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Abstract:

 The present study aims to synthesize SiAlON-based composites utilizing coal gangue. Different types of SiAlON-based composites were synthesized using coal gangue by carbothermal reduction nitridation method through control of different reaction atmospheres. The experimental results indicate that the oxygen partial pressure was an essential factor in the manufacture of SiAlON-based composites and under proper control of the atmospheres, SiAlON-based composites with different crystal structures could be synthesized. The optimum conditions of synthesis of different SiAlON-based composites were respectively determined. Based on the laboratory results, a prototype plant was proposed and constructed, and β-SiAlON composite was successfully produced using coal gangue. The synthesized β-SiAlON composite was applied in preparation of iron ladle brick instead of SiC, which showed that the compression strength, refractoriness under load and high temperature bending strength were increased from 44.5 ± 6.7 MPa, 1618 ± 21 °C and 5.4 ± 1.2 MPa to 64.1 ± 2.5 MPa, 1700 ± 28 °C and 7.1 ± 1.6 MPa, respectively. Compared with the traditional synthesis method, the present technique is expected to save energy both in raw materials and technical process.
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1. Introduction

Rapid economic and industrial development result in enormous waste generated and disposed, leading to serious environmental hazards all over the world. Coal gangue is a problematic waste discharged from coal mining and beneficiation [1,2,3], which accounts for 10 to 15 wt% of coal production [4]. The decades of coal production have resulted in enormous amounts of coal gangue generated in every coal-producing country. The coal gangue is mostly stockpiled, causing severe environmental problems, such as acid drainage, heavy metal leaching, as well as atmospheric pollution [5,6,7]. The total accumulative stockpiles of coal gangue in China have reached 4.5 billion metric tons and about 659 million tons of additional coal gangue is generated per year [8].

Coal gangue generally contains high contents of silica and alumina, associated with a certain carbon content. Coal gangue with high calorific value can be used for mine mouth power generation [9]. Besides, a certain percentage of coal gangue finds application primarily in building materials manufacture, such as brick, cement, or concrete, as well as other construction fields, such as landfilling and road construction [10]. However, such applications are mostly of low economic value and have constrained transportation distance. Therefore, the alternative utilization for coal gangue as a value-added product is strongly needed.

SiAlON ceramics, including α-SiAlON, β-SiAlON, O′-SiAlON, AlN polytypoid or mixtures of these phases, are of unique physical-chemical properties, especially in high strength, high toughness and chemical inertness at elevated temperatures. As a consequence, they can be potentially used as structural ceramics and refractories, which are of high economic value [11,12,13,14,15]. Traditionally, SiAlON ceramics can be synthesized using pure chemicals [14], natural minerals such as clays, which may result in high cost [16]. As coal gangue not only has high content of SiO2 and Al2O3 but also reserves certain carbon content, it is especially feasible to be used in SiAlON preparation by Carbothermal Reduction Nitridation (CRN) method. In previous studies, coal gangue has been successfully used to synthesize β-SiAlON and O′-SiAlON powder [17,18,19].

During the preparation of SiAlON materials, the partial pressure of oxygen was reported to be an essential factor and the SiAlON materials with varying crystal structures could be synthesized through properly controlling the atmospheres from the viewpoint of thermodynamic [20,21,22,23]. However, to the best knowledge of present authors, no systematic experiment of synthesis of SiAlON materials using coal gangue has been carried out so far. In the present study, a systematical investigation on the synthesis of SiAlON, including β-SiAlON, O′-SiAlON, 15R-AlN polytypoid and 12H-AlN polytypoid has been carried out using coal gangue as raw materials. The relationships between physical properties and microstructure of these SiAlON ceramics were also studied. Based on the findings of laboratory experiments, an industrial plant prototype was proposed and then established in Shanxi Province, China. The energy consumption was then analyzed based on the industrial data.



2. Experimental

Coal gangue used in the present study was obtained from Shanxi province, China. The coal gangue sample was mechanically crushed and milled to a grain size of 45 μm. The coke and Si (74 μm, 98.5% purity, AR grade) were purchased from Sinopharm Chemical Reagent Co., Ltd (Beijing, China). Al (74 μm, 99.5% purity, AR grade) was purchased from Beijing Chemical Co. Ltd (Beijing, China). The chemical compositions of coal gangue were determined by an X-ray fluorescence spectrometer (XRF, S4-Explorer, Bruker, Billerica, MA, USA), as shown in Table 1. It can be seen that the coal gangue contains high contents of SiO2 (64.84 wt%) and Al2O3 (27.70 wt%), associated with minor Fe2O3 (3.04 wt%), MgO (1.11 wt%) and CaO (0.72 wt%). As the SiO2/Al2O3 mol ratio of coal gangue is approach to 4, CRN reaction of SiAlON from coal gangue can be described by the Equations (1)–(5), and the corresponding samples are designated as B#, O#, R#, H#, and X#, respectively.

Table 1. Chemical compositions of coal gangue by X-ray fluorescence analysis (wt%).


	Composition
	SiO2
	Al2O3
	Fe2O3
	MgO
	CaO
	Others





	Content
	64.84
	27.70
	3.04
	1.11
	0.72
	2.59
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The materials based on Equations (1)–(5) were homogenized by agate balls milling in ethanol medium. Afterwards, they were dried and pressed (100 MPa) into 47 mm × 6 mm × 6 mm test cuboid. The samples were heated for 6 h at 1800 K. In order to achieve the industrial application, the present study adopted four different atmospheres: (a) samples were placed in a graphite crucible under 99.9% flow nitrogen which contain 0.1% oxygen (NC for short); (b) samples were placed in a alumina crucible under 99.9% flow nitrogen (NA for short); (c) samples were placed in a graphite crucible under air, the volume ratio of air was characterized by 78% nitrogen, 21% oxygen and 1% argon (AC for short); (d) samples containing excess coke content of 50% were placed in a alumina crucible under 99.9% flow nitrogen (NX for short). Three reducing reagents were adopted in the present experiment.

The density (Db) of the sample was measured using Archimedes immersion technique. The synthesized composites were cut into 3 mm × 4 mm × 40 mm strips, then the three point bending method was introduced to measure room temperature bending strength (σf), and the standard equations for the strength of a bar in three point bending method are described as follows [24]:
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(6)




where F is the load force at fracture, l is the length of support span, b is the specimen width and h is the specimen thickness. The crystalline phases of the samples were studied by X-ray diffraction analysis (XRD, DMAX-RB diffractometer, Rigaku, Tokyo, Japan) with Cu Kα radiation. The quantitative phase content of synthesized samples was determined by calculation of the occupation factors. The morphology of fracture sections of samples was examined by the field-emission scanning electron microscopy (FE-SEM, Carl Zeiss, Jena, Germany) equipped with energy dispersive spectroscopy (EDS, Carl Zeiss, Jena, Germany).


3. Results and Discussion


3.1. Thermodynamic Analysis

Thermodynamic assessment of the Si-Al-O-N system showed that it was beneficial to control the extra-low oxygen partial pressure during the synthesis of β-SiAlON [19,23]. When samples were placed in a graphite crucible, the oxygen partial pressure at high temperature would quickly decrease because of the reaction of oxygen with carbon.
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Assuming the Equation (7) reaches the equilibrium, i.e., ΔrG(P, T) = 0, the equilibrium constants can thus be expressed as a function of temperature (T),
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It can be seen from Equation (8) that extra-low oxygen partial pressure could be obtained through proper controlling primary parameters. The equilibrium gas partial pressure of AC and NC atmosphere at 1800 K are given in Table 2 [19], while the equilibrium gas partial pressure under NA atmosphere cannot be determined because there is not enough C to react with oxygen under flowing nitrogen. According to the thermodynamic assessment, the results show that NC atmosphere is the best parameter for synthesis of β-SiAlON.

Table 2. The equilibrium gas partial pressure of AC and NC at 1800 K.


	Parameter
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	PCO
	[image: there is no content]
	PAr





	AC
	6.45 × 10−2 MPa
	3.47 × 10−2 MPa
	2.92 × 10−18 MPa
	8 × 10−4 MPa



	NC
	9.98 × 10−2 MPa
	2 × 10−4 MPa
	9.68 × 10−23 MPa
	0












3.2. Preparation of SiAlON Composites


3.2.1. Synthesis of SiAlON Composites under Different Atmospheres

The samples were synthesized under four different atmospheres at 1800 K, i.e., the samples were prepared under AC atmosphere, NA atmosphere, NC atmosphere, and NX atmosphere, respectively. The Si, Al, or C powders were used as the reducing agent during the preparation of SiAlON composites. Table 3 summarizes all the synthesis parameters.


Table 3. Phase composition of samples (T = 1800 K).



	
Sample

	
Raw Materials

	
Atmosphere

	
Phase Composition

	
Code

	
Physical Properties




	
CG

	
Al

	
C

	
Si

	
Db/g cm−3

	
σf/Mpa






	
B#

	
68.8

	
20.0

	
11.2

	
-

	
AC

	
M (40%), C (37%), S (23%)

	
B1

	
1.63

	
7.6




	
NA

	
X (51%), β′′ (34), C (15%)

	
B2

	
1.71

	
17.3




	
NC

	
β′′ (71%), C (29%)

	
B3

	
1.69

	
17.1




	
O#

	
69.8

	
-

	
9.1

	
21.1

	
AC

	
Si (41%), M (28%), S (15%), O′′ (16%)

	
O1

	
2.26

	
37.5




	
NA

	
O′′ (64%), S (25%), X (11%)

	
O2

	
2.09

	
34.6




	
NC

	
O′′ (43%), S (18%), M (17%), β′′ (22%)

	
O3

	
2.11

	
18.5




	
R#

	
47.2

	
48.2

	
4.6

	
-

	
AC

	
C (37%), 15R (58%), S (5%)

	
R1

	
1.49

	
10.8




	
NA

	
15R (62%), β′′ (15%), S (17%), C (6%)

	
R2

	
1.98

	
38.1




	
NC

	
C (42%), β′′ (37%), X (21%)

	
R3

	
1.96

	
28.5




	
H#

	
41.5

	
54.5

	
4.0

	
-

	
AC

	
12H (55%), 15R (24%), C (21%)

	
H1

	
2.01

	
35.9




	
NA

	
C (53%), 15R (42%), β′′ (5%)

	
H2

	
1.86

	
24.9




	
NC

	
C (72%), β′′ (24%); S (4%)

	
H3

	
2.00

	
22.7




	
X#

	
78.6

	
-

	
21.4

	
-

	
NX

	
β′′ (92%), C (3%), S (5%)

	
X1

	
2.04

	
23.5






Notes: β′′, β-SiAlON; O′′, O′-SiAlON; X, X-phase; M, mullite; S, SiC; C, Al2O3; 15R, 15R-AlN polytypoid; 12H, 12H-AlN polytypoid.




Figure 1 shows the XRD results of samples B1, B2, and B3 as the examples, respectively. It can be seen that the mullite-Al2O3-SiC, X-phase-Al2O3-β-SiAlON, β-SiAlON-Al2O3 composites are synthesized under three atmospheres. The formed crystalline phases and physical properties of the samples are also summarized in Table 3. It can be seen that the atmosphere has a significant influence on the formation of SiAlON composites and the physical properties of SiAlON composites. The optimum conditions for synthesis of β-SiAlON, O′-SiAlON, 15R-AlN polytypoid, and 12H-AlN polytypoid-based composites were determined as NX, NA, NA, and AC atmospheres, respectively. The density and bending strength of samples increased with increasing oxynitride phase content.

Figure 1. X-ray diffraction patterns of (a) B1 (AC); (b) B2 (NA); (c) B3 (NC).
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The detailed morphological features and EDS analysis results of samples B1, B2 and B3 were also measured, as shown in Figure 2. It can be seen that the shapes of the crystals are strongly dependent on the experimental conditions, i.e., atmospheres, and the crystals from B1 (Figure 2a) to B3 (Figure 2c) are mullite (orthorhombic crystal system) with rod-shape crystal, X-phase (anorthic crystal system) crystal and β-SiAlON (hexagonal crystal system) with rod-shape crystal. The detailed morphological features and EDS analysis results of samples O2 are given in Figure 2d. As can be seen, O′-SiAlON consisted of a microstructure comprising equiaxed grains with grain size in the range of 1–5 μm.

Figure 2. SEM images of fracture surfaces and EDS results of sample: (a) B1 (AC); (b) B2 (NA); (c) B3 (NC); (d) O2 (NA).
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Figure 3 shows the detailed morphological features of different 12H-AlN polytypoid crystal (sample H1 in AC), and the EDS analysis results of crystal. It can be seen that the12H-AlN polytypoid was found in the molded stage which had perfect crystals with regular hexagon flake structure. The thickness of the laminar grain was around 0.2–0.3 μm.

Figure 3. SEM images of fracture surfaces and EDS result of samples H1: (a) growing stage; (b) molded stage.
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3.2.2. Mechanism of Formation of SiAlON Composites

When the coal gangue, C and Al powder compact was sintered at high temperature, C and Al combined with the oxides in coal gangue to form the intermediates. The possible intermediates are mullite, SiC, or SiO gas, and the corresponding reactions can be expressed as follows [25],
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(9)
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(10)
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(11)
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These equations indicated the following:


	(a)

	When the AC atmosphere was applied to synthesize SiAlON composites, mullite would be partly reduced by carbon to form Al2O3 [26]. Therefore, mullite, SiC, and Al2O3 were detected as the main phases for sample B1 (Figure 1a).
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	(b)

	When the NC atmosphere was adopted, SiO gas and liquid Al, however, would react with the flowing nitrogen to form β-SiAlON, the reactions could be described by Equations (14)–(16) [27,28],
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The z values of β-SiAlON synthesized under NC atmosphere can be calculated from the following equations [28]:
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(17)






[image: there is no content]



(18)




where a and c are the lattice constants of SiAlON, which are determined from XRD results. The z value of β-SiAlON (B3) was therefore calculated as 2.64. It was lower than the designed values as 3.6. The maximal z value of β-SiAlON had a close relationship with synthesis temperature. High z value (z = 3.6) β-SiAlON cannot be obtained at 1800 K [29,30] and surplus Al2O3 phase was therefore formed as shown by XRD result (Figure 1c).



	(c)

	When the experimental atmosphere was changed from NC to NA, a large amount of X-phase was formed. As an intermediate between oxides and β-SiAlON, X-phase was defined as “nitrogen-mullite” [11]. Compared with the partial pressure of CO gas under NC condition, the partial pressure of CO gas under NA condition was favored by way of carrier flowing nitrogen. The high content β-SiAlON therefore cannot be prepared due to the lack of sufficient reducing agent C. The X-phase was formed under this condition, and the pertinent reactions may be described by following equations [18],
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(19)
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(20)




However, as the reducing agent C was increased to an excess content, the relative pure β-SiAlON was therefore formed according to Equation (5).



	(d)

	O′-SiAlON could be synthesized under three conditions according to the XRD results, as shown in Table 3. NA is the best condition to prepare the high content of O′-SiAlON, and some minor phases were also found from the XRD results of samples O2 (or O3). Therefore, the formation mechanism of O′-SiAlON may be described by the following equations [17,18].
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(21)
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	(e)

	15R-AlN polytypoid can be synthesized under AC or NA conditions, and NA was better than that of AC. AC condition, however, was the only and suitable condition for the preparation of 12H-AlN polytypoid. The results show that the extra-low oxygen partial pressure was not always favorable for synthesis of SiAlON. At NC condition, sufficient Al as reducing agent can react with SiO gas under extra-low partial pressure of oxygen based on Equations (10), (11) and (14).
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(23)








The formed Si3N4 can combine with Al2O3 and AlN to form β-SiAlON by Equation (16), and the significant amount of Al thus disappeared. Therefore, AlN-polytypoid could not be synthesized because of the lack of AlN (by Equation (15)). It can be concluded that the proper parameter NC for synthesis of β-SiAlON is not beneficial to synthesize of AlN-polytypoid. The XRD results show that the main phases of samples R# or H# at NC condition are Al2O3 and β-SiAlON.




3.3. Industrial Application and Resource Consumption Analysis


3.3.1. Industrial Application

Based on the previous studies, an electric resistance shaft furnace was designed with the load capacity of 15 tons and the peak temperature for the sintering temperature was 1550 °C. The designed furnace has several advantages compared with the traditional furnace. First, the furnace used a continuous-type vertical nitriding furnace, instead of the traditional batch production, and the production efficiency is therefore improved. Second, the furnace adopted the way of top feed and bottom discharge of samples. The present designed continuous production has a good advantage that the hot nitrogen gas goes up, meanwhile the samples go down, which is favored for achieving the self-heating and self-cooling of samples, and finally achieving the high efficiency use of thermal energy. The process flow diagram of production of SiAlON composite using coal gangue is shown in Figure 4, and the industrial prototype plant of continues production of SiAlON composite using coal gangue has been conducted in Shanxi province, China, as shown in Figure 5.

Figure 4. Process flow diagram for SiAlON production using coal gangue.
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Figure 5. The continuous nitriding furnace for SiAlON production.
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The plant experiment adopted the X1 experimental conditions (Table 3). The coal gangue and coke were prepared according to the stoichiometric coefficients. The raw materials then went through milling, aging, forming, heating, and sintering (Figure 5). The XRD results indicated that the obtained sample was composed of SiAlON as the main phase and X-phase as well as SiC as minor phases, which was exactly the same with the laboratory experimental result. The final products were ground to powders with 200 meshes and added into the industrial iron ladle brick instead of the SiC powders (Figure 6), and the chemical compositions of iron ladle brick is shown in Table 4. The liquid phenolic resin was used as the binding agent during the brick pressing, and baking temperature was in the range of 180–200 °C for 8 h. The properties of prepared iron ladle brick were analyzed based on the National Standards, and the results are shown in Table 5. It can be seen that the apparent porosity slightly decreased from 10.1% ± 1.5% to 9.9% ± 1.3%, while the compression strength, refractoriness under load and high temperature bending strength increased from 44.5 ± 6.7 MPa, 1618 ± 21 °C and 5.4 ± 1.2 MPa to 64.1 ± 2.5 MPa, 1700 ± 28 °C and 7.1 ± 1.6 MPa, respectively. The results indicated that the iron ladle brick prepared using SiAlON powders instead of SiC powders showed a better performance than the conventional iron ladle brick.

Figure 6. The photos of the iron ladle bricks with (a) SiC addition; (b) SiAlON addition.
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Table 4. Chemical compositions of iron ladle brick.


	Raw Materials
	Series A
	Series B





	88 Alumina (5–3 mm)
	25
	25



	88 Alumina (3–1 mm)
	20
	20



	Pyrophyllite (3–1 mm)
	15
	15



	Pyrophyllite (1–0 mm)
	5
	5



	Brown fused alumina (1–10 mm)
	12.5
	12.5



	Brown fused alumina, –200 mesh
	7.5
	7.5



	Graphite, –195 mesh
	5
	5



	SiC, –200 mesh
	10
	-



	SiAlON, –200 mesh
	-
	10



	Si, –180 mesh
	1.5
	1.5








Table 5. The properties of iron ladle bricks with SiC addition and SiAlON addition.


	Property
	Series A
	Series B
	Standards





	Apparent porosity, %
	10.1 ± 1.5
	9.9 ± 1.3
	GB/T2997-2009 [31]



	Compression strength, MPa
	44.5 ± 6.7
	64.1 ± 2.5
	GB/T5972-2008 [32]



	Refractoriness under load, °C
	1618 ± 21
	1700 ± 28
	YB/T370-1995 [33]



	High temperature bending strength, MPa
	5.4 ± 1.2
	7.1 ± 1.6
	GB/T3002-2004 [34]
















3.3.2. Resources and Energy Consumption Analysis

The conventional carbothermal reduction method of SiAlON production may use natural clay as raw material [16,35], while the present study adopts the coal gangue as the raw materials instead of natural clay. Thereby, the energy consumption could originate from two factors. First, the resource consumption for preparation of each ton of SiAlON product may approximately save one ton of natural clay, i.e., around 50 US dollars was saved. Second, the carbon in coal gangue could be used as the reducing reagent, which is expected to save part of the carbon; the fixed carbon in the coal gangue is assumed to be 10% and then the energy saving of each ton of β-SiAlON is at least 52 kg of coal. Third, the adopted technique can save 20% energy compared with the traditional method, shuttle kiln. In brief, besides the environmental benefits, the adoption of coal gangue to prepare SiAlON is energy saving in both raw materials and technical process.





4. Conclusions

In the present study, a systematical investigation of the synthesis of SiAlON, including β-SiAlON, O′-SiAlON, 15R-AlN polytypoid and 12H-AlN polytypoid was carried out using coal gangue as raw materials. The results show that the synthesis of SiAlON and their physical properties are strongly dependent on atmospheres, and the optimum conditions for synthesis of β-SiAlON, O′-SiAlON, 15R-AlN polytypoid, and 12H-AlN polytypoid were NC, NA, NA, and AC, respectively. The density and bending strength of samples increased with increasing of oxynitride phase content. The synthesis of coal gangue-based SiAlON had been applied into the industrial production with an annual capacity of 20 kt and β-SiAlON was successfully produced in an industrial prototype plant. The coal gangue-based β-SiAlON composite was applied in preparation of iron ladle brick with ambient compressive strength of 64.1 MPa and refractoriness under load higher than 1700 °C. Compared with the conventional method, the preparation of SiAlON-based composite using coal gangue has a high potential of energy saving.
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