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ABSTRACT

SiAlON ceramics have a wide range of applications due to their favorable mechanical
and thermal properties. They are one of the main groups of materials being considered
for high temperature load bearing applications and room to moderate temperature
applications involving mechanical and/or chemical processes. However, wide spread
use of SiAlON ceramics has not been realized due to high cost of raw materials and of
processing. In this study, improvements in materials properties and processing of
SiAlON ceramics by compositional design will be given with various application
examples. Particular emphasis will be given to the possible routes of overcoming the
obstacles to widespread use of these materials and consequent research needs.

INTRODUCTION

Engineering ceramics have been researched for a number of years for mechanical,
chemical, thermal and optical applications and for applications involving combinations
of these effects. One of the most widely studied engineering ceramics is Si3N4 as it provides a good combination of properties, suitable especially for high temperature applications. These properties include excellent fracture toughness, hardness, high strength,
high temperature strength retention, creep and oxidation resistance. Major lines of
study in Si3N4 ceramics have been the development of suitable additive combinations
that would provide a good liquid phase sintering behavior, microstructural development for enhanced toughness and high temperature properties [1, 2]. It has been well
established that in order to get dense Si3N4 ceramics with good properties by gas pressure sintering, a submicron particle size Si3N4 powder, preferably in α-Si3N4 form, is
needed. This would also enable the amount of intergranular amorphous and/or crysGlobal Roadmap for Ceramics – ICC2 Proceedings
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talline phases to be kept at lower levels. Therefore, it is evident that the variables that
control the final material properties in Si3N4 ceramics are type and purity of Si3N4
powder and composition and amount of the additives.
SiAlON, discovered independently by Jack and Wilson [3] and Oyama and
Kamigaito [4], is a solid solution of Si3N4 and Al2O3 where Si is substituted by Al with
corresponding replacement of N by O. As a result of this replacement, SiAlONs posses better mechanical and chemical properties than Si3N4 and Al2O3 alone due to
stronger Al-O bond. Apart from other less common types, SiAlON ceramics have two
main crystallographic forms: α-SiAlON and β-SiAlON. β-SiAlON is formulated as
Siz-6AlzOzN8-z where z varies between 0-4.2. α-SiAlON is formulated as
MxSi12-(m+n)Alm+nOnN16-n where M = Li, Ca, Mg, Y or Ln, x is the amount of the stabilizing cation, n the amount of oxygen replacing nitrogen and m the value of replacement of Si-N by Al-N [5]. Valency requirements are met by modifying cations M in the
interstitial sites. Due to the development of elongated grain morphology during sintering as in Si3N4, β-SiAlON is known to have high fracture toughness and thermal conductivity than α-SiAlON [6]; whereas α-SiAlONs are known to have higher hardness
although hard and tough α-SiAlON has also been developed recently [7].
Unlike Si3N4 where β-Si3N4 is main stable phase after sintering, the two main phases of SiAlON can coexist depending on the additives used. Therefore, there are more
variables to be used as designed parameters for SiAlON ceramics in that one can
change the amount of α-SiAlON from 0% to 100% continuously and the type and
amount of intergranular phase. In this way, final properties of SiAlON can be tailored
such that when high hardness is needed, α-SiAlON content is increased or when toughness/thermal conductivity is prime issue β-SiAlON content is increased.
Compared to Si3N4, SiAlON may possess certain processing advantages. In this
respect, α-SiAlON is particularly advantageous since it can incorporate certain cations
into its crystal structure. This means that sintering additives present during liquid phase
sintering can be accommodated in the α-SiAlON crystal structure after sintering, giving the opportunity to use more liquid phase for better densification kinetics or end up
with a final material with the least amount of intergranular phase (so called transient
liquid phase sintering).
Another advantage of SiAlON lies in the phase equilibria in the system [8]. It is seen
in Fig.1 that there are a number of crystalline oxides and oxynitride phases that are in
equilibrium with α:β/SiAlON. This presents numerous opportunities to select and design
additive compositions, in particular their crystallization tendency, depending on the need
of the application. These opportunities are not so extensive in Si3N4 ceramics.
With respect to certain properties, SiAlON is more stable chemically than Si3N4 as
a result of association of chemically stable Al2O3 into its structure. This gives SiAlON
added advantage in applications involving chemical attack at high temperatures such as
metal cutting and refractories.
Better understanding of crystal chemistry of SiAlONs and consequent microstructural development and also the development of processing routes in which aluminium
nitride can be handled in aqueous environments without hydrolysis problems have
regenerated interests in this engineeringly attractive material. Therefore, there are substantial efforts throughout the world for futher development and wider applications of
the SiAlONs.
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EFFECT OF INTERGRANULAR PHASE CHEMISTRY ON SIALON
PROPERTIES

As SiAlON ceramics are produced by liquid phase sintering, this liquid phase usually
remains in the microstructure after sintering as the secondary intergranular phase. The
type and nature (whether its crystalline or not) of the intergranular phase, its melting
temperature, viscosity and oxidation behavior are all important factors as these govern
the high temperature properties of the SiAlONs. It is known that crystallisation of the
intergranular phase enhances the high temperature properties of liquid phase sintered
ceramics. Therefore, one of the main aspects in designing SiAlONs with improved
high temperature properties would be to select additives that would provide a good liquid phase sintering behavior and at the same time would crystallise well to refractory
phases after sintering. As stated above, there are a number of crystalline phases, either
oxygen or nitrogen rich, that can be obtained in the system (Fig.1).
Fig. 2 shows XRD spectra of α:β/SiAlON composite (25 % α-SiAlON) that were
prepared with the same amount of additives using a multi cationic mixtures but different cation combinations. Although the general microstructural features (Fig. 3) and
mechanical properties are similar for the different dopant combinations, it can be seen
in Fig. 2 that various types of crystalline (wollastonite, melilite, silicates, aluminates
etc.) or amorphous phases can be formed depending on the dopant types and sintering
conditions. It has been found that the extent of crystallization of the intergranular phase
seems to vary depending on the type of dopants used (Fig. 4). Fig. 4a and 4b illustrate
triple junctions crystallised partially and almost fully, respectively, in two α:β/SiAlON
composites with the same amount of α:β ratio and intergranular phase content. As the

Figure 1. Janecke Prism representation of oxynitride grain boundary phases in
Ln-SiAlON systems ZLn<62 [8].

122

DEVELOPMENT STRATEGIES FOR SIALON CERAMICS

Figure 2. Phase evolution with different multi cation doped α:β/SiAlON composites
containing 25% α-SiAlON (α:alpha SiAlON, β:beta SiAlON, S:Silicate, M:Melilite, W:
wollastonite phases).

extent of crystallisation affects especially the high temperature properties, the application properties of SiAlONs can be improved by careful adjustments of intergranular
phase chemistry so as to obtain maximum crystallisation. This is demonstrated for cutting tool applications in Fig. 5 which shows cutting performance of the SiAlONs
shown in Fig. 4 on gray cast iron turning. It is clear that substantial improvements in
cutting performance can be realized with the SiAlON having better intergranular phase
crystallisation.
When chemical attack is in question, the presence of Al2O3 in SiAlON makes it
more resistant to chemical wear in cutting tool applications than Si3N4 ceramics, as
illustrated in machining of more aggressive cast irons in Fig. 6.

Figure 3. Back scattered SEM images of α:β/SiAlON composites containing 25% αSiAlON (a) crystalline and (b) amorphous intergranular phase, showing similar
microstructures.
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Figure 4. TEM images of SiAlON with the same amount of doping with different
dopants showing (a) better triple junction crystallinity and (b) worse triple junction
crystallinity.

Figure 5. Effect of dopants on cutting performance of SiAlON ceramics.

Figure 6. (a) Illustration of the notch wear (VBE) and (b) comparison of notch wear
resistance of SiAlON and Si3N4 on cast iron.
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Due to these design and intrinsic advantages, SiAlON ceramics have recently become
a main cutting tool material, especially in cast iron machining. Great challenges are
still there, especially to machine more ductile and chemically aggressive cast irons that
are emerging in automotive and other applications.

PROCESSING ISSUES

As explained above, α-SiAlON can incorporate metal cations into its crystal structure,
depending on their size. There is now better understanding of the incorporation of
cations into the α-SiAlON structure after extensive studies, especially on multi cation
dopings [9-11]. As a result of such studies, α-SiAlONs almost free of intergranular
phase have been produced with substantial translucency [12-13] (Fig. 7). This property of α-SiAlON is very important and can also be used to sinter SiAlON more easily.
α:β/SiAlON composites with varying α-SiAlON content, depending on the property
requirements from the final material, can be designed and increasing α-SiAlON content allows the use of more additives for liquid phase sintering. This approach may
result in various advantages: (i) use of coarser particle size powders and thus less
milling requirement during powder preparation, (ii) easy sintering possibility, (iii) possible incorporation of undesirable impurities into the α-SiAlON structure and thus use
of Si3N4 powders with certain impurities.

Figure 7. α-SiAlON ceramics with little intergranular phase and subsequent transparency [12].

Fig. 8a shows microstructure of a Si3N4 ceramic for wear applications in corrosive
environments, prepared from an α-Si3N4 starting powder with an average particle size
of 0.6 µm while Fig. 8b shows microstructure of 30% α:70%β-SiAlON composite prepared from the same α-Si3N4 powder with an average particle size of about 2µm. Both
microstructures were fully dense when sintered at similar temperatures but the Si3N4
ceramic did not densify fully when the 2µm α-Si3N4 powder was used. The SiAlON
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Figure 8. Representative back scattered SEM image of (a) a commercial Si3N4
material and (b) SiAlON prepared from fine and coarse α-Si3N4 powder, respectively.

composite also needed less pressure to densify. This reflects clear sintering advantages
of the α:β/SiAlON system. Even with this coarse particle size, mechanical properties
and corrosion behavior of the SiAlON was similar to its Si3N4 counterpart, as seen in
Fig. 9 and Table 1, respectively.

Figure 9. Weibull modulus of SiAlON samples.

SiAlONs have also been increasingly used in the non-ferrous metallurgical industry, especially in aluminium production and casting [14,15]. There are also recent studies on the use of SiAlON as refractory parts in the steel industry due to its non-wetting
behavior by molten steel [16]. However, for these large volume applications to
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Table 1. Corrosion behavior of SiAlON and Si3N4 ceramics
% Weight loss (gr)
Media

Si3N4

SiAlON

HNO365%

0.20

0.25

HCl 20%

2.84

1.86

H2SO4 95%

0.06

0.03

NaOH 50%

0.21

0.42

Citric acid 50%

0.51

1.69

increase, substantial improvements in processing and sintering are needed. These could
be in the way of developing new additive systems which would enable better sinterability and crystallinity and also the development and use of less costly raw materials.
Starting with cheap Si powder, nitridation and sintering (SRBSN) has been a rather
successful approach for Si3N4 ceramics although it involves an extra step of nitridation
[17]. Carbothermal reduction and nitridation of kaolins to SiAlON powders and their
subsequent sintering to dense refractory parts for steel and aluminium processing has
also been successfully studied [18]. Another approach would be to try to sinter coarse
Si3N4 powders (Fig. 10a) used in various refractory parts. Although such powders seem
to be rather impure, coarse and less sinter-active, the aforementioned advantages of
SiAlON may turn these powders into dense ceramics, not only for refractory applications but also for engineering applications (Fig. 10b).

SUMMARY AND FUTURE PROSPECTS

The SiAlON system presents numerous opportunities for further development. The

Figure 10. Micrographs of (a) a coarse refractory grade Si3N4 powder and (b) α:βSiAlON produced from these powders, respectively.
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presence of a number of crystalline secondary phases present in the system can be utilized for the improvement of particularly high temperature properties. For this, secondary phase compositions that provide crystallisation should be chosen. However,
more understanding is needed on the effect of dopant type and composition in order to
obtain better crystallisation and improved grain boundary chemistry. Although properties of certain crystalline phases are known, it is still not clear which type of crystalline
phase and associated grain boundary chemistry (i.e. nitrogen rich crystalline phaseoxygen rich grain boundary phase or oxygen rich crystalline phase-nitrogen rich grain
boundary phase) is beneficial, especially for high temperature applications.
More work is also needed on how to improve processing and sintering of SiAlONs
in order to be able to reduce cost and widen their application areas. In this respect, new
additive compositions need to be developed to be able to sinter rather less quality powders together with the help of transient liquid phase sintering. More understanding is
also needed on how to tackle impurities, which may be present in such powders. In
addition, obtaining SiAlON from natural alumino-silicates and from reaction bonding
may be considered further in order to tackle, especially the high Si3N4 powder cost.
These developments should increase the application areas of SiAlON and the increased
application will result in increased raw material demand, which subsequently would
reduce the raw material cost as well.
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