MAGNESIUM SIALONS

A Dissertation submitted for the Degree of
Doctor of Philosophy

of the University of Newcastle upon Tyne

by

DAYANTHA SHRESHTA PERERA

Department of Metallurgy and Engineering Materials

The University'of Newcasile upon Tyne

September 1976



BEST COPY
AVAILABLE

Poor quality text in
the original thesis.



Preface

This dissertation describes original work, and
it has not been submitted for a_degree at any other
university. |

The investigations were carried out in the
Crystallography Laboratory, Departmeﬁt of Metallurgy
and Engineering Materials of the University of
Newcastle upon Tyné within the period October 1973
to Septembe£'1976, under the supervision of |
Professor K.H. Jack.

Thg thes%s describes the investigation of thé
magnésium;silicon—aluminium-oxygeﬁ-nitrogen system.
Phase relationships have been studied in this systen
~and the physical and chemical prppertiés of some of

the more‘important phases have been measured.
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Abstract

The Mg-Si-Al-0-N system was investigated for phase

relationsbips from compositions made from Si3N4, A1203,
$i0,, Mgo0, Mg3N2 and pre-prepared sp;nels and forsterite.
These were hot-pressed at 1700-1800°C and the products:
were analysed by X-fay techniques and from the results
behaviour diagrams ﬁére constructed.
A single-phase region of p'-magnesium sialon
isostructural with p -silicon nitride and similar to the
p' -phase in the Si-A1-0-N system was observed in the
plane of constagf 3:4 metal:non-metal atom ratio.
Some property measurements were cafried out on a selected
p'-magnesium sialon. It has a low isotropic coefficient

6on=1
¢ and slightly better

:_of expansion of 2.7x10"
oxidation résistance than. Ptsialon.

A homogeneous nitrogen containing spinel region
vwas observed'in the: M33N2'M3°’A12°3'A1N Plane extending
into the Mg-Si-Al-O-N system. Evidence for the
formation of spinel with vacant noﬁ-metal atom sites is
given.

Number of new phases and structural modifications
of existing AlN-polytypes were observed, The AlN-
polytypes 6H, 12R, 15R, 12H, 21R, 20H and 2H‘

corresponding to the metal:non~-metal atom ratio of



433, 5:4, 5:6, 6:7, T:8, 10:11 and >10:11 L 151 were
found.

A new gquaternary nitride, Ivi'gAlSiN3 was formed
by reacting Mg3N2,SiBN4 and AIN at 1800°¢C. This
compound has an orthorhombic structure, space group
Cmc21 based on the lithiﬁm silicon nitride structure
with ordered magnesium atoms occupying lithiﬁm positions
and disordered Si,Al atomg in silicon sites.

Some glass-forming compositions in the Mg~8i-0-N
system and the Mg-Si-Al-0O-N system were observed.
This glass plays an important role in the hot-pressing
-of silicon ﬁitride and iﬂ -sialon with magnesium oxide

additions.
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TI. Introduction

o Te1 The meaning of ceramics

It is becoming increasingly difficult to give an
.all-inclusive definition of  ceramics, A‘meaningful
definition is "The art and science of making énd using
‘M*“EEIia”éffiéles“which‘hava”aS“theif essential component,
and are composed in large part of, inorganic, nonmetallic
‘materials" (Kingery, 1967).

" Over the last 10 to 15'years, there has been a
Trapidly incfeasing need for structural and specigl
'purpose materisls able to withstand severe environmental
conditions. Industry has been turning away from the

metallic engineering materials towards non-conventional

. ceramics. This has broadened the field of ceramics to

include in addition to the traditional materials made
largely from natural raw materials such asg clay, quartz
and’feldspars, tﬁe purer ﬁaterials based on metal
4§xides, nitrides, silicides and carbides, These

form the branch of "Special ceramics", Mpe division
between metals and ceramics is somewhat arbitrary ang
some ceramic materials, fhe ihterstitial alloys,

also have metallic properties, e.g. TiC, zz, we.



I.2 Technologiéal applications of ceramics

| Historically, ceramic materials‘predate metals.
However, metals have been better understood because they
aré somewhat simpler in structure‘and are in general made
up of identical atoms in a simple close-pscked or hearly
close-packeé arrangement; ceramics are composed of at
least fwé different ﬁypes of atoms linked together by
either ionic or covalent bonds the latter being responsible
for high hgrdness, refractoriness and chemical inertness.
From a tec nological point of view the main disadvantage
qfrqeramicg is their brittleness. Soge of the more

!

.desirable properties that are required of ceranmic
éngineering materialé are: |
(1) High specific modulus i.e. elastic modulus/specific
) -gravity;
(2) cood high—temperaturé strength;
(3) Good thermal shock resistance;
(4) Ease of fabrication;
(5) High chemical stability.

Table I.1 shows pofential ceramic materials with
_ their high specific moduli and melting or decomposition
temperatures, oomparéd with convgntional engineering
materials 1ike steel and wood. For & high modulus, the
bond streng{h.between atoms must be high and for a low
density the atoms must have low atomic weights ang small
60-0r&ination numbersf 'This'impliés covalent bonding.

The high-modulus materials also have high melting or



.

Table 1.1 Some high specific médulus materials

(after Jack, 1973)

elastic moduius . melting or decompbsition
specific gravity - temperature -
10%0 10”2 10%m w7 °c
AN 15 .03 © 2150
. ’ 0 - '
51203 13. 9 2050
BeO ' 18 124 ' 2530
C whiskers 61 421 3500
"sic 25 o172 2600
si,N, : - - .
‘Sis 4 o _17 1 1900
BN . . 7 48 ' ‘ 2700
steel, glass, 4 28
alumininm,

wood



high decomposition temperatures because this also depends
on o high interatomic bond strength. _Of the materials
listed in Taﬁle I.1, aluminium nitride is easily hydrolysed,
alumina has poor thermal shock resistance, beryllia is
toxic, and carbon is easily oxidised. This leaves

silicon carbide and silicon nifride as leading contenders

for high-temperature engineering applications.

. Je3 -Bevelopment of nitrogen ceramics

Some of the useful properties of silicon nitride,
"namely its high strength, good wear resistance, high
'éecomposifion temperature, oxidation resistance, excellent
thermal shoék properties, low coefficient of friction and
resigtance to corrosive environments should make it an
ideal material in the gas turbine engine. Figure I.1
illustretes the parts of a gas‘turbine which would need
‘ +0 be made out of ceramic components., There‘are other
potential aéplications for nit:ogen ceramics, in aerospace
as radomes and nqzzle materials, in éngineering as die
materials, ball Bearings for abrasive or corrosive
'environments, crucibleé, the:mocouple sheaths, gas burner
elements. Silicon nitride also beihg an electrically
insulating material, it may be used in microwave
dieléctric transparency applications such as antenaé
windows, electron tube windows and envelopes,

Silicon nitride being a covaléntly bonded solid,

it cannot be sintered to maximum density by firing and it
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| is possible to reach theorétical density only by hot-pressing
m-ﬁilibon nitride with small added quanrtities of metal
oxides such és magnesia, alumina, yttria, Hot-pressing

is an expensive and time consuming method ang complex

shapes cannot be fabricated. However complex shapes may

be fabricated by "reaction-bonding" as discussed in

Chapter iI, but it has limitations because of itg high
porosity. This has led to further investigation of
materials based on éilicon nitride.

It was found rossible to replace silicon by
“sluminium and at the same time nitrogen by oxygen in
*silicon nitride without change of structure (Oyama &
Kamigaito, 5972; Jack & Wilson, 1972).  fThis opened up
a wide field of chemistry based on the Si-pl-0-N system.
By hot-pressing mixtures of aluminium nitride and aluming
with «-silicon nitride at 1700-1800°C a single-phase
 material having the pg-silicon nitride erystal structure
‘with slightiy enlarged unit cell is obtgined (Gauckler, .
Lukas & Petzow, j975; Lumby, North & Taylor, 1975;

Jack, 1976). This is widely known as "sialon", the
.name being an acronym of Si-Al-0-N, and it is designated
as P!; because it ﬁas the same orystal structure its
physical and mechanical'propefties are similar to those

of B -Si3N4, but because it'is»nearer Al O in

273
chemical composition its chemical properties are more like
L
those of alumina. Similar g-sialon phases were obtaineg

by reacting «-silicon nitride with lithium aluminium



spinel, LiAlBO8 (Jama, Thompson & Jack, 1974) and also
with magnesium-aluminium spinel (Jack, 1973). In other
words, properties can be to some extent "tailor-made" by
"glloying" silicon nitride with A1203, MgO, LiZO and
other metal oxides and nitrides. Depending on the extent
and the type of combination, the properties of the product
varies e.g. high oxygen content gives good oxidation
resistance and easigr sinterability. Sialons have not
only a potential use in the ceramic gas-turbine but also
in many other engineering and technological applications.
In @arlier work at Newcastle associated with the hot-
'pressing of_silicon nitride, several metal-silicon nitrides
inciuding those of magnesium (MgSiNz), manganese (MhSiNz)

and lithium (LiSi N3) were prepared and characterised

2
(see Chapter 1I). These all have structures based on

that of aluminivm nitride (AIN) and are built up of
metal-nitrogen tetrahedré MN4 (M = Mg,Mn,Li,Si), In all
‘these nitrides limited replacement of nitrogen by oxygem

-is possible, valency requirements being met by some of

the metal-atom sites becoming vacant. These considerations'
suggested that there is every possibility of incorporating
magnesium, manganese and lithium as M(O,N)4 (M = Mg,Mn,Li)
structural units in pceialons which, being isostructural
with @-Si N, are built up of (Si,sl) (0,N), tetrahedra.
The existence of #£-lithium sialons and p'-magnesium

sialons has been confirmed as mentioned above. The range

. A ! : . .
of homogeneity of f-magnesium sialon was not determined and



needed investigation.

| ptﬁialon has better oxidation resistance,
creep resistance, resistance to chemical attack and has
a‘lower coefficient of expansion than silicon nitride
(see Chapter II). Therefore it would be expected that
another goda refractory oxidé like magnesium oxide
3N4, A1203 .and

AlN +to foxm materials with chemical resistance superior

(m. pt. 2800°C) would "alloy" with & -Si

to that of | p'-sialon.

Bel & Wilson (1973) reacted magnesium oxide with
mixtures of o -silicon nitride and alumina, and observed
uAlN-polyfypes similar to those found in the Si-A1-0-N
system (see Chapter II)e It seemed probable that these
polytypes could accommodate Mg. and an investigation of
'the Mg-Si-Al-0-N system was considered necessary,

One of the first additives to be used to densify
silicon nitride was magnesium oxide. The proposed
_mechanism for densification is via liquid phase sintering
and is discussed in detail in Chapter II. Wila,
Grieveson, Jack & Latimer (1972) showed that the liquid
phase present at the sintering temperature remains as a
glass at room temperéture and divitrifies to enstatite
and silicon oxynitride. It can therefore be concluded
that this glass contains lig, Si, O and N. Si-N bonds
are more covalent than Si-O bonds and make the glass more
refractory than a silica glass, Tﬁese glass systems

(Mg-Si-0-N or keg-Si-Al-0-N) need further investigation.



IT. Previous Investigations

IT.1 The crystal chemistry of nitrogen ceramics

Silicon nitride exists ip two crystallographic
forms « and B . B has the atomic arranéement of a
silicate structure, phenacite (Be23i04), and is a
typically covalent solid built up of SiN4 tetrahedra
joined in a three-dimensional net-work by sharing corners;
each nitrogen corner is common to three tetrahedra
\(Figure iI.1). of -silicon nitride representé another
way of Jjoining together SiN4 tetrahedrs exéept that
about 1 in 30 nitrogen atoms are replaced by oxygen
(Figure ji,z). | The qnit—Celi céntents of p -silicon
nitride are SiéNs and that of of-silicon nitride are
Si12ﬁ16' A selection of unit-cell dimensions from the
-literature is presented in Tab}e II.1. .

In the Si-O-N system “silicon oxynitride" 8Si_ N0

22

another nitrogen ceramic, is built up of SiN_0 tetrahedra

3
and consists of parallel sheets of Si-N atoms joined by
8i-0-Si Dbonds. It has four forwmula units in its

orthorhombic unit cell and dimensions:
& b c

5.498 8.877 4.833 (Forgeng & Decker, 1958)

5.473 8.843 . 4.835 (Indrestedt & Brosset, 1964)

&
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Table II.1  Unit cell data of silicon nitride in 8

& -phase

(after Cutler & Croft, 1974)

!g-phase

I®

7.748 + 0.001
7.753 + 0.004
7.752 + 0.003
7.755 £ 0.005
7.7520+ 0.0007

(wool)

7.7533+ 0.008
(needles)

g

o

C
5.617 + 0.001  7.608 + 0.001  2.9107 + 0.0005

Hardie & Jack
' (1957)

5.618 + 0.004 7.606 + 0.003 2,909 + 0,002

Ruddelsden &
Popper (1958)

5.619 + 0.001  7.604 + 0,001 2,907 4+ 0.001

Suzuki
(1963)

5.616 + 0.005 7.606 + 0.005 2,709 + 0.003

Thompson &
Pratt (1967)
5.6198 + 0.005 T.608 + 0.005 2.911 + 0.001
Wild, Grieveson
& Jack (1972)
5.6167 + 0.006

5.613 + 0.001 Priest, Burns %

skaar (1973)



The probability that K =-silicon nitride had a
defect structure in which a few nitrogen atoms are replaced
by oxygen suggested that more nitrogen might be similarly
replaced, without changing the structure, by applying the
sinple principles of silicate chemistry. In all silicates
end in the various forms of silica itself, the fundamental
building unit is the Si0, = group carrying four negative
charges. The tetrahedra may occur separately, or may be
_—Joined together.by-sharing,oxygen»cornersninto rings,

chains, two dimensional sheets, or three-dimensional
net-works. Aluminium plays e special role in the
\ 81llcate structures because the Al0 tetrahédron - with

4
five negative charges - is about the same size as SiO4
and can replace it in the rings, chains and net-works
prQVidcd.éhaL valeucylor chalyge compeubabiou is made
clsewhere in the structure. It is possible to replace
- Aby 02~ in silicon nitride if at the same time
gi%*  is replaced by Al3+, charge compensation might -
also be feasible by introducing other metal atoms like
M82+ and Li+-' It was predicted by Wild, Grieveson &
Jack (1968) that 2 variety of new materials, vitreous as
well as cryStalline,‘could be obtained built up of
silicon-aluminium-oxygen-nitrogen tetrahedra in the same
way that the elmost infinite range of silicates is built
up of-silicon-aluminium-oxygen units; see Table II.2.

Aluminium nitride has a wurtzite-type structure

which is discussed in Chapter IX. The many AlN-polytypes



Table II.2 Structural units in some nitrogen ceramics

phase structural unit
_Si_N SiN
P -Si5%, 4
- si 0 S
of- 81, 5%45%.5 - M3, 9%.1
N SiN_0
51,00 ~ siN,
- -Sialon - | 'w—(Si;xlj(o,N)4
ALN
AFLN 4
MgSJ',Ng : MgN4 E _SlN4
Lisi N CLiN, & 28iN
1oL,%3 . 4 g



\O

Observed in Si-Al-0-N and Mg-Si-Al-0-N systems are
discussed elsewhere (Chapter IX). There is also an
extensive range of metal-silicon nitrides all of which
have structures based on that of AlN, Just as AlN is

built up of AlN4 tetrahedra, in }gSiN there are equal

2

numbers of ligh, and Siﬁ4 tetrahedra (Table II.2),

and in LiSizN3 there are twice as nany SiN4 tetrahedra

as LiN4 units. Figure II.3 and Table II.3 show that
--the structures of MgSil,, LiSi N, and ‘LiSiON can be

regarded as orthorhombic superlattices of the hexagonal

AlNo

1I.2 Preparation of silicon nitride

Silicon nitride was formed first by Deville &

WBhler (1657) by heating siliconAin nitrogen at high

temperature and has since been prepared in fhe following

ways:

(1) Forgené & Decker (1958) obtained OC-Si5N4 by
nitriding high purity silicon at 1200-1309°C and
'/B-Si3N4 by nitriding above 1450°,

(2) Parr (1966) and Thoupson & Pratt (966) produced
Si3N4 by nitriding silicon compacts using a two-
stage heating process, first at 1200°c where acicular
growth of a(-Si3N4 occurred, and then above 1450°¢
to give a granular mixture of &« and B -

(3) Evans & Davidge (1970) found that the ratio of & to B

depended upon the time and temperature of heat



Table TI.3 Orthorhombic unit-cell dimensions of

metal-silicon nitride and g§ynitfide structures

5_:___[;9_'_ b=2a' c=c!

AIN ‘5.39 | - 6.22 4.98
MTgS‘iVN?_ 5.275  6.455  4.978
LiSiNO 5.194  6.394  4.742

| b=3a! |
’LiZSiOB 5.395 9-3§0 4.675
LiSt, Ny | 5.303 9.196 ~  4.780
S1,80 5.498  8.877  4.853
(Si,Al)z(O,N)3 : 5-_498 : 8.913 4,856

a' and ¢' ‘are the dimensions of the T

equivalent wurtzite-type hexagonal cell



b=2d

a=/3d

MgSIN,

LISINO

Figure I1.3 Tyyical wmetal-silicun nitride and
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treatment at each stage.

II.3 Hot-pressed and reaction-bonded silicon nitride

Deeley, Herbert & Moore (1961) hot-pressed <x—Si3N4

with MNgO and their method was improved by Lumby & Coe
(1970) who hot-pressed o -513N4 with 1" /o Hg0 at
femperatures up to 1750 C. In théir investigation of
the role of - Mg0 in‘hot-preSSing, Wild et al (1972)
added 10" /o Mg0 and showed that it Teacts at 1000-1400°C
with the surface silica always present on Si3N4 particles
to give forsterite
| | 2 Mg0 + Si0, = Mg28104 .
and above 1400°C, MgZSiO4 reacts with any "combined Sioz"
.in o(-Sl3N4; and also furtherisurface Sio2 to give a
liquid of enstatite composition |

510, + g,510, = 2 MgSiOé

~Some nitrogen is incorporated in this liguid and cools to

~give a magnesium silicon oxynitride glass as shown by

-

subsequent divitrification' Whlch gives silicon oxynitride

) '- )
and enstatite. The grain boundary glass phaselcan be

seen in Figure II.4 in the transm1391on electron micrograph

Qf hot-pressed silicbn nitride. .
Gazzg/(1973) hot pressed Si3N4 with yttria and

obtained higher hot-étrength than with MMg0 even with

impure,'commercial silicon nitride powder. Rae et al (1975)

showed that thls superlority of yttria is due to the

formation of a refractory yttrium-silicon oxynitride
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Y2Si £81203N4] with the structure of a melilite

Celig [31207} and which can accommodate calcium and other
impurities which would otherwise form a low scoftening-
temperature glass.

Complex shapes in siliéon nitride may be fabricated
by reaction—bonding becauée'the:e'are negligible dimensional
chahges during the nitriding reaction .

3 Si + 2 N, = 313N4
A powdered silicon compact is made into the required shape
by any of the usual ceramic techniques, such as slip
casting, dough moulding or extrusion, and then partisally
nitrided. This form is then machined to the required
shape and dimensions and is then nitiided at'aJ 140000
to give a‘fplly-reacted ceramic whose dimensions are
usually ﬁithin 0.05% of the machined preform. The main

disadvantage of this method is the high porosity (15-30%).

I1.4 Sialons

Although 41 O was added i i
8 23 added to 813N4 to aid

sintering by Deeley et al (1961) and Saito et al (1966)
and observed no change in the unit cell of }3-813N4,

an extensive examination of the Si_N,-A1.0 system made

374 77243
independently by Oyama & Kamigaito (1972) and Jack & Wilson

(1972) showed otherwise. Work done at Newcastle by the
latter authors showed that, up to 65 /o A1203 was

acconmodated in Si N4 when mixtures of o -Si_N and

3 374
A1203 were hot-pressed &t 1700°C. X-<ray analysis of

LA
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the product showed at least . 90% of a compound having the

p-Si N structure but with lattice para.met’ers

54

inoreasing with increasing amounts of Al in the

0
23
starting mixes. Hot-pressing at 2000°¢ gave a

homogeneous product with Al concentrations up to

0
. 2 3

74w/o. This expanded ,B—S:LBN_4 structure was ﬁl—sialon.

The following alternative compositions for g¢ were

considered:

.24 234
(1) B sig Ng

l

, 24-3x 2x 2x 24=3x
B 816-0-75x Al0.67:: Ox N8-x
16 16 _
-A15.33 08 s 'AIQO;
24 73

¢ 24-42 . 33 23 24-33
P sig, alg O Nz

- 1o0..
5 - 41,0, ALN

[0 )Y
(o]

o =
=
]

On the basis of Alimited chemical analysis and the

observation of only one single-phase crystalline product



on X-ray photographs it was concluded that the composition

(1) represented the reactions between Si.N, and A1205.

Doubts about the homogeneity range for p' were raised

by Lumby, North & Taylor (1975) and subsequent work et

Newcastle (sce Jack, 1976) and Stuttgart (Gauckler, Lukas

& Petzow, 1975) has shown that Si,N, reacts wWith equi-

molecular mixtures of A1203 and AIN (that is the

equivalent of the spinel A1303N = A1203.A1N). It
{8 concluded théf"thé"‘p’lphaée field extends along the
__Join SiBN4-A1303N and not along the join Si5N4-A1203

as previously supposed. Phe initial incorrect inter-

pretations are due to:

(1) volatilisation of silicon monoxide and nitrogen in the
reducing environment of the graphite die during hot-
-preséing; |

(2) volatilisation of silicon and carbon monoxides; and

(3) simultaneous formation of a silica-rich glass.

Thus, poésible reactions to produce p’—sialon with 2% = 4

are:
4 81N, + 6=A1203 = 3 8iyA1 0 N, + 65i0 + 2 N, - (1)
Si$N4 *2 810, + 0 = Ll 0N, ¢ Si0 + €O - (2)
S1,N, + 2 A1263 = 8110, + Si0 - (35

!
P -sialon phases were obtained by reacting silicon nitride

with lithium aluminium spinel, LiA1508 and also with

magnesium-aluminium spinel, MgA1204. The metal:non-metal



atom—ratio 3M:4X in the spinels is the same as that in
the silicon nitride and, as described previously,
AlN.A1203 aisp has a 3M:4X ratio. It is concluded
that ﬁ' extends along the join 813N4-A1303N with a
composition ra.nge Si6-ZAIZOZN8-Z where 72 extends from
0 to about 4.2.

Thé investigation of. P’-gialon has been extended
at ﬁewcastle by considering the whole Si-Al-O-N aystenm,
the representatioh 6f which is discussed in detail in
Chapter V. Phase relationships and homogeneity ranges
"deduced from the results of hot-pressing appropriate
:mixtures.of Si3N4, AlN, A1203, Sin and SizNzo at high
temperature.in_a graphite die are shown by Figure II.5;

this must be regarded as a behaviour diagram and does not
necessarily represent thermodynamaic equllibrium,

The p'-phase ‘has a homcgeneity range along the
. 3M:4X 1line as discussed above. The other phases 8H, 15R,
12H, 21R, 27R, 28> are all ALN polytypes and extend .
along directions of constant M:X ratio, i.e. 4M:5X,
5M:6X, 6M:TX, TM:8X, 91f:10X, > 10M:11X respectively;
the O0'-sialon phase eitends along 2M:3X and occurs when
silicon oxynitride is reacted with alumina; it has
slightly larger unit-cell dimensions than Si,N,0 .  The
Phase "X" 6 go-called initiaily Because its structure
could not be determined (Jack & Wilson, 1972) is now known

to have a monoclinic unit cell with dimensions a, 9.728;

b, 8.404; ¢ =9.572 3; B, 108.96° (Thompson, 1975).



Si305 : 643(3Al20325l02) Al[,OG |

4/7(3A1,03. AIN]

7F | ’ X
‘ - /3(AIN. A1203)
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Figure I11.5 The 813N4-A1N-A1203-Si()2 system
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II1.5 Properties of 'Bl—sialon

F'?sialon is similar tc g -silicon nitride in
its physical.a..nd mechanical properties but, chemically
depending upon its composition, is closer to A1203.

The coefficien” of thermal expansion for a composition

%2 =3 is 2.7x1o'6/°c (Jack, 1973) and is less than that
of p -si3N4 (3.5x1o"6/°c).. Thus its thermal shock
properties are at least as good as hot-pressed silicon
nitride. Oxidation resistance at 1200-1400°C is better
than for silicon nitride, probably because a coherent and
" protective layer of mullite is formed on the surface.
'Compatibility with molten metals is good; aluminium and
copper at 1200?0 and pure iron and cast iron at 1600°C
kept moltén’- in sialon crucibles for 30 minutes showed no

signs of attack (Jack, 1973). = Sialon prepared glass-free

has & highercrepp fesitove and a higher room-temperature impact

strength than g -SiN, (Arrol, 1974).

One potential advantage of IB'-sialon over silicon
nitride is in fabrication. The usual techniques of
extrusion, pressing and slip-casting can be used to

produce shapes of the mixed components (e.g. Si N4, Al

3
AIN) and then these can be fived to near theoretical

273

density in an inert atmosrhere at about 1600°¢. Densifying
agents such as MgO which pi‘omofe liguid-phase sintering
increase the density of the fired product. The properties
of pressureless sintered and hot-pressed ﬁ’-sialon are

compared with silicon nitride in Table II.A4.



Table I1.4 Some physical properties of silicon

!
nitrides and P -sialons

Property hot-pressed hot-pressed reaction- sintered-
Si_N sialon¥ bonded sialon¥
54 Si_N
' 34
Density g cm™> 3.18 . 3.2
Coeff. of thegqal 4.1 3.0 2.5 2.7
expansion: ©C :
(0-10000°¢C)
Thermal conductivity 20 21 ‘ 15.5 -

watts m-1 %x-!

=3 A A
Mn m~2 )
- Elastic modulus . 29 30 5.5 -
104Mn n~2
- Hardness VPN 1600 | 1600 1100 - -
x

z = 1.0 - 3.0
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II.6 lMetal nitrides

The common refractory ceramic nitride other than
silicon nitride is aluminium nitride. Taylor & Lennie
(1960) first produced dense AlN bodies vy hot-pressing

pre-sintered powders at 2000°C in graphite dies at 5000

P.s.di. (34.Sun m—z). A1N hydrolyses readily to give

A1203 and NH3 s, and at 700a800°C reacts with oxygen to

give a surflace coating of alumina. AlN sublimes at
240000 and (is slightly anisotropic with a mean expansion

coefficient of 4.8x10”% °¢~"

Ternery nitrides of the type MSiNz have been
reported where ¥ is Be, g, Ca, Ba and In. MnSiN2
and MgSiNz were prepared by Wild et al (1972) and
David et al (1970). Magnesium éilicon nitride was
prepared by nitriding compacts of magnesium and silicen

. o AnO
(2:1 ratio) at 1000-1200°C, and also by hot-pressing equal

moles of Si,N °
15N, and Mgz, at 1700°C.  The MgSiN,

X-ray diffraction pattern was indexed in terms of an
orthorhombic cell with dimensions a, 5.28; b, 6.46;
¢, 4.98 X, and containingifour formula units of
: MgSiN2 H it is pseudohexagonal with an AlN-type
structure. |

Lithium silicon nitride was produced by the
Carborundum Company in 1969 by hot pressing mixtures of
Li3N and Si3N4 at 1350-185000 fér one hour, The

correct structure was réported'by Taylor & Thompson (1972)

and Devid et al (1973) who showed that I.-iSiZN5 is

>
‘r



17

orthorhombic with Space Group Cmc24. There are four
formula units per unit cell the dimen;ionsbof which are:
&, 9.186; b, 5.302; ¢, 4.776 2.  The nitrogen atoms
build a slightly.distorted hexagonal close packing and
the lithium‘and silicon atoms are ordered among one
half of theftetrahedral sites in the structure. A
quaterﬂary itride of compositiop MgAlSiN3 with a
similar structure to LiSi2N3 is reported in the

present work in Chapter X.
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III. Scope of the Present Investigation

In the hof pressing of -Si3N4 vith MgO
additions tﬁe nature of the vitreous phase formed at grain
boundafies as not studied in detail. Even though the
513N4-Mg0 join had been investigated briefly, phase
relationships-in the completg Mg-Si-0-N system were
almost unk%own. As discussed in Chapter I earlier work
on ptmmg#esium sialon involved only a study of the

Si_N, -MgAl join and the range of homogeneity of. the

3N, Merl 0y

p'-magnesium sialon was not determined. The first
detailed attempt to study this wés made by Bell & Wilson
(1973), who investigafed the systenm MgO-A1205-8i3N4.
Several new phases were observed in this system but were

not characterized. Therefore 3 detailed investigation
~of the compfete lig-Si~-Al-0~N system was considered
necessary in order to gain an understanding of the phase
relationships iﬁ the systeﬁ, Particularly those involving
- the phases observed pPreviously.

The Mg—Si-AI—O-N system may be represented, for
ease of investigation by Janeck's (1907) triangular prism,
with 6lg0, 2M33N2, 313N4, 4A1N, 2A1203, 38102 at the
corners and the method of representation is discussed in

detail in Chapter V. To simplify the investigation

selected sections were studied which would broadly cover



the whole prism; the two quasi—ternary sections (other
than Si-Al-O-N which is now well known, see Jack, 1976)
and the two pseudo ternary sections are fuﬁdamental to
this study. The quasi-ternary sections 1ig-Al1-0-N and
Mg-Si~-0-N are déscribed in Chapter VI. The pseudo-
ternary sysfem MgO—A1203-3102 has been done previously
(Osborﬁ & Nuan, 1960) and was no# repeated.

In the 8Si-Al-0-N system ﬁteialon and AlN-
polytypes ré formed along lines of constant M:X
composition, and therefore it is expected that magnesium
gialon analogue of these polytypes and:the /y-phase will
form on’plénes of constant M:X ratio. The constant
M:X planes 3:4, 1:1 and 5:4 were investigated apd
in the 1M:1X plane a new phase 6f composition MgAlSiN
Qas observed and its crystal structure determination is
given in Chapter X. .Even though the main part of the
work involves the characterizetion of new phases and. the
determinatién of phase relationships another important
aspect is the assgssment'of the physical and mechanical
properties of pérticularly.the new phases. In the
 8i-A1-0-N gystem, p'-sialon shows a most promising
combination of properties for high-temperature engineering
applications. It is therefore of interest to compare |
the properties of FJ—magnesium sialon with those of

ﬂf-sialon, bearing in mind that the properties of the
‘magnesium phase will vary with'compdsition, and also

be dependent on the starting materials and the

19
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preparative techniques involved. The p’-magnesium
sialon fcrmaticn and some property measurements on

I .
selected F'-magnesium sialons are described in

Chapter VII.
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iv. Experimental Methods

IV.1 Raw materials

T™wo types of silicén nit;ide powder were used:
(i) HS 130 supplied by.Joseph-Lucds Limited.has an
x: P rati_o of 9:1 and a silica content of o 4% /o;
the particle size is £ 8 /Lm and inipurities are about
HO.BW/O of mainly Ca, Fe, Si and Al.
(ii) H.C. Starck Berlin silicon nitride which according
to the supplier has the analysis:
Si min. 60.4 "/o
N min. .38.1 %/o
. mai; 0.2 "/o particle size 1.5 - 2.5 M
Fe max. 0.3 "/o
The alumina used was low-soda Aiua A17 and XA16
- both of ﬁhi;h have meanlparticie size of 3,5 pn and a
purity of 99.85"/0.  In some cases where high reactivity
was required, submicron grade Baikowski alumina, 99.99" /o
purity, was used.

Magnesia was B.D.H. Analar grade wifh a purity of
99.2w/o and a loss on ignition of 3% /o (confirmed by |
thermogravimetric analysis).  Any added Mg0 was
therefore precalcined at 700°C for 2 hours (Shelly &
Nicholson, 1971) before use.

Aluninium nitride was of two types:
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(1) Koch-Light Laboratories Ltd., 99“/o pure and particle
size 50 pm |
(1i) H.C. Starck Berlin, specified as:
Al nmin. 65.3 "/o
¥ min. 33.5 "/o
. . 0.08w/o' particle size 3 - 8 pn
Fe maX. 0.15" /o
Both had about 6%/o alumina and larger particle sizes
than specified. |
Magnesium nitride was supplied by H.C. Starck Berlin
with the following chemical analysis:
Mg min. T71.0 w/o
N min. 27.0 W/O particle sizé A- ‘100\mesh
Fe pax.  0.08"/o )
It wés sféred under nitrogen andlall additions to powder
mixtqres were made in nitrogen in a dry-box; X-ray analysis
showed a trace of Mgl . .
siliéa was added as B.D.H, precipitated amorphous
silica, submicronigrade, or as quartz crystal powder -
80 mesh suppliéd by Thermal Syndicate Limited.
~ Spinels (eege MgA1204 or other compositions) weré
prepared by hot-pressing mixtures of Mg0 _and A1203
at 1700°C fob 1 hour and powdering the compacted product
in a tungsten carbide percussion mortar and sieving to
_éoo mesh. Similarly forsterite (Mg28104) was prepared
by hot-pressing'mixtures of Mg0 and silica at 1500°c for

1 hour, powdering, and gieving to =300 mesh.
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IV.2 Powder prepsaration

The powders were vacuum dried (using anhydrone
as a desiccant) at 100°¢ for 24 hours, mixéd in the
required propowtions and wet-milled in n -butanol using
3" diameter polythene jars on a vibro-ﬁill (Triton
Engineering Co. Ltd.) for 30 minutes. Alumina balls were
used to achieve efficient mixing_with a weighf ratio of
3 balls : 1 pqwder :‘1 liguid. The slumina contamination
ffom the balls was found to be negligible (<l3.002%).

After mixing the butanol was evaporated on a hot plate

with magnetic stirring.

IV.3 Cold compaction

According to Price (1974) the presence of moisture
increases the bulk dgnsity of a compact for a given
auplied pressure (Figure IV.1), but water cannot be used
with 311100n nitride and aluminium nitride powders as
they are hydrolysed. therefore Powders were compacted
with 5-10"/0 butenol in a steel die. A pressure of
4000 peseie (27;6Mn mfz) was applied by means of a
hydraulic press. This uniaxial pressure has an inherent
disadvantage compared to isostatic pressing (see -

Figure IV.2) because of‘density contours developed in
the pellet. To minimise this effect, the thickness of
the pellet was not more than its diameter. Two sizes
of pellets were preséed, 2.5cm diameter x 2cm thickness

and 1cm diameter x 1cm thickness. Pecllets were vacuum
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o
dried at 100 ¢ over anhydrone before hot-pressing.

iIV. _Hot-pressiqg

| High frequency induction heating was used with
the power supplied by a Radyne R150E genesator operating
at 450YHZ with a maximum output of 15K%, Power to the
generafor was fed vi; a saturable reactor to maintain
operating sftability and was controlled by a hand
operated valfage regulator which varied the Supply
voltage to [the oscillator high tension transformer.

A graphite die was used as the susceptor and was
placed cenfrally inside a water cooled copper coil (see
Figure IV.3) fed by the generator. The die and the coil
were placed in a sindanyo box wifh a thin sheet of
ésbestos paper between the die and the coil so as to
ietain an insulating iayer of fused stabilized zirconia
powder.

The éraphite.die was about 8" long and 3" diameter
with e 1.5" hole bored axially inside which was placed a
graphite annulai liner of 0.25" wall thickness. ™wo
1" diameter plungers were ground to a sliding fit with
liner and inside the latter‘the pellet, embedded in boron
nitride, was located between the two graphite plungers.
Pressure was transmitted to the pellet via g silicon
nitride plunger, placed on top of the graphite plunger
(Pigure IV.3) using an Apex A24 hand-operated hydraulic

press. The temperature at the centre of the die was

24
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meesured by a disappearing filament pyrometer (+ 59%)
with a short focus objective lens éighted on to the die
down an open;ended alumina tube protruding'into the wall
of the die to & depth of $". The rate of heating was
50—100°C min~! and pressure was gradually increased

from 500 to 6000 p.s.i. (3=-41Mn m-z). After reaction,
the die ﬁas cooled under pressure to about 200°C over a

period of 3 hours.

IV.5 Sintering in a nitrogen atmosphere

Compacts were placed in an alumina crucible fitting
over the end of a thermocouple sheath which was pushed
slowly into'a vertical molybdenum wound furnace. The

Ay

molybdenum winding was protected from oxidation by passing

a nitrogen-hydrogen gas mixture over it. hilrogeu gas

was passed through a purification train as illustrated in
Figure IV.4 and then through the reaction tube at

135cm3min-1; The operating temperature (maximum 1680°c)

was measured by a Pt-Pt-13%Rh thermodouple.

IV.6 X-ray techniques

X-ray investigation was carried out using powder
methods because the products obtained were always
microcrystalline. Phase identification and unit-cell
dimensions were obtained from diffraction patterns using
a Higg-Guinier focussing camera with monochromatic Cu Ko(1

radiation. Potassium chloride was used as an internal
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standaxrd. Accurate lattice parameter determinations
were obfainéd from Unicen 19cm X-ray phcotographs taken
with Fe K& 'radiation with a LiF monochrbmater. The
positions of tka X-ray reflextions were measured with a
vernier scale [Hilger & Watts Ltd.).

The intensities of reflexions were measured on a
manual difect-reading X-ray.microdensitometer'designed
by‘Taylor (1951) which compares the density of powder
linés on a film against a linear optical wedge. The
intensity profiles of the reflexions were plotted as

"large scale graphs and the areas under the curves were
 p1animetered. For structure determination two sets of
photographs.we:e used: the intensities of each film

N

were scaled and their mean values were taken as the

"observed intensities".

CIv.T Structure determination

" Having measured the intensity, observed structure
obs

. amplitudeS'(Fhkl) for overlapped reflexions were

calculated usihg‘the formula

I

obs obs calc
F ' = . F
hkl I hkl
. calc
calc
where w = calculated structure amplitude
hkl

for plane hkl
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calc
F
hkl

and - I = ;E: m

calc

(summation of all overlapped

reflexions in the particular Iobq)

in which m = multiplicity of reflecting planes

This equafion was applied by computer progranm to all
ovérlapped reflexions in each Iébs in order to obtain
. —a -dist -of FOb8 values.

Structure refinement was carried out using the
'SHELL-X computer programs (Sheldrick, 1975) modified to
‘run on the Newcastle University IBﬁB?O computer by
Dr. W. Ciegg in the Department of Inorganic Chemistry,
University of Newcastle on Tyne. The program calcui;ted
struciure f@ctors frow input coordinates, indices and
scattering factors and then carried out least squares

lreflnement on the Fobs and Fca

had the follbwing advantagess

1o walues. The program

(1) It is often convenient to tie together various
parameters in a refinement. Thus if a particular
atomic site consists of Al Si, (say), it is
desirable to refine only one occupation factor (x)
rather than both x and 1-x . Using “"free-
variables" this program enables parameters, occupation
number and temperature factor constraints to be
included in the refinement.

(2) Three cycles of least squares refinement using
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100 planes can be done in 3%-4 seconds

(3) PFourier maps can be obtained as‘part of the same
putput

(4) Accurate scattering factors ére used 5aking into

account anomalous dispersion effects.

H
t

IV.8  Thermal expansion

Coefificients of thermal expansion were determined

by X-ray methods using a 19cm Unicam S150 high-temperature

Deb:’Qe-Schejrrer camera and Cu Ko radiation from a
graphite m?nochrometer. The unit-cell dimensions

vere measured at approximately 200o intervals in the

range 20-1000°C.

IV.9 Density and porosity

Bulk density, material density and apparent porosity

~ Were determined by the water displacement method. Discs

were boiled in pure water for 2 hours, left to cool and
weighed suspended in water (wz). The excess surface water
was removed using blotting paper and the sample re-weighed
'(w3)° Then the samples were dried in an air oven at
o
110°C for 24 hours and weighed again after cooling in a
desiccator (w1). Density and porosity were then

calculated:

Bulk density = 1



1]
py

Material density
% Apparent porosity = v V1 x 100
w W

For accﬁrgte density determinations, the flotation method
was used (Knight, 1945). A "clean" hot-pressed sample
was crushed and sieved to -300 mesh, the powder was added
to methylene iodide'of density 3.325g cm_B, and floated
on top. Toluene was added dropwise from a burette to
‘the methylene iodide solution and stirred.  Finally
a mixturé was achieved in which the powder remained
B8uspended fér about twenty four hours at a constant
temperature, This solution was then filtered and the
density determined.

Theoretical density was determined from the

_ formulg:

Density = M

where M is the molecular weight of total formula
units in the unit-cell,
No is the Avogedro's number and

v is the unit-ceil volume determined from

unit-cell dimensions.
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V. The Representation of the Mg~3i-Al-0-N System

To discuss the phase relationships in the
Mg-5i-A1-0-N system a thrée-dimensional representation
is necessary. If Si, Al, O and N ave repreéented by
the vertices of a regular tetrahedron (Figure V .1)
any point within the tetrzhedron is the equivalent of

one atom of composition SiaAl ON but if

b ¢ 1-(a+b+c)
in any phase the combining elements have their accepted
Valenciés SiIv, AlIII, OII and NIII, one degree_of
freedom is lost and it is easily shown that the
compositipg is given by Si Alb_03-7a-6b N6a+5b-2 .
The system is then a pseudo-ternary one. If the
tetrahedron of Figure V.1 is described in terms of

three orthogonal axes x, y and z with corners:

.

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

the compositions of all solid phases then lie on the
irregular quadrilateral plane (018) shown in Figure V.2
the corners of whichbrepresent (1/7)813N4, (1/2)alN,
("'/5):&1203 and (1/3)Si02. The simpiest representation
is obtained by éxpressing concentrations in equivalents

and just as in a reciprocal salt pair (see Zernike,b 1955),

4



Pigure V.1 The tetrahedral Tupresentation

Of the J3l-~ile(-N yyeten .



Si0,

x@_?@___;___________é_ — _f___®

Fig.v.2
Irregular  Quadrilateral Plane Representing the

Si3N, — AIN = Al»03 - Si0 System.
(Figures within circles are heights above the plane
of the paper along the cube axis z.)




the composition of any mixture can be characterized by
two quantities |
3(a1) and 2 (o)
4(si) + 3 (a1) 53(n)+2(0)

When these ratios are plotted perpendicular to each
other a sQuare is obtained;‘ see Figure V.3, It is
convenient to let the bottom left-hand corner of the
square represent one mole of Si3N4; the other three
corners then represent A14N4, A1406 and 81306 . It
-should be noted that all possible phases or mixtures of
phases in which the combining elements Si, Al, O ang §
have their normal valencies lie within this diagran.

It is the same.as the irregular quadrilateral plane of
Figure V.1‘except that cencentraticns cre expressed in
equivalents instead of atomic units., Any point in the
square of Figure V.3 is a combination of 12+ve and 12-ve
valencies, i.e. it is convenient to regara cohpounds in
~ ionic terms even though the interatomic bonding is
Predominantly covalent. In going from the left-hand
to the right-hand side of the diagran, 3Si4+ ig
Teplaced by 4A13+; and from bottom to top, 4N3' is
replaced by 602_. The centre of the sguare represents
a composition si1.5A1203N2 ; note that the number of
atoms changes with change in position but the number

of equivalents remains constant. Because of the

constant 12+:12- "composition" it is often convenient

pu
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to scale the sides of the square 0-12 ; each unit is
then one valency.
System ‘

In the MNg-Si-Al-0-N Lit is unlikely that any
solid phases, vitreous or crystalline, contiain atoms of
variable valency and is what Zernicke (1955) describes
as a unatefnary system of the third kind". This is
represented| by JHneck's (1907) triangular Prism in which
all edges are equal. Figure V.4(a) outlines this
reﬁresentatkon for magnesium-sialon system; it‘is
based on tJe stendard SiBN4 - A14N4 - A1406 - SiBO6
square witﬁ Mg in equivalent units along a third
dimension. The front triangular face of the prism
represents nitrides and the rear face oxides. Any
composition in this prism may be projected onto the
base plane and onto a triangular end'plane simultaneously.
From the square plane the relafive concentrations of

O and N can be read, and from the triangular

pProjection the lig, Si and Al contents can be read

(Figure'V.4(b).
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Vi. Quasi-Ternary Systems in the M3-Si-al-0-N System

VI.1 Introdvction

The 8Si~-Al-0-N has previously been investiéated and
is>discu§sed in Chapter II.. The other two qﬁasi-ternary
systems Mg-Al-O0-N and MNMg-Si-0-N have not been
investigated before.the present work. These are
represented by the squares 2Mg3N2 - 6Ng0 - 2A1203 - 441N
“and  6Mg0 - 2Mg3N2 - 313N4 - 38i02 . The end members
are reaedily available raw materials and compositions inside
the Squares‘can be formulated by taking any three
appropriaté»end members.

The binary joins MgO-A1203, A1203-A1N, Mg0-510,,
of these quasi-ternary systems have been extensively
. investigated and are discussed in the literature, while
M33N2-313N4' and 5i0,-51,N, are only reported briefly.

The - MgO-Al,0, binary system has been investigated

273
by Roy, Roy & Osborn (1953) and Alper et al (1962); its
'phase equilibrium diagfam is given in Figure VI.1. The
homogeneity range of the single phase spinel solid
solution at 1800°C is from 53?75m/0 A1203, with the
upper limit in equilibrium with corundum.

The A1203—A1N Join has been investigated by

Lejus (1967) and the phase equilibrium diagram is given

in Figure VI.2. The single phase nitrogen—containing

’
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spinel extends from 16 to 33" /o AIN at 1800°C and its
range of homogeneity may bhe expressed as

Alg, y 0 1-x . O4-x Nx where x , the number of

3 3

nitrogen atoms replacing oxygen in a total of four
non-metals, varies from x=0.22 to 0.57. When x=1 ,
the ocomposition A1303N corresponds to a spinel
without metal or non-metal atom vacancies and when‘
x=0 , the composition Ala/3 531/3 0, represents thé
spinel, 7—A1203 . |

The 1ig0-5i0, system has been investigated by
Bowen & Anderson (1914) and Greig (1927) and the phase
equilibrium diagram is given in Figure VI.3. Any
liquid composition in this_does not produce a giass.

A linited investigation of the Mg N,-54 .1,
system has been carried out by David & Lang (1965) who
reacted mixtﬁres or. 313N4 and Mg3N2 al 1206%¢

under N, from x=Q.25 to x=2 where x ig the

2
| io Si_N,/lg,N. ; they obtained MgSiN
molar rath 313 4/4g3 o Y Mg 2

over a homogeneity range extending from x=0.6 +to 1.22.

» VI.2 Homogeneous spinel phase-field

The range of spinel formation between the joins

203 and A1203-A1N wgs investigated in the

Present work by hot-pressing the combositions within the

\MgoéAl

triangle MgO-AIZOB-AlN. MgC was added to pre-prepared

spinel of composition 3A1203.A1N and hot pressed at

’.
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1800°C as described in Chapter IV. AlN was also added
to pre-i:reparled Ngl,0, and similarly hot pressed.
Other compositions were made from the end members. All
hot-pressed compositions are shown in Figure VI.4;
weight losses on pressing were less than 1W/o.

The spinel~producing compositions have been
reproduced by starting with.different raw materials
to produce the same fived composition. The material -
density and the uni£-0e11 dimension of these spinels
are listed in Table VI.1 from which it is seen that
‘irrespective of the method of production the material
density and unit-cell dimension agree within
experimentai error,

The variation of unit-cell dimension and density
with composition for Mg-Al-O-N spinel and Mg-Al-0
spinel are compared in Table VI.2 and the variétion of
_unit-cell dimension (&) and density (p) with M:X
atom-ratio i; plotted in Figure VI.5. The smooth
variation shows a discontinuity above the ratio 3:4
and a comparison:of material density with X-ray density
is consistent with vacancies in non-metal atom sites
rather than with a structure containing excess
interstitial metal atoms for M:X 7 3:4. Thus at
M:X < 3:4 ‘the spinels have vacant metal sites and at
> 3:4 +they have vacant non-metal sites. This is not
unexpected because there are numerous examples in the

literature of oxide and sulphide structures showing a

.
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Figure VI.A Hot-pressed compositions in the 420w
RNgO A1203-A1N-u531§2 system



Table VI.1 Different Iig-Al-0-N spinel producing routes

specimen components conditions material unit-cell N-spinel
no. of density dimension composition
preparation g lcm” 2

505 ALY dry mixed, 3,59 8.054
5 1800°¢, .
1h E.P. .

1.  Mg0,Al

Al _O_X.21:
373 thle4

2. MgO,AIZOS.AlN jggogéxed’ - 3.59 8.054 4 (X-ray density
C e —— R 1] P _—
1h H.P. av. 3.62)

3. MgO,3A1203.A1N($)dgg pixed, 3.61 8.053.J
- 1808°¢,
1th H.P.

4. MgO,AIZOB,AIN dry mixed 3.53 8.076
‘ 18000¢,
‘ 1h H.P.
' Alg0.N.21%41, 0,

| 3 24
gixed, 3.53 8.077 <llg
v

P. ' L

. ' _ (X-ray density

6. Mgo,3A1203.AnK1) dry mixed 3.53 8.076
1800°C, ave 3.54)
1h H.P.

5e MgO,AIZOB,AlN W

T AlN,mgA1204 dry mixed, 3.51 8.072
' 1800°¢, J
1h H.P.




MTable VI.2 Variation of unit-cell dimension and

density for spinels

composition X-ray naterial @ R} M:X
' densit% densit% atom-
g..cm™’7 glcm” ratio

a 3.689 3,669 7.934 0.698

0.21812,49% 43%0. 37

Mo 7 L] 0 . . . l'

O 0781y 49%60. 4405, 40,36 365 3.642 8,000 0.733

| A M \ 30621 06 Se
,‘“12.31“°o.6903.69’0-51 3-507 S.054  0.750

[ a ' :
A1, 09%89,91%3.65%0.28 0.09 +241  3:028  8.077  0.767

1T ‘ 062
Aly 44M80,93%3,71%0.29 Se025

a 3,609 3,580 8.002 0,710

0.16412,32"%80,52% -
o : , , . .
0'09A12.18{1go.7304 34597 3.493 8,036 0.728
ALuO0, 3.582  3.543  8.081 0.750

' 1 . .. 0 532 .52 .0 )
ALy 66484,1473.93 0.07 5¢53 3.521 8.082 0,763

Al 3,602

1.89M51.1604
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smooth transition from cation vacancies to anion

vacancies with composition (Greenwocd, 1968).

VI.3 Provertics of Mg-Al-0-N spinel

Magnesium aluminium spinel is a useful ceramic
material in that it is a éood low-loss insulating
material (Smoke, 1954; Keer et al, 1974) ané has good
resistance to basic slags and coal ash (Singer & Singer,
- -~1963). ~It-can be fabricated in translucent shapes by
adding 0.25-1%/0 Ca0 (Bratton, 1974) and, like other
transluscent oxides, is potentially useful for sﬁch
engineering applications as arc-enclosing envelopes at
very high temperatures, alkali-metal vapour &ischarge
devices and antenna windows.

Thg spinel of composition- A1303N.2MgA1204
(specimen 1, Table VI.1) was investigated bfiefly. Tt
had vickers hardness of 1510 wusing aVSkg load and
surviVed'15.cycles of rapid heating and cooling from
1000°¢ to 20°C. The coefficient of thermal expansion
for Mg-Al-O-N 'spinels deduced from X-ray methods in the

range 20-100000 is given below and the variation of unit-

cell dimension @ with temperature Plotte§ in Figure VI. &

-6 4.=1

0 Noz |F 1 0 : = lo 10 o

Al3 3 Mgh 24 7 x 6 c
-6 5,1

0_N.2MgAl, O, «1g0 : = .6 0

. Al3 3 igal, 4 Ig 7.6 x 10 Cc

(specimen &, Table VI.1)
. o

2 4



MgO ALLO;N.2Mg ALO,

A|3C)3 N.Z2Mg A1204

s 1000

Figure VI.6 Variation of unit-cell dimension with temperature
for Mg-Al-0-N apinel



The coefficient of expansion for MNMg-Al-O-N spinels
is lower than for MgA1204 .

This brief investigation suggests the possibility,that
Mg-Al-0-N spinel may have better ceramic properties than
MgAl,O0, and needs detail examination.
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VI.4 Phese relationships in the Mg-Al—O-N systen

The diagram in Figure VI.7 has been constructed
“f"“from“the~result5“of“hot-pressing nixtures of Mg0, AlN
and A1203 at 1800°C for one hour. It is not an

equilibrium phase diagram but an idealised behaviour

diagram. The phase designated as R has a ?HS

structure (i.e. AlN type isotropically expanded along

o, Ramsdell symbol used, see Chapter Ix) according to its

unit-cell dlmen31ons, but its X-ray reflexions are broad

suggesting a range of homogeneity. In all preparations

involving magnesium and nitrogen at high temperatures,

Mg N, is lost by volatilisation and the fired composition

is shifted from the starting composition in a direction

away from MgBNz; Any initial composition between

AIN and 1lig0 therefore reduces its final M:X ratio

from the original 1:1 . ]
The maximum amount of 21R phase was observed

along the A]_N-A;LZO3 Jjoin at a composition corresponding

tq TM:8X . This is an AlN polytype phase and probably

accommodates only a small concentration of magnesium.

It was also cbserved when the composition which gave R

‘.
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Pigure V1.7 The ?&gO-AIQG -AlN-}ég3N2 behaviour diagram
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phase was hot pressed at 1950°C; clearly this is due to
the volatilication of Mg N, at the high temperature.
Crystallographic data for these phases are given in
Chapter IX.

Any composition in the 2Mg3N2 - 6Mg0 - 4A1N
triangle hot-pressed betwéen 1400-180000 gives 2 mixture
of AIN and Mg0 with a weight loss. For.example if
MgBN2 and 41.0_ are reacted together the product is

2°3
AlN and MgO according to the equation:

MgsN, + Al,0, = 2AIF +  3Mg0

and any weight loss corresponds to the volatilisation of
excess M33N2 « AlN can accommodate some Mg0 to
give asllghtly distorted AlN (see Chapter VIII).

Reactlons between ng o and MgO are discussed later.

YI.5 The use of Mg3¥2 as a reactant

411 éompositions with Mg3N2 nust be mixed in
& dry inert atmosphere, because of its rapid hydrolysis.
in eir, Therefore mixtures were made up in an airtight
dry-box in a flowing stream of carefully dried nitrogen.
MgBN2 hydrolyseslto MgO0 and RH3 and volatilises
above 800°C to Mg vapour and N, (Soulen, Sthapitanoda
& Margrave, 1955) and so a gpecial study had to be
undertaken to estimate the extent of hydrolysis and

volatilisgtion of Mg3N2 under hot-pressing conditions;

Table VI.3 summarises this experimental work.

’



Table VI.2  Conversion ané vol-*‘ilisaticn of ;3552

No. conditions weigsht visuul estimation of  total 1750
(1ig N, pellets) chan;e phases frow H-ruoy estinated
52 V/o powder photo,raphst Y /o
e “03“2 poi?type
1. DPellet covered with 1.5 6 94 - 6
BN; 4h at 20°C
2. H.P. 800°%, 1 win. 0 2 98 - 2
3. H.P. 820°C, 30 min. 0 2 98 - 2
4. H.P, 1000°C, 30 min. 2 20 80 - 20
5 .H.P. 1100°¢, 30 win. 6 30 70 - 35
6. EH.p. 1200°C, 30 min. 535 65 - 35
7. H.P. 1200°C, 60 min. -5 35 65 - 35
8. H.P. 1300°C, 30 min. -6 30 50 20 36
9. E.P. 1400°C, 30 min. -8 10 - 30 37
10. H.P. 1450°C, 20 min. =20 20 - 80 44
1. 3093 38, 70BN -5 10 90BN - 10

pellet sintered at
1400°C, 30 min,

12, 5o%mgjnz,5o¢sn -6 20  80¢3N 20

pellet sintered at
1400°C, 30 nin.

+ - .
neglscting any C

E - A . e
calcoulated Ifrom weight change



Figure VI.8, which plots w/oM33N2 converted to
¥g0 against temperature, shows that £he conversion is
rapid between 800 and 1200°C after which the reaction
slows down at 1200—145000. The increase in 1gO content
cannot be attribﬁted to hydrolysis, as seen from
- experiment i in Table VI.3, because the amount of Mg0
formed>aftel 4 hours is only.6w/o due to hydrolysis by

atmosphericimoisture. Therefore the Mg0 formation

must be due| to high temperature oxidation of MgBNZ by
CO0 in the Lie.
Above 800°C MS3N2’ dissociates into Mg gas

. and N2, aﬁd the magnesium reacts with CO which is

Present in the die at elevated temperatures.

}@BN? + 3C0 = 3Mg0 + 3C + N2
< -a71 -1
AG11OO°C| 87 + 4 k cal mol
-1
A (}130000 -68 + 4 k cal mol

In some runs cafbon was observed on X-ray photographé

of the products and examination of the pellets indicated
that the reaction was initiated at the surface and spread
"to the centre with increasing time. Above 1400°C the
entire pellet had reacted and the 6H phase which forms

had started to

- by reaction between Mg0 and M33N2

melt,

The proportions of Mg3N2 converted to g0 and

volatiliéed depend on the temperature, the amount of
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M85N2 and to a lesser extent on time. From the weight
change it is possible to calculate approximaﬂely the %
conversion to g0 and % volatilisation for a
particular temperature. At 1450°C 25" /o ugsN, is
converted to 1Ig0 and 25" /0. is volatilised., Since
this depends on the amoun£ of -MGBNZ present in the
sample (see Table VI.3, experiment numbers 15 and ~12)

& linear relationship was assumed for this variation;
see Figure VI.9. VWhen Mg3N2 was used as a starting
material, this graph was used to estimate the MgO

produced and the extent of volatilisation for the

appropriate composition.

Vi.6 Phase relationships in the MN3-Si-0-N systen
| Thé investigation of phasé relationships in this
systgm was in two parts: |
(1) compositions made from g0, §10, and
hot-pressed'or sintered at 1700°C;

Si3N4’

(2) compositions made from MgO, Si3N4 and
Mg5N2’ hot-pressed at 1400—1550°c.

. Figure VI.10 shows the starting compositions and
Figure VI.11 has been constructed on the bgsis of X~ray
examination of the products cooled to room temperature .
over about 4 hours. The isothermal phase equilibrium
diagrams at 170000 and at 130000 are given for the
Mg-Si-0-N systém below and above the MgO-MgSiN2 join

Tespectivaly in Figures VI.12 and VI.13.

’
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Figure V1. 10 Hot-pressed compositions in the Hgo-ﬂgsl2-313ﬂ4-5102
system



6Mg0 J6H4P 54 L3 Mo N,

| w3
5,
3/2Mg,Si0,
2Mgsao3+§ a 2MgSiN
Va
3si0, 32SiN.0 Si,N,

Figure VI, 11 The MgO-iAgBN2-SiBN4-3102 behaviour diagram
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In the 6}g0 - 2Mg3N2 - 2MgSiN2 sub=-section
of the diggram two new polytype phaseé observed with
Ramsdell symbols 6H and 12R are discussed in
Chapter VIII, These phases were not observed pure,
because the Mg0 produced by addition of M53N2 was
always in excess of the aﬁount required to form them.
By analogy with Be-Si-0-1 system (Huseby, iukaS*&
Petzow, 1975) it is probable that 6H and 12R will
form pure in the 1ig-Si-0-N system if suitable conditions
are maintained to prevent conversion of Mg3N2 to MgO.

Under these assumed conditions the probable phase diagram

is given in Figure VI.13.

binary join

34

VI.7  »g0-8i N
o Méénesia_was added to silicon nitride as a
sintering aid by Deeley, Herbert & loore (1961) but a
systematic investigation of the system'was carried out
only fairly.recently by Cyama (1972) and Wilson (1974).
In the present work the previous work at Newcastle was
repeated by hpt—pressing mixtures of lg0 and 813N4
at'1700°C end 181000. There were a few discrepancies
With earlier results thch nay be due to d%fficulties
in reaching equilibrium. The results are plotted
Schematically in Figﬁres VI.14 and VI.15 along with
the weight loss at 1810°C.  The weight loss at 1700°C

veried from 0-7% with increase of MgO.

Forsterite and masnesium silicon nitride (EgSiNz)

41
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were observed at 80"/o MgO in the 1700°C hot-pressing

which is formed =ccording to the reaction:

41g0 + Si_N = 2MgSiN2 + Mg?SiO

34 4

To understand the phase assemblages in this system it
is better to refer to the lg-Si-0-N  prism face (Figure
VI.11). S%i.nce 515N, contains §i0, impurity the line
joining 6M%O to 813N4 is displaced slightly towards
510, The!first phases to appear are P _SiBN4 and
SizN20 an% with increase of g0 the 3-phase region of

P51, JSizNzo and glass (liquid at 1700°¢C) is
reached. Experimentally it is difficult to observe the
two phase regions glass + p —Si3N4, forsterite + P_Si5N4’
gnd forsterite + HgSiN2 because they have such narrow
ranges of compositional variation.

Above 1810°C‘there is a gradual increase in

volatilisation of Mg3N2 with increase of g0,

according to the reaction:

Si.N, + 12kg0 = 2g3N, + 3iig,810,

34

At 92m/o g0, the only observed phase is forsterite and
the weight loss is 35%  According %to the above equation
| complete volatilisation of Mg3N2 gives a weight loss of
32%.  Above 1800°C Si,N,0 is not the first phase to
appear because it decomposes and the behaviour diagram
8implifies to I@ —_— B + fors.terite -3 forsterite

——> forsterite + g0 ——> M:0 (Figure VI.15.

¢



This observation is compatible with the prism face
Mg~Si-0-N along the join Si3N4-6MgO if the volatilisation
of Mg5N2 is assumed.

According to Oyama (1972) up to 20™/o MgO goes
‘into solid solution in f3—813N4 but he observed no
increase in unit-cell dimén51on$ although there were
changes in intensities on a diffractometer tiace.. With
increasing M¥gO concentrations forsterite and magnesium
silicon nitride were formed along with p-613N4 In

the present work no evidence of any solid solubility

between SiBN4 and g0 was obtained.

vI.8 Glass formation

The initial investigation %as carried out along
the 301n 20 /o%go 8o" /oSlO bl3 4 by adding varying
emounts of Si N, to a pre-sintered (1700°¢) mix of
¥Mg0 and Si02. The results are tabulated in Table VI.4
and X-ray pﬁotographs of the products shown in Figure VI.16
and optical micrographs in Figure VI.17. It is seen that
10w/oSi3N4 forms a glass and no trace of crystalline
Phases, According to the stafting composition,
S15gM890c s ﬁhe glass contains about .éa/oN and
this was confirmed by chemical analysis, It is greyish-
black in colour and hot transparent in bulk. Cn
d;vitrification of the glass in a nitrogen atmosphere at
1500°C for 8 hoﬁrs, the X~-ray powder photograph (see

Figure VI.16) showed a mixture of Si,N,0, clincenstatite

I3



Table VI.4

12-51-0=N

glass -formntion

graphite die
1700°¢C,
10 min.

run reactants conditions products weight loss
%
o 20"/01g0,80" /0510, 1700°C,H.P.  80% cristobalite 8
10 min. 20:: protoencstatite
B 4“/05#,N4,96W/on 1700°¢,H.P. 10 (cristobalite 0
)) 10 min. & protoenstatite)
90% glass
c 10“/0,13N[,9o"/oﬂ 1700°¢,H.P.  no diffraction 0
; ' 10 win. pattern
' tlackerning neaxr
d=4.0 &
100%% glass
w .- w (o] - o owas
D 15 /0513N4.85 /oA 1700°C,E.P.  10% S5i N0, 2
10 min. 5¢ cristobzlite
85% glass
w w . 0 .
A 1U“/0515H4,24 /0ligV, 1700 C,H.P. as in C 10
w 10 min.
66" /0510,
F as in B sintered in 2lass and trace 2
'N2 in lo. 312N20
furnace for
30 min.
1600°C
G as in C sintered in as in C 3
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and cristobalite as expected from the equilibrium diagram
(Figure VI.12). The weight loss in some runs may be
due to volatilisation of some silica as .Si0 due to

reduction by carbon

SiO2 +C .= 5i0 + CO

The range of glass formation is more iimited
than would be expected from a glass forming region; +this
may be due to the temperature and the rate of cooling for
a particular composition. In the present work the
temperature was not varied with composition.

The chemical solubility of nitrogen in silicate
glasses were first reported by Mn%inger & Me&er (1963).
Elmer & Nordberg (1965) have shown that oxide glasses
with less:than _1w/o nitrogen.havé better pnysical
properties than similar non-nitrogen contaihing glasses.
The water solubility and coefficient of thermal
expansion is lower while hardness, DC resistivity, and
resistance to divitrification by electrolysis increases.
If in the tetrahedral net-work of a glass the nitrogen
is-co-ordinafed by three ligands the structure should be
more rigid and hence have a higher viscosiEy than for
. 8ilicate glasses.l

In the hot-pressing of silicon nitride with
magnesium oxide it has already been mentioned‘that a
pﬁase, liquia at'higher temperature, cools to give a

glass,  Divitrification of this glass gives enstatite

-



and silicon oxynitride after heat-treatment at 1350°C
Wild et al, 1972). Both the original high-temperature
ligquid and the glass which forms on cooling must,
therefore contain nitrogen. The prospect of producing
glasses more refractory and more resistant to
divitrification than vitréous gsilica is worth further
exploration. | . 4 | .

In the Mg-Si-Al-0-N system glasses were formed’

at the compositions:

(1) Si,ghl;lig,Oq,Ns (by sintering at 1700°C for 15
minutes a mixture of 6.7w/oA12 31
6.2" /olig0, 4.8w/os;3N4 and
82.2“/03102)
and A |
(ii) 312{A18Mg10052N9 (by siﬁtering at 1650°c for 30
' minutes a mixture>of 17.3w/0A1N.
22,17 /oMg0 and 61.6" /o quartz)
Analysis‘of.glass (1) vy | EPMA

gave results similar to the starting composition. - The
range of glass formation is more extensive in the
Mg-Si-Al-0-N system than suggested by the preliminary
observation in the Mg-Si-0-N but both system need

further investigation.
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- VII. 53 -Magnesium Sialon

VII.1 Introduction

Bell & Wilson (1973) hot-pressed magnesium

spinel (lg 1204) with ©C-Si N, at 1700°C, and obtained

34

a phase wi7h an expanded B -Si structure the unit-

3
cell dimengions of which increased up to 30m/o.spinel
(Figure VII.1). Because of the absence of any other
crystallin% phases, and the gradusl increase of unit-cell
dimensions,with increase of spinel, it was concluded that
the sfructure was that of magnesium containing pteialon{
Japanese workers have also sinteied c:C-SiBN4-MgA1204
mixtures at 1700-180000 in inert atmospheres and obtained
single-phase [f-sialon (German patent no. 235093 Oct. 1973,
Toyota, Japan). |

Bell & Wilson (1973) also reacted g0 with .
mixtures of equal weights of Si3N4 and A1203» and
obtained }S;magnesium sialon and X~-phase., Other
 workers havevalso added MgO to mixturgs of A1203 and
8igN,. Terwilliger & Lange (1975) added 0-5" foxg0 to
| different mixtureé of 313N4 and A1203 and observed
sintering and‘densification of the resultant sialons,

Work at the Joseph Lucas Group Research Centre also

cbnfirms this,.
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Vil.2 Formation of f -magnesium sialons

Dhe previous work by Bell & Wilson (1973) at

Newcastle on the MgO-A1205—SiBN4 system was repeated

in the present investigeation. Spinels of composgition

MgA120 and 0D.31Mg0. 0,69A1 were added to mixtures

4 2%3

of Si5N4 and A1203 and hot-pressed at 180000. It

was erroneously concluded (Hendry et al, 1974) that the

-p’-magnesium sialon homogeneity range extended from

30" /o1gal, 0, to Si,N,-80"/04l.0,.
815N ,-3 /otgAl, g to 5izN, /04l, 3+ lMore Tecent

evidence has proved conclusively that non-kig containing

P'-sialons are formed along the line of composition

314X end not along the 313N4-Alzo3 join (see Chapter II).

This donclusion suggests that the p -813N4 structure
type always maintains a 3H:4X stoichiometry.
Investigations of the p;-magnesium sialons were theretore

concentrated on the 3M:4X ©plane of the Mg~Si~Al-0-N

- system and compositions were prepared from the following
mixes:

(1) «-SizN,, 41,04, AIN, lgO0, §i0, . |
(2) bre-prepared mixtures of spinel (MgA1204) and
| p’—sialon of cohposition Zz = 1.85.
(3) pre-prepared mixtures of forsterite (Mg28104)

and P'-sialéns of'compoéitions Z = 1,14 & 1.85.
All composgitions were hot—préssed between 1700—180000 for
one hour in a powder medium of boron nitride in a graﬁhite

die. Table VII.1 lists the compositions, starting

materials, and the products identified by HHgg~-Guinier

v



Table VII.1 Composition of mixtures ho:-pressed at 180000 of -magnesium

sialon products

run composition. reactants  X-ray®
. : _ analysis
I B IT . minor phase
-~ (0-34)
T 515 79420.21%80, 10%. 4173.72 Sis§4oﬁlo.41M€o,1900.79N7.21 8+Sp -
2 81, shly oMo 1%, 86%5. 43 514.79410,820%0,3501. 606,40 5P -
5 81, 46%%0,5280.26%1.06"3. 30 814.56%20.9660,43%1.92%6.08  8*SP 15R
4 81, 33815 67M80,33%, 333,11 51, 21411 ,20"0,55%, 385,62 O*5P ~15R,5p
5  Sip ogtly, 1580, 12%.38%3.08 " Si3.73A12.06Mgo.2102.48N5.52 2=1.85+5p 158
6 81,y 93814 ,29%80,21%.71 2.6 Siz 3g4ly 55M80,3702,99N5.09  Z=185+3P  151,5p
T 8%, sohly 56180, 16%.87 3.2 Sig.68811.00780.3201.62%.38 21 14+T0 158
8 51, 55815 96480, 12%.2 N3, Si, 03414, 76M80,210, 185,82 %=1+85+F0 15R
9 Si2.20A10.95Mgo.21°1.34N.3.1o 51397411, 65%0.330%2.41%5.56  2=1-85+F0 . 15R,Sp

centd next page



Table VITI.1

contd.

15.335%10.70"%0.30%1. 303, 13

contd next page

run composition reactants X-ray3E
I II minor pnase

: (0=3%)

10 Si,,5800.6 %.6 o6 514.66411.14%1.14%. 86 Sth+! -

1 Si,,al 0 Ny S1, 1581 505, 65%. 15 Ceeheal -

12 312.18A11.O901.09N5.é7 314 Al, 02, g 8+A+A" -

13 81, gzaly 50043005, 13 -813‘65A12;3502.35N5.65 S+A+A! -

14 5, gty 91M60,09% . 093,27 51, 16001.68%60,16% Ve S+A+A'+ll  tr.5iC

15 53, 3981 70880,18%1,09%3.27 Siy, 33819, 34M80,33% N StA+a'+M - 5iC,Sp

16 81, 4edly o)M8o 5701 0oV 27 5t4.49%01,02%0.45% V6 s+A+i'+M  SiC,Sp

T Sy 458 010%80.10%1. 505,13 Fhsiestlegyte0.82. T srAwATAL DR

18 8i, 534l 50M8p 2001, 30%3, 13 514.0151{;63“30.3602.35N5.65 StA+a+H f5R

19 8 Si4.19A11;27Mgo;5402.35N5.65 S+A+A'+M 15R |



Table VIIl.1 contd.

\

Notes: I = si Al N O N '
3-x/4=y/2 "7y “8(x-y)[2 “x “4-2x/3
= i Al 3
- Sl6-z+m/z. z-m Mgm/z ©, Yoz
15R  is the magnesium sialon with the 1SR polytype structure
= major phase P’ y 97-100%

Key: 8 - *K=-Si_ N

34
- 0
A 41,0,
A' = ALN )
M = Mg0 | | .

" 8p = spinel, }dgA1204 . |

Fo = TPorsterite, MgZSiO4
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X~-ray powder phbtographs of all mixtures that give
97-1005; B' -nagnesium sialon while Figure VII.2 shows
all the compositions hof-pressed in.the 3;4 Plane.

The phase assemblages that are formed in this plane
are discussed in Chapter VIiI.

In the MNMg-Si-Al-0-N repfesentation by J4necke's
triangular prism, at any composition the total metal or
non-metal valencies equals 12. On this basis any
composition in the 3:4 plane can be represented by the

formula:
,Sia_x/4_y/2 Mg(x_y)/z Aly o 11’4_2]{/3

In sialon compositions the formula Si 4Y O N
b-z "7z "z 8-z

hag heen widely adopted, and on this bhagis compogitions

in the 3:4 plane may be represented bys:

si '
6—z+m/2 Mgm/Z Alz-m Oz N8--z
The values x, y, 2 and m are releted by:

2 = 8(0) = 9o2x

(0)+(w)  124x

m = 6 (Mg) 24 (x-y)-
(si)+(al)+(Mg) 12+%

Compositions have been expressed according to both

formulse.

ol -Si,N, powder has about 4% /osi0

, 88 impurity
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and AlN has 6w/oA1203 .

Si3N4 and 41N powders therefore has a slightly smaller

A composition made up from

M:X atom-ratio than the same mixture prépared from pure
nitride powders. When a composition was prepared the
oxide impurities were compensated so that the overall
composition was 3M:4X . ‘ﬁimagnesium sialon has an
advantage over the pLsialon because, in the pre;enoe
‘ Qf g0, the silica impurity of silicon nitride forms.
magnesium silicate which reacts with.some silicon
nitridé to produce a liquid which aidsvdensification
by liquid-phase sintering'and is subseguently ihcorporated
into sclid scluticon to give a single-vhase ﬁ?',

Table VII.1 shoﬁs that there are minor impurities
such as 15R, spinel or silicon carbide in pIAmagnesium

-

sialons due to one or more of the following:

(1) some volatilisation in the graphite die (see
section II.5); |

(i1) 1localised preferential reaction in forming 15R or
spinel prior to F¥ and these remaining unaltered
during’subseqﬁent heét~treatﬁent;

(iii) dincorrect esfimatiop of the oxide impurities in
the Si,N, - and AlN so that the composition
does not lie exactly on the 3M:4X plane.

The work done by Messier & Gazza (1975) on the
thermal decomposition of sialon mixtures in reducing

atmospheres shows the decomposition product to be AlN

or AlN—poiytypes. FYor example the reactions:



3 0 = ¥ .
813N4 + A12 3 241N + 3810 + N2

and _813N4 + 2A1203 + C = 81A1402N4 + 2810 + 2C0
. . (15R-sialon)

can take place in the graphite die to form 15R-sialon
with disappearance of the vqlatilé products. If the
oxide impurities in Si3N4 and AlN are overestimated
the composition of the mix will be slightly above the
ZM:4X plane in the phase diagram. For example the
product of run 7 in Table VII.1 contains 2% 15R3 -
this.hot-pressed sample was powdered'and mixgd.with
3“/68192 and after hot-pressing again the product was’

'
P—magnesium sialen and spinel.

- » ,
VII.3 Homogeneity of P -magnesium sialons

: ‘
The area of B -magnesium sialon homogeneity is

plotted in Figure‘VII.Z using the results of hot-pressed

t

compositions. The same composition produced/by different

reactants gives a product with the same unit-¢ell
dimensions. L The formation of ﬁ’—magnesium ialon
from starting composition of 3M:4X, would be| expected
to have the same structure as ﬂ-si3N4 or 1,3 I—siaion
and a range of homoéenéity. To maintain el%ctribal
neutrality when magnesium is incorporatedhto‘the
structure of the }f+phase it is necessary to adjust
the okygen:nitrogen rafio accordingly. | |

It is difficult to determine whether magnesium

50
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is incorporated in the ,6l—éialon structure by chemicéi
analysis or electrOn-micro-probe-énalysis or Ly any one
method conclusively. Therefore several‘methods had

to be used.

The unit-cell dimensions of ;5'-magnesium
sialons were determined and the infra-red absorption
spectrum of ﬁl-magnesium sialons was studied by )

'Df. S. Wild at the Polytechnic bf wales. He found
that all the peaks in the g -SiB‘N4 spectrum were
brosdened and shifted systematically with increasing.
z value. In particular, the line at 5§Ocm_4 showed
2 lincer variztion of wave-number with unit-sell
dimensions as shown in figure VII.3. Table VII.2
lists unit-cell dimensiOns,-waﬁe-numﬁer, differences’
in unit—cgll dimensions and wave-numbér, z-value and
magnesium content. The differences in unit-cell
dimensions ( A a, A c) and wave-number ( V )
between P’-magnesium sialon and the equivalent
ﬁ'-sialon of the same z-value as é function of Mg
content are plctted out in Pigure VII.4. It can be
seen that there is é smooth variation with increase in
magnesium content.  This.is because any P’tmagnesium
8ialon is derived from the corresponding P'-sialon
for the same oxygen:nitrogen ratio by replacing one
eluminium by half each of magnesium and silicon (see

formula 2, in section VII.2).

Tablé VII.3 lists X-ray density, powder density
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Flgure VII.3 Variation of unit-cell dimensions
and wave-number witl z-viylvue for

pleialon



Table VII.2 Unit-cell dimensions aznd wave-numbers (I.K.)

’ . .
of B -magnesium sialons

run® a c v Y/ -As =bc Ay Mg *
2 P e %—é%%) x10§ x102 cn” ! (w/2)
A
p-513N4 7.603 2.909 580.0 0. 0 0 0 0

14 7.655 2.951  545.5 2,00 3 7 5.0 0.16
17 | 7.663 2.961 - ‘2735 5 6 - 0.18
1 7.617 2,918 575.5  0.79 8 10 ses bt
5 7.663 2,961 - 248 9 9 - 0.21
19 T.644  2.945% .554.5 2.00 14 15 14. 0 0.35
18 ‘/7-655 2.947 - 2.35 .13 20 . 0.36
9 7.655  2.947 - 241 15 19 - 0;38
2 7.623 2.922  572.0  1.60 24 | 26 23.0 0.39
3' 7.632 '2.926 - - 1.91 24 ‘28 - 0.48 -
16 7.632 2,929  565.5 2,00 26 | 29  25.0 0.49
19 7.638 2,933 - 2.35 30| 34 . - 0.54

20 7.638 2,933  563.5  2.39 32| 35 31.5 0.59

Run refers to same runs as in Table VII.1

m &as in Mgm/2 s]'6—z+ui/2 Al, n 0, Na-z



]
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Table VII.3 Densgity measurements of /9 -magnesium

sialons
run’ X-rey density  powder density sealed porosity
g — g cn=3 % '
12 3,119 3119 o
14 3.126 3.124 0.1
15 3.139 . | . 3.125 0.4
16 3.164 3.6 ' 0.1
13 3.105 3.106 -
17 3113 N REE -
18 3.131 3.131 0
19 5157 34151 0.2

Run refers to same run as in Table VII.1

NOTE: ~ % sealed porosity = % true porosity (as apparent

= 100 (1 -

porosity = 0)

nowder density )
X-ray density
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Figure V1.4 Variation of difference in unitecell
dimensions and wave~-number with Mg content
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¢ i
and sealed porosity for some ﬂ -megnesium sialons

and the agreement between‘X-ray density and powder
density is good and discounts the possibility of
having a vitreous magnesium sialon phase, which would
invariably reduce the powder density.

The self consistency of results namely, thg
absence of any second crystalline Phase, correlation
between X-ray and infra-red measurements and the
density measurements all provide convincing evidence
that magnesium is incorporated in the structure.4

.

, o , L ol . .
VIIi.A Yroperties of B -magnesium sialon
L4

VII.4(i) _Density and porosify

The density and ?orosity of some p'-magnesium
sialons are listed in Table VII.3. The theoretical
density of the specimens are in close agreemeq% with
nmeasured density, which suggest that the assuned
structure is correct and /3Lmagnesium sialong are nearly
single-phase. The sealed porosity measureme!ts show‘

that p'-magnesium sialcns can be produced eaéily by

hot-pressing with near zero porosities.

VII.4(ii)  Coefficient of thermal expansion

/
For the P -magnesium sialon of composition

Si, .. g iati
5.4bA12.26“50.2802.83¥5.17 the variation of

unit-cell dimensioné with temperature is plotted in
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Figure VII.5 and the coefficient of expansion was

6 o0.=1

found to be almost isotropic and equal to 2°7ip-ZX1O— c .

This value compares well with that of p'Fsialon (z=3)

where o = 2.7x10_6oc‘1 (Wilson, 1974) end B -Si N

6 ¢ » 34

* = 3.3x107°, o« = 3.8x107° (Berkbile, 1970).

VII.4(iii) Thermal shock resistance

| When ceramic materials are subjected to very high
transient femperature-gradients, substantial étresses
develop;' resistance to "cracking" under these conditions
is célled thermal shock resistance. | The simplest methéd_
of tésting the resistance to thermal shock is by heatiﬁg
a thin 1" diameter hot-prgssed disc weighing about 10g
in a furnace at 120000 and rapidly dropping into a
beaker of/water at 20°C. This is repeated and the numbér
of cycleé survived by the disc is taken as a measure of
thermal shock resisténce. The p’-magnesium gialon of
composition Si4.19A11.27Mg0.5402.35N5'65, splcimen 20,
Table VII.1 (referred to later as z2=2,35 ﬂ,umgnesium
sialon) survived 18 cycles - an average fronm é samples

testegd.-

VII.4(iv) Chemical resistance !

! _
Hot-pressed blocks of $ -magnesium sialon of

composition Z=2.35 weighing about 1g were subjected

to 6N sulphuric acid at 9000, 6N hydrochloric acid at

o |
70°C, 2N sodium hydroxide at 100°C and 6N hydrofluoric
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»

acid at 20°C for 30 minutes; it was affected only by
hydrofluoric acid. When ﬂl-sialon (z=3) was subjected
to similar treatment (Wilson, 1974), it was attacked by

sodium hydroxide and hydrofluoric acid.

VII.A(v) Oxidation resistance and thermal decomposition
Hot-pressed block of pf—magnesium sialon (z=2.35)
when heated in air at 1200°C for 24h and 240h showed
small weight gains of 0.05% and 0.15% reépectively.
No surface oxidation product was observed or detected
by X-ray methods. Similar treatment with h&t-pregsea
313H4 "gave cristcbalite as the oxidation product.,
The above ﬂ' -magnesium sialon was powdered
and the fraction betweén ;200 mesh and +300 mesh
(53=75 pm) was heated at 1500°C for 16h and 24h in air
and weight gains observed were 4.3% and 6.5% respectively.

The X-ray analysis of the product for the 24hour-specimen

showed 609% ptmagnesium sialon, 30% Si, N0 and 10%
N-phase. Under comparable conditions p.-Si3N4 was

completely oxidised to cristobalite in six hours and
p'-sialon (2=3) oxidised to mullite and cristobalite
in 24 hours (Wilson, 1974). These results, although
not really quantitative suzgest that magnesium sialon hés
better oxidation resistance than silicon nitride or
pl-sialon.
Vihen Pl~magnesium gialon (2=2.35) of particle size

53-T5 Mn was heated in purified nitrogen at 1450°C for
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18h there was a weight loss of 7%. X~ray examinsation

showed about 5% spinel as & new phase in addition to the
pcmagnesium sialon and 2% 15R-magnesium sialon present

originally. Under similar conditiops silicon nitride

and pl-sialon (z=3) showed weight losses of 7% and 3%

respectively (Wilson, 1974). It is calculated that

the oxygen potential in the purified nitrogeﬁ is

- ’
oy 10 16 atmospheres and at these low values P -magnesium

sialon undergoes dynamic oxidation:

Sl4,2 Ay,2 M8o,6 2.y N5, + 2410, = 0.61gAL0, 4

4.2 si0 T+ 2.8 NZT

!
These orude comparative tests show that P -ma.gnesium
suffore zhout the same amount of thermal

a T S > the

decomposition in nitrogen as p -gilicon nitride.

VYII.A(vi) ‘Hardness measurements

Vickers hardness measurements using a diamqnd
indentor and a load of 10 Xg gave éverage value for
10,readihgs of 1522 VN. This is similar to the
corresponding result for ﬁteialon (z=3), 1630 VN

.

(wilson, 1974).

VII.5 Conclusion

The present work shows that P'-magnesium

sialons can be produced by different routes and extend

I3
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- !
the range of homogeneity of P ~-gialon, The physical
properties are comparable to p’—éialon but the

chemical properties are slightly better.



VIII. _ Phose Relationships in the Mg-Si-A1-0-N System

s 6] - 0_-Si_N section
VIIT.1 The 61120 21&1?___3 324

This section represented for convenience by the

equilateral triangle of Figure VIII.1 cuts across planes
of constant M:X ratio. The behaviour diagram was
constructed from the results of hot-pressing mixtures of

’ 0 1.0 i
MgO, A1203 and 515N4 or of M’gAl2 4’ A 2”3 and 813N4

‘at 1800°C (see Figure VIII.2). Below the 3M:4X 1line
the weight losses were less than 5w/° but above it, they
increased with increasing MgO (40-90"/0) to about 40% /o,

Compositions prepared by spinel additions to Si. N and

34
A1203 generally show lower weight losses than those

from MNgO, S:L,‘N4 and Al?oz . The volatile product was

Mg3N2 (see Chapter VI) formed according to the equation:

Si,N, + 12Mg0 = 2Mg

3N N, + 3Mg,S10

3 4

' ' . / .
Along the SiBN4—MgA1204 join p -magnesium sialon

is formed up to 30%/o ifgAl Below the 3M:4X line

0,.
2 4
Pﬁmmgnesium sialon and X-phase are formed, while above

it oc-Si3N4 is svtabilised. . This o -structure has a

slight distortion relative td-pure A -Si and hence

N
34
is labelled cx' . At high spinel concentrations along

the Si_N, -spinel joih, 15R-magnesium sialon appears and

34

with further increase, magnesia spinel remains. The

’



Key:
F =Forsterite
P =Periclase
S =Spinel

Aza-A O
B+FeM 23

SiN, ALO,

Figure VIII.1 3N, sub-system at 18000C

The ben.:ivur diagram of the llgO-Algos-Si



2 3

SIi.N
3% A‘203

Figure VIII.Z Hot-pressed compositions in the MgO-A1203-815N4 sub-systen
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spinel structure can dissolve up to 4m/o Si}N4 for

41,0, conterts of 50-70"/o.

Below the 3M:4X 1line and towards the Al O3
rich corner another phase designated "N" appears; it
is probably formed below the 3M:4X plane and the
maximum amount observed wés 20%. N-phase was also

34

with a vitreous phase and can best be described as a

observed in the MgO-A1N--Si, N . sub-system, in equilibrium

nitrogen-petalite, becausevthe X-ray'diffraction pattern
is similar to petalite and is listed in Table VIII.1.

| With increasing Mg0 (30-40"/0) added to equal
weighté of Si3N4 and A1203 above the 3M§4X line
15R-mégnesium sialon is formed together with forsterite
and with further increase of MgO (40-60"/0) a 12H-
magnésiuh;sialon phase appears. | This is in agreement
with the observation, when increasing amounfs of MgO

were hot-pressed with 15R-sialon to gi#e the following

sequence of products:

Mg0 MgO0
15R-sialon ~——> 15R-magnesium sialon + forsterlte -———>

12H~magnesium 31alon + forsterite

The forsterite can be formed by the reaction of SiBN
, ‘ 4
with MgO :

Si N, + 4Mg0 = 21gSiN, + Mg28i0

374 2 4

The MgSiN2 that is formed along the join 313N4 Mg0
disappears with increasing A1203 because M:gSiN2 reacts

-



Table VIII.1 X-ray diffraction data for N-phase

Orthorhombic unit cell: a = 5.628, b = 14,328, ¢ = 4.969 &

CuKe,, 1.5.4051 2

bkl dcalc : 'dobs Iobs
020 7.164 E T.192 vvw
110 5.239 5.232 vw
130 3,642 3,648 ms
111 3.605 3.606 8
040 ‘ 3.582 3,586 ms
131 2.937 2.941 n

- 200 2.814 2.817 w
002 2.484 - 2,466 m
201. 2.4496 2,451 n
022 . . 2.347 2.351 vw
221 ‘ 2.317 2.316 nw
132 , 2,052 2.054 n
241 _ 2.022 2.023 w
170 . 1.924 14925 m
202 1.863} 1.863 w
310 , 1.860 ,
171 754 1795 ww
080 1.791

© 330 ) 1.746 1,746 - o

- 312 : 1.489 , 1.488 vw
082 1.453 1.453 vVvw
281 1.446 1.445 v
203 : 1.427 1.428 m
223 1.400 1.401 vvw
370 1.383 1.382 W
420 1.381

401 1.354 | 1.354 VW
243 1.326 - 14326 W
440 1,310 1.309 w
173 1.255 : 1.255 mw
0010.2 1.241 ’ 10241 vva

024 1.224 1.224 W



with alumina to form 12H-magnesium sialon and forsterite

(see section VIII.7), for example:

32MgSiN, + 201;\1203 = 24 (Mg1.25811.125A11.6702.17N2.56) +

M323104 + 45i0T+ 1.28N21‘

o n
At higher g0 concentrations (e 80./0) and
higher temperatures (ev 1810°¢) a small amount of 20H-
magnesium sialon was observed; when the same compositions

were hot pressed between 1600-1700°C, R-phase was formed.

VIII.2 The 3M:4X compositional plane

| The behaviour diagram for this plane is given in
Pigure VIII.3 which was constructed from the reéults of
hot-pressings carried out between MgO, A1203, SiOQ,ASiBN4
. and AlN /at 1800°¢ for one hour. The hot-pressed
compositions are\snéwn in rigure VII.2; weight losses
were less than 5%

The p/-magnesi