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upon Tyne, UK 

Although silicon nitride is at present a leading contender for gas turbines and other high- 
temperature engineering applications, it is only the first of a wide field of nitrogen cera- 
mics, other members of which offer better prospects for technological exploitation. 
"Sialons" are phases in the S i - A I - O - N  and related systems and are comparable in 
variety and diversity with the mineral silicates. They are built up of one-, two-, and three- 
dimensional arrangements of (Si, AI)(O, N)4 tetrahedra in the same way that the funda- 
mental structural unit in the silicates is the SiO4 tetrahedron. These new oxynitrides 
include structure types based upon e and ~ silicon nitrides, silicon oxynitride, aluminium 
nitride and silicon carbide, eucryptite, spinel, melilite and apatite. They are being ex- 
plored for their thermal, mechanical, chemical and electrical properties. 

1. Introduction 
1.1. Engineer ing ce ramics  
The useable strength of a material is the stress 
that can be tolerated at a low strain, usually less 
than 0.1%, and so the requirement in a strong 
engineering ceramic is a high stress per unit strain, 
that is, a high elastic modulus. Even more desirable 
is a high value of the modulus divided by the spe- 
cific gravity, that is a high usable strength to 
weight ratio (see Table I). 

For a high elastic modulus the bond strength 
between atoms must be high and this implies 
covalent bonding. For a low density the atoms 
must have low atomic weights and small coordina- 
tion numbers, and a small co-ordination number 

TABLE l Some high specific modulus materials 

Elastic modulus/ Melting or 
specific gravity decomposition 
106 lb i n . - 2  temperature 

(~ C) 

AIN 15 2,450 
A12 03 13 2,050 
BeO 18 2,530 
C whiskers 61 3,500 
SiC 25 2,600 
Si3 N4 17 1,900 
Steel, glass, wood 4 

�9 1976 Chapman and Hall Ltd. Printed in Great Britain. 

again implies covalent bonding. The high modulus 
materials also have high melting or high decom- 
position temperatures because this also depends on 
a high interatomic bond strength. Of the materials 
listed in Table I, aluminium nitride is easily hydro- 
lysed, alumina has poor thermal shock resistance, 
beryllia has toxicity hazards, and carbon is readily 
oxidized. This leaves silicon nitride and silicon 
carbide as leading contenders for high-temperature 
engineering applications. It is also worth pointing 
out that, with the exception of beryllia, the ex- 
amples given of high specific modulus materials 
involve atoms from the group silicon, aluminium, 
oxygen, nitrogen and carbon. 

1.2. Silicon ni t r ide  
The properties usually described for silicon nitride 
- i t s  high strength, wear-resistance, high decom- 
position temperature, oxidation resistance, excel- 
lent thermal shock properties, low coefficient of 
friction and resistance to corrosive environments - 
should all make it the ideal engineering ceramic. 
However, one major difficulty is in fabricating 
shapes with these desirable properties. Because it 
is a covalently-bonded solid, the self-diffusivity 
of pure silicon nitride is very small and so it 
cannot be sintered to maximum density by firing. 
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Two methods of shaping are used, giving what are 
called "reaction-bonded" and "hot-pressed" pro- 
ducts. 

In reaction bonding, the required shape is first 
made from compacted silicon powder which is 
then nitrided in molecular nitrogen at about 
1400~ to give a product of mixed a- and /3- 
silicon nitrides with about 25% porosity. The 
original dimensions of the silicon compact remain 
virtually unchanged during nitriding and so quite 
complex shapes can be obtained. The other 
route is to nitride powdered silicon to give a- 
silicon nitride powder. With suitable additives, 
for example 1 to 2 wt% magnesium oxide, this 
can be hot-pressed at 1 to 2 ton in -2 in a graphite 
die at 1700 to 1800~ to give a high-strength, 
maximum density, H-silicon nitride product. 
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Figure 1 Relationship between strength and density for 
all forms of silicon nitride. 

Fig. 1 illustrates a basic problem of silicon nitride 
technology. The highest strength material can be 
obtained only by hot-pressing and so it is limited 
to fairly simple shapes and is costly. On the other 
hand, reaction-bonded material can be fabricated 
easily but is porous and not strong enough for 
many applications. Also, with: its higher surface 
area it is less oxidation resistant. 

Although the use of silicon nitride as a cera- 
mic was initially a British development [1,2],  
interest in recent years has been stimulated through- 
out the world by a 17 million dollar contract 
given to the Ford Motor Company and to the 
Westinghouse Electric Corporation by the Ad- 
vanced Research Projects Agency of the American 
Department of Defence and aimed at demonstra- 
ting the use of brittle material in high-temperature 
engineering applications. It calls for two ceramic 
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gas-turbine engines - a stationary one to produce 
30 MW of electrical power, and the other suitable 
for a vehicle. Running at 1370~ compared with 
a present maximum of about 1050~ for nickel- 
chrome alloys these ceramic turbines will give 
improved efficiency, a better power: weight ratio, 
decreased costs, a saving in fuel and less atmos- 
pheric pollution. It has been suggested [3] that 
ceramic engines will be in limited production by 
1982 followed by mass production in 1984 but 
the economic feasibility of this is still doubtful. 
All manufacturers want the properties of hot- 
pressed silicon nitride combined with the ease of 
fabrication of the reaction-bonded material. Even 
the hot-pressed product has its limitations as an 
engineering ceramic because the hot-pressing 
additive, usually magnesium oxide, reacts with 
the silica which is always present as a surface layer 
on the silicon nitride powder and gives either a 
glass or a second crystalline phase which impairs 
the high-temperature properties. 

Distinct improvements have been made over 
the past two or three years in both hot-pressed 
and reaction-bonded silicon nitrides by reducing 
their impurities [4], but there is a limit to this 
approach. It has been argued [5] that even if 
absolutely pure starting material were economic- 
ally feasible, hot-pressing either with or without 
an additive can never give a homogeneous, single- 
phase silicon nitride because of the surface silica 
on each powder particle. Where the second phase 
is vitreous it will soften at high temperatures, and 
second-phase inclusions, whether they are crys- 
talline or vitreous, will act as stress raisers or will 
initiate cracks because of their differences in 
thermal expansion relative to the matrix. 

It is suggested in the present paper that an 
alternative approach is to use the principles of 
ceramic "alloying" inherent in the production of 
"sialons", the name given [6] to phases in the 
silicon-aluminium-oxygen-nitrogen and related 
systems which were discovered independently in 
Japan [7,8] and England [9]. Silicon nitride is 
merely the first of a very wide field of nitrogen 
ceramics in which there seems to be excellent 
possibilities of designing materials starting from 
an atomic scale. 

2. The sialons 
2.1. The structures of ni t rogen ceramics 
Silicon nitride exists in two modifications, alpha 
and beta. As shown by Fig. 2, /~ is a typically 



Figure 2 The crystal structure of/3-silicon nitride. 

covalent solid built up of SiN 4 tetrahedra joined 
in a three-dimensional network by sharing corners; 
each nitrogen corner is common to three tetra- 
hedra. Alpha silicon nitride represents another way 
of joining together SiN4 tetrahedra except that 
the present author, in spite of contrary views, 
believes that alpha prepared by nitriding silicon 
with molecular nitrogen has about one in every 
thirty nitrogen atoms replaced in its structure by 
oxygen [10]. 

In the S i - O - N  system there is another phase, 
"silicon oxynitride" Si2 N20, which is potentially 
just as good a ceramic as silicon nitride [11]. 
It is built up of SiN30 tetrahedra (see Fig. 3) 
and consists of parallel sheets of silicon-nitrogen 
atoms joined by S i - O - S i  bonds. 

The belief, whether or not it is correct, that 
s-silicon nitride is a defect structure in which a 
few nitrogen atoms are replaced by oxygen sugges- 

Figure 3 The crystal structure of silicon oxynitfide, 
Si~ N 20. 

() 

Figure 4 The tetrahedral unit in the silicates and in 
nitrogen ceramics. 

ted that more nitrogen might be similarly replaced, 
without changing the structure, by applying the 
simple principles of  silicate chemistry. In the 
mineral silicates, and in the various forms of silica 
itself, the building unit is the Si04 group carrying 
four negative charges; see Fig. 4. The tetrahedra 
may occur separately, or may be joined together 
by sharing oxygen corners into rings, chains, two- 
dimensional sheets, or three-dimensional networks. 
Aluminium plays a very special role in the silicate 
structures because the A104 tetrahedron -- this 
time with five negative charges - is about the same 
size as Si04 and can replace it in the rings, chains 
and networks provided that valency or charge 
compensation is made elsewhere in the structure. 
Thus, it seemed possible to replace N 3- by 0 2 -  
in silicon nitride if at the same time Si 4+ was 
replaced by A13+. Charge compensation might 
also be feasible by introducing other metal atoms 
like Mg 2+ and Li 1+. In fact, it was predicted [12] 
that a variety of new materials, vitreous as well as 
crystalline, could be obtained built up of silicon- 
aluminium-oxygen-nitrogen tetrahedra in the 
same way that the almost infinite range of silicates 
is built up of silicon-aluminium-oxygen units; 
see Table II. The structural unit of/3-silicon nitride 
is SiN4 ; of  ~ it is on average SiOoA Na.9 ; of silicon 
oxynitride it is SiON3; and of the new "sialons" 
it is (Si, A1)(O, N)4. 

By coincidence, it seems that we discovered 

TAB LE II Structural units in some nitrogen ceramics 

phase structural 
unit 

t3-SisN 4 SiN 4 
c~-Si11.sNlsOo.s SiNs.9Oo., 
Si2N20 SiNsO 
"SiMon" (Si, A1) (O, N), 
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Figure 5 X-ray photographs of  r prepared by reaction of  Si 3 N 4 and A12 03 at 2000 ~ C. 

these materials at about the same time as Oyama 
and his colleagues at Toyota [7] and Tsuge et  al. 

at Toshiba [13]. The British and Japanese work 
has deveioped in similar directions and 
it is now apparent that we have even made the 
same mistakes. 

2.2. Early exper imenta l  results 
Fig. 5 shows X-ray photographs of the products 
[9] obtained by reacting together silicon nitride 
and alumina at 2000~ The photographs are 
identical except that as the A1203 content in- 
creases up to about 70 wt % the X-ray reflections 
move to slightly lower angles. The structures are 
identical with that of/3-Si3N4 and, therefore, the 
homogeneous sialon phase was termed/3'. As AI 3+ 
and 02- replace Si 4+ and N a- the metal:non- 
metal atom bond-lengths increase and so the /3' 
hexagonal unit-cell xlimensions also increase. The 
following alternativ.e compositions for /3' were 
considered: 

I Si~4 Ns~ 
fit ~ - 2 4 -  3x A12X (~t2x 2-'~"X-- 3~ 

~16-0.75X2-uO.67X"JX N 8 _  x 

N ^.~16 ~i"6 ~ A1203  z"tt 5.33 v 8  

(1) 

l S-i~ N~ 4 

/ 3 t  oX6--z~;24--4Z A 13Z tq2g ~124- 3Z z~-tz k'PZ, 1"~8 -Z 

A118 t~12K16 
""ta6 'u6  •  ~ z~t2'J3"'rx'tl"~" 

(2) 

and on the basis of limited chemical analysis and 
the observations of only one single-phase crystal- 
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line product, it was concluded that sequence I 
represented the reaction between silicon nitride 
and alumina. It was not appreciated that products 
represented by sequence 2 might be obtained with 
(i) volatilization of silicon monoxide and nitrogen 
or, in the reducing environment of graphite in 
the hot press, (ii) volatilization of silicon and 
carbon monoxides, or (iii) with simultaneous 
formation of a silica-rich glass. For example, 
possible reactions to produce/3' with z = 4 are : 

4Si 3 N 4 + 6A12 03 = 3Si 2 A14 04 N 4 + 6SiO + 2N 2 (i) 

Si 3N 4 +2A1~03 + C = S i  2A1404N 4 + S i O + C O  (ii) 

Si3N4 + 2A12 Oa = Si 2 A14 04 N 4 + SiO 2 (iii) 

Similar /3'-sialon phases were obtained by 
reacting silicon nitride with lithium-aluminium 
spinel, LiAls08, and also with magnesium- 
alumimum spinel, MgA12 04. The structures, 
identical with that of /3-Si3N4 (see Fig. 6) con- 
tained lithium and magnesium respectively. The 
metal:non-metal atom-ratio M/X= 3/4 in the 
reacting spinels is, of course, the same as that in 
the silicon nitride. Subsequently, Si3N4 was re- 
acted with equi-molecular mixtures of Alz Oa and 
A1N (that is, the equivalent of the spinel AI303N 
-= A12 03 �9 A1N) and then with varying ratios of the 
oxide and nitride. From the results it was con- 
cluded that the /3'-phase field extended not only 
along the joins SiaN4-A120a and Si3N4-AlaO3N 
but also covered the region between these limits. 
The phase diagram deduced for the Sia N4-A12 03 
-A1N system at above 1700~ (Fig. 7a) was 
identical with that proposed by Oyama [14] 



Figure 6 X-ray photographs of 
t3'-magnesium sialons prepared by 
reaction of Si3N 4 and MgA12Q 
at 1700 ~ C. 

AIN AIN 

3. At N 

AI203.AIN 
Aiumin.ium 
xyn~tnde ) 

Si3N ~ x=6 AI203 
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AIN 

3 

Si3N 4 mol?lo AI203 
�9 : solid solution 0 : solid so lu t ion+o the r  phase 

(b) 

Figure 7 Phase diagrams for the Si~N4-AI~O3-AIN system above 1700 ~ C. Both now known to be incorrect. 
(a) From results at Newcastle; (b) proposed by Oyama [14]. 

(see Fig. 7b), but both are now known to be 
incorrect. 

Doubts about this range of homogeneity for 
/3' were raised by Lumby, et al. [15] who sugges- 
ted from creep measurements that sialons with 
overall compositions along the Si3N4-A1203 
join contained glassy phases whereas composi- 
tions with M/X = 3/4 showed minimum high- 
temperature creep. Since then, preparative work 
at Stuttgart [16] and Newcastle [17] using 
mixtures of different reactants (e.g. from Si3N4, 
A1203, A1N, Si2N20, S i Q ) t o  obtain the same 
product has shown that 13' extends along the join 
Si3N4-A13OaN from z = 0  to about z = 4 . 2 .  
The range of homogeneity with MIX unequal to 
3/4 is quite limited. 

In addition to the sialon phases a', ~3', O' and 
X originally reported [6, 9],  Gauckler et al. [16] 
prepared six unidentified phases nearer to the A1N 
corner of the SiaN4-A1N-A1203-SiO 2 system 
and with ranges of homogeneity extending along 

lines of constant M/X ratio. These have now been 
identified at Newcastle [18] as defect tetrahedral 
polytypes of A1N. Before considering these, it is 
necessary to discuss the representation of sialon 
systems. 

3. The representation of the S i - A I - O - N  
and related systems 

The S i - A I - O - N  system is apparently four- 
component and so might be represented by a 
regular tetrahedron (see Fig. 8) each of the verti- 
cies of which represent one atom of the respective 
elements. An point within the tetrahedron is the 
equivalent of one atom of composition 

SiaAlbOcN1 -(a+ b+e) 

but if in any phase the combining elements have 
their accepted valencies Si TM, A1 m ,  0 n and N m ,  
one degree of freedom is lost and it is easily shown 
that the composition is given by 

SiaAlb O3- Ta-6bN6a+ 5b- 2. 
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Figure 8 The tetrahedral representation of the 
Si-AI-O-N system. 

The system is then a pseudo-ternary one. If the 
tetrahedron of Fig. 8 is described in terms of three 
orthogonal axes x, y and z with corners: 

oxygen at co-ordinates 0, 0, 0 
silicon at 1,0, 1 
aluminium at O, 1, 1 
and nitrogen at 1, 1,0 

the compositions of all sofid phases then lie on the 
irregular quadrilateral plane (0 1 6) shown in Fig. 9 

0 VsAI20 s AI 
. . . . . . .  ; @ _  . . . . . . . . . .  :_�9 

\ ~ .~-"";'~ ,, ," ~ , ~ l S i O - , . 2  AIN ~ \ blu2./Alr'l I I / 7 ; ~ ' -  ~ I 
J x t v / t  ~ - - - - - . . . _ ~ . ,  

/ ', 
', / ', 
t N i l /  i 

Si ', VTSJ3N4 N 

x 

Figure 9 Irregular quadrilateral plane representing the 
Si 3 N 4-AIN-AI~ 0 3-SiO 2 system. Figures within circles 
are heights above the plane of the paper along the cube 
axis z. The shaded region, showing the supposed hom- 
ogeneity limits, of the #'-phase, is now known to be 
incorrect; see t~xt. 

1 1 4 0  

the corners of which represent (1/7) Si3N4, (1/2) 
A1N, (I/5) Al2Oa and (1/3) SiO2. The simplest 
representation is obtained by expressing concen- 
trations in equivalents and, just as in a reciprocal 
salt pair (see Zernike [19]), the composition of 
any mixture can be characterized by two quanti- 
ties 

[ A q . 3  [Ol .  2 
and 

[Si].4 + [A1].3 [N].3 + [01.2 

When these ratios are plotted perpendicular to 
each other a square is obtained; see Fig. 10. It is 
convenient to let the bottom left-hand corner of 
the square represent l mol of Si3N4; the other 
three corners then represent A14N4, A1406 
and SisO6 as in Fig. 11. It should be noted that all 
possible phases or mixtures of phases in which the 
combining elements Si, AI, 0 and N have their 
normal valencies lie within this diagram. It is the 
same as the irregular quadrilateral plane of Fig. 8 
except that concentrations are expressed in equi- 
valents instead of atomic units. Any point in the 
square of Fig. 10 or Fig. 11 is a combination of 
12+ve and 12--re valencies, i.e. it is convenient 
to regard compounds in ionic terms even though 
the interatomic bonding is predominantly cova- 
lent. In going from the left-hand to the right- 
hand side of the diagram, 3Si 4+ is gradually re- 
placed by 4A13 +; and from bottom to top, 4N 3- 
is replaced by 6 0 2 -  . The centre of the square 
represents a composition Sij.s AI~ 03 N2 ; note that 
the number of atoms changes with change in 
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Figure 10T he square representation of the 
S i - A I - O - N  system using equivalent concen- 
trations. 
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Figure 11 The Si3N 4 AIN~AI~ 0 3-siO~ system based on research at Newcastle. 
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position but the number of equivalents remains 
constant. Because of the constant 12*: 12- "com- 
position" it is often convenient to scale the sides 
of the square 0-12;  each unit is then one valency. 

In the Mg- S i -AI -O-N ,  L i - S i - A 1 - O - N  and 
Y - S i - A I - O - N  systems discussed below it is 
unlikely that any solid phases, vitreous or crys- 
talline, contain atoms of variable valency and so 
each is what Zernike describes [19] as a "Qua- 
ternary system of the third kind". This is repre- 
sented by J~necke's triangular prism [20] in 
which all edges are equal. Fig. 12 outlines this 
representation for the magnesium-sialon system; 

Mg606 Mg6N~ , , ' ~  

&----\  >A,,o0 
b i 3 N ~  ALNz. 

Figure 12 Outline representation of the magnesium-sialon 
system. 

it is based on the standard Si3N4-A14N4- 
A 1 4 0 6 - 5 i 3 0 6  square with Mg in equivalent units 
along a third dimension. The front triangular 
face of the prism represents nitrides and the 
rear face oxides. As shown below, each of the 
phases of  the basal square plane extend into the 
prism volume and can often be represented on 
planes of constant M/X value which are not, of 
course, parallel with any of the prism faces and 
which cut other triangular planes representing 
pseudo-ternary systems e.g. 6MgO-Si3N4-4A1N. 

Although phase relationships in these sialon 
systems are often complicated, the adoption of the 
above representations has led to a much better 
understanding and interpretation of experimental 
observations. For ease of comparison it is sugges- 
ted that other workers might use the same conven- 
tions. 

4. The S i - A I - O - N  system 
The results of hot-pressing appropriate mixtures 
of Si3N4, /kiN, A1203, SiO~ and SieN20 at high 
temperature in a graphite die are shown by Fig. 11 
Hot-pressing was usually at 1750 ~ C but higher and 
lower temperatures (1550-2000~  also 
employed. As far as possible, the same product 
was synthesized from different mixtures to check 
compositions and reproducibility. Thus, a mixture 
4AIN:3SiO2 should give the same product as a 
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mix Si3N4:2A1203. However, rates of reaction 
vary with different mixtures of the same total 
composition due to different particle sizes and 
different degrees of dispersion of one phase in 
another; the free energy change of the reaction 
also changes with different starting materials. At 
best, Fig. 11 is, therefore, an idealized behaviour 
diagram and does not necessarily represent thermo- 
dynamic equilibrium. 

Each of the phases extends along a direction of 
constant M/X ratio whereas its homogeneity range 
in other directions is small. The similarity in the 
bond lengths Si-N (1.75A) and AI-O (1.75A) 
and the dissimilarity between A1-N (1.87A) 
and Si-O (1.62A) offers some explanation for 
this. 

4.1. The fi'-sialon phase 
The fl' silicon nitride-type structure extends 
essentially along the 3M/4X line with a homo- 
geneity range Si 6_zAlzOzNS_z where z reaches a 
maximum of about 4.2. The variation of the 
hexagonal unit-cell dimensions is shown by Fig. 13 

7 75 
O---- 

7'70 

/ O  

I - ~ 1 7 6  Si6-zAlzOzNs-z 

1 3 z 

§ 

]8H 
I 

2 
Z 

Figure 13 Unit-cell dimensions of fl'-sialon. 
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Reaction of silicon nitride and alumina usually 
gives fl' and the silica-rich X-phase but the amount 
of the latter decreases as the hot-pressing tempera- 
ture is increased above 1800 ~ C. This accounts for 
the single-phase fl' products shown in Fig. 5 and 
is due to the loss of silica according to reactions 
(i)-(iii). 

4.2. The O'-sialon phase 
Silicon oxynitride reacts with alumina to extend 
along the 2M/3X join giving sialons with the 
Si2 N2 O-type structure and slightly larger unit-cell 
dimensions. As with/3', it can be prepared from a 
variety of oxide-nitride mixtures. 



4 .3 .  X - p h a s e  
The phase "X"- so -ca l l ed  because it could not  at 
first be charac ter ized- is  identical with phase II 
repor ted by  Oyama and Kamigaito [14, 21] who 

gave it the composi t ion 3A1203"2Si3N4. It is 
usually the minor  const i tuent  which occurs in 
the product ion of  /3' from mixtures of  silicon 
nitride and alumina and has also been variously 
designated as "Oyama-phase"  and "J-phase".  
Its X-ray and electron diffraction pat terns have 
been interpreted in terms of  several different unit  
cells. For  example Drew and Lewis [22] claim a 
triclinic structure with cell dimensions 

a = 9 . 9 ,  b = 9 . 7 ,  c = 9 . 5  A ,  

= 109 ~ = 95 ~ 3' = 95 ~ 

while Gugel et  al. propose an or thorhombic  lat t ice 
with 

a --- 7.85, b = 9.12, e = 7.965. 

Neither these nor other suggestions are com- 
patible with the X-ray data obtained from speci- 
mens of  at least 95% puri ty  prepared at Newcastle. 
The composi t ion is more A1203-rich than the 
original proposal  [6] SiAIO2N, and the unit cell 
has been determined [24] unequivocally as mono- 

TABLE III  Observed and calculated X-ray data for X- 
phase; monoclinic with a = 9.728, b = 8.404, c = 9.572 A, 
13 = 108.96 ~ 

Indices Interplanar spacing, d Intensity 

h k I obs calc obs 

1 0 0, 0 0 1 9.045 9.200, 9.052 vvw 
1 0 1- 7.861 7.853 ms 
1 0 1 5.602 5.606 ms 
020 4.215 4.201 w 
211  4.167 4.152 w 
0 1 2 3.982 3.985 mw 
202  3.926 3.927 mw 
1 20 3.825 3.821 vw 
2 0 1 3.649 3.650 s 
1 0 2 3.621 3.622 vs 
2 1 1 3.343 3.348 vvw 
3 0 f 3.243 3.242 vw 
10 3 3.174 3.191 w 
1 2 2 3.139 3.136 ww 
3 0 2 3.039 3.038 mw 
0 0 3 , 2 0 3  3.013 3.017,3.011 m 
1 1 3 2.984 2.983 vvw 
2 0 2, 0 3 0 2.803 2.803, 2.801 ms 
1 1 2 2.746 2.743 vvw 
1 3 0, 0 3 1 2.680 2.679, 2.676 vvw 
2 1 2, 3 0 1 2.653 2.659, 2.654 w 
1 0 3 , 3 0 3  2.619 2.626,2.618 m 
1 1 3, 1 3 1 2.505 2.506, 2.505 s 

clinic with dimensions: 

a = 9.728, b = 8.404, c = 9.572&, ~3 = 108.96 ~ 

A complete structure determinat ion is proceeding 

and although not  ye t  complete it  suggests that  the 

initial description o f  X-phase as a "nitrogen- 
mull i te" is not  too misleading. Table III compares 
the observed low-angle X-ray data for X-phase 
with those calculated on the basis of  these pro- 
posed dimensions. 

TABLE IV Tetrahedral A1N-polytypes in the 
S i -A1-O-N system 

M/X type a c c/n 

4/5 8H 2.988 23.02 2.88 
5/6 15R 3.010 41.81 2.79 
6/7 12H 3.029 32.91 2.74 
7/8 21R 3.048 57.19 2,72 
9/10 27R 3.059 71.98 2.67 

> 9/10 2H 8 3.079 5.30 2.65 
1/1 2H 3.114 4.986 2.49 

4.4 .  T h e  t e t r a h e d r a l  A I N - p o l y t y p e  

s t r u c t u  res 

Of the six uncharacterized phases reported by 
Gauckler et  al. [16],  the one which occurs most 
frequently is found as a minor phase in the hot- 
pressing o f  AlN-rich /3' composit ions;  it was 
designated initially at Newcastle as "Y" and 
occurs also in the M g - S i - A 1 - O - N  system [25].  
Electron micrographs show it as long laths similar 
to the morphology of  a-SiC in a /3-SIC matrix.  
Y-phase has now been identified [18] as rhom- 
bohedral with dimensions 

a = 14.045&, a = 12.30 ~ 

corresponding to the hexagonal cell 

a = 3.010, c = 41 .81A 

and simply related to the wurtzi te-type A1N 
structure of  dimensions 

a = 3.114, c = 4 .986A 

In Ramsdell notat ion (see Parth6 [26])  Y-phase 

is a 15R poly type  of  AIN and the other phases 
(see Fig. 11) are similarly identified as 8H, 12H, 
21R and 27R. As shown in Table W,  which lists 
typical unit-cell dimensions, each type has a 
specific M/X composit ion ratio. Along the 
c-dimension the structure consists of "n"  layers 
where "n"  is the numeral of  the Ramsdell symbol. 
The nR polytypes  consist of  three rhombohedral ly  
related blocks each of  n/3 layers, while the hexa- 

1143 



gonal nH polytypes consist of two blocks related 
by a c-glide plane and each containing n/2 layers. 
Thus, the number of layers per symmetry-related 
block in the five polytypes 

8H 15R 12H 21R and27R 

is respectively 

4 5 6 7 and 9 

corresponding to the following M/X ratios 

4/5 5/6 6/7 7/8 and 9/10 

The 2H A1N structure (see Fig. 14) with M/X 
= 1/1 is the end member of this series but a similar 

T 
498~ 

Figure 14 The 2H A1N structure. 

2H structure with an expanded c-dimension is 
obtained at M/X ratios greater than 9/10 but 
less than 1/1. The systematic variation of unit-cell 
dimensions with polytype number is shown by 
Fig. 15 in which the c.dimension can be expressed 
in Angstroms as 

c n = (n -- 3) 2.493 + 3(4.014) 
and 

c n = (n -- 2) 2.493 + 2(4.014) 

for respective rhombohedral and hexagonal struc- 
tures of compositions 

M/X = n/n + 3 and M/X = n/n + 2. 

The increase in the effective layer-spacing from 
2.493 to 4.014A in one layer of each block is 
due to an extra non-metal atom X which also 
causes a change in the stacking sequence. In a 
close-packing of n metal atoms there are 2n tetra- 
hedral sites the apices of n of which point upwards 
while the other n tetrahedra point downwards. 
The centres of these tetrahedra are possible 
sites for non-metal atoms X and are directly above 
and below each metal atom with an M-X distance 
equal to three-quarters of the layer spacing. 
Occupation of half the number of tetrahedra, for 
example all those pointing upwards as in A1N, 
gives a composition MX. Occupation of all tetra- 
hedra, giving a composition MX2, requires tetra- 
hedra above and below each other to share a 
common face and gives an impossibly short 
distance between non-metal atoms equal to 

3.20 

3 . 1 0 ( ) ~  

3-00 

2.90 

2 -80 

2.70 

2.60 

2,50 

0105 
AIN 

a 
0"~----~-0-~-0~0~ 0 

j e  

j Q j o  /q 

/ O  j J 

I I f I I 
J I I J I 
I J J I I 
I I r I I 

MX 2 [ctyer concentratCn (~-) 

Figure 15 Unit-cell dimensions of defect AlN-polytype sialons plotted against MX 2 layer concentration. 
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half the layer spacing, i.e. not  more than about 
2 .0A in the A1N polytypes. If, however, all tetra- 
hedra in only one layer are occupied and adja- 
cent layers only half-occupied, the tetrahedra in 
neighbouring layers avoid sharing a common face 
if the stacking sequence of  the metal-atom layers 
is changed locally from close-packed hexagonal 
A B A B . . .  to face-centred cubic ABC . . . .  

The metal-atom packing and the sequence o f  
half-filled (X) and completely Filled (XX)te t ra-  
hedra in the 8H polytype are thus: 

r -uni t  cell 

block 1 block 1 
( I 

kxxx  x x x x x  
I I 
I I 

C A B  ABIAC,  A C I A B  A B  A 

x x  k x x x k  x x  
1 I 

block 2 

It follows that polytypes with n even are hexa- 
gonal and those with n odd are rhombohedral. 
Idealized projections of  the 15R and 12H unit 
cells on the (1 1 0) plane are shown by Fig. 16 
and the X-ray data for 15R are listed in Table V. 
The expanded 2H polytype must also be a defect 
structure but the concentration of  additional 
non-metal-atoms is too small for an ordered 
arrangement and so the phase is designated 2H a 

C - -  �9 

----O-- 

A 
v �9 

A 

�9 A ' lw 

x,y: 0,0 '~2~ %1~ 0,0 x,y: 

�9 A{,Si 
�9 N,O 

c-t-; 
A 
v 

- - t P - - -  

- - O - - -  

15R 12H 

Figure 16 Projections of the 15R and 12H structures on 
the (1 1 0) plane. 

TABLE V X-ray data for the 15R A1N-polytype simon 
structure (Y-phase sialon) 

h k I dcale dob s I 

00 3 13.950 13.990 w 
0 0 1 5 2.787 2.784 s 
1 0 1 2.602 2.602 s 
0 1 2 2.587 2.587 ms 
1 0 4 2.529 2.520 w 
0 1 5 2.489 2.488 ms 
1 0 7 2.389 2.389 s 
0 1 8 2.333 2.333 mw 
0 0 1 8 2.323 2.323 raw 
1 0 1 0 2.212 2.212 mw 
0 1 1 1 2.150 2.149 m 
0 0 2 1 1.991 1.990 w 
0 1 1 4 1.964 1.960 mw 
1 0 1 6 1.845 1.845 ms 
0 1 1 7 1.789 1.785 ms 

Hexagonal a = 3.010, c = 41.81A 
Rhombohedral a = 14.04A, ~ = 12.3 ~ 

where 6 indicates disorder in the sequence of  
MX~ layers. The effective spacing (4.014A) 
between metal atoms in MX2 layers where all 
tetrahedra are occupied is, as might be expected, 
much larger than that for a MX layer (2.493A). 
The proposed structures account for the meas- 
ured densities of  the specimens and for the main 
features of  the X-ray data but they are undoubtedly 
idealized models and further work on structure 
refinement is now proceeding. They represent a 
new kind of  polytype the structure of  which is 
determined by the metal:non-metal atom-ratio. 

The homogeneity limits of  the phases un- 
doubtedly vary with temperature. It has been 
shown [18],  for example, that the phase desig- 
nated by Lejus [27] as "X"  occurring in the 
A I 2 0 3 - A I N  system at above 1800~ has a 21R 
structure. Although the composition of  "X"  is 
given as near Als O3N3 its structure now suggests 
MTXs. It seems that at higher temperatures the 
21R sialon phase field shown in Fig. 11 extends 
as far as the A14N4-A1406 join. 

4.5. The technological significance of the 
A I N - p o l y t y p e  sialons 

It is shown below that the A1N-polytype phases 
appear in the magnesium and lithium sialon sys- 
tems. Aluminium nitride is itself a candidate for 
high-temperature engineering applications and it 
has been shown by Komeya e t  al. [28] that the 
desirable fibrous microstructures formed in the 
A1N-Y203 system are associated with a silica 
impurity. The published X-ray diffractometer 
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patterns show major amounts of what is described 
as a pseudo-hexagonal "AI -S i -O-N"  phase in 
mixtures of 85A1N-5Y~ O3-10SIO2 and 80A1N- 
10Y2 O3-10SiO: sintered at 1800 ~ C in nitrogen. 
We have identified the four most intense peaks 
as reflections from an A1N-polytype with an 
M/X ratio of about 9/I 0. 

Umebayashi and Kobayashi have recently 
reported [29] the formation of/3'-sialon and an 
unknown phase as a product of sintering a mix- 
ture of volcanic ash and aluminium powder in 
nitrogen at 1400~ With 50wt% aluminium 
the unknown phase is the major component; 
its quoted d values of 2.795, 2.605, 2.493, 2.396, 
2.331 and 2.154A correspond with the strongest 
X-ray reflections of the 15R (Y-phase) polytype 
listed in Table V. 

The relationship between mechanical proper- 
ties and the microstructure of nitrogen ceramics 
is not known in detail but it is suggested [28] 
that a fibrous morphology (such as that of the 
A1N-polytypes) is advantageous. 

A composite of/3' + 15R sialons can be readily 
produced as a pseudo-equilibrium mix (see Fig. 11) 
and its fracture toughness might well be better than 
that of pure homogeneous /3'. The control of 
microstructure is one of the most important 
requirements in sialon development. 

the intrinsic properties of fl' have yet been eval- 
uated. Even with such limitations the results are 
promising for a variety of applications. Most 
measurements are on compositions containing 
about equal concentrations of silicon and alu- 
minium, i.e. Si3 AI3 03 Ns with z = 3. Because of 
its structure, its physical and mechanical pro- 
perties are similar to those of/3-silicon nitride, 
but chemically it is closer to aluminium oxide. 
Thus (see Fig. 17), its thermal expansion co- 

A A 
I i --I I I ~ I 

2 9 9 ~  _ 292 

L I ~ - - ~  1 1 " - 7 . 6 3  

0 200 400 600 800 1000 
*C 

Figurel7Thermal expansion of #'-sialon (z = 3; full 
lines) compared.with fl-Si 3 N 4 (dashed lines). 

4.6. Liquids, glasses, and other crystal- 
line phases 

X-phase melts at above about 1650~ and so at 
1750~ much of the region of Fig. 11 between 
O', X and Si3 06 is liquid. On cooling, O', X and 
/3' crystallize but some glass is always retained. 
In the area between O' and S i306 ,  increasing 
amounts of glass are formed as the silica content 
increases until at about half-way towards the 
Si306 corner a homogeneous nitrogen-containing 
vitreous phase can be obtained by cooling in the 
hot-press from 1600 ~ C. 

With compositions between X-phase and the 
A1406 corner of the S i -AI -O-N diagram hot- 
pressing at 1450 to 1500~ gives products con- 
taining yet another new phase the diffraction 
pattern of which has not been interpreted. 

5. Propert i e s  o f  f i ' -sialons 
/3' has been the only sialon so-far examined in 
any detail and because, until recently, specimens 
usually contained other vitreous or crystalline 
phases (e.g. X or 15R) it is not certain whether Figure l8Joseph Lucas Limited steel splash test [30]. 
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Figure 19 Oxidation in flowing dry air at 
1400~ of silicon nitride, /3'-sialon and 
silicon carbide [30]. 

efficient (2.7 x 10 -6) is less than that of i3-Si3N4 
(3.5 x 10 -6) and so its thermal shock properties 
are at least as good as hot-pressed silicon nitride 
(Fig. 18). Oxidation resistance (see Fig. 19) is 
better than for silicon nitride, probably because 
a coherent and protective layer of mullite is 

Figure 20 Compatibility of sialon crucibles with molten 
metals: (a) aluminium; (b) copper; (c) pure iron; 
(d) cast iron. 

formed on the surface. Compatability with molten 
metals is surprisingly good and the buttons shown 
in Fig. 20 were kept molten in sialon crucibles 
for 3 0 r a i n -  aluminium and copper at 1200~ 
and pure iron and cast iron at 1600~ neither 
the metals nor the crucibles showed signs of 
attack. Larger scale tests made by Joseph Lucas 
Limited are shown by Fig. 2 I. 

The use of sialons for holding and conveying 
molten metals, including steel, is perhaps more 
impor tan t -  and more easily real ized- than the 
very exacting applications for turbine blades. 

One potential advantage of simon over silicon 
nitride is in fabrication. The usual ceramic tech- 
niques of extrusion, pressing and slip-casting can 
be used to produce shapes of the mixed com- 
ponents and then these can be fired to near- 
theoretical density in an inert atmosphere at about 
1600~ As will be shown later, densifying agents 
which promote liquid-phase sintering can sub- 
sequently be incorporated in the sialon structure. 

Originailengt h I / 

Figure 21 Resistance of sialon and 
silicon nitride to attack by molten 
steel [301, 

STEEL 

MILD STEEL 
STAINLESS STEEL 
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Figure 22 Creep of silicon nitride, silicon 
carbide and various sialons at 1225~ and 
11,000 psi; after Joseph Lucas Limited [30]. 
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With a reliable behaviour diagram for the 
Si -A1-O-N system (Fig. 11) it is now possible 
to produce /3'-phase or (/3'+ 15R) mixed-phase 
sialons free from glass and because the creep of 
nitrogen ceramics is essentially related to their 
glass content, the glass-free materials are highly 
creep-resistant. The creep behaviour of sialons 
with varying A1/Si ratio (see Fig. 22) is thus 
explained. 

6, Metal-sialon systems 
Magnesium, manganese, lithium and other metal-  
silicon nitrides and oxynitrides all have structures 
based on that of aluminium nitride (see Fig. 14). 
AIN is built up of A1N4 tetrahedra; in MgSiN2 
there are equal numbers of MgN4 and SiN4 
tetrahedra; and in LiSi2N3 there are twice as 
many SiN4 tetrahedra as LiN4 units. Fig. 23 and 
Table VI show that the structures can be re- 
garded as orthorhombic supeflattices of the hexa- 
gonal AIN. It seemed likely, therefore, that these 

d- 

si 

b:2a '  

~--/3d 

MgSiN 2 

Figure 23 Typical metal-sil icon nitride and oxynitride 
structures. 
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TABLE VI Orthohombic unit-cell dimensions of some 
wurtzite-type structures 

a = x/3a' b = 2a' c = c' 

A1N 5.39 6.22 4.98 
MgSiN 2 5.275 6.455 4.978 
LiSiNO 5.194 6.394 4.742 

Li~ SiOa 5.395 9.360 4.675 
LiSi~ N~ 5.303 9.196 4.780 
Si~ N 20 5.498 8.877 4.853 
(Si, A1) 2 (O, N)~ 5.498 8.913 4.856 

b = 3a' 

metals Mg, Mn, Li and perhaps others could be 
incorporated into sialons. 

6.1. The  M g - S i - A I - O - N  system 
As shown by Fig. 6, magnesium spinel, MgA12 0 4 ,  

or equimolecular mixtures of MgO and A1203 
react with silicon nitride to give fi'-magnesium 
sialons retaining the M/X ratio of 3/4. Pre- 
liminary observations have been reported [25] 
but their interpretation requires revision in the 
light of more recent investigations [31]. For 
example, phases initially designated "Y" and 

MgO 

"Q" in the system are now recognised as 15R 
and 12H polytypes. In general, the phases which 
occur in the basic S i -AI -O-N system extend 
into the Mg-Si -AI -O-N prism (Fig. 12) to a 
greater or less extent but other new phases are 
also found. The MgO-Si3 N4-A12 Oa section, 
represented in Fig. 24 by an equilateral triangle, 
cuts across planes of constant MIX ratio and so 
includes few single-phase regions; these occur 
at compositions represented in other sections of 
the large volume. In addition to/3' occurring along 
the Si3N4-MgA12 04 join, phases a' (isostructural 
with a-silicon nitride), X, 12H, 15R and a nitrogen 
spinel are observed. The homogeneity range of 
the nitrogen-spinel is fairly extensive and is shown 
better by the Mg-AI-O-N prism-face of Fig. 25. 

The polytype 21R accommodates negligible 
concentrations of magnesium but "R"-phase, 
although shown as being on the A1N-MgO join, 
has either a 2H 6 or a 27R structure according 
to its unit-cell dimensions. The X-ray reflections 
are broad and somewhat diffuse suggesting a range 
of homogeneity and, as in all preparations involv- 
hag magnesium and nitrogen at high temperatures, 

1800 ~ 

_jl!. IAl204 

,~' + S +15R 

Si3Nz, 
Figure 24 The MgO-S i  3 N 4 -AI~ O a section of the M g - S i - A I - O - N  system at 1800 ~ C, 

~ S + AI~03 

AI203 
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Mg6N4 Mg606 Figure 25 The M g - A I - O - N  prism- 
face of the M g - S i - A I - O - N  system 
at 1800 ~ C. 

R 

R§ 

~21R+AtN ,,'" 21R AI4N4 ,,," 

1800 ~ 

21R * S 

4/3AI303N Al406 

IAI204 

Figure 26 The 3M/4X plane of 
M g - S i - A 1 - O - N  system at 1800 ~ C. 

the 

312Mg~SiQ 

~ 3 / 2  MgAi2Oz. 

Si3N4 3/Z, PLANE L/3AI?O3N 

there is every probability of losing MgaN2 by 
volatilization; this would reduce the M/X ratio 
from its initial value of 1/1. A feature of the 
Mg-S i -O-N subsystem is the occurrence of 
liquid phases which, on cooling, produce nitrogen 
glasses. 

The 3M/4X plane of the system (see Fig. 26) 
is important in showing that the #'-sialon extends 
along this plane from the SisN,-AlsO3N join 
towards forsterite, Mg2 SiO4: Silicon nitride 
always contains silica as a surface layer and this, 
as previously stated, prevents the production of 
homogeneous, single-phase hot-pressed material. 
By addition of appropriate amounts of A1203 
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and A1N together with just sufficient MgO to 
react with the surface silica, a homogeneous 
#'-magnesium sialon can be obtained. Moreover, 
the magnesium silicate reacts first with some 
silicon nitride to produce a liquid which aids 
densification by liquid-phase sintering, and then, 
by suitable heat-treatment, it is possible to in- 
corporate this in solid solution to give the single- 
phase ~'. 

6.2. The L i - S i - A I - O - N  w s t e m  
Lithium-silicon nitride LiSi2 N3 and silicon 
oxynitride Si2N20 are essentially isostructural 
(see Table VI and Fig. 27) in which the latter 



Si2N20 

Lil_xSi2Na_xOx 
o' b ,. 9-21 / 

5!  "" 

LiSi2N 3 
Figure 27  The LiSi~ N~ and Si= N 20 structure. 

X-78 

TABLE VII Possible reactions in the Li -S i -AI-O-N 
system 

(1) LiSi 2 N~ -+ Li 1 _xSi~ N s _xOx -+ Si~ N 20 
(2) LiSi: N~ -~ Lil_ySi=-yN3_3yOsy "-+ Li2SiOs 
(3) Si 2 N 20 --+ Si s _ zAlzN ~ _ zO1 +z -+ A12 03 

is obtained from the former by replacing one 
nitrogen atom by oxygen and, at the same time, 
satisfying valency requirements by replacing the 
lithium with a vacancy. Indeed, preparations 
of  "LiSi2N3" usually contain oxygen and are 
lithium deficient, L i l -xSi2N3-xOx.  More exten- 
sive solid solubility seemed likely and other 
possibilities, occurring separately or simultan- 
eously, are given in Table VII. As with the mag- 
nesium sialons, completely new phases occur in 
the L i - S i - A I - O - N  system as well as those which 
extend from the basic S i - A 1 - O - N  behaviour 
diagram. Reaction of  silicon nitride with l i th ium-  
aluminium spinel, LiAls 08 gives a/3'-lithium sialon 
and with lithium aluminate, LiA102, a sialon 
(~') with the structure of  s-silicon nitride. 

Other nitrogen-containing phases have struc- 
tures based on #-eucryptite (Eu'), spinel (S), 

Li20 

LisAl04 

Ox,oL, Eu 

oC,Eu 

Ox,Eu','~ 

Eu',L s 

,15R,Eu 

t 

~,X 

~,15R,S 

Al20a SiaNz, 
Figure 28 The Li 20 Si~ N 4 -AI 20a section of the L i -S i -AI -O-N system at 1550 ~ C. 
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silicon oxynitride (O' or Ox), tetragonal cristo- 
balite (7) and the polytype 1hR. The section 
Li20-SiaN4-A1203 of Fig. 28 shows these, 
but again there are no extensive single-phase 
regions. The variations of unit-cell dimensions 
observed in the multi-phase products show that 
each phase has a wide range of homogeneity even 
though it  might be characterized by a specific 
M/X atom ratio. 

Spinels in general react with silicon nitride to 
give/3'-phases provided that the appropriate metal 
atoms can exist in four-fold co-ordination. Thus, 
manganese, zinc and cuprous spinels all give/3'- 
sialons similar to the magnesium and lithium 
ones. 

2400 

2000 

~ 

1600 
i 

u 

Y.3S r'~ 

1660 
i 

' ' 'mol % SiO 2 

Figure 29 The Y2 O3 -SiO2 system. 

7. Yt t r ium sialons and the role of yttria 
in hot-pressing silicon nitride 

The high-temperature strength and creep resis- 
tance of silicon nitride hot-pressed with MgO 
additive is impaired by the formation of a grain- 
boundary magnesium-silicon oxynitride glassy 
phase the softening temperature of which de- 
pends upon its impurity content, particularly 
calcium and other alkalis and alkali earths. Gazza 
[32] showed that improved properties were 
obtained by using yttria additions instead of 
magnesia, and suggested that these produced 
a more refractory grain-boundary phase. In the 
Y203-SiO2 system (Fig. 29) the lowest liquid 
temperature is 1660 ~ C. With up to 5 wt % Y2 O3, 
yttrium silicates are indeed formed but consistent 
improvements in hot-strength were obtained 
with not less than about 15wt% Y203 - m u c h  
more than is required to react completely with 
the Surface silica on silicon nitride powder. More- 
over, other oxides giving silicates and eutectics 
with equally high melting temperatures were ex- 
plored as additives but were found ineffective. 

The unique role of yttria has been explained 
by work at Newcastle [33] which has since 
been extended to wider investigations of the 
Y - S i - O - N  and yttrium-sialon systems [34]. 

7.1. The hot-pressing sequence 
After hot-pressing at 1700~ and above, increas- 
ing amounts of glass are observed in the products 

Y2 S i[S i2(0,N)7] (001) Projection 

(a) a=7 597 ~, 

Figure 30 Projection of Y2Si[Si203N4 ] on (0 01). 
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(b) 
Y 2 0 3 i S i 3 N 4  = Y2Si[Si2(O,N)7] 

Akerman i te  - Ca2Mg[Si207] 



Y2 S i[S,2(O,N)7] (100) Projection 

N,O�9 ~ . ~  ~ ~, , ~ -  ~-~i 

I Go 

(G) a=7-597/~ 

c=4.908 

Figure 31 Projections of Y2Si[Si203N4] on (1 0 0). 

with up to 5 to 10wt% Y203 but the glass then 
decreases and becomes negligible with 15 to 20 
wt% yttria. Only ~-SiBN4 and a new y t t r ium-  
silicon oxynitride Y20 B .Si3N4 are observed. 
At temperatures up to about 1800~ Y2OB 
reacts with a-Si3N4 to give two further new 
phases, both yttria-rich and designated initially 
as "H" and "J" .  These melt below 1700~ and 
then react with more silicon nitride to give the 
Y203"Si3N4. The latter has the same tetragonal 
structure as Akermanite Ca2Mg[Si2OT] and 
Gehlenite Ca2AI[SiA1OT], members of the meli- 
lite series of silicates. In the yttrium-silicon oxy- 
nitride, sheets of Si(Oo.4No.6)4 tetrahedra are 
stacked one on top of the other and are held 
together by yttrium ions between them; see Figs. 
30 and 31. It forms a continuous series of solid 
solutions with both Akermanite and Gehlenite 
and the melting points of the 50:50 intermediates 
listed as (2) and (4) in Table VIII are above 

TABLE VIII Solid solution series in the nitrogen-melilites 

Y-N melilites 

(1) Akermanite 
1454~ 

(2) (1) + (3) 
(3) "Ysion" 

Y203 �9 Si3N 4 
(4) (3) + (5) 
(5) Gehlenite 

1590~ 

Ca2 Mg[Si2 O7 ] 

(Y, Ca)~ (Mg, Si)[Si 20 s N 2 ] 
Y~ Si[Si20 s N4 ] 

(Y, Ca)~ (Si, A1)[(Si, A1): O s N 2 ] 
Ca 2 AI[SiA10~ ] 

(Y) (Y) (Y) q 
,~\\ \ \ \ \ \  \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ ~  / �9 

,\Loyer of Si-O-N tetrohedro, |&.908A 
\ \ \ \ \ \ \ k \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ \ /  

(Y) (Y) CY) J 

Ib) 

1600~ Thus, appreciable amounts of calcium, 
aluminium, magnesium and probably other impur- 
ities present in silicon nitride can be accommo- 
dated in the "Ysion" structure without any loss 
of refractoriness. In concurrent work Tsuge 
et al. [35] indexed the diffraction pattern of the 
oxynitride without determining its structure and 
report that it melts at 1825 ~ C. 

Yttria seems an ideal hot-pressing additive 
for silicon nitride because at lower temperatures 
it forms liquid phases which allow rapid sintering 
and then at higher temperatures when densifica- 
tion is complete these phases react with more 
silicon nitride to give a highly refractory bonding 
phase. There seems no reason why this kind of 
mechanism should not be equally effective in 
pressureless sintering. 

Of greater importance in the characterization 
of the yttrium-silicon oxynitride, it is the first 
sialon with a layered structure similar to that of 
the sheet silicates. It suggests that nitrogen clays 
and micas, for example, might also exist. 

7.2. Ni t rogen apa t i t e s  
The "H"-phase which precedes or accompanies 
the formation of the yttrium-silicon oxynitride 
during hot-pressing was identified [18] (see dis- 
cussion of the paper by Rae et al [35]) as being 
isostructural with fluoro-apatite Cas(PO4)3F and 
hydroxy-apatite Cas(PO4)3OH, the structural 
materials of bones and teeth. Table IX shows 
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TABLE IX X-ray data for nitrogen-apatite and an 
apatite-silicate 

h k 1 Spencite "H" ~ N-Apati te  
Y4 Ca(Si04 )3 0 Ys (Si04)~ N 

d I / I  o d I / I  o 

1 1 0 - 4.69 vw 
2 0 0 4.02 50 4.05 ms 
1 1 1 3.83 40 3.86 mw 
0 0 2 3.42 30 3.38 m 
1 0 2 3.13 50 3.12 ms 
2 1 0 3.05 40 3.08 m 
2 1 1 2.78 100 2.80 vs 
1 1 2 2.76 40 2.75 ms 
3 0 0 2.69 30 2.71 ms 

a 9.32 9.41 
c 6.84 6.76 

that the diffraction pattern and unit-cell dimen- 
sions of "H" are almost identical with those of 
Spencite, a yttrium-calcium silicate Y4Ca(SiO4)30 
with an apatite structure. "H"-phase was there- 
fore thought to be Ys (SIO4)3 N with a hexagonal 
structure represented in Fig. 32. 

Other nitrogen-apatites have recently been 
reported by Lang et al. from Rennes [36]. In the 
general formula (Ln, M)s Si3(O, N)13 : 

Ln = La, Nd, Sm or Gd 

M m = Cr 

M rv = Ge, Sn or Mn 

M v = V 

and M w =  Mo. 

When the metal M is trivalent the number of 
nitrogen atoms N =  1; for M Iv, N =  2; for M v, 

O 
c?= 6.76 .c 9 " 4 2 - -  / 

Ys(SiO4)3N 
Ca5( PQ)3F/Y4Ca(Si04)30 

Figuie 32 Projection on (0 0 1) of one-half of the unit- 
cell of nitrogen-yttrium apatite. 
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N = 3; and for M vI, N = 4. Our own most recent 
work shows that the Y:Si ratio is generally less 
and the nitrogen content is higher in the nitrogen- 
yttrium apatite than is represented by the com- 
position YsSi3012N initially proposed. In fact, 
it has an appreciable homogeneity range near 
(Y4Si)(Si3OllN)N. Clearly, nitrogen must occupy 
some of the corners of SiO 4 tetrahedra in addi- 
tion to the special sites co-ordinated by the tri- 
angle of three Y atoms shown in Fig. 32; some 
Si must also replace Y. Much more detailed 
investigation is required, but the discovery of 
nitrogen-apatites opens up still further possi- 
bilities for nitrogen modifications of important 
structural materials. 

7.3. The Y - S i - O - N  system 
The behaviour diagram of Fig. 33 deduced from 
pressings at 1600~ and 2600psi for 1 h summar- 
izes the most recent Newcastle work on the 
Y- -S i -O-N system. In agreement with Fig. 29, the 
only yttrium silicates found at this temperature 
are Y2 SiOs and ~-Y2 Si2 07 both of which are 
monoclinic. "J"-phase, which is found in silicon 
nitride hot-pressed with more than 5 wt % Y2 03 
below 1700~ has been reported by Tsuge 
et al. [35] as Si3N4"2Y2Oa and by Wills [37] 
as Si3N4-3Y~O3. Both are incorrect; it lies off 
the Si3N4-Y203 join with a composition 
2Y203 �9 Si~N20 and its X-ray diffraction pattern 
is similar to that of the yttrium aluminate 
2YzO3 �9 AlzO3 ("YAM"). In the latter, substitution 
of 2A1 by 2Si and of 20 by 2N leads to the compo- 

sition now proposed. Just as there is solid solu- 

2"(203 %Y2sios 6,7u 3Si02 

1600 ~ ~~Si~N~O 

4YN Si3N~ 

Figure 33 The g 2 0 3 - Y N - S i 3 N 4 - S i O  ~ section of the 
Y - S i - A I - O - N  system at 1600 ~ C. 



tion of alumina in silicon oxynitride, there is 
undoubtedly solid solution between "J" and 
"YAM" in the Y - S i - A 1 - O - N  system. 

In Fig. 33, "H"-phase is the nitrogen-apatite 
already discussed. "D" has a composition close 
to YSiO2N and a hexagonal structure not yet 
completely resolved. "E"-phase has a compo- 
sition YSi3 06 N; it is isostructural with 13-Y2 Si2 07 
and is derived from it by substitution of Y by Si 
and simultaneously of O by N. 

The compositions and structures of the "A",  
"B" and "C" phases are not yet defined. The 
Y - S i - O - N  behaviour diagram, although still 
far from completely or unequivocally estab- 
lished, offers explanations for some of the pre- 
viously inexplicable observations of hot-pressing 
silicon nitride with yttria [32]. Since silica forms 
a surface layer on the nitride, reaction with 
yttria will locally give the liquid phase near the 
SiO2 corner (see Fig. 33). 

Eventually, as silicon nitride reacts, either N- 
apatite ("H")  or N-melilite, or mixtures of these 
if the phase "D" is unstable above 1700~ will 
form as a grain-boundary phase depending on how 
much silica is volatilized. The product will depend 
not only on the impurity content of the silicon 
nitride but also critically upon its initial silica 
content and the amount removed by reaction 
with graphite during the pressing. 

Figure 34 Transmission electron micrograph of hot- 
pressed silicon nitride with amorphous (liquid) region 
"A" from which has grown a well-defined hexagonal 
fl-Si~ N 4 crystal, X 20 000. 

2900 

280( 

8. Nitrogen glasses moc 

In the hot-pressing of silicon nitride with magne- 
sium oxide it has already been mentioned that a o~ 
phase, liquid at high temperature, cools to give a ~ 180( 
glass. Fig. 34 from Nuttall and Thompson [38] 
shows a well-formed #-Sis N 4 crystal which has o~ 
nucleated and grown from the liquid. If the glass ~- 1700 
is merely a magnesium silicate with impurities, ~- 
it would be expected from the MgO-SiO2 phase ~6oo 
diagram (Fig. 35) to devitrify giving enstatite 
and cristobalite. Instead, it gives [39] enstatite 
and silicon oxynitride (Si2 N 2 O) after heat-treat- 1500 

ment at 1350~ see Fig. 36. Both the original M 
high-temperature liquid and the glass which 
forms on cooling must, therefore, contain nitro- 
gen. 

Bulk samples of this nitrogen-glass have been 
obtained by both hot-pressing and by pressureless 
heat-treatment in a boron nitride crucible of 
mixtures of MgO, SiO2 and Si3N4 at 1700~ 
Without silicon nitride, mixtures of 20wt% 
MgO : 80 wt % SIC)= give a product showing only 

i I I I i I , , j  
MgO 
§ 

Liquid 

1850 o 

MgO 
+ 

M92SiO~ 

, 1 

2O 

~ 1890 ~ 

r  Liquid A 

I \ I 1695~ 
/ Cr'istobolite +j. ,/ 
/ Liquid A 

M~ ~;n\  / Cristobalite+ 
I~'g~+b'% \ / Liquid B 
Liquid B LI .~i~~ \ ~gS iO , ' +  Liquid B 

lS 3 ~ 
, ~gSi03 L MgSiO3e Cr'islobalite 

I I ~ " II I I i 
40 50 80 100 

Forsterife Enstatite SiO 2 
Mg2SiO~ MgSi03 

Wt% Si0 2 

Figure 35 The MgO-SiO 2 phase diagram. 

diffraction patterns of enstatite and cristobalite; 
with addition of 10wt% Si3N4 n o  diffraction 
pattern at all is observed. Magnesium "silicate" 
glasses containing up to 10at.% nitrogen have 
been prepared and on devitrification at 1500~ 
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Figure 36 X-ray photographs showing the devitrification 
MgO. 

give mixtures containing enstatite, cristobalite, 
and silicon oxynitride. 

Other nitrogen glasses occur in the li thium- 
sialon and yttrium-sialon systems. For example, 
by melting a mixture of molar composition 
14Y2Oa:59SiO2:27A1N in a graphite crucible 
lined with boron nitride at 1650~ under nitro- 
gen, and then air-cooling to room temperature, 
a completely vitreous product was obtained. 
Microscopic and X-ray examination showed it 
to be a glass, transparent in thin sections with a 
refractive index of about 1.76. Nitrogen analyses 
gave 9 at. %, only slightly less than the nitrogen 
content of the starting mix, and devitrification by 
heat-treatment for 16h at 1200~ or by slow 
cooling from 1650~ gave a crystalline product 
showing diffraction patterns of /3-Y203"2SIO3, 
3Y2 O3 "5A12 03 (yttrium-aluminium garnet, 
YAG) and Si2 N20. 

Even small concentrations of nitrogen not ex- 
ceeding 1 at. % in oxide glasses are reported [39-  
41] to increase the softening temperature, vis- 
cosity, and the resistance to devitrification. Glasses 
with 10 at. % N or more might be expected to have 
more unusual properties. If in the tetrahedral 
network the nitrogen is co-ordinated by three 
ligands the structure should be more rigid and 
hence have a higher viscosity than the silicate 
glasses. The prospect of producing glasses more 
refractory and more resistant to devitrification 
than vitreous silica seems worth exploration. 

The ease of shaping and the possibility of 
glass-ceramics in which the crystallising phases 
are refractory nitrides and oxynitrides suggest 
that nitrogen-containing glasses might eventually 
be just as important, from a technological view- 
point, as the crystalline sialons. 

9. Conclus ions  
The acronym "sialon" ~as originally given to 
new compounds derived from silicon nitrides and 
1156 

of the glassy phase in silicon nitride hot-pressed with 10 wt% 

oxynitrides by simultaneous replacement of silicon 
and nitrogen by ahiminium and oxygen. The 
discovery was made concurrently and indepen- 
dently at Newcastle-upon-Tyne and in Japan. 
It was soon realized that other metal atoms could 
be incorporated, and the term has become a 
generic one applied to materials where the struc- 
tufa/ units are (Si, AI) (O, N)4 or (Si, M)(O, N)4 
tetrahedra. 

Silicon nitride has the atomic arrangement of a 
silicate structure, phenacite, and the sialons are 
essentially silicates in which oxygen is partly 
replaced by nitrogen. It is not yet known whether 
the field of  the sialons is as large as that of the 
silicates, but it is certainly extensive. It includes 
vitreous materials as well as crystalline phases, 
and the mutual replacement of oxygen and nitro- 
gen gives an additional degree of freedom which 
seems worth exploring in many different direc- 
tions. So far, this exploration has been super- 
ficial and there have been mistakes in the inter- 
pretation of experimental observations both 
in England and Japan. Sufficient of the principles 
are known', however, to make possible the more 
detailed and careful investigations that are now 
required to establish reliable preparative methods 
and to characterize the products more precisely. 

Scientifically, the new materials are of inter- 
est because their interatomic bonding is likely 
to cover a wide spectrum from partly ionic, as in 
the oxides, to highly covalent. The prospect of 
completely new types of crystal structure seems 
promising, and the correlation Of properties with 
structure will be a rewarding but formidable task. 
It is of interest to speculate on the existence of 
even more varied tetrahedral structural units, for 
example containing boron and carbon, or even 
phosphorus and sulphur. There is little doubt that 
sialon-type oxynitrides exist in which germanium 
occurs instead of silicon, but these are unlikely to 
contribute much of scientific value. 



Technologically, the discovery o f  sialons is 
important because o f  the current interest in 
engineering ceramics and the distinct possibility 
of  improving properties and fabrication methods 
by the use of  "ceramic alloys". Recent improve- 
ments in the strength, creep-resistance and oxida- 
tion-resistance o f  hot-pressed silicon nitride all 
involve an understanding of  oxide-nitr ide inter- 
actions and the formation of  oxynitride glasses; 
improved fracture toughness seems possible by 
the control of  mixed sialon microstructures; and 
a final g o a l -  pressureless sintering to theoretical 
density - can be achieved more easily with sialons 
than with silicon nitride. 

The metallurgical applications of  some of  the 
sialons for holding and conveying molten metals 
are probably o f  more immediate importance 
than their use as engineering ceramics. Also, 
their abrasive properties have not been explored. 
Sialons are certainly not all going to be useful 
as ceramics but their potentialities in other direc- 
tions should not be neglected. Preliminary meas- 
urements of  the electrical conductivity of  lithium 
sialons suggests that the current carriers are 
lithium ions and that there might be possibilities 
here for solid electrolytes. The A1N-polytypes 
with different M/X ratios are unusual variants 
of  the wurtzite structure and so semi-conduc- 

tion is not impossible. Aluminium is generally 
four-co-ordinated in the sialons and so the cata- 
lytic properties compared with those of  alumina 
should be investigated, particularly in the syn- 
thesis of  nitrogen-containing compounds. Finally, 
although manganese, copper and zinc can be 
accommodated as well as lithium, magnesium 
and yttr ium in sialon structures, the limits of  
substitution have not been explored and no work 
at all has been carried out on the incorporation of  
elements o f  variable valency. 

The preparation o f  sialon glasses containing 
- so far - as much as 10 at. % nitrogen opens up a 
further field. If  nitrogen can replace oxygen in 
the crystalline silicates, perhaps it is not  surprising 
that similar replacement occurs in the vitreous 
silicates. 

It can be concluded that the sialons offer 
exciting and almost unlimited prospects for scien- 
tific investigation and technological development. 
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