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ABSTRACT

Sialons are a new range of high strength, refractory materials
wiiich can be prepared By hot-pressing mixtures of silicon nitride
(Si3N4) and alumina (A1203) at temperatures of about 1700°C, The

resulting ceramics have a general formula

Si6__ZAlZOZN8_Z
where z may vary from 3 to 4. Their crystal structure is similar
to that of Sizly but NOT is replaced by 62’ and, to effect charge
compensation, sitt ig replaced by‘Aljf. Charge compensation can
also be achievéd by introducing other metal ions such.as Lit, Nat,
Mg2+ and Y3+._' This leads to an even greater possidble range of
céramics. The present work is concerned with one group of these,
the 1lithium sialons.

Thehsmall amount of previous work on the electrical properties
of lithium sialons was confined to preliminary measurements of d.c.
conductivity, Here the electrical behaviour of a range of lithium
sialons has been studied and then compared with that of pure.sialons
and an yttrium sialon glass in order to determine the conductivity.
mechanism operating within the lithium sialon samples,

The orders of magnitude of conductivity encountered lay between
.’LO'7(0hm:cm)"1 and 10—3(§hm cm)'l. Techniques have been developed
for the measurement of d.c. conductivity (Odc) from room temperature
to 800°C and of a.c, conductivity (Oac) from 20 Hz to 25 klz over
the same temperature range. The measurements also enabled dielectric
constant and losses to be determined at the some temperatures and
frequencies., The results showed the presence of two conductivity

regimes, one above and one below about 400°C, It has also been




observed that J4c decreases as a result of passing current
through the specimen and a preliminary examination of this
apparent solid state electrolysis has been made. All the
results are discussed in comparigon with the available data

on pure sialons and some other nitrogen ceramics,
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CHAPTER . ]
INTRODUCTION

1-1 The Nature of Ceramics

The materials which were described by the Greek word "keramos"
meaning burnt stuff, have mushroomed into a ceramics industry which
now manufactures materials essential for almost every realm of life

as we know it,

Traditional ceramics are those based on the silicate structure
and include porcelain, pottery, cements and glasses. In common
with all ceramics they are predominantly co-valently bonded,
inorganic and non-metallic. Many of tﬁem are also characterised by
extremely high melting points and have an excellent resistance to
chemical attack, In tﬂe last two decades the ceramics field has
broadenéd considerably and has developed new or ”Special‘CérémicS"
in response to the demand from modern téchnology for ever greater
efficiency and the higher operating temperatures associated with ito‘

Many of these special ceramics have been found to display novel
properties.which have proved impérative to many newef fields of
technology. Thé épace'and computer indUstries.are two goodvexamples{
-Magﬁétic céramicsihave been de&eloped for use in electronic memory
circuits. For this application éh:éimoéf;séuarefhysteresis loop is
réquifed which the special ceramics have been éble to offef.  In_;
migsile and focket development thé nose coﬁe'and rocket thrdatvﬁust»‘
be dble to withstand exfréme téﬁperétures and display good erosioﬁ
fjresistaﬁcé. Ceramieé are now used‘for both. ft‘is.iﬁtefésfing.thaf,_
—iﬁ the generation of nuclear power, ceramic fueis,based on u}ania_' |
have proved invaluable. | \

One of the most ineresting pofential usesvof specialvceramics‘
is in‘the development of gas turbine engines. It is proposed to

\ R URIVERGF
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use one such ceramic, silicon nitride, to manufacture the blades

in these engines which would enable the operating temperature fo be
raised to 13509C, This would represent a worthwhile increase ih
efficiency,

Silicon nitride has been hailed as the ceramic of tﬁe decade
many times, .Its propertiesyare truly remarkable, It decomposges
at 1950°C but it can be used up to 1870°C in an atmosphere of helium
or hydrogen. It is oxidation resistant in air up to 1500°C due to the
formation of a protective layer of silica. Its therﬁal shock
properties have been investigated extemsively by Joseph Lucas Ltd.,
and by Newcastle University and it has been found that a crucible
nade from silicon nitride shows no ill effect when molten metal and‘
water are alternately poured onto it (Arroi, 1973)._ Further,‘the
crucible displayed né signs of bhemical reaction when the molten
metal had been héated in it for periods of up to 30 minutes. The
modulus of ruptpre of silicon nitride is of the order of 60,060 psi.

Although silicon nitride does posgess extremely attractive
refractory proPerties there are three 1imitatidns that must be
; improyed before it can fulfil its true potential, These limitations
are: | |

i) the decrease in oxidation resiatance above 150000
ii) the decrease in strength at high témperatures dve to the
softening of the glassy phases present |
iii) fabrication difficulties, particularly inconsistency from
batch to batéh.

One way to overcome the second difficulty is to develop a ceramic
with a moré refractory bonding glass phase. This has been done by
producing a new range of special ceramics from silicon nitride and
another impbrtant refractory, alumina. As will be discussed in

depth in Chapter 2, these two compounds will form a solid solution




in each other, This new range of special ceramics, the sialons
(see for example Jack, 1976), have been shown to have improved
oxidation resistance; bend strengths of better than 100,000 psi
which do not decrease markedly with increasing temperature have
been reported by Arrol (1973). The difficulties associated with
fabrication ha?e not been removed yet; however, they are certainly
no worse in the sialons than they are in the original silicon nitride,
An added advantage of the sialons over silicon nitride is fhe
range of composition which is available giving a versatility that
could not otherwise be achieved. Sialons have the composition
Sig.zAlz0,Ng 7
where z may vary from O to about 4.2. )The range of propertles
available can be further extended by adding dopants to the lattice;
in partlcular magnesium, sodium, lithium and yttrlum sialons have
been fabricated. These dopants, together with the possibility of
altering manufacturing conditions result in a range of ceramic
materials with immense potential in high temperature industrial
‘ applications, |

1-2 Scope of the Present Work

This thesis is concerned with the electrical properties of one
group of the sialons, namely the lithium sialons. ‘rThere has been
very little previous work carried out on this topic, or indeed on
the electrical preﬁerties of any sialons., Jama, in a PhAD thesis
(Jdma, 1975) made a prellmlndry study of the decay of the d.c.
conduct1v1ty of a lithium sialon and Sharlf at Durham Unlver51ty 1s

carrying out a study of the electrlcal propertles of undoped 51alons,

(Thorp and Sharlf, 1976) He has measured the a.c, and d.C. electrlcal .

conduct1v1t1es of two pure 81alons (z-3 2 and z=4. O) and also 51llcon

'-:;"_nltrlde'between 400o and 1,0000C, The results of this work are re—

ported in Chapter 6 as a comparison to the behaviour of lithium doped




-

:f -sialons° Sharif also investiéated the Hall effect and made measure-
"ments of the thermoélectrié power in the two undoped samples,
:ﬁig. Before the ?resent work had progressed very far it was realised
47%£h$t gialons; and in particular lithium sialons are not well behaved
aé‘reéards correlating their electrical‘behaviour with starting
compositionw The reason for this may be intrinsic or it may be that
differences in the ratio of the various phases present or even
differences in the sizes of the crystallites\in the material are
having a major effect on the electrical behaviour. It was therefore
decided to approach the investigation of the electrical properties
from two angles. Firstly,‘thé behaviour of the lithium sialons as
_insulators was studied; +this was intended purely to document the
: insulation properties of the lithium sialons and to give a picture of
their value if used as insulating materials. Thig study was confined
to ‘the femperature range 200 to 8700C and the results are presented
. in,ChaEter 4,

In'the second part of the work an attempt was made to deduce the
conductivity mechanism operating in the lithium sialons. This was
undertaken using a bridge method to measure the conductance and
parallel capacitance of the sample, hence giving data that could be
correlated with the different conduction mechanism models that might
be applicable. The results of thq investigation, together with the
relevant theory are discussed in Chapter 5. Chapter 6 considers the
effect of adding dopants to the 1éttice on the electrical Behaviour ‘
by comparing the results obtained on lithium sialons with data on

pure and yttrium doped sialons,
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CHAPTER 2

PRODUCTION, COMPOSiTION AND ANALYSIS OF SIALONS

2-1 Fabrication of Nitrogen Ceramics

. Perhaps the major reason why silicon nitride has not made the
:' inroads into the ceramics induétry at the rate that would appear-
iprqbable from looking at its excellent refractory properties, is the
'fzdifficulty associated with its fabrication. These properties, as
” oﬁfiiﬁed in Chapter 1 are far more likely to occur in a predominantly
co—valently bonded solid, such as gilicon nitride. However, the
self-diffusivity of such a co-valently bonded solid is extremely small
with the result that it cannot be sintered to maximum density by
firing alone. There are two methods of producing solid silicon nitride
that are now used, namely reaction bondihg and hot-pressing.

Reaction bonding involves nitriding a silicon compact which has
been made in the form of the required finished produét. This
nitriding is carried out in molecular nitrogen at about 14009C which
yields a mixture of the two forms of silicon nitride, q and B. The
advantage of reaction bonding is that intricate shapes can be
manufactured since there is very little dimensional change to thé
compact during nitriding; it is also the cheaper method. However,
the theoretical density cannot be achieved by this techniéue and
porosities of 25% are typical. The low density results in some
disadvantages, chiefly that a lower than maximum strength of the
product is obtained and also that the oxidation resistance and resistance
to corrosive environments is reduced because of the increased surface
ared,

The second method of forming silicon nitride is hot-pressing. In
this case, powdered silicon is first nitrided so as to give Grsilicon'
nitride powder, This is then hot—ﬁressed in air qt between one and
two tons psi in a grabhite die at about 17009C, - This yields a

maximum density, B-silicon nitride product with higher strength and
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greater chemical resistance associated with it as compared to the
reaction bonded material. However, the process is limited to simple
shapes and is costly, It is not possible to use normal machining
processes such asg milling and turning on hot-pressed materials and
cutting and D'r:LndJ.ng can only be carried out with great difficulty,
whereas reaction bonded products can be machined in thn normal way.
The method of hot-pressing has been extended and used by the
resedrch workers at the Department of Metallurgy, Newcastle University
to manufacture the sialons investigated in the present work (Jama,vl975).
l,‘The starting materials, shown in Table 1 were mixed using wet milling
or by dry wixing in bottles on a Pascal ball mill, The grinding
medium used in the wet milling was either cyl-peb alorite (A1203) or
tungsten carbide balls, but with the latter tungsten was always
observed as an impurity in the product. After mixing, the mllled
slurry was dried and the dry powder was vibromixed for a short time.
In both cases the mixture was then vacuum dried at 100°C over phosphorus
pentoxide to absorﬁ water., The dry and thoroughly mixed powder was
finally made into a pellet to be hot-pressed. In order to hot-press
these mixtures it was necessary to add 1 to 2 wt% Mg0 to the starting
materials, | The pellet was buried in boron nitride and put into a
graphité die; the boron nitride minimised the reducing effects of the
graphite, A pressure of about 1 fon psi (154 bars) was applied to the
die which was then heated to a temperature of between 1550 and 1700°C,
usually 1650°C, This temperature was maintained for half an hour
after which the system was allowed to cool naturally., Due to the
high volatility of most lithium compounds, weight losses occurred in
the majority of the products contalnlng them as one of the startlng
materials., For this reason 1t was necessary to analyse chemically '
all the sialon products invéstlgated as will Be described.later-in

this chapter,

Improvements are continuously being made in hot-pressing and

s
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'.;ééagtiOn bonding techniques., Howéver, it seems unlikely that it
{wiii:QVer be possible to produce silicon nitride without a éurface
coating of silica. Apart from being an impurity this has the added
.disadvantage that when silicon nitride is used as a starting material

for making sialon compounds, the silica layer prevents the production

of a single phase, homogeneous end product.A The ceramic will contain

at least two phases and in the instance where a second'phése is a low
melting point vitreous one, as often happens, the product will tend

to soften at elevated temperatures with a consequent decrease in the
“high temperature creep strength. Any second phase will almost certainly
ipossess a thermal expansion coefficient different from that of the first;
as the temperature is variéd this will cause stresses within the.méterial

~which in turn increases the possibility of cracks developing.

2-2 Structural Aspects of Pure Sialons

In the same was as the silicates can be derived from gilica, SiOp,
a rangé of nitrogen ceramics can be developed from silicon nitride, Si3N4QAJ
The basic building unit of the mineral silicates is the 5104 tetrazhedron;
each of these tetrahedra has a formal charge of -4 electronic units.
The tetraheara can be joined in a number of ways leading to the diverse
properties of the silicates. Some examples of the different ways in
which the tetrahedra can be linked are shown in Fig. 2i. An irregular
array gives an amorphous structure as in the silicate glasses.

In a similar way nitrogen can form a tetrahedral structureiwith
four nitrogen corners surrounding a.éentral silicon‘atom. For éiample,
B-silicon ﬁitride‘is a covalent solid built up of SiNy4 tetrahedra
joined b& sharing corners in a three dimensional network, Fig. 2ii.
It w@uld appear that @-silicon nitride is similar but seems to be a

defect structure with one in every thirty nitrogen atoms replaqed by

.- an oxygen atom,

Aluminium plays a very impoftant role in the silicate structures

in that the aluminium atom can form a tetrahedron with four oxygen
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aetoms in the same way es does silicou. Furthermore, the A10z tetrazhedron is
approximately the same size as the 5104 tétrahedron; however, it hés an overall
negative charge of five units as cdmpared with the -4 units for Si04. Eence it
is possible to substitute the AlO4 tetrahedron into a silicate structure if
valency or other charge compensation is made elsewhere in the maztrix. Since
nitrogen will form a tetrahedral structure with aluminium and silicon in a similar
way to oxygen, it is possible to use a nitrogen based compound to achieve the
reQuired’charge compensation. This can be done in silicon nitride if for every

514" replaced by an 415%, one 02— is substituted for an I3=. Also other metal

ions, e.g. Li+, Na+, Mg2+, Y2 can be introduced in addition to 413 in order to

effect char;e compensation. Bven without the extra degreé of freedom afforded
by the introduqtion of these other metal ions a vasﬁrange of materizls, both
glassy and crystalline should be possible using silicon—alunminiur—-oxygen-nitrogen
tetrahedra in a way anélogous to thet found in the rénge of silicétes built from
silicon-aluminium—cxygen tetrahedra.  The acrcnym 'sialon' is now

given to all

materials based upon the structural unit (gi, A1) (D,H)A or more gencsrally

bt

(Si,ﬁ) (O,N)4, where M is one or more of the charge compensziion metzls above.
Early'experiments to produce sielons involved hot;pressing silicon

niﬁride, Si3N4 and alumina, AleB, together at high temperature (zbout 2,0000C), .

from X-ray povdér rhotographs ii was found that the structure of the resulting

sialon remained essentially the same as that of hexagonal § - silicon nitride un

o

to concentrations of _‘A‘.ZLZO3 of 70 witf. Hence this crystalline phicse wag termed $'.

e

It is now clear that the composition of B' sislon is given b

f
[

Sl6_z Alz OZ NS—Z
vhere z can vary from O to about 4.2. The derivation of this is exzlsined by Jack
( Jack, 1976). I% will be noticed that this composition lies on the Si6E8—31303;

Join, It was found that composition on the original Sizly-i 203 join contained a

relatively large amount of glassy phase as well as (', while those compositions

with a metal to non-metal ratio: 3:4, i.e. that of the original SigN4 ghowed
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FIG. 2i The Silicate structures (after Kingery)
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FIG. 2ii  The crystal structure of

B - sialon nitride. (after Jack)
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minimum high temperatufé creep, indicating a lower glass content
since a vitreous phase would increase high temperature creep. The
range of hémogeneity where M:X#3%:4 is quite small, it is now known
that most, and certainly all the sialons studied in the present work
'comprise B! crystals'withiﬂ a glassy matrix, This can be seen from

transmission electron micrographs, one of which is shown in Fig, 2iii,

The presence of the PB-silicon nitride crystal in this photograph indicates

that the glassy phase contains nitrogen.

As mentioned before, every particle of Si3N4 powder is always

coated with a very fine layer of silica. Attempts to remove'this, €.&. .

by washing in caustic soda, reduce the quantity present but leave an

indeterminable amount behind. For this reason the Newcastle research

workers made the assumption that there was 4 wt% of silica in the starting

material and compensated for this by adding‘2AlN for each 5i0». In
this way the final compositions were kept as near to the M:X =3:4 line

as possible,

2-3 Extension to Lithium Sialons

The original approach towards making lithium sialons was to use a
"pure sialon" mix and hot—press it with lithia, Lizd, i.e. to go from
some siaion composition on the SizNy - Al,03 base linelto the top
cornér of the phase diagram shown in Fig., 2iv. This proved undesirable
since ‘Lio0 volatilizes readily causing large Qeight losses and hence the
- .exact composition of the end product was not easily predictable.
However, various lithium aluminates can be used and most of the present
work was concerned with samples which were made from SizN4 - LiAlsOg
(lithium spinel) mixtures. The compositions of the samples examined
are listed in Table 1,

‘For compositions with spinel concentrations of up to 50m/0 LiAls0g
(i.e. all those investigated in the present work) the crystalline
constituent of the‘resultant lithium sialon was almost entirely B'
phase with up to 5 wt# of X-phase. The latter, the so-called X-phase

is now known to be a monoclinic phase and tends to be alumina rich,
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PIG, 2iii Transmission electron micrograph

of hotépressed silicon nitride with amorphous
region "A" from which has grown a well-defined
hexagonal B-Si3N4 crystal, x20,000.

(Reproduced by permission of Prof. Jack,
University of Newcastle)
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FIG.2iv The Li,0-SisN, - Al,05 section of the
Li- Si-Al-O-N system at 1550°C. (after Jack)
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The range.of compositions of B' lithium sialons is given by

Liy  Sigsy Al gy Ox Ng-x
B 8 '

where x_and 8-x are the numbers of oxygen and nitrogen atoms respectively

- .in the unit cell, Again the B' phase is restricted to compositions
»Where M:X is 3:4, which is the case for all compositions in the SizN, -
“LiAlgOg series. Other phuses that can occur with high lithium spinel

"oboﬁoédtrations are Eu' (based on B - eucryptite), 0' (based on silicon

oxynitride), and Y (based on tetragonal cristobalite). The compositions
of these phases are shown in the Lip0-SizNj-Al307 phase diagram which

is drawn in Fig. 2iv. As for pure sialons there is evidence to suggest
that in B' lithium sialons a glassy phase ig present.

2=4 Yttrium Sialong -

In order to hot-press either silicon nitride or sialons a small

)

amount, 1-2 wt%, of MgQ is required in the starting mik as mentioned

in section 2-1. This is needed to form a glass which will soften at

‘the hot-pressing temperature and so increase the flow between grains

when pressure is applied. As a result of this, the cooled siaion'contains
a magnesium-silicon oxynitride glassy phase at the grain boundaries which
has a variable softening point often welllbelow the hot-pressing temp-
erature, If yttria, Y203, is used as the additive in pléce of magnesia,
a more refractory grain boundary phase.is achieved, In the Y203 - 5i0,
system the lowest liquid temperature is 1660°C., The idea of using an
yttrium additive has beeﬁ extended to form yttrium sialons, and one

of these, the composition of which is given in Table 1, has been studied
in the present work for comparison with the lithium sialons., It dif-
fered from the lithium sialons in one important feature; it was pro-
duced such that it comprised as much glass as possible, Microscopei
analysis at Newcastle has shown thaf it wasbmade up of abopt 98%'glaésy
phase, the remainder oeing a cr&stalline B! sialon phase,

By comparing the properties of the yttrium sample with those of an
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"ordinary", predominantly crystalline lithium sialon it was hoped to
gain some information of the role of the‘glassy matrix in the electrical
behaviour of lifhium sialons., Unfortunately, it was not poésible to
obtain a lithium sialon glass.

2-5 Chemical Analysié of Samples

Weight losses of between 1 andvll% were recorded'for‘lithium sialbns
in the composition range 20-33 m/o LiAl508, 80~-67 m/o S5izNg (iama,'l975).
To investigate the composition of the final sialon produced, samples
‘were.analysed chemically by the Department of Chemistry at Dﬁrham
 University. In outline the method of analysis adopted was as follows,

Samﬁles were crushed and put throggh a 53 micron sieve., It was
then necessary to get the powder into solution; this proved to be ex-
tremely difficult, The first solvent t}ied was a mixture of HF and
HCLO in which the powder was fused under a I.R. lamp. Howevef, this
usually left an insoluble white residue, The second method of dis-
solving the powdered sample was to fuse it with Na2093 and then acidify
it with HC1. This gave a clear solution, The solution wasbthen
analysed uéing atomic absorption spectroscoPyAfor lithium, silicon and
aluminium, The errors associated with these analyses occurred when
trying to get the powders into solution; although the solutions appeared
to be clear when éodium carbonate fusion was used the difficulty in
obtaining this solution implies that there it is not a perfect one.
Unfortunately, it is very difficult to judge how good a solution has
been obtained and therefore the overall accuracy of the chemical analysis
is probably no better than % 0.1% of weigﬁt of element found. The
error on the spectroscopy is negligible, in the region of .01% of the
weight found of the element. The analyses obtained ére shown in Table 2o

One of the samples was also sent to the Analytical Services Laboratory,
Imperial College Qf Scienée'and Technology, whgre the 1ithium contenﬁ
was‘détermined by a similar atomic absorptioﬁ method; The compariéon .

of the analyses on the sample, which had the starting composition
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30m/0 LiAlg0g, 68m/o Si3N4, 2m/o AIN is as follows&#

Starting composition Durham ﬁniversity Imperial College
1,16 wt% 65 wtfh .65 wtk

ﬁ which shows that the two laboratories were in excellent agreement,
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CHAPTER 3
EXPERIMENTAL TECHNIQUES

‘The aim of the p;esent work was to measure the electrical con--
"'duction properties of different lithium sialons and one ytirium sialon
as functions of frequency and temperature. This was done in two
different ways. Firstly the insulation behaviour, i.e. the way in
which these materials would behave in industrial applications was
investigated, Secondly, the condﬁctivity andhdielectric behaviour
of the sialons were studied %o investigate the conduction mechanism
operating in the samples by comparing their measured electrical behaviour
both with theory and with experimental results for other similar ceramics,
particularly undoped sialons. Further, it was of interest to compare
the behaviour of lithium sialons with that of the yttrium sialon sample
vhich was known to be 98% glass.

The'lithiﬁm sialons studied ranged in lithium content from
10m/o LiAlg0g to 46mfo LiAlg0g8. The composition of the yttrium sialon
as well ag the other samples studied is shown in Table 1,

%=1 Sample Preparation

The sialons were received from Newcastle University as irregular
shaped blocks of varying sizes. It was decided to make measurements
on samples in the form of bars of the order of 1.5 x O.3bx O,4cm in
size in order to reflect the bulk properties of the material. Howvever
in sonme éaseﬁ it was necessary to use smaller samples when thesé wvere
all that were available or if a sample showed an internal fault, such .
as a crack, when it was cut. The possibility of such cracks in the
samples uséd cannot be ruled out but care was taken to use samples where
this seemed to be’uﬁlikely. Vork on samplés other than lithium or
yttriﬁm doped sialons has been carriednqut_pynothers (Thorp and Sharif,

1976).. |
The hardness of all the siélons required fhat they be cﬁt 6n a - -

diamond cutting wheel; this proved quite practicable a;thbughgitkdid‘f
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result in considerable wear of the wheel.

‘Contacts for the measurement of electrical conduction at high
temperature were made using platinum paste supplied by Johnson
1 latthey Metals Ltd., A sample was washed in acetone and then the two
end surfaces were smeared with a thin layer of the platinum paste,
This was dried with a hot air blower, The thin layer ensured
good electrical contact over the entire end surfaces. ‘Platinum
paste was then packed over these two iayers and a small piece éf
platinun wire (about lem in length) was pushéd into the paste at
each end of the sample. The sample plus contacts was then baked
at 600°C for one hour to harden the platinum paste. A sample with
contacts is shown in Fig. 3i.

A small amount of work was carried out at room temperature
usingbgold contacts for reasons to be discussed in section 3=3-2,
To makevthese contacts a sample was‘washed in acetone as before and

then a thin layer of gold was evaporated onto the end surfaces using

an Edward's High Vacuum Coating Unit, A similar gold layer was also
evaporated onto the detachable brass plates of the jig, shown in
Pig. 3ii, which was used to hold the sample.

3-2 Sample Mountings

In the high temperature studies one bf two similar Kanthal wire ‘ ' %
wound furnaces of resistance 76Qand 34Qwas used., The furnace tube :
bore was 3.7cm in both cases. The sample wasvintronCed into the |
hotﬁest part of the furance as shown by the plateau of the temperaturé '
profile of the furnace. One of the profiles4is shown in Fig. 3iii.

The upper limit of temperature was set by the limitations of the
furnaces and was fOuhd to be about 8700C, . All the experimenté were
conducted in air;

The sanmple mounting used to suppofﬁ‘fﬁefsémple;in<the furnace
“tube c§$prised three siﬁilar pyrophyllite discs 3.7cm in diameter _‘
and 4mmv thick. Each'of‘ 'these‘ hadvf.;hreevhoi!.‘es drilled :Lnltlna L

T
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line. " Through these holesvtﬁree siliqé tubes were supported, The
centre tube waé four bore and carried the two platinum/lB% platinum
rhodium ihermocouples. One.dffthese was'used in conjunction withb
an Bther Témpérafure-Coﬁtroilér‘fo maintain the furnacé at the temp-
erature set to within 10°C, The other thermocouple was connected to
a Pye Portable Potentioﬁeter which measured the temperatﬁre to within'
5¢c¢C, "Two platinum lead wires were carried down the oﬁter silica
J;JtuBes, which kept them as physically far apart as possible, and were
'.Spot-welded to the piatinum wires of the sample contacts. Theée two
“fiéiiica tubes pr§truded + inch Beyond‘the centre, thermocouple tube,
' ﬁﬁiﬁlﬁhis‘wéy the sample was kept not only at the same height in the
fufnaée as the thermocouples but no more than 3/8 inch from them.

1

3=% Electrical Measurements

3-3-1 Insulation Behaviour

The insulation conductivity in both the d.c, and a.c. cases was
-investigated by applying a voltage across the sample and measuring,
directly or indirectly, the current that floﬁed as a result.

It was known from an earlier study (Jama, 1975) that lithium
sialons are unstable under d.c. conditions., The apparent solid state
-1e1ectrolysis that occurred was investigated in the present work using
a simple circuit which comprised a Farnell d.c. Power Supply in series
with a sémple and a moving coil galvondmeter of maximum sensitivity
.0046 pA/mm. Thirty volts was applied across the sample for periods
of up to 500 hours. The sample was maintained at 600°C to increase
the current flbw and so augment the degradation effects, The. value
" of the current flowing was monitored at regular intervals thfoughout
the experiment,

The a.c. insulation conductivity of the lithium siélons was in-
vestigated using the circuit shown in Fig. 3iv in which a steady a.c.

voltage was supplied across a Jay-Jay decade resistance box and a

sample in series with it. Two similar digital multimeters monitored
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the potential drop acfoss the resistancg'box and the sample respectively;
thgivalue of thé for@er was adjusted unfil the two potential drops were
the same. .Hen¢e if R is fhe resistance of the sample and Rg is that
of the resistahcetbox‘theh when both potentialidrops are the same

R = Rg
since the same current is flowing through each, The a.c; insulation
conductivity, oyo(ins) is then given by

oac(ins)' -——4:_2._ x L
. Rg A

,'“where L is the length of the sample between the electrodes and A is
ﬁ%ﬁbe.electrode area.
5‘ffﬁ§ing this technique ogc(ins) could be determined within the
frequency range 20Hz to 25kHz and from room femperature to 870°C,
3-3-2 Conduction Mechanism Measurements

| In order to investigate the conduction mechanism operating in a
material it is necessary tokmeasure both the a.c. and d.c., conductivities
in ways considerably different from those used in the preceding section.
In the d.c. case it‘was required to minimise the degradation effects
and for the a.,c. measurements to remove the capacitive éomponent from
the conductivity.

The d.c. conductivity of a range of samples was investigated as a
function of temperature using the circuit shown in Fig. 3v. Thé applied
potential was kept small enough for no degradation effects on thé sample
to be detectable, (usually this potential was less than 5 volts), Also
the voltage was applied only whén a reading waé to be takén and not
maintained between readings. The voltage drop across the standard
resistance (typically 1050hm) was measured using an f.e.t. d.c. ampli-
fier, partly to amplify fhe signal and so permit lower voltages o be
applied overall but also sé ag to provide the voltmeter with an effective
input impedence of 10 30hm, Tﬁis was orders of magnitude higher thén

thot of either the sample or the standard resistance. In this way a

true reading was obtainéd which was not affected by the leakgge of
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“current through the voltmeter. The value of the resistance. of
the sample R, was computed as follows:-

V=1 (R+Ry)

v V=Yg g
Vg= i Rg
... V = V'

R+Rs Rgeg
e R=Re (Vg - V")
. A
where V is the applied voitage
Rg is the value of the standard resistor
/ i [is the curfent
V' is the voltage read from thg voltmeter
g 1is the gain of the amplifier
Vg is the voltage actually dropped across the
standard resistor

Prom the value of R, the d.c. cénductivity 0dc is given by

Odc =L XL
: R A

The sizes of the samples were measured, using a micrometer screw
gauge, to an accuracy of .00lcm. The gains of the d.c. amplifier were
measured at the different levels used and féund to be 11.2 (nominal lO),
50.2 (nominal 50) and 101.2 (nominal 100). The lower limit of temperature
for d.c. measurements of conductivity was 150°C -v25o°c; depending on the
sampie; this limit was determined by the signal to noise ratio of the
dec. amplifier siﬁce the d.c., conductivity decreases with decreasing
temperatu;e. |

In order to investigate the conduction mechanism in the lithium
sialons it was necessary to separate the capacitive component from the
a.c. conductivity. To do this a Wayne Kérr Parallel Capacitance Bridge
vas used; this providedvtwo readings, bthe conductance G, and the pafallel
capacitance C of the sample. From theée two readingé the a.c. conduct-

“ivity Og¢, the dielectric ¢onstant e', and the dielectric 1osS.tan6,
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could be computed using the following eduations

Oac= G x % (3-1)

e'=Cx L 3-2

L (3-2)

tand = _G_ - (3-3)
wCe :

The internal frequency of the bridge was 1.592kHz @o=104) but by
using an external power supply a maximum range of 500Hz to 3kHz could
be .achieved, Useful measurements could be made at temperatures down
to 200°C at which temperature the conductance andvcapacitance of the
sample mounting was no longer negligible compared to those of the
sample.

Measurements made at foom temperature using the bridge, employed
the Jjig shown in Fig. 3ii. Using this Jjig it was possible to measure,
and hence allow for, stray conductances and capacitonces, which as
mentioned above are no longer negligible at room temperature., - To do.
this the conductance and capacitance of a sample were measured in the
normal way; measurements were then repeated with the sample reﬁo?ed
and the distance bétween'the plétes 6f the Jjig képt the same,

The correction terms were derived as follows:-

let G', C' De the c0nductaﬁce, capacitance of the sample+jig+stray
' : ' i.e. the normal bridge reading

" Gy, Cy L " , of the jig

"6, C " ‘ " of the sample
Gos C.o " oo of the sample+stray i.e. the

bridge reading with no sample
" Ca be the capacitance of the volume of air between the plates

Cas " ' " same volume of air as that of the
‘ sample

Thenthe conductance of the sample is given by

G-—-G'-Go»




In the case of the capacitance
C' =0C4 + Cj + Cgq
Co'—' Cj+Ca+C-as_

= el = €5 €39p A where 4,L are the dimensions

L L -. .. . of the sample

ja]

o

=

o
o
[41]

|

L. C=C' - Cy o+ Cag
However Cggq was found to be negligible as were end corrections Endt
so both were ignored.

R The rOom temperature values of the dielectric constant loss tangent

“ifvﬂtand the a.c. conductivity were computed ‘as for the high temperature '

measurement from eguations 3-1 2 and 3 but using the corrected values

for C and G. It was not n0531b1e to use this sort of correctlon on hlgh
temperature measurements as there was no way of ensuring that the dlstance
between the platinum paste contacts with no sample between them remained
the same as that with the sample in position.

The behaviour of the three parameters o,.,, €', and tand together
,reflect the performance of the sialons as'workable materials in the
electrical sense; In theory it should be possible to compute from these
three paraheters.the electrical'insﬁlatien conductivity but due to the
complex structure of theee.muitiphase composite materia1s they behave as
- though oac(ins) and Oy, were almost unrelated properties and hence it

has been necessary to treat them separately.

f 3—4 X~Ray Methods

- tK-Ray.methods were employed‘to investigate the effect on the crystal
strueture of the sialens as 5 result of the degredation caused by the
iéﬁpiication of avd.c. voltage. 4 Debye-Scherrer powder camera with a
dlameter of 4% inches was used in a beam of Cu K(1 radiation produced
through a Nickel filter. Sambles were ground through a 53 micron sieve
and then packed into capillary tubes., X~-ray powder photographs were
taken before electrolysis and pictures were taken from each end and the
middle of the sample after current had been passed through it. A

similar photograph was taken of a small amount of platinum paste on a
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glass fibre so as it could be seen if any paste had diffused into the
_ sample, 411 of these photographs were kindly analysed by the Crystal-
- Jography Luboratory in the Department of Metallurgy at the University of

“-Heweastle; they are included in Appendix I,

3-5 Oontical Absoruviion .

,'In an attempt to estimate the band gap from optical absorption

"méégurements, samples were examined ﬁptically from 200 to 700 milli-
ﬁiéfdﬁé &nd from 2 té 40 microns. Following standard practice the

sanples were crushed and made up into potassium bromide discs. No in-
formation could be gained as to the absolute value of the transmittance of
siélons using this techaique sinée the amount of sample in the disc was
undetermined but the shape of each of the specfra was obtained. Some

¥

spectra are shown in Appendix 2,
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CHAPTER 4

'RESULTS 1 ~ INSULATION BEHAVIOUR

The electrical conducfion properties of a range of lithium sialons
have been investigated using the techniques described in the previous
chapter, In this chapter the results of the studies of the insulation
behaviour of the lithium sialons are presented and'discussed. ‘ These‘
preliminary measurements were useful in establishing the general pattern
of ‘the conductivity behaviour.. An attempt has been made to deﬁefmine'
in which of the cénstituents of the material the'cénduction is taking
place. | | |

The ihsulation resistanée refers to that resistance which a material
iwoﬁld'exhibit if it formed a connecting path between two area of differ-
ing electricai potential e.g. in an appliqation as an insulator. Hefe
'1£he recip:ocal of it is discussed in order to make comparisons with
_other sections easier. Hence in d.c. ferms one is concerned with the
insulation conductivity and in the a.c. case with the total admittance,
here referred to as the a.c. insulation‘conductivity.

4-1 D.C, Insulation Behaviour

Firstly consider the d.c, properties of sialons under insulation
conditions. It had been observed in earlier work carried out at Durham
that the passage ofia d.c. current resulted in a decrease in the d.c.‘
conductivity. | To‘investigate this an electrical potential, usually
30 volts was applied across the sample. This proved adequate to show
quite a marked éffect over a short period of time: merely heating up
the sample while the potential was applied resulted in a cooling curve |
obtained as the sample cooled, (still with the potential applied), which
was distinctly different from that shown by the sample as it was heated.
This phenomenum is shown in Fig. 4i(a) by sample Li 15 (46m/0 lithium
Spinel) and also by a sodium sialon, both of which are compared with a.
pure sialon in which the heating and cooling conductivities are the same,

A11 the lithium sialons investigated showed the same behaviour. These
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observations confirm the earlier findings of Buckley and Sharif (un—
published) who made d.c. conductivity measurements on a 30w/o lithium
spinel sialon about two years ago. Their results are reproduced in
Mg, 4i(b) and show an increase in the slopes of the conductivity curves
implying a corresponding increase in the d.c. activation enérgy as
temperature cycling proceeds;

A further study of this behaviour was made by investigating the
conductivity of a lithium sialon at a.fixed temperature as a function of
time, The results of this experiment are shown in Fig. 4ii,

The behaviour shown in Fig. 4ii could be attributable to some form
of solid state electrolysié or diffusion taking place due to the lithium
content. An alternative’possibility, that of polarization being the
cause seemed to be unlikely due to the length of time for which the
decayvof the cohductivity continued, v]ﬁrthermore, as discussed in
Chapterl2, the crystallographic structure of pure and lithium sialons
is very éimilar and so if the degradation were caused %y polarization
there seems no reason why the effect would be seen only in lithiﬁm.and
sodium sialons. The theory thaf eleéfrolysis or'diffusion is the cause
of the degradation was supported by the fact that a magnesium sialon
_showedvonl& very siight différences in heating and cooling’conductivities
which is consistent with the relatively highly mobile alkali ions (i.e.
Na* aﬁd'Li*) being responsible for the eiectrblysis in the lithium and‘
'}sodium sialons,

If electrolysis were taking place it was thought possible that some
crystallographic change in the sample might occur since a sample nominally
containing 46.3m/o lithium spinel had shown that the conductivity decay
was irreversible. After this sample had been heated and then allowed.
to cool with a d.c., potential applied, the polarity of this botential
wis reversed; on subsequeﬁt temperature cycl;ng the conductivity con~-
tinued to decay as though no polarity change had beén made, It was

noticed that after a decrease in the d.c. conductivity had occurred the
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sample had discoloured and showed a darkened area. This disooloration
always occurred but was not always in the'same pbsition; often it was
near to the positive electrode but sometimes developed nearer the centre
of the sample,

X-ray powder analysis was used to investigate any structurel change in'
the sample but the'reeulr vas completely negative. -No evidence of any
change was foﬁnd. There are several o0351b1e explanations for thig:-

.i) the limited period of treatment at 700°C did not cause a
great enough effect to be seen on the X—ray powder photographs o

ii) it was a surfece‘effect;rather‘then“a cryetellogreboio
one | |

'afiii)fpolarizatioo‘ves responsible as discussed ébéve"»' ‘

iv) the electrolysis was taking place in the glassy constituenrs
of the sample which are invisible to the X-ray beam.

If case i) is correct, structural changes involving a eompound withv
a small overall cross—section to X~rays is indicated. Such a compoundv
would most likely be a lithium one, such as lithia. This explanation
would account for the pure sialons not exhibiting degradation.

There is some evidence that most of the conduction, even in the
d.c. case occors along the surfaoe‘of the sample. If this is so then
possibly the effect of being heetedvor passing a current is altering

the surface bJ, LOT example, removing water vapour or other surface con-

taminants, However, if this were the cause of the degradation one would
 expect a similar decay in the a.c. conductivity and as this is not ob-
f eerved this explanation seems to be unlikely,

The most probable explanation seems to be that outlined in case iv)
eihce, as will be shown later, there is strong evidence to suggest that
ﬁhe’glassy phase 1s the major conducting medium. However, there seems
ééfbe ﬁo way of proving this conclusively except by considerably more
work on the glassy compounds present. It is noteworthy that the colour
differences mentioned above were very similar to those found between

sialons-of similar composition but of differing porosity.
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d-2 A.C, Insulation Behaviour

The a.,c., electrical insulation conductivity of sialons shows a very
distinctive response to temperature, Over the temperature range in-—
 vestigated, 20° to SOOOC, two conductivity regimes exist,

A typical set of results is‘shown in Fig. 4iii which refers to sample
Li 26, It is useful in déséribing the a.c. insulation conductivity to
separate the temperature axis into two regions. Region 1 extends from
room temperature to. some temperature; T1 which depends far more strongly
on the frequency of the applied potential than on the sample>composition.V‘
In region 1 the a.c. insulation conductivity, oac(ins) is independent
of temperature. There is then a»transitional zone until at somé fem—
perature, T», cac(ins)-becomeé ffequeﬁéy independént and temperature
dependent in region 2. |

In reéion 1 th¢ behaviour of oac(ins) can be described by

Gac(ins) = K  where K is a constant at a given
frequency, v

.and can best be examined by plotting oac(ins) at room temperature agéinst
.frequencj; This is done in Fig. 4iv, In this graph there would appear
to be a slight increase in the conductivity with increasing nominal lithium
content. Further work has indicated that the lithium sialon series is not

so well behaved and only gross differences have any real effect, i.e.

46m/o Li spinel usually has a higher conductivity than does 10m/o Li sbinel.
This is in agreement with the chemical analysis (the results of which are |
shown in Table 2) which indicates that there is a real difference in

the composition of samples nominally containing 10 and 46m/o Li spinel.
Howéver, as can be seen in Fig. 4iv, the presence of lithium does cause

a marked increase in the insulation conductivity abéve about 20Hz as com-
pared to the pure sialon, data for which were obtained by the same method.

The second region represents a regime in which

oac(ins) = B exp ( "winsg . (4-1)
kT

where B is a constant. In the exponent, k is Boltzmann's constant and

Wing refers to some characteristic activation energy. The values. of
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Wins vere computed ffoﬁ least squares fits of equations of the form 4-1
to the data points. The correlation coefficients of these fits were
between 0.95 and 0.99 showing that the conductivity closely followed
an exponential law in thié region of temperature. The values of W;ipg
are shdwn in Table 3,

It can be séen'from Table 3 that all the lithium sialons show éimilér
values of Wins, about 0.7eV; however, there is no correlation between
‘nominal litnium cbntent and activation energy. It is interesting to
hote thut the silicon nitride has a value of Wj,g of 1.32eV, rather
,Alarger than that for‘the lithium siélons.

“ It shbuld be noted at this point that errors in the measurements of
the sizes of the specimens would.have no effect on the determinations

of the values of activation energies as these are derived from the slopes
of the graphs., The geometrical factor associated with the sample de-
termines the position of the curve relative to the conductivity axis

and hence influences only the value of the constant B in equation 4~1.
Errors in the measurement of temperature are not systematic and so it is
assutied that they will not significantly affect the graph's slope.

The form of the temperature variation of the a.c. insulation con-
ductivity for all sialons (pufe, lithium and yttrium) is remarkably
similar, as is shown in Figs. 4v ahd 4vi, Particular interest attaches
to the yt£rium sialon result since it will be recalled from Chapter 2-4
that the yttrium sialon comprises almost entirely glass which means that
the conduction in this material is representative of that in a glassy
phase, Since the behaviour of the other sialons is so similar té that
shown by the yttrium sample it seems likely that a similar glassy phase
must be responsible for thé conductivity in all the samples. Hence it
is deduced that the glassy matrix surrounding the B' crystailites in the
‘sialons, and in particular in the lithium sialons, is the medium in which
the conduction takes place. Thig is entirel& coﬁpatiblé with thg microj
structure of the sialons as shown in Fig. 2iii since it is the glaésy phése

'

,ﬁhichvbfféréffhe most continuous path through the material.
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- FIG.-4v - Companson of the variation
‘conductmty with temperature of an
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CUAPTER

RESULTS 2. - CONDUCTIVITY MECHANISMS'

" 3}fIf.it}is {0 be assumedvthat the glassy content in tﬁé litﬁi;h' .
:>sialons is playing a dominant role in determining their conducfion
characteristicé, then the.most ﬁrobable conduction mechanism‘is-hoPpihg° ’
The results presented in the previous chapter stroﬁgly sugéest'fﬁat this
is so but are not conclusive because the measurements made wére bf totai__'
conductivify whereas a more reliable test can be made by examining the
a+Ce conductivity using a bridge method. This has been done here and it
- will be shown in this chapter that all the conductivity behaviour shown
by the 31alons studied is completely compatible with a hopplng mechanlsm.
For convenlence the main features of hopplng theory are summarlsed flrst.

5-1 Theovy of Hopping = . B f

In the hopplng model proposed by Austin and Mott (1969) the charge
Ycarriers are electrons, althéugh the mathematical formulation is in
: terms of polarons, that is electrons and their assoéiated lattiée dis-
~tortion,  >Polaroﬁs are formed when the electron-phonon interaction is
>stfdng; There are several types of hopping but the 6ne likeiy to.be
.most -relevant to the sialon glasses involves the electron moving from one
locallued state to another by an exchange of energy with phonons, The
loCallsatlon is caused by disorder in the lattice and not by interaction
with the phénons.

In such a hopping model the probability per unit time that an electron

will jump between two centres with energy levels differing by Wp, the

activation energy for hopping due to disorder is proportional to exp gzggg;
However in a hoppinglregime the energy of the polaron, Wy, i.e. thé
minimised sum of the energies of the electron and the molecule to which

it hus become temporarily attached, also contributes to the hopping
mobility. The combined effect of these two energies yields a d.c.

conductivity of the form

dgc = D exp (-Wdc; (Sfl)

-swhere %he total activatiqn energy, Wd¢ is given by




Wge = Wy + 3Wp  for T240p

Vp for T¢ 0p

Yie
vhere Bp, defined by hw=k@,.is a tempefature characteristic of the
average optical frequency w. In the present work no attempt has been
made to deduce the separate'contributions made by Wp and Wy to the
conductivity as this would have required studying samples at loﬁer
temperatures than was possible due to the very low conductivity that
the sialons show even at moderate temperatures. The pre~exponential
constant, D is the product of terms such that

D = D! exp(—2da)
where D' is a constant determined by the number of eiectrons’able to
hop, the number of available sites, the jdmp frequency and a, the site
spacing. The second term is the tunneling factor in which a is the
tunneling probability. At lower temperatures thé relative imporfaﬁce

of Wy and W alters and this results in the modified relation

Oge = & expE-B
T

where A and B are constants. A fit to this behaviour would be notice-
. able as a non-linearity in the logoge vs 1/T plot which would become.
ﬁbre proﬁoﬁncedas the femperature was reduced, It may be noted that
fhis type of variation has been reported in several substances in which
the conductivity is determined by hopping mechanisms for example in
"nickel oxide, (Austin and Mott, 1969), and in the chalcedenide giasses,
AspSez, (Davis and Shaw, 1970).

As regards the a(c. measurements, one of the salient features of
hopping is the occurrence 6f marked frequéncy dispersion in the con-
ductivity, oo, that is the real part of the conductivity. It is
because the theory of hopping has been developed in terms of g, that
experimentally, bridge methods of measurements of dielectric properties
are necessary in order to evaluate the separate components of the con-

ductivity. In the low frequenéy range (i.e. below about 106H@) theory
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predicts that at or near room temperature
Ogcv 08 (5-2) -

and Mott and Davis (1968) have shown that two kinds of hopping mechahism
can be responsible, These are | |
a) transport by carriers excited into localised states at the

edges of the valence band

or . b) hOppiﬁg'by carriers with energies near to the Fermi level,
provided that N(Ep) is finite. |
‘Tﬁe two.processes can be distinguished by investigatingvthe frequency
aependenée'of the conductivity in the temperature region at which fre-
Quency dispérsion occurs., If case a) applies thenbthere will exist a
threshold frequency below which there is no dispersion and gac=0dc.
Above the threshold frequency the conductivity varies with frequency
according to equation 5-2. This behaviour corrgqunds‘tP a multiple
hopping regime. If,<alférnati§ely, éac is weakly dependent on temperaturé
and the frequency dispersidn represented by equation 5-2 occurs from the
lowest frequencies then case b) applies,

Hopping conductivity theory also predicts the form in which the
dielectric constant, €', and the loss tangent, tand, should vary with
frequency at room temperature. The criteria for hopping to occur in a
material ére thét bofh €' and tand should'be Qirtually independent of

. frequency and that if they do show some slight variation with the fre-

guency they should do so in the same sense. This affords a unique
method of distinguishing hopping from other mechanisms since in materials
where, for example, the Maxwell-Wagner model applies €' and tand will
vary with frequency in oppoéite senses, There appears‘to be no well
developed theory for the temperéture variation of €' and tané in hopping
materials but there is some evidence, discussed later, to suggest that
both rise as the temperature iﬁcreases.

5-2 D.C. Results

The d.c. conductivities measured as described in Chapter 3-3-2, are
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shown fof three different lithium sialons in figs. 5i,ii,iii and are
plotted as log:ddc Vs (TOK)‘l. These plots yielded straight lines

from the ﬁaziﬁum‘femperaturé_reached down tovét least 200°C representing
a relation of the form shown in Equétion 5—1.. The values of Wyc, the

: d.c, activation energy were'deriVed.from the siopes of the plots -and are
-shown in Table 3. It will be noticed that although only three values
”;forvlithium sialéns are available it is clear that there is no correlation
'Tbéf&eeh'activation energy and starting composition, fhis confirms ?he
=.§rénd observed in the case of the insulation conductivity. However, it
‘iéﬁnotiCeable that Wace is approximafely constant for the three samples,
4éifﬁ6;gﬁ'the lithium contents determined by analysis differed by a factor
of three:(Table 2). The d.c. results suggest that a value near 0.8eV
may be taken to correspond to an activation energy associated with the
presence of lithium. This suggestion is supported by the results of Wic-
for silicon nitride and the two pure sialons for which the values of Wde
are all much larger and the comparison indicates that the experimental
method can genuinely distinguish marked changes in activation energy.

As mentioned in the previous section the change of temperature depen-
dence to the T‘% law should cause a deviation from the linear behaviour
shown by the conductivity (as displayed in Figs. 5i,ii,iii)'at the low
end of the temperature scalé. There is some evidence for a depapture
from linearity in each of the samples, However, this area of the graph
corresponds to the situation in which the conductivity mea;uring apparatus
was being used at maximum sensitivity and hence errors on these measure-
ments are likely to‘be greater thanvthose taken at higher températures.
Precise measurenents at ldwer temperatures with more sensitive equipment
" would be necesgary to establish the T'% dependence convineingly. Most
materials which show this behaviour, e.g. NiO (Austin and Mott, 1969) do
so at temperatﬁres of the order éf 50°K, However, the overall d.c. be-
haviour of the lithium sialons is completely consistant with a hopping

model of conduction.
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It would be valuable to obtain optical data on the samples rep-
resented in Figs. 5i,ii,iii in order tb investigate further the value of
the activation energy Wpge As can be seen from Table 3, a typical value .
is 0.8eV, equivalent to a wavelength of 15,520R. At this wavelength or
a multiple of it there should exist a band edge corresponding to increased
absorption as the energy of the incoming photon is great enough to cause
an electron to hop. The exact position and details of the band-edge
would yield useful information on the conduction mechanism. However,
unfortuﬁataly 15,5298 represenfed a gap in the wavelength range that was
available on the spectrophotometers; nor is there any published optical
data. Optical.resulfs that have been obtained'afe shown in Appendix 2
to this thesis.

5-3 A.C. Results

The a.c. éonductivity, as meagured and discussed in Chapter 3-3-2,
shows two regions in_ifs temﬁeréturé dependéﬁéé.. This was not unexbected’
since thefa.c. insulation conductivity glso:showed two very distict con~-
ductivityAregimes. However'the behaviour repb%ted‘hére iS“significantly
aifferent. Tigs. 5i,1ii,iv show the a.c. conductivity as a fﬁn¢tic§n of
reciprocal temperature fof three 1?thiﬁm sialoné.' In the,higﬂ‘témpééaﬁpfe" :
’vregion the a;p. cdndﬁétijity, éac;‘is'supérimposed éh»thé.ﬁ.c, aﬁd:d;c;
‘jiﬁéﬁiétionrcdnductivities.(the values of;the activation eﬁergiég ére3
iagivén in Table 3). At more moderate temperatures.oac shows a région of
frequency dispersion. To establish the natutre of the frequency disperéion,
the data points shown on Figs. 5i,1ii,iv in the frequency disperéive
regions of the graphs were replotted in the form of log frequency.vs
log conductivity. The data from Fig. 5iii as replotted is shown in Fig. 5v.
In order to obtain reliable frequency dispersion data at temperatures
-below about 70°C it was‘necessary_to use the Jjig shown in Fig. 3ii with
éaMplcs ha&ing gold cvaporated contncts g0 thot the effect of atray con-
ductances and cabacitances cbuld’be'evaluated and then aliowed for in 1

deriving the results. This was d@ne for a sample of 40m/o Li gpinel,

'
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60m/o silicon nitride and the log oac vs log frequency characteristic
is shown in Fig. 5vi. This represents the best data available in the
frequency dispersive region. Fig. 5vi yields a value of 0.69 for s

at 20°C, with a correlation coefficient of 0.9995 for a linear fit;

5=4 Discussion on Conductivity

Some gomment may first be made on the magnitu;des of tﬁe conduct-
ivities oﬁserved.4' At 1000C the d.c. value of the conductivity is about
10'lol(ohm cm)“l and this rises to around 1072 (ohm cm)“1 at T700°¢.

There does appear to be some dependence of 6d¢ on lithium content; fof
‘}example at 350°C the values of Ode are 2.10_6 and 5,10~7 respectively
for specimens containing 28 and 9.4 m/o Li spinel, corresponding to

1.0 & .3wt% Li as determined by chemical apalfsis. The same trend is
clear from comparison of the a.c. data at corresponding temperatures and
frequencies.. A major conclusion, discussed more fully im the following
chapter, is that in general'terﬁsifhe conductivities of\%he lithium
sialons ;re, at elevated femperatures much greater thaﬁ those reported
for pure sialoné (Tﬁorp and Sﬁarif; 1976); it is reasonable to attri-
bute this té the inclusion of lithium, In this respect it may be sig-
nificant that the single godium sialon available for examination also
gave conductivities (Fig. 4i) ranging from 4:10-9 at 3300C to 1.5x10'4
(ohm cm)'_;L at 700°C, i.e. roughly the same conductivity range as ob-
served for the lithium sialons.

At high temperatures the a.c. and d.c. conductivities are superimposed;
this implies that in this region the same mechanism is responsible for
both. The exponential shape of the temperéture dependence does not in
itself indicate which that mechanism is since ionic, electronic, semi-
conducting and hopping conduction all givé this behaviour. - The activation
‘energy of 0.8eV is large but the same for all the lithium siaions. The
fact that the activation enaréy obtained from the slope of the a.c. con-
ductivity (Wac) is somewhat lower than for the d.c. case is probably dﬁéf

to the residual effect of the frequency dispersive region of the curve.
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In all the cases the activation energy was obtained using a least
squares fit to the points in the exponential region.

The a.c. results provide direct evidence for hopping at the lower
temperatures investigated in that oy, enters a region of frequency dis-
persion as the temperature is decreased. For data taken near room tem;
perature there is.resonably close agreement with a ogac VO‘8 law and
furthermore fhe frequency dispersion appears to begin from the lowest
frequencies, (20Hz).at which measurements were made. These osservations
Tulfil the criteria'suﬁmarised in.Section 5-1 and indicate that in this
temperature regime the conductivity ﬁe;ﬁ;niég:ié hopping'by¥carriers with
énergiesinéar to £hé Fermi level. | | | |

5-5 Dielectric Constant and Loss Results

The-valués‘of twp diglectric'functions, the dielectric constant, e

5,§nd-th¢ dielectric loéé;‘fané were comﬂuted from theviaiués 6f fh§ con-
”t'quéfancé and parallel capacitance, ﬁeasﬁred using the Wayne-Kefr'bridge..
as described in Chapter 3=3-20 |

Consider first the room temperature data siﬁce it is in this tem~

perature region that electron hopping appears %o dominafe. For the
reasons discussed in Chapter 3-3-2 this was obtained using the jig shown
in TFig., 3ii. Fig. 5vii (a%b) shows the frequency dependence of the
~dielectric constant and loss at room temperature for a sample containing
40m/q Li spinel, The value of €' at the'lowest frequency of measure-
ment.(SOOHz) was,il.S and theré'was a decrease to 11.0 at 3kHz; there-
after e! rémained,éubstantially constant uﬁ to the highest fequency of
measurement,.SkHé; | The fanb Qariafion shows a similar frend in that
'hthere is a noticeable decrease, from 0.07 tb 0.04, between 500Hz and 3kHz -
~and then a more gradual fail rééulting in a value of 0,03 at 8kHz. The
 $ignificant fact is that both the dielectric constant and loss variations
:§CCur in the same sense giving additional evidence for the validity of
’fﬂe’hopping model in this temperature region. All the lithium sialons

§ﬁ¢ﬁed very similar results. . The relatively high values of tand show
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again that‘even at room temperature the lithium sialons are not very
good insulators, for which.a value of tand nearer to .OQl or less would
have been found.

At higher temperatures electron hopping is no longer the dominant
mechanism, two other effects which are likely to be of major importance
are contributions from electron or hqle conductivity via the conduction
band or\from ionic conduction. Hence a considerable amount of iﬁfor—~
mation was obtained from studying thelfemperature'variation of both ¢!
and tand, Experi@entally this aspect of the measurements.posed problems
in that the jig used for the room temperature work would not have been
bsuitable; the inéulating teflon rods quickly lost their high relative
resistance as the temperature increased and it was felt that there might '
'khave been a risk of gold diffusing into the sample. It was therefore
necessary to use platinum paste electrodes baked onto the sample which
was then simply suspended by platinum wires inside the furnace. The
implicit assumption that plafinum, having a larger ionic radius than gold,
would be unlikely to diffuse appreciably was sustantiated by the lack of
evidence for platinum in the X-ray powder photographs taken in connection
with the decay of the d.c. insulation resistance.

' Thé results shoﬁn in Fig. 5viii, which refers to the 9.4m/o Li spinel
sialon, illustrates the general features observed. Both €' and tand
are temperature dependent though at any given temperature the forms of
both e¢'-v and tﬁe tand-v variations are similar to their room temperature
counterparts, i.e. the major decreases in €' and tand occur in the lower
frequency range. Tﬁe magnitudes of the temperature dependencies are
striking. At 1kHz tand rises from about 0.06 at room temperature to
nearly 10 at 770°C, a change of approximately three ofders of magnitude;
in €' the rise¢ is from 11 at room temperature to 5x104 at 770°. (In
view of the very high values of €' recorded the measurement tephnique
was critically reviewed and tests were made in the open-circuit situation

vithout a sauple present to find whether any spurious capacitances were
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being iﬁtroduced‘at high temperatures; these fests proved negative so it
'is felt that there is no reason to doﬁbt the values of €' or tand recorded).
Further data for the sample containing 28.4m/o Li spinel is given in Fig.5ix
“which indicates rither more clearly a trend detectable in the previous
‘figure,.namely that the increase in tand per unit‘temﬁerature.fise is more

' . o
prgﬁounced at lower frequencies than at'higher ones, Since the 9.4m/o
‘égégﬁhe 28.4m/0 Li spinel sialons weré, on analysis, found to be of
géguiﬂély*different chemical composition, the data shown in Figs. 5viii
and ix can be used to assess whether the,temperafure variations are depen-~
dent on conposition, A comparison of data for samples containing sig-
nificéntly different amounts of lithium is shown in Table 4; these
results refer to a frequency ofvl.SkHz. It can be seen that the sample
with the higher lithium content gives the larger high temperature values
of both €' and tand but because of the associated changes in the alumiﬁium
and silicon contents this evidence alone is insufficient to enable lithium
to be isolated as the sole cause of the change;

Turning now to the reasons for the temperature variations of the di-
-electric constant and loss which are similar to the rapid increase in
these parameters that is found in many ceramics and glasses, Some of
these phenomena are reviewed by Kingery (1960). At frequencies below
about lO6Hza(i.e._the frequency range considered in the present work) the
major losses in dielectrics arise from electronic or ionic conduétion,
that is increases in carrier density in the conduction band, or from dipole
relaxatioﬁ losses due to ioﬁs. Dipole relaxation refers to the process
.in which an ion oscillates between two equivalent ion positions. Both
these two processes cause the dielectric losses to increase at low fre-—
quencies and as the temperature is raised; at moderafe frequencies dipole
relaxation is often the major contributor to the losses. One of the
effects of this is that, for many insulutors, tand increases exponéﬁtially
with temperature; an example of this ié shown by a lithium sialon in

Mige. 5%
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In the case of a dipole rélaxation process in which the relaxation
time is T the maximum enérgy loss will occur at a frequency W equal to
thé relaxation frequency T that is when 00T¥l. This corresponds to

a loss peak-on a tand vs frequency plot. As the relaxation frequency
increases exponentially with temperature the position of the maiimum of
the loss peak will move to higher.frequencies'as the temperature is
raised. Thus by considering the vafiéfiéniéf:fané-with'frequency it
should 5§ possible to find if ion relaxation is‘pfesent.. Ovérfthe»f?e- 1
quehcy and température.ranges‘invesfigated'thére'was no évidenée;f§r= |
. lpss peaks.' |
" ,'A second'reésén for the raﬁia increase in the dieiééfficjéoﬁstagf
b*éﬂdLléés is that space charge polarisation‘effects'are playing én impért;
ant role especially as the temperature'is inpfeased; Such effegts are
a common feature of ceramics which are'polycrystalline and polyphaée.

The probébility is that the two (or more) phases will have different |
electrical characteristics, that is the electrical conductivity of one
of‘the phases will be higher than that of the other; in this(context

| the phase boﬁndary can be thought of as a second phase in that its
.electrical-prOperties'will be different frdm those of the crystal, The
motion of ‘the chafge carriers occurs readily through one layer but it

is interrupfedehenlit meets a phase boundéfy. -This results in the
build-up of.chargé at the iﬁteffacé.‘ This is.méasured as a high di-
‘électric constant since by definition the dielectric constant is a measure
.éf the charging effect on the material caused by the applied electrical
pbtentialy
.‘1' In the sialons the picture is:ndt so simple as a layer model would
suégest since as will bé recailed from Chapter 2 the sialon crysfallites
irézsﬁrrounded by fhe glassy phase giving a somewhat more complex struc—
t@;;ibﬁtgthe genérul argument above ig still wvalid., If this effect is
impbffaﬁtJin explaining the rapid risé in €' and tand it implies that the

differenceAin‘the conductivities of the two'phases itself increases which
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further implies that one or other. of ﬁhe conductivities must increase
at an even greater rate; it is generally true thét the conductivity
increases.with temperature whatever the mechanism involved maybe.

This is further evidénce of £he importance of the glassy phase in de-
termining the value of the conductivity in the lithium sialons since if
most of the conductivity is being provided by only one phase then from
the micro-structural data that is available from Fig. 2iii the glassy

‘phase is the only contender,
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CHAPTER 6

COMPARISON WITH OTHER MATZRIALS

In the two previous chapters, the data obtained on the electrical
.‘propertiés of a series of lithium sialons has been reported. In con-
1c1usion, it is interesting to make a comparison between their'propérties
_Qith,those of other materials examined by the same or similar techniques.
uTﬁé comparisons made here are with pure sialons and with the yttrium
siaiéﬂ élass thought to be.similér in nature to the glassy'phase in the
lithium sialons investigated.

6~-1 Comparison with Pure Sialons

Most of the data presented in this section is taken from published
(Thorp and Sharif, 1976) or recent, unpublished work by R.I. Sharif.

The insulation coﬁductivity of the puée sialons may be summarised as
follows,; taking a z=4 sialon as an example. Under d.c. conditions the

conductivity, o4, is less than 10’10 (ohm cm)-l at room temperature and

rises according to

-B

|
*

Ode = & expE

T

up to about 700°C at which temperature Jdc ~ 107 (ohm cm)_l. Above
700°C the variation changes to

1. dge = A exp

and this continues up to the highest temperature (l,OOOOC) at which

. measurements were made. At 1,0000°c¢, Odc=4x10—6 (ohm cm)—l, In the
high temperature region the slope of the log Ode VS 1/7 plot‘yielded an
activation energy, Wy, of 1.64eV., In the pure sialons there is no
evidence for degradation occurringk;ﬁen a d.c. voltage is applied and
hence there is no difference for this material between the d.c. in-
sulation conductivity and the d.c. con&uctivity meésured using low-

voltages as described in Chapter 3-3-2,
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4s reguards the a.c. insulation conductivity over the same temp-
erature ranges, it was found that
a) at high temperafures log o l/T indicating behaviour very
‘similar‘to that found in the d.c. case but withvan associated activation
energy of 1,32eV; +this behaviour was independent of frequency
b) at lower temperatures, that is below about 700°C the con-
ductivity became’strongly frequency dependent and as the temperature
dropped, almost independent of témpera%urer
Comparison of fheée results with those for the lithium sialons shows

that
i) degradation under d.c. voltages occurs in the lithiumfsialohs
but not in the pure sialons

ii) at high temperatures the d.c. conductivities show similar

- - behaviour but bélcw 700°C the pufe sialons deviate from an exbohential.

'.1g:relationship between log conductivity and reciprocal temperature whereéas

the lithium sialons showed no definite proof of this

iii) the general form of the a.c. insulation conductivity Wasv
very similar and could be divided in both cases into a 'high temperatﬁré'>
regime' and a 'lowf%emperature regime’ |

iv) the change over temperature from high to low temperature ve-
haviour is much higher inithe purevsialons (700°C as cpmpared to 4500C
in thé,lithium‘sialons).

» v) the values ofbthe roon temperatufe insulation conductivity are:
similér in both.types of matefial but at higher,temperatures, i.e, those
in the exponentialvfégioh the c5nductivity of thé pure sialons is at
least two orders of magnitude less than that of the lithium doped samples
;(Fig. 4vi): an even greater’differénée ig to be seen in the d.c. con-

‘ductivities, e.g. at SSOOC o (pure sialon) = 10"9 (ohm cm)-l.as com—

de
‘ b@r?d’to oqcl28m/o Li spinel) = 1074 (ohm cm)—l

vi) in the low temperature region, using the Wayne-Kerr bridge,

) bbﬁﬁ,mﬁterials showed frequency dispersion such that gy, = AW® where
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s = 0,7 for lithium sialons and 0.9 for pure sialons
vii) the activation energy corresponding to the exponential part
of the coﬁductivity/reciprocal temperatﬁre plot is less in fthe case of
lithium sialens, 0.7eV compared to a value of 1.32eV for the pure sialon.
The similarity in the general features of the behaviour between pure
and lithium sialons suggests that gimilar cénductivity mechanisms apply
to both classes of materials, At the ldwer end of the temperature
scale both appear to show fhe characteristics of a hopping model which,
as mentioned earlier is entirely consistent with the presenée'of a glassy
‘phase in the materials, The"éddition of lithiﬁm ingreasesbthe conduct-
ivity and this not only implies a very considéfable inérease in the
number of carriers available but alsolsugggsts‘that the reduction in change—
over temperature between the two conductivity regimes may be attributable
to a simultaneous increase in the number of impurity levels produced.
Further eviden;e.for a hopping model is given by an examination of
recently‘obtained dielectric data (Sharif, unpub1ishgd).. Firstly con-
sider the form of the vafiations.with frequency of e'>and.tan8 atvroom
. temperature, Fig. 6i. The values observed at 200Hz are &' = 10, tgéé_3.~‘
7x10'3, betﬁeen ZOszzand about'IQGHz;both afe nearly indééeﬁde@% éf
~ ,freqden¢y;, aﬁove‘lO6Hzr(a fréquéncy range beyond that‘employed'for the

fﬁ;is%udiéS”on‘lithium sialons described earlier) there is a marked rise in

both €' and tand. At the low and mid frequencies the form of the vafi—
ation is very similar to that found with the lithium sialons b.ut\' 1t is
noticeable that the loss (tand) is greater at any particulaf frequency ‘
for the lithium sialoh whereas €' is roughly the same.

The temperature variations of e! and tand, examined indepeﬁdently by
R.I, Sharif, make an impoftant comparison to the data reported invthe
'previbus chapter. His‘results for z=3.2 sialon are reproduced in Figs,6ii
(a‘+ B). These show that €' is both fredﬁency and temperature dependent

above about 300°C, - The greaﬁest.effect occurs at the lowest frequency,

but even at lkHz”andZSOOOC;‘c'fonly reaches 12; thus the change with
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temperature is small. More prénounced effects are seen on the tand
plot. Here the rate of rise of tand is fairly rapid above 300°C; again
the greatest effect occurs at the lowesf frequency but it is to be noted
that the maximum value of tand (at 1kHz,500°C) was only O.1. These
changes are very much smaller than those in the corresponding experi-

ment?»gn the lithium sialons, This data on the pure sialons has not

- ,jetvbeen analysed in detail but it appears from qualiﬁative inspection

. that the effects are entirely in accord with the predlctlons of hopplné
theory. In conclusion it may be noted that an 1ndependent examlndtlon
of a 30m/o Li spinel sialon was made by R.I. Sharif using the same
apparatus and technique as that with which the measureménts oﬁ pure sialon
were made., The results aré‘reproduced in Figs. 6iii and 6iv; In these
‘measurements a specially grbund thin slice of cé;amic was used, Thé‘de—
pendénce of both €' and tand on temperature and frequeﬁcy reported_in
Chapter § is confirmed as is also the fact that the magnitudes of the
changes are very much larger than in the pure sialon. The agreement in
tand values is good. The values of &' (250 at.4SO°C, 200Hz) appear to be
rather lower than %hose obtained in Chapter 5; +this is probably attribut;
able to the different specimen geometry.*’.HOWéver,'the effect of lithium

addition on the dielectric property of sialons is convincingly illustrated._

6-2 Comparison with Yttrium Sialon Glass
Some of the characteristics of  the yttrium sialon glass have already -

_been reported . For example, Fig. 4v compared the'a’é;'inqulation con-

‘<?L;1duct1v1ty of an yttrlum gsialon with that of a 28m/o lithium splnel 51alon

and showed that the behaviour of the two materials was very similar; ‘in.
the low temperature region the results were élmoét identical.,  One |
difference was revealed and seems to Be associated ﬁith composition. This
is the temperature at which the exponential rise in conductivity begins.
For the 28m/o lithium spinel sialon this occurs (taking 500Hz data) at

230°C whereas the corresponding changeover for the yttrium sialon glass
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takes plaée at a C§nsiderab1y higher temperature of around 550°C, It is
interesting to note that in the pure sialon the change occurs at a much
highef temperature than in either the lithium or yttrium sialons (Fig. 4vii).
iTentativély, an explanation.of this may lie in the greater number of impurity
centres produced in the doped siaibns which would cause multiple hopping (i;é.
the mechanism occurring in the exponential region)to be more likely at lower
temperatures., One may note also that the activation energy for: the yttrium
sialon in the exponential region is l.4eV as coﬁpared with 0.7eV for the
lithium sialon and this change can be directly attributed to the exchange
of ytirium for lithium, The similarity in the general form of the be-~
haviour is particularly important as it suppo:ts the view that glassy phase
effects dominate in the sialons. Further measurements substantiating this
evidence have been made and theée are briefly reviewed below.

The temperature variation of the a;c. conductivity, derived from measure-
ments onffhe Wayne-Kerr bridge at 1.6kHz, is shown in Fig. 6v. Although
there is as yet, not a large amount of low temperature data the exponential
region is quite well defined andvthe room temperature results suggests a
very marked departure from linearity in this region. The general form of
the variation is similar to that for the lithium sialons and the slope in
the exponential region yieids an activation energy of 1l.2eV for yttrium
sialon glass; this is in fair agreement with the previous estimate, At
‘room temperature the frequency dispersion of the a.c. conductivity (again
derived-frbm bridge measurements) has been invesfigafed in some detail.

The results are shown in Fig. 6vi. The variatioﬁ of logdac with.frequency
is linear giving a véiue of s,vthe exponent in equation 5-2 of 0.77. This
value is almést exactly the same as that found for the lithium sialons.
Furtnerwore, the rdom.temperature,vériations 6f.tan6 and €' with.frequenéy,
~Fi@. 6vii, show the saﬁe trends as fhef;;thigm_sialons and, taken together,-
these two pieces of evidence iﬁdicate firmly.tﬁnﬁ.tﬁﬁ ﬁdme éype”of hopning .
mechaniéh is occurring in both materials. | The-simila?ity extghdé:also.to

the high temperature region, in which a rapid rise of tand with temperature -
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has also been observed, Fig., 6viii.

N

o)
!
N

future Jork

Due Lo their electiical degradation and higher elecirical con-
ductivity fhere is no reason to use lithium sialons as insulating mate-
rials; pure sialons would}be a far better choice. Thg mechanical
properties of the lithium sialons are no better than those in the un-
doped sialons (Jamé, 1975), and so there would be no advantage to be
gained in the environments in which they could be used. Also the pure
sialons have lower values of the dielectric loss which is desirable in a
potential insulator.

For use as highvtemperature dieleéﬁriqs the 1ifhium sialons may havg
potential since fof this purpose a high dielectric constanf is ;equired
which theflithium<sialons are certainly able to provide - values up to
.104 have been recarded at a temperature of 800°C,

It might be possible to use the very rapid variation of the electrical
'2pf0perties of the sialons in a thermometric application. Their excellent
high temperature corrosion resistant properties may be employable so as
to give a thermometer in the range 800 to 1500°C, a temperature range not
very readily covered by available technology.

For all the possible uses of the sialons mentioned above more detailed
knowledge is required of the electrical properties of the new sialons, as'
they are made. The new sialon glass series have not yet been investigated.
Such a study would ﬁot’only'characterise the new materials but would also
be helpful in the understanding of the crystalline sialons and shed further
light on the mechaniéms of conductioﬁ operating within these materials.

Studies on éamp}es in the form of thin slices have already been started;
these will give further information in several ways. Firstly, the different
geometry will indicate the effect of surface conduction, since the ratié of
surface to bulk material will be altered. It will also indicate the extent
to which the geometry itself‘has influeﬁced»the values of the data recorded.

The second advantage of work on thin slices is that it will allow more
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“;precise determinétions of the values of the sialoﬁs' properties and this
fiﬁ furﬁ will be of value in further determining the éonductiéﬁ mechanism,
f?his'would be aided by more structural information on the place of the

'iifiipn.in the lattice, particularly‘whether it gous into the glassy phase
gf.igfo;the B' crystallites. The present work suggests, but is in no way
conélusive, that the lithium is in the glassy content. Indeed the glassy

content is itself very interesting and warrants further work.,
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APPENDIX 1 X=-ray powder photographs of

a lithium sialon before and after electrolysis

A - Before electrolysis

B - End connected
to positive terminal

electrolysis

D - End connected

§
C - Centre of sample ) After
to- negatlve termlnal §




=81~

b

v

(SUOIDTUITTTH) *YjSuaTaary

UOTBTS WNIPOS ® pUBR WNTYLTT ® .mnzm.m Jo ®BIjo8ds Hmnﬁpmo 2 XIaNiIday

0c¢ cz¢ 00§ €Lz 062 622
T T T L T F

uoTeIs sand vuw

uocyeIs mMIYITL

uoreTs UMTPOS

PR

gy

JeIgTqaE ) *5TUZqI0s

Tun £

(83




UOTBTIS Eﬁﬁ@ow m pug uWMIYLIT B ‘2and ® JO ex109ds Hdoﬂpmo (*+quo00)2

XIONTIAY

AmQOHOﬂEﬁAHﬂ&V tyrSusToasM
) 059 009 066 006 05 00¥
T B I _ | S ]
~ i
;
] ! .

UOTRIS aand ymz

mTETT

UoTBIS WNIPOS

Rt R e

-
7

(g1 Tunf AreIaTod® ) ‘20uUBgIOSHY




..48 Zen

h i A o . !

I3Tqae)
fuotrastusuB.ay

(s3tun £Lae

i .. 4 1 1 , L . 2 2 L 1
0% 62+ 02 ST O .09 0°¢ 0% 0'¢.
(suoxoTw) ¢yaSusTsaep - . .

e

e o




-84~

REFPERENCES

Arrol, W.J. 1973 2nd Army Mater.Technol.Conf. Hyannis,
Mags. USA 13th-16th lNov,

Austin, I.G. and Mott, N.F. 1969 Advances in Physics 18
no 71 p4l

Buckley, H. and Sharif, R.I. Private communication

Davis, E.A. and Shaw, R.F, 1970 J. Non Crystalline Solids
' 2 ppd06-431 ’

Kingery, W.D. 1960 Introduction to Ceramics

Jack, K.H. 1976 J. Mater.Seci, 11 pp1155—1158

Jama, S.A.B.‘l975 Ph.D. thesis University of Newcastle
ott, N.F. and Davis, E.A. 1968 Phil.Mag. .17 pl269

Thorp, J.S. and Sharif, R.I. 1976 J.Mater.Sci. 11 ppl494-1500,

SR ONTORRE e
y Q\"?‘ﬁ SOIENEE 273

A 12 anom
BECTION

S~ LIBRARY




