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Abstract.

An investigation has been carried out into the effects of
three common oxide impurities, TiO,, Al,0;, and SioO,,

on the properties and behaviour of Y-T.Z.P. These
impurities are present in varying amounts in almost all
commercially available Y-T.Z.P. materials, and
substantial costs are incurred in removing them in the
purest systems.

However, the effects of these impurities, both
individually and in combination have received relatively
little study in the published literature, and it has not
been made clear to what degree these impurities influence
the properties and behaviour of the material.

To carry out the investigation it has been necessary to
develop a novel technique for introducing the impurities
as dopants into a high purity, commercially available Y-
T.Z.P., whilst retaining a high degree of chemical
homogeneity in the material. The technique developed uses
a variant on the alkoxide sol-gel process to coat the
individual powder particles with a thin layer of dopant
atoms and offers a number of advantadges over other
doping techniques. The process could be exploited to
solve a variety of ceramic processing problems.

The results obtained from impurity doped materials showed
that alumina and silica reduced the sintering temperature
and promoted enhanced densification at lower sintering
temperatures, whilst titania impaired the sintering at
lower temperatures. Alumina additions resulted in
pronounced grain growth and associated destabilisation of
the tetragonal phase of zirconia, particularly for higher
sintering temperatures. A factorial experiment was
carried out to obtain additional, and previously
unreported information. This showed that there were
significant interactions occurring between all of the
additives investigated some of which appeared to be
beneficial.

An investigation into the effect of the additives on the
mechanical properties (hardness and fracture toughness)
was carried out for a range of sintering temperatures.
The results of these experiments suggested that the
impurities had very limited direct effects on the
transformation toughening mechanism, although there were
differences in properties associated with the effects of
the impurity additions on the microstructures of the
sintered materials.
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1. Introduction.

Yttria stabilised, polycrystalline tetragonal zirconia
(¥Y-T.Z2.P.) is amongst the most promising of the
transformation toughened zirconia ceramics. These
materials generally exhibit superior strength, toughness,
defect tolerance, hardness and wear resistance compared

to other ceramic materials.

The best Y-T.Z.P. powders are produced by a complex
chemical process which produces fine, easily sintered

powders with extremely low levels of impurity.

This work is concerned with an investigation into the
effect of commonly occurring oxide impurities in Y-T.Z.P.

on the behaviour of the material.

1.1 Background to work.

Despite the outstanding potential of Y-T.Z.P. ceramics,
in a range of applications, the widespread commercial
exploitation of the material has been relatively slow to
develop, although it is now beginning to find limited

applicationif,

One major factor behind the slow pace of
commercialisation of the material has been its
prohibitively high cost, and there is considerable
commercial interest in the development of lower cost
zirconia powders, via alternative, less costly production
processes to those currently employed.

The industrial sponsors of this work wished to identify
the key parameters which determine the performance of a
Y-T.Z.P. material, particularly the effect of residual
impurities, with a view to producing a lower cost

material with acceptable performance@.

The material used as the comparative basis for this study
is a Japanese manufactured yttria stabilised T.Z.P.
material (TOSOH TZ3Y). This material is generally
accepted to be amongst the best Y-T.Z.P. ceramics, and
has excellent propertiesBl. However, the cost of this

1



material is of the order of £100 per Kg. The Tosoh T.Z.P.
powder is produced by a complex chemical routeB!,
involving the hydrolysis of zirconium and yttrium
chlorides followed by distillation of the product. The
product consists of ultra-fine (nm) size particles, which
are then heat treated, milled, and spray dried to produce
homogenously sized, weakly bonded, porous spherical
agglomerates, approximately 50 microns in diameter.

The chemical purity of this material is extremely high,
with levels of the major impurities being typically
<0.005 mass %BI.

The effect of oxide impurities was identified as a
particular area of interest bearing in mind the
exceptional purity of the Tosoh material and that one of
the major costs and difficulties encountered in the
manufacture of T.Z.P. has been the reduction of
impurities to perceived acceptable levels.

Whilst it is highly probable that impurities will produce
significant effects on the properties and behaviour of
the material, there have been few (published) systematic
studies of these, and accepted models to explain the
effects of impurities in this material have not been

developed to date.

Furthermore, it is probable that impurity elements will
interact and that their combined effect will be different
from the sum of their individual effects due, for example
to compound formation, mutual solid solubilty, or solute
partitioning effects. However, there appears to be no
published work investigating the effects of such
interactions on the zirconia system, and it was decided
that these would also be investigated in this work through
the use of factorially designed experiments. This is a
key technique used to identify the effects of
interactions in systems containing a number of different

factors.

One major difficulty encountered in carrying out



investigations which involve making additions to ceramic
systems arises from the inherently poor homogeneity which
occurs when two or more powders are mixed. Consequently,
it is often not possible to attain chemical equilibrium
in the system during the normal sintering process, nor to
produce a reliable model for the effect of homogenously
dispersed species in a system, as required in this work.

Although various techniques have been developed to
attempt to find a solution to this problem, none of these
was thought to be appropriate to this investigation. Thus
in order to carry out the study, it has been necessary to
develop a novel technique for producing a range of
materials with systematically varied composition, whilst
maintaining a representative degree of chemical

homogeneity

1.2. Aims and objectives of research programme.
The primary aims of the research programme were twofold.

(1) To develop an appropriate experimental technique to
introduce dopants into commercially produced powders.

(2) To carry out a systematic study into the effects of
common oxide impurities on the properties and
behaviour of Y-T.Z.P., and identify whether high
degrees of chemical purity are prerequisite for the
manufacture of Y-T.Z.P. ceramics with good properties.

The objectives of the development of the doping
technique were as follows:

(i) . To ensure that controlled and reproducible
additions of dopant could be made.

(ii). To maximise the degree to which the dopant
additives were homogenously dispersed in the doped
powders.

(iii). To minimise the effects of the doping process on
the physical characteristics and morphology of the

powders.



It was decided to carry out the study by making dopant
additions to a high purity commercially produced T.Z.P.
powder as opposed to attempting to produce a completely
new material since it was not considered feasible to
synthesise T.Z.P. powders in the laboratory with
comparable sintering properties to commercially produced

material.

It was also thought that the results of such a study
might be easier to interpret since the number of
additional variables introduced into the system,
particularly regarding the sintering behaviour, was

minimised.

The objectives of the study into the effect of the
impurities on Y-T.Z.P. were as follows:

(i) To identify the effects of single impurities in the
0-1 mass % range on the sintering behaviour of T.Z.P.

(ii) To identify the effects of multiple impurities on
the sintering behaviour of T.Z.P. and to identify any

interactions occurring.
(iii) To attempt to quantify these effects.

(iv) To identify the effects of single and multiple
impurities on the phase composition and
microstructure developed under various sintering

conditions.

(V) To identify the effects of impurity additions on
the mechanical properties of T.Z.P.

(vi) To explain the effects identified in (i)-(v) by
the development of a suitable model.

The impurities to be investigated were chosen as alumina,
silica, and titania.

Silica and titania are the major contaminants in the
precursor minerals for zirconia production. Alumina is
also a contaminant in certain minerals used for zirconia

production, particularly Australian zircon. However,



alumina is also frequently introduced into ceramic materials
as a contaminant during powder processing. In particular
milling and grinding operations tend to introduce this

impurity.

The level of impurity addition chosen for the
investigation was influenced by the levels of impurity in
commercially available T.Z.P. and its precursor minerals,
and by the need to be able to accurately identify the
impurity contents of the doped powders to ensure the
effectiveness of the doping technique. This effectively
limited the minimum level of impurity addition
investigated to 0.25 mass % which is substantially higher
than in the Tosoh powder, but in the same range as the
impurity level in some of the less costly commercially

produced materials.

The upper level of impurity level added was 1 mass
percent, which represents the approximate (total)
impurity level in the lowest purity commercially
available T.Z.P. powders.



2. Literature review.

2.1 Development of zirconia ceramics.

Zirconia has long been regarded as a potential
engineering ceramic of some importance. This is
particularly due to the extremely high melting point of
the material, approximately 2850°C.

However, zirconia is a polymorphic material, and (in its
pure form) undergoes a reversible monoclinic to
tetragonal phase transformation on heating at
approximately 1170°C, and a reversible tetragonal to
cubic transformation on heating at approximately 2370°C.
The structures of the polymorphs can be considered as
increasingly distorted forms (M>T>C) of the cubic
(Fluorite type) structurel.

The tetragonal to monoclinic transformation is

accompanied by a 3 to 5% volume expansion on cooling which
results in extensive microstructural damage, and for many
years, the exploitation of the otherwise excellent
properties of zirconia was precluded by the effects of

this disruptive phase transformationbDl.

In 1929, Ruff and Ebertl® discovered that the material
could be completely stabilised in the high temperature,
cubic form, by the addition of certain oxides, thus
avoiding the deleterious effects of the tetragonal-
monoclinic phase transformation. This material is
normally referred to as cubic stabilised zirconia
(C.S.2.) or fully stabilised zirconia (F.S.Z.).

The discovery of the stabilising effect was followed by
the observation by Curtiss in 19470, that enhanced
mechanical properties, particularly thermal shock
resistance, were obtained when smaller quantities of the
stabilising additive were present, resulting in the
formation of a microstructure consisting of a
dispersion of monoclinic phase present in the cubic
phase. The nomenclature, partially stabilised zirconia
(P.S.Z.) was adopted for this system.



Various mechanisms®IMNOM yere suggested, to

account for the improved properties of the
cubic/monoclinic P.S.Z. materials, these being reviewed
and confirmed by Garvie and Nicholson!d,

In 1985, Garvie et al published a paper entitled "Ceramic
Steel?"[B], ywhich led to a new generation of ceramic

materials based upon zirconia.

In this paper, it was demonstrated that it was possible
to produce a P.S.Z. material with a microstructure
consisting of retained metastable tetragonal grains in a
cubic matrix which had greatly improved properties
compared with the conventional (cubic/monoclinic) P.S.Z.

Garvie et al™ identified the primary toughening
mechanism in these materials as arising from an increase
in the work of fracture. This was due to the absorption
of energy associated with the martensitic tetragonal-
monoclinic phase transformation.

Significantly, this was the same transformation which had
earlier been responsible for the limitations in the use
of zirconia in the unstabilised form due to its
disruptive nature. The phenomena was given the title
"transformation toughening". It was also concluded that
the transformation was initiated by the interaction of
the complex tensile stress fields associated with a crack
tip, and the dispersed metastable tetragonal phase in the

material.

The elucidation of the transformation toughening
mechanism by Garviel® and others!, led to a great

deal of interest in these materials, and facilitated the
rapid development of a range of transformation toughening
zirconia ceramics with properties of strength and
toughness greatly superior to the majority of other
engineering ceramicsBIl,

A variety of stabilising additives are used in the
zirconia system, including yttria, magnesia, calcia,

ceria etc, each of which results in different

7



microstructure and properties. The stabilising cation is
usually added to the description of the ceramic e.g. Mg-
P.S.Z..

The zirconia system with which this work is concerned
consists of zirconia stabilised with approximately 3
mole % of yttria. This causes a microstructure
consisting of almost 100% tetragonal phase to be
retained on cooling to room temperaturell, The
nomenclature Y-T.Z.P. (yttria stabilised tetragonal
zirconia polycrystal) is adopted for this systemBl.

The properties and applications of zirconia ceramics and
T.Z.P. have been reviewed by Subbaraol@, Stevens!!d,
and Nettleship and Stevens![¥,

There are a wide range of current and potential
applications for zirconia ceramics, exploiting the
improved strength, toughness and wear resistance arising
from the transformation toughening effect. The fine
grain size of Y-T.Z.P. materials makes them particularly
suited for the fabrication of finely machined artefacts

requiring accurate dimensional tolerances.

Examples of current applications of Yy-T.Z.P.[M0na
include ceramic knives and cutting tools, grinding and
milling media, dies for extrusion and drawing of metals,
guide rollers, bushings and bearing shells, spray
nozzles, biomedical applications and connectors for
optical fibres. Within the U.K. and Europe, these
applications are little more than experimental
curiosities in many cases at present, however Japanese
industry has been keen to develop these applications and
in many cases these are now a commercial success.

It is also envisaged that the material will find
commercial applications as engine components such as
valves, guides and pistons, rotors and turbine blades.
2.2 Polymorphism and crystallography of zirconia.

Early models of the crystal structures of zirconial0’

8



Table 2.1

Comparative properties of transformation
zirconia and other engineering ceramics.

Material. Strength.
M.0.R. (MPa)

Yttria stabilised 1300

Tosoh TZ3Y T.Z.P.

MgO stabilised 720
Nilcra TS P.S.Z.

MgO stabilised 520
Feldmuhle ZN40 P.S.Z.

sic. 600

Alumina. 500

toughened

Toughness.
Ky (MNm™1-5)

10

15

* All figures quoted are from manufacturers data,

measured at room temperature. Due to non-standardised

test procedures, the results are not directly comparable
and should be considered as a guide to the relative

performance only.



concluded that as many as six crystalline modifications
existed, whilst others claimed the existence of various
alternative high temperature polymorphs, later thought to
be due to the effects of impurity elements. There has
also been some dispute over the existence of the cubic
modification in pure zirconiaP? although this is now
generally recognised as correct“RABIR4,

Zirconia is now recognised as existing in three
polymorphs at atmospheric pressure, the stable form being
dependent on the temperature and composition. These
exhibit monoclinicBBIRAENRE tetragonal BRI, and

cubicB8 structures.

The cubic to tetragonal phase transformation is thought
to occur by a diffusion controlled eutectoid
reactionB¥®, whilst the tetragonal to monoclinic phase
transformation is thought to occur by a diffusionless,

martensitic type mechanismBNBAB3,

It has also been demonstrated that an alternative, non
transformable tetragonal or cubic related phase (normally
referred to as t') with different cell parameters to the
normal phases can be formed, by a martensitic type phase
transformation from the cubic phase during rapid cooling
from high temperatureBUBABIBABA, This phase will

undergo gradual decomposition into the equilibrium

cubic and transformable tetragonal phase if heat treated
at a temperature in the two phase field of the

equilibrium diagramBé,

The lattice parameters of the polymorphs have been shown
to vary with the amount of stabilising oxide present. The
effect of yttria content on the cell dimensions is shown

in figure 2.2.

The nucleation of the tetragonal to monoclinic phase
transformation is of particular importance in the
stabilisation of the tetragonal phase in T.Z.P.

Studies of the transformationB® have discovered the
occurrence of "burst phenomena", characteristic of

10



Figure 2.2

Effect of Y,0; stabiliser content on the unit cell
dimensions of zirconia polymorphs.

(Reproduced from referenceBd) .,

5-2

>~

lattice parameters (A)
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martensitic transformations in many metallic systems
and provides evidence for heterogeneously nucleated

transformation mechanism.

Heterogeneous nucleation of the martensitic
transformation at grain edges and small angle grain
boundaries in T.Z.P. has been demonstrated by Ma and
Ruhle 8160,

Autocatalytic nucleation, in which transformation of one
grain induces transformation in neighbouring grains, is
also important in T.Z.P. and results in the formation of
a characteristic transformed zone or "wake" around a

propagating crack in the material ¥NKd,

2.2.1 Lattice defect structure

One consequence of making stabilising additions to
zirconia, in which the valencies of the zirconium ions
(4*) and the substituting solute ions (variously 3* and
2*) differ, is that in order for the structure to
maintain overall charge neutrality, it is necessary to
produce charge compensating vacancies in the co-ion
sublattice (the oxygen or anion sublattice in this
case) ¥31, The positions of the vacancies in the
structure are described as the defect structure of the

material.

Ordinarily, it is expected that thermal and

statistical factors will produce a random arrangement of
ionic vacancies within the material. However, the
distribution of defects within stabilised zirconia is not
always random, particularly for higher levels of
stabiliser addition, and ordering of the defects within
the crystal structure can occur®™®l, This implies

that there is some interaction between the defects in the
crystal structure.

The oxygen vacancies, or lattice defects, in zirconia
give rise to a number of useful electronic properties
with commercial applications.
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At high temperatures, typically around 1000°C, the
vacancies in the zirconia lattice become mobile. Since
the vacancies possess a net charge, behaving as "holes"
in the lattice, they can act as charge carriers enabling
the material to become electrically conducting at high
temperatures!®, This vacancy conduction is exploited in
applications such as furnace elements for high

temperature furnaces.

There is some contradiction in the literature regarding
the structural relationships between the defects
(vacancies), the zirconium ions and the stabiliser ions.
In particular, whether the charged defects will be
situated adjacent to the Zr* or the stabiliser (Y3)

ions in the structure®!. These structural relationships
may be of significance in determining the sintering
characteristics of the material via changes in the free
vacancy concentration (see section 2.5.4), and similar
effects might be significant for impurity ions in solid

solution in zirconia.

Yashima et al®! have investigated a number of possible
structural models, based upon ion packing around the
(charged) defects, and suggest that for the yttria
stabilised zirconia system, the Y3 ions and the charge

compensating vacancies occur adjacently.

2.3 Stabilisation of zirconia.

With respect to the behaviour of zirconia, stabilisation
can be defined as preventing or impeding the phase
transformations between the high temperature and low
temperature polymorphs, allowing one of the high
temperature polymorphic forms (i.e. cubic or tetragonal
crystal structures) to be retained at ambient

temperature.

It has long been known that the tetragonal zirconia
polymorph can occur at room temperature in material with
a very fine particle size (around 30 nm), even where no

stabiliser is present[l.
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This phenomena has been attributed to the effect of surface
energy on the thermodynamics of the phase

transformation!®l. The surface energy of the tetragonal
zirconia polymorph is lower than that of the monoclinic

form and compensates for the (higher) internal energy as the

particle size is reduced K71,

A variety of additives have been found to result in the
stabilisation of zirconia. The most commonly used of
these are Cao®, Mgo®™l, Y,0;B4, and Ce0,!¥.

A complete explanation of the mechanism by which these
additives produce stabilisation has not been developed to
date, although various explanations, described below,
have been given. These have not been reviewed in the

published literature.

There are four main theories proposed for the

stabilisation mechanism, which may be jointly involved.
These are based upon (i) ionic size effects, (ii) ion -
vacancy interactions, (iii) nucleation effects and (iv)

lattice vibration effects.

(i) Ionic size effects.

The ionic sizes in zirconia are such that the
cation:anion size ratio lies outside the normal range
of stability of the fluorite crystal structure as
predicted by Pauling's rulesB0O,

McColmP!, suggested that additions of stabilising

oxide, in solid solution in substitutional sites in
zirconia, result in an increase in the average
cation:anion size ratio, to a value closer to that at
which Pauling's rules would predict a stable cubic
structure, thus reducing the (thermodynamic) instability

of the high temperature polymorph.

Evidence cited for this mechanism was that the sizes of
Ca®* and Y3 ions are larger than the Zr% ion,

this being consistent with the theory of increased
stabilisation by increasing the cation:anion size ratio.
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McColmBPW also suggested that further evidence for this
type of mechanism is offered by the stabilising effect
produced by substitution of N3 ions for the 02 ions in
zirconia. Since N3 ions are larger than 0% ions, this
would increase the average anion size, and produce a
similar decrease in the cation:anion size ratio to that
described for cation substitution. This theory cannot
account for the stabilising effect observed with
additions of MgO to 2r0,. Mg® ions are smaller than Zr*
ions, and should therefore not have any stabilising
effect by this mechanism. McColm attributed the
stabilisation in this system to the effect of the very
- slow transformation kinetics in this system, and the
subsequent retention of the metastable high temperature

form on quenching.

(ii) Ion-vacancy interactions.

Heuer et all proposed an alternative theory for the
stabilisation mechanism based upon the effect of the
charged crystal defects produced by the substitution of
stabiliser ions (of valency/ionic charge other than 4%)
in the zr# lattice.

This theory suggested that the interaction of the lattice
defects with the surrounding ions results in a reduction
in the electron energy levels of the (displaced) ions of
the high temperature polymorphs, and a consequent
increase in the thermodynamic stability of these
structures (i.e. a decreased driving force for

transformation).

Further evidence for the defect-ion interaction theory is
given by recent work by Lu and Chenb?, who showed that

a decrease in stabilisation (high temperature phase
stability) occurred when Y* (acceptor ion) doped

zirconia was co-doped with Ta* (donor) ions, which reduce
the number of ion vacancies in the structure.

The formation of nitride stabilised zirconia (as
discussed in (i)) can also be explained by this
mechanism, since substitution of N3 ions for 02 may
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also result in the formation of charge compensating

vacancies in the anion lattice.

The defect interaction mechanism may also explain the
observed stabilisation effects of zirconia sintered in a
reducing atmosphereb3!, since this would produce an

oxygen deficient structure.

There are a number of areas which this theory does not
explain. In particular, defect - ion interactions cannot
account for the observed stabilisation of zirconia when
ions of the same valency as Zr (eg 4*) are added.

i.e. Ce0, or TiO, stabiliser additions, since

substitution of these ions in the zirconia lattice should

not produce charge compensating defects.
(iii) Nucleation effects.

Nucleation effects are thought®! to be of particular
importance in the martensitic tetragonal to monoclinic
phase transformation.

The transformation is thought to occur by nucleation
controlled kinetics, with both kinetic and thermodynamic
factors determining whether the t-m transformation takes
place, and thus whether the crystal structure remains in
the (stabilised) tetragonal form0B3l,

The free energy for the transformation is affected by the
stabiliser content of the parent and product phases.
Thus, above a certain stabiliser content the tetragonal
phase has the lowest free energy, precluding the
transformation, whilst below this critical stabiliser
level the monoclinic form is the low energy polymorph and
the transformation may take place according to nucleation
controlled kinetics provided that no activation energy
barrier exists, or that sufficient energy is supplied to

surmount this.

In unstabilised material the nucleation takes place
spontaneously. However, the addition of a stabilising
additive reduces the driving force for the
transformation and as a result, the nucleation sites
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become operative only in the presence of an additional
applied stress (i.e. a crack tip stress field). The
material is therefore stabilised in the tetragonal form
(as in T.Z.P.) in the absence of an applied (tensile)
stress fieldDl,

(iv) Lattice vibration effects.

An attempt has been made (by Cormack and Parker) B4 to
produce an atomistic simulation to model the effects of
stabiliser atoms on the structure, bonding and
thermodynamic stability of the zirconia polymorphs.

The model used comprised a static element, to account for
the effects of structural parameters such as atomic
positions and lattice vectors, and a dynamic element to
account for the effect of thermal vibrations, based upon

an assumption of quasi harmonic motion.

This work suggested that the stabilisation mechanism
involved a change in the modes of thermal vibration (due
to changes in the inter-atomic force constants when
stabilising additives were present) to delay or eliminate
the onset of unstable modes of oscillation on cooling,
thereby reducing the free energy of the high energy
polymorphs.

This model was partially successful in predicting the
stabilising effects of various types and amounts of
dopant additives, but was not able to correctly predict
the absolute temperatures at which the phase
transformations took place in real systems.

Depending upon the relative ionic sizes, valency, and
solid solubility, impurity ions might affect the
stabilisation, and resultant phase composition and
mechanical properties of T.Z.P. by all of the above
mechanisms, and a study into the effects of impurities on
these parameters therefore formed a significant part of

this work.
2.3.1 The Zirconia-Yttria System.

The phase diagrams for the various zirconia-stabilising additiv
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systems have received extensive study, due to their
importance in the production of transformation toughened
ceramics, and according to Heuer et all¥, it is possible to
have a high degree of confidence in the latest studies.

In the case of the Y,0; - Zr0, system, there have been
numerous modifications®IBAGNGABIIIKI to the

phase diagrams by different workers. The phase diagram
of ScottB4 is normally considered to be the most
accurate. This is illustrated in figure 2.3.1 (a), with
the zirconia rich portion of the system illustrated in

figure 2.3.1 (b).

A set of thermodynamic functions have been produced for
the Zr0,~Y,0; system by Du et al, enabling a calculated
phase diagram to be obtained® . This was in general
agreement with the experimentally determined diagram of
ScottB4, The attainment of equilibrium in zirconia
ceramics is relatively slow, due to the low cation
diffusivities in these systems®%, this being of
considerable significance for the addition of dopant
oxides to the system in this work.

2.4 Mechanical properties of transformation toughened

ceramics.

2.4.1 The transformation toughening mechanism.

The transformation toughening mechanism is responsible
for the enhanced mechanical properties‘of partially
stabilised zirconia ceramics such as Y-T.Z.P. The nature
of this mechanism and its effects are reported here in so
far as is necessary to support the mechanisms proposed to
account for the effects of impurities on the mechanical
properties identified in this study.

Although there is no doubt that the transformation
toughening phenomena is associated with the (martensitic)
tetragonal to monoclinic phase transformation, there is
still no single accepted model for the mechanism by which
the transformation produces the increased fracture
toughness. Indeed it is possible that a combination of
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Figure 2.3.1 (a) The 2r0, - Y,0; phase diagram.
Reproduced from Referencel4,

Note 2 mol% YO,5 = 1 mol% Y,0,
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several processes are operating.

Generally, there are two schools of thought regarding the
toughening mechanism, these can be thought of as those
based upon energetic considerations, ie (i) an increase
in the work of fracture, or (ii) those based upon elastic
considerations, ie the reduction of crack tip tensile
strain fields. There is some doubt whether the two
mechanisms would give rise to equivalent behaviour®d,

The mechanism of transformation toughening originally
proposed by Garvie!®! for partially stabilised zirconia,
was that the tetragonal to monoclinic transformation could
be initiated in metastable tetragonal precipitates, by an
interaction with an advancing crack. The same principle

applies to T.Z.P.

The tetragonal phase is retained in a metastable form in
P.S.Z. and T.Z.P. ceramics by constraining effects in the
matrix allied with the effect of the stabilising
additives. The removal of this constraint, by the
interaction with a crack or defect results in

spontaneous transformation to the monoclinic form.

(i) Energetic models.

Garvie et all® proposed that the toughening effect

arose from the energy absorbed by the martensitic phase
transformation. This was thought to increase the work of
fracture. This model is the basis for a variety of
mechanisms proposed for transformation toughening.

The martensitic transformation is accompanied by a change
in shape and volume in the material. The resultant

strains are accommodated by the development of a very fine
twin structure, commonly referred to as martensitic laths.

The shear and deformation accompanying the transformation
are very similar in effect to conventional plastic
deformation®!, and allow the structure to relieve
internal stresses. The process is often referred to as
transformation plasticity or pseudoplastic deformation[®l.

It has been suggested that the increased work of fracture is

20



associated with the pseudo-plasticity accompanying the
tetragonal to monoclinic phase transformation®d,

This mechanism can be considered as analogous to that
thought to operate in TRIP steelsl,

The pseudoplastic deformation is thought to play a
particularly important part in the toughening mechanism
for smaller crack lengths. In these cases it has been
suggested that plastic flow at the crack tip may result
in the relief of stress concentrations, thus increasing
the toughness®1, It is also possible that this

phenomena might affect the hardness of the material, and
transformation plasticity is considered as a possible
explanation of some of the effects observed on the
hardness of doped Y-T.Z.P. in this work.

A theoretical model for the effect of various energy
dissipative mechanisms was developed by Pomphe and
Kreher®l, The model was based upon the Griffith type
model where the energy dissipated by the martensitic
phase transformation was included in the energy balance
criteria. This model did not consider plastic deformation

as a dissipative mechanism however.
(ii) Elastic models.

The idea that the toughening mechanism was due

to elastic stress fields rather than energy absorption
was first proposed by Porter and Heuer!™ and forms the
basis of a variety of similar models. The tetragonal ->
monoclinic transformation has a 3-5% volume expansion
associated with it. Thus the phase transformation and
this volume change introduce compressive stress into the
material at the crack tip where the transformation is
initiated. The compressive forces arising from the volume
expansion oppose the tensile stress fields at the crack-
tip, and inhibit further crack growth.

Quantitative theories for toughening by elastic type
mechanisms were developed by Evans et al® and
McMeeking and Evanst,
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It has been shown that in order for the transformation to
exert sufficient toughening effect to account for the
observed behaviour, the transformation must occur not
only at the crack tip, but also in the "wake" of the
advancing crack. This transformed zone around the crack
is often described as having a "crack shielding

effecth @1,

2.4.2 R Curve behaviour.

The most significant departure between the behaviour of
transformation toughened and conventional ceramics is the
non linear strength-toughness relationship in

transformation toughened materials.

In particular, it has been found in a number of
studies [ that the resistance to crack growth (R)

in transformation toughened ceramics, is not a constant
determined solely by the increase in surface energy
associated with crack growth (as in a conventional
Griffith model). In these materials the resistance to
crack growth (R) and the related crack resistance stress
intensity (K;) increase with increasing crack length.
This type of behaviour is termed "R-curve" behaviour, and
is characteristic of systems exhibiting some plastic

deformation(@l.

The occurrence of R curve behaviour in these materials
has been suggested to arise because it is necessary for a
substantial wake of transformed material to build up
behind the crack tip before complete crack shielding
occurs. At this point steady state values of R are
attainedi™,

In these materials, failure is controlled not by a
constant fracture toughness K,. for the material, but by
the slope of the R CurveP!. The fracture behaviour is
determined by the point where the stress intensity factor
K, curves and the crack resistance stress intensity curve
Ky are tangential (see figure 2.4.2) M,

Cracks of length greater than C* will grow by
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Figure 2.4.2 - R-curve behaviour.

Reproduced from referencell®,

_~"  INCREASING

A
\

STRESS INTENSITY FACTOR

d Ua
- 7 | -
d l
// l /"'00.".—
/7 /*r/"\
[/ PR ] APPLIED K
Iy = YaaCl/2
s ! '
a
1 Co ] C* |

CRACK LENGTH

23



catastrophic fracture as in a conventional brittle
material, but for crack lengths below C*, the strength is
determined by the shape of the R (or K;) curve, with the
cracks undergoing slow stable crack growth to an
equilibrium length corresponding to point of intersection

between the K; and K; curves.

A consequence of this behaviour is that the strength

toughness are not directly related in transformation
toughened ceramics, and the best values of strength and
toughness are not exhibited by the same materials!®l,
Also, the strength and fracture toughness values
exhibited by the material are dependent upon the applied
load, specimen and loading geometry, all of which
influence the shape of the K, curves. This is of some
significance as a possible source of error and confusion
in mechanical property determinations on zirconia

ceramics as carried out in this work.

2.4.3 Effect of surface stress.

Spontaneous tetragonal to monoclinic phase transformation
of unconstrained grains on the surface of T.Z.P. and
P.S.Z. ceramics has been shown to occur, giving rise to a
resultant surface compressive stress in the

material [BIE, This results in an increase in

strength in the component by a similar mechanism to that
commonly used to strengthen glasses by temperingmi,

The amount of surface transformation, and consequently
the magnitude of the (strengthening) surface compressive
stress can be increased by grinding or abrading the
surface of the ceramic, whilst polishing of the

material results in a gradual reduction of the effect as
the transformed material is removed.

The effects of these surface stresses are believed™!

to be of significance as a possible source of error in
the determination of fracture toughness by indentation
as used in this work, and it is important that
standardised specimen preparation procedures are used to
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avoid this.

2.4.4 strength degradation in Y-T.Z.P.

Y-T.Z.P. has been shown to undergo a degradation in

it's mechanical properties by a chemical reaction in air
at temperatures ranging from room temperature to around
300°CEUBI, This so called "ageing" phenomena has

been a major cause of concern in the commercial
application of T.Z.P. ceramics.

Reviews of the effects and the possible causes of the
degradation effect have been carried out by Nettleship
and Stevens!™, and Swab®l, whilst Hirano®! has
reviewed the methods to inhibit the degradation effect.

Studies by Masaki®!, found that the effect was
maximised at around 200°C and that increasing the
stabiliser conteht to 5 mole % appeared to prevent it,
whilst work by Sato et al®l, has shown that the
ageing is accelerated by the presence of water.

Two mechanisms have been proposed to account for the

observed phenomena.

Sato and Shimada propose a crack tip corrosion process
occurs with water molecules, causing crack growth. The
phase transformation accompanying crack growth was
suggested to induce further cracking, thus accelerating

the surface transformationfl,

Lange et al® propose a mechanism involving chemical
destabilisation of the surface grains by reaction of
solid solution yttria with water. The presence of Y(OH)3
crystallites on the grain boundaries of aged foils was

cited as evidence for this phenomena.

The work of Lange et al®? also showed that the process
was independent of the amount of grain boundary

phase. This finding suggests that increased levels

of impurity and associated grain boundary phases is not
likely to impair the resistance to this phenomena.

Some additives\impurities have been found to improve the
resistance to this effect.
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Attempts have been made to control the phenomena by
reducing the transformability of the surface grains.
This has been achieved by sintering in an yttria bed[®
or, more significantly in terms of this work, by
controlling the grain size (and thus the driving force
for transformation) by alumina addition®J,

Additions of titania in solid solution in T.Z.P. have
also been shown to reduce the transformation phenomena,
and multicomponent Ti-Y-T.Z.P. materials resistant to the
ageing phenomena have been developed®™l,

These findings suggests that the presence of Al,0; and
TiO, impurities might be expected to improve the
resistance to the ageing phenomena, and although this was
not examined directly in this study, suggests that the
effects of these impurities on other properties (which
might be adversely affected) such as sintering behaviour,
and fracture toughness are therefore of particular

interest.

2.5 Sintering and microstructural development.

2.5.1 sintering processes.

Sintering can be defined as '"the process whereby a heat
treatment is used to convert a powder compact into a
dense polycrystalline solid"Pl, The process is driven
by the reduction in free energy associated with the
decreasing surface area (& energy) which results from
consolidation of the individual particles into a
solidl™,

There are essentially three types of sintering process of
importance for sintering of these ceramics, these being
solid state sintering, reactive liquid phase sintering
(where the primary grains exhibit solubility in the
liquid phase), and non reactive liquid phase sintering
(where the primary grains are not soluble in the liquid
phase).

The theory and effects of these sintering processes have
received extensive study and review in both standard

26



texts (See McColm and ClarkPl, Kingery et all) and
journal publications (e.g. referencesPd to U0, for
solid state sintering, and [0 to U0 for liquid phase

assisted sintering).

2.5.2 Sintering additives.

Both liquid phase forming, and solid solution impurity
elements may enhance sintering rates by promoting
densification during the sintering process, whilst
retarding the grain growth process. Impurities acting in
this way are frequently used as "sintering aids"0M,

and it was thought that the impurities added during this
work might produce similar effects. Sintering additives

for Y-T.Z.P. have received little study, although some work
has been carried out for P.S.Z. with other stabiliser

additions!l,

Impurity eléments can affect the sintering process either
by forming a second (liquid) phase at the grain
boundaries/particle interfaces, or by various
interactions with grain boundaries and vacancies whilst
remaining in solid solution.

(1) Solid state additives.

There is some disagreement in the literature about the
mechanism by which solid solution impurities affect the
grain growth behaviour. For example it has been suggested
by Cahn"d and Jorgensen and Westbrook!!3! that

segregated impurities exert a drag force on the moving
grain boundary, reducing the grain growth rate.

Alternatively, it has been suggested by Kroger and
Vink[4 that segregated impurities may reduce that rate
of grain growth by forming a continuous barrier (or
impediment) to diffusion at the grain boundary, thus
reducing the rate of mass/vacancy flow across it and
consequently the grain growth rate.

A perhaps more complete explanation of the effect of
sinter enhancing impurities was suggested by Brook®],
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who considered the effect of the solute impurities was
due to changes in the respective rates of lattice and
surface diffusion, thus promoting densification
(increased D,)*, whilst reducing the rate of grain
growth (reduced D)™

Impurity elements may also form an independent (and non
melting) second phase within the microstructure of the
material (ie a microstructure with grains of the impurity

material present ).

These second phase precipitates may affect the sintering
and grain growth behaviour by preventing grain boundary
advancel, This mechanism has been used to good effect
in T.Z.P. where alumina is used to control, grain size
and prevent the low temperature strength degradation in
Y-T.Z.P..

(ii) Liquid phase forming additives.

Impurities which form a liquid phase at the sintering
temperature may enhance the sintering behaviour, by the
normal liquid phase assisted (reactive or non reactive)
sintering mechanisms, particularly in the early stages of

sintering.

There are two types of liquid phase forming additives,
used as sintering aidsPUIMS], These are:-

(a) Permanent liquid phase sintering additives.
ie the liquid phase remains at the grain boundaries
throughout the sintering process, forming a glassy
grain boundary phase on cooling.

(b) Transitory liquid phase sintering additives.
Liquid phase is formed during the sintering
process to give enhanced densification, but is
redissolved into the grains on further heat
treatment or cooling.

* %

* lattice Diffusivity (Particle) Surface Diffusivity.
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2.5.3 Effect of precursor powder structure.

The effect of the powder structure on the sintering
behaviour and microstructural development of advanced

ceramic materials has been reviewed by Kendalll!l,

The main factors determining the sintering behaviour of a
ceramic powder are conventionally thought to be particle
size and chemical purity. Kendalllll6] also discussed
the effect of agglomeration and agglomerate strength, and
identified these as the limiting factor in the production

process.

Agglomeration occurs in all fine powders due to Van der
Waals attractive forces between particles[!€., These
agglomerates have been shown to be sufficiently strong
(strength typically >100MPa) "7 to remain unbroken

during the shaping and pressing operations carried out in
the manufacture of the green compact.

Unbroken agglomerates act as sources of density
inhomogeneity in the green compact, and undergo
differential shrinkage compared to the bulk material,
shrinking away from the matrix and forming defects in the

microstructurell’d,

The agglomeration behaviour of Tosoh TZ3Y, and other Y-
T.Z.P. materials produced by different fabrication routes
have been studied by Groot Zevart et all'¥l. This work
included measurements of agglomerate strength and pore
structures for green compacts pressed at 4, 100, and 400
MPa.

The Tosoh powder was shown to consist of regular

spray dried 30-50 um granules which themselves comprised

dense aggregates of around 60nm diameter. The strength of
these agglomerates was shown to be approximately 40 Mpa,

indicating that the agglomerates should have been broken

down during the green pressing operation.

However, recent work by Kim et all'2, using optical
techniques and porosimetry to characterise the internal
structure of commercial Y-T.Z.P. appears to show that some
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agglomerates may survive at pressures as high as 600 MPa.

The source of the T.Z.P. powder tested is not given in this
work, and it is therefore difficult to make objective
comparisons between these two apparently contradictory

studies.

Shi et all?l have produced a study of the effect of
agglomerates on the microstructural development of
zirconia, and suggest that the source of strong
agglomeration in zirconia powders may be hydrogen bonding
from chemically co-ordinated water molecules on the
particle surfaces, or oxygen linkages between powder
particles formed by loss of hydroxyl groups from
chemically bound water molecules.

Agglomeration was thought to be a potentially significant
factor in this work, due to the possible effects of the
powder doping technique on the agglomerate strength.

2.5.4 sintering of T.Z.P.

The sintering of high purity T.Z.P. is often considered
to take place by a liquid phase sintering mechanism, and
the presence of a grain boundary phase has been
identified in T.E.M. studies of a range of commercially
produced T.Z.P. ceramics!?, However, some uncertainty
arises with regard to the nature of the sintering

process.

The amount of liguid phase produced is extremely small in
commercial high purity materials, with the grain boundary
phase in the final microstructure being between 2 and 10
nm thick!. The microstructures of these materials

tend to comprise straight sided grains (characteristic of
solid state sintering), rather than the curved grain
boundaries expected for a liquid sintered materiall®,

It is not clear whether the liquid phase is formed in the
early stages of sintering, in which case liquid phase
sintering mechanisms should operate provided sufficient
liquid is present, or whether the liquid phase forms in
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the later stages of sintering (by which time a solid
network may have formed thus rendering the liquid phase

sintering mechanisms inoperative).

Theunissen et all'®! have studied the microstructural
development during the sintering of T.Z.P. and this work
suggests that segregation of yttria to the grain
boundaries takes place only at higher temperatures. This
was thought to explain the rapid grain growth in the
initial stages of sintering of the material.

A number of studies have been carried out into the
densification of stabilised zirconia, to attempt to
identify the sintering mechanisms. However, the results
of the work have been contradictory.

Young and Cutler['? carried out an investigation into

the sintering of yttria stabilised zirconia, using the
constant rate of heating method to determine the sintering
mechanism. This work suggested that the sintering process
was controlled by grain boundary diffusion.

A more comprehensive study was undertaken by Wu and
Brook!'®!, using isothermal sintering, fast firing and hot
pressing techniques to characterise the sintering
behaviour of CaO and Y,0; stabilised zirconias of various

composition.

This work, identified problems with the constant heating
rate method used by Young et all®l, and suggested that
the kinetics of the diffusion process were controlled by
lattice diffusion of cation species in both cases.

This work also showed that the densification rate
underwent a maxima with increasing stabiliser content at
around 10 mole % Y,0;, which also coincides with a maxima
in the ionic conductivity.

Since conduction is controlled by anion (02) mobility,
and diffusion by cation mobility, such a relationship is
not immediately expected. The relationship was explained
by the fact that the concentrations of oxygen vacancies
and cation (Zr* or stabiliser ion) interstitials are

31



related through the Schottky and Frenkel disorder
reactions as follows:

Schottky:
0 = 2V + V"

where Kgyorey = [Vor12[Vx"]  (2.5.4 - 1)
or  [Vx"] = Keporry/ [Vor]1% (2.5.4 = 2)
Frenkel:

Zr,. = V" + Zr;---

where Kigpe = [2r5-] [Vg"] (2.5.4 - 3)
Substituting for [Vg,™] in (2.5.4 - 3) gives:

[Z2ri] = (Kprenkel/ Ksehottky) [Vo-12 (2.5.4 = 4)

Note: Vy, = A vacancy on X sublattice.
X; = An ion of substance X on an interstitial site.
" = An effective charge of -4

= An effective charge of +2

e.g. V,." = Zr ion vacancy with effective charge 4-

Thus any increase in oxygen vacancy concentration, for
example from charge balancing requirements of increasing
the amount of Y¥* stabiliser content should give rise to
an increase in zirconium interstitial ion concentration

according to equation (2.5.4 - 4).

By extension, it can be seen that the substitution of any
cation of valency less than 4 for zirconium ions should
produce an increase in rate controlling cation vacancies,
and thus sintering rate. This might be of some
significance as a possible effect of impurity ions in

solid solution.

Wu and Brook['®! also attributed the maxima, and
subsequent decrease in both densification rate and ionic
conductivity with increasing stabiliser concentration to
the formation of defect associates or clusters which
reduce the number of free vacancies and thereby number of
interstitial cations according to equation (2.5.4 - 4).

This relationship also suggests that it is the
interstitial cations formed at the sintering temperature
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which are the rate controlling species for densification.

A detailed study of the microstructural development and
densification processes in yttria stabilised zirconia has
been carried out by Slamovich et alli®l, This study
concluded that the densification of these materials was
controlled by kinetic factors, which included the effect

of microstructure (grain size and porosity).
2.5.5 Microstructure of T.Z.P..

Tetragonal zirconia polycrystal is the name given to
zirconia ceramics with a microstructure ostensibly
consisting of 100% tetragonal phase.

In order to produce this microstructure, it is
necessary to have an appropriate level of stabiliser
addition (¥,0; in this case) in solid solution in the

zirconia, and to have a small grain size.

In order to retain the tetragonal phase in zirconia with
3 mole% Y,0; stabiliser, the grain size must not exceed
0.8uml’?, although smaller grain sizes (<0.3um) are
required where protection against destabilisation from
low temperature ageing is requiredl&l,

The effect of a range of sintering conditions on the
density and microstructure of T.Z.P. was studied by
Guptal'®, This work showed that over-firing of the
samples resulted in a decrease in density, associated
with spontaneous transformation of the tetragonal phase.
This occurred when grain growth increased the grain size
to the point when the tetragonal phase became unstable.

Ruhle et allZ have investigated the microstructure of
a range of Y-T.Z.P. ceramics using S.E.M., T.E.M., and
E.D.X.

The main conclusions of this work being as follows.

- All T.Z.P. materials investigated exhibited an
amorphous grain boundary phase consisting of Y,03,
Si0,, possibly together with ZrO, and Al,0,
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- Some microcracking was present in the as fired samples,
even where the martensitic phase transformation had not

occurred.

- Many of the samples contained a proportion of large
cubic phase grains in the microstructure.

- Some chemical inhomogeneity was identified with regards
to the distribution of the Y,0; stabiliser, although
this varied between different materials.

The amorphous grain boundary phase identified by
Ruhlel®, was found at all grain boundaries, indicating
highly wetting behaviour, and the surface tension of the
liquid phase produces rounded grains. However, this
effect does not occur for all wetted grain boundaries,
despite the presence of the liquid phase, and as such is
not fully understood(Zd,

The formation of cubic phase grains in the microstructure
is due to the sintering conditions used. T.Z.P. ceramics
are normally fired in the two phase (cubic plus
tetragonal) region. The amount of cubic phase is
therefore determined by the stabiliser content and
sintering temperature used.

Langel'?l, has proposed that the formation of increasing
amounts of cubic phase, may have been responsible for the
decrease in fracture toughness with increasing stabiliser
addition of the range 2-6 mole % Y,0s.

In Y-T.Z.P. which has been subjected to rapid cooling
from the sintering or heat treatment temperatures in the
two phase region, the cubic phase transforms by a shear
transformation to the t' (cubic related) form, with a
high stabiliser content, which is retained to room
temperature B B35156,

In samples subjected to slow furnace cooling, the
equilibrium microstructure expected at room temperature
is completely tetragonalB4. However, the microstructure
frequently contains appreciable amounts of cubic phase
grainsilaa,
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This suggests that chemical equilibrium does not occur in
the samples, and that yttria rich grains exist or are
formed in the microstructure (possibly from stabiliser
inhomogeneity in the starting powder) resulting in the

retained cubic phasel?,

Under slow cooling conditions, Nettleship and Stevens!9
have shown that the cubic grains may undergo a diffusion
controlled transformation in which tetragonal
precipitates are formed within the cubic grains by

homogenous nucleation.

The composition of the cubic and tetragonal grains has
been studied by Tsukama et al!™®¥?, This work showed that
the cubic grains contained higher than normal levels of
yttria, whilst other grains were depleted in stabiliser.

2.6 Impurities in zirconia ceramics.

Impurities play an important role in determining the
behaviour and properties of zirconia (and other) ceramic
materials. In particular, impurities may result in
changes to the microstructure and sintering behaviour,
and to the mechanical properties.

As previously explained, the basic aim of the project was
to attempt to model the behaviour of homogenously
dispersed impurities in order to determine the
requirement for extensive chemical purification during
the powder manufacturing process.

For the purpose of this work, the term impurity is used
to mean any component present in the material apart from
zirconia, and the stabilising additive (Y,03).

Typical levels of impurity contamination in commercial
Y-T.Z.P. ceramics vary from about 0.1 mass % (e.g. TZ3Y
as studied in this work) B!, to around 1 mass % (eg.
Magnesium Elektron SC15 Zro0,!B%, Zirconia Sales HSY-3
zZro,M3) . However the effects of these impurities have
received little attention in the published literature.
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2.6.1 Sources of zirconia and levels of impurities.

Zirconia is derived primarily from two major mineral
sources. These are zircon (Z2r0,.Si0,), and baddelyite

(Z2ro0,) .

Zircon is the more abundant mineral source, and
commercial production of the mineral usually takes place
as a by-product of the mining of titanium ores from beach

sands.

The major sources of Zircon are Australia, South Africa,
the U.S.A., India and Chinal’®l,

Baddelyite is found in South Africa (suffers from uranium
contamination), and in smaller quantities in Brazil. The
South African mineral is extracted as a by-product of

copper and phosphate production.

The major impurities present in the minerals are silica,
titania, alumina, ferric oxide, and limel'®, In

addition, virtually all commercial zirconia contains
around 2 mass % HfO, which is extremely difficult and

costly to removell81B4,

Stevens!® has given compositional details of the main
mineral sources, and this information is reproduced in
table 2.6.1.

2.6.2 Phase equilibria of zirconia/impurity systems.

The behaviour of various oxide impurities in zirconia
under conditions approaching equilibrium can be
illustrated by reference to the relative phase diagrams.

However, there is some cause for scepticism in the
application of equilibrium phase diagrams to sintered
zirconia ceramics due to the extremely low cation
diffusion rates within the zirconia latticel®,

The slow cation diffusivities in this system®! makes

the attainment of true chemical equilibrium extremely
slow. Consequently, it is unlikely that this is attained
within the relatively short heat treatment schedules used
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Table 2.6.1: Chemical compositions of raw materials used
for the production of zircon and zirconia.
(reproduced from referenceld)

Chemical Analysis Australian S. African Baddeleyite pMC *
Zircon Foskor Foskor (purified)

Zirconia % . 66-90 96-00 >99-00 98

Silica % 32-60 -5 <05 02

Titanium oxide % 0-12 1-0 <03 0-4

Ferric oxide & 0-04 1-0 <0-05 0-5

Alumina %¢ 0-43 :

Lime % trace

Magnesia ¢ 0-03

Phosphoric

anhydride - 0007 0-20 <003 0-05

* PMC = Palabora Mining Co., South Africa.
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during the fabrication of these materials (see
experimental methods section).

Although the phase equilibria for (pure) zirconia-
stabilising additive systems have been extensively
studied@WBaABNNZANNA  impure systems,

such as those studied in this work, have received far
less investigation, and in many cases, the equilibrium
diagrams have not been produced to date. Where these do
exist, these are often poorly characterised, particularly
for three or more component systems, systems with very
low levels of impurity as in T.Z.P., and/or the low

temperature phase equilibria.

Phase diagrams of the binary systems Zr0,-A1,0;3,
2r0,-Si0,%!, and 2r0,~Ti0,1 have been

investigated. Phase diagrams are also available for the
ternary systems Zr0,-Y,0;-A1,0;/"8, as investigated in

this work, and the system 2r0,-Al1,0;-SiO,¥. The
quaternary system, Zr0,-Al,0;-SiO,~-TiO, has also been
characterised by Pena et allWalimea, The

equilibrium diagrams for these systems are illustrated in
figures 2.6.2(i)=-(vi) respectively.

However, phase diagrams are not available for the ternary
systems 2r0,-Y,0;-Si0, and Zr0,-Y,0;-TiO, , nor the

complex quaternary and quinternary systems, Zr0,~-Y,0;-
Si0,~Al1,05, Zr0,~Y,03-Si0,~Ti0,, Zr0,~Y,0s~Al,0;-TiO,,

and Zr0,~-Y,0;-Si0,-Ti0,-Al,0; as studied in this work.

The system Al,03-SiO,-Y,0; is thought!'@ to be relevant

to the behaviour of grain boundary phases in impure
T.Z.P.. This system has been studied (for amorphous
materials) by Hyatt and Day, with the properties of the
glasses of various composition investigatedl[43, The
phase diagram for this system is illustrated in figure
2.6.2 (vii).

2.6.3 Effect of impurities on microstructure.

The largest single effect of impurities on the material
is likely to be changes in the microstructural
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Fiass 4diaylams oL zilconia=impurity systems.
Figure 2.6.2(i) The Zro,-Al,03 system.

(Reproduced from referencel(!)
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Phase diagrams of zirconia-impurity systems contd....
Figure 2.6.2(iii) The Zr0;-TiOs system.
(Reproduced from reference(3)
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Figure 2.6.2(iv) The 2r03-Y¥;03-Al,03 System.

(Reproduced from reference(!) .
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Phase diagrams of zirconia-impurity systems contd.....
Figure 2.6.2(v) The Zr0;-Al,03-Si0O, System.
(Reproduced from reference!l™)
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Figure 2.6.2(vi) The Zr05-Al,03-8i05-TiO, System.

(Reproduced from referenceli4d)
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Phase diagrams of zirconia-impurity systems contd....

Figure 2.6.2(vii) The Al;03-Si03-¥,03 System.

(Reproduced from referencel®l)
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development due to changes in the sintering process i.e.
enhanced or impaired sintering rates, grain growth or

grain growth inhibition.

Where impurities are homogenously dispersed in the
material these effects would also be expected to occur
consistently throughout the microstructure, whilst uneven
dispersions of impurities might be expected to produce
differential sintering behaviour. This has been
demonstrated by Lange and Hirlinger for zirconia toughened
alumina, where the zirconia additions produced
discontinuous grain growth in the material when poorly
(i.e. inhomogenously) dispersedl[4l,

Even if subsequent homogenisation of the impurities did
occur during heat treatment, the effects of inhomogeneity
on the sintering and microstructure would precede this
and be irreversible.

For the Y-T.Z.P. system with which this project is
concerned, impurity elements appear to interact to form
low melting temperature grain boundary glassy phases in

the microstructurell¥l,

The presence of an amorphous grain boundary film along
all the grain boundaries in sintered Y-T.Z.P. has been

confirmed in a number of studiesiZAlll

Ruhle et all® have studied the structure and
composition of the grain boundaries in T.Z.P., and
suggested that the composition of the grain boundary
phase is that of a low melting eutectic in the yttria-
alumina-silica system. However, later work!'@ suggests
that the amount, and composition of this phase is
dependent upon the starting material used, and may

contain yttria,silica, alumina, and perhaps zirconia.

Impurity elements, including Al,Si,Fe have been shown to
have significant effects on the electrical properties of
the grain boundaries in zirconial%?, indicating
substantial segregation effects do occur.

43



Most of the studies of the effect of impurities on the
properties and behaviour of zirconia have concentrated on
their effects on the sintering behaviour, and on the

electrical properties.

2.6.3.1 Effect of silica impurities.

The effect of silica on the sintering behaviour and
microstructural development has been extensively studied
for calcia and magnesia stabilised P.S.Z.[8I4, but

less information has been published for the yttria
stabilised systems.

Shackelford et all¥ investigated the use of silica as
a sintering aid in CaO and MgO stabilised P.S.Z., and
Mallincrodt et all¥! carried out similar investigations
into P.S.Z. with a range of additives including silica

and alumina over the range 0-1% addition.

Both of the above studies concluded that silica produced
enhanced densification through a liquid phase sintering
mechanism, with Mallincrodt!%! et al also demonstrating
that the enhanced densification effect was only operative

at low sintering temperature.

Shackelford concluded that the liquid phase formed
consisted of a stabiliser-silicate phase, since liquid
phase sintering was not identified when no stabiliser was

present in the system!d,

Similar studies carried out on yttria stabilised zirconia
by Mecartney!®™, showed that the presence of silica
resulted in enhanced densification of the material by a
liquid assisted sintering mechanism.

Microstructural studies on Y-T.Z.P. by Ruhle et all&,
show a similar effect, with an amorphous grain boundary
phase (liquid at sintering temperature) being identified,
consisting of yttria and (impurity) silica.

Lin et allM gtudied the effect of silica and silicate
impurities on the microstructure of ¥Y-T.Z.P. and
concluded that the grain morphology, chemical composition
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of the primary grains, and crystallisation behaviour of
second phases were all influenced by the presence of

these impurities as grain boundary phases.

Silica is known to exhibit extensive solid solubility in
zirconia (see figure 2.6.2(ii)). However,
microstructural studies carried out by Radford and
Bratton on yttria stabilised zirconia showed that only
very low silica levels were present within the grains,
with increased silica levels at the grain

boundaries!3a,

This work also identified silica containing inclusions
within some of the grains, although other worklia&
failed to reproduce these.

Further evidence for segregation of silica to grain
boundaries is provided by conductivity measurements.
Yttria stabilised (cubic) zirconia has been shown to
exhibit a 100 fold decrease in conductivity when 2%

silica was present in the materiall’™l,

The liquid phase produced when silica is present in
partially stabilised zirconia has been shown to have a
de-stabilising effectl™, this is due to the
partitioning of yttria into the liquid phase during
sintering, Silica grain boundary phases have also
been shown to produce an increase in yttria mobility

during heat treatment[,

2.6.3.2 Effect of alumina impurities.

Alumina is frequently used as a sintering additive in
P.S.Z. and T.Z.P. However, there is some confusion in
the literature regarding the mechanism by which alumina
promotes densification in these materials.

Radford and Bratton![®™ proposed that
impurities/additions of alumina produced a liquid phase
sintering in Y-F.S.Z., and noted characteristic rounded

grains in their material.
Later work by Bernardl'®!, discussed by Butler and
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Drennani®! appeared to contradict this, and no
amorphous grain boundary phase was identified in this
work, with alumina being present mainly as particles or

inclusions within the microstructure.

Alumina has been identified in the grain boundary phase
of T.Z.P. in a number of materials investigated by

Ruhle et all™l, put it appears from these and the earlier
results?  that this only occurs in the presence of

silica.

Work by Stoto et all™!, suggests that alumina grain
boundary phases facilitate enhanced rates of yttria
migration and homogenisation in the microstructure,
which they suggested accounted for increased rates of

grain growth.

Ruhle et alll@ jdentified alumina as second phase grains
within the microstructure, and for higher levels of
alumina content (20 wt.%) Rossi et all®, showed the
alumina to be present as dispersed grains in the
microstructure, approximately equivalent in size to the
tetragonal zirconia grains. Butler and Drennan(®3 found
the alumina to be present primarily as intra-granular
particles containing inclusions of silica and zirconia.
The differences between this and the previous study may
be due to the larger grain size (11-18um) or to Yb,0;3
(n.b. not Y,0;) which was present in the material studied

by Butler and Drennanl!’™l,

Silica-zirconia inclusions, identified by Butler and
Drennan in the alumina particles, were presented as
evidence that alumina could act as a scavenger for silica

impurities in the materialf®3,

A number of alternative mechanisms have been advanced to
account for the effect of alumina on the sintering of
yttria stabilised zirconia when no liquid phase sintering
mechanism could be identified.

Bernard!® identified that alumina exhibited slight
solubility (0.1% at 1300°C) in zirconia. It was suggested
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that this may account for an enhanced rate of sintering
and solid state diffusion in the material by substitution
of Al%® ions in the 2r* lattice.

This was suggested to be a similar mechanism to that
identified by Wilhelm et al for Fe¥* impurities in yttria
stabilised zirconial®8,

Radford and Bratton!™@ jidentified a decrease in grain
growth rates with alumina additive in ¥Y-F.S.Z. material
(12um cf. 35um in pure F.S.Z.). This grain growth
inhibition, has been explained by Butler and Drennan as
arising from grain boundary pinning by the second phase
alumina particles3],

This may also explain the increased densification
observed in these materials, since a reduction in grain
size would lead to an enhanced rate of removal of
porosity during sintering.

A study of the effect of a range of alumina additions on
the sintering behaviour of Y-T.Z.P. has been carried out
by Lu and Chen!™, This work showed a complex
relationship between the amount of alumina present, the
sintering temperature and the sintered density of the
material.

For sintering temperatures from 1250-1400°C, the density
was found to increase with increased alumina content,
going through a maxima at around 0.5-0.75 mole %, and
decreasing for addition levels greater than this.

For sintering temperatures above 1450°C, the density was
found to decrease with increasing alumina content, with a
minima at around 1 mole %, and with the density
increasing for addition levels greater than this. These
results are shown in figures 2.6.3.2(i) & (ii).

Lu and Chen also calculated the activation energies for
sintering of T.Z.P., and alumina doped T.Z.P.[I, The
alumina doped material exhibited a substantial lower
activation energy than the undoped material in the early
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Figqure 2.6.3.2 - Effect of alumina additions on
properties of sintered T.Z.P".

Reproduced from reference %
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stages of sintering indicating that a liquid assisted
sintering process took place in the doped specimens.

At higher densities, a smaller difference between alumina
doped and undoped T.Z.P. was noted, indicating that both
mechanisms were predominantly solid state sintering.

A study carried out by Lange et all¥® on the sintering
characteristics of chloride derived Y-T.Z.P. material
indicated a de-densification (or bloating) effect, which
became increasingly pronounced at higher heat treatment
temperatures. This pore formation was attributed to the
effect of alumina contamination from milling media, and
was thought to be due to the release of high pressure
oxygen in the structure during the formation of cubic

phase.

2.6.3.3 Effect of titania impurities.
The effect of TiO, on the sintering behaviour and
other properties of partially and fully stabilised

zirconia has been less extensively studied than the
effect of alumina and silica impurities, although there
have been a number of recent detailed structural and
microstructural studies of the effect of titania.

The main studies carried out have been an investigation
into the effects of titania on the sintering and
electrical properties of yttria stabilised zirconia by
Radford and Bratton[Bdls  a microstructural analysis
analysis by A.E.S. and X.P.S. by Theunissen et alld,
and a structural study by Zschech et alllél,

The phase diagram for the Zr0,-TiO, system indicates that
TiO, shows substantial solid solubility in zirconia
(figure 2.6.2(iii)).

Radford and Bratton!®" carried out electron microprobe
studies of the microstructure of doped Y-F.S.Z., which
showed that the TiO, was distributed evenly throughout
the grains with a slightly enhanced level detected at

grain boundaries
Further evidence for a slight segregation was provided
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from electrical measurements which showed a decrease in
conductivity when TiO, additions were made to F.S.Z.,
which was smaller than the decrease obtained when SiO,

additives were present.

This work also showed that titania acted as a grain
growth inhibitor for Y-F.S.Z., with an average grain size
19um for TiO, doped material as opposed to 35um in the
undoped material. However other studies have shown that
additions of TiO, result in an increase in the grain
growth rate in T.Z.P. &1,

A.E.S. and X.P.S. studies on Y and Ti doped zirconia by
Theunissen et all®d also found evidence for a
significant amount of segregation of Ti% and Y3 ions at
the grain boundaries.

Microstructural studies carried out on the material by
Radford et all®@ jindicated that the TiO, doped material
underwent a liquid phase sintering process, although the
grains were less rounded than those observed with alumina

doped samples.

Since no liquid phase is predicted at temperatures below
1700°C in the Zr0,-TiO, phase diagram (see figure
2.6.2(iii)), this was attributed to a reaction with the
stabilising additives or other impurities, particularly
§i0, and MgoO.

Radford and Bratton also studied the effect of
combinations of alumina and titania additives. A multiple
addition of 1 mole % Al,0; and TiO, was found to further
improve the sintering(d,

Crystallographic studies of TiO,-Y¥,0; stabilised T.Z.P.
carried out by Zschech et all¥®!, using X-ray absorption
near edge spectroscopy (XANES), showed that titanium
occurs as Ti%* charged ions, which substitute for the
Zr* ions in the lattice. This work also found that the
Ti%* ions were not randomly distributed, and tended to
form clusters in the structure due to inter-ion
interaction effects, where the Ti% ions occupy off-
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centre positions in the lattice.

2.6.4 Effect of impurities on mechanical properties.

The effects of impurities on the mechanical properties of
Y-T.Z.P. has received little attention in the published
literature and this was therefore one of the principal

areas of investigation for this work.

The presence of impurity elements may affect the
mechanical properties of the material by a number of
mechanisms, however, the most important effects on
mechanical properties are likely to result directly from
changes to the microstructure of the material, from the
presence of stress raising flaws and defects, or from
modifications to the stabilisation and transformation

toughening mechanisms.

Wang et all"l have carried out a study into the effects
of grain size on the mechanical properties of Y-T.Z.P.
with various levels of stabiliser addition, and found a

complex relationship between these.

Both strength and toughness were found to initially
increase with increasing grain size, going through a
maximum at a grain size value which depended upon the
level of stabiliser present. This was attributed to
increasing transformability of the grains with grain
growth.

Above a certain grain size, both properties were found to
decrease with increasing grain size, this phenomena being
attributed to spontaneous transformation of the

tetragonal grains.

Grain growth normally occurs over a relatively well defined
temperature range in these materialsl®!, However,

although the effects of certain impurities on the grain
size have received some study, as discussed in the

previous section, their effect on the the grain growth
behaviour over a range of sintering temperatures has not
been systematically studied, and this was considered to
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be one area of interest for this study.

Inclusions of impurity, possibly arising from
inhomogenous distribution of the elements in the starting
materials, or from phase separation effects may act as
stress raising flaws in the structure!"®, These flaws

may grow by brittle fracture mechanisms, resulting in

lower strengths.

Discontinuous grain growth arising from chemical
inhomogeneity, as discussed in the section 2.6.2 may have
a similar effect. The characteristic failure mode of
T.Z.P. has been shown to be intergranular for the
tetragonal phase, and transgranular for the cubic

grainsié,

Glassy grain boundary phases caused by the segregation of
impurity to grain boundary sites are frequently observed

in Y-T.Z.P. as described previously!?, This glassy

phase may act as low fracture toughness cleavage paths in
the material, which might be expected to decrease the

overall strength and toughness.

However, according to Ruhle et all%, virtually

all high strength and toughness ceramic materials contain
some grain boundary phase, which it was suggested may
lower the grain boundary energy and thus increase the
toughness (and thereby) strength of the material,
provided that that it is of an appropriate thickness.

However, ségregation of the yttria stabilising additive
into grain boundary glassy phase is likely to be an
important and potentially deleterious effect of
impurities in the structure. This effect has been
demonstrated for T.Z.P.!12, and may produce an
impairment of the mechanical properties due to
spontaneous transformation of the retained metastable
phase as the stabilising additive is removed.

A study into the effects of alumina addition on the
mechanical properties of T.Z.P. carried out by Tsubakino
et all®l offers some evidence for both a change in
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grain boundary energy, and stabiliser segregation to a
grain boundary phase, and suggested that increased grain
boundary integrity associated with the impurity addition
might be a possible mechanism to explain the lack of an
apparent destabilising effect in their specimens.

Impurity elements in solid solution in zirconia are
liable to have some direct effect on the stabilisation
mechanism, particularly in the case of TiO, which has
been shown to have a stabilising effectMIl37

Al3 ions in alumina, have the same valency as the Y3
stabilising additive, and substitution of Al* for the
Zr* ions in the lattice would produce charge
compensating defects in the same way as Y3 ions. Lu et
al ™ describe Al%* and Y* as acceptor ions in

zirconia.

Since these defects are thought to play a part in the
stabilising mechanism, it is possible that a similar
stabilising effect could occur. However, this effect
would be limited by the low (approximately 0.1 mass %)

solubility of alumina in zirconia.

Both alumina and titania have been shown to improve the
resistance of the material to the low temperature ageing
phenomena®l7, This is usually attributed to a

decrease in grain size and subsequent decrease in
transformability for aluminal¥l, However, an increase

in stability arising from the stabilising effect of TiO,
or Al,0; in solid solution may also contribute to this

behaviour.

Alumina additions (at 5 mass percent) have also been
shown to increase the toughness of Y-P.S.Z. by Tu et
alli8l, This was attributed to an increase in the amount
of retained metastable tetragonal phase present after
heat treatment.

2.7 Mixing and homogeneity in materials processing.
The mixing of two or more species is a statistical
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phenomenon. The statistical nature of the process limits
the degree to which even mixing can occur[&IINTI,

The degree of chemical homogeneity is a function of the
sample size (ie the number of particles involved in the
mixing process), and will improve with increasingly large
sample space (or number of particles).

The relatively poor mixing encountered by solid state
powder mixing compared with liquid or gaseous phase
mixing, is primarily due to the small numbers of solid
particles involved compared with the numbers of molecular
species involved when mixing occurs at a molecular level
in miscible fluids.

It is not possible to produce a homogenous
microstructure, nor good mechanical properties in a
ceramic manufactured from a starting material containing
significant levels of chemical or physical

heterogeneityl/d,

The degree of mixedness must be described in terms of the
scale with which we are concerned. This is measured in
terms of the "characteristic volume" for the mixture. The
characteristic volume, is a measure of the number of
particles (sample size) required to produce a mixture
whose composition matches the bulk composition to within
a certain predefined level of deviationl7PIl71,

The homogeneity of particuléte mixtures has received
extensive study, due to its importance in terms of
chemical (and ceramic) processinglPIl7%, and a number

of different measures of the extent of mixing, or degree
of mixedness have been devised. A review of the measures
of mixing for similar sized particles is given by Drew
and Hoopes!', For systems involving particles of
different sizes!™ or systems with three or more
componentsi™, modified statistical approaches are
adopted.

The characteristic volume also defines the diffusion
distances required for the system to attain true chemical
homogeneity within the defined limit, or the diffusion
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distances required by reactive species in a mixture, to
enable the reaction to proceed to completionli®l,

This was therefore of particular significance when
attempting to add dopants to a commercial T.Z.P. powder
in this work to model the effect of homogenously
dispersed impurities.

The primary aim of the development of the doping process
carried out in this work was to improve the homogeneity
and thereby reduce the characteristic volume for the
mixture to a volume within which homogenisation could
occur during heat treatment.

2.8 The alkoxide/sol-gel process.

The alkoxide/sol-gel process is a chemical technique for
the production of high purity oxide ceramics or glasses
by the reaction of organo-metallic (metal alkoxide)
precursors in alcoholic solution.

The technique was initially developed, for bulk glasses,
by Levene and Thomas[® in the period 1967-1971 (patent
published 1972), and also by Dislich['®1 and

Schroeder!i&d,

The use of alkoxides to produce particulate oxide
products had been demonstrated much earlier!'®!, as had
the use of alkoxides to produce thin films. A review of
this was published by Schroeder in 1969081, A review of
the history and principles of sol-gel processing has been
produced by Dislich and Hinz[®!, and also by Thomasl!®l,

The alkoxide sol-gel process has been the subject of much
interest, particularly regarding the low temperatures
required to produce dense oxide materialsi®l, and the
excellent compositional control and homogeneity afforded
by the process in multi component systems[8IN&INNINNINTA,

The low processing temperatures arise from the extremely
high sintering activities of the gel products.
Densification occurs by a number of mechanisms including

capillary contraction, condensation, structural
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relaxation and primarily viscous flow[!BI%],

The chemical homogeneity of multi-component gel systems
arises from the fact that the constituents are mixed at
the molecular level prior to gel formation!l&l,

The homogeneity, low heat treatment temperature and
ability to produce thin films associated with sol-gel
processing were exploited during this work in the
development of the alkoxide doping process.

The sol-gel process essentially involves the production
of a solution of the alkoxide species in a compatible
medium (normally alcohol), the addition of water to the
system, either directly, or via the absorption of
atmospheric moisture, reaction between the alkoxide and
water leading to gel formation, drying of the gel, and
sintering to a fully dense product[i%Il%l,

There are two types of gel produced in the process. The
polymer gel formed initially in ethanol is called an
alcogel, the dried product is called an aerogel or

xerogel %],

2.8.1 Precursor alkoxides.

One of the major advantages of the alkoxide/sol-gel
process over other chemical methods of oxide production
is the wide range of oxides which can be produced by this
method. Alkoxides can be prepared from virtually all the
metal elementsI¥Il%®  and a wide range of single and
multicomponent oxide ceramics and glasses have been
produced. Suitable alkoxide precursors were commercially
available for all of the oxide impurities investigated in
this work.

Metal alkoxide molecules comprise a central metal atom
covalently bonded to a number of organic groups via oxide
linkages. The number of side groups is determined by the
valency of the metal ion.

The side group is generally a saturated linear alkane,
with the length of this organic group determining the
nature and reactivity of the alkoxide species.
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2.8.2 The mechanism of reaction.
The formation of an oxide ceramic or glass from an
alkoxide precursor essentially occurs by a two step

chemical reaction.

The reactions which occur are basically similar for all
alkoxide systems, although the rates of reaction in
particular may vary significantly[®IROIRNR02, The
reaction mechanism has been reviewed by Klein for the
sol-gel processing of silicates!¥l,

The stages in the reaction are (a) hydrolysis, which occurs
by the reaction of one or more of the ethoxide groups of
the alkoxide precursor with dissolved water in the
alcoholic solution, followed by a second stage consisting
of (b) polymerisation or condensation-polymerisation
(polycondensation) reaction.

The process can be represented in terms of the the
following reactions@®l,

(a) M(OR), + xH,0 -> M(OH),(OR),, + XROH
(b) M(OH),(OR),, -> MO,, + (%X/2)H,0 + ((n-x)/2)R,0

For complete reaction, this can be simplified as follows

(a) M(OR), + nH,0 => M(OH)n + nROH
(b) M(OH)n -> MO, + n/2H;0
(NET) M(OR), + n/2H,0 -> M(OH),

2.8.2 Effect of catalyst.

The rate and yield of the sol-gel production of silicates
in particular can be significantly enhanced by the
addition of acid or basic catalysts to the system. In
addition, and more dramatically, the nature of the
product can be completely changed by using different
catalysts.

The means by which catalysts affect the process is
thought to be primarily due to electrophilic or
nucleophilic attack by OH",or H;0* species[®

In addition, the respective rates of the hydrolysis and
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polycondensation reactions are affected by the presence
of acid and base catalysts, although there is some

disagreement in the literature regarding the details of
th 1 g [20411205] [206]

The mechanism of the polycondensation reaction depends
primarily on the type of catalyst present, and this
determines the properties of the reaction product.

For acid catalysis, the polycondensation reaction occurs
preferentially at the chain ends of linear molecules,
resulting in the formation of increasingly large chains.
Some reaction does occur at the side groups, and this
ultimately results in the formation of 3 dimensional
cross links between the molecules, and the production of
a rigid gel . [2031[204) [205]

For base catalysis, reaction occurs at equal rates at all
sites on the hydrolysed alkoxide species, and the
resultant product thus consists of growing, approximately
spherical, particlesBBIRM,  Optimisation of the

catalyst system to give a high yield of reaction and
suitable physical characteristics in the reaction product
was a major part of the development of the alkoxide
doping process in this work.

2.8.3 Effect of water addition.

The mole ratio of the water:alkoxide reactant species has
also been found to have a significant effect on the
reaction mechanism and the nature of the

product® @Bl For sub stoichiometric levels of water
addition (ie < 2 moles of water : 1 mole alkoxide), the
hydrolysis will occur at the chain end sites resulting in
linear molecules (with the size and structure controlled
by the catalysis conditions). In these cases gelation
occurs by the entanglement of the polymer chains and bond
formation®@®l,

With higher levels of water addition, the molecular
species formed from the reaction tend to be more highly
branched due to the greater number of reactions occurring
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at side groups. In the case of basic hydrolysis, these
molecular clusters remain discrete, resulting in the
formation of colloidal particles rather than
gelation®@®l, The effect of the water:alkoxide

ratio on the nature of the reaction product was expected
to be an important factor determining the agglomerate
strength of the doped powders produced in this work.

2.8.4 Effect of reaction modifiers.

For alkoxide systems other than tetra ethyl silicate
(TEOS), the reaction rates for both hydrolysis and
polycondensation reactions are generally very much more

rapid.

The effect of rapid hydrolysis and polycondensation
(which tends to occur at similar rates at all positions
on the hydrolysed alkoxide species) is that these
alkoxides undergo rapid hydrolysis in the presence of
water to form precipitates rather than network polymer
gels. These reactions are usually extremely difficult to
control 0N,

Various reaction modifying additives have been used in
order to attempt to slow the hydrolysis reaction and
produce the polymer gel structure in the reaction product
as opposed to a particulate product. These have included
(beta) diketones and ketoamines, carboxylic acids and
alkanolamine all of which act by replacing alkoxy groups
with the protecting ligand speciesl9i0n,

Acetic acid has been used to slow the hydrolysis of
aluminium®” and titanium alkoxides®® by this
mechanism, with acetylacetone also used in the case of
titanium alkoxides[®,

Another method of preventing the formation of particulate
reaction products from titanium alkoxide was demonstrated
by Yoldas®@d, who showed that the addition of 0.014 to
0.3 mole % of HNO; or HCl per mole alkoxide to the
alcoholic solution, and controlling the water level
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resulted in the formation of clear sols/gels.
Identification and use of suitable reaction modifying
additions was an essential element in the development
of the alkoxide doping process for TiO, and Al,03
additions and for multicomponent additions in this work.

2.9 Factorial experimental design.

A factorial.experimental design is a technique for
planning and analysing experimental investigations
involving a number of variables which may undergo
interaction. It involves the use of statistical
techniques to determine which if any of the factors under
investigation are significant, and to identify any

significant interaction between combinations of
factors R0 210 211112121 213]

Factorial experimental designs have been shown to be the
most effective method for carrying out this type of
experimentR?!®, This is explained by DanielR®B, as

being due to the fact that in a factorial experiment each
piece of information can "be made to work twice".

The factorial method for experimental design was first
developed by Fisher in 1926, for agricultural trials at
Rothampsted research stationPW¥ERBl  and these formed

the basis of much of the early work using the method. A
number of developments were made to the technique to
improve its efficiency and accuracy, these being
discussed by Yates, also working at Rothampsted, in
19374,

Since this time, the technique has been extensively
developed, particularly for industrial experiments®&,
where the results of each series of experiments can be
used to produce improvements in the industrial process
being investigated. This process is known as

"evolutionary operation"[R7,

A factorial experiment varies from a conventional
experimental technique in which one factor is varied at
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a time. In the factorial experiment the effect of each
factor (the main effect) is calculated as the difference
in the (average) effect on the system (the response) at
the levels of that factor investigated.

In a factorial experiment, the response is also
calculated for each factor when other factors are varied
simultaneously. If the effect of the individual factors
at the levels investigated changes when the levels of
other factors are altered, the factors are said to have

an interaction.

Factorial experiments are said to offer the maximum
efficiency in identifying effects and interactions,
reduce the possibility of drawing misleading conclusions
from investigations in which interactions exist, and
enable conclusions to be drawn which are applicable for a

wide range of conditions®10,

In systems in which there is significant interaction
between the factors, the main effects of the individual
factors may be obscured by the interaction effects, and
it is possible to draw misleading conclusions from the
results. This is the principal disadvantage of one factor
at a time experiments (which cannot identify the presence
of interactions), and the reason for carrying out

factorial experimentsPki0,

However, where this does occur, it may be necessary to

carry out additional experiments on the effects of each
individual factor, with the levels of the other factors
held constantk0,

The analysis of the results of factorial experiments can
be a complex task. However, various methods have been
developed to simplify the process. The most commonly used
of these was devised by Yates.

Yates®® has developed a process whereby the effects of
each factor may be calculated using a simple algorithm
(or numerical procedure) which involves adding and

subtracting the response values of the treatments in a
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standard order. The use of Yates' method is described in
more detail in the experimental methods section of this

thesis.

There are a number of variants on the factorial
experimental designs including 2k (ie investigation of
the effects of k different factors at 2 different levels)
and 3k (k factors at 3 levels) experiments, partial
factorial designs (to reduce number of tests carried
out) and confounded experiments (where the experiment is

broken down into a series of smaller experiments).

2k factorial designs are the most efficient and simplest
type of factorial experiments. However in this type of
experiment, where only two levels of the factors are
investigated, it is necessary to assume an approximately
linear response over the range of the levels of factors
investigated. This type of design was adopted for this

work.

Where the behaviour is expected to be non linear over the
range of factors investigated, it is necessary to use 3k
type of factorial designfki®,

Although factorial experiments are commonly used in
industrial experimentation and process development[??,
their application in more fundamental research has been
somewhat limited. In the field of materials science and
engineering, of 72,000 publications abstracted on the
"Metadex" system for the years 1991 to 1994, only 39
refer to the use of factorial experimental methods, with
the large majority of these being related to process
development in the polymers and composites industries.
Only 6 publications concerned with the application of the
technique to ceramics research are 1isted 181219 [20] [221] [222] (223},

The limited exploitation of this useful technique in
scientific research can perhaps be explained as being due
to the fact that whilst factorial experiments provide
useful empirical information regarding the effects of
factors and their interactions, the technique offers
little assistance in identifying the causes of, and
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mechanisms responsible for these effects.

For this reason, it was decided to combine both factorial
experimental design and more traditional and detailed
single factor (i.e. one factor varied at a time)
experiments for both the mechanical property and the
microstructure and phase development of variously doped
and heat treated T.Z.P. in this work, to attempt to
identify correlations between these.
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3. Experimental methods.

This section of the report is intended to outline the
experimental techniques used and developed to carry out

the investigation.
The methods described fall into two categories:

- Those concerned with the development of the doping
technique and the production of the doped powders.
(sections 3.1 - 3.3)

- Those concerned with the investigation of the
effects of the impurities on the sintered ceramic.
(sections 3.4 - 3.12)

3.1 The alkoxide powder doping process.

3.1.1 Background to the development of the doping
process.

The development of a suitable method for introducing the
impurity oxides into the system was considered to be
prerequisite for carrying out this investigation.

In particular, it was considered necessary to produce the
highest possible level of homogeneity within the doped
powders, whilst producing the minimum possible change to
the other physical properties (particle size, size
distribution, morphology, agglomeration) of the doped
powders.

A number of alternative methods were considered at the
outset of the project to produce the doped T.Z.P.

compositions. These included:-

(a) Mechanical mixing and milling of commercial T.Z.P.
powder with particulate dopant additives.

This method was discounted on two grounds. Firstly, the
degree of mixedness, defined in terms of the
"characteristic volume" of the mixture would remain
relatively poor, with the maximum homogeneity attainable
being further limited by the relative sizes of the two
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types of particles, and the size of the agglomerates in
the spray dried TZ3Y powder. Milling of the material
would also be expected to produce significant
contamination of the powder due to wear of the milling

media.

(b) Manufacture of doped powder particles by co-
precipitation of zirconia, stabiliser and dopant oxides
from metal alkoxide precursors in solution.

Although this would have produced the greatest possible
degree of homogeneity, the powder particles produced
would be unlikely to exhibit the same size, and
agglomeration characteristics as the doped powder, and
therefore, a comparison with the properties of commercial
T.Z.P. would not be possible. Furthermore, it was
thought that the development of a suitable process route
to synthesise T.Z.P. powder particles with the necessary
characteristics and sintering activity would have been an
extremely complex task, which could not have been
accomplished within the original remit of the research

programme.

(c) Pyrolysis of suitable precursor materials
(e.g. metal chlorides, nitrates)

It was thought that the pyrolysis of a mixture of T.Z.P.
powder with a suitable precursor material might be one
possible means of producing the doped powders with the
stabiliser distributed uniformly around (although not
within) the T.Z.P. particles. A similar technique is used
to add yttria stabiliser to certain commercial T.Z.P.
productsiiel,

Although this method was attractive in terms of its
simplicity, drawbacks included identifying suitable
precursor materials, and particularly, the effect of the
(normally) high temperatures required for pyrolysis on
the particle (and grain) size and the sintering
characteristics of the doped powders.
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(d) The alkoxide doping process.

This was the new technique developed during this work, using
alkoxide precursors to produce an oxide coating on each

of the powder particles of a commercially available T.Z.P.
material of high purity, using a variant on sol-gel

coating technology.

3.1.1.1 aAdvantages of the alkoxide doping route

There were a number of advantages associated with the
alkoxide doping process developed in this work over the
other doping processes considered (apart from the
increase in homogeneity compared to conventional powder
mixing). These included:-

(a). The dopant coating produced by this process would
be expected (due to the presence of surface oxide and/or
OH" groups at the particle surface) to be chemically
bonded to the surface of the particles, thus preventing
segregation or demixing processes from occurring during
subsequent processing operations.

(b) . The heat treatment temperatures necessary to produce
an oxide from the precursor material were significantly
lower than for other pyrolysis type process routes (see
3.1.1(c)). A temperature of approximately 500°C was
found (by mass loss experiments) to be required to remove
any residual water and organic material from the reacted
alkoxide. This was sufficiently low as to effectively
preclude any significant grain growth or sintering
processes from occurring during the doping process and
associated heat treatments.

(c) A wide range of suitable alkoxide precursor
materials existed, allowing the technique to be developed
for a range of oxide additives and/or applications.

(d) The homogeneity of the doped powders produced by this
process should be substantially greater than obtainable
by particulate mixing processes, with the characteristic
volume for the alkoxide doped powders expected to be of
the order of the volume of a few powder particles.
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This can be compared with the characteristic volumes
predicted for ideal random homogenous mixtures (i.e. of
particle mixtures), which are of the order of the volume
of many hundreds or thousands of particles to get
reasonable homogeneity of the minor component in a given

sample batch.

If characteristic volumes of this scale had been
achieved, subsequent homogenisation by solid state
diffusion would be expected to occur during heat
treatment. The characteristic volume gives a measure of
the diffusion distances required for homogenisation.

3.1.2 Development of the doping process.

The objective of the doping process was to attempt to
produce a homogenous dispersion of impurity in the T.Z.P.
powder to model the effects of impurities in the systen,
whilst minimising the changes to the other physical
properties of the powder. The experiments carried out
were thus concerned with:
(i) Developing the doping process to ensure that
controlled and reproducible dopant additions could
be made at the desired level.

(ii) Attempting to determine the degree of homogeneity
in the doped powders.

(iii) Determining the effect of the doping process on the
properties of the powder.

The essential stages in the process developed during this
work are illustrated in Figure 3.1.2(a).

The Tosoh TZ3Y T.Z.P. powder used as the base material
for the doping process was supplied in the form of
spherical spray dried powder agglomerates approximately
50 microns in diameter. The agglomerates, which were
relatively easily disrupted, consisted of primary
particles approximately 100 nm in diameter (section 3.3).

The doping process began with the production of a dynamic
suspension of the principal component powder (TZ3Y) in
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Figure 3.1.2 (a).

FLOW CHART INDICATING THE MAJOR STAGES IN THE ALKOXIDE
DOPING PROCESS

[ UNMODIFIED CERAMIC POWDER |
¥
MAKE POWDER SUSPENSION IN ANHYDROUS ETHANOL 100g POWDER :
100mis ETHANOL. USING MAGNETIC STIRRER

Y

[ ADD GLACIAL ACETIC ACID AT 10mis ACID : 100mis ETHANOL |

[ (OPTIONALLY) COOL REACTION VESSEL TO -30°C WITH LIQUID N» |

4
ADD REQUIRED AMOUNT OF DOPANT ALKOXIDE BY VOLUMETRIC OR
WEIGHT MEASUREMENT
* K
[ FIT LID AND CONDENSER TO REACTION VESSEL |

LEAVE FOR 7 DAYS, MAINTAINING STIRRING. (CONDENSER END OPEN TO
ALLOW INGRESS OF ATMOSPHERIC H50)
Y ‘
PLACE SUSPENSION IN ROTATING DRUM EVAPORATOR (CONTROLLED
EVAPORATION) FOR FURTHER 7 DAYS
¥
[ OVEN DRY AT 120°C FOR 24 HOURS ]

¥
[ GRIND AND SIEVE DRY POWDER ]

Y
{ _HEAT TREAT TO 500°C FOR 24 HOURS TO REMOVE ORGANIC IMPURITIES |

Y
[ HOMOGENEOQUSLY DOPED POWDER |
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absolute ethanol, the suspension being maintained by the
action of a magnetic stirrer. Prior to the addition of
the alkoxide, various reaction modifying/catalysing

additions were made to the ethanol. These are described

below.

The function of the modifying/catalysing additions was to
ensure that the reaction of the alkoxide precursors
produced a gel coating, on the surface of the primary
powder particles surface rather than forming
precipitates. This was essential to obtain the highest
possible degree of homogeneity in the doped powders (see
section 2.8.4).

The system was developed to allow the same

process route to be employed for all of the dopant
additions used. This was achieved by the use of acetic
acid additions which functioned differently according to
the systemn. The'addition acted as a catalyst for the
less reactive systems, and as a reaction inhibitor for
the more rapid reacting systems. However, a number of
other potential additives were also investigated with
varying degrees of success.

It was important that the additives used would not
otherwise interact with the system and introduce further
variables into the investigation. This effectively
constrained the choice of potential additives to those,
notably organic compounds, which could be subsequently
removed by oxidation or volatilisation.

The suitability of potential modifying additives was
assessed by allowing a small portion of alkoxide-ethanol
solution (at concentrations equivalent to those used for
the doping process) to dry on a petri dish or glass

slide. Visual examination of the reaction product was then
carried out, with systems which formed precipitates being

rejected.

Acetylacetone was investigated as a potential additive to
reduce the reactivity of aluminium butoxide and titanium
isopropoxide precursors, and avoid precipitate formation.
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This was carried out according to the method of
LivageP®, Equal volumes (7cm3) of the alkoxide and
acetylacetone were mixed, prior to the addition of 100

mls of ethanol.

In the case of titanium isopropoxide, the addition of
acetylacetone did produce a clear, but yellow coloured,
sol which formed a yellow coloured, gel reaction product
after 3 days. However addition of acetylacetone to the
aluminium alkoxide was less successful, with the two
chemicals undergoing a violent exothermic reaction on
mixing, with some precipitation occurring.

The use of acetic acid addition was investigated, as this
had been shown by Livagel® to produce a clear, stable
colloidal sol with titanium isopropoxide for pH values
<3. This technique was found to be successful, and was
subsequently adopted for this study, giving rise to clear
stable sols, and gel type reaction products with both
titanium isopropoxide, and also aluminium alkoxide

precursors.

The alkoxide species were added to ethanol solution, to
which glacial acetic acid (at the rate 10 mls acid to 100
mls ethanol) had previously been added . This was found
to give a pH (prior to alkoxide addition) of
approximately 2. The alkoxide addition resulted in a
small increase in pH, but for the addition levels used in
this work (less than 0.5 moles alkoxide per mole acetic
acid) the sols remained stable.

In the case of the tetraethyl silicate alkoxide
precursor, it was necessary to employ conditions of acid
catalysis to avoid precipitate formation as described in
section 2.8.2. Although HCl or H,SO, are the normal
catalysts used in the sol-gel production of silical'¥3,

it was decided to attempt to use acetic acid in this
work, for the reasons explained above regarding its
choice as a reaction modifier, and to develop a single
consistent process route for all of the alkoxide
additives. It was found that additions of glacial acetic
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acid at the same 10mls acid to 100mls ethanol level

chosen for the reaction modifying addition described

above were successful in producing a clear stable sol, and
gel type reaction product for this precursor.

Additional control over the nature of the reaction
product was attained through choice of appropriate
alkoxide precursors. The alkoxide precursors used were
tetra-ethyl ortho silicate (TEOS) for silica, titanium
isopropoxide for titania, and for alumina, a chemically
modified form of aluminium isopropoxide, obtained from
Alcan chemicals which had been pre-treated with a
protective ligand species to reduce its reactivity (Alcan
AOC 1010X). Other aluminium alkoxides investigated were
aluminium butoxide and isopropoxide, but unlike the Alcan
material these resulted in some precipitation during

trials.

The process was developed to allow both single and
multiple additions to be made. However, the reaction in
systems containing multiple alkoxide additions tended to
be more difficult to control. In these systems, the
addition of acetic acid reaction modifier used in the
single alkoxide doped systems was not adequate to fully
prevent precipitation from taking place.

To overcome this problem, a method was developed
involving the use of temperature control. This entailed
the careful addition of ligquid nitrogen to the mixture
prior to the alkoxide addition, until a temperature of
-30°C was achieved. Rapid formation of mixed alkoxide
compounds appeared to take place on alkoxide addition in
the multi-component systems, evidenced by substantial
exotherms and colour changes in the solution, however no
precipitation was observed. The formation of mixed
alkoxides was considered to be advantageous as it avoided
problems associated with incompatible reaction rates of
the different alkoxide precursors.

The reactant mixture was then contained within a flat
bottomed glass culture vessel, agitated with a magnetic
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stirrer to prevent sedimentation, and equipped with a
Leibig condenser for a period of seven days (figure
3.1.2(b)). This apparatus was used since initial
experiments carried out in open beakers, with direct
additions of water to the system were found to give low
reaction yields and poor repeatability, particularly for
silica dopant addition. It was found that the yield
could be increased by reducing the water:alkoxide ratio
and/or the overall evaporation rate, by use of acid
catalysis or by partially pre-reacting the alkoxide (in a
suitable condenser equipped reaction vessel) prior to
evaporation of the ethanol (see table (i)). Trials were
carried out to determine the optimum timescale for this
pre-reaction, with no further improvement in yield
identified after 7 days. An explanation for this
phenomena is given in the discussion section of the

thesis.

By adopting the above process conditions, it was possible
to obtain yields of reaction in excess of 90%. At these
levels, provided that conditions were kept constant, the
reproducibility of the process was excellent. Adjustments
were made to account for the sub-theoretical yields at
the dopant addition stage to achieve the desired bulk
powder compositions. Although it did not appear necessary
to take such precautions with some of the more rapid
reacting alkoxide systems, a similar process route was
used in all cases for consistency.

The suspension, which increased in viscosity slightly
during the pre-reaction stage, was then decanted into a
polythene drum, which was mechanically rotated to
continue mixing of the system. The drum 1lid contained a
limited number of small holes in its centre, which
enabled slow evaporation of the ethanol from the system
(See figure 3.1.2(c)). This was found to take around 5
days at ambient temperature, during which time the system
gradually increased in viscosity, eventually forming a
dry "cake" of agglomerated particles. This was then
transferred to a pyrex container and heat treated to

72



Figure 3.1.2 (b)

Reaction vessels used for doping process.

Figure 3.1.2(c) Drum drier/mixers used during doping

process.
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120°C to ensure complete solvent evaporation.

The resultant "cake" of agglomerated particles in the
dried material was then broken down, initially using a
glass rod to break up the large agglomerates. However
breaking down the smaller agglomerates could not be
accomplished in this manner, and it was necessary to
grind the material, (by hand) using an agate mortar and
pestle to disrupt these. ' The material was ground until
it would all pass through a mesh size of first 150 um,
and then 75 um. Typically this process took around an
hour to complete for a 150g sample. The agglomerates
were relatively easy to break down, although there were
small proportion of these which were more strongly
bonded.

The final stage in the process was a heat treatment for
24 hours at 500°C, to eliminate any residual organic
material arising from the gel or ethanol. This heat
treatment temperature was the lowest at which complete
removal of the organic material could be achieved, as
evidenced by infra-red absorption spectroscopy, and
mass loss measurements. This temperature was considered
to be sufficiently low as to preclude any significant
changes from taking place in the original bulk powder.
This was confirmed by X-ray diffraction studies and
particle size analysis as discussed in the following

sections.

3.1.3 Confirmation of dopant additions
and doped powder compositions.

To ensure that the doping technique was producing the
desired levels of dopant additions in the powders, it
was necessary to develop a sufficiently sensitive
analytical technique to determine the dopant
concentrations at the low levels used.

Two techniques were used to determine the powder
compositions, these being an Inductively Coupled Plasma
(I.C.P.) technique to analyse solutions derived from the
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doped powder, and X-Ray Fluorescence (X.R.F.) analysis of
fused beads containing the doped zirconia powders.

The following method was used to obtain solutions of the
zirconia and dopant additives for analysis by the I.C.P.
technique:

0.5g of doped/undoped T.Z.P. sample was weighed into a
Nickel crucible, together with 4.0g of Na,CO; and 2.0g

of Na,0,. These weights were accurately recorded to
0.0001g. A nickel foil 1id was placed on the crucible
which was then heated over 2 Meka burners for 5 minutes,
with the mixture stirred by agitation of the crucible at
1 minute intervals to ensure complete mixing and
dissolution. The crucible and 1id were then cooled and
placed in a clean 400 ml beaker to which 20ml distilled
and deionised H0 and 3.5 ml conc. HCl were slowly added.
An additional 10 ml of this solution was used to wash out
the crucible and 1id as they were removed from the
mixture. a watch glass cover was placed on the beaker,
and the contents were then boiled for 15 minutes, or
until a clear solution was obtained. Finally, any
condensate on the 1lid was washed into the solution, and
the solution volume made up to 500 ml with distilled and
deionised H,0. A 10 ml aliquot of the solution was then
taken for analysis.

Analysis of the solutions was performed using a Jarrel-
Ash ICAP 9000 inductively coupled plasma (I.C.P.) atomic
emission spectrometer. An R.F. frequency of 27 MHz was
used at a 1.1 KW power output. Samples were supplied to
the plasma as spray droplets in argon gas via a
nebuliser. The equipment was calibrated using matrix
matched (i.e. 2r0,) reference sample solutions to which
known quantities of SiO,, TiO, and Al,0; were

added.

The reliability and reproducibility of the results was
tested by supplying unidentified duplicate specimens for
analysis, and comparing the results obtained. It was
found that variations of 0.05% were obtained for TiO,,
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0.15% for Al,0;, and 0.35% for SiO,. Furthermore, samples
of known composition were submitted for analysis, with
the results obtained for SiO, found to be substantially
underestimating the true value. These errors were highly
significant in relation to the levels of additions being
made in this work, and for much of the project, the
compositions of most of the specimens had to be assumed
from the known addition levels (the nominal dopant
additions).

In the final stages of the work, the facility to analyse
the specimens by X-ray fluorescence spectroscopy became
available. This was found to give much more reliable and
reproducible results (again being confirmed by duplicate
samples and samples of known composition), with the
reproducibility found to be within plus or minus 0.05
mass percent for all dopant additions. The analysis was
carried out using a Philips PW2400, wavelength dispersive
spectrometer, using the fused bead technique to eliminate
errors from particle size effects, and calibrated using

samples of known composition.

Fused lithium tetraborate (glass) beads containing the
samples for analysis were prepared as follows:

lg of the sample was weighed (to 0.0001g), into a platinum
crucible, together with 10g (also to 0.0001g) of lithium
tetraborate powder. The powders were then mixed using a
small spatula, and transferred to a furnace at 1250°C and
heat treated for 12 minutes to melt and homogenise the
material, the crucible being removed and agitated to mix
the contents after 3 and 6 minutes heat treatment. The
melt was then removed from the furnace and poured into a
platinum casting dish (40mm diameter x 5mm deep), with
forced air cooling.

To obtain accurate results, it was essential that the
fused bead produced for analysis had a planar, smooth
surface. To ensure this, the casting dish was prepared by
forming in a die using a 40 tonne hydraulic press to

give a perfectly flat surface, with the bottom surface
polished.
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The analysis parameters for the X.R.F. spectrometer for
each of the elements analysed were as follows:

Elemnt Line X-ray parameters  Detection parameters
emission KV m Crystal dspace Angle
(2d (rm))
Zr L alpha 50 5] PE 0.8742  87.™17
0 K alpha 24 15 PX1 5.0000 55.2501
Si K alpha 50 & PE 0.8742  108.9954
Ti K alpha 50 60 LIF200 0.4027  86.1355
Al K alpha 50 60 PE 0.8742  144.793

Note: PE, PX1l, and LIF200 are the trade names used to
identify the crystals used in the X-ray detection system
for the Philips PW2400 spectrometer. The d spacings
quoted refer to these crystals. The detection angle
quoted is a function of the wavelength of the excited X-
rays from the analysed elements, and the d spacings of
the detector crystal used according to the Bragg
equation.

Analysis for other material, such as residual carbon from
the sol-gel reaction was carried out qualitatively by
infra-red spectroscopy, using a Perkin Elmer PE780
spectrometer. The samples were prepared for analysis by
dispersing in KBr, at the rate of 2mg sample in 200mg
KBr, and pressed in a die under vacuum for 5 minutes to

produce a 1 cm diameter disc of material.

Samples of undoped and variously doped samples were
analysed by this technique prior to and after various
heat treatments. Comparison of the absorption spectra
confirmed the presence of Carbon by the presence of a
broad range of overlapping absorption peaks over the
range 4000-1500 cm.

3.1.4 Determination of powder and dopant homogeneity.

If the doping technique behaved according to our
predictions, the dopant species should have been present
as an approximately mono-molecular layer, evenly
dispersed over the surfaces of the powder particles.

The positive determination of chemical homogeneity on
this scale was extremely difficult to achieve, since the
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scanning electron microscopy and energy dispersive x-ray
analysis analytical techniques available were not
sufficiently sensitive to determine the locations of
individually dispersed dopant ions within a homogenous
mixture, nor the presence of a monolayer of dopant ions
on the surface of the (100nm sized) zirconia particles.

Confirmation of the effectiveness of the doping
technique, and the degree of homogeneity was thus based
upon a negative result. That is if the analytical
techniques confirmed the presence of the desired level of
dopant within the bulk of the sample, but were unable to
identify the presence of inclusions or concentrations of
dopant within the sample, it was considered reasonable to
assume that the dopant ions must have been dispersed
throughout the sample, and that chemical homogeneity had
been achieved.

Analysis of the unsintered powders was carried out on
sections of unsintered, green pressed pellets, which had
been carbon coated to reduce charging effects. The
analysis was performed using A Link Systems, energy
dispersive x-ray analysis apparatus and software coupled
to a Philips XL40 scanning electron microscope. Bulk
compositional analysis was performed using X-ray signals
obtained from a comparatively large volume of the
specimen at low (200x) magnification, to confirm the
presence of the dopants by the energy dispersive X-ray
analysis technique. X-ray mapping was also carried out
using this equipment and software, over 16384 points (128
X 128), with a 0.5 second analysis (dwell time) at each
point. After accounting for the "dead time" during which
the detector is not available for analysis (around 25% of
total elapsed time), the information required for each
map took around three hours to acquire. An accelerating
voltage of 20KV was used for all these experiments.

For comparative purposes, samples mixed by conventional
mechanical powder mixing, with alumina, silica and

titania additions were compared to samples containing
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similar quantities of these additives but prepared using

the alkoxide doping technique.

X-ray mapping was carried out on samples of both types,
initially at low (200 X) magnification, to identify the
presence of large scale inhomogeneity (i.e.
inclusions/precipitates up to around 200 microns in
size), and then at progressively increased magnification,
to identify inhomogeneity on a finer scale. The highest
magnification used was 10,000 X (photomagnification), to
identify the presence of particles or precipitates of the

order of a micron or less in diameter.

3.2 Particulate dopant additionms.

In order to assess the effects and effectiveness of the
alkoxide doping technique (as opposed to the effects of
the dopant additions), it was necessary to produce a
number of reference specimens of similar compositions to
the alkoxide doped materials, but with the dopant
additives added by conventional mechanical powder mixing

techniques.

One mass percent of the dopant additions were made to the
Tosoh T.Z.P. material using ANALAR grade alumina, (fumed)
silica, and titania powders. These were mixed for 12
hours using a "turbula" mixer in a polythene container.

The samples were not subjected to ball milling (which
would have improved the distribution and homogeneity of
the dopant addition) as there was a high probability that
this would have introduced additional contamination into

the samples.

3.3 Determination of powder characteristics.

In order to produce a material with high sintering
activity (i.e. sintering occurs at reduced temperature),
the manufacturers, of the T.Z.P. used in this study, have
developed powders with extremely fine and homogenous
particle size and low agglomerate strength. This is
thought to be fundamental to the properties of sintered
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ceramic bodies produced from these materials.

It was therefore necessary to determine the powder
characteristics both prior to and after the doping
process in order to estimate the likely effect on the
sintering behaviour arising from changes in the powder
characteristics. Four parameters were investigated:
Particle size, morphology, agglomerate strength and phase

composition.
3.3.1 Determination of particle size.

Two techniques were used to determine the particle size
of the unsintered powder.

A direct measurement of particle size was made by
observation of the powder particles using a Jeol 840A
scanning electron microscope. Specimens for analysis were

prepared as follows:

The powders were dispersed in ethanol at the rate of 1g
powder : 100 mls ethanol and ultrasonic treated for 15
minutes (by placing the beaker containing the suspension
in an ultrasonic cleaning bath) to break up and disperse
the powder agglomerates. A single drop of the suspension
was then applied to a polished aluminium microscope stub.
After evaporation of the ethanol, the powder particles
were then platinum coated to reduce charging effects
prior to examination. It was found that ultrasonic
treatment of the dispersion for 15 minutes resulted in
the (virtually complete) break up of the original powder
agglomerates, and enabled the primary powder particles to
be observed.

Some problems were encountered with specimen charging
even after platinum coating of the specimens and degraded
the quality of the images which were obtained using
secondary electron mode to achieve the maximum
topographical information. To attempt to reduce this

phenomena, low accelerating voltages were used (5 KV).

A second technique used to measure particle size, and
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size distribution was a sedimentation method using a
Sedigraph 5100 particle size analyser. This instrument
measures the rate of sedimentation of a suspension of
known concentration by the absorption of an X-ray beam
passing through the suspension at different points. The
X-ray intensity is inversely proportional to the
concentration of the powder particles in suspension at
any point, and the change in concentration between two
points at different heights in the suspension is related
to the particle size via Stoke's law. The instrument
gives a direct readout of particle size and size
distribution.

Samples were prepared for analysis as aqueous suspensions
(1g powder to 100 mls deionised water). These were
subjected to ultrasonic agitation using an ultrasonic
probe for two minutes on full power, to break down the
agglomerates into the primary particles, followed by
stirring to maintain the particles in suspension prior to

the measurement.

Although this method obtains data from a large number of
powder particles, and is therefore of greater statistical
reliability than direct measurement techniques on a few
particles, it is not easy to differentiate between the
behaviour of individual particles and unbroken powder
agglomerates by this technique. The results of the two
techniques used can therefore be seen as complimentary.

3.3.2 Determination of powder morphology.

The powder morphology was determined directly by scanning
electron microscopy using the specimen preparation
technique described in section 3.3.1. However, in order
to determine the morphology of both the primary powder
particles, and the particle agglomerates, two variants on
the technique were used as follows:

(i) To observe the size and morphology of the primary
particles, the suspension was subjected to 15 minutes
ultrasonic treatment (a beaker containing the
suspension was placed in an ultrasonic cleaning bath)
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to break down the agglomerates.

(ii) To observe the size and morphology of the particle
agglomerates, no ultrasonic treatment was given to

the suspension.

Specimen coating and electron microscope imaging
conditions were as described in the previous section.

3.3.3 Determination of agglomerate strength.

The agglomerate strength, which was expected to be an
important factor determining the sintering
characteristics in both doped and undoped powders was
estimated by a number of methods.

A preliminary estimation of agglomerate strength was made
from the effectiveness of ultrasonic treatment in
dispersing the agglomerates in powders prepared for

study by electron microscopy as described in sections
3.3.1.& 3.3.2. If a dramatic increase in agglomerate
strength had occurred as a consequence of the doping
process, it was expectéd’that the stronger agglomerates
would prove more difficult to break down.

A second determination of agglomerate strength was
carried by carrying out particle (or agglomerate) size
determinations on suspensions of the powder particles in
water, using the Sedigraph 5100 particle size measuring
instrument. Sample preparation was identical to that
described in section 3.3.1, with 2 minutes ultrasonic
treatment of the suspensions prior to testing. As with
the previous method, it was expected that an increase in
agglomerate strength would increase the relative volume
fraction of particles remaining unbroken after ultrasonic
treatment (measured as large rapidly sedimenting
particles).

The particle size distributions obtained by this
technique were thus used to give a crude, semi
quantitative measure of relative agglomerate strength.
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Although this method is similar in principle to that
described above for direct observation of agglomeration
by microscopy, since the results obtained in this method
represent the average behaviour of a large number of
particles, these may be of greater statistical
reliability.

An attempt was also made to obtain a more accurate
quantitative estimate of agglomerate strength using the
"break-point" method described by Groot Zevart et

alll™, Two gramme quantities of the variously doped
powders were subjected to uniaxial compression in a steel
die at loads corresponding to pressures of up to 500 MPa.
An Instron testing machine was used to apply and measure
the applied loads and the die plunger displacements. This
enabled the relative density of the powder to be
determined from the original mass, the die diameter, and

the plunger length.

A graph was plotted of relative density versus the
logarithm of the applied pressure. According to the
method of Groot Zevart et al, this was expected to
produce a graph with two distinct linear regions of
different slope, with point of discontinuity
corresponding to the break-point, or strength of the

agglomerates in the material.

These experiments were discontinued at an early stage,
after preliminary tests failed to identify any discrete
point of discontinuity, making it impossible to
accurately determine the agglomerate strength by this
method. It is now thought that these findings may have
been significant, possibly indicating that the powders
contained a range of agglomerates of varying strength.

3.3.4 Determination of powder phase composition.

The phase composition of the doped and undoped

powders was determined by X-ray powder diffractometry to
determine whether the doping process and associated heat
treatments had changed the phase composition of the
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unsintered powder.

A number of alternative methods and formulas have been
proposed for phase analysis in zirconia systems, based
upon X-ray diffraction. There are two types of
theoretically based methods, which are described as the
"matrix" method and the "polymorph" methodR2l,

The Matrix method uses a comparison of the intensity of a
particular peak in a pure single phase material against
its intensity in a multi phase material. After
appropriate correction has been made for the mass
absorption coefficients of the phases present, the amount
of the phase present can be calculated from the intensity
ratiof?n,

This method does not incorporate any correction for
intensity differences between samples arising from other
factors, and consequently "significant errors can arise
if sample preparation procedures are not rigorously
controlled" 28,

The method used in this work is described as the
"polymorph" method.

The polymorph method uses the relative peak intensities
(areas) of the different polymorphs (the stabilised
tetragonal or cubic forms are treated as high temperature
polymorphs) in the same sample. The relative proportions
of the polymorphs present can be calculated, from the
relative intensities of the equivalent peaks, using
correction factors (R values) to account for the
contributions of the Lorentz polarisation factor,
absorption factor, structure factor, multiplicity factor,
and temperature factor for each of the phases.

The relative proportions of the two phases eg the cubic
and monoclinic polymorphs of zirconia) are thus given by
the expression 8]

\Y R I or [R(ni)m + R(m) 1.I(m),
\Y R I R(m) o [T (i), + I(m).]

84

IIIIIIIIIIIIIIl.llIlllllllll..--...____,




Porter and Heuer have calculated values for the R values
for the various polymorphs and diffraction peaks, based
upon the crystal structure of McCullough and
Trueblood !,

However, Evans et all®, suggest that calculations

based upon calculated R values are unreliable, due to the
large effect on the structure factor and R values
associated with small displacements of the Zr% ions from
their normal positions and suggest that accurate
quantitative analysis requires the production of
calibration curves to account for the effect of the
errors in R value correction for each specific system to
be studied.

In these studies, the main purpose of the x-ray
diffraction studies was to compare the phase development
between systems with different impurities, thus the
development of calibration curves was not considered

essential, and was not carried out.

One of the most significant problems encountered when
attempting to determine the phase composition of
polymorphic mixtures of zirconia is the substantial
overlap, and superposition of diffraction peaks which
occurs particularly for the (111) reflections of the
cubic and tetragonal phases. These two diffraction peaks
occur at approximately 30.5 degrees two theta, and are
impossible to resolve by normal methods. Consequently,
to ascertain whether a peak identified at this position
is due to the presence of tetragonal phase and/or cubic
phase, it is necessary to investigate the high angle
(400) diffraction peaks from these phases, found at
diffraction angles between 72 and 75 degrees two theta,
which are discrete and resolvable.

The analysis was carried out using a Philips PW1710 x-ray
diffractometer, using a monochromated (K alpha) copper
radiation source operating at a voltage of 35KV, and
current of 45mA. Philips APD 3 X-ray diffraction
analysis software was used to calculate the peak areas
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and correct for the effect of background intensity and
contributions of the K alpha 2 component of the peaks.

Samples of the ground and sieved powders used for
analysis in this work were pressed into the (recessed)
diffractometer specimen holder, using a glass plate to
ensure a flat surface.

The samples were then scanned over the ranges 20 to 76
degrees 2 theta, at a rate of 1 degree per minute from 20
to 70 degrees, and 1/4 degree per minute over the range
70 to 76 degrees where the intensities were substantially
lower, and greater sensitivity and resolution was

required.

The X-ray diffraction peaks of interest and their
approximate positions were as follows:

Peak Diffraction Angle.
(approximate peak position)
°'s two theta.

(vi), 28.2°
(m), 31.5°
(1) ¢ ¢ 30.6°
(400) 88.5°
(400) , 89.2°
(00s) 87.8°

Studies of the high angle diffraction peaks failed to
find any evidence for the existence of the cubic (400)
peak, suggesting that the amount of any cubic phase
present in these samples was below the limits of
detection for the technique used. The phase composition
of the samples was therefore determined as a two phase,
tetragonal and monoclinic system, according to the low
angle expression derived by Miller et a1®,

M I (M) + I (m
—2 = (0.82) . n(11) n(M)
M, I, (m)
where:
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M. = mole fraction of monoclinic or
tetragonal polymorph.
I .(XYZ) = integrated intensity (peak area) of (XYZ)

peak for monoclinic or tetragonal polymorph

3.4 Powder dopant additions and sample identification.

A total of 23 powder compositions were investigated
during the project. These comprised the TZ3Y powder as
supplied from the manufacturer (unmodified powder), a
blank treated reference consisting of the TZ3Y powder,
which had undergone all stages of the alkoxide doping
route, but with no alkoxide additions actually made,
alkoxide doped TZ3Y with additions of silica, alumina,
or titania over the 0 to 1 mass % range, alkoxide doped
samples with combinations of the three oxide dopants
(multiple doped samples), and mechanically mixed samples
with 1 mass % addition of particulate (single) oxide

dopants.

In order to produce statistically reliable results, the
doped samples which comprised the factorial experiments,
were produced in a random sequence. The duplicate
compositions and the mechanically mixed samples were
produced on a separate occasion. Each sample was
allocated a batch number according to the sequence in
which they were produced.

The range of compositions investigated, and the batch
numbers corresponding to the chronological order of their
production are shown in table 3.4

3.5 Test sample fabrication and sintering schedules.

Test specimens were prepared by uniaxial, double ended
compaction of preweighed (1.5g) quantities of the powder
in a steel die of internal diameter 16 mm. A hydraulic
test machine was used to apply the load in a reproducible
manner, with a load of 37.5 KN being applied to the die
plunger. This corresponds to a pressure of approximately
187.5 MPa or around 1900 Kg/cm2 applied to the powder.
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Table 3.4 Powder dopant additions.

Powder Dopant Addition. Doping Method.
Batch No. (nominal)
1 0.25% ALO; Alkoxide Doped.
2 0.75% ALO; Alkaxide Doped.
3 1% si0, Alkoxide Doped.
4 0.25% Tia, Alkoxide Doped.
5 0.25% si0, Alkoxide Doped.
6 1% 10, 1% ALO; Alkoxide Doped.
7 0.75% sia, Alkoxide Doped.
8 0.75% Ti0, Alkoxide Doped.
9 1% si0,, 1% Ti0, Alkoxide Doped.
10 1% 8i0,, 1% AL0;, 1% Ti0, Alkoxide Doped.
1 Blark treatment. Alkoxide Doped.
12 1% Tio, Alkoxide Doped.
13 1% ALS; Alkoxide Doped.
14 1% ALG;, 1% TiO, Alkoxide Doped.
15 TBY as supplied (umodified). Alkoxide Doped.
16 0.75% AlL0; (Duplicate batch). Alkoxide Doped.
17 0.5% SiO2 Alkoxide Doped.
18 0.5% AL0; Alkoxide Doped.
19 0.5% Tig, Alkoxide Doped.
20 0.25% Al203 (Duplicate batch). Alkoxide Doped.
M 1% Al203 Mechanically Mixed.
MS 1% Siv:)2 Mechanically Mixed.
MT 1% Tio, Mechanical ly Mixed.
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The plunger faces were coated with VYCOAT acrylic plastic
coating spray to prevent surface adhesion and
delamination effects within the pressed pellets which
caused great difficulties in preliminary work, with an
additional coating coating of ROCOL anti stick, non
silicon release agent also being applied to the coated

plunger faces and die internal surfaces.

The load was applied gradually, increasing from 0 - 37.5
KN over approximately 10 seconds, with the pressure being
maintained for 15 seconds. The pressure was then
gradually released at approximately the same rate by
slowly operating the manual pressure release valve on the

press.

The green pressed pellets were carefully placed on a bed
of TZ3Y powder to avoid contamination, and sintered in

an alumina crucible tray, in air.

Due to limitations on the operating range of the furnaces
available, one of two furnaces were used depending upon
the sintering temperature used. Both furnaces were
controlled by a Eurotherm programmer controller which
enabled the furnace temperature to be cycled through a
controlled ramp up, dwell and cooling rate.

Samples sintered at temperatures of 1350°C or greater
were heat treated in a Carbolite HTF 18/8 furnace with
Super Kanthal elements, whilst samples sintered at
temperatures below 1350°C were heat treated in a
Carbolite MFHT/T/1 furnace (SiC elements).

The heat treatment schedule used for all of the specimens
consisted of a preheat stage to 500°C followed by a two
hour dwell to remove residual organic material (from the
TZP manufacturing or the powder doping process) and other
volatile contaminants. The main heat treatment stage then
followed consisting of a controlled heating rate of 2°C
per minute to the sintering temperature, a two hour dwell
at this temperature, followed by controlled cooling at
2°C per minute to room temperature.
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Figqure 3.5 Heat treatment schedule used for sintering the

T.Z.P.

specimens.
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In practise the furnace cooling rate in the latter stages
of cooling below approximately 350°C occurred at a
somewhat slower rate than this due to the high thermal

mass of the furnace.

Sintering treatments were carried out at 950°

1050°, 1150° 1250° 1350° 1450° 1550° 1650° 1700°,
and 1750°C, with the typical heat treatment schedules
used illustrated in figure 3.5. It should be noted that
the overall heat treatment time increased as higher

sintering temperatures were used.

3.6 Determination of sintering shrinkage.

The sintering shrinkage obtained from the variously
doped samples at different sintering temperatures was
determined by direct measurement of the pellets

before and after sintering, using a (vernier) micrometer
calibrated to 0.01 mm. In practise, the pre-sintering
diameters of all the pellets were found to be identical,
these being determined by the internal dimensions of the

pressing die.

To obtain reliable values, it was found to be necessary

to take a number of readings of the pellet diameter, as

is was found that there was some slight variation in the
diameter values at different points.

An average of 10 readings were taken across the diameter
of the pellet using a micrometer.
The linear shrinkage was then calculated as:

(Sintered Diameter/Original Diameter) X 100%

The shrinkage results were subject to relatively large
measuring errors, and were therefore considered to be
essentially confirmatory evidence for the effect of the
impurities on the densification mechanism ( also studied
by density determinations). However it was possible to
obtain values for shrinkage determinations for samples
produced over a significantly wider range of sintering
temperatures than was possible by wet density
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determination (due to breakdown of the partially sintered
specimens in water). Consequently these measurements did
offer useful additional information, particularly
regarding the initial stages of sintering.

3.7 Determination of density and porosity.

The effect of composition and sintering temperature on
the density, and porosity of the specimens was determined

by an archimedean technique.

The specimens were weighed dry, immersed in water, and
after immersion in water to generate the apparent
density, bulk density, and apparent porosity of the
samples. In addition, an estimate of the true porosity
was made by assuming a theoretical density of 6.1 Kgm_3
for tetragonal zirconia. The last of these figures is for
comparative purposes only since it takes no account of
the effect of cubic phase development, nor the effects of
the impurity phases on the density of the material.

The samples were immersed in water for 10 minutes prior
to the "wet" weighing, and each sample was immersed and
weighed 5 times (or until 5 stable readings were
obtained) to produce a mean figure, together with an
estimate of the measuring error.

Although this method did give reproducible results, there
is some doubt whether the experimental technique used
would have achieved complete penetration of water into
the pore spaces, and it is probable that this resulted in
an underestimation of the apparent porosity, and an

overestimation of the density.
The following definitions™¥ are relevant:

Apparent Porosity = % of material comprising
open\reticulated porosity

Total Porosity = % of material comprising both open
and closed pores.

Apparent volume volume of (solid) material and the

closed pores.
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Bulk volume volume of (solid) material including

both open and closed porosity.

Apparent Density mass / apparent volume.

Bulk Density mass / bulk volume.

The apparent density (A.D.), bulk density (B.D.),

apparent porosity (A.P.), and total (or true) porosity

(T.P.) were calculated as follows®@4:

Weight of dry sample in air = W,
Weight of sample soaked and suspended in water = W,

Weight of soaked sample suspended in air = W,

Density of water = D,

B.D. = \
2 x D
Wc - Wb
A.D. = W
a x D
Wa - Wb
A.P. = 100 x (1-(Bulk Density/Apparent Density))

M
9
I

100 x (1-(Bulk Density/Theoretical Density))

3.8 Specimen preparation.

A standardised and reproducible technique was developed
for the metallographic preparation of the sample surfaces
prior to microstructural examination. This being
considered to be extremely important given the long
preparation times involved, and the susceptibility of
ceramic materials to surface damage during these
operations™®!,

The use of standardised sample preparation

techniques was also essential for the preparation of
samples prior to the fracture toughness measurements,
since it has been shown that surface finish has a
peculiarly large effect on the mechanical properties of
transformation toughened materials such as T.Z.P. due to

surface phase transformationsi™
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Table 3.8 Grinding & Polishing Schedule.

Grinding Grinding/ Polishing Mean
platten. polishing time stock
compound used. removal
rate

Kemet 14 um 60 mins 0.40 mm/hr
iron diamond

composite slurry.

Kemet 6 .um 30 mins. 0.15mm/hr
copper, diamond

composite slurry.

Lamplan 1. um 30 mins. 0.01 mm/hr
94§' hi diamond

olishin slurry.

gloth J Y

Lamplan 1/4 um 30 mins. <0.01 mm/hr
94%. hi diamond

olishin slurry.

gloth J Y

Applied load : 1Kg handweight. _

(each handweight was applied to 6
specimens)
Platten speed : 50 Revolutions per minute.

Diamond sprays : Applied for 2 seconds every 30 seconds.

Lubricant : Applied for 2 seconds every 120
seconds with (Kemet) composite
plattens, not used with (lamplan)
polishing cloths.
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The preparation schedule developed during this work
utilised a commercial sample preparation system based
upon an Engis 15 lapping/polishing machine with composite
grinding plates and soft cloth polishing plattens. An
automated pneumatic spray dispenser was used to supply
lubricant and polishing compound to the
grinding/polishing platten at regular intervals.

Engis type K, 14, 3, 1 and 1/4 um diamond slurries were

used as the polishing compound.

Samples were prepared under standardised conditions for
applied load, platten speed, and polishing compound and
lubricant application, these conditions being identified
from a preliminary investigation into the rate of stock
removal and surface finish obtained under various
conditions. The grinding\polishing schedule and
conditions used are shown in table 3.8. '

3.9 Quantification of sintering defects and surface
damage, by optical microscopy and Seescan image
analysis.

Although shrinkage, density and porosity results all
enable the sintering behaviour to be determined, all of
these techniques are limited in that they are essentially
bulk measurements.

In particular, although these measurements give estimates
of the effect of relatively large numbers of (usually
small) defects on the sintering behaviour, they are
insufficiently sensitive to determine the effects of
defects which (although often quite large, and highly
significant in determining the properties of the
material) are present in smaller numbers.

It was therefore considered useful to carry out an
additional determination of the sintering characteristics
of the various compositions under a range of sintering
temperatures by the use of microstructural investigation.

Image analysis techniques combined with optical
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microscopy were used in this part of the work, using a
SEESCAN image analysis system coupled to a Zeiss
microscope.

This measurement also gave additional information
regarding the polishing characteristics of the material,
particularly the susceptibility of the sintered ceramic
to surface damage such as grain pull out induced during
the lapping and polishing operations. This was thought to
offer some semi quantitative evidence for the

comparative mechanical properties of the materials.

The Seescan package was used to generate figures for the
number of defects present over ten fields of view, the
percentage of the total sample area occupied by defects
(mean defect area %) and the average size of the defects

measured (in mm?).

The number of fields of view and total number of defects
measured were limited by the information storage capacity
of the machine.

The system was programmed to reject any defects at the
lower limit of resolution at this magnification to
minimise signal noise effects and to give acceptable
statistical distributions, and was calibrated using a
scale graticule.

3.10 X-ray diffraction study of sintered phase
composition.

The phase composition of the samples after heat treatment
was determined by X-ray diffraction, carried out on the
unpolished surfaces of the sintered specimens prior to
any thermal etching process.

A Philips PW 1710 diffractometer, with Cu radiation
source and crystal monochromator was used for the X-ray
diffraction studies. The equipment was controlled using
Philips APD 3 control and analysis software. Standard
conditions were adopted for all the measurements as

follows:
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Generator Voltage 35 KV
Generator current 45 mA

The sintered pellets were located at the centre of the
specimen holder using plasticine to hold them in
position. A glass side was used to press the specimens
into the plasticine ensuring that they were level, and
that the sample height was correct. This was aided by the
recessed design of the specimen holder, with the samples
being mounted flush with, the edges of the recess.

The specimens were scanned, in continuous scan mode,
over the range 20 to 76 degrees 2 theta to determine the
relative proportions of the expected cubic, tetragonal,
and monoclinic phases, and to identify the presence of
any other new phases formed. The low angle region of the
diffraction scan, was carried out a scan speed of 1
degree (two theta) per minute, whilst the high angle end
of the scan in the range 70 to 76 degrees was carried out
at 1/4 degree per minute. The slower scan rate over the
70-76 degrees two theta range was found to be necessary
to improve the resolution and reduce the problems
associated with the low signal to noise ratio of the low
intensity, broad diffraction peaks in this range.

The arguments regarding the application of the different
quantitative methods for phase determination in zirconia
have been discussed previously, with respect to the phase
determination in the unsintered specimens in section 3.3,
and the polymorph method discussed in that section was
adopted for these measurements, with modified formulae to
account for the different phase composition (notably the
presence of cubic phase) in the sintered specimens. The
key diffraction peaks used in the phase determination
were as follows:
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Peak Diffraction Angle.
(approximate peak position)
°'s two theta.

(i), 28.2°
(m), 31.5°
(1), 30.6°
(400) 88.5°
(400) 89.2°
(004) 87.8°

t

As discussed in section 3.3, the superpositioning of the
(100) cubic and tetragonal diffraction peaks,
necessitates the need to consider the high angle
diffraction peaks to distinguish between the cubic and
tetragonal phases. However, quantitative phase analysis
in systems containing both cubic and tetragonal phases is
hampered by the broad profile, low intensities, and
overlap of these high a<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>