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ABSTRACT

A functionally-graded ALTiO¢Zr0O,-Al;O; (AT/zirconia-alumina) composite
has been successfully synthesized by an infiltration process involving an o-AlLO;-
Zr0, (90:10 by weight) green body and a solution containing titanium chlonde.
The mass gain after infiltration has been used to estimate the amount of new phase
introduced into the system. The phase composition character of the functionally-
graded material (FGM) has been determined by x-ray diffraction. The Rietveld
“whole pattern” refinement method was applied to diffraction patterns of the
sample which were collected from the surface and at several depths which were
made by polishing away the material. Absolute weight fraction determination using
the Rietveld external standard method showed that the concentration of AT
reduces linearly from the surface to the core. In contrast, the a-alumina content
increases with depth in a complementary manner. Low level amorphous phase was
also observed. Other functionally-graded microstructural profiles examined were x-
ray characteristic line intensity of Ti, Ti dot-mapping, and c-alumina grain size.

The FGM also exhibits graded character in both thermal and mechanical
properties, i.e. thermal expansion, microhardness, and Young’s modulus. The
thermal expansion coefficient (TEC) of the FGM increased with polishing-depth
and approached that of the zirconia-alumina reference sample at a depth of 0.5
mm. Relatively lower thermal expansion and softer surface layer in comparison to
those of the core (TEC value of 5.9 x 10° °C? and microhardness of 6 GPa
compared to 7.4 x 10° °C! and 12 GPa, respectively) render possibilities to
implement the material to which thermal shock resistance surface but hard core,
such as a metal melting crucible, are required.

Load-dependent microhardness was obviously observed on the surface of the
material but only slight dependence was observed in the core. This observation
indicated that the material exhibit “quasi-ductile” surface but brittle core. In
comparison to the reference specimen, the FGM displayed damage-tolerance and

remarkable machinability.
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CHAPTER 1
INTRODUCTION

1.1 RESEARCH BACKGROUND
Ceramic materials have become increasingly important for structural
applications in modern industry as they exhibit exceptional properties such as
hardness, corrosion and erosion resistance, and excellent ability to retain strength
at elevated temperature (Richerson 1992). The attractive properties of ceramic
materials include:
a. the typical value of hardness is approximately twice that of metals
(Callister 1991, p139),
b. the service temperature is considerably higher compared with that of
polymers and metals {Richerson 1992, p162),
c. the wide range of values of thermal conductivity makes them applicable
for both heat storage and heat dissipation (Richerson 1992, pp809-812).
Combining two or more types of ceramics may produce a composite material
with unique properties. Demand for such materials has increased over several
decades in situations where monolithic material could not meet particular service
requirements. Some ways of combining one ceramic with another are particulate-

dispersion, fiber-reinforcing, and laminating.

1.1.1 Functionally-graded Materials (FGMs)

Functionally-graded materials (FGMs) are composite materials which exhibit
a progressive change in composition, structure, and properties as a function of
spatial direction within the material (e.g., Markworth ef al. 1995a; Hirai 1996).
The aim of producing FGMs is, therefore, to obtain a material with two different
characteristics in its two opposite faces.

FGMs can be produced in several ways. Hirai (1996) classified the
fabrication of FGMs into three approaches, i.e. by gas phase, liquid phase, and
solid phase. Most FGMs fabricated involve a metallic component. Some ceramic-
ceramic FGMs have been fabricated using chemical-vapour deposition (CVD),

electro-deposition, sol-gel, or slip casting methods. Metal-ceramic FGMs can be



produced by CVD, electro-deposition, molten metal infiltration, centrifugal casting,
powder infiltration, slip casting, filtration, sedimentation, sintering, and diffusion
and reaction techniques.

Graded profiles in FGMs can be constructed by several ways. Micrography
(optical or scanning electron microscopy) and microprobe analysis are common
methods to reveal such profile {Sarkar ef al. 1993; Sasaki and Hirai 1991; Marple
and Green 1990). Microstructure, such as grain size, can show the material profile
changes (Sarkar ef al. 1993; Sasaki and Hirai 1991). The compositional graded
profile of FGMs can be constructed by measuring the characteristic x-ray emission
in electron microprobe. Quantitative x-ray diffraction (Klug and Alexander 1974)
is another prospective method for characterising the compositional graded profile.
This last technique was used in this research.

Infiltration can be used to produce ceramics and their composites (e.g., Glass
and Green 1987, Marple and Green 1989-1992; Low ef al. 1993 and 1996a; Tu
and Lange 1995; Pratapa and Low 1996). This technique includes the soaking of
porous powder compacts with suitable infiltrants. Subsequent heat treatment is
required to produce a dense multiphase body. A more detailed description of this
method is given in Chapter 2. Examples of use of the infiltration method for
introducing new ceramic phases into ceramic bodies are alumina into Y-TZP
(Glass and Green 1987), mullite into alumina (Marple and Green 1989), muliite
into ZTA (Low ef al. 1993), and aluminium titanate (AT) into alumina or ZTA
(Low ef al. 1996a; Pratapa and Low 1996).

The infiltration technique was used by Marple and Green (1989) to
incorporate mullite (3A1;0;.28i0;) into alumina resulting in functionally-graded

mullite/alumina composites. Mullite in these materials was formed via the reaction

3ALO; + 25i0, — 3ALO; . 2Si0; (1.1).

The alumina preforms, with approximately 39% porosity, were fully immersed in a
hydrolyzed ethyl silicate containing 25 wt% SiO; for 1 min, 4 h, and 2 x 4 h. The
infiltrated bodies were dried at 100°C and then sintered at 1600°C for 12 h. Only

mullite and alumina were detected by x-ray diffraction analysis in the as-fired



specimens. Marple and Green (1989) made use of electron probe microanalysis to
determine the concentration of the constituents in the material. The graded profile

of the mullite content is evident from the results shown in Figure 1.1.

1.1.2 Aluminium Titanate

Aluminium titanate (AT), Al TiOs, ceramic has a low thermal expansion
coefficient and excellent thermal shock resistance (e.g., Ohya et al 1983
Morishima et al. 1986) which makes it a promising component for repeated high
temperature applications. Ohya et al. (1983) reported that the thermal expansion
coefficient of AT was 4 x 10° °C™. AT is usually prepared by reaction sintering
between Al,O; and TiO, powders. Formation of AT occurs above 1280°C (Kato ef

al. 1980) in an oxidizing atmosphere according to

a—A1203 + TlOz (rutlle) — B-A]zTiOs (1.2)

However, AT also displays low mechanical strength and poor high
temperature stability. Pure AT exhibits very low flexural strength, i.e. 20 MPa
(Hwang ef al. 1994). AT decomposes into its original former alumina and TiO,-
rutile between 900 - 1200°C (Kato ef al. 1980). If ZrO, is added, AT can be partly
stabilised (Wohlfromm ef al. 1991), while addition of MgO will effectively stabilise
the AT structure at 900°C. Fe;O; provides better stabilisation at higher
temperature (Battilana ef al. 1995). Addition of MgO, ZrO,, and SiO, (by allowing
formation of mullite) has been shown to improve the strength of AT (Wohlfromm
et al. 1991). Despite of its low strength, aluminium titanate-based ceramics exhibit

excellent flaw-tolerance (Runyan and Bennison 1991; Padture ef al. 1993).

1.2 RESEARCH OBJECTIVES
The main objective of this research was to produce a functionally-graded
composite which has a low thermal expansion and flaw-tolerant aluminium titanate

outer-case and strong and tough zirconia- alumina core by infiltrating zirconia-
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Figure 1.1 Graded composition profiles of functionally-graded mullite/
alumina produced by infiltration (After Marple and Green 1992).
The legend indicates the infiltration time.

alumina preforms with a TiO; precursor solution through a sintering reaction in
forming the aluminium titanate. The presence of ZrQ, in the system is expected to
improve the mechanical properties as well as prevent the decomposition of

aluminium titanate.



1.3 RESEARCH PLAN
There are several experimental aspects in realising the research objectives
which are:
a) Characterisation of the functionally-graded profile of the FGM.
b) Measurement of the thermal behaviour of the FGM.
¢) Measurement of the mechanical properties of the FGM.
There are four main areas involved in this research:

1. The synthesis and processing of the composites utilising high-purity alumina
and monoclinic zirconia powders and a solution containing TiCl,.

2. Characterisation of the graded composition profile on the composite using
x-ray diffraction, attenuation coefficient measurement, and electron-probe
microanalysis.

3. Evaluation of thermal and mechanical properties including thermal
expansion coefficient, effect of thermal treatment on compositions,
hardness, indentation fracture toughness, and contact damage response.

4. Examination of microstructures, including grains characterisation and

microstructure of indentation hardness and cracks.

1.4 STRUCTURE OF THESIS

This first chapter discusses the background to the research topic and the
aims of the research. The literature review of related research topics is elaborated
in Chapter 2. In Chapter 3, the detailed experimental procedure is described.
Results and discussion of the synthesis and microstructural characterisation of the
FGM are detailed in Chapter 4. In Chapter 5, the results from thermal and
mechanical properties measurements of the FGM are discussed. Finally, the

conclusions and proposed further work are outlined in Chapter 6.



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

In this chapter, the theoretical backgrounds related to the research topic are
explored. These topics considered functionally-graded matenals (FGMs),
aluminium titanate, zirconia-alumina ceramic system and quantitative phase
analysis using x-ray diffraction and Rietveld analysis. Aluminium titanate is the
introduced phase in the FGM and is expected to improve the flaw-tolerance of the
matrix. Zirconia~-alumina ceramic is the matrix of the FGM and used as a reference
specimen in this research. Therefore, reviews on both aluminium titanate and the
matrix are presented. A theoretical survey on quantitative phase analysis using
XRD and Rietveld analysis is also presented here since this novel method was used

to characterise the phase composition of the FGMs.

2.2 FUNCTIONALLY-GRADED MATERIALS (FGMs)
2.2.1 Introduction

As explained in the introduction chapter, FGMs are composite materials
which exhibit a progressive change in composition, structure, and properties as a
function of spatial direction within the material (Markworth e al. 1995a; Hirai
1996). Figure 2.1 shows in schematic form the typical microstructural and property
character of a functionally-graded material.

The concept of FGMs was first proposed in 1984 by Japanese material
scientists led by Niino (Koizumi 1992). The original purpose of the development of
these materials was to produce superheat-resistant materials for propulsion systems
and airframes of spaceplanes. The research focussed on ceramic-metal FGM
systems. For example, superheat-resistant ceramics were prepared on the high-
temperature side of the composite and tough metals with high thermal conductivity
were placed on the low-temperature side, to achieve a graded composition of
ceramic to metal (Koizumi 1992). The development of FGMs has now been

extended to electronic, optical, biomedical, and other applications (Hirai 1996).
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Figure 2.1 Graded characteristic of functionally-graded materials. Gradual
change in component concentration causes gradual change in

property.

FGMs can be designed in various ways to produce several types of
continuous component change (Hirai 1996). Firstly, there are FGMs which exhibit
continuous changes in concentration. Most FGMs produced are of this type. The
second type exhibits continuous changes in morphology, for example from
spherical particles in one side to fiber-like ones in the other side. The third exhibits
a continuous change in state. An example of this type of change is a material with
a very dense surface on one side and a porous surface on the other side. Another
type of change is a continuous change in crystallinity. With this type of change a
crystalline/amorphous FGM can be produced.

The following sub-sections discuss the various topics related to functionally-
graded materials. The discussion begins with the techniques for producing FGMs.
The use of infiltration to produce FGMs and the modelling of compositional

profiles are reviewed in the next sections.

P,



2.2.2 Methods for Producing FGMs

FGMs can be produced in several ways. Hirai (1996) has classified the
fabrication of FGMs into three approaches, i.e. by gas phase, liquid phase, and
solid phase. Table 2.1 lists various fabrication methods and examples of FGMs
according to this classification. The list shows that most FGMs fabricated involve a
metallic component. Some ceramic-ceramic FGMs have been fabricated using
CVD, electro-deposition, sol-gel or slip casting methods. Metal-ceramic FGMSs can
be produced by CVD, electro-deposition, molten metal infiltration, centrifugal
casting, powder infiltration, slip casting, filtration, sedimentation, sintering, and
diffusion and reaction techniques. Ceramic-polymer FGMs have also been
produced by infiltration such as in epoxy-modified Y-Ba-Cu-O (YBCO) and Bi-Sr-
Ca-Cu-0 (BSCCO) superconductors (Low et al. 1994 and 1995) and epoxy-
zirconium phosphate (ZrP) protonic conducting materials (Low ef al. 1996b).

2.2.3 Infiltration Method for Producing FGMs

Ceramic precursors in the liquid infiltration method can be employed to
produce FGMs. Figure 2.2 shows the steps required to produce FGMs by
infiltration. This infiltration method can be used to produce ceramics and their
composites (e.g., Glass and Green 1989; Marple and Green 1990; Low et al. 1993
and 1996a; Tu and Lange 1995; Pratapa and Low 1996). The technique involves
the immersion of porous powder compacts in suitable infiltrants. Subsequent heat
treatment produces a dense multiphase body. Heat treatment may generate other
processes such as solid-state reaction and decomposition. Additional phases can be
introduced into the body when the infiltrant reacts with the host matrix. Since
infiltration may introduce a graded amount of infiltrant according to depth, this
technique can be used to produce ceramic-ceramic FGMs. This method offers
many possibilities of producing varied kinds of FGMs for broad applications and
allows surface modifications either on the whole surface by full-infiltration or only
on one surface by partial infiltration. The full infiltration method was employed in

this research.



Table 2.1 Fabrication methods and examples of FGMs (After Hirai 1996).

Method

Examples

1. Gas phase method

CVvD SiC/C, TiC/C, SiC/TiC, SiO«/Si0x(Ge0,), Cr:C/Cr
CVI SiC/C, TiB,/SiC
EB-PVD PSZ
Ion plating TiN/Ti, TiC/Ti
Chemical gas reaction SiC/C
2. Liquid Phase Method
Electro deposition Cu/CuZn, Cu/CuNi, ZrO./ALO;
Electroplating Cw/CuZn, Cw/CuNi
Sol-gel Si0,/Ti0,, Si0»/Ge0,
Plasma spraying PSZ/NiCrAlY, PSZ/NiCrAl
Molten Metal Infiltration | SiC/C, W/Cu, Al,O5/Al
Centrifugal Casting SiC/Al
3. Solid Phase Method
Centrifugal ZrO/NiCr
Spraying PSZ/SS
Powder Infiltration ALO/Ni
Slip casting ALOy/ALTiOs, AL,Oymullite, ZrO2/Ni, AlO3/Z10,
Sedimentation AL Os/NiAL ALO/W
Filtration AlLOyNi
Painting SiC (fiber)/SiC
Sintering, HP, HIP AlLO3/Ni, MgO/Ni, AIN/Ni, AIN/AI
Plasma activated PSZ/TiAl, PSZ/Ti, YSZ/SS
SHS TiC/NiAl, TiBo/Cu, TiB/Ni, AIN/Al
Diffusion and reaction ZrQyf Al Os, ZrSiy/Zr




Uniaxial and/or isostatic
powder pressing.

Pre-sintering
at 1000-1100°C for 1-2 h.
Green bodies are produced

Y
Infiltration of green bodies
with suitable infiltrant(s)

h

Sintering at above 1500°C
for more than 3 h,
allowing new phase formation
and densification.

Functionally-graded materials
(FGMs)
are produced

Figure 2.2 Liquid infiltration steps to produce functionally-graded materials (FGMs)
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The infiltration method has been successfully employed to introduce new
ceramic phases into ceramic bodies e.g. alumina into Y-TZP (Glass and Green
1987), mullite into alumina (Marple and Green 1989 - 1993), mullite into ZTA
(Low ef al. 1993), and aluminium titanate (Al,Ti0s) into alumina or ZTA (Low et
al. 1996a; Pratapa and Low 1996). However, most of the research did not discuss
graded profile characterisation.

Marple and Green (1989) used the infiltration method to incorporate mullite
(3A105.28i0;) into alumina. Alumina preforms, with approximately 39% porosity,
were fully immersed in a prehydrolyzed ethyl silicate (TEOS) containing 25 wt%
Si0, for 1 min, 4 h, and 2 x 4 h. The infiltrated bodies were dried at 100°C and
then sintered at 1600°C for 12 h. The formation of mullite in these materials
followed the reaction described in Equation (1.1).

Marple and Green (1992) made use of the electron probe microanalysis to
determine the concentration of the constituents in the material. The results are
shown in Figure 1.1,

Further investigation (Marple and Green 1990) showed that the process of
incorporating mullite into alumina using infiltration techniques involved several
aspects. Firstly, the infiltration depth, d, of the infiltrant within the porous alumina
depends on the square root of infiltration time, #, as observed by Glass and Green

(1987)

doc 12 2.1).

The SiO; elemental concentration (and hence mullite) decreased from the
surface toward the interior (Figure 1.1}. It was suggested that the cause of the
gradient was a redistribution of the liquid during the drying stage. Secondly, the
amount of incorporated phase was influenced by the degree of porosity within the
preforms, the density of the infiltrant, and reactions during sintering. Increasing the
mullite content was important not only to enhance the properties but also to reduce

the amount of shrinkage during final heat-treatment. Thirdly, multiple infiltrations
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can be used to increase the mullite content (Figure 1.1). An increase of mullite
content with infiltration time was observed.

Glass and Green (1987) applied the infiltration method to introduce an
AlLOs/ZrO, composite surface onto a yttria-tetragonal zirconia polycrystal (Y-
TZP) matrix. The Y-TZP green body had 55% theoretical porosity after isostatic
pressing at 138 MPa. A solution of AI(NO;);-9H,O was used since it readily
infiltrated to the green compact and decomposed at a much lower temperature than
that of sintering (1500°C for 2 h). The densities of the fired specimens were
measured and used to estimate the volume fractions of introduced Al,Oi;. The
graded profile was not determined. The plot of relative thickness versus the square
root of infiltration time was found to be linear. This shows that infiltration follows
capillary process.

Low et al. (1993 and 1996a) and Pratapa and Low (1996) made use of the
infiltration method to incorporate mullite into ZTA matrix, aluminium titanate into
alumina and aluminium titanate and mullite into ZTA matrix. They used tetraethyl
orthosilicate (TEOS, a SiOz-rich organic solution) and tetraethyl orthotitanate
(TEOT, a TiO.-rich organic solution), respectively. Sintering at 1550°C for 3 h
was applied to the specimens to allow the formation of mullite and aluminium
titanate and the densification of the specimens. The formation of aluminium titanate
occurred following Equation (1.2). The graded profile of the products was
characterised by elemental dot-mapping using electron-probe analysis. Both Si and
Ti dot-mapping showed the graded characteristic of the materials. The graded

phase abundance profile was not constructed.

Performance of FGMSs produced by infiltration

The mechanical properties of functionally-graded mullite/alumina composites
produced using the infiltration process (TEOS as infiltrant) were investigated by
Marple and Green (1991). They measured the elastic modulus and biaxial flexural
strength of bulk specimens. Vickers indentation fracture toughness measurement
was carried out at the “surface” of the materials after polishing the samples up to
90 um. There was no attempt to reveal the properties as a function of depth to

show the graded behaviour of the material. They showed that the elastic moduli of
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mullite-alumina decreased with increasing mullite content. This result was as
expected since mullite has a lower elastic moduli than alumina. Their investigation
of the strength of the materials indicated that the introduction of mullite by
infiltration led to substantial increases in the strength over pure alumina. Sintered
samples which had been infiltrated once for 4 h had an average strength 35%
higher than alumina samples. Four-hour infiltration performed twice produced
samples with strength 65% higher than pure alumina samples. Marple and Green
(1991) also showed that the indentation fracture toughness of the composites
tended to increase with an increasing amount of mullite at the surface. The trend in
the fracture toughness change with mullite content is depicted in Figure 2.3a.
Under all loads used, the fracture toughness increases with increased content of
mullite at the surface.

Possibilities proposed to explain the improvement of the strength and the
indentation fracture toughness included (i) changes in dominant flaw population
during processing, (ii) effect of mullite on crack propagation, e.g. by crack
deflection or stress-induced microcracking, and (iii} presence of residual
compressive stresses in the surface region due to the concentration gradient of
mullite and thermal expansion coefficient mismatch between the surface and the
bulk. In a further study (Marple and Green 1992), it was claimed that compressive
surface stresses were the major contributor to the improvements of strength and
fracture toughness. They calculated the residual stresses in the mullite/alumina
systems from residual strains measured using a strain gage, and related the stresses
to the change in strength and surface fracture toughness. They found that increases
in residual compressive stresses corresponded to the improvement in those
mechanical properties.

Low et al. (1993 and 1996a) studied the mechanical properties of other types
of FGMs, i.e. mullite/ZTA and aluminium titanate/alumina systems. The graded
profile was solely made using elemental x-ray dot map. Investigation on the surface
indentation fracture toughness showed that mullite-ZTA (TEOS as infiltrant) was
tougher than pure ZTA ceramic (Figure 2.3b). They also reported that the surface
microhardness of this FGM was further improved when sinter-HIP was applied.

The microhardness measurement was performed in aluminium titanate/alumina

13
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Figure 2.3 Indentation fracture toughness of FGMs (measured at surface)
(a) mullite/alumina (After Marple and Green 1991). Indentation loads of
2, 5, 8, and 10 kg were applied.
(b) mullite/ZTA (After Low ef al. 1993). Indentation load of 10 kg was
used. The figure shows the curves for mullite/ZTA (—) and

mullite/alumina (---) FGMs.
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system along its cross-sectional depth (Figure 2.4). The microhardness values
observed for the aluminium titanate/alumina system were slightly less than those
for pure ZTA (i.e. approximately 14 GPa) and reasonably constant with depth.

The presence of residual stresses in the functionally-graded materials is
believed to be responsible for improving the mechanical properties of the materials
(e.g., Marple and Green 1991; Low ef @l 1993 and 1996a). The presence of
compressive residual stress in a functionally-graded mullite/alumina composite has
been verified using the strain gage approach (Marple and Green 1992) and the
neutron diffraction technique {Root ef al. 1991). These stresses were introduced
into the surface region due to the graded composition of mullite from the surface
to the center and the resulting thermal expansion mismatch between mullite and
alumina.

Presintered alumina cylindrical preforms with 33% porosity were infiltrated
with a hydrolyzed ethyl silicate (a SiO;-rich solution) prior to sintering at 1600°
and 1650° C (Marple and Green 1992; Root et al. 1991). Upon cooling, the
unmodified core of the composites shrank more than the modified outer shell. This
produced compressive stresses on the surfaces of the infiltrated samples. The
graded composition of mullite (and hence alumina, Figure 1.1) through the depth
created a graded stress profile throughout the samples.

Measuring this profile using a strain-gage technique, Marple and Green
(1992) concluded that residual stress profiling using this method was not
sufficiently sensitive to detect stress changes over a small distance. Nevertheless,
compressive residual stresses were detected in the near surface region of the
materials.

From neutron diffraction measurements on a functionally-graded mullite/
alumina, Root e al. (1991) reported a compressive component stress value of -130
+ 30 MPa both parallel to the cylinder axis (relative to the value near the top
surface) and perpendicular to the cylinder axis (relative to value near the mid-
height of the cylinder) - see Figure 2.5. They also observed an overall tensile shift
of the macroscopic stress profile in a fully-infiltrated sample. The shift occurred

possibly due to a grain interaction effect between the alumina and the mullite.
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Figure 2.4 Vickers microhardness of functionally-graded aluminium titanate
alumina along cross-sectional depth (After Low et al. 1996a).

Concavity of the top and bottom surfaces was also observed which can be
associated with the compressive stress component parallel to the cylinder axis. The
authors explained that the concave surface occurred when the pellet core
contracted in the axial direction. As radial shrinkage of the pellet core took place,
compressive forces developed in the plane of the concave surface, directed towards
the pellet axis. The concavity of both surfaces was caused by the cancellation of all
components of the radial forces and the superimposition of the forces along the

cylinder axis to give a net force towards the pellet centre.

2.2.4 Modelling of Compositional Distribution Profile in FGMs

Modelling studies on FGMs have been reviewed by Markworth et al.
(1995a). These models are based on the composition change of an FGM which can
vary over a wide range. As a result, microstructure-dependent properties will also
vary with depth within the material. Two aspects were reviewed for the modelling
procedure (Markworth er al. 1995a), i.e. calculation of microstructure-dependent

properties and analysis of materials design, fabrication, and performance.
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Figure 2.5 Residual stresses profile of functionally-graded mullite-alumina
measured using neutron diffraction technique (After Root ef al.
1991). Circles show the stress component perpendicular to the
cylinder axis, whereas crosses show the stress component parallel
to the cylinder axis.

17



For a mixture or dispersed system, the microstructure-dependent rule of
mixture can be used to model properties, e.g. thermal conductivity and Young’s
modulus, of the material (Callister 1991, p532). The effective value of a property P
of a binary system can be estimated using the Voigt-type approach

P=fPy+ foPp (arithmetic mean) (2.2)

and the Reuss-type approach

_Lay (harmonic mean) (23)

1
P

o
s

where P4 and Pj are the values of a particular property for pure A and pure B,
respectively, and £ and f; are the respective volume fractions of A and B. As these
approaches have limited validity, an improvement has been proposed by

Markworth et al. (1995a) in the form of

P=f P+ fols+ T afsQus (2.4)

where (J4z is a function that depends on P, Ps fi fs and microstructure-
dependent properties such as thermal conductivity (A), coefficient of thermal
expansion, bulk modulus, and shear modulus. A schematic diagram of way in
which these functions vary with volume fraction is shown in Figure 2.6.

Equations (2.2) to (2.4) can be used to model the bulk properties of an FGM
provided that the spatial variation of composition is known. Several models of
composition-property relationship of FGMs have been proposed, for example,
Wakashima ef al. (1990) and Markworth and Saunders (1995b). In these models,
the FGM was considered to have two components (or phases) denoted as 1 and 2.
Other considerations were that the geometry was one dimensional {consider here
as x-direction) and that the material was very dense. The local volume fraction of
phase 1, fi(x), is a continuous function. The model proposed by Wakashima et al.
(1990} took the form:

18
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Figure 2.6 Variation of effective property P (as an example here, P is effective
thermal conductivity A with As/Ag = 10) with volume fraction fy of
phase A, see equations 2.2 - 2.4,
( ) arithmetic mean; (—-) harmonic mean; (——) Markworth model.
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ﬁm=rf“] 2.5)

Xy =X

where x; and x; are border regions of pure phase 1 and phase 2, respectively, and N
is a variable parameter which determines the curvature of fi(x). Markworth and

Saunders (1995b) proposed a simpler quadratic function model

fite) =a, + ax + ax’ (2.6)

where a,, a;, and a, are variable parameters, the values of which are determined by
imposed constraints and the optimisation process. The two models for fi(x) are
plotted in Figures 2.7 and 2.8.

Hirano (1995) proposed another form of composition function

ﬂm=m—ﬁ{”f] @.7)

1 0

where f is composition, x is a non-dimensional thickness, and # is a parameter
controlled by the compositional distribution profile. Changes in the distribution
parameters f, x, and # lead to a various forms of compositional distribution (Figure
2.9). Parameters x, and x; represent the thickness of non-graded layers and f; and
1 are the corresponding compositions.

Hirai (1996) proposed a simplified function from Equation (2.7) which took

the form of

re=(2) 28)

where f is the volume fraction, x is the relative distance from the interface or
surface, and d is the thickness of the FGM layer. Figure 2.10 shows the
relationship described by Equation (2.8).
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Figure 2.7 Plots of volume fraction (f) versus depth (x) of FGM modelled by
Wakashima ef al. (1990) with Equation 2.5 for selected & values. Here,
values x; = 1 and x; = 2 were assumed.

1.0 T T T T T T T

/
- / p
/7
— / -
/7
L / -
Ve
X | / ]
::; 0.5 e
| V4 -
s
s
| P _
-~
e
[ P i
-
-
- t | L 1 ]
0 o [ 1 ]
0 0.5 1.0
xt

Figure 2.8 Plots of volume fraction (f) versus relative depth (x7) of FGM
modelled by Markworth and Saunders (1995b) for maximum and
minimum values of a; in Equation 2,6. Symbol x is sample depth
and / is the sample thickness.
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Figure 2.9 Plots of volume fraction (c) versus depth (z) of FGM modelled by
Hirano (1995) using Equation 2.7.

x/d .

Figure 2.10 Plots of volume fraction (c) versus relative depth (x/d) of FGM
modelled by Hirai (1996) using Equation 2.8. d is the sample
thickness.
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2.2.5 Prediction of Properties in FGMs

With the knowledge of f;(x) and the composition-dependent microstructure,
one can determine the corresponding x-dependence effective values of the
properties such as the coefficient of thermal conductivity, 4(x}, Young’s modulus,
Efx), and coefficient of thermal expansion, afx). Furthermore, the knowledge of
these values can be used to calculate temperature and stress distributions
(Markworth et al. 1995a):

(1) temperature distribution (for steady-state conditions)

A(x} Lf—; (x) = constant 2.9

(2) normal stress distribution

ofx) = - x a(x) E(x) [T(x) - T.] (2.10)

where 7{x) is temperature at position x, 7, is the temperature of the cooler end and
«x is a constant. The associated strain field can also be determined from this normal

stress distribution function.

2.3 ALUMINIUM TITANATE
The crystal structure, the formation, and the thermal and mechanical

properties of aluminium titanate (AT) are described in this section.

2.3.1 Crystal Structure

The crystal structure of AT is of the pseudobrokite type (Figure 2.11). A
study by Austin and Schwartz (1953) showed that the crystal structure of AT can
be classified under the orthorhombic Cmem space group with lattice parameters:
a=355TA b=9436 A, and c =9.648 A.
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Figure 2.11 Crystal structure of aluminium titanate (Al,Ti0s) showing the
oxygen octahedra distributed about the metal sites. Symbols M;
and M, designate the two metal ion sites, i.e. the A" ion and
Ti* ions. Note that the octahedra are edge-shared as indicated
by double lines. Dashed lines are used for octahedra about metal
sites located at z = %, filled atoms lie at z = ¥2 (After Morosin
and Lynch 1972).

24



2.3.2 Formation and Properties

Aluminium titanate or Al TiOs is a ceramic material which has low thermal
expansion coefficient, high melting point, and low thermal conductivity. These
characters make it appropriate for structural applications where thermal insulation
and thermal shock resistance are required. Possibilities for utilising this material
include use for components of internal combustion engines (Buscaglia ef al. 1994;
Thomas and Stevens 1989a) and casting clean metal alloys without residues.

AT may be formed through an equimolar reaction of alumina and titania
(rutile) over 1280°C (Kato ef al. 1980) - see Equation (1.2). Freudenberg and
Mocellin (1987) studied the formation of AT by solid-state reaction. They
observed several mechanisms operating during the reaction. In the initial reaction
stage, nucleation of AT cells took place. The occurrence of this nucleation was
confirmed by Buscaglia ef al. (1994) and observed at 1345°C. In the final stage,
elimination of Al;O; and TiO, dispersoids, which were trapped during the previous
stage, occurred through a diffusion-controlled mechanism. Buscaglia et al. (1994)
showed that this final stage took place at approximately 1385°C.

Several investigations have been conducted to determine the linear thermal
expansion coefficients of AT (Table 2.1). These values illustrate the extreme
degree of anisotropy present in AT, This anisotropy creates a complicated internal
stress during cooling from the firing temperature. As will be discussed later
(Buessem 1952; Bush and Hummel 1959), the degree of anisotropy will influence
the fracture strength. AT also exhibits thermal expansion hysteresis (Thomas and
Stevens 1989a).

Table 2.1 Linear thermal expansion coefficient of aluminium titanate.

Linear thermal expansion. oefficients

(10°K™" Temperature Reference

o Clp e

11.8 19.4 -2.6 up to 1000°C Buessem ef al.
(1952)

-3.0 11.8 21.8 up to 1020°C Bayer
(1971)

9.8 20.6 -1.4 room temperature Morosin and Lynch
(1972)
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AT has two substantial problems withstanding its applications. The first
problem is associated with its thermal instability at high temperatures. Kato et al.
(1980) reported that AT decomposed into o-Al;O5 and TiO.-rutile at 1280 + 1°C

according to

B-AlgTi05 —> C.'.-A.izO?, + TlOz (I'Utlle) (2 1 1)

Several investigations have been undertaken to understand the reasons for
this decomposition. Hennicke and Lingenberg (1986) suggested that the
decomposition of AT occurred via metastable anosovite (Ti:Os). Experiments by
Kameyama and Yamaguchi (1976) concluded that nucleation played a dominant
role during the decomposition. This thermal instability can be controlled by adding
MgO, SiO,, and ZrO, (Wohlfromm ef al. 1991, Ishitsuka et al. 1987). Study by
Ishitsuka ef al. (1987) showed that substitution of Al by Si or Mg was effective in
controlling the thermal decomposition, but substitution of Ti by Zr had little effect.
Tilloca (1991) and Battilana ef al. (1995) showed that addition of iron oxide also
enhanced the thermal stability of AT.

The second problem inherent in AT is related to extensive microcracking
which develops during cooling from the sintering temperature. The microcracks
were associated with the thermal expansion behaviour or the degree of thermal
anisotropy (Buessem 1952; Bush and Hummel 1959). They explained that the
microcracks preferentially occurred normal to the directions of high expansion
caused by the development of tensile stresses.

Ohya et al. (1987) applied the energy criterion (Cleveland and Bradt 1987)
to explain grain boundary microcracking in AT. Measuring the sample length
changes and acoustic emission events during sintering and cooling, they found that
the critical grain size of AT was about 1.4 um and the temperature at which stress-
relaxation ceased was the sintering temperature, ie. 1500°C. Their analysis
resulted in a suggestion that the critical grain size for AT was not a unique value
but varied according to the sintering temperature. Ohya and Nakagawa (1996)

measured the crack volume in aluminium titanate resulted from the thermal
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expansion anisotropy. They found that porosity affected the grain-boundary
cracking in aluminium titanate specimens.

The effects of additives upon AT properties, other than thermal instability,
were also studied by several workers. For example, a study of the effects of MgO
addition was conducted by Buscaglia et al. (1994) and it was shown that MgO
eliminated the expansion process related to titanate formation and lowered the
formation and starting sintering temperature of AT. Addition of MgO and ZrO,
improved the bending strength of the composites (Thomas and Stevens 1989b).
The increased strength was related to the distribution of fine particles of corundum,
spinel, or zirconia at grain boundaries which would prevent grain growth and
reduce microcracking, They also reported that a limited amount of less than 3 wt%
of Si0; improved the strength of reaction-sintered AT.

The thermal and mechanical properties of AT are also affected by additives.
Hamano ef al. (1981) found that the thermal expansion and strength of AT
increased with additive contents. For 5 wt% MgO addition, Ohya (1983) found
that the thermal expansion of AT was 7 x 10° K" in comparison with the value for
pure AT, 4.4 x 10° K. This significant increase shows that improving the
mechanical strength of AT is not necessarily beneficial for its usual applications.

Runyan and Bennison (1991) showed that alumina-AT composites exhibited
high flaw-tolerance. Flaw-tolerance is an important and desirable property of
ceramic where flaw size and subsequent in-service damage do not influence its
strength. Improvement of flaw-tolerance is represented by measures such as
greater Weibull modulus (through R- or T- curve behaviour) and enhancement of
fatigue limit. They synthesised the composites using conventional ceramic powder
processing with two different sintering times (1 and 16 h) and measured the
indentation-strength of the sintered composites. They found that both composites
containing AT with grain size of 5.8 um and of 14 um (after 1 and 16 h sintering
times, respectively) exhibited low sensitivity of strength to indentation load. This
result shows that the composites have pronounced flaw-tolerance.

Another study on the characteristics of AT-based composites was conducted
by Wohlfromm et al. (1991). They discussed the effect of dispersed monoclinic
zirconia particles, occupying sites at triple points and grain boundaries, on the yield

strength. Their study, using TEM observation, showed that the improvement of
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the composite’s strength was due to the ability of ZrQ, particles to stop the crack
propagation. As a result, the composite has a smaller flaw-size and thus a higher
strength.

Braun ef al (1992) and Padture ef al. (1993) studied the flaw-tolerance,
indentation toughness, and crack-resistance of alumina-AT composites. In an AT-
dispersed alumina composite (20 vol% AT), Braun ef ol found that the alumina
matrix with large grains and the presence of AT as a second phase (mean grain size
of both phases was 6 jum) were important microstructural elements contributing to
the pronounced flaw-tolerance of the composite. This prominent property was
shown by the result that the strength of the composite was insensitive to the
indentation load. Their SEM study showed that well-defined radial crack patterns
around indentations were found. Strong crack deflections occurred at the
interphase boundary as a result of strong tensile thermal expansion mismatch
stresses. Compression stresses at the adjacent interphase facets enlarged the
frictional grain-grain contacts at the separating walls. These created crack bridges
and contributed to a shielding K-field (Braun ef al. 1992).

Padture ef al (1993) also showed that significant improvement in flaw-
tolerance (indicative of a strong T-curve) was achieved when 20 - 30 vol% AT
was added into the alumina matrix both in “duplex” and “duplex-bimodal” systems.
This improvement was shown by the decreasing dependence of the strength on the
indentation load which indicated the T-curve behaviour. /n situ SEM observation
showed that crack growth provided direct evidence for grain-localised bridging in
the crack wake. They concluded that the intense internal residual stresses induced
by the thermal expansion mismatch has caused bridge-clamping stress and bridge

formation which were responsible for the enhanced T-curve behaviour.

2.4 ALUMINA-ZIRCONIA SYSTEM
The following section discusses the crystal structures of alumina and zirconia
polymorphs which is then followed by discussion on the mechanical properties of

alumina-zirconia ceramic system.
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2.4.1 Crystal Structures

Aluminium oxide (Al;Qs) is found in several crystallographic forms (e.g., o,
B, and y - see Misra (1986)). The most widely used in structural application is o-
alumina or corundum (with its single crystal sapphire). Corundum has a hexagonal
close-packed crystal structure (Figure 2.12). Under a space group of R-3¢c, a-
alumina has lattice parameters @ = b = 4.7602 A and ¢ = 12.9933 A (Lewis ef al.
1982).

Zirconia is a polymorph with crystal structures of monoclinic, tetragonal, and
cubic (e.g., Green ef al. 1989, pl7; Gasgnier 1992). 1t has also been recently
observed that the f-structure can transform into orthorhombic (o-} structure. The
o-structure was observed from the transformation of t-structure in Mg-PSZ
ceramic when cooled (Kisi et al 1989). They also observed the reverse
transformation of o to 7 on subsequent heating. Figure 2.13 shows the crystal
structures of the polymorphs of zirconia. The crystallographic parameters of the

polymorphs are shown in Table 2.2.

Table 2.2 Crystallographic parameters of zirconia polymorphs.

Crystal Symmetry a b c Angle

& space group (A) (A) (A) (deg) Reference
Monoclinic 5.156 5232 5.341 99.25 Smith and
P2i/c Newkirk (1965)
Tetragonal 3.64 3.64 5.27 - Teufer
P4,/nmc (1962)
Cubic 5.13 5.13 5.13 - Gasgnier
Fm-3m (1992)
Orthorhombic 5.068 5.260 5.077 - Kisi ef al.
Pbc2; (1989)

2.4.2 Properties of Alumina-Zirconia Compaosite

The alumina-zirconia composite system has attracted material scientists’
attention for decades due to its specific mechanical character, especially the
presence of toughening behaviour (Green ef al. 1989). Alumina is commonly used
as the matrix and zirconia is the dispersed phase. The role of the inclusion of
zirconia in the microstructure and the properties of alumina-based ceramic are

discussed below.
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Figure 2.12 Crystal structure of a-alumina. Figure shows the packing of Al
and O ions in the basal plane (After Dérre and Hiitbner 1984).

30



olir
Oa

(2) ®)

Zx

olr
Q0

© @

Figure 2.13 Crystal structure of zirconia polymorphs, (a) monoclinic, (b)
tetragonal, (c) cubic and (d) orthorhombic (see Table 2.2 for
references).
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Alumina experiences grain growth during sintering which causes several
disadvantages for its single-phase applications including porosity and exaggerated
{or abnormal) grain growth, Introduction of a second phase may control the grain
growth of alumina or promote sintering kinetics which leads to a fully-dense
ceramic. Over 30 years ago, it was found that MgQ was the most effective additive
to prevent the discontinuous grain growth of alumina. Addition of 0.25 wt% MgO
provided beneficial effects on both the densification rate and full density, i.e. final
density was achieved (Coble 1961). Other effective sintering aids for alumina
include NiO and TiO, (Déorre and Hiibner 1984).

It was also found that addition of ZrO, was effective in inhibiting grain
growth of alumina despite its inability to produce a ceramic with satisfying density
(Lange and Hirlinger 1984; Sudre and Lange 1992). Addition of more than 5 vol%
ZrQ; controlled the grain growth of alumina from 6.9 pum in pure alumina to 2.82
pm in 5 vol% ZrO; system (Lange and Hirlinger 1984). The grain growth of ZrO,
was believed to occur by coalescence. This led to the location of the ZrO, grains,
mostly, at four-grain junctions. They also observed that above 1550°C some ZrO,
grains were relocated to the interior of the alumina grains and became spherical.
This occurrence was attributed to the growth of a group of alumina grains into a
large grain which during the process swallowed up the small zirconia grains.

The most interesting aspect of the alumina-zirconia system is its pronounced
fracture toughness (Claussen 1976; Green ef al. 1989) which leads to the term
zirconia-toughened alumina, or ZTA. Fracture toughness of the alumina-zirconia

2 which is more than twice that of alumina

system may be up to 10 MPa.m'
ceramic alone (Claussen 1976). The toughening mechanism in ZTA is due to the
martensitic 7-m ZrQ, transformation which is followed by the absorption of
cracking energy so that crack propagation can be hindered. The transformation can
be induced by a large tensile stress ahead of a crack tip. The mechanism is,
therefore, called stress-induced transformation toughening (e.g., Green ef al
1989). Since #-ZrQ, is unstable at room temperature, a certain amount of a
stabiliser such as yttria, magnesia, ceria or calcia is added into the system. The

strength of the alumina-zirconia ceramic depends on the zirconia particle size and

presence of the metastable phase (Claussen 1976). In unstabilised dispersed-
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zirconia alumina ceramic, the strength was retained if 1.25 pum zirconia particles
were added up to 16 vol% but decreased for larger particle sizes. On the other
hand, an yttria-stabilised-zirconia/alumina system showed improvement in strength
with zirconia content. The hardness decreased with zirconia content.

Claussen (1976) showed that the fracture toughness of alumina with
unstabilised monoclinic dispersed-zirconia improved by a factor of 2. The
responsible mechanism for the improvement was thought to be a subcritical crack
propagation and crack opening. The microcracks were produced by the expansion
of ZrO, particles during the 7—m transformation upon cooling. The residual
stresses developed in the matrix led to the behaviour of small ZrO, particles as

crack formers which reduced the size of internal flaws.

2.5 QUANTITATIVE PHASE ANALYSIS USING X-RAY DIFFRACTION
2.5.1 Introduction

X-ray powder diffraction is a powerful tool to determine the structure and
composition of phases present in a material (Klug and Alexander 1974; Cullity
1978). The reference intensity ratio (RIR) method (e.g., Hubbard et al. 1976) is
one of the methods which have been developed to determine phase composition by
making use of the intensity of one or more lines of each phase in a diffraction
pattern. A full-pattern refinement method, designated the Rietveld method, was
originally developed by Rietveld (1969) to refine crystal structures with powder
diffraction data. Subsequently, it was realised that Rietveld refinement method was
also a powerful tool for quantitative phase analysis. The main drawbacks of the
RIR method over the Rietveld method is that the former does not have capacity to
deal with overlapping peaks. From this viewpoint, the Rietveld method has been
utilised in the present work. The Rietveld refinement method for quantitative phase

analysis is reviewed below.

2.5.2 Rietveld Refinement

Rietveld analysis is a least-square-based refinement method to which aims to
obtain the best fit between the observed powder diffraction pattern and the
calculated pattern. Rietveld (1967, 1969) initially proposed the use of this “whole-

pattern” method to refine structural parameters for polycrystal samples. This
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method has been developed to provide composition information (e.g., Hill and
Howard 1987; Bish and Howard 1988; O’Connor and Raven 1988). The method is
applicable to patterns produced with x-ray, neutron and synchrotron radiation.
Attractions of the method for phase composition analysis (Hill 1993) include:
1. capacity to deal with overlapping lines
2. inclusion of all reflections, thus reducing the preferred orientation and extinction
effects,
3. ability to apply background profile function for whole pattern, producing a
better definition of peak intensities, and
In the least-square procedure, a model is presumed to be optimum when the
sum (S) of the squares of the differences between the measured and the calculated

patterns is lowest, that is when

§=2 w0 —yu) (2.12)

reaches a minimum. Here, y; is the observed step intensity, y;, is the corresponding
calculated value, and w; is the weighting factor for point 7 in the pattern which is
normally set as the reciprocal of the variance of the measured intensity at point i,
i.e. w; = 1/57. The calculated intensity is given by summing the contribution from
(i) neighbouring Bragg reflections, (ii) background (assuming the crystallites are
randomly oriented). For Bragg-Brentano XRPD optics and infinitely thick

specimens, the expression for the calculated intensity follows
2
vic =(K/ M)E [mjijk|ij| ik Pk (Ck / Vﬁ)} +Yib (2.13)
J

where K is a constant which is instrumental-dependent, # is the linear attenuation
coefficient of the specimen, my is the multiplicity factor, L is the Lorentz-
polarisation-multiplicity factor for line j of phase &, lFﬂ,| is the structure

amplitude, @ is the peak shape function, Py is the preferred orientation function,
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Ci is the volume fraction of phase &, V; is the corresponding unit cell volume and
Vi» 1 the background contribution.

The pseudo-Voigt (or Lorentzian-Gaussian) peak shape function

2y 1 (1-)C, [ C, (26, —294,.,,)7 }
P = X + exp| — 2
H 2 N H*
i [1+4(29ik - zgfk)/ ] nH, ke

(2.14)

is commonly used in the refinement of x-ray diffraction pattern since it is relatively
simple to calculate. Here, Cg = 4 /n2, yis a refinable ‘mixing’ parameter, Hj is the
full-width at half-maximum (FWHM) for Bragg peak j of component 4. This

function varies with angle according to (Caglioti et al. 1958)
2 172
H, =(U, tan’ 8, +V, tand, +W,) (2.15)

where U, ¥, and W are peak function parameters.
The profile function can be corrected for peak asymmetry using the semi-

empirical function proposed by Rietveld (1969)
4, = 1- AS[sign(26 - 26,))26 - 26,)" cot, 2.16)
AS is the asymmetry parameter to be determined from the refinement.
Preferred orientation effect may cause systematic error in quantitative phase
analysis using x-ray diffraction method. The preferred orientation parameter, Py,

corrects for the platelet-like crystallites in the specimen by applying the March
function following Dollase (1986)

P = Gz ) .2 -3/2
ik ={Gy cos” a+(1/Gy)sin“ a 2.17)
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where G, is a parameter and « is the acute angle between the scattering vector and
the normal to the crystallites. It should be noted here that processing (e.g.
pressing) may provide substantial preferred orientation bias (Sitepu 1991).

The pattern background may be modelled using the polynomial

ysi = Bo + B1(26;) + B2(20:)* + B3(26)° (2.18)

where By, B;, B, and B; are polynomial coefficients and 28 1is the diffraction angle.
Several figures-of-merit or R-values are used to assess the success of the

refinement procedure. These are (Young 1993, Kisi 1994):

(i) the profile R factor:

R Z'yf—yicl

= &V " Vil (2.19)

P Zy!

(ii) the weighted profile R factor:

R, - {Zwﬁ;(y‘i’; 2.) } 220

(1i) the expected R factor

R, - [g_ﬂ @21

where N-P is the weighted sum of squared residuals.

(iv) the “goodness-of-fit” indicator {GoF)

GoF :{ » R T (2.22)
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The ideal value for GoF is 1.0. For phase analysis, a value of less than 4.0 is
acceptable (Kisi 1994).
(v) the Bragg R-factor for each phase

R, = ZV—’I (2.23)

2

where I; and Ic are the observed and calculated intensities for a Bragg
reflection. The observed Bragg intensities here are determined assuming they
are in the same proportion as their calculated counterparts determined using
structural model.

(vi} difference plot between the observed and calculated patterns is also important
for assessing the refinement quality. The two patterns should essentially give a
flat difference for a well refined model. The difference plots may also provide
indications of the presence of previously undetected phase(s) or inaccuracies

in the background or peak shape modelling.

2.5.4 Quantitative Phase Analysis using Rietveld Method

The use of Rietveld analysis to accurately estimate the relative and/or
absolute abundance of phases in mixtures has been shown by various researchers
(e.g., Hill and Howard 1987, Bish and Howard 1988; O’Connor and Raven 1988).
For Bragg-Brentano diffractometry, Equation (2.16) can be simplified (Hill and
Howard 1986) as

2
Yie = Zskmjijk|€k| ijp_;k + Vi (2.24)

-G, is the Rietveld scale factor for phase &.
BV,

Hill and Howard (1987) made use of the scale factor s for phase abundance

where s, =

calculation, i.e.
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c =#Vey (2.25).

Weight fraction of a phase W can be related to volume fraction C as W = p C.
Since pl? = ZMV, where Z is the number of formula units per unit cell, M is the
mass of the formula unit, and V' is the unit cell volume, from Equation (2.25), the

weight fraction of a phase k can be expressed as

. J
ka = #S’: = E(M)k -5, (226)

The relative weight fraction of a phase (if the amorphous content is

negligible) is then
W, = G, @.27).
> s(ZMV);
j=1

Absolute weight fraction of a phase can also be determined using Rietveld
method {(O’Connor and Raven 1988). The instrument constant X in Equation
(2.28) was determined after a subsequent experiment with similar conditions was
conducted. In determining the compositions, they made use of iterative trial and
error calculations since the MAC value was not measured. Independent
measurements of MAC were suggested which included:

(1) accurate elemental data measured by x-ray fluorescence spectrometry
(ii) narrow beam attenuation (Norrish and Chappell 1977)
(iii) Compton scattering measurement (Reynolds 1963)

In the present work, absolute weight fraction of phases in the FGM and
reference specimens was determined using external standard x-ray diffraction
Rietveld method. Equation (3.7) was used for the analysis. The mass attenuation
coefficient values were corrected utilising Compton scatter measurement. More

detailed procedure of the experiments is described in section 3.3.2.
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CHAPTER 3
EXPERIMENTAL METHODS

3.1 EXPERIMENTAL DESIGN

Experiments were designed to ensure that the objectives of the project
outlined on section 1.2 were achieved. The experimental design consists of three
components, (i) processing of the FGM, (ii) characterisation of its graded profile

and (iii) properties and microstructure observation.

3.1.1 Processing

The first important step in the processing of the material was to produce
homogeneous and narrow distribution particle size alumina-zirconia mixture,
Attrition milling was selected for this purpose because of its ability to break down
the spray-dried alumina and zirconia powders in short periods of time and provide
homogeneous powder mixture with fine particle size and narrow size distribution.
The break down of the spray-dried powders was regarded to be important in terms
of reaction between alumina and rutile. The latter phase would be introduced via
liquid infiltration and heating.

The formation of the powder mixture into shapes would render the
possibility of reproducing compacted mixture for structural applications. Uniaxial
pressing at a moderate pressure was chosen for bar shape formation to produce
powder compacts with reasonable porosity which was important in the infiltration
process. The strength of the pressed powders was another important aspect of
liquid infiltration. The procedure selected for this purpose was pre-sintering the
compacts at a temperature when the initial densification occurred. The infiltration
was carried out in order to introduce a new material (i.e. TiO3) into the preform.

The firing step was an important experimental element which would allow
reaction(s) and densification to occur. From this point of view, the sintering
temperature and time were carefully selected to make possible the formation of AT

and also to achieve reasonable densification.
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3.1.2 Characterisation

Microstructural characterisation was an important feature of the experiments
in view of the pronounced influence of microstructure on various properties. A
differential thermal analysis was employed to monitor the formation of AT during
synthesis of the AT/zirconia-alumina FGM. X-ray diffractometry was also
employed to monitor the formation of AT.

Characterisation of the FGM graded profile was of fundamental importance
in the study. Construction of the graded composition profiles involved various
techniques. The Rietveld method was selected as the primary technique for
determining phase distribution. Back-scattered electron microscopy and electron-
probe microanalyzer were also employed to qualitatively verify the elemental (and

hence the phase) distribution.

3.1.3 Properties and Microstructure

The final part of the experiment was the assessment of properties and
microstructure, i.e. two intimately related elements in a material. The experiment
focussed on the thermal and mechanical properties of the FGM. Thermal expansion
and decomposition studies were conducted to observe the change of thermal
expansion with depth and the effect of zirconia in stabilising AT. High-temperature
neutron diffraction data were collected in an effort to explain the non-linear
thermal expansion behaviour of the FGM.

The assessment of mechanical properties involved Young’s modulus,
microhardness, indentation fracture toughness, and Hertzian contact response.
Microhardness measurements were conducted at various depths and loads. These
tests, together with compositional analysis, would allow investigation of the
correlation between graded compositional character and mechanical properties.
Indentation fracture toughness was examined only qualitatively due to the difficulty
in observing the indentation cracks. Hertzian contact testing was conducted to
study the stress-strain relationships and also subsurface damage behaviour.

The value of investigating the microstructural features of a material relies on
their use in examining the relationships between properties and microstructure.

Features such as grain size and shape, microcracks, porosity, and damages can be
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revealed from optical and electron microscopy. A microstructural study of the
FGM was therefore conducted using Nomarski optical (for subsurface damage)

and scanning electron microscopy.

3.2 MATERIAL PROCESSING
3.2.1 Powder Processing
The starting materials used in the experiment consisted of:
(i) high-purity o-alumina (c-AlO3) powder, A1000SG grade Alcoa (USA),
of median particle size 0.39um,
(ii) high-purity, spray-dried monoclinic zirconia (ZrO;) powder, SF Ultra Z-
Tech (Australia), of median particle size 0.40 pum,
(iii) a solution containing 30 (w/v) % titanium tetrachloride (TiCls), BDH
Limited Poole, England.

ZrQ, powder (40 g) was mixed with 100 mL de-ionized water and sufficient
ammonium hydroxide (NH,OH) to take the pH up to 10-12 in order to facilitate
the break up of the spray-dried agglomerated grains. Small alumina (99.9% purity)
milling balls (100 g) were put into the slurry. The slurry was then stirred for 1.75 h.
Al O3 (360 g) was then added with 300 mL of de-ionized water, 250 g of small
milling balls, and 5 g of polyethylene glycol as a binder. The mixture was then
attrition milled for 45 minutes at a speed of 300 rpm.

The as-milled mixture was dried in an oven at 100°C for 48 h. The dried
mixture was then sieved until free-flowing with 710, 150 or 125, 75, and 45 pm
grid-size sieves.

The powder mixture was pressed uniaxially in a metal die at a pressure of 15
MPa to vield a bar sample of height 5 mm, width 12 mm and length 60 mm. A
partial sintering at 1000°C was then used to increase its strength but maintain the
porosity prior to infiltration. The apparent porosity (P,) and bulk density (D) of
the samples were measured following the Australian Standard AS 1774.5, i.e.

m, —m,,

— 3

P = 100 3.1
o G.)

a

£ mi
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D = x D, (3.2)

where mp is the mass of dried specimen, m, is the mass of the test specimen,
saturated with and suspended in liquid, m;, is the mass of the test specimen,
saturated with liquid and suspended in air, and D; is the density of the immersion
liquid at the temperature prevailing during the test. In the present work, de-ionized
water was used, D; = 997 kgm™ (Hansson 1972).

3.2.2 Ceramic Processing

The pre-sintered green bodies were 46% porous and robust for infiltration.
The dimensions and mass of the preforms before infiltration were measured using a
vernier calliper (Toledo) with a nominal accuracy of + 0.01 mm and a precision top
loading balance (FR 200, A&D Company, with nominal accuracy of + 0.0001 g),
respectively. The TiCls-contained solution was poured into a plastic containet so
that the green bodies could be fully immersed during infiltration. The infiltration
process was conducted at room temperature for 24 h. The samples were turned
over twice during infiltration to ensure uniform liquid diffusion throughout the
bodies. The infiltrated preforms were then dried at 70-80°C for 24 h. They were
finally heat-treated in a Ceramic Engineering (Model HT 04/17) high-temperature
furnace following the schedule below:
e 1°C min" to 450°C for 30 mins. This stage was used to allow decomposition of

organic materials (binder) and removal of residual water.
e 5°C min™ to 1550°C for 3 h. This step was used to densify the bodies and allow
the formation of aluminum titanate.

» furnace cooled.
Control samples were not infiltrated with the solution, but were sintered following
the same heating schedule.

The dimensions, mass, apparent porosity and bulk density of the sintered
samples were measured. The percent reduction in volume was used to determine

the shrinkage (5) values of samples, i.e.
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V-V
v

S (3.3)

where V; is volume before infiltration and ¥} is volume after infiltration and

sintering.

3.3 CHARACTERISATION
3.3.1 Differential Thermal Analysis (DTA)

Differential thermal analysis was conducted to monitor the formation of
aluminium titanate. A piece of zirconia-alumina preform (approximate weight 0.1
g) was immersed in the TiCls-contained solution and then dried in air. The piece
was then analysed with a Stanton Redcroft STA-780 thermal analyzer. The sample
was heated to 1500° C in flowing air at a rate 10° Cmin”. High purity AlLOs

powder was used as a reference.

3.3.2 Phase Analysis

X-ray Powder Diffraction Pattern Collection

X-ray diffraction data were collected with a Siemens D500 Bragg-Brentano
instrument. An infiltrated, as-fired sample was cut into 10 mm x 10 mm x 3 mm
(thickness) dimensions. To obtain the graded composition profile, the x-ray data
were collected from the sample at depths 0 0.0, 0.1, 0.2, 0.3, 0.4, 0.8, 1.2, and 1.5
mm. The sub-surface measurements were made after polishing away the material to
the designated depth. Samples were mounted on aluminium sample holders using a
viscous adhesive (BlueTack, Bostik Australia Pty. Ltd.). The height of each sample
was adjusted using a glass slide.

The following operating conditions were utilised: CuKo radiation (A =
1.5418 A) produced at 40 kV and 30 mA, 0.3° divergence for the incident beam
and 0.15° receiving slit, goniometer range = 17-100°, step size = 0.04°, counting
time = 2 s/step, and post-diffraction graphite monochromator with Nal detector
and PHA. The computer program DCM (SOCABIM, France) was used to store

the diffraction data into the computer disk.
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The use of 0.3° incident beam divergence was to obtain an accurate intensity
measurement at small Bragg angles as suggested by Klug and Alexander (1974,
p371); see Figure 3.1. The x-ray beam will be entirely received by the sample

surface if

sin(1/24) < 6 (3.4

where @is the incident angle, 7 is the incident beam divergence, / is the goniometer
radius, and 24 is the sample size. Since the sample width was only about 10 mm, /
= 200.5 mm, and the first diffraction line of a phase (aluminum titanate) appeared
at 20 = 18°, the beam divergence of 0.3° was chosen. The sample size was then
selected “as 24 = 7.10 mm (starting 260=17°) .

Manual and computer-based search-match procedure was applied to identify
the diffraction peaks and thus phases present in the sample. The International
Centre for Diffraction Data (ICDD) diffraction pattern database and computerised
Micro-ID search-match program (Materials Data Inc.) were employed for the
identification.

The raw data collected from the diffractometer were converted to ASCII
data using RAWASC software provided by SOCABIM (France). The data were

then utilised for quantitative phase analysis using the Rietveld refinement.

Rietveld Refinement

The refinement was conducted with the parameters as shown in Table 3.1.
The scale factor (s) was the parameter for quantitative analysis. The overall
temperature factor (B) and position coordinates (x, y, and z) were refined only for
AT because of the lack of satisfactory crystal data from the literature.

In present work, the input model for parameters, i.e. space group, lattice
parameters (a, b, ¢, @, §, and %), position coordinates for each atom in a phase (x,
¥, and z), and thermal factors (B) of each phase was adopted from the following

references:
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Figure 3.1 X-ray beam related to the geometry of a sample
(After Klug and Alexander 1974, p371).

Table 3.1 The refinable parameters for phase analysis.

Parameter Symbol Note

Scale factor 5 All phases
Profile parameters u,v,w All phases
Lattice parameters abc All phases
Preferred orientation PO All phases
Overall thermal parameter B Only for AT
Position coordinates X, V2 Only for AT
20-zero A28 Global
Background function By, By, B3 Gilobal
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Phase Reference

1 o-Al, O3 Lewis et al. (1982)

2 monoclinic ZrQ; Smith and Newkirk (1965)
3 aluminum titanate  Austin and Schwartz (1953)
4 tetragonal ZrO, Teufer (1962)

The crystallographic data for each phase used in the refinements are
presented in Appendix 1. The refinements were conducted using a Rietveld

refinement program LHPM written by Hill and Howard (1986).

Quantitative Phase Analysis using Rietveld Method

In this experiment, an external standard method and direct measurement of
MAC were used to determine the phases weight fractions at various depths of the
specimen. The external standard was high-purity alumina powder (Praxair Surface
Tech. Inc., grain size of 1.0 um). The powder was ball milled for 30 mins to obtain
narrow grain distribution. Assuming that the external standard is 100% crystalline,

using the expression (2.27) (O’Connor and Raven 1988}

2
Wg = 1 = sspslzs ,U, (35)
K

where subscript s designates the (external) standard. Comparing the two
expression leads to the basic equation for determining the absolute weight fraction

of phase i using external standard

N
8,0 ,zﬂ (3.6)
S0V 1

W =

Since pV? = ZMV (see for example Hill (1991), Equation (3.6) can be written as
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5(ZMV ),

W, =
s, (ZMV). u,

G.7)

The u value was determined by x-ray fluorescence spectrometry using Compton
scattering measurements. Detail procedure of this measurement is explained in the
following section.

The level of amorphous phase in the sample was estimated using the
assumption that the total sum of the crystalline and amorphous phases

concentration was unity. On this basis, the weight fraction of the amorphous phase

(Wa) is
W, = l—in (3.8)

where W, is the absolute weight fraction of crystalline phase 7 and » is the number
of crystalline phases present in the specimen.

Since the MAC of a specimen is the summation of the multiplicity between
MAC and absolute weight fraction of each phase over all phases, the MAC of the

amorphous phase can be determined by

A Z JuiWc:‘
- i=l

o (3.9)

Mg

where » is the number of crystalline phases.

Mass Attenuation Coefficient Measurement

As indicated by O’Connor and Raven (1988), the MAC of a specimen can be
determined by x-ray spectroscopy Compton scatter measurements. O’Connor and
Chang (1985) used the Compton scattered line of a filtered primary beam of

MoK radiation to estimate MAC values. Compton scatter can be used to estimate
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MACs at wavelength A according to the peak intensity of the Compton scatter

profile /- as

k, 1
== or o — 3.10
H, 1, M, 1. ( )

provided that no absorption edge effects occur between the wavelength and the
measured Compton line.

Measurements were conducted on the functionally-graded AT/zirconia-
alumina composite. Compton scatter intensities were collected at the surface, and
at 0.1, 0.2, 0.3, 0.4, 0.8, 1.2, and 1.5 mm depths after polishing the sample to the
designated depth, Various compositions of zirconia-alumina powders were used as

“standards”. The conditions of the measurement are shown in Table 3.2,

Table 3.2 Compton scatter measurement conditions.

Instrument Siemens SRS200 wavelength-dispersive type

X-ray tube Mo anode

Generating voltage 60 kV at 40 mA

Spectral line MoKa (A = 0.709 A)

Crystal LiF200

Primary beam aperture 8 mm (diameter)

Detector Scintillation (Nal)

Single Channel Analyser 530 kV, 1.7 and 0.8 window and lower level

Counting time 4 s (chosen to provide 1% accuracy in the counting
statistics)

The measurement procedure is as follows:
(i) The Compton line was determined from measurement of intensities around
where the theoretical Compton (MoKa) line would exist. Possible overlapping

peaks and edge effects were carefully considered to avoid systematic errors.
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(i) “Standard” samples of alumina-zirconia (pressed powders) were made with
ZrO, contents 0, 5, 10, 15, and 20 wt%. Compton scatter intensities (/c’s) of
the standards were collected from the MoKa line and then the values were
plotted versus I/ The plot provided a calibration curve by which the MACs
of the samples could be estimated at the wavelength of the Compton scatter
line.

(iii) Compton scatter intensity of the sample at each depth was collected. The
calibration curve from step (ii) was used to estimate the MAC value of the
sample at the Mo-Ko wavelength,

(iv) The MAC values were converted from those at the MoKa to those at the
CuKa wavelength, i.e. radiation used for XRD data collection, using a

conversion curve developed for the MAC values between the two radiation.

Electron-probe Microanalysis

Scanning electron microscopy (SEM) and microprobe analysis were used to
qualitatively display the graded profile of the FGM sample. A sample of 3.5 x 6.0 x
1.5 mm® was obtained by cutting the as-fired sample. The sample was mounted
into an acrylic support (Transoptic Powder, Buehler, USA). The cross-sectioned
surface was polished using a Struers Pedamat polisher employing 20 and 10 pm
(diamond pads); and, 15, 9, 6, 3, and 1 (diamond paste) polishers. The polishing
conditions were 200 rpm speed, 5-15 N load, and 2-10 mins polishing time. The
sample was then removed from the mounting by heating in a microwave oven at
approximately 200° C.

For microanalysis, the sample was placed in a sample holder for SEM
observation and then carbon coated. This coating was applied to avoid interference
of high atomic number coating element with the elements in the specimen. X-ray
mapping and SEM pictures of the cross-sectioned sample were then collected.

Point-by-point measurements were made using the energy dispersive
spectrometry with an accelerating voltage of 20 kV and specimen current of 0.1
uA. A beam size of 50 pm was used. The step size was 50 um. The recording time
for each position was 50 s. Aluminium, titanium, and zirconium characteristic x-ray

emissions were recorded at each step.
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Neutron Powder Diffraction

Neutron powder diffraction (Howard and Kennedy 1994) data was collected
from the as-fired sample at various temperatures to explain the anomalous thermal
expansion behaviour of the material at high temperature. The data collection was
conducted at the High Flux Australian Reactor (HIFAR) operated by the
Australian Nuclear Science and Technology Organisation (ANSTO), Lucas Height
Research Laboratory, New South Wales. The following operating conditions were
followed: . = 1.664 A using the medium resolution powder diffractometer
(MRPD), 26 range = 5 - 138°, step size = 0.1°, counting time ~ 40-50 s per step, 8
monochromator of Ge crystals [(115) reflection], and 15-24 He® detectors 4°
apart. Neutron diffraction patterns of the FGM at room temperature, 750°C,
850°C, and 1000°C were collected. Access to the facility was provided by the
Australian Institute of Nuclear Science and Engineering (AINSE) - see

acknowledgements.

3.4 THERMAL PROPERTIES
3.4.1 Thermal Expansion Behaviour

Four samples (20 x 3 x 3 mm’ in dimensions) were prepared for thermal
expansion coefficient (TEC) measurements, i.e. an as-fired AT/zirconia-alumina
FGM sample, 0.3 and 0.5 mm-polished FGM samples and a zirconia-alumina
control (10 wt% ZrQ,) sample. The effect of surface layer on the TEC of FGM
sample was analysed by its removal through polishing. The TEC measurement was
conducted using a Rigaku Thermal Measurement Apparatus, located at the Niihara
Laboratory of Osaka University in Japan. The measurement conditions were air

atmosphere, 10°C/min rate, 0.6 s sampling time, and Al,O; as reference sample.

3.4.2 Decomposition Study of Aluminum Titanate

Some AT/zirconia-alumina FGM samples were prepared for decomposition
study of aluminum titanate. The study was conducted using a high-temperature
furnace (Ceramic Engineering HT 04/17) and an x-ray diffractometer {Siemens

D500). X-ray diffraction patterns were collected from the samples which had been
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annealed at 1050°C for 0, 2, 4, and 6 h. The decomposition rate was determined
using integrated intensity ratios (AT:alumina) and (rutile:alumina). The alumina
(024), AT (023), and rutile {110) peaks were selected for the study (Hwang et al.
1994).

3.5 MECHANICAL PROPERTIES
3.5.1 Microhardness and Fracture Toughness

The samples prepared for microhardness and fracture toughness
measurements consisted of AT/zirconia-alumina FGM and one zirconia-alumina
ceramic as a control. Preparation of samples was similar to that for electron probe
microanalysis (sub-section 3.3.2), i.e. the samples were polished to a 1um surface
finish.

Indentations along the cross-section were made using a ZWICK
microhardness tester with Vickers diamond pyramid indenter at loads from 10 N to
100 N. For the FGM sample, the impressions were performed at 100, 300, 600,
and 1200 um depths. At least three indentations were made for both hardness and
fracture toughness. The lengths of both diagonals of the indentation and radial
cracks were measured using the calibrated ruler inside the eye-piece.

Microhardness variation with load was measured in both materials after
polishing up to 1 um surface finish. The polishing was carefully undertaken so that
less than 0.2 mm surface layer was removed. Indentation loads from 2 to 100 N
were applied to the specimens.

The hardness was determined using

H, =13545/, (.11)

where F is load (N) and d is average length of diagonals (m). The fracture

toughness at various loads was calculated using (Evans and Charles 1980)

K, =016H,(d/2)"*(2c/d)™"* (3.12)

where c is radial crack length (m) - see Figure 3.2,
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Figure 3.2 Vickers microhardness indentation. Measurement of the
impression’s diagonals, d, and crack-lengths, c, allows the
determination of hardness and fracture toughness.

3.5.2 Young’s Modulus

Bar samples with dimensions 3 x 10 x 50 mm® were prepared for Young’s
modulus measurement which was conducted using a flexural resonance vibration
method (Fukui ef al. 1994) at ambient conditions. The bar samples were coated
with graphite on one side to act as an electrode and suspended on two thin
tungsten wires in correspondence of the nodal points. The resonance frequency

was recorded and the Young’s modulus (E) was calculated using:

LPf?

d3

E=09468

(3.13)
w

where L is the sample length, d is thickness, w is width, P is weight, and f is
resonance frequency. Depth profiling of Young’s modulus was evaluated by
gradually polishing away the surface of the sample. The experiment was conducted

at the Niihara Laboratory of Osaka University.

52



3.5.3 Contact Hertzian Response

Tungsten carbide spheres were used to make the Hertzian indentations. The
indentations were made on polished functionally-graded aluminium titanate/
zirconia-alumina (approximately at 0.2 mm depth) and zirconia-alumina bar
samples (Figure 3.3). The surfaces were gold coated before indentation to facilitate
measurement of residual contact radius, a. The measurement enabled determination
of an indentation stress, py; = P/ma, and indentation strain, a/r, for each contact.
The stress-strain curves were constructed after data collection over a range of
sphere radius from » = 1.59 to 12.7 mm at loads up to P = 3000 N. Hertzian
contact damage experiments were conducted on similar bar samples, using a
tungsten carbide sphere of radius 3.18 mm. The tests were conducted using the
bonded-interface configuration shown in Figure 3.3, to provide information on
subsurface damage. These samples were prepared by bonding two edge-polished
rectangular half-blocks together with a thin (< 10 um) layer of adhesive.
Indentations were made symmetrically across the trace of the bonded interface on
the polished top surface. The specimens were then immersed in a solvent to
dissolve the adhesive and expose the section beneath the indentations. Single cycle
tests were conducted at slow loading rates, typically over a period of ~ 100 s. The
indented sections were coated with a thin layer of gold and were viewed with an
optical microscope in Nomarski illumination to reveal the macroscopic damage
patterns. This contact damage experiment was conducted at the National Institute
of Standards and Technology, USA.

3.6 MICROSTRUCTURE

A cross-sectioned FGM sample, as used in the electron probe microanalysis
experiment, was prepared for microstructural study. The sample was thermally
etched at 1500°C for 10 mins to reveal grain boundaries. The temperature was
chosen to avoid the decomposition temperature range of aluminium titanate, i.e.
between 900-1200°C. The samples were mounted on a sample holder and gold

coated for 1 minute at 50 mA. Micrographs were taken using a JEOL 35C electron
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sphere

Figure 3.3 Contact Hertzian test of a material. A load P is delivered by a
tungsten carbide sphere (radius ) over contact radius of a. Two
polished halves of the specimen are bonded together, and the load
P is applied on the interface (After Cai et a/ 1994).

microscope at 25 kV and 0.1 pA. The micrographs of the FGM sample were taken
near the edge region, at depths of approximately 300, 600 and 1000 pm. Most of
the micrographs were taken in back-scattered mode. Phase identification was
conducted by recognising the color contrast of the grains. This technique is
possible since the atomic numbers of aluminum, titanium, and zirconium are
sufficiently different. The size of the grains was computed using the lineal intercept
method (Wurtz and Nelson 1972).

The microstructure of the microhardness impressions and cracks was also
observed using SEM. Some of the cracks were magnified to elucidate the

micromechanism of the deformation in the vicinity of the indent.
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CHAPTER 4
SYNTHESIS AND MICROSTRUCTURAL
CHARACTERISATION OF A FUNCTIONALLY-GRADED
ALUMINIUM TITANATE/ZIRCONIA-ALUMINA
COMPOSITE

4.1 INTRODUCTION

The development of functionally-graded ceramic materials by infiltration has
been demonstrated by various researchers which include Glass and Green (1987),
Marple and Green (1990), Low ef al. (1993 and 1996a}, Pratapa and Low (1996),
and Honeyman-Colvin and Lange (1996). Physical properties of the functionally-
graded materials (FGMs), such as changes in mass and density, indicate the
introduction of new phase(s) due to infiltration (e.g., Glass and Green 1987,
Marple and Green 1990).

The profile of FGMs can be tailored to obtain a gradual change in
composition, porosity, crystallinity, etc. Most of the materials which have been
developed involve composition change (Hirai 1996). This development is popular
because most available methods of producing FGMs such as CVD, electro-
deposition, sol-gel processing, plasma spraying and slip-casting, may be readily
used for this purpose.

A graded composition profile is an important aspect in designing FGMs since
it continuously bridges two different properties imparted by two different
materials. Two desirable properties can be combined with gradual change in
property from one face to another by controlling the phase composition. Therefore,
characterising the phase compositional distribution throughout FGMs is an
important part of understanding the properties of these materials.

Characterisation of elemental distribution (hence, phase composition) in
FGMs is usually conducted using x-ray microanalysis (e.g., Marple and Green
1990; Requena ef al. 1992; Marple and Boulanger 1994; and Sarkar e/ al. 1993).
In this technique, an FGM was cross-sectionally cut and then finely polished (up to
1 um grade). Characteristic x-ray intensity lines of each element were collected
from various sample depths and then converted into phase abundance. The use of
x-ray diffractometry was only to observe the presence of phases in the material
(Marple and Green 1990; Low ef al. 1993 and 1996a).
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Phase distribution in FGMs can also be determined by using scanning
electron microscopy. For example, Sarkar ef al (1993) used the back-scattered
mode to collect images of an YTZP-Al,O; FGM. Since Zr has much higher atomic
number than Al (40 against 13), the ZrO, grains appear lighter than Al,O; grains.
This technique was used in this study to characterise the nature, size, and
distribution of grains. X-ray dot-mapping can also be used to determine the
elemental distribution, and hence phase distribution in FGMs (Low et al. 1993 and
1996a; Pratapa and Low 1996).

Inclusion of a second phase into a ceramic matrix may affect its
microstructure. For instance, inclusion of MgO and ZrO; into an alumina matrix
may both reduce grain size and inhibit exaggerated grain growth of alumina (Dérre
and Hibner 1984). Marple and Green (1990 and 1993) observed a gradual change
in both of these characters when a graded composition of mullite was introduced
into an alumina matrix.

In this chapter, physical properties of an AT/zirconia-alumina FGM, i.e.
changes in mass, bulk density, apparent porosity, shrinkage, and shape of the
material are discussed. The mass difference and density were used to calculate the
amount of the new phase (AT) introduced into the bulk system.

The graded profile of phase compositions in the FGM was characterised
using Rietveld x-ray diffraction analysis. Mass attenuation coefficient corrections
were applied using Compton scatter intensities measured by x-ray emission
spectrometry. The graded composition of the material was also qualitatively

studied using an energy-dispersive microprobe analyser.

4.2 RESULTS
4.2.1 Physical Character

The porosity of the alumina-zirconia preform after pre-sintering was 45 +
2%. Porosity of as high as this value (Low ef al. 1996a; Pratapa and Low 1996)
was also used for producing mullite/ZTA and mullite-AT/ZTA FGMs via
infiltration. The SEM micrograph (backscattered mode) of the alumina-zirconia
preform is shown in Figure 4.1, The figure shows that the porosity of the preform
is well-distributed in the material.

Figure 4.2 shows the DTA results during the firing of the material from room
temperature to 1500° C. An endothermic peak appears at about 80° C which can
be related to the de-chlorisation of TiCl;. Another endothermic peak at 120° C
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Figure 4.1 SEM back-scattered micrograph of alumina-zirconia preform
before infiltration. Note that the porosity (fine black dots) is
well-distributed in the material.
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indicates the removal of physically-adsorbed water. The pronounced exothermic
peak at 280° C can be related to the combined removal of residual hydroxyl groups
and organic materials. The endothermic peak at approximately 1380° C indicates
the formation of AT.

Table 4.1 shows the mass change, bulk density, apparent porosity, and
shrinkage of the as-fired, both infiltrated and uninfiltrated, zirconia-alumina

composites.

Table 4.1 Mass change, density, porosity, and shrinkage of the
infiltrated and uninfiltrated (control) specimens.

Specimen AM, AM, AM, D, D¢ P, P S
%) (%) %) (gem®)  (gem®) (W) (%) (%)
Infiltrated  23.8(8) 5.4(4) 4.2(6) 2.3(D 4072y 45(1) 33(3) 40.1(23)
Control - 022) 0605 23(1)  406(3) 45(1) 2.1(@) 46.5(18)
AM, = relative mass difference after and before infiltration.
AM, = relative mass difference after drying and before infiltration.
AM, = relative mass difference after sintering and before infiltration.
Dand P = density and porosity.
S = volume shrinkage.

Subscripts i and f indicate initial (before infiltration) and final (after
sintering}, respectively.

Figures in parentheses are the estimated standard deviation of the values to
the left.

The preforms gained a certain amount of TiO; precursor after the 24 hours
infiltration. The “wet” mass gain of the preform was determined by measuring the
mass of the preform before and after infiltration. With initial mass of approximately
7.9 g, the preforms gained 0.4 g of TiO; precipitate during infiltration. The mass
difference between the preform prior to infiltration and the composite body after
sintering was also recorded. A mass increase (AM,) of 4.2 + 0.6 % was achieved.
This mass increase is evidence that a new phase had been introduced into the
preform and can be related to the formation of AT via the equimolar reaction
between alumina and TiO; (rutile) during sintering - see Equation (1.2). The
formation of AT has been reviewed previously in section 2.3.2.

The mass gain measurement is useful for estimating the amount of AT

incorporated into the infiltrated specimen. Marple and Green (1990) also made use
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of this approach to determine the amount of mullite incorporated in their alumina
preform. Note that this approach can only be used to calculate the bulk amount of
AT, not its distribution. The graded distribution of phases will be discussed in
section 4.2.2.

There are two approaches for estimating the AT content in the sintered
FGM. Firstly, by using the mass of infiltrant present in the preform, and the
titanium chloride content of infiltrant which was converted into rutile (“wet”
method). The second method uses the mass difference (AM,) between the preform
prior to infiltration and the composite after sintering (“dry” method). For the “wet”

method, by using the reactions

TiCl, + 4H,0 —> Ti(OH), + 4HCI (4.1a)
Ti(OH)s ——> TiO; + 2H,0 (4.1b)

the mass losses during the reactions can be calculated.

Since the molar masses of titanium chloride and titania are 189.7 and 79.9g,
respectively, a mass loss of approximately 58% was achieved during the reaction.
Therefore, knowing that the as-received solution contained 30 wi% titanium
chloride, and the mass gain after infiltration (AM,) was 23.8%, the preform should
contain 7.1% titanium chloride or 3.0% titania. For the “dry” method, the mass
gain of titania could be determined directly and a value of AM. = 4.2% was
obtained. This value is higher than that calculated via the “wet” method. The slight
discrepancy may be related to the fact that the latter method calculates the AT
content based on the analysed titania content of the infiltrating solution, whereas
the former method measures the ‘real’ titania content after sintering.

Assuming that all TiO; had reacted completely with alumina in the matrix to
form AT [Equation (1.2)] and that 3 wt% tetragonal zirconia was present in the
ceramic (as shown by the composition analysis in section 4.2.2), the “dry” mass
increase can be related to the average content of AT (9.2 wt% or 10.0 vol%)
present in the bulk. As described in section 4.2.2, the concentration of AT was not
uniform throughout the sample. Instead the content of AT varied from 44.5 wt%o
on the surface to 5.3 wt% at a depth of 1.5 mm towards the core.

The theoretical density of sintered specimens can be calculated from the “rule
of mixtures”. In the green body (hence in the control specimen), the Al,05:ZrO;

volume ratio was 92.92:7.08. The theoretical densities of alumina, AT, monoclinic
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zircona, and tetragonal zirconia (ICDD Powder Diffraction File patterns 10-173,
41-258, 36-420 and 42-1164, respectively) are 3.99, 3.692, 5.80, and 5.86 g.cm™,
respectively. Using this information, the theoretical densities of the control and
FGM samples were calculated as respectively 4.12 and 4.08 g.cm™. The measured
densities of the as-fired control and FGM samples were respectively 4.06 + 0.03
and 4.07 £ 0.02 g.cm‘3, which represent 98.5% and 99.7% theoretical densities,
assuming that respectively 5 and 3 wt% tetragonal zirconia were present in the
ceramics - see phase analysis result in section 4.2.2. This suggests that both the
control and FGM samples experienced a similar degree of sintering and had
achieved near full densification, as indicated by their low measured porosity values
(see Table 4.1).

The mass of the as-fired control sample was slightly lower than the green
body. This decrease is due to the removal of organic binder (polyethylene glycol)
present which occurs during the initial sintering stage. As expected, the infiltrated
specimen increased in mass after infiltration, drying, and sintering.

The apparent porosity of the as-fired specimens was reasonably low, i.e. less
than 4%, Table 4.1 shows that the porosity of the infiltrated sample was 3.3%
whereas that of the uninfiltrated specimen was 2.1%. These values suggest that
densification of both matenals is satisfactory. This value is lower than that reported
when prehydrolized tetraethyl orthotitanate was used, i.e. 4.5% (Pratapa and Low
1996). 1t appears that the solution containing TiCl; is more advantageous n
densifying the system by virtue of its lower viscosity and lower organic residue.
Moreover, this AT-zirconia-alumina system has a considerable higher final density
when compared with similar systems developed by Freudenberg and Mocellin
(1987), Persson et al. (1981), and Hasselman et al (1993) where at least 12%
apparent porosity was observed.

The shrinkage of the specimens was determined by measuring their volume
before infiltration (})) and after sintering (7). The shrinkage § was calculated using
Equation (3.3). The volumes of the infiltrated and control specimens were reduced
by as much as 40.1% and 46.5% respectively after sintering. The lower shrinkage
of the infiltrated sample can be attributed to the presence of AT which expands by
11% during its formation and this hinders sintering and thus reduces the shrinkage
of the ceramic.

The bar-shaped samples are shown in Figure 4.3. Samples A, B, and C had
been infiltrated and sintered. Sample A was infiltrated for 24 hours without the
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Figure 4.3 Photograph of as-fired infiltrated (A, B, and C) and uninfiltrated
(D) specimens. Sample A was not turned over during both
infiltration and drying. Sample B was turned over during
infiltration but not during drying. Sample C was turned over
during both infiltration and drying. Sample C is black-in-colour
due to carbon coating.
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sample being turned over during infiltration and drying. Sample B was turned over
during infiltration, but not during drying. Sample C was turned over both during
the infiltration and drying steps. Sample A had bent during final heat treatment.
Concavity measurements indicated that sample A had bent as much as 1.5 mm.
Sample B was less bent {concavity 1.0 mm) and sample C was straight. The as-

fired zirconia-alumina control sample (D) was also straight.

4.2.2 Graded Compositional Character

X-ray Diffraction

Figure 4.4 shows the x-ray diffraction patterns collected from the
AT/zirconia-alumina composite at depths of 0.0 to 1.5 mm. Search and match
procedures were employed to identify the individual peak in each pattern. The
phases present in the material were AT, a-alumina, monoclinic zirconia, and
tetragonal zirconia. These phases were observed at all depths. Unassigned peaks
were not detected at each depth indicating that the qualitative phase analysis was
acceptable.

Figure 4.5 shows x-ray diffraction patterns for the alumina-zirconia control
sample and pure o-alumina powder used as an external standard. The control
sample contained o-alumina, monoclinic zirconia, and tetragonal zirconia. o-
alumina was the only phase observed in the standard specimen. Peaks due to
contamination of the diffractometer tube were observed in each pattern and
assigned as C.

Figure 4.4 shows that the intensity of AT lines decreased gradually from the
surface to the centre of the sample. On the other hand, the intensity of a-alumina
peaks increased with depth. These changes in intensity with depth indicate that the
sample has a graded composition. The tetragonal (t-) zirconia peak intensity
appears to increase slightly with depth. The figure shows no other titania-related
peaks which indicates that TiO, (rutile) had reacted completely with a-alumina to
form AT. It is interesting to note that the t-zirconia peak is lower than that of m-
zirconia in this FGM. By contrast, the m-zirconia peak is lower than that of t-

zirconia in the control sample.
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Figure 4.4 X-ray diffraction patterns of AT/zirconia-alumina FGM at various
depths Cu-Ke radiation was used. Legend ® = aluminium titanate,
= alumina, + = monoclinic zirconia, and * = tetragonal zirconia.
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Rietveld whole-pattern refinement was then applied to each of the x-ray
diffraction patterns. The refined parameters are background profile parameters
(B’s) and 28-zero shift (26) (both are global parameters), scale factors (s), profile
broadening parameters (u, v, w), lattice parameters (a, b, ¢), preferred orientation
factor (PO), asymmetry factor (4s), and mixing parameter (G). Position
coordinates (x, y, z) and thermal parameter (7) were only refined for AT due to the
lack of crystallographic data from literature. The output parameters of the
refinement of each pattern are shown in Appendix 2 (Table A2.1).

For compositional analysis, the parameters of interest were the scale factor
(s) and lattice parameters (a, b, ¢). Table 4.2 shows the scale factor of each phase
at each depth resulting from the refinements. As can be seen from the table, the
scale factor of AT decreases with depth. By contrast, the scale factor of «-alumina
increases with depth. The scale factor of monoclinic zirconia is lower at the surface
than at the centre. For tetragonal zirconia, the scale factor tends to increase with
depth. The table also depicts the scale factor of phases in the alumina-zirconia
control sample and the external standard a-alumina. The scale factor of t-phase in
this control sample is clearly higher that that from the FGM.

The refined lattice parameters (@, b, and c) are as shown in Appendix 2
(Table A2.1), They were used to calculate the unit cell volume of each phase and
were then applied to the compositional calculation. The values of the unit cell
volumes calculated from the refined lattice parameters are depicted in Table 4.3.
The table shows that there is no significant change in these values for all phases in
the AT/zirconia-alumina FGM. It should be noted, however, that the estimated
standard deviations for unit cell dimensions parameters were 16 times
underestimated (Hill and Cranswick 1994). For further analysis, the ‘corrected’
standard deviations as shown in Table 4.3 were used. The volume of unit cells of
phases in the alumina-zirconia ceramic control sample and in the o-alumina
external standard are also shown in the table.

There were three measures used to decide the completion of each refinement,
i.e. the figure-of-merit, difference plot, and estimated standard deviation. Figures-
of-merit from each refinement are presented in Appendix 2 (Table A2.2).
Estimated standard deviations are shown in parentheses after each figure in Table
A2.1 in Appendix 2. Figure 4.6 shows representative output plots from Rietveld
refinement of patterns of the FGM at depths of 0.1 and 1.2 mm. The three

measures showed that the refinements were acceptable which enables the use of the
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Table 4.2 Scale factors from Rietveld refinement of phases in the
functionally-graded aluminium titanate/zirconia-alumina
composite at various depths, the alumina-zirconia ceramic
control sample, and the c-alumina external standard.

Depth Scale

{mm)/ Factor (x 10%)

specimen a-AlLOs AT m-ZrQ,  t-Zr0,
0.0 275(4)  180(4)  75(3)  60(10)
0.1 379(5) 152(4) 89(3) 45(8)
0.3 674(5) 52(3)  135(3)  9L(D)
0.4 671(5) 46(3)  136(3)  82(5)
0.8 689(5) 40(3) 133(3) 89(6)
1.2 730(5) 44(5)  130(3)  195(6)
1.5 760(5) 31(5) 137(3)  174(6)
Control* 752(5) - 76(3)  387(8)
Standard 1150(10) - - -
AT : aluminium titanate

m-Z10, : monoclinic zirconia

t-Zr0, : tetragonal zirconia

Figures in parentheses indicate the estimated standard deviation at the
least-significant figures to the left.
* Scale factor of the external standard = (1082 * 8)x10°

scale factors and lattice parameters for compositional analysis. The calculation of
phase compositions is based on the external standard ‘ZMV’ method described in
Chapter 3 [Equation (3.7)].

Attenuation Corrections

The use of external standard “ZMV” method requires the application of
attenuation corrections. In this study, mass attenuation coefficient (MAC) was not
determined by calculation, as applied by Gan (1996), but by Compton scatter
measurement. The measurement was conducted using x-ray emission spectrometry
with a MoKa. tube. After determining the Compton peak intensities and
investigating the possible peak overlapping, a set of alumina-zirconia compact
powders (zirconia weight fraction from 0% to 20%) was prepared. Compton peak

intensities of the set were measured and the mass attenuation coefficient (MAC, )
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Table 4.3 Calculated unit volume cells of phases in the functionally-graded
aluminium titanate/zirconia-alumina composite at various
depths, the alumina-zirconia ceramic control sample, and the
a-alumina external standard from refined lattice parameters

{(Appendix 2).
Depth (mm)/ Unit Cell Volume (107'%)°
specimen inm’
o-AlL,Oy AT m-Zr0, t-ZrO,

0.0 255.6(1) 329.4(1) 138.7(1) 65.3(1)
0.1 254.8(1) 327.9(1) 1382(1) 66.8(1)
0.3 254.8(1) 327.5(1) 137.8(1) 66.9(1)
0.4 253.8(1) 326.6(1) 137.3(1) 66.8(1)
0.8 253.9(1) 326.2(1) 137.5(1) 66.7(1)
1.2 254.9(1) 326.5(1) 137.3(1) 66.9(1)
1.5 254.7(1) 327.1(1) 137.5(1) 66.8(1)

Control 255.3(1) - 140.1(1)  67.6(1)

Standard 254.9(1) - - -

Estimated standard deviations are corrected after Hill and Cranswick
(1994).

at MoKa wavelength of each standard was calculated (Toolkit software,
O’Connor and Thomas (without year)). The Compton intensity versus //x plot
resulting from the calculations is shown in Appendix 3, Figure A3.1. A calibration
curve (solid line) was extracted from the plot. MAC values at the MoKa
wavelength of the specimen at each depth were determined using the calibration
curve. After measuring Compton scatter intensity at a certain depth, its MAC value
at the MoKo wavelength was estimated from the projection of the point in the
calibration curve to the //u axis and taking the reciprocal value of this horizontal
intercept.

Another calibration curve (Figure A3.2, Appendix 3) was developed to
convert the MAC values from those at the MoKa to those at the CuKa
wavelength, the wavelength of the radiation used for the x-ray diffractometry.
Table 4.4 shows the measured Compton scatter intensities from various depths and
the MAC values at the CuKa wavelength. The Compton scatter intensities and

MAC values of the alumina-zirconia control sample are also presented in the table.
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Figure 4.6. Rietveld refinement plot of the specimen at a depth of (a) 0.1 mm
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and the calculated data by a solid line. Vertical lines represent the
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and tetragonal zirconia, respectively. The line below the plot is
the difference profile.
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Table 4.4 Compton scatter intensities and calculated MAC values for
CuKo radiation of the functionally-graded aluminium
titanate/zirconia-alumina composite at various depths and
the alumina-zirconia ceramic control sample.

Depth (mm)/ Compton MAC for CuKa
Specimen Intensity (counts) (em’g™h)
0.0 7337(83) 56.2(12)
0.1 7804(66) 52.0(10)
0.3 9447(79) 41.6(8)
0.4 9517(103) 41.2(9)
08 9517(103) 41.2(9)
1.2 9729(35) 40.2(5)
1.5 9912(39) 39.4(5)
Control 10454(51) 37.5(4)

Table 4.5 Absolute weight fraction of phases in the functionally-graded
aluminium titanate/zirconia-alumina composite at various
depths and the alumina-zirconia ceramic control sample.

Depth Weight

(mm)/ fraction (%o}

specimen Al O3 AT m-ZrQ,; t-ZrQ; Amor.
0.0 44 4(12) 44.5(15) 5.3(3) 1.0(1) 5(2)
0.1 56.4(15) 34.6(12) 5.8(2) 0.7(1) 2(2)
0.3 80.2(19) 9.5(6) 7.0(2) 1.2(1) 2(2)
0.4 78.9(20) 8.3(6) 7.0(2) 1.0(1) 5(2)
0.8 81.0(20) 7.2(6) 6.8(2) 1.1(1) 4(2)
1.2 84.1(16) 7.7(9) 6.5(2) 2.4(1) 0(2)
1.5 85.7(17) 5.3(9) 6.7(2) 2.1(1) 0(2)

Control 90.3(18) - 4.0(2) 5.0(1) 1(1)

Amor. = amorphous phase.
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Phase Composition

The estimated MAC values were then applied using Equation (3.7} to
calculate the absolute weight fraction of phases in the AT/zirconia-alumina FGM at
all depths. p is the CuKa: MAC value at a certain depth in the sample, whereas |
is that of the a-alumina external standard.

Table 4.5 shows the absolute weight fraction of phases in the FGM at
various depths and of the alumina-zirconia control sample. As can be seen from the
table, the absolute weight fraction of AT is 44.5 wt% on the surface and reduces
with depth to 9.5 wt% at 0.3 mm, and then to 5.3 wt% at 1.5 mm. On the other
hand, the alumina content increases with depth from 44.4 wt% at the surface to
80.2 wt% at 0.3 mm, and then to 85.7 wt% at 1.5 mm. It is worth of note that AT
was distributed all through the material.

The weight fraction of tetragonal zirconia increased slightly with depth. On
the surface of the infiltrated sample the weight fraction of this t-phase was 1.0%
and this value achieved 2.4% at a depth of 1.2 mm. The weight fraction of the t-
phase in the control sample, however, was higher, i.e. 5 wt%e.

The weight fraction of the amorphous phase was determined by subtracting
the total amount of the crystalline phases from unity [Equation (3.8)]. The
amorphous phase content at each depth is shown in Table 4.5. Approximately 3
wit% (on average) amorphous material was found in the FGM.

The volume fraction of phases in a composite is an important measure to
predict the properties of the material. This measure is applied in the “rule of
mixtures”. It is, therefore, necessary to calculate the volume fraction of phases in
the functionally-graded AT/zirconia-alumina composite. Assuming that the amount
of amorphous phase is negligible within the whole sample, the normalised
(constrained to 100%) volume fractions are calculated by dividing the absolute
weight fractions of phases with the associated density of phases. The results are
shown in Figure 4.7. Figure 4.7a clearly shows that the volume fraction of AT
decreased linearly with depth whereas that of q-alumina increased
complementarily. A marginal increase of t-zirconia content with depth is shown by
Figure 4.7b, but the m-zirconia content was reasonably constant. Figure 4.7b also
shows the slight increase of total zirconia content with depth. This increase is due
to the introduction of TiO; during infiltration which produced a graded amount of
AT with depth.
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Energy-dispersive X-ray Microanalysis
Qualitative energy-dispersive x-ray microanalysis was used to verify the

graded compositional character. A cross-sectionally cut and finely polished FGM
specimen was used for the analysis. X-ray emission intensities of TiKa, AlKa, and
ZrLo, were collected from the (near) surface to the centre with both spot size and
step size of 50 um. Figure 4.8 shows the plot of the x-ray emission integrated
intensities of the lines versus sample depth. It is clearly shown that titanium
emissions gradually reduce with depth whereas those of aluminium and zirconium
are fairly constant. This observation suggests that infiltration has led to the
formation of an FGM. Similar graded profiles were obtained for the
mullite/alumina system by infiltration (Marple and Green 1990). Therefore, these
results complement those of x-ray diffraction quantitative phase analysis.

Another qualitative energy-dispersive x-ray microanalysis study was
conducted by obtaining a titanium (Ti) dot map of a cross-sectionally cut region of
the FGM. Figure 4.9a shows the Ti dot map for the region of approximately 0 -
500 pm within the FGM. The back-scattered SEM micrograph of the associated
region is shown by Figure 4.9b. A gradual decrease in Ti (and hence AT) content
with depth is clearly evident. This fact, once again, indicates that an FGM with

graded composition of AT has been produced.

4.2.3 Microstructure

The microstructure of the infiltrated sample was observed using scanning
electron microscopy (SEM). A cross-section of the specimen was polished
following a standard ceramographic procedure, i.e. up to a 1 pum finish. Thermal
etching at 1500°C for 10 minutes was applied to the specimen to reveal grain
definitions.

Micrographs of the infiltrated sample are shown in Figure 4.10. The
micrographs were taken at sample depths of approximately 20 um (near surface),
300 um, 600 pm, and 1000 pm. All micrographs are in backscattered electron
mode. The grain identification was conducted both from the colour of the grains as
well as from the elemental x-ray analysis using energy-dispersive spectrometry
(EDS) on the grains. The alumina grains exhibit a dark colour and AT grains are
slightly lighter (grey-coloured). The small bright grains are zirconia. At 20 pm

depth, many grey grains are observed. These grains reduce in number with depth.
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Figure 4.9 (a) Ti dot map at region of approximately 0 - 500 um within
the AT/zirconia-alumina FGM.
(b) back-scattered SEM micrograph of the associated region.
Note the same size of the indicator bars.
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(a)

Figure 4.10 Back-scattered SEM micrographs of the as-fired infiltrated
specimen at depth of (a) 0.02 mm (near the surface) and
(b) 0.3 mm. Dark grains are alumina, grey ones are
aluminium titanate, and light ones are zirconia. Sample was
polished to 1 wm finish and then thermally-etched at 1500°
C for 10 mins. Note the increase in grain size of ALO; with
depth.
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(d)

Figure 4.10 (Cont’d) Back-scattered SEM micrographs of the as-fired
infiltrated specimen at depths of (c) 0.6 mm and (d) 1.0
mm. Note the increase in grain size of Al,O; with depth.
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This indicates that the surface of the as-fired infiltrated specimen is AT rich and
that the amount of AT reduces with depth.

Figure 4.10a was taken in the near-surface region (10 - 20 pm). The
presence of small-grained (= 2 pm) alumina is evident particularly at the top of the
figure (near the surface). The alumina grains become larger (= 7 um) in the inner
region (lower part of the micrograph). It appears that the grain growth of alumina
is controlled by the presence of AT. In the AT-rich region, small grains of alumina
(generally smaller than the AT grains which are = 3 pm) are located at the multi-
grain junctions of AT. Larger alumina grains are observed in the AT-poor region.

Microstructures of the material at depths of 300, 600, and 1000 um are
presented in Figures 4.10b - 4.10d. As can be seen from the micrographs, these
regions are less AT-rich than the near-surface. Here, AT grains tend to grow in an
elongated manner. Large-grained aluminas (up to 12 pm) are observed at 1000 um
depth. Comparing these figures, it is evident that larger alumina grains are found in
the inner region than in the outer.

Zirconia (light coloured) grains are well-distributed in the material. In the
near-surface region (Figure 4.10a), most of the zirconia grains are surrounded by
AT grains. They are mostly located at triple- or four-grainjunctions. Almost no
zirconia grains are located inside AT grains. On the other hand, in the inner region,
where alumina grains predominate, many zirconia grains are embedded in alumina
grains (for example Figure 4.10b - 4.10d). Triple- and four-grain-junctions as well
as grain boundaries are also common locations of zirconia grains in this region.

Figure 4.10a shows a dense microstructure. “Porous” microstructures are
found in Figures 4.10b and 4.10c. This observation is in contrast with the density
measurement which showed that favourable densification had been achieved.

Table 4.6 depicts the grain size measurement results. The maximum grain
size of alumina tends to increase from the surface to the centre. Alumina grains of
maximum size 12.5 um were observed at 1.0 mm depth. This size reduces to 7.9
pm at 0.3 mm and to 7.1 um in near surface.

The average grain size of alumina also generally increases with depth.
Alumina grains with average size of as small as 2.1 pm were observed near the
surface. This average value increases up to 3.0 um at 0.3 mm depth, then to 3.2

pm at 0.6 mm depth, and increases again to 3.7 um near the core.
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Table 4.6 Grain size measurement results for the AT/zirconia-alumina FGM.

Depth Average grain size Maximum grain size
(um) (um)* (um)*

Alumina AT Zirconia Alumina AT Zirconia
20 2.1 1.9 1.0 7.1 5.4 1.3
300 3.0 1.8 1.2 7.9 2.5 1.7
600 3.2 1.6 1.2 7.1 2.9 4.7
1000 3.7 1.8 1.0 12.5 33 1.7

* relative standard deviation 10 - 20%
* estimated standard deviation =+ 0.08 pm.

The maximum grain size of AT decreases with depth but then increases
slightly in the near-core region, i.e. 5.4 im near the surface, then 2.9 pm at 0.6 mm
depth, and finally 3.3 um near the core. A slight change in AT average grain size
with depth was observed.

There is no certain trend in both maximum and average grain sizes of
zirconia with depth.

Microcracking was observed in the AT/zirconia-alumina FGM. AT
intragranular microcracks were observed - see, for example, Figure 4.11. This type
of microcracking is quite well-distributed within the near-surface region and occurs
usually along the short axis, normal to the long axis (Figures 4.10a and 4.11). It is
worth noting that these intragranular microcracks generally occur in AT grains
which are larger than 2 um. It appears that there is a critical grain size for the
microcrack formation. Intergranular or grain-boundary microcracking is
occasionally observed.

Figure 4.11 shows that intragranular microcracking also occurs in zirconia
grains. In this case, microcracks also occur along the short axis. Note that the
microcracked zirconia grains are surrounded by AT grains. Microcracks were not
observed in alumina-surrounded zirconia grains. It appears that the microcrack in

the zirconia grains is driven by the intragranular microcrack in AT grains.
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Figure 4.11 Microcracking phenomena in AT and zirconia grains of
AT/zirconia-alumina FGM.
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4.3 DISCUSSION

Both DTA results and x-ray diffraction patterns collected at room
temperature indicate that AT formed in the as-fired alumina-zirconia preform,
which had been infiltrated with a solution containing TiCly. An endothermic peak
at approximately 1380°C in the DTA curve (Figure 4.2) indicates the formation of
AT. Assessing the patterns with the ICDD database, it was found that phases
present in the infiltrated specimen were AT, ot-alumina, monoclinic zirconia, and
tetragonal zirconia, whereas only the latter three phases were present in the
uninfiltrated composite.

AT (AL TiOs) in the material has formed via the sintering reaction (Kato et
al. 1980) between alumina and rutile - see Equation (1.2). Hennicke and
Lingenberg (1986) proposed that the formation of AT occurs in two stages. Stage
one is phase nucleation which occurs between 1230 and 1280°C. The second
stage, grain growth period, starts above 1280°C. The reaction rate was highest
between 1300°C and 1400°C. The DTA result for the present study showed that
AT formed at approximately 1380°C (Figure 4.2). This result, therefore, agrees
with that of Hennicke and Lingenberg (1986) in terms of the reaction rate.

The chemistry of hydrolysis of titanium chloride and its subsequent
conversion to amorphous TiQ; during heat treatment can be described according to
reaction Equation (4.1). The amorphous phase was then crystallised at a higher
temperaturé to form anatase. The anatase subsequently transformed into its
polymorph TiO; (rutile) during the intermediate stage of sintering (Navrotsky and
Kleppa 1967, Vasudevan ef al. 1995). Titania-related phase peaks (such as anatase
and rutile) are absent from the pattern. The absence of these peaks indicates that
(1) the transformation of anatase to rutile, and (2) the complete reaction between
rutile and o-alumina to form AT.

As can be seen from Figure 4.3 the shape of the as-fired infiltrated specimen
depends on the processing. It appears that the uniform infiltration throughout the
whole green body can be achieved by turning over the specimens during infiltration
and drying, Root et al. (1991) and Marple and Green (1992) also observed
concavity in their disc-shape mullite/alumina specimens. There was no report on
the “turning over” of their specimens during infiltration and drying. They proposed
that the inner core of the specimens shrank faster than the outer case during
cooling resulting in the concavity. In this study, the bending of the AT/zirconia-

alumina specimen may be due to the presence of large residual stresses as a result
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of thermal expansion mismatch and non-uniform shrinkage during cooling. One
side of the sample, which has less AT, shrank faster than the other side. When the
specimen was turned over during infiltration, the diffusion of the infiltrant was
more uniform. This resulted in a less bent as-fired specimen (sample B). Turning
over during infiltration and drying provided a more uniform infiltrant distribution,
leading to a more uniform shrinkage rate and a straight sample (C).

The x-ray diffraction patterns show that the phases present in the infiltrated
composite are AT, o-alumina, monoclinic zirconia, and tetragonal zirconia. These
phases are present at all depths. This indicates that the phases are distributed
throughout the whole material. There is an indication of graded composition within
the material in regard to the intensities of AT and alumina peaks. A reduction of
AT peak intensity with depth suggests that the amount of AT decreases with
depth. The concentration calculation shows that this indication is correct, i.e. the
absolute weight or volume fraction of AT decreases sharply with sample depth. In
contrast, the alumina peak intensities tend to increase with depth and the weight
and volume fraction calculations show that the content of alumina increases with
depth. Figure 4.7 displays the AT and alumina composition profile versus sample
depth. It is clearly evident that the AT/zirconia-alumina composite exhibits a
graded profile in compositions of AT and alumina. This suggests that the
infiltration route is a useful method to produce functionally-graded materials
(FGMs), as also observed by others (Glass and Green 1987, Marple and Green
1989-1993; Low et al. 1993, 1996a; Pratapa and Low 1996; and Honeyman-
Colvin and Lange 1996). However, the back-pressure from the infiltrant can
significantly reduce the infiltration rate with time (Marple and Green 1990) and
this is believed to account for the sharp reduction in the content of AT with depth.
1t follows that removal of this back-pressure during infiltration via pore size
control will lead to a FGM with a much gradual change in AT content.

The mathematical models for composition function in FGMs proposed by
Wakashima ez al. (1990), Markworth and Saunders (1995), Hirano (1990), and
Hirai (1996) appear to be inappropriate in this AT/zirconia-alumina system. The
inability to apply the models can be seen clearly from the abrupt linear decrease and
increase in AT and zirconia contents, respectively, from the surface to a depth of
0.3 mm which is then continued by a slow linear change in those contents from 0.3

mm to the core.
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The composition function for the AT/zirconia-alumina FGM developed here
is based on the nature of the volume fraction “curves” with depth of AT, o-
alumina, zirconia (monoclinic + tetragonal), see Figure 4.7. The composition
profile is constructed as a function of relative depth (x/d), where x is the sample
depth and d is the sample thickness (i.e. 1.5 mm, assuming similar graded profile is

found in the other sample face). Two-step linear equations are obtained for each

phase:
(A) AT
Vip  =-194.0 (x/d) + 493 0<xd<02
=575 (wd)+11.6 02<xd<1 (4.22)
(B) a-alumina
Va = 188.5 (x/d) + 46.0 0<xd<02
=54 (xd)+ 826 02<xd<1 (4.2b)

(C) Zirconia (monoclinic + tetragonal)

V: =67 d)+4.4 0<xd<02
= 0.5 (vd)+ 5.7 02<xd<1 (4.2¢)

The first two equations express the steep decrease and increase of AT and o~
alumina volume fractions, respectively, between the surface and a relative depth of
0.2. Slow change in volume fractions are found for these phases between relative
depth of 0.2 and 1. Total volume fraction of zirconia phases also exhibits slight
increase with depth, particularly between 0 and 0.2 relative depth. This change is
believed to be due to the introduction of new material (rutile) after infiltration,
which changed the whole composition of the sintered composite.

1t is worth noting that the changes in volume fractions of AT and a-alumina
are certainly complementary. This can be seen from the slopes of both curves at the
same domain. Between 0 and 0.2 region, the slope of the AT curve is -194.0 which

is very close to that of a-alumina, i.e. 188.5, but in opposite direction. At the rest
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of the region, the slope values for AT and ci-alumina are respectively -5.8 and 5.4,
which is, once again, similar but also in opposite direction.

Tetragonal zirconia is present in both FGM and control specimens. In the
latter {10:90 by weight), the content of the t-phase is approximately 5 wt% (Table
4.5). In the former, the weight fraction of this phase increases slightly with depth.
In the presence of AT, this t-ZrQ, content appears to reduce considerably. On the
surface of the FGM sample, where AT is approximately 45 wt%, the weight
fraction of t-phase is 1.0% and this value increases up to 2.4% at a depth of 1.2
mm. Wohlfromm et al. (1991) proposed that weak AT grains were responsible for
the inability to retain the tetragonal zirconia phase at room temperature in their
AT-mullite-zirconia system. Apart from this explanation, it appears that the
presence of AT has induced residual tensile stresses which may be responsible for
enhancing the #—m phase transformation. As shown by the micrographs, almost no
zirconia grains are embedded within alumina grains in the near-surface region.
Embedded-within-alumina zirconia grains are commonly found in the inner region.
Lee and Hiraga (1994) showed that the embedded zirconia were found
preferentially having a tetragonal structure. Therefore, the microstructure
observation agrees with the composition calculation, i.e. tetragonal zirconia is
more likely to be found in inner regions of the FGM where the AT content is lower
than at the surface. Regarding the weakness of AT (Wohlfromm ef al. 1991), it can
also be argued that, since the amount of AT decreases with depth, the ability to
retain t-zirconia is higher in the centre than near the surface of the FGM.

The Rietveld ‘external standard’ method has allowed the amount of
amorphous phase to be computed. This phase is possibly present due to the
incomplete crystallisation of the infiltrant precursor. The content of the amorphous
phase is low, i.e. less than 5 wt%, suggesting that crystallisation of the precursor is
near complete. The value of the amorphous phase MAC (CuKa) at each depth is
between 69.8 and 125.8 cm’g”. This value indicates that the phase is either
amorphous TiO; [MAC (CuKa) = 127.25 cm’g"], which experiences incomplete
crystallisation to form TiO,-rutile, or amorphous ALTiOs (Feltz and Schmidt
1991).

Electron-probe microanalysis was used to qualitatively verify the graded
character. Titanium emissions gradually reduce with depth whereas those of
aluminium and zirconium are fairly constant. The Ti dot map of the 0 - 500 um

region also indicated the gradual change in titanium (hence AT) content. These
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results suggest that the infiltration has led to the formation of an FGM. Therefore,
these results complement the quantitative phase analysis results from x-ray
diffraction. A similar graded profile was obtained for a mullite/alumina system by
infiltration (Marple and Green 1990).

Micrographs of the specimen taken from several depths show several
interesting features. Firstly, the number of AT grains reduces with depth indicating
that the amount of AT decreases with depth. This feature shows that the
synthesised AT/zirconia-alumina composite exhibits compositional graded
character resulting in an AT/zirconia-alumina FGM. Quantitative phase analysis,
conducted using x-ray diffractometry, clearly verified the graded composition
(section 4.2.2).

Secondly, alumina grain size tends to increase with depth. The grain size of
alumina is affected by the amount of AT. It is evident that the presence of AT
hinders the grain growth of alumina. It is believed that the addition of AT has
suppressed the abnormal grain growth of alumina through a pinning mechanism
(Brook 1976; Runyan and Bennison 1991; and Padture et al. 1993). The hindrance
of abnormal grain growth of alumina was also shown after additions of ZrO;
(Lange and Hirlinger 1984) and mullite (Marple and Green 1993). Therefore, in the
present study, both inclusions (AT and zirconia) led to the hindrance of the alumina
grain growth. Graded composition and microstructure have been observed in this
composite, as also noted by Marple and Green (1993) for other FGMs (e.g.
mullite/alumina) produced by infiltration. They concluded that a mullite content
greater than 6 vol% caused the microstructure of alumina to develop in a
controlled fashion. Asymmetric, elongated alumina grains were found in regions
with less than 6 vol% mullite. These types of grains were not observed in this
AT/zirconia-alumina FGM since, when the amount of AT reduces, the zirconia can
still control the grain growth of alumina .

The next notable feature in the micrographs is the “porosity” of the AT-poor
region. This “porous” structure is believed to be caused by preferential grain
pullout of AT during specimen polishing, which has also been observed in an AT-
dispersed alumina composite (Runyan and Bennison 1991; Wohlfromm ef al. 1991;
and Hwang ef al. 1994). They concluded that difficulty in obtaining a good quality
polished AT-based ceramic was due to grain pullout during polishing. From this
point of view it can be argued here that, in relation to the grain size measurement,

the bonding between AT grains and small alumina grains in the near-surface region
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is stronger than that between AT grains and large alumina grains in the near-core
region. Large thermal expansion mismatch between AT and alumina will serve to
reduce further the bonding and thus promote grain pull-out. This phenomenon may
offer another explanation to account for the sharp reduction in AT content with
depth (see Figure 4.7a) by virtue of its preferential pull-out during polishing.

Another feature is that the location and grain size of zirconia were also
affected by the presence of AT. It appears that the grain growth of AT prohibits
the coalescence of zirconia grains in the near-surface region resulting in fine
intergranular zirconia grains. In AT-poor regions, zirconia grains are located in
both intergranular and intragranular positions, as commonly found in alumina-
zirconia composites (e.g., Lange and Hirlinger 1984; Lee and Hiraga 1994; and
Okada and Sakuma 1996). Coalescence of zirconia grains (Lange and Hirlinger
1984) occurs more readily in alumina-rich regions resulting in larger zirconia
grains. Lee and Hiraga (1994) showed that the relatively small sized and spherical
shaped zirconia embedded within the alumina grains had a tetragonal structure.
Therefore, tetragonal zirconia would preferably be found in the inner region of the
material rather than in the near-surface region. This, therefore, agrees with the
quantitative phase analysis.

The last interesting feature revealed from the micrographs is that the
infiltrated specimen shows microcracking,. Brittle polycrystalline materials showing
anisotropic thermal expansion behaviour tend to exhibit microcracking during their
processing. In such materials, there is a critical grain size for microcracking which
is dependent upon the degree of anisotropy in thermal expansion. With very high
degree of anisotropy (e.g., Morosin and Lynch 1972) AT displays microcracking
with quite low critical grain size, i.e. as small as 1-2 um (Cleveland and Bradt
1978) or 2.5 um (Ohya et al. 1983). Intragranular microcracks in AT have been
observed in this study - see, for example, Figure 4.11. This microcracking occurs
commonly along the short axis and normal to the long axis (Figures 4.10a and
4.11). Anisotropic grain growth of AT is responsible for this microcracking. The
grains prefer to grow along the long axis rather than the short, causing tensile
stress along the long axis, and finally resulting in the break-up of the grains parallel
to the short axis.

Intergranular or grain-boundary microcracking has been occasionally
observed in the FGM. This type of microcracking has been commonly observed in

conventional AT-alumina composites (e.g. Persson ef al. 1981; Padture ef al.
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1993; Hwang et al. 1994). This microcracking is due to the thermal expansion
mismatch between alumina and AT and the anisotropic grain growth of AT.
Intragranular microcracking of zirconia was also observed (Figure 4.11).
Intragranular cracking of monoclinic zirconia grains was found in an alumina-
zirconia (24 vol% zirconia) composite (Lee and Hiraga 1994). They suggested that
such a crack lost a large amount of its propagation driving force, caused by the
plastic deformation of the m-phase grain. In the case of the AT/zircoma-alumina
FGM system, however, it appears that the presence of such microcracks are

triggered by the intragranular microcrack in AT grains.

4.4 CONCLUSIONS

A functionally-graded aluminium titanate (AT)/zirconia-alumina composite
has been successfully synthesised through infiltration of an alumina-zirconia
preform with a solution containing titanium chloride. The mass change in the as-
fired infiltrated specimen indicated that an average amount of 9.2 wt% or 10.0
vol% AT was formed within the bulk. The concentration of AT decreased from
44.5 wt% on the surface to 9.5 wt% at 0.3 mm depth and then to 5.3 wt% at 1.5
mm depth. By contrast, the concentration of a-alumina increased complementarily
from 44.4 wt% on the surface to 80.2 wt% at 0.3 mm depth and then to 85.7 wt%
at 1.5 mm depth.

Several conclusions can be drawn from the phase composition analysis.
Firstly, the quantitative graded character of the AT/zirconia-alumina FGM has
been established by the compositions of phases present in the material, particularly
AT and alumina. This result emphasizes that the infiltration process can be a useful
technique to produce ceramic-ceramic FGMs. It was found that the composition
function with depth of AT and o-alumina followed a rapid linear change at one
fifth of the near-surface region and then proceeded by a slow change at the
remainder region. There was a slight linear change in volume fraction of zirconia
with depth.

Secondly, x-ray Rietveld refinement, with mass attenuation coefficient
correction, can be used effectively to analyse the composition profile of an FGM,
with the particular case here being AT/zirconia-alumina FGM. The content of
amorphous material in the FGM can be determined by this method which gives

superior results over the electron-probe microanalysis technique. Moreover, the

87



former technique can be used to determine the amount of tetragonal zirconia,
which is impractical in the latter technique.

Thirdly, the qualitative energy-dispersive x-ray microanalysis results show
good agreement with the graded composition character of the FGM. Finally, the
presence of AT appears to reduce the content of tetragonal zirconia near the
surface, possibly due to the formation of AT-induced residual stresses in the
microstructure.

The microstructural study showed qualitatively that graded AT composition
was found in the material. This observation agrees with the evidence based on the
phase composition analysis.

Grain growth of alumina was hindered by the presence of AT inclusion. This
grain growth control resulted in an AT/alumina-zirconia composite with graded
microstructure.

Both intragranular (in AT and zirconia grains) and intergranular microcracks
were observed in the material. It is believed that microcracking in the AT grain
arises from induced tensile stresses along the direction of its preferred grain

growth.
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CHAPTER §
THERMAL AND MECHANICAL PROPERTIES
OF A FUNCTIONALLY-GRADED ALUMINIUM
TITANATE/ZIRCONIA-ALUMINA COMPOSITE

5.1 INTRODUCTION

There have been extensive studies on the graded composition characters of
FGMs (e.g., Marple and Green 1990 and 1993; Sarkar ef al. 1993; Marple and
Boulanger 1994; Tu and Lange 1995; Tuffe and Marple 1995; Honeyman-Colvin
and Lange 1996; Ruys et al. 1996). However, a little work has been done on
characterising the graded thermal and mechanical properties of FGMs, For
example, the graded hardness and indentation fracture toughness of an alumina/Y-
TZP FGM produced by electrophoretic deposition method were observed by
Sarkar ef al. (1993). Low ef al. (1996b) showed the presence of graded thermal
and mechanical properties in an epoxy-modified/ZrP FGM produced by infiltrating
Z1P preform with epoxy resin.

In this chapter, thermal and mechanical properties of the AT/zirconia-
alumina FGM produced by infiltration are reported. Results were obtained from
experiments following procedures which have been described in Chapter 3, ie.
section 3.4.1 for thermal expansion coefficient, 3.4.2 for thermal decomposition of
AT, 3.5.1 for microhardness and indentation fracture toughness, 3.5.2 for Young’s
modulus, and 3.5.3 for Hertzian contact response. The graded properties of the
material are described and discussed. The microstructure, composition, and

properties relationships are also discussed.

5.2 RESULTS
5.2.1 Thermal Expansion

The thermal expansion behaviour of materials was observed using a Rigaku
thermal measurement apparatus (TMA) calibrated with an alumina standard. A bar-
shaped AT/zirconia-alumina FGM and a zirconia-alumina control sample were
prepared for the measurement. The zirconia-alumina ceramic was chosen as the
control sample to provide a comparison of thermal expansion behaviour with that
for the FGM. The graded thermal expansion behaviour of the FGM was studied by
measuring the thermal expansion before and after polishing the surface of the
material to 0.3 and 0.5 mm depths.
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Plots of thermal dilation (AL/Lg) with temperature for both FGM and control
samples are shown in Figure 5.1. The average thermal expansion coefficient (TEC)
value (Table 5.1) of the FGM increases from 5.6 x 10° °C™ for the unpolished
sample to 7.3 x 10 °C! after polishing to 0.3 mm depth. A negligible increase of
TEC value, i.e. to 7.4 x 10° °C™, was observed after polishing the FGM to 0.5 mm
depth. The change in TEC from the surface to 0.3 mm depth is associated with the
removal of the low-thermal expansion AT from the surface of the material. Table
5.1 also shows that the TEC values of the 0.3 and 0.5 mm - polished FGM has
approached that of the control sample.

It is interesting to note that the as-fired FGM exhibits an anomalous thermal
expansion curve between 750° and 850° C (Figure 5.1). The TEC drops from 3.5 x
10° °C' at 750°C to 4.5 x 10° °C' at 850°C. To explain the phenomenon
responsible for this thermal expansion “kink”, high temperature neutron diffraction
measurements were performed.

Neutron diffraction patterns of the FGM at room temperature (RT), 750°C,
850°C, and 1000°C were collected using medium resolution powder diffractometry
- MRPD (located at Lucas Height, NSW and operated by Australian Nuclear
Science and Technology Organisation - ANSTO) at A = 1.664 A to explain the
anomalous thermal expansion behaviour of the FGM - see section 3.3.2 for
experimental details. The results are shown in Figure 5.2. Highlighted patterns are
presented to identify any possible pattern changes particularly with the minor

~phases. As can be seen from the figure, the monoclinic-zirconia peaks (denoted as

Z-m) reduce significantly with increasing temperature. This trend is accompanied
by an increase of the tetragonal peaks (denoted as Z-t). This type of transformation
is followed by a reduction in unit cell volume by 4% (Stevens and Wang 1989).
Thus the observation confirmed that the anomalous thermal expansion behaviour
of the FGM was due to the m—# zirconia transformation.

Another anomalous behaviour in thermal expansion is also observed in the
control sample at approximately 1100°C (see Figure 5.1b). The thermal expansion
coefficient value drops by approximately 0.2 x 10° °C™. This decrease is due to the
m—»{ zirconia transformation. Such a drop was not observed at 1100° C in the
FGM samples since monoclinic zirconia had already been transformed into the
tetragonal structure at a lower temperature, i.e. 750° C. The thermal expansion

coefficient drop in the FGM is larger than that in the control sample since the
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Figure 5.1 Thermal expansion behaviour of AT/zirconia-alumina FGM and

zirconia-alumina control sample between 20° and 1300° C; (a)
the FGM, as-fired and after polishing up to 0.3 and 0.5 mm
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Figure 5.2 Neutron diffraction patterns of the AT/zirconia-alumina FGM

collected at room and high temperatures (A = 1.664 A). Patterns
are highlighted at 26-range of: (a) 27-37° and (b) 49-59°.
Symbol: AT = aluminium titanate, A = c-alumina, Z-m =
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Table 5.1 Thermal expansion coefficient value of the AT/zirconia-
alumina FGM and alumina-zirconia control sample
between 20° and 1300° C.

Specimen Average expansion
coefficient value
(10-6 oc-l)
FGM Unpolished” 5.9
Unpolished® 5.0
Unpolished® 56
0.3 mm polished 7.3
0.5 mm polished 7.4
Control Sample - 7.4
(Non-FGM)

(1) between 20° and 750° C.
(2) between 800° and 1300°C.
(3) between 20° and 1300°C.

former has more monoclinic zirconia at room temperature than the latter - see
phase analysis results in section 4.2.2. The presence of AT has apparently lowered
the transformation temperature of m-ZrQ; to t-ZrO, from 1100° C to 750° C.

5.2.2 Thermal Decomposition of AT

One of the drawbacks of AT is thermal decomposition of the material into its
parent phases, i.e. o-alumina and rutile, at between 900° - 1100° C (Kato ef al.
1980). Extensive studies have been conducted by various workers to understand
the mechanism of decomposition and to stabilise the material by incorporating
other phases, such as ZrO, (Ishitsuka ez al. 1987), SiO, (Ishitsuka er al. 1987),
MgO (Ishitsuka ef al. 1987; Battilana ef al. 1995), and Fe;Os (Battilana ef al. 1995
and Tilloca 1995). It has been shown by these researchers that MgO and Fe,0; are
the most effective material for stabilising the material. ZrOQ, and SiO; are less
effective in preventing the decomposition.

A decomposition study of AT in the FGM was conducted using x-ray
diffractometry to ascertain the extent of AT reduction and rutile formation (Hwang
et al. 1994). Figure 5.3 shows the x-ray diffraction patterns from the surface of the
FGM after annealing at 1050°C for 0, 2, 4, and 6 h. Note that, from the
compositional analysis (Chapter 4), the surface of FGM contained 44.5 wt% AT,
44 4 wt% o-alumina, and 6.3 wt% zirconia. It is evident from the figure that AT
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on the surface of FGM decomposed into c-alumina and rutile. The evident can be
seen, particularly, from the increase of rutile (101) peak with annealing time.

The decomposition rate was determined using integrated intensity ratios of
(AT:alumina) and (rutile:alumina). Alumina (024), AT (023), and rutile (110)
peaks [Hwang et al. (1994)] were selected for the study. Figure 5.4 shows the
results of thermal decomposition of FGM at various annealing times. Results from
a study by Hwang et al. (1994) on the thermal decomposition of AT-dispersed
alumina are also presented for comparison. It is clear that, for the FGM,
(AT:alumina) peak ratio decreases slowly with annealing time (especially between
0 and 4 h), while the (rutile:alumina) peak ratio increases with annealing time. By
contrast, the (AT:alumina) peak ratio for the AT-dispersed alumina sample
decreases rapidly, and the (rutile:alumina) peak ratio increases abruptly with
annealing time indicating a high degree of thermal decomposition.

These results indicate that the presence of zirconia has apparently affected
the decomposition of AT in a positive way. Figure 5.4 shows that the
decomposition rate of FGM is clearly much less than that of the AT-dispersed
alumina system (Hwang et al. 1994). While AT in the latter decomposed rapidly
with annealing time, the former was reasonably stable for short-term annealing
times (< 6 h). However, it is believed that the thermal stability of FGM will

eventually degrade with longer annealing times.

5.2.3 Microhardness

Microhardness measurement as a function of depth for the FGM was
performed on the cross-section of the polished surface using a Vickers indentor.
Indentations were made at depths of 0.1, 0.3, 0.6, and 1.2 mm. Loads of 10, 20,
and 100 N were applied at each depth. An alumina-zirconia ceramic was used as a
control sample.

Measurements of microhardness as a function of load were performed both
in the FGM and the control sample. Loads from 10 N up to 100 N were used. For
the FGM, 0.3 and 1.5 mm depths were chosen for the measurement. For the

control, indentations were made at the centre of its cross-section.
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The trend of microhardness with depth in the FGM is shown in Figure 5.5. It
is clearly evident that, for all the loads used, the microhardness of the material
increases with depth. For instance, at 10 N load, the microhardness is only 5.1 GPa
near the surface, then increases to 8.2 GPa at 0.6 mm depth, and finally to 11.8
GPa at the core of the specimen. At 100 N, the value increases from 5.2 GPa at 0.3
mm depth, to 8.5 GPa at 0.6 mm depth and then to 10.2 GPa at the core of the
specimen. This increase in microhardness with depth is as expected since the
concentration of relatively soff AT decreases with depth as shown by the
compositional distribution (Figure 4.7a). The core of the specimen is very much
harder than the surface but still softer than the alumina-zirconia control sample,
which is approximately 16 GPa. This result indicates that, with inclusion of only
approximately S wit% AT in the core, the composite has become relatively soft.

Figure 5.5 shows the upper- and lower-bound “rules-of-mixture” hardness
curves computed from Equations (2.2) and (2.3). The upper bound is the Voigt-
type whereas the lower bound is the Reuss-type. The microhardness curves of the
FGM at all depths lie between the bounds. This curve trend indicates that the
“modified” rule of mixtures (Markworth et al 1995a) is applicable to the
microhardness of the functionally-graded AT/zirconia-alumina composite.

The measurement of microhardness at various loads indicates that the
microhardness of FGM drops significantly with load at the near-surface region (0.3
mm) but only a slight drop in the core (1.5 mm). Figure 5.6 shows the plot of
microhardness versus indentation load at both positions together with that for the
control specimen.

Several aspects can be pointed out from Figure 5.6. Firstly, the FGM is
softer than the control sample at all loads. A drop in hardness by a factor of up to 3
is observed at near the surface region of FGM when compared with the control
sample, i.e. 16 GPa (control sample) versus 5 GPa (lowest value, near-surface
region of FGM). The core of FGM is also softer than the control sample, i.e. 10
GPa (on average).

Secondly, as has been pointed out before, the near-surface region of the
FGM is much softer than the core. This can be easily explained by the fact that the
amount of soft AT decreases rapidly from the surface to the core.

Thirdly, the FGM displays microhardness values which are strongly load-
dependent. A quite large drop in hardness with load is observed near the surface
region (0.3 mm), i.e. 9.5 GPa at 10 N, which decreases to 7.9 GPa at 50 N, and
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Figure 5.5 Variation of Vicker’s microhardness with depth of AT/zirconia-alumina
FGM for several indentation loads. Upper and lower bound curves
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then drops significantly to 5.5 GPa at 100 N. Only a slight drop in hardness with
load is observed at the core of FGM and in the control sample. The decrease in
microhardness with load was also observed in the TizSiC; ceramic (Goto and Hirai
1987; Pampuch ef al. 1993). Their observations showed that this behaviour could
be correlated to the “quasi-ductile” character of the material. Therefore, it is
believed that the near-surface region of AT/zirconia-alumina FGM is soft and
“ductile”.

5.2.4 Fracture Toughness

Fracture toughness was determined from Vickers microhardness and crack
length measurements. However, unlike “pure” brittle materials which exhibit crack
propagation at all four indentation corners, the AT/zirconia-alumina FGM
exhibited either no cracks, microcracks distributed within the indentation
impression, or short cracks in one or two corners of the indentation.

Figures 5.7 and 5.8 show the representative scanning electron micrographs
of the indentation at various depths and loads. All micrographs show that cracks
are hardly found at the corners of the impressions. On the other hand, the alumina-
zirconia control sample exhibited characteristic long cracks at all indentation
corners (Figure 5.9). In view of this, it is difficult to quantitatively determine the
fracture toughness of the FGM using Vicker’s indentation.

The indentation micrographs, however, can be used to qualitatively explain
the toughness of the FGM. The absence of cracks, for example, indicates that the
material is tough. Figure 5.10a shows an indentation corner which exhibits no
crack (see arrow). The indentation tip ends in a large grain, but no crack is
generated.

Grain pullout due to indentation was commonly observed around the
indentation impressions. Figure 5.10b shows a representative SEM micrograph
showing a grain prior to pullout (labelled as “G”) and “porosity” due to grain
pullout (labelled as “P”). Prior to pullout grains are lifted up from their original
position during indentation, whereas the “porosity” (P) was formed from the
polishing of sample. It appears that most of the indentation energy is used for
debonding the grains and lifting them from the surface rather than for crack
formation or propagation. This process of crack energy dissipation is believed to

impart considerable fracture resistance to the material.

100



Figure 5.7 Back-scattered SEM micrographs of microhardness indentation of
near the surface (0.3 mm) of AT/zirconia-alumina FGM at (a) 25
N and (b) 75 N loads. Associated Vickers hardness (on average)
are (a) 8.2 GPa and (b) 5.9 GPa.
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scattered SEM micrographs of microhardness indentation of
(near) the core (1.2 mm) of AT/zirconia-alumina FGM at (a) 25

Figure 5.8 Back-

and (b) 75 N loads. Associated Vickers hardness (on average) are

(a) 10.3 GPa and (b) 9.1 GPa.
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Figure 5.9 A back-scattered SEM micrograph of a microhardness indentation
of zrconia-alumina control sample at 15 N load. Associated
Vickers hardness (on average) is 15.4 GPa. Note the presence of
cracks at all of the indentation tips.



(a)

(b)

Figure 5.10 Back-scattered SEM micrographs of microhardness indentation
of AT/zirconia-alumina FGM showing (a) no-crack indentation
tip (see arrow) and (b) grain pullout; P = pulled-out grains and
G = a grain prior to pullout.
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As previously described indentation cracks were infrequently formed in the
FGM. If formed, crack deflections and grain bridgings were prominent. Figure 5.11
shows SEM micrographs of crack deflection and grain-bridging which occur in the
vicinity of indentation impressions. These processes can be associated with the

flaw-tolerant property of the FGM (Braun ef al. 1992).

5.2.5 Young’s Modulus

The Young’s modulus of both FGM and control sample was determined by a
flexural resonance vibration method. To observe the effect of graded composition
on the variation of Young’s modulus in the FGM, measurements were conducted
in the as-fired and as-polished sample.

The Young’s modulus of the FGM increases slightly with polishing depth
(Table 5.2). For the control sample (97:3 of alumina:zirconia by volume), value of
as high as 387 GPa was obtained. This is consistent with the value of 380 GPa
obtained by Wang and Stevens (1989} for their 90:10 (by volume) alumina:zirconia

composites.

Table 5.2 Young’s modulus of the AT/zirconia-alumina FGM (as-fired
and as-polished) and the control sample.

Specimen Depth of polish Young’s Modulus

(mm) {GPa)
FGM 0 280(10)
0.3 334(10)
0.5 358(10)

Control - 386(5)

The FGM has a lower Young’s modulus than the control sample which could
be due to the presence of AT. It is apparent that the Young’s modulus value in the
FGM increases significantly with depth of polish, i.e. from 280 GPa before
polishing to 334 GPa after 0.3 mm polishing and then to 358 GPa after 0.5 mm
polishing. The latter value has almost approached that of the alumina-zirconia

control sample which is also the matrix of the FGM.

5.2.6 Hertzian Contact Damage
Hertzian contact testing is a useful method for characterising the sub-surface

quasi-plastic damage mechanism particularly in tough ceramic materials. This test
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Figure 5.11 Back-scattered SEM micrographs of microhardness indentations
of AT/zirconia-alumina FGM showing (a) crack deflection and
(b) grain-bridging (labelled as “G”). Cracks propagate from the
left-hand side to right-hand side. Arrows indicate the indentation
cracks.
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utilises a spherical indentor to introduce a controllable damage. The damage
characterisation was observed under a Nomarski optical microscope. An
indentation stress-strain curve can be measured to quantify the damage tolerance.

In this study, an AT/zirconia-alumina FGM and an alumina-zirconia control
sample were prepared for the test. The measurement has been described in section
3.5.3. Figures 5.12 and 5.13 show the effect of the loading on surface and
subsurface contact damage in both materials. In the alumina-zirconia control
sample, a ring crack has initiated and attempted to run around the contact circle
(Figure 5.13a). A classical cone crack was observed in the subsurface region of this
material (Figure 5.13b) indicating that the alumina-zirconia control sample is
brittle. Note that there is no detectable deformation in both regions. By contrast,
instead of displaying a ring crack around the contact circle and cone crack in the
subsurface region, the AT/zirconia-alumina FGM shows a deformation which
involves microfailures along the weak boundaries between alumina (and zirconia)
grains and AT grains (Figure 5.12). This result indicates that the FGM exhibits
“quasi-ductility”. It appears that the indentation energy has been used to initiate the
microfailures and has caused extensive grain debonding and grain pullout in the
contact region.

Figure 5.14 shows the indentation stress-strain curve obtained from the
Hertzian indentation measurement. The lower curve represents the indentation
stress-strain behaviour of the AT/zirconia-alumina FGM whereas the upper one is
that of the control sample. Dashed lines in both curves represent the average
Young’s moduli of the specimens. Solid curves are empirical fits for the data.

The FGM exhibits a considerable deviation from the linear curve at a
relatively low stress level, i.e. 0.5 GPa, which is reasonably lower than that of the
zirconia-alumina ceramic, i.e. approximately 2 GPa. This result, therefore,
emphasises that the FGM exhibits considerable “plasticity” during Hertzian loading
as was also observed in metals or other ‘quasi-plastic’ ceramic materials (Liu ef al.
1996; Pajares et al. 1996).

5.2.7 Machinability

The machinability of samples was studied by observing the cutting time taken
to cut a sample using a diamond cutting blade. Both FGM and alumina-zirconia
control samples with thickness of approximately 3 mm were studied. It was found

that the time taken to cut the FGM was much less than that for the control sample,
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Figure 5.12 Nomarski optical micrographs of surface (a) and subsurface
(b) of the near-surface region of AT/zirconia-alumina FGM at
load of P = 2000 N. Note the grain pullout at the contact region
indicating the damage-tolerance of the material.
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(b)

Figure 5.13 Nomarski optical micrographs of surface (a) and subsurface
(b) of the zirconia-alumina ceramic at load of P = 2000 N. Note
the cone cracks at the contact region indicating the brittleness of
the material.
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Figure 5.14 Indentation stress-strain curves for AT/zirconia-alumina FGM
and zirconia-alumina control sample. Solid curves are empirical
fits.
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i.e. 2 mins against 30 mins. The observation that the FGM is readily machinable
can be correlated to its lower hardness and better “ductility”. A similar behaviour
has also been observed in a Ti;SiC; ceramic (Barsoum and El-Raghy 1996) which
could be readily machined like graphites.

5.3 DISCUSSION

The thermal and mechanical properties of the FGM are significantly different
from those of the alumina-zirconia control sample. As shown from the results of
previous sections, the gradual change in properties with depth is evident in the
FGM. Moreover, the FGM, exhibits pronounced graded properties over the
control sample which include lower thermal expansion, improved “ductility”, better
fracture resistance, and damage-tolerance.

Thermal expansion measurements showed that the surface of the FGM has a
relatively much lower thermal expansion coefficient than the core. This low thermal
expansion may provide a pronounced thermal shock resistant surface layer. The
thermal expansion coefficient value increased quite abruptly approaching that of
the matrix after polishing to 0.5 mm depth.

Compositional distribution analysis (see Chapter 4) showed that the
concentration of AT decreased sharply from 44.5 wt% on the surface to 9.5 wt%
at 0.3 mm depth, and to approximately 8 wi% at 0.5 mm depth. It is believed that
the apparent rapid reduction in AT with depth could be an artefact or anomaly
resulting from preferential removal of AT grains during polishing. Corrections for
these AT grain pull-outs should give a more gradual drop in AT content with
depth.

Removal of AT-rich material from the surface will lead to a thermal
expansion behaviour approaching that of the control sample (which is also the
matrix of the FGM). This can be seen by comparing both the thermal expansion
curves (Figures 5.1a and 5.1b) and thermal expansion coefficient values (Table 5.1)
of the FGM and the control sample.

Both the FGM and the contro! sample exhibited thermal expansion hysteresis
during thermal cycling. However, the degree of the hysteresis was higher for the
as-fired (ie. unpolished) FGM than the polished one or the control sample.
Hasselman et al. (1993) showed that the thermal hysteresis in alumina-AT
composites annealed at 1200° C was due to the crack healing of AT. Since the

near surface region of FGM has more AT, it has a higher degree of hysteresis than
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the polished or core of FGM because the former exhibits more crack healings than
the latter.

Neutron diffraction data from the AT/zirconia-alumina FGM collected at
high temperatures showed that the m— zirconia transformation occurred at
approximately 750° C (Figure 5.2). Such transformation occurs in zirconia
composites at above 1100° C (e.g, Wang and Stevens 1989). Since the
transformation is followed by a drop of unit cell volume of 4%, such
transformation can be associated with a decrease of thermal expansion coefficient
value. Comparing the two materials, it appears that the presence of AT has
enhanced the m— zirconia transformation at a much lower temperature (750° C
compared with 1100°C). 1t has been discussed previously that AT is also too weak
to retain the tetragonal zirconia phase at room temperature (Wohlfromm ef al.
1991). 1t can be argued here that the weakness of AT may also be responsible for
the observed lower phase transformation temperature.

Crack healing during heating may occur in ceramic materials (e.g., Obya ef
al. 1988; Mitomo ef al. 1996). Such crack healing is followed by a reduction in
dimensions of the material. As already discussed in the Chapter 4, microcracks
have been observed in the FGM. 1t can be proposed here that crack healing has
also occurred in the FGM and caused a reduction in the thermal expansion value
during heating. This crack healing is believed to commence at 750° C (Figure 5.1),
i.e. when the thermal expansion curve starts to decline. This together with m—?
transformation are believed to be responsible for the observed sharp drop in
thermal expansion values of the FGM at high temperature.

Observations showed that the presence of zirconia in the FGM has a
favourable effect on the thermal decomposition of AT. However this effect is
expected to be pronounced only for short-term annealing times (< 6 h). For longer
annealing times (i.e. over 100 h), this favourable effect is expected to be
insignificant because zirconia is not a good stabiliser for AT (Ishitsuka et al. 1987).
As explained by Wohlfromm (1991), the negligible effect of zirconia in the
stabilisation of AT may be attributed to the inability of relatively large Zr*" (ionic
radius = 0.79 A) to substitute for the smaller Ti** (0.68 A) or A" (0.51 A) in AT.
Oxygen deficiency (Pena ef al. 1987) in the AT structure may also reduce its ability
to be stabilised by zirconia. On the contrary, MgO and Fe,O; are excellent
stabilisers of AT (Tilloca 1991; Battilana et al. 1995).
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Microhardness tests showed that the FGM exhibits a soft surface but a hard
core. The soft surface is believed to be due to the presence of a large amount of
relatively soft AT. Since the amount of AT gradually reduces with depth, the
hardness increases towards the core. The microhardness curves of FGM lie
between those of Reuss-type and Voigt-type which indicate that the “modified”
rule of mixtures is applicable for this material (Markworth ef al. 1995a).

1t is well known that most ceramics are brittle and hard. Recently, it was
found that TisSiC; ceramic exhibited high Young’s modulus, ie. 326 GPa
(Pampuch et al 1993) but relatively low hardness, i.e. 6 GPa (Pampuch et al. 1993;
Goto and Hirai 1987). Pampuch ef al. (1993) noted that the hardness to Young’s
modulus ratio (Hv/E) of this material is quite low, i.e. 0.012. It should be noted
that this ratio for hard metals is in the range of 0.001 - 0.03 whereas for ceramics is
0.04 - 0.1. This ratio has been used as an elasto-plastic parameter for materials
(McColm 1990). The Vicker’s hardness of the Ti;SiC; ceramic was found to
depend on load. Both the low HVE value and the load-dependence of
microhardness suggest that the properties of the Ti;SiC; ceramic are close to those
of ductile metals.

The load-dependence of microhardness in the AT/zirconia-alumina FGM at a
depth of 0.3 mm is evident from Figure 5.6. With average hardness of 5.6 GPa and
Young’s modulus of 280 GPa, it is found that the Hv/E value is 0.02, which is
notably comparable to the values of hard metals. This result indicates that the near
surface region exhibits quasi-ductile behaviour.

The microhardness at the core of FGM is less load-dependent than that of
the near-surface region. The average microhardness at the core is 10.7 GPa. Using
the (estimated) Young’s modulus value of 380 GP4a, it is found that the Hv/E value
is 0.028. This suggests that the core is more brittle than the surface. However, the
transition from ductile to brittle behaviour is a continuous one with no sharp
discontinuity. The control sample, by contrast, exhibits almost no dependence of
microhardness with load and has a Hv/E value of 0.042, indicating the obvious
brittleness of the ceramic.

The micrographs of Vicker’s indentation and Hertzian contact damage of the
FGM can be used to explain its pseudo-plastic behaviour. The presence of AT
“softens” the alumina-zirconia matrix thus rendering AT excellent in energy
absorption and crack attenuation. Figures 5.7 and 5.8 show the presence of

extensive surface uplift such as grain pullout and microdamage around the
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impressions which are not common in brittle ceramic materials. When an
indentation is applied, ceramics usually exhibit a “sink in impression” (Figure
5.15a) which is caused by the densification below the tip of indentation (Zeng et al.
1996). Moreover, cracks normally propagate through the tips of the indentation
implying the low fracture toughness of the materials. By contrast, metals exhibit a
“rising of material” or surface uplift around the indentation above the unindented
surface level (Figure 5.15b) as a result of shear or plastic deformation. In view of
this, it can be argued that the FGM specimen exhibits characteristics akin to
pseudo-plastic deformation during loading.

The “plastic” deformation of FGM is also shown by the Nomarski optical
micrographs during Hertzian loading. Instead of showing cone cracks pattern
which is typical of brittle material, the FGM exhibits extensive shear-driven grain
debonding and grain pullouts within a hemispherical damage zone. It is believed
that this damage behaviour imparts quasi-ductility to the FGM as can be discerned
from its indentation stress-strain behaviour during loading.

As indicated from the microstructural observation, the presence of AT
provided weak interphase boundaries and large thermal expansion mismatch with
the matrix, namely alumina-zirconia, and thereby promoted “quasi-plastic”
deformation in the matrix. Microscopic deformation in the system could be related
to shear-driven frictional sliding at the weak interphase between AT and the matrix
resulting in interface microfailures (Liu ef al. 1996). Such microfailures account for
the “machinability” of the FGM. It follows that the poor machinability of the
alumina-zirconia control sample was due to its lack of such microfailures.

It has been shown by Runyan and Bennison (1991) and Braun et al. (1992)
that an alumina-AT composite (20 vol% AT) exhibited pronounced flaw-tolerance.
The composite, with 5.8 pum alumina grain size, displayed both considerable
strength, i.e. approximately 250 MPa, and low degradation in strength with
increasing contact load. The origins of flaw tolerance were attributed to crack
deflection and grain bridging (Braun ef al. 1992). Crack deflection was believed to
arise from the presence of residual tensile stresses produced by thermal expansion
mismatch between AT and alumina. The AT/zirconia-alumina FGM also showed
the presence of extensive crack deflection and grain bridging (Figure 5.11).
Although the indentation strength measurements were not performed, it is believed

that the FGM also exhibited pronounced flaw-tolerance.
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Figure 5.15 Response of materials to a Vicker’s hardness indentation. (a)
“sink in marks”; typical for ceramics, (b) “rising of material”,
typical for metals.

The unique combination of properties in the FGM may lead to a wide range
of applications. The surface exhibits unusual material properties, i.e. low thermal
expansion coefficient, quasi-ductility, and damage tolerance. In contrast, the core is
quite hard and, presumably, wear resistant. Overall the material displays excellent
flaw-tolerance and machinability.

The ideal area of application for the AT/zirconia-alumina FGM is in
environments which require the material to withstand severe thermal shock.
Potential uses for this material are metal smelting crucibles, car exhaust pipes,

lining tiles in the furnace, heating tubes, etc.

5.4 CONCLUSIONS

The AT/zirconia-alumina ceramic FGM produced by infiltration has graded
thermal and mechanical properties, i.e. thermal expansion, microhardness, and
Young’s modulus. The near-surface region has a lower thermal expansion

coefficient and Young’s modulus than the core, i.e. 5.9 x 10° °C? and 280 GPa

115



compared with 7.4 x 10® °C" and 380 GPa. The surface is also softer than the
core, i.e. 5.6 GPa compared with 10.7 GPa. These graded changes in properties
are due to the presence of AT, which gradually reduces in amount from the surface
to the core.

An anomalous thermal expansion behaviour at high temperature has been
observed in the as-fired AT/zirconia-alumina FGM. Further investigation showed
that this behaviour can be attributed to either m—f zirconia transformation or the
occurrence of crack healing during heating. From the neutron diffraction study, it
was found that the presence of AT has lowered the m—t zirconia transformation
from 1100° C to 750° C.

The decomposition study showed that zirconia had a favourable short term
stabilisation effect on AT, i.e. less than 6 h. This effect is expected to disappear
after prolonged annealing times leading to complete decomposition of the material,

In contrast to the control sample, the FGM displayed a remarkable fracture
resistance as indicated by the absence of indentation cracks and the display of
extensive damage around indentations. The quasi-ductility and flaw-tolerance of
FGM are confirmed by evidences such as load-dependence microhardness, low
Hv/E value, good machinability, low “yielding” stress, and display of extensive

grain debonding and grain pullout.
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CHAPTER 6
CONCLUSIONS AND FURTHER WORK

6.1 CONCLUSIONS
In relation to the specific objectives of the research, conclusions which can
be drawn from this study include the following:

1. A functionally-graded aluminium titanate (AT)/zirconia-alumina composite has
been synthesised by infiltrating an alumina-zirconia green body in a solution
containing titanium chloride. The graded character of the functionally-graded
material (FGM) was confirmed by (a) a graded compositional study using
quantitative x-ray Rietveld analysis showing the decrease of AT content and the
increase of a-alumina content with depth, (b) x-ray emission measurement for
elements in the material showing the decrease of TiKa intensity with depth, (c)
Ti dot mapping at the near surface of the material indicating the decrease of Ti
(and hence AT) content with depth, and (d) SEM micrographs at various
specimen depths denoting the decrease in number of AT grains. Zirconia
content increases slightly with depth counterbalancing the reduction of AT
content.

2. The FGM exhibits graded thermal and mechanical behaviours. The surface is
relatively soft, “ductile”, flaw or damage-tolerant, and has a low thermal
expansion. The core, by contrast, is harder, more brittle, and has a higher
thermal expansion. This combination of properties is believed to be potentially
useful for applications where two extremely different characters are desired.

3. The presence of zirconia lowered the decomposition rate of AT in the FGM. Its
effect, however, was considerable only for a short-term annealing time, i.e. less

than 6 h. The effect was expected to be negligible for longer annealing time.

There are several other conclusions which can also be deduced from this
study:

4. The external standard x-ray diffraction Rietveld analysis, with attenuation
corrections applied using x-ray emission Compton scatter measurements, can
provide a superior means for graded composition characterisation of FGMs
over the electron-probe microanalysis technique, especially for determining the

content of tetragonal zirconia and amorphous phase.
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5. The presence of AT affects the grain growth of alumina and phase
transformation temperature of zirconia. AT hinders the grain growth of alumina
in the AT/zirconia-alumina FGM. The graded composition of AT leads to a
graded grain size of alumina in the microstructure. Another effect of AT is its
inability to retain the tetragonal zirconia phase at room temperature due to the
weakness of AT grains. The presence of AT has enhanced m—¢ transformation
during heating by lowering the transformation temperature from 1100° C to
750° C.

6. Both intergranular and intragranular microcrackings were observed in the FGM.
Intragranular microcracks were found in AT and zirconia grains. In the latter,
such microcracks were driven by the advancing intragranular cracking in the
former.

7. The FGM demonstrates pronounced mechanical properties over the control
sample and these include (a) much improved fracture resistance, as indicated
qualitatively by the absence of cracks during Vickers and Hertzian loadings, (b)
better “ductility” and damage-tolerance, as indicated by its load-dependent
microhardness, low Hv/E value, lower “yielding” stress, grain debonding and
grain pullout during Vickers and Hertzian loading, and (c) improved

machinability.

6.2 FURTHER WORK

This thesis dealt with an investigation of the structure-property relationships
of a functionally-graded aluminium titanate/zirconia-alumina composite. Much
information on characters of the material has been revealed from the study,
nevertheless, further work should be undertaken to fully understand the
interplay between composition, microstructure and properties. This is essential
before the full potential of this material can be realized in commercial
applications. For further study, it is recommended that the following aspects be
considered:

1. The infiltration kinetics prior to the synthesis of FGM deserves an in-depth
study. Such study will provide valuable information for controlling the
microstructure, distribution of phases and thus the graded properties.

2. The use of suitable stabiliser, such as MgO or Fe;O; for preventing the
decomposition of AT. This will lead to the development of FGMs which are

thermally stable for long term use.
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3. Measurement of residual stresses by x-ray and neutron diffraction. Large
residual stresses are expected to be induced in the material by virtue of
pronounced thermal expansion anisotropy in AT and thermal expansion
mismatch between alumina and AT. Information on the nature and intensity of
these stresses will be useful for the understanding of failure micromechanisms
during Vickers and Hertzian loadings. Control of these stresses will also lead to
the optimisation of specific properties.

4. Evaluate the thermal shock performance of FGM. This information is vital for
the successful application of this material in environments which demand a high

degree of thermal shock resistance.
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APPENDIX 1: CRYSTALLOGRAPHIC DATA

The crystallogrphic data for phases used in the Rietveld analysis are listed in
this appendix. Cell parameters are the only parameters in the list which were
refined during the Rietveld refinements, except for aluminium titanate due to the
lack of crystallographic data from literature. The overall isotropic temperature
factor (not listed here) was refined only for aluminium titanate. The listed atomic
occupancies are the Rietveld site occupancies, whereas those reported in the
literature are generally true values. The references cited for the input data model

are as listed in Chapter 3, section 3.3.2.
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Phase . Alumina (Al;O3)

Symmtery - Trigonal
Space Group :R-3¢
Formula Unit : Al,Os
Formula Units per Cell 16

Unit Cell Volume 1 0.25498 nm’

Unit Cell Molecular Weight  : 101.96 gmol™

Cell Parameters

a=0.47602 nm, b = 0.47602 nm, ¢=1.29933 nm

o = 90°, B =90°, ¥ =120°
Atomic Positions
Atom  Wycoff Site  x y z Occupancy
Al 12¢ 0 0 0.3522 03333
0 18e 0.3061 0 0.25 0.5000
Reference:

Lewis, J., Schwarzenbach, D. and Flack, HD. (1982). Electric Field

Gradients and Charge Density in Corundum, o-Al,O;. Acta
Cryst. A38, 733-739

131



Phase : Zirconia (ZrO,)

Symmtery : Monoclinic

Space Group :P121/c1

Formula Unit - Zr0,

Formula Units per Cell 4

Unit Cell Volume : 0.1404 nm®

Unit Cell Molecular Weight  : 123.22 gmol™

Cell Parameters ;
a=10.5145 nm, b =0.5207 nm, ¢=0.5311 nm
o =90°, B =99.2° ¥y =90°

Atomic Positions

Atom  Wycoff Site  x y z Occupancy
Zr 4e 0.2758 0.0411 0.2082  1.000

01 4e 0.0703 0.3359 0.3406 1.000

02 4¢ 0.4423 0.7549 0.4786 1.000
Reference:

Smith, DK. and Newkirk, HW. (1967). The Crystal Structure of
Baddeleyite (monoclinic ZrQ,) and Its Relation to the Polymorphism of
ZrQ,. Acta Cryst. Al18, 983-991
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Phase : Zirconia (ZrQ;)

Symmtery . Tetragonal

Space Group :P42mmcS

Formula Unit : ZrO;

Formula Units per Cell 12

Unit Cell Volume : 0.0698nm’

Unit Cell Molecular Weight  : 123.22 gmol”

Cell Parameters
a=0.3640 nm, b =0.3640 nm, ¢=5.270 nm
o = 90°, B =90°, y =90°

Atomic Positions

Atom  Wycoff Site  x y z Occupancy

Zr 2a 0.7500 0.2500 0.7500 0.1250

O 4d 0 0.5000 0.4250  0.2500

Reference:

Teufer, G. (1962). The Crystal Structure of Tetragonal ZrO,. Acta Cryst. 15,
1187
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Phase - Aluminium Titanate (Al,0;.TiO3)

Symmtery : Orthorhombic
Space Group :Cmcm
Formula Unit » AL TiOs
Formula Units per Cell . 4

Unit Cell Volume : 0.3238 nm’

Unit Cell Molecular Weight  : 181.86 gmol™

Cell Parameters
a=0.3557 nm, b =0.9436 nm, ¢ = 0.9648 nm
o = 90°, B =90°, v =90°

Atomic Positions

Atom  Wrycoff Site x y z Occupancy
Ti 4c 0 0.19 0.25 0.2500

Al 8f 0 0.145 0.56 0.5000

Ol 4c 0 0.76 0.25 0.2500

02 8f 0 0.04 0.12 0.5000

03 8f 0 0.32 0.09 0.5000
Reference:

Austin, AE. and Schwartzz CM. (1953). The Crystal Structure of
Aluminum Titanate. Acta Cryst. 6. 812-813
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APPENDIX 2: RIETVELD REFINEMENT OUTPUT

Rietveld refinements were applied to the x-ray diffraction patterns of
AT/zirconia-alumina FGM collected at various depths. Rietveld program LHPM
(Hill et al. 1986) was used for the refinements. The refined parameters included
background profile parameters, 26-zero shift (both are global parameters), scale
factors, peak profile function paramaters, lattice parameters, preferred-orientation
factor, asymmetry factor, and line function mixing factor. Thermal parameter and
position coordinates were only refined for AT. The parameters of interest for phase
analysis are scale factors and lattice parameters. The lattice parameters were used
to calculate the unit cell volume of each phase. Both parameters were then applied
to the external standard ‘ZMV’ expression with the correlated mass attenuation
coeflicient value.

Table A2.1 shows the Rietveld refined parameters of the patterns.
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Table A2.2 Rietveld Refinement Output of X-ray Diffraction Patterns of Zirconia-
Alumina Control Sample and a-alumina standard.

Phase Parameter Control Standard
1. ALO; Pcak function |U 037(2) 030(2)
v -.0190 -019838
\u 021(1) .024(1)
Peak factor Gy 30(2) S50(2)
Asymmetry -.04(1) -05(1)
Cell parameters |a 4.7610(3) 4.7595(2)
b 4,7610(3) 4.7595(2)
c 13.0028(8) | 12.9933(7)
PO 0.984(6) 0.974(5)
Scale factor* 752(5) 1150(10)
3. ZrO,(m) [Peak function |U 2.1(3)
v -48
W 08(2)
Peak factor G .66(11)
Asymmetry -.03(3)
Cell parameters |a 5.1140(48)
b | 5.1764(44)
c 5.3296(42)
PO .900(34)
Scale factor* 76(3)
4. ZrQ, (1) |Peak function |U 0.31(2)
A% -.189
w 05303)
Peak factor Gy 47(6)
Asymmetry -.056(9)
Cell parameters |a 3.6061(12)
b 3.6005(5)
c 5.2066(8)
PO .993(16)
Scale factor* 387(8)

*x 10°

PO is preferred-orientation

Refined scale factors and cell-parameters were used for phase analysis.

Figures in parentheses indicate the estimated standard deviation at the least-
significant figures to the left.

Figures without standard deviations were not refined.
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There were three measures from the refinement which were used to
determine the completion of the refinement. The first is the figures-of-merit
parameters, ie. R-Bragg, R-profile, R-weighted-profile, and “goodness of fit”
(GoF) parameters. These parameters for the specimen (at various depths), the
control sample, and the external standard are depicted in Table A2.2. The Bragg-R
factor (Rp) for each phase in each refinement is acceptable, ie. generally less than
10%. Alumina has a lower Rg values since it is the major phase. The “goodness of
fit” (GoF) values are low, ie. less than 3%, indicating that the refinements are
acceptable (Kisi 1994).

Table A2.3 Figures-of-Merit from Rietveld Refinement of Aluminium
titanate/Zirconia-Alumina Composite at Various Depths (in %).

Depth Re Reo R, Rap GoF
(mm) AT ALO; | m-ZrQ, | t-Zr0,
0.0 16.74 4.40 9.91 6.90 12.25 15.11 20.23 2.73
0.1 11.28 4.43 9.14 5.57 11.86 13.97 19.26 2.64
0.3 5.82 3.68 6.67 4.14 11.03 11.4]1 15.87 2.07
0.4 5.77 3.67 6.12 5.41 11,22 | 1124 | 1568 | 1.95
0.8 6.94 2.89 6.38 5.46 11.02 | 1161 | 16.17 | 2.15
1.2 6.54 3.65 6.57 7.27 10.99 11.76 16.16 2.16
1.5 7.34 3.56 7.05 8.61 1083 | 1144 | 1562 | 2.08
Control - 4.92 10.63 10.34 11.19 12.21 17.23 2.37
Standard - 3.80 - 11.60 12.89 20.71 3.80

Subscript B for Bragg, exp for expected, p for profile, wp for weighted profile.
GoF is “Goodness of Fit”. AT is aluminium titanate, m-ZrO, and t-ZrO»
are monoclinic and tetragonal zirconia, respectively.

The second measure is difference plot from a refinement. The representative
output plots from refinement of the patterns of the sample (at depths of 0.1 mm
and 1.2 mm) are shown in Figure 4.6, The plots show no unassigned reflections,
indicating that the correct phases were used in the refinement. Fluctuations in the
difference profile (line below the plot) in each plot are reasonably negligible.
Therefore, the plots are acceptable.

The final measure is the estimated standard deviations (esd’s) of the refined
parameters. These esd’s are depicted in the parenthesis of each refined parameter

(Table A2.1). As can be seen from the table, the standard deviation is generally
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acceptable. Standard deviations of scale factors and unit cell volumes are shown in
Tables 4.4 and 4.5. These esd’s are generally low, ie. less than 10%. This indicates
that the refinements were acceptable from the esd’s point of view. Relatively high
standard deviations were observed for tetragonal zirconia at low depths because it

is a minor phase.
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APPENDIX 3: CALIBRATION CURVES TO DETERMINE MASS
ATTENUATION COEFFICIENTS BY COMPTON
SCATTERING

Two calibration curves were constructed to determine the mass attenuation
coefficient (MAC) of the FGM samples at the CuKa wavelength. the calibration curve
in Figure A3.1 was used to calculate the MAC of the specimens for MoKa radiation.
When a Compton peak intensity of a specimen was measured, its MAC value for
MoKa could readily be calculated by taking the reciprocal value of the corresponding
intercept in the 1/p axis.

Calibration curve A3.2 was used to convert the MAC values at the MoKa to
those at the CuKo radiation. The latter is the radiation used for the x-ray
diffractometry. After determination of MAC values of the specimens for the MoKa
wavelength using calibration curve A3.1, these values were converted to those for the
CuKa wavelength by finding the corresponding projections for each value in the

calibration curve of Figure A3.2.

13000
—&— Data
12000 1 ——- Calibration Curve
I,=31912(1/p) + 2300.7

= R:=0.9919
=1
%’11000--
=
L
=
&

10000 }
g
&
g
&

9000

8000 * +

02 0.25 03 0.35

1y (g.cm®)

Figure A3.1 Calibration curve for mass attenuation coefficient (MAC)
determination constructed using alumina-zirconia compacted
powders (zirconia content from 0% to 20% by weight). MoKa.
radiation was used.
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Figure A3.2 Calibration curve to convert the MAC values from those at the MoKa.
radiation to those at the CuKa radiation.
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