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Abstract

:

Heat-resistant P91 martensitic steel is used to produce high-temperature steam pipelines in (ultra) critical power plants. However, non-metallic inclusions are inevitably produced in the metallurgical process. The type, composition, morphology, quantities, size and distribution of these inclusions have significant influences on the properties of materials. The present work developed an original position statistical distribution analysis method to characterize non-metallic inclusions in P91 steel based on scanning electron microscopy (SEM) with energy-dispersive spectroscopy (EDS). Two samples from P91 steel pipes fabricated by different processes were examined. The non-metallic inclusions in these samples could be divided into spherical oxides, strand-shaped oxides, spherical sulfides, spherical oxygen–sulfur compounds, strip sulfides and other inclusions. The amount, proportional area, particle sizes, original positions and statistical distribution results of non-metallic inclusions in different processed samples were assessed, and the causes and effects of these inclusions were analyzed. This novel method could provide diversified information on inclusions, which is helpful for the improvement of metallurgical processes and service performance evaluations.
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1. Introduction


Heat-resistant P91 martensitic steel has become the primary steel in thermal power plants constructed in China in the 21st century. It has good high-temperature strength, exceptional thermal conductivity, a low coefficient of thermal expansion, oxidation resistance and good processing performance [1,2,3]. Importantly, non-metallic inclusions in steel can significantly affect the characteristics of materials. In particular, large inclusions can seriously deteriorate the fatigue performance of steel [4]. Non-metallic inclusions can also appear as undesirable second-phase particles in linepipe steels, and they may have a significant effect on the mechanical properties and surface qualities of these materials [5]. Inclusions in steel are generally non-metallic particles produced or mixed in during smelting and pouring processes. These can comprise compounds formed by the reaction of certain metallic elements (including iron, manganese, aluminum, etc.) with non-metallic elements (e.g., oxygen, sulfur, nitrogen, phosphorus and carbon), and they consist primarily of oxides and sulfides [6]. P91 steel is typically deoxidized by adding aluminum during the smelting process such that many Al2O3 inclusions possessing high melting points and other types of inclusions can be produced during deoxidation process. The Al2O3 inclusions with high melting points can cause nozzle plugging or degrade the surface quality of steel pipes [7]. The inclusion type, composition, shape, quantity, size and other state properties of non-metallic inclusions can all affect the properties of steel [8].



Currently, optical microscopy, scanning electron microscopy (SEM) with energy-dispersive spectroscopy (EDS) and analyses based on atomic emission spectroscopy are all introduced to study inclusions on the surfaces of metallic materials. Optical microscopy allows the morphological characteristics of inclusions to be examined, but it is challenged to detect inclusions in larger samples. It is also difficult to obtain other information such as the quantity of inclusions quickly and accurately [9,10]. SEM is commonly used to characterize non-metallic inclusions and can assess the size, type and quantity of inclusions. However, there has been little research concerning the information related to the location of inclusions [11,12]. Li et al. [13] ascertained the size distribution of inclusions using a spark discharge atomic emission spectrometer. This process can rapidly analyze large samples but cannot accurately identify small inclusions. Wang et al. [14] analyzed the composition and size of aluminum inclusions in medium and low alloy steel using laser-induced breakdown spectroscopy (LIBS). The sample preparation required for this methodology is simple, and the analysis is rapid, but the actual morphologies of inclusions cannot be determined. The GB/T 30834-2014 standard for the statistical assessment of non-metallic inclusions in steel by SEM classifies non-metallic inclusions in P91 steel as type A, C, D or DS. However, P91 steel contains spherical oxides, spherical sulfides, strip sulfides, strand oxides, spherical oxygen–sulfur compounds, titanium-bearing and other inclusions [15]. The method outlined in this standard allows the quantity, area and size of non-metallic inclusions in P91 to be evaluated still, it does not provide a statistical distribution analysis of original location information or permit other quantitative parameters to be investigated.



The present work develops an original position statistical distribution analysis method for characterizing non-metallic inclusions in P91 steel based on SEM combined with EDS. Using this technique, the quantity, area and size distribution of non-metallic inclusions in steel are ascertained, and the original location information of these non-metallic inclusions is also analyzed. The composition of these inclusions and the associated formation mechanisms are discussed.




2. Materials and Methods


The P91 specimens, referred to herein as sample 1# and sample 2#, were excised from steel pipes with wall thicknesses of 55 and 45 mm, respectively. These steel samples had been subjected to a series of processes comprising electric furnace smelting, ladle furnace heating, vacuum treatment, die casting, forging, annealing, pipe rolling and heat treatment. In addition, different controls were applied to the content of S in the steels. The composition of both materials is summarized in Table 1.



Both samples were cut along the longitudinal section of the steel pipes. Sample 1# and sample 2# had dimensions of 55 × 50 × 20 mm and 45 × 50 × 20 mm, respectively, as shown in Figure 1. Based on standard metallographic sample preparation methods, the samples were subjected to rough grinding, fine grinding, polishing and then cleaned with absolute ethanol and dried. A longitudinal section of each sample passing through the centerline was analyzed to explore the distribution of inclusions from the inner wall to the outer wall of the pipe. The analyzed areas of samples 1# and 2# were 365 and 333 mm2, respectively.



A tungsten filament SEM instrument ( TESCAN VEGA3, Tescan Corp., Brno, Czech Republic) combined with energy spectrum analysis software (Aztec, Oxford Instruments Corp., Oxford, UK) was used for particle detection and analysis. The selection of various SEM parameters is known to affect the accuracy of particle detection and the quality of the images that are obtained. Based on the typical morphology of non-metallic inclusions in P91 steel, an acceleration voltage of 20 kV and beam current of 15 μA were selected. A working distance of 10 mm was employed to ensure good image quality. Using a magnification of 300× and image resolution of 2048, the minimum size of inclusions that could be detected was 0.38 μm. An acquisition time of 0.5 s was used, providing a high identification accuracy of 0.9 μm and allowing the inclusions to be counted. Aluminum foil was pasted to one edge of each sample to calibrate the grayscale of the images such that the brightness value of the aluminum foil was 5120 and that of the steel was 25,700. The SEM system automatically identified any zone with a brightness of less than 23,000 as an inclusion [16,17]. The test parameters are shown in Table 2.



Data concerning inclusions in the P91 steel pipes along the longitudinal direction from the inner to the outer wall were collected using SEM together with the particle detection and analysis module of the energy spectrometer. The compositions and morphologies data of inclusions were analyzed, and the inclusions were classified and counted.




3. Results and Discussion


3.1. Classification of Non-Metallic Inclusions


The main types of non-metallic inclusions and the typical characteristics of non-metallic inclusions in P91 steel samples are summarized in Figure 2 and Table 3. Figure 2a and Table 3 (column (a)) show an Al2O3-MgO-CaO inclusion with an aspect ratio of less than 3 and a roughly spherical shape. This inclusion appeared black in the back-scattered electron image and contained 66.71% Al2O3, 4.29% MgO and 29.00% CaO. These inclusions were therefore primarily made of Al2O3 along with a small number of (Al, Mg, Ca and Si) O inclusions in which the Si content was less than the others. Figure 2b and Table 3 (column (b)) show an Al2O3-MgO-CaO inclusion in the form of a long strand with an aspect ratio greater than 3. This inclusion also appeared black and contained 89.73% of Al2O3, 9.01% of MgO and 1.26% of CaO along with a small amount of S element. The spherical inclusion in Figure 2c and Table 3 (column (c)) was an Al2O3-MnS-CaS composite with an aspect ratio of less than 3. The oxide part of the BSE image was black while the sulfide part was gray. This inclusion comprised 38.15% of Al2O3, 50.12% of MnS and 11.73% of CaS. The energy spectrum indicated that this inclusion was made of 16.9% S, 23.1% Al and 31.6% O on a mass basis. Figure 2d and Table 3 (column (d)) presented a BSE image of a gray MnS-CaS inclusion with an aspect ratio greater than 3 and containing 96.21% MnS and 3.79% CaS. The gray, spherical MnS-CaS inclusion in Figure 2e and Table 3 (column (e)) had an aspect ratio of less than 3 and contained 99.47% MnS and 0.53% CaS. Figure 2f and Table 3 (column (f)) show a gray TiN inclusion with an aspect ratio of less than 3 along with a small amount of elemental Nb and V.



These data indicated that the inclusions were mainly made of aluminum oxides, unfortunately, only a qualitative compositional analysis was possible because oxygen had a low atomic number with a low energy spectrum signal. However, the presence of aluminum and sulfur in the energy spectrum could be used to identify and classify these inclusions. Therefore, based on both chemical composition and morphologies, the inclusions were classified according to the rules presented in Table 4.




3.2. Statistical Analysis


Using the classification rules outlined in Table 4, the non-metallic inclusions with equivalent circle diameter (ECD) values were greater than 1 μm were categorized and counted using the particle detection module of the software associated with the SEM. ECD is the diameter of the circle with the same area as the inclusion. Table 5 summarizes the proportional quantities of various inclusions in both steel pipe specimens. The most common non-metallic inclusions were spherical oxides, spherical sulfides and spherical oxygen–sulfur compounds. Table 6 provided the proportional area occupied by various inclusions and indicated that the spherical oxides accounted for the largest area. This occurred because the spherical oxides were generally larger than the spherical sulfide and spherical oxygen–sulfur compounds. Only a small number of strip sulfides and oxide strands was observed, but the relative area occupied by these inclusions was quite large. In addition, the number of sulfide inclusions in sample 1# and the area occupied by these inclusions were both higher those in sample 2#. The amount and proportional area of titanium-bearing inclusions were very small, so these inclusions were neglected.




3.3. Size Distribution of Inclusions


Table 7 and Table 8 provided the size distribution of the inclusions in the steel pipe samples. In the case of inclusions with aspect ratios less than 3, the ECD was used as the size for statistical analysis purposes. For inclusions with aspect ratios greater than 3, the maximum length was employed.



It can be observed from Table 7 that the spherical oxides had sizes concentrated within the range of 1–7 μm, but three larger oxide particles were observed, and the maximum ECD was 27.0 μm. There were far fewer strand oxide and strip sulfide inclusions, but these had relatively large lengths. The spherical sulfide and spherical oxygen–sulfur compounds were small and had sizes primarily within 1–5 μm. After the ECD distribution of spherical sulfide inclusions was converted into a size distribution based on the unit area, no large inclusions were identified although an inclusion with an ECD of 14.5 μm was observed in the test area. There were two titanium-bearing inclusions in the region that was inspected, with sizes of 9.34 and 4.22 μm. The data for sample 2# in Table 8 show that the spherical oxide inclusions had sizes within the range of 1–7 μm, and there were close to twice as many of these inclusions in this sample as there were in sample 1#. One spherical oxide inclusion had a maximum ECD of 35.6 μm. There were few strand oxide inclusions, although one large inclusion with a size of 43.9 μm was found. There were many strip sulfide, spherical sulfide and oxygen–sulfur composite inclusions in sample 1#, including 10 strip sulfides larger than 13 μm, while sample 2# contained mainly spherical oxides.




3.4. Original Statistical Distribution Analysis of Spherical Oxides


As noted, the present steel specimens contained numerous spherical oxide inclusions, and the size distribution and location of these inclusions were therefore important with regard to metallurgical processing and the evaluation of such materials. Figure 3a,b presented images showing the original statistical distribution of the spherical oxides based on ECD proceeding from the inner to outer wall of the steel pipes. To allow the sizes and distribution of the inclusions to be accurately assessed, the inclusions was magnified by a factor of 50, and the largest spherical oxide in the test area was indicated (The inclusion indicated by the red arrow in the Figure 3a,b). In the case of sample 1#, the spherical oxide inclusions near the outer part of the steel pipe were smaller than those in the inner part, although larger inclusions were also presented in the middle. The largest inclusion size was 26.77 μm in size and contained Al, Mg and Ca. There was no obvious trend in the distribution of inclusions in sample 2#. This specimen contained an oxide inclusion made of Al, Mg and Ca with a size of 35.61 μm.



During the solidification of liquid steel, the cooling rate at the outer wall was more rapid such that dendrites formed, and larger inclusions were pushed to the central area. Subsequent pipe threading and rolling processes could also break up large inclusions on the inner wall, explaining why the larger inclusions were found in the central region. These effects also generated many inclusions along the inner wall of the steel pipe. The negative effect of larger inclusions was greater, so this work focused on these inclusions. Figure 4 and Figure 5 plot the ECD values, maximum sizes and quantities of spherical oxide inclusions proceeding from the inside of the steel pipe to the outside for samples 1# and 2#, respectively. The spherical oxide ECD values for sample 1# exhibited a decreasing trend when proceeding from the inner wall to the outer wall, as did the maximum diameters. However, the data also showed significant fluctuations in the middle area and the presence of some large inclusions. The number of inclusions increased when proceeding from the inner wall to the outer wall, with an increase from 77 to 175. The data for sample 2# demonstrated similar trends, with the quantity of inclusions increasing from 190 to 339. Compared with those in sample 1#, the average ECD values in sample 2# were both smaller and more uniform. However, the trend of the number of inner and outer walls changed substantially.




3.5. Formation Mechanism and the Effect of the Inclusions


From the above experimental results, it can be observed that the sizes of various inclusions in the steel pipes are small. The data in Table 9 and Table 10 indicate that the majority most inclusions contained Al, followed by those containing Ca and Mg. Sample 1# contained more CaO, while there was more MgO in sample 2#. The oxide compositions and size distribution in the steel pipes are summarized in Figure 6. These graphs are based on the analysis of 2019 inclusions for sample 1# and 4626 inclusions for sample 2#. It was apparent that MgO-Al2O3, CaO-Al2O3 and CaO-Al2O3-MgO were the main inclusions with a high melting point in these steel specimens and that the primary component of the inclusions was alumina. Those inclusions with high calcium oxide concentrations were also relatively large, and sample 1# contained more of these inclusions. Overall, sample 1# contained oxide inclusions with greater average ECD values.



The total oxygen content of the steel pipe had a significant effect on the number and size of oxide inclusions. Yu [18] reported that the amount and area of inclusions in a steel pipe containing 0.01% oxygen increased compared to steel with 0.002% oxygen. He [19] demonstrated that the quantity of 5–10 μm inclusions decreased as the total oxygen content decreased. In the present study, the oxygen concentrations of the pipe specimens were 0.0018% and 0.0022%, and the majority of spherical oxides had sizes within the range of 3–5 μm. In addition, even the largest such inclusions were not overly large. The primary inclusions in these steel pipes were spherical oxides that consisted largely of alumina and these results are believed to be related to the Al alloy deoxygenation process. Inclusions in melted steel are generated via the sequence Al2O → MgO–Al2O3 → CaO–Al2O3–MgO or CaO–Al2O3 [20,21]. The strand-shaped oxide inclusions that were observed could have resulted from a lack of floating following deoxidation combined with breaking into long chains during rolling [22]. Al-bearing oxides in steel are also formed as a consequence of the secondary oxidation [23] of refractories and molten steel. Currently, the main method used to modify inclusions in steel subjected to aluminum deoxygenation involves treatment with calcium. In this process, Al2O3 and Al2O3–MgO inclusions are modified to form calcium aluminate inclusions with low melting points. This reduces the effects of Al2O3 and magnesium aluminum spinel on the performance characteristics of the metal [24,25].



Murakami et al. [26] devised an empirical relationship between the fatigue limit of steel and Vickers hardness and inclusion size applicable to different fatigue test conditions. Based on this relationship, Li et al. [27] calculated the critical inclusion size for pipeline steel to reach the fatigue limit. Li reported that large inclusions located below the metal surface could have a relatively pronounced impact on fatigue performance, while large internal inclusions have a minimal effect. However, a few large type- D inclusions were found in the present experimental samples and were located primarily in the interior of samples such that these inclusions would be expected to have little effect on the steel.



As early as the 1980s, Ito et al., classified sulfides in low-carbon steel into Class I spherical sulfides, Class II fan-shaped or chain sulfides, Class III polyhedral sulfides and irregular sulfides [28]. The morphology of inclusions varies with sulfur content [29]. In the present study, sulfide inclusions were primarily found in sample 1#, which had a sulfur content of 0.0024%. Spherical sulfide inclusions accounted for 24% of all inclusions and were mainly made of MnS. After the size distribution of spherical sulfide inclusions was converted into a size distribution per unit area, an inclusion with an ECD of 14.5 μm was identified along with 29 strip-shaped sulfides occupying a large area. The amount of spherical sulfide inclusions in the P91 steel was low, and the sulfide size of composite CaS was small, while the percentage of CaS in strip-shaped sulfides was less than that in spherical sulfide inclusions. The addition of calcium and magnesium as alloying elements, especially calcium, will significantly reduce the length-to-width ratio and size of sulfide inclusions [30]. The present oxygen–sulfur composite inclusions were MnS–Al2O3 inclusions formed by fine oxide particles acting as cores for heterogeneous nucleation. The formation of these inclusions in steel inhibits the effects of oxides on the characteristics of the metal and can effectively prevent the initiation and propagation of cracks starting with oxides. The oxygen–sulfur composite inclusions identified in this study were relatively small, and none had an ECD greater than 13 microns. The titanium-bearing inclusions comprised titanium nitride, titanium carbide, titanium carbonitride and titanium oxide. There was also evidently competition between the oxidation reactions of aluminum and titanium. The Ti content of the steel was less than 0.001%, and the two samples all went through process of aluminum deoxidization. The sample had very few titanium-bearing inclusions [31,32,33].





4. Conclusions


A statistical characterization method was developed that allowed an evaluation of non-metallic inclusions in P91 steel pipes based on SEM. The quantities, area and sizes of spherical oxide, strand oxide, spherical sulfide, oxygen–sulfur composite, strip sulfide and titanium-bearing inclusions were analyzed. In addition, the original position statistical distribution of spherical oxide inclusions was investigated, and inclusion locations were assessed.



The P91 steel contained primarily spherical oxide inclusions and fewer sulfide inclusions with smaller sizes. However, this material also had a small number of large inclusions located in the middle of the pipe that would be expected to have a bad impact on the performance of the steel. In addition, the oxide inclusions were not only mainly made of alumina but also contained Mg and Ca. These inclusions would likely reduce the effect of spinel inclusions on the performance characteristics of the steel. Furthermore, this method is believed to have significant promise with regard to the statistical analysis of non-metallic inclusions during the smelting and production of P91 steel.
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Figure 1. A diagram showing the sampling location from the steel pipes were sampled. 
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Figure 2. A summary of the types of non-metallic inclusions. (a) Spherical Al2O3-MgO-CaO, (b) a long strand of Al2O3-MgO-CaO, (c) an Al2O3-MnS-CaS composite, (d) a MnS-CaS strand, (e) spherical MnS-CaS, and (f) titanium-bearing inclusions. 
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Figure 3. Original statistical distribution of non-metallic spherical oxide inclusions based on ECD in (a) sample 1# and (b) sample 2#. 
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Figure 4. Average ECD values in graphic (a), maximum size in graphic (b) and quantity of spherical oxide inclusions in graphic (c) along the cross-section of sample 1#. 
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Figure 5. Average ECD values in graphic (a), maximum size in graphic (b) and quantity of spherical oxide inclusions in graphic (c) along the cross-section of sample 2#. 
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Figure 6. Composition and size distribution. Phase diagrams for inclusions in (a) Sample 1# and (b) Sample 2#. 
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Table 1. Main elemental composition of P91 steel pipe samples (wt.%).






Table 1. Main elemental composition of P91 steel pipe samples (wt.%).





	Samples No.
	C
	Si
	Mn
	P
	S
	Cr
	Ni
	Cu
	Mo
	V
	Nb
	Al
	Ti
	N
	O
	Fe





	1#
	0.11
	0.28
	0.42
	0.012
	0.0024
	8.72
	0.14
	0.035
	0.91
	0.20
	0.078
	<0.005
	<0.001
	0.048
	0.0018
	Bal.



	2#
	0.12
	0.30
	0.37
	0.011
	0.0010
	8.67
	0.16
	0.031
	0.93
	0.20
	0.074
	<0.005
	<0.001
	0.044
	0.0022
	Bal.
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Table 2. Instrument parameters.
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	Instrument Parameters
	Numerical Value





	Electron microscope high voltage (kV)
	20



	First pass residence time (μs)
	5



	Analysis mode
	Particle detection



	Energy range (keV)
	40



	Number of channels
	1024



	Acquisition time (s)
	0.50



	Image scan size
	2048



	Image magnification
	300



	Image pixel resolution (μm)
	0.90



	Working distance (mm)
	10



	Beam intensity (μA)
	15
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Table 3. Characteristics of typical non-metallic inclusions.






Table 3. Characteristics of typical non-metallic inclusions.





	Inclusion Characteristics
	(a)
	(b)
	(c)
	(d)
	(e)
	(f)





	Inclusion

morphology
	[image: Metals 13 00793 i001]
	[image: Metals 13 00793 i002]
	[image: Metals 13 00793 i003]
	[image: Metals 13 00793 i004]
	[image: Metals 13 00793 i005]
	[image: Metals 13 00793 i006]



	Area(μm2)
	12.52
	12.93
	26.16
	24.61
	4.44
	28.90



	Length(μm)
	9.88
	15.35
	8.19
	9.82
	3.48
	9.77



	Aspect ratio
	1.09
	4.76
	1.43
	3.03
	2.15
	1.59



	ECD(μm)
	3.99
	4.06
	5.77
	16.28
	2.38
	6.07



	Chemical composition (wt.%)
	O:50.8

Al:29.2

Ca:17.1

Mg:2.1

S:0.8
	O:51.3

Al:37.0

Ca:5.7

Mg:0.7

S:4.2
	O:31.6

Al:23.1

Mn:21.0

Ca:7.2

S:16.9
	Al:0.4

Mn:56.3

Ca:2.5

S:40.7
	Mn:65.5

Ca:0.4

S:34.1
	Ti:54.4

N:31.7

Nb:8.1

V:5.8
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Table 4. The classification rules of inclusions.






Table 4. The classification rules of inclusions.





	Number
	Inclusion Type
	Identifying Elements
	Element Mass

Percentage (wt.%)
	Aspect Ratio





	1
	Spherical oxide (Al2O3)
	Al/S
	0 ≤ S/Al < 1
	1 ≤ AR < 3



	2
	Strand oxide (Al2O3)
	Al/S
	0 ≤ S/Al < 1
	AR ≥ 3



	3
	Spherical sulfide (MnS, CaS)
	Al/S
	S/Al ≥ 3
	1 ≤ AR < 3



	4
	Strip sulfide (MnS, CaS)
	Al/S
	S/Al ≥ 3
	AR ≥ 3



	5
	Spherical oxygen–sulfur compounds (Al2O3, MnS, CaS)
	Al/S
	1 ≤ S/Al < 3
	1 ≤ AR < 3



	6
	Titanium-bearing inclusions
	Ti, excluding Al and S
	/
	/
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Table 5. The quantities of various inclusions found in 100 mm2 sections of steel samples.






Table 5. The quantities of various inclusions found in 100 mm2 sections of steel samples.





	
Samples

	
Spherical Oxide

	
Strand Oxide

	
Striped Sulfide

	
Spherical

Sulfide

	
Spherical Oxygen–Sulfur Compounds

	
Ti-Bearing Inclusions

	
Total




	
Proportion of Quantity (%)






	
1#

	
64.75

	
0.99

	
2.97

	
22.82

	
8.41

	
0.06

	
1




	
2#

	
96.31

	
0.92

	
0.17

	
1.75

	
0.81

	
0.04

	
1
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Table 6. The proportional area occupied by various inclusions in 100 mm2 sections of steel samples.






Table 6. The proportional area occupied by various inclusions in 100 mm2 sections of steel samples.





	
Samples

	
Spherical Oxide

	
Strand Oxide

	
Striped Sulfide

	
Spherical

Sulfide

	
Spherical Oxygen–Sulfur Compounds

	
Ti Inclusions

	
Total




	
Area Proportion (%)






	
1#

	
77.52

	
2.26

	
5.74

	
9.42

	
4.91

	
0.15

	
1




	
2#

	
91.29

	
6.61

	
0.41

	
1.10

	
0.58

	
0.01

	
1
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Table 7. Results of the particle size distribution of inclusions in 100 mm2 of Sample 1#.






Table 7. Results of the particle size distribution of inclusions in 100 mm2 of Sample 1#.





	
Particle Size/μm

	
Spherical Oxide

	
Strand Oxide

	
Striped Sulfide

	
Spherical Sulfide

	
Spherical Oxygen–Sulfur Compounds




	
Quantity






	
1~3

	
166

	
1

	
2

	
163

	
38




	
3~5

	
264

	
0

	
0

	
49

	
38




	
5~7

	
139

	
0

	
1

	
7

	
5




	
7~10

	
48

	
2

	
8

	
2

	
1




	
10~13

	
6

	
2

	
7

	
0

	
0




	
>13

	
3

	
4

	
10

	
0

	
0




	
Total

	
627

	
9

	
28

	
221

	
82




	
Maximum ECD/μm

	
27.0

	
28.9

	
35.9

	
14.5

	
7.1
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Table 8. Results of the particle size distribution of inclusions in 100 mm2 of Sample 2#.






Table 8. Results of the particle size distribution of inclusions in 100 mm2 of Sample 2#.





	
Particle Size/μm

	
Spherical Oxide

	
Strand Oxide

	
Striped Sulfide

	
Spherical Sulfide

	
Spherical Oxygen–Sulfur Compounds




	
Quantity (%)






	
1~3

	
615

	
0

	
1

	
19

	
9




	
3~5

	
639

	
0

	
0

	
4

	
2




	
5~7

	
88

	
0

	
0

	
2

	
0




	
7~10

	
34

	
2

	
0

	
1

	
0




	
10~13

	
8

	
3

	
1

	
0

	
0




	
>13

	
5

	
8

	
1

	
0

	
0




	
Total

	
1389

	
13

	
2

	
25

	
12




	
Maximum ECD/μm

	
35.6

	
43.9

	
18.1

	
8.8

	
10.6
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Table 9. Quantities of inclusions with different compositions within a 100 mm2 region of sample 1#.






Table 9. Quantities of inclusions with different compositions within a 100 mm2 region of sample 1#.





	Inclusions Type
	Quantity/Unit
	Percentage/%





	Al-bearing inclusions
	2855
	80.8



	Mg-bearing inclusions
	869
	24.6



	Si-bearing inclusions
	184
	5.2



	Ca-bearing inclusions
	1301
	36.8
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Table 10. Quantities of inclusions with different compositions within 100 mm2 region of sample 2#.






Table 10. Quantities of inclusions with different compositions within 100 mm2 region of sample 2#.





	Inclusions Type
	Quantity/Unit
	Percentage/%





	Al-bearing inclusions
	4722
	98.3



	Mg-bearing inclusions
	2182
	45.4



	Si-bearing inclusions
	195
	4.1



	Ca-bearing inclusions
	1175
	24.5
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