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Abstract. An overview of a few structurally important light element 
ceramics is presented. Included in the overview are silicon nitride, sialon, 
aluminium nitride, boron nitride, boron carbide and silicon carbide. 
Methods of preparation, characterization and industrial applications of 
these ceramics are summarized. Mechanical properties, industrial 
production techniques and principal uses of these ceramics are 
emphasized. 
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1. Introduction 

Some of the best known natural ceramics like silica, alumina, and carbon (in its 
various allotropic forms) are composed of only the light elements of the short periods 
in the periodic table. The best man-made ceramics such as borides, carbides, nitrides 
and oxides are also largely made up of light elements. The abundance of these light 
elements in nature and the extraordinary properties exhibited by a variety of 
ceramics resulting from their combination provides great attraction for research and 
development of light element ceramics. 

Light element ceramics considered in this review are the stable binary, ternary and 
polynary ceramic phases obtained by chemical combination of the elements boron, 
carbon, nitrogen, oxygen, aluminium and silicon. Though alumina is a light element 
ceramic of great importance, it is not discussed here. Upon considering the volume of 
work reported in the literature and the proven importance of various light element 
ceramics, they are discussed in this report in the following order; silicon nitride, 
sialon, aluminium nitride, boron nitride, boron carbide and silicon carbide. Some of 
the ternaries and quarternaries related to these binaries are also discussed at 
appropriate places. Known methods of preparation of each material, particularly as 
relevant to large-scale manufacture, are first reviewed and then a brief presentation 
of their significant properties is given. Emphasis is placed on putting together well- 
documented data related to mechanical properties since light element ceramics are 
projected the world over as the advanced structural ceramics of the future. 
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2. Silicon nitride 

2.1 Methods of preparation 

There are several methods in vogue for the preparation of silicon nitride. They 
include (a) direct nitridation, (b) carbothermal reduction, (c) gas-phase reaction, 
(d) silicon-sulphur-nitrogen reaction and (e) liquid phase reaction. 

2.la Direct nitridation: A commercially-known nitridation process involves heating 
of pure Si powder (particle dia < 10 pm) in the temperature range of 1200-1450" in 
an atmosphere of NH3/H2 or N,: 

3 S i t  2N2 - Si,N,. 

The above reaction is exothermic and the process yields Si3N4 lumps which are later 
crushed and milled to fine size particles. Hirao et a1 (1986) have adopted a method 
called self-propagating high temperature synthesis (SHS) to prepare fine Si3N4. In this 
process Si powder compacts are burnt in nitrogen at 10 MPa pressure. The method 
is suitable for obtaining homogeneous Si,N, submicron particles with a uniform size 
distribution. 

2.lb Carbothermal reduction: When a mixture of fine powders of carbon and silica 
is subjected to carbothermal reduction, followed by nitridation, Si3N4 lumps are 
obtained. 

The advantage of this method over direct nitridation is that both SiO, and C are 
more readily available than pure Si. It is always better to obtain the precursor in a 
finely divided form in order to prepare a final product with tailored properties. A sol- 
gel process has certain advantages in this context over conventional techniques using 
powder mixtures. In the sol-gel process, aqueous suspensions of oxides and hydrous 
oxides are mixed to give a composition corresponding to the required 
multicomponent ceramic. Szweda et a1 (1981) have examined the nitridation of gel 
powders in an N2/H, atmosphere. A SiO, sol derived from a flame-hydrolyzed 
material was mixed with C powder (C/Si02 = 2 : 1) and nitrided between 1400 and 
16Q0°C. The product was found to be either a-Si3N4 or /3-Si,N, depending on the 
drying process adopted. The final. powder has been heated to 600-650" C in air to 
burn out excess carbon. The sol-gel preparative route uses organic compounds of 
silicon such as tetraethoxysilane Si (OC2H5), which undergoes hydrolysis giving rise 
to SiO,. 

Si(OC2H5), t 4 H 2 0  - Si (OH), t 4C,H,OH, 
Si (OH), -- S i 0 2  t 2H20. 

Hydrolysis leads to substitution of alkoxy groups by hydroxyl groups which further 
condense into polymerized hydrous oxides. Silica gel thus derived from Si(OC,H,), 
has been nitrided by Hoch and co-workers (Hoch et a1 1977; Hoch & Nair 1979). 
Submicron a-Si3N, was obtained by nitriding at 1350" C in NH, gas. Preparation of 
hlgh purity Si,N4 from a disilane compound with the general formula R, X6-, Si2 
(R=H, alkyl, alkenyl, aryl; X=halogen atom, n= 1-5) by hydrolyzing it in the 
presence of C powder and nitriding the product at 1350-1550°C has been reported. 
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The product was a pale green powder containing approximately 93% a-Si,N4. 
Sharma et al (1984) and Hanna et a! (1985) obtained Si3N4 by firing rice husk at 
1200-1500°C for about 0.5-2 h in an ammonia atmosphere. The silicon nitride 
produced was in the form of a-Si3N4 with minor amounts of the 0-form. 

2.lc Gas phase reaction: Prochazka & Greskovitch (1978) have prepared Si3N4 
powder with particle diameter in the range of 300-2000 A by allowing SiH, to react 
with NN, at 500-900" C at atmospheric pressure. SiCI, and SiH, react with NH3, 

3SiC14 (g) + 4 NH, (g) - Si3N4 + 12HCl (g), 
3SiH4(g)+ 4 NH, (g) - Si3N4 + 12H2 (g). 

The use of SiC1, leads to corrosive by-products while SiH, is even more hazardous 
due to its spontaneous flammability in air. Several workers (Cannon et a1 1982; 
Danforth & Haggerty 1983) have employed a CO, laser (150 W power, 10.6 pm 
wavelength) as the heat source with both unfocussed and focussed geometries to 
prepare Si3N4 powder. Here SiH, is preferred over SiC1, since SiH, has an 
absorption band at 10.6 pm. When SiH, was heated with CO, laser in the presence 
of NH,, it yielded monodisperse, pure, loosely agglomerated Si3N4 powders with a 
production rate of upto 10 g h-l. Seiji et a1 (1986) have reported the preparation of 
Si3N, layers at-low pressures and temperatures of 800-1300" using the (CVD) 
technique. Sugawara et a1 (1986) have employed the ion vapour deposition method 
(IVD) to prepare Si,N, films. This method involves electron beam evaporation of Si 
and simultaneous nitrogen ion implantation which gives rise to Si,N, films. 

The plasma-activated vapour deposition method (Goodwin 1982) has been used 
for depositing Si,N, films on substrates. This technique is particularly recommended 
for use in the electronic industry. Fletcher et a1 (1971, p. 145) achieved 7% conversion 
of Si powder into Si,N, using 14% N, in Ar plasma. 15% conversion to a mixture of 
u and P-Si,N, was reported by Canteloup & Mocellin (1975). Formation of ultrafine 
Si3N4 powder has been reported in an arc plasma (Segal 1986). Conditions favour- 
able for deposition of Si3N, on steel substrates by the cvD technique have been 
reported by Fumiyoshi & Hiroyuki (1986). 

2.ld Silicon-sulphur-nitrogen reaction: Morgan (1984) has reported that ultrapure 
Si,N, can be obtained from C1-free reactants. Si powder was reacted at 9005 C in a 
stream of 10% H2S/Ar to form SiS,. SiS, was then reacted with NH, at 1200- 
1450" C to give a-Si,N,. The synthesis of Si-S compounds, specifically silane thiols, 
silthians and mercaptosilanes has been described by Eaborn (1960, p. 333). Recently, 
the preparation of Si,N, by the SiS, precursor route was reported by Morgan & 
pug'ar (1985). The important role of nitrogen in the preparation of Si,N, and related 
ceramics has been discussed by Morgan (1986). 

2.le Liquid phase reaction: Mazdiyasni et a1 (1978) have prepared a-Si3N4 in the 
form of fibre bundles (1.3 pm dia) by pyrolysis of hexaphenyl cyclotrisilazane in 
nitrogen at 1400" C, while Seyferth et a1 (1983) have shown that the polysilazane oil 
(H,SiNH),derived from reaction of dichloro-silane and ammonia in 
dichloromethane could be pyrolyzed in N, at 1150" C to get a-Si3N4 fragments. 

It is of historical interest to note that Persoz as early as 1830 had obtained a white 
precipitate from the interaction of SiCl, and NH, (g) in an inert solvent (benzene) at 
O" C. This precipitate was then considered to be silicon tetramide Si(NH2), and 
subsequently confirmed by Lengfeld (1899). Nevertheless the precipitate was unstable 
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and decomposed at ambient temperatures to give silicon diamide Si(NH,), and 
ammonium chloride. Cilemser & Newmann (1903) and Billy (1959) also obtained 
similar products on carrying out the reactions in liquid ammonia. Recently Segal 
(1985) has given a series of possible intermediates which are formed during the 
preparation of a-silicon nitride from silicon tetrachloride and ammonia. 

oO c 
SiC1, (l)/NH, (g) - silicon diamide -k NHJ1 

I Loss of NH4Cl and 
polymerisation up to 360' C 

6 1Si (NH,) I n  1 40WC 

2 [Si (NH),N,], t 2nNH3 
I 1 650°C 

3 [Si, (NH)N,], t nNH, 

Mazdiyasni & Cooke (1973) have shown that powder produced from pyrolysis is 
initially X-ray amorphous and that it is transformed into the jl-phase on heating 
between 1200 and 1400" for about 8 hours. 

2.2 Characterization 

The Si,N, powders prepared by various methods have been characterized using high 
resolution electron microscopy, IR, Raman and X-ray photoelectron spectroscopies. 
These techniques also yield information about the quality of the preparation and the 
nature of impurities present in the powders. 

Mehmet et a1 (1985) have discussed the usefulness of high resolution electron 
microscopy in analysing microstructural characteristics of light element ceramics in 
general. They have also presented evidence of the presence of amorphous phases of 
Si3N4 (also mullite and AIN ceramics) in the grain boundaries. The glassy phase was 
absent at some grain boundaries in Si,N4 and instead a second phase was noticed. 
The nature and composition of the surface of Si3N4 powder were investigated using 
high voltage- high resolution TEM, XPS and SIMS* by Rahaman et a1 (1986). Both 
XPS and SIMS studies indicate that oxygen is present as a major impurity. Minor 
impurities such as C1, F, C, Fe and Na are also present in the sample, IR absorption 
and Raman spectroscopic studies (Takase & Tani 1986) have been carried out on 
sintered Si3N, containing additions of Al,O, and rare earth oxides (Y,O,, CeO,, 
La,03). It is noticed that there is an increase in the widths of the Raman bands in the 
spectral range of 400-1100 cm-' as the Al,O, content in Si,N4 is increased. I t  is 
attributed to the increasing degree of structural disorder in a-Si3N, network caused 
by the replacement of Si and N by A1 and 0 respectively, Toshio et a1 (1985) have 
employed inductively coupled plasma emission spectrometry to determine the 
impurities present in Si3N4. Nobuo et a1 (1985) have reviewed the possible use of 

'Secondary ion mass spectroscopy. 
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thermal and analytical methods such as DTA, DSC and thermogravimetry in the 
characterization of ceramics. Use of TEM and electron diffraction for analysing fine 
ceramics in general has been reviewed by Yoshio (1985). 

2.3 Industrial production techniques, properties and uses 

Most high performance Si,N4 ceramic products rely on the quality of the starting 
elements, Si and N,. However, it is necessary to sinter the products using sintering 
aids in order to ensure better performance of products. Negita (1985) has discussed 
the role of sintering aids on the basis of chemical bonding. His studies indicated that 
electronegativities and ionic radii of the cations in the additives are important 
parameters which affect the densification of Si,N4 ceramics. In general, the majority 
of Si3N, products are produced either as hot-pressed silicon nitride (HPSN) or as 
reaction-bonded silicon nitride (RBSN). Hot-pressed Si,N4 can be produced by either 
uniaxial (Vasilos 1977, pp. 367-382) or hot isostatic pressing (Larker et al 1975). One 
generally starts with a-Si,N4 powder along with densification aids such as MgO or 
ZrO,. Depending upon the purity of the starting Si3N, powder, and the type of 
additives, milling procedures and hot pressing parameters used, one can obtain a 
very wide range of strength, creep, fracture toughness or oxidation behaviour. Hot- 
pressed silicon nitride (HPSN) obtained with Y,O, additive possesses typically higher 
strengths at both room and elevated temperatures. It also possesses better oxidation 
resistance, fracture toughness and slower crack growth features as compared to MgO- 
containing HPSN (Gazza et a1 1978). Si3N, of very high strength has been obtained by 
Komeya et aI (1977) with Y203  and Al,03 as additives and by using the grain 
boundary crystallization approach. 

The fabrication of RBSN components begins with a silicon metal powder preform 
which is made by slip casting, dry pressing, flame spraying, injection moulding or 
other techniques. The preform is then nitrided in an atmosphere of pure H2 or 
N, +H, with either a preselected temperature schedule (Messier & Wong 1974, 
p. 181) or by using a nitrogen demand cycle (Wong & Messier 1978). This process of 
nitriding of a Si preform is remarkable for its simplicity but is still imperfectly 
understood. While the reaction 3 Si + 2N2+Si3N4 is associated with a 23% increase 
in the solid volume compared to Si when this reaction is carried out on a preform, 
there is essentially no change in dimensions (0.1%). The reason for this appears to be 
that Si,N, is formed in the voids in Si-preforms via a vapour phase or  surface 
diffusion reaction. This procedure is therefore of great importance and can be used in 
mass production of products to tight dimensional tolerances. 

Reaction-bonded silicon nitride can exhibit creep rates significantly lower than 
those of HPSN (Larsen et a1 1978). It has also been reported that as a consequence of 
the reaction bonding process, RBSN is of necessity at least 10% porous which makes 
it less oxidation resistant than HPsN at intermediate temperatures (McLean 1978) 
but limits its strength to less than 415 MPa. The quality of products obtained from 
reaction-bonded silicon nitride has been improved considerably over the past few 
years. However, when high strength and greater oxidation resistance is required, it 
would be desirable to  have readily sinterable fully dense silicon nitride. This has been 
the impetus for the development of sintered silicon nitride (ssN). 

Sintered Si3M4 of at least 95% density has been prepared successfully and it is 
reported that densities greater than even 99% have been achieved. Gazza et a1 (1978) 
have recently reviewed the status of SSN. SSN components which are formed by 
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injection moulding require little machining. It is also possible that sintered Si3N4 
bodies of over 95% theoretical density may be used as preforms for cladless hot 
isostatic pressing. Materials like SSN and HPSN are only in the initial stages of 
development. Sinter densities of 2 95% could be obtained by adding only 2 wt% 
MgO. Products should be targeted to possess a low concentration of sintering aids 
at high temperatures. HPSN with Y203  as sintering aid is quite oxidation resistant. A 
HPSN product prepared from quartz sand and air has been found to be highly 
resistant to wear and thermal shock even at high temperatures. These are compara- 
ble to the Lulea hard metal oxide ceramics, cubic boron nitride and industrial 
diamonds. 

Mechanical properties of both hot-pressed and reaction-bonded Si,N4 ceramics 
have beea investigated in detail. Friction and wear properties of hot-pressed Si3N4 
were studied by Ishigaki et a1 (1986). The friction coefficient was correlated with the 
fracture toughness of Si,N,. Frictional anisotropy was also observed in hot-pressed 
Si3N4. Kim et a1 (1986) have carried out wear tests on Si3N4 in dry rolling contact at 
room temperature. The wear rate of Si,N4 was found to be less than that of any 
other ceramic material. Observations of worn out surfaces and wear debris revealed 
that ceramic materials have two types of wear, one related to real contact area and 
the other related to Hertzian contact area. Brittle fracture dominates the wear 
process of ceramic materials in dry rolling contact. Nancy (1986) has recently 
reported that the microstructural changes associated with creep in Si3N4 are due to 
the operation of both cavitation and crack propagation mechanisms within the 
bonding phase below plastic deformation temperature of the matrix grains. 
Bandyopadhyay & French (1986) have reviewed the preparation of Si3N, jet engine 
components by injection molding. Steinmann (1986) has reviewed crack-formation 
and propagation in hot-pressed Si3N4 during creep and on the durability of Si3N4 
product as a function of temperature and load. These products have high corrosion 
resistance, good electrical insulation and are non-magnetic. Kaji & Mamoru (1986) 
have carried out systematic studies on microstructure and room temperature 
strength of Si3N4-Y203-Al,O, pressureless sintered compacts. Thermal conduc- 
tivity and microhardness of Si3N4 with and without additives have been studied by 
Tsukuma et a1 (1981). High pressure hot-pressing of Si3N4 without additives was 
performed by Shimada (1986) using a mixture of a-Si,N4, amorphous Si3N4 and /I- 
Si3N4 in the ratio 4:  1 :2  as starting material. Figure 1 shows the variation of 
microhardness of Si3N4 with temperature in these studies. 

3. Sialons 

3.1 Methods of preparation 

The term 'sialon' was chosen to particularize any composition cbntaining elements 
Si, Al, 0 and N as major constituents (Oyama & Kamigaito 1971; Jack & Wilson 
1972; Oyama 1972; Jack 1976). Sialons can be made by high temperature reaction 
between silicon nitride or oxynitride and alumina. During the reaction silicon and 
nitrogen are replaced partially and simultaneously by aluminium and oxygen atoms, 
respectively. The d-structure results in M-Si-AI-0-N systems and is derived from 

' the Si,,N1, unit cell by partial replacement of Si4+ by A13 + (M is Li, Mg, Ca or Y). 
All the sialons have the compositions represented by M,(Si, Al),, (0 ,  N)16 where 



x + 2  and are structurally related tcr 2-and fi-silicon nitrides (I~iirnpshixc er id ttJ7Xh 
Dctailcd compatibility and p h w  eyuilikria studics of si:~Ions have ken rcporfcd by 
u n u r n h r  of workers (Jack 1970; liitrnpshire cl t  ul 1Wk;  Ciauckler tar r x l  1975). Jack 
has included the tlat;i ohtitincd from spccirnens hot-pretlsed trt tcmpr;riurcs ran8,ing 
from 1550 2fKX)'C in the phasc diagram. Awarding ttt Jack, the /I'-slalon region 
extends from Si,N, to Si, , AI,0,N8 , with xm4.2. K-si&lan forming regions arc 
reported in other systems such as Si3N,-AI,C1)3-hzSi0,, Si,N,-A12(;PS-Li,0 and 
Si,N,-Al,O,-MgO ctc by Jack (1973), Oyarna (1973) & kfliushey c*t crl (1975). The 
passible reactions of Si,N, and A1,03 which pr(3Cltm P)-siktEon with x = 4  &re 

Similar 8'-sialon phases were obtained by reacting Si$, with Eithitrm-aluminium 
spinel (LiAt,O,) and also with magnesium aluminium spincl ( M  I,€>,). In addititan 
to the sialon phases a', fl', o' and x which were oriyinaIly rc 64 by Sack (f97.3, 
1976), six unidentified phases nearer to the AIN corner of thc Yi,N,-AlN-Al,O,-SiC), 
system have been prepared by Gauckler ct al (19751, The complex phase diagram 
reported by Jack (1976) is shown in figure 2. A~urninasilicatc minerals provide a 
convenient source of 81-sialon phases through the a r k t h e r m a l  reaction. 8'-sialon 
powders prepared by this method have k n  characterized by Mosraghaci et rzl 
(1986). The effect of agglomeration in the &don powder on demifiution and micro- 
structure development during hot pressing has been examin&. Raldo tpt uf f l W ,  
p. 437) have reported the preparation of sinterable sililon pawdars from hydrated 
silicates of aluminium with carbon and nitrogen. This route is conski 
economical for preparing ~ialsnr;. A variety of 8'-siaion powders 
raw materials such as kaolin, clay, pyrophyllite, sillirnanite and 
reported by Baldo et a1 (1983, p. 437). Tabk 1 indicates cornpasitions of several, 
natural silicates used as reacting materials. 
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Si, N, 

Figure 2. The complex pseudoquarternary phase diagram of Si-Al-0-N system at 1700°C 
(from Jack 1976). 

Approximate compositions of fi'-sialons (Si,-,AIxOxN,-,) obtained with the above 
materials are listed below. 

Al/Si x Sialon composition 
0 0 Si3N4 
112 2 Si4A1203N, 
1 3 Si3A1303N, 
2 4 Si2A140,N4 

A typical carbothermal reaction resulting in the formation of a sialon may be 
represented as follows. 

The preparation of p-sialon from china clay and coal is described by Higgins & 
Hendry (1986). It is a chemical reaction in which the important stages are (i) dis- 
sociation of kaohite to mullite and silica, (iI) formation of silicon carbide, and 

Table 1. Natural silicate compositions and their ratios. - 
Silicate Formula Ratio (AI/Si) - 
Silica SiO, 0 
Pyrophyllite A1,0,. 4 SiO, . H,O 
Kaolinite 

112 
A120,. 2 Si0,. 2H,O 1 

Kyanite A1203. Si02' 2 
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Table 2. Fabrication of sialon by hot-pressing. 

Addi- Tempera- Time Pressure Nature of investigation 
Starting materials tives ture ("C) (min) (MN/m2) (Reference) 

Solid solubility (Oyama & Si3N4, A1,03, Li,CO, 

Si3N,, A1203 

Si3N4, AIN? A120, 

Si,N4, Ga20,,  A1,O3 

Si,N,, Al,03, AlN, SiO, 

Si3N4, AIN, A1,0,, SiO,, Si2N,0 

Si,N,, A1,0, 

Si,N4, A1,09 

Si,N4, Be3N2, BeO, SiO, 

Si,N4, A1,0, 

Si3N,, AIN, SiO, 

Si,N4, A1203, AlN, SiO, 

Si&, AIN, SiO, 

Si3N4, A1203 

MgO 1750 60 20 

MgO 1800 50 15 

Kamigaito 1971) 
Formation, structure and 
thermal expansion 
(Jack & Wiison 1972) 
Solid solubility 
(Oyama 1972) 
Solid solubility and 
thermal expansion 
(Jack 1973) 
Phase equilibria and 
compatability relation 
(Arrol 1974, p. 729) I 

Phase equilibria, compa- 
tibility and structure 
(Gauckler et a1 1975) 
Microstructure & phase 
analysis (Drew & Lewis 
1974) 
Phase analysig 
(Gugel et a1 1975) 
Phase equilibria 
(Husbey et a1 1975) 
Sintering, grain growth 
and phase equilibria 
(Oyama h Kamigaito 
1971) 
Fabrication, chemistry and 
creep (Lumby et ai 1975, 
p. 283) 
Physical, mechanical and 
thermal properties 
(Gauckler et a1 1977) ;' 
Formation, microstruc- 
ture characterization 
(Lewis et a1 1977) 
Effects of pressure and 
temperature on sintering 
( ~ e i  & Watters 1977) 

"dash indicates not reported. 

atmosphere of nitrogen to produce bodies with as high as 98% theoretical densities. 
Various aspects of sintering of sialons have been discussed by Jack and others (Jack 
1973; Gugel et al 1975; Gauckler et al 1978, p. 559; Drew & Lewis 1974). In a special 
sintering procedure known as 'transient liquid phase sintering' (TLP), sialon of 
composition Si1.4A11.601.6N2.4 was obtained from two pre-reacted compositions, one 
of which was the X-phase which melts near 1700°C (Baldo et a1 1983, p. 437). The 
microstructures of both hot-pressed and sintered-materials consist of pl-sialons as 
the predominant phase with some isolated porosity and metallic looking phase in a 
uniform p-matrix. In some cases isolated grains of the X-phase and a 15R polytype 
phase were found with sizes varying between 0.2-2 pm (Greil & Weiss 1983, pp. 359- 
374; Takase & Tani 1984). The grain morphology in both sintered- and hot-pressed 
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value for a pressureIess sintered sialon which is similar to that of hot-pressed Si,N,. 
It has also been suggested that the increase in K,, values at high temperatures is 
associated with viscous deformation of the grain boundary phase. The variation in 
KIC values could probably be attributed to variation in sialon composition as well as 
fabrication and measuring techniques. The oxidation resistance of p'-sialon is better 
than that of hot-pressed Si,N, (Arrol 1974, p. 729). It has also been observed that the 
oxidation rate of TLP sintered Sil 4A11.601.6N2.4 is an order of magnitude less than 
that of hot-pressed Si,N, at 1400°C. 

The coefficient of linear thermal expansion of pl-sialon is 2.7 x and is less 
than that of P-Si,N, (3.5 x Gauckler et a1 (1977) have reported an average 
value of 3.4 x IO-~K- '  which compares with the value for pure P-Si,N,. It has been 
observed that essentially linear decrease (Gauckler et al 1977; Wills et a1 1977) of the 
thermal expansion coefficient occurs with increasing Al concentration in sialons. 
Several investigators (Gauckler et a1 1977; Lumby et al 1978, p. 893) have reported 
the value of water-quenched thermal shock resistance (A T,) of several sialons. While 
A T, values for pl-sialons are comparable to those of various silicon carbide ceramics 
and RBSN, they are considerably lower than that of hot-pressed Si,N,. 

Aliprandi (1986) has reviewed sialon ceramics with regard to their suitability in 
extrusion and drawing of metals. Recently high temperature properties of ceramics in 
the (Si, Al, 0, N) system were studied by Bonnel et al(1986). The fracture toughness 
generally decreases with temperature. Short time annealing raises the toughness at 
lower temperatures whereas further annealing brings it back to the value characteri- 
stic of hot-pressed material. The problems associated with mass transport processes 
in the oxidation of calcium doped p'-sialon were studied by Chukukere & Riley 
(1986). The effects of creep on anelastic strain recovery, bulk and surface morpholo- 
gies of sialon ceramics were examined using 3-point bending creep tests in air at 
1200°C and 240 MPa by Besson et a1 (1986). TEM examination showed a marked 
decrease in the amount of glassy phase in the bulk of the samples after creep. No 
cavitation was however detected. 

4. Alaminium nitride 

Aluminium nitride is another useful nitride ceramic which exhibits a number of 
interesting properties. These include excellent high temperature strength, oxidation 
and thermal shock resistance and resistance against the attack of liquid metals. It is a 
good thermal conductor while it is electrically insulating. 

4.1 Preparation and characterization 

AIN powder is usually synthesized by two methods. The first one which has been 
widely adopted is direct nitridation of aluminium powder (or Al,O, with C-black or 
graphite) by heating in a nitrogen or WH, atmosphere (Pierre et a1 1985; Liping et al 
1986). In the second method a high purity.free-flowing AIN powder with low oxygen 
content is prepared by treating AI,S, with NH, or N, a t>  1100°C (Ibrahim 1986). 

Fumino et a1 (1986) have reported the deposition of amorphous A1N films by a 
plasma CVD method using a metal organic aluminium source and NH, as the starting 
materials. The powder samples of A1N were characterized using X-ray diffraction 
and ESCA (Ibrahim 1986). It is found that the particles are associated with high 
surface concentration of 0 and grain sizes are of the order of 2000 A. 
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4.2 Industrial production techniques, properties and uses 

Polycrystalline compacts of AlN have been prepared by several methods such as 
sintering of pressed powder (Matsue et a1 1965), reaction sintering of A1-AlN mixture 
(Taylor & Lenie 1960) and hot-pressing (Komeya & Inoue 1969). ~ l t h o u g h  AlN is 
difficult to sinter without any flux, Komeya & Inoue (1969) found that very fine 
powders can be easily sintered though the extent of oxygen impurity ln such powders 
is not known. Sakai & Iwata (1977) used hot-pressing techniques and studled the 
sintering behaviour and strength of sintered samples with various oxygen contents. 
Densification has been carried out by hot-pressing (Weston & Carruthers 1973) in an 
inductively heated graphite die, To avoid reaction between A1N and graphite die at 
high temperatures, graphite was coated with high purity boron nitride suspended in 
an aqueous solution of methyl cellulose. Methods of preparing A1N multilayer 
ceramic substrates for hybrid integrated circuits have been described which are 
suitable for mass production (Nobuo et a1 1984; Komeya & lnoue 1974; Billy & 
Mexmain 1985). 

Fully densified AIN has a microhardness value of 150 on the Vicker's scale which 
is comparable to those of silicon oxynitride and Si,N,. The strength of AIN at room 
temperature is greater than that of RBSN but decreases when temperature increases 
and reaches a stable value between 800-1400T At 1400°C the strength is of the 
same order as that of other nitrides (Lecompte et a1 1983, pp. 293-298). Trontelj & 
Kolar (1975, p. 39) have shown that with 99 AlN-1 Ni (wty;) powders, dense 
compounds could be sintered having a bend strength of 300 MN/m2. Komeya & 
Inoue (1971) have studied the properties of A1N containing Y,O, p r e p m d  by 
pressureless sintering. The highest value of the strength (328 MN/m2) could be 
obtained with a composition of 75 AlN-25 Y,O,. AlN with single oxide additives 
such as Li,O, CaO, MgO, SO,, B@,, NiO, Cr20,  (1 wt%) has been used to study 
the sintering effect. Complete densification has been achieved through sintcring 
under nitrogen at comparatively low firing temperatures (Schwetz et a1 1983, pp. 
245-252). McCauley & Corbin (1979) have shown that it is possible t o  reactively 
sinter A120, with 27-40 mol% A1N to form a single phase cubic oxynitride spinel. 
The resultant material has a unique combination of properties and possesses mecha- 
nical properties very similar to A1203 of similar grain size. The final product, AlON, 
is optically isotropic. 

Kazuo et at (1986) have reported that AlN mixed with 3 wt% strontium oxalate 
hot-pressed at 1800°C under a pressure of 300 kg/cm2 has a thermal conductivity of 
58 W/mK. The effect of sintering parameters such as pressure, particle size and 
temperature of AIN powders (coated with a thin film of Al,03) on the densification 
rate was investigated in order to determine the sintering mechanism of AlN (Gossain 
et a1 1985). Effect of CaO additives on electrical conductivity of hot-pressed AIN 
ceramic was studied by Zulfequar & Kumar (1986). A review on heat conducting 
aluminium nitride boards have been presented by Nobuo & Kazuo (1986). 

5. Boron nitride 

Lately, boron nitride has been recognized as a potential material for use at high 
temperatures. There is a marked similarity between BN and carbon, as  they are 
isoelectronic. Boron nitride is known to exhibit three polymorphic modifications; 
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hexagonal graphite type (h-BN), cubic zinc blende type (c-BN) and wurtzite type (w- 
BN). 

5.1 Methods of preparation 

Various methods of preparation of BN have been described in the literature 
(Giardini 1953). Sorrel & McCartney (1986) have reviewed the history of 
development, method of manufacture, properties and application of c-BN ceramics. 
Fujio & Kozo (1986) have reported the preparation of hexagonal BN. In this process 
borax and melamine are heated at 150' C in an N, atmosphere for about 1 h and 
cooled in the same atmosphere overnight. The powder is washed with HC1 and water 
and dried at 100°C for 2 h when white BN powder with 90.6% yield is obtained. A 
summary of known methods of preparation of hexagonal boron nitride is given by 
Ingles & Popper (1960, pp. 144-167) and the preparation of powder by the reaction 
of a mixture of boric oxide and calcium orthophosphate with ammonia at 900" is . 
discussed in detail. A flow sheet for the preparation of boron nitride powder from 
boric oxide and ammonia (Ingles & Popper 1960, pp. 144-167) is given below. 

-, 

Industrial alcohoq -D Soxhlet 
eatracled 

+ 
Boron nitride 
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Cubic BN in general is synthesized from h-BN under high pressure-high 
temperature conditions, typically 65 kbar and 1700" C. The General Electric 
Company of America has succeeded in the preparation of c-BN from h-BN by 
applying very high pressure (60,000 atm) at a high temperature (1600°C) (Wentorf 
1957). w-BN is also synthesized from h-BN employing even higher pressure, mostly 
by a shock process which involves a shear mechanism. The conversion of h-BN to c- 
B N  is kinetically a difficult process, even in the thermodynamically stable regime of 
c-BN. This is due to the high activation barrier involved. Therefore the 
transformation is usually carried out in Lhe presence of some catalyst material which 
lowers the activation barrier. c-BN compacts are synthesized at high temperature 
and pressure with suitable binders (Wibbs & Wentorf 1974; Fukunaga et al 1978, 
p. 328; Rapoport & Nadiv 1985). 

5.2 industrial production techniques, properties and uses 

c-BN is an industrially important hard material, useful in abrasive and cutting tool 
applications. New methods for easier and more economical production are therefore 
constantly sought. Rapoport & Nadiv (1985) have examined mechano-chemical 
processing which can provide some extra activation to h-BN powder and assist in its 
conversion to c-BN. A1N was chosen as an additive to h-BN in view of its reported 
role as a catalyst in the conversion of h-BN to c-BN. Akashi & Sawaoka (1986) have 
prepared compacts of cubic boron nitride with 94% theoretical density and a Vickers 
microhardness value of 30.3 GPa from coarse c-BN powder by a shock compaction 
technique. According to them the mechanical and chemical properties of cubic boron 
nitride are very similar to those of diamond except for reduced reactivity with ferrous 
materials at high temperatures. Sintered w-BN compacts were characterized (Singh 
1987) with regard to their different crystalline phases, which are formed at high 
temperatures and pressures, composition and particle size distribution. The cubic 
B N  consists of particles with sharp blade edges and well-developed (1 11) faces and it 
i s  useful as a cutting and grinding material. Lavrenko & Alekseev (1986) have studied 
t h e  oxidation resistance of BN samples obtained by various methods using 
thermogravimetric analysis, DTA and IR spectroscopy. 

Composite materials were prepared using sialon and 5-20 vol % BN fibres by hot- 
pressing. The products had high thermal shock resistance and were used for the 
manufacture of special rings for horizontal continuous casting of steel (Peizhi et a1 
1986). The DC conductivities of hexagonal boron nitride and BN-containing 
composites were measured as a function of temperature up to 2400' C. The results 
confirm that at high temperatures BN is an intrinsic semiconductor with an energy 
gap of 6.2 & 0-4 ev (Frederikse et a1 1985). 

The mechanical and chemical stability and the high electrical resistivity of 
hexagonal boron nitride at high temperatures (2500°C) makes this compound a 
principal candidate for use as microwave windows in re-entry vehicle communica- 
t i o n  systems. However hexagonal boron nitride sublimes at 2500°C (Ingles & 
Popper  1960, pp. 144-167). 

6. Boron carbide 

B o r o n  carbide which has a high melting point is among the refractory carbides. The 
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commercial importance of refractory carbides is mainly due to their extreme 
hardness. 

6.1 Preparation 

Boron carbide was initially produced in an electric furnace by Joly (1883) and 
Moissan (1894). For the production of pure boron carbide on an industrial scale, 
boric acid, which is available in high purity and in adequate amounts, is generally 
used. The formation of boron carbide from Bz03  is represented by the equation 

Recently boron carbide has been prepared by high temperature reaction involving 
boric oxide and carbon (Ramamurthy 1985; Seiji 1986). 

6.2 Characterization 

Boron carbide has already been known for 50 years, since its crystal structure was 
elucidated by Laves (1934-35). The elementary cell was described by Silver & Bray 
(1959) on the basis of NMR investigations. The B-C phase diagram has been described 
in detail by Samsonov (1958 a, b, c). X-ray data were used by Samsonov and 
coworkers for generating the phase diagrams. Metallographic investigations were 
also carried out along with measurements if density, hardness and electrical 
resistance. 

6.3 Properties, industrial production techniques and uses 

The most important property of boron carbide is its extraordinary hardness. After 
diamond and cubic boron nitride (the so-called Borazon), boron carbide is the 
hardest industrial material known. However, hardness values of boron carbide 
are reported in different ways in the literature (Knoop 1939). Figure 
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Figure 4. Vicker's hardness as a function o f  B/C ratio for boron carbide (adapted from 
Niihara et a1 1984). 
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Vicker's hardness as a function of the B/C ratio for boron carbide. It appears that the 
hardness values range from 20-80 kN/mm2 and lie between the hardness values of 
corundum and diamond. Lipp (1965) has presented an interesting review on the 
physico-chemical properties and reactivity of boron carbidc. 

7. Silicon carbide 

Silicon carbidc was first artificially produced and later discovered in the natural 
state. The mineralogical name of silicon carbidc is rnoissanile. Moissan (1905) 
discovered hexagonal silicon carbide interlaced with diamond in the mcteoric iron 
found in the Diablo Canyon (Arizona). Several authors (Kaypov Xc Raymuratov 1970) 
have reported the occurrence of Muissanite since 1950 in various volcanic rocks in 
the Soviet Union. About a decade ago, it was reportcd that silicon carbidc along 

B with some other compounds was detectcd in the gaseous phase of certain stars 
(Friedmann 1969; Gilman 1969; Lefevre 1970). Sic occurs most probably in the 
circumstellar space of cool stars that contain carbon and oxygcn in nirnost cqual 
proportions (Gilman 1969), the presence of silicon carbide was dctected by absdrp- 
tion spectral analysis (Lcfevre 1970). Acheson developed n process for the manu- 
facture of silicon carbide on an industrial scale in 1891. The proccss is frequently 
mentioned in the literature as the Acheson process. Silicon carbide is produccd 
batchwise in an electric furnace by high temperature solid phase reaction of ~ i t l  and 
quartz sand. The production of siiicon carbide even today is carricd out exclusively 
by this process. Efforts (Lanyi 1955, p, 284) have been made over the Pitst eight 
decades to produce silicon carbide on an industrial scale by improved methods, I t  is 
rather difficult to evaluate either the present situation or the current trends of 
development precisely because of the nonavaililbiiity of carnplcte research literature 
on SiC production. However, a few standard methods of producing SiC' are discussed 
below. 

7.1 Methods of preparation 

For the production of industrial Sic, silica and carbon are used as basic materials 
along with various additives: saw dust, sodium chloride and also other modifying 
components. The correct proportion of raw materials, their pretreatment, optimum 
grain size, applied additives and modifying components etc. are discussed in the 
literature (Acheson 1896,1912; Dadape et a1 1947; Tomonari 1956). The formation of 
silicon carbide can be summarized (Ruff 1935) in the following two steps, 

SiO, + 2C - S i t  2C0 (first step) 
Si + C - Sic (second step) 

SiO, + 3C - Sic  + 2CO 

Production of silicon carbide starting from silicon and coal, silicon tetrachloride, 
trichloro silane, alkyl silanes and aluminium silicates etc, have been described in the 
early literature. Silicon carbide has been prepared from carbon tetrachloride and 
alkyl silanes in a hydrogen atmosphere on a glowing carbon rod at a temperature 
above 1700°C (Pring & Fielding 1909). It is also possible to obtain silicon carbide 
from a mixture of silicon tetrachloride and toluene using hydrogen as a carrier gas 
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on fibres of carbon using thallium carbide or zirconium carbide as crystal growth 
promoting agents (Agte & Moers 1931). Aluminium silicates have been used as 
starting materials instead of silica (Hayakawa 1949). 

Hoch & Nair (1978, pp. 33-40) have reported the preparation of ultrafine powders 
of Sic from organometallic complexes. The process can be represented by the 
following equation, 

Si (OH),+ CH, - Sic  + 4H20 

Fine powders of P-Sic were obtained by the vapour phase reaction of a SiH,-CH, 
system at about 1400" C and by the thermal decomposition of (CH,), Si in hydrogen 
atmosphere above 1000" (Okabe et a1 1979). The formation processes of Sic 
particles in these reaction systems are summarized as follows 

500-700' C 
[SiH, (g) - Si (particles) 

1000" C Si (particles) + CH, (gj - Sic (particles)]; 

700" C [ (CH,), Si (g) - polymer particles, 

900' C polymer particles - S i c  (particles)]. 

Silicon carbide whiskers can be made by a variety of methods. The most 
economical one is the carbothermic reaction of SiO, and carbon, which are 
constituents of ground rice hulls (Lee & Cutler 1975). Sharma et al (1984) have 
produced such whiskers and characterized them by transmission electron 
microscopy. Another method is the gas-phase reaction of SiCl,, chlorosilane and/or 
silane in a carbonaceous atmosphere in the presence of Fe and Cr as catalysts 
(Mazdiyasni & Zangvil1985). The effect of covalent bond additives, such as AlN, BN 
and Be0 on the structural stability of S ic  has been studied by Zangvil & Ruh (1985). 

The detailed structure of silicon carbide has been given by Dietzel et a1 (1960) & 
Ueltz (1972, p. 1). The crystal structure and mechanical properties of green and black 
silicon carbides have been discussed by Gasilova & Saksonov (1966, p. 50). 

Thermal and chemical properties of silicon carbide which include thermal 
expansion, thermal conduction and reaction of silicon carbide with various other 
chemicals have been summarized in the literature. Silicon carbide is attacked at high 
temperatures by gaseous fluorine, chlorine and hydrogen. It is resistant to mineral 
acids and is attacked only by a mixture of hydrogen fluoride and nitric acid and/or 
concentrated phosphoric acid at temperatures above 200" C. 

7.2 Industrial production techniques, properties and uses 

Silicon carbide based ceramic materials include hot-pressed Sic (HPS~C), reaction- 
bonded BC (RBS~C), sintered SiC (SSiC), silicon carbide/silicon composites and 
chemical vapour deposited S ic  (CVD-Sic). 

Hot-pressed S i c  can be formed with various densification aids, but only the HPS~C 
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prepared by utilizing Al,O, additive has been considered for high performance 
engine applications (Prochazka 1975, p. 171). HPSiC is not as strong as HPSN at low 
temperatures, however, it retains useful strength upto - 1400' C. 

Reaction-bonded silicon carbides cover a wide range of compositions and manu- 
facturing processes (Alliegro 1974). Typical examples of these materials include 
UKAEAIBNF Rofel, KT, NI-430, NI-435 and Ford siliconized silicon carbide. Each 
material is formed by a unique proprietory process. In general, a plastic body is 
formed by S ic  powder, graphite and a plasticizer. In some variants of this process, 
Sic  powder and a char-forming plastic binder are used (Whalen et a1 1978). A variety 
of experimental gas turbine components such as combustors or stators, have been 
made by this route. Since these materials and the processes are easily adopted to  
mass production techniques and since the products possess good shape retention, 
there is a strong incentive to use them for the production of automotive components. 

Sintered silicon carbide is a recent development. The pressureless sintering of S i c  
to full density was thought untenable until Prochazka demonstrated that with boron 
and carbon additions, P-SiC could be sintered to a maximum denstiy at 2000°C 
(Prochazka 1974). He also demonstrated that sintered /-Sic could be formed into 
useful shapes by slip-casting, die-pressing and extrusion. Distribution of the carbon 
additive and exaggerated grain growth of a-Sic were found to interfere with 
densification. Coppola & McMurtry (1976) have developed sintered a-Sic partly in 
an effort to eliminate the problems associated with ,&a transformation. The 8-Sic 
structure appears stronger than a-Sic. Bending strengths of a and f i  forms are of the 
order of 300-450 MPa (Larsen et a1 1983, pp. 695-710). The temperature variation of 
the bending strengths of a and f l  Sic  is shown in figure 5. 

Reaction-formed SiC/Si composites developed by Hillig (1974) are the first 
engineering composite ceramic/ceramic materials which offer the possibility of low 
cost structural components. In this process, the molten silicon reacts with graphite to 
form polycrystalline Sic fibres in a silicon matrix. This material has been used in a 
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Figure 5. Flexural strength of silicon carbide materials as a function of temperature 
(adapted from Larsen et a1 1983, pp. 695-710). 
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combustion chamber liner application at temperatures above 1400°C (Coppola & 
McMurtry 1976), although it is still in a very early stage of development. 

CVD-silicon carbide in contrast to CVD-S~,N~ has been produced in bulk. 
Fabrication capability of gas turbine components including radial and axial rotors 
has also been demonstrated. CVD-Sic has proven to be an outstanding creep- and 
oxidation-resistant material. Its major drawback from an automative application 
point of view is likely to be the cost. This process may be useful in coating Sic 
ceramics formed by more conventional routes. A sintered body consisting of SiC and 
.41N has 90% theoretical density, specific resistance of 1-104 ohmjcm (at room 
temperature), excellent bending strength and oxidation-resistance. It is useful for 
heaters, electrical resistors and temperature sensors. 

8, Concluding remarks 

The ceramics discussed in this article are the most important materials currently in 
demand for advanced and emerging technologies. Large volume ceramic applica- 
tions appear to be round the corner in the automotive industry. Adiabatic engines * 
made from advanced ceramics such as Si,N, have the demonstrated ability to save 
power upto 20-30% which is too attractive to ignore by a world faced with an immi- 
nent energy crunch. 

A variety of advanced technologies also make continuous demand on super hard 
materials for cutting tools and materials which are capable of standing extremes of 
temperature, pressure and chemical environment. Metals and alloys have been found 
to be incapable of answering these challenges, thus making ceramics the only 
candidates in the field; a ceramic age appears to have been ushered in. As pointed out 
earlier light element ceramics constitute choice materials for further development 
and exploration. Nature has distributed the light elements so evenly on our planet 
that they are there for all progressive countries to harvest for their own benefit. 
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