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Abstract

:

The high-temperature interactions of β-SiAlONs with sodium fluoride NaF at 1650 °C under a nitrogen atmosphere are described in this paper. It was found that in case of Si5AlON7 the formation of phases enriched with aluminum occurred, including Si4Al2O2N6 at an NaF loading of 0.5 wt.% and Si4Al2O2N6 and Si3.1Al2.9O2.9N5.1 at an NaF loading of 2.0 wt.%, although Si5AlON7 still was a major phase. For Si4Al2O2N6, a kind of disproportionation was observed, and Si5AlON7 formed together with Si3Al3O3N5 and Si3.1Al2.9O2.9N5.1. Moreover, the initial phase Si4Al2O2N6 was not identified at all, while Si5AlON7 was found to be a major phase at an NaF loading of 0.5 wt.% and Si3.1Al2.9O2.9N5.1 prevailed at an NaF loading of 2.0 wt.%. All the samples showed a high degree of densification when studied with scanning electronic microscopy.
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1. Introduction


Nitride ceramics show high thermal, chemical, and mechanical stability, which make them widely used materials in the mechanical engineering, aerospace, chemical, and medical industries [1,2,3,4,5,6,7]. Silicon-aluminum oxynitrides (SiAlONs or sialons) are used to produce parts of automotive engines, heavy-loaded bearings, blades of gas turbines, etc., due to their effective densification, high sintering properties and easy processing [1,8,9,10,11,12,13]. At the same time, the synthesis of SiAlONs of a given composition and properties is still quite a challenge. SiAlONs are solid solutions formed because of the substitution of silicon and nitrogen in silicon nitride by aluminum and oxygen in a wide range of concentrations [10]. Six general types of SiAlONs are known today, including α-, β-, O′-, X-, R- and H-SiAlONs. α-SiAlONs are derivatives of α-Si3N4, and they can be described with the general formula Mem/zSi12–m–nAlm+nOnN16–n, where Me is a metal with a valency z [14,15]. α-SiAlONs are difficult to prepare, since the initial α-Si3N4 structure is unstable under typical synthesis conditions and can only be stabilized in the presence of Me ions. O′-SiAlONs are isostructural to silicon oxynitride Si2N2O, whose structure consists of the layers formed by Si3N4 rings and linked by Si-O-Si bonds. In O′-SiAlONs, Al and O replace some of the Si and N atoms; therefore, the general formula is Si2–zAlzN2–zO1+z with z < 0.4 [16]. X-SiAlON is a Si12Al18O39N8 compound with a narrow homogeneity region [17,18]. X-SiAlON shows a triclinic structure, and the cell ideally contains six Si3Al6O12N2 units. The structure in general consists of alternating chains of octahedra and tetrahedra linked in layers. The layers are packed parallel to each other and connected by a network of tetrahedra, some elements of which resemble the elements of Si6N8 cells in the β-Si3N4 structure. R- and H-SiAlONs are solid solutions of the composition zAlN·SiO2. The solutions are ordered polytypes with a layered structure described by the Ramsdell symbols 8H (z = 3), 15R (z = 4), 12H (z = 5), 21R (z = 6), 27R (z = 8), and 2Hδ [8,19,20,21].



β-SiAlONs are derivatives of β-Si3N4 of the general formula Si6–zAlzOzN8–z, z = 0 ÷ 4.2 [14,22,23,24]. β-Si3N4 is the most stable form of silicon nitride, so β-SiAlONs can be prepared via the direct reaction of Si3N4, Al2O3, SiO2, and AlN with no additional metal ions. Due to the wide range of properties and easier preparation compared to other types, β-SiAlONs may be considered as the most prospective SiAlON ceramics. At the same time, there are still some issues which need to be addressed to extend their application area.



The first issue is a high temperature required for synthesis. That is a result of the rather low diffusion rate, which becomes noticeable only at a temperature above 1700 °C, when partial decomposition of Si3N4 can already occur. Therefore, new synthetic approaches are currently being actively developed using sintering additives, which facilitate the formation of a liquid phase and make it possible to reduce the sintering temperature under pressure or without it [25]. Densification and sintering of various types of Si3N4 and SiAlONs can be achieved using oxide additives such as Y2O3, Al2O3, and MgO, as well as fluorides, primarily MgF2 and CaF2 [26,27]. At the same time, alkali metal fluorides (e.g., NaF, LiF) are more often used for the stabilization of α-SiAlON [28,29].



Furthermore, the fabrication of transparent ceramics based on SiAlONs is also still quite a challenge [30]. Most transparent ceramic materials are characterized by a cubic structure; their transparency does not depend on the layer thickness. Although SiAlONs have a hexagonal structure, which causes birefringence, and their optical properties are noticeably worse than those of ceramics with a cubic structure, the optical properties can be significantly improved by achieving a suitable grain size and structure, as was shown, for example, for polycrystalline alumina [31]. Fluorine-based additives can also be helpful in this case [32,33].



By decreasing the glass transition temperature and facilitating glass formation in SiAlON systems, on the other hand, fluorides can be also considered as corrosive media for oxynitride ceramics [34]. For β-SiAlONs, incorporation of a significant amount of fluorine may cause a decrease in Vicker’s hardness, for example [35]. So, the following conclusions can be made from the listed examples:




	
Fluorides of light metals (e.g., Li, Na, Ca, Mg, and Al) can be effective auxiliary additives for the fabrication of SiAlONs including glasses;



	
Some possible negative side effects have to be kept in mind when fluorides are used;



	
An excess of fluorine in the composition of oxynitride may be undesirable considering some of the mechanical properties;



	
Fluorides are corrosive media for oxynitride ceramics and may induce their decomposition and changes in the phase compositions.








Usually, fluorides are used as auxiliary additives during the synthesis process. For example, Hampshire and co-workers studied pressureless preparation of β-SiAlON ceramic compositions using MgO/Y2O3 and MgF2/Y2O3 additive systems [36]. They noted that the produced samples showed a density up to 100% compared to the theoretical values. In addition, at lower temperatures, MgF2-doped β-SiAlON ceramics have a higher hardness than β-SiAlON doped with MgO. It should be mentioned that only β-SiAlON with z = 1 was studied and MgF2 was used together with Y2O3, so it is not possible to differentiate the effects from both additives.



To the best of our knowledge, there is no data for high-temperature β-SiAlON behavior in the presence of the fluorides except for studies of corrosion in surface layers [34,37]. So, the goal of the presented study was to investigate the effect of sodium fluoride NaF as a sintering additive for prefabricated β-SiAlONs with z = 1 and 2 on their composition and structure.




2. Results and Discussion


2.1. Starting Materials


The starting materials were powders of β-SiAlONs, which were received from “Plasmotherm” LLC and characterized with X-ray diffraction analysis (samples SiAlON-1 and SiAlON-2). XRD patterns are given in Figure 1. According to the collected data, both samples were β-SiAlONs, the sample SiAlON-1 was Si5AlON7 and the sample SiAlON-2 was Si4Al2O2N6. The SiAlON-1 sample showed a set of peaks at 23.34, 27.00, 33.39, 35.94, 38.70, 41.10, 47.67, 49.71, 51.84, 57.57, 59.40, 61.05, 63.30, 64.50, 69.69, 71.22, 73.02, and 74.85°, which are characteristic for Si5AlON7 (Figure 1a, ICDD 00-048-1615). The SiAlON-2 sample had a similar XRD pattern, however, all the peaks were shifted giving a picture typical for a Si4Al2O2N6 phase. The peaks were found at 23.28, 26.94, 33.33, 35.88, 38.61, 41.01, 47.58, 49.62, 51.78, 57.48, 59.31, 60.96, 63.15, 64.44, 69.66, 71.13, 72.93, and 74.82° (Figure 1c, ICDD 01-076-0599). The presence of peaks at ~24.5, 29.7, 30.1, 32.0, 39.8, 39.5, and 39.7° in both the samples indicated an impurity of X-SiAlON Si2Al3O7N (Figure 1b,d, ICDD 00-035-0023) with a content below 3 v/v %. Thus, the samples were homogenous in composition and structure, which was also confirmed by scanning electron microscopy combined with energy-dispersive X-ray spectroscopy (Figure 2). As one can see, the SiAlON-1 and SiAlON-2 samples mainly consisted of uniform particles up to 2 μm in size with an irregular shape, which were highly likely agglomerates of smaller particles. In addition, a few rods and plates up to 5 μm in size could be identified in all the images, however, their composition was close to the average composition of the samples, so they did not present impurity phases mentioned above. The elements constituting the samples (Si, Al, O, and N) were evenly distributed in the volume of the samples, and the element contents corresponded to the expected compositions, considering the accuracy of determination, as well as the excess oxygen content in the surface layer (Table 1).




2.2. Synthesis and Characterization of β-SiAlON:NaF


The synthesis of β-SiAlON:NaF materials was carried out by high-temperature sintering of the mixtures of the corresponding β-SiAlONs with sodium fluoride NaF. The mixtures were preliminarily homogenized by vigorous grinding in an agate mortar with acetone followed by drying in air. The homogenized mixtures were pressed and pre-fired at 900 °C in air for 2 h and then under a stream of nitrogen (1 bar) at 1650 °C. The temperature was raised at a rate of ~400 °C/h and kept for 2 h. Then, the mixtures were allowed to cool down naturally (~12 h). The samples after sintering appeared as gray pills. At the same time, some transparent crystalline whiskers formed on the walls of the crucibles. X-ray diffraction analysis showed that the whiskers consisted of two aluminum nitride polytypes. One of them was a typical hexagonal wurtzite-like AlN and the other one was identified as a tetrahedral zinc blende-like AlN, which is in fact metastable (Figure 3) [38]. Belonging to different structural types, both phases could be easily identified. The wurzite-like AlN showed a set of peaks at 33.26, 35.96, 37.96, 49.80, 59.44, 65.98, 69.82, 71.64, 72.70, and 76.98 (ICDD 01-076-0702) and the zinc blende-like AlN showed peaks at 35.66, 41.38, 59.98, 71.46, and 76.30 (ICDD 01-080-0010).



AlN most likely formed because of the partial decomposition of SiAlONs with the removal of silicon in the form of corresponding fluoride:


Si6–zAlzOzN8–z + NaF → SiF4↑ + AlN + …











Silicon is well-known to form fluoride SiF4 easily, and that is the reason to use fluorides of alkali and alkali earth metals for the doping of SiAlONs with Li+, Na+, Mg2+, etc., ions [26,27,28,29]. When the mentioned fluorides were used for doping, an excess of silicon was incorporated into the synthetic mixtures considering partial removing in the form of SiF4. For β-SiAlONs it has also been found that interaction with fluorides at high temperatures (NaF-AlF3 melt) led to the formation of SiF4, Al2O3, and N2 [34,37]. Since there was a lack of oxygen in the studied systems and the process occurred in a nitrogen atmosphere, the excess of aluminum formed after the decomposition of SiAlONs could form aluminum nitride. On the other hand, the phase composition and total element composition of the samples SiAlON-1 and SiAlON-2 after the sintering clearly point out that the decomposition according to the given scheme is not the only reaction pathway during the high-temperature interaction of SiAlONs with sodium fluoride NaF.



The sintered samples showed a complicate phase composition, which depended on the initial SiAlON structure and sodium fluoride loading. Thus, for the samples SiAlON-1:NaF, Si5AlON7 was still a major phase after sintering. The sample SiAlON-1:0.5%NaF contained Si2Al4O4N6 as a minor phase and in the sample SiAlON-1:2.0%NaF both Si2Al4O4N6 and Si3.1Al2.9O2.9N5.1 were present as minor phases with an almost equal content (Figure 4a,b, Table 2). On the contrary, for the samples SiAlON-2:NaF, the initial Si2Al4O4N6 phase was not identified after sintering. The sample SiAlON-2:0.5%NaF contained Si5AlON7 as a major phase and Si3.1Al2.9O2.9N5.1 prevailed in the sample SiAlON-2:2.0%NaF. The minor phases in the sample SiAlON-2:0.5%NaF were Si3Al3O3N5 and Si3.1Al2.9O2.9N5.1 (Figure 4c, Table 2). Finally, Si5AlON7 and Si3Al3O3N5 could be considered as minor phases in the sample SiAlON-2:2.0%NaF, but all three phases in the sample were present in comparable amounts (Figure 4d, Table 2).



Thus, the sintering of β-SiAlON with the addition of sodium fluoride NaF up to 2.0 wt.% led to the formation of phases with a higher aluminum content compared to the initial phases. The effect was more pronounced when the content of NaF was higher. At the same time, the content of the phases enriched with aluminum was significantly higher than was expected assuming that silicon was removed in the form of SiF4 only. So, some other volatile silicon compounds formed at 1650 °C, which is consistent with the results of earlier studies [39]. On the other hand, for the SiAlON-2 samples (Si4Al2O2N6) a kind of disproportionation of the Si4Al2O2N6 into Si5AlON7 and Si3Al3O3N5 (as well as to the closely related Si3.1Al2.9O2.9N5.1) was observed after sintering. A similar phenomenon, i.e., the formation of SiAlONs with a higher aluminum content compared to the initial mixture, was found earlier when studying the formation of β-SiAlONs from the mixtures of Si3N4, AlN, and Al2O3 with z values varying from 1 to 4 in a temperature range from 1550 to 1750 °C [40].



SEM images of the sintered samples showed the consolidation of individual crystallites into a compact material (Figure 5), however, the process was not completed, since individual crystallites were still possible to identify in the images, and a significant number of cavities were also observed. Structural densification was estimated from the change in density measured by hydrostatic weighing (Table 3). The theoretical densities for β-SiAlONs are 3.160 (z = 1), 3.118 (z = 2), and 3.077 g∙cm–3 (z = 3) [24], so the densities of the starting materials were below the theoretical values by ~3.8% (SiAlON-1) and 3.5% (SiAlON-2). The initial density of SiAlON-1 was 3.08 g∙cm–3 and increased to 3.15 g∙cm–3 after sintering with 2.0 wt.% of NaF, although phases with higher z values Si4Al2O2N6 and Si3.1Al2.9O2.9N5.1 formed (Table 2). The same trend was observed for the SiAlON-2 materials. For SiAlON-2, an even sharper increase in density was observed after sintering with 0.5 wt.% of NaF. No doubt that was a result of the formation of Si5AlON7 as a major phase and structural densification. When 2.0 wt.% of NaF was added, the density increased just a little bit because the structural densification was counterbalanced by the formation of less dense phases (Si3.1Al2.9O2.9N5.1 and Si3Al3O3N5, see Table 2).



Elemental analysis with EDX spectroscopy (including element mapping) showed just traces of sodium and fluorine in the composition of the material, so their contents could not be quantified. For all the major elements (Si, Al, O, and N), a uniform distribution in the samples volume was observed. The Si/Al ratio determined from the data of the EDX spectroscopy generally demonstrated a decrease with an increase in the content of NaF in the sintered sample (Table 3). That is in good agreement with the results of the XRD analysis, indicating in most cases the formation of phases of β-SiAlONs with higher z values (except the SiAlON-2:0.5%NaF sample) (see Table 2).



So, both the XRD and SEM/EDX data confirmed the formation of β-SiAlONs with lower Si/Al ratios (i.e., a higher z value) in the sintered samples compared to the starting materials. Many mechanical and physical properties of β-SiAlONs are known to be affected by z value, e.g., hardness, toughness, bending strength, thermal diffusivity, heat capacity, and thermal conductivity [24,41,42]. Mainly, an increase in z has a rather negative impact on the mechanical properties (Figure 6). However, if thermal conductivity is considered, it decreased with an increase in the z value, which is good when thermal insulative capability is in focus. In addition, an important point is that full-density ceramics are usually higher in the properties listed above, and the addition of fluorides is helpful for structural densification of β-SiAlONs. It is quite interesting that for the SiAlON-2:0.5%NaF sample formation, almost a single phase of Si5AlON7 was observed with a noticeably higher density compared to the initial Si5AlON7 (3.11 g∙cm–3 vs. 3.04 g∙cm–3). That indicates a possible practical pathway not only for the transformation of different types of β-SiAlON into each other but also for the preparation of high-density ceramics by presureless sintering at relatively low temperatures (compared to the traditionally used range of 1700–1850 °C) and without the incorporation of large amounts of fluorine. The latter is rather important if the material is used as a refractory, because, by decreasing the glass transition temperature and melting temperature, fluorine may have a negative impact on the high-temperature refractory performance [33].





3. Materials and Methods


3.1. Materials


The used starting materials were β-SiAlONs received from “Plasmotherm” LLC. According to the powder XRD analysis, the materials were almost monophase Si5AlON7 (SiAlON-1) and Si4Al2O2N6 (SiAlON-2) containing less than 3 v/v % of X-SiAlON Si2Al3O7N. Sodium fluoride NaF (chemical grade) and acetone (chemical grade) were also used as received.




3.2. Preparation of SiAlON:NaF


β-SiAlON SiAlON-1 or SiAlON-2 was mixed with the corresponding amount of sodium fluoride NaF (0.5 or 2.0 wt.%). The mixture was homogenized through vigorous grinding in an agate mortar with acetone for 10 min followed by drying at 120 °C for 30 min in air. The homogenized mixture was pressed and pre-fired at 900 °C for 2 h in air and then sintered at 1650 °C for 2 h under a stream of nitrogen at 1 bar. The heating rate was ~400 °C/h, and after the sintering the samples were left to cool down to room temperature, which usually took ~12 h.




3.3. Phase Composition


Phase composition of the starting materials and sintered SiAlON:NaF samples were determined by powder X-ray diffraction analysis. Powder XRD patterns of the samples at room temperature were collected on an Ultima IV diffractometer using CuKα radiation (λ = 1.540598Å).




3.4. Micro Images and Elemental Composition


Scanning electron microscopy images were taken with a scanning electron microscope Carl Zeiss Sigma VP using 10 kV accelerating voltage. The microscope was equipped with an energy dispersive X-ray spectroscopy detector, allowing for the determination of the elemental composition in a particular point as well as the elemental mapping in the defined area.




3.5. Density Measurement


The density of the samples was measured by classical hydrostatic weighing. The samples were dry weighed (   m  d r y    ) and then boiled in water for 40 min and weighed under water (   m  u w    ). Finally, the wet samples were weighed again in air (   m  w e t    ). The density was calculated according to the formula:


  ρ =    m  d r y      m  w e t   −  m  u w      













4. Conclusions


The interaction of β-SiAlONs Si5AlON7 and Si4Al2O2N6 with sodium fluoride NaF as a sintering additive at a temperature of 1650 °C in a nitrogen atmosphere was studied. It was found that the sintering resulted in the formation of free aluminum nitride, the partial removal of silicon and the formation of several phases also related to β-SiAlONs, whilst showing a lower Si/Al ratio compared to the starting materials. In the case of Si5AlON7, Si4Al2O2N6 and Si3.1Al2.9O2.9N5.1 phases formed, however, the initial phase remained the major phase when both 0.5 and 2.0 wt.% of NaF was added. In the case of Si4Al2O2N6, Si3Al3O3N5 and Si3.1Al2.9O2.9N5.1 phases formed together with the Si5AlON7 phase, so a kind of disproportionation of the Si4Al2O2N6 phase took place. When 0.5 wt.% of NaF was added to Si4Al2O2N6, the Si5AlON7 phase was observed as a major phase, while the sintering of the sample with 2.0 wt.% NaF resulted in a material with a predominance of the Si3.1Al2.9O2.9N5.1 phase, although the Si5AlON7 phase content was still significant. The initial phase Si4Al2O2N6 was not identified in both samples with 0.5 and 2.0 wt.% NaF after sintering. Figure 7 summarizes the changes in composition of Si5AlON7 and Si4Al2O2N6 under the high-temperature sintering with NaF under the nitrogen atmosphere. The SEM images of all the samples showed that sintering in the presence of sodium fluoride lead to a significant reduction in the porosity of the materials, while the distribution of elements in the volume of the samples remained uniform, i.e., phase separation at the microlevel did not occur and the samples stayed homogeneous.



To date, this is the first detailed study of the phase transformations occurring in β-SiAlONs in the presence of a small addition of alkali metal fluoride at high temperatures. In contrast to some previous studies, it dealt with the processes in the volume of the materials, not only on the surface [34,37]. The general revealed trend was a formation of phases with a lower Si/Al ratio (or higher z value). In parallel, structural densification also took place, which may counterbalance the decrease in mechanical properties, which usually happens when the z value increases. The sintered samples did not show a noticeable content of fluorine, so a lesser impact on the refractory properties may be expected in contrast to ceramics with high loading of fluorine [33]. Finally, the almost quantitative transformation of Si4Al2O2N6 into Si5AlON5 in the presence of 0.5 wt.% of NaF accompanied with densification by ~2% seems to be perspective pathway to produce high-density ceramics from lower quality materials.
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Figure 1. XRD-pattern of the samples SiAlON-1 (a,b) and SiAlON-2 (c,d). 
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Figure 2. SEM-images of the samples SiAlON-1 (a) and SiAlON-2 (b) and element mapping with EDX spectroscopy for the sample SiAlON-1 (c–f). 
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Figure 3. XRD-pattern of crystalline whiskers formed on the wall of the crucible after the sintering of SiAlON-2:0.5%NaF sample. 
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Figure 4. Characteristic parts of XRD patterns of the SiAlON:NaF samples after sintering: (a) SiAlON-1:0.5%NaF; (b) SiAlON-1:2.0%NaF; (c) SiAlON-2:0.5%NaF; (d) SiAlON-2:2.0%NaF (the full XRD patterns can be found in the Supplementary Materials). 
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Figure 5. SEM images of the sample SiAlON-2:2.0%NaF (a,b) and element mapping with EDX spectroscopy (c–f). 
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Figure 6. Mechanical and physical properties of β-SiAlONs depending on the z value (according to literature data [24,40,41]). 
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Figure 7. The changes in composition of Si5AlON7 and Si4Al2O2N6 under the high-temperature sintering with NaF. 
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Table 1. Average content of elements in the samples SiAlON-1 and SiAlON-2 according to energy dispersive X-ray spectroscopy.
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Sample

	
Si, at.%

	
Al, at.%

	
O, at.%

	
N, at.%






	
SiAlON-1 (Si5AlON7)

	
35.1

	
5.6

	
9.5

	
49.8




	
Theoretical composition

	
50.0

	
7.15

	
7.15

	
35.7




	
Generalized formula

	
Si5Al0.8O1.9N6.4




	
SiAlON-2 (Si4Al2O2N6)

	
30.6

	
14.7

	
20.4

	
34.3




	
Theoretical composition

	
28.6

	
14.3

	
14.3

	
42.8




	
Generalized formula

	
Si4Al1.9O2.7N4.5
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Table 2. Phase composition of the SiAlON:NaF samples after sintering.
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	Sample
	Major Phase
	Minor Phases





	SiAlON-1:0.5%NaF
	Si5AlON7
	Si4Al2O2N6



	SiAlON-1:2.0%NaF
	Si5AlON7
	Si4Al2O2N6 and Si3.1Al2.9O2.9N5.1



	SiAlON-2:0.5%NaF
	Si5AlON7
	Si3Al3O3N5 and Si3.1Al2.9O2.9N5.1



	SiAlON-2:2.0%NaF
	Si3.1Al2.9O2.9N5.1
	Si5AlON7 and Si3Al3O3N5
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Table 3. Average content of elements in the studied materials according to EDX spectroscopy and their densities measured by hydrostatic weighing.






Table 3. Average content of elements in the studied materials according to EDX spectroscopy and their densities measured by hydrostatic weighing.





	Sample
	Si, at.%
	Al, at.%
	O, at.%
	N, at.%
	Si/Al
	Density, g/cm3





	SiAlON-1
	35.1
	5.6
	9.5
	49.8
	6.3
	3.04



	SiAlON-1:0.5%NaF
	17.9
	6.5
	28.7
	47.0
	2.8
	3.10



	SiAlON-1:2.0%NaF
	21.4
	10.6
	24.3
	43.7
	2.0
	3.15



	SiAlON-2
	30.6
	14.7
	20.4
	34.3
	2.1
	3.01



	SiAlON-2:0.5%NaF
	28.3
	10.0
	14.7
	46.9
	2.8
	3.11



	SiAlON-2:2.0%NaF
	15.9
	8.3
	37.1
	38.8
	1.9
	3.13
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