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Preface

This thesis describes original work which has not

been submitted for a degree at any other University.

The investigations were carried out in the
Crystallography Laboratory, Department of Metallurgy
and Engineering Materials at the University of
Newcastle upon Tyne during the period October 1977
to September 1980 under the supervision of

Professor K.H. Jack.

The thesis describes the investigation of
nitrogen glasses occurring in various M-Si-0-N and
M-Si-Al1-0-N systems. The limits of glass formation
are discussed and the changes in physical properties
on replacement of oxygen by nitrogen are reported.

A new crystalline phase in the Mg-Si-Al-0-N system
has been identified as the product of devitrification

of a magnesium sialon glass.
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Abstract

Nitrogen glasses are prepared in various M-Si-0-N
and M-Si-Al-0-N systems (M = Mg, Y, Ca & Nd) by
fusing the appropriate metal oxide powders with 8102 ,
£1,0; . Si,N, and AIN at 1600°-1700°¢c under a
nitrogen atmosphere. The limits of glass formation
in some of the nitrogen-containing systems are

investigated and properties of the glasses are

evaluated.

Nitrogen is incorporated in M-Si-Al1-0-N glasses
up to 10-12.5 afo, the highest being in the Y-Si-Al1-0-N
system. The nitrogen glass-forming regions are
extensions of their appropriate M-Si-Al-0-N vitreous
regions. Small homogeneous glass regions also form

in some M-Si-O0-N systems.

Property measurements on both oxide and nitrogen
glasses of the same cation composition show that
viscosity, refractive index, dielectric comnstant,
and a.c. conductivity all increase with nitrogen
incorporation these changes being due to the increased
strength, directional character and polarisability of

the nitrogen bond compared with oxygen in the glass



network.

Grain-boundary vitreous phases, previously
considered to be oxides, occurring in densified silicon
nitride and ﬁa' -gialons have compositions within the
nitrogen glass regions of their appropriate M-Si-O-N
or M-Si-A1-0-N systems (where M = Mg or Y), and
are therefore shown to be oxynitrides,

"

A new Mg-Si-Al-0-N phase /E; -magnesium sialon,
isostructural with /3-s13n4 and with a range of
compositions near M321Si18A13048N10 y is obtained by
devitrification of Mg-Si-Al1-0-N glasses with a
metal:non-metal atom ratio 3M:4X in the presence

of undissolved /3-5151«4 .



I. Introduction

I.1 Engineering ceramics

Over the past tweniy years research has been
increasingly directed to the production of new engineering
materials for a wide variety of applications in the nuclear
and aerospace industries and towards energy conservation.
Considerable interest has been shown in ceramics for
components of gas-turbine engines where their use is
expected to increase the operating temperature from 1100°C
to 140000, thereby achieving higher fuel efficiency and
less environmental pollution. An engineering ceramic to
withstand such temperatures must combine high strength,
oxidation resistance, negligible creep, good thermal

shock properties and resistance to corrosive environments,

The useful strength of a material is the stress that
it can withstand at small strains usually less than 0.1%.
Hence the requirement for a strong ceramic is a high
elastic modulus, E . Better still is a high value of
elastic modulus divided by specific gravity (the specific
modulus), that is a high modulus to weight ratio.
Table I.1 lists some high specific modulus materials.
High elastic modulus and low density imply that the

interatomic bond strength must be high, and that the



Table T.1

Some high specific modulus materials

specific melting or
material modulus decomposition
4 -2 temperature
107 MNm Oc
SigN, 12 1900
8iC 17 2600
41,0, 9 2050
AlN 10 2450
BeO 12 2530
BN 5 2700
C fibre 42 3500
steel
glass 3 )
wood

aluminium




atomic weights and coordination numbers are small, both
of which are satisfied by covalent bonding. Bigh
decomposition temperatures are also a result of high

bond strength.

Of the materials listed, AlN hydrolyses easily,
A1203 has poor thermal shock properties, BeO is toxic,
¢ is readily oxidised and BN is difficult to fabricate.
This leaves 813N4 end SiC as leading contenders for
high temperature applications and both belong to a group

of materials known as "Special Ceramics".

I.2 Nitrogen ceramics

Silicon nitride has been the subject of intensive
research since its high strength, wear resistance, high
decompogition temperature, oxidation resistance, low
coefficient of friction, resistance to corrosive
epvironments and excellent thermal shock properties
suggest it should be an ideal high temperature ceramic.
However, because silicon nitride is covalently-bonded
it has a low self-diffusivity which makes it difficult
to sinter to maximum density by firing. Three methods
of shaping are employed namely reaction-bonding, hot-

pressing and pressureless-sintering.

In reaction bonding the required shape is first



made from compacted silicon powder which is then
nitrided at 1400°C, with negligible change in dimensions,
to give a product with about 25% porosity. The high
porosity has a deleterious effect on oxidation

resistance and strength.

Hot-pressing of silicon nitride powder with small
amounts (1-2 w/o) of additives such as magnesia, yttria,
ceria or zirconia can achieve & fully dense product with

high strengths up to 1000°C.

Pressureless-sintered silicon nitride with less
than 5 v/o porosity is obtained by using larger amounts

of oxide additives (5-10 w/o).

The densification of silicon nitride by either
hot-pressing or pressureless-sintering with an oxide
additive provides conditions for liquid-phase sintering
by solution of C>(-SiBN4 and reprecipitation of }3
(Rae et al., 1977). Magnesia, the first widely used
additive, reacts with the surface layer of silica that
is always present on the nitride to give what was at
first thought (Wild et al., 1972a) to be a silicate
liquid whioh cools to give a low softening-temperature
glass. The grain-boundary vitreous phase causes the
oreep resistance of the high-density product to decrease

rapidly above 1000°C. Tt is now well-established that



the liquid phase and the glass that forms from it are
oxynitrides (Terwilliger & Lange, 1974; Drew & lewis,

19743 Jack, 1974).

The Y-Si-0-N 1liquid formed when hot-pressing
gilicon nitride with yttria then reacts with more nitride
to give highly refractory quaternary oxynitride phases
and leads to improved high temperature properties
(Gazza, 1975). Impurities are accommodated in the
crystalline Y-Si-0-N phases and only a small amount of

liquid remains to form a glass (Rae et al., 1975).

It has been argued (Jack, 1974) that densification
of even "pure" silicon nitride either with or without
an additive can never give a homogeneous, single-phase
product because of the silica present on the powder
particles. Second phase crystalline inclusions will
act as stress-raisers or will initiate cracks because
of their differential thermal expansion relative to the
matrix while grain-boundary vitreous phases will impair

creep resistance.

The field of nitrogen ceramics was further
extended by the concurrent discovery in Britain and
Japan (Jack & Wilson, 1972; Oyama & Kamigaito, 1971)
that it was possible to replace silicon by aluminium

and nitrogen by oxygen in silicon nitride without



changing the structure. Silicon nitride is merely the
first of what is now known to be a very wide field of
nitrogen ceramics formed by "alloying" silicon nitride
with alumina and other metal oxides and nitrides.

The acronym "“sialon" given to phases in the Si-Al1-0-N
and related systems (Jack, 1973) has become a generic
term for materials, vitreous as well as crystalline,
that are essentially alumino-silicates in which oxygen

is partially or completely replaced by nitrogen.

Bulk nitrogen glasses have been prepared in the
Mg-Si-0-N and also the yttrium and magnesium sialon
systems (Jack, 1977a). It is clear that these glasses
are important because the high temperature strength and
creep-resistance of nitrogen ceramics depend markedly
on the amount and characteristics of the grain-boundary
glass. Nitrogen glasses may also be important in
their own right since small concentrations of nitrogen
in oxide glasses are reported (Elmer & Nordberg, 1967)
to increase their viscosity and resistance to

devitrification.



IT. Glasses, Silicates and Nitrogen Ceramics

II.1 Introduction

Glass is an amorphous solid and so possesses no
long-range order. X-ray diffraction measurements show
that glasses are structurally more closely related to
liquids than to crystalline solids. They are usually
products of fusion formed by continuous cooling of a
liquid to a rigid state without the occurrence of
ocrystallization. There are, however, many other
techniques for glass formation which do not involve a
liquid and so the above statement cannot be taken as a

rigid definition of a glass.
The most commercially important group of glass-

forming materials are those based on silica and they are

the silicates, alumino-silicates and boro-silicates.

II.2 Glass formation from liguids

The tendency to form a glass is determined by the
rates of nucleation and growth of crystals from the
liquid. Under most circumstances the rate of
crystallization of many glass-forming materials is too

high for vitrification to occur, with the exception of



silica., The crystallization velocity is reduced
drastically when the viscosity of a liquid is high,

since structural rearrangement is suppressed. Therefore
a material with high viscosity near its melting point is

more likely to form a glass.

Bulk crystallization must be preceded by nucleation
and the majority of liquids only require & limited amount
of supercooling before "critical" nuclei are formed.

In viscous liquids the nucleation rate can be reduced
by the slow structural mobility and is found to be
inversely proportional to the viscosity of the 1liquid.
It is usually found that nucleation rates are more
important than crystallization rates in determining
whether a liquid will vitrify or not, and if nucleation
does not occur when a liquid is cooled it will fail to
crystellize and, instead, become a rigid, amorphous

solid or glass.

11.3 The structure of silicates and alumino-silicates

In crystalline silicates there is four-fold
coordination of oxygen around each silicon and the
gilicon-oxygen tetrahedron, [8104] 4- is the
building unit for all silicate structures. The
tetrahedra are joined together by common cormers and

occur as isolated single units or pairs or may be built



up to form rings, chains, sheets or three-dimensional

networks.

The structure of vitreous silica, as proposed by
Zachariasen (1932), is a three-dimensional network where
each tetrahedron is joined at its vertices to four others
but in such a way that the structure is a random network
and lacks any long range periodicity. Warren & Biscoe
(1938) and Mozzi & Warren (1969) showed that X-ray
diffraction data were consistent with the random-network
model of Zachariasen. There is a great deal of
argument about the structure of vitreous silica and
silicates but the random-network model is still widely

accepted as the best description of oxide glass structure.

The addition of other oxides, for example of the
alkali or alkaline-earth elements (M20 or M0), to
vitreous silica causes the three-dimensional network to
break up and results in & reduction of the viscosity
because Si-0-Si Dbonds are broken. Oxides of this type
are called "modifiers" and as long as the ratio of MO

2
or MO units to the number of §S5iO units does not

2
exceed one to one then the silicon-oxygen network is
preserved because each silicon-oxygen tetrahedron is
linked to at least three other tetrahedra and glass

formation can still ocour. The cation is accommodated

in the interstices of the network and thus enables the
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charge balance to be maintained. Structurally,
silicate glasses are very similar to their crystalline
counterparts with the exception that they lack

periodicity and are amorphous to X-rays.

Some oxides of the M203 type, such as alumina,
are called "intermediate™ oxides because they are neither
glass-formers nor modifiers. The aluminium atom may be
either four or six coordinated with oxygen giving rise
to tetrahedral [A104]5- or octahedral [A106]9- groups.
The [410,)° unit is similar in size to the [sio, ]*”
tetrahedron and therefore can be accommodated in the
silicate network provided the necessary charge
compensation is made elsewhere in the structure to
ensure electroneutrality. The similarity with alumino-
silicate minerals can be clearly seen since they are

also built up from [Si04]4- and [A104]5- tetrahedra.

The addition of alumina to silicate glasses has
a fourfold effect:
(a) increases refractoriness;
(v) reduces the tendency to crystallize;

(c) increases the range of glass formation and reduces

immiscibility;

(d) increases chemical resistance and weathering.
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IT.4 Relationship between silicates, alumino-silicates

and nitrogen ceramics

Silicon nitride occurs in two structural

modifications ( Ofand ﬁ) both of which are built up
of SiN4 tetrahedra. The atomic arrangement of

ﬁ3 -5i,N, is the same as phenacite (Be25104) (Hardie
& Jack, 1957), whereas O(—813N4 is an alternative way
of joining SiN4 tetrahedra and has approximately twice
the cell volume of ﬁ3 . (see Figures II.1(a) & (b)).
C><-513N4 is a defect structure and up to one in thirty
nitrogen atoms are replaced by oxygen (Wild et al., 1972b;
Hampshire, 1980), whereas [3 is the stoichiometric form

(313N4).

The similarity between the building units of both
silicates and nitrogen ceramics is clearly seen and
because of this it was predicted (Wild et al., 1968)
that SiN4 might be replaced by AlO4 to give a new
and wide range of materials both vitreous and crystalline

based on the (Si,Al)(O,N)4 tetrahedral building unit.

The sialons are essentially alumino-silicates in
which oxygen is replaced by nitrogen and if any charge
compensation is necessary then other cations are
introduced to maintain electroneutrality. The "sialon"
tetrahedra can be joined together as networks, sheets,

chains or isolated units and are structurally analogous



Tioure TT.1

(a)

\

(%)

The crystal structure
ﬁ3 -gilicon nitride,

CK—silicon nitrides,
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to silicates. Other cation additions can either be
incorporated in the structural units or become
interstitial. Their introduction provides a further
degree of freedom and therefore greater structural

and chemical diversity. The five-component metal-
sialons can also be viewed as metal alumino-silicates
where oxygen is replaced by nitrogen. Glass
formation occurs in a large number of these ternary
oxide systems and it has already been established that
some nitrogen can be incorporated in these glasses

(Jack, 1977a).
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III. Previous Investigations

I11.1 Introduction

Silicon nitride was first hot-pressed with
5 w/o MgO to near theoretical density by Deeley et al.
(1961). Wild et al. (1972a) studied the role of the
Mg0 and showed that it reacts with the silica that is
always present on the surface of the silicon nitride
powder particles to give a liquid near the MgSiO3—SiO2
eutectic composition. This cools to give a relatively
low softening temperature grain-boundary glass which
impairs the strength and creep resistance above 1000°c.
Heat-treatment at 1350°C devitrified the glass to give
enstatite (MgSiOB) and silicon oxynitride (SiaNzo) and
so the glass must have contained nitrogen. It was
established that the liquid aids densification by ligquid-

phase sintering and promotes transformation of CX to }3 .

Transmission electron-microscopy of similar
material (Nuttall & Thompson, 1974) indicated areas at
the junction of silicon nitride grains which showed no
diffraction contrast and therefore were amorphous.

A

Some areas even showed hexagonal crystals of ;B-SiBN

which had grown from the liquid (see Figure III.1).



Figure TII.1

Transmission electron-micrograph

of 813N4 hot~pressed with MgO

shoving amorphous region (&) from

_ which has grown a hexagonal

ﬁ -815N4 crystal;.

w
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Gazza (1975) found that Y produced a dense

203
silicon nitride with good high-temperature properties

and attributed this to the formation of refractory
grain-boundary phases. Rae et al. (1977) showed that

the Y205 reacts with the surface silica and some

nitride to give a liquid which allows densification

and transformation from O(to B . As the reaction
proceeds, the liquid combines with more Si3N4 to give
one or more quaternary yttrium-silicon oxynitride phases
which can accommodate the impurities that would

otherwise form a glass on cooling and degrade properties.
Some unreacted liquid cools to give a glass but this

can be devitrified by suitable heat-treatment thus
improving the high-temperature strength. However, the
hot-pressed material fails catastrophically at 9000-120000
in an oxidising environment this being due to the
oxidation of the grain-boundary Y-Si-0-N phases to

give oxides with markedly different specific volumes

to that of the starting material.

A number of other additives have been explored

and include Ce02, Zr02, 80203 and BeO. The first

three of these have been shown to have as good if not

superior properties to both Y203 and Mg0 (Buang,

1979; Dodsworth, 1980).



I11I.2 The Si-Al-0-N and related systems

Jack & Wilson (1972) and Oyama & Kamagaito (1971)
reacted 813N4 with A1203 and obtained new materials
igostructural with -813N4, and therefore named

;3'-sialona, but with expanded unit-cell dimensions
and containing up to 65 w/o A1203. Lumby et al. (1975),
Gauckler et al. (1975) and Jack (1976) later showed that
the ﬁ3’ rhase has a range of homogeneity along the
313N4-A1203.A1N join, and maintains a metal:non-metal
ratio of 3:4 according to the formula Si6_zA1 ON

2 2 8-2
where 0 < 2z < 4.2 at 1750°¢C.

The behaviour diagram of the Si-Al-0-N systenm

ig shown in Figure III.2 (Roebuck, 1978). As well as
ﬁ3,-sialon & number of other phases have been observed:

X-phase (Jack & Wilson, 1972), which exists in "High-X"
and "Low-X" modifications - both with triclinic unit-
cells (Jack, 1977b); o' which is Si,N,0 with
partial replacement of Si and N by Al and O
(Jack, 1973); and six other phases with ranges of
homogeneity extending along lines of constant M:X
ratio between ﬁB' and AlN (Gauckler et al., 1975).
The latter have been fully characterized as a new kind
of polytypes related to the wurtzite structure of AlN
(Thompson, 1977; Roebuck & Thompson, 1977). The

structures are directly related to their compositions

Mh*xm+1 and are described by the Ramsdell symbols



Figure I1T.2 The Si-Al-0-N behaviour diagram at 170000
(after Roebuck, 1978).
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8H, 15R, 12H, 21R, 27R and 28O .

It has been shown that other metals such as Mg,
Be and Li can be incorporated in most of the phases
of the Si-A1-0-N system with homogeneities extending
along appropriate planes of constant M:X ratio in each

M-Si-Al-0-N system.

Liquid regions occur in the M-Si-O-N, 8Si-Al-0-N
and more especially the M-Si-Al-0-N systems. It is
now well-established that both Si,N, and ﬁ'-sialons
require an oxide additive for liquid phase densification
(Drew & lewis, 1974; lewis et al., 1977; Rae et al.,
1977). The silicate liquid dissolves some nitrogen
and on cooling invariably forms a grain-boundary glass,
sometimes in conjunction with other oxynitride or sialon
phases. The softening of the glassy-phase above about

1000°C is a major reason for the deterioration in the

high-temperature properties of nitrogen ceramics.

I1I.3 Mg-Si-0-N and Mg-Si-Al-0-N glasses

Perera (1976) observed a large liguid region at
1700°c in the Mg-Si-0-N system (Figure III.3) which
also extends into the Mg-Si-Al1-0-N system and joins up
with the Mg-Si-Al-0 1liquid region where eutectics

occur at 135500 and 136500. The small Mg-Si-0-N



Figure III.3 Mg=~5i~0=-N behaviour diasgram showing the liguid
and glass region at 1700°C

(after Perera, 1976).



;ﬁ
Mg, SIN,
2MgSi0; 2MgSiN,
3Si0, 3I2SIiND  SisN,

— ——Liquid at 1700°C



Figure I1I.4

X-ray photographs of products obtained by
reacting 813N4 with mixtures of lg0 and SiO2
at 1700°C leading to glass formation.

(1) 0 w/o 5351, (2) 4 w/o si

(3) 10 w/o si,N, (100 glase)

3Ny

4) Devitrification at 1500°C to Si.N.0, MgSiO
oMo

(clinocenstatite) and 5i 0, (cristobalite).

3
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Si-N,0O
—--KCl standard p-e = protoenstatite

c =cristobalite, Si0O, c-e=clinoenstatite
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glass region explored by Perera (1976) using varying
mixtures of MgO0, SiO2 and 813N4, is also shown in
Figure III.3. A typical starting composition was
Mg123126056N6 but weight losses up to 10% were
reported and attributed to the volatilisation of
gsilicon monoxide and nitrogen. Devitrification of
the glass at 150000 gave cristobalite, enstatite and

silicon oxynitride (see Figure III.4).

Extensive glass formation occurs in the Mg-Si-Al-0
system (McMillan, 1964) and additions of aluminium to
Mg-Si-0O-N compositions extend the vitreous region into
the Mg-Si-Al-O-N system (Jack, 1977a). Investigation
of the MgO-SiOa-AlN sub-system (Jack, 1977b) showed
that glass containing up to 10 a/o N could be
prepared by firing at 1650°¢C for 30 minutes (see Figure

111.5(3)).

IIT.4 Y-Si-Al-0-N glasses

A liquid region exists in the Y-Si-0-N system
at 1700°C (see Figure III.6) but no glass-forming region
had been reported (Rae, 1976). The Figure also shows
the four quaternary phases of this system mentioned
previously. A vitreous region exists in the Y-Si-Al-0
system (Makishima et al., 1978) and nitrogen glasses

have been prepared in the Y203-8102-A1N sub-system as
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shown in Figure I11I.5(b). Electron-probe microanalysis
of one glass sample showed a composition close to that
of the starting mix i.e. Y98120A1 O, N, and it

975379

devitrified at 1200°C to give crystalline IB-Y231207,

Y5A15012 (yttrium-aluminium garnet) and SizNZO. The
glass was transparent in this section with a refractive

index of 1.76 .

Grain-boundary glass in silicon nitride hot-pressed
with relatively smell additions of yttria and alumina
were found by electron-probe microanalysis to have
similar compositions to those just discussed (Jack, 1977b)
and, based on the analytical results, a bulk sample of

glass with a composition Y11Si12A116057N4 was prepared.

I1I.5 Other nitrogen glass systems

Calcium sialon glasses were also prepared in
previous work at Newcastle, a typical composition being
Ca11Si18A111051N9 .

without addition of other metals, vitreous phases have

Also, in the Si-Al1-0-N system

been prepared by quenching from 1700°C several
compositions within the liquid region shown in Figure
I1I1I.2 (Roebuck, 1978). One composition was
3127A19057N7 and is close to that of X-phase; indeed,
the same material slowly cooled gave X-phase, mullite

and silicon oxynitride.



Figure III.5 Glass formation in:
(a) the 1ig0-510,-A1N sub-system
(v) the Y203-Si02-A1N sub-system

(after Jack, 1977b).
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III.6 Solubility of nitrogen in silicate glasses

Mulfinger (1966) and Davies & Meherali (1971)
showed that the solubility of nitrogen in silicate
and alumino-silicate glasses is chemical rather than
physical. It was established that molecular nitrogen
will react and dissolve chemically only in reducing
environments, that is in the presence of carbon,
carbon monoxide or hydrogen. It was suggested
(Mulfinger & Meyer, 1963) that nitrogen is coordinated

with silicon in the structure as follows,

— si — N — s8i =—

I
Si
11

Later work (Kelen & Mulfinger, 1968) indicated that
313N4 dissolveschemically in alkali and alkaline-earth
gilicate glasses but oxynitride glass formetion was
followed by decomposition of incorporated nitrogen by
reaction with alkali ions in the melt forming volatile

nitrides.

Silicon nitride additions to container glass
batches was shown by Harding & Ryder (1970) to lower
the sulphur and water retention and to increase the

gsoftening point of the resultant glass.

19
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The chemical solubility of nitrogen by nitriding
with ammonia occurs in silicate glasses (Mulfinger &
Franz, 1965) and in reconstructed high-silica glasses
(Elmer & Nordberg, 1965). Both investigators detected
-NH groups in the glass structure by I.R. spectroscopy
and evidence of -NH2 and -N= was also claimed.
Nitriding increased the annealing point, the
electrolytical devitrification, and the d.c. resistivity
of high-silica glasses and was apparently responsible

for the reduction in ultra-violet transmission

(Elmer & Nordberg, 1965, 1967).

III.7 Representation of the Si-Al-0-N system

The Si-Al-0-N system is apparently four-
component and so might be expected to be represented by
a regular tetrahedron (see Figure III.7) with each of
the vertices representing one atom or one gram-atom of
the respective element. A point within the tetrahedron
then represents one atom of composition

Sig AL, Og N1—(a+b+c)

Bowever, since in any phase the elements have fixed

valencies sitv, a1¥ll

’ OII and NIII, one degree of
freedom is lost because the sum of the positive

valencies must equal the sum of the negative ones,



Mgure III.7 The tetrahedral representation

of the $i-Al-0-N systen



Si




4c + 3b = 2¢ + 3(1-a-b-c)
and so the composition is given by

Sig Aly O3 7. 6b Yeass5p-2

and the system is pseudo-ternary with compositions given
by the two variables a and b . All phases in the
system lie on the irregular quadrilateral plane shown in
Figure III.B(a) that cuts the edges of the tetrahedron
at the compositions §i0,/3 , A1203/5 » AlN/2 and
313N4/7 « The [001] projection of the

quadrilateral is shown in Figure III.9

A simpler representation is obtained by expressing
the concentrations in equivalents rather than atoms
or gram atoms. Each corner of the Si-Al-0-N
tetrahedron is then one equivalent of any element and
because one equivalent of an element or compound always
reacts with one equivalent of any other species, the

compositions of the compounds 813N4. AlN, Al and

203
(expressed in equivalents) are located at the

5102
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mid-points of the tetrahedron edges as in Figure III.8(d).

The method of representation is exactly the same
as for a reciprocal salt-pair (Zernicke, 1955; Findley,

1927) and involves treating compounds in ionic terms



Figure 11I.8 Depiction of the tetrahedron in terms of three
orthogonal axes. Corners represent:

in (a) atomie units; in (b) equivalent units.
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Figure I11I.9 The irregular quadrilateral plane of the

Si3N4-A1N—A1203-8102 system in atomic units

(see Figure ITII.8(a)). (Heights above the

plane of the paper are in the circles.)
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even though the bonding is predominantly covalent.
Any composition in the sialon system is defined by the

two variables:

Al/3 0/2
si/4 + A1/3 N/3 + 0/2

These can be plotted perpendicular to one another and a

square is obtained (see Figure III.10).

The bottom left-hand corner conventionally
represents one mole of 813N4 and the other three corners
then represent A14N4 ’ A1406 and 81306 . All solid
phases or mixture of phases within the Si-Al-0-N system
fall within the square which is exactly the same as the
irregular quadrilateral of Figure III.9 except that
concentrations are expressed in equivalents and not
atomic units. The representation is very convenient
because a composition at any point within the square
is a combination of 12+ve and 12-ve valencies;
this enables easy plotting of compositions. On moving
from left to right 3si%* are gradually replaced by
4A1°% and similarly from bottom to top AN>~ are
replaced by 60°" . It is clear that although the
number of equivalents remain the same, the number of

atoms varies.



Figure III.10 The square representing the

815N4—A1N-A1203-8102 system in

equivalent units

(see Figure III.8(b)).
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I11.8 M-Si-A1-0-N systems

A five-component metal-sialon system is
represented in a similar way by Jlnecke's triangular
prism in which all the edges are equal (Zernicke, 1955).
Solid phases must again contain atoms with fixed
valencies. The basal plane of the priem is the
515N4 - A14N4 - A1406 - 81306 square of Pigure I1I1,.10,
and the third dimension represents the metal
concentration e.g. Mg within the system
Mg-Si-A1-0-N (see Figure III.11(a)). The back
triangular face represents the ternary oxide system
(expressed in equivalents) and the front face that of
the nitrides. Any phase, crystalline or vitreous,
within the M-Si-Al1-0-N system is represented by a
region within the Jinecke's prism. Since all edges
are equal they may be conveniently divided into twelve

parts (one division per valency) or they may be

graduated in equivalent percentages (e/o).

within the prism, vertical triangular planes
each represent a constant oxygen:nitrogen ratio as
gshown in Figure III.11(a). Each plane is parallel to
both the oxide and nitride end-faces and 6%~ are
3-

replaced by 4N on moving from the back to the front
face. If the ratio of N:0 is fixed (see Pigure
11I.11(b)) then the metal composition (e.g. Mg, Si and

Al) can be expressed (in equivalents) by any point, P,



Figure ITIT.

(a)

(b)

11

Representation of a five-component
system (e.g. Mg-Si-Al-0-N) showing

the plane of constant N:0 ratio within
the J4necke prism.

Method of representing a cation
composition by a point (P) on the

plane of constant N:0 ratio.
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in the usual way for a three-component system.

This representation was adopted to describe
the limits of glass formation in the different metal-
sialon systems that were explored in the present work.
Thus, the limit of the metal alumino-silicate glass
region is plotted on the oxide face of the prism and
it is possible to observe how the glass region extends
into the M-Si-Al1-0-N prism on replacing oxygen by
nitrogen. Vitreous regions in both the Mg-Si-O-N
and Si-Al-0-N systems are represented on their

respective faces of the Jlinecke prism.

Investigation of glass formation in sub-systems
explored previously at Newcastle (see Jack, 1977b) and
by Loehman in his early work (1978) cannot satisfactorily
explore the full extent of any particular nitrogen glass
system. For example, the MgO-SiOZ-AlN sub-system
only examines compositions within the triangle bounded

by the Mg0c-S1;0, , the M3606-A1 and the

4Ny

51306_A14N4 joins and the same argument applies to the

MgO-A1203-313N4 sub-system. Without a detailed,
systematic exploration at successively increasing fixed
N:0 ratios it is possible to miss detecting the glass-

forming region or at least not obtain the compositions

of maximum nitrogen solubility.
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IV. Scope of the Present Investigation

The aim of the present work was to determine the
1imits of glass formation in various M-Si-O-N and
M-Si-A1-0-N systems and to study the effect on glass

properties replacing oxygen by nitrogen.

A detailed investigation of glass formation was
carried out in the magnesium and yttrium systems the
results of which are presented in Chapter VI. The
formation of nitrogen glasses in a variety of other

systems is included in the discussion.

Chapter VII describes and discusses the viscosity,
devitrification characteristics, and optical properties
of some glasses. Electrical measurements obtained
for some selected glasses at Durham University are

presented in an Appendix.

An attempt is made to relate the synthesised
pulk nitrogen glasses with grain-boundary glasses
ocourring in densified nitrogen ceramios by studying
their respective devitrification behaviours. This
mainly involved the use of X-ray methods for detecting

and characterizing orystalline species and these are
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discussed in Chapter VIII.

During investigation of glass formation in the
Mg-Si-Al1-0-N system a phase isostructural with
B-51,8, but containing substantial amounts of
magnesium was discovered; Chapter IX describes the

preparation of the phase by devitrification of glasses

with metal:non-metal atom ratios 3M:4X .
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Ve Experimental Methods

V.1 Materials specifications

The analyses of the nitrides and alumina powders
are given in Table V.1. Silicon nitride was most
frequently used as a starting nitride although some
compositions were made up using aluminium nitride or a

mixture of both AIN and Si Adjustments in

N, .
374
compositional calculations were made to take into
account the surface oxide i.e. 4 w/o silica on the
Si5N, and 6 w/o alumina on the AlN .

Silica was in the form of crushed, fused quartz

supplied by Thermal Syndicate Limited.

Both Mg0 and CaC_O3 powders (BDH Chemicals
Limited) and Nd303 (Ventron Limited) were calcined at
aod19oo°c to remove volatiles, carbon dioxide and
chenmically absorbed water respectively. 99.9% purity
Y203 was obtained from Rare Earth Products. A1l

materials'ﬁere kept in a desiccator prior to use.

V.2 Powder mixing

Weighed powders were usually mixed in a Glen-Creston



Nitride and alumina powder specifications

Table V.2
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zzzder specifications X-ray
. particle i analysis
supplier size impurities .
i : C m O.2
S5 0.85Mm | 2x 0:2w/0 | 954 CX
Starck-Berlin Fe, max 0.3 w/o 5% ﬁ3
H.S. 130 Ca, Fe, Al, Si sass OX
i 0. m
S15% 7K 0.8 w/o total 10% B
Joseph Lucas 2% 812N20
. _ C -0.2w/o Al-0.5wh| 304 OX
high Si_N
54 50,Jm Fe-0.5w/o Ca-0.2wh
A.M.E. 0 -1.3%/0 10% B
AIN C, max 0.08 w/o
4 Pm., ' / 100% AN
Starck-Berlin Fe,max 0.15 w/o
A15, A16 and 1 pa Na,0, max 0.1 w/o [100%
A17 §i0,, max 0.05w/o
reactive 2
A]_zo3 Fe,0,, max 0.03w/o0 | OX- A1205

Alcoa
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mill using an alumina ball and mill capable of holding
batches from 5-25 grams. Contamination from the mill
was negligible, Mixing was carried out dry and times
of 5-20 minutes were employed; the larger the batch,

the longer the milling time. 5 & mixes were made for
investigating glass formation and 20-25 g batches were

used when firing bulk samples for property measurements.

Mixing of large batches was alao carried out by
placing the powder in 3" diameter polythene jars
containing alumina balls and Vibro-milling for about

two hours.

V.3 High-temperature fusion methods

(a) Tungsten resistance furnace

Figure V.1 shows the schematic layout of the
furnace. The hot-zone was 1-2 cm long and crucibles of
not more than 2.5 cm diameter could be placed in the
coil, thus restrioting the furnace to the firing of
small samples of less than 2 g. The power supply was
from a low-voltage, high-current transformer and the
temperature was measured using an Ir-Ir:40w/oRh
thermocouple which had been calibrated against a
Pt: 6w/oRh-Pt:30w/oRh thermocouple placed temporarily
in the hot-zone, Fast cooling rates could be achieved

(>250°C/minute) since the furnace had water-cooling



Figure V.1 The tungsten resistance furnsace,
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and & low thermal mass. Prior to heating, the furnace
was evacuated and filled with nitrogen purified from
oxygen and moisture by a zirconium getter operating

at 920°C.

Samples were uniaxially compacted into pellets
in a 1 cm diameter steel die with a pressure of
4000 p.s.i (27.6 MN m-z). The surface was removed
after pressing to avoid contamination from the die,
The weighed pellet (0.5-2.0 g) was introduced into
either a 1.5 cm diam. x 2.5 om high alumina crucible
which had been lined with boron nitride powder, or
placed in an isostatically pressed boron nitride
crucible of similar dimensions. The pellet, after
heat-treatment, was cleaned of adherent BN and

re-weighed.

(b) Molybdenum resistance furnace
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The furnace arrangement is shown in Figure V.2.

The element was made from molybdenum strip and had a

4-5 cm hot-zone. The furnace had a fairly slow cooling
rate because the distance between the water-cooled
chamber and the element was large, and also the large
nunber of reflector cylinders increased the thermal mass
Fast cooling (greater than 250°c per minute) could be

obtained by purging the furnace with nitrogen gas at the



Pigure V.2 Molybdenum resistance furnace.
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end of a heat-treatment. Temperature measurement, and
the power supply were the same as described above. The
chamber was evacuated prior to use and then filled with
nitrogen that had been passed through a gas purification

train (Figure V.3).

The 10-20 g of pre-mixed powder of each batch was
jsostatically pressed to 20,000 p.s.i. (138 MN m-2) in a
3 cm diameter rubber sleeve. Pre-weighed pieces were
then packed into an isostatically pressed boron nitride

crucible of 2.5 cm diameter x 5 cm high.

The bulk glass, after fusing, was cleaned
ultrasonically, re-weighed and weight losses were
calculated. It was then annealed for 15 minutes in a

standard tube muffle furnace after determining the
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appropriate annealing temperature by differential thermal

analysis (DTA).

(¢) Inductively-heated graphite furnace

Figure V.4 shows the furnace layout. The
graphite susceptor was inductively heated by a Radyne
R150E radio-frequency generator with a maximum power of
15 kW. Temperature was measured with a disappearing

filament optical pyrometer accurate to + 20°¢.
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The isostatically pressed sample was fused in an
alumina crucible which had a 1id to avoid excessive
contact with the reducing environment. A temperature
of 1700°C could be achieved in 30-40 minutes from cold,
or the sample could be introduced when the furnace was

at the required temperature.

The orucible was removed at the end of the fusion
and the contents were either air-cooled in the orucible,
or vere poured into a large graphite mould (as shown)

if quenching was required.

(d) Air-fusion methods

The hydrogen-oxygen gas furnace illustrated

in Figure V.5 was used to prepare oxide glasses by fusing

pre-mixed powders in alumina crucibdles. Heating took
three hours from ambient to 1600°C, whereupon the sample
wae held at temperature for approximately two hours.

The crucible was then removed and the melt poured into a
pre-heated graphite mould and subsequently transferred

to an annealing furnace.

Oxide glasses were also prepared in large platinum

crucibles in a standard high-temperature muffle furnace.

32



Tigure V.5 The hydrogen-oxygen gas furnace.
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V.4 Heat-treatment

Devitrification experiments were carried out, under
a nitrogen atmosphere, in a vertical tube muffle furnace
as shown in Figure V.6. Temperatures up to a maximum
of 1500°C obtained with a crucilite element were measured
with a Pt-Pt:13w/oRh thermocouple with the specimen
embedded in boron nitride powder inside an alumina
crucible. The apparatus was evacuated, filled with
purified nitrogen (see Figure V.3), and the sample was
lowered and raised slowly into the furnace hot zone to

avoid problems of thermal shock,

V.5 X-ray methods

X-ray powder methods were used to identify
crystalline phases oocurring during fusion or after
devitrification, Hégg-Guinier focussing cameras were
used with Cchx1 radiation and a potassium chloride

internal standard.

v.6 Measurement of glass transition and crystallization

temperatures

It is well-established that an abrupt change in
properties occurs in a glass at the glass transition
temperature, e.g. thermal expansion coefficient, specific

volume and specific heat. It is reasonable to



Figure V.6 The silicon carbide vertical tube

puffle~-furnace.
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associate the glass transition on cooling with the
slowing down of rearrangement in a glass structure.

When rearrangement occurs rapidly the glass has the
properties of a liquid, and when it is slow the structure
is "frozen-in" and the glass behaves like a solid. The
rate of structural rearrangement is closely associated
with viscous flow and the glass transition temperature

occurs at an approximate viscosity of 1013 poise.

The glass transition (Tg) can be detected by
differential thermal analysis (DTA). Since there is a

ohange in specific heat at T then the value of dH/dT

g’
will change and cause an endothermic drift in the AT
trace. The point on the trace which is the easiest to
identify is the minimum point and roughly corresponds

to the end of the transition range (Briggs, 1975). It
has been shown that this point corresponds to a viscosity

" poise (Yamamoto, 1965).

of about 10
DTA can also be used for obtaining the
crystallization temperature (T ) in a glass since it
usually manifests itself as an exothermic peak.
Crystallization can be extremely complicated and the
mechanisms are still not fully understood. It is
preceded by nucleation which may occur on free surfaces,
internal bubbles or heterogeneities in the glass.

Impurities may be added to glass to act as nucleating



figure V.7 The differential thermal analyser

(Stanton-Redcroft 873-4).
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agents as, for example, in the production of glass-
ceramics. Nucleation occurs just above the transition
temperature whereas crystallization is usually a maximum

at some much higher temperature (Doremus, 1973).

The measurement of crystallization was obtained
from the maximum point on the exothermic peak of the

DTA trace.

The equipment used was a Stanton-Redcroft 873-4
differential thermal analyser (see Figure V.7) which has
a linear programmable temperature control. A heating
and cooling rate of 10°C/minute was used throughout.
Alumina crucibles were employed in preference to
platinum ones since some reaction of nitrogen glasses
occure with the latter. BDH alumina powder was the
reference material, and glasses were crushed and sieved
to a particle size 0.10-0.25 mm. Purified nitrogen
was passed through the apparatus to avoid oxidation.

The glass sample was heated to just above the transition
trough and then cooled to 300-400°C below Ty after

which it was again heated to above the crystallization

temperature (T,).

V.7 Viscosity measurement

The viscosity of a glass is one of its most



important technological properties and determines the
melting conditions, the temperature of working and
annealing, the upper temperature of use and its

devitrification characteristics.

High viscosities can be measured by two well-
established technigues:
(i) TFibre-elongation which requires flame drawing
of the glass and measures the strain rate of a
thin fibre under small tensile loads;
(1i) three-point beam-bending of a simple geometrically-
shaped test-piece under an applied load and
subsequent measurement of strain-rate (see

Hagy, 1963).

In the present work, viscosity of glasses was
measured on a modified compressive creep apparatus.
A schematic layout is shown in Figure V.8; the
cylindrical specimens of glass machined to approximately
5 mm diameter and 4-8 mm in length were placed between
the reaction bonded silicon nitride plungers. The
furnace was heated by a silicon carbide element operating
at high power and employing the minimum thermsal
insulation so as to allow raepid heating and cooling of
the furnace, thereby reducing the time between successive
measurements. The required temperature was established

and maintained for 30 minutes before testing to obtain

36



Tigure V.8 The modified compressive-creep
measuring apparatus used for

viscosity evaluation.
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equilibrium conditions. Loads of 1-10 kg were applied
as shown, and the displacement was measured via a
transducer coupled with a chart-recorder. Loading
ceased once the specimen had deformed by 0.1 mm, and
after allowing the furnace to cool, the change in
specimen dimensions were noted. The viscosity ( T) )

was calculated using the formula

mglLlt
T) ) 3T1'r2 DL

poise

where m is the applied load (grams), g is the
gravitational constant (981 dynes cm-z), L is the
original length (cm), t is the time of loading(s),

r is the radius of the specimen (cm) and AL the
chenge in length in time t. The unit of viscosity is

the poise (grams per centimetre per second).

As with many transport properties, viscosity fits

an Arrhenius-type equation

T) - T)o exp E/KT

where E and Y)o are temperature independent
coefficients called the apparent activation energy and

the pre-exponential constant, respectively. Viscosity

37
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is therefore usually presented as a logarithmic plot

versus reciprocal temperature.

Figure V.9 shows there is good agreement between
the viscosities of Spectrosil (synthetic vitreous
pilica) measured by this present method and the
original data reported by Hetherington et al. (1964)

obtained using a fibre-elongation technigue.

V.8 Refractive index measurement

Electromagnetic radiation travels "in vacuo"
with constant velocity, ¢ = 3 x 1010 ms_1. In a
material media it travels with a slower velocity (v)

where

v = c¢fp

and the frequency dependant constant n is the
refractive index. Liquids and solids have values

of n in the range 1.3 to 2.1, Glasses are optically
isotropic and the value of n is important in optics

since it is related to the refraction of light.

It can be shown that there is a direct relationship
between refractive index (n) and the dielectric constant

( €) of a material and for an isotropic medium



Figure V.9 Comparative viscosity data for Spectrosil,
measured in compression (bold line), and
by the fibre-elongation technigue

(after Hetherington et al., 1964).
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The "immersion technigue" was employed for the
measurement of refractive index and involves the matching
of the refractive index of the crushed material with that
of organic liquid mixtures of known n . The
refractive index of the ligquid can then be measured

on a standard refractometer.
An AbbE refractometer was used for values of

up to 1.70 and higher values (1.70-1.90) were

obtained from a leitz-Jelley instrument.

V.9 Microscopy

Specimens were mounted in bakelite and ground
and polished to 1pum finish using silicon carbide
paper and diamond impregnated laps. Samples were

etched with a dilute solution of hydrofluoric acid.

(a) Optical microscopy

Samples were examined on a Reichart MeF?2
microscope and micrographs were taken either on flat-

plates or with a 35 mm camera attachment.
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(v) Scenning electron-microscopy and electron-

probe microanalysis

Examination of specimen surfaces at higher
magnification was carried out using a Cambridge Stereoscan
600 scanning electron-microscope. Samples were carbon
coated to reduce charging by the electron beam and

were earthed to the specimen holder.

Some well-characterized specimens were analysed
using a Cameca "Camebax" electron-probe microanalyser
at the United Kingdom Atomic Energy Authority
Establishment, Harwell, The "Camebax", equipped with
two wavelength-dispersive spectrometers, is sufficiently
sensitive to give semi-quantitative X-ray analysis for
oxygen and nitrogen in addition to energy-dispersive
analysis of three or more heavy elements. Standardization
using internal standards, correction for background and
comparison of energy-dispersive spectrum with standard
element spectra are carried out automatically. The
ZAF corrections were performed on the heavy elements

assuming the rest of the sample to be oxygen.



vI. Nitrogen Glass Formation

Vi.1 Introduction

Exploration of glass formation was by study of
compositions on planes with constant N:0 ratio within
the J#necke prism for the M-Si-Al-O-N systems and by
examination of the appropriate faces of the prism in
the case of the M-Si-0O-N or Si-Al-O-N glasses (see
Chapter III.8). Mixes were prepared from the powders
as described in Chapter V and the compositions
investigated are shown as Bolid circles on the behaviour
diagrams which follow. Fusion was carried out in the
tungsten resistance furnace at 1600° or 1700°C for

one hour.

Si-Al-0-N compositions were fused in either the
tungsten resistance furnace at 1700°C when slow-cooling
was required, or in the inductively-heated graphite
furnace if higher temperatures or quenching were
necessary. Various firing temperatures in the range

17000_185000 were employed in the latter case.

Vvi.2 The Mg-Si-Al-O-N system

The glass region on the 14 e/o nitrogen plane

41
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after firing at 1600°C is quite small end nitrogen
solubility is fairly limited (see Figure VI.1(a)).

One of the residual crystalline prdducts on the periphery
of the glass region was ()(-813N4 implying that reaction
had been incomplete, It was observed that the glass
region also followed the liquidus valley since peripheral

compositions had not entirely melted at this temperature.

Increasing the firing temperature to 1700°C
extends the glass region dramatically and the peripheral
crystalline phases did not contain any unreacted
starting material. Similarly, the glass region on the
17 e/o nitrogen plane also increases in area by about
five times on raising the firing temperature from 1600o
to 1700°C (see Figure VI.1(b)). In both cases the
peripheral compositions, which contained some crystalline
phases, had all been substantiglly liquid at the higher

temperature.

It is olear that firing temperature is important
in the incorporation of nitrogen in the glasses.
However, raising the temperature from 1600° to 1700°C
increased the weight-losses from 2-3 ¥/o up to
4-6 w/o and at temperatures in excess of 1750°%
weight-losses were as high as 10 w/o. The nature of
the volatiles was not ascertained since the use of a

ncold-finger" revealed only an amorphous product either



Figure VI.1 The iig-Si-Al-0-N glass~forming region
. 0
at 1600° and 1700 C on:
(a) the 14 e/o nitrogen plane

(b) the 17 e/o nitrogern plane
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yellow-white or sometimes light-brown in colour.
Other work at Newcastle and elsewhere suggests that
they must be silicon monoxide (Si0) and nitrogen

produced by the reaction:

- )
3510, + Si,N, 6siol 2N2T
Volatile M85N2 may also be lost (Kelen & Mulfinger,

1968) according to the reaction proposed by Perera (1976),

Si. N, + 12Mg0 —> 2Mg

3N 3N;r + 3Mg,5i0

4
Both reactions involve the loss of nitrogen. Since
weight losses were high above 175000 and melting and
reaction incomplete below 1650°c, then a firing
temperature of 17oo°c was employed for all subsequent

investigations.

The oxide glass region in the Mg-S5i-Al1-0 system
reported by McMillan (1964) is illustrated in Figure
vI.2(a), and comparison with Figure VI.2(b) shows that
10 e/o (4 a/o) of nitrogen substitution increases the
area of glass formation significantly and even extends
it to the silicon-magnesium join on the behaviour diagram.
with 10 e/o N, homogeneous glasses near and on the
8i-A1-0-N Ybasal plane were not obtained under slow

cooling conditions (250°C/minute). A frothy,
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amorphous product was obtained with 90 e/o silicon
but weight losses were high and the stability of such

glasses is questionable (see later).

The glass-forming regions at 1700°C on the
14 e/o and 17 e/o nitrogen planes have been discussed
previously and as shown in Figure VI.1(a) & (b) the size
of vitreous region contracts above 10 e/o N addition.
The 22 e/o nitrogen plane (see Figure VI.3(a)) shows
the area of glass formation to be very small and it
passes through the 3M:4X (metal:non-metal) plane.
A phase designated as B"-magnesium sialon was found
in peripheral compositions either on or below the 3:4
plane and its nature and the composition are discussed

in Chapter IX.

The glass-forming regions for O, 10 and 22 e/o N
are shown superimposed on each other in Figure VI.3(b).
The immediate observation is that the glass region in
this system initially expands and then contracts in
size resulting in it moving away from the silicon

corner of the diagram towards magnesium,

The glass composition with 22 e/o N
Mg S1 Al 0 N
efo 36 57 7 78 22
afo 22.3 17.6 2.9 49.0 9,2
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contains more magnesium than silicon plus aluminium
and so the 1:1 ratio of modifier:network-former
discussed in Chapter II is exceeded. '~ It is probable
that some magnesium enters the network in order to
maintain the glass structure., McMillan (1964)
proposed that this might occur because the field
strength of the magnesium ion is quite high and closer
to that of an "intermediate oxide" cation. Nitrogen
also facilitates the change in the role of magnesium
because although it is usually octahedrally coordinated
by oxygen, it is always tetrahedrally coordinated in

nitrides and so, presumably, also in nitrogen glasses.

The limit of glass formation in the Mg-Si-Al-0-N
gsystem is 25 efo N (10.3 a/o) and corresponds to a
composition M322’9Si16.7A13.7046.4N10°3 which
is a replacement of one in 5*5 oxygens by nitrogen.

A three-dimensional representation of the glass-forming
region is illustrated in Figure VI.4, and shows how the

glass Tegion passes through the 3M:4X plane.

Loehman (1979) has carried out preliminary
investigations of glass formation in this syétem and
he predicted a fairly wide glass region, although
only a limited number of compositions were examined

and no systematic approach was adopted.
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V1.3 The Mg-Si-0-N system

Figure VI.5 shows the homogeneous glass-forming
region on the Mg-Si-0-N face of the JHnecke prism at
1700°c.  Vitrification did not give a homogeneous glass
below 1650°C, but a phase-separated, unconsolidated
amorphous product was obtained. The glass region
is nearer the enstatite/forsterite composition than
reported by Perera (1976). Weight losses within the
glass region were about 2 w/o and electron-probe
microanalysis indicated the composition of the starting

mix and the resultant glass were extremely close:

Mg Si 0 N
starting
composition 18.6 21.7 55.6 4.1
average EPMA
results 18.8 21.5 55.7 4.0

Small weight losses are consistent with the loss of

Si0 and N2 as discussed previously.

The glass region shown in Figure VI.5 must
therefore be correct and is appreciably different in
composition to that reported by Perera (1976) and
shown in Figure III.3. The discrepancy mighf be
attributed to the high weight losses (10 w/o) that
Perera encountered during his work, If the
compositions had lost silicon as silicon monoxide,

then the glasses Would have been more magnesium-rich
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Rigure VI.5 The Lig-Si-0-N glass-forming

region at 170000.
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than indicated and closer in composition to the vitreous
region shown in the present work. Loehman (1979)

also reports a Mg-Si-0-N glass region close to the
eutectic composition in good agreement with the present

findings.

vIi.4 The Y-Si-A1-0-N system

An optimum firing temperature of 1700°C vas
used when investigating the Y-Si-Al-O-N system. The
oxide glass region (expressed in equivalents) is

reproduced from Mekishima (1978).

The area of glass formation increases with
increasing nitrogen concentration up to approximately
10 e/o N.  Comparison of Figure VI.6(a) (0 e/o N) and
Figure VI.6(b) (10 e/o N) indicates the nature of the
expansion, whereas on further nitrogen incorporation the
area of glass formation contracts as shown in Figure
vi.7(a) (16 e/o N) and Figure VI.7(b) (20 e/o N)
and is reduced dramatically at 22 e/o N addition
(see Figure VI.8(a))s Maximum nitrogen incorporation
ijs between 25 and 28 e/o N (11-12.5 a/o) and
corresponds to a composition Y16Si15A111048N12 ’
that is, one in five oxygen atoms are replaced by

nitrogen.



IMgure VI.6  The Y-Si=-Al=0-N glass-forming
regions on:
(a) the O e/o nitrogen plane
(after Makishima, 1978)

(b) the 10 e/o nitrogen plane (170000),
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Figure VI.7 The Y-Si-Al1-0-N glass-forming regions
at 170000 on:
(a) the 16 e/o nitrogen plane

(b) th2 20 e/o nitrogen plane.
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FPigure VI.B8 The Y-3i-Al1~0-N glass-forming regions
at 1700°C on:
(a) the 22 e/o nitrogen plane

(b) the 0, 10 and 22 e/o nitrogen planes.
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Amorphous products in the Y-Si-0-N system were
obtained on the 10 and 20 e/o nitrogen planes but
with different Y:Si ratios (see Figures VI.6(b) and
vI.7(b)), but no glasses were formed on the 16 e/o

nitrogen plene (Figure VI.7(a)).

The Y-Si-0-N glasses observed were phase-~-
separated and invariably bloated, being full of large
bubbles. The use of alumina crucibles coated with
boron nitride powder for firing Y-S5i-0-N compositions
containing 20 e/o N gave bloating followed by
consolidation, whereas if isostatically pressed boron
nitride crucibles were employed no consolidation and
only bloating was observed. Since the top of the
alumina crucibles was not entirely coated with boron
nitride powder, the rising fusion mixture probably
reacted with some alumina to reduce its viscosity and
melting point and so release gas bubbles resulting

in homogeneous glass formation.

High weight losses were observed in all Y-Si-0-N
compositions. The mixes with 20 e/o N often gave
losses higher than 10 w/o and a yellow/brown amorphous
deposit, assumed to be Si0 and formed as previously
discussed, was found in the furnace. Even in the
presence of aluminium, weight losses (2-5 w/o) were

high on this nitrogen plane whereas other Y-Si-Al-0-N
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compositions showed much lower weight losses,
approximately 0.5-2 w/o. No explanation can

be given for these observations.

A three dimensional representation of the complete
Y-Si-A1-0-N glass region is shown in Figure VI.9 and
a superimposed picture of glass formation on the
0, 10 and 22 e/o nitrogen planes in Figure VI.8(b)
illustrates how the glass region changes on addition
of nitrogen. It is apparent that nitrogen incorporation
produces similar effects in both the magnesium and
yttrium sialon glass systems. The expansion at
10 e/o N is not as great with yttrium as with magnesiunm,

but the maximum nitrogen solubility is higher.

Compositions on the 22 e/o nitrogen plane
(Figure VI.8(a)) with high silicon contents showed
peripheral crystalline phases of either ﬁ3-813N4 or

Bl -sialon, depending on the aluminium content, in
conjunction with substantial amounts of glass. It is
clear that O(-313N4 (in the starting batclh) trans-
forms during firing to precipitate/B or /B from the
liquid and so provides further evidence that the O(-B
(or‘/Esl ) transformation is a solution-precipitation

reaction requiring the presence of a liquiad.

Loehman (1978, 1979) describes a fairly large

glass-forming region in the Y203 - 3102 - AIN sub-
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system, but he was unable to form stable Y-Si-O-N
glasses. As discussed in Chapter III it is clear that
the complete investigation 6f any M-Si-Al1-0-N system
cannot be carried out effectively by the study of more
restricted sub-systems. It is probadbly fortuitous that
Loehman was able to produce glasses with up to

7.5 a/o N in his investigation.

vIi.5 The S5i-Al-0-N system

The liquid region in the §8i-Al-0-N system is
quite extensive at 1700%C (see Figure II1.2) and
glasses have been obtained from compositions within
these composition limits (Roebuck, 1978). In the
present work such glasses are shown to be more than
usually unstable becaﬁse it was necessary to quench
the liquid at cooling rates greater than 500°C/minute
t0 obtain a completely vitreous product. However, it
is proposed that under such conditions glass formation
occurs within the area shown in Figure VI.10., The
liquid close to the X-phase composition was very fluid
(qualitative observation) and, as expected, the
viscosity of the liguid at any given temperature
increased as the composition approached the Si}°6
corner. However, weight losses also increased and
were attributed to Si0 volatilisation caused by

contact with the reducing environment of the



Tigure VI.10 The Si-A1-0-N system: glass formation
at 1700°-1850°C under fast-cooling

conditions ( > 500°C/minute).
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inductively-heated graphite furnace.

The above compositions examined under slower
cooling conditions in the same furnace gave different
proportions of the following: X-phase, mullite,
512N20 and cristobalite plus some glassy phase.
Compositions fired in the tungsten resistance furnace
at 1700°C did not vitrify although some had been
liquid at temperature. An exception was a high silicon,
low nitrogen mix (Si30A14°5061N4.5) which gave an
amorphous, but bloated product, with about 7 w/o loss,

and probably contained very little nitrogen.

It is clear that bulk, homogeneous glasses in
the ©Si-Al-0-N system are not very stable and do not
form by conventional fusion and relatively slow cooling

methods.

vi.6 Other glass-forming systems

Glass formation occurs in a variety of other
M-Si-Al-0-N systems where oxide vitreous regions are
already known to exist (Hampshire, 1979). In
particular calcium sialon glasses are of interest
gince they occur as a second phase during the
production of CNgsialona (Hampshire et al., 1978).

Also, calcium is often a major impurity in the
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grain-boundary glasses of sintered nitrogen ceramics.
Figures VI.11(a) and (b) show glass formation on the

20 e/o and 25 e/o nitrogen planes (see Hampshire,
1979).  The maximum nitrogen incorporation is about

26 e/o N (11 afo) corresponding to a composition
Ca1BSi1BA16O47N11 , and is of the same order as reported

for both yttrium and magnesium sialon glasses.

The Ca-Si-0O-N glass region is shown in Figure
VI.12 (see Hampshire, 1979) and is very similar in size
and composition to that of the Mg-Si-O-N system.
It is suggested that a similar expansion of the
glass-forming region occurs in the Ca-Si-Al-0-N system
as was discussed previously for both the magnesium and

yttrium systems.

Lang et al., (1979) obtained glassy phases at
155000 in the lanthenide-sialon system with the general
composition 50-60 m/o SiO., 10-15 m/o Ln203 and
30-40 m/o ALN . Glasses have been prepared (Spacie,
1980) in the NAd-Si-Al-0-N system with a cation ratio
of 28 e/o Nd : 56 efo Si : 16 efo Al and up to 25 e/o
nitrogen incorporation. It is suggested that glass
formation in the neodymium system is similar to that of
the yttrium system since both are trivaelent and close

to each other in the Periodic System.



Pigure VI.1] The Ca=5i-Al-0~N glass-forming regions
on:
(a) the 20 e/o nitrogen plane
(1600° ana 1700%¢)
(b) the 25 e/o nitrogen plane
(1700°)

(after Hampshire, 1979).
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Figure VI.12 The Ca-Si-0-N glass-forming region

et 1700°C (after Hampshire, 1979).
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VIi.7 Conclusions

The amount of nitrogen that can be incorporated
in M-Si-A1-0-N glasses is in the range 10.3-12.5 a/o
which corresponds to a replacement of oxygen by
nitrogen of about one atom in five, The cation
composition of the highest nitrogen-containing glasses
ig variable and depends on the particular system.
The glass regions generally increase in area on
addition of about 10 e/o N (~~4 a/o) and on further
substitution the area diminishes in size until no
further substitution of nitrogen for oxygen can be
made in the glass structure. It is suggested that
glass formation in the majority of M-Si-Al-0-N systems
will follow the same pattern and that the maximum

solubility will be of the same order.

Mg-Si-0-N and Ca-Si-O-N glasses can be
produced reasonably easily. However, although there
is extensive liquid formation in the Y-Si-0-N systenm,
homogeneous Y-S5i-0-N glasses occur only when some
impurity is present to lower the viscosity and melting

point.

Quenching is necessary to obtain homogeneous
§i-41-0-N glasses although some vitreous phase often
forms in conjunction with crystalline material when

slower cooling is employed.

23
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VII. Properties of Nitrogen Glasses

VII.1 Introduction

Property measurements were carried out on
glasses in the magnesium, yttrium, calcium and
neodynium sialon systems. A cation composition of
28 efo M : 56 efo Si : 16 e/o Al was employed to
enable comparisons to be made both within the particular
M-Si-Al1-0-N system and between individual systems when
replacing oxygen by nitrogen. This cation composition
will be subsequently referred to as the "standard
cation composition". One central Mg-Si-O-N glass

composition was also examined.

Properties investigated were:
(&) viscosity and glass transition temperature (Tg)
(b) crystallization temperature (Tc)
(¢) optical properties, i.e. transmission in the UV

and IR spectiral regions and refractive index.

Electrical properties were studied on selected
magnesium and calcium glasses at Durham University and

are discussed in an Appendix.



VIIi.2 Viscosity

The change in glass transition temperature (Tg)
for the four sialon glass systems are presented in
Figures VII.1(a)&(d) and VII.2(a)&(b), and indicate
an almost linear increase of Tg with nitrogen content.
The yttrium glaess series shows a slight apparent
deviation from linearity but this is probably due to
uncertainties in the compositions of the glasses.
Figure VII.3 shows that the value of Tg is increased
in two ways: (i) by substituting nitrogen for oxygen,
and (ii) by changing the modifying cation.

The relationship between T_ and viscosity was

8
discussed in Chapter V. Viscosity data for varying
amounts of nitrogen incorporation in the four
M-Si-Al-0-N glass systems are presented in Figures
VII.A-7 inclusive. It is clear that there is a marked
increase in viscosity with nitrogen content, which
supports the observations of Elmer & Nordberg (1967)
and Harding & Ryder (1970) that chemically dissolved

nitrogen increases viscosity or softening point in

glasses.

Comparative plots of viscosity at constant N:0
ratios of 10 and 18 e/o N but with different
modifying cations are presented in Figures VII.8 and 9,

respectively. It is evident the highest values of

25



Pigure VII.1 Variation of glass transition teuperature
(Tg) with nitrogen concentration:
(a) the Ca=-Si-Al-0-N system

(b) the Lig-Si-Al-0-N system.
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rigure VII.2

Variation of glass transition
temperature (Tg) with nitrogen
concentration:

(a) the Y-Si-Al-0-N system

(b) the Nd-Si-al-Q-N system.
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Pigure VII.3  Comparison of Tg against nitrogen
concentration for Y, Nd, Ca and g

sialon glasses (28I : 56Si : 16 al).
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Figure VII.4 Variation of viscosity with
teuperature for Mg-Si-Al-0-N
glasses of different nitrogen

concentrations.
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Figure VII.H Variation of viscosity with
temperature for Y-Si-Al-0-N glasses

of different nitrogen concentrations.
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Figure V1i.6 Variation of vissosisy with
temperature for Ca-5i-41-0-N glasses

of different nitrogen concentrstions.
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Tigure VII.T Variation of wviscosity with
temperature for Nd-Si-al-0-N
glasses of different nitrogen

concentrations (after Spacie, 1980).
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Figure VII.8 Variation of viscosity with
temperature for Y, Nd, Ca and lig
gidon glasses (28M:56Si:1641) with

10 e/o nitrogen concentration.
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Figure VIT.9 Variation of viscosity with
temperature for Y, Nd, Ca and }g
sialon glasses (28M:565i:16A1)

with 18 e/o nitrogen concentration.
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viscosity are obtained in the yttrium sialon glasses
and the lowest for the magnesium glasses. The
viscosity curves for both the neodymium and calcium

glasses are between these extremes.

A Mg-5i-0O-N glass of composition M3185122056N4
(i.e. with 10 e/o N) has a glass transition
temperature of 870°C; the viscosity data for the

same glass are presented in Figure VII.10. The
viscosity behaviour of this glass is similar to that

of the highest nitrogen (18 e/o N) magnesium sialon
glass which has an atomic composition
Mg17.43117.4516’7051.0N7_5 (see Figure VII.4).

Loehman (1978) reports increases in glass
transition temperature with increasing nitrogen content
for some Y-Si-Al-0-N glasses. His results were
obtained from glasses of varying cation ratios which
would themselves give different values of T8 since
the latter is very sensitive to the silicon content.
Two directly comparable compositions, however, without
nitrogen and with 1.5 a/o nitrogen, indicated the same

trend as reported in the present work.

The lowering of viscosity of a glass on raising
its temperature is a result of breaking primary bonds,

thus enabling a greater mobility of the structural
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Figure VII.10 Variation of viscosity with
tenperature for a llig-Si-0=N
&£lass of composition,
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units in the material. The covalent bonding of

oxygen to silicon in a silicate involves the overlap

of the lone-pair 2p electrons of oxygen with the 34
orbitals of silicon (Revesz, 1970)., Nitrogen has

three half-filled 2p orbitals available thus providing
an extra bond which could overlap with the 34 orbitals
of silicon. Mulfinger (1966) proposed that the

gsubstitution of oxygen by nitrogen,

i,e. 6 - Si-0-851-+4N—>4-5i-N-5i:-+ 60,

Si

leads to higher coordination of the non-metal atoms

in the glass network and hence to more crosslinking.
Nitrogen can also become coordinated in this way with
aluminium or other cations and the greater crosslinking
produces a more rigid network. The viscosity data
substantiate such a proposal since nitrogen
incorporation increases the glass transition temperature

and viscosity in all systems.

vVil.3 Crystallization temperature

The results shown in Figures VII.11 and 12 were
obtained from the maximum point on the crystallization

peak of the DTA trace. The values of 'I'g and Tc for



Figure VIT.11

Variation of crystallization

and glass transition temperature
with nitrogen concentration in
(a) the 1lg-S51-A1-0-N system

(b) the Y-Si-Al-0-N systen.
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Figure VII.12

Variation of crystallization

and glass transition temperature
with nitrogen concentration in
(a) the NA-Si-Al-0-N system

(b) the Ca=-3i-Al-0-N system.
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both the magnesium and ytirium sialon glasses are

shown in Figures VII.11(a) and (b). Curves obtained
for the neodynium and calcium sialon glasses are
presented in Figures VII.12(a) and (b), and Figure
VII.13 shows comparative data for all four systems.

An interesting observation is that the magnesium and
yttrium curves are parallel and there is an increase

in Tc with nitrogen content whilst those of the
neodymium and calcium glasses are more or less parallel
and indicate only a small variation in ’I‘c with

nitrogen concentration.

There is a broadening in the crystallization
peaks on nitrogen incorporation in the case of both
the magnesium and yttrium glasses, whereas the pesak
shape remains the same for the neodymium and calcium
glasses. Figure VII.14 shows this effect for two
y-Si-A1-0-N glasses (5 e/o N and 18 e/o N) and
Table VII.1 provides a more detailed analysis of the
éeaks, giving the temperature of the start of
crystallization and the peak maximum (T ). The
temperatures of the start of crystallization for each
of the glass systems change only slightly with nitrogen
concentration, and for each glass series, these
temperatures are probably the same, within experimental

error, particularly considering the accuracy of the DTA

technique. The peak maxima (Tc) shown for glasses of
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FPigure VII.13 Comparison of crystallization
temperature (Tc) with nitrogen
concentration for the Y, N4, Ca

and Mg sialon glasses.
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Figure VII.14 DTA traces showing the glass transition ('I‘g)
and crystallization (Tc) temperatures for
Y-Si-Al-0-N glasses containing

(i) 5 e/o N (ii) 18 e/o N,
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Analysis of the crystallization peaks (28M : 56Si :

Table VII.1

59

1641)

M e/o N start of peak
peak ( C) maximum ( C)
0 1035 1110
v 5 1110 1115
10 1110 1184
18 1110 1285
0 975 1035
Mg 10 1030 1115
18 1030 1200
0 1030 1120
Ca 10 975 1090
18 1030 1105
0 1020 1170
1070 118
Nd 5 7 184
10 1040 1135
20 1070 1200




all four systems in Figure VIT.13 indicate that the
values of 'I‘c for the magnesium and yttrium glasses
increase appreciably with nitrogen concentration,
whereas there are only small changes in 'I'c with nitrogen
incorporation in the case of the neodymium and calcium
glasses. Without a more detailed study of crystal
growth kinetics using hot stage microscopy to

determine crystal growth rates (see Briggs & Carruthers,
1976), it is not possible to suggest a plausible

explanation for the above observations.

The crystallization temperature (Tc) should
increase when there is a corresponding increase in
viscosity because devitrification is related to
structural mobility whioch is governed by viscosity.
However, some of the present observations on neodymium
and calcium glasses are not in accordance with this
generalization. As discussed in Chapter 1I,
crystallization is always preceded by nucleation and
it is suggested that impurities introduced during
fabrication of the glasses, in particular from the
gsilicon and aluminium nitrides, might act as nucleation
gsites and aid the devitrification process and override
the effect of any increase in viscosity. Chyung et al.
(1978) discuss "self-nucleation" in oxynitride glass-
ceramics, and note that it is unnecessary to add

nucleating agents to facilitate the devitrification
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process.

Devitrification is extremely complicated in most
glass systems (Doremus, 1973) and is still not fully
understood. It depends not only on viscosity, but also
on glass-stability, nucleation behaviour and the phase-
relationships of the final crystalline products. It
cannot, therefore, be concluded that nitrogen
substituting for oxygen in glasses always increases

the crystallization temperature.

ViI.4 Optical properties

VII.4.1 Introduction

A1l glesses prepared were grey or
bluish-grey, the coloration generally increasing with
the amount of nitride added and varying slightly
according to whether AlN or SiBN4 was used as a
starting material; the former impaired optical
transparency more than the latter. These observations
imply that impurities or micro-heterogeneities cause
the poor transparency rather than structural nitrogen.
Figure VII.15 is a photograph of two nitrogen glasses,
shaped and polished both as discs and small blocks,
showing that they are reasonably transparent in thin
section. The discs were used for measuring infra-red

and ultra-violet transmission spectra while both the



Figure VII.15

Photograph of shaped and polished
nitrogen glasses both of the "standard
cation composition" (28M:56S5i:16A1)
and containing 18 e/o N:

(i) a Ca-Si-Al-0-N glass

(ii) a Mg=-Si-Al-0-N glass.
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blocks and the discs were used for electrical

measurements.

ViI.4.2 Infra-red and ultra-violet transmission

UV and IR transmission spectra were
obtained on a Beckman DK2A ratio recording spectro-
photometer for 0 e/o and 18 e/o nitrogen glasses in
the four systems studied. Typical spectra are shown
in Figure VII.16 for glasses of the calcium sialon

system.

It is clear that near IR transmission was improved
to some extent by the presence of nitrogen, and in
particular there is an absence of the band at about
2.7 po which corresponds to the Si-OH stretching
frequency. These observations are attributed to the
lowering of the concentration of "water" in the glass

by reaction with 815N4 during firing (Harding & Ryder,

1970:

6H20 + 513N4 -—> 2N2 + 6H2 + 38i0
It is suggested that this reaction occurs during the
firing of all glasses in the presence of hydrolysible
nitrides. Elmer & Nordberg (1965) also noted a

diminution or removal of the "water" absorption band
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Figure VII.16

Transmission spectira of a calcium
sialon glass (18 e/o) compared with
those of the corresponding oxide
glass (28Ca:5651i:16A1)

(a) the infra-red absorption spectra

(b) the ultra-violet absorption spectra.
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on nitriding glasses with ammonia.

The UV spectra of the same glasses show that the
incorporation of nitrogen via nitrides impairs the UV
transmission and brings the cut-off at ~ 250 nm to-
even longer wavelengths. The effect is attributed
partly to impurities in the glass but also must be a
result of nitrogen incorporation as claimed by

Swarts (1968).

Loehman (1979) blamed poor transmission in
yttrium and magnesium sialon glasses upon impurities
of boron and molybdenum picked up from crucidles, as

well as on impure starting materials.

ViI.4.3 Ref ractive index

The results presented in Table VII.2 and
Figure VII.17 demonstrate that there is a significant
increase in refractive index (n) for all glasses with
replacement of oxygen by nitrogen. Although the cation
content, and in particular the replacement of silicon
by yttrium or neodymium, would affect the values of n ,
the cation ratio is maintained constant in these glasses
to within + 0-25 a/o , so that the increases in
refractive index are solely due to nitrogen and so

should be related to the nature of the nitrogen bonding



Figure VII.17 Comparison of refractive index (n)
with nitrogen concentration for
Nd, Y, Ca and Mg sialon glasses

(2811:5651:16A1).
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Table VII.Z2

Variation of refractive index

(n) with nitrogen

concentration for glasses of

cation composition,

28M : 56Si : 164l

refractive index

M e/o N o
0 1.702
Nd 10 1.771
20 1.815
0 1.662
Y 5 1.690
10 1.717
18 1.745
0 1.609
Ca 10 1.652
18 1.686
0 1.567
5 1.592
Mg 10 1.618
14 1.632
18 1.645
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in the glass structure.

Loehman (1979) reported refractive indices of
approximately 1.7 for yttrium sialon glasses, and a
value as high as 1.76 (Jack, 1977a) has been obtained
although no direct comparative measurements with
corresponding oxide glasses have been carried out prior
to the present work. The values now reported (see
Table VII.2) for the high yttrium sialon glasses are
much higher than any value of n reported by
Makishima (1978) for their oxide equivalents, and show
that nitrogen glasses might have interesting optical
properties if their transparency can be improved by

increasing their purity.

VII.6 Conclusions

Nitrogen replacement of oxygen in glasses
increases their viscosity and it is clear that nitrogen
is chemically bonded in the glass structure. The
presence of nitrogen causes changes in the optical
transmission of the glasses and this, together with the
increment in refractive index, provides conclusive
evidence of nitrogen bonding. These changes in glass
properties should be explored in more detail because

of their possible teohnological exploitation.
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The present measurements of viscosity of nitrogen
glasses provide a better understanding of the behaviour
of nitrogen ceramics at high temperatures because
the grain-boundary glasses in such materials have
compositions within the glass-forming regions of the
pystems discussed in Chapter VI. The higheat viscosity
nitrogen glasses are in the Y-Si-Al-0-N system and
it is no coincidence that the best high temperature
properties of ;3'-sialon are obtained by using yttiria

a8 & densifying additive.

Improved high-temperature strength can be achieved
by producing a higher softening temperature grain-
boundary glass or by devitrification to form more
refractory crystalline phases. It is not possible to
obtain more refractory vitreous pheses than silicg
which itself begine to soften above about 1150°C .
Thus, the only practicable approach to property
improvement of nitrogen ceramics at elevated temperatures
must be by post-preparative heat-treatment to form
crystalline phases or to incorporate, by chemical
reaction, the vitreous or orystalline grain-boundary
phases into the structure and finally obtaining a

single phase material.



I111. Devitrification

VI1I.1 Devitrification of nitrogen glasses

VIiT.1.1 Introduction

Devitrification of selected glasses
on the 14 e/o nitrogen plane of the Mg-Si-Al-0-N
system and on the 16 e/o nitrogen plane of the

Y-Si-Al-0-N system was studied.

Other glesses of the "standard cation
composition" (see Chapter VII.1) were devitrified at
their appropriate crystallization temperature as

determined by DTA (see Chapter VII.3).
All devitrification experiments were carried

out under a purified nitrogen atmosphere and crystalline

phases were identified by X-ray diffraction.

VIil.1.2 Mg-Si-Al-0O-N glasses

Devitrification of glasses on the
14 e/o nitrogen plane at 1270°C for 20 hours gave the
crystalline phases shown by Figure VIII.1. The
predominant nitrogen-containing phase observed was the

so-called "N-phase" (M3281A104N) (see later).
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Other oxynitride phases identified were Si2N20 ,

X-phase and spinel (Perera, 1976). Cristobalite was

frequently present in varying proportions.

Devitrified samples containing only small amounts
of aluminium near the Mg-Si-O-N face showed only
enstatite (MgSiOB), forsterite (Mg2SiO4) and Si,N,0.
It is assumed that the small amount of aluminium present
in the original glass must have been incorporated in

the SiZNZO phase on crystallization, as discussed in

Chapter II1I (see Jack, 1973).

Mg-Si-0-N glasses did not completely devitrify
at this temperature, but at 135000 the crystalline

products were Mg23104 ’ M’gSiO3 and SiaN20 as

expected from the behaviour diagram. The proportion

of M32810 increased with increasing nitrogen content

4
for the same Mg:Si ratio, and correspondingly the

amount of M’gSiO3 was reduced, This is not unexpected

because more silicon is required to form 812N20 and

adjustments in the proportion of MgZSiO and MgSio

4

are then necessary to maintain a material balance.

3

Glasses of the "standard cation composition"
(28 efo Mg : 56 efo S1i : 16 e/o Al) were heat-treated
for 20 hours at their appropriate crystallization

temperatures. The nitrogen glasses gave different
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proportions of forsterite, enstatite and N-phase with
only traces of cordierite. The highest nitrogen-
containing glass (18 e/o N) produced more N-phase and
forsterite and less enstatite than the 10 e/o
nitrogen glass, The devitrification product of the
oxide glass contained no N-phase and only cordierite,

forsterite and enstatite.

N-phase can best be described as "nitrogen-
petalite" (Perera, 1976) because its X-ray diffraction
pattern is similar to that of natural petalite

(1Lialsi Ite assumed composition, MgZSiAIO N,

4010)’ 4
corresponds well with the phase assemblage obtained
after complete devitrification of the nitrogen glasses
described above. A magnesium-petalite has been
observed as a metastable devitrification product in
cordierite glasses (Schreyer & Schairer, 1961;
Holmguist, 1963; Barry et al., 1978) with a reported
composition near MgA1281501O which is quite different
to that of N-phase and it is concluded that the two

are quite separate and distinct phases although they

are probably isostructural.

Scanning electron micrographs of the devitrified
glasses show how the morphology changes as the phase
assemblage alters and is particularly noticeable when

comparing Figure VIII.2(a) with Figure VIII.2(b).



Figure VITT.?2

Scanning electron micrographs of
devitrified Mg-Si-Al-0-N glasses
(28Mg:565i:1641)

(a) Oefo N

(b) 10 efo N

(c) 18 e/o N,



)

RN

et ,
S, L.”




Figure VIII.2(c) is the 18 e/o nitrogen glass after
only 2 hours heat-treatment and crystallization is
evidently not complete although X-ray diffraction
shows the same phases as found on complete

devitrification (N-phase, forsterite and enstatite).

VIII.1.3 Y-Si-Al1-O-N glasses

Devitrification products of glasses on
the 16 e/o nitrogen plane after 20 hours at 1270°C
are shown in Figure VIII.3. Nitrogen-containing phases
are /3'—sialon. X-phase and SizNZO . The yttrium-
aluminium garnet (YAG) may also contain some nitrogen
as slight changes in d-spacings from the pure oxide
are observed. lewis et al. (1980a) reported that
silicoﬁ can substitute for aluminium in Y3A15012 and
concluded that nitrogen must also be present to maintain
the charge balance. "C-phase" is close in composition
to 'y'—Y231207 and mey contain some aluminium and
possibly nitrogen (Rae & Jack, 1976).

Compositions close to the Y-Si-0-N face did not
give any aluminium-containing phases although it is
likely that aluminium is substituted in Si N,O0 as

272
discussed in the previous section.

Glasses of the "standard cation composition"
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Figure VIII.? Devitrification products of glasses in the
Y-Si-Al-0-N system on the 16 e/o nitrogen plane

after treatment at 127000 for 20 hours.
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containing 0, 10 and 18 e/o nitrogen that were
devitrified near their crystallization temperatures

gave different crystalline products. All the
devitrified glasses contained Y281207 in various
modifications (Rae, 19]6). The oxide glass devitrified
to give mullite as the aluminium-containing phase.

Both the 10 e/o N and the 18 e/o N glasses formed
yttrium-aluminium garnet on heat-treatment, and the

18 e /o nitrogen glass contained another nitrogen-phase,
512N20. Figure VIII.4 shows the scanning electron
micrographs of the crystallized glasses., The
devitrified oxide glass had an extremely fine structure
(Figure VIII.4(a)) and Figure VIII.4(b) shows fairly
integrated, but simple lath-like or sometimes spheruliti
crystallites on addition of 10 e/o nitrogen. Figure
VIII.4(c) indicates how the 18 e/o nitrogen glass
devitrifies to a more complex morphology; the dark

needles are Si2N20 since they are not present in the

10 e/o nitrogen glass.

VIII.1.4 Ca-Si-Al-0-N glasses

Both the oxide and nitrogen glasses
devitrified to different proportions of gehlenite and
wollastinite; 812N20 was also present in the low

aluminium, high silicon and nitrogen-containing glasses.
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Figure VIII.4

Scanning electrbn micrographs of
devitrified Y~-Si-Al1-0-N glasses
(28Y:5681:1641)

(a) OefoN

(b) 10 e/o X

(c¢) 18 e/o N.
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Gehlenite is a member of the melilite series of
silicates. N-melilite (Rae, 1976), Y51 (31203N4)
is isostructural with gehlenite and forms a solid-
solution with it. The incorporation of nitrogen in
the gehlenite structure according to the formula
Caz(SiAl)B(O.N)7 is not surprising and electron-probe
microanalysis showed this to occur (Hampshire, 1979).
Nitrogen-gehlenite is formed on devitrification of

Ca-Si-Al1-0-N glasses and must have a fairly wide range

of homogeneity.

The scanning electron micrographs in Figure VIII.S
show that the crystalline morphology of Ca-Si-Al1-0-N
glasses of the standard cation composition does not
change much with nitrogen substitution since the same

phases are present in both.

vViIiTl.2 Devitrification of vitreous phases present in

sintered nitrogen ceramics

VIII.2.1 Introduction

The addition of oxides such as
1
Y203 and Mg0 to Si3N4 and ﬁ3 ~sialons is necessary
for liquid-phase formation during pressureless sintering
or hot-pressing. The liquid coats the surface of the
grains (Drew & lewis, 1974; lewis et al., 1977) and

allows the transport of material, necessary for



Figure VIII.5

Soanning electron micrographs of

devitrified Ca-Si-Al-0-N glasses

(28Ca:568i:1641)
(&) 10 e/o N

(b) 18 e/o N.
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densification, by diffusion through the liquid;

0(-515N4 dissolves and /3 or B’-sialon is
precipitated so that phase transformation also occurs
during densification (Hampshire, 1980). However the
oxynitride liquid cools to form a grain-boundary glass

which impairs high-temperature strength, creep and

oxidation resistance.

The present work has investigated the vitreous
regions occurring in some M-Si-Al-O-N and M-Si-0-N
systems and clearly the glassy phases formed on cooling
the densified materials must have compositions within
the vitreous regions examined. Any complete under-
standing of the high-temperature properties of nitrogen
ceramics must involve a study of the viscosity and
devitrification characteristics of the bulk glasses in

the appropriate M-Si-A1-0-N systen (Jack, 1979).

There has been little previous investigation of
grain-boundary glasses in sintered nitrogen ceramics
although recent work by lLewis et al. (1980a, b) and
Krivanek et al. (1979) using transmission and scanning-
transmission electron-microscopy made it possible to

observe and analyse the grain-boundary phases.

Devitrification of the glasses gives some indication

of their composition and thus should provide a clearer
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idea of how improvements in the high-temperature

properties of nitrogen ceramics might be achieved.

VIII.2.2 Results of heat-treatments

Table VII1.1 summarises the results of
devitrification treatments on pressureless-gsintered
!
silicon nitride and /3 -sialon compositions with both

magnesia and yttria as densifying additives.

si5N4 compositions containing MgO (1(a) and (b))
illustrate that the grain-boundary glass crystallizes to
give phases found on heat-treatment of bulk Mg-Si-0-N
glasses, and it is clear that the grain-boundary
vitreous phase must have contained substantial amounts
of nitrogen since SiaN O was a major devitrification

2

product.

A Y-Si-0-N glass must be formed when Y203

is used as an additive with SijN4 and the composition
is probably close to that of the Y-Si-0-N glasses
discussed in Chapter VI. It is well-established that
impurities accumulate in the grain-boundary phases
(Powell & Drew, 1974) and this may lead to greater
stability because the bulk glasses were shown to be

bloated and phase-separated. The devitrification

products (2(a) and (b)) depend upon the heat-



Posi-preparative heat-treatment of sintered nitrogen-ceramics

Table VIII.1

Sintered material
supplied by
Dr. S. Hampshire

starting original post-sintering |devitrifi- X-ray analysis
. treatment . cation s .
No. composition Tine tegp. X-ray analysis Time tegp. after devitrification
(h) | (c) (h) | (c
1a 5131«4 + 5w/oMg0 0.5 | 1680 B +o(-315N4 20 | 1340 | forsterite, Si,N,0, cristobalite
b |SiN, + 10w /oMg0 0.5 | 1650 - do - 20 | 1340 - do -
2a | Si,N, + Tw/0Y,0, 2.0 | 1600 [3- 51,8, 20 | 1180 | N-apatite, Y,51,0,, cristobalite
b - do - 0.75 | 1600 - do - 45 1250 YZSi 05, SizNZO, cristobalite
[
3a 50w/oSiaN4.501/0A1203¢0~5 1680 75%5 ,25%'X " 65 | 1300 | 'X' + mullite
1w /oMgO0 (z=2.5)
’ (4
b B z=3 + Sw/oMg0 0.5 | 1700 95%/8 (z=3) 65 | 1300| 'X', mullite, N-phase,
2%A1N, 3%15R spinel
[
c 55.9"/08131‘14, 9.3w/o0 |0.5 | 1680 92%/9 (z=3) 65 | 1300 | N-phase, spinel
AlN, '51.,6w/oA1205, 8%15R
5.2w/oMg0 .
/
a - do - 1.5 | 1600 | 94%/3 (z=3) 20 | 1270 | spinel, X-phase, mullite,
2% CX, 2% ALN N-phase

continued
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Table VIII.1

(continued)

Post-preparative heat-treatment of sintered nitrogen ceramics

starting original post-sintering |devitrifi- X-ray analysis
. treatment cation . . .
No. composition Time tegp. X-ray analysis Time tegp. after devitrification
(n) | (¢ (h) | (Ce)
/
4a 70w/oSisN4,20w/oA1203. 0.33 | 1650 95%/3 (z=1.5) 20 11270 | yttrium-aluminium garnet (YAG)
101w/o’1(203 3%/3, 2% X + C-phase
b - do - 1.0 | 1600 95%5' (z=1.5) 65 |1300 Y281207, cristobalite
4%/3 » 350K
/ . / .
c /3 z=3 mix + 0.5 | 1650 95%/3 (z=3) 65 |1300 | N-apatite, Y,51,0,
5.6w/mr?_o3 4%15R, 1%A1N
, ‘.
d esw/o513N4,5w/oA1205, 1.0 | 1600 98%/3 (z=1) 65 | 1300 Y251207. YAG, cristobalite
101!/0‘1'205 2% CX

9L
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treatment temperature and time because in 2(a) the

phases were N-apatite (Rae, 1976) and Y281207 but

in 2(b) these had evidently reacted together to form

composition is the same in both cases it seems that

0 and Y2810 Assuming the original glass

Y28i05 and 312N20 are the stable phase assemblage
after treatment at this temperature and it is clear that

the glass must contain nitrogen.

The phases found on devitrifying /3' -sialon
compositions sintered with MgO are similar to those
found in devitrified Mg-Si-Al-0O-N glasses; see
Figure VIII.1. The appearance of mullite, X-phase and
spinel suggest that the grain-boundary glass must have a
high aluminium concentration. The proportion of
magnesium-containing phases is directly related to the
amount of Mg0 originally used. Lewis et al. (1980b)
observed grain;boundary glasses only in their hot-pressed
material and concluded that the majority of the magnesium
was incorporated in the glass and not in the ﬁBI-phase.
They also reported that increasing the MgO content led
to more glass formation and consequently more A1203 was
incorporated in the glass and less in the /3, . It is
found in the present work that even the time and
temperature of the original sintering treatment affected

the glass composition and, on subsequent devitrification,

the final crystalline phase assemblage. This can be
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clearly observed in 3(c) and (@) where the starting
compositions are the same.
l}

The ﬁa compositions sintered with Y203 show
that the glass composition must vary greatly not only
with the composition of the starting mix but also, as
mentioned above, with the original firing treatment.

In 4(a) and (b) the devitrification products are
completely different even though the starting mix is the
same. It is apparent in 4(a) that the shorter
devitrification time (20 hours) produces yttrium-
aluminium garnet and C-phase, whereas a longer treatment
(65 hours) probably allows the aluminium to be

/

incorporated in the B leaving only binary silicates

as grain-boundary phases.

YAG and C-phase contain nitrogen, as discussed
previously, and the glassy grain-boundary phases must
also contain nitrogen although it is impossible to say
how much without direct analysis. Jack (1977b)
concluded that about 4 a/o nitrogen was incorporated
in the grain boundary glass of /3, -8ialon hot-pressed
with Y203 and it is clear from the present work that
its composition falls within the Y-Si-Al1-0-N glass-

forming region.
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VIII.2.3 Discussion

The highest viscosity bulk nitrogen
glesses are in the Y-5i-Al1-0-N system where softening
begins around 1000°C (Chapter VII); the useful
strength and oxidation resistance of /3’ -sialon sintered
with yttria will therefore decrease above this temperature
and the presence of impurities in the glass will lower
the softening point still further. Suitable post-
preparative heat-treatments and compositional control
to obtain highly refractory phases from the grain-
boundary glass offer methods of improving the high-
temperature properties. However, as discussed above,
the control of the grain-boundary glass composition and
its devitrification products is dependant upon the many
variables of densification and devitrification treatments.
The devitrification of the glassy phase may also be
aided by the addition of suitable nucleating-agents
to the original mix. This might ensure complete
crystallization during heat-treatment and avoid the

retention of any glass.

The lowest solidus temperature in both the
yttrium and magnesium alumino-silicate systems is
approximately 155000 and so some liquid will
eventually form even in the devitrified material if this

temperature is exceeded, leading to deterioration in

strength and oxidation resistance. The presence of
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nitrogen in silicates has been shown to cause a

lowering in the solidus temperature (Hampshire, 1980).
Jack (1979) pointed out that as the number of components
in a particular system increases, the solidus
temperatures are lowered and so in four or five component
systems, even after posi-preparative treatment, only a
limited improvement can be made in high-temperature

properties.
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/]
IX. <¥4£3 - Magnesium Sialon

IX.1 Introduction

Magnesium, beryllium and many other metal-silicon
nitrides and oxynitrides have hexagonal structures
based on the wurtzite-type shown by aluminium nitride.
AlN dis built up of A1N4 tetrahedra whereas MgSiN2
structure contains equal numbers of MgN4 and SiN4
tetrahedra and it can be regarded as an orthorhombic
superlattice of the hexagonal AlN . Magnesium is
therefore tetrahedrally coordinated in the nitride
structure whereas it is usually octahedrally
coordinated in oxides and silicates, with the exception
of spinel (MgA1204) and akermanite (032MgSi207) where
it is tetrahedrally coordinated.

Be 510 (phenacite) is the same structural

4
arrangement as ﬁB -513N4 but where the nitrogen atoms
are replaced by oxygen atoms and two beryllium atoms
substitute for two of the silicons of the /3 structure
(see Figure II.1(a)). The beryllium atoms are

therefore tetrahedrally coordinated with oxygen forming

Beo4 tetrahedra in the structure.

Mg25104 (forsterite) is made up of isolated
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Sio0 tetrahedra in whioch the oxygens have a hexagonal

4
close-packed arrangement with the magnesium cations
occupying one-half of the number of octahedral holes
in an ordered way and silioon occupying one eighth
of the tetrahedral sites; hence magnesium is
octahedrally coordinated in forsterite.

Since Be, 510, is isostructural with ﬁ-—SiSN

4

then it shows quite extensive solid-solubility in

4 !

[
both/3 and /9 whereas the solubility of Mg,Si0, in

/E3 or/EB’ is much lower; indeed the reaction of
MgA1204 with silicon nitride indicated only 6 e/o
magnesium solubility in the /9 structure (Hendry et al.,
1975).  Gauckler et al. (1978) and Lewis et al. (1980b)
reported that magnesium solubility in /Bl -sialon is
negligible and concluded that the magnesium is

incorporated in the grain-boundary glass or the spinel

and polytype phases that are present after hot-pressing.

Recent work by Schneider et al., (1980) shows
how a complete solid-solution can be produced between

BeSiN and

2 2
AlN resulting in a single-phase material of the

and /3-513N4 and also between BeSiN
wurtzite structure.

The technological advantages of obtaining single-

phase nitrogen ceramics is obvious sinoce the presence
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of a second phase, whether vitreous or crystalline,
is the major cause of the deterioration in the high-

temperature properties.

A liquid region has been reported to exist on the
3M:4X compositional plane of the Mg-Si-Al-O-N system
(Jack, 1977b) close to forsterite (Mgzsm4) as is
shown in Figure IX.1. The existence of a phase
igostructural with /B-s13N4 but close to a
composition within this liquid region was discussed
in Chapter VI. The purpose of the investigation
described in the present Chapter was to study the

formation of this phase, now designated as

]
/53 -magnesium sialon.

IX.2 Exploration of the 3M:4X plane close to forsterite

The vitreous region in the Mg-5i-A1-0-N system
extends through the 3M:4X plane and slightly above it;
see Chapter VI, Compositions were explored within and
around the glass region on this plene and the results
are presented in Figure IX.2. Peripheral compositions
on the Si,N side of the glass-forming region after

374

firing at 1700°C gave a phase with the ﬁ -513N4

structure but with unit-cell dimensions of much higher

1
values than previously found in any /3 -s8ialon (z=4),

The relative changes in d-spacings are shown in



Figure IX.1 The 3M:4X plane of the ig-Si~Al-0-N system

o
showing the liquid regions at 15000 1600 and 1700°C.
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Figure

IX.2

The 3iM:4X plane of the Iig-35i-Al1-0-N system
showing the glass-forming region at 170000

and peripheral crystalliine phase fields.



Mg-Si-Al-0-N system
3M:4X plane

Crystalline phases:
,B"-/B'_'Mg sialon
/3'—/3’-Si3N4
B-[3-sialon
F - Forsterite
S-Spinel

G-glass formation
1700°C
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Figure IX.3. The unit-cell dimensions vary depending
upon the composition and, of those compositions examined,

were in the range,

a , 7.806 - 7.930 £ ; ¢, 3.069 - 3.103 §
[
compared with those of a /EB ~-sialon at the composition
z=4 (812A1404N4)

a, 7.718 % ; ¢, 3.010 8 .

Accurate values were difficult to obtain since

compositional variations give broad lines on the X-ray

diffraction patterns. The new phase was designated
ﬁBu-magnesium sialon.

i
/EB was produced by either adding 5Si

3'4

(usually in the form of high/EB) to a glass composition
thus moving the composition outside the vitreous region
to the points marked "a" and “b" on Figure IX.2,

or by direct preparation from oxide and nitride powder
mixes. The former method was investigated by firing
glass and AME “high /E3—813N4" for five minutes at
1700°c in the tungsten resistance furnace and
subsequently cooling it (250°C/minute), whereas the
latter method required longer firing times, 30-60

minutes, for complete reaction.



Figure IX.3 X~ray photographs showing the diffraction pattern

'
of /3" (2) compared with ﬁ-sialon (3) and /3—5131\14 (4).
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/Buwas frequently found as a crystalline phase
on the periphery of the glass-forming region of the
Mg-Si-Al1-0-N system and occurred both on and below
the 3M:4X ocompositional plane (see Chapter VI).
Trace amounts of /E3—313N4 were always present in

i
conjunction with the /3 -phase.

u
IX.3 X-ray and mioroscopical examination of/--:3

Optical and scanning electron micrographs of
the composition marked "a" on Figure IX.2
(M8228118A15047N10) show small regular-shaped crystals
distributed in a matrix of glass; see Figures IX.4(a)
and 5(a). Heat-treatment of the same semple at 870°C
for 20 hours increases the extent of crystallization
around the original small crystals (Figure IX.5(b)).
Further heating at 930°C for 20 hours shows that the
sample is almost completely crystallized with only about
15-20% of residusl glass; see Figures IX.4(b) and 5(c).
X-ray diffraction showed a corresponding increase in the
amount of /3” and a trace of forsterite (Mgzsio4) was
also detected after treatment at 93000. Higher
magnifications on the material before heat-treatment
identified hexagonal crystals (Figure IX.6(a)), the
electron-probe micro-analysis of which showed them to
be mainly silicon nitride that had evidently precipitated

from the liquid on cooling. The matrix was a homogeneous



Figure IX.4

Optical miocrographs of composition
M8228118A15047310 'marked agf.g on
FPigure IX.2

(a) alter firing at 1700°¢ for 5 minutes
(b) as (a) and then devitrified at

930°C for 20 hours.






Pigure IXe5

Scanning electron micrograph of

composition marked "a" on Figure IX.2

(a) after firing at 1700°C for 5 minutes

(b) as (a) and then devitrified at
870°C for 20 hours

(¢) as (a) and then devitrigied at 930°¢C

for 20 hours.

-
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Figure IX. 6

Soanning eiéotron micrograph of
compogition marked "a" on Figure IX.2
(a) after firing at 1700°%¢ for 5 minutes
(b) as (&) and then devitrified at 930°C

for 20 hours,
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glass with an analysis close to the starting composition,
¥g,4. 3515, 1413,0%s.8%.8 °

Figure IX.6(b) is a higher magnification of the
sample shown by Figure IX.5(c), i.e. after treatment
at 950°c for 20 hours and it is apparent that the
hexagonal crystals are surrounded by equiaxed grains.
Electron-probe microanalysis showed that the hexagonal
orystals are again silicon nitride and the surrounding

grains are of average composition,

i l 0
¥&20.75%18.1413.6%47.9%9.7
corresponding to the "cross" (+) marked "c" on
n

Figure IX.2. The unit-cell dimensions of this pa.rticula:c/a

composition being a, 7.909 ; c, 3.100 .

TPhe X-ray maps of the three cations obtained from
EDAX (Figure IX.7) show that there is a homogeneous
distribution of Mg, Si and Al around the particles
of silicon nitride. It is clear from the X-ray
diffraction evidence and the electron-probe microanalysis
that the equiaxed crystals are the /3”-phase and have a
composition M820.7Si18.1A13.6°47.9N9.7 that is very
close to that of the original glass. The hexagonal
crystals are evidently /3-813N4 and the /3” seems
to nucleate on them. Transmission electron-microscopy
(Wild, 1980) has also shown this feature and epitaxial

" !
growth of the/B on /3-8151‘14 (or /3 -sialon)

I
seems probable since the diffraction patterns o%ﬁB



o

Figure IX.7 EDAX of composition marked "éhAéﬁ
" Figure IX.2 ‘ E
(a) secondary electron image and X-ray

maps: (b) Mg (c¢) si and (d) aAl.
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and are superimposed and have the same orientation.
’

On shifting the composition closer to the /3 -sialon
phase field, ﬁlparticlea act as nuoclei. It is
probably fortuitous that /3”18 formed merely by cooling
the appropriate fusion mixture since it is obviously a
product of devitrification. However, under the
cooling conditions employed, the sample was held

gufficiently long in the correct temperature range

(8500-95000) for crystallization to start epitaxially

!
on /3-813N4 or/3 particles.

The ﬁ”-magneeium sialon phase is not stable
above 950°C and gradually transforms to forsterite,
N-phase and silicon oxynitride. Heat-treatment of the
sample shown in Figure IX.4(b) at 1270°C transformed

it completely to the above phases.

IX.4 Discussion

n
The /B-ma.gnesium sialon phase is isostructural
with /3-813N4 but with highly expanded unit-cell
dimensions. The only directly determined composition,
M520.7Si18.1115.6047.91‘9.7 y has & metal:non-metal
ratio of 3M:4X i.e. the same as for SiBN4 and

332810 and in order to adopt the phenacite structure,

4 1]
and therefore maintain the requisite 3M:4X ratio,

]
all the metal atoms must occupy tetrahedral sites in B .



It is clear, therefore, that megnesium cannot occupy
interstitiel sites in the structure, as it does in
!
O -gialons, M’x(Si,A1)12(O,N)24 where M:X > 3:4
(see Jack, 1976; Hampshire et al., 1978) and in the
stuffed-quartz derivatives of silica (see Buerger, 1954)

S+ sid*

where Al replaces in the tetrahedral sites

and the charge balance is maintained by stuffing
m32+ jons into the interstitial sites (Schreyer &

Schairer, 1961).

"
The composition of /E3 is close to that of

5= 2-

forsterite with some substitution of N for O
and with appropriate changes in the cation ratio i.e.
si%* anda 41%* replacing Mg?' , thus meintaining
a 3M:4X ratio and providing overall electroneutrality.
It is clear that the change in composition enables
magnesium atoms to become four-fold coordinated in the
/EB”-phaae, rather than six-fold coordinated as in
forsterite, and this change is probably due to the

presence of nitrogen.

As disoussed in Chapter VI there is evidence that
magnesium is tetrahedrally coordinated in nitrogen
glasses. It is not unreasonable, therefore, that
magnesium should be tetrahedrally coordinated in a

n
ocrystalline phase such as /E3 which is obtained by

devitrification of nitrogen glasses.

88
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Table IX.1(a) lists the bond lengths, for
tetrahedral coordination of the metal atoms that ocour
in the /Eau-phaae. For the composition
M820.7Si18.1A13.6°47.4N9.7 » the relative proportions
of all the M-X bonds in the structure can be
calculated and, using the appropriate individual bond
lengths (Table IX.1(a)), an average M-X bond length
of 1.825 X is derived. Comparison with the mean
Si-N bond length of 1.74 & in /3-31 N, indicates

3°4
U]
that the [3'-lattice is linearly expanded by 4.9%

relative to /E;. Assuming this expansion is '

isotropic the unit-cell dimensions of /E;uaxe therefore

expected to be 4.9% larger than those of /3-813N4 .
Table IX.1(b) shows that the calculated and

observed unit-cell dimensions and volumes for /53” are

in reasonable agreement. The calculated a-value

and c¢-value are respectively somewhat higher and lower

than those observed but the calculated and observed

cell volumes are in exact agreement. This shows‘that

although the expansion of /3”1'ela.tive to /3 is not

isotropic, the overall volume change is accounted for

by the proposed composition and structure.

Since the scattering factors of silicon, magnesium
and aluminium are very similar to each another, it is

not possible to detect any change in intensities or the
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Table IX.1(a)

M-X bond lengths for the tetrahedral coordination

of metal atoms and relative numbers of the

7]
different bonds in ﬁa of composition,

M8,y0.75848. 1213, 6%27.9%9. 7

bond M - X bond lengths, relative numbers of
M - X bonds in the

M-X £ " _phase

MB -0 1.97 1.406

Mg - X 2.13 0.082

si -0 1.62 0.355

si - N 1.74 0.072

Al - 0 1.75 00071

Al - N 1.87 0.014

Table IX.1(b)

» "
Unit-cell dimensions and volumes for B-813§4 emv:i/3

of composition M320°7Si18.1A13'6047.9N9.1

unit-cell unit-cell 3
dimensions, X volume,
Y (] v
- . . 145,
}3“s13n4 7.61 2.9 45.9
/3 calc 7.98  3.05 168.4
]
B'oba 7.92 3,10 168.4




occurrence of extra reflections in the X-ray diffraction
pattern due to the presence of magnesium in the/EB”
structure. However it is clear from the above that
magnesium must occupy tetrahedral sites in the
structure.
n

The phase crystallizes from the glass only in
a limited temperature range (8500-95000) and in the
presence of /53-815N4 crystallites acting as nuclei
on which it grows epitaxially. Above 950°C,
diffusion rates increase and the greater structural
mobility allows transformation of the /3” phase to the
more stable forsterite structure with aluminium and
nitrogen being accommodated in N-phase (MgzsiA104N)
and any excess 8ilicon and nitrogen forming Si_N_O .

22

The transformation of one phase to another is not
uncommon during devitrification of glasses; indeed in
the Mg-Si-A1-0 glass-system the formation of
metastable phases such as high-quartz solid solution
and magnesium-petalite occurs at low temperatures
during devitrification (see Barry et al., 1978).
Similarly, /B“-ma.gnesium sialon occurs as a low-
temperature devitrification product of Mg-Si-Al1-0-N

glasses which have compositions at or close to

3IM:4X .

91
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X. Conclusions and Suggestions for Future Work

Nitrogen-containing glasses occur in a number of
M-Si-0-N and M-Si-Al-0-N systems. The M-Si-Al1-0-N
glass-forming regions are extensions of their
corresponding M-Si-Al1-0 vitreous regions and occur
by the substitution of oxygen by nitrogen in the glass
provided that appropriate valency compensation is also
made by changes in the cation composition. Initially
the composition range of the glass-forming region
widens up to about 10 e/o N (4 a/o) but on further
substitution of oxygen by nitrogen the extent of the
vitreous region is gradually reduced. The maximum
nitrogen solubility is in the range 10-12.5 a/o
depending upon the particular system. The highest
nitrogen-containing glasses so far obtained are in

the Y-Si-Al-0-N system.

Viscosity and refractive index in all the nitrogen-
glass systems increase with nitrogen concentration.
These observations are of possible technological
significance since replacement of oxygen by nitrogen
in glasses provides a means of changing glass

properties.
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The study of viscosity, and devitrification of
nitrogen glasses is necessary for the understanding of
the high-temperature properties of nitrogen ceramics.
Eventual improvements may be made in these materials
by compositional control of the grain-boundary vitreous
phases and post-preparative devitrification heat-
treatments to obtain refractory second phasee_compatible

with the matrix.

The B'{-magnesiun sialon phase is isostructural

with [3-51,N, and has a composition close to that
of forsterite (M3251o4) but with some substitution
of M32+ by Si4+ and A1}+ and also 0° by N~ .
The phase is obtained by devitrification of 3M:4X
gla.s?es and must be nucleated by /3-813114 or

/EB -gialon. The possible stabilization of this phase
to higher temperatures is worth further exploration

since single-phase nitrogen ceramics densified with

pagnesia additions might then be possible.



94

Appendix

The Dielectric Properties of Selected Nitrogen Glasses

Initiel measurements of dielectric constant on some
calcium and magnesium sialon glasses are discussed
(Thorp & Kenmuir, 1980). The glasses were of the
standard cation composition, 28 e/o M : 56 e/o Si :
16 e/o Al , (see Chapter VII), and are given in
Table A.1. The measurements were carried out at

Durham University on specimens prepared at Newcastle.

L]
Values of the real ( € ) and imaginary ( € ) |
parts of the dielectric constant and the a.c.

) were obtained at room

3

conductivity ( O~ ac

temperature over a frequency range 10° Hz +to 104 Hz
using bridge techniques. The experimental methods are
described in detail by Thorp & Rad (1980) and Rad (1980).
" Specimens of 1 cm diameter and a thickness of 0.05 om
were prepared from the bulk glasses by cutting and
polishing and transparent discs similar to those shown
in Figure VII.1S were obtained. Circular gold
electrodes were evaporated onto the surfaces of the

discs to provide good electrical contact with the

electrodes of the measuring jig. Careful estimation



Table A.1 Composition of the glasses investigated and their dielectric constants
: composition E. € refractive
Isl::ﬁ:: 1 600 Hz oo ind ex%
Mg Ca si Al 0 N ( €oo’)
, |efo | 28 - | 56 | 16 | 100 6.8 2.46 1.567
afo | 16.8 - 16.8 6.4 | 60.0
2 efo 28 - 56 16 82 18
afo | 17.4 | - | 17.4 | 6.7 | 51.0 | 7.5 8.3 2.71 1.645
3 e/o - 28 56 16 100 0
a/o - | 16.8| 16.8 | 6.4 | 60.0 0 8.8 2.59 1.609
4 e/o - 28 56 16 88 12
a/o - |72 17.2 | 6.5 | 5402 | 4.9 9.1 2.71 1.664
5 e/o - 28 56 16 86 14 ,
a/0 - 1 17.3| 17.3 | 6.5 | 53.1 | 5.8 10.1 2.80 1.673

66
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of edge effects enabled an accuracy of + 6% to be

achieved.

Table A.1 shows the values of Ef and the
variations of log ( E.-Eoo) with log W are
illustrated in Figure A.1. The value of &g was
estimated from the optical refractive index measurements
discussed in Chapter VII. The data obtained for each
composition fit well with the Universal dielectric

response law
( € -€p ) = w &

and the slopes of the individual plots give a value

of n = 0,99 + 0.02 for all the glasses. It is clear
that substitution of nitrogen for oxygen increases

for both the magnesium and calcium glasses at any
frequency in the range examined. The value of E}

also increases when changing the modifying cation from
magnesium to calcium in both the oxide and nitrogen
glasses. As discussed in Chapter VII, the values of
refractive index are altered in a similer way by the same

compositional changes (see Table A.1).

The conductivity data are shown in Figure A.2
and the curves for each glass composition fit well

with the variation expected for a hopping mechanism
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of conductivity where O“ac ('S wn « The data
give a value of n = 1.0 + 0.1 for the calcium
glasses which is in good agreement with that found
from the ( € - €oo) curves. In the case of the
magnesium glasses the values of n derived from the
conductivity measurements are rather lower than those
obtained from the dielectric plots. It must be
pointed out that it is more difficult to measure
accurately the values of 0"a° than E' and this

might explain the discrepancy.

Conductivities for Y-Si-Al-0-N glasses reported
by leedecke & Loehman (19680) at 100 kHz and elevated
temperatures are of a similar order to those discussed
here in the kHz xrange but measured at room temperature.

0

The above authors also reported an increase in & ,

at room temperature, with nitrogen addition.
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