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ABSTRACT 

This study aims on characterization of non-metallic inclusions (oxides and sulfides) 

in steel with and without Calcium treatment. In this paper, the three-dimensional 

(3-D) investigation method of inclusions on film filter after Electrolytic Extraction 

(EE) of steel samples is applied on two different steel grades (280, 316L). Image 

analysis of non-metallic inclusions is carried out on Scanning Electron Microscope 

(SEM) images following with inclusion characteristic analysis. Steel samples with 

calcium treatment in the production process and reference samples was 

investigated and compared in density, size and composition.  

It shows that higher magnification and larger inclusion size correspond to more 

accurate result. With restriction of equipment and measurement, 2μm is the 

smallest size could be measured in ×500 magnification within 5% error.  

The comparison of distribution of inclusions varies with different zones: center 

has the largest size with least number of NMI; surface has the smallest size with 

largest number of NM; middle part has the median properties. 

In 316L steel, Ca treatment increases the number of oxides inclusions significantly; 

the content of Ca and Si in oxides inclusions is also increased. Two shapes of oxides 

inclusions, oval and elongated ones, are found with Ca treatment.  

In 280 steel, the total amount of NMI decreases slightly with Ca treatment; CaS is 

found in spherical inclusions; Because of earlier formation of larger size spherical 

inclusions, higher Ca content is found than that in smaller size spherical inclusions.  

 

Key words: Steel, Electrolytic Extraction, Non-metallic inclusion, Calcium 

treatment 
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 INTRODUCTION 

1.1. Non-metallic Inclusions (NMI) 

To remain competitive in the steel industry, steelmakers are utilizing production 

process to make high quality steel. Large amount of new grades steel with low-

level impurities have been developed during the last six decades, which 

significantly improved steel quality1. One of the most important aspects to 

assuring clean steel is characterizing of non-metallic inclusion. 

Inclusions can affect mechanical properties by their chemical composition, density, 

size, shape, orientation, interface nature, and distribution.2 Non-metallic 

inclusions are generally harmful to the property of the steel, by reducing the 

mechanical property like toughness, fatigue life and corrosive resistance, which 

may increase the failure probability of the final product24. For example, MnS will 

result in anisotropy of mechanical property due to its elongation23. It will also 

provide the origin for fatigue crack and corrosion.  

It is also reported that Al2O3 inclusions have detrimental effect on continuous 

casting operation.3 It forms small hard particles in liquid steel, and easily 

aggregates as big cluster, which result in serious nozzle clogging problem.4, 5 

However, when it comes to machinability, it is found that MnS is benefit for cutting. 

There are 3 main reasons1. First, the NMI is soft and ductile, so it has some 

lubricating effect on the cutting tools, so the tool wear is quite low. Also the cutting 

force and power consumption is low or middle, compared to other inclusions. 

What's more, it is also beneficial for chip formation.  

Thus, it is very important to control inclusion and balance good machinability and 

mechanical property, which leads to different requirements on the morphology of 

inclusions for different types of steel. 

1.2. Calcium treatment 

Calcium can react with oxygen in the molten steel. The short coming is, the 

application of Calcium is challenged by low melting point (810℃), poor solubility 

in liquid steel (320ppm at 1600℃) and a high vapor pressure (1.81atm at 1600℃), 

especially as deoxidizer6. But, Ca, combined with other oxidizer like Al or Mn/Si, 
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will help form modified primary inclusions with lower activity and melting 

temperatures. Thus, calcium is an addition for inclusion modification rather than 

deoxidation in modern steelmaking. 4 

From thermodynamic aspect, the standard free energy of CaO has higher chemical 

affinity than CaS. Also Calcia is more stable than sulfide at liquid steel (1873K)7. 

Thus, if Calcium does not react with oxygen but sulfur, the ratio of sulfur and 

oxygen activity should be about 20. Modification of alumina is only achieved when 

CaO content in the modified inclusion is in the range of 25%-60%.8 The possible 

reactions are shown as following: 

3[𝐶𝑎] + (𝐴𝑙2𝑂3)𝑖𝑛𝑐 = 2[𝐴𝑙] + 3(𝐶𝑎𝑂)𝑖𝑛𝑐 

3(𝐶𝑎𝑂)𝑖𝑛𝑐 + 2[𝐴𝑙] + 3[𝑆] = 3(𝐶𝑎𝑆)𝑖𝑛𝑐 + (𝐴𝑙2𝑂3)𝑖𝑛𝑐 

Solid alumina inclusions in aluminum-killed steels, which is always big size cluster, 

can be modified to calcium-aluminate, which is much smaller compact spherical 

inclusions, by calcium addition (Figure 1-1) 9, 10.  

 

Figure 1-1 Modification of alumina inclusions by calcium: (a) alumina cluster18, 

(c) compact calcium aluminate 10.  

MnS generally forms at grain boundaries during steel solidification period. 

However, with calcium addition, sulfur changes its release mechanism that the 

sulfur is bound to oxide when steel is in liquid state.  

Lis T8 also reported that suitable amount of calcium addition (Ca/Al>0.14, 

Ca/S>0.7) results in considerable decrease of long inclusions (both in number and 

area fraction) and their plastic. The sulfide-oxide inclusion type depends on the 

Calcium content (Figure 1-2). 

a) b) 
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Figure 1-2 The sulfide-oxide inclusion: a) with low Calcium content: 1 – Al2O3, 2-

MnS; b)with medium Calcium content: 1-calcium aluminate,2 sulfide (Ca,Mn)S; c) 

with high Calcium content: 1- oxide like Al2O3 - MgO,2 - CaS8 

Figure 1-3 Schematic diagram of two manners of Al2O3 inclusion modification 

during LF refining for Al killed steel with Ca treatment14 

The evolution of inclusion after calcium treatment is alumina (Al2O3)  spinal 

(MgO - Al2O3 system)  CaO-MgO- Al2O3 system. 11, 12, 13 Jing G et al.’s study14 

found that the composition distribution of final inclusion not only based on the 

calcium content but also the route of modification. During ladle furnace, alumina 

can first react with Ca than Mg or reversed (Figure 1-3). The final product is 

multi-component inclusion (CaO-MgO- Al2O3). However, if the modification 

happens during solidification, bearing inclusion will form as shown in Figure 1-4. 

 

a) b) c) 



 

 - 4 - 

 

Figure 1-4 Schematic diagram of two manners of CaS bearing inclusion 

precipitation during solidification14 

1.3. Comparison of 2D investigation and 3D investigation 

Various different methods have been employed to investigate non-metallic 

inclusions. 

 

Figure 1-5 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.15 

One of the most well-known methods to investigate particles is two-dimensional 



 

 - 5 - 

(2-D) investigation method. Traditionally, non-metallic inclusions are observed on 

a polished cross section of metal sample by microscope. However, this method 

clearly is not valid for analyzing real size of inclusions. Previous research 15, 16, 19 

has established some drawbacks of this method. It has been noted that the 

measured sizes of inclusion sections on cross section often did not agree with real 

sizes of these inclusions. As shown in Figure 1-5, mistakes could be easily made 

with different cutting surfaces of metal samples. 

 

Figure 1-6 Typical SEM images of clusters obtained by different methods for 2D 

and 3D investigations of nonmetallic inclusion particles and clusters in metal 

samples18 

Another method, three-dimensional (3D) investigation, is based on extraction 

methods. It turns out to be more reliable regarding number and size of inclusion 

particles compared to conventional two-dimensional (2D) investigations. 15, 17, 19 

In addition, better accuracy can be achieved in 3D investigations compared to 2D 

due to the effect of matrix on composition analysis of small size inclusions. 17 

For example, Diana18 compares 3D investigation using electrolytic extraction 

method with 2D investigation using traditional method. Images of clusters from 

CS (cross section), CSE (etching on cross section) and EE (electrolytic extraction) 

methods are compared in Figure 1-6, which indicates that EE methods shows more 

information about morphology of an inclusion.  
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Figure 1-7 Different patterns for cutting of elongated inclusions whose apparent 

length (Lobs) shows equal (a), shorter (b) and longer (c) detection compared to 

the real length (Lmax)19 

When it comes to elongated non-metallic inclusions like MnS, problem becomes 

even extremer. During the process of obtaining the true maximum size of sulfide 

inclusions with different morphology in steel, it is difficult to measure the accurate 

and real length of elongated inclusions with high aspect ratio by 2D investigation. 

From the Figure 1-7, which demonstrates comparison between the apparent 

length of inclusion by 2D investigation on a cross section (Lobs) and the true 

maximum length of it in 3D (Lmax), Lobs decreases significantly with the increasing 

aspect ratio of inclusions and cutting angle against the direction of rolling. If the 

elongated inclusions size in such large aspect ratio is required to be cut correctly, 

cutting angle should be generally controlled in the range 1°to 6°, which is actually 

not easy to achieve in operation. Based on previous discussion, the EE-method (3D) 

is more reliable and exact than the conventional CS-method (2D) according to the 

study of Kanbe19. 

Overall, these studies suggest that it is more feasible to obtain the real inclusions 

size and morphology by 3D investigation for complex or massively elongated 

inclusions. 

1.4. Aims and goals 

As the content mentioned above, Ca treatment can modify the characteristics of 

oxides and sometimes sulfides inclusions. But, the characteristics of NMI in Ca 

treated steel has never been discussed in a systematical way. Thus, 

characterization of NMI in Ca treated steel is important for our better 
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understanding of Ca effect on the NMI behavior. 

The purpose of the current study was to characterize non-metallic inclusions 

(oxides and sulfides) in steel with and without Ca treatment. Electrolytic 

extraction is applied for 3D investigation of non-metallic inclusions in Ca treated 

steels. 
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 EXPERIMENTAL PROCEDURE 

In this study, 2 different grades of steel product, 280 and 316L, are treated with 

Calcium in the industry. Then the products with and without Calcium treatment 

are compared by using Electrolytic Extraction (EE) and Scanning Electron 

Microscope (SEM). The parameters of samples are depicted in Table 2-1.  

 

Figure 2-1 The illustration of where the sample was taken from. 

Samples from different zones of the cross section of the long bar were also 

investigated and compared. Samples of Steel 280R, 280M and 316R were cut from 

the Mid. (middle part), which is commonly used for testing and investigating in 

industry. Samples of Steel 316Ca were cut from Surf. (surface part), Mid. (middle 

part) and Cent. (center part) respectively (shown in Figure 2-1). 

Table 2-1 Experiment materials 

NO Steel 

grade 

Sample 

name 

Zone Ca-tre. Compo. wt% (* in ppm) 

C Si Mn Cr Ni S* O* Ca* 

1 316R LR-R-1 Mid. No (Ref.) 0.01 0.46 1.58 16.86 11.14 90 ~50 - 

2,3 316Ca LY-Ca-1,2 Surf. Yes 0.01 0.46 1.58 17 11 90 

 

~50 ~30 

4 316Ca LR-Ca-1 Mid. Yes 

5,6,7 316Ca LC-Ca-

1,2,3 

Cent. Yes 

8 280R 280R-1 Mid. No (Ref.) 0.23 0.33 1.56 0.18 0.13 260 11 1120 

9,10 280M 280M-1,2 Mid. Yes 0.18 0.32 1.44 0.38 0.13 280 16 53 
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280steel has much higher sulfur content (more than 3 times) but lower oxygen 

content (one third) than 316L steel. 

2.1. Preparation for Electrolytic extraction 

The samples from industry were first cut into suitable size (about 15 * 10 * 5 mm). 

Figure 2-2 illustrates how the sample is obtained from initial big cubic sample. 

  

Figure 2-2 Schematic illustration of cutting 

Then, the samples were grinded for a smooth surface. Before EE, all specimens 

cleansing are carried out by ultrasonic cleaning in organic solvent (acetone and 

benzene). 

2.2. Electrolytic extraction (EE) 

The electrolytic extraction of inclusions was carried out in 2 kinds of electrolyte, 

10% AA (10% acetyl acetone – 1%tetramethylammonium chloride –methanol) 

and 2% TEA (2% triethanol amine – 1%tetramethylammonium chloride –

methanol) non-aqueous solution. 10% AA has stronger corrosively than that of 2% 

TEA. In this study, all 280 steel sample were treated with 10% AA. 316 steel was 

first extracted by 2% TEA. However, considerable chlorides were found on the 

filter. Then the experiments were repeated by 10%AA to eradicate chlorides. No 

inclusions dissolved in 10%AA were found. 
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Figure 2-3 Schematic diagram of the apparatus used for (a) electrolytic 

extraction and (b) 21filtration.  

Figure 2-3 displays the system of EE and filtration. The experiments are run with 

parameters like following: voltage (3.2-4.3v), electric current (50-70mA) and 

electric charge (500 coulombs, 700 coulombs and 1000 coulombs). 

After that, a membrane polycarbonate film filter with 0.4μm diameter open-pores 

was used to obtain the non-metallic inclusions. Following this treatment, the filter 

is natural dried and stored in sample box. 

The weight and size of specimens before and after EE were measured and 

recorded. 

2.3. Three-dimensional investigation of inclusions by Scanning Electron Microscope 

(SEM) 

In order to investigate the characteristics (such as morphology, size and number) 

of extracted NMI, observation was carried out using SEM (S3700N, Hitachi).  The 

composition of extracted inclusions was determined by energy dispersive X-ray 

spectroscopy (EDX, EDS or XEDS) provided by SEM equipment. 

Figure 2-4 presents the preparation process of SEM samples. A sector was cut from 

the round filter, and then stuck on the surface of sample holder by conducting tape. 

To avoid operations’ effect on the result, all operations should be careful and no 

folder or tilt of filter was allowed during process. 

 



 

 - 11 - 

 

Figure 2-4 Schematic ullrustrtion of SEM sample preparation from flim filter 

To increase the quality of scanning, Back-scattered electrons (BSE) mode was 

chosen for investigation, since different phases were distinguishable in BSE mode, 

which provides a mean to avoid impurity interference.  

Samples were mainly investigated under 500× magnification. For a more accurate 

result, continuous photographs were taken from both top zone and bottom zone 

of the sector.  

Larger magnifications (1000-8000) were also chosen when EDX was applied. EDX 

only analyzes a small volume of sample. As shown in Figure 2-5, in most cases only 

outer layer is analyzed, but with different size of inclusions and the outer layer of 

this inclusion, the core or even the film filter might be analyzed as well. Thus, size 

and morphology should be concerned in NMI classification. 

 

Figure 2-5 Schematic illurstration of EDS composition analysis of (a) thin outer 

layer (b) thick outer layer (c) small size heterogeneous inclusions. 

2.4. Measurement 

Figure 2-6 depicts the measurement of NMI size. Diameter in the horizontal and 

vertical directions was measured for spherical inclusions. Maximum length and 

maximum width were measured by venire caliper for elongated inclusions. 
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(a) (b) 

  

Figure 2-6 Size measurements of spherical (a) and elongated (b) inclusions 

The evaluation of error on measurements is also discussed in this report. 

2.5. Analysis 

The number and size of NMI in the image was analyzed. With the information 

gathered, the density of NMI (Nv, number of NMI per unit volume) can be 

estimated by equation below: 

𝑁𝑣 =  
𝑛

𝑤𝑑𝑖𝑠
𝜌 ×

𝐴𝑜𝑏𝑠
𝐴𝑓𝑖𝑙

 

Where n is the amount of inclusions in the size category, Afil is the whole filtration area 

of a film filter (=1200mm3) , Aobs is the observed area of the film filter for image 

analysis, wdis is weight loss of metal after EE, and ρ is the metal density 

(=0.0078g/mm3). 

To classify and compare different inclusions, an important index is aspect ratio 

(AR), which is calculated by the following equation: 

AR =
L

W
 

Where L is the length of inclusion and W is the width of inclusion. 

  

D2 D1 

L 

W 
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 RESULTS AND DISCUSSION 

3.1. Methodology analysis 

Based on sample AK-280R-1 and AK-280M-2, the error and accuracy of 

measurements in different magnifications is analysis and compared. 5 typical 

inclusions were investigated in 7 different magnifications, ×10000, ×5000, ×

2000, ×1000, ×500, ×200 and ×100, under SEM. The typical non-metallic 

inclusions to measure are shown as Figure 3-1.  

    

(a) (b) (c) (d) 

Figure 3-1 Typical inclusions on the film filter. 

For each non-metallic inclusion, measurement was repeated for 5 times in each 

magnification. Then average length and standard deviation were calculated for the 

repeated measurement. Length in 2 directions was measured.   

The first set of comparison is based on standard deviation (as the following 

equation). 

%σ =
σ

L̅
× 100% 

where σ  is standard deviation of measurement, L̅  is the average value of 5 

measurements. 
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Figure 3-2 standard deviation percentage changes with inclusion size. 

In Figure 3-2, the deviation is compared with size. Each curve is fitting result under 

the same magnification (Table 3-1).  

 Table 3-1 Function of fitting curves for result in different magnification 

Magnification Function R2 

×100 %σ=0.460+16.22*e-size/7.318 0.94 

×200 %σ=0.386+8.27*e-size/5.173 0.85 

×500 %σ=6.02*size-0.614 0.71 

×1000 %σ=3.76*size-0.746 0.71 

×2000 %σ=0.512*size-0.459 0.36 

×5000 %σ=0.728*size-0.477 0.55 

×10000 %σ=0.712*size-1.037 0.876 
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Figure 3-3 standard deviation percentage changes with investigated 

magnification 

Figure 3-3 is converted from the same set of data. This plot is calculated through 

magnification versus percentage standard deviation. Each curve is corresponding 

result of one size range. 

It is obvious that higher magnification and larger inclusion size correspond to 

more accurate result. 

In this study, 5% is set as the acceptable error margin. For all inclusions, 

measurement is acceptable in magnification equal or larger than 1000. For 

magnification like 500, inclusion whose size is above 1 μm is needed for standard 

deviation less than 5%. However, in the lower magnification like 100, inclusions 

smaller than 10 μm cannot be measured accurately. 

From discussion above, the average length in the largest magnification, like 10000, 

can be expected as the most accurate result. Base on this, the deviation of result in 

different magnification can be calculated by the following equation: 

%∆L = |
L̅𝑚 − L̅10000

L̅10000

| × 100% 

where L𝑀
̅̅ ̅̅  is the average value of 5 measurements in magnification M. 
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Figure 3-4 Length deviation from accurate result 

 

Figure 3-5 Length deviation from accurate result 

Figure 3-4 and Figure 3-5 show that with the magnification increases, the 

measurement errors decrease. From these two plots, measurement of inclusion 

larger than 2 μm has error less than 5% in the magnification of 500. But, for the 

inclusions smaller than 2 μm, higher magnification than 1000 is needed for 

acceptable result. For inclusions smaller than 1 μm even in the magnification of 
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2000, the error can still be as high as 10 percent. Thus, with consideration of size 

and number analysis, the smallest inclusions considered in this study are 2 μm in 

investigated magnification of 500. 

3.2. Characteristics of 316Ca and 316R steel 

Table 3-2 Summary of size distribution analysis 

Sample Magnification Observed 

area [mm2] 

Dissolved 

metal 

Number Size 

range[μm] 

Nv 

[mm-3] 

LY-Ca-2 ×500(20)* 0.898 0.1013 467 1.9 – 25.2 48037 

LR-Ca-1 ×500(20)* 0.898 0.0935 180 2.6 – 123.5 20068 

LC-Ca-3 ×500(20)* 

×300(10)* 

2.146 0.1334 209 2.4 – 131.9 6834 

LR-R-1 ×500(20)* 0.898 0.1563 435 1.7-97.5 29000 

*() - Number of images measured 

3.2.1. Morphology and frequency of inclusions 

316L steel with calcium treatment (316Ca) and without calcium treatment 

(316R) were investigated. 4 main type of non-metallic inclusions are found in 

316Ca steel, which are Type I: oval oxides inclusions; Type II: elongated oxides 

inclusions with MnS; Type III: sulfide – oxide inclusions; Type IV: elongated rod-

like MnS inclusions, as shown inTable 3-3.  
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Table 3-3 Classification of different non-metallic inclusions found in the sample 

316Ca 

Type Typical SEM images Size 

range 

(μm) 

AR Composition (wt%) 

I 

 

3-29 1-

3.5 

Al2O3: 31.4 - 33.4% 

CaO: 38.5 - 42.1% 

SiO2: 22.6 - 23.6% 

MgO: 3.1 - 4.2% 

MnS < 2% 

TiO2 < 1% 

II 

 

4-39 2-14 Al2O3: 41.3 - 41.9% 

CaO: 21.5 - 26.9% 

SiO2: 21.7 - 24.4% 

MgO: 8.1-9.3 

TiO2: 11.5-18.5% 

MnS < 4.5% 

III 

 

2-39 1-7 MnS: 92 - 99.3% 

 

(Al, Ca, Si)O: 0.7 - 8% 

IV 

 

7-132 7-25 MnS: 98.4 - 99% 

 

(Al, Ca)O: 1 - 1.6% 
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Figure 3-6 Oxides composition of Type I and Type II inclusions in 316Ca steel 

In Figure 3-6, Type I and Type II inclusions are compared in a straight and vivid 

way to show the difference in composition. Type II has less Calcium but more 

aluminum than Type I. One other noticeable point is that Type II has much higher 

percentage of Titanium and Magnesium content. 

Figure 3-7 shows the composition of oxides in ternary phase diagram of SiO2, CaO 

and Al2O3. For both Type I and Type II oxides, composition is almost fixed in a small 

area (marked by green ellipse and pink ellipse). However, only pure alumina or 

alumina-magnesia oxides are found in reference sample, which is also marked as 

dark green point in Figure 3-7. As previous work7-12 has proved, it could be 

believed that Calcium contributes to conversion of alumina (alumina-magnesia) to 

alumina- calcia- silica. In this study, different kinds of oxides have been produced 

by 2 paths, which is indicated by blue arrow. 
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Figure 3-7 Compositions of different oxide inclusions obtained from 316Ca and 

316R 

3.2.2. Complex shape inclusions 

During investigation, complex shapes like combination of oxides and sulfides are 

also found in the investigation (as shown in Figure 3-8).  

  

a b 
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Figure 3-8 Morphology of sulfide-oxide: a. sulfides and oxides clustered in a 

string; b. oxides embedded in sulfides; c. elongated oxides with sulfides core; d. 

elongated sulfides with oxides core.   

In counting and analysis, Shape b and shape d are classed in Type III, and shape c 

is classed in Type II. Shape a is treated as a combination of Type I, II, III. 

Jing G et al.14 observed 2 manners of CaS duplex bearing inclusions, which went 

through different reactions and consequently leaded to different deformation 

ability during rolling process. Similar result is found in this work. 

According to the morphology of complex inclusion, especially shape a, it could be 

believed that hard oxides solidified in a higher temperature, then soft MnS solified 

secondly, finally some oxides with low melting temperature were separated from 

the solidified core during rolling process. Shape b, c and d can also be explained by 

this mechanism.   

Table 3-4 Thermodymic simulation result from Thermo Calc 

Type Comments Spinal Melilite CA2SiO4 C1A1 Rutile Corundum Anorthite MnS Tm/℃ 

IV Pure MnS        100% 1667 

I Half covered 

by MnS 

14%* 52% 27% 6% <1% <1% 0  1608 

I Individual 10% 82% 7% 0 <1% <1% 0  1747 

II Elongated 

oxide 

20% 49% 0 0 13% 1% 12%  1484 

To identify the sequence of solidification of different inclusions, the melting 

c d 
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temperatures of several inclusions are calculated by Thermo-Calc with database 

TCFE722. From Table 3-4 , individual oxides shows highest melting temperature 

(1747℃), while elongated oxide has lowest melting temperature (1484℃); MnS 

has the melting temperature between them (1667 ℃ ); oxide’s melting 

temperature could be below than MnS’s, which means it might form after MnS but 

is not easy to elongated as the soft ones. The simulation result agrees with the 

prediction. 

3.2.3. Particle Size Distribution of inclusions in 316 R and 316Ca (middle zone) 

 

Figure 3-9 Number of NMI per unit volume in the Mid. in 316R and 316Ca steel 

Samples from half of radius has been compared for 316R and 316Ca steel. 

Reference sample has significantly larger number of non-metallic inclusions, 

especially in small size (<5μm), as shown in Figure 3-9. For inclusion larger than 

5μm, Calcium treated sample (316Ca) shows larger amount of non-metallic 

inclusions than reference sample (316R). It can also be seen that 316Ca has larger 

inclusion in biggest size, which is 120μm, than that for 316R, which is only 100μm. 

This could be explained by different trials of steel sample. Though these two 

sample from the same process, there would still be some small difference for the 

final product. Thus, number of different type of inclusions would be more 

important for this study. 
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Figure 3-10 shows the inclusion amount difference between reference sample and 

calcium treatment sample for each type. According to (a) and (b), sample with 

Calcium treatment has a marked rise in the number of both Type I (3times) and 

Type II (only exit in 316Ca) oxides. It also needs to be noticed that there are no 

Type II oxides found in reference sample. The reason is that oxides in reference 

sample are all alumina or alumina-magnesia, which is quite hard. Thus all the 

oxides are Type I. (c) shows that approximately two third oxide-sulfides are 

decreased with calcium treatment, which might be converted to oxides. But for 

pure elongated MnS (figure (d)), result is scattered, in which no obvious trend or 

result could be found.   

 

Figure 3-10 Number of NMI per unit volume for different type inclusions in Ca 

treated and reference 316L steel: (a) Type I; (b) Type II; (c) Type III; (d) Type IV 

Due to calcium addition, lots of small size sulfide-oxides are modified to silica-
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alumina-calcia, which is more beneficial to machinability20. There are several 

possible explanations for this transformation. Firstly, the oxygen level in this 

sample is much higher compared to sulfur content. Thus, Calcium is more likely to 

react with oxygen to form oxide than sulfide26, which is quite different from 280 

steel (discussed later). Secondly, silicon content also increased by Calcium 

treatment, which also help oxide formation25.  

3.2.4. Particle Size Distribution of inclusions of different zones in 316Ca 

 

Figure 3-11 Number of inclusions per volume in different size in different 

position in 316Ca steel 

What stands out in Figure 3-11 is the different distribution of NMI amount in 

different zones of cross section in 316L steel bar (120mm) with Calcium treatment. 

It is obvious that surface has the highest amount, especially in small size range, 

which is almost 8 times of that in center. However, no big size inclusions larger 

than 25μm could be found on the surface of the bar. On the contrast, center zone 

has much less inclusions but larger size range. Middle zone falls in between surface 

zone and center zone. 

When it comes to each type of inclusion, similar trend is found. Figure 3-12 is 

plotted to present the particle size distribution for 4 types inclusion. Figure 3-12 

(a) shows that the number of inclusion per volume (Nv) of Type I is around 8 times 

smaller in center than in surface. Similar trend could be found in Figure 3-12 (b), 
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(c) and (d). Nv of Type II is around 5 times smaller in center than in surface. For 

Type III, the difference is around 6.5 times, while Nv of Type IV is around 1.5 times 

smaller in center. Middle zone always fall in between surface and center. When it 

comes to size, center zone always has the largest size inclusions for each type 

inclusion.  

 

Figure 3-12 Number of NMI per unit volume varies with area for different type 

inclusions in Ca treated 316L steel: (a) Type I; (b) Type II; (c) Type III; (d) Type 

IV  

Figure 3-13 and Figure 3-14 present how the non-metallic inclusion size changes 

from center zone to the surface. The decrease of mean size (L) from center zone to 

surface zone is about 23% for both Type I and Type II. For Type III, the decline of 

mean size (L) center zone to surface zone is about 12%. It should be noticed that 

the difference of L in center and surface is about 65% for Type IV. The standard 
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deviation for different types inclusion also shows a decreasing trend from center 

to surface. 

 

Figure 3-13 Mean size and standard deviation of Type I and Type II inclusions in 

different zones 

 

Figure 3-14 Mean size and standard deviation of Type III and Type IV inclusions 

in different zones 

What stands out in Table 3-5 and Table 3-6 is the rapid decline of NMI amount and 

the growth of inclusion mean size from surface zone to center zone for different 
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types. Based on it, Figure 3-15 could be calculated and drawn. 

Table 3-5 Distribution of Type I and Type II inclusions in 316Ca steel 

Sample Inclusion Type 

I II 

L [μm] AR Nv [mm-3] % L [μm] AR Nv [mm-3] % 

LY-Ca-2 6.3±3.0 

(3-16)* 

1-3.1 6172 13% 8.8±4.1 

(2-25) 

1.3-9.4 10080 21% 

LR-Ca-1 6.2±3.0 

(3-15) 

1-3.2 4460 22% 10.7±5.2 

(4-28) 

1.8-14.2 4794 24% 

LC-Ca-3 8.2±6.0 

(3-29) 

1-3.5 687 10% 11.5±8.0 

(4-39) 

1.7-12.2 1733 25% 

LR-R-1 5.4±2.2 

(2-10) 

1-2.5 1267 4% 7.7±4.1 

(5-11) 

2.2-4.3 133 0% 

* () the size range of inclusions 

Table 3-6 Distribution of Type III and Type IV inclusions in 316Ca steel 

Sample Inclusion Type 

III IV 

 L [μm] AR Nv [mm-3] % L [μm] AR Nv [mm-3] % 

LY-Ca-2 6.4±3.2 

(2-23) 

1.1-6.7 30756 64% 16.7±6.7 

(4-25) 

7-10 1029 2% 

LR-Ca-1 7.0±4.8 

(3-33) 

1.1-6.7 9811 49% 43.0±32.4 

(14-124) 

7.3-25.4 1003 5% 

LC-Ca-3 7.3±6.2 

(2-39) 

1-6 4022 59% 46.6±41.0 

(7-132) 

7.3-23.7 392 6% 

LR-R-1 5.0±3.8 

(2-36) 

1-7.6 24933 86% 33.2±24.8 

(5-98) 

6.5-29.5 2667 9% 

*() the size range of inclusions 
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Figure 3-15 Distribution of 4 types non-metallic inclusions in the cross section of 

316L steel bar with Calcium treatment. 

Figure 3-15 present how inclusions distribute in a hot-rolled 316Ca bar in a vivid 

way. The inclusions in the surface area are the most intensive, but the inclusions 

in the center part are quite few and scattered. The size of inclusions is decreasing 

from center part to the surface part. The inclusions in the half radius zone have 

median result for both amount and size. Thus, it is reasonable to use middle zone 

used for investigation in most tests. However, center part is more recommendable 

for investigation of inclusion with biggest size. 

This phenomenon could be explained by the different cooling rate in the cross 

section when continuous casting and process for bar product. Surface always has 

a larger cooling rate than inner zone27, so it will contribute to inclusion formation 

but limit inclusion growth. On the contrast, center has much smaller cooling rate, 

so the temperature drops much slower, which is helpful for inclusion growth. 

Process after continuous casting will also affect inclusions. Since the pressure is 

different during rolling, the inclusions in the surface are more likely to be damaged. 
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3.3. Characteristics of 280M and 280R steel 

3.3.1. Morphology and frequency of inclusions 

280 steel with calcium modification (280M) and reference sample without Ca 

treatment (280R) were investigated. Only Type III and Type IV non-metallic 

inclusions are found in 280 steel, which are Type IV: elongated rod-like MnS 

inclusions; Type III (a): plate-like (leaf-like) MnS inclusions; Type III (b): oval MnS 

inclusions; Type III (c): spherical sulfide-oxide inclusions, as shown in Table 3-7. 

The distribution of different inclusions is shown in Table 3-8. 

Table 3-7 Classification of different non-metallic inclusions found in the sample 

280M and 280R 

Type Typical SEM images Size 
range 
(μm) 

AR Composition (at%) 

280R 280M 

IV 

 

3 – 76 6-30 MnS 
98.6 - 99% 

(Al, Si)O 
1 - 1.4% 

MnS 
99.2 - 99.7% 

(Al, Ca)O 
0.3 - 0.8% 

III(a) 

 

2-60 
 

1-7.5 MnS: 
99.4 - 99.8% 
(Al, Si, Ca)O 
0.2 - 0.6% 

MnS 
96.1 - 98.1% 
(Al, Si, Ca)O 
1.9 - 3.9% 

III(b) 

 

1.6-10 1-3 MnS: 92- 96.8% 
(Al, Si, Ca,Mg)O 

3.2 - 8% 

MnS: 76.3 - 89.2% 
(Al, Si, Ca,Mg)O 

4.1 - 11.5% 
CaS: 0 - 5.6% 

III(c) 

 

2-8 1-1.4 MnS: 38.7 - 85.7% 
Al2O3: 1.4 - 10.2% 
CaO: 1.6 - 17.5% 

CaS: 0 - 37.8% 
SiO2 < 0.6% 
MgO < 1.5% 

MnS: 57.1 - 76.2% 
Al2O3: 3.3 - 8.6% 
CaO: 1 - 16.2% 

CaS: 8.4 - 17.1% 
SiO2 < 0.8% 
MgO < 1% 
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Table 3-8 Distribution of morphology of inclusions in 280 steel 

Sample 
Inclusion Type 

IV III (a) III (b) III (c) 

280R-1 14% 38% 31% 16% 

280M-2 23% 26% 29% 22% 

Different from 316L steel, 280 steel has much lower oxygen content but high sulfur 

level. Thus, calcium will react with both oxygen and sulfur. Moreover, silicon 

content in this sample is also quite low, thereby no pure oxygen is found in this 

sample. 
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Figure 3-16 The ratio changes with inclusions size increasing: a) the percentage 

of Calcium oxide and other oxides in at%; b) the percentage of Calcium in 

sulfides; c) the percentage of Calcium in total inclusion.  

Equivalent diameter for spherical inclusions: 𝐷 =  √𝐷1 × 𝐷2 

Where D1 and D2 are vertical and horizontal diameters of spherical inclusions. 

From Figure 3-16(a)(c), a trend of Calcium oxide content increasing with size can 

be found. It could be explained by different solidification time of inclusions. 

b) 

c) 
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Normally larger size inclusion means earlier nucleation and longer growth time. 

Since the Calcium content in melt metal decreases with inclusion separation out, 

the inclusion precipitated later would have less Calcium in its composition.  

3.3.2. Particle Size Distribution of inclusions 

 

Figure 3-17 Particle size distribution of total inclusions in 280R and 280M 

According to Figure 3-17, inclusion numbers, especially small size inclusion, 

sharply decline after Calcium treatment. But the number of NMI is similar for 

larger size.  

 

Figure 3-18 Particle size distribution of different type inclusions in 280R and 

280M 

Figure 3-18 shows that main difference of inclusion amount comes from Type II 

and Type III. Modified sample has lower peak (only half) of Nv in Type II and III 

than that in reference sample. But for larger size inclusions, reference sample and 
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modified sample did not show obvious trend. 

Table 3-9 Summary of size distribution analysis for all types of iniclusions 

Sample Magnification Observed 

area [mm2] 

Dissolved 

metal 

Number 

of NMI 

Size 

range[μm] 

Nv [mm-3] 

280R-1 ×500 (20)* 0.905 0.0759 274 1.3 - 73.6 37328 

280M-2 ×500(20)* 0.909 0.0840 248 2.1 - 76.0 27835 

*() - number of images measured 
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 CONCLUSIONS 

In order to characterize non-metallic inclusions in steel with Calcium treatment 

for inclusion modification, 3D investigation (Electrolytic Extraction) was applied 

on two different steel grades (280 and 316L). Oxides and sulfides inclusions in 

samples with Calcium treatment presence and absence were compared in density, 

size and composition. The following conclusions were obtained. 

1. With restriction of equipment and measurement, 2μm is the smallest size 

could be measured in ×500 magnification within 5% error; 

2. Ca treatment increases the number of oxides inclusions in 316L steel 

significantly; the content of Ca and Si in oxides inclusions is also increased. 

3. Two shapes of oxides inclusions, oval (Type I) and elongated ones (Type II), 

are found in 316L steel with Ca treatment; 

4. The distribution of inclusions varies with different zones: center has the least 

NMI but largest size (up to 132µm); surface has the largest number of NMI 

(about 7 times of that in center zone) with smaller size (2 - 25µm); middle 

part has the median result; 

5. The total amount of NMI in 280 steel decreases slightly with Ca treatment; 

CaS is found in spherical inclusions; Higher Ca content is found in larger size 

spherical inclusions in 280 due to its earlier formation;  
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 FUTUREWORK  

For the further improvement of work, the following work is suggested. 

1. Comparison 316L with and without Ca-treatment in center and surface 

The present work only compared samples from middle part of the bar, which is 

standard position in testing method. However, inclusion shows differentiation in 

quantity and distribution in different part, as discussed above, thus a systemic 

comparison with samples from center and surface will help us better understand 

the modification result.  

2. The mechanism of NMI evolution after Ca-treatment 

The reason of complex structure of inclusions found in 316Ca steel has not 

discussed in detail in this work. No similar inclusions were found in previous study.  

A study from the point of thermodynamic into the mechanism of NMI evolution 

will help better understand of the path of Calcium modification in this steel. 

3. The connection of NMI characteristics and machinability 

The effect of specific NMI on machinability has been discussed in several reports, 

but the connection between characteristics of NMI and machinability is still an 

interesting point.  
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APPENDIX A 

Table A-1. Composition of inclusions in 316Ca steel 

Type N.O. Composition wt% 

  MnS Al2O3 SiO2 CaO MgO TiO2 

I 1  99.4 0.6     

2  99.1 0.9    

3  99.4 0.4  0.2  

II 1  95.1 4.9     

2  98.2 0.5 0.2 1.0   

3  99.6 0.3 0.1    

4  96.0 2.0 0.4 1.6   

III 

 

1  0.8 31.4 22.6 42.1 3.1  

2  0.0 33.4 23.6 38.8 4.2 0.7 

3  1.6 32.9 23.5 38.5 3.6 0.4 

IV 1  4.5 41.3 24.4 21.5 8.1 11.0 

2  0.0 41.9 21.7 26.9 9.3 18.5 

 

Table A-2. Composition of oxides inclusions in 316Ca steel 

Type L W AR at%Ca at%Si at%Al at%Ti at%Mg 

III 6.04 4.24 1.42 41% 20% 34% 1% 5% 

 6.21 3.00 2.07 37% 21% 35% 1% 6% 

 6.43 4.17 1.54 39% 20% 36% 0% 5% 

 7.45 4.29 1.73 39% 19% 36% 1% 5% 

 12.08 6.33 1.91 41% 21% 34% 0% 4% 

 13.14 7.17 1.83 36% 22% 36% 0% 6% 

 14.79 6.74 2.19 42% 20% 34% 0% 4% 

IV 30.67 2.51 12.20 23% 17% 39% 11% 11% 

 68.84 3.09 22.26 20% 21% 42% 7% 10% 
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Table A-3. Composition of inclusions in 280R steel 

Type 
n/N 

Composition wt%   Ca/Al 

  MnS CaS Al2O3 SiO2 CaO MgO 

I 

1 98.6  0.8 0.6    

2 98.6  1.1 0.3    

3 99.3   0.4 0.3      

II 1 99.6  0.4     

 2 99.4  0.2 0.1 0.3  1.00 

  3 99.8   0.2        

III 1 92.0  2.6 1.5 3.6 0.3 1.23 

 2 94.7  3.2 1.1  1.0  

 3 96.8  0.2 0.1 2.8  10.75 

IV 1 80.5   6.0   12.5 1.0 1.90 

 2 66.4 19.7 10.2 0.6 1.6 1.5 1.50 

 3 85.7 8.3 2.2 0.4 2.3 1.1 3.69 

 4 38.7 37.8 4.5 0.4 17.5 1.0 9.48 

  5 74.4 9.6 1.4 0.2 13.3 1.0 13.14 

Table A-4. Composition of inclusions in 280M steel 

Type 
n/N 

Composition wt%   Ca/Al 

  MnS CaS Al2O3 SiO2 CaO MgO 

I 

1 99.2  0.5 0.1 0.2  0.33 

2 99.7    0.3   

3 99.4  0.6     

II 1 96.1  1.4 2.5    

 2 98.1  0.3 0.0 1.6  4.80 

  3 98.1  0.5 0.1 1.3  2.50 

III 1 92.9  1.1 0.1 6.0  4.94 

 2 82.8 5.6 2.5 0.7 7.3 1.0 4.28 

  92.1 3.8 2.6 0.6  0.9 1.02 

IV 1 57.1 17.1 8.6  16.2 1.0 3.13 

 2 75.2 15.7 5.7 0.8 1.0 1.7 2.11 

 3 76.2 8.4 3.3  11.5 0.7 5.02 
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APPENDIX B 

Instruction of Electrolytic Extraction 

1. Wear lab suit and gloves. 

2. Take out the sample with a tweezers, put it on glass dish and dry the bright surface of 

steel sample. 

3. Grind the sample by grinding paper to remove the black surface and put a cross on the 

unused surface.  

4. Check the size by digital caliper and record the dimension 

5. Record date, sample name, size, solution in a data sheet. 

6. Put the sample in acetone and place it to ultrasonic bath for 3 minutes cleaning. 

7. Take out the sample, place it on glass dish and dry the sample by hair dryer to remove 

acetone. 

8. Put the sample in benzene and put it in ultrasonic bath again for 3 minutes. 

9. Repeat step 7. 

10. Turn on the balance, set zero and record the sample weight. 

The following steps are only for one side extraction, like big size inclusion like MnS: 

( 

11. Isolate the sample by Parafilm. 

12. Roll the Parafilm to cover the sample except the polished face. 

13. Enclose the Parafilm by a sticker. 

14. Cut off the rest part of the sticker and Parafilm. 

) 

15. Clean the beaker, metal rod ring and the three-holes cover by first tap water, then 

distilled water and finally methanol. (put ring, holder into beaker after final wash) 

16. Fill up the beaker with metal rod ring by 10% AA for 250 mL. (a little more) 

17. Cover the two small holes to avoid dust. The holes in cover and the beaker should be 

in a line.  

18. Clip the sample on sample holder (2mm). (not far from glass dish) 

19. Wash the sample holder with sample by methanol. 

20. Put the sample holder into the beaker, the liquid level should be higher than the 
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sample (3-5mm). 

21. Connect red wire to the hole of sample clip and black wire to the rod ring.   

22. Set 500 in coulomb in coulomb meter. Check the value in middle. 

23. Contact teacher or PhD student for inspection before power on. 

24. Switch on black transformer in on the floor, then the middle controlled potential 

electrolyser and finally the top coulomb meter. (! Press reset and run of the coulomb 

meter) 

25. Set current to 40mA-60mA. 

26. Turn on the coulomb meter for electrolytic extraction EE, Press reset and run of the 

coulomb meter. 

27. Set current to 0.5. 

28. Check and record the time, coulomb, current and voltage every 30 minutes in the 3-

hour EE process (in the beginning check it every 15 minutes). 

29. After 3-hour EE, select a film filter (e.g 0.4μm). 

30. Close the power from top to the bottom. 

31. Clean all the containers for filtration.(Rough mouth of the flask should be on top) 

32. Cover the mouth of a collection flask and connect the tube of the flask to a pump, 

power on. 

33. Remove the cover from the mouth of the flask. 

34. Put the funnel on the mouth of the flask, add methanol. 

35. Cover the inlet of the funnel with the selected film filter. 

36. Put the big beaker on the inlet and fix it by a big clip. 

37. Clean the small beaker again and cover it, clean the tweezers. 

38. Take out the sample from EE beaker. 

39. Clean the sample by methanol and collect the methanol in beaker. 

40. Remove the tape, spray the tape and clip by methanol. 

41. Cover the sample in beaker. (Reacted face upper) 

42. Remove the two small cover paper and the 3-hole cover, take up the rod ring and 

hold it. 

43. Spray the rod ring by methanol just above the EE beaker 

44. Cover the EE liquid  

45. Put the sample into ultrasonic bath for 10-15s first (for MnS).  
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46. Holding a magnet by last 2 fingers on the bottom of beaker, shake the beake. 

47. Pour the washed sample water to the EE beaker then spray small beaker. 

48. If the surface of sample is clean, finish ultrasonic cleaning. 

49. Clean the small beaker for 3 times. (don't use so many methanol each time) 

50. Wash a plastic box for film filter storage by methanol for 3 times, close the plastic 

box and dry it with hair dryer. 

51. Put sticker as label on top of plastic box and fix the cover and the box with a tape.  

52. Write down date and sample name, coulomb, solution, film filter type and size on 

the label. (04.03.2016, Jerry, IMA-900-4-2, 500C, 10%AA, PC-0.4 μm) another tape for 

protection. 

53. Cut a thin plastic belt from cup. 

54. Check leakage of the flask again. 

55. Hold a magnet on the bottom of the EE beaker and move it around. 

56. Pour it into the flask above the filter. 

57. Spray methanol on the big beaker and hold a magnet on the bottom of the beaker 

and pour it to flask above the filter. Repeat for 3 times. 

(NO magnet is needed after.) 

58. Start filtration by quick pressing the ventilation button 

59. When liquid almost reach the bottom (1cm), spray methanol on the wall until no 

colour shown in liquid. 

60. When almost all the liquid passes through filter, quick press the ventilation button to 

suck the residual liquid. (The pressure would decrease first and than increase.) 

61. Close the ventilation when increasing and wait until -0.2 shown in pressure meter. 

62. Separate the ventilation tube. 

63. Take away the beaker. 

64. Move the filter to the prepared plastic box. 

65. Enclose the filter by the thin plastic belt. 

66. Put sample in beaker into ultrasonic bath, turn the bath on, wait for 10-15s and take 

sample out then dry it with hair dryer. (turn down the bath after taking out the 

sample) 

67. Weigh the sample and record the weight after dissolve. 

68. Put sample back to benzene in a bottle. (1cm height of benzene) 
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69. Open tap water and pour the red EE liquid to the sink. 

70. Wash the big flask with tap water for 3 times 

71. Close the air gate of the big flask and cover the mouth of this big flask. 

72. For the rest of the stuff, wash them with tap water, soap, distilled water and finally 

methanol. 

73. Put everything back. 
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