. This is mainly due to the longer preparation 

time for sample specimens.  

 

Table 4-1. Required time to inspect each sample in hour (see Section 2.2.1 for samples). 

 
 

However, the preparation time for a sample taken from liquid alloy before casting is 

considered to be comparable or shorter than that for a rolled alloy sample. Therefore, the 

relation between EVD of inclusions in molten alloy and the final product is an important 

subject of much current interest to predict the quality of the final product on early stage of the 

production process. 

Table 4-2 schematically shows the summary of the overall concluding discussion obtained 

from the current study. The ladle refining technique considering an equilibrium and kinetic 

process improved the control technique of alloy elements. This technique would directly 

improve the stability of the property and quality of the final products. The developed evaluation 

method by SEV in 3D enables the largest inclusion size to evaluate more precisely in any 

samples. The molten alloy represents the as-cast alloy. Furthermore, the EVD of fractured 

inclusion length for the rolled products could be predicted accurately from inclusions in an as 

cast alloy. Thus, it can be suggested that both the developed techniques for control of alloying 

elements and for evaluation of largest inclusions are useful for an industry to control and 

predict the physical properties and qualities of the final products. 

  

Step of investigation slab as-hot hot-coil            cold-coil

Preparation 6 3 3 2

Measurement 2.5 1 1 0.6

Total 8.5 4 4 2.6
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Table 4-2. Overview of the developed technique by this study.  

 
 

  

Suppl. Objectives
Investigated 

parameter
Experiment

Sample 

conditions

Results and 

recommendations

1

2

3

4

5

Molten

Rolled

Molten

As-cast

Rolled

As-cast

Rolled

(hot and cold)

Laboratory 

(Ni)

Industrial

(NW 2201)

-Control of appropriate Al 

content and slag composition

-Appropriate amount of Mg 

addition

-EVDSingle < EVDCluster

-3D investigation for 

accurate evaluation of single 

spherical inclusions and 

clusters

-EVDType I < EVDType II < 

EVDType IV

-3D investigation for the 

accurate evaluations of 

elongated inclusions

-EVDMolten ≈ EVDAs-cast

-Estimation of EVDRolled 

from original inclusion sizes

-EVDAs-cast < EVDHot ≈ 

EVDCold (for inclusion width)

-Required time to investigate

(As-cast > Rolled)

Molten

Molten

Industrial

(304)

Industrial

(304)

Control of Mg content in Ni 

alloy

Composition of 

alloy 

(Mg in Ni)

Laboratory 

(Fe-10%Ni)

Industrial

(17CrMo4)

Improvement of accuracy for 

statistics of extreme values 

(SEV) by 3D investigations

Application of 3D SEV for 

various morphological 

sulfides

Prediction of largest inclusion 

in final product regarding 

maximum length

Prediction of largest inclusion 

in final product regarding 

maximum width

Inclusion size 

in 2D and 3D

(Al-Ti-O 

inclusions)

Inclusion size 

in 2D and 3D

(Mn-S inclusions)

Inclusion size 

in 2D

(Mg-Si-Al-Ca-O 

inclusions)

Inclusion size 

in 2D

(Mg-Si-Al-Ca-O 

inclusions)
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5 CO�CLUSIO�S 

 

In order to improve the control technology of Mg content in molten Ni during the refining 

process, the experiments for the slag/metal reaction were performed. In addition, the evaluating 

method for the largest size of a non-metallic inclusion using statistics of extreme values has 

been studied to improve the prediction accuracy. The comparison of the two- (2D) and three-

dimensional (3D) observations was focused on. Also, the transition of extreme values has been 

studied through the steel making process for the same heat of stainless steel. The following 

words are described as concluding remarks. 

 

1. Control of Mg content in molten Ni (Supplement 1): 
 

(1)  It was found that Mg content in liquid Ni in equilibrium state with the slag depended on 

Al content and CaO/Al2O3 ratio in the slag. The obtained Mg contents almost agreed with 

those values determined from the thermodynamic calculation. Moreover, Mg content has 

converged to almost the constant value despite the variation of the initial Mg content in the 

melt at the same Al content and the slag composition. 
 

(2)  By analyzing the variation of Mg content with time in molten Ni, mass-transfers of Mg 

in molten Ni is considered as the rate-determining step for the reaction of 3(MgO) + 2Al = 

(Al2O3) + 3Mg. 
 

(3)  According to the laboratory scale experiments, standard deviation of Mg content for 

plant trials was decreased from 0.007 to 0.003 mass% by applying the countermeasures 

planned from the view points of both equilibrium and kinetics. 

 

2. Evaluation of largest inclusions with various morphologies by using statistics of extreme 

values in 2D and 3D (Supplements 2 and 3): 
 

(1)  The extreme value distribution (EVD) data for single spherical inclusion particles 

obtained from 3D measurements after electrolytic extraction agrees satisfactorily well with 

data obtained from 2D measurements on a metal cross section excluding pores. 
 

(2)  The EVD for clusters in all experiments by 2D and 3D investigations have a smaller 

slope compared to the data for single inclusions. This is due to the difference of the growth 

mechanisms for single inclusions and clusters. 
 

(3)  The 3D measurement of the real maximum size of sulfide inclusions with various 

morphologies can be successfully applied for estimation of the actual largest size sulfides by 

using the statistics of extreme values. 
 

(4)  The apparent length of section for rod-like or elongated particles by 2D investigation 

decreased dramatically with the increase of inclusion aspect ratio and of an angle between 

cross section and the rolling direction of inclusions. Therefore, the possibility for 

measurement of the real inclusions size on an arbitrary cross section is very low. 
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3. Evaluation of maximum inclusion sizes on different stages of stainless steel production 

(Supplements 4 and 5): 
 

(1)  The non-metallic inclusions from various sources and/or having different growth 

mechanisms have different slopes of EVD. More specifically, Mn-Cr-Si oxides from the 

reoxidation layer on the surface of molten steel in a tundish has a larger size distribution 

than the deoxidation products such as Mg-Si-Ca-Al oxides. Furthermore, an increase of 

measurement numbers has improved the linearity of EVD with higher correlation coefficient 

values for regression lines and, as a result, raises the accuracy of evaluation for the 

maximum size of inclusions. 
 

(2)  The EVD data determined by the summation of fractured inclusion areas on a parallel 

cross section along the rolling direction has agreed satisfactorily well with that obtained 

from the initial inclusions in the as cast slab. Furthermore, the geometrical relationship of 

the inclusion length before and after the rolling has been delivered by using a couple of 

parameters; area fraction term and aspect ratio of inclusion after the rolling. The probable 

maximum length of an equivalently fractured inclusion was able to be estimated from the 

EVD for original inclusion sizes in molten steel or slabs by applying both correction factors.  
 

(3)  By measuring the widths of the elongated inclusions along with the rolling direction, the 

extreme value analysis was successfully applied for the strip samples including hot and cold 

rolled steel samples.  

 

 

  



51 

 

6 FUTURE WORKS 

 

This work has improved the technology to control Mg content in molten Ni in the ladle 

refining process and the evaluation method to predict the largest inclusion in steel. For the 

further improvement of both techniques, it is necessary to study the following phenomena: 

 

1. Control of Mg content in molten Ni 

This study has clarified the mass transfer coefficient of Mg in the molten Ni under the 

tranquil condition. In order to accelerate the reaction, it is useful to increase the reaction area 

between slag and a molten metal. In the plant operation, the molten Ni is stirred by the Ar 

bubbling during the ladle refining process. This effect has not been taken into account for the 

reaction in this study. Hereby, the study including the influence of the stirring is necessary for a 

more accurate modeling. Such kind of the study is very helpful to optimize the operation time 

of the refining process. 

 

2. Comparison of EVD obtained from 2D and 3D measurements 

According to the experimental results, it was found that the EVD from the 3D investigation 

of different shape inclusions is more accurate than that obtained from the 2D investigation. 

However, the 2D investigation is easier and faster than that in 3D. Therefore, the determination 

of a numerical relationship between 2D and 3D EVD for different inclusions (as correction 

coefficient) can be used for the improvement of prediction accuracy by using data from the 2D 

investigation. 

 

3. Prediction of the rolled inclusion length 

The numerical relationship between the EVD for spherical inclusion sizes and the fractured 

ones in the hot rolled strip was obtained successfully in the case when the inclusions were 

fractured into equivalent particles in products. These are noted as Type B1 in the current study. 

In order to confirm the equation and correction parameters, further measurements are required. 

In addition, further studies regarding the deformation phenomenon of inclusions are especially 

required to understand the fracture phenomenon for one big particle surrounded by smaller 

ones. These are noted as Type B2 in the text. Such studies will be useful to predict their length 

as well as to control their morphology after the rolling operation. 
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